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Abstract Owing to increasing greenhouse gas emissions, the Antarctic Ice Sheet is vulnerable to rapid
ice loss in the upcoming decades and centuries. This study examines the effectiveness of using stratospheric
aerosol injection (SAI) that minimizes global mean temperature (GMT) change to slow projected 21st century
Antarctic ice loss. We simulate 11 different SAI cases which vary by the latitudinal location(s) and the
amount(s) of the injection(s) to examine the climatic response near Antarctica in each case as compared to

the reference climate at the turn of the last century. We demonstrate that injecting at a single latitude in the
northern hemisphere or at the Equator increases Antarctic shelf ocean temperatures pertinent to ice shelf basal
melt, while injecting only in the southern hemisphere minimizes this temperature change. We use these results
to analyze the results of more complex multi-latitude injection strategies that maintain GMT at or below 1.5°C
above the pre-industrial. All these multi-latitude cases will slow Antarctic ice loss relative to the mid-to-late
21st century SSP2-4.5 emissions pathway. Yet, to avoid a GMT threshold estimated by previous studies
pertaining to rapid West Antarctic ice loss (1.5°C above the pre-industrial GMT, though large uncertainty),
our study suggests SAI would need to cool about 1.0°C below this threshold and predominately inject at low
southern hemisphere latitudes (~15°S - 30°S). These results highlight the complexity of factors impacting the
Antarctic response to SAI and the critical role of the injection strategy in preventing future ice loss.

Plain Language Summary Large portions of the Antarctic ice sheet are imminently vulnerable

to melting as global temperatures rise over the 21st century. This melt would lead to consequential sea level
rise intensifying coastal flooding and causing large economic and ecological costs. One idea to slow global
warming and limit such climate risks, is to deliberately cool the planet by placing reflective particles in the
atmosphere to deflect sunlight before it warms the Earth's surface. This idea is called stratospheric aerosol
injection (SAI). Here, our computer simulations show that Antarctic ice loss can be slowed by using SAI,
however, the results depend on the location of the aerosol injection (Equator, tropics, or high latitudes). We
show that putting the particles between 30°N and 30°S with the majority placed in the southern hemisphere has
the best potential to slow 21st century Antarctic ice loss in our computer simulations. This study is an example
of how various SAI strategies (such as, where to put these particles) can lead to very different regional climate
impacts—a result that decision makers must thoroughly consider.

1. Introduction

Solar geoengineering involves the deliberate modification of the Earth's climate system by reflecting sunlight to
cool the planet. One example, stratospheric aerosol injection (SAI), would add small, reflective particles into the
lower stratosphere to enhance Earth's planetary albedo (Budyko, 1974; Crutzen, 2006). Global climate models
are an important tool for the geoengineering research community that allow the analysis of a variety of SAI cases
(how much aerosol to inject, at which latitude(s), and during which season(s)) (e.g., Dai et al., 2018; MacMartin
et al., 2022; Tilmes et al., 2017; Visioni et al., 2020). These SAI cases are designed to potentially ameliorate some
of the negative consequences of climate change, such as global mean temperature (GMT) rise, shifts in precipita-
tion patterns and amount, and Arctic sea ice loss (e.g., Berdahl et al., 2014; Kravitz et al., 2016; Lee et al., 2023;
Moore et al., 2014; Tilmes et al., 2013). However, the impact of various SAI cases on the Antarctic region has so
far not been extensively studied.
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Figure 1. Ocean depth and Antarctic topography map with relevant
geographic features labeled. The thick gray contour, representing the 1,500 m
isobath, shows the approximate location of the continental shelf break. The

2750

The Antarctic ice sheet is currently losing mass as its marine-terminating
glaciers increase in velocity and more rapidly transport ice into the Southern
Ocean without a compensating increase in ice accumulation in its interior
(Rignot et al., 2019). Ice shelf basal melt rates increase when relatively warm
Circumpolar Deep Water (CDW, about 2—4°C above the seawater freezing
point (Whitworth et al., 1998)) is transported from the ocean interior onto the
continental shelf toward the ice sheet grounding lines, effectively melting the
ice shelves from below. In West Antarctica, many of these outlet glaciers rest
upon retrograde bedrock which slopes downward inland from the glaciers'
grounding lines. At such locations, ice shelf basal melt can detach the glacier
atits grounding line whereby eliminating a shelf's buttressing effect and poten-
tially leading to marine ice sheet instability (Hughes, 1973; Schoof, 2007;
Weertman, 1974). There is evidence to suggest that this threshold has been
passed for several glaciers in West Antarctica (Favier et al., 2014; Joughin
et al., 2014; Rignot et al., 2014).

Jacobs et al. (1996) first recognized modified CDW on the continental shelf
in the Amundsen Sea embayment (ASE) (Figure 1) near the Pine Island

[m] Glacier ice shelf in 1994. Ensuing research has shown that the amount of
5500 warm CDW on the continental shelf in this region is sensitive to regional and
distal (namely the tropical Pacific) atmospheric variability on interannual to
decadal timescales by impacting the coastal easterly wind stress (e.g., Ding
et al., 2011; Holland et al., 2019; Thoma et al., 2008). These surface wind

thin gray topography contours are at every 500 m. The red lines show the stress changes modify the Antarctic Slope Front (ASF) (Jacobs, 1991), which
location of cross-shelf ocean profiles in the Amundsen Sea embayment and is characterized by downward sloping isopycnals below the surface waters
Prydz Bay analyze.d later in the text. The black li.nes above the shelf waters that separate the relatively warm and saline CDW from the cold and fresh
locate the boundaries O,f the Amunds‘afn Sea—Bel.hngshausen Sea sector. shelf seas. The slope of the isopycnals, and thus the strength of the lateral
and the eastern Antarctic sector used in the vertical temperature advection R . X X

analysis. WAIS, West Antarctic Ice Sheet; EATS, East Antarctic Ice Sheet; density gradient and barrier between the warm waters and the ice shelves,
TG, Thwaites Glacier; PIG, Pine Island Glacier; AIS, Amery Ice Shelf; FT, is largely controlled by the coastal easterly winds (Whitworth et al., 1998).

Filchner Trough.

Weaker coastal easterlies decrease Ekman downwelling near the coast,
weaken the ASF, and shoal the pycnocline at the shelf break creating a shore-
ward pathway for CDW transport and the warming of the shelf waters (Spence
et al., 2014; Stewart & Thompson, 2015; A. F. Thompson et al., 2014).

In the ASE, coastal wind stress changes are controlled by the strength and position of the Amundsen Sea Low
(ASL, Hosking et al., 2013, 2016; Raphael et al., 2016; Turner et al., 2013), which is influenced by the variabil-
ity in both the Southern Annular Mode (SAM) and in the tropical Pacific sea surface temperatures (e.g., Clem
et al., 2017; Ding et al., 2011; Holland et al., 2019; Steig et al., 2012). Notably, as the ASL strengthens (a reduc-
tion in sea level pressure (SLP)), easterly winds increase at the shelf break which in turn strengthen the Slope
Front and restrict the shoreward CDW transport; conversely, a weak ASL (an increase in SLP) drives anoma-
lous westerly winds at the shelf break which may lead to shelf warming (Dinniman et al., 2011; Donat-Magnin
et al., 2017). Furthermore, ASL longitudinal positional shifts will alter zonal winds above the continental shelf
with implications for shelf ocean warming. It should also be noted that changes in the strength and position of
the cyclonic ASL can drive opposing impacts with regards to the ice shelves in the adjacent Bellingshausen Sea
as compared to the Amundsen Sea, as the ASL's center often resides between the two Seas (Figure 1) (Dotto
et al., 2020; Verfaillie et al., 2022).

Beyond the Amundsen-Bellingshausen Seas, SAM-related wind anomalies also influence shelf warming across
East Antarctica. During the austral summer, positive SAM drives a southward shift of the mid-latitude westerly
winds, a weakening of the coastal easterly winds, and a poleward migration of the southern boundary of the
Antarctic Circumpolar Current; the latter induces CDW warming at the continental shelf slope, particularly in the
Indian Ocean sector of East Antarctica (~110-150°E, Figure 1) (Herraiz-Borreguero & Naveira Garabato, 2022;
Yamazaki et al., 2021). This mechanism may be responsible for the increased ice mass loss from this region
observed this century (Greenbaum et al., 2015; Rignot et al., 2019; B. Smith et al., 2020). Furthermore, the
SAM is projected to become more positive through the 21st century due to continued greenhouse gas emissions
(Coburn & Pryor, 2022; Zheng et al., 2013), although an opposing effect from the long-term stratospheric ozone
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recovery can significantly offset the positive SAM trend from greenhouse gas emissions, in particularly during
the early part of the 21st century and during certain seasons (austral spring and summer, Perlwitz, 2011; D. W. J.
Thompson et al., 2011). A positive SAM trend would lead to the Westerlies expanding southward, a weakening
of the coastal easterlies, and subsequent Antarctic shelf warming, including warming around East Antarctica
(Beadling et al., 2022; Goddard et al., 2017; Spence et al., 2014).

Although the majority of current Antarctic ice mass loss is related to the increased basal melt and calving rates of
the ice shelves, surface melt is increasingly becoming a significant contributor to Antarctic mass loss (DeConto
& Pollard, 2016; Golledge et al., 2019). By the end of the 21st century, surface melt rates across Antarctica could
equal that of Greenland from early this century under the Representative Concentration Pathway 8.5 (RCP8.5)
forcing (~600 Gt yr~!; Trusel et al., 2015; van Angelen et al., 2014). Furthermore, increased meltwater on ice
shelves may lead to increased hydrofracturing and calving rates (DeConto & Pollard, 2016; Scambos et al., 2009;
Trusel et al., 2015). Surface melt rates around the Antarctic periphery have been shown to modulate with phases
of SAM and the El Nifio Southern Oscillation (ENSO) (e.g., Johnson et al., 2022; Scott et al., 2019). Many ice
shelves along East Antarctica (in the Dronning Maud Land, Amery and Wilkes Land, and the Ross Sea sector
of West Antarctica, Figure 1) show a negative correlation between melt days and the spring-summer SAM index
(Johnson et al., 2022). Whereas melt days for ice shelves along the Amundsen Sea and eastern Ross Sea sector
show a positive correlation with the spring-summer ENSO index (Johnson et al., 2022; Scott et al., 2019).

Opposingly, snow accumulation on Antarctica is projected to increase in the 21st century, acting to partially
offset the mass loss from increased ocean thermal forcing and surface melt (Payne et al., 2021). Many regions
inland from the coast receive a large proportion (~40-60%) of their annual precipitation during infrequent
but extreme events characteristic of atmospheric rivers (Davison et al., 2023; Schlosser et al., 2010; Turner
et al., 2019; Wille et al., 2021). Over the 21st century atmospheric rivers are projected to increase in duration
and strength due to a warmer atmosphere's capacity to hold more moisture (Espinoza et al., 2018; O’Brien
et al., 2022; Payne et al., 2020).

Despite the projected increase in Antarctic snow accumulation, under RCP8.5 forcing, sea level rise contributions
from Antarctica are projected to increase and to surpass Greenland by the year 2100 (with the upper end of the
likely contribution being ~0.3 m above the 1986-2005 mean, though the possibility of such dynamic responses
as marine ice sheet instability result in large uncertainty regarding this estimate; IPCC, 2019). Armstong McKay
et al. (2022) synthesize numerous observation and modeling studies (e.g., Arthern & Williams, 2017; Feldmann
& Levermann, 2015; Garbe et al., 2020; H. Yu et al., 2019) to estimate that the West Antarctic Ice Sheet (WAIS)
is susceptible to self-perpetuating collapse if global mean temperatures pass ~1.5°C above pre-industrial levels.
It is therefore prudent to research the Antarctic climate response and projected ice loss in SAI cases where global
mean warming is kept below 1.5°C.

However, the only previous studies explicitly examining SAI impacts on the Antarctic region, McCusker
et al. (2015) and Sutter et al. (2023), largely show that solar geoengineering is unable to prevent Antarctic shelf
warming and the eventual collapse of the WAIS. Sutter et al. (2023) results, contingent upon the amount of
SAI and the temperature target for GMT, will be addressed at the end of Discussion Section 4.1. McCusker
et al. (2015) results, contingent on where (which latitudes) the injection occurs, show that a sulfate aerosol addi-
tion between 10°S and 10°N beginning in 2035 will still lead to warming of the subsurface Antarctic shelf waters
around the mid-21st century (albeit less warming than the RCP8.5 scenario alone) despite cooling mid-21st
century global mean surface air temperature (SAT) to the late-twentieth century level. The authors focus on
the ASE and attribute the persistent shelf ocean warming at depth to the equatorial sulfate injection disrupt-
ing the upper troposphere/lower stratosphere meridional temperature gradients, thereby leading to a weakening
of the coastal easterlies and increased Ekman upwelling of the relatively warm CDW onto the shelf.

Using a similar climate model, Bednarz et al. (2022) shows that while deploying SAI at the Equator or in the north-
ern hemisphere does indeed simulate induce similar weakening of the coastal easterlies as found in McCusker
et al. (2015), injecting in the southern hemisphere will strengthen coastal easterlies relative to a mid-century
SSP2-4.5 scenario. Specifically, Bednarz et al. (2022) finds that injecting SO, at the Equator, 15°N, or 30°N
will shift the southern hemisphere tropospheric eddy-driven jet poleward resulting in SLP and wind patterns
consistent with a positive phase of SAM, while injecting at 15° or 30°S will shift the eddy-driven jet equatorward
resulting in patterns consistent with a negative phase SAM. This opposing impact of SAI on Antarctic regional
atmospheric conditions and circulation with respect to the hemisphere of aerosol injection motivates the current

GODDARD ET AL.

3 of 31

[umod ‘TT *€T0T ‘9668691

:sdny woiy pap

ASULOIT SUOWIWO)) dANEAI)) d[qedtjdde ayy Aq pauIaA0S are SA[OIIE V() ash JO SN 10§ AIeIqIT AUIUQ AS[IAL UO (SUONIPUOI-PUB-SULID}/ W0 ASIM" AIRIQIQUI[UO//:SdNY) SUONIPUO)) puE SWIA T, 3y 39S [$T07/10/#0] U0 A1eIqr duruQ L3I ‘ANsIoAtun [[ou10)) Aq HE46E0ArET0Z/6201°01/10p/wod kM reiqijaury



A7oN |
NI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2023JD039434

Table 1

A Summary of the Eleven Stratospheric Aerosol Injection Simulations and the Historical and SSP2-4.5 Simulations
Including the Number of Ensemble Members, Latitude(s) of Injection, the Season(s) or Year-Round Application of the
Injection, the Approximate Amount of Injection Averaged During 2050-2069 in Tg-SO, yr~', the Analysis Time Period, and
the Global Mean Temperature Response During This Time Period Relative to the Pre-Industrial Time Period (+1 Standard
Error, Where the Sample Size is the Number of Years Across All Ensemble Members)

Sim. Abbr. Ens. Mem. Latitude of inj. Ann. or Seas.  Tg-SO, yr! Analysis GMT—PI (°C)
HIST 3 N/A N/A N/A 1990-2009 0.6 +0.1
SSP2-4.5 3 N/A N/A N/A 2050-2069 24 +0.1
30N-ANN 2 30°N ANN 12.0 2050-2069 1.4 +£0.1
15N-ANN 2 15°N ANN 12.0 2050-2069 1.5+0.1
EQ-ANN 2 Equator ANN 12.0 2050-2069 1.6 £0.1
15S-ANN 2 15°S ANN 12.0 2050-2069 1.4 +£0.1
30S-ANN 2 30°S ANN 12.0 2050-2069 1.3+0.1
60S-SON 1 60°S SON 12.0 2050-2069 1.6 £0.1
60N-MAM 1 60°N MAM 12.0 2050-2069 1.7+0.1
Global+1.5 3 30°N, 15°N, 15°S, 30°S ANN 8.6 2050-2069 1.6+0.1
Global+1.0 3 30°N, 15°N, 15°S, 30°S ANN 17.0 2050-2069 1.0 £0.1
Global+0.5 3 30°N, 15°N, 15°S, 30°S ANN 25.6 2050-2069 0.6 +£0.1
Polar+1.0 3 60°N, 60°S MAM, SON 204 2050-2069 12+0.1

Note. The simulation name is in italics if their results are located in Supporting Information S1.

study. Here we use a comprehensive set of seven single-latitude injection sensitivity simulations and four more
complex multiple-latitude injection cases to systematically analyze the following questions: How do various SAI
cases impact the SAM and ASL variability (Section 3.1)? Which SAI cases lead to warmer SAT or greater precip-
itation above the continent relevant to surface mass balance (Sections 3.1 and 4.1)? Finally, which SAI cases lead
to continued upwelling of warm water on the Antarctic continental shelf (Sections 3.2 and 4.1)?

2. Model and Methods

In this work we consider 11 SAI cases (Table 1) simulated using the Community Earth System Model
version 2, using the Whole Atmosphere Community Climate Model version 6 as the atmospheric component
(CESM2-WACCM6; Danabasoglu et al., 2020; Gettelman et al., 2019). The atmospheric horizontal resolution
is 1.25° longitude by 0.95° latitude, with 70 vertical layers extending from the surface to about 140 km. The
simulations use the Middle Atmosphere chemistry configuration (Davis et al., 2022) that includes an interac-
tive stratospheric and upper atmospheric chemistry in addition to aerosol microphysics from the Modal Aerosol
Module (MAM4; Liu et al., 2016). The ocean model (Parallel Ocean Program Version 2) horizontal resolution is
1.125° in the zonal direction and ranges between about 0.27° and 0.64° in the meridional direction and includes
60 vertical levels (Danabasoglu et al., 2012; R. Smith et al., 2010). There is not a coupled dynamic Antarctic
ice sheet model in our simulations and as such sub ice shelf melt is not represented. However, here we use the
continental shelf seas (referred to in this text as the shelf ocean) warming to represent basal melt potential. The
simulations use the coupled Land Model version 5.0 (Lawrence et al., 2019) to track surface ice mass balance.
Mass loss due to calving is not simulated. Each SAI case is simulated using the background CMIP6 SSP2-4.5
scenario (Meinshausen et al., 2020) with the sulfate precursor (SO,) injection beginning in January 2035 and
continuing through December 2069.

The first set of SAI cases, consisting of seven simulation setups, each inject SO, at every timestep at a single
latitude into the lower stratosphere at a constant rate equivalent to 12 Tg-SO, per year (Table 1). The first five
of these simulations, which inject SO, year-round at ~21.5 km altitude and either at 30°N, 15°N, 0°N, 15°S, or
30°S, respectively, were introduced in Visioni et al. (2023) and Bednarz et al. (2023) and used to examine the
response of the SAM to SAI in Bednarz et al. (2022). Additionally, we introduce two other single-latitude injec-
tion cases that inject at 60°S during the austral spring (SON) or at 60°N during the boreal spring (MAM) at about
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15 km in altitude. At these high latitudes, injections are proposed in the Spring to account for the seasonal cycle
of insolation and the relatively shorter lifetime of aerosols in the stratosphere at these latitudes (Lee et al., 2021).
This method would ensure that aerosol concentrations are low during winter and at the beginning of spring, when
sunlight-driven heterogeneous chemistry would result in increased ozone depletion. These six SAI cases are
abbreviated as 60N-MAM, 30N-ANN, 15N-ANN, EQ-ANN, 15S-ANN, 30S-ANN, and 60S-SON.

The second set of SAI cases, consisting of four more complex simulation setups, each inject SO, at every time-
step at multiple latitudes simultaneously and under time-varying injection rates (Table 1). The injection rates are
determined at the beginning of each year by a feedback algorithm such as to maintain the annual global mean
near-surface temperature (GMT) at a chosen level above the pre-industrial (PI) conditions. Three of these simu-
lations, introduced in MacMartin et al. (2022), each inject at 30°N, 15°N, 15°S, and 30°S to maintain GMT at
1.5°C + PI, 1.0°C + PI, and 0.5°C + PI, respectively. After slowly increasing SAI rates to meet the GMT goals,
the GMT for years 2050-2069 in these simulations have the same GMT as years 2020-2039, 2008-2027, and
1993-2012 from the CESM2-WACCM6 SSP2-4.5 and/or historical forcing simulations, respectively. These SAI
cases also meet two other objectives: maintaining the interhemispheric surface temperature gradient and the
Equator-to-pole surface temperature gradient at their reference PI levels as detailed in Kravitz et al. (2017) and
Tilmes et al. (2018). Additionally, we introduce a fourth multi-latitude injection case that injects at 60°S during
austral Spring (SON) and 60°N during boreal Spring (MAM) to meet the 1.0°C + PI GMT objective (Zhang
et al., 2023). These four SAI cases are abbreviated as Global+1.5, Global+1.0, Global+0.5, and Polar+1.0. For
these cases, the total amount of SO, injected per year averaged for years 2050-2069 is about 8.6, 17.0, 25.6, and
20.4 Tg-SO, yr~!, respectively (Visioni et al., 2023; Zhang et al., 2023).

The two different sets of SAI cases serve two complementary purposes. The single-latitude injection cases, with
a fixed amount injected per year, serve to more easily diagnose changes to the climate system by considering
one location at a time. Their purpose is not to illustrate a desirable deployment strategy; rather, they serve as a
“step-function” response which can inform more complex strategies that rely on a combination of multiple injec-
tion locations and use time-varying injection rates to maintain one or more climate targets, assuming a certain
linearity of the system and additivity between different locations (Visioni et al., 2023). Bednarz et al. (2022)
showed the potential of these single-latitude injection simulations to explore physical mechanisms driving the
SAI responses and to explain changes in another set of multi-latitude injection simulations for one particular
climate driver, the SAM. Finally, comparisons between the Global+1.5, Global+1.0, Global+0.5 simulations
allow one to ascertain to which degree the observed changes depend on the amount of GMT cooling obtained,
while comparisons between Global+1.0 and Polar+1.0 allow a comparison of two strategies with similar GMT,
but different injection strategies. All 11 SAI cases are summarized in Table 1, including the number of ensemble
members for each strategy.

Here, we analyze the ensemble mean results from the last 20 years of the SAI simulations (2050-2069) and
compare them to CESM2-WACCMS6 simulations of the CMIP6 historical forcing near the turn of the 21st century
(1990-2009). We contrast these responses with the analogous responses simulated in the CESM2-WAACMG6
CMIP6 SSP2-4.5 simulations as a control greenhouse gas scenario without SAI for the same time period
(2050-2069). In the Discussion Section 4.1, we also compare the SAI simulations (2050-2069) to the time period
when the GMT is 1.5°C above the pre-industrial in the SSP2-4.5 scenario (years 2020-2039). We denote a statis-
tically significant change where the difference in the two means is greater than +2 standard errors. The sample
size is the number of years across all ensemble members and is adjusted depending upon the autocorrelation at
each model grid box, where necessary (Wilks, 1997).

3. Results
3.1. Antarctic Surface Climate

In addition to reflecting incoming solar radiation, the injected aerosols will also absorb outgoing terrestrial radia-
tion and some incoming solar radiation which in turn warms the lower stratosphere. This localized warming with
respect to the Historical simulation (1990-2009) is shown in the first two columns of Figure 2. Consistent with
the results of Bednarz et al. (2022), who use the same single-latitude SAI simulations, this warming strengthens
the stratospheric Equator-to-pole temperature gradient initiating a year-round strengthening of the stratospheric
polar jet (Figure 2—Ilast column). This dynamical response also alters tropospheric circulation expressed through
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Figure 2. The top row shows the Historical annual ensemble mean (1990-2009) zonal mean sulfate burden (10~7 kg-SO,
kg-air~!), temperature (K), and zonal wind velocity (m s~!). Shading in the following rows show the annual ensemble mean
anomalies (2050-2069) from the Historical with respect to SSP2-4.5 and the stratospheric aerosol injection cases. Contours in
the first column show the sulfate burden difference from the Historical, whereas, in columns two and three, contours show the
corresponding temperatures and zonal velocity in the Historical simulation for reference. Stippling shows the regions where
the difference is not statistically significant. SPJ = southern hemisphere stratospheric polar jet; EDJ = southern hemisphere
eddy-driven jet.

latitudinal shifts and/or strength modification of the tropospheric eddy-driven jet. Of particular importance to the
current study, in the southern hemisphere (SH) these anomalies differ in sign and magnitude depending on the
latitude(s) of the injection. The single-latitude injection cases at the Equator (EQ-ANN), 15°N (15N-ANN, Figure
S1 in Supporting Information S1), or 30°N (30N-ANN) shift the SH eddy driven jet poleward, whereas injection
cases at 15°S (15S-ANN, Figure S1 in Supporting Information S1) or 30°S (30S-ANN) shift the tropospheric
jet Equatorward. Furthermore, these circulation anomalies reach the surface at about 60°S and are expressed as
westerly anomalies for the Equator and northern hemisphere (NH) injection cases and easterly anomalies (or
no significant change) for SH injection cases. As described in Bednarz et al. (2022) these opposite responses
at the surface are linked to associated changes in the tropospheric eddy heat and momentum fluxes as well as
stratospheric wave propagation or breaking and high latitude downwelling during austral winter and spring.

GODDARD ET AL.

6 of 31

0d ‘7T “€T0T “9668691T

:sdny woy papeoyt

ASULOIT SUOWIWO)) dATEAI)) d[qedtjdde ayy Aq pauIaA0S are SA[O1IE V() ‘ash Jo s 10§ AIeIqIT AUIUQ A3[IAL UO (SUONIPUOI-PUB-SULID}/ W0 AS1m"AIRIqIuI[u0//:sdNY) SUONIpUOy) pue swd [, 31 23S “[$707/10/#0] U0 Areiqry aurjuQ A1 “ANsIoAtun [[ou10)) Aq FEH6S0AET0Z/6201°01/10p/wod Aim: AIeiqrjaur,



A7 |
M\I,
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2023JD039434

60°E
SSP2-4.5

1015.0 @-3.0
1002.5 1.5
©
990.0 0.0 o
=
977.5 -1.5
965.0 -3.0

Figure 3. The top left panel shows the Historical annual ensemble mean (1990-2009) sea level pressure (SLP) (hPa) and surface wind stress vectors (N m~2, in the
direction of the surface winds). The following rows show the annual ensemble mean anomalies (2050-2069) from the Historical with respect to SSP2-4.5 and the
stratospheric aerosol injection cases. Stippling shows the regions where the SLP difference is not statistically significant.

The single-latitude injection cases also reveal that the Equator and NH single-latitude injections drive year-round
SLP reductions above Antarctica and westerly surface wind stress anomalies around the coastline consistent with
a positive phase of SAM (Figure 3 and Figure S2 in Supporting Information S1). These anomalies are similar
in pattern and larger in magnitude as compared to the SSP2-4.5 anomalies which also reflect a positive SAM
and are consistent with previous studies projecting a positive trending SAM through the 21st century under
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Figure 4. The left panel shows the Pacific-South American (PSA) pattern defined from the standardized leading modes of variability from an empirical orthogonal
function analysis of the Historical (1990-2009) area-weighted monthly mean sea level pressure (SLP) anomalies with respect to its climatology poleward of 20°S (L.
Yu et al., 2012). The pattern shown accounts for 11.4% + 0.2% (+1 standard deviation with respect to the ensemble members) of the variability in the anomalous SLP
field (the Southern Annular Mode pattern accounts for 26.5% + 1.8% and the other PSA pattern (associated with sea surface temperature in the tropical Pacific but best
correlates with the depth of the Amundsen Sea Low (ASL)) accounts for 9.4% + 0.7%). The center panel shows the linear regression slope of Global+1.0 (2050-2069)
monthly SLP anomalies from the Historical onto the Global+1.0 monthly central Pacific (5°S:5°N & 160°E:30°W average) sea surface temperature anomalies from the
Historical. The contours show the explained variance (contours begin at 5% and increase by 5% per level). The right panel shows the annual ensemble mean anomalies
of Global+1.0 from the Historical ensemble mean SLP (hPa). In all panels, the center of the green cross marks the annual mean location of the Historical ASL position,
and the black cross marks the Global+1.0 ASL position, with +1 standard deviation in the longitudinal and latitudinal directions (crosses). Stippling shows the regions
where the values are not statistically significant.

greenhouse gas forcing (Coburn & Pryor, 2022; Zheng et al., 2013). Conversely, SH single-latitude injections
drive anomaly fields consistent with a negative SAM (pressure increases and easterly wind anomalies above and
around Antarctica).

Analyzing the surface wind stress and SLP anomalies resulting from the single-latitude injection cases can help
interpret the results from the multi-latitude injection cases: Global+1.0 and Polar+1.0 (with Global+0.5 and
Global+1.5 shown in Supporting Information S1). The Global+1.0 case shows that the westerly anomalies
derived from the stratospheric polar jet strengthening do not propagate down to the troposphere and modify
the tropospheric jet nor drive westerly anomalies at the surface at 60°S (Figure 2—Ilast column). Therefore, the
circumpolar wind stress and SLP anomalies do not reflect a characteristic positive SAM phase that one would
expect under the strengthening of the stratospheric jet (Figure 3). Instead, the anomalous SLP dipole off the coast
of West Antarctica and the Peninsula is consistent with the Pacific-South American (PSA) pattern that represents
an Equator-to-pole atmospheric Rossby wave response to changes in central tropical Pacific sea surface temper-
ature (Kidson, 1998; Mo & Higgins, 1998; Yueng et al., 2019).

This PSA pattern accounts for 11.4% + 0.2% (+1 standard deviation with respect to the ensemble members) of
the variability in the anomalous SLP field and is associated with longitudinal shifts in the ASL wherein posi-
tive central Pacific sea surface temperature anomalies are associated with a blocking high over the Antarctic
Peninsula and a westward migration of the ASL (Figure 4). (The SAM pattern accounts for 26.5% + 1.8% and
the other PSA pattern, also associated with sea surface temperature in the tropical Pacific but best correlates
with the depth of the ASL due to a 90° zonal phase shift from the other PSA mode, accounts for 9.4% =+ 0.7%).
These PSA patterns have been shown to impact the ASL position and depth from seasonal to decadal times-
cales (e.g., Ding et al., 2011; Goddard et al., 2021; Holland et al., 2019; Kidson, 1998). In this study, we will
focus on the PSA pattern that is associated with ASL longitudinal shifts and is reflected in the anomalous SLP
patterns in Global+1.0 (Figure 3). This PSA teleconnection is less prominent for SAI cases that strengthen the
SH eddy-driven jet as this frontal enhancement reflects or breaks the Rossby wave train before reaching the
Amundsen-Bellingshausen Seas region (Schneider et al., 2012; Yueng et al., 2019).
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The Polar+1.0 surface wind stress and SLP anomalies can also be interpreted through the analysis of the single-latitude
injection simulations. Both 30S-ANN (significant change) and 15S-ANN (non-significant) show easterly anomalies
in the annual zonal mean velocity at the surface at 60°S (Figure 2 and Figure S1 in Supporting Information S1).
However, in 60S-SON this anomaly is weakly westerly (non-significant, Figure S1 in Supporting Information S1).
This anomaly is, at least in part, due to the preferential cooling of the SH high latitudes and relative warming of the
mid-to-low latitudes which enhances the tropospheric meridional temperature gradient and results in increased west-
erly winds at the surface. Furthermore, in addition to injecting at 60°S in austral spring, the Polar+1.0 simulation
also injects at 60°N in boreal spring (MAM). Consistent with the 15N-ANN and 30N-ANN responses, 60N-MAM
strengthens the tropospheric polar jet resulting in significant westerly wind anomalies at the surface near 60°S
(Figures S1 and S2 in Supporting Information S1). Therefore, the combination of injecting at both 60°S and 60°N as
the Polar+1.0 case does, results in a significant annual mean westerly anomaly at the surface at 60°S (Figure 2). The
surface wind stress and SLP anomaly fields are in turn consistent with a positive SAM (Figure 3). In summary, both
Global+1.0 and Polar+1.0 similarly reduce GMT relative to the pre-industrial while the different injection distribu-
tion drives different dynamical responses that lead to different circulation patterns around Antarctica.

For each SAI case, the simulated atmospheric circulation changes will drive SAT and precipitation anomalies
around Antarctica. To first order these anomalies respond to hemispheric-scale temperature changes that differ
with respect to each SAI case. The annual mean change in SAT poleward of 50°S with respect to the Historical
simulation is +1.7° (SSP2-4.5), +1.5° (30N-ANN), +1.0° (EQ-ANN), —0.2° (30S-ANN), +0.4° (Global+1.0),
and +0.3°C (Polar+1.0), where one standard error of the difference in means is about 0.05°C. (For context, the
corresponding temperature in years 2008—2027 from the SSP2-4.5 simulation where the GMT was the same as
in Global+1.0 and Polar+1.0 was 4+0.4°C; the polar strategy indeed focuses more cooling on the high-latitude
regions relative to the global mean.) As expected, the cases which inject the least SO, in the SH cool SAT in the
Antarctic region the least, leaving residual warming as the impact of increasing greenhouse gases is not being
fully offset (Figure 5). Consistent across all cases except for 30S-ANN and 60S-SON (Figure S3 in Supporting
Information S1), the positive SAT anomalies over the ocean are greatest across the eastern Amundsen Sea to
the Antarctic Peninsula and between about 20°E and 50°E. These locations are associated with wind anomalies
that have a northerly component which not only transports warmer air from lower latitudes to the area but also
contributes to the reduced local sea ice extent (Figure 5—contours). Regarding each case, SAT anomalies over
the continent vary less than the anomalies over the nearby ocean, with the largest residual warming relative to the
Historical typically located on the Antarctic Peninsula and over West Antarctica.

Similarly, the simulated total precipitation anomalies over Antarctica are primarily associated with the chang-
ing moisture capacity of the atmosphere. The annual mean 50°S-to-pole total precipitable water anomaly with
respect to the historical simulation is +1.0 (SSP2-4.5), +0.8 (30N-ANN), +0.6 (EQ-ANN), —0.1 (30S-ANN),
+0.2 (Global+1.0), and +0.3 kg m~2 (Polar+1.0), where one standard error of the difference in means is about
0.03 kg m~2 (Figure 6—contours). Superimposed upon these mean changes in total precipitable water, the circula-
tion anomalies drive significant regional increases in precipitation along the coast of West Antarctica, the Peninsula,
and between about 0° and 60°E in East Antarctica (Figure 6 and Figure S4 in Supporting Information S1). The
positive precipitation anomaly toward the tip of the Peninsula and between 0° and 60°E in the Equator, NH, and
Polar+1.0 cases is due to the westerly storm track migrating southward associated with the positive SAM conditions
(Wille et al., 2021), whereas, the precipitation increase in West Antarctica is due to the westward migration of the
ASL and the positive pressure anomaly near the Peninsula associated with the PSA pattern (Figure 3) (Adusumilli
etal., 2021; Maclennan & Lenaerts, 2021). These PSA-associated SLP anomalies are most prominent in Global+1.0
and set up a moisture pathway from the lower latitudes to the interior of West Antarctica (a similar response is found
in Global+1.5 and Global+1.0, Figures S2 and S4 in Supporting Information S1). In the SH single-latitude injection
cases, changes to precipitation around the Antarctic periphery are very small and often non-significant.

Combining the changes to SAT and precipitation over Antarctica, we can assess simulated changes to surface
ice accumulation for each SAI case. In the Historical simulation, only at the northern tip of the Peninsula is the
amount of surface ice melt greater than ice formation resulting from precipitation (Figure 7). Across the rest of
Antarctica there is an annual mean gain in surface ice mass. With respect to the Historical, the SAI surface accu-
mulation anomalies are very similar to the anomalous precipitation patterns (Figures 6 and 7; Figures S4 and S5
in Supporting Information S1). The enhanced hydrological process dominates the mass gain anomalies because
despite SAT increase for most SAI cases, the temperature is still below 0°C for the annual mean (Figure 5 and
Figure S3 in Supporting Information S1). The only exception under most SAI cases is at the northern part of the
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Figure S. The top left panel shows the Historical annual ensemble mean (1990-2009) surface air temperature (SAT, °C) with a solid black contour showing the sea ice
extent (at 25% concentration). Shading in the following rows show the annual ensemble mean SAT anomalies (2050-2069) from the Historical with respect to SSP2-
4.5 and the stratospheric aerosol injection (SAI) cases. Each of these panels show the Historical sea ice extent contour (solid) and the SSP2-4.5 or SAI case contour
(dashed). Stippling shows the regions where the SAT difference is not statistically significant.

Peninsula where the SAT increases and ice formation declines relative to the Historical. The reduction in ice
accumulation at this location can exceed —2.0 mm day~'. Furthermore, consistent with the precipitation results,
the SH single-latitude injection cases show small, and often non-significant changes to ice accumulation. In
summary, the surface ice accumulation anomalies shown in the NH single-latitude or multi-latitude SAI cases with
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Figure 6. The top left panel shows the Historical annual ensemble mean (1990-2009) total precipitation (mm yr~!) with black contours showing total precipitable
water (kg m~2). Shading in the following rows show the annual ensemble mean total precipitation anomalies with black contours showing total precipitable water
anomalies (2050-2069) from the Historical with respect to SSP2-4.5 and the stratospheric aerosol injection cases. Stippling shows the regions where the total
precipitation difference is not statistically significant.

respect to the Historical simulation are largely driven by precipitation increases. These precipitation increases are
due to the enhanced hydrological cycle from the background greenhouse warming relative to the Historical that
is not completely offset by these SAI cases (Visioni et al., 2023). Moreover, the regional ice accumulation varia-
bility is consistent with changes to the SAM index or longitudinal shifts of the ASL via the PSA teleconnection.
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Figure 7. The top left panel shows the Historical annual ensemble mean (1990-2009) net surface ice accumulation (mm day~'). Shading in the following rows show
the annual ensemble mean ice accumulation anomalies (2050-2069) from the Historical with respect to SSP2-4.5 and the stratospheric aerosol injection cases. Stippling
shows the regions where the accumulation difference is not statistically significant.

3.2. Antarctic Shelf Ocean

The Antarctic surface climate anomalies directly alter ocean conditions above the continental shelf through three
surface mechanisms: surface ocean radiative flux, surface ocean momentum flux through wind stress, and surface
ocean salinity flux. With regards to the first mechanism, Figure S6 in Supporting Information S1 shows that the
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largest near surface shelf ocean temperature warming (0O—100 m mean) occurs near the Peninsula and along East
Antarctica between about 20°E and 50°E coinciding with positive SAT temperature anomalies over these regions
as shown in Figure 5 and Figure S3 in Supporting Information S1. Similarly, these 0—100 m mean shelf ocean
temperature anomalies are primarily driven by the mean large (hemispheric) scale SAT anomalies and the surface
radiative flux response due to shifts in the SAM index. Furthermore, like the SAT anomalies, the Equator and NH
single-latitude SAI cases warm these surface waters the most and the SH-only, Global+1.0, and Polar+1.0 SAI
cases show minimal warming (and sometimes even significant cooling) with respect to the Historical.

Shelf ocean warming below 100 m, pertinent to ice shelf basal melt and ice sheet mass loss, is primarily driven
by surface wind stress changes near Antarctica's coastline. A change to the wind stress curl, or Ekman pumping,
impacts the downwelling rate of the surface waters at the ocean-ice shelf interface. When coastal easterly wind
stress is robust, Ekman pumping continuously supplies cold fresh surface waters to the subsurface of the shelf
ocean. However, when easterly wind stress weakens there is anomalous Ekman upwelling of the off-shelf rela-
tively warm and saline CDW onto the shelf where it warms the surrounding shelf waters from below. Figure 8 and
Figure S7 in Supporting Information S1 show that the Historical Ekman downwelling is significantly reduced (a
relative Ekman upwelling anomaly) along most of the West Antarctic and East Antarctic coastline for the Equator
and the NH-only SAI cases as well as SSP2-4.5. The Ekman upwelling anomalies for Global4-1.0 and Polar+1.0
are comparatively lower in magnitude or non-significant in these regions. Moreover, the 30S-ANN SAI cases
increases Ekman pumping along East Antarctica and the western portion of West Antarctica as a result of the
increased coastal easterly wind stress, as explained in the previous Results Section and shown in Figure 3. For
each respective SAI case, these simulated changes to Ekman pumping are consistent with the associated impacts
on the SAM and the resulting surface wind stress anomalies along the coast.

Comparing the anomalous Ekman pumping patterns to the 100-1,000 m mean shelf ocean temperature anomalies
reveals a qualitative link between changes in the surface wind stress and the subsurface shelf ocean temperature
(Figure 9 and Figure S8 in Supporting Information S1). In general, for the Equator and NH SAI cases and at the loca-
tions for which coastal Ekman upwelling anomalies occur, the mean subsurface shelf ocean temperature increases;
and opposingly, for the SH SAI cases and locations where Ekman downwelling is enhanced, the mean subsurface
temperature decreases relative to the Historical. An exception to this generalization is the 100—1,000 m mean shelf
ocean warming simulated in all SAI cases in the Weddell Sea sector. The simulated Weddell Sea shelf warming is
likely associated with the interaction between the Filchner trough (see Figure 1) and the ASF and Current which
reside just offshore of the shelf break (Hellmer et al., 2012). The shoaling of the isopycnals in the ASF near the
Filchner trough in response to temperature, salinity, or wind stress changes can initiate a pathway for oft-shelf CDW
to encroach upon the shelf (Bull et al., 2021; Ryan et al., 2020). However, in a regional high-resolution modeling
study, Daae et al. (2020) shows that relatively severe changes to the ASF would need to occur for the warm water to
consistently access the Weddell Sea shelf. Therefore, in the current study, it is likely that the Weddell Sea shelf ocean
warming is an overestimate given that this response results in all SAI cases despite opposing changes to surface wind
stress and that many of the relevant processes occur at the subgrid scale and are thus parameterized in the current
simulations. Caveats concerning the ocean model's resolution are further explained in the Discussion section.

To further analyze the drivers of subsurface shelf warming we now focus on regions where evidences of CDW (or
modified CDW) have been observed: near the ice shelves in the Amundsen Sea (Jacobs et al., 1996), the Belling-
shausen Sea (Jenkins & Jacobs, 2008), and around East Antarctica near the Totten Glacier (~116°E) (Greenbaum
et al., 2015), Vincennes Bay (~110°E) (Ribeiro et al., 2021), and Prydz Bay (PB) (~74°E) (Herraiz-Borreguero
et al., 2015). To do so, we create a depth profile above the shelf and landward of the shelf break of vertical
temperature advection averaged across the Amundsen-Bellingshausen Seas (ASBS) from 75°W—130°W and
in East Antarctica (EAIS) from 5° to 140°E (see Figure 1 for these shelf boundary locations). Furthermore,
we analyze cross-shelf transects of potential temperature, salinity, and potential density that are representative
of these regions at 106°W (ASE) and at 74°E (PB, see Figure 1 for these transect locations). It is essential to
recognize that the following results come with caveats and limitations stemming from the resolution of the ocean
model and the accuracy of simulating relevant physical characteristics. These factors include elements such as
the position and structure of the ASF, thermocline, bathymetric resolution, and more. Further details regarding
these factors are discussed in Section 4.2.

Focusing first on vertical temperature advection below ~150 m in the ASBS sector, 30N-ANN relative to the
Historical simulation shows an anomalous upward temperature advection at these depths (Figure 10, top right
panel—dark gray line). These depths coincide with the largest temperature increases shown in a cross-shelf
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Figure 8. The top left panel shows the Historical annual ensemble mean (1990-2009) Ekman upwelling (positive values) and Ekman pumping (negative values) (m
yr~!). Shading in the following rows show the annual ensemble mean anomalies (2050-2069) from the Historical with respect to SSP2-4.5 and the stratospheric aerosol
injection cases. Stippling shows the regions where the difference is not statistically significant. The dark gray contour follows the 1,500 m isobath.

transect through the ASE (Figure 11). Figure 10 also shows the relative contribution to the change in vertical
temperature advection (A(—w X dT/dz)) due to changes to the vertical velocity (—Aw X dT/dz), to the verti-
cal temperature gradient (—wXx dAT/dz), and to the interaction between these perturbations (—Aw X dAT/dz),
where the overbar denotes the Historical mean. Therefore, the second row in Figure 10 for 30N-ANN relative to
the Historical shows that the anomalous upward vertical temperature advection below ~150 m is primarily driven
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Figure 9. The top left panel shows the Historical annual ensemble mean (1990-2009) 100-1,000 m mean ocean potential temperature (°C). Shading in the following
rows show the annual ensemble mean anomalies (2050-2069) from the Historical with respect to SSP2-4.5 and the stratospheric aerosol injection cases. Stippling
shows the regions where the difference is not statistically significant. The dark gray contour follows the 1,500 m isobath.

by the combination of the decrease in downward vertical velocity and a decrease in the temperature gradient (a
reduction in the temperature increase as depth increases—which represents a shoaling of the isotherms at these
depths). These results are similar for the EQ-ANN anomalies (gray line) and the 15N-ANN anomalies (Figures
S9 and S10 in Supporting Information S1).
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Figure 10. Vertical temperature advection and contributions to its change above the shelf in the ASBS sector. The top row shows Historical and 30N-ANN vertical
velocity (m yr~!), vertical temperature gradient (where negative values represent increasing temperature with increasing depth, °C m~), and vertical temperature
advection (where the negative values represent a downward advection of colder surface water, °C yr=!). The second and third row show the change in vertical
temperature advection (far right column, A(—w X d7/dz)) and the contributions to this term due to the change in vertical velocity (—Aw X dT/dz), in the vertical
temperature gradient (—w X dAT/dz), and in the interaction between these perturbations (—Aw X dAT/dz), where the overbar denotes the Historical mean.

Furthermore, the upward temperature advection anomalies from below ~150 m for the 30N-ANN and EQ-ANN
SAI cases are greater than for SSP2-4.5 (Figure 10, light gray line—middle row). In SSP2-4.5, the contribution
of anomalous upward velocity to anomalous upward temperature advection below ~150 m is of the opposite sign
compared to 30N-ANN and EQ-ANN (middle row—first panel). This strengthening of the downward vertical
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Figure 11. The top left panel shows the Amundsen Sea embayment cross-shelf transect at 106°W of potential temperature referenced to the surface (°C) with contours
of constant potential density (isopycnals, minus 1,000 kg m~3) for the Historical ensemble mean (1990-2009). Shading in the following rows show the annual ensemble
mean temperature anomalies (2050-2069) from the Historical with respect to SSP2-4.5 and the stratospheric aerosol injection cases where stippling shows the regions
where the difference is not statistically significant. In the difference panels, black contours mark the Historical isopycnals and gray contours mark the perturbed
isopycnals (the lowest perturbed isopycnal is also 27.8 kg m™3).

velocity at depth in SSP2-4.5 may be explained by the greater surface freshwater flux relative to these SAI cases.
The freshwater flux enhances vertical stratification and prevents upward advection of CDW. The role of fresh-
water forcing on 100-1,000 m mean shelf temperature will be explained further below. Nonetheless, anomalous
upward temperature advection persists below ~150 m in SSP2-4.5 due to the shoaling of CDW and the isotherms.

The anomalous warming below ~150 m for Global+1.0 and Polar+1.0 shown in the cross-shelf transect through
the ASE (Figure 11) is also associated with a slight shoaling of the isotherms and reduction in the downward
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vertical velocity as shown in the ASBS sector (Figure 10—bottom row). However, in the EAIS sector, Polar+1.0
shows greater anomalous upward temperature advection and larger shelf ocean temperature anomalies below
~150 m than Global+1.0 (Figures 12 and 13). This is due, at least in part, to slightly larger Ekman upwelling
anomalies in the EAIS sector in Polar+1.0 (Figure 8) stemming from a more pronounced expression of a posi-
tive SAM phase and the associated weakening of the coastal easterly wind stress as compared to Global+1.0
(Figure 3). Another contributing factor to the enhanced upward temperature advection in Polar+1.0 relative to
Global+1.0 may be associated with the larger shelf freshening and greater stratification in Global+1.0 which
minimizes upward vertical velocity anomalies at these depths.

Analyzing the vertical temperature advection in the EAIS sector provides more insight to the role of freshwater
forcing on 100-1,000 m mean shelf temperature. The first panel in the middle row of Figure 12 (light gray line)
shows that between ~50 and 400 m there is a suppression of the upward temperature advection due to changes in
the vertical velocities leading to warming at these depths in SSP2-4.5 as compared to the Historical (Figure 13).
This response is opposite to the expected increase in upward temperature advection due to the anomalous Ekman
upwelling in this region (Figure 8). However, a significant surface freshwater flux driven by increases in runoff
in response to the ice accumulation gain and SAT increase above the nearby land in the EAIS sector (Figures 5
and 7) greatly stratifies the shelf water column preventing upward vertical velocity anomalies at these depths. This
SSP2-4.5 freshening is shown in the 0—100 m mean salinity anomaly maps (Figure 14 and Figure S11 in Support-
ing Information S1), in the deepening of the isopycnals above ~400 m (despite weaker Ekman downwelling), and
in the salinity anomalies in the cross-shelf transect in PB near the Amery Ice Shelf (Figure 15 and Figure S12 in
Supporting Information S1). This stratification is shown to restrict the positive temperature anomalies to depths
below ~200 m in the PB cross-shelf transect (Figure 13 and Figure S13 in Supporting Information S1).

In comparison to SSP2-4.5, both 30N-ANN and EQ-ANN show limited changes to the freshwater flux and isop-
ycnal depth above about ~400 m within the EAIS sector permitting upward temperature advection anomalies
driven by increase vertical velocity. This result is illustrated by the positive values in Figure 12 (middle row—Ieft
column). Therefore, in the Antarctic shelf ocean, our simulations show that the vertical temperature advection
anomalies due to the changes to the vertical velocity term are a function of both changes to surface wind stress
and surface freshwater forcing. This conclusion is supported by previous research using climate models which
detail the relative contributions of freshwater forcing and wind stress changes to shelf ocean warming (e.g.,
Beadling et al., 2022; Bronselaer et al., 2018; Goddard et al., 2017). Finally, a cross-shelf transect of ocean
salinity in the ASE is shown in Figure 16 and Figure S14 in Supporting Information S1 to aid with the analysis
of the vertical temperature advection in Figure 10 and Figure S9 in Supporting Information S1, and Figure S15
in Supporting Information S1 shows vertical temperature advection in the EAIS sector for the SAI cases not
included in main Figure 12.

In summary, our simulations show that Antarctic shelf ocean warming below 100 m is initiated by changes to
the surface wind stress and transferred to the ocean via Ekman upwelling anomalies. For the Equator and the NH
single-latitude SAI cases, these Ekman upwelling anomalies bring warm CDW onto the continental shelf and
increase shelf temperatures at depths pertinent to ice shelf basal melt. Conversely, the SH single-latitude SAI
cases enhance Ekman downwelling, slow onshore CDW transport, and decrease 100—1,000 m shelf temperature
relative to the Historical. Both Global+1.0 and Polar+1.0 show less subsurface warming than SSP2-4.5 but vary
between each other (particularly in the shelf ocean near the EAIS) due to regional differences in surface wind
stress and freshwater flux anomalies. Finally, in agreement with previous studies, results shown here suggest that
upward temperature advection may be limited by enhanced ocean stratification due to surface freshening.

4. Discussion

McKay et al. (2022) synthesize a multitude of studies to quantify the vulnerability of the Antarctic Ice Sheet and
other climate tipping points with respect to future greenhouse gas warming. The authors estimate through their
synthesis of previous work (e.g., Arthern & Williams, 2017; Feldmann & Levermann, 2015; Garbe et al., 2020;
H. Yu et al., 2019) that the global mean surface temperature threshold pertaining to the eventual collapse of the
WALIS is 1.5°C (min. 1.0°, max. 3.0°C) above the pre-industrial time period. Of course, this is an oversimplifi-
cation and the associated uncertainty in this value is large. Each West Antarctic glacier susceptible to marine ice
sheet instability will have its own unique tipping point contingent upon local ocean heat transport, ice dynamics
at the groundling line, and bathymetry. Similarly, McKay et al. (2022) generate an estimate based on previous
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Figure 12. Same caption as for Figure 10 but showing the East Antarctic Ice Sheet sector.

work (e.g., Clark et al., 2020; DeConto et al., 2021; Edwards, 2019; Garbe et al., 2020) for a 3.0°C (min. 2.0°,
max. 6.0°C) temperature threshold that is applicable to the eventual collapse of multiple subglacial basins in East
Antarctica which also rest upon retrograde bedrock.

Following the SSP2-4.5 emissions pathway entails that GMT will reach the 1.5°C threshold in the early 2030s
(Diffenbaugh & Barnes, 2023) and that temperatures will be nearly 3.0°C above the pre-industrial by the end
of the 21st century (Meinshausen et al., 2020). If temperatures are maintained at 1.5°C or 3.0°C above the
pre-industrial, the global mean sea level rise contribution from Antarctica is estimated to be about 1.0 (0.6—
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Figure 13. Same caption as for Figure 11 but showing the Prydz Bay cross-shelf transect at 74°E.

1.2) or 1.5 (1.0-2.0) meters by 2300, respectively; in comparison, the contribution is estimated to be about 9.6
(6.9-13.6, 17th-83rd percentiles) meters by 2300 if greenhouse gas emissions continue in the future along the
business-as-usual RCP8.5 scenario (DeConto et al., 2021). Therefore, SAI has continued to be studied as a means
of minimizing such risks and adverse impacts from exceeding these critical climate thresholds, at least until
renewable energy implementation and/or carbon dioxide removal technologies are scaled globally.

4.1. Multi-Latitude SAI Cases Compared to the 21st Century SSP2-4.5 Pathway

Relevant to the estimated Antarctic Ice Sheet climate tipping points, the discussion below details whether the
four multi-latitude SAI cases (Global+1.5, Global+1.0, Global+0.5, and Polar+1.0) will slow future 21st century
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Figure 14. The top left panel shows the Historical annual ensemble mean (1990-2009) 0—100 m mean salinity (psu). Shading in the following rows show the annual
ensemble mean anomalies (2050-2069) from the Historical with respect to SSP2-4.5 and the stratospheric aerosol injection cases. Stippling shows the regions where
the difference is not statistically significant. The dark gray contour follows the 1,500 m isobath.

Antarctic ice loss relative to years 2020-2039 and/or 2050-2069 in the SSP2-4.5 simulation when GMT is 1.5°C
and 2.4°C above the pre-industrial level, respectively. We qualitatively determine whether ice loss is slowed by
evaluating changes to surface ice accumulation and subsurface shelf ocean temperatures. However, we note that
coupled ice sheet simulations would be necessary to quantify the relative change in ice mass.
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Figure 15. The top left panel shows the Prydz Bay cross-shelf transect at 74°E of salinity (psu) with contours of constant potential density (isopycnals, minus
1,000 kg m~?) for the Historical ensemble mean (1990-2009). Shading in the following rows show the annual ensemble mean temperature anomalies (2050-2069)
from the Historical with respect to SSP2-4.5 and the stratospheric aerosol injection cases where stippling shows the regions where the difference is not statistically

significant. In the difference panels, black contours mark the Historical isopycnals and gray contours mark the perturbed isopycnals (the lowest perturbed isopycnal is

also 27.8 kg m™).

For this assessment, Figure 17 shows the annual ensemble mean area integrated ice accumulation (middle row)
and the 100-1000 m mean shelf ocean temperature (bottom row) with respect to the Historical time period
(1990-2009) for the WAIS, EAIS, or entire continent (columns) for each of the multi-latitude SAI cases, SSP2-
4.5 (2020-2039), and SSP2-4.5 (2050-2069) relative to the GMT change from the pre-industrial for each ensem-
ble mean (independent axis). This figure illustrates whether these SAI cases overcompensate (yellow shaded
region) or undercompensate (green shaded region) these scalar metrics relative to the GMT change from the
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Figure 16. Same caption as for Figure 15 but showing the Amundsen Sea embayment cross-shelf transect at 106°W.

Historical-to-SSP2-4.5 pathway. The spatial response of the ice accumulation and subsurface shelf ocean
temperature for these SAI cases with respect to SSP2-4.5 (2020-2039) and SSP2-4.5 (2050-2069) are shown in
Figures S16 and S17 of Supporting Information S1.

Figure 17 also shows in top left panel (a) the SLP difference between 40° and 65°S which represents the strength
of the SAM (Gong & Wang, 1999; Marshall, 2003) relative to the GMT change for each of the simulation
ensembles. Along the Historical-to-SSP2-4.5 pathway the SLP difference increases with increasing GMT—this
highlights the projected 21st century positive SAM trend (Coburn & Pryor, 2022; Zheng et al., 2013). This
panel also illustrates that Polar+1.0 will result in a more robust positive SAM pattern than is projected along the
Historical-to-SSP2-4.5 pathway; and shows that for all the Global+ cases the SLP difference represents a nega-
tive SAM pattern relative to the Historical-to-SSP2-4.5 pathway. This relative overcompensation in Polar+1.0
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Figure 17. Scalar metrics versus the global mean temperature change from the pre-industrial (independent axis) for the Historical, SSP2-4.5, and multi-latitude
stratospheric aerosol injection (SAI) cases. The top-left panel (a) shows the zonal mean sea level pressure difference from 40° to 65°S. The middle row shows the
integrated surface ice accumulation (m day~!, with respect to the Historical) across the West Antarctic Ice Sheet (WAIS) (from about 145° to 80°W), East Antarctic
Ice Sheet (EAIS) (from about 15°W to 163°E), and the whole continent. The bottom row shows 100—1000 m mean shelf ocean temperature (°C, with respect to the
Historical) across the WAIS, EAIS, and whole continental shelf. All values represent the ensemble mean for years listed in the legend. The yellow and green shaded
regions represent an overcompensation or undercompensation by the SAI case relative to the Historical-to-SSP2-4.5 pathway (the gray line segments connecting the
Historical, SSP2-4.5 (2020-2039), and SSP2-4.5 (2050-2069) circles). The error bars represent plus-minus 1 standard error.

and undercompensation in the Global+ cases is consistent with the SLP and surface wind stress anomaly patterns
shown in Figure 3 and Figure S2 in Supporting Information S1 and critically influences ice accumulation and
shelf ocean temperature patterns as examined in the Results section.

Regarding simulated mass changes to the WAIS, Figure 17b shows that there is an overcompensation of ice accu-
mulation per unit increase in GMT in the multi-latitude SAI cases relative to the Historical-to-SSP2-4.5 pathway.
Notably, for each of these SAI cases WAIS snow accumulation will be greater than the SSP2-4.5 2020-2039
mean accumulation. This increase signifies that all of the multi-latitude SAI cases will accumulate more WAIS
ice at the surface through precipitation as compared to the SSP2-4.5 time period when the GMT reaches 1.5°C
(2020-2039). Nonetheless, this increase in ice accumulation is likely to play a secondary role in the change to the
overall WAIS mass balance as previous research shows that the WAIS projected mass change will be dominated
by ice shelf basal melt due to ocean thermal forcing (Chambers et al., 2022; Siahaan et al., 2022).

Figure 17e shows that there would be an overcompensation of the mean subsurface shelf ocean temperature near
the WALIS in these multi-latitude SAI cases, indicating that the regional ocean is warmer per unit increase in GMT
than along the Historical-to-SSP2-4.5 pathway. Markedly, the Global+1.5 (dark red circle) and Global+1.0 (red
circle) cases result in warmer shelf ocean temperatures near the WAIS as compared to SSP2-4.5 (2020-2039)
when the GMT is 1.5°C above the pre-industrial (gray circle). Of the multi-latitude injection cases considered
in this study only the Polar+1.0 and Global+0.5 cases keep WAIS shelf ocean temperatures below SSP2-4.5
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(2020-2039) which represents an estimated climate tipping point temperature threshold for the self-perpetuating,
eventual collapse of the WAIS as synthesized in McKay et al. (2022). Therefore, to hold shelf ocean tempera-
tures near the WAIS below this threshold through the mid-to-late 21st century (2050-2069), our simulations
suggest that SAI would have to cool GMT by 1.0°C if considering a multi-latitude injection at low latitudes (i.e.,
Global+0.5) or by 0.5°C if considering a high-latitude injection case (i.e., Polar+1.0). That said, it is important
to note that all multi-latitude SAI cases considered here simulate shelf ocean temperatures near the WAIS that are
significantly below the mean value of SSP2-4.5 during 2050-2069 (black circle).

Regarding the EAIS, previous observations show the presence of CDW (or modified CDW) on the shelf and
increased basal melt rates at locations between PB and the Ross Sea (Figure 1) (e.g., Greenbaum et al., 2015;
Rignot et al., 2019; B. Smith et al., 2020). This area includes two subglacial basins near the George V Land
and Wilkes Land that are vulnerable to rapid melting if the warm CDW reaches the regional ice shelves
(Herraiz-Borreguero & Naveira Garabato, 2022; lizuka et al., 2023). Through their research synthesis, McKay
et al. (2022) estimate that for these East Antarctic subglacial basins to become high risk for collapse the GMT
above the pre-industrial threshold is ~3.0°C, with a minimum threshold of 2.0°. Therefore, to minimize the risk
of these subglacial basins, we now discuss each multi-latitude SAI case relative to the SSP2-4.5 pathway when
GMT is at least 2.0°C above the pre-industrial.

Figure 17f shows the mean subsurface shelf ocean temperature change near the EAIS (relative to the Historical)
per unit increase in GMT for the multi-latitude SAI cases and the Historical-to-SSP2-4.5 pathway. Although the
three Global+ cases warm the regional shelf ocean more than the Historical-to-SSP2-4.5 pathway (an overcom-
pensation), all temperatures are significantly lower than the mean shelf temperature increase (~0.15°C) associ-
ated with a +2.0°C GMT increase and the low-end temperature threshold for the EAIS subglacial basins climate
tipping point as proposed by McKay et al. (2022). Conversely, the EAIS shelf warming in the Polar+1.0 strategy
(blue circle) is greater than the low-end temperature threshold and is not statistically different from the SSP2-4.5
2050-2069 mean (black circle) wherein GMT is about 2.4°C above the pre-industrial. This simulated EAIS shelf
warming result in Polar+1.0 is driven by the positive SAM response, weakening coastal easterlies, and increased
CDW upwelling shown in the Results section. Furthermore, the Polar+1.0 surface ice accumulation overcompen-
sation (Figure 17c) is far less than the shelf ocean warming overcompensation which implies that the EAIS mass
loss under the Polar+1.0 case would be more similar to the mid-to-late century SSP2-4.5 pathway than a pathway
that uses a Global+ injection strategy.

Integrating these results across all of Antarctica, we highlight here that our simulations suggest that the
Global+0.5 or Global+1.0 SAI cases demonstrate distinct benefits concerning ice mass balance as compared to
the Global+1.5 or Polar+1.0 cases as well as to the SSP2-4.5 pathway with no SAI. Figure 17d shows that relative
to the Historical-to-SSP2-4.5 pathway, Global+0.5 and Global+1.0 overcompensate Antarctic surface ice accu-
mulation as much or more than the Global+1.5 or Polar+1.0 SAI cases relative to the Historical-to-SSP2-4.5 path-
way. Therefore, the simulated atmospheric circulation changes induced by Global+0.5 and Global+1.0 (namely
the onshore winds near the WAIS due to the developed Pacific-South America pattern, Figure 3 and Figure S2
in Supporting Information S1) bring more snow and ice accumulation to the Antarctic continent relative to the
change in GMT and relative to Global+1.5 or Polar+1.0 (as well as the Historical-to-SSP2-4.5 pathway). Further-
more, in both Polar+1.0 and Global+1.5 the mean Antarctic shelf ocean temperature is significantly warmer due
to associated changes in CDW upwelling as compared to Global+0.5 and Global+1.0. Finally, despite similar
integrated ice accumulation and mean shelf ocean temperature across Antarctica, it is important to recall that
Global+0.5 keeps the WAIS shelf ocean temperature below that associated with the estimated 1.5°C temperature
threshold, while Global+1.0 exceeds this threshold and thus incurs a greater risk of driving a WAIS collapse.
Therefore, for our simulations utilizing SAI to cool GMT to 0.5°C above the pre-industrial, as represented by the
Global+0.5 case, would be needed to minimize these risks to the Antarctic Ice Sheet.

Our findings emphasize the importance of clearly defining both the cooling objectives and injection locations
when discussing the potential of SAI to mitigate the impacts of greenhouse warming on the Antarctic ice sheets.
For instance, Sutter et al. (2023) mainly highlight SAI cases that cannot prevent WAIS collapse. Most of their
SAI cases deploy after GMT is already above 1.5°C above pre-industrial, and they do not consider cooling below
the temperature at the start of deployment. Furthermore, all of their cases inject more in the NH than the SH and
include a significant injection portion near the Equator. The results presented from our simulations show that
the latitudinal dispersion of aerosols in Sutter et al. (2023) would lead to greater warming of the shelf waters
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than injection cases that have a greater concentration in the SH between about 15° and 30°S. The only SAI cases
presented in Sutter et al. (2023) that may prevent WAIS collapse is where SAl is started in or before the year 2040
and GMT is kept to about 1.5°C above pre-industrial. The authors note that the 2040 case still carries a substantial
risk as 35% of their models show that WAIS will still collapse. Therefore, it is important to note that the Sutter
et al. (2023) conclusions are specific to their chosen SAI strategy (the latitudinal dispersion and the target value
for GMT) and differ from the more generalizable result presented in our Figure 17. According to our simulations,
the effectiveness of SAI to minimize the risk of a WAIS collapse depends on the chosen cooling amount and
the latitudinal injection dispersion. As noted previously, to minimize risk of a WAIS collapse, our simulations
suggest that SAI would need to be deployed early, reduce GMT below the temperature at the start of deployment
(e.g., to 0.5°C above the pre-industrial), and inject at latitudes between 30°S and 30°N with a greater proportion
injected in the SH. Moving forward, this consideration should inform the evaluation of trade-offs between higher
and lower amounts of SAIL

4.2. Limitations and Future Work

While the high-latitude SH atmospheric response to various SAI cases shown in this study is consistent with
previous SAI studies (Bednarz et al., 2022; McCusker et al., 2015), the role SAI can play in the Antarctic region
has generally not yet been extensively studied and as such remains relatively poorly understood. The detailed
evaluation of the Antarctic shelf ocean response to multiple SAI cases (which latitude(s) and amount of cooling)
has not, to our knowledge, been performed before and as such our work constitutes a novel contribution to this
research field for which direct comparisons to previous SAI research are minimal. It is therefore important to
discuss the relevant limitations of the model and concerns regarding its representation of the shelf ocean physics.
One key limitation is the relatively weak lateral density gradient associated with the ASF in these simulations as
compared to observations (e.g., the World Ocean Circulation Experiment, Sparrow et al. (2011)) and other studies
which examine cross-ASF heat transport using higher resolved ocean models (e.g., Goddard et al., 2017; Paléczy
et al., 2018; Stewart et al., 2018). The weak ASF is characterized by flatter isopycnals near the shelf break (see
contours in Figures 11 and 13) which create additional pathways for along-isopycnal onshore transport of CDW
as compared to these previous studies and observations. Conversely, the horizontal ocean resolution in the current
study (~1° at 70°S) is too coarse to resolve ocean eddies which are an important mechanism for onshore heat
transport through the ASF (e.g., Goddard et al., 2017; Paldczy et al., 2018; Stewart et al., 2018).

Furthermore, previous studies show that the model representation of the ASF is critical to the effect that surface
freshwater forcing has on CDW-induced shelf warming. Namely, in models with <0.25° horizontal resolution
the shelf ocean surface freshening promotes a strengthening of the ASF which keeps the freshwater on the shelf,
strengthens the ASF, and minimizes onshore cross-ASF heat transport (Beadling et al., 2022; Goddard et al., 2017;
Moorman et al., 2020). Conversely, in coarser ocean models the surface freshening anomalies can extend away
from the continental shelf and stratify the surface layers which flatten the isopycnals that would otherwise reach
the surface and transport heat to the overlying atmosphere or sea ice. Instead, the heat is directed toward the shelf
along the flattened isopycnals (Beadling et al., 2022; Bronselaer et al., 2018; Golledge et al., 2019). In the current
study, the interaction between the ASF, surface freshening, and shelf warming are more aligned with the second
set of studies wherein a relatively weak ASF permits onshore heat transport at depth along relatively flat isopyc-
nals. This heat is then maintained above the continental shelf due to surface freshening and the resultant vertical
stratification which reduces upward vertical heat advection (see Figures 10-13). The relative role of increased
melt flux into the shelf ocean and its effect on shelf temperatures remains an active area of research in the ocean
modeling community.

Despite uncertainties regarding the impact of freshwater forcing and numerical limitations of the ocean model
used in this study, the subsurface shelf ocean temperature response in SSP2-4.5 are consistent with previous
studies which show a similar temperature response with respect to changes to the coastal easterlies (e.g., Beadling
et al., 2022; Goddard et al., 2017; Spence et al., 2014). Additionally, the results here are consistent with Paléczy
et al. (2018) that shows shelf ocean warming during a positive phase SAM (weaker coastal easterlies) along the
WAIS coastline and western Antarctic Peninsula coastline as well as in the eastern-EAIS region.

Moving forward, it would be beneficial to have a coupled Antarctic ice sheet to facilitate a quantitative mass
balance analysis (e.g., Sutter et al., 2023). This addition would improve the current assessment of Antarctic ice
loss, which qualitatively assesses whether ice loss would decrease in the multi-latitude SAI cases by looking at
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relative changes to ice accumulation and shelf ocean temperature as compared to SSP2-4.5. Furthermore, Fasullo
and Richter (2023) show that rapid climate adjustments to CO, forcing can vary significantly from model to
model and thus the choice of the background emission scenario in an SAI simulation is vital to the simulated
output. Therefore, a quantitative assessment of the impacts of varying SAI strategies on the Antarctic ice mass
balance should be performed in a multi-model framework in order to narrow the uncertainty arising from model
representation of various physical processes. Additionally, in this study the Global+ cases injected the majority
of the SO, precursors in the southern hemisphere which led to atmospheric circulation changes more beneficial
to Antarctic ice than the response if the major of the injection was in the northern hemisphere. Future work will
build upon the Global+ SAI cases to see whether changes to the injection strategy, in a manner introduced in
Zhang et al. (2023) and Bednarz et al. (2023), would further slow Antarctic mass loss.

5. Conclusions

This study uses seven different single-latitude SAI cases and four different multi-latitude SAI cases to assess
the resulting SAI impacts on the Antarctic climate, namely surface ice accumulation and subsurface shelf
ocean temperature. These cases are compared to a historical time period (1990-2009) and to select time peri-
ods along the 21st century SSP2-4.5 emissions pathway that represent estimated GMT thresholds relevant to
Antarctic ice sheet tipping points. Of the multi-latitude SAI cases, we find that the Global+0.5 or the Polar+1.0
case can maintain subsurface shelf ocean temperatures near the WAIS below the temperature threshold that is
estimated to initiate the eventual collapse of the ice sheet, though the uncertainty in this number is large (McKay
et al., 2022). However, relative to three Global+(0.5, 1.0, 1.5) cases, the Polar+1.0 strategy significantly warms
the shelf ocean near the East Antarctic Ice Sheet (EAIS) and results in ocean temperatures above the low-end
estimate for the tipping point of subglacial basins in the EAIS (McKay et al., 2022). This is due to the Polar+1.0
case simulating southern hemisphere SLP and wind stress anomalies with respect to the Historical simulation
analogous to patterns correlated with the positive phase of the SAM. Around East Antarctica in particular, this
positive mode is associated with weaker coastal easterlies and more upwelling of warm CDW onto the continental
shelf at depths pertinent to ice shelf basal melt. Therefore, for the multi-latitude SAI cases considered here, the
Global+0.5 SAI strategy would minimize the most risk associated with the future melt and potential collapse of
significant regions of the Antarctic Ice Sheet.

In summary, while some of the results could be model dependent, our CESM2(WACCM6) simulations demon-
strate that the multi-latitude SAI cases considered here all slow Antarctic ice loss relative to the mid-to-late
century SSP2-4.5 pathway, though using SAI to cool global mean temperatures to 0.5°C above the pre-industrial
(the Global+0.5 case) may be necessary to avoid estimated Antarctic ice sheet tipping points. These results
highlight the complexity of factors driving the SAl-induced impacts on the Antarctic system and demonstrate
the crucial role of the injection strategy in determining the effectiveness of SAI in preventing future losses of
Antarctic ice.

Data Availability Statement

The simulation data for the Historical, SSP2-4.5, and Global+1.0 and the analysis code (.ipynb/Jupyter note-
books) are available for download from zenodo.org (Goddard, 2023a, 2023b, 2023c, 2023d, 2023e). Due to
dataset size limits, these data are separated into five different datasets with titles of “Data and Code for Goddard
et al., 2023—SAI and Antarctica (1-5).” For other SAI simulations, please contact the corresponding author.
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