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ABSTRACT: The aerosol indirect effect (AIE) dominates uncertainty in total anthropogenic aerosol forcing in phase 6
of the Coupled Model Intercomparison Project (CMIP6) models. AIE strength depends on meteorological conditions that
have been shown to change between preindustrial (PI) and present-day (PD) climates, such as cloud cover and atmospheric
moisture. Hence, AIE strength may depend on background climate state, impacting the dependence of model-based AIE esti-
mates on experiment design or the evolution of AIE strength with intensifying climate change, which has not previously been
explicitly evaluated. Using atmosphere-only simulations with prescribed observed sea surface temperatures (SSTs) and sea ice
in the National Center for Atmospheric Research (NCAR) Community Earth System Model 2, version 2.1.3 (CESM2),
Community Atmosphere Model, version 6.0 (CAM6), model, we impose a PD (2000) aerosol perturbation onto a PI (1850),
PD, and PD with a uniform 4 K increase in the SST (PD + 4 K) background climate to assess the dependence of the total
aerosol effective radiative forcing (ERF) and AIE on background climate. We find statistically insignificant increases in aerosol
ERF when estimated in the different background climates, almost entirely from increases in direct ERF but with some region-
ally significant compensating signals in PD + 4 K. The absence of an AIE dependence on background climate in our PD
simulation may be tied to documented differences in cloud responses to the observed SSTs used in our simulations versus
SSTs produced by the fully coupled models from which most cloud feedback studies are derived, known as the “pattern
effect.” Our findings indicate that AIE and aerosol forcing overall may not have a strong dependence on the background
climate state in the near future but could regionally under extreme climate change.

SIGNIFICANCE STATEMENT: Diverse model representations of aerosol-cloud interactions strongly contribute to
uncertainty in historical anthropogenic aerosol forcing and are associated with uncertainty in climate sensitivity. This
study aims to highlight the dependence of aerosol indirect effects on the background climate state in Community Earth
System Model 2, version 2.1.3 (CESM2), Community Atmosphere Model, version 6.0 (CAM6), by identifying micro-
physical and meteorological changes between aerosol-driven atmospheric responses in present-day and preindustrial
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climate states to understand anthropogenic aerosol-driven forcing more thoroughly.
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Aerosol—cloud interaction

1. Introduction

Anthropogenic aerosols modify the radiative budget and
cloud properties in the atmosphere, imposing a net cooling effect
on the climate system that has offset approximately half of
greenhouse gas warming throughout the historical period
(Myhre et al. 2013; Zhao et al. 2019; Deser et al. 2020). The
short atmospheric lifetime of anthropogenic aerosols and their
localized, intermittent effects on clouds and the radiative budget
complicates model representation of the aerosol effective radia-
tive forcing, which contributes to the uncertainties in the total
anthropogenic radiative forcing over the historical period (Szopa
et al. 2021; Forster et al. 2021; Bellouin et al. 2020).

Modifications of the radiative budget and cloud properties
by anthropogenic aerosols include the aerosol indirect effect
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(AIE) and aerosol direct effect (ADE). The AIE includes in-
dividual aerosol-cloud interactions and resulting atmospheric
adjustments, since aerosols act as cloud condensation nuclei
(Bellouin et al. 2020; Twomey 1974). These microphysical in-
teractions include modifications to the cloud droplet number
concentration, droplet effective radius, and cloud liquid water
path, which can lead to other atmospheric adjustments,
including precipitation suppression and cloud invigoration
(Twomey 1974; Bellouin et al. 2020; Albrecht 1989). The
ADE includes the modification of the radiative budget
through the direct scattering and absorption of solar radiation
(Bellouin et al. 2020). Clear-sky radiative flux responses to an
aerosol forcing allow the straightforward representation of
ADE, but the complex modification of microscopic cloud
properties of AIE requires parameterizations in general circu-
lation models (GCMs). These parameterizations provide an
imperfect quantification of the microphysical processes on a
global scale, which drives the uncertainty associated with
the anthropogenic aerosol forcing over the historical period
(Boucher et al. 2013; Bellouin et al. 2020).

Recent work has found a correlation between the spread in
AIE estimates in current phase 6 of the Coupled Model
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Intercomparison Project (CMIP6) models and the strength of
the cloud feedback (Wang et al. 2021), which is the greatest
contributor to the uncertainty in estimates of equilibrium or
effective climate sensitivity (ECS) among CMIP6 generation
climate models (Zelinka et al. 2020; Bellouin et al. 2020;
Gettelman et al. 2019). While the spread in the total aerosol ra-
diative forcing is uncorrelated with the spread in ECS (Huusko
et al. 2021; Meehl et al. 2020; Smith et al. 2020), modifications
and tuning of AIE can affect the ECS estimate produced by
Earth system models (ESMs) (Gettelman et al. 2019).

Given the importance of the AIE and its large contribution
to the total anthropogenic radiative forcing and relationship
with ECS uncertainties, efforts to constrain the understanding
of the AIE are essential. It is well recognized in the literature
that AIE is dependent on background aerosol loading (Twomey
1977; Boucher et al. 2013; Carslaw et al. 2013; Wilcox et al.
2015; Grandey and Wang 2019), but there has been no assess-
ment to date of the potential dependence of AIE on total
background climate conditions, such as combined changes to
cloud properties and atmospheric humidity. Studies suggest
that the cloud radiative effect response to aerosol-cloud in-
teractions depends on the local meteorologic variability in the
shallow boundary layer cumuli over land (Glenn et al. 2020)
and warm marine cloud regimes (Douglas and L’Ecuyer
2019). However, the explicit dependence of AIE strength on
the background climate state, given the combined changes in
cloud fields and other meteorological conditions expected
with warming, has not been addressed in other studies. Inves-
tigation of the AIE dependence on background climate is
vital because the climate system and atmospheric environ-
ment have and will continue to evolve, predominantly due to
greenhouse gas warming, which leads us to speculate that the
AIE has also evolved with this changing climate (Boucher
et al. 2013; Myhre et al. 2013; Forster et al. 2021). Further-
more, understanding the potential dependence of the AIE
and aerosol radiative forcing on background climate is essen-
tial for simulation design, since evolving or constant forcings
determine the background climate state.

AIE manifests where anthropogenic aerosols interact with
susceptible cloud regimes. Collocation of spatially heteroge-
neous anthropogenic aerosol with geographically diverse
cloud types is thus an important determinant of the overall
AIE strength (Douglas and L’Ecuyer 2019). There are several
warming-driven changes in cloud fields and background mete-
orological conditions that could be expected to impact the
strength of the AIE and aerosol effective radiative forcing,
which we outline and present initial hypotheses for below.
Current models show that anthropogenic warming throughout
the historical period has led to many cloud changes, denoted
as the cloud feedback, which is positive across almost all
CMIP6 models (Sherwood et al. 2020; Zelinka et al. 2020,
2017, Forster et al. 2021). The total positive cloud feedback is
commonly separated into individual feedbacks of specific
cloud regimes or cloud components in order to identify the
strongest contributors to the total cloud feedback. The domi-
nant individual cloud feedbacks include the positive tropical
and subtropical marine low cloud feedback, positive high cloud
altitude feedback, and negative extratropical cloud optical
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depth feedback, dominated by the positive low cloud feedbacks
(Sherwood et al. 2020; Zelinka et al. 2020; Forster et al. 2021).
Additionally, the water vapor feedback and surface albedo
feedback (Forster et al. 2021) could affect AIE strength
through their modification of the radiative properties of the
Earth system.

Expected positive tropical and subtropical marine low
cloud feedbacks in response to warming (Forster et al. 2021;
Sherwood et al. 2020) could be expected to decrease both
AIE and ADE. Sea surface temperature (SST) warming
weakens the boundary layer temperature inversion and dehy-
drates the low cloud layer within the marine stratocumulus
decks via convective mixing and increased cloud-top entrain-
ment, breaking up the consistent stratocumulus and trade cu-
mulus cloud regimes on the eastern side of ocean basins,
thereby decreasing shortwave reflectivity (Forster et al. 2021;
Sherwood et al. 2020; Boucher et al. 2013; Qu et al. 2014;
Sherwood et al. 2014). This has recently been shown to be
sensitive to the spatial pattern of SST warming, denoted as
the “pattern effect” (Rugenstein et al. 2023; Wills et al. 2022;
Seager et al. 2022; Dong et al. 2019; Ceppi and Gregory 2017;
Zhou et al. 2017). The collocation of the continental outflow
of California coastal (Hegg et al. 2010), trans-Pacific Asian
(Heald et al. 2006; Hoell et al. 1997), and southeast Pacific
Andes (Mechoso et al. 2014) anthropogenic aerosols with this
expected decrease in persistent eastern Pacific marine strato-
cumulus clouds with warming could lead to decreased global-
mean AIE in the warmed climate state, since these regimes
are responsible for a significant amount of the AIE globally.
Furthermore, a less humid lower troposphere in certain re-
gions between background climates could lead to less hygro-
scopic growth of aerosols, which would decrease the ADE
once aerosols are imposed in that changed background cli-
mate state.

The positive high cloud altitude feedback in response to
warming may be expected to have little impact on AIE and
ADE, at least as presently represented in most Earth system
models. According to the fixed anvil temperature (FAT)
hypothesis, the temperature of the convective detrainment
layer will not change with atmospheric warming. Conse-
quently, cloud-top altitude changes but not longwave emission
(Hartmann and Larson 2002). Thus, the increased surface
warming leads to more longwave radiation being trapped be-
low the clouds and a high cloud greenhouse effect (Forster
et al. 2021; Zelinka and Hartmann 2010; Hartmann and
Larson 2002). Aerosols initiate the formation of ice nuclei
(IN) in mixed phase and ice clouds, so anthropogenic aerosol
perturbations have the potential to affect glaciation rate, ice
optical properties, cloud amount, and hence, high cloud radia-
tive effects (Boucher et al. 2013; Storelvmo 2017; Forster et al.
2021). However, some relationships between aerosols and IN
are unclear due to complicated nonlinearities and variations
in surrounding environmental conditions and are generally
not well represented in CMIP6 models (Boucher et al. 2013;
Forster et al. 2021). Hence, the total contribution of the high
cloud altitude feedback on AIE and ADE in most Earth sys-
tem models could be weak, given the uncertainties associated
with high cloud AIE.
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The effect of the expected extratropical cloud optical depth
feedback with atmospheric warming on AIE and ADE is dif-
ficult to determine due to limited observations and process
representation but is expected to be weak. The immediate
phase change from cloud ice to liquid droplets with warming
in the midlatitudes is theorized to increase cloud shortwave
reflectivity (Bjordal et al. 2020; Tan et al. 2016; Forster et al.
2021). However, the comparison of AIE and ADE in cold
clouds versus warm clouds is complicated due to the lack of
observations for aerosol interactions in cold clouds (Patnaude
and Diao 2020; Forster et al. 2021). The extratropical cloud
optical depth feedback has been shown to be small and
heavily outweighed by the positive feedbacks from decreasing
low clouds and rising high cloud tops, so these effects on AIE
and ADE are expected to be negligible (Bjordal et al. 2020;
Forster et al. 2021; Sherwood et al. 2020). Furthermore, this
extratropical phase-change feedback is weak in most CMIP6
models (Bjordal et al. 2020; Sherwood et al. 2020; Tan et al.
2016; Forster et al. 2021).

The water vapor and ice albedo feedbacks can both be ex-
pected to strengthen ADE. With atmospheric warming, the
Clausius—Clapeyron equation suggests that the atmospheric
water vapor content will increase, particularly in the upper
troposphere (Boucher et al. 2013; Forster et al. 2021), thereby
further increasing atmospheric water vapor due to the en-
hanced greenhouse effect (Boucher et al. 2013; Forster et al.
2021). A more humid atmosphere would be expected to in-
crease hygroscopic growth and the ADE. Reduced surface al-
bedo due to sea ice amount and extent reductions with
surface warming, meanwhile, would decrease the total reflec-
tivity in the affected area. However, the reflectivity of added
anthropogenic aerosols above the newly darkened surface be-
low would be expected to manifest as stronger ADE, despite
the total planetary albedo decreasing.

Based on the first principles of how atmospheric conditions
should change with global warming, we hypothesize that the
strength of the AIE should be dependent on the background
climate state. We further hypothesize that the expected
decrease of eastern Pacific tropical and subtropical marine
low clouds with global warming will strongly contribute to a
decrease in AIE with warming, given the importance of these
regimes for global-mean AIE. Although global low cloud
feedback radiative strength estimates in response to present-
day warming are on the order of 1%-2% of total shortwave
cloud forcing (e.g., Myers et al. 2021; Sherwood et al. 2020),
the spatial heterogeneity of these changes relative to the geo-
graphic location of increased anthropogenic aerosol loading
(Carslaw and Pringle 2022; Hegg et al. 2010; Heald et al. 2006;
Hoell et al. 1997), the known nonlinearities in aerosol-cloud
interactions (Twomey 1977; Boucher et al. 2013; Carslaw et al.
2013), and the potential contribution from aerosol interaction
with other cloud types leaves the potential for dependence of
AIE strength on these shifts in background cloud and atmo-
spheric and surface conditions as a critical open question.
Proving or disproving this hypothesis could contribute to the
understanding of how AIE is expected to behave in a future
climate state with global warming, which could help constrain
the behavior of the total anthropogenic aerosol forcing and
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ECS estimates. The validity of this hypothesis is also impor-
tant for interpretation of the AIE quantified from ESM simu-
lations that use different experiment designs, since this alters
the background climate from which the AIE is calculated. In
this study, we explicitly test these hypotheses via a novel suite
of simulations in the National Center for Atmospheric Re-
search (NCAR) Community Earth System Model 2, version
2.1.3 (CESM2), that isolates the effect of background climate
state on the aerosol effective radiative forcing strength. The fol-
lowing sections discuss the simulation design used to explore
this topic (section 2), the resulting AIE, ADE, cloud, and atmo-
spheric changes seen between the preindustrial, present-day,
and idealized extremely warm climates (section 3), and implica-
tions of the results for our understanding of the behavior of
aerosol forcing in a changing climate (section 4).

2. Methodology
a. Prescribed SST simulations in NCAR CESM?2

This study uses prescribed SST simulations, conducted in
CESM2, developed by NCAR, and included in CMIP6. This
CESM2 configuration includes the Community Atmosphere
Model, version 6.0 (CAMS6), with a horizontal grid spacing of
1.25° longitude by 0.9° latitude, 32 vertical layers, model top
height at approximately 40 km, or 2.26 hPa, and limited
stratospheric chemistry (Danabasoglu et al. 2020). CAM6
includes the Cloud Layers Unified by Binormals (CLUBB)
that unifies the shallow-convection, boundary layer, and
larger-scale condensation schemes previously present in
CAMS (Danabasoglu et al. 2020). CAMS6 includes an updated
two-moment bulk stratiform cloud microphysics scheme with
prognostic precipitation, the Morrison—-Gettelman cloud mi-
crophysics scheme (MG?2), and parameterizations that allow
for mixed-phase and ice nucleation on aerosols in addition to
the formation via temperature (Gettelman and Morrison 2015;
Hoose et al. 2010; Wang et al. 2014; Shi et al. 2015). CAMG6 is
coupled to the Community Land Model, version 5 (CLMS;
Lawrence et al. 2019). The imposed SSTs for this study
(Fig. 12 in the online supplemental material) are obtained
from the merged Hadley-NOAA/OI sea surface temperature
and sea ice concentration (SIC) datasets (Hurrell et al. 2008)
taken from the Met Office Marine Data Bank (MDB). This
SST and SIC dataset is specifically designed for AMIP-style
simulations using the Community Atmosphere Model but may
differ slightly from the current generation AMIP dataset
(Taylor et al. 2000). The Hadley Centre Sea Ice and Sea Sur-
face Temperature dataset, version 1.1 (HadISST), taken from
the MDB with bias-adjusted in situ observations from 1870 to
date (Rayner et al. 2003) was merged with the NOAA-
Optimal Interpolation version 2 analyses starting in 1981. The
prescribed 1870 and 2000 SSTs and SICs from HadISST are
used to estimate 1850 and 2000 conditions in the standard
CESM2 component sets used here. The prescribed 2000 + 4 K
annual-mean SST simulations follow the Cloud Feedback
Model Intercomparison Project (CFMIP) Tier 1 amip-p4k
protocol, where SSTs have been subject to a uniform 4 K
warming with unchanged sea ice conditions (Bony et al. 2011),
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and are used to estimate future extreme conditions (Webb
etal. 2017).

b. Aerosol forcing representation

Aerosol emissions are obtained from the Community Emis-
sions Datasystem (CEDS), which contains a historical dataset
of aerosol and greenhouse gas emissions from 1750 to 2014
for CMIP6 (Danabasoglu et al. 2020; Hoesly et al. 2018).
Aerosol emissions are introduced from the surface through
the emission of sulfate, black carbon, primary organic matter,
dust, sea salt, and secondary organic aerosol (Danabasoglu
et al. 2020), though some sulfate emissions are injected verti-
cally and are fully interactive in the model’s meteorology and
chemistry. An updated CAM6 aerosol scheme, Modal Aerosol
Model, version 4 (MAM4), is used, which includes a primary
carbon aerosol mode in addition to the MAM3 accumulation,
Aitken, and coarse modes, which increases the lifetime and
burdens of black carbon and primary organic matter in CAM6
(Liu et al. 2016; Emmons et al. 2020).

c. Aerosol indirect effect and cloud representation
in CAM6

CAMBS, used as the atmospheric component of the simula-
tions in this study, uses the CLUBB high-order turbulence
closure (Danabasoglu et al. 2020). CLUBB uses the updated
MG2 microphysics scheme that was specifically developed to
address the overestimated aerosol sensitivity in GCMs by in-
cluding prognostic precipitation processes, liquid and ice
number concentrations, and liquid and ice mixing ratios
(Gettelman et al. 2015, 2008). In MG2, convective clouds are
treated with single-moment microphysics, and large-scale
stratiform clouds are treated with detailed, bulk double-
moment parameterizations of number concentration and mix-
ing ratio, which includes subgrid cloud water distribution
(Morrison and Gettelman 2008). These detailed treatments of
the stratiform parameterizations in MG2 lead to improved
aerosol-cloud interactions in all boundary layer clouds in
CLUBB. Mixed-phase and ice nucleation parameterizations
dependent on both temperature and aerosol interactions are
added separately into CAMS, resulting in aerosol-cloud
interactions in boundary layer, mixed-phase, and ice clouds
in CAM6 (Hoose et al. 2010; Wang et al. 2014; Shi et al.
2015; Gettelman and Morrison 2015; Gettelman et al. 2015;
Morrison and Gettelman 2008). The implementation of CLUBB
in CAMB6 produces thicker low clouds that agree better with ob-
servations (Bogenschutz et al. 2013), reducing biases in shallow
cumulus and stratocumulus regimes and in low cloud globally.
However, there are slight overestimations of cloud amount in
the lower troposphere (Bogenschutz et al. 2013). CLUBB also
reduces biases in the shortwave cloud forcing (SWCF) in storm-
track regions and over continental deep convective regions, but
the thicker clouds simulated in CLUBB can lead to an overesti-
mation of SWCF in the Northern Hemisphere Pacific stratus
region (Bogenschutz et al. 2013). MG2 also shows a stronger
SWCF and longwave cloud forcing (LWCF) in storm tracks
and the tropics, but the cloud forcing is too strong globally
when compared to observations (Gettelman et al. 2015). The
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implementation of CLUBB did not improve high cloud repre-
sentation or the LWCEF that is dominated by these high clouds,
which is still a persistent bias in CAM (Bogenschutz et al. 2013).
However, the ice nucleation parameterizations implemented
separately in CAMS6 allow for more realistic aerosol-cloud inter-
actions in high clouds though still limited by the lack of observa-
tional data on which to base these parameterizations (Hoose
et al. 2010; Shi et al. 2015).

The aerosol—cloud interactions were found to be sensitive
to the prognostic precipitation implemented in MG2, which
slightly lowered the global aerosol-cloud interactions, with
predominant decreases in the tropics near Southeast Asia
(Gettelman et al. 2015). The representation of colder regions
of the planet in MG?2 is still a persistent issue, which could
greatly impact the total cloud feedback and climate sensitivity
(Gettelman et al. 2015). Although there have been great im-
provements in the prognostic precipitation, accretion to auto-
conversion ratios, and microphysical process rates in MG2, it
is important to recognize the mixed-phase and ice biases that
might occur from the lack of representation in this stratiform
scheme, despite ice nucleation being implemented separately
into CAMB6.

d. Experimental design

We conduct six different repeating annual cycle prescribed
SST simulations in CESM2 as part of this study: 1850 SSTs
and other natural and nonaerosol anthropogenic forcings with
1850 anthropogenic aerosol emissions (SST1850_Aero1850),
1850 SSTs and other natural and nonaerosol anthropogenic
forcings with 2000 anthropogenic aerosol emissions (SST1850_
Aero2000), 2000 SSTs and other natural and nonaerosol an-
thropogenic forcings with 1850 anthropogenic aerosol emis-
sions (SST2000_Aero1850), 2000 SSTs and other natural and
nonaerosol anthropogenic forcings with 2000 anthropogenic
aerosol emissions (SST2000_Aero2000), 2000 + 4 K SSTs and
2000 natural and nonaerosol anthropogenic forcings with 1850
anthropogenic aerosol emissions (SST + 4 K_Aero1850), and
2000 + 4 K SSTs and 2000 natural and nonaerosol anthropo-
genic forcings with 2000 anthropogenic aerosol emissions
(SST + 4 K_Aero2000). It is important to note that the natural
and anthropogenic forcings used in the 2000 + 4 K simulations
do not reflect those of a 4 K warmer state and are fixed using
the 2000 conditions from the standard CESM2 component
sets. The differences between each of these simulations isolate
various effects or responses in the simulations and have been
named accordingly, summarized in Table 1. These simulations
are designed to capture the effect of aerosol forcing in a prein-
dustrial, present-day, and idealized extremely warmed climate
in which both SSTs and nonanthropogenic aerosol atmo-
spheric composition (e.g., greenhouse gas concentrations) are
modified. Cloud changes captured between the PI and other
background climates (i.e., in ABC2000) thus include both
cloud responses to SST changes and cloud adjustments to in
situ atmospheric forcing differences. Experiment setup follows
the protocol used in the Radiative Forcing Model Intercom-
parison Project (RFMIP) and widely across the literature
(Smith et al. 2020; Persad and Caldeira 2018; Persad 2023).
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TABLE 1. Summary of experiment designs and combinations of experiments used to identify different signals in this study.
SST2000_Aero2000-SST1850_Aero2000 would capture similar changes in the background climate state as ABC2000 with constant
present-day aerosol emissions, but since the changes in background climate with constant aerosol emissions in 1850 and 2000 would
be very similar, it is not necessary to include both of these in the discussion of results.

Name

Experiment design or combination

Signal captured

SST1850_Aero1850
SST1850_Aero2000
SST2000_Aero1850
SST2000_Aero2000
SST + 4 K_Aerol1850

1850 SST/1850 aerosol emissions
1850 SST/2000 aerosol emissions
2000 SST/1850 aerosol emissions
2000 SST/2000 aerosol emissions

SST + 4 K_Aero2000

PD1850 (SST1850_Aero2000) — (SST1850_Aero1850)
PD2000 (SST2000_Aero2000) — (SST2000_Aero1850)

PD + 4K (SST + 4 K_Aero2000) — (SST + 4 K_Aero1850)
APD2000 PD2000 — PD1850

APD + 4K PD + 4 K — PD1850

ABC2000 (SST2000_Aero1850) — (SST1850_Aero1850)
ABC + 4K (SST + 4 K_Aero1850) — (SST1850_Aero1850)

2000 + 4 K SST/2000 natural and nonaerosol
anthropogenic forcings/1850 aerosol emissions

2000 + 4 K SST/2000 natural and nonaerosol
anthropogenic forcings/2000 aerosol emissions

1850 aerosol emissions in 1850 climate

2000 aerosol emissions in 1850 climate

1850 aerosol emissions in 2000 climate

2000 aerosol emissions in 2000 climate

1850 aerosol emissions and 2000 natural
and nonaerosol anthropogenic forcings
in idealized extremely warm climate

2000 aerosol emissions and 2000 natural
and nonaerosol anthropogenic forcings
in idealized extremely warm climate

Effect of year 2000 aerosol emissions in
a preindustrial climate

Effect of year 2000 aerosol emissions in
a present-day climate

Effect of year 2000 aerosol emissions in
an idealized extremely warm climate

How the year 2000 aerosol forcing
changes between a preindustrial and
present-day background climate

How the year 2000 aerosol forcing
changes between a preindustrial and
an idealized extremely warm
background climate

Atmospheric and meteorological changes
between preindustrial and present-day
background climates with constant
aerosol emissions

Atmospheric and meteorological changes
between preindustrial and idealized
extremely warm background climates
with constant aerosol emissions

The simulations are run for 60 years. The first 20 years are
discarded as spin-up, and the final 40 years of the simulation
are averaged to characterize the equilibrium response. Inter-
annual variability within the 40 years is treated as capturing
the model’s internal variability.

e. Effective radiative forcing and cloud radiative effect
calculations

Similar to the approach used in RFMIP, the effective radia-
tive forcing (ERF) values in these simulations are calculated
by taking the difference in the all-sky top of atmosphere
(TOA) radiative fluxes between the 2000 and the 1850 aerosol
emission scenarios for the same background climate. The
direct forcing in these results is defined as the clear-sky ERF
between the 2000 and 1850 aerosol emission scenarios for the
same background climate. This method of calculating aerosol—
radiation interactions does not account for absorbing aerosol
above clouds, which neglects a small positive contribution to
the direct forcing of aerosol from altering the cloud albedo
(Forster et al. 2021; Carslaw 2022). The indirect forcing in
these results is defined as the cloudy-sky ERF (all-sky ERF
minus clear-sky ERF) between the 2000 and 1850 aerosol

emission scenarios for the same background climate using
the Boucher et al. (2013) definition, which sums the radiative
forcing by aerosol—cloud interactions and the resulting atmo-
spheric rapid adjustments (Boucher et al. 2013). This calcu-
lation includes the semidirect effects of aerosols and is a
simplified methodology compared to Ghan (2013), which sep-
arates the cloudy-sky radiative flux calculation into one that
includes and excludes scattering and absorbing aerosol, allow-
ing for the inclusion of aerosol-radiation-induced changes
of clouds and above-cloud aerosol effects in the direct forcing
calculation (Ghan 2013; Carslaw 2022). Therefore, our simplified
methodology of the indirect forcing will include above-cloud
aerosol effects and cloud changes induced by aerosol-radiation
interactions, which will positively bias our results (Ghan 2013).
The cloud radiative effect (CRE) calculated in this study is
defined as the cloudy-sky TOA imbalance (all sky minus clear
sky) between the 2000 or 2000 + 4 K and 1850 prescribed
SST simulations with constant aerosol emissions (Cess and
Potter 1988; Cess et al. 1990, 1996; Soden et al. 2004). This
calculation not only includes the cloud responses induced
by greenhouse gas (and other nonanthropogenic aerosol at-
mospheric composition) changes and SST warming but also
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Total Effective Radiative Forcing Due to Year 2000 Aerosols
in PI, PD, and PD+4K Background Climate
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FIG. 1. The global-mean total ERF in response to year 2000
anthropogenic aerosol emissions in a preindustrial (PD1850),
present-day (PD2000), and idealized extremely warm (PD + 4 K)
background climate, with the direct and indirect forcing contribu-
tions for each. The small change in the effective radiative forcing in
response to the year 2000 anthropogenic aerosol forcing between
background climates is due to the small change in the direct forcing
rather than the indirect forcing.

includes effects from other noncloud feedbacks like the
Planck and water vapor feedbacks (Soden et al. 2004).

f- Statistical significance calculations

To calculate the statistical significance between variable dif-
ferences in this study, Welch’s unequal variances ¢ test with a
90% confidence level is used, where the population density
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functions are populated by the means from the individual 40
years of the equilibrated average. The 90% confidence inter-
val is noted in the bottom-left corner of the global maps with
stippling, indicating changes that are not significant.

3. Results

a. Aerosol effective radiative forcing estimation under
different background climates

Contrary to our initial hypothesis, we find that the AIE is
not dependent on the background climate state in these ideal-
ized CESM2 CAMS6 simulations in the global mean. The
APD2000, which captures how the year 2000 aerosol forcing
changes between preindustrial and present-day background
climates, produces a global-mean decrease in ERF of only
—0.042 + 0.398 W m~2 (Figs. 1 and 2a). The PD1850, which
captures the effect of year 2000 aerosol emissions in a prein-
dustrial climate, produces a global-mean ERF of —1.74 =
0.310 W m ™2, which can be decomposed into a direct forcing
of —0.14 = 0.132 W m ™2 and an indirect forcing of —1.60 *
0.263 W m™2 (Fig. 1, supplemental Figs. 1a—c). The PD2000,
which captures the effect of year 2000 aerosol emissions in a
present-day climate, produces a global-mean ERF of —1.78 *
0.297 W m ™2, which can be decomposed into a direct forcing
of —0.18 + 0.126 W m ™2 and an indirect forcing of —1.60 *
0.255 W m ™2 (Fig. 1, supplemental Figs. 1d—f). The APD + 4 K,
which captures how the year 2000 aerosol forcing changes be-
tween preindustrial and extreme background climates, produces
a global-mean decrease in ERF of —0.25 + 0436 W m™>
(Figs. 1 and 2d). The PD + 4 K, which captures the effect of
year 2000 aerosol emissions in an extreme climate, produces a
global-mean ERF of —1.99 + 0.359 W m ™2, which can be de-

composed into a direct forcing of —0.33 = 0.186 W m ™2 and an

Differences in Changes due to Year 2000 Aerosols in PD vs Pl and PD+4K vs Pl Background Climate
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FIG. 2. The spatial distribution of the differences in changes in (a) the total effective radiative forcing, (b) direct forcing, and (c) indirect
forcing due to present-day aerosol emissions imposed in a present-day vs a preindustrial background climate (APD2000), and (d) total ef-
fective radiative forcing, (e) direct forcing, and (f) indirect forcing due to present-day aerosol emissions imposed in an idealized extremely
warm vs a preindustrial background climate (APD + 4 K). The global means with 90% confidence intervals for each are noted in the bot-
tom-left corner. Stippling indicates changes that are not significant. The small changes in the effective radiative forcing come from the

changes in the direct forcing and not the indirect forcing.
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Change in Clear-sky Net Longwave Radiative Flux at TOA
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FIG. 3. The spatial distribution of the clear-sky net longwave radiative flux at top of atmosphere (TOA) in (a) APD2000 (differences in
changes in PD1850 vs PD2000), (b) PD1850 (changes due to present-day aerosols in PI background climate), and (c) PD2000 (changes
due to present-day aerosols in PD background climate). The global means with 90% confidence intervals for each are noted in the
bottom-left corner. Stippling indicates changes that are not significant. The small and insignificant change in direct forcing in APD2000 is
driven largely by the OLR in APD2000, which is due to the increased trapping of the upwelling longwave radiation in the atmosphere
from year 2000 greenhouse gases in PD2000, leading to weaker changes in OLR at TOA than in PD1850.

indirect forcing of —1.66 + 0.254 W m™~? (Fig. 1, supplemental
Figs. 1g-i). These results show that the small and statistically in-
significant decrease in total ERF in APD2000 and APD + 4 K
comes from the statistically insignificant decrease in the direct
forcing of —0.04 * 0.176 W m~2 in APD2000 and —0.19 *
0.220 W m ™2 in APD + 4 K and not from the indirect forcing as
hypothesized (Fig. 2).

b. Aerosol direct radiative forcing under different
background climates

The statistically insignificant decrease in direct forcing in
APD2000 (Figs. 1 and 2b) and APD + 4 K (Figs. 1 and 2¢) can
be decomposed into the net shortwave (not shown) and long-
wave components but are largely driven by the longwave
components. Note that the small increase in direct forcing
near the sea ice boundary in APD2000, contrary to the expec-
tation of sea ice loss with warming, is due to a liquid-to-solid
precipitation transition in the Arctic region due to year 2000
aerosol emissions (Pan et al. 2020; supplemental Figs. 11a,b),
thereby increasing the surface albedo (supplemental Figs.
10a,b) of sea ice coverage, manifesting as an increase in the
direct forcing. The outgoing longwave radiation (OLR) com-
ponents show a global-mean increase of 0.05 = 0.128 W m >
in APD2000 (Fig. 3a) and 0.13 * 0.165 W m™ 2 in APD + 4 K
(supplemental Fig. 2c) (positive upward). To investigate this
increase in net OLR, i.e., cooling, in APD2000 further, we
look at the individual differences in OLR in PD1850 and
PD2000 (Figs. 3b,c).

There is a global-mean decrease in OLR in PD1850 of
—0.20 + 0.098 W m ™2 (Fig. 3b) and a global-mean decrease in
OLR in PD2000 of —0.14 + 0.107 W m™? (Fig. 3c). While
both PD1850 and PD2000 show significant decreases in OLR
due to surface cooling from the addition of year 2000 aerosol
emissions, PD2000 shows a weaker decrease in OLR than
PD1850. We believe this is due to the increased trapping of
the upwelling longwave radiation from the surface by year
2000 greenhouse gases, which are present in PD2000 but ab-
sent in PD1850, which creates a weaker change in OLR at the
TOA in response to the addition of aerosols captured in
PD2000. This weaker change in OLR in PD2000 leads to an

increase in OLR in APD2000 since APD2000 = PD2000 —
PD1850 and manifests as a change in the direct forcing signal
in APD2000. Therefore, this small and statistically insignifi-
cant change in APD2000 direct forcing is unrelated to the be-
havior of aerosol radiative effects between background
climates but rather due to the reduction in OLR available for
the aerosol cooling to reduce due to the increased trapping of
upwelling longwave radiation by year 2000 greenhouse gases
in PD2000.

This same mechanism manifests in APD + 4 K OLR
(supplemental Fig. 2¢) but is further amplified due to the
water vapor feedback, which dominates the statistically
insignificant APD + 4 K direct forcing signal (Fig. 2e,
supplemental Fig. 2a). Furthermore, there is a small con-
tribution to APD + 4 K direct forcing from the shortwave
component (supplemental Fig. 2b) due to a greater in-
crease in the retained sulfate burden in PD + 4 K com-
pared to PD2000 (supplemental Fig. 9). This likely arises
from a combination of changes in wet and dry deposition
rates and an increase in hygroscopic growth due to atmo-
spheric humidification between idealized extremely warm
and preindustrial background climates (ABC + 4 K) (not
shown).

c. Aerosol indirect radiative forcing under different
background climates

Contrary to our expectation, the difference in indirect forc-
ing in response to year 2000 aerosol emissions between a pre-
industrial, present-day, and extreme background climate is
negligible (—0.004 + 0.336 and —0.06 + 0.324 W m ™2, respec-
tively; see also Figs. 1, 2cf, supplemental Figs. 1c,f,i). One
possibility is that there is regional compensation of the AIE
changes in APD2000 and APD + 4 K, resulting in minimal
global-mean change. Figure 2c shows that in addition to the
statistical insignificance of the global-mean difference in
APD2000, there are essentially no statistically significant dif-
ferences in the regional distribution. This shows that the lack
of change in the APD2000 indirect forcing is not due to re-
gional cancellation.
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Differences in Changes due to Year 2000 Aerosols in PD vs Pl Background Climate
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Differences in Changes due to Year 2000 Aerosols in PD+4K vs Pl Background Climate
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FIG. 4. The spatial distribution of the differences in changes in (a) the total gridbox cloud liquid water path (kg m~2), (b) average drop-
let effective radius (um), and (c) cloud droplet number concentration (1 m~2) due to present-day aerosol emissions imposed in a present-
day vs preindustrial background climate (APD2000), and (d) total gridbox cloud liquid water path (kg m~2), (e) average droplet effective
radius (um), and (f) cloud droplet number concentration (1 m~2) due to present-day aerosol emissions imposed in an idealized extremely
warm vs preindustrial background climate (APD + 4 K). The global means with 90% confidence intervals for each are noted in the
bottom-left corner. Stippling indicates changes that are not significant. There is a small decrease in the liquid water path and cloud droplet
number concentration in APD2000 but minimal regional changes across the variables. There are significant regional changes in the cloud
liquid water path, average droplet effective radius, and cloud droplet number concentration in APD + 4 K.

However, in APD + 4 K, there are significant regional AIE
dependencies that cancel out in the global mean. Significant
increases in the APD + 4 K indirect forcing in the North
American Arctic and Southern Ocean (Fig. 2f) are driven
by a greater liquid water path increase in response to the
addition of aerosols (Fig. 4d) from greater atmospheric spe-
cific humidity in the idealized extremely warm climate (not
shown). This increase in cloud liquid water path increases
cloud reflectivity with the unchanged total cloud amount in
these regions (supplemental Fig. 4), causing an increase in the
indirect forcing regionally. Low- and midlevel cloud changes,
meanwhile, drive the compensating reductions in the APD +
4 K indirect forcing strength in Europe, Central, and Southern
Africa, and Southeast Asia (Fig. 2f). Global decreases in low-
and midlevel clouds between preindustrial and extreme back-
ground climates (ABC + 4 K; supplemental Figs. 8a,b) from
the tropical and midlatitude low cloud amount feedbacks de-
crease the cloud amount available for the year 2000 aerosols
to interact with. Therefore, when year 2000 aerosols are im-
posed in the extreme climate state, the cloud droplet number
concentration increases by less than in a preindustrial climate
state (supplemental Figs. 3c,i), manifesting as a decrease in
the cloud droplet number concentration in APD + 4 K
(Fig. 4f). Nevertheless, these regionally opposing signals lead

to minimal change in the global-mean AIE strength in
APD + 4 K.

We next investigate whether the lack of background cli-
mate dependence in indirect forcing could be due to regional,
vertical, or across-variable cancellation of the microphysical
variables that contribute to the net change in AIE. An in-
crease in anthropogenic aerosols leads to more numerous and
smaller cloud droplets for a given liquid water path (Twomey
1974; Bellouin et al. 2020; Forster et al. 2021), which causes
other adjustments like precipitation suppression and cloud
thickening that might manifest as changes in the cloud liquid
water path (Albrecht 1989; Pincus and Baker 1994; Bellouin
et al. 2020). Therefore, we would expect year 2000 anthropo-
genic aerosol emissions to alter the cloud liquid water path,
cloud droplet number concentration, and droplet effective
radius, which would all contribute to the net change in AIE.
However, the total gridbox cloud liquid water path change
in APD2000 shows minimal changes in the global mean
(Fig. 4a). There are small decreases in the liquid water path in
the northeastern Atlantic but minimal changes elsewhere.
The average droplet effective radius change in APD2000
shows only a small (and statistically insignificant) decrease
of —0.001 = 0.004 wm in the global mean (Fig. 4b). The
cloud droplet concentration change in APD2000 shows a
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Differences in Changes due to Year 2000 Aerosols in PD vs Pl Background Climate
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FIG. 5. The spatial distribution of the differences in changes in vertically integrated (a) low, (b) midlevel, (c) high,
and (d) total cloud due to present-day aerosol emissions imposed in a present-day vs preindustrial background climate
(APD2000). The global means with 90% confidence intervals for each are noted in the bottom-left corner. Stippling
indicates changes that are not significant. There are small significant regional differences between background
climates in certain cloud regimes, but globally, there are minimal significant changes.

—2.31 X 10% = 2.20 x 10® 1 m~? decrease in the global mean,
focused in the high northern latitudes (Fig. 4c). There are
regionally compensating increases in the cloud liquid water
path, increases in the average droplet effective radius, and
decreases in the cloud droplet number concentration across
the Arctic in APD + 4 K (Figs. 4d—f). Individual PD1850,
PD2000, and PD + 4 K responses are shown in supplemental
Fig. 3. This shows that individual microphysical variable
cancellation is not responsible for the lack of change in the
APD2000 indirect forcing but is responsible for slight com-
pensation in the APD + 4 K indirect forcing.

Because our estimation of the indirect forcing includes cloud
adjustments, a possible driver of the minimal dependence of
the global-mean net AIE on background climate could come
from regional or vertical compensation between different cloud
amount adjustments in response to the addition of aerosols
into the different background climates. Figure 5 shows the dif-
ference in low, midlevel, high, and total cloud fraction changes
in APD2000 (supplemental Fig. 4 for APD + 4 K). There is not
a statistically significant difference in the global-mean values of
the low, midlevel, high, or total cloud fraction adjustments in
response to aerosols between background climates. There is a
slight decrease in low clouds in APD2000 in the Northern At-
lantic, which could be related to the decrease in the liquid wa-
ter path and cloud droplet number concentration in this area
(Fig. 5a). There is a slight decrease in high clouds in APD2000
over the Pacific, driving the small decrease of total cloud in
this region (Figs. 5¢,d). The APD + 4 K cloud responses have
a similar spatial pattern to those of APD2000 with a larger

magnitude but still mostly lack significance (supplemental
Fig. 4). Individual PD1850, PD2000, and PD + 4 K cloud
responses are shown in supplemental Figs. 5-7. This shows
that there are minimal differences in cloud adjustments in
APD2000 and APD + 4 K and that regional or vertical com-
pensation is not responsible for the lack of change in global-
mean APD2000 or APD + 4 K indirect forcing.

d. Isolating background climate responses with constant
aerosol emissions

There are many cloud and smaller meteorological changes
that are expected with atmospheric warming (Sherwood et al.
2020; Zelinka et al. 2020; Forster et al. 2021), which we hy-
pothesize should chiefly decrease the strength of AIE in the
global mean between preindustrial and present-day climate
states (see section 1). The ABC + 4 K cloud changes are
aligned with those expected from the cloud and water vapor
feedbacks discussed in section 1 (supplemental Fig. 8), which
likely drive the significant regional dependence of AIE in
APD + 4 K, despite the compensation in the global-mean
AIE signal. However, our results indicate a minimal change
in the global-mean APD2000 AIE and no such regionally sig-
nificant signals. The final possible explanation we explore is
that the expected dominant decrease in tropical high, tropical
marine low, and subtropical marine low clouds between a pre-
industrial and present-day climate that our hypothesis of AIE
dependence is based on might not be present in our PD simu-
lations. Below, we present the horizontal distribution, vertical
distribution, magnitude, and phase of the cloud responses
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Difference in Surface Air Temperature between PD vs PI
Background Climate
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FIG. 6. The spatial distribution of the difference in surface air
temperature between a present-day and preindustrial background
climate with constant preindustrial aerosol emissions (ABC2000).
The global mean with a 90% confidence interval is noted in the
bottom-left corner. Stippling indicates changes that are not signifi-
cant. As expected, there is a global-mean surface air temperature
increase from a preindustrial to a present-day background climate
of ~0.83 K, with greater warming in the high latitudes.

with constant anthropogenic aerosol emissions but changing
SSTs, SICs, and all other forcings, between a preindustrial
and present-day background climate state, ABC2000. In
section 4, we assess how those background climate changes
in ABC2000 align with the expectations proposed in the intro-
duction (section 1).

The ABC2000 produces 0.83 = 0.038 K of the global-mean
surface warming, as expected based on observations of the
global-mean temperature change between (1859-1900) and
(1995-2014) (Fig. 6) (Eyring et al. 2021). The ABC2000 pro-
duces a global-mean decrease in the CRE (positive down-
ward) of —0.72 = 0.235 W m ™2 in response to this greenhouse
gas warming (Fig. 7a), which varies from the CRE expected
with 0.83 K of surface warming (Forster et al. 2021). In many
areas, there is increased cloud reflectivity in response to nonaer-
osol changes from preindustrial to present-day, contrary to the
expected dominant radiative response from decreasing tropical
and subtropical marine low clouds (Fig. 7a) (Sherwood et al.
2020; Zelinka et al. 2020; Forster et al. 2021). This global-mean
decrease in CRE can be decomposed into the counteracting
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shortwave and longwave cloudy-sky radiative fluxes in
ABC2000 (Figs. 7b,c). The global-mean shortwave component
of the CRE (positive downward) in ABC2000 shows an increase
of 0.18 = 0.254 W m ™2 (Fig. 7b), implying less shortwave reflec-
tivity in a present-day climate than a preindustrial climate. This
is to be expected based on the decrease of low clouds globally
with greenhouse gas warming (Forster et al. 2021; Sherwood
et al. 2020; Boucher et al. 2013). However, the global-mean
longwave component of the CRE (positive upward) in
ABC2000 shows an increase of 0.90 + 0.077 W m™2 (Fig. 7c),
implying more outgoing longwave radiation due to cloud
changes in a present-day climate than in a preindustrial climate.
This is contrary to the expected high cloud altitude feedback
response (Forster et al. 2021; Zelinka and Hartmann 2010;
Hartmann and Larson 2002) but in line with the findings of
Raghuraman et al. (2023), which find that the current increase
in the observed longwave CRE is due to clouds masking the re-
duction in OLR from greenhouse gases in all-sky conditions
(Raghuraman et al. 2023).

The shortwave and longwave components of the CRE can
be broken down further into individual cloud changes be-
tween background climates to investigate what cloud regimes
might be driving the increased outgoing shortwave and
longwave radiation. The low, midlevel, high, and total cloud
changes in ABC2000 are shown in Fig. 8. The ABC2000 pro-
duces decreases in high clouds across the tropics globally
(Fig. 8c), correlating with the small decreases in tropical high
clouds expected with greenhouse gas warming (Forster et al.
2021). Furthermore, there are larger increases in high clouds
of ~0.06 fraction over Antarctica and ~0.02 fraction over the
Arctic. Cloud-top height increases in the global mean (not
shown), in line with the FAT hypothesis (Forster et al. 2021;
Zelinka and Hartmann 2010; Hartmann and Larson 2002).
However, many of the tropical and high-latitude high cloud
responses are damped by the midlevel and low cloud re-
sponses in the total cloud signal (Fig. 8).

The phase of cloud water could greatly impact the reflectiv-
ity of the clouds present, influencing the total CRE (Bjordal
et al. 2020; Tan et al. 2016; Forster et al. 2021). The ABC2000
spatial distribution of total gridbox liquid water path responses

Differences in Cloud Radiative Effects between PD vs Pl Background Climate
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FIG. 7. The spatial distribution of the differences in (a) total (positive downward), (b) shortwave (positive downward), and (c) longwave
(positive upward) cloud radiative effects between a present-day vs preindustrial background climate with constant preindustrial aerosol
emissions (ABC2000). The global means with the 90% confidence intervals for each are noted in the bottom-left corner. Stippling indicates
changes that are not significant. There is a global-mean negative total cloud radiative effect, with larger negative regions in the Pacific
Ocean. The increased outgoing longwave radiation between present-day and preindustrial background climates is the leading contributor
to the decreased cloud radiative effect between background climates.
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Differences in Cloud Fields in PD vs Pl Background Climate
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FIG. 8. The spatial distribution of the differences in vertically integrated (a) low, (b) midlevel, (c) high, and (d) total
clouds between a present-day vs preindustrial background climate with constant preindustrial aerosol emissions
(ABC2000). The global means with 90% confidence intervals for each are noted in the bottom-left corner. Stippling
indicates changes that are not significant. The large-scale decreases across the tropics at midlevel and high altitudes
dominate the total cloud response, but the increase in low clouds over the Pacific Ocean slightly compensates for this.

correlates strongly with the ABC2000 spatial distribution of 4. Discussion
total cloud water path responses, seen also in the similarity of
the global means, supporting the interpretation that the cloud
liquid water path responses are the dominant drivers of the
total cloud water path changes in ABC2000 (Fig. 9). There are
a few areas that show a transition from ice water path to
liquid water path with unchanged total water path, but these
are negligible in comparison to the global increase of the
cloud liquid water path. Hence, the expected small extratropi-

Given the expected decrease in tropical and subtropical
marine low clouds (Forster et al. 2021; Sherwood et al. 2020,
Boucher et al. 2013), rise in high cloud tops (Zelinka and
Hartmann 2010; Hartmann and Larson 2002), and phase
change of extratropical clouds (Bjordal et al. 2020; Tan et al.
2016; Forster et al. 2021) with warming that dominate the
cloud responses in ABC + 4 K (supplemental Fig. 8) and drive
regional dependencies of AIE in APD + 4 K (Fig. 2f) that com-

cal phase change feedback might not be present in these simu-
lations or might be heavily outweighed by other atmospheric
changes.

pensate in the global mean, the absence of expected AIE and
cloud dependence on background climate in APD2000 requires
explanation. The lack of dependence of AIE in the global mean

Differences in Cloud Water Paths between PD vs Pl Background Climate
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FIG. 9. The spatial distribution of the differences in vertically integrated total gridbox (a) cloud water path (liquid + ice)
and (b) liquid water path between a present-day vs preindustrial background climate with constant preindustrial aerosol
emissions (ABC2000). The global means with the 90% confidence intervals for each are noted in the bottom-left corner.
Stippling indicates changes that are not significant. This shows that the changes in the cloud liquid water path dominate the
total cloud water path changes.
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with 0.83 = 0.038 K (Fig. 6) of surface warming between our
simulations could be understandable, given the small contribu-
tions of the tropical (+0.25 + 0.16 W m~ 2 K™!) and midlatitude
(+0.12 = 0.12 W m 2 K™ ) marine low cloud, high cloud alti-
tude (+020 + 0.10 W m 2 K '), and cloud optical depth
(0.0 = —0.10 W m~2 K™') feedbacks to the TOA flux per de-
gree kelvin of warming (Sherwood et al. 2020). However, the
lack of regional dependence, given the collocation of the spa-
tially heterogeneous changes in aerosol emissions and cloud re-
gimes in these simulations, warrants further investigation. We
explore three potential explanations below: (i) cancelling signals
across different AIE variables (section 3c), (ii) cancelling signals
of cloud amount adjustments (section 3d), and (iii) unexpected
cloud responses to change in background climate (section 3e).

AIE strength could appear independent of background cli-
mate due to the cancellation between the individual micro-
physical variables that make up the total AIE, such as cloud
droplet number concentration and droplet effective radius.
Cancellation could occur regionally, vertically, or across varia-
bles, which in combination could lead to minimal change in
the global mean and regional AIE (see section 3c) that does
occur in the Arctic region of APD + 4 K (Figs. 4d-f). How-
ever, Fig. 4 shows minimal changes in the APD2000 cloud
liquid water path, cloud droplet number concentration, and
average droplet effective radius—the major variables that
contribute to total AIE. These do not cancel each other out
regionally or across variables. Therefore, regional, vertical, or
cross-variable compensation in microphysical determinants of
AIE strength does not explain the lack of AIE dependence in
APD2000.

We next assess the role of compensation across the
APD2000 cloud amount adjustments spatially or vertically
(see section 3d). When the total cloud regime is broken down
into the low, midlevel, and high cloud amounts, there are a
few significant large-scale changes in both APD2000 (Fig. 5)
and APD + 4 K (supplementary Fig. 4). While there could be
some minor regional and vertical cancellations, the cloud
amount adjustments are relatively insignificant. For cloud can-
cellation to explain the lack of AIE dependence in APD2000,
we would also expect cancellation in the cloud liquid water
path, cloud droplet number concentration, and droplet effec-
tive radius since these are greatly influenced by large-scale
cloud adjustments. Given minimal cancellation in microphysi-
cal variables and in the low, midlevel, and high cloud variables,
compensation across the APD2000 cloud distributions cannot
explain the minimal change in the AIE in APD2000.

Finally, unexpected meteorological responses between back-
ground climates could generate AIE responses contrary to what
the existing literature would suggest. While the background
cloud responses in ABC + 4 K align with those expected from
the existing cloud feedback literature, likely driving the regional
AIE dependencies in APD + 4 K, we further investigate the
ABC2000 atmospheric and cloud responses to identify the influ-
ences of greenhouse gas warming with constant preindustrial
aerosol emissions for explanation of the minimal global-mean
AIE dependence in APD2000 (see section 3e).

Despite the expected positive change in CRE in response
to greenhouse gas warming (Sherwood et al. 2020; Zelinka
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et al. 2020; Forster et al. 2021), Fig. 7a shows a global-mean
negative change in the CRE in ABC2000 dominated by in-
creased outgoing radiation in the Pacific. Figure 7b shows an
expected shortwave-driven increase in CRE with greenhouse
gas warming due to reduced marine boundary layer clouds
and associated reduced shortwave reflectivity (Forster et al.
2021; Sherwood et al. 2020; Boucher et al. 2013). However,
Fig. 7c does not show the expected longwave-driven increase
in CRE from the rising altitude of tropical high clouds and
high cloud greenhouse effect (Forster et al. 2021; Zelinka and
Hartmann 2010; Hartmann and Larson 2002). Instead, more
longwave radiation escapes in the present-day climate com-
pared to the preindustrial climate, in line with the current ob-
served increase in longwave CRE due to clouds masking the
reduction in OLR from greenhouse gases in all-sky conditions
(Raghuraman et al. 2023), generating the negative CRE
change seen in ABC2000. There is a small change in high cloud
altitude, consistent with the FAT hypothesis (not shown).
However, the significant decrease in high and midlevel clouds
(Fig. 8) dominates the increased outgoing longwave radiation
in the tropics in ABC2000, reducing CRE, consistent with ob-
servations (Loeb et al. 2024; Raghuraman et al. 2024).

The positive tropical and subtropical marine low cloud feed-
back was expected to be the dominant cloud response to green-
house gas warming (Forster et al. 2021; Sherwood et al. 2020;
Boucher et al. 2013), seen in ABC + 4 K, but absent in
ABC2000. While there is a small global-mean decrease in low
clouds in ABC2000, there is a significant increase in the eastern
Pacific stratocumulus regime (Fig. 8a). Although the linearly
combined midlevel and low cloud changes (not shown) explain
the majority of the ABC2000 shortwave radiation response
seen in Fig. 7b, the significant increase in eastern Pacific low
clouds in ABC2000 warrants further investigation.

To understand why the ABC2000 Pacific low cloud responses
do not align with expected low cloud decreases with greenhouse
gas-driven warming, we compared these with the CESM2 fully
coupled large ensemble (LENS2) results (Rodgers et al. 2021)
(Fig. 10). A possible explanation for the unexpected increases in
eastern Pacific low clouds in ABC2000 could be that the ob-
served SSTs imposed in ABC2000 are outside of the range of
SSTs generated by the fully coupled models on which our ex-
pectations around cloud responses to warming were based. This
discrepancy between the current observed and CMIP6 model-
generated SSTs and the resulting influence on models’ simula-
tion of Pacific Walker circulation and Pacific low cloud cover,
termed the pattern effect, is an area of considerable concern in
the coupled model representation of responses to warming (e.g.,
Rugenstein et al. 2023; Wills et al. 2022; Seager et al. 2022; Dong
et al. 2019; Ceppi and Gregory 2017; Zhou et al. 2017). The
ABC2000 signal is derived from atmosphere-only simulations
with prescribed observed preindustrial (year 1850) and present-
day (year 2000) SSTs and SICs, whereas the LENS2 simulations
have been forced with model-generated SSTs and SICs.

Recent observations of the Pacific SST distribution, also
captured in ABC2000, show an enhanced tropical Pacific east—
west SST gradient with greater warming near Australia and
Japan (Forster et al. 2021; Wills et al. 2022), thereby decreas-
ing tropospheric lapse rates across the Pacific and increasing
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(a) Difference in Vertically-Integrated Low Cloud in PD
vs Pl Background Climate

(b) Difference in Verticall-Integrated Low Cloud in CESM2
Fully Coupled LE between (1990-2010) - (1850-1870)

-

°
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0.488+0.0140 K

0.293+0.0305 K

FIG. 10. The spatial distribution of the differences in (a) vertically integrated low cloud between a present-day and
preindustrial background climate with constant preindustrial aerosol emissions (ABC2000). (c) The spatial distribu-
tion of the differences between the observed year 2000 and year 1870 SSTs used to drive the present-day and prein-
dustrial background climate simulations in this study (ABC2000). The spatial distribution of the differences in
20-member CESM2 large-ensemble (b) vertically integrated low cloud and (d) SST between a 1990 and 2010 average
(cf. present-day) and 1850-70 average (cf. preindustrial) climate states with aerosol emissions from the given time
periods. The global means with 90% confidence intervals for each are noted in the bottom-left corner. Stippling indi-
cates changes that are not significant. Although there is a global-mean decrease in low clouds and increase in SST in
both simulation scenarios, there are increases (decreases) in low clouds in the eastern Pacific and increases in SSTs in
the western (eastern) Pacific in our simulations (LENS2).

the low stratocumulus cloud formation in the eastern Pacific
(Forster et al. 2021) (Figs. 10a,c). Western Pacific SST warm-
ing leads to a significantly more outgoing longwave radiation
in the tropical Pacific than eastern Pacific SST warming, which
could explain the dominant OLR pattern in ABC2000 (Dong
et al. 2019). Contrary to this, LENS2 and current CMIP6
model-generated Pacific SST distributions from which most
cloud feedback studies are derived show a weaker tropical
Pacific east-west SST gradient with more warming of the east-
ern Pacific (Forster et al. 2021; Wills et al. 2022), thereby
weakening Pacific Walker circulation and decreasing eastern
Pacific low stratocumulus cloud formation (Forster et al.
2021) (Figs. 10b,d). The opposing tropical Pacific SST gradi-
ent between the observed and model-generated SSTs in
ABC2000 and LENS2, respectively, drives opposite low cloud
responses in ABC2000 than previously hypothesized from the
tropical and subtropical marine low cloud feedback, which
would alter the ABC2000 AIE responses in the dominant
eastern Pacific stratocumulus decks and in the global mean.
The presence of the expected dominant cloud feedbacks in
ABC + 4 K and absence in ABC2000 is likely because the
globally homogenous extreme warming in ABC + 4 K out-
weighs the effects of a variable Pacific east-west SST gradient
that arises from the relatively smaller temperature perturbations
to this gradient spread (ABC2000).

Other studies in the CESM2 model suite support the absence
of a dependence of AIE strength on background climate,

contrary to the expectation from cloud responses to warming.
Simpson et al. (2023) found that the diverging near-surface air
temperature projections in response to the anthropogenic aero-
sol forcing in the single forcing large ensembles of CESM1 and
CESM?2 using the “single-forcing” or “all-but-one” methodolo-
gies were due to state dependence of the ice—albedo feedback
and nonlinearities in the Atlantic meridional overturning circula-
tion (AMOC) and not due to AIE, which would have mani-
fested in the downwelling shortwave radiation (Simpson et al.
2023). However, this did not rule out our initial hypothesis due
to the complexity of the transient, fully coupled simulations and
other possible confounding factors in Simpson et al. (2023),
which did not explore mechanisms behind this lack of AIE de-
pendence. Because our study asks a larger question of the de-
pendence of AIE on the background climate state based on first
principles of cloud and AIE responses to warming, we force our
atmosphere-only simulations with observed SSTs, allowing us to
investigate this broadly.

Here, we only assess up to the forcing, but the ERFs from
year 2000 aerosols slightly vary spatially between preindus-
trial, present-day, and idealized extremely warm climate
states. Past studies show that different spatial patterns of ERF
may have different efficacies in driving global temperature re-
sponses (Persad and Caldeira 2018; Shindell and Faluvegi
2009). Hence, future studies that assess the relative efficacies
of these slightly spatially varying ERFs could be useful in de-
termining whether there are resulting dependencies in global
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or regional temperature response, even in the absence of de-
pendencies in global-mean ERF. These results are also valu-
able for informing future experiment protocols undertaken
within major Model Intercomparison Projects (MIPs), such as
Cloud Feedback MIP (CFMIP) (Webb et al. 2017) and Radia-
tive Forcing MIP (RFMIP) (Smith et al. 2020), given the
presence or absence of individual cloud feedbacks and AIE
dependence that does not scale linearly with the magnitude of
background temperature change across all variables.

It is important to recognize certain caveats when assessing
these results. CESM2 is the only model used here, but testing
this hypothesis across other CMIP6 models would be insight-
ful, given the spread of AIE across these models (Gettelman
et al. 2019; Wang et al. 2021). Though CESM2’s representa-
tion of aerosol-cloud interactions performs well in compari-
son with other CMIP6 models, there are still biases in the
microphysical parameterizations and cloud representations,
which could bias the AIE in this model and these simulations
(Danabasoglu et al. 2020; Gettelman et al. 2019).

The years 1850 and 2000 were chosen arbitrarily for this
study to represent preindustrial and present-day climate states.
However, model representation of an accurate 1850 preindus-
trial climate is difficult due to the lack of accurate SST records.
Following CESM2 standard protocols, Hadley/NOAA-OI SSTs
used to force our 1850 idealized climate are from the year 1870
(Rayner et al. 2003). Additionally, the observed year 2000 SSTs
used to represent our present-day climate was a La Nifia year
(NOAA Climate Prediction Center). Since there are no ensem-
ble or model means to separate this internal variability from the
dominant climate signal, the enhanced tropical Pacific SST gra-
dient present in the 2000 SSTs could modify the base state used
to represent the present-day climate in these simulations. There-
fore, the presence or absence of an AIE dependence on back-
ground climate assessed in these idealized simulations could
be variable based on the state of climate variability. However,
if the particular mode of variability is the driver of the lack of
AIE dependence found in these simulations, this suggests that
for at least some dominant modes of natural variability, the
forced signal is not capable of producing an AIE dependence
on the background climate state.

5. Conclusions

We have investigated the dependence of the AIE on the
background climate state in CESM2 CAMS6 using fixed-SST
equilibrium simulations that represent preindustrial, present-
day, and idealized extremely warm background climates with
preindustrial and present-day anthropogenic aerosol emis-
sions. Contrary to our initial hypothesis of weakened AIE in
a present-day background climate due to declining marine
stratocumulus clouds and despite CESM2’s strong aerosol—
cloud interactions, we do not find a dependence of AIE on
the background climate state between preindustrial and
present-day simulations but do find compensating regional
dependencies between preindustrial and idealized extremely
warm climate states. Driven by the homogeneous extreme
warming in an idealized warm climate state, global cloud re-
ductions dampen the increase in the cloud droplet number
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concentration from present-day aerosol emissions in an ex-
treme climate state, decreasing AIE in APD + 4 K regionally,
which is compensated by the regional increases in AIE in
APD + 4 K from the increased cloud liquid water path due to
atmospheric humidification. We find a small increase in the
global-mean ERF in APD2000 and APD + 4 K due to the
trapping of upwelling longwave radiation in the atmosphere
from year 2000 greenhouse gases imposed in the present-day
experiments, further amplified by the water vapor feedback in
APD + 4 K and a greater retained sulfate burden. Upon in-
vestigation of the expected dominant reduction in marine
stratocumulus clouds over the eastern Pacific between back-
ground climates, which is present in an idealized extremely
warm climate state but absent in a present-day climate state,
we find an increase in low clouds in this region in the present-
day background climate, which we attribute to the manifesta-
tion of the pattern effect in our simulations. When compared
with LENS2 simulations from similar periods, we find opposite
low cloud and SST responses in the eastern Pacific region, which
could be due to the known disagreement in observed and
model-generated SSTs used to force our simulations and the
LENS2 simulations, respectively. These differences in SST pat-
terns, particularly in the tropical Pacific, modify the strength of
Walker circulation and cause differing low cloud responses in
the eastern Pacific, leading to unexpected AIE responses (or
rather lack thereof) between climate states. This highlights the
wide-ranging impacts of the pattern effect.

It should be noted that despite the influence of the pattern
effect, there is still an SST pattern and strength difference be-
tween our preindustrial and present-day simulations, even if
not the expected forced one. Thus, we would expect meteoro-
logical changes between the two climate states that could af-
fect AIE strength based on first principles, as discussed in
section 1. Therefore, the lack of dependence of the AIE
strength on the background climate state in these simulations
is still contrary to our initial hypothesis and merits further
investigation.

The results of this study indicate that AIE strength may not
have a strong dependence on the present-day background cli-
mate state but could show regional dependencies in an ideal-
ized extremely warm climate. This suggests that conclusions
drawn about AIE strength based on historical observations
can be expected to hold as climate warms and that differing
AIE strengths are unlikely to be a major concern in single-
forcing experiment design (Simpson et al. 2023; Smith et al.
2022). However, additional research is needed to assess
whether this finding continues to hold across a range of model
implementations and states of natural variability.
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