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Abstract
The Regional Aerosol Model Intercomparison Project (RAMIP) is designed to quantify the for-
cing and climate impacts of mid-21st century anthropogenic aerosol and precursor gas (AA) emis-
sions reductions (both industrial and biomass burning), by comparing a weak (SSP3-7.0) versus
strong (SSP1-2.6) level of air quality control aerosol emissions pathway. AA emissions reductions
experiments include global (GLO), East Asia (EAS), South Asia, Africa and the Middle East (AFR),
and North America and Europe (NAE). Here, we use RAMIP time-slice simulations with fixed sea
surface temperatures and sea-ice distributions from nine models to quantify the aerosol effect-
ive radiative forcing (ERF), including aerosol radiation (ERFari) and aerosol cloud interactions
(ERFaci). The multi-model global mean net ERFari+aci is 0.77± 0.25 Wm−2 for GLO, and three of
the four regional perturbations yield a significant positive net ERFari+aci (up to 0.15± 0.07 Wm−2

for EAS). In all cases, net ERFari+aci is dominated by aerosol-cloud interactions, which are largely
due to reduced cloud scattering. Of the four regions, NAE yields the largest forcing efficiency
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whereas AFR yields the weakest. Although the areas outside our four target regions contribute
25% to the GLO aerosol optical depth reduction, they disproportionately contribute 44% to the
GLO net ERFari+aci. The multimodel regional mean net ERFari+aci for three regional perturbations
is much larger (up to 1.64± 1.36 Wm−2 for EAS) than the corresponding global mean value.
However, these regional values are even larger (up to 2.69± 1.72 Wm−2 for EAS) under global
aerosol reductions, implying remote emission reductions represent a sizable contribution (up to
1.05± 0.56 Wm−2 for EAS). These large regional ERFs will in turn drive relatively large regional
climate impacts, which continue to be underappreciated in most policy discussions.

1. Introduction

Anthropogenic aerosols (AAs) are small (nano-micrometer-sized) suspended particles, emitted directly
from human activities or formed in the atmosphere from precursor gases (Myhre et al 2013, Szopa et al
2021). Unlike long-lived greenhouse gases (GHGs), AAs are short-lived with atmospheric lifetimes of
days to weeks, and are concentrated near their sources (Boucher et al 2013). AAs modify Earth’s top-of-
the-atmosphere (TOA) energy balance through radiative and cloud microphysical pathways, commonly
referred to as aerosol-radiation interactions and aerosol-cloud interactions, respectively (Bellouin et al
2020). Aerosol-radiation interactions include the direct scattering and absorption of radiation. Sulfate,
nitrate, ammonium, and many organic aerosols are predominantly scattering and exert a cooling influ-
ence. Black carbon (BC) is the primary absorbing aerosol, which warms the atmosphere, dims the sur-
face, stabilizes the boundary layer, and can reduce low-cloud cover (the ‘semi-direct’ effect), which acts
to offset the cooling from scattering aerosol species (Koch and Del Genio 2010, Allen et al 2010, Stjern
et al 2017, Allen et al 2019). Aerosol-cloud interactions include indirect effects on clouds (Boucher et al
2013, Gryspeerdt et al 2017, Bellouin et al 2020, Quaas et al 2020, Rosenfeld et al 2023). The first indir-
ect effect, also referred to as the cloud albedo effect or Twomey effect, refers to increased aerosol con-
centrations leading to more cloud condensation nuclei (CCN), increasing cloud droplet concentration
and cloud optical thickness, with a subsequent reduction in droplet size and an increase in cloud albedo
(Twomey 1974, 1977). The second indirect effect, more commonly known as the cloud lifetime effect or
Albrecht effect, associates increases in aerosol to a reduction in cloud droplet size, which affects precip-
itation efficiency with a tendency to increase liquid water content, cloud lifetime (Albrecht 1989), and
cloud thickness (Pincus and Baker 1994). Of the above mentioned aerosol species, sulfate is a very effi-
cient CCN as it is highly soluble in water.

The aerosol effective radiative forcing (ERF) aggregates the direct scattering and absorption of radi-
ation (ERFari) with the indirect effects on clouds (ERFaci). As reported in the IPCC Sixth Assessment
Report (AR6), the total ERF due to aerosols is estimated at −1.3 (−2.0 to −0.6) W m−2 from 1750–
2014 (Forster et al 2021). This is largely dominated by ERFaci at −1.0 (−1.7 to −0.3) W m−2, which
is largely associated with anthropogenic emissions of sulfur dioxide (SO2) and subsequent oxidation
to sulfate aerosol (Thornhill et al 2021, Kalisoras et al 2024). ERFari is estimated to be about 30% of
ERFaci at −0.3 (−0.6–0.0) W m−2 (Forster et al 2021). Similar values are obtained in several other stud-
ies (Bellouin et al 2020, Smith et al 2020, Zelinka et al 2023, Kalisoras et al 2024). Thus, the historical
AA buildup has acted to mute GHG warming, with an estimated global mean annual mean cooling of
around 0.5 (0.22 ◦C–0.96) ◦C (Forster et al 2021, Masson-Delmotte et al 2021).

The relatively large spread in aerosol ERF remains the largest source of uncertainty in future climate
change projections (Forster et al 2021, Watson-Parris and Smith 2022). This uncertainty stems from a
multitude of factors including the complex interactions between aerosols, radiation and clouds, uncertain
emission inventories, limited observational constraints, coarse grid resolution, and uncertain parameter-
izations of aerosol processes (e.g. transport, removal, chemistry, optical properties, hygroscopicity, aging,
mixing state, ability to act a CCN). In particular, the major sources of uncertainty in climate models’
representation of aerosol-cloud interactions include aerosol interactions with mixed-phase, convective,
and ice clouds; contributions from aerosols to act as ice nucleating particles; and aerosol-induced adjust-
ments in cloud liquid water path and cloud cover (Forster et al 2021).

Efforts to improve air quality have led to aerosol emission reductions, beginning in the US and
Europe in the late 1970s/early 1980s, and more recently in China in the early 2000s (e.g. Hoesly et al
2018, Zhang et al 2018, Aas et al 2019, Samset et al 2019, McDuffie et al 2020). The collapse of the Soviet
Union also led to reduced aerosol pollution in the late 1980s/early 1990s. More recent efforts to clean
up shipping emissions (e.g. SO2, a precursor to sulfate aerosol) have also contributed (Diamond 2023,
Gettelman et al 2024, Jordan and Henry 2024, Quaglia and Visioni 2024, Skeie et al 2024, Yoshioka et al
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2024, Yuan et al 2024, Benas et al 2025, Watson-Parris et al 2025). These endeavors have led to a recent
(∼2000) reversal in the aerosol ERF trend (Quaas et al 2022, Hodnebrog et al 2024), further strengthen-
ing Earth’s positive energy imbalance and likely leading to enhanced warming (Samset et al 2025). Such
aerosol emission reductions are expected to continue into the future, with some emissions trajectories
yielding aerosol reductions by mid-21st century as large in magnitude as the historical buildup (Persad
et al 2023). This has led to more concerted efforts to understand the climate implications of future aer-
osol emission reductions, including the impacts of regional aerosol emission changes (Westervelt et al
2015, Acosta-Navarro et al 2017, Westervelt et al 2017, Myhre et al 2017, Allen et al 2020, Wilcox et al
2020, Liu et al 2018, Persad et al 2023, Samset et al 2024, von Salzen et al 2025, Griffiths et al 2025).
Their influences are distinct and markedly more uncertain and spatially heterogeneous as compared to
continued increases in well-mixed, long-lived GHGs. This applies to the ERF induced by aerosol emis-
sion changes, their influence on global mean surface temperature and precipitation, and in particular,
their influence on the regional and seasonal pattern of impact-relevant climate hazards (e.g. Allen et al
2024, Iles et al 2024).

The Regional Aerosol Model Intercomparison Project (RAMIP) contains a comprehensive suite of
simulations from CMIP6-era global climate models, specifically designed to improve our understand-
ing of these issues (Wilcox et al 2023). The focus on transient regional aerosol emission reductions is
intended to provide a more direct link to policy decisions than global emission perturbations, while also
allowing for improved understanding of aerosol transport, air quality, regionally specific climate inter-
actions, as well as teleconnections and remote impacts. Here, we use nine RAMIP models to quantify
the aerosol ERF associated with global aerosol reductions, as well as regional aerosol reductions from
four regions and the rest of the world. Our rest of the world signal assumes linearity, as it is estimated
as the difference between global aerosol reductions and the sum of the four regional aerosol reductions.
We decompose the aerosol ERF into ERFari and ERFaci components, as well as their subcomponents (e.g.
scattering versus absorbing). Section 2 briefly summarizes the RAMIP experimental design and mod-
els, and also describes the ERF decomposition methodology. Section 3 presents results, including the
global mean ERF decomposition for the global aerosol perturbation, the four regional aerosol perturb-
ations and the corresponding difference (i.e. rest of the world). Conclusions and discussion follow in
section 4.

2. Data andmethods

2.1. Model experiments
Following protocols from the Radiative Forcing Model Intercomparison Project (RFMIP), we use pairs
of climate model simulations with sea surface temperatures (SSTs), sea ice concentrations (SICs) and
land use fixed to preindustrial monthly climatologies and integrated for 30 years (table 1) (Pincus et al
2016, Wilcox et al 2023). As ERF is weakly dependent on the background state (Forster et al 2016, Pincus
et al 2016), the exact choice of background SST and sea ice has little impact of the ERF. All simulations
feature year 2050 GHGs, ozone and natural aerosol and precursor gas emissions from SSP3-7.0. The
baseline experiment (piClim-370) also uses year 2050 AA and precursor gas emissions from SSP3-7.0,
which features weak levels of air quality control. The global aerosol reduction experiment (i.e. piClim-
370-126aer) is identical in all ways except it uses year 2050 AA and precursor gas emissions from SSP1-
2.6, which features strong levels of air quality control. The regional aerosol reduction experiments (e.g.
piClim-370-EAS126aer) also use year 2050 AA and precursor gas emissions from SSP1-2.6 within the
region of consideration (e.g. East Asia (EAS)) and SSP3-7.0 emissions otherwise. In all cases, ‘AA and
precursor gas emissions’ includes both industrial and biomass burning emissions of sulfur dioxide (SO2),
sulfate (SO4), BC, and OA. We note that the bulk of the emissions decrease is due to industrial (as
opposed to biomass burning) emissions. For GLO, for example, 99% of the decrease in SO2 emissions
is due to industrial emissions. The corresponding percentages for OA and BC are 84% and 97%, respect-
ively. The seasonal cycle of emissions is included in all simulations. The corresponding aerosol reduc-
tion signals are obtained by subtracting the baseline piClim-370 experiment from each of the aerosol
reduction experiments. GLO refers to the global aerosol reduction signal; AFR refers to the Africa and
Middle East aerosol reduction signal; EAS refers to the EAS aerosol reduction signal; NAE refers to the
North America and Europe (NAE) aerosol reduction signal; and South Asia (SAS) refers to the South
Asia aerosol reduction signal. Assuming linearity, we also approximate the rest of the world signal as
GLO minus the sum of the four regions. The rest of the world includes regions such as South America,
Central America, Australia, Russia and Indonesia.
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Table 1. RAMIP fixed SST experiments. All experiments are integrated for 30 years and use preindustrial SSTs, sea ice extent, and land
use. Anthropogenic emissions are for the year 2050 and include the seasonal cycle. Africa and the Middle East is the region bounded by
35◦ S, 35◦ N, 20◦ W, and 60◦ E; East Asia is the region bounded by 20 and 53◦ N and 95 and 133◦E; North America and Europe are
the regions bounded by 35◦N, 70◦N, 20◦W, and 45◦E and 25◦N, 70◦N, 150◦W, and 45◦W; and South Asia is the region bounded by 5
and 35◦N and 65 and 95◦E. In all cases, ‘anthropogenic aerosol and precursor gas emissions’ includes both industrial and biomass
burning emissions of sulfur dioxide (SO2), sulfate (SO4), black carbon (BC), and organic aerosol (OA).

Experiment

GHGs, ozone and

natural emissions

Anthropogenic aerosol and precursor

gas emissions Aerosol Reduction Signal

piClim-370 SSP3-7.0 SSP3-7.0 N/A

piClim-370-126aer SSP3-7.0 SSP1-2.6 GLO= piClim-370-126aer minus

piClim-370

piClim-370-AFR126aer SSP3-7.0 SSP1-2.6 within the Africa and Middle

East region, SSP3-7.0 otherwise

AFR= piClim-370-AFR126aer minus

piClim-370

piClim-370-EAS126aer SSP3-7.0 SSP1-2.6 within the East Asia region,

SSP3-7.0 otherwise

EAS= piClim-370-EAS 126aer minus

piClim-370

piClim-370-NAE126aer SSP3-7.0 SSP1-2.6 within the North America and

Europe region, SSP3-7.0 otherwise

NAE= piClim-370-NAE126aer minus

piClim-370

piClim-370-SAS126aer SSP3-7.0 SSP1-2.6 within the South Asia region,

SSP3-7.0 otherwise

SAS= piClim-370-SAS126aer minus

piClim-370

Table 2. RAMIP models and their atmospheric resolution, aerosol scheme, aerosol indirect effects considered, RAMIP data reference
and model reference.

Model Atmos. Res. Aerosol Scheme Indirect Effects

RAMIP Data

Reference Model Reference

CNRM-ESM2-1 1.4◦× 1.4◦ TACTIC v2

(modal)

Twomey effect

only

Nabat (2025) Seferian et al

(2019)

GFDL-SPEAR_LO 1◦× 1.25◦ AM4 aerosol

(bulk)

Twomey and

Albrecht effects

Paynter (2025) Delworth et al

(2020)

MIROC6 1.4◦× 1.4◦ SPRINTARS 6.0

(bulk)

Twomey and

Albrecht effects

Takemura (2025) Tatebe et al (2019)

NorESM2-LM 1.9◦× 2.5◦ OsloAero (modal) Twomey and

Albrecht effects

Lewinschal (2025) Seland et al (2020)

CESM2 1.9◦× 2.5◦ MAM4 (modal) Twomey and

Albrecht effects

Allen (2025) Danabasoglu et al

(2020)

EC-Earth3-

AerChem

0.7◦× 0.7◦ TM5 (bulk) Twomey and

Albrecht effects

O’Donnell et al

(2025)

van Noije et al

(2021)

GISS-E2-1-G 2◦× 2.5◦ OMA (bulk) Twomey effect

only

Westervelt et al

(2025)

Kelley et al (2020)

MRI-ESM2-0 1.125◦× 1.125◦ MASINGAR

mk2r4 (bulk)

Twomey and

Albrecht effects

Oshima and

Koshiro (2025)

Yukimoto et al

(2019)

UKESM1-0-LL 1.25◦× 1.875◦ GLOMAP-mode

(modal)

Twomey and

Albrecht effects

Rumbold et al

(2025)

Sellar et al (2019)

2.2. Models
Nine RAMIP models performed the fixed SST simulations and archived the required variables
for this analysis. Models include CESM2, GFDL-SPEAR_LO, CNRM-ESM2-1, MRI-ESM2-0,
EC-Earth3-AerChem, NorESM2-LM, GISS-E2-1-G, UKESM1-0-LL and MIROC6 (table 2). All nine
models include an interactive representation of aerosols (e.g. transport, removal). Seven models include a
representation of both aerosol-cloud indirect effects. CNRM-ESM2-1 and GISS-E2-1-G lack the Albrecht
effect (table 2). All model data is reinterpolated to a 2.5◦ × 2.5◦ grid. Analyses are based on all 30 years
of the fixed SST experiments.

2.3. ERF decomposition
The total change in net TOA radiation between the baseline experiment (piClim-370) and an aerosol-
perturbed experiment (e.g. piClim-370-126aer), both with fixed SSTs and SICs (Forster et al 2016), can
be expressed as:

∆R= ERFari + ERFaci +∆Ralbedo+∆RTo. (1)

ERFari is the ERF due to aerosol-radiation interactions. As defined in IPCC AR6, this includes the
instantaneous radiative forcing, non-cloud atmospheric adjustments (temperature and water vapor) and
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cloud adjustments due to changes in the thermal structure of the atmosphere caused by absorbing aer-
osols, i.e. the semi-direct effect (Forster et al 2021). ERFaci is the ERF due to aerosol-cloud interactions,
which includes the instantaneous radiative forcing due to changes in cloud liquid and ice particle num-
ber concentrations and sizes, and adjustments of cloud water and coverage (Forster et al 2021). ∆Ralbedo

and ∆RTo represent the change in TOA radiation due to the change in surface albedo and surface tem-
perature, respectively.

Equation (1) can be decomposed into shortwave (SW) and longwave (LW) components:

∆RSW = ERFSWari + ERFSWaci +∆RSW
albedo, (2)

∆RLW = ERFLWari + ERFLWaci +∆RLW
To . (3)

The approximate partial radiative perturbation (APRP) method (Taylor et al 2007, Zelinka et al 2014,
2023) can be used to derive estimates of the SW terms in equation (2), and has been shown to yield
accurate estimates that are comparable to those obtained from double radiation calls (Ghan et al 2013).
APRP is used to decompose SW ERFari into non-cloud scattering and non-cloud absorbing components:

ERFSWari = ERFSWari,scat + ERFSWari,abs. (4)

APRP is also used to decompose SW ERFaci into cloud scattering, cloud absorbing and cloud amount
components:

ERFSWaci = ERFSWaci,scat + ERFSWaci,abs + ERFSWaci,amt. (5)

As discussed in Zelinka et al (2023), APRP provides estimates of ERFSW that are made up of slightly
different component groupings than the IPCC AR6 definition–in particular, APRP’s direct effect
(equation (4)) equals IPCC’s direct effect minus the semi-direct effect, whereas APRP’s indirect effect
(equation (5)) equals IPCC’s indirect effect plus the semi-direct effect (i.e. the semi-direct effect in our
analysis is an indirect effect). Nonetheless, the sum of the direct and indirect SW effects is the same
under IPCC AR6 and APRP.

The LW terms in equation (3) can be estimated with proxies (Zelinka et al 2014, 2023, Smith et al
2020) according to:

ERFLWari =∆RLW
cs −∆RTo

cs , (6)

where ∆RLW
cs is the change in TOA clear-sky LW radiative flux and ∆RTo

cs is the change in TOA clear-
sky LW radiative flux associated with the changes in land surface temperature. The latter term in
equation (6) is estimated by multiplying the clear-sky surface temperature radiative kernel by the change
in surface temperature (Zelinka et al 2023) according to:

∆RTo
cs = KTo

cs ×∆To (7)

KTo
cs is estimated using a Python-based radiative kernel tool kit and the Geophysical Dynamics

Laboratory radiative kernel (Soden et al 2008, Smith et al 2018). The LW ERFaci in equation (3) is like-
wise estimated using a proxy, as the change in LW cloud radiative effect:

ERFLWaci =∆CRELW =∆RLW −∆RLW
cs , (8)

where ∆RLW is the change in TOA all-sky LW radiative flux and ∆RLW
cs is the previously defined change

in TOA clear-sky LW radiative flux. As discussed in Zelinka et al (2023), this proxy for the LW direct
effect (equation (6)) equals IPCC’s direct effect minus the semi-direct effect minus masking terms which
quantify how much the radiative impact of changes in temperature, humidity, and aerosols is attenu-
ated by clouds. This proxy for the LW indirect effect (equation (8)) equals IPCC’s indirect effect plus the
semi-direct effect plus the aforementioned masking terms, i.e. the semi-direct effect plus masking terms
in our analysis is an indirect effect.

Global multimodel mean maps of the SW albedo term (∆RSW
albedo) and the LW surface temperat-

ure term (∆RLW
To ) for each aerosol reduction signal are included in supplementary figures 1 and 2.

Multimodel mean global mean values of ∆RSW
albedo and ∆RLW

To are all relatively small for each aerosol
reduction signal, with limited significance (supplementary table 1).
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3. Results

3.1. Aerosol optical depth responses
Although the magnitude of the aerosol reduction is important to the overall ERF, the type of aerosol
species is also important. Reductions in BC, for example, can act to offset reductions in SO4 by mut-
ing aerosol-radiation interactions. SO4 is also a much more efficient CCN than most other AA spe-
cies, which will have disproportionate impacts on aerosol-cloud interactions. Furthermore, the region
where the aerosol emissions reduction occurs is also important, due to factors such as underlying surface
brightness (i.e. albedo), background climate which can impact transport and removal, as well as other
environmental factors including the dominant cloud regimes, which impact aerosol-cloud interactions.
The background levels of air pollution can also contribute to nonlinear aerosol-cloud interactions, which
become saturated in more polluted regions with higher background aerosol (e.g. Jia and Quaas 2023).

Aerosol optical depth (AOD; here at 550 nm) is a measure of the extinction (e.g. scattering and
absorption) of the solar beam due to aerosols. We use it here to provide a broad overview of the aer-
osol reduction signals across RAMIP experiments. Figure 1 shows the multimodel mean annual mean
AOD response for the sum of AAs including sulfate, BC and OA (abbreviated as AAOD). As expec-
ted, all aerosol reduction signals yield global mean decreases in AAOD. For example, GLO yields the
largest reductions of −21.8 ± 6.4 10−3. This is followed by EAS, SAS, AFR and NAE at −5.4 ± 1.6
10−3, −4.9 ± 1.4 10−3, −3.8 ± 0.8 10−3, −2.2 ± 0.9 10−3, respectively (table 3). A similar ranking
also occurs based on AA emissions (SSP1-2.6 minus SSP3-7.0 in the year 2050), with GLO yielding the
largest emissions reductions at −100.4 Tg year−1, followed by EAS, SAS, AFR and NAE at −29.0, −20.8,
−12.4 and −10.7 Tg year−1, respectively (table 3).

The regional aerosol emission signals show maximum AAOD decreases centered over the region
of emission reduction, but with remote dispersion due to long range transport. Emission reduction
regions in the Northern Hemisphere (NH), including EAS, NAE and SAS (figures 1(c)–(e)), show
AAOD reductions throughout most of the NH. In contrast, minimal AAOD reductions occur in the
Southern Hemisphere, indicating small cross equatorial transport. AFR emission reductions, which occur
on both sides of the equator, yield AAOD responses in both hemispheres (figure 1(b)). We note the
AAOD increase near southern Africa under GLO and AFR (figures 1(a) and (b)), which is largely due
to increases in SO4 AOD (as well as OA AOD; supplementary figures 3–5). This is associated with indus-
trialization and infrastructure expansion in the near-term, along with continued reliance on fossil fuels
for energy, industry, and transportation. Weak increases in biomass burning emissions also contrib-
ute here (emissions maps for SSP1-2.6 minus SSP3-7.0 in the year 2050 are included in supplementary
figure 6).

Table 3 also shows the corresponding statistics separately for SO4 AOD, OA AOD and BC AOD
(maps are provided in supplementary figures 3–5). About half of the GLO AAOD decrease is associ-
ated with SO4 AOD at 53%, as compared with OA AOD (34%) and BC AOD (13%). Similar values
are obtained for EAS, where the AAOD decrease is largely associated with SO4 AOD at 52%, as com-
pared with OA AOD (33%) and BC AOD (15%). Similar statements also apply for SAS, where SO4 AOD
accounts for 59% of the AAOD decrease, followed by OA AOD at 31% and BC AOD at 10%. An even
larger percentage of the NAE AAOD decrease is associated with SO4 AOD at 73% (20% for OA AOD)
with small contributions from BC AOD at 7%. In contrast, a relatively small percentage of the AFR
AAOD decrease is associated with SO4 AOD at 36%, with relatively large contributions from OA AOD
at 43% and BC AOD at 21%.

Thus, the global mean AAOD decrease for GLO, EAS and SAS is dominated by SO4 AOD (more
than 50% of the total). This percentage is even higher for NAE at 73%. For AFR, the BC AOD decrease
represents 21% of the AAOD decrease, which is the largest relative contribution from BC. In contrast,
the AFR SO4 AOD decrease represents only 36% of the AAOD decrease, which is the smallest relat-
ive contribution from SO4. Although the percentages are different, analogous statements exist based on
emissions, including the relatively large SO2 contribution to NAE emissions reductions and the relatively
large BC contribution to AFR emissions reductions. These proportional aerosol species differences are
due to different emission sources, and in particular, the larger importance of biomass burning aerosol
(largely BC and OA) for AFR. In subsequent sections, we use this AOD analysis to better understand the
ERF responses across RAMIP experiments.

3.2. ERF decomposition for global aerosol reduction
Figure 2 shows the global mean ERF decomposition based on the global aerosol reduction signal. Bars
represent the multimodel mean and error bars show the ±1 standard deviation across models. Individual
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Table 3.Multimodel mean global mean aerosol optical depth (AOD) and emissions statistics. Rows show the AOD response based on
sulfate aerosol (SO4 AOD); organic aerosol (OA AOD); black carbon (BC AOD); and their sum (AAOD). Columns show the aerosol
reduction signals, including the sum of the four regions (EAS+ NAE+ SAS+ AFR). Uncertainty is quantified as the intermodal
spread (±1 standard deviations across the models). Bold values indicate that the spread does not encompass 0 (accounting for
roundoff). All AOD units are 10−3. Only 6 models are available for this analysis, including CESM2, CNRM-ESM2-1,
EC-Earth3-AerChem, MIROC6, MRI-ESM2-0 and NorESM2-LM. Also included are corresponding statistics based on total
(industrial+ biomass burning) emissions of SO2, BC and OA (SSP1-2.6 minus SSP3-7.0 for the year 2050), as well as decomposition
into industrial versus biomass burning emissions. Units are Tg year−1.

∆AOD GLO EAS NAE SAS AFR EAS+ NAE+ SAS+ AFR

SO4 −11.6± 4.2 −2.8± 1.0 −1.6± 0.7 −2.9± 1.2 −1.4± 0.4 −8.7± 1.8

OA −7.5± 3.1 −1.8± 0.7 −0.5± 0.2 −1.5± 0.5 −1.7± 0.6 −5.4± 1.1

BC −2.7± 1.5 −0.8± 0.5 −0.2± 0.1 −0.5± 0.2 −0.8± 0.4 −2.2± 0.7

AA −21.8± 6.4 −5.4± 1.6 −2.2± 0.9 −4.9± 1.4 −3.8± 0.8 −16.3± 2.4

∆ Emissions (Total) GLO EAS NAE SAS AFR EAS+ NAE+ SAS+ AFR

SO2 −72.9 −20.9 −9.3 −16.3 −5.9 −52.4

OA −20.2 −5.6 −1.0 −3.4 −4.7 −14.7

BC −7.3 −2.5 −0.4 −1.1 −1.8 −5.8

AA −100.4 −29.0 −10.7 −20.8 −12.4 −72.9

∆ Emissions (Industrial) GLO EAS NAE SAS AFR EAS+ NAE+ SAS+ AFR

SO2 −72.4 −20.8 −9.2 −16.2 −6.2 −52.4

OA −16.9 −5.1 −0.7 −3.3 −5.5 −14.6

BC −7.1 −2.45 −0.4 −1.07 −2.0 −5.9

AA −96.4 −28.3 −10.3 −20.6 −13.7 −72.9

∆ Emissions (Biomass) GLO EAS NAE SAS AFR EAS+ NAE+ SAS+ AFR

SO2 −0.47 −0.11 −0.05 −0.04 0.25 0.05

OA −3.3 −0.5 −0.3 −0.1 0.9 −0.04

BC −0.26 −0.04 −0.02 −0.02 0.14 0.06

AA −4.0 −0.68 −0.36 −0.18 1.28 0.07

Figure 1. Spatial maps of the multimodel mean aerosol optical depth response. AOD is based on the sum of sulfate AOD+
organic aerosol AOD+ black carbon AOD (AAOD). Panels show the (a) Global; (b) Africa+Middle East; (c) East Asia (d)
North America+ Europe; and (e) South Asia aerosol reduction signal. Only 6 models are available for this analysis, including
CESM2, CNRM-ESM2-1, EC-Earth3-AerChem, MIROC6, MRI-ESM2-0 and NorESM2-LM. Non-stippled regions indicate grid
boxes where at least 5 out of the 6 models agree on the sign. Black boxes designate boundaries for the four RAMIP regions. Units
are 10−3.
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Figure 2. Global mean ERF decomposition bar chart for the global aerosol reduction signal. Bars show the global mean mul-
timodel mean ERF decomposition, with the corresponding error bars representing the intermodal spread (±1 standard devi-
ations across the models). Gray symbols show individual model results. Units are W m−2.

model results are also included as gray symbols. As expected, a relatively large and significant pos-
itive net ERFari+aci exists at 0.77 ± 0.25 W m−2 (see also table 4 and supplementary figure 7). This
corresponds to about 71% of the magnitude of the historical (2015 relative to 1850) net ERFari+aci

from a larger collection (>20) of models (Zelinka et al 2023) participating in the Coupled Model
Intercomparison Project version 6 (CMIP6; Eyring et al 2016). Although all nine models yield a positive
net ERFari+aci, the intermodal spread is relatively large at 0.46 W m−2 for CNRM-ESM2-1–1.20 W m−2

for CESM2. Nearly all of the net ERFari+aci increase is associated with net ERFaci at 0.72 ± 0.37 W m−2

which corresponds to about 82% of the historical net ERFaci from Zelinka et al (2023). All nine mod-
els yield a positive value, with the largest increase for CESM2 and NorESM2-LM (as for net ERFari+aci).
The two models (CNRM-ESM2-1 and GISS-E2-1-G) that lack the Albrecht effect (table 2) yield the
weakest net ERFaci increase. The contribution from net ERFari is much smaller and not significant at
0.05 ± 0.22 W m−2 (24% of the historical value). The intermodel spread for net ERFari spans both
negative (e.g. CESM2 and EC-Earth3-AerChem) and positive values (MIROC6, GISS-E2-1-G and MRI-
ESM2-0).

The increase in net ERFari+aci is due to SW ERFari+aci at 0.87 ± 0.51 W m−2 which is weakly muted
by LW ERFari+aci at −0.10 ± 0.38 W m−2. The latter, however, is heavily influenced by a relatively large
negative value of −1.08 W m−2 in MRI-ESM2-0, which in turn is due to a relatively large negative value
of LW ERFaci. As highlighted by Smith et al (2020), this is due to ice cloud nucleation by BC aerosols
(which here are decreasing) in high-level tropical clouds with temperature below −38 ◦C (Oshima et al
2020). Although three other models (CESM2, MIROC6, and NorESM2-LM) also include aerosol interac-
tions on ice clouds (significant in the LW), they yield small (and in some cases positive) LW ERFaci.

SW ERFari+aci is largely due to SW ERFaci at 0.78 ± 0.49 W m−2. All nine models yield a posit-
ive value, but again with large spread (0.31 W m−2 in GISS-E2-1-G to 1.64 W m−2 in MRI-ESM2-0).
As before, both GISS-E2-1-G and CNRM-ESM2-1 yield the smallest increase. For MRI-ESM2-0, the
aforementioned large negative LW ERFaci is largely offset by a large positive SW ERFaci. In terms of SW
aerosol-radiation interactions, SW ERFari is relatively weak and not significant at 0.09 ± 0.23 W m−2.
This is due to opposing SW ERFari,scat at 0.48 ± 0.15 W m−2 and SW ERFari,abs at −0.38 ± 0.15 W
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Table 4.Multimodel mean global mean statistics for the ERF decomposition. Uncertainty is quantified as the intermodal spread (±1
standard deviations across the models). Bold values indicate that the spread does not encompass 0 (accounting for roundoff). All ERF
units are W m−2. Also included is normalized net ERFari+aci (units of W m−2 per AAOD) where ERFari+aci is divided by the absolute
value of the change in AAOD. Corresponding normalized net ERFari+aci (units of W m−2 per Tg year−1) are also included, where
ERFari+aci is divided by the absolute value of the change in AA emissions.

ERFs GLO EAS NAE SAS AFR

Net ERFari+aci 0.77± 0.25 0.15± 0.07 0.13± 0.09 0.10± 0.05 0.05± 0.07

Net ERFari 0.05± 0.22 −0.01± 0.06 0.03± 0.04 0.04± 0.05 −0.06± 0.05

Net ERFaci 0.72± 0.37 0.16± 0.10 0.11± 0.08 0.06± 0.06 0.11± 0.08

LW ERFari+aci −0.10± 0.38 −0.004± 0.05 −0.01± 0.05 0.002± 0.06 0.004± 0.11

LW ERFari −0.04± 0.04 −0.002± 0.02 −0.01± 0.03 −0.01± 0.01 −0.01± 0.01

LW ERFaci −0.06± 0.37 −0.001± 0.06 −0.01± 0.03 0.01± 0.05 0.01± 0.11

SW ERFari+aci 0.87± 0.51 0.16± 0.09 0.15± 0.08 0.10± 0.08 0.04± 0.11

SW ERFari 0.09± 0.23 −0.01± 0.06 0.04± 0.02 0.05± 0.05 −0.05± 0.05

SW ERFaci 0.78± 0.49 0.16± 0.10 0.11± 0.09 0.05± 0.06 0.10± 0.09

SW ERFari,scat 0.47± 0.15 0.10± 0.03 0.06± 0.02 0.12± 0.04 0.07± 0.02

SW ERFari,abs −0.38± 0.15 −0.11± 0.04 −0.02± 0.02 −0.07± 0.03 −0.12± 0.04

SW ERFaci,amt 0.06± 0.10 0.02± 0.02 0.02± 0.04 −0.01± 0.03 0.001± 0.04

SW ERFaci,scat 0.71± 0.42 0.14± 0.09 0.10± 0.08 0.06± 0.05 0.09± 0.08

SW ERFaci,abs 0.01± 0.05 0.01± 0.01 0.000± 0.004 0.002± 0.01 0.003± 0.01

Normalized ERFs (by AAOD) GLO EAS NAE SAS AFR

Net ERFari+aci 35.3 27.8 59.1 20.4 13.2

Normalized ERFs (by emissions) GLO EAS NAE SAS AFR

Net ERFari+aci 0.0077 0.0052 0.0121 0.0048 0.0040

m−2. The opposing non-cloud scattering and non-cloud absorption is consistent with the decrease in
scattering (SO4) and absorbing BC aerosols (table 3).

Finally, SW ERFaci is dominated by SW ERFaci,scat at 0.71 ± 0.42 W m−2. All nine models yield a
positive value, but with a large range of 0.28 W m−2 (GISS-E2-1-G) to 1.46 W m−2 (CESM2). The
other SW cloud terms including SW ERFaci,amt and SW ERFaci,abs are both small and not significant
at 0.06 ± 0.10 W m−2 and 0.01 ± 0.05 W m−2, respectively. To summarize, nearly all (94%) of the
increase in net ERFari+aci is due to aerosol-cloud interactions, which in turn is largely associated with
reduced SW cloud scattering.

3.3. ERF decomposition for EAS aerosol reduction
A significant increase in net ERFari+aci for EAS exists at 0.15 ± 0.07 W m−2 (table 4; see also sup-
plementary figures 8 and 9). Of the four regional perturbations, EAS yields the largest increase in
net ERFari+aci, which corresponds to about 19% of the increase in net ERFari+aci under global aero-
sol reductions. All nine models yield an increase, with once again a relatively large range that spans
0.06 W m−2 (SPEAR) to 0.24 W m−2 (CESM2). The conclusions discussed above in section 3.2 for
the global aerosol reduction also apply here. This includes the importance of aerosol-cloud interac-
tions and in particular, SW ERFaci,scat at 0.14 ± 0.09 W m−2. Here, aerosol-radiation interactions are
weakly negative at −0.01 ± 0.06 W m−2, with five models yielding a negative value and four models
yielding a positive value. As in GLO, the weak net ERFari is due to opposing changes in SW ERFari,scat
at 0.10 ± 0.03 W m−2 versus SW ERFari,abs at −0.11 ± 0.04 W m−2. Thus, aerosol-cloud interactions
dominate the EAS net ERFari+aci, largely due to reduced SW cloud scattering. Aerosol-radiation interac-
tions are small (weakly negative) and not significant, due to similar magnitude increases in non-cloud
scattering and decreases in non-cloud absorption.

3.4. ERF decomposition for NAE aerosol reduction
A significant increase in net ERFari+aci for NAE exists at 0.13 ± 0.09 W m−2 (table 4; see also supple-
mentary figures 10 and 11). This represents the second largest increase in net ERFari+aci across the four
regional aerosol reduction signals, and corresponds to about 17% of the increase in net ERFari+aci under
global aerosol reductions. All nine models yield an increase, but with relatively large range (0.01 W m−2

in CNRM-ESM2-1–0.30 W m−2 in CESM2). As with GLO and EAS, net ERFari+aci is dominated by
aerosol-cloud interactions and in particular, SW ERFaci,scat at 0.10 ± 0.08 W m−2. Net ERFari is weakly
positive at 0.03 ± 0.04 W m−2 which is related to SW ERFari,scat at 0.06 ± 0.02 W m−2 dominating
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over SW ERFari,abs at −0.02 ± 0.02 W m−2. This is in general consistent with the larger contribution of
SO4 (as opposed to BC) to the total NAE aerosol decrease, i.e. SO4 AOD comprises 73% of the AAOD
decrease. Thus, aerosol-cloud interactions dominate net ERFari+aci for NAE, largely due to reduced SW
cloud scattering. Aerosol-radiation interactions also contribute to the overall positive ERFari+aci, due to a
relatively large positive contribution from non-cloud scattering.

3.5. ERF decomposition for South Asia aerosol reduction
A significant increase in net ERFari+aci SAS exists at 0.10 ± 0.05 W m−2 (table 4; see also supplement-
ary figures 12 and 13). This represents the third largest increase in net ERFari+aci across the four regional
aerosol reduction signals, and corresponds to about 13% of the increase in net ERFari+aci under global
aerosol reductions. All nine models yield an increase, but with a relatively large range at 0.03 W m−2 in
CNRM-ESM2-1–0.15 W m−2 in CESM2. The conclusions discussed above also apply here. This includes
the importance of net ERFaci at 0.06 ± 0.06 W m−2 and in particular SW ERFaci,scat at 0.06 ± 0.05 W
m−2. In terms of aerosol-radiation interactions, SAS net ERFari is the largest of the four regions at
0.04 ± 0.05 W m−2 which is due to SW ERFari,scat at 0.12 ± 0.04 W m−2 dominating over SW ERFari,abs
at −0.07 ± 0.02 W m−2. This is in general consistent with the relatively large contribution of SO4 to
the total AAOD decrease (59% of the total) as compared to BC (10% of the total). Thus, aerosol-cloud
interactions still dominate for SAS, but aerosol-radiation interactions also contribute to the overall posit-
ive net ERFari+aci, largely due to a relatively large positive contribution from non-cloud scattering.

3.6. ERF decomposition for Africa andmiddle East aerosol reduction
Unlike the other regional signals, a non-significant increase in net ERFari+aci exists for AFR at
0.05 ± 0.07 W m−2 (table 4; see also supplementary figures 14 and 15). This represents the weakest
increase in net ERFari+aci across the four regional aerosol reduction signals, and corresponds to about
6% of the increase in net ERFari+aci under global aerosol reductions. Six models yield an increase and
three yield a decrease. The range spans −0.02 W m−2 in MRI-ESM2-0–0.17 W m−2 in MIROC6.
Although net ERFaci remains most important at 0.11 ± 0.08 W m−2, AFR has the largest negative
(and significant) net ERFari at −0.06 ± 0.05 W m−2. SW ERFaci,scat remains the dominant driver
of ERFaci at 0.09 ± 0.08 W m−2. The relatively large negative net ERFari is due to SW ERFari,abs at
−0.12 ± 0.04 W m−2 dominating over SW ERFari,scat at 0.07 ± 0.02 W m−2. This is in general con-
sistent with the relatively large contribution of BC to the total aerosol decrease, i.e. BC AOD comprises
21% of the AAOD decrease, which is the largest of our four regions. AFR also yields a relatively small
decrease in SO4 at 36% of the total AAOD decrease. Thus, aerosol-cloud interactions still dominate for
AFR, but with larger cancellation from aerosol-radiation interactions, due to a relatively large negative
contribution from non-cloud absorption.

3.7. Normalized ERFs
As mentioned above, the global mean NAE net ERFari+aci is nearly as large as that for EAS (0.13 ± 0.09
versus 0.15 ± 0.07 W m−2). This is despite smaller NAE decreases in AAOD at −2.2 ± 0.9 10−3 relat-
ive to EAS at −5.4 ± 1.6 10−3 (table 3). This is more clearly shown by normalizing net ERFari+aci by the
absolute value of the change in AAOD, which yields a forcing efficiency of 27.8 W m−2 per AAOD for
EAS versus 59.1 W m−2 per AAOD for NAE (figure 3 and table 4). More generally, of our four regions
(including GLO), NAE yields the largest forcing efficiency. Qualitatively similar statements exist if we
normalize by AA emissions (table 4). As discussed above, this could be related to several factors (includ-
ing the location), but some of the enhanced NAE forcing efficiency is related to the type of aerosol spe-
cies being reduced. NAE features a relatively large decrease in SO4 which constitutes 73% of the total
AAOD decrease. In contrast, a relatively small decrease in BC occurs at 7% of the AAOD decrease. This
NAE aerosol species mixture (i.e. the part of the AAOD that is caused by SO4, OA or BC) contributes
to its positive ERFari, where positive non-cloud scattering dominates over negative non-cloud absorption.
NAE ERFaci is also relatively large and positive (second largest behind EAS), which may be related to the
dominant cloud regime in the upper mid-latitudes (i.e. preponderance of low-level liquid clouds). We
also note that NAE emission reductions started occurring in the late 1970s/early 1980s, and the region
is less polluted than the others. This may increase the susceptibility of the cloud droplet number con-
centration to the CCN concentration, and enhance aerosol cloud interactions (Jia and Quaas 2023). In
contrast to NAE, AFR has the weakest normalized ERF at 13.2 W m−2 per AAOD. This is again consist-
ent with the relatively large contribution of BC to the total AAOD decrease for AFR, which drives its net
negative ERFari.
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Figure 3. Global mean normalized ERF bar chart for the aerosol reduction signals. Bars show the global mean multimodel mean
net ERFari+aci normalized by the corresponding absolute value of the change in AAOD. Also included is the sum of the four
regions (EAS+ NAE+ SAS+ AFR) and its difference with GLO, i.e. the rest of the world. Units are W m−2 per AAOD.

3.8. ERF decomposition for the four regions and the rest of the world
We next compare the sum of the four regions (EAS + NAE + SAS + AFR) to GLO minus
(EAS + NAE + SAS + AFR). Assuming linearity, the latter provides an estimate of the response to aer-
osol emissions reductions for the rest of the world, which includes South America, Central America,
Australia, Russia and Indonesia. Our assumption of linearity may not be ideal, but RAMIP currently
lacks actual rest of the world experiments (i.e. AA emissions reductions everywhere except our four
regions). Future work, including actual rest of the world simulations with RAMIP models, will evalu-
ate this assumption. The global mean AAOD decrease under EAS + NAE + SAS + AFR is −16.3 ± 2.4
10−3 (table 3), which constitutes the bulk (75%) of the corresponding decrease for GLO. The mixture
of the aerosol species decrease under EAS + NAE + SAS + AFR is essentially identical (±1%) to that
under GLO at 53% for SO4 AOD, 33% for OA AOD and 14% for BC AOD. In contrast, the rest of the
world accounts for only 25% of the AAOD decrease under GLO, and the mixture of the aerosol species
decrease is less absorbing (53% for SO4 AOD, 38% for OA AOD and 9% for BC AOD). Similar state-
ments exist based on emissions, where the rest of the world accounts for only 27% of the AA emissions
decrease under GLO.

Figure 4 shows the global mean ERF decomposition based on the global aerosol reduction signal
(as in figure 2), along with that from the sum of the four regional perturbations, and the correspond-
ing difference, i.e. the rest of the world. The sum of the four regions yields a significant increase in
net ERFari+aci at 0.43 ± 0.22 W m−2 (see also supplementary table 2), which corresponds to 56% of
the increase in net ERFari+aci under global aerosol reductions. As EAS + NAE + SAS + AFR captures
a higher percentage (75%) of the GLO decrease in AAOD, 56% is below what one (naively) expects
assuming a linear relationship between ERF and AAOD (and emissions). Stated in other words, the
AAOD decrease for the rest of the world comprises only 25% of the GLO decrease, but 44% of the net
ERFari+aci increase. This forcing efficiency difference is also apparent in the normalized (by AAOD) net
ERFari+aci, which is 26.4 W m−2 per AAOD for the sum of the four regions relative to 61.8 W m−2 per
AAOD for the rest of the world (figure 3). Qualitatively similar statements exist if we normalize by AA
emissions (supplementary table 2). Here, normalized (by AA emissions) net ERFari+aci is 0.0059 W m−2
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Figure 4. Global mean ERF decomposition bar chart for the global aerosol reduction signal, including the sum of the four regions
and the corresponding difference. Bars show the global mean multimodel mean ERF decomposition, with the corresponding
error bars representing the intermodal spread (±1 standard deviations across the models). The first bar in each like-colored set
of 3 bars shows the global aerosol reduction signal. The second bar in each like-colored set of 3 bars shows the sum of the four
regions (EAS+ NAE+ SAS+ AFR). The third bar in each like-colored set of 3 bars shows the rest of the world (i.e. GLO minus
EAS+ NAE+ SAS+ AFR). To preserve figure clarity, individual model results are not included. Units are W m−2.

per Tg year−1 for the sum of the four regions relative to 0.0123 W m−2 per Tg year−1 for the rest of the
world.

The relatively weak increase (compared to the decrease in AAOD) in EAS + NAE + SAS + AFR
net ERFari+aci is related to SW radiative effects, as SW ERFari+aci is 0.44 ± 0.30 W m−2 which is nearly
identical to the corresponding increase for the rest of the world at 0.43 ± 0.25 W m−2 (figure 4 and
supplementary table 2). This, in turn, is related to both aerosol-cloud and aerosol-radiation interactions.
SW ERFaci is 0.42 ± 0.29 W m−2 for the sum of the four regions versus 0.36 ± 0.26 W m−2 outside of
these four regions. Most of this is associated with the cloud scattering term at 0.38 ± 0.28 W m−2 and
0.33 ± 0.17 W m−2, respectively. These SW ERFaci,scat values represent 54% and 46% of the correspond-
ing GLO values (which are very similar to the corresponding percentages discussed above based on net
ERFari+aci). These percentages are again below what one expects assuming linearity. We suggest this is
in part related to the non-linearity of aerosol-cloud interactions, which become saturated in more pol-
luted regions with higher background aerosol (e.g. Jia and Quaas 2023). Our four target regions were
chosen because they are among the largest AA emitters (in particular EAS and SAS) and thus comprise
relatively polluted environments. In contrast, the areas outside of these four regions are not among the
largest AA emitters and therefore comprise a less polluted environment. For the same unit reduction in
aerosol emissions for both regions, larger aerosol-cloud interactions would be expected in the cleaner
environment. Furthermore, some of the emissions reductions outside our four main regions (e.g. South
America) occur in close proximity to marine stratocumulus cloud decks, which likely leads to a large
contribution through aerosol-cloud interactions.

Aerosol-radiation interactions (although not significant overall) also contribute to the relat-
ively weak increase in EAS + NAE + SAS + AFR net ERFari+aci, and this is related to the type
of aerosol species being reduced. As mentioned above, the mixture of the AAOD decrease under
EAS + NAE + SAS + AFR contains a higher proportion of absorbing as opposed to scattering aerosols
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Figure 5. Spatial maps of the multimodel mean ERF decomposition for the global aerosol reduction signal minus the sum of the
4 regions (EAS+ NAE+ SAS+ AFR). Non-stippled regions indicate grid boxes where at least 7 out of the 9 models agree on the
sign. Units are W m−2.

as compared to the rest of the world. This will promote cooling via reduced non-cloud absorption,
muting the warming from reduced non-cloud scattering associated with SO4 reductions. This is sup-
ported by SW ERFari, which is less positive at 0.02 ± 0.16 W m−2 under EAS + NAE + SAS + AFR
as compared to 0.07 ± 0.09 W m−2 outside of these regions (figure 4 and supplementary table 2).
The corresponding non-cloud scattering and non-cloud absorbing terms are 0.34 ± 0.09 W m−2

and −0.32 ± 0.12 W m−2 for EAS + NAE + SAS + AFR versus 0.13 ± 0.08 W m−2 and
−0.06 ± 0.04 W m−2 for the rest of the world. Thus, although the sum over the four regions yields lar-
ger magnitude terms, non-cloud scattering and non-cloud absorption are nearly equal but opposite in
magnitude and effectively cancel out. In contrast, for the rest of the world (where BC AOD reductions
are only 9% of the total AAOD decrease), non-cloud scattering dominates over non-cloud absorption,
driving a net increase in SW ERFari.

Figure 5 shows spatial maps of the ERF decomposition based on GLO minus our four regions,
i.e. the effects of AA reductions for the rest of the world. The bulk of the net ERFari+aci increase occurs
over South America (extending over the eastern Pacific), central/eastern northern Russia and Indonesia
(figure 5(a)). Although net ERFari contributes (largely over Russia and the eastern Pacific; figure 5(b)),
most of the signal is due to net ERFaci (figure 5(c)). These signals are particularly prominent in the SW
(figures 5(g)–(i)) and to some extent muted in the LW, particularly over Indonesia (figures 5(d)–(f)).
Figures 5(j) and (k) shows the importance of non-cloud scattering dominating over non-cloud absorp-
tion; the dominant term, however, remains SW ERFaci,scat (figure 5(m)). Thus, most of the increase in
net ERFari+aci for the rest of the world originates from South America, Russia and Indonesia.
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Figure 6. The impact of regional aerosol reductions on that region. Regional mean ERF decomposition bar chart for the (a) EAS;
(b) SAS); (c) NAE; and (d) AFR aerosol reduction signals. Bars show the regional mean (over the same region as the aerosol
reduction) multimodel mean ERF decomposition, with the corresponding error bars representing the intermodal spread (±1
standard deviations across the models). Gray symbols show individual model results. Units are W m−2. Note that the y-axis
spans−4–4 Wm−2 in all panels.

3.9. Regional ERF decomposition
Although our focus has been on the global mean ERF, aerosols are heterogeneous and short-lived and
thus will have larger impacts closer to their emission sources. Figure 6 shows bar charts of the ERF
decomposition based on regional mean ERFs (over that region) for each of our four regional aer-
osol reduction signals. The regional mean EAS ERF is calculated over the EAS region; the regional
mean SAS ERF is calculated over the SAS region, etc. Except for AFR, the regional mean net
ERFari+aci is larger than the corresponding global mean net ERFari+aci. EAS yields a regional mean net
ERFari+aci of 1.64 ± 1.36 W m−2 (figure 6(a) and supplementary table 3) followed closely by SAS at
1.61 ± 1.00 W m−2 (figure 6(b)). NAE yields a corresponding value of 0.74 ± 0.21 W m−2 (figure 6(c))
and AFR continues to yield a non-significant value of 0.01 ± 0.31 W m−2 (figure 6(d)).

As with the global mean ERF analysis, similar overall conclusions exist including the importance of
aerosol-cloud interactions (net ERFaci dominates the regional net ERFari+aci for all four regions), with
reduced SW cloud scattering the dominant term. However, larger intermodal spread occurs for the
regional mean ERFs. This is particularly the case for EAS, where the intermodel net ERFari+aci spread
is −0.82 W m−2 in UKESM1-0-LL to 3.83 W m−2 in MIROC6 (figure 6(a)). SAS also features relatively
large intermodal spread (figure 6(b)). Nonetheless, we emphasize that these relatively large multimodel
mean regional ERFs will in turn drive relatively large regional climate impacts, which continue to be
underappreciated in most policy discussions.

We also briefly evaluate the impact of regional versus global aerosol reductions on that region’s net
ERFari+aci (figure 7). The corresponding difference (global minus regional) yields the impact of remote
aerosol emission reductions on that region’s net ERFari+aci. For each of our four regions, global aerosol
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Figure 7. The impact of remote aerosol reductions on each region. Bars show the regional mean multimodel mean net ERFari+aci

based on the global aerosol reduction signal (gray) and that region’s aerosol reduction signal (red) for our four regions (x-axis).
The difference (global minus regional) yields the regional mean multimodel mean net ERFari+aci associated with remote aerosol
emission reductions. Error bars represent the intermodal spread (±1 standard deviations across the models). Units are W m−2.

reductions drive a larger increase in that region’s net ERFari+aci as compared to regional aerosol emis-
sion reductions from that region. Illustrating with EAS, global aerosol emission reductions yield a net
ERFari+aci over the EAS region of 2.69 ± 1.72 W m−2, which can be compared to the above discussed
value of 1.64 ± 1.36 W m−2 for EAS aerosol emission reductions alone. This implies the impact of
remote (outside of the EAS region) aerosol emission reductions yields a net ERFari+aci over the EAS
region of 1.05 ± 0.56 W m−2. As a percentage, 61% of the net ERFari+aci over the EAS region from
global aerosol emission reductions is due to local aerosol emission reductions from that region (i.e. EAS)
and 39% is due to remote (i.e. outside of the EAS region) aerosol emission reductions. This result clearly
shows that remote emission reductions represent a sizable contribution (via transport). This statement
is true for the other regions as well. For the NAE region, the breakdown is 60% from regional aero-
sol emission reductions and 40% from remote reductions. For the SAS region, the breakdown is 70%
from regional reductions and 30% from remote reductions. Remote emission reductions (although smal-
ler in magnitude at 0.35 ± 0.17 W m−2) are most important for the AFR region at 97% versus 3% for
regional aerosol emission reductions. The implication of these findings is that remote aerosol emission
reductions have the capacity to significantly increase other countries’ net ERFari+aci, which in turn will
drive warming and associated climate impacts for the other countries. Furthermore, regional aerosol
emission reductions can generate climate anomalies downstream of the emissions region via teleconnec-
tions (e.g. Undorf et al 2018, Wilcox et al 2019, Amiri-Farahani et al 2020).

3.10. Global mean seasonal ERFs
We briefly present global mean multimodel mean seasonal mean ERFs (supplementary table 4 and
supplementary figure 16) for December–January–February (DJF); March-April-May (MAM); June–
July–August (JJA); and September–October–November. Except for AFR during DJF and MAM, all sea-
sonal multimodel mean ERFs are significant. Outside of SAS, which has minimal seasonal ERF vari-
ation, the maximum seasonal mean ERF occurs in JJA while the minimum occurs in DJF. Under GLO,
for example, the JJA and DJF ERFs are 0.97± 0.22 W m−2 and 0.56± 0.12 W m−2, respectively. The
JJA forcing is 73% larger than the DJF forcing for GLO and EAS; for NAE, it is 120% larger. Seasonal
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ERF variations are largely due to seasonal variations in emissions and climate. However, relatively small
seasonal variation exists in our AA perturbations, which also show maximum AA reductions in DJF
as opposed to JJA (opposite the seasonal ERF signal). For example, GLO yields DJF SO2 decreases of
−18.9 Tg versus JJA SO2 decreases of −17.5 Tg. Thus, the seasonal ERF variations found here are largely
due to climate. Although many climate-related factors likely contribute, our results are in general con-
sistent with seasonal changes in sunlight. As most of the AA reductions occur in the NH for the major-
ity of our perturbations (e.g. GLO, EAS and NAE), maximum sunlight occurs during summertime JJA
and minimum sunlight occurs during wintertime DJF, consistent with the seasonal cycle of ERF for these
regions. This argument is also consistent with the lack of seasonal ERF variations for SAS, as it is at a
lower-latitude location (5–35 N) with less seasonal sunlight variation. Interestingly, there does not appear
to be a strong monsoonal imprint on the SAS seasonal ERFs, i.e. the monsoon tends to peak during
summertime (and the associated precipitation and wet removal) yet the JJA ERF remains relatively large.
The importance of available sunlight to seasonal ERF variations is also clear by comparing the DJF
versus JJA ERF maps under GLO (supplementary figure 16). Minimal positive DJF ERF occurs poleward
of about 50 N (consistent with limited sunlight) whereas relatively large positive JJA ERF occurs at these
higher NH latitudes (consistent with abundant sunlight).

4. Discussion and conclusions

RAMIP is designed to quantify the forcing and climate impacts of mid-21st century (year 2050) AA and
precursor gas emissions reductions, by comparing an SSP3-7.0 (weak levels of air quality control) to an
SSP1-2.6 (strong levels of air quality control) aerosol emission pathway. In all cases, ‘AA and precursor
gas emissions’ includes both industrial and biomass burning emissions of sulfur dioxide, sulfate, BC, and
OA. However, the bulk of the emissions decrease is due to industrial (as opposed to biomass burning)
emissions. For GLO, for example, 99% of the decrease in SO2 emissions is due to industrial emissions.
The corresponding percentages for OA and BC are 84% and 97%, respectively.

Using five RAMIP experiments, we have quantified and decomposed the aerosol ERF, including
aerosol radiation interactions and aerosol cloud interactions. The multi-model mean global mean
net ERFari+aci is 0.77± 0.25 W m−2 for GLO, which represents more than 70% of the magnitude of
the historical (2015 relative to 1850) net ERFari+aci. Three of the four regional perturbations yield a
significant positive net ERFari+aci at 0.15± 0.07 W m−2 for EAS, 0.13± 0.09 W m−2 for NAE and
0.10± 0.05 W m−2 for SAS. AFR yields a positive but nonsignificant value at 0.05± 0.07 W m−2. In
all cases, net ERFari+aci is dominated by aerosol-cloud interactions, which in turn are largely due to
reduced cloud scattering. Aerosol-radiation interactions are smaller in magnitude, due to cancellation
between positive non-cloud scattering and negative non-cloud absorption terms. Although the global net
ERFari+aci for the four regional perturbations are relatively small, the heterogeneous nature of aerosols
implies that their impacts on climate could be large.

Of the four regional aerosol reduction signals, NAE yields the largest forcing efficiency at
59.1 W m−2 per AAOD whereas AFR yields the weakest at 13.2 W m−2 per AAOD. These differences
are in part related to the type of aerosol species being reduced. NAE features a relatively large decrease
in SO4 (the primary scattering species that also acts as an efficient CCN) which constitutes 73% of
the AAOD decrease, but a relatively small decrease in BC (the primary absorbing species) at 7% of the
total AAOD decrease. In contrast, AFR features a relatively large contribution from BC (21%) to the
total AAOD decrease, but a relatively small contribution from SO4 at 36% of the total AAOD decrease.
Analogous statements exist based on emissions (as opposed to AAOD).

We have shown the ERF responses exhibit spatial nonlinearities, which is related to the type of
aerosol species being reduced, as well as to how polluted the background climate is, i.e. saturation of
aerosol-cloud interactions are expected under more polluted backgrounds. Proximity to marine stra-
tocumulus cloud decks also appears to be important (e.g. South America). Although the areas out-
side our four target regions (i.e. rest of the world) contribute 25% to the GLO AAOD reduction (27%
based on AA emissions), they disproportionately contribute 44% to the GLO net ERFari+aci. This implies
that the climate impacts of future aerosol reductions from polluted versus non-polluted regions may be
of comparable magnitude, even if the latter involves smaller aerosol reductions. We caution, however,
that our rest of the world signal assumes linearity, as it is based on the difference between GLO and
(EAS + NAE + SAS + AFR). Future RAMIP plans will perform actual rest of the world simulations
(i.e. AA emissions reductions for everywhere except our four regions) with a subset of the models, which
will allow us to assess our current assumption of linearity. This finding also motivates augmentation of
our RAMIP protocol to include regional aerosol emission experiments in some of these less polluted
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regions, in particular South America, Russia and Indonesia. Alternatively, this is perhaps best explored
in RAMIP version 2.0.

We have also shown that the multimodel regional mean net ERFari+aci for three of the four regional
perturbations is much larger (up to 1.64± 1.36 W m−2 for EAS) than the corresponding global mean
value. However, these regional values are even larger (up to 2.69± 1.72 W m−2 for EAS) under global
aerosol reductions, implying remote emission reductions represent a sizable contribution (up to 1.05±
0.56 W m−2 for EAS). The implication of these findings is that remote aerosol emission reductions have
the capacity to significantly increase other countries’ net ERFari+aci.

Although this analysis focuses on fixed SST experiments and the ERF, ongoing RAMIP analyses will
quantify the full suite of climate responses to plausible near-term regional aerosol emissions reductions
(using 10 ensemble member coupled ocean-atmosphere simulations). Based on the present study, we
find that remote aerosol emission reductions have the capacity to significantly increase other countries’
net ERFari+aci. RAMIP coupled simulations could be used to determine if these remote emission reduc-
tions will drive warming and associated climate impacts for the other countries. RAMIP coupled simula-
tions could also be used to explore the extent to which such remote aerosol emission reductions impact
the air quality of the other countries. If substantial, the implication is that a given country may not be
able to reduce air pollution to a desired level though local aerosol emission reductions alone. Such find-
ings could help inform international climate agreements and regional air quality frameworks.
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