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Abstract. Anthropogenic aerosol forcing is commonly estimated using aerosol-only single-forcing experiments, but can also
be inferred as a residual from all-forcing and fixed-aerosol simulations. Although previous studies have demonstrated nonlinear
interactions among climate forcings, it remains unclear whether these approaches provide dynamically equivalent aerosol
responses, particularly at regional scale. Here, we compare the directly simulated aerosol response (AAER) with the residual
estimate (ALL—xAER) in Community Earth System Model version 2 (CESM2) across two contrasting periods: 1965—1985
relative to 1920—-1940, representing the historical increase in anthropogenic aerosol loading, and 2030-2050 relative to 1965—
1985, representing the subsequent decline and geographical redistribution of aerosol emissions. We focus on boreal summer,

when aerosol forcing strongly interacts with monsoon circulation and large-scale atmospheric dynamics.

During the historical transition, AAER and ALL—XAER produce broadly similar Northern Hemisphere responses, particularly
in near-surface temperature, although regional differences occur in precipitation and circulation. During the future transition,
the two estimates diverge substantially, especially in precipitation over the Indo-Pacific and Asian monsoon regions. These
differences are associated with reorganised low-level moisture transport and upper-tropospheric circulation, including changes
in jet structure, Rossby-wave propagation, and tropical—extratropical teleconnections. The North Atlantic exhibits an additional
coupled ocean—atmosphere component, with different sea surface temperature and Atlantic Meridional Overturning
Circulation responses between AAER and ALL—xAER. These results demonstrate that the two approaches are not dynamically
interchangeable in CESM2: the diagnosed aerosol response depends on the evolving background climate state in which aerosol
forcing operates, with important implications for residual-based attribution of regional climate change under future

greenhouse-gas forcing.

1 Introduction

Human activities have substantially altered the atmospheric composition through emissions of greenhouse gases (GHGs) and
anthropogenic aerosols (Meinshausen et al., 2017; Hoesly et al., 2018). These forcing agents influence the climate system
through fundamentally different mechanisms. GHGs exert a relatively long-lived and spatially widespread warming influence,

whereas anthropogenic aerosols are short-lived, spatially heterogeneous, and concentrated near major emission regions (Persad
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and Caldeira, 2018; Samset et al., 2018). Through scattering and absorption of solar radiation and the modification of cloud
microphysical properties, aerosols reduce surface insolation, alter atmospheric heating profiles, and affect precipitation and
regional circulation. The IPCC Sixth Assessment Report identifies anthropogenic aerosols as one of the largest remaining
uncertainties in anthropogenic radiative forcing. Although aerosol emissions have partially offset greenhouse-gas warming
over the industrial period, their short atmospheric lifetimes and strong spatial heterogeneity produce pronounced regional
contrasts in forcing and rapid responses to emission changes, contributing substantially to uncertainty in regional climate

responses and their attribution (Bellouin et al., 2020; IPCC, 2021; Szopa et al., 2021).

Because of their heterogeneous forcing, acrosols can induce climate responses that differ substantially from those associated
with well-mixed greenhouse gases. Increased anthropogenic aerosol loading generally cools the Northern Hemisphere relative
to the Southern Hemisphere because major emission sources are concentrated in the Northern Hemisphere, perturbing
meridional energy gradients and driving compensating changes in atmospheric and oceanic heat transport (Hwang et al., 2013;
Allen et al., 2014; Needham and Randall, 2023; Needham et al., 2024). These adjustments modify large-scale circulation
features, including the Hadley circulation, storm tracks, and the position of tropical rain belts (Hwang et al., 2013; Allen et al.,
2014; Needham and Randall, 2023). Over the Asian monsoon region, aerosol-induced surface cooling weakens the land—sea
thermal contrast, reducing the strength of the low-level monsoon circulation and moisture transport into the continent, thereby
suppressing precipitation over South and East Asia (Bollasina et al., 2011; Li et al., 2016; Dong et al., 2019). Aerosol forcing
can also excite stationary Rossby wave trains that propagate far from source regions, linking regional forcing to remote
precipitation and circulation responses through atmospheric teleconnections (Shindell et al., 2012; Undorf et al., 2018; Shawki
et al., 2018; Wilcox et al., 2019; Sun et al., 2026). Anthropogenic aerosols can therefore influence climate well beyond their

emission regions through both hemispheric energy-balance adjustments and dynamical circulation pathways.

A central challenge in attributing climate responses to individual forcing agents is that the response in an all-forcing simulation
reflects the combined influence of multiple anthropogenic and natural forcings and therefore does not directly identify the
contribution of any individual driver. Two approaches are commonly used to isolate forcing-specific responses. The first relies
on coordinated single-forcing experiments, in which simulations are driven separately by greenhouse gases, anthropogenic
aerosols, or natural forcings, and has been widely applied in detection and attribution studies (Eyring et al., 2016; Gillett et al.,
2016). The second estimates the contribution of a forcing using a residual approach, in which its effect is inferred from the
difference between an all-forcing simulation and a corresponding experiment in which that forcing is held fixed or removed
(e.g., Simpson et al., 2023). These approaches are often implicitly treated as equivalent estimates of the same forcing
contribution. However, this equivalence is not guaranteed. A residual estimate diagnoses the response to a forcing in the
presence of the other simultaneously evolving forcings and the associated background climate state, whereas a dedicated

single-forcing experiment diagnoses the response to that forcing under a different background state. The two approaches will
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therefore be equivalent only if the response to the forcing is sufficiently insensitive to the state in which it operates and to

interactions with the other forcing agents.

This distinction is particularly important because forcing responses need not be linearly additive. Previous studies have shown
that the combined response to greenhouse gases and anthropogenic aerosols can depart from the sum of their separately forced
responses owing to interactions involving cloud processes, surface albedo, atmospheric structure, and ocean circulation
(Feichter et al., 2004; Ming and Ramaswamy, 2009; Ming et al., 2011). More recent studies have demonstrated that such
nonlinear residuals can be relatively small for some global-mean quantities, including surface temperature, precipitation, and
top-of-atmosphere radiative fluxes, while remaining substantial at regional and seasonal scales (Deng et al., 2020). Apparent
additivity at the global scale may therefore partly arise from cancellation between regional anomalies of opposite sign. Such
nonlinear behaviour is particularly relevant to aerosol-GHG interactions because aerosols produce spatially heterogeneous
forcing and interact with climate-state-dependent feedbacks involving sea ice, surface albedo, ocean circulation, and monsoon

dynamics (Feichter et al., 2004; Ming and Ramaswamy, 2009; Deng et al., 2020; Simpson et al., 2023).

Early studies of forcing additivity similarly demonstrated that linear superposition provides a reasonable approximation for
some large-scale temperature responses but performs less well for regional climate patterns (Mitchell et al., 1995; Gillett et al.,
2004). Subsequent work has shown that greenhouse gases and aerosols can exert competing influences on regional
hydroclimate by modifying land—sea thermal contrasts, monsoon circulation, and large-scale atmospheric dynamics, further
complicating the separation of individual forcing contributions (Jones et al., 2016; Guo et al., 2013; Lau and Kim, 2017;
Herbert et al., 2022; Recchia and Lucarini, 2023). These studies demonstrate that regional climate responses cannot always be
interpreted as a simple linear combination of individual forcing effects. However, the question of forcing additivity is distinct
from the question of whether different experimental approaches provide equivalent estimates of a particular forcing response.
Even if the sum of separately forced responses approximately reproduces the all-forcing response, the aerosol contribution

inferred as a residual need not reproduce the response obtained from a dedicated aerosol-only experiment.

This distinction provides the motivation for the present study. A residual-based aerosol estimate effectively represents the
response to aerosol forcing conditional on the evolving influence of the other forcings and the background climate state. In
contrast, an aerosol-only experiment isolates the response to aerosol forcing from a climate state that evolves in the absence
of the other imposed forcings. Differences between the two estimates can therefore arise when the aerosol response depends
on the state of the coupled climate system or when aerosol forcing interacts nonlinearly with other forcing agents. Such state
dependence may be particularly important under future climate conditions, when greenhouse-gas-driven warming substantially
alters the atmosphere—ocean system and can modify circulation, SST distributions, ocean feedbacks, and hydroclimate

responses to aerosol forcing. Assessing the equivalence of direct and residual-based aerosol estimates is therefore essential for
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interpreting forcing-specific attribution studies and for determining whether aerosol responses diagnosed using different

experimental designs can be meaningfully compared.

Here, we use CESM2, which provides both a large all-forcing ensemble and coordinated single-forcing experiments within
the same coupled model framework (Rodgers et al., 2021; Simpson et al., 2023). This experimental framework allows us to
directly assess whether the response obtained from dedicated anthropogenic-aerosol-only simulations is dynamically
equivalent to the aerosol contribution inferred from the difference between all-forcing and no-aerosol simulations. We focus
on boreal summer (June—July—August, JJA), when land—sea thermal contrasts are strong, the Asian monsoon circulation is
fully developed, and aerosol forcing can exert pronounced influences on circulation and hydroclimate. We examine two climate
transitions representing different background states and aerosol-forcing regimes, and ask three related questions: (1) to what
extent does the residual aerosol response reproduce the directly simulated aerosol response; (2) where and under which climate
conditions do the two estimates diverge; and (3) what physical mechanisms account for these differences? By analysing the
associated changes in surface climate, circulation, SSTs, and atmospheric teleconnections, we identify how the background
climate state and forcing interactions shape the diagnosed aerosol response. Our results therefore provide a direct assessment
of the extent to which residual and single-forcing approaches can be considered dynamically interchangeable, with implications

for the interpretation of aerosol contributions to historical and future regional climate change.

2 Models, experiments, and methods

2.1 CESM2 and its single-forcing experiments

CESM2 is a fully coupled Earth system model developed by the National Center for Atmospheric Research (NCAR) and
collaborators (Danabasoglu et al., 2020). The configuration used here, which contributed simulations to CMIP6 (Eyring et al.,
2016), represents the coupled climate system at approximately 1° horizontal resolution. The atmospheric component is the
Community Atmosphere Model version 6 (CAM6; Bogenschutz et al., 2018), with 32 vertical levels and a model top near 40
km, coupled to the Parallel Ocean Program version 2 (POP2; Smith et al., 2010; Danabasoglu et al., 2012), the Community
Land Model version 5 (CLMS5; Lawrence et al., 2019), and the Community Ice Code version 5 (CICES; Hunke et al., 2015).
Aerosols are represented using the four-mode Modal Aerosol Module (MAM4; Liu et al., 2016), and cloud microphysics is

represented using the Morrison—Gettelman version 2 scheme (MG2; Gettelman and Morrison, 2015).

The CESM2 simulations analysed here are summarised in Table 1. The all-forcing ensemble (ALL) consists of 100 members
spanning 1850-2100, with CMIP6 historical forcing applied from 1850 to 2014 and SSP3-7.0 forcing thereafter (Rodgers et
al., 2021; Meinshausen et al., 2020). Ensemble spread is generated using both macro- and micro-initialisation strategies:
members are initialised from different years of the preindustrial control simulation, with additional round-off-level

perturbations applied to atmospheric potential temperature (Rodgers et al., 2021).
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Table 1. Summary of the CESM2 experiments analysed in this study.

Name Period No. of Description
members
analysed
ALL 1850-2100 10 (50) All forcings evolving. CMIP6 Historical and SSP3-7.0, but with
smoothed BMB
AAER 18502050 10 (20) Only anthropogenic aerosols evolving; other forcings fixed at 1850
GHG 18502050 10 (15) Only greenhouse gases evolving; other forcings fixed at 1850
xAER 1920-2050 10 (10) All forcings evolving except anthropogenic aerosols, which are kept

fixed at 1920s level

A common subset of 10 members is used in the main analysis to ensure consistency across experiments. Numbers in parentheses
indicate the full ensemble sizes used in the sensitivity analysis.

The ALL ensemble comprises two 50-member subsets that differ in their prescribed biomass-burning aerosol emissions during
1990-2020. One subset uses the default CMIP6 biomass-burning dataset, which includes satellite-derived emissions and
enhanced interannual variability during 1997-2014, whereas the other uses an 11-year running-mean-smoothed dataset
designed to reduce artificial discontinuities that can generate rectified climate responses (Fasullo et al., 2022; DeRepentigny
et al., 2022). Because the CESM2 single-forcing experiments use the smoothed biomass-burning configuration, we use the

corresponding 50-member ALL subset as the baseline for comparison.

The CESM2 single-forcing experiments follow either an "only" or an "all-but-one" experimental design and span 1850-2050
(Table 1). In the greenhouse gas ensemble (GHG), only greenhouse-gas concentrations evolve, while all other forcings are
fixed at 1850 values. In the anthropogenic aerosol ensemble (AAER), only anthropogenic aerosol emissions evolve. Here,
anthropogenic aerosols include industrial, agricultural, domestic, and transport emissions, while excluding anthropogenic
changes in biomass burning (van Marle et al., 2017). In the no-aerosol ensemble (XAER), all forcings evolve except

anthropogenic aerosols, which are fixed at 1920 levels.
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AAER and ALL—xAER both provide estimates of the anthropogenic aerosol contribution, but they represent fundamentally
different experimental frameworks. AAER is an “only” experiment in which aerosol emissions evolve while all other forcings
remain fixed at preindustrial levels. By contrast, XAER is an “all-but-one” experiment in which non-aerosol forcings evolve
simultaneously. Consequently, the aerosol response inferred from ALL—XAER represents the effect of changing aerosol
forcing within an evolving climate state that is also being modified by greenhouse gases and other forcings, whereas AAER
represents the aerosol response under a background state in which those other forcings are held fixed. This asymmetry provides

the basis for testing whether the two approaches yield dynamically equivalent acrosol responses.

The AAER and XAER ensembles contain 20 and 10 members, respectively (Simpson et al.,, 2023). To ensure a
consistent sampling of internal variability, we use 10 members from each ensemble. Sensitivity tests using all available
members (i.e., 50 for ALL, 20 for AAER, 15 for GHG, and 10 for xAER) show that the large-scale patterns and main
conclusions remain consistent, with only negligible regional variations in the magnitude and statistical significance of the
anomalies (Supplementary Figs. S1 and S2). The conclusions are therefore robust to the use of the larger ALL, AAER, and
GHG ensembles, while the xAER response is necessarily constrained by its 10 members. The time evolution of key forcing

agents, including COz, CHa, SOz, BC, and SOs, is documented in Simpson et al. (2023) (see also Supplementary Fig. S3).

2.2 Definition of aerosol-response estimates

We define the directly simulated aerosol response as the ensemble-mean response in AAER and the residual-based aerosol
response as the difference between the all-forcing and no-aerosol ensembles, ALL—XAER. For the latter, corresponding
ensemble members are paired before differencing, such that each ALL member is differenced from the XAER member with
the same ensemble index. This preserves the common component of internally generated variability and reduces the influence
of internal variability on the inferred aerosol response. The difference between the two aerosol-response estimates is then
defined as (ALL — xAER) — AAER. A non-zero difference indicates that the diagnosed aerosol response depends on the
experimental framework. Such differences may arise from nonlinear interactions between aerosol and other forcing agents
and/or from differences in the background climate state in which the aerosol forcing is applied. The physical origin of these

differences is examined through the associated circulation, SST, and hydroclimate responses.

2.3 Analysis periods and statistical methods

We analyse boreal summer (June—August, JJA) over 1920-2050, the period common to all experiments. To reduce the
influence of internal variability while retaining distinct stages of aerosol forcing evolution, responses are evaluated as
differences between 21-year climatological means. Two transitions are considered: an historical transition, 1965—1985 minus

1920-1940, and a future transition, 2030-2050 minus 1965—1985.
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The historical transition represents the development of substantial Northern Hemisphere anthropogenic aerosol forcing from
an early twentieth-century baseline. The future transition represents the evolution from the late twentieth century to the mid-
twenty-first century under SSP3-7.0, during which aerosol forcing declines over Europe and North America but continues to
increase over parts of South and East Asia. The latter transition therefore represents a spatial redistribution of aerosol forcing
rather than a uniform global decline. Considering the two transitions separately allows the diagnosed aerosol response to be
evaluated under substantially different forcing and background climate states, without conflating the mechanisms operating
during the historical aerosol increase with those associated with the subsequent redistribution of aerosol forcing in the

cumulative 1920-2050 change.

For each ensemble member, JJA climatological means are first calculated for each 2 1-year period, and the difference between
periods is then computed for each member. Ensemble-mean responses are subsequently calculated across members. For the
ALL—xAER estimate, the corresponding member-by-member differences are calculated before averaging across the paired
ensemble. The directly simulated AAER response is calculated from the corresponding member-by-member differences within

the AAER ensemble.

Statistical significance of the ensemble-mean responses is assessed using a two-sided Student's t-test based on inter-member
variability, with significance defined at the 95% confidence level. For the paired ALL—XAER estimate, the test is applied to
the distribution of member-paired differences. Statistical significance of the difference between the two aerosol-response

estimates is assessed from the corresponding distributions of these individual differences.

Robustness is additionally evaluated using ensemble agreement, defined as the fraction of ensemble members exhibiting the
same sign as the ensemble-mean change. In spatial maps, regions where at least 95% of ensemble members agree on the sign

of the change are stippled.

3 Results
3.1 Surface climate

Figure 1a—b shows the spatial distribution of JJA-mean land SO: emission changes for the two selected transitions, used here
as a proxy for the broader anthropogenic aerosol changes prescribed in the CESM2 experiments. During 1965-1985 relative
to 1920-1940, SO: emissions increase across the major Northern Hemisphere industrial regions, particularly Europe, North
America, and East Asia. In contrast, during 2030-2050 relative to 1965-1985, emissions decline substantially over Europe
and North America but continue to increase over South and East Asia. The two transitions therefore represent contrasting
stages of the anthropogenic aerosol evolution: an historical intensification of Northern Hemisphere aerosol emissions followed

by a post-peak decline and subsequent plateau in global SO, emissions, accompanied by a pronounced geographical

7
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redistribution of emissions. Importantly, contrasting regional trends result in a slower post-peak decline in global SO-
emissions, such that emissions at the end of the period remain substantially higher than in 1940 (Lund et al., 2019; Turnock et

al., 2020).

(a) JJA SO; emission change over land: 1965-1985 minus 1920-1940 (b) JJA SO; emission change over land: 2030-2050 minus 1965-1985
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Figure 1. Spatial distribution of land SO: emission changes and temporal variations of regional climate responses (a) and (b) during
JJA: SO: emission changes over land for 1965-1985 relative to 1920-1940 and for 20302050 relative to 19651985, respectively.
Boxes indicate the four selected regions used in the regional time-series analysis: Europe (EUR), United States/North America (US),
East Asia (EAS), and South Asia (SAS). Panels (c¢) and (d) show 21-year running mean anomalies relative to 1920-1940 for 2-m air
temperature (T2M; °C) and precipitation (PR; mm day™), respectively. Solid lines denote the aerosol-only response from AAER,
while dashed lines denote the aerosol contribution inferred from ALL — xAER.

8



225

230

235

240

245

250

255

https://doi.org/10.5194/egusphere-2026-5006
Preprint. Discussion started: 31 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

The regional time series of JJA near-surface (2-m) air temperature and precipitation anomalies (Fig. 1c—d), averaged over the
major emission-source regions shown in Fig. 1a—b and compared with the global land mean, illustrate the contrasting evolution
of aerosol-related climate responses. Under AAER, temperature anomalies become progressively more negative until
approximately the 1980s, consistent with the increasing aerosol forcing in the absence of evolving non-aerosol forcings.
Cooling is strongest over Europe, the US, and East Asia, whereas the response over South Asia develops more gradually.
Thereafter, anomalies over Europe and the US decrease, especially and faster over Europe, to then fluctuate around a persistent
negative value through the mid-twenty-first century. East Asian anomalies undergo small oscillations around the negative peak

in the early 2000s, while South Asia continues to cool, resulting in the coldest region by the end of the record.

The ALL—xAER response evolves differently. Cooling again develops through the late twentieth century, but the subsequent
response is more transient and regionally heterogeneous. As aerosol emissions decline over Europe and North America, the
temperature response over Europe reverses from cooling to warming, reaching approximately +0.3°C by 2040. The US and
East Asia also warm relative to their late-century minima but remain cooler than their early-period values, whereas South Asia
continues to cool, broadly following the evolution in AAER but with a somewhat smaller amplitude. A similar divergence is
evident in the global land mean. Thus, while the two approaches produce broadly comparable temperature responses during
the historical transition, their trajectories increasingly diverge as the background climate evolves and aerosol forcing becomes

spatially redistributed.

The regional precipitation time series show an even stronger dependence on the diagnosed aerosol response (Fig. 1d). East
Asia exhibits the most persistent drying in both experiments, reaching approximately —0.5 to —0.6 mm day' by 2040. Over
South Asia, however, the two responses diverge markedly. In AAER, precipitation decreases through the historical period and
subsequently remains slightly below its early-period level. The ALL—XAER response initially shows a similar tendency but
reverses towards wetter conditions from approximately the 1990s onward, reaching about +0.45 mm day* by 2040. Changes
over Europe and North America are comparatively small in the regional mean. These contrasting trajectories, particularly over

South Asia and East Asia, motivate examination of the spatial precipitation and circulation responses below.

The spatial distribution of the JJA mean 2-m air temperature response further illustrates the evolution from approximate
agreement to pronounced divergence between the two approaches (Fig. 2). During 1965-1985 relative to 1920-1940, both
AAER and ALL—xAER produce widespread Northern Hemisphere cooling, particularly across Eurasia and northern North
America (Figs. 2a-b). This pattern is consistent with the increase in aerosol forcing and associated reductions in surface
shortwave radiation over major source regions. The difference between the two estimates is comparatively weak and is not
statistically significant over most regions (Fig. 2¢), indicating that the two experimental approaches provide broadly consistent

estimates of the historical aerosol-induced temperature response. Some regional differences are nevertheless apparent,

9
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including stronger cooling in ALL—xAER over central Europe, northern Asia, and North America, and weaker cooling over

northern Europe and the northwestern Pacific.

1965-1985 minus 1920-1940 2030-2050 minus 1965-1985
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Stippling indicates ensemble-mean responses significant at the 95% confidence level.

Figure 2. Difference in JJA mean near-surface air temperature (AT2M, °C) between two different periods: 1965-1985 relative to
1920-1940 (left) and 2030-2050 relative to 1965-1985 (right). (a), (d) AAER, (b), (¢) ALL-XAER, and (c¢), (f) the difference between
them (ALL-XAER minus AAER). Stippling indicates anomalies that are statistically significant at the 95% confidence level.

During 20302050 relative to 19651985, the contrast between the two approaches becomes much more pronounced (Figs.
2d—f). Both experiments show warming across much of the Northern Hemisphere midlatitudes, consistent with declining
aerosol forcing over Europe and North America, while continued increases in Asian aerosol emissions contribute to regional
cooling, particularly in AAER. The warming in ALL—XAER is substantially stronger than in AAER over much of the globe,

with the largest differences occurring across Northern Hemisphere mid- and high-latitude land regions, including Europe,

10
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northern Asia, and North America (Fig. 2f). Differences extend over adjacent ocean regions, most notably the subpolar North
Atlantic. The spatially coherent nature of these differences contrasts sharply with the relatively small historical discrepancy
and indicates that the equivalence between direct and residual-based aerosol estimates breaks down under the future climate

state.

The JJA precipitation responses exhibit considerably greater spatial complexity than the temperature responses (Fig. 3). During
1965—1985 relative to 1920-1940, AAER and ALL—xAER share several broad features, but substantial regional differences
are already apparent over the Asian monsoon region and tropical Indo-Pacific (Figs. 3a—c). The largest precipitation responses
occur over regions of strong climatological rainfall, including the Indo-Pacific warm pool, South Asia, and the Maritime
Continent. Both experiments produce drying over East and Southeast Asia, consistent with increasing aerosol forcing over
these regions, although the drying is generally stronger and more spatially extensive in ALL—xAER. Over South Asia, the
responses differ more markedly: ALL—XxAER produces widespread wetting across the Indian subcontinent, whereas AAER

exhibits a weaker and more heterogeneous response, including modest drying over parts of southern India.

11
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Figure 3. Difference in JJA mean precipitation (Apr; mm day™) between two different periods: 1965-1985 relative to 1920-1940
285  (left) and 2030-2050 relative to 1965-1985 (right). (a), (d) AAER, (b), (¢) ALL-XAER, and (c), (f) the difference between them
(ALL—XAER minus AAER). Stippling indicates anomalies that are statistically significant at the 95% confidence level.

The tropical precipitation response in this historical transition also indicates a broader reorganisation of convection. In both
experiments, particularly AAER, enhanced precipitation extends westward from the Maritime Continent towards the eastern
290 Indian Ocean, accompanied by a southward displacement of the Pacific ITCZ and significant off-equatorial precipitation
anomalies. Over Africa and the tropical Atlantic, both simulations exhibit a southward displacement of the monsoon rainfall
maximum, with drying to the north and increased rainfall to the south, although these changes are generally stronger in
ALL—xAER. The difference field therefore reflects not simply a difference in the magnitude of the aerosol response but a

redistribution of precipitation anomalies across tropical and extratropical regions. Percentage-change maps (Fig. S4, left

12
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column) further highlight differences over regions of relatively low climatological precipitation. Over western Europe and the
Mediterranean, for example, AAER produces increased precipitation whereas ALL—XAER shifts the positive response
eastward, generating a zonal dipole in the difference field. Similarly, stronger drying in AAER over parts of Eurasia produces
a positive difference, while enhanced wetting in ALL—XAER over Australia is associated with changes in the tropical

precipitation pattern.

The divergence between the two aerosol-response estimates becomes substantially larger and more spatially coherent during
20302050 relative to 1965-1985 (Figs. 3d—f). AAER produces widespread drying across East and Southeast Asia extending
into the Maritime Continent (Fig. 3d), consistent with the continued increase in Asian aerosol emissions. In contrast,
ALL—xAER shows considerably weaker continental drying and increased precipitation over parts of the Maritime Continent
and South Asia (Fig. 3e). The resulting difference field is characterised by pronounced positive precipitation anomalies across
East Asia, Southeast Asia, and the Maritime Continent, with localised negative anomalies primarily south of the equator (Fig.
3f). The divergence over South Asia is particularly pronounced, with wetting strengthening in ALL—xAER while the AAER

response remains weak and spatially heterogeneous.

Differences also extend throughout the tropical Indo-Pacific. In AAER, precipitation changes during the future transition are
concentrated over the eastern Indian Ocean, Maritime Continent, and western Pacific, indicating a broad reorganisation of
tropical convection rather than a simple westward displacement of rainfall. ALL—xAER exhibits a different spatial structure,
with enhanced precipitation over parts of the Indian Ocean and western Pacific but drying over the southern Maritime
Continent. Outside the Indo-Pacific, both experiments show a meridional precipitation dipole associated with a northward
displacement of the West African monsoon/Sahel rainfall belt, although the displacement is stronger in ALL—xAER.
Percentage-change maps (Fig. S4, right column) reveal additional differences across the extratropics. Over Europe and the
Mediterranean, AAER changes from wetting in the historical transition to drying in the future transition, whereas ALL—xAER

maintains predominantly positive precipitation anomalies, producing a widespread positive difference.

Overall, the surface climate responses reveal a clear transition from broad agreement between AAER and ALL—XAER during
the historical aerosol increase to substantial and spatially coherent divergence during the future transition. The divergence is
particularly pronounced for precipitation and involves coordinated changes across the Asian monsoon region, tropical Indo-
Pacific, African monsoon, and Northern Hemisphere extratropics. The spatial complexity of these differences indicates that
they cannot be interpreted simply as an amplification or attenuation of the directly simulated aerosol response. Instead, the
contrasting patterns point to a reorganisation of the underlying circulation and moisture-transport pathways, which are

examined in the following sections.
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The spatial patterns of both temperature and precipitation responses, including the differences between AAER and ALL—XAER,
are broadly consistent when using the full available ensemble means rather than the 10-member ensembles adopted for the

330 main analysis, with only modest regional differences in magnitude (Figs. S1 and S2).

3.2 Low-tropospheric circulation and moisture transport changes

To place the surface temperature and precipitation responses described above into their dynamical context, we examine sea-
level pressure (SLP) and 850-hPa wind anomalies (Fig. 4), together with vertically integrated water vapour transport and
moisture-flux convergence (Fig. 5).

335
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Figure 4. Changes in JJA mean sea level pressure (shading, unit: hPa) and wind (vector, unit: m s™') at 850 hPa between two different
periods: 1965-1985 relative to 1920-1940 (left) and 2030-2050 relative to 1965-1985 (right) for the (a), (d) AAER, (b), (e)
ALL—xAER, and (c), (f) the difference between them (ALL—XAER minus AAER).
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Figure 5. Changes in JJA mean vertically integrated water vapor transport vectors (unit: 10> kg m™! s7') and moisture flux
convergence (shading, unit: mm day™) in two different periods: 1965-1985 relative to 1920-1940 (left) and 2030-2050 relative to
1965-198S5 (right) for (a), (d) AAER, (b), (¢) ALL—XAER, and (c), (f) the difference between them (ALL—XAER minus AAER).

During 1965-1985 relative to 1920-1940, AAER and ALL—xAER produce broadly similar large-scale circulation responses
across the Northern Hemisphere (Figs. 4a, b and 5a, b). Positive SLP anomalies dominate the Northern Hemisphere
midlatitudes, consistent with the widespread surface cooling associated with increasing aerosol loading (Fig. 2a, b). The
response, however, is strongly modulated by regional action centres rather than representing a zonally uniform adjustment.
These alternating anticyclonic and cyclonic centres determine the regional redistribution of moisture and provide the dynamical

framework for the precipitation responses discussed in Sect. 3.1.

Over the North Atlantic, a cyclonic anomaly promotes enhanced southwesterly flow towards western Europe, increasing
onshore moisture transport and contributing to the wetting response over the region in both experiments (Figs. 3a, b, 4a, b and
Sa, b). Across northern Eurasia, broad positive SLP anomalies generate anomalous northerly flow along their eastern flank,

favouring the transport of colder and drier continental air. This circulation is consistent with the widespread cooling and drying
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over northeastern Asia, which are somewhat stronger in AAER than in ALL—xAER. Farther southeast, a positive SLP anomaly
over eastern China and the western North Pacific weakens the climatological southwesterly monsoon flow into China and
Indochina, producing moisture divergence and reduced precipitation. At the same time, anomalous easterlies over the tropical
western Pacific oppose the climatological monsoon inflow into India while transporting moisture westward towards the Indian
subcontinent. This moisture converges over India, particularly in ALL—xAER, where anomalous westerlies over the northern
Arabian Sea associated with the thermally induced cyclonic circulation over Afghanistan and Pakistan further enhance the
moisture supply (Figs. 4a, b and 5a, b). This circulation configuration is consistent with the widespread wetting across much

of India.

Over the tropical Indo-Pacific, both experiments exhibit a pronounced band of moisture divergence across the equatorial
western Pacific (Fig. 5a, b), indicative of suppressed convection and consistent with the negative precipitation anomalies over
the equatorial Pacific (Fig. 3a, b). This response is associated with broader adjustments of the tropical Walker circulation. Over
western Africa and the tropical Atlantic, anomalous anticyclonic low-level flow inhibits the northward migration of the
monsoon rainband, producing moisture divergence north of the climatological rainfall maximum and convergence to the south.
The resulting meridional redistribution of moisture is consistent with the southward displacement of the West African monsoon.
Over North America, an anomalous anticyclone over the northeastern Pacific, together with weaker cyclonic anomalies over
the southern United States, favours the advection of cooler and drier air along the Pacific coast and reduces westerly moisture

transport into the western United States, broadly consistent with the regional drying response (Figs. 3a, b, 5a, b and S4a, b).

Thus, despite the broadly similar surface climate responses, the two experiments already exhibit differences in the spatial
organisation of the low-level circulation. The SLP action centres are generally stronger but more spatially confined in AAER,
whereas ALL—xAER exhibits weaker but more spatially extensive anomalies. The resulting difference field (Fig. 4¢) contains
alternating centres of action across the Northern Hemisphere extratropics, indicating that the discrepancy between the two
aerosol-response estimates reflects differences in circulation structure rather than simply a uniform difference in amplitude.
These dynamical differences are relatively modest during the historical transition but provide an early indication that the two

experimental frameworks do not produce identical responses.

During 2030-2050 relative to 1965-1985, the circulation response changes substantially in both experiments, while the
contrast between AAER and ALL—xAER becomes much more pronounced (Figs. 4d—f and 5d—f). In AAER, the positive SLP
anomalies that characterised the Northern Hemisphere midlatitudes during the historical transition largely reverse, producing
widespread negative anomalies over Europe and the Mediterranean and a weaker negative centre over North America. In
contrast, the positive anomaly over the North Pacific strengthens and becomes the dominant extratropical feature (Fig. 4d).
Over the Asian monsoon region, anticyclonic flow over Indochina and northern India remains consistent with continued drying

across East and Southeast Asia, where precipitation decreases locally by approximately 10-20% of the climatological mean
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(Figs. 3d and S4d). Positive SLP anomalies over South Asia continue to constrain the cross-equatorial monsoon inflow,
although moisture transported from the western Pacific still produces convergence over northern India and localised wetting
(Figs. 3d—e, 4d and 5d). The band of moisture divergence over the equatorial western Pacific also persists, indicating that the

broad tropical circulation response remains similar to that during the historical transition.

The ALL—xAER circulation response is markedly different. Negative SLP anomalies become stronger and more spatially
extensive, extending from the North Atlantic across Europe into northern Eurasia. This configuration is consistent with the
warmer background climate associated with the simultaneous evolution of greenhouse gases and other non-aerosol forcings in
the ALL—xAER estimate. The positive North Pacific anomaly is also stronger than in AAER. Most notably, a pronounced
negative SLP centre develops over East Asia near 30°—40°N (Fig. 4e), with no comparable feature in AAER. This low-pressure
anomaly is accompanied by substantial surface warming and represents a major reorganisation of the circulation over East
Asia. Itis associated with a strong anomalous southwesterly moisture-transport pathway extending from the Arabian Sea across
India and into East Asia (Fig. 5¢). The resulting moisture convergence spans the Indian subcontinent, Southeast Asia, and
eastern China, producing a substantially wetter and more spatially coherent precipitation response than in AAER (Figs. 3e and

S4de).

The contrast in moisture transport is particularly striking across the Indo-Pacific sector. In AAER, anomalous moisture
transport remains relatively fragmented, with moisture divergence over parts of the tropical western Pacific and circulation
anomalies that limit the monsoon inflow across South and East Asia. In ALL—XAER, by contrast, the anomalous southwesterly
flow forms a more continuous pathway from the Arabian Sea across the Asian monsoon region towards East Asia, accompanied
by widespread moisture convergence. The difference between the two experiments therefore represents not merely a change
in the magnitude of moisture transport but a reorganisation of the pathway through which moisture is supplied to the Asian

monsoon region.

These results show that the increasing divergence between AAER and ALL—XAER during the future transition has a clear
dynamical origin. Whereas the historical responses share a broadly similar circulation structure, the future responses develop
substantially different SLP patterns and moisture-transport pathways, particularly across the North Atlantic—Eurasian sector
and the Indo-Pacific. The resulting circulation reorganisation provides a dynamical explanation for the contrasting regional
precipitation responses and indicates that the future discrepancy between the two aerosol-response estimates is not simply a
local thermodynamic consequence of changing aerosol emissions. In the following section, we show that these low-level
circulation differences are accompanied by changes in upper-tropospheric flow and Rossby-wave propagation, providing a

broader hemispheric dynamical framework for the divergent hydroclimate responses.
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3.3 Upper-tropospheric circulation and wave propagation

To further examine the large-scale dynamical setting, we analyse upper-tropospheric zonal wind (Fig. 6), streamfunction and
425 wave activity flux (WAF; Fig. 7). The zonal wind response characterises changes in the position and strength of the principal
upper-tropospheric jets, while the streamfunction reveals the associated large-scale wave structure. The WAF, calculated
following Takaya and Nakamura (2001), provides a phase-independent diagnostic of quasi-geostrophic Rossby-wave
propagation on a zonally varying background flow. Because the WAF depends on both the perturbation streamfunction and
the background wind, it identifies the pathways along which Rossby-wave activity is preferentially guided by the upper-
430 tropospheric jet. To further characterise the tropical circulation and identify potential sources of the extratropical wave response,
we also analyse the linearised Rossby wave source (RWS; Fig. 8) and the divergent circulation (Fig. 9). The RWS diagnoses
the generation of Rossby-wave activity associated with the interaction between divergent flow and absolute vorticity and

therefore provides a dynamical link between anomalous tropical convection and extratropical wave responses.

435
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Figure 6. Changes in JJA mean zonal wind at 300 hPa (shading, unit: m s™) between two different periods: 1965-1985 relative to
1920-1940 (left) and 2030-2050 relative to 1965-1985 (right) for the (a), (d) AAER, (b), (¢) ALL—XAER, and (c), (f) difference
between them (ALL—XAER minus AAER). Grey contours show the AAER JJA mean 300-hPa zonal-wind climatology for the

440  corresponding baseline period (1920-1940 for the left column and 1965-1985 for the right column), with contour levels of 10, 15, 20,
and25ms™.
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During 1965-1985 relative to 1920-1940, AAER produces negative zonal-wind anomalies along the northern flank of the
North Atlantic jet core, indicating a southward displacement of the Atlantic jet (Fig. 6a). This response is consistent with
aerosol-induced cooling over Europe and North America reducing the meridional temperature gradient and hence the thermal-
wind support for the upper-tropospheric jet. Over the Pacific, the response is more spatially complex, with weakened westerlies
over the western and central jet core and strengthened westerlies towards the eastern Pacific exit region, indicative of an

eastward extension of the Pacific jet.

ALL—xAER shares some of these features, including weakening and southward displacement of the jets in their entrance and
core regions, but also exhibits important differences (Fig. 6b). In particular, strengthening and northeastward extension of the
jets over their core and exit regions are evident, consistent with the superposition of the circulation response to greenhouse-
gas forcing (Fig. S5a; e.g., Grise and Polvani, 2014). The resulting difference field (Fig. 6¢) is characterised by enhanced
westerlies along the Asian jet, a more poleward Pacific jet, and a corresponding poleward displacement of the North Atlantic
jet. Thus, even during the historical transition, the residual-based estimate contains a substantial modification of the aerosol-

driven jet response associated with the evolving non-aerosol-forced background state.

The upper-tropospheric streamfunction responses show a corresponding hemispheric wave structure (Fig. 7a,b). Both
experiments exhibit alternating positive and negative anomalies across the Northern Hemisphere midlatitudes, broadly
resembling a quasi-stationary Rossby-wave train with zonal wavenumber 4-5. The wave pattern is particularly pronounced in
ALL—xAER, although a weaker but coherent structure is also present in AAER. The associated meridional wind anomalies
(Fig. S6a—c) provide a complementary representation of this wave pattern by more clearly resolving the alternating northerly
and southerly flow associated with the wave train. WAF vectors indicate predominantly eastward propagation, consistent with

the upper-tropospheric jet acting as the principal waveguide.

In AAER, wave activity is strongest over the Mediterranean and central Asian sector, from where it propagates northeastward
towards a pronounced anticyclonic anomaly over northeastern Europe. Downstream propagation across Eurasia is
comparatively weak but remains discernible, with the signal extending towards North America where it becomes more
pronounced. A secondary pathway extends from northeastern Canada towards the Arctic. In ALL—XAER, the principal action
centres remain broadly similar, but the streamfunction anomalies are stronger and the WAF pathway is more coherent and
displaced poleward. Enhanced wave activity extends from northern Europe across Eurasia, consistent with the more poleward
position of the upper-tropospheric jet. The modified jet waveguide therefore favours a different spatial organisation and more

efficient downstream propagation of Rossby-wave activity.
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The divergent circulation and RWS provide further insight into the tropical contribution to this wave response (Figs. 8a—c and
9a—c). Over South Asia, anomalous upper-level divergence associated with enhanced monsoon convection contributes to a
pronounced positive RWS anomaly through its interaction with the background absolute-vorticity field. Weak northeastward
WAF propagation from central China is evident in both experiments but is more coherent in ALL—xAER. This correspondence
suggests that diabatically forced Rossby-wave activity generated over South Asia contributes to the downstream circulation

anomalies, although the relative contributions of individual aerosol source regions cannot be isolated from these experiments.

The upper-level wave response is also dynamically connected to the lower-tropospheric circulation. The large anticyclonic
anomaly over northeastern Europe in AAER has a coherent vertical structure, with corresponding surface cyclonic and
anticyclonic anomalies on its western and eastern flanks, respectively. A similar vertical organisation is evident over the
northeastern Pacific. Mid-tropospheric vertical velocity anomalies (Fig. S7a—c) display comparable wave-like structures,
providing further evidence of a vertically coherent circulation response. The interaction between aerosol and non-aerosol
forcing is particularly apparent over western Europe, where changes in the low-level pressure and wind fields are consistent

with the secondary circulation associated with the displaced upper-level jet.

These upper-tropospheric differences provide an important dynamical context for the precipitation differences identified in
Sect. 3.1. In the ALL—xAER minus AAER response, the streamfunction, vertical velocity, and divergent circulation anomalies
broadly correspond to the regional precipitation anomalies, indicating that the discrepancy in hydroclimate is associated with
changes in the large-scale Rossby-wave pattern and its vertically coupled circulation. The RWS anomalies over South and
East Asia further suggest that diabatically forced wave activity contributes to the downstream circulation response. The results
therefore indicate that the difference between the two aerosol-response estimates is expressed not only locally through changes

in surface temperature and precipitation, but also through changes in the hemispheric upper-level circulation and waveguide.

During 2030-2050 relative to 1965—1985, the upper-tropospheric response is substantially amplified, and the differences
between AAER and ALL—xAER become particularly pronounced over the Pacific and, to a lesser extent, the Atlantic—
European sector (Fig. 6d—f). In AAER, the zonal-wind response is dominated by broad weakening of the Northern Hemisphere
midlatitude jets, particularly along their southern flanks and across the Pacific (Fig. 6d). Weak strengthening along the northern
flank and entrance region of the Atlantic jet, together with positive anomalies north of the Pacific jet core, indicates a modest
poleward displacement superimposed on the overall jet weakening. The persistence of substantial weakening reflects the
continued increase in Asian aerosol forcing, which offsets part of the warming-related strengthening of the midlatitude

circulation associated with declining aerosol forcing over Europe and North America.

The ALL—xAER response is stronger and more spatially coherent (Fig. 6e), with extensive weakening along the jet axes and

southern flanks and strengthening to the north, particularly over the North Pacific. The difference field therefore highlights
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several major changes relative to AAER: weakening of the Asian jet over the continent, a pronounced poleward displacement
over the North Pacific, and a contrasting response of the Atlantic jet, which strengthens and shifts poleward over North America
but weakens towards Europe (Fig. 6f). These differences reflect the combined influence of the evolving non-aerosol-forced
background state and the changing geographical distribution of aerosol forcing, which together modify the meridional
temperature gradients that control jet position and strength. The much larger Pacific response compared with the historical
transition is consistent with the increasing importance of Asian, rather than predominantly European and North American,

aerosol forcing during the future period.

The streamfunction response retains a hemispheric quasi-stationary Rossby-wave structure with zonal wavenumber 4-5 in
both experiments, but its amplitude and spatial organisation differ substantially from the historical transition (Fig. 7d—f). The
dominant action centres are reorganised, with stronger anomalies over Eurasia, the North Pacific, and North America, while
the Atlantic—European sector becomes less dominant. The wave pattern therefore remains hemispheric in scale rather than
being confined to the regions of strongest aerosol forcing. Instead, changes in the forcing distribution and background climate

state modify the amplitude, phase, and propagation pathways of the large-scale teleconnection.

In AAER, WAF propagation is relatively weak over Europe but becomes more pronounced across northern Eurasia and the
Pacific sector. A wave-activity pathway extends from northern Eurasia towards East Asia and Japan before branching into the
Pacific, with one branch propagating into the subtropical central Pacific and another extending northeastward across North
America and the North Atlantic before weakening over western Europe. Pronounced WAF divergence occurs over northeastern
Europe, northern Asia, and northeastern Canada, while equatorward propagation from East Asia into the subtropical Pacific
indicates strong interaction between the Asian jet and the tropical circulation. This pathway is consistent with the RWS
response, which shows a pronounced positive anomaly over South and East Asia associated with anomalous upper-level
divergent outflow accompanying enhanced monsoon convection (Figs. 8d—f and 9d—f). The correspondence between RWS
and downstream WAF therefore supports a role for tropical diabatic heating in exciting Rossby-wave activity that subsequently

propagates into the extratropics.

The ALL—xAER response retains a broadly similar hemispheric wave-train structure but exhibits stronger and more coherent
propagation across northern Europe and Eurasia. WAF propagation from Europe and northern Eurasia extends downstream
across the Pacific and North America, while a secondary pathway emerges from central and eastern China, consistent with the
corresponding RWS anomaly. The stronger coherence of the wave pattern is consistent with the modified jet structure
diagnosed above: the warmer background state produces a different upper-tropospheric waveguide that alters the propagation
of Rossby-wave activity. Thus, the difference between ALL—XAER and AAER does not primarily reflect the emergence of an
entirely different wave source, but rather a modification of the large-scale circulation response and wave propagation

characteristics under a different background climate state.
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The upper-tropospheric circulation anomalies again exhibit a coherent three-dimensional structure. In ALL—XAER, strong
warming over northern Eurasia is accompanied by an upper-level circulation anomaly and corresponding vertical-motion
response that project onto the near-surface pressure and temperature anomalies. Similar vertical consistency is evident over
North America, where upper-level circulation anomalies are associated with corresponding surface pressure and temperature
responses. Over the Atlantic sector, the upper-level circulation likewise projects onto the surface response, linking changes in

the jet structure and wave pattern to the regional SLP, wind, and SST anomalies discussed in the following sections.

Overall, the upper-tropospheric response demonstrates that the divergence between AAER and ALL—XAER is associated with
a reorganisation of the hemispheric circulation rather than simply a change in the amplitude of the aerosol response. During
the historical transition, the two experiments share a broadly similar Rossby-wave structure, with differences primarily in the
strength and position of the jet and waveguide. During the future transition, these differences become substantially larger:
changes in the background climate and the geographical distribution of aerosol forcing modify the jet structure, RWS, and
downstream propagation of Rossby-wave activity. These changes provide a dynamical pathway linking the different

experimental estimates of aerosol forcing to the contrasting regional hydroclimate responses identified above.

3.4 North Atlantic anomalies

The differences between the upper-level circulation responses in ALL-XAER and AAER occur alongside pronounced
differences in the North Atlantic climate system. Previous analysis of CESM2 single-forcing experiments has shown that the
aerosol response inferred from ALL—xAER is not necessarily dynamically equivalent to the directly simulated aerosol response,
with nonlinear coupled interactions involving the North Atlantic and Atlantic Meridional Overturning Circulation (AMOC)
contributing to the divergence between the two estimates, particularly during the twenty-first century (Simpson et al., 2023).
We therefore examine the corresponding SST and AMOC responses to determine whether the North Atlantic provides an

additional coupled component of the circulation differences identified above.

During 20302050 relative to 1965—-1985, the SST response exhibits pronounced differences between AAER and ALL—xAER
over the North Atlantic (Fig. 10). ALL—xAER produces substantial warming over the western and subpolar North Atlantic,
with the largest anomalies centred in the subpolar gyre south of Greenland. The nonlinear difference shows a similar spatial
structure, indicating that this warming contributes strongly to the divergence between the two aerosol-response estimates. In
contrast, AAER produces comparatively weak cooling over much of the subpolar North Atlantic, with its strongest positive
anomalies located farther west near northeastern Canada. The stronger warming in ALL—xAER is spatially consistent with a
greater oceanic heat transport response and stronger overturning circulation, although the SST and AMOC anomalies do not

scale proportionally, indicating that additional air—sea processes contribute to the surface temperature response.
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Figure 10. Difference in JJA mean sea surface temperature (ASST, °C) between two different periods: 1965-198S5 relative to 1920—
595 1940 (left) and 20302050 relative to 19651985 (right). (a), (d) AAER, (b), (¢) ALL-xAER, and (c), (f) the difference between them
(ALL-xAER minus AAER). Stippling indicates anomalies that are statistically significant at the 95% confidence level.
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Figure 11. The 21-year running-mean Atlantic Meridional Overturning Circulation (AMOC) anomalies relative to 1920-1940, where
the AMOC is defined as the magnitude of the maximum meridional overturning streamfunction below S00 m depth in the North
Atlantic at 45°N. (a) Comparison between the aerosol response inferred from ALL—xAER and the directly simulated AAER response.
(b) AMOC anomalies in the individual ALL, AAER, and xAER experiments. (c) Decomposition of the ALL-forcing AMOC anomaly

into the inferred aerosol contribution (ALL—XAER), the GHG contribution, and a residual term.
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The AMOC evolution provides a complementary perspective on this divergence (Fig. 11). In AAER, the AMOC strengthens
by approximately 1.8 Sv around 1980 before declining through the twenty-first century, broadly consistent with the weakening
of Northern Hemisphere aerosol forcing after its late-twentieth-century maximum. In contrast, the ALL—XAER response
exhibits a substantially larger strengthening, reaching approximately 3.8 Sv in the early 2000s before remaining comparatively
stable. Thus, the difference between the two diagnosed aerosol responses continues to increase after the period of maximum

aerosol forcing, consistent with the nonlinear coupled behaviour identified by Simpson et al. (2023).

The contrasting AMOC evolution becomes clearer when the individual ALL and XAER experiments are considered separately.
Both experiments exhibit an overall weakening of the AMOC during the twenty-first century, consistent with the influence of
greenhouse-gas warming and the reduction of Northern Hemisphere aerosol emissions. However, their temporal evolution
differs substantially. In ALL, the AMOC continues to strengthen until the early 2000s before weakening, whereas XAER
exhibits a more gradual decline over the same period. The difference between these two trajectories therefore produces an
ALL—xAER response that continues to increase after the aerosol forcing has reached its late-twentieth-century maximum. By
contrast, the direct AAER response begins to weaken after this maximum. The continued evolution of the residual aerosol
response therefore reflects not simply the contemporaneous change in aerosol forcing, but also the different evolution of the

coupled climate system in ALL and xAER.

The associated atmospheric anomalies provide further evidence that the North Atlantic response is embedded within the
broader coupled circulation changes. During 2030-2050, the nonlinear difference is characterised by reduced cloud fraction
over the subpolar North Atlantic, primarily due to decreases in low-level clouds. These anomalies coincide spatially with
enhanced SST warming and positive shortwave cloud-forcing anomalies (Figs. S8f~S10f), indicating a coherent surface
radiative response. The region also exhibits subsidence (and reduced freshwater flux) and anomalous near-surface cyclonic
circulation relative to AAER, consistent with the upper-level circulation changes described above. Enhanced near-surface
winds may additionally contribute to increased evaporation and surface heat loss (Fig. S11f). Together, these anomalies
indicate substantial coupling between the atmospheric circulation, surface radiative balance, and ocean state in the North

Atlantic, although the available diagnostics do not establish the direction of causality among these processes.

The comparison of the individual experiments further indicates that the nonlinear difference is substantially influenced by the
contrasting evolution of ALL and xAER. Although both experiments exhibit broadly similar large-scale SST and circulation
structures, their anomaly centres differ in both location and amplitude. These differences occur alongside changes in the upper-
level jet configuration and regional baroclinicity, suggesting that the presence of concurrent greenhouse-gas forcing modifies

the background state in which the aerosol forcing operates and thereby alters the coupled North Atlantic response.
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The North Atlantic therefore represents an important component of the divergence between the direct and residual -based
aerosol responses. During the future transition, ALL—XAER is characterised by stronger subpolar North Atlantic warming and
a larger AMOC response than AAER, while the associated changes in cloudiness, surface radiation, circulation, and air—sea
exchange are consistent with a coupled ocean—atmosphere adjustment. This North Atlantic response is dynamically connected
to the broader hemispheric circulation anomalies identified in Sect.s 3.2 and 3.3 and provides an additional pathway through
which the evolving background climate state can influence the diagnosed aerosol response. The interpretation is consistent
with Liu et al. (2024), who showed that aerosol-induced upper-level teleconnections can be associated with North Atlantic
surface climate and AMOC variability. Importantly, however, the present analysis demonstrates spatial and temporal
consistency among these components rather than direct causality. Dedicated sensitivity experiments would be required to

isolate the individual causal pathways linking AMOC, SST, atmospheric circulation, and precipitation.

4 Discussion and Conclusions

The comparison between the directly simulated anthropogenic aerosol response (AAER) and the residual response inferred
from the difference between all-forcing and fixed-aerosol experiments (ALL—XAER) addresses a fundamental but often
implicit assumption in forcing attribution: that these two approaches provide dynamically equivalent estimates of the same
aerosol contribution. Our results demonstrate that this equivalence cannot be taken for granted. We examine how differences
between direct and residual estimates of the aerosol response depend on the evolving background climate state and how these
differences are expressed in regional hydroclimate and atmospheric circulation, building on the earlier finding of Simpson et
al. (2023) that the two estimates can differ because of nonlinear coupled interactions. These two experiments expose the climate
system to aerosol forcing under fundamentally different background states. In AAER, aerosol emissions evolve while other
forcings remain fixed at their initial values, whereas ALL—XAER diagnoses the aerosol contribution within a climate system
that simultaneously evolves under greenhouse-gas and other anthropogenic forcings. Consequently, the response to a given

aerosol perturbation can depend on the state of the coupled climate system in which that perturbation occurs.

This state dependence is evident in the contrasting behaviour of the two periods considered here. During the historical transition
from 1920-1940 to 1965-1985, when Northern Hemisphere aerosol loading increases substantially, AAER and ALL—xAER
produce broadly similar large-scale responses, particularly in near-surface temperature. Although regional differences are
already apparent in precipitation and circulation, the two approaches nevertheless provide a relatively consistent estimate of
the aerosol response. During the future transition, however, their responses diverge substantially. This transition is
characterised by declining aerosol emissions over Europe and North America but continued increases over South and East
Asia, while greenhouse-gas concentrations and the underlying climate state evolve substantially. The resulting differences are
particularly pronounced in precipitation and circulation over the Indo-Pacific, South and East Asia, and the tropical Pacific,

but extend to Northern Hemisphere temperature and North Atlantic SST and AMOC responses. Thus, the divergence is not
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restricted to hydroclimate or to regions of strong aerosol forcing, but reflects a broader reorganisation of the coupled climate

response.

A central implication is that the difference between AAER and ALL—xAER should not be interpreted simply as an additional
estimate of aerosol-forcing uncertainty. Rather, it provides a measure of the extent to which the diagnosed aerosol response
depends on the experimental framework and background climate state. This distinction is important because residual
approaches are widely used to infer forcing contributions when dedicated single-forcing simulations are unavailable. Such
residuals are physically meaningful: they represent the difference between two evolving coupled climate states and therefore
include the response to acrosol forcing as it operates within the full climate system. However, they do not necessarily represent

the same physical perturbation as an aerosol-only experiment conducted against a fixed background state.

The mechanisms underlying this divergence involve both atmospheric dynamics and coupled ocean—atmosphere processes.
The low-level circulation analysis shows that differences between AAER and ALL—XAER reorganise moisture transport across
the Northern Hemisphere, producing substantially different precipitation responses despite broadly comparable aerosol forcing.
These circulation differences extend into the upper troposphere, where both experiments exhibit hemispheric quasi-stationary
Rossby wave patterns but differ in their amplitude, phase, jet configuration, and propagation pathways. The associated wave
activity flux and Rossby wave source anomalies indicate that changes in tropical diabatic heating and the position of the upper-
tropospheric jet modify the pathways through which circulation anomalies are transmitted across the hemisphere. The future
residual is therefore not simply a scaled version of the direct aerosol response; rather, the atmospheric response is reorganised

dynamically as the background climate state changes.

The North Atlantic provides an additional example of this state dependence. During the future transition, ALL—xAER exhibits
substantially stronger subpolar North Atlantic warming and a more persistent AMOC strengthening than AAER. These oceanic
differences occur together with changes in cloud cover, surface radiative forcing, sea-level pressure, and near-surface
circulation, forming a physically coherent coupled response. The AMOC evolution is particularly informative because the
residual response continues to increase after the period of maximum aerosol loading, whereas the direct AAER response
weakens. This behaviour demonstrates that the evolution of the residual cannot be understood solely from the contemporaneous
aerosol forcing. Instead, it reflects differences in the evolution of the coupled climate system between ALL and XAER,
including the different greenhouse-gas-forced background states in which the aerosol contribution is diagnosed. The present
analysis does not establish whether the ocean or atmosphere provides the initial perturbation, but it demonstrates that their

coupled evolution forms an important component of the divergence between the two attribution approaches.

These findings are related to, but distinct from, the broader literature on nonlinear interactions among climate forcings.

Previous studies have demonstrated that the combined response to greenhouse gases and aerosols can depart from the sum of

31



705

710

715

720

725

730

735

https://doi.org/10.5194/egusphere-2026-5006
Preprint. Discussion started: 31 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

their separately forced responses through processes involving clouds, surface albedo, atmospheric structure, and ocean
circulation (Feichter et al., 2004; Ming and Ramaswamy, 2009; Ming et al., 2011). More recent work has shown that nonlinear
residuals can be relatively modest for global-mean quantities while remaining substantial at regional and seasonal scales,
particularly for hydroclimate (Deng et al., 2020; Deng, 2025). Our analysis addresses a related but different question. Rather
than asking whether the combined response can be reconstructed from the sum of separately forced responses, we ask whether
two experimental strategies commonly used to estimate the contribution of an individual forcing produce the same response.
The results show that they need not, even when the differences between forcing responses may appear modest at the global

scale.

This distinction is particularly relevant for aerosol forcing because its strong spatial heterogeneity makes the response highly
dependent on circulation, moisture transport, and regional ocean—atmosphere coupling. Aerosol forcing can also affect remote
regions through stationary wave responses and changes in tropical convection and monsoon circulation (Liu et al., 2018;
Wilcox et al., 2019; Herbert et al., 2022; Sun et al., 2026). Our results extend this perspective by showing that the diagnosed
aerosol signal itself can depend on the experimental framework used to isolate it. Consequently, differences between direct
and residual estimates may reflect not only nonlinear interactions among forcings, but also the dependence of the response to

a given forcing on the evolving climate state in which it is applied.

The implications are particularly important for regional attribution. Residual estimates such as ALL—xAER remain valuable
because they quantify the aerosol contribution within a fully evolving climate system and therefore may be more representative
of the perturbation operating in the real world or in a future scenario. Conversely, dedicated aerosol-only experiments provide
a cleaner measure of the response to changing aerosol emissions in isolation. The two approaches therefore answer subtly
different physical questions. For global-mean quantities, the distinction may be relatively small, but for regional and seasonal
climate, especially precipitation and circulation, it can become substantial. Our results further demonstrate that the issue is not
restricted to hydroclimate: substantial differences in surface temperature also emerge once the background climate state has

evolved sufficiently.

Several limitations should be acknowledged. First, the analysis is based on a single coupled model, CESM2, and therefore
demonstrates climate-state dependence within this model rather than providing a multi-model estimate of aerosol nonlinearity.
Aerosol—cloud interactions, aerosol forcing strengths, ocean feedbacks, and background climatological states differ
substantially across models, so both the magnitude and potentially the sign of the diagnosed nonlinear response may differ in
other model frameworks. Establishing the generality of these results will therefore require analogous experiments across a
broader model ensemble. Second, although ensemble means are used throughout, regional circulation and precipitation
responses may retain contributions from internal variability, particularly where the forced signal is weak. The close consistency

between the spatial patterns obtained using the analysis ensemble sizes and those obtained using the larger available ensembles
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indicates that the main conclusions are not sensitive to ensemble size and that internal variability is sufficiently sampled for
the large-scale signals considered here. Nevertheless, regional differences in amplitude and significance remain possible,

particularly for the smaller XAER ensemble.

Third, the analysis focuses on JJA and on two selected forcing transitions. The magnitude and structure of the nonlinear
response may differ across seasons and across other stages of the historical and future forcing evolution. Additional periods
and seasons would therefore be useful for determining how general the identified state dependence is. Fourth, xAER fixes
anthropogenic aerosol emissions at 1920 levels rather than at a fully pre-industrial baseline, which may influence the magnitude
of the inferred aerosol contribution. Finally, although the diagnostics reveal coherent relationships among North Atlantic SST,
AMOC, atmospheric circulation, and precipitation, they remain diagnostic rather than causal. Dedicated sensitivity
experiments, including targeted ocean perturbations or SST-restoring experiments, would be required to isolate the direction

and strength of the causal pathways linking these components.

Overall, our results demonstrate that the directly simulated aerosol response in AAER and the residual aerosol response
inferred from ALL—xAER cannot be assumed to be dynamically equivalent, particularly once the coupled climate system has
evolved substantially under greenhouse-gas forcing. In CESM2, the divergence between the two estimates provides a clear
indication of climate-state dependence in the aerosol response, expressed through changes in atmospheric circulation, Rossby-
wave propagation, moisture transport, and coupled North Atlantic dynamics. The key implication is therefore not that one
attribution approach is inherently preferable to the other, but that they quantify aerosol effects under different background
conditions and can answer different physical questions. Coordinated large-ensemble single-forcing experiments and targeted
regional aerosol perturbation experiments, including LESFMIP and RAMIP (Smith et al., 2022; Wilcox et al., 2023), will be
important for establishing whether the state dependence identified here is robust across models, forcing pathways, and regions,

and for improving the interpretation of aerosol contributions to regional climate change.

Code and data availability

The analysis scripts used to process the model output, perform the statistical analyses, and produce the figures and diagnostics
in this study are available from the corresponding author upon reasonable request. The CESM2 Large Ensemble data used in
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C556). The CESM2 Single-Forcing Large Ensemble data are also publicly available through GDEX
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