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Abstract. Marine cloud brightening (MCB) is a solar radiation modification method that involves using injections of sea salt

aerosol (iSSA) particles to increase cloud albedo and cool surface climate. Earth system models (ESMs) are crucial tools

for projecting the potential climate response to MCB, but they must represent many key aerosol and cloud processes using

parameterizations that are often poorly constrained and can vary substantially. Here, we conduct simulations in six ESMs, plus

four alternate modified parameterizations versions, to compute effective radiative forcing (ERF) from MCB iSSA emissions in5

three subtropical regions. We a find large range in ERF across the nine models with appropriate aerosol activation, with iSSA

mass emissions to get -2 Wm−2 ranging from 7 Tg yr−1 to 93 Tg yr−1in models. The emitted iSSA size distribution drives

much of this spread, as the ESMs use median modal radii ranging from 28.1nm to 72.5nm, resulting in major differences in

CCN concentration. Forcing from aerosol-cloud interactions drives the majority of the total ERF below about -2 Wm−2 across

seven of ten models. At high emission rates, the aerosol-cloud forcing saturates, but the direct aerosol forcing continues to10

increase sufficiently quickly such that there is no regime in which additional appropriately-sized iSSA emissions would cause

warming in any of the ESMs. After accounting for iSSA size distribution, the spread in aerosol-cloud interaction forcing is

mainly due to differences in cloud adjustments at low emission rates and mainly due to cloud droplet activation saturation at

high emission rates.

1 Introduction15

Marine cloud brightening (MCB) is a proposed solar radiation modification climate intervention in which sea salt aerosol

injections (iSSA) would be used to increase the atmospheric albedo and cool surface temperatures, with the aim of offsetting

some impacts of global warming (Latham et al., 2008; Feingold et al., 2024). Research on the potential feasibility, benefits, and

harms of MCB deployment must resolve uncertainties across a range of scales requiring an array of modeling, observational,

and experimental approaches (Diamond et al., 2022; Feingold et al., 2024; Doherty et al., 2026). Many key physical science20

questions can be addressed through high resolution modeling and outdoor studies. However, to assess the potential climate

impacts of MCB we must rely heavily on Earth system models (ESMs), as MCB tests large enough to measurably perturb
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temperatures would essentially be deployments (Doherty et al., 2026). Thus, continued assessment and improvement of ESMs

are essential to enabling credible assessments of MCB potential feasibility, benefits, and harms.

The amount of cooling from MCB is primarily driven by the effective radiative forcing (ERF) generated by the iSSA emis-25

sions. The ERF from iSSA injection is due to atmospheric albedo changes from 1) iSSA acting as cloud condensation nuclei

(CCN), activating into cloud droplets, and influencing sunlight reflection by clouds (aerosol cloud interaction - ACI, ERFaci)

and 2) direct sunlight scattering by the aerosols themselves (aerosol radiation interaction - ARI, ERFari). These processes are

critical to MCB representation, since the MCB ERF is the main driver of inter-model differences in MCB response, whereas

the pattern of climate response to a given forcing is comparatively robust across ESMs (Rasch et al., 2024; Hirasawa et al.,30

2026a). They also together represent the largest source of uncertainty in characterizing the total anthropogenic forcing (Bel-

louin et al., 2020), owing to the difficulty in treating a range of aerosol processes including aerosol emissions, formation, and

deposition, and cloud processes including cloud droplet activation, aerosol-induced precipitation suppression, entrainment en-

hancement, and the turbulence and dynamical organization of clouds. Some processes that are generically important to aerosol

anthropogenic forcing are less relevant for MCB specifically, such as cloud adjustments to atmospheric warming by absorbing35

aerosol, secondary organic aerosol precursor emissions and particle formation, and aerosol mixing states. However, the con-

centrated marine aerosol perturbations that are associated with MCB amplify the importance of other processes, like aerosol

coagulation, cloud droplet activation, and enhancement of dry air entrainment. In the following subsections, we discuss some

of the key processes for MCB and their representation in ESMs.

1.0.1 Aerosol Radiation Interactions40

The strength of the aerosol radiation interaction ERFari from iSSA emissions (A.K.A. marine sky brightening (MSB))

depends on the representation of aerosols in ESMs. Past ESM studies have suggested that the ERF from iSSA emissions

intended for MCB is predominantly due to the ERFari effect (Ahlm et al., 2017; Mahfouz et al., 2023; Haywood et al., 2023),

meaning ERFari representation is crucial for the overall efficacy of iSSA emissions. Aerosol size distribution influences

ERFari, as Mie scattering calculations indicate that sea salt aerosol particles tend to be most efficient per mass at reflecting45

sunlight at dry radii of ∼0.2-0.3µm, which is larger than the sizes typically targeted when MCB iSSA are optimized to be CCN,

i.e. 0.03-0.05µm (Connolly et al., 2014; Wood, 2021). Thus, the contribution of MSB relative to MCB will be overestimated if

the injected iSSA emissions are larger than is optimal for MCB. Furthermore, many ESMs use modal aerosol representations

that are designed for computational efficiency and to represent aerosol distributions commonly observed today. Those modal

treatments are not necessarily configured to accurately represent the iSSA size distribution with mean and variance values50

that would match the distribution expected for MCB or MSB. Because natural SSA are predominantly larger coarse mode

particles, many models have limited representation of the smaller Aitken and accumulation mode sea salt aerosol particles that

are important for accurately representing MCB and MSB. These practical limitations make it difficult to use consistent iSSA

size distributions across ESMs (Rasch et al. (2024); Table 1), which has downstream effects on MCB ERF, including on the

per-particle scattering by the iSSA and thus ERFari.55
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ERFari per emitted iSSA mass will be greater in ESMs with longer tropospheric iSSA atmospheric lifetimes. Aerosol

lifetimes are sensitive to the aerosol wet and dry deposition rates, and proximity of the aerosols to precipitation and the surface.

Aerosols that are mixed higher into the troposphere thus tend to have longer lifetimes (Kristiansen et al., 2016). Dry deposition

is driven by Brownian diffusion for small particles and sedimentation, turbulent transport, and surface properties for large

particles (Petroff and Zhang, 2010). Wet deposition is driven by the parameterization of in-cloud and below-cloud scavenging60

efficiency of aerosols by precipitation (Dana and Hales, 1976; Jones et al., 2022), which is a significant source of inter-ESM

spread due to differences in deep convection, precipitation formation, and aerosol hygroscopicity representations. Together

these processes result in troposphere aerosol lifetimes for sulphate-like particles ranging from a few days to a few weeks

(Kristiansen et al., 2016). Considering iSSA have similar properties to sulphate aerosol, iSSA lifetime uncertainties may be

similarly large.65

ERFari also depends on underlying and adjacent cloud cover (Ghan, 2013) and underlying surface reflectance (Derimian

et al., 2016) below scattering aerosols, with underlying high albedo surfaces being associated with weaker or even positive

ERFari. The underlying surface albedo over oceans is relatively consistent across ESMs. Therefore, we might expect that the

modeled climatological low cloud cover is more important for determining the ERFari strength over marine regions (Vignesh

et al., 2020). In the subtropical regions we focus on here, differences in shallow convection, cloud microphysics, and radiation70

parameterizations contribute the inter-model spread in low cloud cover, which will modulate the strength of ERFari.

1.0.2 Aerosol Cloud Interactions

Model differences in MCB ERFaci depend on the representation of a range of aerosol and cloud processes. These are typically

categorized into the cloud albedo effect (Twomey or first indirect effect) and cloud adjustments which modulate the cloud

albedo effect (e.g., the Albrecht or second indirect effect, plus any modulations to cloud cover induced by aerosol). Both the75

albedo effect and cloud adjustments are driven by iSSA acting as effective CCN, activating as they rise into clouds to become

cloud droplets. Increasing cloud droplet number concentration (Nd) with constant cloud liquid water content results in smaller

cloud droplets, which in turn increases shortwave scattering by the droplets (thus increasing cloud albedo); in response to

having smaller droplets, precipitation formation is reduced and cloud-top entrainment and droplet evaporation are altered (thus

driving cloud adjustments).80

Aerosol activation into cloud droplets is relatively well understood but can differ substantially between models depending

on the specifics of how aerosol size and composition are represented, the aerosol activation parameterization, and the vertical

velocity used to drive drop activation (which in turn often depends upon the planetary boundary layer turbulence parameteriza-

tion used in a given model). Following κ-Köhler theory, the activation rate depends on the relative humidity, vertical velocity,

number of aerosol particles, aerosol size distribution, and aerosol hygroscopicity. In the context of MCB, this means the size85

distribution and emission rate of the iSSA particles play leading roles in determining the resulting activation rate and thus

ERFaci from MCB iSSA emissions.

ESM simulations with a popular activation parameterization proposed by Abdul-Razzak and Ghan (2000) (hereafter ARG2000)

suggest that accumulation mode iSSA (dry radii ∼100nm) are most efficient in terms of albedo change per mass of emissions
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(Alterskjaer and Kristjánsson, 2013; Haywood et al., 2023; Rasch et al., 2024). This is because, with this activation scheme,90

the injection of particles smaller than this results in vapour competition, so the particles do not have access to enough water

vapour to grow into cloud droplets. For particles larger than this, the mass of iSSA increases rapidly with radius and substan-

tially faster than the rate at which the activation rate increases. However, more detailed modeling using parcel models that

explicitly calculate activation suggest that the vapour competition behaviour for smaller aerosol sizes is unrealistically strong

in ARG2000, since the scheme does not account for kinetic limitations in CCN water uptake, resulting in excessively strong95

activation suppression (Phinney et al., 2003; Connolly et al., 2014; Ghosh et al., 2025; Riipinen et al., 2026). As noted above,

these more detailed models indicate that smaller iSSA with dry radii ∼15-30 nm are the most efficient per mass to enhance Nd

and increase cloud albedo (Connolly et al., 2014; Wood, 2021).

ESMs also differ substantially in how they parameterize the vertical velocity distribution used to compute droplet activation.

These are typically determined by planetary boundary layer turbulence parameterizations which tend to be a significant source100

of spread among ESMs (Holtslag et al., 2013; Virtanen et al., 2025). The activation rate also decreases as background Nd

increases, resulting in reduced MCB effectiveness when there are more natural and anthropogenic aerosol emission sources in

the MCB perturbation regions (Carslaw et al., 2013; Hirasawa et al., 2026a). In addition to aerosol activation, the cloud albedo

effect depends on factors such as background low cloud fraction, cloud and aerosol concentrations above the clouds being

brightened, and background cloud optical thickness.105

The cloud adjustment effect refers to changes in the macroscopic properties of clouds due to increased Nd and the resulting

radiative forcing. The first set of processes is driven by the suppression of precipitation formation in warm liquid clouds by

Nd increases. As cloud droplet radii decrease, the rate at which they grow into rain droplets (undergo autoconversion) also

decreases (Albrecht, 1989). This reduces the rate at which water is removed from the clouds, increasing their liquid water

content and thus their optical thickness. It also inhibits the breakup of stratiform clouds, resulting in longer cloud lifetimes and110

the time-averaged cloud fraction in certain regions (Chen et al., 2022; Yuan et al., 2023). Both effects enhance the SW cloud

forcing from MCB. However, reduced droplet sizes also tend to increase dry air entrainment into the clouds, which reduces

cloud thickness and water content, reducing cloud albedo. This entrainment enhancement arises from reduced precipitation

evaporation below the clouds as precipitation is suppressed (Wood, 2007), reduced sedimentation rate as droplets get smaller

(Bretherton et al., 2007), and an increased evaporation rate (or "deactivation") of cloud droplets as they get smaller (Karset115

et al., 2020). As a result of these competing cloud thickening and thinning processes, the net effect of cloud adjustments to

aerosols is highly uncertain. ESMs tend to represent only a subset of the relevant processes driving these responses. While

many modern ESMs consider the dependence of cloud droplet autoconversion on droplet concentration, few represent the full

effect of Nd on entrainment (Karset et al., 2020). Thus, ESMs may overestimate the extent to which cloud adjustments enhance

the initial Twomey forcing (Bender et al., 2019; Mülmenstädt et al., 2024).120

An additional set of processes arises from aerosol interactions with deep convective clouds. Different theories have been

proposed which suggest that increased aerosol concentrations could increase the strength of convection within clouds involving

solely liquid phase as well as mixed phase processes (Varble et al., 2023). Observations of the relevant processes are sparse,

thus the strength of these effects is poorly constrained. Nevertheless, if MCB aerosol indeed invigorated convection, we would
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expect decreased outgoing longwave radiation from higher cloud tops and increased shortwave reflection from increased cloud125

optical thickness (Lohmann, 2017; Nishant et al., 2019). The coupling between deep convection and cloud microphysics

parameterizations tend to be limited in ESMs with convective parameterizations themselves varying substantially and the

relevant processes depending on both ice and liquid microphysics. Thus, we do not assess the aerosol effect on deep convective

clouds in this study and focus on marine boundary layer low clouds.

1.0.3 Study outline130

Together, the issues above with accurately representing MCB (and, aerosol-cloud interactions more generally) mean that ESMs

produce a wide range of forcings for a given aerosol perturbation. As such, they cannot be relied on to accurately quantify MCB

efficacy at global scales. Nonetheless, they are the scientific community’s most important tool for estimating the potential

impacts of MCB interventions. A clear understanding of model structural and parametric uncertainty is needed to inform

assessments of MCB efficacy. Here, we seek to expand on the initial work of Rasch et al. (2024) (hereafter R2024) to: (1)135

quantify the range in MCB ERF for a given iSSA injection rate across a larger set of models, (2) identify the key processes

driving inter-model differences, and (3) propose steps for enabling more credible estimates of MCB efficacy in future ESM

simulations. We present an inter-comparison of the ERF from subtropical MCB iSSA emissions in six CMIP6-generation ESMs

and four additional cases with modified microphysical parameterizations. This is the largest model intercomparison of MCB

iSSA forcing to date, enabling a broader examination of the aerosol and cloud processes underlying the atmospheric response140

to MCB than previous work. In section 2, we describe the models, simulation protocol, and analysis methods used in this work.

In section 3, we compare the total (ERFtot), aerosol-cloud (ERFaci), and aerosol-radiation (ERFari) forcing from MCB

iSSA emissions across the models. In section 4, we examine the processes causing model differences in ERFaci. In section 5,

we examine model differences in ERFari. Section 6 summarizes findings and discusses how future MCB simulations could

be designed to enable better model inter-comparisons and process analysis.145

While this analysis focuses on a detailed assessment of ESM representation of MCB aerosol-cloud interactions, we note that

the underlying processes, biases, and limitations also apply to present-day inadvertent anthropogenic aerosol forcing. Cloud

droplet activation, precipitation formation, and cloud entrainment effects are persistent sources of inter-ESM spread in aerosol

forcing (Riipinen et al., 2026). Thus, improving ESM representations of MCB will likely improve present day aerosol-cloud

forcing as well. Here, through the lens of MCB, we conduct a set of simulations that allows us to compare the full ERF curves150

across ESMs for a large range of emission rates, providing novel insights into the non-linearity of aerosol-cloud interactions at

large scales and the processes that drive them.
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2 Methods

2.1 Models and Simulations

We conduct a series of fixed sea surface temperature (SST) simulations in six ESMs to compute the effective radiative forcing155

(ERF) across a range of MCB iSSA emission rates in three subtropical regions with extensive low cloud cover. These regions

are the Northeast Pacific (NEP: 0 to 30N and 170E to 120E), the Southeast Pacific (SEP: 30S to 0 and 120E to 70E), and the

Southeast Atlantic (SEA: 30S to 0 and 25E to 15W), including only the grid boxes that are ≥50% ocean (Fig. 1a). While ESM

studies indicate that MCB focused on the subtropical stratocumulus decks may produce undesirable remote climate effects

(Rasch et al., 2009; Jones et al., 2009; Haywood et al., 2023; Odoulami et al., 2024; Chen et al., 2024b), these regions were160

selected to build on the existing dataset described in R2024, where subtropical regions were used to calibrate the MCB ERF.

We note that inter-model differences in ERFaci are similar regardless of emission region for three of the models (Hirasawa

et al., 2026a), thus we assume that the findings here generalize to the midlatitude regions that have been the focus of more

recent modeling (e.g., Chen et al., 2024a; Hirasawa et al., 2026b). The six ESMs in this study are:

CESM2 : Community Earth System Model version 2.1 (Danabasoglu et al., 2020) with the Community Atmosphere Model165

version 6 (CAM6) and Community Land Model 4.5 (CLM4.5). CAM6 uses the Morrison-Gettelman microphysics

scheme version 2 (Gettelman and Morrison, 2015) in which SSA are activated following ARG2000. Autoconversion

depends on Nd and condensation/evaporation depend on droplet radius following Khairoutdinov and Kogan (2000)

(hereafter KK2000). SSA are represented in the Modal Aerosol Model 4 (MAM4) as internally mixed in Aitken, accu-

mulation, and coarse aerosol modes (Liu et al., 2016). Natural SSA emissions are computed following Mårtensson et al.170

(2003) for 31 dry radius bins ranging from 20 nm to 23.7 µm. We introduce MCB iSSA emissions by adding half of the

total number flux into each of two bins at dry radii 43 nm amd 52 nm, which are then mapped into the accumulation

mode of the atmosphere model. We run CAM6 in the finite-volume grid with nominal 1-degree horizontal resolution

with 32 vertical levels. Simulations are listed in Table S2.

E3SMv2 : Energy Exascale Earth System Model version 2.0 (Golaz et al., 2022) with Energy Atmosphere Model version 2175

(EAMv2) and Energy Land Model version 2 (ELMv2). Like CAM6, EAMv2 uses the ARG2000 activation scheme and

KK2000 autoconversion and condensation/evaporation schemes. However, a number of parameters that are critically

important for determining the cloud response to MCB differ: EAMv2 has a higher minimum Nd, a wider (i.e. increased

geometric standard deviation σg)accumulation mode in the modal aerosol model, removal of a lower limit on subgrid

vertical velocity that is present in CAM6, reduced exponent coefficient for the autoconversion dependence on Nd, and180

higher vertical resolution in the boundary later. Together, these tend to reduce the susceptibility of clouds to aerosol (Ma

et al., 2021; Golaz et al., 2022; Wan et al., 2025). We run EAMv2 in the cube-sphere grid at nominal 1-degree horizontal

resolution with 72 vertical levels. The natural SSA emission parameterization is similar to CESM2, though E3SMv2 has

overall higher fluxes due to an increase in SSA emission flux scaling and the addition of wind-driven organic aerosol
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emissions. The MCB iSSA emissions are prescribed in the same way in the two models. Simulations are listed in Table185

S3.

CanAM5-PAM : Canadian Atmosphere Model version 5.1 (Sigmond et al., 2023) with the Piecewise log-normal Aerosol

Model (PAM) (Von Salzen, 2006; Von Salzen et al., 2025), which represents aerosols by dividing the size spectrum into

sections and representing the aerosol within each section using truncated log-normal distributions. The approach is based

on an improved version of the Canadian Earth System Model version 5 (CanESM5) which replaces the standard bulk190

aerosol model with PAM. Aerosol activation is simulated using a quasi-steady state approximation of the droplet growth

equation (Wang et al., 2022). To include MCB iSSA, we introduce an additional externally mixed mode that has the

same chemical composition as natural SSA, but has a number mode radius of 50 nm and a geometric standard deviation

of σ = 1.6. Autoconversion is computed using Wood et al. (2002) assuming a fixed climatological Nd concentration.

The model resolution is T63 spectral with 49 vertical levels. Simulations are listed in Table S4.195

UKESM1 : United Kingdom Earth System Model version 1.0 (Mulcahy et al., 2022) with the Unified Model Global Atmo-

sphere version 7.1 (UM) and the Joint UK Land Environment Simulator (JULES) version 7.0 (Walters et al., 2019). The

UM uses the modal version of the Global Model of Aerosol Processes (GLOMAP) in which SSA are included in the

accumulation and coarse soluble aerosol modes. The model uses the ARG2000 activation scheme and the KK2000 auto-

conversion scheme (Mulcahy et al., 2020). Boundary layer entrainment is explicitly parameterized and can in principle200

respond to boundary layer instability caused by precipitation suppression (Walters et al., 2019). Natural SSA emissions

are computed following Gong (2003). We introduce MCB iSSA emissions by adding the number flux into one bin with a

dry radius of 86 nm, which is the most efficient size for this model (Haywood et al., 2023), and the aerosols are mapped

into the accumulation mode of GLOMAP. We run UKESM1 at ∼ 135km horizontal resolution with 85 vertical levels.

Simulations are listed in Table S5.205

NorESM2 : Norwegian Earth System Model version 2 (Seland et al., 2020) with the Norwegian version of CAM6 (CAM6-

Nor) and Community Land Model version 5 (CLM5). CAM6-Nor is branched from CAM6 and incorporates differences

in the aerosol scheme, aerosol-cloud interactions, and moist convection, among other processes. Aerosols are represented

using the OsloAero model (Kirkevåg et al., 2018), which is a modal scheme that includes tagging for aerosol production

and transformation processes. SSA are represented in Aitken, accumulation, and coarse aerosol modes, whose properties210

are modified in the atmosphere when processed to become aerosol "mixtures". Size-resolved microphysical properties

such as aerosol optical properties are calculated offline. The cloud microphysics module is the same as in CAM6, and

thus the model uses ARG2000 activation and KK2000 autoconversion (the Morrison-Gettelman version 2, Gettelman and

Morrison (2015)). Natural SSA emissions are computed following Salter et al. (2015) and emission rates are computed

for the three main sea salt aerosol modes. We introduce MCB iSSA emissions by adding number flux into the Aitken215

mode of the parameterization, which corresponds to aerosol with an approximate volume radius of 108 nm and modal

radius of 47.3 nm. We run NorESM2 at ∼2◦ resolution with 32 vertical levels. Simulations are listed in Table S6.
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GFDL-AM4 : Geophysical Fluid Dynamics Laboratory Atmosphere Model v4 with Land Model v4 (Zhao et al., 2018). SSA

are represented with five size bins and natural SSA emissions are computed following Mårtensson et al. (2003) for

aerosol smaller than 1.4 µm and the Monahan et al. (1986) for particles larger than 1.4 µm. The Ming et al. (2007)220

parameterization is used for cloud activation and autoconversion depends on Nd following Rotstayn (1997). MCB iSSA

are emitted into the smallest size bin (0.1-0.5 µm) available in the natural SSA emission parameterization. We run

GFDL-AM4 on a cube-sphere grid with approximately 100 km grid size and 33 vertical levels. Simulations are listed in

Table S7.

We further conduct simulations in four of the models with modified parameterizations to explore how specific processes225

influence the MCB ERF:

CanAM5-PAM-Adj : CanAM5-PAM simulations in which we introduce a dependence of autoconversion rate on Nd follow-

ing Wood et al. (2002). Simulations are listed in Table S8.

CESM2-Ghosh : We conduct simulations in CESM2 with an adjusted version of the ARG2000 activation parameterization

from Ghosh et al. (2025) (CESM2-Ghosh). Ghosh et al. (2025) modified the parameters in the ARG activation param-230

eterization to account for kinetic limitations on droplet activation, which prevents suppression of the CCN activation

at unrealistically low Nd concentrations. In the unadjusted ARG2000 parameterization this can occur at CCN concen-

trations as low as 1000 cm−3, substantially lower than the 104 cm3 at which this occurs in parcel models (Fig. 4a).

Adjustments to correct this limitation have been recommended to improve the performance of ARG2000 in cases with

high concentrations of small aerosol particles (Riipinen et al., 2026). Such conditions are likely to occur in MCB deploy-235

ment regions, and the Ghosh et al. (2025) modification to the parameterization tend to increase the activation rate in these

conditions. For CESM2, we update the ARG2000 parameters using geometric standard deviation σg = 1.6. Parameter

changes are shown in supplemental text 1. Simulations are listed in Table S9.

E3SMv2-Ghosh : E3SMv2 simulations with ARG2000 parameters updated following Ghosh et al. (2025) (Text S1) using

geometric standard deviation σg = 1.8. Simulations are listed in Table S10.240

UKESM1-Ghosh : UKESM1.1 simulations with ARG2000 parameters updated following Ghosh et al. (2025) (Text S1) using

geometric standard deviation σg = 1.4. Details are listed in Table S11.

Table 1 summarizes the iSSA emission particle size, the activation parameterization, autoconversion parameterization, and

the natural SSA parameterization used in each model. Figure 1b,c show the log-normal mass and number distributions of the

emitted iSSA particles in each model, assuming equal total number flux in each model, showing the large variations in emitted245

mass depending on width and modal radius of the distributions. The emission rates used in each simulation, the length of the

simulations, and the background conditions differ across the models and are summarized in Tables S1 to S6 for the different

models.

We note that the activation scheme used by GFDL-AM4 assumes a fixed sea salt aerosol size distribution and maps the

SSA mass into this distribution (Zhao et al., 2018). As a result, the MCB iSSA size distribution is shifted to larger sizes more250
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Figure 1. Northeast Pacific (NEP: 0 to 30N and 170E to 120E), Southeast Pacific (SEP: 30S to 0 and 120E to 70E), and Southeast Atlantic

(SEA: 30S to 0 and 25E to 15W) iSSA emission regions used in this study (a). Log-normal Number (b) and Mass (c) distributions of emitted

iSSA particles for the different models where the total number concentration is N0 = 1cm−3 in each. Distribution widths are computed

using the geometric standard deviation of the accumulation SSA mode in each model. Dashed vertical line and blue shading shows the

critical radius for cloud condensation nuclei at supersaturation S=0.1%.

suitable for natural SSA, meaning the iSSA number concentration seen by the activation scheme becomes erroneously low.

We nevertheless include GFDL-AM4 results in Fig. 2 and 3 despite these deficiencies, because it has been used in the past to

estimate MCB ERF (Mahfouz et al., 2023) and it is important to place those results in the wider context of the ESM ensemble.

However, we exclude it from the subsequent analyses.
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Model iSSA iSSA σg Natural SSA Activation Autoconversion CCN

volume median parameterization parameterization parameterization Fraction

radius radius at S=0.1%

CESM2 47.1nm 33.8nm 1.6 Mårtensson et al. (2003) ARG2000 KK2000∗ 0.157

CESM2-Ghosh 47.1nm 33.8nm 1.6 Mårtensson et al. (2003) Ghosh et al. (2025) KK2000∗ 0.157

E3SMv2 47.1nm 28.1nm 1.8 Mårtensson et al. (2003) ARG2000 KK2000† 0.131

E3SMv2-Ghosh 47.1nm 28.1nm 1.8 Mårtensson et al. (2003) Ghosh et al. (2025) KK2000† 0.131

CanAM5-PAM 86.9nm 62.6nm 1.6 Ma et al. (2008) Wang et al. (2021) Wood et al. (2002) 0.445

Fixed Nd

CanAM5-PAM-Adj 86.9nm 62.6nm 1.6 Ma et al. (2008) Wang et al. (2021) Wood et al. (2002) 0.445

with Nd change

UKESM1 85.9nm 72.5nm 1.4 Gong (2003) ARG2000 KK2000∗ 0.805

UKESM1-Ghosh 85.9nm 72.5nm 1.4 Gong (2003) Ghosh et al. (2025) KK2000∗ 0.805

NorESM2 108nm 47.3nm 2.1 Salter et al. (2015) ARG2000 KK2000∗ 0.420

GFDL-AM4 300nm N/A N/A Mårtensson et al. (2003) Ming et al. (2007) Rotstayn (1997) 0.141
Table 1. Earth System Models used in this study, the volume radii (mass flux divided by number flux), median radii (typical radii of

the aerosols), and geometric standard deviation of the lognormal iSSA distributions used for MCB, the natural SSA parameterization, the

activation parameterization, autoconversion parameterization, and the fraction of aerosol particles that are cloud condensation nuclei at

S = 0.1%. ∗ KK2000 with parameters ( dqr
dt

)auto = 1350q2.47c N−1.79
c . For rain water content qr and cloud water content qc. † KK2000 with

parameters ( dqr
dt

)auto = 30500q3.19c N−1.2
c .

2.2 Analysis255

We use the approximate partial radiative perturbation (APRP) method to estimate the direct aerosol (ERFari) and aerosol-

cloud (ERFaci) forcing components of the iSSA total ERF (ERFtot) (Zelinka et al., 2023). Grid-average CCN and in-cloud

Nd concentrations are computed at cloud base and cloud top, respectively. We define cloud base as the lowest vertical level at

which the liquid cloud fraction increases above 0.05 and the cloud top as the vertical level at which the liquid cloud fraction

is greatest in the column. These values are computed using monthly mean fields, which means we neglect sub-monthly and260

sub-grid covariances between CCN, Nd, and cloud cover/height.

To estimate the flux of CCNs, we estimate the fraction of activated particles for S = 0.1% following the Köhler theory

implementation for a lognormal distribution in the pyrcel package (Rothenberg and Wang, 2016). We choose S = 0.1% as it is

the default supersaturation used for CCN output in CESM2, E3SMv2, and NorESM2. For CanAM5-PAM and CanAM5-PAM-

Adj, we have the CCN concentrations at S = 0.2%. In order to estimate CCN at S = 0.1%, we multiply the original CCN at265

S = 0.2% by the ratio of the number of activated particles for S = 0.1% versus the number of activated particles for S = 0.2%

(∼ 1.84), as the activation fraction scales approximately linearly for these supersaturations.
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We estimate the aerosol mass lifetime of accumulation mode MCB iSSA by assuming the MCB iSSA mass burden is a

product of the emission flux and the iSSA mass lifetime MMCB = τMCBFMCB and assuming a constant climatological SSA

burden Mclim. By considering the change in total SSA burden (Mtot) as the iSSA mass flux (FMCB) increases we have270

Mtot =Mclim +MMCB =Mclim + τMCBFMCB (1)

Thus, after computing the linear regression of the total iSSA burden against the iSSA mass flux, the slope approximates the

lifetime associated with the MCB iSSA (τMCB).

Because the models use different emission rates, we quantitatively compare them by interpolating ERFtot by assuming the

following functional forms for ERFaci and ERFari dependence on the iSSA mass flux Mssa:

ERFaci ≈ a ln(1+ bMssa)

ERFari ≈ cMssa

where we calculate a, b, and c by fitting to the ERFaci and ERFari values diagnosed using APRP. For ERFaci, we restrict

the fit to simulations with < 100 Tg yr−1 iSSA emissions. The resulting fitting parameters and curves are shown in Table ??275

and Fig. ??. The logarithmic form of ERFaci follows Stevens (2015). These fits function well for low emission rates, where

the logarithmic form of ERFaci approximately holds, and for very high emission rates, where ERFari dominates and is well

characterized by a linear fit. The logarithmic fit tends to overestimate the actual ERFaci at higher emission rates in large part

because the ARG activation scheme used in most of the models predicts incorrectly that additional iSSA will decrease Nd at

higher emission rates (discussed in more detail in section 4). However, we argue the fits allow reasonable interpolation at the280

emission and forcing levels we discuss in the following paragraphs (Fig. ??).

3 Effective radiative forcing

There are major differences across the ESMs in ERFtot due to iSSA (Fig. 2a; Table 2), even when excluding the erroneously

weak GFDL-AM4 ERFaci. Based on the interpolated curves (Fig. S1), we find that ERFtot at a global sum mass emission rate

of 30 Tg yr−1varies from -0.89 Wm−2 (NorESM2) to -3.97 Wm−2 (CanAM5-PAM-Adj). Conversely, to achieve a global285

mean ERFtot of -2 Wm−2, the models require iSSA mass fluxes ranging from 7.21 Tg yr−1 (CESM2-Ghosh) to 95.7 Tg

yr−1 (UKESM1). Notably, differences in the iSSA emission size distributions prescribed at the surface play an important role

in determining the forcing sensitivity per emitted mass, and thus the inter-model range is not necessarily related to structural

uncertainties in the models. We account for these differences by comparing the ERFtot against the total iSSA number flux

emissions (Fig. 2b). This reduces the inter-model spread, particularly at lower emission rates (e.g., UKESM1 and NorESM2290

fall within the range of the other models once the emitted aerosol size is accounted for). At a number flux rate of 5 ×1020 s−1,

which corresponds to 30 Tg yr−1 for the CESM2 and E3SMv2 iSSA size distributions, the ERFtot range shifts, ranging

from -0.93 Wm−2 (E3SMv2) to -4.96 Wm−2(CanAM5-PAM-Adj), with different end-member models. To achieve ERFtot =

−2 Wm−2, the models require total number fluxes of 0.77 ×1020 s−1 and 23.9 ×1020 s−1, respectively.
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Figure 2. Annual global mean anomalies of shortwave ERFaci (a, b), shortwave ERFari (c, d), and shortwave ERFtot (e,f) for different

SSA emission rates in the ten models considered here. First column shows the forcing versus SSA mass flux (a,c,e) and second column shows

the forcing versus SSA number flux (b,d,f).

12

https://doi.org/10.5194/egusphere-2026-5460
Preprint. Discussion started: 21 September 2026
c© Author(s) 2026. CC BY 4.0 License.



Much of the inter-model spread in ERFtot arises from a spread in ERFaci (Fig. 2c,d; Table 2). While there is a range295

in ERFaci susceptibility at low emission rates, the bulk of the inter-model spread arises from differences in the saturation

forcing. Across all models, we see that ERFaci plateaus at higher emission rates and in CESM2, E3SMv2, and NorESM2

even enter a regime in which additional SSA reduces the ERFaci (although the net ERFtot still increases due to the direct

aerosol effect). The strong saturation behaviour seen in these models is an artifact of the ARG2000 activation parameterization,

as discussed in detail in section 4. However we note forcing quasi-saturation is a general feature of the Twomey effect, arising300

from reduced activation efficiency at high Nd concentrations. The models show a range in saturation forcing from Fcld =

−0.8 Wm−2 to Fcld =−3.3 Wm−2. The flux at which the forcing saturates also varies, with E3SMv2 saturating at ∼50 Tg

yr−1 (∼ 0.5×1021 s−1) while CanAM5-PAM has not completely saturated even at >200 Tg yr−1 (∼ 5×1021 s−1). Thus, the

inter-model spread in MCB ERFtot appears to be dominated by the limitations in aerosol activation, especially at intermediate

emission rates where saturation is important but the ERFari does not yet dominate.305

All of the models used here (except GFDL-AM4) show that ERFaci accounts for the majority of the forcing for at least

some of the emission rates tested (Fig. S2). At high emission rates ERFaci saturates and ERFtot becomes dominated by

ERFari. We see monotonic increases in ERFtot with mass emission rate in all models due to ERFari, even in the models

which simulate reductions in ERFaci at high emission rates. The point at which the forcing switches from ERFaci-dominated

to ERFari-dominated differs across models. In UKESM1 this occurs when the ERFtot =−1 Wm−2, while for CanAM5-310

PAM-Adj the cloud forcing accounts for the majority of forcing even as the ERFtot exceeds −10 Wm−2.

4 Aerosol-cloud interactions

ERFaci differences across the models are driven by a series of relationships which we aim to encapsulate in Fig. 3:

(a) CCN at S = 0.1% at cloud base versus CCN surface number flux : Captures information about the iSSA lifetime, and

vertical mixing to cloud base. The iSSA lifetime and mixing depend on model differences in iSSA deposition, turbulence,315

and iSSA size distribution.

(b) Nd at cloud top versus CCN at S = 0.1% : Captures information about CCN activation into cloud droplets. This depends

on model differences in activation parameterizations, sub-grid updrafts from turbulence schemes, and low cloud fraction.

(c) Nd at cloud top versus CCN surface number flux : Combines information from panels (a) and (b) to allow comparisons

with UKESM1 and GFDL-AM4, for which we do not have CCN data.320

(d) cloud fraction versus Nd at cloud top : Captures information about the strength of the aerosol precipitation suppression

effect on cloud fraction. This depends on model differences in how autoconversion and dry-air turbulent entrainment

depend on Nd.

(e) total grid liquid water path (LWP) versus Nd at cloud top : Captures information about how aerosol precipitation sup-

pression affects cloud liquid water content, which depends on the same processes as (d).325
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Figure 3. Annual mean anomalies averaged over the NEP, SEP, and SEA emission regions across different models. Each panel captures some

aspect of the aerosol-cloud interaction: a) aerosol lifetime and mixing to cloud base (CCN at S = 0.1% vs. CCN number flux), b) aerosol

activation (Nd vs. CCN at S = 0.1%), c) aerosol lifetime, mixing, and activation (Nd at cloud base vs. CCN number flux), d) cloud lifetime

effect (cloud fraction vs. Nd), e) cloud liquid water effect (LWP vs. Nd ), and f) total aerosol indirect effect (APRP cloud forcing vs. Nd).

Note that GFDL-AM4 is displayed in panels c, d, e, and f, but is not visible due to the small Nd anomalies in this model.
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Model ERFtot at ERFtot at Mass flux for Number flux for Slope

30 Tg yr−1 5× 1020 s−1 ERFtot=−2 Wm−2 ERFtot=−2 Wm−2 of ERFari

( Wm−2) ( Wm−2) ( Tg yr−1) (1020 s−1) Wm−2( Tg yr−1)−1

CESM2 -2.62 -2.11 12.9 4.25 -0.0121

E3SMv2 -1.27 -0.93 75.4 24.8 -0.0106

CanAM5-PAM -1.99 -2.48 30.4 3.10 -0.0122

UKESM1 -0.96 -1.95 95.7 5.18 -0.0124

NorESM2 -0.89 -3.66 85.73 2.15 -0.00827

GFDL-AM4 -0.131 -24.7 457.1 0.40 -0.00420

CESM2 -3.34 -2.66 7.21 2.37 -0.00785

(Ghosh ARG)

E3SMv2 -1.59 -1.02 44.20 14.5 -0.0104

(Ghosh ARG)

UKESM1 -1.52 -0.935 59.95 44.2 -0.0108

(Ghosh ARG)

CanAM5-PAM -3.97 -4.93 7.62 0.78 -0.0178

(w/ Adjustments)

Table 2. ERFtot at selected mass (30 Tg yr−1) and number (5× 1020 s−1) fluxes for each model, mass and number flux to achieve

ERFtot=−2 Wm−2 for each model, and the slope of ERFari vs. mass emissions for each model. Values are computed by fitting to

Ftot = Fcld +Faer = a ln(bMssa)+ cMssa.

(f) APRP-derived SW cloud forcing versus Nd at cloud top : Captures the total SW forcing response to cloud droplet in-

creases, encompassing aerosol effects on cloud albedo (Twomey effect and LWP effect) and cloud lifetime (cloud fraction

effect).

The fraction of iSSA that are CCN at S = 0.1% differs by a factor of five between CanAM5-PAM and E3SMv2 (Fig. S3b).

This is mainly due to differences in the emitted iSSA size distribution. The choice of supersaturation (S = 0.1%) corresponds330

to a critical radius of ∼ 56nm. Thus, for a given total iSSA number flux, CanAM5-PAM and NorESM2 produce higher CCN

concentrations because a larger fraction of their emitted particles exceeds this critical radius (Fig. 1b). After accounting for the

fraction of iSSA that are CCN, the spread in the CCN concentration scaling is substantially reduced (Fig. 3a, Fig. S3c). There

are additional differences driven by differences in aerosol lifetime, which depends on differences in aerosol deposition and

vertical mixing. For example, iSSA lifetimes are about 4 days for CanAM5-PAM and 7 days for CanAM5-PAM-Adj (section335

5), which results in slightly larger CCN concentrations in the latter.

The activation rates across the models are similar for regional average CCN concentrations below ∼400 cm−3, but they

diverge substantially at higher concentrations (Fig. 3b) for the seven models where we have CCN data. Taking a more detailed

look in Figure 4, we can see that at ∼ 1000 cm−3, E3SMv2 has Nd ≈ 250 cm−3 (or ∼25% activated fraction, Fig. 4c) while
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CESM2-Ghosh has Nd ≈ 650 cm−3 (or ∼65% activated fraction, Fig. 4b), a ∼ 2.5× difference. This range increases further340

at higher emission rates, as models with the default ARG2000 activation parameterization (CESM2, E3SMv2, NorESM2)

saturate and even simulate declining Nd above CCN concentrations of 1000 cm−3 due to unrealistically strong suppression of

CCN activation (Connolly et al., 2014; Ghosh et al., 2025). CESM2 and E3SMv2 saturate at a lower CCN concentration than

NorESM2, which may be due to the smaller emitted iSSA size in these models. Use of the ARG2000 parameterization with

updated parameter values (CESM2-Ghosh, E3SMv2-Ghosh) and the Wang activation scheme (CanAM5-PAM, CanAM-PAM-345

Adj) both produce continued increases in Nd well past those concentrations.

The CESM2, E3SMv2, and NorESM2 results align with previous NorESM work which showed a maximum achievable Nd

of ∼400 cm−3(Alterskjaer and Kristjánsson, 2013), also using the ARG2000 parameterization. However, the CESM2-Ghosh,

E3SMv2-Ghosh, UKESM1-Ghosh and CanAM5-PAM results suggest much higher Nd concentrations are possible. Saturation

occurrs at Nd > 800 cm−3in these models, which is more consistent with cloud resolving model (Jenkins et al., 2013) and par-350

cel model estimates (Connolly et al., 2014). Combining these two relationships to compare Nd to CCN number flux (Fig. 3c),

we see that UKESM1 also falls well within the model spread. Together, these indicate that at low iSSA concentrations, activa-

tion rates are similar across the models while at high iSSA concentrations, activation becomes a major source of inter-model

spread. The saturation of ERFaci appears to be mainly controlled by these limits on aerosol activation at high concentrations;

thus, constraining this upper activation limit is important for estimating the MCB forcing at these high iSSA emission rates.355

We see further inter-model differences arising from cloud adjustments (Fig. 3d, e). E3SMv2, E3SMv2-Ghosh, CanAM5-

PAM, and UKESM1 (models with smaller cloud adjustments) show weak cloud liquid water path (LWP) responses to Nd

changes while CESM2, CESM2-Ghosh, NorESM2, and CanAM5-PAM-Adj (high adjustment models) show consistent in-

creases in cloud liquid water content and cloud fraction with Nd (Fig. 3e, f). Binning the cloud fraction (Fig. 5) and LWP (Fig.

S5) responses by Nd, we see more distinctly that CESM2, CESM2-Ghosh, and NorESM2 have very strong cloud adjustments360

and are similar to one another due to their shared autoconversion parameterization and tuning for that parameterization (Fig.

5a,b,g). CanAM5-PAM-Adj also simulates CF and LWP increases (Fig. 5f), though they are not as strong as with CESM2. The

cloud fraction and LWP vary similarly with respect to Nd across the models (Fig. S5), in part because the LWP is grid-averaged

and thus CF increases tend to also increase LWP. However, even when accounting for CF changes, LWP still increases, mean-

ing that the clouds become simultaneously thicker and more extensive in the models with stronger adjustments. This contrasts365

with observational estimates of cloud adjustments, which show that aerosol perturbations tend to cause neutral or decreased

LWP within clouds (Coakley Jr and Walsh, 2002; Ackerman et al., 2004; Bender et al., 2019; Mülmenstädt et al., 2024).

CanAM5-PAM’s weaker cloud adjustments (Fig. 5e) are due to structural differences, as the model computes the autocon-

version rate assuming a fixed Nd. For E3SMv2 they are due to model tuning (Fig. 5c,d): E3SMv2 uses an autoconversion

parameterization identical to that in CESM2 and NorESM2 but in E2SMv2 it has been tuned to substantially weaken its de-370

pendence on Nd (Golaz et al., 2022). UKESM1 also uses the same KK2000 autoconversion parameterization as CESM2 and

NorESM2. Thus, we may expect to see similarly strong precipitation suppression. The fact that it shows weak cloud adjust-

ments indicates other processes, such as entrainment changes, offset the cloud thickening effect of precipitation suppression,
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Figure 4. Time-mean Nd anomalies bin-averaged across spatial grid points by the time-mean CCN anomaly, in CESM2 (a), CESM2-Ghosh

(b), E3SMv2 (c), E3SMv2-Ghosh (d), CanAM5-PAM (e), CanAM5-PAM-Adj (f), and NorESM2 (g). Intensity of the line colours indicates

the iSSA emission rate, with lighter colours corresponding to lower emission rates and darker colours corresponding to higher emission

rates. We omit CCN bins that contain fewer than 0.1% of grid points. Dots show the regional average anomalies for the Southeast Pacific

(SEP) region, defined as 30S to 0 and 120E to 70E. Due to data limitations, we omit UKESM1 for this figure. Black dashed line shows the

one-to-one line.
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Figure 5. Time-mean grid-box cloud fraction anomalies bin-averaged across spatial grid points by the time-mean Nd anomaly for CESM2

(a), CESM2-Ghosh (b), E3SMv2 (c), E3SMv2-Ghosh (d), CanAM5-PAM (e), CanAM5-PAM-Adj (f), and NorESM2 (g). Intensity of the

line colours indicates the iSSA emission rate, with lighter colours corresponding to lower emission rates and darker colours corresponding

to higher emission rates. We omit Nd bins that contain fewer than 0.1% of the grid points. Dots show the regional average anomalies for the

Southeast Pacific (SEP) region, defined as 30S to 0 and 120E to 70E.

reducing the cloud adjustment strength. We see weakly positive average CF adjustments in the low-adjustment models as well

(Fig. 5c,d,e,h). Thus, while the precipitation suppression effect is substantially weakened, it seems to still occur to some extent.375
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Inter-model differences in how ERFaci depends on Nd is largely driven by these differences in cloud adjustments (Fig.

3f). The models fall into two groups following the cloud adjustment strengths: CESM2, CESM2-Ghosh, NorESM2, and

CanAM5-PAM-Adj show higher ERFaci susceptibility and UKESM1, E3SMv2, E3SMv2-Ghosh, and CanAM5-PAM show

lower ERFaci susceptibility. Figure 6 shows the total SW cloud forcing as well as the forcing due only to the change in cloud

amount for each model grid point, binned by the Nd anomaly of each grid point. The majority of the ERFaci is from an380

increase in cloud albedo (Twomey effect and LWP changes), even in models with larger cloud fraction changes.

All eight models show a reduction of ERFtot per ∆Nd at higher iSSA emission rates, as indicated by the shallower slopes

of the binned averages. This is firstly due to the spatial distribution of low clouds, which decreases going west from the three

emission regions. As emissions increase, more aerosol is transported west along the climatological trade winds into these less

cloudy regions, because the grid-box average ERFaci is generally weaker if there are fewer clouds. In Fig. S7, which shows385

analytic estimates of the Twomey forcing, we see that the forcing curve at different emission rates become similar if we assume

a uniform cloud fraction for both CESM2, CESM2-Ghosh, E3SMv2, and E3SMv2-Ghosh. There is also a secondary effect

from the interaction between the ERFari and ERFaci. Increasing ERFari above the clouds decreases the transmissivity of

the free troposphere (Fig. S6), which reduces the forcing effect of cloud albedo increases. Thus, accounting for this change in

free troposphere transmissivity decreases ERFaci for a given Nd perturbation, bringing the Twomey effect estimates slightly390

closer to the real model results in Fig. S7. However, we have not quantified the effect of relative increases in the diffuse versus

direct radiation flux, which may increase the scattering by low clouds (Gristey and Feingold, 2025), which may offset this

effect.

These effects have two interesting consequences: reductions in cloud albedo forcing even when activation is not saturated

in CanAM5-PAM (Fig. 6e,f) and "fishhooks" in ERFaci at high Nd values in CESM2, E3SMv2, and NorESM2 (cases where395

two simulations can have similar Nd anomalies, but the higher emission rate case sees lower forcing - Fig. 3f; Fig. 6a,c,g).

This "fishhook" behaviour results from a combination of the unrealistically strong activation suppression in the ARG2000

scheme and the reduced forcing efficiency of higher emission rate cases, resulting in a situation where not only do activation

rates decrease as iSSA emissions increase, but the albedo change is reduced for the activated particles as well. This fishhook

behaviour does not occur in models with the Ghosh ARG2000 parameter changes (Fig. 6b,d,i) because increased droplet400

activation increases forcing faster than the transport and transmissivity effects decrease it. It may occur in UKESM1, but we

have not tested sufficiently high emission rates to see this behaviour (Fig. 6h). This reduced efficiency is clearest when looking

at the grid-point-wise forcing. In the global mean (Fig. S4f), the grid-point efficiency reductions are offset by the fact that

as iSSA emissions increase, aerosol transport means an increasingly large region will see significant CCN enhancements and

there will be a larger region of brightening. Thus, the saturation of forcing is less severe in the global mean, emphasizing the405

importance of aerosol deposition and transport in determining MCB efficacy.
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Figure 6. Time-mean total cloud forcing (solid lines) and cloud amount forcing (dashed lines), bin-averaged across spatial grid points by

the time-mean Nd anomaly, for CESM2 (a), CESM2-Ghosh (b), E3SMv2 (c), E3SMv2-Ghosh (d), CanAM5-PAM (e), CanAM5-PAM-Adj

(f), and NorESM2 (g). Cloud forcing and cloud amount forcing are diagnosed using APRP. Intensity of the line colours indicate the iSSA

emission rate, with lighter colours corresponding to lower emission rates and darker colours corresponding to higher emission rates. We omit

CCN bins that contain fewer than 0.1% of grid points. Dots show the regional average anomalies for the Southeast Pacific (SEP) region,

defined as 30S to 0 and 120E to 70E.
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5 Direct Aerosol forcing

We see a smaller but still substantial 2× range in ERFari sensitivity, from −0.0085 Wm−2 per Tg yr−1 (NorESM2) to

−0.0191 Wm−2 per Tg yr−1 (CanAM5-PAM-Adj) (Fig. 2e). In contrast to ERFaci, where it is better to compare the models’

forcing versus iSSA number flux, for ERFari it is more meaningful to compare forcing per iSSA mass flux. This is because410

scattering of a single aerosol increases with the cross-sectional area of the particles A∝ r2 while the mass scales with the

volume V ∝ r3. The scattering per mass scales as ∝ σscatA/V for scattering efficiency σscat (Bellouin and Yu, 2022). For the

aerosol size range we consider here (mainly in the accumulation mode), σscat ∝ r, resulting in similar aerosol scattering per

mass across the models despite different iSSA emission size distributions. This also means that the slope of ERFari vs. the

iSSA number flux varies widely across the models (Fig. 2f).415

CanAM5-PAM-Adj has particularly strong direct aerosol forcing, which we hypothesize is due to the ∼7 day iSSA lifetime

in this model (Fig. 7), which is much longer than the ∼2.5 to 4.5 days in six of the other models (Fig. 7). We hypothesize

that the long lifetime is due to strong precipitation suppression by the iSSA in the model, as the reduced precipitation rate in

turn reduces the aerosol wet deposition rate and increases the residence time of aerosol in the troposphere. However, when

we exclude CanAM5-PAM-Adj there is no longer a correlation between iSSA lifetime and direct aerosol forcing efficiency420

(R2 = 0.11). Interestingly, we see that both CESM2-Ghosh and E3SMv2-Ghosh have a shorter iSSA lifetime and lower direct

aerosol forcing efficiency than their default ARG2000 counterparts, CESM2 and E3SMv2. This may be due to the higher

activation rates when using the Ghosh parameter changes to ARG2000, which increases the amount of cloud-borne aerosol

and increases the rate of aerosol removal by precipitation formation.

6 Discussion and Conclusions425

Improved ESM capabilities are crucial for credible assessments of the potential benefits, harms, and feasibility of solar radi-

ation modification (SRM) technologies like MCB. This is particularly true for determining the potential climate impacts of

SRM: because any test or experiment large enough to detectably alter the climate is indistinguishable from a deployment (Do-

herty et al., 2026), models are our only tool for estimating SRM’s potential climate effects in advance of making deployment

decisions. Notable recent progress has been made in our understanding of potential MCB climate effects (Haywood et al.,430

2023; Rasch et al., 2024; Chen et al., 2024a; Hirasawa et al., 2026a, b). However, inter-model differences in the representation

of MCB radiative forcing remain large, making it difficult to use ESMs to credibly estimate the large-scale efficacy of MCB

and thus estimate the iSSA emission rates that might be required for an actual deployment.

In this study, we aim to better quantify the range in MCB efficacy across different ESMs, with the aim of clarifying the pro-

cesses driving inter-model spread and identifying paths toward better constraints. To do so, we compare the MCB ERF across435

six Coupled Model Intercomparison Project Phase 6 (CMIP6) models plus parameterization variants for three of those models.

This represents the largest ESM inter-comparison for MCB using iSSA to date and provides an unprecedented quantification

of non-linearity in the aerosol-cloud interactions by comparing the ESMs across a range of iSSA emission rates.
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Figure 7. Direct aerosol forcing mass efficiency versus accumulation mode SSA lifetime for CESM2, CESM2-Ghosh, E3SMv2, E3SMv2-

Ghosh, CanAM5-PAM, CanAM5-PAM-Adj, UKESM1-Ghosh, and NorESM2. x-error bars show one standard error in the linear regression

used to compute the aerosol lifetime. y-error bars show the one standard error range of the direct aerosol forcing mass efficiency.

We find inter-ESM spread arises across the chain of processes from iSSA emission to cloud adjustments. The results here

further emphasize the critical role of the emitted iSSA size distribution used in each model in determining MCB ERFaci that440

have been previously highlighted in studies using parcel models (Connolly et al., 2014; Wood, 2021) and in previous ESM

studies (Alterskjaer and Kristjánsson, 2013; Ahlm et al., 2017). In this study, different ESMs have adopted different iSSA

size distributions that depended on the implementation of each model’s natural wind-driven SSA emission parameterization

and atmosphere aerosol size modes. This presents a challenge, because the model spread introduced by variations in the iSSA

emission size distribution is large, but does not represent actual model structural uncertainty. Ideally, future intercomparisons445

would use aerosol treatments that ensure consistent iSSA size distributions across models. However, this may not be practical
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in some models. Thus, careful documentation of emitted MCB iSSA size distributions and CCN diagnostics are necessary to

properly interpret MCB signals.

Although aerosol activation is relatively well understood through κ-Köhler theory, differences in ESM parameterizations

nevertheless drive large inter-model spread in activation rates, especially in polluted conditions. Like previous work (Altersk-450

jaer and Kristjánsson, 2013; Connolly et al., 2014), we find that models using the Abdul-Razzak and Ghan (2000) activation

parameterization (CESM2, E3SMv2, NorESM2, UKESM1) tend to saturate strongly at high CCN concentrations, and even

have reductions in Nd at very high CCN concentrations. We examine the effect of the unrealistically strong vapour competition

effect and consequent activation suppression in ARG2000 by conducting additional CESM2, E3SMv2, and UKESM1 simu-

lations in which the ARG2000 parameterization is re-tuned to alleviate this artificially strong competition following Ghosh455

et al. (2025). Comparing CESM2-Ghosh, E3SMv2-Ghosh, and UKESM1-Ghosh to their default counterparts, we see that the

new parameters significantly increase the activation rate, with saturation of activation occurring at much higher CCN con-

centrations, and we no longer see reductions in Nd at high emission rates. These changes result in much larger ERFaci in

these three models. We also examine the GFDL-AM4 model which has been noted to have ERFari-dominated MCB forcing

(Mahfouz et al., 2023). We find this model produces very small cloud droplet activation fractions, likely because the activation460

parameterization uses a fixed size distribution and thus does not conserve iSSA number concentration. Other factors, such

as the updrafts computed by the planetary boundary layer turbulence parameterization, background CCN, and the iSSA size

distribution width also play important roles in inter-model differences in activation, which will be discussed in more detail in

a forthcoming article.

Finally, we see large differences in ERFaci from cloud adjustments, with one set of models showing weakly positive cloud465

fraction and LWP effects as Nd increases and another set of models showing strong increases in both. The importance of

these effects is shown by comparing E3SMv2 versus CESM2 and CanAM5-PAM versus CanAM5-PAM-Adj. In E3SMv2,

the KK2000 cloud droplet autoconversion scheme has been altered to better match in situ observations, substantially reducing

its dependence on Nd compared to previous E3SM versions and CESM2, resulting in much weaker cloud adjustments (Ma

et al., 2021). In CanAM5-PAM, the default configuration of the autoconversion parameterization assumes a constant Nd while470

the CanAM5-PAM-Adj configuration enables Nd dependence, resulting in strong cloud adjustments to iSSA. In both cases,

this substantially increases the ERFaci from MCB, with a factor of ∼2x difference between E3SMv2/CanAM5-PAM and

CESM2/CanAM5-PAM-Adj. Interestingly, this 2x range due to cloud adjustments is smaller than the inter-model spread due

to differences in iSSA size distribution and aerosol activation, indicating that MCB ERFaci spread could be readily reduced

by addressing these two relatively "low-hanging fruit" for which there is clearer process understanding. This is notable because475

cloud adjustments are the most difficult component of aerosol-cloud interaction chain to model and observationally constrain.

Indeed, many ESMs do not include key sub-grid processes such as the entrainment response to cloud droplet sedimentation and

sub-grid mesoscale circulations that influence the MCB cloud response (Feingold et al., 2024; Chun et al., 2023; McMichael

et al., 2024).

In contrast to ERFaci, the ERFari dependence on iSSA mass flux is relatively consistent across the ESMs at ≈−0.1 Wm−2 per480

Tg yr−1 of iSSA. However, we do see some inter-model variations that are related to differences in aerosol lifetime. Because
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ERFari increases consistently even at high iSSA emission rates, we see monotonic increases in MCB ERFtot as iSSA emis-

sions increase, even in cases where ERFaci begins to decrease. Thus, these ESMs indicate that there is no regime where

additional iSSA emissions will induce large-scale net warming, a concern that has been raised in previous work (Alterskjaer

and Kristjánsson, 2013). However, it is the case that the efficiency of iSSA emissions decreases substantially as ERFaci satu-485

rates.

Unlike previous studies (Ahlm et al., 2017; Mahfouz et al., 2024), we find that ERFaci is the main source of forcing up to

∼−2 Wm−2 for seven of the ten models we tested here, and for nine of ten up to -1 Wm−2. Indeed, GFDL-AM4 is the only

model where ERFari is the dominant source of forcing for all emission rates we tested, which we attribute to its unrealistically

weak iSSA activation rate (Mahfouz et al., 2024). We posit that the differences between this study and Ahlm et al. (2017) arise490

from: 1) smaller aerosol sizes used in this study, which results in much higher Nd concentrations (which drives ERFaci)

relative to SSA mass (which drives ERFari), 2) region selection, as we emit into the subtropical eastern Pacific and Atlantic

stratocumulus regions only, in contrast to emitting into the entire tropics, 3) testing of lower emission rates, as ERFari tends

to dominate at high emission rates when activation becomes saturated and even declines and because ERFari tends to mask

the ERFaci effect when free troposphere iSSA concentrations increase.495

Furthermore, by computing the aerosol forcing across many different aerosol emission rates, we have been able to examine

novel processes and interactions. We found that aerosol-cloud interactions can influence ERFari by modulating the aerosol

lifetime, most notably in the case of CanAM5-PAM-Adj where Nd-induced precipitation suppression reduces iSSA wet depo-

sition, thereby increasing ERFari. Conversely, we found that direct scattering by iSSA above clouds at higher emission rates

can reduce the transmissivity of the free troposphere, thus reducing ERFaci.500

Based on these results, we posit that while the inter-ESM spread in MCB forcing is large, much of it can be readily resolved

with modest model improvements. A critical first step would be to ensure consistent and realistic iSSA size distributions are

used for MCB simulations. This may require that modelers introduce iSSA separately from the natural SSA parameterization.

Since most modern models use two-moment modal aerosol schemes, emitting a number and mass flux corresponding to a

consistent volume radius will substantially reduce model differences. Different choices in accumulation mode distribution505

width (e.g., geometric standard deviation, σg) will, however, still produce some model differences in emission size distribution.

Secondly, activation parameterizations could be updated to treat accumulation mode iSSA particles separately from natural

coarse mode SSA for models such as GFDL-AM4, or by re-tuning parameters in the commonly used ARG2000 to reduce the

vapour competition effects at high CCN concentrations. The latter requires no structural changes to the models and substantially

improves their performance for MCB conditions, slightly improves modeling of present-day Nd, and has modest effects on510

present-day climate (Ghosh et al., 2025; Riipinen et al., 2026). Furthermore, even without explicitly resolving these model

differences, if models include key diagnostic variables, offline emulators can be used to reconcile the models if sufficiently

detailed diagnostics are retained by modelers. In a follow-up study we will conduct such a comparison using a parcel model.

The results here indicate, however, that substantial inter-ESM differences will remain even after resolving differences in

size distribution and activation parameterization. The representation of cloud adjustments in ESMs is a persistent challenge515

for evaluating the forcing from present-day anthropogenic and natural aerosol emission that will not be resolved without
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deeper improvements to process understanding and process representation in ESMs. Thus, MCB studies will benefit from

efforts to update aerosol and cloud parameterizations in ESMs using constraints from high resolution modeling, observations

of experiments-of-opportunity, and potential future outdoor aerosol release studies. Conversely, modeling studies simulating

MCB can provide insight into the representation of aerosol-cloud interactions because they conduct ESM simulations with520

large aerosol perturbations of well-known mass flux, number flux, and size distribution. As shown above, this enables clearer

process comparisons across models than preindustrial to present-day aerosol emission changes, where it is necessary to account

for secondary aerosol formation, differences in chemical processing, and the radiative effect of different aerosol species. These

processes are likely not of primary importance in distinguishing model differences for MCB scenarios, and they require more

detailed analysis of other non-linearities in aerosol-cloud interactions. More consistent treatment of the iSSA emissions with525

improving parameterizations together provides a path towards creating ESM simulations that can be credibly used to assess the

feasibility, benefits, and harms of MCB as a potential future climate intervention.
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