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Abstract. Stratospheric aerosol injection (SAI), as a possible supplement to emission reduction, has the potential to reduce
some of the risks associated with climate change. Adding aerosols to the lower stratosphere results in global cooling. However,
different choices for the aerosol injection latitude(s) and season(s) have been shown to lead to significant differences in regional
surtace climate, introducing a design aspect to SAL Past research has shown that there are at least three independent degrees of
freedom (DOJ) that can be used to simultaneously manage three difterent climate goals. Knowing how many more DOI's there
arc, and thus how many independent climate goals can be simullancously managed, is essential o understanding fundamental
limits of how well SAT might compensate for anthropogenic climate chunge, and evaluating any underlying trade-olfs between
different climate goals. Here we quantity the number of meaningfully-independent DOFs of the SAI design space. This number
of meaningtully-independent DOFs depends on both the amount of cooling and the climate variables used for quantifying the
changes in surface climate. At low levels of global cooling, only a small set of injection choices yvield detectably different sur-
face climate responses. For a cooling level of 1-1.57C, we find that there are likely between 6 and 8 meaningfully-independent
DOIs. This narrows down the range of available DOJ- and also reveals new opportunities for exploring alternate SAI designs

with different distributions of climate impacts.

1 Introduction

Reducing emissions of CO4 and other greenhouse gases (GHG) may not be cnough by itsell 1o avoid signilicant risks associaled
with climate change. As a supplement to emission reduction, climate interventions such as stratospheric aerosol injection (SAT)
may be able to reduce some of these risks. SAI involves adding aerosols or their precursors to the lower stratosphere, which
would increase the stratospheric aerosol optical depth (AQOD); as a result, more solar radiation would be reflected away before
reaching the surtace. Most climate model simulations inject $SO;, which results in increased sulfate aerosols. While injecting
aerosols (or a precursor gas such as $O2) into the stratosphere can offset the change in global mean temperature, the resulting
climate would not be the sume as the climate with the same temperature but without either the excess atmospheric CO» or SAL
These residual changes depend on injection choices that could be made. As suggested in previous research, injecting acrosols
at ditterent latitudes, altitudes, and seasons would result in different spatiotemporal patterns of AOD, which in turn would lead

to ditferent regional surface climate responses (MacMartin et al., 2017; Tilmes et al., 2017, 2018; Dai et al., 2018; Kravitz
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et al.. 2019; Visioni et al., 2019, 2020c; Lee et al., 2020a, 2021}. Understanding the global and spatiotemporal impacts of SAI

and even the governance chiA1&4888F req@PR20MH ve not " HEGHSRIFER bne sidé1&2Mategy, but rather understand the range of
outcomes across different strategies, the fundamental limits of how well SAI can compensate for GHG-driven climate change,
and any underlying trade-otts among SAI strategies.

Choosing where and when to inject aerosols can be thought of as a design problem (Ban-Weiss and Caldeira, 2010: Kravitz,
et al.,, 2016; MacMartin and Kravitz. 2019); tor a given choice of global cooling, the design space describes the range of
all possible such injection strategics. Some strategies produce very different surface climate responses, while others can be
relatively similar. These climale responses can be quantilied by dilTerent metrics, such as surface air temperature, precipitation,
and Arctic sea ice. We use the term “‘degrees of freedom”™ (DOF} to describe how many independent injection choices there
are in the design space. The number of independent injection choices is equivalent to the number of independent climate goals
that can be managed by SAI simultaneously. Most studies have only explored a single degree of freedom: injecting SO+ at one
location (often the equator) either at a fixed rate or to meet one climate objective (often global mean temperature (T0)) (e.g.,
Robock et al., 2008; Rasch et al., 2008; Kravitz et al., 2011, 2015). Kravitz et al. (2016, 2017) demonstrated a strategy in which
three DOFs were used w manage three temperature goals: TO, imerhemispheric temperature gradient (T1), and equator-to-pole
lemperature gradient (T2); the same strategy was then used in The Geoengineering Large Ensemble Project (GLENS) (Tilmes
et al., 2¢18). Additional studies have explored variations on these DOFs, such as Visioni et al. (2020¢), who injected SO» in
only one season to meet the same set of climate goals, or Lee et al. (2020a), who used the same set of DOFs as in Tilmes et al.
(2018) to meet different sets of climate goals, including TO, the latitude of the Intertropical Convergence Zone ([TCZ), the
amount of Arctic September Sea Ice (§51), and global mean precipitation (P(}). Higher-latitude injections in different seasons
have been shown to have different efficacies in preserving 881; e.g., spring-only injection at 60° N restores twice the amount of
551 compared to annually-constant injection at that latitude (Lee et al., 2021). A key open question from these design studies is
how many other strategies are unexplored (e.g., MacMartin and Kravitz, 2019); in other words, how many independent degrees
ol [reedom are there?

In this study, we estimate the number of DOF of the design space for SAL Knowing how many DOFs there are in the design
space quantifies the number of independent climate goals that can be managed simultaneously by a SAI strategy. In order to be
managed simultaneously, those independent climate goals cannot conflict. (For example, TO and PO are conflicting and cannot
be managed simultaneously; see e.g., Bala et al.,, 2008, Tilmes et al., 2013, and Lee et al., 2020a.) Knowing the number of
DOI? also helps understand the tull range of possible climate outcomes and what climate outcomes cannot be achieved by SAI
strategies. [n this study. we tocus only on 50, injections. and evaluate the range only in one model. However, the results will
depend primarily on the constraints imposed by stratospheric circulation and the lifetime of the acrosols in the stratosphere
(Tilmes et al., 2017 MacMartin ct al., 2017: Dai ctal., 2018); as such, many of the conclusions can be expected 10 be applicable
regardless of aerosol choice.

The aerosols will primarily stay in the same hemisphere where they are injected and be transported mostly poleward by
the stratospheric Brewer-Dobson circulation (Tilmes et al., 2017; MacMartin et al., 2017}, Thus, injecting in one hemisphere

preterentially increases AQD in that hemisphere; injecting further poleward increases the AOLD burden further poleward. In-
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jecting above the equator produces an AOD peak in the tropics (Kravitz et al., 2019). More generally, different choices of

injection latitude, altitude and%¥aeAT 1cadWPUTPEFENL s paliBARABIERDD pat@/RR023 a result of the seasonally-varying strato-
spheric circulation. However, not all choices contribute the same level of “uniqueness™ (MacMartin et al., 2017; Visioni et al.,
2019, 2020c¢). For example, injecting at the equator would produce very different patterns of AOD compared to injecting at
307 N, but the patterns of AQD arising from injecting at 31° N should not be expected to be very different from injecting at
30° N. As more choices of injection latitude are considered, there exists a diminishing return on the “uniqueness™ contributed
by additional choices ol injection latitude. That leads w the question ol how many meaninglully-independent patterns of AOD
arc possible given the constraints imposed by stratospheric circulation.

There are two distinct steps in the analysis herein. The first step is to consider how different the spatiotemporal AOD patterns
are for different injection choices. And second, to know whether the ADD patterns from two different injection choices are
sufficiently similar to treat them as effectively equivalent, or sufficiently distinct to treat them as two separate DOFs, one
needs to relate how similar or dissimilar the patterns of AOD are to how similar or dissimilar the resulting climate responses
are. [dentitying the number of DO only needs to consider injections that produce meaningtully difterent climates: herein we
define “meaninglully different” based on the ability to detect the dilference in climate alier 20 years, given natural variability
— and this threshold clearly depends on the choice of climale variables to be considered and the amount of cooling desired.
For example, injecting aerosols at 30° N only in the summer or only in the fall would yield ditferent patterns of AOD. The
difference in resulting climate could be distinguishable against the background climate variability if the desired amount of
cooling is high. However, by reducing the level of cooling, the ditference would become indistinguishable,

The next section describes the climate model and simulations used. Section 3 assesses the differences in spatiotemporal
AOD patterns from 29 different injection choices. sampling different latitudes and seasons of injection, and quantifies the size
of design spaces with different numbers of DOJ using a metric based on the angle between different patterns of AQD. Section
4 identifics a relationship between how similar or dissimilar AOD patterns are and how similar or dissimilar the corresponding
climate responses are, using existing simulations that were conducted with various different choices for climate goals andfor
different DOFs. Section 5 then quantifies how large the ditference in climates needs to be in order to be meaningtully different
at ditferent levels of cooling. Finally, we combine these pieces of analysis in Section 6 to show that for a cooling level of

I-1.5°C, for example, there are between 6 and 8 DOFs,

2 Model and Simulations

All simulations in this study were conducted using the Community Earth System Model version 1 with the Whole Atmosphere
Community Climate Model as the atmospheric component, CESM1{WACCM). CESMI{WACCM) is a fully coupled Earth
System model which includes atmosphere, ocean. land, and sea ice components (Mills et al., 2017). The model has a horizontal
resolution of 0.957 latitude by 1.25% longitude, with 70 vertical levels that extend trom the earth surface to 140 ki in altitude,
and stratospheric aerosols have been shown to reasonably match observations alter the Mt. Pinatubo eruption (Mills et al.,

2017). With the exeeption of a few cases noted below, we use existing output from previous simulations for our analysis.
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To assess the range of possible spatiotemporal patterns of AOD arising from different injection choices, we sample 29

possible choices in the AOD dB 28 pacdMMBIE injeciMELATVRER middIR&3Mhdes as described by Visioni et al. (2019),
and high latitude injections as described by Lee et al. (2021); the set of 29 possible choices is illustrated in Fig. |. Visioni et al.
(2019) include injections at 5 different latitudes: 30° N, 15° N, equator, 157 §, and 30° S, as in Tilmes et al. (2017). For each
latitude, injections are simulated both annually-constant. and restricted to each season: December-lanuary-February (DJI9),
March-April-May (MAM), June-July-August (JJA), and September-Cetober-Noveniber (SON). In each simulation, 6 Tg vr !
ol 8Oy arc injected into the lower stralosphere. approximalely 6-7 km above the tropopause at 180° E (about 25 lan for
cquator and 15° N/S, 23 km lor 307 N/S. 16 kw for 45° N/S, and 13 km for 607 N/S). Simulations were conducted for 3
years (2040-2044), which is sufficient for estimating the steady-state AOD pattern (Visioni et al., 2019), though of course not
for estimating the climate response to this forcing. The high latitude injections included here are not exactly the same as those
described in Lee et al. (2021}, which have a higher injection rate of 12 Tg yv1~! and only consider injection at 60° N and
further poleward. To be consistent with simulations perfornied by Visioni et al. (2019). we conducted additional simulations
of spring (MAM or SON) injection at 457 N, 457 §, 60° N, and 60° § for 5 years from 2040 to 2044 with an injection rate
ol 6 Tg vr ' 10 complete the sample set. Following Lee ct al. (2021), the other seasons of injection at high latitude are not
expected o be particularly elfective. Figure 2 shows the spatiotemporal patterns of AOD in cach of these lour spring injections
at high latitudes (see Visioni et al., 2019 for the remaining cases). This gives us a total of 29 different injection cases, and
associated spatiotemporal patterns of AOD. In Section 3, we rank the 29 injection cases based on the uniqueness of their AOD
patterns, which are then used to identify the number of meaningfully-independent injection choices. [n Section 7, we show that
the unigueness of stratospheric AOD patterns does not depend on the altitude of injection, using simulation data from Tilmes
et al. (2017) that include 505 injection either | ki above the tropopause or 6-7 kin above the tropopause.

In addition to these shorter simulations that we use to assess the range of possible spatiotemporal AQLD patterns from
dilferent injection choices, five sets of solar geoenginecring simulations (rom exisling studies (Tilmes et al., 2018; Kravitz
ctal., 2019; Visioni ct al., 2020c¢; Lee et al., 2020a) arc used 10 analyze the connection between the patterns of stratospheric
AOD and surface climate responses (see Table 1). These 5 sets were all performed in CESM1{WACCM) with RCPS.5 as the
background warming scenario, and used a feedback algorithm (Kravitz et al., 2017) to adjust SO, injection rates to maintain
one or more climate objectives. Each simulation takes the 20-year average of annual mean temperature from 2010-2029 in the
Representative Concentration Pathway 8.5 (RCP 8.5) emissions scenario as the target value for TO. Maintaining T{ constant at
2010-2029 average results in 4°C of global mean cooling in each of these simulations by 2070-2089. The equatorial case adjusts
the single 50, injection rate to meet T0. The other simulations adjust SO» injection rates at multiple latitudes to simultaneously
meet TO and additional climate objectives (see Table 1): these additional objectives include T1, T2, ITCZ (using the centroid
ol precipitation between 209 S and 20° N as a proxy), and SS1. Table 1 lists the injection scasons and latitudes, the number of

ensemble members, and the design objectives of the five sets of simulations.
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Figure 1. The 29 injection choices that we considered mn our analysis for AOD patterns are shown in light green. Vertical axis shows the

injection season of each njection choice, either mjecting in only one season (DJF, MAM, JJA. or SON) or constantly throughout the year

(ANN). Horizontal axis shows the injection latitude, from left to right are 60" N, 457 N.30" N, 157 N, equator, 157 5. 307 §, 457 S.and 607

S.

Table 1. Injection design and outcemes of the 5 existing SAT simulations analyzed in this study.

Name of Injection o Number of en- L .
) ) . Injection season Objectives Reference

simulation latitude semble members
30° N, 18° N,

GLENS . } annually-constant 21 TO.TL. T2 Tilmes et al. (2018)
157 §,30° N

o 30°N, 15° N, | MAM at 30° N and 15° N; o _

iSpring o o 3 TO. 11,712 Visoni et al. (2020¢)
157 8,307 § SON at 157 S and 307 §

. 7N, 15 NL | SON at 307 N and 157 N; o

iAutomn B 3 TO.TL. T2 Visioni et al. (2020¢)
157 8,307 8 MAMar 157 § and 30° S

Equatorial Lquator annually-constant 3 TO Kravitz ¢t al. (2019}

PREC (I

simulation 30° N, 15% N, T, [TCZ,

. annually-constant | Lee et al. (2020a)
in Lee el al., 157 85, 30° N 581
2020a)
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Figure 2. Spatiotemporal AOD patterns of spring injections at {a) 607 N. (b) 457 N, (¢} 607 S, and (d) 457 §. The AOD patterns of spring
injections in the same hemisphere are similar 1o each other, while the injections in the opposite hemispheres produce very different AQD

patterns,

3 Diminishing Returns on the Number of Degrees of Freedom

In this section, we consider 29 different injection choices, sampling from different latitudes and seasons of injection, as well
as 3 additional cases that we use to verify that the set of 29 is sufficiently complete. The AOID pattern from a given injection
choice (a given latitude and season of injection) is largely determined by the stratospheric circulation and aerosol lifetime,
which constrains what spatiotemporal patterns are achievable (Tilmes et al.. 2017: MacMartin et al.. 2017). The AOD resulting
from any particular choice of latitude and season can be approximated by a linear combination of other choices. Qur goal in
this paper is to determine how many distinet injection choices are needed 10 adequately approximate all of the possible AOD
patterns. What constitutes “adequacy™ is determined in subsequent sections.

To describe any pattern of AOD, we consider the zonal-mean pattern as a tunction of both latitude and time of vear. In
order to treat these two dimensions consistently and yield AOD patterns independent of our sampling resolution in each
dimension, we weight the monthly-mean zonal mean AOD at each latitude and month by the corresponding incoming solar
energy (petajoles) at the top of the atmosphere (TOA). We then represent the weighted spatiotemporal AOD pattern from
each injection choice as a vector @, the length of which is equal to the number of latitudes times the number of nionths,
£ = fle X Eouenen . Ome way of quantilying how similar or dissimilar two patlems of AOD are is (o consider the angle between
their vector representations, # 40 p. This implicitly assumes that the patterns o AOD are sulficiently lincar [or 1-4°C ol cooling,

although nonlinearities will become increasingly important at higher forcing levels (MacMartin et al., 2017; Visicni et al.,
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2020b}. Thus. the angle between two vectors a, and a, that represent the AOD patterns of the same injection choice with

different injection rates is n@8HetBIE, wAIRPAPE$ $he madMRtASSIEERose vedt8i32e different. Two AOD patterns that are
different only in magnitude can thus be matched by adjusting injection rates, and thus are not considered as meaningfully
different. Therefore, the angle between two vectors a; and a; describes how meaningfully different these two AOD patterns
are. We can illustrate this using the AQD patterns shown in Fig. 2. The AQD patterns of injection at 60° N and 60° § are very
dissimilar; the angle hetween the vector representations of these two AQD patterns 1s 84°. By contrast. the AQD patterns of
injection at 607 N and 45° N arc similar: the angle between these two AOD patlerns is only 12°.

With the vector representation explained above, our goal is 10 select a subset [rom the set of 29 injection choices such
that any possible AOD pattern can be adequately represented by a linear combination of injection choices from this subset.
Determining the dimension of that set necessary to meet this goal is equivalent to determining the number of DOF of SAL

First, we need to verify that our set of 29 injection choices sufficiently describes all of the possible AOD patterns of other
injection choices that we have not simulated. 1o do so. we choose 3 additional verification cases, which are annual injections
at 7.5% N, 22.5% N, and 37.5% N. and quantify how well each of these can be represented by a linear combination of the 29
injection choices.

Mathematically, the linear combination that is most similar w the simulated pattern of AOD is the projection of i1s vector
representation onto the space formed by the 29 injection choices. Solving the best approximation of the pattern of AOD can be

formed as a constrained linear least-square problem of finding the projection onto the set of 29 injection choices:

argmin||d{&) — d|| (1)

;i:
shi to d(®)=Qund (2)
B0, i=1...29 (3)

where d is the vector representation of the AOD pattern of each verification case, which is obtained from CESMI{WACCM)
simulation, d is the hest approximation of d. (Jag is the set of vector representations of the 29 injection choices. and & is
the vector of best approximating lincar coclficients. All linear coeflicients iy are constrained w be non-negalive numbers, as
injection rales cannol be negative.

By calculating the angle between the vector representation of the simulated AOD pattern and the vector representation of
the approximated AOD pattern, we can assess how similar the simulated and approximated AOD patterns are. For annually-
constant injections at 7.5% N, 22.5" N, and 37.5° N, the angles berween simulated and approximated AOD patterns are 7.6°
597 . and 6.17 |, respectively. The AOD from injection at 7.5° N is roughly a linear combination of injections at the equator
and [5°% N, with a little over half of SO« injected at 15° N. Similarly, the AOD trom injection at 22.5% N is roughly a linear
comhination of injections at 15° N and 30° N, and the AOD from injection at 37.5% N is roughly a linear combination of
injections at 30° N and 457 N. The simulated and approximated spatiolemporal AOD patterns of these three veriflication cases
are shown in Fig. 3. Although we do not verify for an injection on the Southern Hemisphere, we expect to see a similar linear

combination of injections on the same hemisphere at some latitudes lower and higher than its injecting latitude. Based on this
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Figure 3. Comparison of simulated AOD patterns and the best approximation to these AOD patterns obtained from a lincar combination
of other injection cholces within the set of 29 cascs considercd here. From top to bottem are the spatiotemporal AOD patterns for injee-
tions at 7.5% N, 22.53° N, and 37.57 N. respectively. In cach horizontal panel. plots from left to right are the ACD pattern obtained from
CESM I{WACCM) simulations, the AOD pattern approximated using the set of 29 injection cases. and the difference between these, The

angles between the simolated AOD pattern and the ADD pattern approximated using the set of 29 cascs are 7.6° . 5.9 L and 6,17, respectively.

comparison, the approximated AOD patterns are adequately similar to the simulated AOD patterns, as long as the threshold for
an "adequate” approximation of the AQD is larger than 7.6” (which it will be here, as shown in subsequent sections). Allowing
this small difference between the approximated and simulated AOD patterns, the set of 29 injection choices thus adequately

describes other possible AOD patterns that we have not simulated.
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With the set of 29 choices of injection locations/times, we can evaluate a wide range of possible selections of injection

choices. Sets with different nadfhesEfof 1IRAMIH oices a NIPESIRE R rent selA&RIRR of the same number of injection choices
will do a better or worse job at spanning the space of possible AOD patterns. One way to quantify how well the overall space
of possible AQD patterns can be approximated by a particular subser of n injection choices is to compute the maximum angle,
{1 - that can be formed between the subset of 1 choices and any other injection choices that are not selected. That is, how
well can the AQD pattern from any other cheice be represented by a linear combination of the n elements in the subset? The
smaller #,,,,, 15, the better the AOD pattern (tom any other possible injection choice can be cquivalently obluined by only
choosing injections [tom the subsct of selected injection choices. This provides a way 10 quantily how well the overall space is
approximated by a particular subset of 7 injection choices. By optimizing over 8,,,,,, we can determine both what the “best”
subset is of any given dimension (number of DOF or injection choeices), and equally important, how nwch error there would
be in trying to capture any achievable AOD pattern with only a relatively few different injection choices.

In choosing subsets, we enforce hemispheric symmetry such that if an injection choice in one hemisphere is included. then
the corresponding choice on the opposite hemisphere is also included (e.g., MAM in the Northern Hemisphere and SON in
the Southern Hemisphere). While the scasonal circulation patlerns are not exactly symmetric between the hemispheres, they
arc sufficiently similar that this is a reasonable simplification thal reduces the number of sets (o scarch over. For injections
at the equator, we similarly either include or don't include opposite seasons {(e.g.. DJF and JJA, or MAM and SON). With
hemispheric symmetry, the only way to have a set with an odd number of DOF is to include annually-constant equatorial
injection; we revisit this case in the discussion.

Mathematically, the steps above can be described as follows., First, for each subset Q; of 1 injection choices, we identity the

maximum angle that can be formed between that subset and any other injection choices in the set of 29 that are not selected:

H:Hﬂ.‘f' [\(23 ) = lrydj‘}' z (a.' . QJ )a a; e ’(\?BEJ \\ Q,l] (4)

where & = 29 — », the total number of injection choices that are not selected by the set (2.

Taking #+ 4 as an example, we can identify all possible combinations of 4 injection choices from the set of 29. With
the enforced constraint of hemispheric symmetry, there are a total of 91 different combinations. I'or each of these possible
combinations, we calculate the angle formed between cach of the unsclecied injection choices and the selected set of 4 and find
the maximum angle. For illustration, Fig. 4 shows an example (sub-optimal) sct ol 4 injectlion choices: summer injection at 307
N, 157 N, 15% 5, and 30” S, and lists the angles formed between each of the unselected injection choices and the example set
of 4.

Among all possible subsets of # injection choices (@, € ), we identify which subset has the smallest maximum angle and

denote the “best” subset that minimizes #,,,,.,. as Q*(n):

(2* (”‘) = alg min 'gm.u £ (CJJ ) (5)
Q,eQ
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Figure 4. Angles (in degrees} between each unselected injection choice and a set of 4 injection choices {in orange): summer injection at 307
N, [57 N. 15" S, and 307 8. The x-axis is the injection latitude and y-axis is the injection season. The maximom angle is 467 (highlighted by

a red circle). formed between spring injection at 607 N and this set of 4,

(2" (1) is the subset of size 2 that best approximates any achievable pattern of AOD. The angle 4,,,,, of the “best” sel of n s
denoted as 8 (n).

Still using n = 1 as an example, we calculate the maximum angle for all possible combinations of 4 injection choices. The
set of spring injections at 45° N and 43° S and autumn injections at 15% N and 15% § has the smallest maximum angle, which
is 267 (Fig. 5).

or each possible value of n, we find the “hest” set and corresponding angle 0* (1), plotted in Fig. 6. Strictly speaking,
because we only sampled 29 possible injection choices {out of an infinite theoretical space). * {12} is simply our best estimate
for the maximum angle between a subspuace of # DOFs and any possible AOD pattern of injection choices that does not fall

into this subspace.

4 Comparing AOD and Surface Climate

Figure 6 shows thal there are diminishing marginal returns for how many degrees of freedom are included. However, the
analysis in Section 3 does not indicate what degree of approximation is sufficient. The next step in our analysis is to evaluate
the relationship between how similar or dissimilar two ADD patterns are, and how similar or dissimilar the corresponding

surface climate responses are. This relationship is crucial for determining a threshold for whether two patterns of AOD from

10
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Figure 5. A schematic diagram showing how to find the smallest maximum angle #*{4) for a set of 4 injection choices. We first look through
all possible combinations of 4 injection choices and calculate the maximum angle &..,..... and then identify which set has the smallest value
of &,,,... The “best™ set of 4 includes spring injections at 437 N and 45 S and autumn injections at 157 N and 153”7 S, The maximuom angle
for this “hest” set of 4 15 267 (highlighted by a red circle}, formed between this set and summer injection at 307 N this is muoch smaller than

467 , the maximum angle found in the example in Fig. 4.

different injection choices are sulliciently dilferent w count as two independent degrees of (teedom, or sulficiently similar o
be effectively the same choice.

To estimate this relationship. we consider the different strategies described in Table 1. Each of these uses either different
injection choices or has different climate goals, leading to different patterns of AOD and corresponding different surface climate
responses. By comparing the difference in ADD patterns and surface climate responses, we can derive a function that describes
how the similarity in surface climate responses relates to the similarity in the AQD patterns that they arise from.

The AOD pattern and corresponding surface climate responses are obtained by averaging over all available ensemble mem-
bers [or cach strategy in Table 1, and taking the dilfercnce between the 2070-2089 average, and the 2010-2029 average in the
RCPS.5 cmissions scenario. As explained in Scction 3, the monthly-mean zonal-mean AOD is weighted by the TOA incoming
solar energy as a function of latitude and time of year. For the climate response, this establishes the changes from a climate
with neither SAI nor increased greenhouse gases to a climate with both. To evaluate how the surface clumate varies for differ-

ent strategies, herein we only consider annual-mean surface air temperature and precipitation; this assumes that it these two
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Figure 6. The maximum angle & (#} formed between a subspace of » DOTs and any other injection choices outside this subspace decreases

as the number of DOF 51 increases.

variables are similar, then changes in other surface climate variables, such as precipitation minus evaporation (P-E}, will also
be sufficiently similar, and also ignores shifts in the seasonal cycle (Jiang et al., 2019) as these tend to be smaller than the
annual-mean changes.

To estimate how large a change in the spatiotemporal pattern of AOD is needed 1o obtain a detectably different pattern of
surtace climate response, we consider detectability over a 20-vear period. Therefore, we normalize the surface temperature and
precipitation changes by the variability in 20-year averages, calculated from the across-ensemble variability from 2010-2029 in
RCPR.5 emissions scenario, where 21 ensemble members are available. IT the variability were uncorrelated from vear 10 year,
this value would simply be a [actor of +/20 smaller than the interannual variability; this would be a reasonable approximation
for precipitation but not for temperature. Normalizing by variability also allows temperature and precipitation changes tc be
compared in consistent units (Ricke et al., 20109,

To analyze the differences in AOD and surtace climate tor different strategies, we define the AOD space, temperature space
and precipitation space. In Section 3, we define the vector representation of AQD patterns as . @ represents an achievable
spatiotemporal AQD pattern arising from a possible injection choice. The AOD space A is a f-dimensional space, A C R, that
includes all possible values of a. Similarly, the temperature space T and the precipitation space P are both an-dimensional
spaces, T CR™ and P C RR"™, where i is equal (o the number of latitudes times the number ol longitudes, i = m, X #10,.
Any vector T in T represents a possible surface air temperature response to a possible injection choice, and any vector 2 in

P represents a possible precipitation response to a possible injection choice:
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T=[T"Ty,...T]*, TeT (6)
P=[P.P,....P, )T, PcP (7)
where T\ ,....T,, are temperature responses, and Fy..... P, are precipitation responses, both in dimensionless units of stan-

durd deviations.

In the AOD space. temperature space and precipitation space defined above, we evaluale the dillerences between cach pos-
sible pair of the five SAI strategies described in Table 1, i.e., 10 pairwise comparisons. As in Section 3, the difference between
AOD patterns for different pairs of strategies is evaluated by computing the angle between them, f 405, For temperature and
precipitation, the difference between two strategies is evaluated by computing the temperature distance, «;, or the precipitation
distance. d,,. The temperature distance is defined as the area-weighted L?-norm (root-mean-square) of the difference between
the two vector representations of surface air temperature responses, to count all areas on the Larth equally. Similarly, the
precipitation distance is defined as the arca-weighted L2-norm (root-mean-square) of the difference between the two vector
representations of precipitation responses. Among the 10 pairwise comparisons, GLENS and EQ have the largest iemperature
distance, though 1t's still an order of magnitude smaller than the temperature distance between GLENS and the projected 20-
year average (2070-2089) climate response under RCP8.5 (Fig. 7(a) and (b)). The precipitation distance between GLENS and
EQ is also smaller than that between GLENS and RCP8.5 (Fig. 7(c) and (d)). Among all 10 pairwise comparisons, the temper-
ature distances are always larger than the corresponding precipitation distance. That is the changes in temperature, compared
to variability, are larger than the changes in precipitation. 1o conclude, a small angle between the vector representations of
AOD patterns indicates the two compared SAI strategies yield similar AQD patterns, and a small value of d; or <, indicates
that the two compared SAI strategies have similar surface air lemperature responses or precipilation responses. Likewise, a
larger AOD angle. temperature distance. or precipitation distance implies less similar AOD patterns, surlace air lemperature or

precipitation.
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Figure 7. (a) The temperature distance between GLENS (black) and EQ (red}, (b) the temperature distance between GLENS (black) and
RCPE.5 (blue), (¢) the precipitation distance between GLENS (black) and EQ (red). and (d) the precipitation distance between GLENS
(black) and RCPR.S (blue). shown on the 2 plane that contains both area-weighted vectors (while both vectors are ru-dimensional, there iy
a unique plane that contans both}. Both temperature and precipitation are expressed in number of standard deviations (and are thus dimen-
stonless). In (a) and {b). std 15 the standard deviation of 20-year averages ol temperature, calculated from the across-ensemble vanability

from 2010-2029 in RCPE.5 simulations. In (¢} and (d}, std 1s the standard deviation of 20-year averages of precipitation.

To estimate the relationships between #4105 and « and between 8405 and o, we perform linear regressions on the data
points obtained from the 10 pairwise comparisons among the 5 different SAI strategies in Table | (Fig. 8). We constrain the
linear regressions to go through zero because an identical AOD pattern should vield an identical temperature and precipitation

response. The linear functions are obtained as:
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Figure 8. (a} Angle between ADD patterns, #40p, and the distance hetween cormresponding temperature responses, . for each pair of
strateyies in Table 1: (b) angle between AOD patterns, #4355, and the distance between corresponding precipitalion responses, d.j,,, liar
each pair of strategies in Table 1. o, and o, are expressed in number of standard deviations (std) ol 20-year averages of temperature and
precipitation respectively. Orange dots represent the values ol @40 and corresponding o, and blue dots represent the values ol 8 a¢5p5 and
comresponding dy, of all pairwise comparisons between dilTerent strategies. The black lines represent the best-lit linear regression functions,
constrained to pass through the origin: #4000 =601 ¢y, and fa0 =99 rx’.}, with the coefficient of determination, f{;f) =062 and fl’.f, ={L63,
respectively. The error in estimating each point (calculated from across-ensemble variability} is small (less than (.2° in AOD angle., and less
than 0.1 stel in both emperature distance and precipiation distance) compared (o the {itting error, indicating that a linear approximation to
the relationship is only an approximation. Pointy in the upper-right (most dissimilar AOD and dissimilar surface climate) are the pairwise
comparisons between the equatorial injection strategy and the other strategies. [n (), the outlier at approximately (1.6.19), which 15 the
comparison between 18pring and 1Auwtumn, shows that the relationship between #4000 and o, 1sn't exactly hnear: similar AOD patterns yield

similar elimate responses but different AOD patterns do not guarantee different climate responses.

Haop = 6.1d; (8
H,-‘LOD = g,gf.fp (9)

As shown in Fig. 8, pairs of sirategies with relatively similar AOD patterns have relatively similar temperature and precipi-
tation responses, and conversely, pairs of strategies with very different AQD patterns result in very different temperature and
precipitation responses.

Data used here are from SA] designs that were considered in previous studies. Although they are not designed to span either
the overall AOD design space or the surface climate design space, these available simulations do provide a usclul set of data

for analyzing the relationship between how similar or dissimilar the AOD patterns are and how similar or dissumilar the surface

285 climate responses are.
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To evaluate how different the surface climate responses are, we first perform Welch’s t-test on the five injection strategies, using

a single ensemble member of each injection strategy. Welch’s t-test assumes that sampled data are independent; we remove the
effect of serial autocorrelation from the temperature and precipitation data by estimating the effective sample size assuming
both temperature and precipitation follow a first order awtoregressive (AR(1)) process (Wilks, 2019). The -test results for
comparing differences in surface air temperature between GLENS and iSpring and between GLENS and EQ are shown in
Fig. 9(a)-(b); the t-test results for precipitation comparison are shown in Fig. 10(a)-(b). At a 4°C cooling and a confidence level
of 95%, temperature and precipitation responses from GLENS and 1Spring are statistically significantly difterent trom each
other in 17% and 7% ot Earth’s area, respectively, as opposed to the comparison between GLENS and EQ, in which 37% and
23% of area on the Earth shows statistically significant difference in temperature and precipitation.

Here, we define that two strategies are considered to be detectably different if the difference in temperature or precipitation
responses between them are detectable at a 95% confidence level over a 20-year period on more than 55 of Earth’s area.
With the temperature and precipitation normalized by the standuard deviation of 20-year means, the difference between the
temperature or precipitation responses at any grid point will be detectably different if the difference between the normalized
data is more than 2. To obtain a global aggregate metric, we note that roughly 3% of the Earth’s surface area has a temperature
difference more than double the overall temperature distance ¢, considered earlier and 5% of the Earth’s surface area has a
precipitation difference more than double the precipitation distance . (For example, between GLENS and iSpring, only 5.2%
ot Earth’s area have a ditference in regional temperature responses that is more than twice the value of ;, and only 4.7%
of Larth’s area have a difference in regional precipitation responses that is more than twice the value of ,.) Thus when the
lemperature distance d; between two injectlion stralegies is one standard deviation, then roughly 3% of the Earth’s surface arca
will have detectably different temperature responses al a4 95% confidence interval. Similarly, when the precipitation distance
d,, between two injecticn strategies is one standard deviation. then roughly 5% of the Earth’s surface area will have detectably
different precipitation responses at a 95% confidence interval. Thus, we use one standard deviation of the overall root mean
square (RMS) normalized temperature distance or precipitation distance as the threshold for determining whether two strategies
result in detectably different temperature or precipitation responses.

We compare the difference in temperature and precipitation responses between GLLENS and iSpring and between GLENS
and EQ. and show how the difference changes with levels of cooling using detectability plots, as shown in Fig. 9(c)-(d) and
Fig. 10(c)-(d). Figure 9(c¢) and 10{¢) show the detectability of difference in temperature and precipitation between GLENS
and iSpring at a cooling level of 4°C. Figure 9(d) and 10(d) show the compuarison between GLENS and EQ a1 the same
cooling level. In each plot. the length of the vector is equal to the area-weighted L%-norm of the corresponding temperature
or precipitation vector, and the distance between the two vectors is the corresponding temperature distance or precipitation
distance. The circle around the tip of each vector represents the temperature or precipitation variability on a 20-year timescale,
whose radius is equal to one due to the normalization by the standard deviation of temperature or precipitation variability. [n

VFig. 9(c}, the two temperature variability circles are partially overlapped, while in Fig. 9(d), the two circles are separated from
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Figure 9. Lelt column shows the comparison between GLENS and iSpring, the right column shows the comparison between GLENS and
EQ. {a) and (b} show the diiference in tlemperature response between GLENS and iSpring and hetween GLENS and EQ, respectively; shaded
areas are where no statistically significant dilference is ohserved, based on a t-test with a confidence level of 95% . (¢) and (d) are detectability
plots that geometrically show the ability oi” detecting differences in the emperature responses between GLENS (black) and 1Spring (hlue)
and between GLENS and EQ} (red). respectively. The temperature responses are expressed in number of standard deviations (std} of 20-year
averages ol tlemperature. The length of each vector represents the area-weighted L -norm of surface air temperature response, and the circle
represents temperature vanability in all possible directions, with a radiuy of | std due to the normalization. The dashed line in (¢} and (d)
measures the temperature distance, o, between GLENS and 1Spring and between GLENS and EQ) respectively. GLENS and EQ have a
larger distance in the (emperature response, which indicates the dilference between GLENS and EQ 1s more detectable at the same level of

cooling.

each other. The more overlapped these two circles have, the less area has detectably different temperature responses. When
the overlapped arca is sulficiently large, it indicates that the difference in the temperature responses is small enough such that
it is hard 10 tell whether the difference could be purely due 10 natural variability. These implications from the observation ol
temperature responses also apply to precipitation.

From the detectability plots that compare these different SAI strategies, it is clear that the detectability of different injection

strategies depends on both the level of cooling and the choice of climate variables. With the underlying assumption of linearity
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Figure 1. Left column shows the comparison between GLENS and iSpring: the right column shows the comparison between GLENS and
EQ. {a) and (b) show the difference in precipitation responses; shaded areas are where no statistically significant difference 1s observed, based
on a l-test with a confidence level of 95%. (c) and (d} are detectability plots that geometrically show the ability of detecting differences in
the precipitation responses between GLENS (black) and 1Spring (blue) and between GLENS and EQ (red). respectively. The precipitation
responses are expressed in number of standard deviations (std) of 20-year averages of precipitation. The length of each vector represents the
area-weighted L2 -norm of precipitation response, and the cirele represents precipitation variability in all possible directions, with a radius
ol 1 std due to the normalization. The dashed line in (¢) and (d) measures the precipitation distance, o,,, between GLENS and iSpring and
between GLENS and EQ, respectively. Similar 1o temperature response, the dilference in precipitation between GLENS and EQ is more

detectable than that between GLENS and 18pring at the same level of cooling.

for surface climate responses, we estimate the difference in temperature and precipitation responses between GLENS and LQ
al reduced levels of cooling (Fig. 11). For the same pair of strategies. as we reduce the amount of cooling, the temperature
distance and the precipitation distance between these two stralegics decreases. At 1.8°C cooling, the resulling temperature
responses of these two strategies are 2 standard deviations of temperature vartability away from each other (Fig. 11(b}); at
the same level of cooling, the resulting precipitation responses are | standard deviation apart (Fig. 11(e}). At 0.9°C cooling,
the resulting temperature responses are exactly | standard deviation apart (Fig. 11(c)), and the precipitation responses are

(0.5 standard deviation apart (Fig. 11(t)). For any cooling level lower than 0.9°C, temperature responses of GLENS and EQ
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Figure 11, Top panels are detectability plots lor the difference in temperature responses between GLENS (black} and EQ} (red) at three
dillerent levels ol cooling: (a} 47C, (b) 1.87C, and (¢) .97 C. Bowom panels are detectability plots for the dilference in precipitation responses
between GLENS (black) and EQ (red) at those three levels of cooling. Doty represent the estimated mean emperature or precipitation
responses for the corresponding levels of cooling. Temperature and precipitation responses are expressed in number ol standard deviations
(stc) of 20-year averages of temperature and precipitation respectively. As the cooling level decreases, less area on the Earth has detectably

dilferent climate responses and the ability o detect the dilference between GLENS and EQ decreases.

will not be detectably different by our metric; that is to say, less than 5% of area on the Liarth is expected to have detectably
different temperature responses al a 95% conlidence level over a 20-yeur period. On the other hand. o have detectably dilTerent
precipitation responses between GLENS and EQ. the cooling level needs (o be higher than 1.8°C. The cooling levels of 0.9°C
and 1.8°C are defined as the cut-off cooling levels for detectable difference in temperature and precipitation, respectively,
between GLENS and EQQ. Note that for sufficiently small amounts of cooling, the resulting climate from these strategies will
also be undetectably different from the climate with neither increased greenhouse gases nor SAlL from Fig. 7, they will be

detectably different from the climate with increased GHG except at very small levels of cooling.
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As shown in Fig. 11. the cut-off level of cocling A} is inversely proportienal to o, and the cut-off level of cooling AY), is

inverse]y proportiona] to d{): 2024-256F 00000000873 "UNCLASSIFIED" 7/16/2028
Lo
AT, =2 (10)
oy
ATE 1
AT, = (1)

i,
By substituting eq. (10) into eq. (8) and substituting eq. (11} into eq. (9), we obtain two functions that can be used to estimate

a threshold value of AOD angle, 8. which is used to assess the detectability of different injection choices at different levels of

cooling:
# =24 /AT, (12)
o = 40/AT, (13)

Thus, given a particular level of cooling, we can caleulate it two injection sirategies are expected to result in detectably
different temperature or precipitation responses by comparing their AOD patterns. If the angle between the patterns of AOD

is smaller than ¢! or (?, these two strategies can be expected to not result in detectably different temperature or precipitation

ar?

responses. However, if the angle between the patterns of AQD is larger than ¢, or (4!, these two strategies can be expected

o be meaninglully independent in terms of temperature responsces or precipitation responses. In Fig. 12, we comparce the cut-
off AOD angles predicted by eq. (12) and eq. (13). As shown in Fig. 12, the threshold values of AOD angle predicted using

temperature responses are always lower than those predicted using precipitation responses.

¢ Estimating the Number of DOF

In the previous sections. we estimate the relationship between the number of DOFs included and the maximum crror in ap-
proximating AOD, and the relationship between the AOD angles and the level of cooling at which the resulting temperature
or precipitation response could be expected to be detectably different. In this section, we combine these two to estimate how
many meaningfully-independent DOF there are as a function of the levels of cooling.

As changes in temperature are more detectable than those in precipitation, the extent to which two AOD patterns are suf-
ficiently similar, and thus the number of DOF in the SA] design space, are determined by the temperature response. Using
eq. {12), we calculate the cut-off AQD angle # (listed in Table 2} for cooling levels of 0.5°C, 1°C. 1.5°C, and 2°C. It is
cxpected that iwo SAI sirategies with AOD dilTering by any angle smaller than &, will not result in detectably different tem-
perature or precipitation responses. Figure 13 shows the four cut-ofT AOD angles and the corresponding minimum numbers of

DOF required ftor 6% (7} not exceeding the cut-off value, & (also listed in Table 2).
6 (n) < 0L (AT) (14)
Any set of injection choices that has a #,,,,,, smaller than the cut-off angle #/ (A1) will form a design space that captures all

detectably different climate responses. That 1s, for any possible injection strategy not included in the design space, you can find

20



Obtained by ICANdecide.org via FOIA

36024-25“ 00000000873 "UNCLASSIFIED" 7/16/2025
I il ]
)
\ 1!
! \ temperature-based
| \
: v |fﬂa=24;'_\.Tl
25 ¢ '® o o
\\ ®  precipitation-based
N ———— #P=40/AT
b a P
20 \ \\ ]
b
—_— B
(@] ~
@ AN
B 15t =
_— L J ~
‘__\{U * ¢ - -
T ® ~

10} S R.-x““‘“:x. .

AT[ C]
Figure 12. The cut-off AOD angle &, at different levels of cooling AT estimated using temperature responses and precipitation responses.

Table 2. The minimum number of DOF, n, of the SAL design space for four targeted levels of cooling. At each level of cooling. &) is
the maximum angle that can be formed between two AQD patterns that yield undetectably dilferent temperature responses. 8 (n) is the

maximum angle that can be formed between any AOD pattern and the design space of 22 DOF, and must be smaller than #.

Targeted level of cooling [°¢7]  Cut-off angle 4! Minimum number of DOFE, n - 8" ()

0.5 48° 2 8°

| 24° G 18°
1.5 16° 8 15°
2 12¢ 12 e

370 an injcction sirategy in the design space such that the angle between their AOD patterns is smaller than ¢ and the difference
in the corresponding climate responses is sufliciently small such that they are not meaninglully different.

As shown in Table 2, as the targeted level of cooling increases, the cut-off value of 8/ decreases and the minimum number of

DOF increases. For a targeted cooling level of 1°C. we likely need 6 DOFSs. For any possible AOD pattern, the angle between

it and the AOD pattern approximated by a design space ot 6 DOFs is likely to be smaller than 24 |, and the resulting ditference

375 in climate response will be largely undetectable. For a targeted cooling level of 1.5°C, we likely need 8§ DOFs. This finding
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Figure 13, The minimum number of DOT corresponding to the worst-case error in approximating AOD. ¢,

significantly reduces the dimension of the design space needed for evaluating the possible climate impacts of ditferent SAI
strategies and associated trade-offs,

For a cooling level of 1°C, the best set of 6 among the set of 29 sample injection choices are: (i} spring injections at 607
N/60° S, (ii) annual injections at 30° N/30° 8§ and (1ii) winter and summer injections at the equator. FFigure 14 shows the AQD
spatiotemporal patterns of the six injections in the best set. A set of 6 that instead includes annually-constant injection at 30° N,
157 N, 15° §, and 30° § (1the (our cases considered in MacMartin et al. (2017), Kravitz et al. (2017), and Tilmes ct al. (2018))
as well as spring injection at 60% N (as in Lee e al. (2021)) and 60¢ § is only slightly worse than this oplimal sct, within a
range of 0.17 | still sufficient to span the design space for 1°C cooling.

For a cooling level of 1.57C, the best set of 8 is similar to the best set of 6 but with equatorial injections at the other two
seasons instead and the addition of summer injections at 15 N and 15° §. Note that in the optimization earlier, we constrained
our search to hemispherically symmetric pairs of injection choices. Including only annvally-constant injection at the equator
rather than two seasons yields a set of 7 injection choices that performs almost as well as the optimal set of 8 and is still

sulficient for 1.5°C cooling.

7 Analysis of injections at different altitudes

The SAI simulations analyzed in the previous scetions are all high-altitude injections (6-7 ke above the ropopause). Tilmes
ctal. (20173 also conducted low-aldiude (5 km lower) simulations at 50° N, 307 N, 157 N, 0%, 15° 8§, 30° § and 50° § with
an annual injection rate of 6 L'g yr~!, all simulated in CESM1{WACCM}. The AOD patterns of low-altitude and high-altitude

injecticns are shown in Fig. 15. For each injection case, the spatiotemporal AOD responses are weighted by TOA incoming
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Figure 14. AOD patterns from the best set of 6 injections: (a} spring injection at 607 N, (b) annval injection at 307 N, (¢} winter imjection at

07 (d) spring injection at 60° 8, (e) annual injection a1t 307 8, and (f} summer injection ar 0°.

Table 3. Angle between the AOD vector ol each high-altitude injection and the set of all low-altitude injections.

Injection latitude  50° N 30°N I3 N o° 138 30°8 A0°S

#a0D 5.3° 11.6° 6.2° 707 45° 6.37 4.9°

solar energy. The angle of the AOD pattern of each high-altitude injection with respect to the set ot all low-altitude injections is
listed in Table 3; these high-altitude injections are all within a small angle with respect to the set of low-altitude injections. I'or
a level of cooling under 2°C, the difference of AQD responses due to injecting at these different altitudes is small compared
o the dilTercnces achicvable through injecting at different lattudes and seasons. If @ much higher level of cooling is desired,
injecting at dilferent altitudes may result in meaninglully different surlace climates and injection choices of different altitudes
may need to be considered when choosing the design space and evaluating trade-offs. Injection at or below the tropopause,

while inefficient, would likely result in more significant differences in AOD patterns (Bernstein et al., 2013).
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Figure 15. AQD patterns produced by low-altitude annually-constant injection of 6 Te vr ! at (a) 50% N, (b) 30° N, (¢) 15° N, (d) 07, (&)
157 8, (F) 30° 8, (g} 50° S and high-altitude annvally-constant injection of 6 Tg vr ' at (h) 50° N, (1) 30° N. (j) 15° N, (k) 0°. () 15° 8,
(m) 307 S, {n) 30% 8.

24



405

410

415

420

425

430

Obtained by ICANdecide.org via FOIA
8 Conclusions

2024-256F 00000000873 "UNGCLASSIFIED" 711612025
Previous studies have shown that different choices of siratospheric aerosol injection latitudes and seasons lead to different

surtace climate responses. Choosing where and when to inject aerosols to the stratosphere to meet different climate goals can
be considered as a design problem. Previous studies have concluded that there are at least 3 degrees of freedom (DOFE), that is,
at least three independent climale goals can be simultancously miet. These three — basically the global mean acrosol burden., the
interhemispheric difference, and the equator-to-pole difference — were motivaled by physical intuition regarding stratospheric
transpott, which will ultimately constrain how many independent DOFs are achievable through different injection choices. A
key observation is that the number of DOF eftfectively depends on the amount of global cooling provided by SAI because tor
a small amount of cooling, the difference in the climate response for different strategies may not be detectable. As the amount
of cooling increases, the number of meaningfully-independent DOF increases. For a cooling level of [-1.5°C, there are likely
between 6 and 8 meaningfully-independent DOFEs. [f only precipitation changes mattered, and not temperature changes, then
there would he fewer meaningfully-independent DO,

Our estimation of the number of DOF provides usclul guidance to bound the number of injection choices that need o
be considered when evaluating the range of possible different SAI strategies and the trade-otfs among them. If only a small
amount of cooling is needed trom implementing stratospheric aerosol injections, a small set of selected injection choices
would be sufficient to capture the range of possible resulting climate responses and evaluate how different those climate
responses could be. As all possible injection choices form an extremely high dimensicnal design space, only considering the
meaningtully-independent injection choices significantly reduces the dimension of the design space.

The number of meaningfully-independent DOI? determines the number of independent climate metrics that SA] can manage
simultancously. Thus, lor a cooling level of 1-1.5°C, for cxample, SAI can manage 6-8 independent climute metrics at the
same time. This expands the manageable number of climate metries relative 1o what has been considered in previous studies,
opening up new opportunities for exploring alternate designs that will have different distributions of impacts.

It is important to note that all of these results are obtained from a single climate model. Other climate models may pro-
duce different numerical results, Nenetheless, the number of independent DOF needed te span the range of possible different
stratospheric AQD patterns can be reasonably expected to remain consistent as the transport of aerosols are constrained by
stratospheric circulation. We make several simplifying approximations in order to make analysis tractable, particularly to
estimate the relationship between how similar or dissimilar two pattemns of AQD are and how similar or dissimilar the corre-
sponding surface climale is: (uture rescarch could explore the impact of these approximations. First, we only consider changes
in temperature and precipitation, and we only consider changes in annual mean rather than shifts in seasonality, which could
matter at high latitudes in particular (Jiang et al., 2019}, Second. we only consider whether the ditference in climate response
would be detectable over a 20-year period. Third, the globally-aggregated metric we vse for determining whether two different
climate responses are “detectable”™ is based on whether they are detectably-different at a 95% confidence level over 5% of
the surface area. However, changes that are less-confidently detected may still matter, and since social, agricultural and other

economic activities are strongly affected by regional climate changes. just because they only happen in a small percentage
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435 of area, does not necessarily mean that they are not important — the details of where and what the differences are potentially

matter. 2024-256F 00000000873 "UNGLASSIFIED" 7M16/2025
A key outcome of this study is that further research should be conducted to explore alternate SAI designs that can manage
more than 3 and up to 8 independent climate metrics simultaneously, and to compare the resulting climate responses and
associated trade-otfs. Research into more than 8 is less policy-relevant, simply because any hypothetical deplovment scenario
440  would not reach more than 1.5 °C cooling for many decades, if ever. Ultimately, to evaluate the impacts of stratospheric aerosol
geocngineering, regional surface climate needs to be considered, as social and cconomic activities arc signilicantly alfected
by regional climate change. Alternate SAT designs may enable a better compensation of the impacts from climate change;
alternate designs might also lead to the potential to create more novel climates that optimize some metrics at the expense of
others — both of these possibilities are important to understand in order to inform not only future scientific research in SAI but

445 also governance challenges,

Dara evailability. Dala for the new simulations presented in this study (specifically. monthly aerosel optical depth (AQD?) for spring in-
jections at 60°N, 45°N, 458, and 60°S and annually-constant injections at 7.53°N, 22.5°N, and 37.53"N} are available through the Cornell
e-Commons Library at https:/doiorg/ 107298/ ed-sq40 (Zhang et al., 2021} Data for GLENS and equatorial (lvom Tilmes e al., 2018
and Kravitz et al., 2019 respectively} are available at hitps:/doi.org/10.5065/DOJH3IX X, data for iSpring and 1Autumn (from Visioni et al.,

450  202(¢) are available at https:/dolorg/1L7298/c92)-2pd6 (Visioni et al., 2020a), and data Tor PREC ({tom Lee et al., 2020a) are available al
https:idoiorg/10.7298/d2qm- 1568 (Lee et al., 2020b),
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Key Points:

» Stratospheric acrosol injection at high latitudes could preferentially reduce the im-
pacts of global warming in the Arctic

« Simulations of such injeetion increase sea ice aud permafrost extents and preserve
Creenland ice sheet mass

« High latitude injection preserves the Aretie more officiently than tropical injece-
tion bt also substantially affects tropical precipitation
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Abstract 2024-256F 00000000872 "UNGLASSIFIED" TI16/2025

Stratospherie acrosol injection (SAT) has been shown in climate models to reduce some
impacts of global wariing in the Arctic, inchuwling the loss of sea ice. perinafrost. thaw.
and reduction of Greenland Lee Sheet (GrlS) mass: SAL at high latitudes could prefer-
entially target tlhese impacts, In this study. we usge the Comnnunity Earth Systoin hModel
to simulate two Arctic-focused SAL strategios. which inject at 60°N latitwde cach spring
with injection rales adjusted o either maintain Seplember Aretic sea ice at 2030 lev-
els (“Arctic Low™ } or restore it to 2010 levels (ZArctic High™ ). Both simulations main-
tain or restore Septainbor sea leo to within 10% of their respeciive Largets, reduce per-
mafrost thaw, and increase GrIS surface mass balance by reducing runoff. Arctic Tligh
redices these impacts ore eflectively than a globally-focused SAT sitategy thal injecis
gimilar quantitics of 809 at lower latitudes. However, Arctic-focused SAT is not merely
A “resct hutton”™ for the Arvetic climate. bar brings about a novel elimate state, inelud-
ing changes to the scasonal cveles of Northern Hemisplicre teniperature and sea ice and
less high-latitude carbon uptake relative to SSP2-4.5. Additionally, while Arctic-focnsed
SAL produces the most cooling near the pole, its effeets are not confined to the Arctie,
including deteciable cooling throughout most of Lhie northern hemnisphere for Lol sim-
ulations. increased mid-latibude sullur deposition, and a souilward shifl of the location
ol the Intertropical Convergence Zone (I'TCZ). For these reasons. i would be incorrect
1o consider Arvctic-focused SAT ax ~local” geoengineering, even when compared to a globally-
locused strategy.

Plain Language Summary

The injection of reflective particles called sulfate aerosols o the atmospliore 1o
reflect sunlight, cormnonly called “stratosplieric acrosol iujection™ (SATY or siuply “geo-
engincering”. could be used alongside cinission cuts and CO2 removal to cool the planel
and reduce global warming. Concentrating this particle injection at high latitudes could
be used to preserve the Arctic. We simulate such ~Avctic-locused”™ geoengiveering and
fined 1hat i does indewd preserve sea ice, pertmalrvost, and the Greenland Tee Sheet. TTow-
ever, foensing on the Avctie also introduces complications: large equantitics of carbon are
stored by plants at mid-to-high latitudes, and cooling the Arctic meay reduce their abil-
ity to take up earbon from the atmosphere. Additionally, cooling the Aretic more than
the tropics could affeer rthe way hear is transported aromd the planet, changing impor-
tant precipitation patteris near tlie coquator. Finally, most of the injected sulfinr wonld
come back down in the highly-populated middle latitudes and the relatively pristine high
latitudes, likely affecting ecosvslems in botll regions. For these reasons, we find that even
Lhough sueh an “Arctie-focused” geoengineering would predominantly cool the Aretic,
it would be incorrect to think of it us a “local” intervention, as it would affect the rest
of the planct too.

1 Introduction

The Arctic is especially viduerable to global warming: the northern high latitudes
respoald wore strongly to external forcing than the rest of the planct by a tactor of two
to fonr, o phenomenon relerred (o as Aretie amplilicaiion (Previdi el al.. 2021; England
el al., 2021: Pithan & Bauritsen, 2014). and this [aster warnming in the Arciic is predicled
Lo have consequences for Lhe rest of the world., The extent of sen ice. which insulates the
ocean from sundight and plays crucial dynamic and thermodynamic roles in the Arctic
clitnate and ccosystems, has decroased inall months of the vear over the T980-2018 pe-
riod (Stroeve & Notz. 2018). and there is a very high likelihood that the Arctic Ocean
will beeome lee-free in smmmertine before nidd-century (Notz & Stroceve. 2018). The melt-
ing of ice awd snow at high latitudes will canse more radiation to be absorbed by the darker
eronnel aned ocean. and models estinate this ice-albedo feedback conld coutribute an ad-
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7 seenario (Pithan & Manritsen. 2014: Cal et al., 2021). Permafrost - perennially-frozen

7 soil at higlt latitudes - contains an estimated 1300 Py (Hngelins ot al.. 2014} to 1600 Pg
7 (Tarnocal ot al.. 2000) of carbon, with approximately H00 Pg of this reservoir contained
76 in the topmost meter of soil {1 Pg = 1 Gt = 10'% g}, Globally. pernafrost taperatures
™ Liave iuercased by an average of (0.297C over the last two deeades (Biskaborn et al.. 2019,
7 and as permalrost Uiaws under strong warnning seenarios. an estimated 5-18% or wmore

70 of the carbon contained in the pennafrost zone may decompose and be released into the
50 atmosphere as CO2 or CTTy (Schuwr el al.. 2015; Plaza ot al., 2019). This permalfrost-

8 carbon-climate feedback is estimated in models 1o contribute an additional 0.1°C-0.3°C
& of global warming by 2100, depending on the emissions scenario. bat these estimates are
w3 very poorly constrained (Selure et al.. 2015: Stocker of. al., 2013; Schaefer et al., 2014

1 MeGuire of al., 2018}, Lastly, the mass balance of the Greenland Tee Sheet (GrIS) has

7 transitioned from approximately nentral in che 19908 to incroasingly negative over the

a6 past 20 vears (Bamber et al., 2018). The observed anunal contribution of the Grl§ to

a7 global mean sea level rise has luereased sivee the 1990s (Monginot et al., 2019). and the
us IPCC™s 6th Assessiment Report estitates that the GrlS will likely contribule a total of

v 1-10 em of sea level rise by 2100 under a low-ciissions scenario and 9-18 cm under a high-
uo eluissions scenario (Fox-Kemper el al., 20217,

al The artificial reflection of sunlight to cool the carth’s surface. referred to henee-

oz forth as solar radiation maodification (SRR but also varvingly called solar geoengineer-

o ing. clinate engineering. solar radiation niatagement, or solar climate intervention. has

o been proposcd as a possible additiowal response to global warming alongside crnission

us wiligation and carbon dioxide removal. Of the proposed methods of SRAL the best un-
v derstood s stratospheric acrosol injection (SAL). which als (o mimic the global cool-

as ing that follows large voleanic cruptions. The offeers of SAT on the swrface elimate de-

i pend on the latitwde(s) of injeciion: therefore, the guestion of SAT is not just whether

" or nol Lo deploy, but also how. The majority off SAT simulations thus far use low-latitude
(o injections {e.g., 30° and 15°N and 8} to cool the planet relatively evenly (Kravitz et al.,
it 2007: Tilmes ot al.. 2018, 2020: ©Machlartin & Wravitz, 2019 hMachTartin ot al.. 2022; Richter
T et al., 2022): snuch “globally-foeused” strategies have been fomnd to preserve sea ice, and
103 they can even be designed with sea ice preservation as a primary goal (W, Lee et al., 20207,
104 Low-latitude SAIL conld also slow the degradation of permafrost and mitigate carbon loss
s (Clien et al., 2020; H. Lee el al., 2019) and preserve Greenland ice sheel mass {Moore

e el al., 2019). However, an ~Arclic-locused” strategy (for exaauple. injecting al 60°N in

wr the springtime], could more efliciently cool the Ligh latitudes with less cooling at lower
105 laiitudes, Lthas preferentially Largeting impacts in or near the Arctic {Robock el al.. 2008;
109 W, Lew ot al., 2021}, Howover, Arctic-locused SAT could also introduce complications;

10 for example. hemispherically asvimmelric cooling could push the TTCZ Lowards the op-

ut posite hemisphore. impacting tropical precipitation (TTaywood et al.. 2013 Krishnamo-

12 Lia & Bala, 2022), and hoth Robock et al. (2008) and Jackson ot al. (2015) observed

113 such a disruption in the stunmmner monsoons for high-latitude injecetion. Additionally. lo-
114 cal impacts such as sulfur deposition wonld impact. ecosystemns and the people who live
115 i thew. Other physical ineclianisms could also tmpact the elfeetiveness of high-lavitude
116 SAl relative Lo tropical SAL lower insolation, a higher wnderlying albedo due to snow

7 and ice cover, and lower acrosol lifetime due to stratospheric dynanics. Lasily, sea ice

18 exlent (for exanple) is not strictly a funetion of temperature and sunlight. bul has cow-
19 plex relationships with atmosphoric and oceanic cireulaiion (Moore ot al., 2014). Timely
120 research of the physical impacts of SAT is erncial to inform fulure decision-imaking (National
12t Academies of Sciences, Fngineering, and Nedicine. 20213 however, Aretic-focnsed SAT

122 hias received comparatively loss research attention relative to globally-focused strategies.
123 Roback of al. {2008} compared tropical and high-latitnde injections to abserve the ef-

124 feets on swrfuce towmperature, precipitation, and sea ice, but the injeetion amonnts were
135 relatively small and the study only considered 10-vear averages for many of its results,

136 naking the signal-to-noise ratio quite low. That stndy also injeceted year-round for hoth
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127 grratesics. whepoad26pFins0dageosdsie has hruncEassiHERy he mansetdsiont for high-latitnde
123 injection (W, Lee et al., 2021} Additionally. climate models have evolved substantially

125 over the past 15 vears: for example, Robock ot al. (2008) used a bulk acrosol treatment,
130 whorcas many present-day models nse more complex modal treatments. Jackson ot al.

131 {2015} found that Aretic sca ice could be recovered with springtime high-latitude hjec-
132 tion. but the primary foens of that study was to assess the controllability of Avctic sca

13 ice rather than to diagnose the eflects of SAL those simulations introduced additional

154 noise Lo the model output. added several explosive volcanie eruplions. and made ran-

13 dom changes 1o Lthe timing of injection Lo challenge the control algorithins. Bevond sw-
1% [ace temperature. precipitation, and sea ice. the olher possible impacts of Arctic-focused
130 SAT (such as permalrost and GrIS surface mass balanee) remain largely wnanalyzed.

138 While large, hemispherically-asvimetric injections may ultimately prove naton-

139 able due to the possible effects on tropical precipitation, it s plausible that an SAT strai-
140 egy could include sowe amomt of injection al 60°N, possibly alongside Autarctic or Lrop-
11 ical soulhern hemisphere injection. Sinulating Arclic-locused SAL is inportant 1o be-

165 ain i) understanding the effects of SAT on the Arctic, and ii) quantifying possible side-

16 effects, such as changes to tropical precipitation. Tn this study, we aim to provide a com-
141 prehicusive analyvsis of Avetie-foensed SAT by sinmlating two high-latitude injection surate-
143 eies and comparing thent to three globally-foensed strategios. Section 2 deseribes onr method-
146 ology. including the climate model and experimental design process. In Section 3, we in-
147 vestigate how onr strategies affeetr the climare svsteni we begin by dingnosing changes

18 to shortwave (SW) and longwave (LW) cuerey budgets, and we then aualyze the effects
L@ of our strategies on the Arctic and global surface cnviromnents, including sea ice extent,
150 perntalrost carbon Hux, GrIS mass, swrface letmperature, and precipitation. In Section

151 1. we present our conclusions and discuss the implications of our research for fulure work,
1 Additional resnles {inelnding effeers on ozone and the Arlantic AMeridional Overtarning

153 Circulationt) and information about statistical methods and feedback algorithm design

15 are docmenied in Lhe Supporting Tolormation (S1).

155 2 N’IEthDdS
156 2.1 Climate Model

57 Our sitmlacions are condnered using version 2 of the Commnmity Earth System Model

153 {CESA2, deseribed by Danabasogln et al. (20201 with version 6 of the Whole Atmo-
158 sphere Comumuniry Climate Maodel {WACCMG, deseribed by Gettelman of al. (2014))

150 a8 the atmosplicric component. run using the “middle atmosphoere” (RMA) chomistry mech-
161 anist to iimprove commpitational efficiency by greatly reducing the troposphorie chiew-

162 istry scheme, We denote this configuration as CESM2{WACCNKL-NMA). The configura-

163 Lion is the same as that used by the globally-focused strategies of Machlartin et al. (2022},
164 Lo which we will comnpare our Aretic-focused simulations, CESKI2 Is o state-ol-the-art

165 Farth System hodel with fully-coupled atmosphere. ocean land. sea ice, land ice, river.

166 atd wave components, atnd WACCKG bas a horizontal resolution of 0.95° latitude x 1.25°
160 longitude and 70 vertical wodel levels extending up to 140 km, or 4.5 x 10 % hPa. CESMN2(WACCNIG)
(h3 performs well innodeling sea ice hehavior relative to observations; it matches observed

s seasonal eyeles and deereasing trends of sea iee extent and volume (DuVivier of al.. 2020)
176 and matehes historical sea ice extent and volume observations as well as or hetter than

171 any other model in Phase 6 of the Coupled Model Intercomparison Project (Notz & SINIP.

172 20207, The middle atmosphere variant of CESM2{WACCMG) used here is similar to con-
173 fipuratiows of CESMNI{WACCK) {Mills o al.. 2017) used in the Geoengineering Loarge
174 Ensewnble (GLENS) project (Kravitg el al.. 2017: Tiles el al.. 2018).

73 WACCHG nses version 4 of the Modal Acrosol Maodel (NAN4), which uses a three-
176 hin acrosol distribution system and has been validated against in-sitn observations (Lin
177 ot al.. 2016: Mills ot al.. 2017}, The oceanie compouent is version 2 of the Parallel Ocean
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2024-266F
Name Inj. Latitude Tuj. Months  Target® Ref. Period®
Arctic Low  GO°N NANC 1.98 million kin? 2020-20:39
Arctic Tligh  GO°N NANT 4.45 million kw2 2000-2019
Global—1.3  30°N/153°N/15%5/30°8 Al 1.5°C above PT¢ (2885 1) 2020-2039
Global—1.0  30°N/15"N/15%5/30°8 Al 1.0°C above PT (2688.0 K} 2007-2023

Global - 0.5 30°N/15°N/15°8/30°8 Al 0.5°C above PT (287.0 K} 1993-2012

“Seplembar sea iee extent, (if millions kin®) or global mean temperature {if K)

420 yoar period of TTistorical /SSP2-4.5 when the average of the taraet metric equals the targel value
“Wlareh. April, hay

Pre-industiial

178 Progriun (POPZ, Swith et al. (2010}: Daabasogln el al. (2012]3; the land component

179 is version 3 of the Commmumily Land hModel (CLRIS, Lawrence et al, {2019)): and the sea
10 ice component is version 3.1.2 of the Los Alamos Sea lee Model (C1CES. Hunke et al.

181 (2015}). The land ice component s version 2.1 of the Commmuily Tee Sheet Model {CTSM2,
1 Lipscomb et al. {2019}), which is ran over Greenland at a 4-km resoluiion. Sweface tome-
183 peratiwre and surface mass halance for glaciated cells are computed in CLAS, downscaled
181 te the finer reselution through linear {vertical) and hilinear (horizontal) interpalation,

8 and passed to CISM2 throngh the coupler. CTSAM2 s i with one-way conpling, mean-
136 ing the GrlS does not evolve. and the mass changes therefore exehude ice dynamies.

87 2.2 Simulation Design

18 Our Arctic Low and Arciic High simlations cach hegin in the year 2035, brauch-

19 ing from the SSP2-1.5 scenario, and end at the beginning of 2070, SS8P°2-1.5 has three

10 ensemble members: Avetic Tow and Arctic High both branch from the first member, but
m all three ensemble metibors are used lor analysis in subsequent sections except. lor plots
192 of clond optical depth and sulfnr deposition, for which only the dara from the first mem-
193 Ier was saved. Fach S5P2-4.5 ensenible memnber beging in 2015, branching from three

(91 respective cnseimble menibers of a Historical simulation. The S5P2-4.5 hackground., siim-
185 nlation length. and start date are chiosen to allow comparison with the globallv-foeused

196 strategics of Maclartin ot al. (2022]. which also nse CESR2{WACCK-MA] and Lhave

197 tlie sunie backgrond, duration, awd start date. 35 years of wodel output. s sutliciotly

s long Lo accounl for a transient period (13 vears) al the beginning of thie simalation al-

w9 ter SAT Is [rsl introduced while still providing 20 vears [or analysis,

205 Botlt Avetic Tigh and Avetie Low nse SAT to regulate the extent of Northern Heni-
201 sphere September sea ice (S51) by injeeting at 60°N in springtime. approximately 5 km

202 above the tropopause. as in W, Lee of al, {2021, W, Lee ot al. {2021) found that con-

203 cenlrating the injection in the springtime approximately doubles the eflect of SAL on SS1
e recovery relative to year-round injection. We implement onr lnjection strategy by plac-

o ing 02 inlo the 60.6°N. 180°E grid box bounded by the 110 and 130 hPa pressare in-

20 terfaces (corresponding Lo an altitude of approximately 14.7-1-1.9 km} during March, April.
0 and Nay (MNAXD in each year of simulation. For Arctic T.ow. the target Seplember sea

0% ive extenl is the 2020-2039 SSP2-1.5 average {first ensemble member only) in the CESM2(WACCMG-
205 MA] confignration. cqual to 1,98 million lan?: this “reference period” is the same as those
216 of Machlartin et al. (2022). For Arctic High. we choose a higher target. which is the 2000-
21 2019 Historical and SSP2-4.5 average (4.45 million km?, also nsing only the first cnseni-
212 ble member). Simulation details are sumnarized in Table 1.
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213 The quaigtes-asiis O pdegecsosd2each vancisssmBnn by awteazsl aleorithim (Macllartin
21 et al., 2014: Kravitz et al.. 2017): each vear of simulation, the algorithm ealenlates the

215 amonnt of SOy needed in order to restore sea ice to the target extent. The algorithin eon-
216 sists of a feedforward and a feedback component: the feedforward comiponent prescribes

217 a linearly increasing injection rate chiosen based on the best guess of the injection required
218 to maintain the target sea ice extent. and the feedback component correets for nncor-

219 Lainly by adjusting the injection rate each vear based on the performance of the controller.
20 The feedlorward and {feedback gains are derived from the chianges o sea ice extenl in the
o MAM-60 simulation of W. Lee el al. {2021} relative to the background sitmulation (RCP&.5):
3 while those simulations use an earlier version of the climate model as well as a different

1 lorcing scenario, the leedback term i owr algorithm corrects for any uncerlainiy, and

eo omr results demonstrate that this is sufficient to control for sea ice despite the difference

225 in mode] versions. The feedforward gaing wsed for o sinmlations are 0.272 Tg/vr for

2 Arctiec Low awd G104 Ta | 0.272 Tg/fvr for Arvevie High {with the offset in the Arerie

237 High case to aceount for the sea ice difference between the veferenee time period of 2000-
23 "0‘)0 atl the fivst year of the siulation): the feadback gain used for both simulations

229 5 0,191 Te per vear per million ki? (Le.. the injection quantity each year is adjusted

230 up or down by 0191 'Tg for cach million kin? of (the total Gwe-integrated difference be-

20 tween model oulpul and the target), The algorithun design process is deseribed in more

3 detail in Text S1.

213 In Figure 1. we present. SO, injoction rate and stratospheric acrosol optical depth

224 (AOD) data for owr simulations of Aretic-focused SAL alongside globally-focused siin-

25 wlations from Bachlartin ot al (2022). Shading aud crror bars in lg, 1 and subsequent

2 figures denoie standard error as defined in Text 52 of the Supporting Information. The

2 aloballv-focused simulations considered here all inject year-round al 30°IN. 15°N. 15°N,

2% and 30°5 Lo control global mean temperature (TO). the interhemispheric temperatire gra-

3 dient (T1), and the equator-to-pole lompm‘aturv gradient (T2). The three simulations

260 have global wmean Lemperature targets of 1.5°C, 1.07C. and 0.57C above preindustrial

241 conditions. respectively: we refer to them here as “Global 1 1.5 “Global - 1.0.7 and ~Global 10.5.7
22 respectively, Fach lias three ensemble members, Averaged over the last 20 sears of simi-

23 ulation {20560-2069), Arctic Low injects 5.57 £ 0.09 Tg/yr. Arctic High injects 10.66 £
204 (110 Te/vr, awd Global+1.5 injects 8.58 L 0.04 Tg/fvr (= denotes staadard error as in

25 Text 52 of the Supporting Information). Compared to the Global+1.5 ensemible aver-

206 age. Arctic High and Arciie Low produce less Lo hall and less than o quarter, l'L‘.‘i[)L’C—
207 tively. of the globally- and aunually-averaged AOD (0.06 and 0.03 compared Lo 0.141).

2e8 However, Tor latitudes above 60°N. Arclic High and Arctic Low AQDs are bwice as large
e as Global+1.5 and comparable Lo Global41.5, vespectively {0.24 and 0.14 compared 1o

0 (.12}, Averaged only over Je, July, and Auguht-, the ]ngh-ldtltur_lo AOD for Avelic TTigh
1 aned Arclic Low approximately doubles relative Lo year-round, whereas Global+1.5 is un-
252 changed {(0.44 and 0.25 compared ro (L12).

25 3 Recesults

254 3.1 Changes to Radiative Fluxes

25 3.1.1 Shortwave Flures

26 A starting poiut for wderstanding how the increased AOD n Fig. 1o allecis the
257 climmaie systent is 1o evaluate the net clianges in shortwave (8W) radiative luxes. These
6 are determined not only by the addition of the acrosols, but also by resulting changes

9 in strlace albedo (primarily increases in snow and ice extent at high latitucdes) that am-
205 plify the iuitial foreing, and changes in elond cover that both reduce the net foreing and
20t change the spatial distribution. Tn Figure 2. we present. changes to shortwave (SW) ra-
202 diative fluxes for Aretie High relative to SSP2-4.0. averaged over the 2000-2068 period:
263 the fignre alse plots changes to atmospherie sudfie hurden. surface albedo. and elowd op-

G
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PFigure 1. 50 injection rates and stralosplioric aerosol optical depth (AOD) al the 550um
waveleneth for the Arctic Low and Arctic High simulations, with cowparison Lo global sirategios
deseribed in MNacdlTartin ot al. (2022), Panel (1) plots injection rate as a funcetion of time: shading
denotes ensemble spread. Panel (b)) plots seasonal eyeles of global mean 530nm stratosplieric
AOD, averaped over the 2050-2069 period: error bars denote standard error as deseribed in Toxt
52, Panels (¢) and (d} plot seasonal eveles of zonal mean 500 stratospheric AT for Aretie

High aned Global+ 1.5, respectively, averaged over the 2050-2069 period.
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Figurc 2. Changes to shortwave (SW) fluxes, 50, coluimn buvden and mixing ratio. surface
albedo. and clond optical depth for Arctic High relative to S8P-2.45, averagod over 2050-20G9.
The top row shows changes 1o top-nf-at mosphere {TOA) net SW fluxes, and the middle row
shows changes to surface net SW fluxes (positive downward for all); the left two coliimns show
“Tull-sky™ fluxes (considering clowds), and the right iwo columns show " clear-sky™ fhives (withoul
clouds). Changes Lo cach of these fluxes are shown both ag a zonal mean in H-";’-m.'z {colamns 1
anel 3} and as a zonal integral in TW per degree latitude (colwmns 2 and 1), The bottom left
pancls show the distribulion of changes 1o atinosplicric 304 burden: panel (i) shows zoual incan
changes to mixing ratio across latitude and altitude (lujection location aud tropopause localions
for Avetic High aud S5P2-4.5 are included for referenced. aud pauel (j) shiows chauges to altitude-
integrated, zonally utegraied colunu Q4. Panel (k) shows changes 1o zonal mican siuface albedo
across J0N-90"N. Pauncl (1) shows changes Lo gridbox cloud 8W optical depth {only one cuseinble
meinber for 88P2-4.5). All shading, [or 20-vear averages denotes standard error as deseribed in
Text 52, "FSNTY and “FSNTCT {Hop row) denote *lux, SW. net, TOA" full-sky and clear-sky,
respectivelv: “FENST and “FSNSCT (mniddle row) denote “flux, SW, nel, surface”™ full-sky and

vlear-sky, respectivels.
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tical depth, whdedds-asbrer Y0odenedies. TheuncrksABD" conectits@osn 15 fonned closest to

the pole (Fig. 2i); this correlates to the AQD distribntion in Figure le. as well as to changes
in clear-sky (e in the absence of clonds) net siwface SWolux, which is highest at high
laritndes {2g) {this is also affeeted by changes in armospheric water vapor and ozone).

The net change in top-of-atmosphere {TOA) SW fluxes is also affected by surface alboedo
changes that also peak al high latitudes (2k): considering clear-sky (luxes only. the et

TOA SV change at high latitudes 15 slightly higher than the change in nel surlace SW
[oreing (compare 2¢ and 22}, However, the pole hag very litie surlace arca: both the sonally-
integrated sulfur content (2j) and the tolal changes in swface and TOA clear-sky SW
enerey per degree of Tatitude (2h and 2d) are largest south of the injection location rather
than over the Arclic

These changes are then further modilied by changes in eloud cover. Changes (o full-
sy TOA lorcing (2a. 2L) are either identical to or smaller than changes to clear-sky TOA
foreing (2¢, 2d} in wagnitude evervwhere in the northern hemisphere, showing that as
a whole, changes in cloud cover dampen changes to foreing. Full-sky SV clinnges in the
tropics form a “rig-zag™ that is absent in clear-sky SW changes: these changes are pre-
daminantly due 1o changes in clond cover associaled with a southward shift in the ITCZ
{discussed i1 Section 3.3: see Fig. 9). Lastly, at high latitndes. after aceonnting for clond

changes. downwelling SW at the surface (not shown) actually inereases at high latitudes
despite the increased sulfur burden and AOD: this change is absent in the clear-sky flux,
iriclieating that reduced clonds nnder SAL (21) allow wore SW to reach the surface. There-
fore, the slight positive change in foreing at very high lationdes due to changes i clond
cover under SAL means that changes in sirface net SW oare comparable evervwhere north
ol aboul 30°N (2¢).

3.1.2 Longwave Flures

Changing the energy coming into the climate systetn will also affect the energy go-
ing out: snrface remperature affects the TW energy emitted at the surface, and changes
to clouds and humidity affeet how that cnergy is transmirted through the atmosphere.
In Iig. 3. we plot changes to smeface and TOA LW fluxes, near-surface terperatire, and
lmmidicy, Swrface temperature chianges (3¢) are largest at high latitudes, correspornd-
ing Lo reduced LW emitted at the surlace (3a); however, as with SW fuxes, zonally-integrated
changes to cmitted LW peak in the mid-latitudes (3b), [ncreases i sea ice extent un-
der SAL (see Fig. 4 and accompuuying discussion) also play a role o Uds proeess by cov-
ering Lhe warmer ocean waler and decreasing LW emitted at the surface. Aretic High
also reduces near-surface bumidity in the northern hamisphere (3d), which hay iwplica-
tions for GiTS SMD (see Fig, 7 and accompanying discussion). TTumidity reduction is
largest near the tropics: comparing Ja-b wilh 3g-li. Arctic High actually increases up-
welling surface TW in the tropies despite reduced emitted TAV, indicating a reduction in
trapped TW that correlates with the region of redneed near-surface humidiny, Compar-
ing fullsky (3e-1) and clear-sky (3g-h) uet upwelling surface LW, the addition of clonds
moves the change in forcing at high latitudes from negative to positive, indicating a strong
reduction in LW (rapped near (he suelace by clouds in the Aretic. The uct elfect of Are-
tic High on TOA ouigoing LW radiation (OLR) is a reduction in OLR in the Arctie, the
northern hemisphere mid-latitudes, and the southern hewisphere tropies and extrairop-
ies, and an increase in outgoing OLR in the northern hemisphere tropics (3i-]). The el-
fect of the soulhward TTCZ shifl on cloud cover is also visible. as the addition of clouds
increases OLR in (he northern hendsphere tropies and decreases OLR in the southern
Liemisphere tropies (compare 3-j with 3k-1].



Obtained by ICANdecide.org via FOIA

2024-256F 00000000872 "UNCLASSIFIED" 7/16/2025

) AFLUS [+°), Wim? b} AFLUS [+ "), TW! lai €] ATREFHT, K d) AQREFHT, pdkp
Arclic High vs. S8P2-4.5, 2050-2009  Arctic High vs. 8SP2-4.5, 2050-2000  Arclic High vs. S5F2-4.5, 2050-2069  Arctic High vs. S5P2-4.5, 2050-2009
] 3 3

o o
- 1
B e
2 ; 3
£ w -
£ ) &
1% i1}
ki 1
# - . T
N {1 = Tuuy
1) U U B R M S GUOBEL S0 BRSO H ] A5h Wl - Hil Al B TR R )
It 21 lan al
) AFLHS (+"), Wim? N AFLNS {+), TWS lat gl AFLMSE [+ ), Wm? Rl AFLNSE {+1), TW/ lat

Arctic High va. S55P2-4.5, 2050-2068 I.%lctic High va. 55P2-4.5, 2050-206% Alrclic High vs. SSP2-4.5, 2050-2068 I.glctic High ve. 55P2-4.5, 2050-206%

R ¢
¥ n
b
3
B
| von
-
=4
1
I3 o= o -
- &
1 f] “ =
BN SR S I a3 an -BC C[ 30 A RR B TR H R W 5 M An RCAC D A0 A FD
lat kil lat al
I PLNT (e g 1) APLNT §r ), T an K SPLNTS (o) enin” 1} L FLNTEG §+ ), T Tal

Arctic High ve. 56P2-4.5, 2050-2060 I%lctic High va. S5P2-4.5, 2050-2068 %rclic High va. 55P2-4.5, 2050-2066 Arctic High va. 55P2-4.5, 2050-2068
i o -

f— —— J—
e -5
0 o- -
- < = I
5
= .
=y S
. 3
. = -5
s 1
-d : -l 1 -l .
M1 M0 A &) A ar ot 3L A1 AR R0 FCINECH R B B B I . RCoB D AN N80
Iy a [ al

Figure 3. Changes to LW Hluxes and near-swrface tommerature and hamidity for Aretic TTigh
relative Lo S5P2-4.5, averaged over 2060-2064. The top row plots chanpes to upwoelling LW at the
surface (a, b)Y and near-surface temperature (o) and lladity (d): the middle row plots changes
i nel LW flux al the surface, aud the bottom row plols changes in lop-of-atmosphere {TOA) net
LW tHuxes, All LW Huxes {positive np for all) are plotted in both W/m? (1st and Srd colunmms)
and in T'W per degree latimde (2nd and 4th columms): the two left columns show ™ full-sky™
finxes with clouds, and the two right right columns show “elear-sky™ flnxes without ¢londs. All
shading shows srandard orror as described in Text 52, “FLUS” {top row) denotes “flux, LW,

upwelling. surface™: “IFLNS" and “PLNXSCGT {(middle row) denore ik, T, net, surface”™ full-sky

and clear-sky, respectively; and FLNTT and *FLNTCT {bottom row] denote “Ausx, 1A, net.

TOA™ full-sky and clear-sky, respectively.
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Northern Hemisphere (NH) sea 1ce extent, computed as fraction of grid cell cov-

ered lu sea ice mulliplicd by grid cell arca. Paucl (a) plots NH Septemnber sea ice (881) extend

as a lunction of time. Glolal aud S5T2-4.5 data are ensemnble means: shading deuotes ense-

ble spread. Panel {b) comnpares seasonal eyveles of NH sea iee extent for Aretic High and Arctic

Low {averaged over 2050-2069) to their respective reference periods from Historieal /S572-14.5

fsee Table 1 for reference periods). Errorbars denote standard error as in Text 520 Dashed lines

in panels {(a) and {b) denote 58I tarpets for Arctic High and Arctie Low strategies. Pancls {¢)

and (1) plot maps of 851 extent. for 357215 ensemble average and Avetic High, respectively,

averaged over 2050-2069. The color scale denotes the fraction of cach gricd cell covered in sea iec.
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3.2.1 Sea Ice

The loss of Arctic sea ice has been shown to be reversible in elimate models (Armour
et al., 2011 Ridley er al.. 2012; Boncher er al., 2012; Samanta or al.. 2010} both globally-
foctmed SAT (Jiang et al.. 2010: W, Lee of al.. 2020} and high-latitnde SAT {Robock ot
al.. 2008; Jacksow ot al.. 2015 W, Lee of al.. 2021) have been shown fo lnerease sea lee
extent. In Fig. 4. we present sea ice model ontput for the Arctic-focused SAT strategios
agaiust the globally-foensed SAL strategies and Historieal /SS12-4.5. In 2035, at the start
ol the SATL simulations, NH Seplember sea ice {SS1) under SS1°2--1.5 has an extent of 1.0
= (0.1 million km?. and this decreases o 0.39 = 0.03 million kin? by the 2060-2069 pe-
viod. Arctic TTigh restores SST extent to 4.8 + 0.1 million kin® during this period, slightly
above the target for thal simulation (445 million kin?: vecall that the SST targets for Ave-
ric: High and Arctic Low are defined by the sea ice extents during their respective ref-
erence periods as shown in Table 1), The Aretic TTigh SSI extent is also statistically iden-
tical to the Global | 0.5 average during the 2050-20069 experimental period (4.85 £ 0.06).
Arctic Low restores SST extent. to 2.1 £ 0.1 million km?, also slightly above the target
value (1.98}) and indistingnishiable from Global+1.5 (1.95 L 1.06). Compariug aunmal mean
surface temperatures in the 60°N-90°N region. Arctic High during the 2050-2069 expor-
itnental period (2649 £ 0.1 K) is identical Lo its relerence period {265.04 = .05 K), but
Arclic Low 2050-2069 (266.5 £ 0.1 K) is slightly warmer than its relerence period {266.21
= (106 K). so the novel Arctic climale generaled by SAL is not necessarily promotive of
sea fce al a given temperature. Changes Lo the seasonal cyele of sea ice (Fig. 4) relative
1o Lhe reference period (see Table 1 for relerence poriods) can also be observed: both Ave-
tic TTigh and Arctic Tow have lower seaice exient than their respective reference pori-
ods in the winter months, meaning that while the Arctic-foeused SAT strategies restore
September sea ice to or above their targets. they restore a smaller fraction of the lost
winter sea ice. This may be due at least in part to the scasonalicy of the injection strat-
cgv. in which AOD (sce Fig, 1c) and temperature changes (sce Fig. 8h) are dominant
it the smmnier and antumte: in contrast. all three global strategies, which inject year-round
and primarily in the southiern hemisplicre, overcompensate winter sea ice extenl relative
to the reference period {Lis is & change from global strategios in CESMI{WACCAL); Jiaug
el al. (2019} fomud that GLENS, which also used a global stralegy bul injected primar-
ily in the northern hemisphere, overcompensated saimmer seaice extent and undercom-
pensaled winter sea ice extent, the same pattern seen in Aretic THigh). TTowever, the ex-
tent of seu lce s not only atfected by SW oradiation and temperature, but alse other fac-
tors suel as atmospheric and oceanie eireulation (Moore ot al., 2014), including dynamic
effeets of SAl-indueed stratospheric hearing (Jiang et al., 2019) and further study would
be necded to investigate chese influenees. As disenssed in Jiagg e al. (2019]. changes
to the seasonal eyvele hive environmental and ecological implications: Dai of al. (2019)
found that Avetic Amplification (AA) in response to sea ice loss maiuly ocewrs o the cold
seasol because winler surface waters are much warmer than sea ice and therefore emit
wore longwave (LW) radiation. and therelore nndercompensaling winter sea oe extent
way affect the ability of Arctic-focused SAT to limit AA. Additionally, sea ice extent may
influence the strength of the Atlantic Meridional Overturning Circulation {AMOC) via
freshwater flux changes (Xie et al.. 2022), and therefore changes to the seasonal cyele of
sea iee may affeet the scasonal eyvele of the occanie eireulation.

35 vears is Loo short Lo diagnose long-tern variability in the sea ice response. but
we would expect our feedback algorithm suppresses variability al long e scales and
inereases variability at time scales commensurale with the controller time constant {in
our siidy. our intent had 1o been 1o set Lhis at 3 years, implying conlent at frequencies
of 2or = 31 years. but the actual time-constant. was likely shorter]. However, there is
no reasan 1o think that feedback would chiange the mean (Lo theve are vo local min-
itma in the fanetion of injection rate  » 881 to which the algorithin would converge). Tor
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a) Area north of 50N with Om < ALTMAX < 3m b) AALTMAX (m), 2050-2069
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Figure 5. Annual maxirmum active laver thickness {ALTAAX). Pauel (&) plots a limeserics
of the area north of 30°N with ALTRMAX botween (0 and 3 meters; for GGlohal4 1.5 and S8172-4.5,
shading denaotes enseuible spread. Panel () shows clianges in ALTAMAX [or Arctic High relative
to 5502-4.5, averaged over the 2060-2069 period [or both simulations. Halehing reprosents areas
with no statistically detectable difference at the 5% contidence level according to the two-sanmple
t-test. Light blne (AATTMAX < 3m} indicates a docrease in active layer thickness in perimafrost
and near-permafrost regions, whereas dark blue (AATTAMAX = Ju) indieates increased per-

mafrost area relative to S80°2-4.5.

a 20-year average {as used in analyses throughout the paper), we find that our algorithm
appears to slightly increase variability: during the 2050-2069 cxperimental period. the
dotrended 20-vear SSI for Aretic High Las i standard deviation of 0.62 million kin?. cown-
pared to .50, 0.58, and (.58 for the three Historieal /S8P2-4.5 cuscmble members dur-
ing the 2000-2019 reference period. Arclic Low has o bigger increase in variability rel-
ative to the 2020-2039 relerence period {0075 vs. 0044, 0.50, and 0.56. respectively). Boll
the suppression ol longer-terun varlability by owr feedback algoritlun and amplilication
of variability at intermediate time-scales would of course affect the choice of injection
rales [which would in turn affect the tmpacts of SAT), but this is accounied for in our
uneertainty estimates. which nse an AR{1} approximwation; the AR(1) model captures

all of the statistically significant autocorrelation in the SSI timeseries {i.e., all of the lags
greater than 1 are not statistically significant ). and is thus a reasonable approximation
for estinating degrees of freedomn.
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w9 In regions containing permalrost. the upper portion of the ground thal thaws in

w0 Lhe summer and re-lreezes in the autwmn is called Lhe active laver. The maxinn an-

w1 nual deptly of the active layver is conunonly nsed Lo diagnose permmafrost extent {e.g.. Lawrence
a8 el al. (2015} a small anntal maximum active layer thickness {Le.. < 3m) is indicative

a8 that only the near-surface soil has become unfrozen during the past year. and there is

162 permalrost underneath. In Fig. 3. we present permafrost diaghostics for our Arclic-focused
gres strategics against. Global | 1.5 and 88P2-4.5. Panel (a) shows timeseries of near-surface

6 permafrost extent. When SAT beging in 2035, the permafrost extent under 55P2-4.5 iy

27 12.1 willion km?. and the extent deercases to .96 = 0.03 million km? by the 2050-2069

18 period. Aretic Low. Arctic High. and Global4+1.5 all increase permafrost area relative

280 to S81'2-4.5, hut none of them restore permafrost to the extent of their respeetive ref-

wo erence periods: 11,46 £ 0.03 {or Arclic Low ad 11.88 £ 0,03 [or Global—1.5 (compared
w1 Lo 12.70 £ 0.03 for 851°2-1.5 2020-2039). and 12.86 £ 0.06 [or Arctic Hizgh {compared

w2 to 14.26 £ 0.03 for Historieal /SSP22-1.5 2000-2019}. A map of the changes for Arclic High

3 is shown in panel (b): Arctic High both decreases ATTAAX in permalrost regions (light
ma blue), which means a deeper column of soil remaing rozen year-rownd, aud increases per-
95 wafrost area (dark blue). This expanded permafrost area reaches furthest to the sonth

96 in northeastern Asia. but also spans the entire widoh of Russia and most of the width

97 of North America. In contrast with seaice. Global - 1.5 inereases permafrost area more
205 than Avetie Low: this may be hecause Global+ 1.5 cools the mid-latitudes more offeetively
20 than Arctic Low (sce Fig. 8¢ below). whereas Septetuber sea lee is mainly found north

100 of TH°N, where these strategies provide comparable amounts of cooling,

am In Fig. 6, we preseni land model carbon output for owr Arctic-focused simulations
an2 and 55P2-4.5. Under 85P2-4.5. the Arctic ceosystemn as a whole continmes to take up

n3 carbon during the sinmlation period due to enhanced vegoration growth associated with
n CO, ferdilization and due to a wartner and more hospitable elimate for plants, Soil car-
105 bou also increases il response to the enhanced litter and root earbon inputs near the s
106 face, even thongh the permafrost thawing is leading to soll carbon losses due to enlhanced
407 decomposition al depth. In the Aretic SAL scenarios, the high-latitudes continue Lo he

s a sink of carbon as the plants respond positively to the inereasing CO-. In Arctic High,
" the stronger cooling slows the rate of vegetation carbon gains. and also decreases per-

a10 wafrost soil carbon Tosses. The reduction in vegetalion carbon gains is more impactful.

an which leads to the high-latitudes heing a weaker carbon sink in Avctic Tligh compared

an to Arvclic Low and 88P2-4.5. For Avctic Low and Global+1.5. the changes 1o s0il and

113 vegetation carbon storage are the same signs as those of Avetic TTigh, but the opposing

11 effcets are comparable in magnitude, and the overall offeer is no significant differencee in
115 the total ccosystem carbon relative to §51°2-4.5 during the 2050-2069 period. This dif-

116 ference may be in part heeause Aretic High cools the mid-latitudes more efliciently than
17 Arvctie Low and Global+1.5 (Fig. Sc-d}. but cllanges between 50°N-G0°N do not comn-

8 pletely account lor this nonlinearily.

18 For Arctic High. the total reduced carbon nptake by 2050-2069 relative ro SSP2-

120 4.5 18 V.31 = (L04 Py, or abont 20.8 Gt of COyg-ecquivalent. However. inchision of per-

a2t mafrost and other high-latitude elimate-carbon feedbacks within ESAMs like CTESA is rel-
122 atively new and ramains highly uncertain: a recont intercomparison project of permafrost-
123 enabled land models found a very large spread in response of both high-latitude soil aned
221 vegelation carbon stocks to projected climate change (MeGuire et al.. 2018). Therclore.
s the high-latitude carbon stock resulis presented here should be viewed with cantion and
2 Lreated as indicalive only as representative of possible carbon budgel consequences (rom
ass SAT Additionally, plants take up carbon in the form of CO;. whereay 1oil carbon can

ar be released as both CO4 and CHy. and so direetly comparing carbon stocks does not fully
ar quantify the effeets of SAT on greenhouse gases in the atinosphere. Further developiment
130 and validation of permafrost and earbon flux representarion in Farth System modcels are

14
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Figure 6. Carbon and carbon deusity, The top row plots tineseries of coosystemn (a). soil (13).
and vegelalion (¢) carbon content relalive to 2020 (note the different y-axis scaling for panel 1J;

for 550°2-1.5. shading denotes ensemble standard orror as deseribed in Text 52 of the Supporting
Information. The botton row plots nwaps of changes in ceosystem (d). soil (). and vegetation (f)
carbon density in the HOHTN-80"N region for Arctic Hiali relative to 38024005, avoraped over 2050-
2069 for both simulations. Hatching represenrs arcas with no statistically detecrable ditference at

the 095% confidence level according to the rwo-sample t-test.
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Figure 7. Clanges in GrIS swlface mass balance {SAB). Pancl (a) plots anunal mean SMB as
a function of time: shading denotes enseinble spread. Pauel (h) plots changes in SKB for Arctic
High relative to S5P2-4.5 averaged over 20060200649 shading denotes regious with no sialistical

change according to the two-sample t-test al a 95% signilicance level.

nceded to provide a foundation for more robust assessinent of the impacts of SAL MeGuire
el al. (2018) also posits that climate-chiange-driven changes (o soil and vegetation car-

bon will occur on different timescales: specilically, soil carbou stocks are projected to chhange
more slowly than vegetation carbon stocks i the immediate fulure. and much of the soil
carbon release from permalrost is expectod Lo ocewr alier 2100 regardless of scenario. There-
lore, tel COu-cq cmissions up Lo 2070 may not be an accurate assessment of Tonger-tonm
GITG cotnmitiments for a 35-yoar SAT simulation.

3.2.8 Greenland Ice Sheet

Surface mass balance (SAMB] is the net change in mass at the surface of a glacier
or ice sheet due to precipitation, evaporation, and runolf. Changes (o SMB arve likely re-
sponsible for an estimated 50-60% of the contrilation of the GrlS o sea level rise over
Lhie past 30 vears (van den Brocke et al., 2017; IMBIE. 2020). Globally-Tocused SAL has
previously been found 1o inerease GrlS SAMB by reducing near-surface temperature aud
humidity (Moore et al.. 2019), which Arctic-focused SAT also rednces {see Fig. 3e-d and
8o maps of Lhese variables over Greenland are coutained in Fig. 53 of the 81). Tn Fig.

7. wo present changes to Grls SAB for Avetie Tligh relative to 55P2-4.5. When injee-

tion beging in 2035, GrIS SMB i3 approximately 0.24 mun/day; in the SSP2-4.5 scenario,
this value decreases to (.132 £ 0.006 mm/day by the 20530-2009 period. The Arctic Low
strategy inereases this value to 0019 L 0.01 mn/day statistically indistinguishable from

16
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Global - 1.5 dupbre2sse sansoopeacisrd ((1. | JUNEUABBIEIERN ] slighmdrodswer than SSP2-4.5 dwr-
ing the Arvetie Low reference period (see 1 for reference periods) of 2020-2039 (0.229 £
(LOOT). Avetie ITigh further inereases SAB to 0.27 £ 0.01 during the 2050-20069 period.
slightly higher than its respeetive veference period of 2000-2018 (0.258 1 0.007). In these
sitmnlations. changes to SAMB appear to he dominated by decreases in runoff (imaps of
runofl and ather components for SMDB are contained in Fig, 53). especially in the west-
ern ablation zoue. which is consistent with the resulls of Moore et al. (2019) for globallyv-
[ocused SAL Although CESM2{WACCAL) accounts for many nnportani dynamic and
thermodybamic processes governing surface mass balance, changes v ice dyvamics pro-
cesses such as glacial calving are not considered. so the ice sheet geomnetry {s fixed with
time. The relatively short duration of the simulations means that dynamic responses to
ice sheet goometrical changes inposed by changing SN are likely ta be insignificant {Slater
et al., 2018). but changes in ice elevation wonld contribute enhanced ablation as the sur-
face lowers: this would likely he on the order of 10% for SSP2-4.5. while being loss im-
portant for the SAI scenarios (Moore ot al.. 2019). Further work is necessary to deter-
wine the eflects of high-latitude SAL relative to global strategios on glacial calving and
other dynamic processes.

3.3 Global Iinpacts
3.3.1 Surface Temperature

In Fig. & wo present surface temperature ontpnt from onr simlacions. Also -
chidedd is cooling clicieney in the Northern Hownisphere, delined as temperature change
relative to 881°2-4.5 normalized by Te of SOy injected. using the average of annnal wmean
temperature and injection rales from 2050-206%. As expected. Arctic High produces less
alobal cooling than Global+1.5 despite injecting slightly more: averaged over the 2050-
2069 period. Arctic Low provides 0.23 + 0.037C of cooling {0.041 + 0.005 K/Tg}. Arc-
tic TTigh provides 0.66 — 0.04°C of cooling (0.062 + 0.004 K/Tg), and Glebal+1.5 pro-
vides 0.87 £ 0.02°C of cooling {0.102 £ 0.002 K/Tg). However. in the GO°N-90°N region,
the Arctie-foensed strategios provide more cooling per it injeetion than Global | 1.5
(0.26 £ 0.02 K/Tyg for Arctic Low, 0.2¢ £ 0.01 I/ Tg for Arctic High, and (.207 £ 0.009
K/Tg for Global+1.5]. It is noteworthy that Aretie High provides more global cooling
per nuit injection than Aretic Low {abont 50% more), as strategios with highor injec-
tiow rates generally eool less efliciently due to the phvsics ol aerosol eoagnlation {(Visioud.
AMacMartin, el al., 2020; Klehschiniil ol al., 2018; Plerce et al.. 2010; Niemeler el al..
2011). The two Arciic-Tocused stralegies provide similar rates of high-latitnde cooling
per anit injection: the diffevence in global cooling efficiency comes from more efficient
cooling by Arctic High al low and iid-Tatitudes in the Northern Hemisphere (Fig. 8d).
This is likely due Lo memory in the climale systenw as by 2050, Arctic High has been
injecting of order 10 Tg/yr for 15 vears, whereas Arctic Low ramped np from zero. On
a year-by-yoar basis. Arctie Low provides more cfficient cooling at the heginning of the
sinmlation {see 8L Fig. S30). which is in line with expectations. However., Aretie High
becomes morve officient by the end of the similation. Between the ocean, the land, and
the atmosphere. the ocean has the highest heat capacity, and therefore the longest moeni-
ory, and therefore we would expect memorv-related effects to be ocean-relaled: while not.
conclusive. a wmap cowmparing the cooling efliviency of Arctic Low and Arctic High {Fig.
S3a) does show that Arctic TTigh and Arctic Low cool cqually elliciently at the couters
of land masses. such as conlral Asia, northern Africa. and North America, and many of
the areas where Arctic High cools more efficiently than Arvctic Low are in or near the oceans.
We also find that Arvetie Tligh would cool vmich more officiently at high latitudes {likely
due ro ice/snow-albedo feedbacks), but this is offset by a pateh in the Northern Atlantic,
which is likely related to the Atlantic Meridional Overturning Cireulation (AMOC: Fig.

s3],



Obtained by ICANdecide.org via FOIA

2024-256F 00000000872 "UNCLASSIFIED" 7/16/2025

b] ATREFHT seasonal cycle {K},

280 d) Global mean tamperature A‘Estic High 2050-2069 vs. SSP2-4.5 205{1-21369n
S Sl :
Arctic Low --—.) . : L
— Arctic High LU \ ﬁ
295 T Qlubaitid et -2
——S5PP-4 8 7t -
X a0 ' 4
@
£ 288
=2 g
: . -
4
E 2885
2 30 8
20
7BE -
10
287.5 v} : : : 12
2020 2030 2040 2050 2060 JFMAMLLI L ASOND.
year month
¢) Zonal mean cooling d) Cooling efficiency o) ATREFHT [K),

(2050-2069 v5. SSP2-45  2050-2069 vs. SSP2-4.5 Arctic High 2050-2060 ve. SSP 2050-2080

n n
-1 B g
] -
X, = no : I -
g e .
3 - ) ATREFHT (K),
53 £ 03 Arctic High 2050-2068 vs. SSP 2000-2019
. 2t 5
8 .I..Ne = e =
a © g4 A/ N\ s
; L% ; )
B /*\S/_ | i A L 1
5 .05 2! . Mk, |
e o \; v a :{“H‘D 4
& 06 o . v ' 3
¢} an L] an 1 an Bl an e S __,./
lat lat T

Figure 8. Swface temperature. Pancl (a) plots globally averaged, anmial mean surface tem-
perature as a function of time; shading denotes ensemble spread. Panel (b)) plots changes to the
seasonal eyele of zonal mean temperature for Arvctic High (2050-2069 average) relative to SSP2-
A5 curing the same perviod. Pancls (¢) and (d) plot zonal mean cooling and zonal mican cooling
per Te of 50y injected. respectively: cooling is relative to S5P2-4.0 avoraged over the 2060-206%
period. and injection rate is also averaged over the 2000-2069 period. Shading denotes stawdard
error as described in Text 52, Panels {¢) and (1) plot maps of sutface temperature changes lor

Arctic Iigh {2050-2069 average) relative to S5P2-4.5 (2050-2069 average aud 2000-2019 average,
respectively). Shading representls clianges that are nob statistically siguificant according o the

two-saniple (-test al the 95% confidence level,
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snt The diffomons- 2568 ribenoempeostac oolintuibsL ASEIFIEDY. stratTiegdieddsave implications for

sn2 how they affeet the high-latitude elimate. Global | 1.5 and Arctic Low have similar rates
503 of September sea ice recovery (Fig. 4a), and this may be beeanse they provide similar

504 cooling at vory high latitudes where sea ice is present. However, Global+1.5 cools the

505 wicdle lationdes, where large arcas of peratrost. or potential permafrost are located,

506 more than Arctic Low, and permafrost recovery under Global4+1.5 is higher than for Ave-
a7 Ltic Low {Fiz. 3a). The detectable cooling from Arciic High covers most of the Norili-

508 ern Hemisphere, bul very little cooling extends into the Soulhern Hemisphere; Llie cool-
s9 ing scen neatr Antarclica in Fig. 8c is likely due to natural variability, bt it is possilide

510 that dynamical changes may also be respongible. As shown in panel 8h, the largest cool-
an ing eflect at high latitudes from Aretic TTigh oceurs not during the period of naxinnnn

512 AOD in the carly summer (see Fig. e} bur rather in the antwmn: this is likely becanse
513 of avaided hieat flux our of the ocean due to the larger extent of sca iee during this pe-

51 riod {see 4b). For Arctic TTigh. mueh of the surface temperature hetween 45°N-90°N ix

515 irilistingnishiable from the reference period of 2000-2019 {sce Table 1 for reference pe-

516 riods) in the SSP2-4.5 scenario, bt some spatial and (cmporal differences are prosend.,

s1r For inslauee. the noriheastern Pacifie is warmer and the northern Atlantice is eooler un-
518 der the Aretie High strategy thian during the reference period. a respouse also scen in

519 Lhe temperature response of Lhe globally-focused shnulations of Richter et al. (2022}, This
540 is likely due al least in part to the hehavior of ANOC: in CTSNMIT. ANMOC weakened un-
o der global warming bat accelerated under GLENS. leaving a shinilar persistent warm-

s ing in the north Atlantic {Fasullo ot al., 2018). Tn CESM2{WACCM). the coffects of glubally-
523 focied SAT on ANMOC have the saane sign but a smaller magnitude, reducing the weak-
524 ening but not reversing it {(Tilmes et al., 2020). The effcets of Aretic-foensed SAL are sim-

525 ilar: the strength of the AMOC nuder 8SP2-4.5 1s 23.7 L 0.1 Sv in 2000-2019 and de-
536 creases to 17.2 1 0.2 Sv in 2050-2069, hut only decreases to 19.1 L 0.2 Sv under Are-
527 tic Low and 21.1 & (0.2 Sv under Aretic High {sce 81 Fig, 53¢).

538 3.3.2 Precipitation

5% In Fig. 9, we preseni precipitation for Aveiic TTigh (2050-2069) relative Lo SSP2-
530 4.5 during the same period and during the 2000-2019 reference periad {see Table 1 for
531 reference periods). Under global warning, the warmer atmosphere has a greater capac-
532 ity to carry water: in the Mistorieal and S5P2-4.5 sinmlations, global mean precipitation

531 increases from 4.097 = (LOOZ mm/day in 2000-2019 to 4.263 = (L0OT mm/day in 2060-
534 2069, The cooling provided by SAT offsets this change: for Arvetic Low (4.25 = 0001 wn/day

535 it 2050-2069), this reduction is indistingnishable from S51°2-4.5, but for Avctic High (4.20
536 = .02 win/day), the reduction is detectable. As expected, high-latitnde SAL pushes the

557 ITCZ southward (Hoywood el al.. 2013: W, Lee el al., 2020}, and this southward shifll

5 in tropieal precipitalion is clearly visible in Fig. 9. For §81°2-4.5, the 2050-2069 [TCZ

) location as meastwred by the controid of Lropical precipitation between 20°S and 20°N {Donohoe
500 el al., 2013 Fricrson & TTwang, 2012; W. Tee et al., 2020} is 1.07°N — 0.05°. During the

51 same period, Arvclic T.ow pushes the ITCZ southward 1o 08N + 0.1°, and Arctic High

42 to 0.54°N £+ 0.08%. Such a southward shift of the ITCZ conld have consequences for peo-
43 ple who rely on tropical precipitation patterns such as the African monsoon (Haywood

544 et al., 2013: Krislinamohan & Bala, 2022): Roback et al. {2008} reported disruption to

55 the [udinn monsoon from 3 Tg/yr high-latitude injeetion. and similar changes are clearly
546 visible hore relative to §8P2-4.5 (Tig. 9c.c) and even more so relative to the referonce

57 period (Fig. 9.0, Globallv-focused strategios comonly inject in both hemispheres with
ss Lhe goal of avoidiug such a result (Kravils et al.. 2017 Machlartio el al., 2022: Richter

59 el al., 2022), and combining Arciic-locused SAL wilh injection in the Southern Hemisphere
550 (c¢ither Antarclic or tropical) could reduce the visk of a change in the TTCZ. We note that
a1 climate models disagree on the expected sign of fuvture TTCZ change {e.g.. whethoer the

a5 ITCZ is expected to wigrate north or southd due to global warming and changes Lo an-
=5 thropogenie acrosols (Byrme et al., 2018), and should the TTCZ shift northward. a sonth-

19
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a) APRECT {mm/day}, b} APRECT (mm/day),
Arctic High 2050-2069 vs S5P 20350-2069 Arctic High 2050-2069 vs SSP 2000-2019

b

¢} APRECT, summer {mm/day], d) APRECT, summer {mm/day],
Arctic High 2050-2069 vs 55F 2050-2069 0g Arctic High 2050-2069 vs S5P 2000-2019

e} APRECT, winter (mm/day), i APRECT, winter [(mm/day],

J\rctig High 2050-2069 vs SSP 2050-2069 a5 ArctiE High 2050-206% vs SSP 2000-2019

24

1.5

Figure 9. Precipilaltion, Arctic High 2056(-2064 relative to SSP2-4.5 2050-2069 (left colunn)
and Historieal /35P2-1.5 2000-2019 {right cohnnn). The top row shows changes to annual niean
precipitation: the midedle and botton rows show cllanges to siumer (JJA) and winter (T
precipitation over India and northern Africa, vespectively. Shading indicates no statistically

significant ehange at the 95% confidence level nsing the two-sample t-rest.
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Figure 10. Changes to zonal mean sulfur deposition. Pauel (a) displays the scasonal cyele of
zonal wean sulfivr deposition in kg/in® fyvr for Arctic High 20530-2069 relative Lo S8P2-4.5 2050-
2068, Tanel (1) shows zoual mean sulfur deposition for Arctic High and §8P2-4.5, both averaged
over 2060-20068%; shading denotes standard error as describoed in Text 820 Included for comparison
are mid-latitude and high-latitnde sulfur deposition for Historieal /SS5P2-1.5 in the 2010-2029

and 1990-2009 periods, respectively, which are similar to the increased deposition vder Aretic
Higli: these are indicated by dotted lines. (Note: sulfur deposition data for Historical /SSTP2-4.0
is taken from runs using the full-atmosphere (TSMETY conliguration of WACCM {one ensemble
member) instewd of the MA conliguration becanse deposition output wus not saved for the MA
simulations; emissions are the same for both configuration and troposphoeric lifetime is short, so

cdeposition should be shmilar).

551 ward shift in the TTCZ could be a goal of Arctic-foensed SAT vather than an nnwanted

555 onteome: regardless, given the importance of tropical precipitation, the offeets of SATL on

556 the location of the ITCZ should remain o forefront concern for any fature discussion of

557 Arctic-focused SAL Other possible inflnences to tropical precipitation also require hu-

558 ther exploration: the latitudinal extent of the Hadley and Walker cells is expected Lo change
559 it future GHG climates (Vallis et al., 2015}, and the descending limbs of the Hadley cir-
60 culation are associoled with deserts, SAL lends to reverse these pacts {Guo et al., 2018).
261 although the situation is complicated by stratospheric heating {Cheng el al., 2022).

562 3.3.3 Sulfur Deposilion

503 In the Historical and 55P2-4.5 seenarios. sulfir pollution peaks in the Tate 1900s

564 and deereases throughont the 21st century. averaging 21.69 £ 0.05 Te/yr during the 2050-
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20069 period, inzdmdssr 1400000080% Tg /vukoudssIFIEDt hern lemeidapticre. During this pe-
riod. Arctic Low and Arvetic igh injeet 5.57 Te/vr and 1066 Tgfyvr of 804, or {divid-
itg by molar weights) approxinately 2.8 and 5.3 Tg/yr of sulfur (represeuting approx-
itnately 20% and 50% global inereases). respectively. In Fig. 10, we present 2050-2069
changes to sulbur deposition from SOy for Arctic High relative to one enseible member
of 3812-4.5 {50, deposition model output was not saved for the second and third $5172-
1.5 ensemble members). The bulk of the increased sullur deposition (Fig, 1} is con-
centrabed in the late smnmer belween ARN-GO°IN. although increased deposition is present
throughout 30°N-G0°N in all months of the year. Although the stratespheric Brower-Dobson
Circulation {BDC) tends poleward. it is less efficient at higher latitudes: additionally.
deposition is also strongly dependent. on precipitation. which is higher at lower latitndes
{especially with the additional reduction in precipitation ar higher latitudes due to more
cooling at high latitudes: sce Fig. 0a). Thercfore, it is reasonable to see higher deposi-
tion rates sonth of the injection site despite the poleward direction of the BDC. Rela-
tive to §5P2-4.5, sulfur depositien in the 3PN-60°N latitnde hand increases from 5.19

= 104 Teg/vr to 8.3% L 0.09 Tg/yr. an increase of 60%; the increased deposition s eo-
parable to Historieal /S81°2-4.3 during the 2010-2029 period (Fig. 10h. dark blue dot-

ted line), approximaiely A0 years carlicr. While the absolule increase al high latitudes

is sialler, the baseline deposition is also simaller. meaning that the relative increase in
sulfur pellution is large. Polludion from mid Tatitudes has long heen observed in the Ave-
tic regions {Arctic Haze: Yang et al. (2018)) and is seasonally concentrated in the spring
and composcd primarily of sulfate acrosols, causing lake addification during spring thaw.
Aretice TTigh inereases the deposition north of GO°N from .63 £ 0.01 Tg/yr to 1.47 £ 0.02
Tg/vr, an increase of 133%. This increased deposition s comparable to istorical dur-
ing the 1990-2009 period (Fig. 10h. light blue dotted line). approximately 60 yvears car-
licr. Both the large absolute increase in the mid-laticndes and the large relative chiange
at high latitudes wonld likely iimpact ceosysters and the people who live in these regions
(Visioni. Slessarev. el al., 2020 Zarneiske el al.. 2021), and hariher study of the hpli-
cations of increased sullur deposition in these areas is necessary,

4 Conclusions and Discussion

Botll Arvctic-foensed strategios restored and maintained Seprember seaice to within
10% of their targets. demonstrating that Arctie-focused SAL ean revorse the loss of sea
ice and that highoer injection rates lead to greater restoration of sea ice. The results also
show 1hat Arclic-focused SAL could initizate other high-latitude Iinpacts of global warm-
ing: penuafrost extent is higher relative to SSP2-4.5 under both strategies. and hoth strale-
gies Increased GrIS SMEB by reducing vunofl, Arcetic Low and Aretie High cool the Are-
rie: anel inerease Seprember seq ice extent more efficiently rhan Global+1.5; this is in con-
trast. 1o Robock et al. (2008), in whick 5 Tg/vr of equatorial injection cooled the high
latitudes and restored September sca ice much more eileetively than 3 Te/vr of injec-
tion at G8"N. However, the differenee also refleets evalution of the injection strategics,
as Global | 1.5 injected at nultiple tropical and near-tropical locations (instead of just
the equator) and Aretie Low aud Aretie High injected in spring {(instead of vear-round ).
The Arctic-focused strategios also increase GrlS SMB more efficiently chan Global+1.5.
Howover. the Arctie-focused strategios and Global—1.5 all provide cowmparable amounts
ol cooling per unit injection n the mid-latitude and extrapolar regions {Arctic High is
sliglhtly more efficient in this region) and have comparable rates of perualrost arewn in-
crease. indicating that tropical and Arctic injection may be comparably cflective for wid-
latitude impacts. Avctic-focused SAT also introduces other high-latitude effects, includ-
ing changes Lo the scasenal cyele of Tigh-latitude tomperature and sea ice. Arctic TTigh
increases high-latitnde snlfur deposition by more than double relative to the saane pe-
riod without SAT, equivalent to a backwards step of approximately 60 vears for sulfur
deposition rates in the Aretie. Lastly. in this model. Aretic Tigh slows overall carbon
uptake by the Arctic ccosvstomn via reduced storage in vegetation., While perimafrost maod-
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eling s highly ensdenaaring, ohdposbogranatyattunbrassriEDs odedsipdesnl warining produces
a negative feedback by inereasing plant uptake of CO. ac high latitudes. and an incer-
vention that rednees that wanmning could also dampen that feedback.

It was originally hypothesized that the offects of high-latitude injection could be
largely confined to the Arctic due to the poleward divection of the stratospheric Brewer-
Dobson civculation (Tane et al., 2007). However, Robock et al. (2008) concluded this was
natl the case, ciling substantial impacts outside of the Arctie. including reductions Lo down-
ward surface SW owell south of the njection site and changes to tropical precipitation.

Onr resnlts are simdlar, aud we conclude that although Avetie-focused SAT gives the most
cooling at high latitudes and in niany eases affeets high-latitnde metries {such as sea iee
extent) wore strongly thau globally-focnsed SAL it would be ncorreet to categorize Aretie-
focused SAL as a “local” intervention hecause of the eflects oulside the polar region. Are-
Lic High causes detectable cooling nearly everywhere in Lhe northern hemisphere. and
although sullur mixing ratio and AQOD are highest near the pole. sonally-integrated sul-
[ur burden and reduction in TOA ncoming SW encrey peak south of the injection lo-
cation. and Arciic TTigh increases sulfur deposition in the mid-latitudes by G0%. The hemi-
spherically asyimmettie forcing also causes a substantial southward shift in the TTCZ and
disripts the scasonal monsoons; this shift conld be offset by combining Arctic-foensed
injeetion with injection in the sonthert hemisphere. either in the tropics or at the Antare-
tic. Similar studies in other models wonld greatly help to reduee nncertainty, inclnding
the quantification of both how Arctie-focused and globally-focnsed SAL impact the Ave-
tic andd alse how Aretic-foensed SAL impacts regious outside the Arctie (and how sonth-
ern hemisphere injection might offset this). Simmlations that include an evolving ice shoeel
would Le especially uselul in deternining the elffects of Arctic SAT on ice dyvnamics. and
louger simulations would be uselul in deterinining the effects of SAT on uatural variabil-
itv. Addirionally, there is ample room for fierher in-depth explorarion of SAI effeets, such
as changes Lo the circulation or analysis of the various radiative, Tnnidily, and temper-
ature feedbacks that govern Arvciic amplification.

5 Open Research

Data nsed in this stady is available through the Cornell eConimons repository at
Littps:/ fdot.org /10,7298 /anmip-q053. Additional data from the Global | L3, Global § 1.0,
aned Global | 0.5 shmulations can be likewise be found throngh the Cornell eComnmons repos-
itory at Visioni {2022), https:/ /dolorg /10,7208 /xr82-5v86.
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Geoengineering {in particular we focus on stratospheric aerosol injection) would cool the climate, reducing some

impacts from climate change, but it would not simply reverse changes due to increased atmospheric greenhouse gas
concentrations, leading to residual changes. These changes, however, depend on how it is done — particularly what
latitudes or seasons that aeresocls are added to the stratosphere. The main goal of the project is to understand what
geoengineering can and cannot do. This will help us understand which decisions matter, which uncertainties need to
be resclved or managed, fundamental limits to how well it can compensate for climate change, and where any trade-

offs might be. All of these are essential for informing future decisions about whether and how to deploy

geoengineering.
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There are 3 4rjzlg£pbegoggo%!}ggg£icant ﬁ_ﬁj&{ﬂ@%@gm thisnparfgj%:t‘ (i) We have integrated previously
conducted gecengineering simulations that use different combinations of locations {latitudes)

and times of year (season) to achieve different sets of climate cbjectives with simulations at
many different latitudes and seasons to estimate the total number of independent “design”®
degrees of freedom available; {ii) building on that, we have designed and conducted a set of
simulations that collectively span a complete range of independent strategies; these include
four different hemispherically-symmetric strategies including cne more polar-focused, as well as
an Arctic-focused strategy, and a default multi-objective strategy considered in previous model
version, as well as an updated and longer set of fixed-injection-rate cases (iii) we have also
designed and completed simulations that consider a range of different plausible future
deployment scenarios, involving in particular different amounts of cocling, but also different start
dates and inconsistencies in deployment; this both helps assess nonlinearities and transients
as well as being valuable on its own for inferming dependence of impacts on scenario, (iv) we
have conducted optimization for different climate metrics to assess both how much the strategy
depends on the metric chosen as well as how much “better” one might be able to achieve than
with current strategies {(completed in the final year), (v) the simulaticns conducted have been
used already to look at some impact analyses (such as risks from Antarctic ice melt), and finally
{vi) we have collaborated with other climate modeling centers to conduct similar analyses,
resulting in several papers with U. Exeter; simulations conducted as part of this project have
motivated the design of both scenarics and strategies for the next set of Gecengineering Model
Intercomparison Project {GeoMIP) simulations.

(1) For global cooling of up tc 1.5°C, there are approximately 6-8 independent degrees of
freedom for SAl that would lead to detectably different climate outcomes. These include
injection at 30N, 15N, equator, 158, 305, as well as spring injection at 60N and 603. This also
means that as many as 6-8 independent climate objectives might be simultaneously managed;
previous studies have considered at most 3, suggesting both that there is considerable scope
for exploring distinct strategies, and that this scope is “small” enough that this exploration is
feasible. (2) Different strategies involving different combinations of these latitudes yield different
outcomes not enly in surface temperature and precipitation, but on Arctic sea ice, hurricane
indices, ITCZ, Antarctic sea ice risks, etc. (3) Arctic-focused and polar-focused strategies are
plausible, with injection at lower altitude but high latitude; these preferentially cool at higher
latitude with less tropical cooling, vielding greater efficiency for some impacts but different
trade-offs relative to other strategies. (This last one is also particularly noteworthy because it
would be easier to deploy at lower altitude, and many risks people care about are at high
latitude) {(4) A hemispherically-symmetric strategy that injects equal amounts at reughly 30N
and 305 (15N and 155 might do as well) is simpler to implement in other models and is not too
sub-optimal relative to more complicated strategies for many metrics (in particular, it roughly
maintains equator-to-pole temperature gradients without formally needing to control for them),
and finally (5), optimizing across the available degrees of freedom can be used to explore
Paretc-optimal front; e.g. what strategies do best trading off temperature and precipitation
changes. The optimum soluticns clearly do “better” than any existing strategies. For
minimizing temperature alone, then for modest cooling the differences are not large relative to
existing strategies that have been simulated. However, there is some potential to find
strategies that do a better job of balancing changes in temperature and precipitation (in this
climate model).
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Results from this project have led to collaboration with U. Exeter to conduct a subset of similar

simulations in the UKESM model, and are serving as the basis for designing the next round of
GeoMIP simulations. Preliminary analyses are also being conducted with policy experts on
different scenarios using these simulations. Two PhD theses were supported or partially
supported by this award; Yan Zhang and Walker Lee; this award also partially supported a third
PhD student, Ezra Brody.

outcomes or
Other
achievements:

* What opportunities for training and professional development has the project provided?

The project has directly supported the research of two graduate students in engineering and cne term of a third student;
work related to this project has also invelved two postdoctoral research associates with a background in climate science
(one of whom is now faculty at Cornell in Atmospheric Science, the other a researcher at NOAA). This provides a
learning experience for both; the graduate students benefit from the expertise of the postdocs, and the postdocs gain
an appreciation for engineering design principles, as well as some experience in mentoring graduate students. The
graduate students have learned how to run CESM(WACCM), analyze the output, write papers, and prepare the results
for presentations at conferences. Both students have graduated; Walker Lee is currently at NCAR working on design
and feedback for Marine Cloud Brightening

* Have the results been disseminated to communities of interest? If so, please provide details.

The first paper from this award {partly supported by a previous NSF award) was published early in 2022 in Earth
Systems Dynamics; a paper on scenarios was published in PNAS in 2022; a paper on Arctic-focused approach
published in Earth’s Future in 2023, two papers comparing multiple strategies published, one in Atm. Chem. Phys. and
another in Earth System Dynamics (which was selected as a highlight paper!); a final paper on eptimization is currently
under review. Results using simulations that were generated as part of this research have been published in several
papers, and there are a further two papers published with the UKESM climate model. All work is being presented at
conferences, e.g., at AGU fall meeting in 2021 and 2022, and Gordcen Research Conference (GRC) on Climate
Engineering in 2022 and in two talks at the 2024 GRC {ene of which was almost entirely based on this NSF award);
some results have been used in a presentation at Arctic Circle meeting, as well as in GeoMIP meetings. Work on
scenarios and strategies was discussed in a meeting held at NCAR focusing on scenaric design; this research was also
discussed at an |Al-sponsored international meeting in Jamaica. Research results are also disseminated to the
research community through geoengineering email lists. Simulations have been made available and are being used by
cther researchers exploring impacts, including those in the developing world. And maybe in the long term most
important; the results of this research were the driving influence on selecting the strategy and scenario used in the next
round of GeoMIP simulations, which in turn will support the ability to write a coherent assessment of SAl for the IPCC
AR7.

Finally, in 2024 we held a small workshop (adjacent to the GeoMIP meeting that was held at Cornell) building off of the
research conducted in this grant, with a particular emphasis on what could be done with higher-latitude and thus lower-
altitude depleyment; this follows from the “polar” strategy (60N and 60S, with each conducted only in spring) that was
simulated as part of this grant.

Products

Books
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Book Chapters

Inventions

Journals or Juried Conference Papers

View all journal publications currently available in the for this award.

The results in the NSF Public Access Repository will include a comprehensive listing of all journal publications recerded
to date that are associated with this award.

Kravitz, Ben and MacMartin, Douglas G. and Butler, Amy H. and Bednarz, Ewa M. and Visicni,
Daniele. (2023). Potential Non&€ Linearities in the High Latitude Circulation and Ozone Response te Stratospheric
Aerosocl Injection. Geophysical Research Letters. 50 (22) . Status = Added in NSF-PAR

Federal Government's License = Acknowledged. (Completed by
MacMartin, on 01/04/2024 )

Bednarz, E. M. and Visicni, D. and Kravitz, B. and Goddard, P. B. and MacMartin, D. G.. (2023). Stratospheric
Aerosol Injection Can Reduce Risks to Antarctic |ce Loss Depending on Injection Location and Amount. Journal of
Geophysical Research: Atmospheres. 128 (22) . Status = Added in NSF-PAR

Federal Government's License = Acknowledged. {(Completed by
MacMartin, Benjamin on 01/04/2024 )

Visioni, D. and Goddard, P. B. and Kravitz, B. and Bednarz, E. M. and MacMartin, D. G.. (2023). The Choice of
Baseline Period Influences the Assessments of the OQutcomes of Stratospheric Aerosol Injection. Earth’s Future. 11
{8) . Status = Added in NSF-PAR Federal Government's License =
Acknowledged. (Completed by MacMartin, Benjamin on 01/04/2024 )

Kravitz, Ben and Chen, Yating and Lee, Walker Raymond and MacMartin, Douglas G. and Visicni,

Daniele. (2023). Highd€ Latitude Stratospheric Aerosol Injection to Preserve the Arctic. Earth's Future. 11 (1) .
Status = Added in NSF-PAR Federal Government's License =
Acknowledged. (Completed by MacMartin, Douglas en 01/04/2024 )

Kravitz, Ben and Visioni, Daniele and Butler, Amy H. and Zhang, Yan and Bednarz, Ewa M.. (2023). Injection
strategy &€" a driver of atmospheric circulaticn and czcne response to stratospheric aerosol geoengineering.
Atmospheric Chemistry and Physics. 23 (21) 13665 to 13684, Status = Added in NSF-PAR

Federal Government's License = Acknowledged. (Completed by
MacMartin, Douglas on 01/04/2024 )

Henry, Matthew and Haywood, Jim and Dalvi, Mchit and Wells, Alice and Jones, Andy. (2023). Comparison of
UKESM1 and CESM2 simulaticns using the same multi-target stratospheric aerosol injection strategy. Atmospheric
Chemistry and Physics. 23 (20) 13369 to 13385, Status = Added in NSF-PAR

Federal Government's License = Acknowledged. (Completed by
MacMartin, on 01/04/2024 )
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MacMartin, D. G. and Richter, J.H. and Kravitz, B. and Felgenhauer, T. and Visioni, D.. (2022). Scenarios for
medeling solar radiation modifiteRish. MWeeatThgs of WWeLABFtRRS! Acadled®i2pf Sciences. 119 (33) . Status = Added
in NSF-PAR Federal Government's License = Acknowledged.
(Completed by MacMartin, Douglas on 12/07/2022 )

Braesicke, Peter and Visioni, Daniele and Bednarz, Ewa M. and Banerjee, Antara and Kravitz, Ben. (2022). The
Overlooked Role of the Stratosphere Under a Solar Constant Reduction. Geophysical Research Letters. 49 (12) .
Status = Added in NSF-PAR Federal Government's License =
Acknowledged. (Completed by MacMartin, Douglas on 12/07/2022 )

MacMartin, Douglas G. and Visieni, Daniele and Zhang, Yan and Kravitz, Ben. (2022). How large is the design
space for stratospheric aerosol gecengineering?. Earth System Dynamics. 13 (1) 201 to 217. Status = Added in
NSF-PAR Federal Government's License = Acknowledged.
{Completed by MacMartin, Douglas on 12/07/2022 )

Brody, E., Y. Zhang, D. G. MacMartin, D. Visioni, B. Kravitz, and E. M. Bednarz, &€aUsing Optimization Tools to
Explore Stratospheric Aerosel Injection Strategies&€ |, submitted, Earth System Dynamics. Status =
UNDER_REVIEW.

Bednarz, E.M., P.B. Goddard., D.G. MacMartin, D. Visioni, D. Bailey, and G. Danabasoglu, &&a=Stratospheric

Aerosol Injection could prevent future Atlantic Meridienal Overturning Circulation decline, but injection location is
keva€ ', submitted, Earthd€™s Future. Status = UNDER_REVIEW.

Licenses

Other Conference Presentations / Papers

Other Products

Other Publications

Patent Applications

Technologies or Techniques

Thesis/Dissertations
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Injection. (2023). Cornell University. Acknowledgement of Federal Support = No

Websites or Other Internet Sites

Participants/Organizations
What individuals have worked on the project?

Name Most Senior Project Role

Faculty

Graduate Student {research assistant)
Graduate Student {research assistant)

Graduate Student {research assistant)

Ca PD/PI

PD/PI

Full details of individuals who have worked on the project:

Daniele Visioni

Email: dv224@comnell.edu

Most Senior Project Role: Faculty _
Nearest Person Month Worked 2\

Contribution to the Project: Assisied graduate students in running climate models, assisted graduate students in writing papers, but

was only supported by NSF funding early in the project

Funding Support: Cornell Atkinson Center for a Sustainable Future
International Collaboration: No

International Travel: No

(D))

ost Senior Project Role: Graduate Student (research assistant)
Nearest Person Month Worked?)(4): (2)(6)

Nearest Person Month Worked

(D)(4]: (D)(E)

Contribution to the Project: Developing simulations of Arctic injection in particular {and Arctic+Antarctic), analyzing, and wriling papers.

No effort in final year.

Funding Support: Also supported by Cornell Atkinson Center for a Sustainable Future for related research on Arctic impacts and

processes
International Collaboration: Yes, United Kingdom
International Travel: No

(D))

Most Senior Project Role: Graduate Student (research assistant)
Nearest Person Month Worked {4} (0)(6]

Contribution to the Project: Designing simulations, conducting simulations, analyzing simulations, writing papers. No effort in final year.
Funding Support: Summer salary came from Cornell Atkinson Center for Sustainable Futures
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International Collaboration: No
International Travel: No
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(D))

Most Senior Project Role; Graduate Student (research assistant)
Nearest Person Month Worked|P)(4): (D)8
Contribution to the Project: Completed optimization work to determine whether there are "better" SAl strategies and identify
dependence an the chaice of metric and trade-offs, and wrate paper documenting optimization

Funding Support: Supported for one term on this award.

International Collaboration: No

International Travel: No

Benjamin Kravitz

Email: bkravitz@iu.edu

Most Senior Project Role; Co PD/PI

Nearest Person Month Worked|)(4)

Contribution to the Project: Helpad in overall guidance and assisting grad students in writing papers.
Funding Support: No additional support

Change in active other support: Yes

International Collaboration: No

International Travel: No

Douglas G MacMartin

Email: dgm224@cornell.edu

Most Senior Project Role: PD/PI

Nearest Person Month Worked [0)@)_|

Contribution to the Project: Overall project management, supervising postdocs and students
Funding Support: None

Change in active other support: Yes

International Collaboration: No

International Travel: No

What other organizations have been involved as partners?

Nothing to report.

Were other collaborators or contacts involved? If so, please provide details.

Yaga Richter (NCAR), Ewa Bednarz (NOAA), Amy Butler (NCAA), Simene Tilmes (NCAR), Paul Goddard (Indiana U.),
Jim Haywcod, Andy Jones, Matthew Henry, Alice Wells (all U. Exeter, UK), and for permafrost and ice analysis, Y. Chen
(BNU), John Moere {(Arctic) and G. Leguy, Dave Lawrence and Dave Bailey (NCAR)

Impacts

What is the impact on the development of the principal discipline(s) of the project?

We have demonstrated the importance of strategy (and the scenario as well) for influencing outcomes from SAl — that it
cannot meaningfully be considered as “one thing” and that one cannot simply pick some ad hoc cheice for injection
strategy; this then provides guidance for how geoengineering can/should be simulated. One clear metric defining
success of the project is that it is now well recognized within the research community that cutcomes depend on
strategy, and that there are multiple plausible approaches for a hypothetical future deployment of SAl with different sets
of outcomes. This recognition is critical for research not only intc outcomes, but also uncertainty. Other modeling
groups have started looking at design aspects, duplicating strategies we developed in UKESM for example. In addition

https:/fwww.ejackeat.nsf.goviej/showProjectReportPrint. do?reportid=10900329 8/10



4/10/25, 10:17 AM Obtained by ICANdecide.orgVia FOIA

to understanding strategies that optimize for different metrics, it is also important to evaluate how much penalty there is
for considering simpler strategr8aHHal woatdpiseEhsier (WNIMGHAEDH a lafgéHralti-model intercomparison. Based on
this, strategies developed herein have been used to define the next set of GeoMIP simulations, which in turn will be
used as an important element contributing to the next IPCC report. The design-based appreoach is also being planned
for research intc marine cloud brightening and has already influenced simulation design for MCB.

What is the impact on other disciplines?

We have created a dataset of gecengineering simulations that can and are being used by numerous other disciplines
(for example, to assess various impacts). Understanding the extent to which there are inherent trade-offs between
different objectives, or to what extent there are broadly “best” ways of deploying that would simultaneously satisfy many
actors, is egsential for informing the development of governance in this area. Understanding the range of different
plausible strategies is similarly essential, e.g., the potential for an “Arctic-focused” strategy that could be deployed
withcut requiring develcpment of new aircraft, or more “polar-focused” strategies that could target Antarctic impacts
more effectively.

What is the impact on the development of human resources?

Graduate students trained in engineering are being cross-trained in climate science; similarly postdocs {(not supported
by this award but part of our research group) trained in climate science are exposed tc engineering design ideas; this
thus builds interdisciplinary expertise. (Indeed, this extends beyond our research group as well!)

What was the impact on teaching and educational experiences?

Results will be incorporated into courses on geoengineering in the future, and examples from this research have been
presented in engineering courses on feedback. Research ideas from this award have already led to one senior design
project in Mechanical and Aercspace Engineering at Cornell and will likely lead to others.

What is the impact on physical resources that form infrastructure?

Nathing to report.

What is the impact on institutional resources that form infrastructure?

Nothing to report.

What is the impact on information resources that form infrastructure?

Nothing to report.

What is the impact on technology transfer?

Nothing to report.

What is the impact on society beyond science and technology?

This project is ultimately aimed at providing decision support for geoengineering. The limits and tradeoffs in
geoengineering are essential pieces of information for deciding if, when, where, and how geoenginsering might be done
in the future. The results from our project could directly inform that decision process, as well as the development of
international governance capacity to support that decision process, and the methods we are demonstrating will enable
cther researchers to pursue similar lines of investigation.
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What percentage of the award’s budget was spent in a foreign country?
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None.

Changes/Problems

Changes in approach and reason for change

Nothing to report.

Actual or Anticipated problems or delays and actions or plans to resolve them

Nothing to report.

Changes that have a significant impact on expenditures

Nothing to report.

Significant changes in use or care of human subjects

Nathing to report.

Significant changes in use or care of vertebrate animals

Nathing to report.

Significant changes in use or care of biohazards

Nothing to report.

Change in primary performance site location

Nothing to report.
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PROJECT SUMMARY

Overview:

Reducing net emissions ol CO2 and other greenhouse gas (GHG) is an essential part of any response to
climate change, but is unlikely (o oceur [ast enough to avoid significant climate impacts, leaving open the
possibility of signmificant future climatc impacts. Model projections of stratospheric acrosol
geoengineering suggest that it could reduce some climate impacts, and thus could potentially become an
additional clement of a comprehensive climate change strategy. However, current knowledge is
insufficient to support informed decisions. A key issue is that gcoengineering would not affect the
climate the same way as increased atmosphenic GHG, leading to residual differences. However, these
differences depend strongly on how geoenginecring 1s deployed, making analysis of geoenginecring
fundamentally different in character from analysis of GHG-driven climate change as it necessitates an
engineering-design perspective. A critical question in evaluating geoenginegering is thus, what are the
fundamental limits or trade-offs in how well geoengineering can manage the climate response from
increased GHG? That is, what can geoengineering do, and what can it not do? Building on recent
research, we propose to address this essential question. Specifically, we will generate a set of climate
model simulations that each make different choices for which climate goals to prioritize relative to others,
and use this to identify potential tradeotfs (sets of objectives that are mutually exclusive) and boundaries
{which objectiveys are achievable and which are not}. Throughout this process, we will engage policy and
governance experts, regarding the potential range of climate goals that might motivate different actors,
and on the governance implications of identified trade-ofts.

Intellectual Merit:

The full range of possible strategies has never been explored, in part because optimization over the space
of available degrees of freedom — primarily latitudes and seasons of aerosol injection — is complicated by
uncertainty and nonlinear interactions (from both microphysics and aerosol-heating-induced changes in
stratospheric circulation), and compounded by combinatorial computational complexity. To address these
challenges, we combine three innovations. First, the key enabler to this research is an initial assessment
on the “size” of the design space; how many usefully-independent degrees of freedom are there? This
reduces the combinatorial problem. Second, the computational burden can be reduced by separating the
simulations needed to understand the spatial- and seasonal- distribution of stratospheric aerosoel optical
depth (AOD), which can be short but require a complete stratosphere model, from those needed to assess
the climate response to a specilied aerosol distribution, which require multi-decadal simulations but not
an accurate stralosphere. And third, nonlinearities and uncerlainty can be managed through feedback that
adjusts injection rates; this enables comparing simulations based on specified objectives rather than
specified injection rates. We will design a suite of simulations (hat individually meet different objectives
and collectively spun the space of possible outcomes. From this, the key tool in evaluating and
visualizing trade-olfs is through Pareto-optimal surfaces: how do strategies and their responses change as
a function of the optimization criteria. By combining these novel contributions, we can begin down a
path toward a “holy grail” of geoengineering rescarch: assessing what geocngineering can and cannot ¢o.

Broader Impacts:

The lundamental motivation for this research is 1o understand a potential option to reduce [uture climate
impacts. Betler information is needed both (o support [uture decisions around deployment, and support
the development ol governance capacily that will be needed (0 make (hese decisions. This research will
enuble a more complete view of the impacts ol deploying geoengineering than has previously been
possible, by generating simulations that capture a more comprehensive set ol deployment oplions rather
than just onc or two; and furthermore will assess the extent to which different objectives can or cannot be
simultancously met. Although our simulations are focused on understanding physical science tradeofts,
the social and governance dimensions play a critical role in understanding which objectives may be most
important to achicve or which strategics arc simply politically infeasible, thus limiting the spacce in ways
not revealed by climate modeling. We will interface with governance experts throughout to ensure
rescarch informs policy. Simulations will also be made available to the wider international community,
including developing world researchers funded through DECIMALS. Finally, integrating an engineering
design perspective into climate science can broaden both communities and spark new insights.
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What are the fundamental limits / trade-offs of stratospheric
acrosol geoengineering?

1 Introduction and motivation

Reducing COso and other greenhouse gas (GHG) cmissions is an essential part of any response to
climate change, but it is unlikely that this will oceur fast enongh to avoid significant climate im-
pacts [41. 49]. Negative emissions technologies may be able to reduce long-term warming [13, 35].
Init there is no guarantee that these largely untested ideas can be developed and scaled up guickly
cnough [10, 9], leaving open the possibility of significant future climate impacts. Model projeetions
of stratospheric acrosol geoengineering suggest that it could reduce some climate impacts [34, 14],
and thus future decision-makers might consider this as an additional clement of a compreliensive
climate change strategy [30]. However, cuwrrent knowledge is insufficient to support informed de-
cisions aboul whether to deploy geoengineering (hereafler, geoengineering is used interchangeably
with stratospheric sulfate acrosol geoengineering) and, if so, what it can be relied upen to do [27].

Geoengineering would not affeet the climate the same way as increased atmospheric GHGs
affect the climate, leading to residnal differences. However, these differences depend strongly on
Low geoengineering is deployed [19. 50], meaning that the elimate effects of geoengineering have
an important engineering-design component [23, 26). This makes analysis of geocengineering funda-
mcntally different in character from analysis of GHG-driven climate change. Given this potential
for making deliberate choices based on desired outeomes, one of the eritical gquestions in evaluating
geoengineering is thus: what are the fundamental limits or trade-offs in how well peoengineering
can manage the climate response from increased GHGY That is, what can geoengineering do,
and what can it not do? Building on reeent rescarch, we propose here to provide an answer to
this long-standing essential quoestion, focusing exclusively on stratosphorie acrosel geoenginecring,

This design perspective is important for interpreting past conclusions and making new ones.
For example, from encrgetic arguments, it is not possible Lo simultancously maintain global moean
temperature and global mean precipitation [2, 17, 43, 16]. However, other carly simulations sug-
gested geoengineering wonld overcool the tropics and undercool the poles, which we now know
iy due to how geoengineering was simulated in those studies [19]. Similarly, several past studies
have shown that geoengineering reduced monsoonal rain in India, but it appears that this depends
on the scason of stratospheric acrosol injection [50]. These last two examples involve introducing
additional degrees of freedom. Rather than just injecting SOs into the stratosphere at the equator,
as in many carly simulations, one can inject at different latitudes [47, 6], and combine injection at
different. latitudes to simultancously achieve multiple climate goals [29, 22]. Rather than injecting
the same amount every day of the year, adjusting the injection rale scasonally can also alter climate
outcomes [51, 50]. Howcever, we don't vet fully understand the limits of these sorts of activities:
Lhow hig is the space of achievable climates? A erncial barrier to answoering these questions is that
just becanse one can choose different latitndes and seasons, those different choices may not yield
usclully different outeomes. We have started down the path of addressing that question (Scetion 2.2
below); this is a fundamental cnabler to addressing what can and cammot be achieved.
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The space of available degrees of freedom can be deseribed by the latitudes and scasons of
acrosol injection, or equivalently the resulting spatiotemporal patterns of stratospheric acrosol
optical depth (AOI3). Our ultimate vision is to learn how to achieve particular climate objectives by
adjusting these degrees of freedom. Understanding this design space is complicated by ancertainty
and by nonlincar interactions arising from both microphysics {c.g., [37, &, 36]) and acrosol-heating
induced changes in stratosphoeric civeulation [1, 12]. Moreover, simulating every combination of
these deprees of freedom in expensive, state-of-the-art models is computationally infeasible. To
address this challenge. our proposal combines three inmovations fobservations:

I. The computational burden can be greatly reduced by observing that the problem can be
separated into two picees: which injection strategics lead to which spatial- and scasonal- dis-
tributions of stratosphoeric AOD. and which AQD distributions lead to which climate offects?
The first part can be done with short simulations but requires a complete stratosphere model,
whoereas Lhe second requires multi-decadal simulations but not as accurale @ stratosphere.

Lo

Not all combinations of degrees of freedon are independent  some combinations may achieve
the same elimate impacts as others (see Section 2.2).

3. Nonlincaritics and uncertainty can be managed through feedback that adjusts injection rates
(associated with the degrees of freedom) to achieve some set of desired outcomes [28, 23] (see
Section 2.4).

Ultimalely there are more climate varables that “matter™ than there are degrees of freedom that
can be adjusted, and there will inevitably be trade-ofts - not all objectives can be simultancously
mict by any given strategy., An lmportant tool in evaluating and visualizing trade-ofts is Parcto-
optimal surfaces, which deseribes how strategies and their responses change as a function of the
optimization criteria (Section 2.3).

By combining these novel inmovations, we can begin down the pathway toward a “holy grail”
of geocngineering rescarch - assessing what geocngineering can and cannot do.

Specific Objectives

We will generate a set of climate model simulations that, taken collectively, deseribes the space
of achicvable climate goals. This will be a set of case studies that cach make different choices for
which climate goals to prioritize relative to others, and which degrees of freedonm to use in doing
s0. These simulations will be made available to the broader community for impact analysis.

We will use this set of simulations to (a) identily potential wradeolls (scets of objectives that
arc mutually exclusive) and (b) boundarics (which objectives are achievable and which arce not).
This will provide an initial answer to a contral question in geoenginecring research: what can
geoengineering do, and what can it not do?

Throughout this process, we will engage policy and governance experts, first regarding the po-
tential range of climale goals that might motivate dillerent actors, and then on the governance
implications of identificd trade-offs. Although our simulations are focused on understanding plivs-
ical/matural seienee tradeoffs, the social and governance dimensions play a critical role in un-
derstanding which objectives may be most important to achieve or which strategics are simply
politically infeasible, thus imiting the space in ways not revealed by climate modeling.

Achieving these objectives will significantly advance our understanding of the range of plausible

BN
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geocngineering strategies and their trade-offs, feeding into a more holistic impacts assessment than
lias previously been possible, and informing governance and ultimately policy in this arca.

2 Technical Background

There are a number of clements on wlich the proposed cffort builds; many of these have only
reeently been demonstrated through an NSIP EAGER. award.

2.1 Climate model and simulations to date

The ability to assess different injection strategies rests in part on having a climate model that cap-
Lures stratospherie dynamics, acrosel microphysics and chemistry, The prior rescarch that enables
the proposed work was conducted with the Community Earth Systerm Model version 1, with the
Whole Atmospliere Conmmunity Climate Model as its atmosplieric component: CLSMI{WACCM).
This model has been validated against observations after voleanic ernptions [32] and used in a num-
ber of subsequent. geoengineering studies (e.g., [47, 46, 29, 22, 19, 42, 51, 50]. Rescarch conducted
herein will use the updated version CESKM2(WACCAIS) |7, 11, 44].

Sinmulations exploring different injection strategies were originally conducted with annually-
constant. injection rates at 30°N, 15°N, 0°, 15°S, and 30°3, as well as 50°N and H0°S, all ~3km above
the annual mean tropopause [47]). (The effect of altitude will not be explored herein both to bound
scope and because it is expected from past work to primarily affect efficiency [48, 6].) Early analysis
discarded the higher-latitude 30°N/30°5 cases because the annually-averaged AOD was similar to
the 30°N and 30°S cases but with lower efficiency. Ref. [51] repeated the cases from 30°N to 3078,
but alse sinmlated eases in which injection was restricted to a single season: March-April-Alay
(MNARD, June-July-August (JJA}. Seplember-October-November (SON), and December-January-
February (DJIF). In addition, we have now simulated injection at 45°N, 607N, 4575, and 60°S: whilce
annually-constant injection at these latitudes is not very cfficient in terms of AOD produced per
unit injection, injection in spring (MAM in Northern Hemisphere, SON in Southern) produces a
peak in AOD at high latitudes aligned with the summer peak in insolation: ihis is indicative of
higher efficiency in affecting Arctic sea ice for example [50]. Furthermore, injection at 609N /G0%S is
poleward of the stratospherie polar jot that acts as a transport barrier to acrosols. These additional
cases thus provide potentially valuable additional degrees of freedom that expand the design space.

2.2 Degrees of freedom

The total number of simulations deseribed above is 35: see Figure 1. Howoever, due to the acrosol life-
time and the constraints imposed by stratospheric circulation, the number of usefully independent.
degrees of freedom s considerably less than thal. For example, the spatial- and seasonal-pattern
of AOD of all of the simulations deseribed previously can be represented as a linear combination
of the following nine simulations (indicated in yellow in Figure 1} with a residual of only 2.5%:

1. Ammually-constant cquatorial injeetion

2. Summer injection in each hemisphere at 15°N and 15°S (JJA and DJF respectively)

3. Spring/fall injection (MAM and SON) in cach hemisphere at 30°N and 30°S, and

4. Spring injection ai 60°N and 6078 (MARD and SON respectively)
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This set is not necessarily Yoptimal”, in that there are other choices of 9 that vield similar
restlts and a similar resulting subspace of achievable spatioteriporal AOD patterns. This set has the
advantage that spring/fall injections have been demonstrated to have significantly distinet ontcomes
for Arctie sea ice, for Tndian monsoon precipitation, and for Amazon dry-scason precipitation [50].
but different choices of degrees of freedom may better target different objectives,

Conclusions from these simulations indicate that, at least in this model,

1. Choosing alternate scasons at 30°N and 30°5 introdnces significant scasonal dependence to
the resulting mid-latitude AOD, with potentially important surface climate responses [50].

2. The effeet of injection season s less important at lower latitudes: a second scagon at 15N,
1375, or at the equator, provides less "new” capability than at 30°N and 3075,

3. Adding high latitude injection of the appropriate season provides significantly unique spa-
tiotemporal patterns of AOD, introducing the potential to increase sumimer AQD poleward
of the stratospheric transport barrier that otherwise limits high-latitnde AOD (see e.g., [47]):
inereased summer AOD inereases Arctic sea-ice extent [30]. Most patterns of AOD introduced
Iy high latitude injection are not expected to have significant advantages in climate responsc
due to the timing of the high-latitude AOD peak relative to the peak in snmmer insoelation.

4. 45°N and 45°5 injection do not provide sighificantly “new” capability relative to 60°N/S.

The spatiotemporal patterns of AQD for each of the 9 injection choices described above are
shown in Figure 2. along with a spider-plot that illustrates the additional flexibilivy in choosing
the AOD that increasing sets of injection choices achieves, The AOD metries shown include the
achievable projection onto cacli of the first three Legendre polynomials L0, L1, L2 that have been
used in many prior multi-degrec-of-freedom studies [3, 23, 29, 22]. as well as summer high-latitude
AOD in cach hiemisphere, and scasonal modulation of the mid-latitade AOD. Not all of these may
be important for achicving any particular climate objective, but cach capability may expand the
space of achievable objectives.

2.3 Pareto-optimality

The design space of SAT is spanned by all possible combinations of all available degrees of freedon.
In CESMI{WACCNMI). we have quantified a portion ol this space via five dilferent simulations.
These include (i} the 20-member enscmble of the Geoengineering Large Ensemble {GLENS), that
used injection at 30°N, 15°N, 15°5, and 30°S to maintain three large-scale patterns of temperature
change [22, 46]. (i) an equatorial-injection strategy [19]. (iiliv) two strategies employing different
seasons of injection and sintilar goals to GLENS [50], and (v) a sinalation using the same latitudes
ag GLENS but different objectives and thus different distribution of injection across the 4 latitudes
(not vet published; see Fig. 4).

While these simulations do not span the full design-space, they are sufficient to illustrate the
potential for trade-offs (see also [25]). Any objective, or set of objectives, will have a minimum set
of uselullv-independent degrees of freedom that meel that objective, or come as close as physically
possible, Somice olyjectives may be mutually exclusive — we already have the example of global mean
tempoerature and global mean precipitation [13], and Figure 3 shows how SAl in the previously
described simulations has different effects on precipitation over northern India vs Amazon.

This illustrates a fundamental purpose of the proposcd research — Lo understand whether there
arc trade-offs such ag this onc that persist when considering the entire design space for SAL Iden-
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Figure 1. Left: Injection latitudes and scasons that have been simmlated, with those considered
in Seection 2.2 highlighted in vellow. Right: An exaniple showing convergence of the spatial- and
seasonal- pattern ol AOD (for injection at 153°N in MAM, indicated by the thick black line in cach
pancl}; by vear 3 the pattern is established.
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Figure 2: Left: the spatiotemporal patterns of AOQD for cach of the 9 injection cases included
in the set deseribed in Section 2.2, Right, the influence of different choices on different AOD
metrics, where a larger radiug for some particular set of injection options implies greater flexibility
in choosing characteristics of the AOD that may be relevant for different elimale objectives, Cases
shown are (i} annually-constant injection at the cquator (blue), (i) annually-constant injection at
3078, 15°8, 15°N, and 30°N as in [29] (orange); this adds the ability to obtain annually-averaged
L1 increasing cither northward or southward, and some ability to achicve a poleward-increasing
projection of AOD onto L2; (i) the same set but adding spring injection al 60°N and 60°S (green)
adds the ability to significantly inercase summer AOD at high latitudes; (iv} now adding back in
cquatorial injection (purple) provides some limited ability to achieve an cquatorward-increasing
projection of AOD onto L2, and finally (v) the set considered in the text (black) adds the ability
to seasonally modnlate the AQD over cither northern- or sonthern-hemisphere mid-latitudes.
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Figure 3: Left: Annual-mean precipitation over northern Tndia (19-29°N, 747-857 E) and Amagon
(T°S-2°N, 51°-T4°W) for 5 different independent simulations conducted in CESK1{WACCAI), all
of which maintained global mean temperature at baseline (2010-2030) levels; these regions were
chosen beeanse there was a clear decrease in precipitation in the GLENS simulations [42, 5]; right-
hand pancls. Tl the response is linear, then anywhere in the Dlue-shaded region (convex hall of
the 5 simulations) can be achieved while maintaining global-mican temperature, and anywhere in
the gray-shaded region can be achicved if higher temperatures are permitted (convex hull of the
5 simmlations plus the RCPR.S simulation). It would be premature to conclude that a trade-off
hetween these variables exists without both a physical uinderstanding of the mechanisms involved,
and a more complete exploration of the design space, as there niay be othier options that achieve
different outcomes. Nonetheless, this is illustrative of the questions that need to be addressed in

modeling different SAL strategies.

tifying “unachicvable climates™ could have significant implications for developing the capacity for
governance [21]; while it has cortainly been postulated that different regions might have different
preferences (c.g. [40]), the issue has never been settled when considering the entire design space
rather than the over-simplificd analogy of a single global “thermostat™. Conversely, 161t 1s possible
to identify strategies that do allow multiple regions to cach better satisty regional objectives, that
would also impact the needs of governance.

Pareto-optimal strategies are those in which no objective can be further improved without
making some other objective worse; characterizing the set of Parcto-optimal strategies is thus a
nselul way of visualizing and quantifving trade-offs [33]. Initial work in exploring Parcto-optimal
trade-offs in geoengineering was conducted in [25], using spatially- and scasonally-varying patterns
of solar reduction in a relatively simple climate model. While this demonstrated a methodology and
the idea that optimization could be used to explore trade-offs, the design space with stratospheric
acrosols is constrained by stratospherie transport. and acrosol lifetime, and thus the actual results

obtained for solar reduction arc not dircetly relevant.

0
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2.4 Feedback

Feedlback has been shown to be a valuable tool in past simulations to manage both uncertainty and
nonlinearity. In cach year of the simulation, the output from past vears can he used to adjust the
injection rates for the next year to meet specific objectives. Provided that the algorithm converges,
ithis effectively “learns™ the right injection rates to use for cach degree of freedom (latitude /season
of injection} in order to meet a particular set of objectives. This was first demonstrated for geo-
engineering for a single degree of freedom [28]. extended to mmltiple degrees of freedom [23], and
demonstrated for adjusting SO, injection rates rather than patterns of solar reduction [22]; the
same process has also been used in other elimate models [21, 4, 44]. A similar approach might be
nsed i SAT were ever deploved in the real world [24].

Feedback allows us to construet and compare different sirmmulations not on the basis of specificd
injection rates for different cholces of latitudes/scasons (plug in a strategy and sce what happens
in the model), but on the basis of specified goals (tell the feedback algorithm what you want to
happen and let it figure oul what is needed to get there). Tn addition to the temperature-based
metrics used in [28, 23, 22, 46, 50|, we have also now demonstrated the ability to use feedback
to manage goals such as global mean precipitation, I'T'CZ latitude, and September Arctic sea ice
extent (Figure 4). The feedback algorithm in each case is based on physical understanding (in the
simplest case, 1ML is too warn, increase injection, il it is too cool, deerease injection), allowing some
confidence that the same algorithny will converge in olther models (or possibly in a hypothelical
real world deplovment).

2.5 Gaps

While many of the building-blocks are in place to meel the Objectives in Scetion 1, there are a
munber of kev gaps that need to be filled in. These are linked directly to the Statement of Work
in Section 3.1.

1. Is the set of injection degrees of freedom identified in Section 2.2 robust, both across maodels,
and for additional latitudes of acrosol injection? (Task 1 in the Statement of Work)

2. While a few different simulations have been condneted, there has never been a comprehensive
evaluation of the overall space ol achievable ¢limale outcomes. (Tasks 4, 6}

3. Withoul this comprehensive evalualion, 14 is impossible 1o know whether some impact of SAT
in sonie particular simulation is an inherent lhmitation or simply an aceident of the limited
set. of strategies considered. (Task 7)

4. Developing the capability to explore many different strategics rather than just a fow relics
on approaches to do s0 in a computationally efficient manner, including (i} developing feed-
back algorithms for different climate objectives, and (i) validating the separation between
computing spatioterporal patterns of AOD and the response to those patterns. (Tasks 3, 5)

5. Connection with policy needs — is there additional input thai should be considered in defining
potential goals {corresponding to the interests of different potential actors), and what are the
broader implications of uncovering trade-offs? {Tasks 2 and &)
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Figure 4: Ilustration of the ability of feedback to manage different types of metries and different
sels. In addition to the reference RCPR.S simulation (black), the GLENS simulations that usc
feedback to manage three temperature-based metrics are shown in blue [22, 46], along with two
additional simulations that manage {a} global mean temperature, ITCZ, and September sea ice
(red) and (b) global mean precipitation and [TCZ (purple). Note that the inability of GLENS to
meet T2, and of the new simulation Lo meel september sea ice, are nol a {aillure of the feedback
algorithm but a limitation imposcd by the combination of the sct of degrees of freedom considered
in these simmlations and constraints imposed by stratosplioric transport.

3 Technical Approach:

The background work described above enables an approach Lo quantifying the design space of
SAL specifically in deternmining the space of achievable climates, In this scetion, we deseribe our
technical approach toward meeting this proposal’s objectives (see also Figure 5 below).

3.1 Statement of Work

1. Use new model version CESMN2(WACCKIS), and repeat 5-yvear SOz-injection siimmlations at
multiple latitudes and seasons to evalnate the robustness of spatiotemporal AOD patterns.
Compare with results from CESMI(WACCK}, and with other models where output is avail-
able.

2. Engage policy/governance experts regarding span of climate goals to consider.
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Figure 5: Flowchart illustrating relationship among the various tasks deseribed in the SOW (man-
bers in brackets refer to the nmunbering in the SOW).

3. Design feedback laws needed to simultanconsly adjust multiple degrees of freedom to meet
heretofore novel goals in SAL including objectives focused on temperature, hvdrological cyvele,
or sea ice, both on gloebal and regional scales (e.g.. precipitation over India).

4. Generate independent simulations out to 2100, with each adjusting injection rates for different
sets of latitudes/seasons to manage different combinations of climate goals.

[l |

. Validate that siimulations with specified acrosols in (low-top} CESM2{CANG) result in similar
tropospheric climate response to the full CESMN2(WACCAIE).

6. Generate additional ensemble members for cach of the simulation options in step 3, using

specified acrosols in CIESMN2{CANIG) and assess ensemble-averaged climate response across a

hroad set of climate objectives for each of the 21st contury simnlations.

=1

Conduct optimization to cvaluate different Parcto-Optimal solutions and identity fundamental
trade-offs.

8. Engage policy /governance experts regarding governance implications of trade-offs.

Tasks 1-3 will be completed in year 1, 4-6 in vear 2, and 7-8 in year 3, with results documcented in
publications along the way.

3.2 Climate Model

This rescarch will rely on CESN2(WACCNG), the more recent version of the model used in the
work deseribed above, at the same ~1 degree resolution used previously, The newer version liag
alrcady been nsed in one study on SAL [14], validating the ability to use the feedback algorithms
developed previously in the new model version. The first step in our research will compare results
in CESAMZ(WACCAIG) with those previously oblained with CESMNI{WACCK):; we already know
from [44] that there arc indeed some differences in climate response between the model versions,
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3.3 Simulations and Analysis

{a) Robustness of AOD patterns:
The first step is to understand the set of injection options and munber of degrees of freedom
in the newer model CESM2(WACCMIG), and to evaluate thede conclusions across models to nn-

derstand model dilferences, both through comparison with simalations previcusly conducied in
CESAM1I{WACCM}) and through comparison with additional modcels. To do this, we will conduct.
a set of B-year simulations in CESM2{WACCMG) to evaluate the spatioteniporal patterns of AOD
due to different chioices of latitude and season. Previous rescarch has shown that b vears is sufficient
to reach steady-state AOD valnes [51]; see Figure 1. We do not propose to directly fund other mod-
cling centers Lo deliver sinnlar results with their models, however we will work with other modeling
groups to obtain and comparc output where possible, We have colleagues who have expressed inter-
st in producing simulation results at soveral different latitudes from GISS Model 18 [15], 1SCITAN,
and possibly GEOS-5; some comparisons can also be made with models participating in GeobhIPG
that conducted the G6 seenario [18)].

{1} Bascline scenario:

The bascline case that we will use for subscquent geoengineering simulations is the SSP2-4.5 sce-
nario; this has already been condueted with both CLESM2{CANE), and with the high-top version
CESM2(WACCNMIO) so there is no need to repeat these simnlations. The GLENS studies [40] used
RCTP8.5 as a bascling; wlile that provides a high signal-to-noise ratio for improved detectability,
and re-scaling to project outcomes for a different entissions pathway is in principle possible [31].
we prefer to sacrifice some signal-to-neise ratio in order to better cmphasize that geoengineering
should only he considered in addition to mitigation and not in place of it. In the PI's experience,
condneting sinnlations where the background scenario involves no mitigation complicates essen-
tal conversations with policy experts and the broader public, Timiting the impact of Unis rescarch.
Furthermore, evaluating differences in an extreme seenario can potentially over-cimpliagize small
changes that nay not be detectable in a more moderate scenario [31] and put undue attention on
nonlinearities. To make a stronger tie to policy-relevance, we will start geocngineering simlations
in 2030, a plausible estimate for when L57C ol elimate warming will be achieved [13]: the 1.5°C
target is alrcady reached by 2020 in CESM2(WACCMIG), which clearly isn't valid in the real world.

(¢} Climate response to SAT strategics:
To evaluate the climate response to different injection choices with high enougl signal-to-noise ratio

to distinguish the SAl-response from natural variability, we need nlti-decadal simulations, each
with multiple ensemble members. There are three broad considerations that influence our design
of these stmulalions.

i) We need to establish a basis that spans the space of achievable objectives. In the past,
this was done by conducting single simulations at each latitude/season of interest and then forming
combinations of those simulations to nunderstand how chosen objectives could be met [25]. Howoever,
this mathematical approach cannot aceount for nonlinearities (like non-additivity between two
different injections), and the results of the simaations thansclves are not dircetly policy-relevant.
Instead, we will design a series of simulations, each of which meets a different set of objectives
as described below. These simulations implicitly form a basis and are more directly relevant for
subscquent analysis of tradeolls or downstream applications like impact analysis.

i1} Climate outcomes will be maintained using feedback as in prior simulations [22, 46, 44, 50].
This compensates for uncertainty and nenlinearity, and cnables simulations that maintain particular
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scts of objeetives without a time-consuming trial-and-crror approach for learning the nccessary
injection rates.

iii}) The first simulation for each set of objectives will be conducted with the “high-top™ model
version CESM2(WACCMG) that includes a {full representation of stratospherie dynamics, cheni-
istry, and acrosol microphysics. To obtain additional enscmble members, the acrosol ficlds from
this simulation will be applied in specified-acrosol configuration in CLESM2(CANE), which is a
factor of 3 less computationally expendive. We will validate whether the twe model versions yield
similar climate outcomes (which we expect will be a valuable paper by iwsellt). We expect small
differences due to climate sensitivity (3.3 with CANG vs 4.8 with WACCAL, [7]) and climatce-acrosol
interactions. This step is novel and cnables separating how injection choices affect AOD (requir-
ing an acenrate stratosphere that relatively fower climate models capture, but not requiring fully
dynamiec ocean for example} from intercomparisons to evaluate how those patterns of AQD affect
surface climate (requiring longer simulations, bul not requiring stratospheric modeling capability
that many models do not have).

{d)} Climate objectives and SAT strategies:
Previous and ongoing studies have chosen impacts-relevant objectives like global-seale temperature
[22, 46] or precipitation, P-E, and sea-ice extent (Figure 4). However, moving bevond purely proof-

of-concept natural seicnec/engineering studies requires a broader investigation ol objectives. We
will engage with policy and governance experts to better design more socictallyv-relevant simulations.
From a policy perspective, relevant scenarios for assessing the range of SAL options include not only
“global® strategics that balance possibly competing goals, but alse regionally-focused strategies.
Additional objectives could include regional changes {c.g., precipitation over India). polar-only
objectives (e.g. sea ice or permafrost arca), and potentially single-henisphere approaches (which
will have negative impacts on ITCZ [12]; including options like this captures possible poor choices
for deployvment and thus inereases the span of possible outcomes}. Each simulation would manage
multiple goals simultanconsly using multiple different input degrees of freedom, as in other recent
studies [22, 50].

Finding injection strategics to mect these objectives requires some phvsical understanding of the
relationship between injection strategy and outeonies. For example, feedback will not he effective
if the response is an order of magnitude different than we thonght, or if we pet the sign wrong,.
Prior studies have been successful by separating how injection rates allect patierns of AOD and
how those AOD patterns affeet climate objectives [29]. Tor example, using feedback to manage
I'TCZ latitunde requires knowing that the I'T'CZ position depends primarily on the interhemispheric
gradient of AQD (L1}, which in turn depends on injection rates at different latitudes, but the
magnitude of the relationship does not need to be known exactly.

Expanding on this general idea, an example objective could be maintaining Indian monsoon
precipitation under climate change. This requires three obscervations:

1. Indian monsoon preeipitation is strongly influenced by sunmer temperature contrast hetween
the Tibetan plateau and the Indian ocean [52, 39).

2. Ocean temperature does not react strongly Lo seasonal variations in AOD, but the Tibetan
platcau temperature does [50].

3. Changing the season of injection at 30°N results in the mid-latitude AOD varving with season
(50], see also Figure 2).
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This information is sufficient to desien a feedback algorithm that can adjust injection rates in
an cffort to maintain precipitation rates over India, provided that objective is achievable (acrosol
lifetime and stratospheric circulation will limit how miuch scasonal variation in AOQD is possible} and
compatible with other objectives. Tn another example, Arelic sea jce will respond 1o high-latitude
smner AOD (in addition to heat transport from lower latitudes; [45]): all clse being cqual, then
inereased spring injection at 60°N will increase sea ice. This will also shift the ITCZ southward,
which could be counter-balanced by a corresponding injection in the southern hemisphere, similarly
to the solar-reduetion study by Kravitz ot al [23].

(¢} Parcto-optimality:

The simulations will be analvzed both individually, evaluating the climate response for cach sim-
ulation, and collectively as an overall set that deseribes the achievable space of climate responses
in order to identify underlying trade-offs. The latter can be characterized in terms of Parcto-
Optimal swrfaces  for any given set of objectives, what set of strategies are optimal for some
relative weighting belween them, and which stralegies are never optimal (that is, some other strat-
cgy vields better outeomes for at least one metrie, and no worse outcome for any). As an cxample,
in Figure 3, depending on the relative weighting on precipitation over India vs the Amazon, the
“hest” choice (for these two metrics) is some linear combination of the equatorial, the new simula-
tion labeled *PRECT, or GLENS, and ueither the seasonal injection simulations (labeled 1SPRING
or IAUTURIN} is ever better; for different cholees of metrics the result will be differeat.

Given some set of N climate objectives, the onteome of the i sinmlation can be desceribed as a
veetor a; of length V. With A different strategies simulated, the space of achievable outeomes can
be deseribed by z — Awn, where the N x A malrix A is composed of the columns e, the clements
of the veetor v € BRY deseribe how much of cach strategy Lo use, and the vector z deseribes the
predicted outcome of a combination of strategics, For any objective funetion involving z, the optimal
cholce of u can be estimated [25]. With & > A/, it will not be possible to simultancously achicve
all climate objectives with any combination of the simulated strategies; we seek to understand what
oulecomes arce or are not. achievable.

An important assumption in this process is that predicted outcomes can be obtained from
linear combinations of the specified forcing simulations.  While imperfeet, this is a reasonable
approximation (c.g. [25, 29, 31]). Nonetheless, it i nseful to evaluate whether there are particular
objectives for which the lincarity approximation is poorer than for othiers: we thus include in
our computational requirciments a final evaluation simulation., This involves choosing a particular
optimization criterion, finding the predicted optimal vector u, whiclhh can then he related into a
particular set of injection rates at each latitude and cach season, simulating this case, and comparing
the simmlated outecomes with the predicted ones.

The overall sunmmary ol proposed simulations s given in Table 1, along with the compulational
requirenients (which are roughly commensurate with our previous allocation on Cheyenne}; if more
limited resourees were available then additional prioritization will be made (e.g., redncing the length
of simulations to evaluate AOD, or conducting these withont dynamic ocean).

3.4 Policy integration

While it is straightforward to come np with a list of relevant climate goals involving temperature,
global and regional precipitation changes, sca ice, and so forth, one of the first steps in this research
will be to engage policy and governance experts, including those internationally (c.g.. through the
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Purposc Aodel # of 1 ol Simulation- | Core-
veurs sims vears hours

AQD, different CLESM2{WACCNIG) | 5 21 120 1.2)\[

latitudes & seasons

Performance- CESM2(WACCMIG) | 70/30* 9 310 3.0

evaluation

Performanece with CESM2(CANIB) 0/30% 18 620 21N

specificd-acrosols

Lincarity asscssmernt CESM2(WACCMG) | 30 1 30 .33\

Total 460 4+ 620 6.7\

Table 11 Sinmalations required and estimated computation time. To reduce total compulational
requirements, simulations marked with * will invelve a single simulation 2030-2100, with al-
ternate performance objectives branched from this run in 2070 and only simulating the final
30 vears, allowing 10 vears to re-converge for different objectives, and 20 years for analysis.
This approach has already been demonstrated [50]. CESM2(CANG) uses 3431 core-hours/vear
{(https:/ /cscgweb.egd . uear.cdu/timing / cgi-bin /timings.cgl). CESM2(WACCAIG) uses ~8000 core-
Lhours/year with only middle-atmosphere chemistry, but no dynamic ocean, based on PI experience
and NCAR WACCNM! liaison; we eatimate 10,000 with dynamic ocean, and we budget above to nse
the full ocean through the project., although it is not necessary for the first sel of stiimulations.

DECIMALS program and C2G), to ensure that we have captured many of the most critical concerns
regarding physical impacts of SAT. We have incladed in our budget travel alloeation to participale
in two SRAGI workshops that will enable direet conversations regarding these issucs with seicntists
and policy-makers in the developing world.

In addition, to strengthen the pathway to impact., we will hold a focused workshop near the
end of the proposed research that will bring both physical scientists and policy/governance experts
together (inelading front SRMGT, C2G, and academics) Lo discass the implications of identilicd
trade-offs and lmitations, how these might shape governance concerns, and explore steps for further
rescarch to support the development of policy and governance.

3.5 Team and Management:

Douglas Machlartin will be the overall project PIL respounsible for overall project direction and
supervision of the graduate student and any undergraduate researchers working on this project.
He has extensive experience in geoengineering research, ineluding design of feedback algorithims
and optimization. Ben Kravitz, Tndiana University, will serve as co-TL coniributing expertise
throughout the project but in particular on coding of specificd-acrosol simulations and coordinating
sinmlations with other models. Assistance from Jadwiga (Yaga) Richter and others at NCAR is
available if needed in setting up simulations with WACCAL
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Broader Impacts

While geoengineering should never be considered as a substitule for mitigation, it might be the
only pathway to limit some climate change impacts. This poses a crucial need to understand geo-
engincering risks, especially potential tradeoffs in geoengineering, which are directly related to the
policy-relevant guestions of a design-space (what climates can geoengineering achieve?} and geopol-
ities /eihies (will there be winners and losers?). Moreover, despite the outcomes of geoengineering
depending upon design, most climate model simulations of SAI have cmiployed ad hoo strategies,
and even those that have considered deliberate desien (including significant work hy the PIL and
collaborators) have still made some arbitrary choices out of computational necessity with an aim
of demonstraling potential rather than rigorously assessing the design space. GLENS [46], for ex-
aniple, is being used internationally for impacts rescarch {c.g., [38]). vel it represents only a single
strategy among many possibilitics, conducted with a single model. The rescarch herein will both
provide a more comprehensive sot of simulations covering different options that meet different sots
of climate objectives, and will assess the extent to which different objectives can or cannot be si-
multancously met — that is, what are the fundamental limits or trade-olls. By engaging governance
communitics both carly in the rescarch (to discuss specifie climate objectives to consider in simula-
tions}, and through a workshop towards the end of the project that will disseminate the results, we
will enable a reflexive process wherehy the identified trade-offs will influence governance concerns,
and defline further research needs. The PT has long-standing connections with the geocengineering
governance conmunity; indeed, the proposed rescarch is in part born out of those conversations
and the need to provide better information for policy-makers.

Furthermore, the simulations conducted herein will be made available to the wider international
community, including developing world researchers funded throngh DECIMALS, enabling a more
holistic perspective on impact assessiment rather than assessing one particular deployment strategy.
The PI and Co-I arc advisors to the DECIMALS program, providing a pathway toward more
broad use of these simulations.  Furtherniore, we budgeted travel support for the Pl to attend
SRAMGI workshops, allowing a first-hand discussion with a broader cross-section of participants in
developing-world countries (seicntists and policy-makers) regarding what climate objectives are of
particular importance,

In addition to supporting a graduate student that will conduet the bulk of the rescarch, this
project will also provide an opportunity for undergraduate rescarch involvement. Undergraduate
engineering students al Cornell can fullill design requirenients for their degree through additional
for-credit design-related activity connected with coursework., The project PI teaches the under-
graduate/graduate feedback design class, in which undergraduates have been suceessfully involved
in this rescarch arca. Specifically, potential senior design projects associated with this rescarch in-
clude (i} constructing low-order dynamic models from system identification simulations, (i) design
of feedback algorithms based on dynamic models, and (i1i) optimizgation of climate impacts, given
simulated climate response functions.

Finally, this research integrates an engineering perspective into elimate science rescarch. Once
of the outputs, therefore, is not simply the rescarch knowledge itself, but the ideas and engineer-
ing tools, that have the polential Lo impact nol only how the scientilic community thinks about
geocengineering, bhut could potentially impact climate scienee more broadly, Training a truly inter-
disciplinary graduate student, integrated into a network of expert collaborators, is thus a valuable
output of this work in itself.
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Rcsults from prior NSF Support

a) NSF award CBET-1818759, $299.529, April 1, 2018 — NMarch 31. 2021: “EAGER: Tntroducing
a design clement into stratospheric acrosol geoengineering™ (PI Douglas Mach[artin}.

Intellectual Merit: Solar geoengineering is not just a scientifie endeavor, but also an engineering
onc. hMuch of the rescareh conducted under this award has been described in the backeronnd above
as it is an cnabler for the rescarch proposed herein. Key results include (i) demonstrating for
the first time that not only does the latitude of acrosol injection affeet the climate response, but
so does the season of injection, including the potential to alter critical outcomes such as Indian
monsoonal precipitation, (i) demonstrating the ability to design feedback algorithms to manage
melrics other than temperature-based ones, including precipitation, ITCZ, or sea ice (see Figure 4
above). and (iii) preliminary assessiment ol the “size™ of the SAT design space, including latitudes.
scagons, and in particular including single-season injection at high-latitude that greatly enhances
cfficiency relative to annmally-constant high-latitude injection, and thus opens up a new range of
as-vot-unexplored possible SAT strategies.

Broader Impacts: Tt is plausible that temporary and limilted geoengineering deployment. could
be used to reduce climate risks, but making such an assessment requires understanding projected
impacts and particularly the undesired side-cffeets. This research has taken a major step forwards
towards that objective, illustrating the potential to reduce side-effects throngh seasonal injection
siraltegies. Furithernwore, the multidisciplinary perspective gained by applying engineering optimiza-
tion, dyvnamic systems, and feedback design to climate science provides an opportunity to broaden
both conmumunitics with the potential to spark additional insights and rescarcli.

Publications to dote: References [26, 20, 51, 30, with two additional papers in preparation; one
on managing different objectives (Figure 4}, and one looking at the munber of relevant degrees of
freedom {roughly Section 2.2).

Research products and evailability: Initial climate model output is available through the PI's
website at Cornell; further climate model simulations are still being analyzed, and will then he
archived cither at NCAR or Cornell, with links provided in papers and through the PUs website.

b) NSF Award CBET-1931641, $209,994, 7/1/2019  6/30,/2021: “EAGER: Marine Sky
Brightening: Prospects and Consequences” (PT: Ben Kravitz).

Intellectual Merit: The aim of the project is to use modcels on a varicty of scales to understand
the effeetivencss, feasibility, and officiency of Marine Sky Brightening, which foeuses on geoengi-
neering via direet seattering of sca salt acrosols in the marine houndary layer. This idea will, for the
first time, be systematically compared to Marine Clond Brightening, a long studied geoengineering
idea. The team has Degun preliminary simualations using CESMN to understand the sensitivivy of
the global climate to various strengths of solar reduction (a proxy for acrosol cooling) over the Gulf
of Mexico and Las identified and begun setting up regional and radiative transfer models to look
at different scales of impact.

Broader Fmpacts: Narine Sky Brightening is applicable to regions where there are not clouds
that can be reliably brightened, Doces it work? Is it cffective? What are the side effects and trade-
offs? Understanding these questions will allow decision makers to better evaluate geoengineering
options in the future.
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M. COST SHARING PROPOSED LEVEL § ] _ AGREED LEVEL IF DIFFERENT $

0
147,562

PI/PD NAME

FOR NSF USE ONLY

Douglas MacManrtin INDIRECT COST RATE VERIFICATION

QRG. REP. MAME* Dale Checked
Tammy Custer

Date Of Rate Sheet Initials - ORG

3 *ELECTRONIC SIGNATURES REQUIRED FCR REVISED BUDGET
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PRO AL BUD FOR NSF USE ONLY

ORGANIZATION PROPOSAL NG. | DURATICN {months)

Cornell University Proposed  Granted
PRINCIPAL INVESTIGATOR / PROJECT DIRECTOR AWARD NO.

Douglas MacMartin
A. SENIOR PERSONNEL: PIFPD, Co-PlI's, Faculty and Other Senior Associates NSF Finde Funds Funds

{List each separately with title, A.7. show m):mber in brackets) GAL |Pz§;°,:g°m ;UMR R |

1. Douglas G MacMartin - PI L)) (B)(E)

2

3.

4.

5.

6.( ) OTHERS (LIST INDIVIDUALLY ON BUDGET JUSTIFICATION PAGE

7. 11 TOTAL SENIOR PERSONNEL {1 - 6)

B. OTHER PERSONNEL (SHOW NUMEERS IN BRACKETS)

{ D) PCST DOCTORAL SCHOLARS
0 ) OTHER PROFESSIONALS (TECHNICIAN, PROGRAMMER, ETC )

0 ) UNDERGRADUATE STUDENTS

0
{ 31 GRADUATE STUDENTS
0]
¢ 0

D) SECRETARIAL - CLERICAL {IF CHARGED DIREGTLY)
{ 0)OTHER

bl L

TOTAL SALARIES AND WAGES (A + B)

C. FRINGE BENEFITS {IF CHARGED AS DIRECT COSTS)

TOTAL SALARIES, WAGES AND FRINGE BEMEFITS (A + B + C)

0. EQUIPMENT (LIST ITEM AND DOLLAR AMOUNT FOR EACH ITEM EXCEEDING $5,000.)

TOTAL EQUIPMENT

E. TRAVEL 1. DOMESTIC {INCL. U.8. POSSESSIONS])

2. INTEBNATIONAL

F. PARTICIPANT SUPPORT COSTS
1. STIPENDS 3
2. TRAVEL
3. SUBSISTENGCE
4. OTHER

Qlloooe'a

TOTAL NUMBER OF PARTICIPANTS {

) TOTAL PARTICIPANT COSTS

G. OTHER DIRECT COSTS
1. MATERIALS AND SUPPLIES
2. PUBLICATION COSTS/DOCUMENTATION/DISSEMINATION

3. CONSULTANT SERVICES

4. COMPUTER SERVICES

5. SUBAWARDS
6. OTHER

TOTAL OTHER DIRECT COSTS

H. TOTAL DIRECT COSTS (A THROUGH ()

. INDIRECT COSTS {F&A)(SPECIFY RATE AND BASE}

TOTAL INDIRECT COSTS (F&A)

(b1i4) |

J. TOTAL DIRECT AND INDIRECT COSTS {H + 11

398,143

K. FEE
L. AMOUNT OF THIS REQUEST {J) OR {J MINUS K}

M. COST SHARING PROPOSED LEVEL § ] _ AGREED LEVEL IF DIFFERENT $

0
398,143

PI/PD NAME

FOR NSF USE ONLY

Douglas MacManrtin INDIRECT COST RATE VERIFICATION

QRG. REP. MAME* Dale Checked
Tammy Custer

Date Of Rate Sheet Initials - ORG

C *ELECTRONIC SIGNATURES REQUIRED FCR REVISED BUDGET
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Cornell University Budget Justification

Cornell utilizes the calendar year for compliance with the NSF’s limitation on senior personnel
salary requests.

Salaries and Wages

Principal Investigator (Douglas MacMartin): This proposal requests salary support fo
of academic-year etfort each period to oversee the coordination and scientitic direction of the
proposed work. PI will guide the graduate research assistant in the planning and execution of
climate model simulations, in the analysis of model output, and in the preparation of manuscripts
and conference presentations for dissemination of the work. The PI will also interface with
governance and policy experts regarding climate goals (including travel to SRMGI meetings),

and in planning a final workshop with these experts.

Graduate Students: This proposal requests salary support for of effort for 1 Graduate
Research Assistant in each budget year. The salary support includes the stipend each period,
inclusive of aincrease at the beginning of each academic year (August 16th). The GRA will
primarily responsible for conducting and analyzing simulations and documenting results, and
conducting all research work for this project as outlined in the project description.

GRA Stipend Support |\b)(4) Periodl | Period2 | Period3 | Taotal |
GRA AY Stipend
GRA Summer Stipend
Total GRA Stipend

All Cornell University non-student salaries use a base rate of current FY 20 salary rates and
include a budgeted increase in July of each budget period under Cornell University policy.

Consistent with federal cost principles, Cornell University estimates personnel time on a
percentage of total effort. Cornell University does not track work hours for FLSA (Fair Labor
Standard Act) exempt staff and is unable to provide billing or time records based on hours.
Following OMB 2 CFR Part 200 §430(1), Cornell allocates a level of effort utilizing a Plan
Confirmation System. The percentages of personnel effort are into months of personnel effort in
this budget proposal.

Fringe Benefits

Employee Benefit rates budgeted within this proposal arefor all non-student
compensation through June 30, 2020, and effective July 1, 2020, for Cornell’s endowed
colleges.

Fringe benefit rates comply with rates approved by Cornell's Cognizant Agency: Department of
Health and Human Services. For more information on Cornell University employee benefit rates,
see https://www.dfa.cornell.edw/capitalassets/cost/'emplovee.
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Travel

Domestic: This proposal requests funding for domestic travel to enable the project participants to
attend conferences and PI meetings to promote transfer of the knowledge gained, by presenting
their research results. Cost estimates rely on current airfare and GSA per diem rates for lodging
and meals and incidental expenses (M&IE). Examples of possible travel used for budgeting
purposes include attending the AGU fall meeting, and travel by the graduate student to the
National Center for Atmospheric Research (NCAR) to work with collaborators.

International: This proposal requests funding for international travel to enable the project PI to
attend two SRMGI meetings in the developing world (specific locations TBD) to better obtain
firsthand knowledge on the potential climate objectives and plausible future scenarios in support
of Task 2 of the Statement of Work. The PI has attended a past SRMGI meeting in Jamaica and
costs have been estimated using that as an example.

Travel Travel |#of Airfare/| #of Per Diem | # of |Per Diem |Estimated | #of | Total
Travel Purpose Destination| Origin | PPL|Registration|Mileage |Nights| (Lodging) |Days| {(M&IE) | Trip Cost |Trips| Cost
AGUFall Meeting (b)) (h)(E)

NECAR Conference TED
SRMGI Meeting
[International} TED

Other Dircct Costs

Publication Costs

This proposal requests funding for publication costs to promote technology transfer by
presenting research results at the planned conferences, the submission of manuscripts for
publication in peer-reviewed journals (printing, page charges, and postage), and costs associated
with the creation of posters.

Subcontracts

This proposal requests funds for a subcontract to Indiana University in the amount o
Indiana University PI Ben Kravitz will provide scientific expertise and participate in all stages of
research. He will also be responsible for setting up and conducting simulations for Tasks 1, 5,
and 6, as well as contributing to analyses of output. Kravitz has experience running and
evaluating output from the CESM and GISS ModelE climate models, which are central to the
completion of these tasks. Kravitz was also the first to implement a solar geoengineering
feedback algorithm in either of these models.

(b1i4)

Workshop
This proposal requests funds to support a small workshop at Cornell University to bring

governance and policy experts together with the project team and other climate scientists to
discuss the implications of the research results regarding underlying trade-offs and possible
future scenarios, along with future research needs; this workshop will provide a direct linkage to
broader impacts of the work. Costs have been estimated to support travel costs of 8 policy and
governance experts along with local meals.
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Other

Graduvate Tuition and Mandatory Fees

This proposal requests support for 12 months of effort for 1 Graduate Research Assistant in each
budget year to conduct research work for this project as outlined above. The support includes
tuition and mandatory health insurance fees each period. Health insurance fees include aW
annual increase, effective August 1* of each year, and no projected increases for tuition.

GRA Other Direct Costs Period]l | Period2 | Period3 |  Total |
GRA AY Tuition (O

GRA Health Insurance Fee
Total GRA ODCs

Indircct Costs

Facilities and Administrative Costs (F&A) rates are for endowed college research as
approved by Cornell's Cognizant Agency: Department of Health and Human Services. For more
information on Cornell University’s indirect cost rates, see
http://www.dfa.cornell.edw/sites/default/files/dhhsrateagreement.pdf.

Modified Total Direct Cost (MTDC) exclusions include GRA tuition remission, GRA health
insurance fees, and the portion of each subaward in excess of

Endowed F&A: Total Direct Costd”" Exclusion of™____F MTDC Cost Base
R F&A.
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PROPOSAL BUDGET FOR NSF USE ONLY
ORGANIZATION PROPOSAL NO. | DURATION {months}
Indiana University Proposed  Granted
PRINCIPAL INVESTIGATOR / PROJECT DIRECTOR AWARD NO.
Benjamin Kravitz
MSF Funde:

A. SENIOR PERSONNEL: PI'PD, Co-Pl's, Faculty and Other Senior Associates
{List each separately with title, A.7. show number in brackets)

Benjamin Kravitz - CO-PI

Fersan-manths

CAL | ACAD SUMR

Reguesled By

Funds Funds
granted by NSH

Proposcr (if diffarznt]

1.
2
3.
4.
5
6.

{ 01 OTHERS (LIST INDIVIDUALLY ON BUDGET JUSTIFICATION PAGE)

7. 11 TOTAL SENIOR PERSONNEL {1 - 6)

B. OTHER PERSONNEL (SHOW NUMEERS IN BRACKETS)

{ D) PCST DOCTORAL SCHOLARS
0 ) OTHER PROFESSIONALS (TECHNICIAN, PROGRAMMER, ETC )

0 ) UNDERGRADUATE STUDENTS

0
{ 01 GRADUATE STUDENTS
0]
¢ 0

D) SECRETARIAL - CLERICAL {IF CHARGED DIREGTLY)
{ 0)OTHER

bl L

TOTAL SALARIES AND WAGES (A + B)

. FRINGE BENEFITS {IF CHARGED AS DIRECT COSTS)

TOTAL SALARIES, WAGES AND FRINGE BEMEFITS (A + B + C)

TOTAL EQUIPMENT

(D)(4]: (D)(E)

. EQUIPMENT (LIST ITEM AND DOLLAR AMOUNT FOR EACH ITEM EXCEEDING $5,000.)

. TRAVEL 1. DOMESTIC {INCL. U.8. POSSESSIONS])

=

2. INTEBNATIONAL

F. PARTICIPANT SUPPORT COSTS
1. STIPENDS 3
2. TRAVEL
3. SUBSISTENGCE
4. OTHER

TOTAL NUMBER OF PARTICIPANTS {

) TOTAL PARTICIPANT COSTS

G. OTHER DIRECT COSTS
1. MATERIALS AND SUPPLIES
2. PUBLICATION COSTS/DOCUMENTATION/DISSEMINATION

3. CONSULTANT SERVICES

4. COMPUTER SERVICES

5. SUBAWARDS
6. OTHER

cooe o o

TOTAL OTHER DIRECT COSTS

H. TOTAL DIRECT COSTS (A THROUGH ()

I. INDIRECT COSTS (F&A)(SPECIFY RATE AND BASE)
Facilities and administrative [*(9
TOTAL INDIRECT COSTS {F&A)

J. TOTAL DIRECT AND INDIRECT COSTS {H + 11

9,199

K. FEE
L. AMOUNT OF THIS REQUEST {J) OR {J MINUS K}
M. COST SHARING PROPOSED LEVEL §

_ AGREED LEVEL IF DIFFERENT $

0
9,199

RI/PD NAME FOR NSF USE ONLY
Benjamin Kravitz INDIRECT COST RATE VERIFICATION

ORG. REP. NAME*
Tammy Custer

Dale Checked

Date Of Rate Sheet

Initials - ORG

1 *"ELECTRONIC SIGNATURES REQUIRED FCR REVISED BUDGET
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PRO

ORGANIZATION

Indiana University
PRINCIPAL INVESTIGATOR / PROJEGT DIRECTOR

Benjamin Kravitz

AL BUD FOR NSF USE ONLY
PROPOSAL NG. | DURATICN {months})
Proposed  Granted
AWARD NO.

A. SENIOR PERSONNEL: PI'PD, Co-Pl's, Faculty and Other Senior Associates

{List each separately with title, A.7. show number in brackets)
Benjamin Kravitz - CO-PI

MNSF Funde
Fersan-manths

CAL | ACAD SUMR
(BIA) (B)(6)

Funds
Reguesled By
proposcr

Funds
granted by NSH
(if diffarznt]

1.
2
3.
4.
5
6.

{ 01 OTHERS (LIST INDIVIDUALLY ON BUDGET JUSTIFICATION PAGE)

7. 11 TOTAL SENIOR PERSONNEL {1 - 6)

B. OTHER PERSONNEL (SHOW NUMEERS IN BRACKETS)

{ D) PCST DOCTORAL SCHOLARS

0 ) OTHER PROFESSIONALS (TECHNICIAN, PROGRAMMER, ETC )

0 ) UNDERGRADUATE STUDENTS

0
{ 01 GRADUATE STUDENTS
0]
¢ 0

D) SECRETARIAL - CLERICAL {IF CHARGED DIREGTLY)
{ 0)OTHER

bl L

TOTAL SALARIES AND WAGES (A + B)

C. FRINGE BENEFITS {IF CHARGED AS DIRECT COSTS)

TOTAL SALARIES, WAGES AND FRINGE BENEFITS (A + B + G}
0. EQUIPMENT (LIST ITEM AND DOLLAR AMOUNT FOR EACH ITEM EXCEEDING $5,000.)

TOTAL EQUIPMENT

E. TRAVEL 1. DOMESTIC {INCL. U.8. POSSESSIONS])

=

2. INTEBNATIONAL

F. PARTICIPANT SUPPORT COSTS
1. STIPENDS 3
2. TRAVEL
3. SUBSISTENGCE
4. OTHER

TOTAL NUMBER OF PARTICIPANTS {

TOTAL PARTICIPANT COSTS 0

G. OTHER DIRECT COSTS
1. MATERIALS AND SUPPLIES
2. PUBLICATION COSTS/DOCUMENTATION/DISSEMINATION

3. CONSULTANT SERVICES

4. COMPUTER SERVICES

5. SUBAWARDS
6. OTHER

TOTAL OTHER DIRECT COSTS

oo oo ea o

H. TOTAL DIRECT COSTS (A THROUGH ()

. INDIRECT COSTS {F&A)(SPECIFY RATE AND BASE}

Facilities and administrative['®(*)

TOTAL INDIRECT COSTS (F&A)

3.497

J. TOTAL DIRECT AND INDIRECT COSTS {H + 11

9,475

K. FEE
L. AMOUNT OF THIS REQUEST {J) OR {J MINUS K}
M. COST SHARING PROPOSED LEVEL § ]

0
9,475

AGREED LEVEL IF DIFFERENT &

RI/PD NAME
Benjamin Kravitz

FOR NSF USE ONLY
INDIRECT COST RATE VERIFICATIGN

ORG. REP. NAME*
Tammy Custer

Dale Checked Date Of Rate Sheet Initials - ORG

2 *ELECTRONIC SIGNATURES REQUIRED FCR REVISED BUDGET
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PROPOSAL BUDGET FOm NGE USE GHLY

ORGANIZATION PROPOSAL NG. | DURATICN {months)

Indiana University Proposed  Granted
PRINCIPAL INVESTIGATOR / PROJECT DIRECTOR AWARD NO.

Benjamin Kravitz
A. SENIOR PERSONNEL: PIFPD, Co-PlI's, Faculty and Other Senior Associates NSF Finde Funds Funds

{List each separately with title, A.7. show m):mber in brackets) GAL |Pz§;°,:g°m ;UMR R |

1. Benjamin Kravitz - CO-PI L)) (B)(E)

2

3.

4.

5.

6.( [0) OTHERS (LIST INDIVIDUALLY ON BUDGET JUSTIFICATION PAGE)

7. 11 TOTAL SENIOR PERSONNEL {1 - 6)

B. OTHER PERSONNEL (SHOW NUMEERS IN BRACKETS)

{ D) PCST DOCTORAL SCHOLARS
0 ) OTHER PROFESSIONALS (TECHNICIAN, PROGRAMMER, ETC )

0 ) UNDERGRADUATE STUDENTS

0
{ 01 GRADUATE STUDENTS
0]
¢ 0

D) SECRETARIAL - CLERICAL {IF CHARGED DIREGTLY)
{ 0)OTHER

bl L

TOTAL SALARIES AND WAGES (A + B)

C. FRINGE BENEFITS {IF CHARGED AS DIRECT COSTS)

TOTAL SALARIES, WAGES AND FRINGE BEMEFITS (A + B + C)

0. EQUIPMENT (LIST ITEM AND DOLLAR AMOUNT FOR EACH ITEM EXCEEDING $5,000.)

TOTAL EQUIPMENT ]
E. TRAVEL 1. DOMESTIC {INCL. U.8. POSSESSIONS]) ]
2. INTEBNATIONAL 0

F. PARTICIPANT SUPPORT COSTS
1. STIPENDS 3
2. TRAVEL
3. SUBSISTENGCE
4. OTHER

TOTAL NUMBER OF PARTICIPANTS { ) TOTAL PARTICIPANT COSTS 0

G. OTHER DIRECT COSTS |
1. MATERIALS AND SUPPLIES
2. PUBLICATION COSTS/DOCUMENTATION/DISSEMINATION

3. CONSULTANT SERVICES

4. COMPUTER SERVICES

5. SUBAWARDS
6. OTHER

oo oo ea o

TOTAL OTHER DIRECT COSTS

H. TOTAL DIRECT COSTS (A THROUGH () |(b)(4) |

I. INDIREGT COSTS (F&A)(SPECIFY RATE AND BASE)
Facilities and administrative['?%
TOTAL INDIRECT COSTS (F&A) 3,602

J. TOTAL DIRECT AND INDIRECT COSTS iH + ) 9,758

K. FEE 0
L. AMOUNT OF THIS REQUEST {J) OR {J MINUS K} ) 9,759
M. COST SHARING PROPOSED LEVEL § ] AGREED LEVEL IF DIFFERENT &

RI/PD NAME FOR NSF USE ONLY
Benjamin Kravitz INDIRECT COST RATE VERIFICATION

ORG. REP. NAME* Dale Chetked Date: Df Rate Sheet Initials - ORG
Tammy Custer

3 *ELECTRONIC SIGNATURES REQUIRED FCR REVISED BUDGET
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PROPOSAL BUDGET FOR NSF USE ONLY
ORGANIZATION PROPOSAL NC. | DURATION {months)
Indiana University Proposed  Granted
PRINCIPAL INVESTIGATOR / PROJECT DIRECTOR AWARD NO.
Benjamin Kravitz
A. SENIOR PERSONNEL: PIYPD, Co-PI's, Faculty and Other Senior Associates pSE Munded Funds Funds

{List each separately with title, A.7. show number in brackets)
Benjamin Kravitz - CO-PI

Reguesled By granted by NSF|

Proposcr tif diffarznt]

CAL | ACAD _SUMR
D)4): (D))

1.
2
3.
4.
5
6.

{ J OTHERS (LIST INDIVIDUALLY ON BUDGET JUSTIFICATION PAGE}

7. 11 TOTAL SENIOR PERSONNEL {1 - 6)

B. OTHER PERSONNEL (SHOW NUMEERS IN BRACKETS)

{ D) PCST DOCTORAL SCHOLARS

0 ) OTHER PROFESSIONALS (TECHNICIAN, PROGRAMMER, ETC )

0 ) UNDERGRADUATE STUDENTS

0
{ 01 GRADUATE STUDENTS
0]
¢ 0

D) SECRETARIAL - CLERICAL {IF CHARGED DIREGTLY)
{ 0)OTHER

bl L

TOTAL SALARIES AND WAGES (A + B)

C. FRINGE BENEFITS {IF CHARGED AS DIRECT COSTS)

TOTAL SALARIES, WAGES AND FRINGE BENEFITS (A + B +
0. EQUIPMENT (LIST ITEM AND DOLLAR AMOUNT FOR EACH |

TOTAL EQUIPMENT

)]

TEM EXCEEDING $5,000.)

E. TRAVEL 1. DOMESTIC {INCL. U.8. POSSESSIONS])

=

2. INTEBNATIONAL

F. PARTICIPANT SUPPORT COSTS
1. STIPENDS 3
2. TRAVEL
3. SUBSISTENGCE
4. OTHER

TOTAL NUMBER OF PARTICIPANTS {

TOTAL PARTICIPANT COSTS

G. OTHER DIRECT COSTS
1. MATERIALS AND SUPPLIES
2. PUBLICATION COSTS/DOCUMENTATION/DISSEMINATION

3. CONSULTANT SERVICES

4. COMPUTER SERVICES

5. SUBAWARDS
6. OTHER

TOTAL OTHER DIRECT COSTS

oo oo ea o

H. TOTAL DIRECT COSTS (A THROUGH ()

. INDIRECT COSTS {F&A)(SPECIFY RATE AND BASE}

TOTAL INDIRECT COSTS (F&A)

10,494

J. TOTAL DIRECT AND INDIRECT COSTS {H + 11

28,433

K. FEE
L. AMOUNT OF THIS REQUEST {J) OR {J MINUS K}
M. COST SHARING PROPOSED LEVEL § ]

_ AGREED LEVEL IF DIFFERENT $

0
28,433

RI/PD NAME
Benjamin Kravitz

FOR NSF USE ONLY

INDIRECT COST RATE VERIFICATIGN

ORG. REP. NAME*
Tammy Custer

Dale Checked Date Of Rate Sheet Initials - ORG

C *ELECTRONIC SIGNATURES REQUIRED FCR REVISED BUDGET
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Budget Justification
What are the fundamental limits / trade-offs of stratospheric aerosol geoengineering?
Indiana University (PI: Ben Kravitz)

Salary

The PI's summer salary is calculated at|(b)(‘”: (0)(E) | of his actual salary at Indiana

University. Pl academic year salary in year 1 1s basa'rJ ona 11 -21 salary, withgg%gé}: |
increases in years 2 and 3. Total salary requested T

For NSF: Indiana University defines the term “year” as the university fiscal year (July-June) for
purposes of the NSF limitation on salary compensation for senior personnel.

Fringe Benefits

Fringe benefit rates are set by the University and approved by the Board of Trustees. The
summer fringe benefit rate is 39.11%, with 5% increases in years 2 and 3. Total fringe requested
1s 85,044 over three years.

Travel

None budgeted

Matcrials and Supplies

None budgeted

Other Dircct Costs

None budgeted

Indircct Costs

Indirect cost is calculated at a rate ofw of the modified total direct cost, which excludes fee
remissions, equipment over 55,000, and subcontract amounts in excess of the first $25,000. This

rate has been approved by the Department of Health and Human Services on May 22, 2019.

The amount of indirect cost requested is®__lin the first year, with increases per the salary and
fringe changes outlined above, for a total of[?¥ |
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NSF CURRENT AND PENDING SUPPORT

Pl/co-Pl/Senior Personnel: Kravitz, Ben

PROJECT/PROPOSAL CURRENT SUPPORT

1. Project/Proposal Title: Dynamical Downscaling for Indiana in the 21st Century
Proposal/Award Number (if available):
Source of Support: Indiana University PfEC Grand Challenge Initiative
Primary Place of Performance: Indiana University
Project/Proposal Support Start Date (if available): 2019/10
Project/Proposal Support End Date (if avatlable): 2021/09
Total Award Amount (including Indirect Costs): $94,433

Pcrson-Month(s) (or Partial Person-Months) Per Year Comimitted to the Project:

Year Person-months per year committed
2019 [y B)E)

2020

2021

2. Project/Proposal Title: Marine Sky Brightenmg: Prospects and Consequences
Proposal/Award Number (if available): UPNLO001
Source of Support: National Center for Atmospheric Rescarch
Primary Place of Performance: Indiana University
Project/Proposal Support Start Date (if available): 2019/10
Project/Proposal Support End Date (if avatlable): 2021/09
Total Award Amount (including Indirect Costs): $0

Pcrson-Month(s) (or Partial Person-Months) Per Year Comimitted to the Project:

Year Person-months per year committed

2020 b)(4): (b)(6)

CPS-10f 3
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3. Project/Proposal Title: EAGER: Marine Sky Brightening: Prospects and Consequences
Proposal’ Award Number (if available): CBET-1931641
Source of Support: National Science Foundation
Primary Place of Performance: Indiana University
Project/Proposal Support Start Date (if available): 2019/07
Project/Proposal Support End Date (if available): 2021/06
Total Award Amount (including Indirect Costs): $299,994

Pcrson-Month(s) (or Partial Person-Months) Per Year Comimitted to the Project:

Year Person-months per year committed
(D14 (0)(6)

2020

2021

PROJECT/PROPOSAL PENDING SUPPORT

(D)(4]: (D)(E)

CPS-2 of 3
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Current and Pending Support
(See GPG Section 11.D.8 for guidance on information to include on this form.)

The following information should be provided for each investigator and other senior personnel. Failure ta provide
this information may delay consideration of this proposal.

Investigator: MacMartin, Douglas Graham Other agencies (|n_clud|ng NSF) to which this proposal has
beeniwill be submitted.

Support: X Current  Pending Submission Plannad in Near Future *Transfer of Support

Project/Proposal Title: INTRODUCING A DESIGN ELEMENT INTO STRATOSPHERIC AEROSOL
GEOENGINEERING

Saurce of Support: National Science Foundation

Total Award Amount: $209,529.00 Total Award Period Covered: 01-Apr-2018 to 31-Mar-2021

Location of Project: Cornell University

. . b)(4): (D)(E
Person-Months Per Year Committed to the Project; (D)) ()E)
(2)(4): (PIE)
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Facilities, Equipment and Other Resources

Sufficient office space is available at Cornell for project personnel. This project does not require
any equipment beyond computer simulation time. Computational resources (on Cheyenne) at
NCAR for running climate model simulations will be requested after the proposal is awarded. This
project will require a large allocation request, but care has been taken in prioritizing simulations to
ensure that the total resources required are reasonable; if the allocation provided is smaller than
requested then additional reprioritization will be necessary (e.g. reducing the number of ensemble
members of simulations). The computational requirements will be spread roughly evenly across
the 3-year duration of the project.

This project will also benefit from unfunded collaboration with Jadwiga (Yaga)} Richter at the
National Center for Atmospheric Research (NCAR), an expert in stratospheric dynamics. In
addition to expertise that may be valuable in understanding aspects associated with stratospheric
circulation and changes, NCAR will provide support with running the Whole Atmosphere
Community Climate Model version of the Community Earth System Model, CESM2(WACCME),
and assist with the interpretation of the findings. Anticipating that portions of the graduate student’s
work may be best performed at NCAR, a graduate student may be hosted for focused research
visits at NCAR as needed. These tasks fall under the NCAR mission “to support, enhance and
extend the capabilities of the university community and the broader scientific community”, and can
be performed without additional funding from this NSF project. The proposed work is also of interest
to NCAR and it is advancing the capabilities of the Community Earth System Model.
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Data Management Plan

Types of data

The research in this proposal will result in climate model simulation output that will be valuable
for the broader research community, including those in the developing world. Some analysis
code may be generated throughout the course of the research.

Data and metadata standards

Simulation output will be in the form of netcdf files. An index into the available simulation
output will be created in an open file format.

Policies for access and sharing

Any broadly vseful analysis code will be freely available and posted on the PI's website,
http://climate-cngincering.mac.cornell.cdu/, along with the index into available simulation
output. Full 3D climate model simulation output will be multiple terabytes, and will be archived
at NCAR and on external hard drives and available to other researchers on request (if there is
sufficient interest, these could be made public on the Earth System Grid). Summary data (e.g.,
2D surface climate fields, aerosol fields) sufficient for most impact research by other groups, and
for other researchers to compare using their own climate models, will be made available on the
PI’s website.

Policies and provisions for re-use, re-distribution

Data will be made available as soon as possible; at least when publications associated with the
research have been submitted.

Plans for archiving and preservation of access

As climate models improve and ideas for designing geoengineering mature, we do not foresee
that the direct simulation output itself will need to be archived for more than 5 years. Computer
modeling code will be archived indefinitely on the PI's website.
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Accomplishments

* What are the major goals of the project?

4900

2038246

Fundamental limits and trade-
offs of stratospheric aerosol
geoengineering

Douglas G MacMartin,
Principal Investigator
Benjamin Kravitz, Co-Principal
Investigator

Cornell University
01/01/2021 - 12131/2024
01/01/2023 - 12/31/2023

Douglas G MacMartin
Principal Investigator

01/05/2024
Douglas G MacMartin

Geoengineering {in particular we focus on stratospheric aerosol injection) would cool the climate, reducing some

impacts from climate change, but it would not simply reverse changes due to increased atmospheric greenhouse gas
concentrations, leading to residual changes. These changes, however, depend on how it is done — particularly what
latitudes or seasons that aeresocls are added to the stratosphere. The main goal of the project is to understand what
geoengineering can and cannot do. This will help us understand which decisions matter, which uncertainties need to
be resclved or managed, fundamental limits to how well it can compensate for climate change, and where any trade-

offs might be. All of these are essential for informing future decisions about whether and how to deploy

geoengineering.
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* What was accomplished under these goals and objectives {you must provide information for at least one of
the 4 categories below)? 2024-256F 00000000869 "UNCLASSIFIED" 7/16/2025
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There are 3 4nggpb950‘3£0%!,‘3§g£ica”t ﬁ_ﬁj&{ﬂ@%@gm thisnparfgj%:t, the first 3 listed below were

completed in previous years and reported, but included here for completeness and context; the
last 3 below have been conducted since the last annual report.

(i) We have integrated previously conducted gecengineering simulations that use different
combinations of locations (latitudes) and times of year (season) to achieve different sets of
climate objectives with simulations at many different latitudes and seasons to estimate the total
number of independent “design” degrees of freedom available; (i) building on that, we have
designed and conducted a set of simulations that collectively span a complete range of
independent strategies; these include feur different hemispherically-symmetric strategies
including cne more polar-focused, as well as an Arctic-focused strategy, and a default multi-
objective strategy considered in previous model version, as well as an updated and longer set
of fixed-injection-rate cases, (iii) we have also designed and completed simulations that
consider a range of different plausible future deployment scenarios, invelving in particular
different amounts of cooling, but also different start dates and inconsistencies in deployment;
this both helps assess nenlinearities and transients as well as being valuable on its own for
informing dependence of impacts on scenario, (iv) we have conducted some preliminary
optimization for different climate metrics to assess both how much the strategy depends on the
metric chosen as well as how much “better” one might be able to achieve than with current
strategies, (v) the simulations conducted have been used already to look at some impact
analyses (such as risks from Antarctic ice melt), and finally (vi) we have ccllaborated with other
climate modeling centers to conduct similar analyses, resulting in several papers with U.
Exeter; simulatiocns conducted as part of this project have motivated the design of both
scenarios and strategies for the next set of Geoengineering Model Intercomparison Project
(GecMIP) simulations.

The first 3 significant results described here are largely unchanged from the previous report; we
add a fourth below. (1) For global cooling of up tc 1.5°C, there are approximately 6-8
independent degrees of freedom for SAl that would lead to detectably different climate
outcomes. These include injection at 30N, 15N, equator, 158, 305, as well as spring injection
at 60N and 608. This also means that as many as 6-8 independent climate objectives might be
simultaneously managed; previous studies have considered at most 3, suggesting both that
there is considerable scope for exploring distinct strategies, and that this scope is “small”
encugh that this exploration is feasible. {2) Different strategies inveolving different combinations
of these latitudes vield different outcomes not only in surface temperature and precipitation, but
on Arctic sea ice, hurricane indices, ITCZ, Antarctic sea ice risks (this particular analysis is new
relative to the previous annual report), etc. (3) Arctic-focused and polar-focused strategies are
plausible, with injection at lower altitude but high latitude; these preferentially cool at higher
latitude with less tropical cooling, vielding greater efficiency for some impacts but different
trade-offs relative to other strategies. (This last one is also particularly noteworthy because it
would be easier to deploy at lower altitude, and many risks people care about are at high
latitude) {4) A hemispherically-symmetric strategy that injects equal amounts at reughly 30N
and 305 (15N and 155 might do as well) is simpler to implement in other models and is not too
sub-optimal relative to more complicated strategies for many metrics (in particular, it roughly
maintains equator-to-pole temperature gradients without formally needing to control for them)
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::‘;:omes or Results from this project have led to collaboration with U. Exeter to conduct a subset of similar
Other simulatioA®4ritife URESMeehodel, "N 8RS ving 24'182hasis for designing the next round of

GeoMIP simulations. Preliminary analyses are also being conducted with policy experts on

achievements: , . , i .
different scenarios using these simulations.

Two PhD theses were supported or partially supported by this award; Yan Zhang and Walker
Lee.

* What opportunities for training and professional development has the project provided?

The project has directly supported the research of two graduate students in engineering; work related to this project has
also involved two postdoctoral research associates with a background in climate science (one of whom is now faculty at
Cornell in Atmospheric Science, the other a researcher at NOAA). This provides a learning experience for both; the
graduate students benefit from the expertise of the postdocs, and the pestdocs gain an appreciation for engineering
design principles, as well as some experience in mentoring graduate students. The graduate students have learned
how to run CESM{WACCM), analyze the output, write papers, and prepare the results for presentations at

conferences. Both students have graduated; Walker Lee is currently at NCAR working cn design and feedback for
Marine Cloud Brightening

* Have the results been disseminated to communities of interest? If so, please provide details.

The first paper from this award {partly supported by a previous NSF award) was published early in 2022 in Earth
Systems Dynamics, a paper on scenarios was published in PNAS in 2022; a paper on Arctic-focused approach
published in Earth’s Future in 2023, a paper comparing multiple strategies published in Atm. Chem. Phys. and another
under review. Results using simulations that were generated as part of this research have been published in several
papers, and there are a further two papers (one published, one in review) with the UKESM climate model. All work is
being presented at conferences {e.q., at AGU fall meeting in 2021 and 2022, and Gordon Research Conference in
2022; scme results have been used in a presentation at Arctic Circle meeting; results will be highlighted in two talks at
the 2024 GRC in February). Work on scenarios and strategies was discussed in a meeting held at NCAR focusing on
scenario design; this research was also discussed at an |Al-sponsored international meeting in Jamaica. Research
results are also disseminated to the research community through geoengineering email lists. Most important of all,
simulations have been made available and are being used by other researchers exploring impacts including these in
the developing world.

* What do you plan to do during the next reporting period to accomplish the goals?

A final paper is being drafted that will explore the potential for optimization te identify new strategies, assess
fundamental limits and trade-offs, and evaluate how different the strategy and outcome is depending on what metrics
are being optimized; a draft of this paper appears as a chapter in Yan Zhang’s PhD thesis. The implications of all of this
work will be strengthened through a small workshop being planned to engage more governance and policy community.
We will continue te be engaged in a larger and essential discussion on scenario design for gecengineering.

Products

Books
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Book Chapters
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Inventions

Journals or Juried Conference Papers

View all journal publications currently available in the for this award.

The results in the NSF Public Access Repository will include a comprehensive listing of all journal publications recorded
to date that are associated with this award.

Visioni, D. and Bednarz, E. M. and MacMartin, D. G. and Kravitz, B. and Geddard, P. B.. (2023). The Choice of
Baseline Period Influences the Assessments of the Outcomes of Stratospheric Aeroscl Injection. Earth's Future. 11
(8) . Status = Added in NSF-PAR Federal Government's License =
Acknowledged. (Completed by MacMartin, null on 01/04/2024 )

Goddard, P. B. and Kravitz, B. and MacMartin, D. G. and Visioni, D. and Bednarz, E. M. and Lee, W.
R.. (2023). Stratospheric Aercscl Injection Can Reduce Risks to Antarctic Ice Loss Depending on Injsction Location
and Amount. Journal of Geophysical Research: Atmospheres. 128 (22) . Status = Added in NSF-PAR

Federal Government's License = Acknewledged. (Completed by
MacMartin, null on 01/04/2024 )

Bednarz, Ewa M. and Butler, Amy H. and Visicni, Daniele and Zhang, Yan and Kravitz, Ben and MacMartin, Douglas
G.. (2023). Injection strategy &€" a driver of atmospheric circulation and ozone response te stratospheric aerosol
gecengineering. Atmospheric Chemistry and Physics. 23 (21) . Status = Added in NSF-PAR

Federal Government's License = Acknowledged. (Completed by
MacMartin, Douglas on 01/04/2024 )

Henry, Matthew and Haywood, Jim and Jones, Andy and Dalvi, Mohit and Wells, Alice and Visioni, Daniele and
Bednarz, Ewa M. and MacMartin, Douglas G. and Lee, Walker and Tye, Mari R.. (2023). Comparison of UKESM1
and CESMZ simulations using the same multi-target stratospheric aerosol injection strategy. Atmospheric Chemistry
and Physics. 23 (20) . Status = Added in NSF-PAR Federal
Government's License = Acknowledged. {(Completed by MacMartin, null on 01/04/2024 )

Lee, Walker Raymond and MacMartin, Douglas G. and Visioni, Daniele and Kravitz, Ben and Chen, Yating and
Moore, John C. and Leguy, Gunter and Lawrence, David M. and Bailey, David A.. (2023). High&€ Latitude
Stratespheric Aerosol Injection to Preserve the Arctic. Earth's Future. 11 (1) . Status = Added in NSF-PAR

Federal Government's License = Acknowledged. (Completed by
MacMartin, Douglas on 01/04/2024 )

Bednarz, Ewa M. and Visioni, Daniele and Butler, Amy H. and Kravitz, Ben and MacMartin, Douglas G. and Tilmss,
Simone. (2023). Potential Nond€ Linearities in the High Latitude Circulation and Ozone Response to Stratospheric
Aerosol Injection. Geophysical Research Letters. 50 (22) . Status = Added in NSF-PAR

Federal Government's License = Acknowledged. (Completed by
MacMartin, null on 01/04/2024 )
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Visioni, Daniele and MacMartin, Douglas G. and Kravitz, Ben and Lee, Walker and Simpson, Isla R. and Richter,
Jadwiga H.. (2020). Reduce?PREtFardTeasvdprirt Dus WS SEaERS) heric HE&®hg Under Stratospheric Aerosols
Gecengineering. Geophysical Research Letters. 47 (17) . Status = Added in NSF-PAR

Federal Government's License = Acknowledged. (Completed by
Kravitz, null en 10/21/2021 )

MacMartin, D. G. and Visioni, D. and Kravitz, B. and Richter, J.H. and Felgenhauer, T. and Lee, W. R. and Morrow,
D. R. and Parson, E. A. and Sugiyama, M.. (2022). Scenarios for modeling solar radiation modification. Proceedings
of the Naticnal Academy of Sciences. 119 (33) . Status = Added in NSF-PAR

Federal Government's License = Acknowledged. (Completed by
MacMartin, Douglas on 12/08/2022 )

Zhang, Yan and MacMartin, Douglas G. and Visioni, Daniele and Kravitz, Ben. (2022). How large is the design
space for stratospheric aerosol geoengineering?. Earth Systermn Dynamics. 13 (1) 201 to 217. Status = Added in
NSF-PAR Federal Government's License = Acknowledged.
(Completed by MacMartin, Douglas on 12/08/2022 )

Bednarz, Ewa M. and Visioni, Daniele and Banerjee, Antara and Braesicke, Peter and Kravitz, Ben and MacMartin,
Douglas G.. (2022). The Overlooked Role of the Stratosphere Under a Solar Censtant Reducticn. Geophysical
Research Letters. 49 (12) . Status = Added in NSF-PAR Federal
Government's License = Acknowledged. (Completed by MacMartin, Douglas on 12/08/2022 )

Visioni, Daniele and MacMartin, Douglas G. and Kravitz, Ben and Richter, Jadwiga H. and Tilmes, Simone and Mills,
Michael J.. (2020). Seasonally Medulated Stratospheric Aeroscl Geoengineering Alters the Climate Outcomes.
Geophysical Research Letters. 47 (12) . Status = Added in NSF-PAR

Federal Government's License = Acknowledged. (Completed by
Kravitz, null en 10/21/2021 )

Licenses

Other Conference Presentations / Papers

Other Products

Other Publications

Patent Applications
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Technologies or Techniques
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Thesis/Dissertations

Yan Zhang. DESIGN SPACE EXPLORATION FOR STRATOSPHERIC AEROSOL INJECTION. (2023). Cornell
University. Acknowledgement of Federal Support = No

Walker Lee. Exploring, Mapping, and Expanding the Design Space of Climate Intervention via Stratospheric Aerosol
injection. (2023). Cornell University. Acknowledgement of Federal Support = No

Websites or Other Internet Sites

Participants/Organizations
What individuals have worked on the project?

Name Most Senior Project Role Nearest Person Month Worked
D)(4): ()6
PD/PI

Ca PD/PI

Faculty

Graduate Student {research assistant)

Graduate Student {research assistant)

Full details of individuals who have worked on the project:

Dcuglas G MacMartin

Email: dgm224@cornell.edu

Most Senior Project Role: PD/PI

Nearest Person Month Worke

Contribution to the Project: Overall project management, supervising postdocs and students, editing papers

Funding Support: Related funding from Atkinson Center for a Sustainable Future {supporting further analysis of simulations developed
under NSF funding)

Change in active other support: Yes

International Collaboration: Yes, United Kingdom

International Travel: No

Benjamin Kravitz

Email: bkravitz@iu.edu

Most Senior Project Role: Co EDIP

Nearest Person Month Worked?)(®)

Contribution to the Project: Support on project direction, coding of feedback algorithms; support on paper writing
Funding Support: None directly supporting this effort

Change in active other support: Yes

International Collaboration: No

International Travel: No
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Daniele Visioni

Email;: dv224@cornell.edu 2024-256F  00DODOODOSED "UNCLASSIFIED" 7116/2025

Most Senior Project Role: Facult

Nearest Person Month Workedw

Contribution to the Project: Assisfed graduate students in running climate models, assisted graduate students in writing papers, but
was only supported by NSF funding early in the project

Funding Support: Cornell Atkinson Center for a Sustainable Future

International Collaboration: No
International Travel: No

(D))

Most Senior Project Role; Graduate Student (research assistant)

Nearest Person Month Worked:[P)4] |

Contribution to the Project: Developing simulations of Arctic injection in particular {and Arctic+Antarctic), analyzing, and writing papers
Funding Support: Also supported by Cornell Atkinsan Center for 2 Sustainable Future for related research on Arctic impacts and
processes

International Collaboration: Yes, United Kingdom

International Travel: No

[:(5)
ost Senior Project Role: Graduate Student {research assistant)

Nearest Person Month Worked;|(b)(4): ()(E)

Contribution to the Project: Designing simulations, conducting simulations, analyzing simulations, writing papers
Funding Support: Summer salary came fram Cornell Atkinson Center for Sustainable Futures

International Collaboration: No

International Travel: No

What other organizations have been involved as partners?

Nothing to report.

Were other collaborators or contacts involved? If so, please provide details.

Matthew Henry, Alice Wells, Jim Haywood, and Andy Jones at U. Exeter in UK, have been conducting similar
simulations in the UKESM climate model. Ewa Bednarz and Amy Butler at NOAA have been conducting analysis using
our simulatiens and have helped graduate students with interpretations and analysis. Paul Goddard at Indiana
University used NSF-funded simulations to look at impacts on Antarctic. None of these were funded by NSF {but
Comell Pl and Cornell grad students supported by NSF were involved in the collaboration, and 1U PI for work by P.
Goddard)

Impacts

What is the impact on the development of the principal discipline{s) of the project?

We are demonstrating the importance of strategy (and the scenario as well) for influencing outcomes from SAIl — that it
cannot meaningfully be considered as “one thing” and that one cannot simply pick some ad hoc cheice for injection
strategy; this then provides guidance for how geoengineering canfshould be simulated. It is becoming well recognized
now that cutcomes depend on strategy, and that there are multiple plausible approaches for a hypothetical future
deployment of SAIl with different sets of outcomes. This recognition is critical for research not only into cutcomes, but
also uncertainty. Other modeling greups have now started looking at design aspects, duplicating strategies we
developed in UKESM for example; strategies developed herein will serve as the basis for new GeoMIP simulations. In

https:/fwww.ejackeat.nsf.goviej/showProjectReportPrint. do?reportld=10708377 8/10
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addition to understanding strategies that optimize for different metrics, it is also important to evaluate how much penalty
there is for considering simpler®taieyie $ANANEEUId be it iEsimulatéi#iepiarge multi-model intercomparisen. The
design-based approach is also being planned for research into marine cloud brightening.

What is the impact on other disciplines?

We have created a dataset of gecengineering simulations that can and are being used by numerous other disciplines
(for example, to assess various impacts). Understanding the extent to which there are inherent trade-offs between
different objectives, or e what extent there are broadly “best” ways of deploying that would simultaneously satisfy many
actors, is essential for informing the development of governance in this area. Understanding the range of different
plausible strategies is similarly essential, e.g., the potential for an *Arctic-focused” strategy that could be deployed
without requiring development of new aircraft, or more “polar-focused” strategies that could target Antarctic impacts
more effectively.

What is the impact on the development of human resources?

Graduate students trained in engineering are being cress-trained in climate science; similarly postdocs (not supported
by this award but part of our research group) trained in climate science are exposed to engineering design ideas; this
thus builds interdisciplinary expertise.

What was the impact on teaching and educational experiences?

Ncne yet; but results will be incorporated into courses on gecengineering.

What is the impact on physical resources that form infrastructure?

Nathing to report.

What is the impact on institutional resources that form infrastructure?

Nothing to report.

What is the impact on information resources that form infrastructure?

Nothing to report.

What is the impact on technology transfer?

Nothing to report.

What is the impact on society beyond science and technology?

This project is ultimately aimed at providing decision support for geoengineering. The limits and tradeoffs in
geoengineering are essential pieces of information for deciding if, when, where, and how geoenginsering might be done
in the future. The results from our project could directly inform that decision process, as well as the development of
international governance capacity to support that decision process, and the methods we are demonstrating will enable
cther researchers to pursue similar lines of investigation.

What percentage of the award's budget was spent in a foreign country?

Nathing to report.
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Changes/Problems

Changes in approach and reason for change

Nothing to report.

Actual or Anticipated problems or delays and actions or plans to resolve them

One year extension was granted to finalize final paper {graduate student graduated and is working, so progress
somewhat slower) and to plan and hold small workshop.

Changes that have a significant impact on expenditures

Nathing to report.

Significant changes in use or care of human subjects

Nothing to report.

Significant changes in use or care of vertebrate animals

Nothing to report.

Significant changes in use or care of biohazards

Nothing to report.

Change in primary performance site location

Nothing to report.
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Accomplishments

* What are the major goals of the project?

4900

2038246

Fundamental limits and trade-
offs of stratospheric aerosol
geoengineering

Douglas G MacMartin,
Principal Investigator
Benjamin Kravitz, Co-Principal
Investigator

Cornell University
01/01/2021 - 12/31/2023
01/01/2022 - 12/31/2022

Douglas G MacMartin
Principal Investigator

12/15/2022
Douglas G MacMartin

Click here to print

Geoengineering {in particular we focus on stratospheric aerosol injection) would cool the climate, reducing some
impacts from climate change, but it would not simply reverse changes due to increased atmospheric greenhouse gas
concentrations, leading to residual changes. These changes, however, depend on how it is done — particularly what
latitudes or seasons that aeresocls are added to the stratosphere. The main goal of the project is to understand what
geoengineering can and cannot do. This will help us understand which decisions matter, which uncertainties need to
be resclved or managed, fundamental limits to how well it can compensate for climate change, and where any trade-
offs might be. All of these are essential for informing future decisions about whether and how to deploy
geoengineering.
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* What was accomplished under these goals and objectives {you must provide information for at least one of
the 4 categories below)? 2024-256F 00000000868 "UNCLASSIFIED" 7/16/2025

Major

Activities: (i) We have integrated previously conducted gecengineering simulations that use different

combinations of locations (latitudes) and times of year (season) to achieve different sets of
climate objectives with simulations at many different latitudes and seasons to estimate the total
number of independent “design” degrees of freedom available; (i) building on that, we have
designed and conducted a set of simulations that collectively span a complete range of
independent strategies; these include feur different hemispherically-symmetric strategies
including cne more polar-focused, as well as an Arctic-focused strategy, and a default multi-
objective strategy considered in previous model version, as well as an updated and longer set
of fixed-injection-rate cases and (iii) we have also designed and completed simulations that
consider a range of different plausible future deployment scenarios, invelving in particular
different amounts of cooling, but also different start dates and inconsistencies in deployment;
this both helps assess nenlinearities and transients as well as being valuable on its own for
informing dependence of impacts on scenario.

Specific
Obijectives:

Significant

Results: (1) For global cooling of up to 1.5°C, there are approximately 6-8 independent degrees of

freedom for SAl that would lead to detectably different climate outcomes. These include
injection at 30N, 15N, equator, 1538, 308, as well as spring injection at 60N and 60S. This also
means that as many as 6-8 independent climate objectives might be simultaneously managed;
previous studies have considered at most 3, suggesting both that there is considerable scope
for exploring distinct strategies, and that this scope is “small” enough that this exploration is
feasible. (2) Different strategies involving different combinations of these latitudes yield different
outcemes not enly in surface temperature and precipitation, but on Arctic sea ice, hurricane
indices, ITCZ, etc. (3) Arctic-focused and polar-focused strategies are plausible, with injection
at lower altitude but high latitude; these preferentially cool at higher latitude with less tropical
cooling, yielding greater efficiency for some impacts but different trade-offs relative to other
strategies. (This last one is also particularly noteworthy because it would be easier to deploy at
lower altitude, and many risks pecople care about are at high latitude)

Key

outcomes or
Other
achievements:

* What opportunities for training and professional development has the project provided?

The project has directly supponted the research of two graduate students in engineering; work related to this project has

alsc involved two postdoctoral research associates with a background in climate science. This provides a learning
experience for both; the graduats students benefit from the expertise of the postdocs, and the postdocs gain an
appreciaticn for engineering design principles, as well as some experience in mentoring graduate students. The

graduate students have learned how to run CESM(WACCM), analyze the output, write papers, and prepare the results

for presentations at conferences.

* Have the results been disseminated to communities of interest? If so, please provide details.
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The first paper from this award {partly supported by a previous NSF award) was published early in 2022 in Earth
Systems Dynamics; a paper 0082558080 ansqeehlisheWHALPMIBEPIN 20221438per on Arctic-focused approach is
currently under review and a paper comparing multiple strategies is nearing submission. All work is being presented at
conferences (e.g., at AGU fall meeting in 2021 and 2022, and Gordon Research Cenference in 2022; some results
have been used in a presentation at Arctic Circle meeting). Work on scenarios and strategies was discussed in a
meeting held at NCAR fecusing on scenario design; this research was also discussed at an IAl-sponscred international
meeting in Jamaica. Research results are also disseminated to the research community through geoengineering email
lists. Most important of all, simulations have been made available and are being used by other researchers exploring
impacts including those in the developing world.

* What do you plan to do during the next reporting period te accomplish the goals?

We will continue te analyze the simulations that span a range of different possible strategies (corresponding to different
choices for injection latitude, season, and the goals), and in particular will explore the potential for optimization to
identify new strategies, assess fundamental limits and trade-offs, and evaluate how different the strategy and cutcome
is depending on what metrics are being optimized, and will document all results in scientific papers. We will continue to
he engaged in a larger and essential discussion on scenario design for geoengineering.

Supporting Files

Filename Description Uploaded Upleoaded
By On
Revised_Manuscript.pdf Ag¢A€A¢ Lee, W.R., D.G. MacMartin, D. Visioni, B. Douglas 1240712022

Kravitz, Y. Chen, J.C. Moore, G. Leguy, D.M. Lawrence Macmartin
and D.A. Bailey, A¢A€AceHigh-latitude stratospheric

aerosol injection to preserve the ArcticAgA€A |

submitted, EarthAgAEA™s Future

Products

Books

Book Chapters

Inventions

Journals or Juried Conference Papers

View all journal publications currently available in the for this award.

The results in the NSF Public Access Repository will include a comprehensive listing of all journal publications recorded
to date that are associated with this award.
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Visioni, Daniele and MacMari# 2r6tgl290M0efd KravitNBerBRR Lee, WERET and Simpscn, Isla R. and Richter,
Jadwiga H.. (2020). Reduced Poleward Transport Due to Stratospheric Heating Under Stratospheric Aerosols
Geoengineering. Geophysical Research Letters. 47 (17) . Status = Added in NSF-PAR

Federal Government's License = Acknowledged. (Completed by
Kravitz, null on 10/21/2021 )

MacMartin, D. G. and Visioni, D. and Kravitz, B. and Richter, J.H. and Felgenhauer, T. and Lee, W. R. and Morrow,
D. R. and Parsen, E. A. and Sugiyama, M.. (2022). Scenarios for medeling solar radiation medification. Proceedings
of the National Academy of Sciences. 119 (33) . Status = Added in NSF-PAR

Federal Government's License = Acknowledged. (Completed by
MacMartin, Douglas on 12/08/2022 )

Zhang, Yan and MacMartin, Douglas G. and Visioni, Daniele and Kravitz, Ben. (2022). How large is the design
space for stratospheric aerosol gecengineering?. Earth System Dynamics. 13 (1) 201 to 217, Status = Added in
NSF-PAR Federal Government's License = Acknowledged.
{Completed by MacMartin, Douglas on 12/08/2022 )

Bednarz, Ewa M. and Visioni, Daniele and Banerjee, Antara and Braesicke, Peter and Kravitz, Ben and MacMartin,
Douglas G.. (2022). The Qverlooked Role of the Stratosphere Under a Solar Constant Reduction. Geophysical
Research Letters. 49 (12) . Status = Added in NSF-PAR Federal
Government's License = Acknowledged. (Completed by MacMartin, Douglas on 12/08/2022 )

Visioni, Daniele and MacMartin, Douglas G. and Kravitz, Ben and Richter, Jadwiga H. and Tilmes, Simone and Mills,
Michael J.. (2020). Seasonally Mcdulated Stratospheric Aeroscl Geoengineering Alters the Climate Gutcomes.
Geophysical Research Lelters. 47 (12) . Status = Added in NSF-PAR

Federal Government's License = Acknowledged. (Completed by
Kravitz, null on 10/21/2021 )
Zhang, Y., D. G. MacMartin, D. Visioni, and B. Kravitz, 4€ceHow large is the design space for stratospheric aerosol

gecengineering?a€ |, Earth System Dynamics, 13, 2015€"217, 2022. htips://doi.org/10.5194/esd-13-201-
2022. Status = PUBLISHED.

Licenses

Other Conference Presentations / Papers

Other Products

Other Publications
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Patent Applications
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Technologies or Techniques

Thesis/Dissertations

Websites or Other Internet Sites

Participants/Organizations

What individuals have worked on the project?

Name Most Senior Project Role Nearest Parson Month Worked
D)(4): ()6
PDO/PI
Co PD/PI

Postdactoral {scholar, fellow or other postdoctoral position)

Graduate Student (research assistant)

Graduate Student (research assistant)

Full details of individuals who have worked on the project:

Deouglas G MacMartin

Email: dgm224@cornell.edu

Most Senior Project Role: PD/PI

Nearest Person Month Worked|”)(4)

Contribution to the Project: Overall guidance and supervision of graduate students
Funding Support: None

Change in active other support: No

International Collaboration: No

International Travel: No

Benjamin Kravitz

Email: bkravitz@iu.edu

Most Senior Project Role: Co PD/PI

Nearest Person Month Worked

Contribution to the Project: Parficipating in discussions of direction, supporting writing of papers
Funding Support: None

Change in active other support: No

International Collaboration: No

International Travel: No

Daniele Visioni

Email: dv224@cornell.edu

Most Senior Project Role; Post al (scholar, fellow or other postdoctoral position}

Nearest Person Month Workedtfzgi}

Contribution to the Project: Assisted graduate students in running climate models, assisted graduate students in writing papers.
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Funding Support: Cornell Atkinson Center for a Sustainable Future
International Collaboration: No

. 2024-256F  00000000SES "UNCLASSIFIED" 7i16/2025
International Travel: No

Walker Lee

Email; wiéd44@cornell.edu

Most Senior Project Role: Graduate Student (research assistant)

Nearest Person Month Worked

Contribution to the Project: Developing simulations of Arctic injection in particular {and Arctic+Antarctic), analyzing, and writing papers
Funding Support: Also supported by Cornell Atkinsan Center for 2 Sustainable Future for related research on Arctic impacts and
processes

International Collaboration: No

International Travel: No

Yan Zhang

Email: yz2545@cornell.edu

Most Senior Project Role: Gradpate Student (research assistant)

Nearest Person Month Worked:

Contribution to the Project: Deasigning simulations, conducting simulations, analyzing simulations, writing papers
Funding Support: Summer salary came from Cornell Atkinson Center for Sustainable Futures

International Collaboration: No

International Travel: No

What other organizations have been involved as partners?

Nothing to report.

Were other collaborators or contacts involved? If so, please provide details.

Jadwiga (Yaga) Richter at NCAR

Impacts

What is the impact on the development of the principal discipline{s) of the project?

We are demonstrating the importance of strategy (and the scenario as well) for influencing outcomes from SAI — that it
cannot meaningfully be censidered as “one thing” and that one cannot simply pick some ad hoc choice for injection
strateqy; this then provides guidance for how geoengineering can/should be simulated. This is critical for research not
only into outcemes, but alsc uncertainty.  Other modeling groups have now started looking at design aspects,
duplicating strategies we developed in UKESM for example. In addition to understanding strategies that optimize for
different metrics, it is alse impontant te evaluate how much penalty there is for considering simpler strategies that would
be easier to simulate in a large multi-model intercomparison {e.q., future GeoMIP)

What is the impact on other disciplines?

We are creating a dataset of gecengineering simulations that can be used by numercus other disciplines (for example,
to assess various impacts). Understanding the extent to which there are inherent trade-offs between different
cbjectives, or to what extent there are broadly “best” ways of deploying that would simultanecusly satisfy many actors,
is essential for informing the development of governance in this area. Understanding the range of different plausible
strategies is similarly essential, e.g., the potential for an “Arctic-focused” strategy that could be deployed without
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requiring development of new aircraft, or more “polar-focused” strategies that could target Antarctic impacts more
effectively. 2024-256F 00000000868 "UNCLASSIFIED" 7/16/2025

What is the impact on the development of human resources?

Graduate students trained in engineering are being cress-trained in climate science; similarly postdocs (not supported
by this award but part of our research group) trained in climate science are exposed to engineering design ideas; this
thus builds interdisciplinary expertise.

What was the impact on teaching and educational experiences?

Ncne yet; but results will be incorporated into courses on gecengineering.

What is the impact on physical resources that form infrastructure?

Nothing to report.

What is the impact on institutional resources that form infrastructure?

Nothing to report.

What is the impact on information resources that form infrastructure?

Nothing to report.

What is the impact on technology transfer?

Nothing to report.

What is the impact on society beyond science and technology?

This project is ultimately aimed at providing decision support for geoengineering. The limits and tradeoffs in
geoengineering are essential pieces of information for deciding if, when, where, and how geoengineering might be done
in the future. The results from our project could directly inform that decision process, as well as the development of
international governance capacity to support that decision process, and the methods we are demonstrating will enable
other researchers to pursue similar lines of investigation.

What percentage of the award's budget was spent in a foreign country?

Nathing to report.

Changes/Problems

Changes in approach and reason for change

Nothing to report.

Actual or Anticipated problems or delays and actions or plans to resolve them

https:/fwww.ejackeat.nsf.gov/ej/showProjectReportPrint. do?reportld=10708376 718
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Nothing to report.
2024-256F 00000000868 "UNCLASSIFIED" 7/16/2025

Changes that have a significant impact on expenditures

Nathing to report.

Significant changes in use or care of human subjects

Nothing to report.

Significant changes in use or care of vertebrate animals

Nothing to report.

Significant changes in use or care of biohazards

Nothing to report.

Change in primary performance site location

Nothing to report.

https:/fwww.ejackeat.nsf.gov/ej/showProjectReportPrint. do?reportld=10708376 &8/8



411023, 10:16 AM

Project Report Printer Friencdiy Vershonss:

Obtained by ICANdecide.orgVia FOIA

"UNCLASSIFIED" 7/16/2025

Preview of Award 2038246 - Annual Project Report

Cover
Federal Agency and Organization Element to
Which Report is Submitted:

Federal Award or Other Identifying Number
Assigned by Agency:

Project Title:

PD/PI Name:

Recipient Organization:

Project/Grant Period:

Reporting Period:

Submitting Official {if other than PD\PI}:

Submission Date:

Signature of Submitting Official {signature shall

be submitted in accordance with agency specific

instructions)

Accomplishments

* What are the major goals of the project?

4900

2038246

Fundamental limits and trade-
offs of stratospheric aerosol
geoengineering

Douglas G MacMartin,
Principal Investigator
Benjamin Kravitz, Co-Principal
Investigator

Cornell University
01/01/2021 - 12/31/2023
01/01/2021 - 12431/2021

Douglas G MacMartin
Principal Investigator

11/03/2021
Douglas G MacMartin

Click here to print

Geoengineering {in particular we focus on stratospheric agrosol injection) would ¢ool the climate, reducing some impacts from climate
change, but it would not simply reverse changes due to increased atmospheric greenhouse gas concentrations, leading to residual
changes. These changes, however, depend on how it is done — particularly what latitudes or seasons that aerosols are added to the
stratosphere. The main goal of the project is to understand what geoengineering can and cannot do. This will help us understand
which decisions matter, which uncertainties need 1o be resclved or managed, fundamental limits to how well it can compensate for
climate change, and where any trade-offs might be. All of these are essential for informing future decisions about whether and how to

deploy geoengineering.

* What was accomplished under these goals and objectives (you must provide information for at least one of the 4 categories

below)?

https:/fwww.ejackeat.nsf.goviej/showProjectReportPrint. do?reportld=10708375

116



4/10/25, 10:16 AM Obtained by ICANdecide.orgVia FOIA

Major
) i} We have integrated previously conducted gecengineering simulations that use different combinations of

Activities: locations (Iagt?tzddzesgfanc? s Tyear (s"t'a"gs%ﬁ 18 5ehieve diffarant sets of climate objectives with simulations
at many different latitudes and seasons to make an estimale for the total independent degrees of freedom
available; (i} building on that, we have begun a set of simulations that collectively will span a complete range
of independent strategies, and (iii) we have also completed simulations that consider different amounts of
cooling, corresponding to different plausible future deployment scenarios.

Specific
Objectives:

Significant

Results: For global cocling of up to 1.5°C, there are approximately 6-8 independent degrees of freedom for SAl that

would lead to detectably different climate outcomes. These include injection at 30N, 15N, eguator, 155, 308,
as well as spring injection at 60N and 60S. This also means that as many as 8-8 independent climate
objectives might be simultaneously managed; previous studies have considered at most 3, suggesting both
that there is considerable scope for exploring distinct strategies, and that this scope is "small” enough that
this exploration is feasible.

Key outcomes
or Other
achievements:

* What opportunities for training and professional development has the project provided?

The project has directly supported the research of two graduate students in engineering; work related to this project has also involved
two postdoctoral research associates with a background in climate science. This provides a learning experience for both; the graduate
students benefit from the expertise of the postdocs, and the postdocs gain an appreciation for engineering design principles, as well as
some experience in mentoring graduate students. The graduate students have learned how to run CESM{WACCM), analyze the output,
write papers, and prepare the results for presentations at conferences.

* Have the results been disseminated to communities of interest? If so, please provide details.

The first paper from this award (partly supported by a previous N3F award} has been submitted for publication to a peer-reviewed
journal; all work is also being presented at conferences (e.g., at AGU fall meeting; some results have been used in a presentation at
Arctic Circle meeting). Research results are also disseminated to the research community through geoengineering email lists.

* What do you plan to do during the next reporting period to accomplish the goals?

We will continue to conduct simulations spanning a range of different possible strategies {corresponding to different choices for injection
latitude, season, and the goals), analyze the output to evaluate differences and understand impacts of different strategies, and explore
the potential for optimization to identify new sirategies, and will document results in scientific papers. We are also producing guidelines
on scenario design for geoengineering.

Supporting Files

Fllename Description Uploaded  Uploaded
By Oon

How _large_is_the_design_space_for_stratospheric_aerosol_geoengineering_updated.pdf Zhang, Y., D. G. Douglas 1072142021
MacMartin, D. Macmartin
Visioni, and B.

Kravitz, How
large is the
design space for
stratospheric
aerosol
geoengineering?,
submitted, Earth
System
Dynamics.
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2024-256F 00000000867 "UNCLASSIFIED" 7MB/2025
Products

Books

Book Chapters

Inventions

Journals or Juried Conference Papers

View all journal publications currently available in the for this award.

The results in the NSF Public Access Repository will include a comprehensive listing of all journal publications recorded to date that are
associated with this award.

Zhang, Y., D. G. MacMartin, D. Visioni, and B. Kravilz, &€ceHow large is the design space for stratospheric aerosol gecengineering?
A€ | Earth System Dynamics Discussion, hitps:/fdoi.org/10.5184/esd-2021-70. Status = SUBMITTED.

Licenses

Other Conference Presentations / Papers

Other Products

Databases
Data from Zhang et af 2021 (submitted), "How large is the design space for stratospheric aerosol gecengineering”; data available
at hitps.//ecommons.comell edushandle/1813/104261

Other Publications

Patent Applications

Technologies or Techniques

Thesis/Dissertations
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Woebsites or Other Internet Sites
2024-256F  0DODODODSET "UNCLASSIFIED" 7i16/2025

Participants/Organizations

What individuals have worked on the project?

Name Most Senlor Project Role Nearest Person Month Worked
PD/PI (b)) (h)(E)
Co PD/PI
n)(E) Graduate Student {research assistant)

Graduate Student (research assistant)

Postdoctoral (scholar, fellow or other postdoctoral position)

Full details of individuals who have worked on the project:

Douglas G MacMartin

Email: dgm224@cernell.edu

Most Senior Project Role: PD/PI

Nearest Person Month Worked|(b)(4):

Contribution to the Project: OvETAT project direction, supervising graduate students
Funding Support: No other support

Change in active other support: Yes

International Collaboration: No

International Travel: No

Benjamin Kravitz

Email; bkravitz@iu.edu

Most Senior Project Role: Co PLY/E

Nearest Person Month Worked

Contribution to the Project: Simulations, analysis, contributing to writing
Funding Support: None

Change in active other support: Yes

International Collaboration: Yes, United Kingdom
International Travel: No

[:(5)

ost Senior Project Rolel Graduata ent (research assistant)

Nearest Person Month Worke E%E:‘)

Contribution to the Project: Wt:ﬂ that assesses the size of the design space for SAl; working on new simulations and will ultimately conduct
optimizaticn

Funding Support: Only NSF

International Collaboration: No

International Travel: No

b)(E)

Most Senior Project Role: Graduate Student (research assistant)
Nearest Person Month Worked:
Contribution to the Project: DevalBpmg simulations of Arctic injection in particular (and Arctic+Antarctic}

Funding Support: Also supported by Cornell Atkinson Center for a Sustainable Future {2 months) for related research on Arctic impacts and processes
International Cellaboration: No

International Travel: No

Daniele Visioni

Email: dv224@cornell.edu

Most Senior Project Role; Postdacioral (scholar, fellow or other pestdoctoral position)
Nearest Person Month Worked:
Contribution to the Project: Assisted graduate students in running climate models, assisted graduate students in writing papers.
Funding Support: Cornell Atkinson Center for a Sustainable Future

International Collaboration: No

International Travel. No
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What other organizations have been involved as partners?

) 2024-256F 00000000867 "UNGLASSIFIED" TI16/2025
Nothing to report.

Were other collaborators or contacts involved? If so, please provide details.

Jadwiga {Yaga) Richter at NCAR

Impacts

What is the impact on the development of the principal discipline(s) of the project?

We are demonstrating the importance of strategy {and to some extent the scenario as well) for influencing outcomes from SAl — that it
cannot meaningfully be considered as “one thing" and that one cannot simply pick some ad hoc choice for injection strategy; this then
provides guidance for how gecengineering can/should be simulated. This is critical for research not only into outcomes, but also
uncertainty.

What is the impact on other disciplines?

We are creating a dalaset of geoengineering simulations that can be used by numerous cther disciplines (for example, impacts and
ecosystems). Understanding the extent to which there are inherent trade-offs between different objectives, or to what extent there are
broadly "best” ways of deploying that would simultaneously satisfy many actors, is essential for informing the development of
governance in this area. Understanding the range of different plausible strategies is similarly essential, e.g., the potential for an "Arctic-
focused” strategy that could be deployed without requiring development of new aircraft.

What is the impact on the development of human resources?

Graduate students trained in engineering are being cross-trained in climate science; similarly postdocs (not supported by this award but
part of our research group) trained in climate science are exposed to engineering design ideas; this thus builds interdisciplinary
expertise,

What was the impact on teaching and educational experiences?

None yet; results may be incorporated into courses on gacengineering.

What is the impact on physical resources that form infrastructure?

Nothing to report.

What is the impact on institutional resources that form infrastructure?

Nothing to report.

What is the impact on infermation resources that form infrastructure?

Nothing to report.

What is the impact on technology transfer?

Nothing to report.

What is the impact on society beyond science and technology?

This project is ultimately aimed at providing decision support for geoengineering. The limits and tradeoffs in gecengineering are
essential pieces of information for deciding where and how geoengineering might be done in the future. The results from our project
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What percentage of the award’s budget was spent in a foreign country?

Nothing 1o report.

Changes/Problems

Changes in approach and reason for change

Nothing to report.

Actual or Anticipated problems or delays and actions or plans to resolve them

Nothing to report.

Changes that have a significant impact on expenditures

Nothing to report.

Significant changes in use or care of human subjects

Nothing to report.

Significant changes in use or care of vertebrate animals

Nothing to report.

Significant changes in use or care of hichazards

Nothing to report.

Change in primary performance site location

Nothing to report.
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could directly inform that decision process, as well as the development of international governance capacity to support that decision

process, and the methods we are demoessiratingowedbsgsable cthancessarabers to pammsimilar lines of investigation.
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