Aggressive aerosol mitigation policies reduce chances of keeping
global warming to below 2C

Robert Wood!, Mika Vogt!, and Isabel Louise McCoy?

University of Washington
2NOAA Chemical Sciences Laboratory & CIRES, University of Colorado Boulder

November 9, 2023

Abstract

Aerosol increases over the 20th century delayed the rate at which Earth warmed as a result of increases in greenhouse gases
(GHGs). Aggressive aerosol mitigation policies arrested aerosol radiative forcing from “1980 to "2010. Recent evidence supports
decreases in forcing magnitude since then. Using the approximate partial radiative perturbation (APRP) method, future
shortwave aerosol effective radiative forcing changes are isolated from other shortwave changes in an 18-member ensemble of
ScenarioMIP projections from phase 6 of the Coupled Model Intercomparison Project (CMIP6). APRP-derived near-term
(2020-2050) aerosol forcing trends are correlated with published model emulation values but are 30-50% weaker. Differences are
likely explained by location shifts of aerosol-impacting emissions and their resultant influences on susceptible clouds. Despite
weaker changes, implementation of aggressive aerosol cleanup policies will have a major impact on global warming rates over
2020-2050. APRP-derived aerosol radiative forcings are used together with a forcing and impulse response model to estimate
global temperature trends. Strong mitigation of GHGs, as in SSP1-2.6, likely prevents warming exceeding 2C since preindustrial
but the strong aerosol cleanup in this scenario increases the probability of exceeding 2C by 2050 from near zero without aerosol
changes to 6% with cleanup. When the same aerosol forcing is applied to a more likely GHG forcing scenario (i.e., SSP2-4.5),
aggressive aerosol cleanup more than doubles the probability of reaching 2C by 2050 from 30% to 80%. It is thus critical to

quantify and simulate the impacts of changes in aerosol radiative forcing over the next few decades.
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Key Points:

+ Aecrosol forcing changes are isolated from CMIP6 projected scenarios using an ap-
proximate partial radiative perturbation method.

« Aerosol-cloud interactions dominate future aerosol forcing changes from cleanup
policies over the period 2020-2050.

 Likelihood of maintaining global warming to below 2C will be strongly reduced
by implementing aggressive near-term aerosol cleanup policies.
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Abstract

Aerosol increases over the 20th century delayed the rate at which Earth warmed as a re-
sult of increases in greenhouse gases (GHGs). Aggressive aerosol mitigation policies ar-
rested aerosol radiative forcing from ~1980 to ~2010. Recent evidence supports decreases
in forcing magnitude since then. Using the approximate partial radiative perturbation
(APRP) method, future shortwave aerosol effective radiative forcing changes are isolated
from other shortwave changes in an 18-member ensemble of ScenarioMIP projections from
phase 6 of the Coupled Model Intercomparison Project (CMIP6). APRP-derived near-
term (2020-2050) aerosol forcing trends are correlated with published model emulation
values but are 30-50% weaker. Differences are likely explained by location shifts of aerosol-
impacting emissions and their resultant influences on susceptible clouds. Despite weaker
changes, implementation of aggressive aerosol cleanup policies will have a major impact
on global warming rates over 2020-2050. APRP-derived aerosol radiative forcings are used
together with a forcing and impulse response model to estimate global temperature trends.
Strong mitigation of GHGs, as in SSP1-2.6, likely prevents warming exceeding 2C since
preindustrial but the strong aerosol cleanup in this scenario increases the probability of
exceeding 2C by 2050 from near zero without aerosol changes to 6% with cleanup. When
the same aerosol forcing is applied to a more likely GHG forcing scenario (i.e., SSP2-4.5),
aggressive aerosol cleanup more than doubles the probability of reaching 2C by 2050 from
30% to 80%. It is thus critical to quantify and simulate the impacts of changes in aerosol
radiative forcing over the next few decades.

Plain Language Summary

Over the 20th century, fossil fuel burning led to increased concentrations of green-
house gases (GHGs) and small particles known as aerosols. Aerosols scatter sunlight back
to space and enhance cloud brightness and longevity, thus cooling Earth. The amount
of warming since the pre-industrial depends upon both GHGs and aerosol. After ~1980,
air quality improvements led to a reduction in this cooling effect, unmasking some of the
GHG potential to warm the planet. This has reinforced the importance of understand-
ing the interplay between aerosols and GHGs in climate projections. To examine this
sensitivity, we use a set of global climate model simulations forced by a variety of future
GHG and aerosol concentration based on plausible socioeconomic pathways. Shifts in
the location of regional aerosol emissions has an impact on the global climate, influenc-
ing the accuracy of our predictions for Earth’s future warming as measured by the prob-
ability of increasing global temperatures by 2C by 2050 compared to pre-industrial. Un-
der plausible GHG scenarios, aggressive aerosol cleanup policies can more than double
the probability of crossing this threshold. This emphasizes the urgency of improving our
simulations in order to accurately predict and quantify the impact of aerosols over the
next few decades.

1 Introduction

The increase of atmospheric aerosol loading over the 20th century delayed the rate
at which Earth’s global mean temperature increased due to increases in well-mixed green-
house gases (Meehl et al., 2004). Although the magnitude of present day aerosol forc-
ing is uncertain (Bellouin et al., 2020), recent studies suggest aerosol loading globally
reached a peak close to the turn of the 21st century (Quaas et al., 2022) due to air qual-
ity cleanup policies designed to mitigate the deleterious health impacts of particulate mat-
ter. Anthropogenic aerosol forcing associated with increased aerosol loading arises from
aerosol-radiation interactions, i.e., changes in clear sky scattering and absorption, and
from cloud-mediated effects known as aerosol-cloud interactions (Bellouin et al., 2020).
Aerosol-cloud interactions comprise increases in cloud droplet concentration that increase
the reflection of sunlight even without cloud macrophysical changes, a phenomenon known
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as the Twomey effect. In addition, increases in droplet concentration can induce adjust-
ments in cloud condensate (liquid water) and potentially cloud cover (Seinfeld et al., 2016;
Bellouin et al., 2020). Marine low clouds downstream of major industrialized regions have
seen declines in cloud droplet concentration (D. T. McCoy et al., 2018) that indicate a
reduction in the Twomey effect, and the hemispheric contrast in cloud droplet concen-
tration between the polluted Northern and more pristine Southern Hemispheres has de-
creased significantly since 2000 (Cao et al., 2023). We are now in an era where the rate
of change of aerosol radiative forcing is positive, which ceteris paribus must increase the
rate of global warming (Dvorak et al., 2022). Thus, it is important that climate change
risk assessments include the impacts of changing atmospheric aerosol and precursor emis-
sions (Persad et al., 2022).

Even with overall emissions fixed, a shift in the emission location can change the
global aerosol radiative forcing (Persad & Caldeira, 2018), and changes in the efficacy
of a given radiative forcing (Hansen et al., 2005) can result in different global mean tem-
perature change per unit of radiative forcing. The Scenario Model Intercomparison Project
(ScenarioMIP, O’Neill et al., 2016) within Phase 6 of the Coupled Model Intercompar-
ison Project (CMIP6) provides a suite of plausible future emissions trajectories (shared
socioeconomic pathways) under different assumptions regarding social and economic de-
velopment, including climate mitigation efforts. There are very different motivations for
air quality cleanup vs climate mitigation efforts, and these are associated with vastly dif-
ferent short term (decadal) costs and benefits to individual nations. Thus, future aerosol
changes are not necessarily coupled to future well-mixed greenhouse gas (WMGHG) emis-
sions. The prior two decades are an example of this decoupling: air quality cleanup ef-
forts have proceeded rapidly but mitigation of WMGHG emissions has been extremely
limited. This situation may well continue through the next few decades, although this
is not at all certain since rapid industrialization of Africa and South America has the
potential to stall aerosol emission reductions globally (Feng et al., 2019).

There is a general consensus that the impacts of climate change are likely to be-
come increasingly dire if global warming is allowed to exceed 2C above the preindustrial
(Masson-Delmotte et al., 2021). In 2020, the global mean temperature of the Earth was
close to ~1.2C above the preindustrial (Morice et al., 2021), and global mean warming
rates over the last few decades' have averaged about 0.2 K decade™!. Thus, it is impor-
tant to quantify the potential impact of different aerosol cleanup policies on the global
rate of warming over the coming few decades. Here, we use an 18-member ensemble of
ScenarioMIP projections (O’Neill et al., 2016) from CMIP6 models (Eyring et al., 2016)
to explore how aerosol cleanup may influence the probability that global warming ex-
ceeds 2C by 2050. Section 2 describes the data and methods used. Section 2.2 describes
a novel approach that applies the approximate partial radiative perturbation (APRP)
method (Taylor et al., 2007) to the multimodel mean output data and partitions future
SW radiative changes into temperature-driven and aerosol-driven components, from which
we estimate future aerosol radiative forcing and compare it with the published estimates
for four shared socioeconomic pathways. Section 4 then uses the derived aerosol radia-
tive forcing estimates together with a forcing and response two-level energy balance model
(Geoffroy et al., 2013) to explore the impacts of different future aerosol pathways for aerosol
cleanup. Section 5 provides an assessment of the implications of the findings and the main
conclusions from the study.

1 See NOAA National Centers for Environmental Information, Monthly Global Climate Re-
port for August 2023, published online September 2023, retrieved on September 27, 2023 from
https://www.ncei.noaa.gov/access/monitoring/monthly-report /global /202308.



112 2 Materials and Methods

113 2.1 CMIP6 ScenarioMIP Simulations

114 Climate model projections from four Tier-1 ScenarioMIP scenarios from CMIP6

115 are analyzed here. Each scenario has a distinct SSP and level of forcing following the Rep-
116 resentative Concentration Pathways (RCPs) used for previous CMIPs (O’Neill et al., 2016;
17 Riahi et al., 2017). The SSPs include differences in societal development related to con-

18 cerns around climate change. Low numbered SSPs (e.g., SSP1: Sustainability, SSP2: Mid-
119 dle of the Road) have fewer challenges to climate mitigation while higher SSPs have more
120 (e.g., SSP3: Regional Rivalry, SSP5: Fossil-fueled Development) (Riahi et al., 2017). Each
121 of the SSPs also includes projections of future emissions of aerosol and precursor gases.

122 These somewhat parallel the WMGHG changes in that SSPs with aggressive greenhouse

123 gas mitigation tend to have aggressive aerosol reduction. As discussed in the introduc-

124 tion, it is far from clear that there will be such a tight coupling between aerosol and WMGHG
125 mitigation in the coming decades. In this study, we will decouple future changes in aerosol
126 from future changes in WMGHG to allow, for example, an aggressive aerosol cleanup strat-
127 egy to be applied to less aggressive WMGHG mitigation scenarios (or vice versa).

128 SSP1-2.6 uses the RCP2.6 pathway, is the most weakly-forced scenario considered

120 (experiencing less than 2C warming by 2100 in the multi-model mean), and undergoes

130 aggressive aerosol cleanup. SSP2-4.5 undergoes intermediate radiative forcing, is an up-

131 date to RCP4.5, and has a less rapid reduction in aerosol compared to other SSPs. SSP3-
132 7.0 has a higher radiative forcing (an update to RCP7.0). In particular, it has large land
133 use changes and maintains high emissions of short lived climate forcers (e.g., aerosols)

134 until 2100. Finally, SSP5-8.5 is the most strongly-forced scenario considered, an update
135 to RCP8&.5.

136 Our analysis focuses on changes between the present day (2015-2025) and the fu-
137 ture decades of the 21st century using composites from 18 CMIP6 models (more details
138 in the supplementary material). All currently available models with outputs necessary
139 for estimating aerosol contributions to the top of atmosphere (TOA) energy budget are
140 included. We use aerosol optical depth at 550 nm wavelength (AOD) as the measure of
141 aerosol loading as it is available for the most models. For reference, global changes in

142 key quantities for the four scenarios by the end of the 21st century are listed in Table S2
143 of I. L. McCoy et al. (2022).

144 The trends in AOD, which are primarily driven by changes in anthropogenic aerosol
145 emissions (Turnock et al., 2020), differ strongly across the four scenarios (Fig. 1a). The

146 trends in the future AOD changes in different SSPs are largely independent of global warm-
147 ing trends (Fig 1b) because warming is primarily driven by changes in WMGHGs, with

148 a weaker modulation by aerosol. Aerosol trend differences are most evident over the next
149 few decades, so we focus primarily on the period 2020-2050, where aerosol cleanup is likely
150 to have the largest impact on warming rates. SSP1-2.6 has the most aggressive reduc-

151 tion in AOD, with rapid cleanup occurring prior to 2050, while SSP2-4.5 has a weaker,
152 but steadier decline in AOD that extends beyond 2050. SSP3-7.0 essentially has no aerosol

153 mitigation and has close to zero AOD trend over the 21st century. SSP5-8.5 is very sim-
154 ilar to SSP2-4.5 prior to 2050 before AOD reduction ceases until after 2070 (not shown).
155 These changes are consistent with projected emissions of aerosol and precursor gases (most

156 importantly SO2 and VOCs) (Turnock et al., 2020). We can therefore identify three broad
157 aerosol cleanup pathways: (a) deep and rapid cleanup (SSP1-2.6); (b) slow and steady
158 cleanup (SSP2-4.5); (c¢) no cleanup (SSP3-7.0).

159 2.2 Approximate Partial Radiative Perturbation analysis
160 Partial radiative perturbation (PRP) analysis (e.g., Colman & McAvaney, 1997)
161 is an offline method to compute feedbacks (e.g., water vapor, lapse rate, cloud, etc.) in
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Figure 1. Ensemble annual and global mean (a) aerosol optical depth (AOD) and (b) surface

air temperature from the CMIP6 models used in this study. For (b), the absolute temperature is

indicated on the left axis and the temperature relative to the preindustrial baseline on the right

axis.

response to some forcing from a climate model simulation by examining the TOA radia-
tive changes when the ”control” and ”perturbed” model fields are interchanged. For PRP,

dedicated calls to the model’s radiative transfer scheme must be made, and a large vol-
ume of model output data is required. A simpler method, that targets contributions to

TOA shortwave perturbations, and can be applied to standard (typically monthly mean)
model outputs, is known as the approximate PRP (APRP) method (Taylor et al., 2007).
We use the APRP code provided by Mark Zelinka?. The APRP method apportions changes

in TOA SW radiation (ASW) to changes in cloudy sky SW (AC), non-cloudy sky SW

(AN), and to changes in surface albedo (AS):

ASW = AC + AN + AS

(1)

The APRP method further breaks the cloudy and non-cloudy sky components into
respective changes due to scattering and absorption, and, for AC, changes in cloud amount.

2 See https://doi.org/10.5281/zenodo.5514142
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Surface albedo influences on ASW are broken down into changes of surface albedo un-
der cloudy sky and non-cloudy sky conditions separately:

AC = AC1scat + AC'aubs + ACvatmt (2)
AN = A]vscat + A]\fabs (3)
AS = ASgq+ ASur (4)
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Figure 2. Apportionment of changes in TOA SW radiation (ASW, solid red bars) over the
21st century (2090-2100 minus 2015-2025) into changes in cloudy sky (AC, solid blue), clear sky
(AN, solid purple), and changes in surface albedo (AS, solid green) deduced from the APRP
analysis. Changes are all normalized by the global mean surface air temperature changes over the
same period, AT. Hatched bars indicate further breakdown of these components (see Equs. 2, 3,
and 4). Bars represent multi-model means while error bars show 2 standard errors (~95% confi-
dence) based on the variability in the multi-model mean 10-year periods propagated through the

change and normalization calculations.

Figure 2 shows these changes in TOA SW over the 21st century normalized by the
global mean surface air temperature changes AT over the same period. Importantly, dif-
ferences in ASW/AT across the four SSPs (solid red bars) are driven primarily by changes
in the cloudy sky (AC, solid blue bars), with a much smaller influence of variability in
the non-cloudy sky and surface albedo. Given that surface air temperature changes over
the 21st century vary considerably across the SSPs (Fig. 1b, Table S1), the relative in-
variance in AS/AT across the SSPs (Fig. 2) indicates that surface albedo-driven TOA
SW changes are largely a temperature-mediated feedback.

From 2020 to 2100, 99% of the variance in ASW across all four SSPs is explained
by AT and AAOD as predictors in a multiple linear regression model (Fig. 3). Thus,
most of the variance in ASW can be explained by a linear sum of a temperature me-
diated feedback and an aerosol-driven SW response. The predictor variables AT and AAOD
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Figure 3. Annual mean TOA SW differences from those in 2015 (ASW) plotted as a function
of annual mean AAOD and AT. A single regression line is fitted, explaining 99% of the variance
using AT and AAOD as predictors.

are uncorrelated (r?=0.01), so multicollinearity issues (e.g., Qu et al., 2015), where pre-
dictor variables are highly correlated, is not a concern here. To further explore the tem-
perature and aerosol-driven SW changes, we also conduct linear regression analysis of
the individual component SW changes (AC, AN, and AS) to isolate changes that de-
pend upon AAOD from those due to temperature-mediated climate feedbacks (Fig. 4).
Like that for the overall ASW, these individual component regressions (which include
all four SSPs) also explain a very high fraction of the variance in the SW APRP com-
ponents. Each of AC, AN, and AS is regressed against AT and AAOD. Normalizing
by AT means that the temperature mediated sensitivities are, by construction, identi-
cal across SSPs (Fig. 4) because we use all four SSP time series in each regression. Sep-
arate regressions for each SSP produce very similar AT sensitivites(not shown). Aerosol-
mediated changes differ widely across SSPs (Fig. 4). The T-mediated components of the
SW component changes can be removed to isolate only the AOD-mediated SW changes:

ASWaop = ASW — ASWr (5)

where here ASW can represent either the overall SW change or the individual APRP
components.

Aerosol-mediated SW changes differ strongly between SSPs. For example, the AOD-
mediated change in cloudy sky TOA SW (ACaop/AT) is ~0.74£0.1 W m~2 K~! in SSP1-
2.6, which has deep and rapid aerosol reductions (Fig. 4a), but is close to zero for those
SSPs with little or no cleanup (SSP3-7.0 and SSP5-8.5). We anticipate that aerosol ra-
diative forcing from aerosol-radiation interactions is likely to partly scale with overall

aerosol loading, yet the AOD dependence of the non-cloudy sky APRP component (ANjop/AT)

is close to zero for all SSPs (rightmost purple hatched bars in Fig. 4). Below, we demon-
strate that near-complete cancellation between changes in scattering and absorbing aerosol
are responsible for ANjop ~ 0.

To gain further insights into processes controlling ASW , we present the regressions
of the cloudy and clear APRP components (AC and AN) in Fig. 5 and Fig. 6 respec-
tively. The equivalent figure for surface albedo changes is provided in Fig. S1 but is not
discussed further as AS sensitivity to aerosol is negligible. It is striking that almost all
of the cloudy sky scattering (ACscat, grey bars) variability across SSPs can be explained
by AAOD, whereas cloud amount changes (ACymt, teal bars) are almost all explained
by AT (Fig. 5). Changes in cloudy sky absorption (AC,ps, sky blue bars) are much smaller
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Figure 4. Asin Fig. 2 but showing APRP component contributions to TOA SW changes over
the 21st century that are associated with changes in AAOD and AT. Note that the TOA SW

changes are normalized by AT here, so that T-mediated sensitivites are identical across all SSPs.

than those in either scattering or cloud amount and are more associated with AT than
AAOD. We interpret the T-driven cloud amount decreases (ACams, 1) as the expected
positive cloud feedback to warming temperatures, and the AOD-driven decreases in cloudy
sky scattering (ACscat,a0p) as radiative forcing from a combination of the Twomey ef-
fect and adjustments in liquid water. The positive SW cloud feedback of ~0.35 + 0.05 W m~2 K—!
over this period (ACums, T, first hatched teal bar in all Fig. 5 panels) is consistent with
cloud feedback estimates determined from observations (Sherwood et al., 2020) and from
CMIP6 models (Zelinka et al., 2020). Given that we are using a very different approach
for determining model cloud feedbacks from those typically used (i.e., abrupt 4xCOq sim-
ulations), this excellent agreement provides confidence in our APRP methodology for
isolating cloud changes due to aerosol from those due to warming.

The lack of an aerosol signature in the non-cloudy sky SW changes (i.e., ANsop ~0
in Fig. 4) occurs despite significant changes in aerosol in the different SSPs. We further
separate AN into scattering and absorbing components in Fig. 6 to understand this be-
havior. Both ANgeat and AN, are strongly associated with AAOD (pink and peach
hatched bars in Fig. 4) but the two effects almost exactly cancel each other. Because scat-
tering components (primarily sulfate and organic carbon) and absorbing components (pri-
marily black carbon) are often co-emitted, aerosol cleanup policies typically result in re-
ductions in both scattering and and absorbing components. A high degree of cancella-
tion was also noted in (Bond et al., 2013). Finally, we note that ANps 1 ~ 0.5 W m=2 K1
This can be attributed to increasing SW absorption by water vapor in a warmed climate
(e.g., Pendergrass & Hartmann, 2013; I. L. McCoy et al., 2022).

The small ANaop indicates negligible overall SW radiative forcing from aerosol-
radiation interactions. This means the vast majority of aerosol SW radiative forcing in
the CMIP6 models is cloud-mediated, driven by changes in cloud scattering rather than
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Figure 5. As in Fig. 2, but for the breakdown of cloudy sky SW changes AC (solid blue bar
at left) into scattering (solid gray), absorption (solid sky blue), and cloud amount (solid teal)
components. Each component is regressed against AT and AAOD and those dependencies are

provided, respectively, in the hatched bars to the right of the solid bars.

changes in cloud amount. The overall SW aerosol effective radiative forcing (ERF) is the

sum of ERF for aerosol-cloud interactions plus aerosol-radiation interactions, i.e., ERF,o(;=FERFsi+ERF,.,

and is determined as the sum of the AOD dependencies of the individual APRP com-
ponents:

ERF,.. = ERF,; + ERF,;; = ASWaop =~ ACxop + ANaop + ASaop (6)

We use the sum of the three AOD regressions of the separate contributing terms (i.e.,
ACr0p, ANpoD, and ASaop) as our estimate of SW ERF,.,. A multiple regression

of the sum of the terms, i.e., ASW, against T" and AOD, leads to an estimate of SW ERF,,

that is only 2% different. Based on our findings that ANxop and ASaop are both close
to zero, ERF,oi+ ERFy = ERFy = ACrop = ACscas,aop- Thus, practically all of
the SW ERF,., over the 21st century can be attributed to cloud scattering changes (i.e.,
the Twomey effect and liquid water path adjustments). The dominant contribution of
ERF,. to ERF,., is consistent with behavior for the 20th century (Zelinka et al., 2023).

3 Aerosol effective radiative forcing in the SSPs

The SW ERF,., determined using the APRP-regression approach described in sec-
tion 2.2 is shown as a time series in Fig. 7 in preparation for comparing to ERF,¢; es-
timates from the literature. As part of the ScenarioMIP project, multi-model mean time
series of net (SW+LW) ERF,.; and ERF,,; are generated using an emulation-based cal-
ibration technique (Meinshausen et al., 2011; Lund et al., 2019) applied to 17 CMIP6
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Figure 6. As in Fig. 2, but for the breakdown of non-cloudy sky SW changes AN (solid
purple bar at left) into scattering (solid pink) and absorption (solid peach) components. Each
component is regressed against AT and AAOD and those dependencies are provided, respec-
tively, in the hatched bars to the right of the solid bars.

models (Leach et al., 2021). These annual mean effective radiative forcing time series
from the SSPs are taken from tables provided in Smith et al. (2020), henceforth S20. We
subtract the 2015-2025 mean so that the ERF,., is relative to the 2020 baseline rather
than to the preindustrial.

It is important to note that our APRP-regression approach does not provide an
estimate of LW ERF,.,, which is necessary for comparing to the S20 net FRF,.,. To
make an assessment of the LW aerosol radiative forcing over the 21st century, we adopt
an alternative regression technique. The multimodel ensemble change in TOA net LW
radiation (ALW) is the sum of changes due to WMGHG radiative forcing agents active
in the LW (ALWwwmcHg), a temperature-dependent response (ALWr) due to warm-
ing temperatures and changing water vapor, and a component ALWaop representing
aerosol-induced TOA LW changes:

ALW = AFwumcng + ALWaop + ALWr (7)

The radiative forcing time series A Fwncua is taken from S20 and includes COo, CHy,
N5O, and other well-mixed greenhouse gases. These are removed from ALW after which
the AOD and T dependent components (ALWaop and ALWr respectively) are deter-
mined using multiple linear regression against AAOD and AT.

Fig. 7 shows that accounting for the net (SW+LW) estimated aerosol radiative forc-
ing from this study instead of only the SW ERF,., increases the aerosol forcing discrep-
ancy between S20 and our estimation by approximately 25%. This is consistent with ex-
pectations that LW FRF,., will be the opposite sign to the SW ERF,... Consider the
radiative forcing from a negative cloud LWP adjustment, which is a typical GCM response
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Figure 7. Time series of aerosol effective radiative forcing (FRFaer) from the APRP method
described in this work (solid lines) and from the CMIP6 multi-model ensemble emulation method
of Smith et al. (2020) (dotted lines). All forcings are shown relative to a 2020 (2015-2025) base-

line

to decreasing aerosol (Bellouin et al., 2020). In the SW, this decreases sunlight reflec-

tion (positive forcing), but will increase the overall LW emission because the underly-

ing surface is warmer than the clouds above (negative forcing). Zelinka et al. (2023) as-
sesses a LW ERF of 0.16 W m~2 (& 0.34 W m~2) for the present day (2014) minus the
preindustrial in CMIP6 models. In that study the multimodel SW ERF,., is -1.25 W m 2.
If the 21st century LW ERF,,, scales similarly with the SW ERF,,, then for a SW ERFy,
of 0.6 W m~2 (the approximate SW forcing from 2020 to 2100 in SSP1-2.6, Fig. 7) the

LW forcing would be approximately -0.08 W m~2. This is very close to the -0.06 W m ™2

we deduce from the regression analysis described above. We note that these LW ERF,q,
estimates have large relative uncertainty (>100%) but have small absolute magnitude.

The APRP-derived and S20 ERF,., series for each SSP exhibit similar curves but
with an offset between their values that increases approximately linearly with time (Fig. 7).
We find that the S20 forcing increases over the 21st century are approximately 0.20-0.35 W m™2
larger than those from the APRP approach. By 2090-2100, SSP1-2.6 ERF,., values are
0.87 W m~2 (S20) and 0.61 W m~2 (APRP) which is equivalent to a ~40% difference
in relative terms.

There are two possible reasons that may help to explain why ERFy, from S20 in-
creases more rapidly than from the APRP approach used in this study. Both relate to
the model calibration for S20. First, it is important to note that the suite of models used
here and in S20 is not identical. Although many of the CMIP6 models used in the APRP
analysis are the same models as used in S20, and others are close variants of those used
in S20, there are a few models in each suite that are not present in the other. Our ap-
proach does not enable a harmonization of the models used. A second source of possi-
ble discrepancy is that the S20 ERF,, is derived from model simulations covering the
historical record, and specifically comparing the year 2014 with a preindustrial (PI) con-
trol (Smith et al., 2020). The model calibration parameters are then applied to model
output data over the 21st century. However, as noted in the introduction, model exper-
imentation has demonstrated that changing the geographic distribution of aerosol-impacting
emissions can result in a different radiative forcing for the same total magnitude of emis-
sions (Persad & Caldeira, 2018).
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To investigate these potential reasons in more detail, we first note that the multi-
model mean ERF,e, (LW+SW) for 2014 minus the PI from S20 is -1.01 W m~2 with
a standard deviation of 0.23 W m~2. Zelinka et al. (2023) applied the APRP method
to historical simulations (2014 minus PI) with a similar model suite as we use for the 21st
century and obtained an estimate of ERF,,, for the same period as S20 (2014 minus the
PI) of -1.09 W m~2 with a standard deviation of 0.24 W m~2. The similarity in the mul-
timodel forcing mean and spread between these two studies provides some confidence that
different model selection between the approaches in S20 and our study is probably not
responsible for the forcing differences in Fig. 7 as they are examined relative to their re-
spective baselines.

To investigate the possibility that changes in the location of the key emission re-
gions may be responsible for some of the FRF,,, discrepancy between the S20 and our
APRP estimates (Fig. 7), we introduce a metric that is sensitive to a geographic shift
of major emission regions in the present day (2015-2025) and the later part of the 21st
century. One can argue that the rise of emissions in SE Asia occurred prior to 2014 and
so these emissions are well-reflected in the model calibration used in S20. On the other
hand, the 21st century is likely to see a shift in the main anthropogenic emission regions
as cleanup policies start to take effect in East Asia while the emissions in rapidly-industrializing
Africa may remain relatively flat (Turnock et al., 2020). We find that the difference in
AOD between a large region of East Asia (0-45°N, 60-130°E) and Equatorial Africa (15°S-
15°N, 30°W-30°E), i.e., AODatrica-AOD agia, explains just over 80% of the variance in
the S20-APRP discrepancy in ERF,e, (Fig. 8). It seems reasonable to postulate that much
of the discrepancy between the APRP and S20 estimates of ERF,.. over the 21st cen-
tury can likely be attributed to shifting emission locations. Thus, it is important that
future work explores how different emission locations may impact not only regional tem-
perature responses but also the global mean response. For the 21st century temperature
responses (section 4), we will use both forcing estimates in our calculations, with differ-
ences between the two providing a measure of the impact of aerosol forcing uncertainty
on future warming.

r 2100
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Figure 8. Difference between the S20 and APRP-derived FRF,er regressed against the dif-
ference in AOD between a region in Equatorial Africa and East Asia (see text). The symbol
shading indicates the year (see bar at right), with the initial value (2015) shown with the solid

circle.
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a1 4 Temperature responses

342 For each of the four SSPs, the ERF,, time series using the APRP method (Fig. 7)

3 are used together with all other anthropogenic radiative forcings (taken from Smith et

344 al. (2020)) to estimate a future global mean surface air temperature time series projec-

345 tion. As motivated in the introduction, we decouple future changes in aerosol from fu-

346 ture changes in all other anthropogenic forcings (predominantly WMGHGSs). This is achieved
347 by considering the 16 potential combinations of aerosol forcing (ERF,e;) from one of the

38 four SSPs with all other anthropogenic forcings (FRFother) taken from another SSP. In

349 this way, we can consider the effect of different aerosol cleanup strategies on scenarios

350 that involve different levels of decarbonization. For example, we can examine the effects

351 of rapid aerosol cleanup on a future with very limited decarbonization by pairing the fu-

352 ture aerosol forcing from SSP1-2.6 with other anthropogenic aerosol forcings taken from

353 SSP5-8.5.

354 Global annual mean temperature time series from 1750 to 2100 are calculated us-

355 ing the simple two-layer climate model used in Dvorak et al. (2022) and a very similar

356 approach to Geoffroy et al. (2013). For each of 100,000 ensemble members, model pa-

357 rameters are drawn randomly from normal distributions as specified in Dvorak et al. (2022),
358 with the same truncation of the deep ocean heat capacity to avoid very small values. In-

359 stead of using a uniform distribution of equilibrium climate sensitivity (ECS) as in Dvorak
360 et al. (2022), we draw from a normal distribution for the climate feedback parameter with

361 mean and standard deviation of 1.20 W m~2 K~! and 0.26 W m~—2 K~!, respectively.
362 This gives a 50th percentile ECS value of 3.1 K, with 5th and 95th percentiles of 2.3 and

363 4.8, respectively, which are very close to those assessed in Sherwood et al. (2020). Ra-
364 diative forcings and resulting temperatures are all taken relative to 2020 values.

365 An example showing input radiative forcings and output decadal mean tempera-
366 ture responses is shown in Fig. 9. In this case, ERF,e, is taken from SSP1-2.6 which ex-
367 periences a deep and rapid decrease in aerosol forcing magnitude from the present day
368 out to ~2040 (also see Fig. 7). The other, non-aerosol radiative forcings for this exam-
369 ple are taken from SSP2-4.5. The ramp-up in aerosol forcing magnitude over the second

370 half of the 20th century is followed by cleanup over the early 21st century, leading to a
a7 50-year delay in global warming (Fig. 9b). Warming rates over the period 2020-2050 are
an2 20-40% greater with aerosol cleanup than without. This highlights the critically impor-

373 tant contribution of aerosol cleanup to near-term warming rates.

374 Fig. S2 compares global mean temperature time series taken from the 18 member
375 ScenarioMIP CMIP6 global model ensemble with those from the simple climate model.
376 For each of the four SSPs, the simple climate model projected median temperature in-
377 crease agrees very well with the CMIP6 multimodel mean, providing confidence in the
378 simple climate model projections.

379 Cumulative probability distributions of projected global mean surface air temper-
380 ature warming rates over the three decade period 2020-2050 are shown in Fig. 10 for dif-

381 ferent combinations of ERF, and ERFyipe taken from the SSPs. The global mean tem-
38 perature in 2020 is approximately +1.2 C above the preindustrial (Morice et al., 2021).

383 Given this, additional warming of 0.8 C over the period 2020-2050 (a mean warming rate
384 of 0.27 C decade™!) would lead to a global mean surface air temperature that reaches

385 2 C above the preindustrial, a threshold that nations have pledged not to exceed as part
386 of the 2015 Paris Climate Agreement. Climate change risks increase dramatically if the

387 2 C threshold is surpassed (Portner et al., 2022).

388 Possible aerosol cleanup pathways over 2020-2050 have significant impacts on warm-
389 ing rates over that period (Fig. 10). For example, with strong mitigation of carbon emis-
390 sions (ERFother from SSP1-2.6), slow (purple) or no (blue) aerosol cleanup likely leads
301 to temperatures that remain below 2C by 2050 (Fig. 10a). However, even with strong
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Figure 9. Example of (a) radiative forcings, and (b) predicted decadal temperature trends
from the simple two-layer climate model. The model is run with all forcings (black) and with
all forcings except the aerosol radiative forcing (green). In this case, the aerosol forcing series is
taken from our APRP method applied to SSP1-2.6 (see Fig. 7). The non-aerosol (other) forc-
ings are taken from SSP2-4.5. In (a), the greenhouse forcing is broken down into that from CO.
(blue) and from other WMGHGS (orange), which together account for almost all of the non-
aerosol radiative forcing (green). Panel (b) shows the annual warming rate (thin lines) and the
decadal mean warming rates (horizontal bars). Aerosol increases during the period from ~1940
to ~1990 dramatically reduced the warming over that period, whereas from 2010-2050 the deep
and rapid cleanup associated with the SSP1-2.6 future aerosol trend leads to a considerable

acceleration of the warming.

decarbonization commitments, deep and rapid aerosol cleanup results in a 5% chance
(APRP) to a 12% chance (S20) of reaching 2C by 2050 (orange curves).

Given current, nationally-determined contributions to decarbonization, it is unlikely
that greenhouse gas radiative forcing will follow the specifications of SSP1-2.6 and will
more likely track those in SSP2-4.5 (Liu & Raftery, 2021). In this case, aerosol cleanup
choices profoundly impact the probability of remaining below 2C by 2050 (Fig. 10b). With
(ERFother from SSP2-4.5, aggressive aerosol cleanup (orange curves, FRFye, from SSP1-
2.6) more than doubles the probability of reaching 2C by 2050 from 20-30% (blue curves)
to over 75% (Fig. 10b). This range indicates that aerosol cleanup choices over the next
few decades can make the difference between achieving a 2C target and missing it. It
is likely that both of the unmitigated carbon emission scenarios SSP3-7.0 and SSP5-8.5
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Figure 10. Probability that the global mean surface decadal warming rate over the period
2020-2050 will exceed the value on the abscissa. Temperature is calculated from the ensemble

of simple climate models described in Section 4. Different line colors within each panel repre-
sent different aerosol pathways: deep and rapid (orange, SSP1-2.6), steady and slow (purple,
SSP2-4.5), no cleanup (light blue, SSP3-7.0), and a case with exactly zero aerosol forcing (dotted
line, ERFaer=0). Each panel presents a different pathway for the other anthropogenic forcings:
(a) SSP1-2.6, (b) SSP2-4.5, (¢) SSP3-7.0, and (d) SSP5-8.5. The solid and dashed lines for each
aerosol pathway represent the ERFyer taken from the APRP method and from S20 respectively,
and so the shaded regions represent uncertainty in the aerosol forcing estimate used. Results with
aerosol from the SSP5-8.5 scenario are almost identical to those from the SSP3-7.0 scenario, so
are omitted. Vertical lines indicate the warming rates required to reach 2C (dashed) and 1.5 C
(dash-dot) above preindustrial levels by 2050.

will exceed 2C by 2050, although aggressive aerosol mitigation makes this outcome al-
most a certainty.

As explored in section 3, the APRP method produces as weaker increase in ERF,q,
than for S20, which likely stems from the shifting geographic location of the aerosol emis-
sions. Thus, regional shifts in aerosol emission locations over the 21st century may be
somewhat buffering the overall effects of aerosol cleanup. These regional shifts appear
to have a significant impact on global warming rates in addition to any local effects that
are induced. This result is consistent with (Persad & Caldeira, 2018) and strongly war-
rants a concerted effort to better constrain future aerosol forcing changes (Persad et al.,
2022).
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5 Discussion and Conclusions

The results presented here demonstrate that global warming rates over the next
few decades (2020-2050) will be altered significantly by air quality policies designed to
reduce the negative health consequences of particulate matter. There are major uncer-
tainties in aerosol radiative forcing, so the consequences of aerosol cleanup policies on
climate could potentially be relatively small. On the other hand, the rapid cleanup of
particulate-forming emissions that began in the early 2000s may control the success or
failure of the 2015 Paris Climate Agreement to restrict global mean surface air temper-
atures to no more than 2C above the preindustrial. Thus, it is imperative that aerosols
be included in climate risk assessments.

Our findings are broadly consistent with the analysis of (Watson-Parris & Smith,
2022), wherein the effects of different assumptions about how uncertainty in how effec-
tive aerosol radiative forcing will change over the coming decades were found to influ-
ence whether climate warming targets may be met. A novel aspect of our study is that
we show that shifts in the location of aerosol emissions over the coming decades may also
have an important influence on the magnitude of global warming due to aerosol cleanup
policies. Shifting emission locations in the coming decades likely renders the relation-
ship between global emissions and ERF,., somewhat nonlinear, motivating further stud-
ies on the connection between emission locations and the susceptibility of downwind cloud
fields in order to better project how future, changing aerosol and precursor emissions project
onto global warming (Persad & Caldeira, 2018; Wilcox et al., 2023). Our results suggest
that 21st century changes in emission locations may somewhat reduce the probability
of exceeding the 2C target compared to a world where emission locations do not change.
However, there are still significant questions about which countries will adopt stringent
cleanup policies and which may not, so that future aerosol emission strengths and loca-
tions may be different from those represented in the CMIP6 ScenarioMIP SSPs.

In the CMIP6 models, we find that most of the aerosol radiative forcing change in
coming decades is driven by radiative forcing from aerosol-cloud interactions. There is
increasing focus in recent years on the idea of deliberately introducing aerosol particles
into marine clouds with the view of increasing their reflection of sunlight to cool the Earth.
This possible climate intervention strategy, known as marine cloud brightening (Latham
et al., 2012; Wood, 2021), aims to produce a negative ERF,e, from aerosol-cloud inter-
actions in marine low clouds. The climate efficacy of marine cloud brightening is cur-
rently not well understood (e.g., Stjern et al., 2018) and there are no existing protocols
for incorporating marine cloud brightening into the SSP approach. Given the importance
of emission location shown in this study, efforts to develop realistic climate intervention
scenarios are important, in particular for marine cloud brightening whose emission ge-
ography would be very different from that due to changing anthropogenic activities.

6 Open Research

All CMIP6 ScenarioMIP simulations used in this study are available at https://esgf-
node.llnl.gov/projects/cmip6/. For the APRP analysis, we use the code available from
Mark Zelinka. (2021). mzelinka/aprp: Sep 17, 2021 Release (v1.0). Zenodo. https://doi.org/10.5281/zenodo.5514
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ScenarioMIP AOD model behaviors (Text S1). Additionally, we provide two supporting
tables: one for model details (S1) and one for the mean and standard error values from
the analysis calculations presented in the manuscript (Table S2). Finally, we share two
supporting figures to augment the analysis in the main manuscript.

Text S1. Analysis results are largely insensitive to the length of the averaging period
used in estimating change from the present to future climate over the range 10-20 years.
We have chosen to utilize 10-year averaging periods (i.e., 2015-2025 and 2045-2055) in
our difference calculations in order to reduce the noise compared with analysis of a single

year.
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Figure S1. Apportionment of changes in TOA SW radiation due to changes in surface
albedo AS (solid green bars on left side of each panel) from the APRP analysis over the 21st
century (2090-2100 minus 2015-2025). Changes are all normalized by the global mean surface air
temperature changes over the same period. Bars represent multi-model means while error bars
show 2 standard errors (~95% confidence) based on the variability in the multi-model mean 10-
year periods propagated through the change and normalization calculations. AS is broken into
contributions from non-cloud (solid dark-green) and cloudy (solid yellow-green) components.
Each component is regressed against AT and AAOD and those dependencies are provided,

respectively, in the hatched bars to the right of the solid bars.
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Table S1.

Table S2.

Individual CMIP6 Models used in ScenarioMIP Ensemble

Model Member
CanESM5 rlilplfl
CESM2-WACCM  rlilplfl
CMCC-CM2-SR5  rlilplfl
CMCC-ESM2 rlilplfl
CNRM-CM6-1 rlilplf2
CNRM-CM6-1-HR rlilpl1f2
CNRM-ESM2-1 rlilplf2
GFDL-ESM4 rlilplfl
INM-CM4-8 rlilplfl
INM-CM5-0 rlilplfl
IPSL-CM6A-LR  rlilplfl
MIROC6 rlilplfl
MIROC-ES2L rlilplf2
MPI-ESM1-2-HR  rlilplfl
MPI-ESM1-2-LR  rlilplfl
MRI-ESM2-0 rlilplfl
NorESM2-LM rlilplfl
UKESM1-0-LL rlilplf2

ScenarioMIP Global Ensemble Mean, SE Changes and Quantities

Variable Units SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5
AT K 0.7840.04 1.83+0.09 3.00+0.15 3.924+0.20
AAOD 1072  -2.0740.10 -1.51+0.08 0.314+0.02 -0.57+0.03
ASW  Wm™2 1.63+0.08 2.324+0.12  3.0840.15 4.134+0.20
ALW  Wm™2 -1.7940.09 -1.84+0.09 -1.64-+0.08 -2.24+0.11
AC Wm=2 0.93£0.04 0.97£0.05 0.89£0.05 1.38+0.07
ACsue Wm™2 0.71£0.03  0.48+0.03  -0.03+£0.01 0.30+0.01
ACus  Wm™2 -0.02£0.001 -0.08+£0.004 -0.16-+0.01 -0.23-+0.01
ACum:  Wm™2 0.23£0.01  0.58+0.03  1.08+0.05 1.30+0.07
AN Wm=2 0.43£0.02 0.77£0.04 1.33£0.07 1.63£0.08
ANgwr Wm™2 0.3940.02 0.2240.01  -0.17+0.01 -0.04+0.01
ANus  Wm™2 0.04+£0.01  0.55+0.03  1.50+0.07 1.67+0.09
AS Wm=2 0.30£0.02 0.60£0.03 0.88+£0.04 1.15+0.06
AS,.  Wm™2 0.13+£0.01  0.26+0.01  0.404+0.02 0.5140.03
AS,u;  Wm™2 0.174£0.01  0.33£0.02  0.49+0.02 0.64+0.03

October 27, 2023, 8:09pm



(a) SSP 1-2.6 forcings (b) SSP 2-4.5 forcings

6 6 T T
L Percentiles from Ensemble i
gl simple climate model mean from _ 5+ T
CMIP6
Foooommmmmmm s 95% models r

4 4t &
< af ¥ 3
~ T ~ T
< 2 < 2

1 ) 1

0 — 0 —

-1 . . . . . -1 : . . . .

1980 2000 2020 2040 2060 2080 2100 1980 2000 2020 2040 2060 2080 2100

year year
6 (c) SSP 3-7.0 forcings (d) SSP 5-8.5 forcings
T T T 6 T T T

5r- — 5

4 4
¥ 3 < 3
~ i ~ i
< 2 < 2

1 P "~

0 e

-1 . . . . . - . . . . .

1980 2000 2020 2040 2060 2080 2100 1980 2000 2020 2040 2060 2080 2100

year year
Figure S2.  Projected warming from the simple two-layer climate model (black lines) and
from the multimodel mean from the 18 CMIP6 models (colored lines). Each panel shows results
for one of the four SSPs used in this study. Aerosol forcings The multimodel means from the
CMIP6 models agree very well with the 50th percentile warming rates (thick black lines) from
the 100,000 simple climate model ensemble members, providing confidence in the projections

from the simple model.
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