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Abstract. Aerosols offset greenhouse-gas warming, but their radiative forcing is often treated as a property of the aerosol
perturbation, without accounting for the climate state in which it occurs. Here we show that this assumption is incomplete
using atmosphere-only simulations with two GFDL atmospheric model configurations, GFDL-AM4.0 and GFDL-AM4-
MG2, across climates from 8 K colder to 8 K warmer than present day. In both models, the same present-day-minus-
preindustrial aerosol-emission perturbation produces weaker cooling as climate warms. This weakening arises from changes
in both aerosol-radiation and aerosol—cloud interactions. Direct aerosol forcing weakens as aerosol optical depth decreases,
reflecting changes in aerosol burden and the optical effectiveness of aerosol mass. Aerosol—cloud forcing weakens through
model-dependent mechanisms: shortwave liquid-cloud adjustments dominate in GFDL-AM4.0, consistent with reduced
cloud susceptibility in warmer climates, whereas GFDL-AM4-MG2 shows an additional longwave pathway involving
aerosol—cloud—ice interactions and high-cloud responses. Aerosol forcing also weakens as climate feedbacks become less
negative, revealing consistent within-model co-variation of forcing and feedback. These results highlight the importance of
accounting for background climate state when interpreting the role of aerosol forcing in historical attribution, climate model

tuning, and future climate projections.

1 Introduction

Anthropogenic aerosols have masked a substantial fraction of greenhouse-gas warming over the industrial era, but the
magnitude of this masking remains one of the largest uncertainties in estimates of historical radiative forcing and climate-
change attribution (Bellouin et al., 2020; Boucher et al., 2013; Forster et al., 2021; Myhre et al., 2013; Stevens, 2015; Szopa
et al., 2021). This uncertainty also contributes substantially to the spread in future warming projections (Watson-Parris and

Smith, 2022). Aerosol effective radiative forcing (ERF) is commonly diagnosed operationally as the top-of-atmosphere
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radiative response to a specified change in aerosol emissions or concentrations, including rapid atmospheric adjustments, in
atmosphere-only simulations with fixed climatological sea surface temperatures (SSTs) and sea-ice distributions (Forster et
al., 2016; Hansen et al., 2005). Aerosols perturb Earth’s radiation budget through aerosol-radiation interactions, including
direct scattering and absorption of radiation, and through aerosol—cloud interactions, in which aerosols acting as cloud
condensation nuclei modify cloud droplet number, droplet size, liquid water path, precipitation, cloud amount, and other
rapid adjustments (Albrecht, 1989; Bellouin et al., 2020; Bretherton et al., 2007; Pincus and Baker, 1994; Twomey, 1974;
Xue and Feingold, 2006). We refer to these diagnostic components as instantaneous radiative forcing from aerosol-radiation
interactions (IRFari) and effective radiative forcing from aerosol-cloud interactions (ERF.ci), respectively. Aerosol-radiation
interactions can also induce rapid atmospheric adjustments that contribute to ERFari, although these adjustments are expected
to be relatively small and are not a focus of this study. Both IRFari and ERFaci are difficult to constrain because anthropogenic
aerosols are short lived, spatially heterogeneous, and coupled to clouds and precipitation through parameterized
microphysical processes in global climate models (Boucher et al., 2013; Ghan et al., 2016; Gryspeerdt et al., 2019; Bellouin
et al., 2020). In this conventional framing, aerosol forcing is treated primarily as a property of the aerosol perturbation itself.
Yet the same aerosol perturbation can produce different radiative effects depending on the climate state into which it is

introduced.

This distinction matters because the atmospheric state in which aerosol forcing is diagnosed can itself regulate the radiative
response to a given aerosol perturbation. Previous studies have shown that aerosol-cloud interactions depend strongly on
background aerosol loading, because the radiative response to additional aerosol particles depends on the preexisting aerosol
and cloud droplet population (Boucher et al., 2013; Grandey and Wang, 2019; Twomey, 1977; Wilcox et al., 2015). More
broadly, aerosol forcing can depend on meteorological and climate-state variables that affect both aerosol-radiation and
aerosol—cloud pathways (Bellouin et al., 2020; Boucher et al., 2013; Forster et al., 2021). For aerosol-radiation interactions,
relative humidity regulates aerosol water uptake and particle size, thereby affecting aerosol extinction and the optical
effectiveness of aerosol mass (Nemesure et al., 1995; Pilinis et al., 1995; Tang and Munkelwitz, 1994), while surface albedo
modifies the radiative contrast against which aerosol scattering and absorption occur (Haywood and Shine, 1995; Haywood
et al., 1997). Precipitation and cloud processing influence aerosol lifetime, removal, and vertical distribution (Rasch et al.,
2000; Textor et al., 2006). For aerosol-cloud interactions, cloud regime and the associated optical and microphysical state
determine cloud susceptibility, shaping how strongly clouds respond radiatively to a given aerosol perturbation (Albrecht,
1989; Platnick and Twomey, 1994; Sorooshian et al., 2009; Storelvmo, 2017; Twomey, 1977; Zhang et al., 2022). Aerosol
forcing is therefore not determined solely by the imposed emission perturbation, but also by the climate state in which that

perturbation occurs.

The climate-state dependence of ERFaci is especially important because cloud susceptibility varies across cloud regimes and
with the background climate. In warm liquid-cloud regimes, aerosol-induced increases in cloud droplet number may produce

progressively smaller albedo changes as clouds become optically thicker or less susceptible to additional aerosol



65

70

75

80

85

90

95

https://doi.org/10.5194/egusphere-2026-6648
Preprint. Discussion started: 30 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

perturbations. In colder and mixed-phase regimes, warming can alter the availability of liquid and supercooled liquid water,
potentially modifying aerosol effects on cloud optical thickness. Ice-phase pathways add further complexity: aerosols that
serve as ice-nucleating particles can alter heterogeneous freezing and glaciation, with associated changes in ice-crystal
properties and sedimentation, as well as consequences for high-cloud amount, cloud altitude, and cloud emission temperature
(Boucher et al., 2013; Storelvmo, 2017; Forster et al., 2021). These mechanisms suggest that ERFaci may respond differently

across cloud regimes and across models with different cloud microphysics.

Despite this physical basis, the climate-state dependence of aerosol forcing remains insufficiently constrained. Recent studies
have begun to test whether aerosol forcing varies with background state. Using idealized cloud-resolving simulations in
radiative—convective equilibrium, Lorian and Dagan (2024) found that the aerosol-induced cloud radiative response,
diagnosed using changes in cloud radiative effect, weakens with increasing SST, particularly in the shortwave. White et al.
(2025), however, found limited dependence of a cloud-radiative-effect-based estimate of the aerosol indirect effect on
background climate state in CESM2, while Zhang et al. (2026) showed that emissions-based anthropogenic aerosol ERF in
GFDL-ESM4.1 depends on background meteorological and chemical conditions. However, these studies either focus on
aerosol—cloud responses in idealized configurations or examine relatively narrow base-state contrasts in global climate
models, including preindustrial-to-present-day differences and moderate warming perturbations. Because aerosol forcing is
relatively small and atmospheric variability can be substantial, modest base-state contrasts can make state-dependent
changes difficult to distinguish from sampling variability. A broader assessment therefore calls for simulations that span a
wider range of climate states and diagnostics that more explicitly separate IRFai, ERFaci, and non-cloud atmospheric

adjustments.

The climate-state dependence of aerosol forcing may also be linked to the way climate feedbacks are inferred and
interpreted. Cloud feedback is a dominant source of uncertainty in equilibrium climate sensitivity across climate models
(Forster et al., 2021; Meehl et al., 2020; Sherwood et al., 2020; Zelinka et al., 2020). Across CMIP6 models, Wang et al.
(2021) identified a negative intermodel correlation between ERFaci and cloud feedback, indicating that models with stronger
negative ERFai tend to exhibit more positive cloud feedback. Subsequent perturbed-parameter ensemble studies have
reproduced a similar anti-correlation, suggesting that this relationship can arise from shared cloud processes that influence
both aerosol—cloud interactions and cloud feedback (Gettelman et al., 2024; Feng et al., 2026). For example, Feng et al.
(2026) linked stronger negative ERFai and more positive cloud feedback to higher autoconversion rates, which enhance
precipitation efficiency and suppress the increase in cloud liquid water path and cloud optical depth with warming. This
forcing—feedback compensation has also been discussed in the context of historical temperature constraints: models with
more positive cloud feedback and higher climate sensitivity may require stronger negative aerosol forcing to reproduce the
observed historical temperature evolution. Thus, aerosol forcing, climate feedback, and historical temperature constraints
may not be independent across model ensembles. Here, we ask a complementary question: whether aerosol forcing and

climate feedback vary coherently across climate states within the same model framework.
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Here we investigate the state dependence of aerosol forcing using fixed-SST simulations with two GFDL atmospheric model
configurations, GFDL-AM4.0 and GFDL-AM4-MQG2, across five prescribed base-state climates spanning 8 K colder to 8 K
warmer than present day. The two configurations differ in their representation of cloud microphysics and aerosol-cloud
interactions, with GFDL-AM4-MG2 including more explicit aerosol-cloud—ice pathways. This contrast provides a
framework for comparing liquid-cloud-dominated aerosol responses with responses in which high-cloud and ice-phase
adjustments play a relatively larger role. Present-day aerosol perturbations relative to preindustrial aerosol conditions are

imposed in each base-state climate to diagnose total aerosol ERF, IRFari, and ERFaci.

We show that aerosol forcing weakens systematically as the base-state climate warms in both model configurations, but
through different mechanisms. In GFDL-AM4.0, the weakening is driven primarily by shortwave ERFaci, alongside a
substantial contribution from direct aerosol radiative effects, whereas in GFDL-AM4-MQG2 the longwave component plays a
larger role, with its state dependence associated with aerosol—cloud—ice interactions and state-dependent high-cloud
responses. Direct aerosol forcing also weakens as aerosol optical depth decreases, reflecting changes in aerosol burden and
the optical effectiveness of aerosol mass through aerosol removal and humidity-dependent water uptake. Finally, aerosol
forcing weakens as climate feedbacks become less negative across base-state transitions, indicating that forcing and feedback
can vary coherently with background climate state. These results suggest that aerosol forcing is not independent of the
evolving climate system, with implications for historical climate attribution, fixed-acrosol warming experiments, model

tuning, and future projections.

2. Materials and Methods
2.1 Model configurations

We use two GFDL atmospheric model configurations: GFDL-AM4.0 (Zhao et al., 2018a,b) and GFDL-AM4-MG2 (Guo et
al., 2021). GFDL-AM4.0 is the standard atmospheric model configuration. GFDL-AM4-MG2 implements the two-moment
Morrison—Gettelman bulk cloud microphysics scheme with prognostic precipitation (Gettelman and Morrison, 2015),
together with a mineral-dust- and temperature-dependent ice-nucleation scheme (Fan et al., 2019). This configuration

provides a more detailed representation of cloud microphysics, cloud phase, and aerosol—cloud—ice interactions.

This distinction is central to our interpretation of the aerosol-forcing response. In GFDL-AM4.0, aerosol—cloud interactions
are represented primarily through their effects on liquid-cloud properties, including cloud droplet number, cloud optical
depth, and precipitation formation. In GFDL-AM4-MG?2, aerosols can additionally influence ice nucleation and high-cloud
properties through the mineral-dust-dependent ice-nucleation pathway. This contrast allows us to compare aerosol-forcing
responses in a configuration emphasizing liquid-cloud aerosol-cloud interactions with responses in a configuration that

includes more explicit aerosol—cloud—ice pathways.
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2.2 Experimental design

We conduct 30-year fixed-SST atmosphere-only simulations under five prescribed base-state climates: —8 K, —4 K, 0 K, +4
K, and +8 K. These experiments are referred to as m8K, m4K, 0K, p4K, and p8K, respectively, and were originally
developed to investigate the state dependence of cloud feedback (He et al., 2024). The present-day reference simulation (0K)
uses prescribed sea surface temperatures (SST) and sea-ice concentrations from the monthly climatology over 1986-2005,
with well-mixed greenhouse gases and other non-aerosol forcing agents fixed at corresponding present-day values
representative of 1990s conditions. The atmosphere is free-running, without wind nudging. The colder and warmer base
states are generated by applying spatially uniform SST perturbations of =8 K, —4 K, +4 K, and +8 K relative to this 0K

climatology, with the SST perturbation serving as the only imposed change used to define the base-state climates.

For each base-state climate, aerosol forcing is diagnosed from the radiative response to present-day anthropogenic aerosol
emissions, representative of 1990s conditions, relative to preindustrial aerosol conditions. This present-day-minus-
preindustrial aerosol-emission perturbation is applied separately within each prescribed base-state climate. Thus, the
imposed aerosol-emission perturbation is defined consistently across m8K, m4K, 0K, p4K, and p8K, while the background
atmospheric state responds to the prescribed SST perturbation. This design allows us to isolate the dependence of aerosol

forcing on background climate state while keeping the imposed aerosol-emission perturbation fixed.

We also perform fixed-SST aerosol-forcing simulations under preindustrial base-state boundary conditions, following the
piClim-control/piClim-aer design of the Radiative Forcing Model Intercomparison Project (RFMIP; Pincus et al., 2016;
Kramer et al., 2026). These simulations provide an estimate of present-day anthropogenic aerosol forcing relative to a
preindustrial background and are directly relevant to the model-based aerosol forcing estimates used in climate assessments
(e.g., Forster et al., 2021). The RFMIP protocols define present-day anthropogenic aerosol emissions as representative of
2014 in CMIP6 (Pincus et al., 2016) and 2021 in CMIP7 (Kramer et al., 2026). In our RFMIP-style experiments, the
reference simulation uses preindustrial forcing boundary conditions representative of 1850, whereas the aerosol-perturbed
simulation imposes present-day anthropogenic aerosol emissions representative of 1990s conditions, consistent with the five
base-state experiments. All other forcing boundary conditions remain at preindustrial levels. The resulting forcing
components provide the preindustrial-base-state acrosol-forcing estimates shown as horizontal dashed lines in Figs. 1, 2 and
A2. These RFMIP-style estimates are similar to, but not identical with, the OK aerosol-forcing estimates because the

reference climate and non-aerosol forcing conditions differ.

2.3 Decomposition methods

Total aerosol effective radiative forcing (ERF) is diagnosed as the top-of-atmosphere radiative response to the aerosol
perturbation under fixed-SST conditions. For diagnostic purposes, we decompose total aerosol ERF into instantaneous
radiative forcing from aerosol-radiation interactions (IRFai), effective radiative forcing from aerosol-cloud interactions

(ERFaci), and a residual associated with non-cloud atmospheric adjustments. ERFuc; is interpreted as the total cloud-mediated

5
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radiative response to the aerosol perturbation, including cloud adjustments associated with aerosol-induced atmospheric
heating; we do not attempt to separate the semi-direct effect from the total cloud response. Shortwave and longwave

components are analyzed separately throughout.

The radiative kernel method (Soden et al., 2008) is used to estimate longwave forcing components and non-cloud shortwave
atmospheric adjustments. The radiative kernels used here are based on the atmospheric component of HadGEM3, a recent-
generation climate model developed by the UK Met Office (Smith et al., 2020). Radiative kernels relate changes in
atmospheric and surface variables to their associated top-of-atmosphere radiative responses and are used here to diagnose
contributions from temperature, water vapor, and surface albedo. These diagnostics are used to estimate non-cloud rapid
adjustments under both clear-sky and all-sky conditions, helping to isolate direct aerosol effects and separate cloud-mediated

forcing from non-cloud atmospheric responses.

We use the approximate partial radiative perturbation method (APRP; Taylor et al., 2007) to decompose the shortwave
forcing response. APRP uses all-sky and clear-sky shortwave fluxes at the top-of-atmosphere and surface, together with
cloud fraction, to attribute shortwave radiative changes to surface albedo, clouds, and non-cloud atmospheric constituents.
The cloud component is used to diagnose shortwave ERFaci and is further decomposed into cloud amount, cloud scattering,
and cloud absorption contributions. The non-cloud APRP component includes both shortwave direct aerosol radiative effects
and shortwave water-vapor adjustments. We therefore estimate shortwave IRFai by subtracting the radiative-kernel-derived

water-vapor response from the APRP non-cloud term.

ISCCP simulator output is used to identify aerosol-induced cloud-regime changes. The ISCCP joint histogram separates
clouds by cloud-top pressure and visible optical depth, allowing cloud-fraction changes to be mapped onto standard low-,
middle-, and high-cloud categories and optically thin, intermediate, and thick regimes (Rossow and Schiffer, 1999). These

diagnostics provide a regime-based interpretation of the cloud changes underlying the ERF.ci response.

The cloud-radiative-kernel method is applied to the ISCCP simulator output to estimate the radiative impact of cloud-regime
and cloud-layer changes, including low-cloud and non-low-cloud contributions (Zelinka et al., 2012a, 2012b, 2013). The
method maps changes in cloud fraction onto radiative sensitivities as a function of cloud-top pressure and optical depth,
allowing cloud radiative responses to be decomposed by layer and into cloud amount, cloud scattering, and cloud altitude
terms. We use cloud radiative kernels primarily as a structural diagnostic rather than as the primary estimate of ERFaci. This
distinction is important because the cloud radiative kernels used here are derived under aerosol-free conditions. When
aerosols are located above clouds, overlying aerosol attenuates the shortwave radiation reaching cloud top, so aerosol-free
kernels can overestimate the radiative impact of a given cloud perturbation (He et al., 2026). Nevertheless, cloud radiative

kernels remain useful for diagnosing the vertical and optical-depth structure of cloud responses.
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3. Results
3.1 Aerosol forcing weakens as the base-state climate warms

Both GFDL-AM4.0 and GFDL-AM4-MG2 show a systematic weakening of aerosol forcing as the base-state climate warms
(Fig. 1). Total ERF becomes less negative from colder to warmer base states, indicating that the same present-day aerosol
perturbation exerts weaker cooling in warmer climates. This response demonstrates that aerosol ERF depends not only on the

imposed aerosol perturbation, but also on the background climate state into which that perturbation is introduced.
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Figure 1. State dependence of aerosol effective radiative forcing in two GFDL models. Total, shortwave, and longwave effective
radiative forcing (ERF; W m™2) diagnosed from present-day aerosol perturbations relative to preindustrial aerosol conditions
under five prescribed base-state climates: -8 K, 4 K, 0 K, +4 K, and +8 K. Results are shown for (a) GFDL-AM4.0 and (b)
GFDL-AM4-MG2. Gray, blue, and orange bars indicate total, shortwave, and longwave ERF, respectively. Error bars represent
95% confidence intervals of the 30-year mean ERF estimates. Horizontal dashed lines indicate the corresponding ERF components
diagnosed using preindustrial base-state boundary conditions, consistent with the RFMIP protocol. Colored numbers at the
bottom right of each panel indicate the linear slopes of the corresponding ERF components (W m™2 K™'), calculated against global-
mean surface air temperature averaged between the preindustrial- and present-day-aerosol simulations across the five base states.
These slopes summarize the overall trend but do not capture non-monotonic variations.

Although both models show weaker aerosol cooling with warming, the radiative components responsible for this weakening
differ between configurations. In GFDL-AM4.0, variations in shortwave ERF primarily determine the state dependence of
total ERF. In contrast, GFDL-AM4-MG?2 exhibits a larger longwave contribution: longwave ERF becomes substantially less
negative with warming and plays an important role in the total ERF response. Thus, longwave processes contribute more

strongly to the state dependence of aerosol forcing in GFDL-AM4-MG2.

The corresponding zonal-mean ERF distributions show that the global-mean weakening is not spatially uniform (Fig. Al).
The state dependence is particularly evident in the Northern Hemisphere, especially in aerosol-influenced midlatitude and
high-latitude regions. In these regions, shortwave ERF generally becomes less negative as the base-state climate warms.
GFDL-AM4-MGQG?2 also exhibits a stronger longwave response than GFDL-AM4.0, with the largest differences occurring

mainly in the Northern Hemisphere.
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3.2 ERF.i dominates the state dependence of total aerosol forcing

We decompose total aerosol ERF into IRFui, ERFaci, and a residual associated with non-cloud atmospheric adjustments. The
residual is generally small compared with ERFaci and IRFari, with absolute magnitudes typically below 0.1 W m2 (Fig. A2).
A notable exception occurs in the colder base states of GFDL-AM4-MG2, where an unexpectedly large stratospheric
adjustment contributes substantially to the residual and its state dependence, as discussed later. While acknowledging this
additional contribution, we interpret the state dependence of total ERF primarily through ERFaci and IRFari (Fig. 2). ERFuci is
the dominant forcing component and exhibits substantial weakening with warming, although IRFai also contributes to the
overall state dependence. In both models, net ERFaci becomes less negative as the base-state climate warms, but the principal

radiative component differs between configurations.
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Figure 2. State dependence of aerosol ERF,; and IRF,; in two GFDL models. Total, shortwave, and longwave aerosol-cloud
interaction effective radiative forcing (ERF,i; W m™2) are shown in the top row, while the corresponding instantaneous radiative
forcing from aerosol-radiation interactions (IRF,i; W m™2) is shown in the bottom row. Results are diagnosed under five
prescribed base-state climates: —8 K, 4 K, 0 K, +4 K, and +8 K. Blue bars indicate GFDL-AM4.0, and red bars indicate GFDL-
AM4-MG2. Error bars represent 95% confidence intervals of the 30-year mean forcing estimates. Horizontal dashed lines indicate
the corresponding forcing components diagnosed using preindustrial base-state boundary conditions, consistent with the RFMIP
protocol. Colored numbers at the bottom right of each panel indicate the linear slopes of the corresponding forcing component for
each model (W m2 K™), calculated against the respective model's global-mean surface air temperature, averaged between the
preindustrial- and present-day-aerosol simulations for each base state. These slopes summarize the overall trend but do not
capture non-monotonic variations.

In GFDL-AM4.0, ERF.ci is dominated by the shortwave component, with a comparatively small longwave contribution
across all base states. Shortwave ERFaci becomes progressively less negative from the —4 K to the +8 K base state, indicating
a weakening of shortwave aerosol—cloud cooling over this range. The main exception is the —8 K base state, where

shortwave ERFai is less negative than at —4 K and comparable to that at +8 K. This non-monotonic behavior may reflect
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limited liquid or supercooled liquid water availability in the coldest base state, which could constrain aerosol activation and

reduce the sensitivity of cloud optical properties to aerosol perturbations.

In GFDL-AM4-MG2, the weakening of net ERFaci is driven more strongly by the longwave component. Shortwave ERFaci is
comparatively less state dependent, whereas longwave ERFaci becomes substantially less negative as the base-state climate
warms. This contrast reveals a longwave cloud-mediated pathway for aerosol-forcing state dependence in GFDL-AM4-
MG2. Thus, the two configurations agree that aerosol forcing weakens with warming, but they express this weakening
through different radiative pathways: a shortwave-dominated pathway in GFDL-AM4.0 and a stronger longwave pathway in
GFDL-AM4-MG2.

Net IRFai exhibits a less systematic weakening with warming than ERFaci, although its changes across individual base-state
intervals can be substantial. In both models, net IRFai initially becomes less negative from the —8 K to the 0 K base state, but
then becomes more negative again in warmer states. This non-monotonic behavior partly reflects compensation between its
shortwave and longwave components. Shortwave IRFai generally becomes less negative in warmer climates, indicating a
weakening of the shortwave direct aerosol radiative effect. Longwave IRFari is smaller in magnitude and tends to become
less positive as the base-state climate warms, partly offsetting the shortwave changes and even turning negative in some
warmer states. These negative estimates may partly reflect biases introduced by applying radiative kernels derived for a
reference climate to substantially warmer climate states, as discussed in He et al. (2026). Such biases could slightly
exaggerate the weakening of longwave IRFai and consequently lead to a modest underestimation of the weakening of net
IRFai. Thus, the direct aerosol radiative effect is also state dependent, although methodological biases may slightly mute its

diagnosed weakening with warming.

3.2.1 Shortwave ERF..i reflects competing cloud-regime responses

The state dependence of shortwave ERFai reflects competing cloud-regime responses rather than a spatially uniform
weakening of aerosol-cloud interactions. We use the APRP method to decompose shortwave ERF.ci into cloud amount,
cloud scattering, and cloud absorption contributions (Fig. 3). The decomposition shows that shortwave ERFaci is controlled
mainly by cloud scattering, with an additional model-dependent contribution from cloud amount in GFDL-AM4-MG2. The
cloud-scattering component exhibits a clear meridional contrast: over low-to-mid latitudes (0-40°N), the scattering
contribution generally becomes less negative as the base-state climate warms, whereas over mid-to-high latitudes (40-90°N),
it becomes more negative. This contrast indicates that the state dependence of aerosol—cloud interactions differs between

predominantly warm-cloud and colder or mixed-phase regimes.
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Figure 3. APRP decomposition of shortwave ERF;. under different base-state climates. Zonal-mean distributions of shortwave
aerosol—cloud interaction effective radiative forcing (ERF,i; W m™2) and its component contributions, both diagnosed using the
APRP method, under five prescribed base-state climates: —8 K, —4 K, 0 K, +4 K, and +8 K. Results are shown for GFDL-AM4.0 in
the left column and GFDL-AM4-MG2 in the right column. From top to bottom, rows show the total shortwave ERF,. and the
contributions from cloud amount, cloud scattering, and cloud absorption changes, respectively. Insets in each panel show the
corresponding global-mean values for the five base-state climates, using the same color scheme as the zonal-mean curves.

Over 0—40°N, where liquid clouds are more prevalent, the weakening of the cloud-scattering contribution with warming is

consistent with reduced cloud susceptibility. This may reflect the increasing optical thickness of liquid clouds with warming,

which places the clouds in a more saturated regime of the Twomey response: cloud albedo becomes less sensitive to aerosol-
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induced increases in cloud optical depth, so comparable optical-depth changes produce smaller albedo changes and a weaker
shortwave cooling response (Feingold et al., 2022; Platnick and Oreopoulos, 2008). The Northern Hemisphere mean ISCCP
simulator histograms provide a cloud-regime perspective on this behavior, showing that aerosol perturbations generally shift
low-cloud fraction from optically thinner cumulus/stratocumulus-like regimes toward optically thicker stratocumulus/stratus-
like regimes, with a weaker analogous shift in middle clouds (Fig. 4). This pattern is consistent with aerosol-induced

increases in cloud optical thickness and negative shortwave ERFaci.
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Figure 4. State dependence of aerosol-induced ISCCP cloud-fraction changes in the Northern Hemisphere. Northern Hemisphere
mean changes in ISCCP-simulator cloud fraction (%) in response to present-day aerosol perturbations relative to preindustrial
aerosol conditions. Results are shown for GFDL-AM4.0 in the top row and GFDL-AM4-MG?2 in the bottom row. From left to
right, panels show responses diagnosed under five prescribed base-state climates: —8 K, -4 K, 0 K, +4 K, and +8 K. Each panel
shows the joint ISCCP 7 x 7 histogram of cloud visible optical depth and cloud-top pressure, with colors indicating aerosol-
induced cloud-fraction changes in each regime. Horizontal and vertical lines denote the standard ISCCP cloud-regime
classification; horizontal lines separate low-, middle-, and high-cloud categories, while vertical lines separate cloud optical-depth
classes. Crosses indicate bins where the sign of the response is not consistent across the five prescribed base-state climates.

The hemispheric-mean response, however, masks distinct latitudinal behavior. Over 0—40°N, the redistribution toward
optically thicker low and middle clouds weakens as the base-state climate warms (Fig. A3), whereas over 40-90°N, the
redistribution remains comparable across base states or strengthens in some regimes (Fig. A4). This latitude contrast
supports the interpretation that shortwave ERFaci weakens in warmer liquid-cloud regimes as cloud susceptibility decreases,
but can strengthen in colder or mixed-phase regimes as warming increases liquid or supercooled liquid water availability,

allowing aerosol perturbations to more effectively modify cloud optical thickness.
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The low-cloud and non-low-cloud cloud-radiative-kernel decompositions show how these regime-dependent scattering
responses are distributed across cloud layers (Figs. A5 and A6). The low-cloud contribution is dominated by scattering
changes and generally becomes less negative with warming, particularly over low-to-mid latitudes, consistent with the
reduced warm-cloud susceptibility inferred from the ISCCP histograms. In contrast, the non-low-cloud scattering
contribution is relatively weak in the coldest base state, especially over mid-to-high latitudes, and strengthens in some
warmer adjacent states. This cold-state minimum is consistent with the nonmonotonic shortwave ERF.ci behavior between
the —8 K and —4 K base states noted above, suggesting that limited liquid or supercooled liquid water availability in very

cold cloud regimes can constrain aerosol-induced changes in cloud optical properties.

The cloud-radiative-kernel decomposition further helps interpret the model-dependent cloud-amount term identified by
APRP in GFDL-AM4-MG2. Aecrosol-induced increases in low-cloud amount produce a negative shortwave contribution,
while reductions in non-low-cloud amount, consistent with the high-cloud decreases shown in Fig. A7, produce a positive
shortwave contribution. These two cloud-amount terms partially offset each other, but the positive non-low-cloud term
dominates in colder base states, yielding a net positive cloud-amount contribution to shortwave ERFaci (Fig. 3d). As the base
state warms and the high-cloud reduction weakens, this positive non-low-cloud term also weakens, causing the net cloud-
amount contribution to shift from positive in colder states toward near-neutral or negative values in warmer states. Thus, the
shortwave ERFaci response reflects two coupled effects: regime-dependent scattering changes and compensating low- versus
non-low-cloud amount adjustments, with the latter controlled mainly by the state-dependent high-cloud response in GFDL-

AM4-MG2.

3.2.2 Aerosol—cloud—ice interactions introduce a longwave aerosol-forcing pathway

The strongest model contrast occurs in the longwave component of ERFaci, where GFDL-AM4-MG2 exhibits a response that
is largely absent in GFDL-AM4.0 (Fig. 2¢). The shortwave cloud-amount decomposition above indicates that aerosol
perturbations modify cloud structure more strongly in colder GFDL-AM4-MG2 climates, with reductions in non-low-cloud
amount partly offset by increases in low-cloud amount. As the base state warms, the non-low-cloud reduction weakens,
reducing the positive shortwave cloud-amount contribution. The longwave cloud-radiative-kernel decomposition provides

the corresponding longwave signature of this cloud-structural response (Fig. AS).

The GFDL-AM4-MG2 longwave response is driven primarily by the cloud-altitude component. This contribution is strongly
negative in colder base-state climates and weakens as the climate warms, whereas the corresponding response is much
smaller in GFDL-AM4.0. Together with the shortwave cloud-amount terms, this behavior indicates stronger aerosol-induced
changes in cloud vertical structure, particularly in non-low/high-cloud amount and emission level, in colder GFDL-AM4-

MG2 climates. As the base state warms, this cloud-structural response weakens, making longwave ERF..i less negative.

Layer-resolved cloud responses and ISCCP histograms support this high-cloud interpretation. In GFDL-AM4-MG2, aerosol

perturbations reduce high-cloud amount most strongly in colder base states, and this reduction weakens substantially as the
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base state warms (Fig. A7). The ISCCP histograms further show that the high-cloud reduction occurs primarily in optically
thin-to-intermediate high-cloud regimes, rather than in optically thick deep-convective regimes (Fig. 4). In contrast, GFDL-
AM4.0 shows much weaker high-cloud changes across the base-state climates. These diagnostics indicate that the longwave
state dependence in GFDL-AM4-MG2 is linked to aerosol-induced changes in high-cloud amount and cloud emission level,
consistent with aerosol—cloud—ice interactions. In colder GFDL-AM4-MG?2 climates, reduced high-cloud amount and a
lower effective emission level allow more longwave radiation to escape to space, producing a stronger negative longwave
cloud adjustment. As the base state warms, this high-cloud response weakens, reducing the magnitude of the longwave

cloud-altitude contribution.

One physically plausible mechanism is that aerosol-cloud—ice interactions are more effective in colder upper-tropospheric
conditions. Increased ice-nucleating particles can promote heterogeneous freezing at lower supersaturation, deplete water
vapor before homogeneous freezing is reached, reduce homogeneous ice nucleation, and generate fewer but larger ice
crystals. These larger ice crystals sediment faster, shortening cirrus lifetime and reducing high-cloud coverage, which allows
more longwave radiation to escape to space and produces a more negative longwave cloud adjustment (e.g., Storelvmo,
2017). In warmer base states, this mechanism may weaken as the cloud-phase distribution shifts and the high-cloud response
becomes less controlled by cold upper-tropospheric ice nucleation. Although these microphysical steps are not directly

isolated by our diagnostics, they are physically consistent with the diagnosed high-cloud and longwave responses.

The aerosol-induced high-cloud reductions may also contribute to the substantial stratospheric adjustment in GFDL-AM4-
MG2. Aerosol-induced warming near the tropopause and in the lower stratosphere is most pronounced in the Northern
Hemisphere and weakens with increasing background temperature, broadly consistent with the spatial distribution and state
dependence of high-cloud reductions (Fig. A9). Previous cirrus cloud thinning simulations have shown that reductions in
high-cloud coverage can produce stratospheric warming (Muri et al., 2014; Storelvmo et al., 2014). By reducing the
absorption and re-emission of terrestrial radiation by cold high clouds, more longwave radiation from warmer atmospheric
layers below can reach the stratosphere, where its absorption by radiatively active gases contributes to warming. A similar
mechanism may operate here, while associated changes in upper-tropospheric static stability could further reinforce high-

cloud reductions, consistent with the stability-iris mechanism (Bony et al., 2016).

3.3 Direct aerosol forcing weakens through aerosol optical depth and optical effectiveness

The zonal-mean diagnostics confirm the weakening of shortwave IRFai with warming, particularly poleward of about 30°N
(Fig. A10). The separation among base states is larger in colder climates and smaller in warmer climates, suggesting that the
incremental weakening of the shortwave direct aerosol radiative effect diminishes with warming. To diagnose the physical
basis of this response, we examine zonal-mean changes in column aerosol mass and aerosol optical depth (AOD; Fig. 5).
Column aerosol mass represents the aerosol burden within the atmospheric column after transport, transformation, and

removal, including both interstitial aerosol and aerosol associated with clouds. AOD is more directly related to the optically
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active aerosol that contributes to shortwave scattering and absorption. These quantities need not vary proportionally because

AOD depends on the optical effectiveness of aerosol mass, not simply on the amount of aerosol present.
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Figure 5. State dependence of aerosol burden and aerosol optical depth responses. Zonal-mean distributions of aerosol-induced
changes in column aerosol mass and aerosol optical depth under five prescribed base-state climates: —8 K, 4 K, 0 K, +4 K, and +8
K. Results are shown for GFDL-AM4.0 in the left column and GFDL-AM4-MG?2 in the right column. The top row shows changes
in column aerosol mass, including both free-tropospheric/interstitial aerosols and aerosols associated with clouds. The bottom row
shows changes in aerosol optical depth, which is more directly related to the instantaneous radiative forcing from aerosol-
radiation interactions (IRF,y). Different colored lines indicate the five base-state climates.

In both models, AOD generally decreases as the base-state climate warms, consistent with the weakening of shortwave
IRFai. Column aerosol mass also decreases with warming in many regions, indicating that reduced aerosol burden
contributes to the weaker direct radiative effect. However, the burden—AOD relationship is not uniform. Over the Northern
Hemisphere subtropics and midlatitudes, especially around 20—40°N in GFDL-AM4.0, AOD decreases with warming even
though column aerosol mass remains nearly unchanged or increases. This decoupling indicates that the state dependence of

IRFai is not controlled by aerosol burden alone, but also by changes in the optical effectiveness of aerosol mass.

Precipitation diagnostics help assess the potential role of wet removal in the AOD response (Figs. Alla and Allb).
Precipitation climatology increases substantially as the base-state climate warms in both models, indicating a stronger
hydrological cycle and greater potential for aerosol scavenging. This background increase in precipitation can contribute to
reduced aerosol burden and weaker direct aerosol forcing in some regions. However, precipitation alone cannot explain the
full AOD response, because wet removal depends not only on precipitation amount but also on where aerosols reside relative

to clouds and precipitation and on how efficiently cloud condensate is converted into precipitation.
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The aerosol-induced precipitation-efficiency response provides a complementary diagnostic of how aerosol perturbations
affect cloud-to-precipitation conversion within each base state (Figs. Allc and Alld). Here, precipitation efficiency is
defined as the ratio of column precipitation rate to condensed water path, following Li et al. (2022). Aerosol perturbations
generally reduce precipitation efficiency over broad Northern Hemisphere regions, especially poleward of about 20—-30°N,
and the magnitude of this reduction weakens as the base state warms, particularly in GFDL-AM4.0. As the background
precipitation climatology increases with warming, this weaker aerosol-induced suppression is consistent with greater
potential for precipitation scavenging in warmer base states. In GFDL-AM4-MG2, the precipitation-efficiency response is
weaker and less clearly separated across base states, consistent with aerosol-cloud—ice processes partly damping or

offsetting the liquid-cloud precipitation-suppression response.

The limitation of a wet-removal-only interpretation is most evident over 20—40°N, where AOD decreases with warming
more clearly than column aerosol mass (Fig. 5). This latitude band lies outside the tropical precipitation maximum and the
main midlatitude storm-track precipitation regions, and the warming-driven increase in precipitation is comparatively
modest. Therefore, the pronounced decrease in AOD over 20—40°N, especially where column aerosol mass does not

decrease proportionally, is unlikely to be explained primarily by stronger precipitation scavenging alone.

Relative-humidity changes provide a plausible explanation for this decoupling between column aerosol mass and AOD (Fig.
A12). Under uniform 4 K warming, relative humidity decreases over the subtropics, especially in the lower-to-middle
troposphere over 20—40°N, while increasing in parts of the tropical free troposphere. These relative-humidity changes are
consistent with the contrasting AOD responses in Fig. 5. For hygroscopic aerosols, subtropical drying reduces aerosol water
uptake, decreases wet particle size, and lowers the ambient extinction per unit dry aerosol mass, even when column aerosol
mass does not decrease proportionally. Reduced hygroscopic growth in drier subtropical environments can therefore help
explain why AOD and IRFai weaken with warming despite relatively modest changes in column aerosol mass. Conversely,
increased relative humidity in parts of the northern tropics can enhance hygroscopic growth and contribute to local AOD

increases with warming.

Changes in aerosol abundance and lifetime may also contribute to the weakening of ERF..i with warming, although their
implications for aerosol—cloud interactions are less straightforward. The vertical distribution of aerosol extinction in Fig.
A12 further suggests that the weakening of the aerosol optical perturbation with warming is particularly evident at higher
altitudes. This pattern may partly reflect changes in aerosol transport, cloud processing, and wet removal in warmer base
states. Because aerosol emissions are continuously supplied and aerosols can interact with clouds before being removed, a
smaller atmospheric aerosol burden does not necessarily imply a proportionally smaller aerosol perturbation experienced by
clouds. This interpretation is further complicated for high clouds, where aerosol availability depends on vertical transport
and removal before particles reach the upper troposphere, potentially influencing aerosol—cloud—ice interactions. Without
three-dimensional aerosol mass and process-level diagnostics of aerosol evolution, the contributions of changes in aerosol

abundance and lifetime to the weakening of ERFaci cannot be readily separated from changes in cloud susceptibility.
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3.4 Aerosol forcing and climate feedback covary with climate state

Finally, we examine the relationship between aerosol forcing and climate feedback across adjacent base-state transitions
(Fig. 6). Net and cloud feedback values are taken from He et al. (2024), where feedbacks were quantified for the same base-
state transitions. That study showed that cloud feedback becomes less negative as the base-state climate warms, primarily
because of a weakening of the negative shortwave cloud optical-depth feedback over the middle and high latitudes. This
weakening reflects the temperature dependence of cloud liquid water responses, governed by changes in the moist adiabat
and cloud adiabaticity, together with the nonlinear dependence of cloud albedo on optical depth. As the background climate
warms and clouds become optically thicker, further increases in cloud optical depth produce progressively smaller changes
in cloud albedo. Consistent with this state dependence, total aerosol forcing becomes less negative as the corresponding net
climate feedback becomes less negative, indicating that aerosol forcing and feedback vary coherently with the background

climate state.
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Figure 6. Relationship between aerosol forcing and climate feedback across base-state transitions. Scatter plots showing the
relationship between aerosol forcing and climate feedback in GFDL-AM4.0 and GFDL-AM4-MG2. (a) Present-day aerosol
effective radiative forcing (ERF; W m2) plotted against net climate feedback to uniform 4 K warming (W m~2 K™'). (b) Aerosol-
cloud interaction effective radiative forcing (ERF,.; W m™) plotted against cloud feedback to uniform 4 K warming (W m~2 K™).
Blue markers indicate GFDL-AMA4.0, and red markers indicate GFDL-AM4-MG2. Each point represents one transition between
two adjacent base-state climates: the aerosol forcing is the mean of its values in the two endpoint base states, while the climate
feedback is calculated from the change in radiative flux between each pair of adjacent base states, divided by the corresponding
change in global-mean surface air temperature. Specifically, the four points correspond to the transitions from -8 K to 4 K, 4 K
to 0 K, 0 K to +4 K, and +4 K to +8 K. Horizontal and vertical error bars represent 95% confidence intervals of the corresponding
feedback and forcing estimates, respectively. Lines connect adjacent transition points to illustrate the progression across base
states.
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A similar positive association appears between ERF.ci and cloud feedback. This relationship may partly reflect the influence
of background cloud properties on both radiative responses. In particular, changes in cloud liquid water content and optical
depth can affect both the sensitivity of cloud albedo to aerosol-induced perturbations and the radiative response of clouds to
surface warming. These mechanisms provide a possible physical basis for their coherent state dependence, although the
processes governing aerosol-induced cloud changes and cloud feedback are not necessarily identical. Moreover, this global-
mean covariation does not require the state dependence of forcing and feedback to originate from the same geographical
regions. As shown in He et al. (2024), the state dependence of cloud feedback arises primarily over the extratropics and high
latitudes, particularly the Southern Ocean, whereas the state dependence of aerosol forcing in the present study is
concentrated more strongly over the Northern Hemisphere subtropics and midlatitudes. Thus, acrosol-cloud interactions and
cloud feedbacks may be jointly modulated by changes in the background climate state, even though their state dependence

arises primarily from different regions rather than a single shared regional mechanism.

The relationship between ERFai and cloud feedback is clearer in GFDL-AM4-MG2, where ERFa.i weakens as cloud
feedback becomes less negative across base-state transitions. In GFDL-AM4.0, the relationship is weaker, partly because the
—8 K to —4 K transition departs from the smoother progression across warmer base states. This exception is consistent with
the non-monotonic shortwave ERFaci behavior discussed above, whereas the additional cloud-ice and high-cloud pathways in
GFDL-AM4-MG2 may contribute to its more coherent relationship. Because the uncertainty ranges are substantial, the
scatter plots should be interpreted as evidence for a systematic tendency rather than as a precise quantitative constraint.
Nevertheless, the result suggests that forcing and feedback are not fully separable properties of a model when the

background climate state changes.

This behavior contrasts with the anti-correlation identified across CMIP6 models and reproduced in several perturbed-
parameter ensembles, in which models with stronger negative ERFaci tend to exhibit less negative, or more positive, cloud
feedback (Wang et al., 2021; Gettelman et al., 2024; Feng et al., 2026). The difference likely reflects the nature of the
comparison. Here, the relationship is diagnosed from controlled base-state changes within each model configuration, so the
model formulation and imposed aerosol perturbation are held fixed while the background climate state changes. In contrast,
intermodel and perturbed-parameter relationships combine differences in model formulation, cloud and aerosol
parameterizations, mean-state climatology, and historical tuning or calibration. A positive relationship is not unique to the
present analysis: Qin et al. (2025) found a moderate positive correlation between ERF..i and cloud feedback in the global-
ocean mean of an E3SMv?2 perturbed-parameter ensemble, while also showing substantial variation in the sign and strength
of the relationship across cloud regimes. Thus, Fig. 6 should be interpreted as a state-dependent relationship within model
configurations rather than as a direct emergent constraint across model or perturbed-parameter ensembles. Nevertheless, it
may help interpret broader forcing—feedback relationships by identifying physical pathways through which background

climate state can modulate both aerosol forcing and climate feedback.

17



475

480

485

490

495

500

https://doi.org/10.5194/egusphere-2026-6648
Preprint. Discussion started: 30 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

4. Conclusions and Implications

Using fixed-SST simulations with GFDL-AM4.0 and GFDL-AM4-MG?2 across five prescribed base-state climates, we show
that aerosol forcing systematically weakens as the climate warms. The same present-day aerosol perturbation produces
weaker cooling in warmer climates, demonstrating that aerosol forcing is not solely a function of emissions or aerosol
burden. Instead, it depends on background climate conditions that regulate both aerosol-radiation interactions and aerosol—

cloud interactions.

The weakening of aerosol forcing reflects multiple physical mechanisms. For ERFaci, the dominant mechanisms involve
cloud optical properties, cloud amount, and cloud vertical structure. The two model configurations express this state
dependence through different radiative pathways: GFDL-AM4.0 is dominated by shortwave ERFaci, whereas GFDL-AM4-
MG?2 includes a stronger longwave contribution associated with high-cloud and cloud-ice processes. Within the shortwave
component, ERF.c; is governed mainly by cloud scattering, with additional cloud-amount contributions in GFDL-AM4-
MG2. In warm-cloud regimes, low-cloud scattering responses weaken with warming, consistent with reduced susceptibility
of optically thicker liquid clouds to aerosol perturbations and a weaker incremental cloud-brightening response. In colder
and mixed-phase regimes, warming can increase liquid or supercooled liquid water availability, strengthening aerosol-
induced cloud brightening in non-low clouds. These competing responses explain why shortwave ERFaci does not weaken

uniformly across latitude or cloud regime.

GFDL-AM4-MG?2 adds a distinct cloud-ice and high-cloud pathway. In colder base states, aerosol perturbations reduce high-
cloud amount and modify cloud-altitude radiative effects more strongly than in warmer base states. These high-cloud
changes produce a more negative longwave cloud adjustment by reducing optically thin-to-intermediate high-cloud coverage
and lowering the effective cloud emission level, allowing more longwave radiation to escape to space. As the base state
warms, this high-cloud pathway weakens, consistent with the reduced high-cloud response, smaller longwave cloud-altitude
contribution, and weaker associated shortwave cloud-amount compensation in GFDL-AM4-MG2. This pathway helps
explain why the longwave component is much more important for aerosol-forcing state dependence in GFDL-AM4-MG2
than in GFDL-AM4.0, indicating that the representation of aerosol-cloud—ice interactions can alter not only the magnitude

of ERF.ci, but also the radiative pathway through which ERFaci depends on climate state.

For IRFai, warming weakens aerosol optical depth and the direct radiative effect. This weakening is largely related to
reduced aerosol burden in many regions, with increased wet removal likely contributing, but aerosol optical depth does not
always scale with column aerosol mass. In particular, AOD decreases over parts of 20-40°N even where column aerosol
mass remains nearly unchanged or increases. This decoupling points to changes in the optical effectiveness of aerosol mass,
especially through humidity-dependent water uptake. Thus, direct aerosol forcing also depends on the background climate

state, not only through aerosol burden and removal, but also through the optical properties of aerosol mass.
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Finally, aerosol forcing and climate feedback vary coherently with the background climate state: aerosol forcing becomes
less negative as feedbacks become less negative. This result indicates that forcing and feedback are not fully separable when
the background climate changes. Because this relationship is diagnosed from controlled base-state changes within individual
model configurations, it should be interpreted as a state-dependent relationship within model configurations rather than as a

direct emergent constraint across model or perturbed-parameter ensembles.

4.1 Implications for fixed-aerosol warming experiments

In many idealized warming experiments, background aerosol emissions or concentrations are held fixed while the climate
warms. If the radiative effect of those aerosols weakens in a warmer base state, then part of the diagnosed climate response
reflects a loss of aerosol cooling. This hidden reduction in aerosol cooling can be incorporated into the apparent feedback
response, making the diagnosed effective feedback less negative than it would be if aerosol forcing were invariant to climate
state. The reverse can occur in cooling experiments, where fixed aerosols may exert stronger cooling as the climate cools.
The resulting forcing change is not externally imposed in the usual sense, but emerges from the interaction between fixed
aerosol perturbations and the evolving climate state. This complicates the separation of forcing and feedback in widely used
climate-change experiments with fixed background aerosols, potentially affecting the interpretation of diagnosed climate
feedback and climate sensitivity. It also highlights the importance of diagnosing aerosol forcing consistently across climate

states.

4.2 Implications for historical attribution, model tuning, and future projections

Historical climate simulations often rely on aerosol cooling to offset part of greenhouse-gas warming. If aerosol cooling is
stronger in cooler climates and weaker in warmer climates, then time-invariant assumptions about aerosol efficacy may
misrepresent the temporal evolution of aerosol masking. For a given aerosol perturbation, aerosol cooling may have been
more effective under earlier, cooler climate states, while continued warming may reduce the cooling influence of aerosols

even if emissions remain unchanged.

This state dependence also affects model tuning. Models with high climate sensitivity may rely on strong negative aerosol
forcing to match observed historical temperature evolution. However, if aerosol forcing weakens with warming, aerosols
become a less effective tuning lever in warmer climates. Achieving the same historical offset may therefore involve stronger
aerosol forcing in cooler states or compensating differences in atmospheric adjustments, ocean heat uptake, or feedback

strength.

For future projections, the results imply that aerosol forcing uncertainty depends not only on future emissions but also on the
evolving background climate. The same aerosol emissions may exert weaker cooling in a warmer atmosphere because

aerosol—cloud interactions weaken, aerosol optical depth decreases, and high-cloud responses become less sensitive to
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aerosol perturbations. This does not remove the importance of future aerosol-emission uncertainty, but it indicates that

aerosol forcing should be interpreted as a climate-state-dependent quantity.

Several limitations should be considered when interpreting these results. The analysis is based on two atmospheric
configurations within the same GFDL model family, so the generality of the diagnosed state dependence across climate
models remains to be established. The RFMIP2.0 protocol for CMIP7 offers an opportunity to assess this state dependence in
a multi-model framework through paired aerosol-forcing experiments under preindustrial and uniformly warmed (+4 K) SST
conditions (Kramer et al., 2026). Subtropical stratocumulus clouds also remain challenging to represent at typical climate-
model vertical resolution (e.g., Bogenschutz et al., 2021; Medeiros et al., 2012), and associated cloud-top entrainment and
drying processes are only approximately represented (Mellado, 2016). For example, observational evidence suggests that
warming can strengthen cloud-top drying through enhanced entrainment, providing an additional pathway by which aerosol-
induced cloud cooling may weaken, or potentially reverse, at high SSTs beyond the reduced cloud susceptibility emphasized
here (Zhang et al., 2022). If such processes are underrepresented in the present simulations, the magnitude of aerosol-forcing
state dependence diagnosed here may be underestimated. Modeling studies using a broader range of models and improved
representations of cloud microphysical and boundary-layer processes will therefore be important for assessing the robustness

and magnitude of aerosol-forcing state dependence.
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Figure Al. Zonal-mean distributions of effective radiative forcing from aerosol perturbations. Zonal-mean distributions of aerosol
effective radiative forcing (ERF; W m™) in response to present-day aerosol perturbations relative to preindustrial aerosol
conditions under five prescribed base-state climates: -8 K, —4 K, 0 K, +4 K, and +8 K. Results are shown for GFDL-AM4.0 in the
left column and GFDL-AM4-MG?2 in the right column. From top to bottom, rows show the total, shortwave, and longwave ERF,

respectively. The corresponding global-mean values are shown in Fig. 1.
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Figure A2. State dependence of non-cloud adjustments in two GFDL models. Stratospheric adjustment, relative-humidity-fixed
(RH-fixed) Planck adjustment, RH-fixed lapse-rate (LR) adjustment, relative humidity adjustment, surface albedo adjustment,

560 and the sum of these non-cloud adjustments are shown in panels (a—f), respectively. Results are diagnosed under five prescribed
base-state climates: —8 K, —4 K, 0 K, +4 K, and +8 K. Blue bars indicate GFDL-AM4.0, and red bars indicate GFDL-AM4-MG2.
Error bars represent 95% confidence intervals of the 30-year mean adjustment estimates. Horizontal dashed lines indicate the
corresponding adjustment components diagnosed using preindustrial base-state boundary conditions, consistent with the RFMIP
protocol. Colored numbers at the bottom right of each panel indicate the linear slopes of the corresponding adjustment component

565 for each model (W m™2 K™"), calculated against the respective model's global-mean surface air temperature, averaged between the
preindustrial- and present-day-aerosol simulations for each base state. These slopes summarize the overall trend but do not
capture non-monotonic variations.
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570  Figure A3. State dependence of aerosol-induced ISCCP cloud-fraction changes in Northern low-to-mid latitudes. Mean changes in
ISCCP-simulator cloud fraction (%) over 0—40°N in response to present-day aerosol perturbations relative to preindustrial aerosol
conditions. Results are shown for GFDL-AM4.0 in the top row and GFDL-AM4-MG?2 in the bottom row. From left to right, panels
show responses diagnosed under five prescribed base-state climates: —8 K, —4 K, 0 K, +4 K, and +8 K. Each panel shows the joint
ISCCP 7 x 7 histogram of cloud visible optical depth and cloud-top pressure, with colors indicating aerosol-induced cloud-fraction

575 changes in each regime. Horizontal and vertical lines denote the standard ISCCP cloud classification; horizontal lines separate

low-, middle-, and high-cloud categories, while vertical lines separate cloud optical-depth classes. Crosses indicate bins where the
sign of the response is not consistent across the five prescribed base-state climates.
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580 Figure A4. State dependence of aerosol-induced ISCCP cloud-fraction changes in Northern mid-to-high latitudes. Mean changes in
ISCCP-simulator cloud fraction (%) over 40-90°N in response to present-day aerosol perturbations relative to preindustrial
aerosol conditions. Results are shown for GFDL-AM4.0 in the top row and GFDL-AM4-MG?2 in the bottom row. From left to
right, panels show responses diagnosed under five prescribed base-state climates: —8 K, —4 K, 0 K, +4 K, and +8 K. Each panel
shows the joint ISCCP 7 x 7 histogram of cloud visible optical depth and cloud-top pressure, with colors indicating aerosol-

585 induced cloud-fraction changes in each regime. Note that the color scale spans twice the range used in Figs. 4 and A3. Horizontal
and vertical lines denote the standard ISCCP cloud classification; horizontal lines separate low-, middle-, and high-cloud

categories, while vertical lines separate cloud optical-depth classes. Crosses indicate bins where the sign of the response is not
consistent across the five prescribed base-state climates.
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Figure AS. Cloud-radiative-kernel decomposition of low-cloud contributions to shortwave ERF,. Zonal-mean distributions of the
low-cloud contribution to shortwave aerosol—cloud interaction effective radiative forcing (ERF,i; W m™2) and its component
contributions diagnosed using the cloud radiative kernel method. Results are shown under five prescribed base-state climates: —8
K, -4 K, 0 K, +4 K, and +8 K. The left column shows GFDL-AM4.0, and the right column shows GFDL-AM4-MG2. From top to
bottom, rows show the total low-cloud contribution to shortwave ERF,;; and the contributions from low-cloud amount, low-cloud
scattering, and low-cloud absorption changes, respectively. Insets show the corresponding global-mean values for each base-state
climate, using the same color scheme as the zonal-mean curves.
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600 Figure A6. Cloud-radiative-kernel decomposition of non-low-cloud contributions to shortwave ERF,. Zonal-mean distributions of
the non-low-cloud contribution to shortwave aerosol-cloud interaction effective radiative forcing (ERF.i; W m™2) and its
component contributions diagnosed using the cloud radiative kernel method. Results are shown under five prescribed base-state
climates: -8 K, 4 K, 0 K, +4 K, and +8 K. The left column shows GFDL-AM4.0, and the right column shows GFDL-AM4-MG2.
From top to bottom, rows show the total non-low-cloud contribution to shortwave ERF,. and the contributions from non-low-
605 cloud amount, non-low-cloud scattering, and non-low-cloud absorption changes, respectively. Insets show the corresponding

global-mean values for each base-state climate, using the same color scheme as the zonal-mean curves.
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Figure A7. Zonal-mean distributions of aerosol-induced cloud changes by cloud layer under different base-state climates. Zonal-

610 mean distributions of cloud changes in response to present-day aerosol perturbations relative to preindustrial aerosol conditions
under five prescribed base-state climates: —8 K, —4 K, 0 K, +4 K, and +8 K. Results are shown for GFDL-AM4.0 in the left column
and GFDL-AM4-MG?2 in the right column. From top to bottom, rows show changes in high, middle, and low cloud, respectively.
Different colored lines indicate the five base-state climates.
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Figure AS8. Cloud-radiative-kernel decomposition of longwave ERF,; under different base-state climates. Zonal-mean
distributions of longwave aerosol-cloud interaction effective radiative forcing (ERF,; W m™2) and its component contributions
diagnosed using the cloud radiative kernel method. Results are shown under five prescribed base-state climates: —8 K, -4 K, 0 K,
+4 K, and +8 K. The left column shows GFDL-AM4.0, and the right column shows GFDL-AM4-MG2. From top to bottom, rows
show total longwave ERF,. and the contributions from cloud amount, cloud scattering, cloud altitude, and the residual term,
respectively. Insets show the corresponding global-mean values for each base-state climate, using the same color scheme as the
zonal-mean curves. In the total longwave ERF,. panels, the darker and narrower inset bars are overlaid on the corresponding
total bars and indicate values diagnosed directly using the radiative kernel method; these correspond to the values shown in Fig. 2.
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Figure A9. Vertical structure of aerosol-induced temperature and cloud-fraction changes across base-state climates. Zonal-mean
atmospheric temperature changes (shading; K) and cloud-fraction changes (contours) in response to present-day aerosol
perturbations relative to preindustrial aerosol conditions. Results are shown for GFDL-AM4.0 in the top row and GFDL-AM4-
MG?2 in the bottom row. From left to right, panels show responses diagnosed under five prescribed base-state climates: —8 K, —4

630 K, 0K, +4 K, and +8 K. Solid and dashed contours indicate increases and decreases in cloud fraction, respectively, with a contour
interval of 0.005 (0.5 percentage points).
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Figure A10. Zonal-mean distributions of IRF,, under different base-state climates. Zonal-mean distributions of instantaneous
radiative forcing from aerosol-radiation interactions (IRF,:; W m™2) in response to present-day aerosol perturbations relative to
preindustrial aerosol conditions under five prescribed base-state climates: -8 K, —4 K, 0 K, +4 K, and +8 K. Results are shown for
GFDL-AMA4.0 in the left column and GFDL-AM4-MG?2 in the right column. From top to bottom, rows show all-sky shortwave
IRF,;i, clear-sky shortwave IRF,., and all-sky longwave IRF,, respectively. Clear-sky longwave IRF,,; is not shown because it
differs only slightly from the all-sky longwave IRF;;i when a constant cloud-masking value is used. Different colored lines indicate

the five base-state climates.
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Figure A11. Zonal-mean precipitation climatology and aerosol-induced precipitation-efficiency changes under different base-state
climates. Zonal-mean distributions of precipitation climatology without aerosol perturbations and precipitation-efficiency changes

645 in response to present-day aerosol perturbations relative to preindustrial aerosol conditions under five prescribed base-state
climates: —8 K, —4 K, 0 K, +4 K, and +8 K. Results are shown for GFDL-AM4.0 in the left column and GFDL-AM4-MG2 in the
right column. The top row shows precipitation climatology in the absence of aerosol perturbations, while the bottom row shows
aerosol-induced changes in precipitation efficiency. Different colored lines indicate the five base-state climates.
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Figure A12. Zonal-mean relative humidity changes associated with uniform 4 K warming across adjacent base-state climates.
Zonal-mean changes in relative humidity (%) in response to uniform 4 K warming are evaluated across pairs of adjacent base-
state climates. From top to bottom, rows show the transitions from —8 K to -4 K, -4 K to 0 K, 0 K to +4 K, and +4 K to +8 K.
Results are shown for GFDL-AM4.0 in the left column and GFDL-AM4-MG2 in the right column. Shading indicates the relative
humidity change as a function of latitude and pressure. Semi-transparent contours show the aerosol extinction coefficient anomaly
associated with the present-day relative to preindustrial aerosol-emission perturbation, averaged over the two base states defining

each 4 K transition.
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