
1 
 

Technical note: Aerosol forcing decomposition methods and 
recommendations 
Haozhe He1, Brian J. Soden2, Ryan J. Kramer3, Gabriel A. Vecchi1,4, Jianhao Zhang5,6, Chanyoung 
Park2,7 
1High Meadows Environmental Institute, Princeton University, Princeton, NJ, USA 5 
2Rosenstiel School of Marine, Atmospheric and Earth Science, University of Miami, Miami, FL, USA 
3NOAA Geophysical Fluid Dynamics Laboratory, Princeton, NJ, USA 
4Department of Geosciences, Princeton University, Princeton, NJ, USA 
5Cooperative Institute for Research in Environmental Sciences (CIRES), University of Colorado Boulder, Boulder, CO, USA 
6NOAA Chemical Sciences Laboratory, Boulder, CO, USA 10 
7Department of Environmental Sciences, University of Virginia, Charlottesville, VA, USA 

Correspondence to: Haozhe He (haozhe.he@princeton.edu) 

Abstract. Aerosol effective radiative forcing (ERF), particularly its aerosol–cloud interaction component (ERFaci), is 
commonly diagnosed using decomposition methods such as online double-call, approximate partial radiative perturbation 
(APRP), radiative kernels, and related proxy diagnostics. These approaches differ in whether they rely on aerosol-free or 15 
aerosol-inclusive formulations and in whether they account for cloud masking of non-cloud adjustments and, where relevant, 
direct aerosol effects. Here we identify a systematic bias in ERFaci estimation arising from aerosol vertical structure. When 
aerosols reside above clouds, they attenuate incoming shortwave radiation before it reaches cloud top, thereby reducing the 
radiative impact of a given cloud perturbation. As a result, methods based on aerosol-free radiative sensitivities overestimate 
the shortwave component of ERFaci, with the bias amplified in colder climate states where aerosol-over-cloud configurations 20 
are more prevalent. Thus, an apparent weakening of shortwave ERFaci with warming may reflect not only a physical change 
in cloud response but also a reduction in aerosol-over-cloud bias as the background climate changes. In addition, neglect of 
cloud masking can misattribute direct aerosol effects and non-cloud adjustments. Because aerosol forcing is partitioned into 
direct and cloud-mediated components, this bias also affects the inferred aerosol–radiation interaction component. 
Simulations across multiple climate states show that diagnosed ERF partitions exhibit apparent state-dependence arising 25 
from both methodological biases and physical changes. These results highlight a broader limitation of decomposition 
frameworks that neglect aerosol vertical structure and cloud masking, and they underscore the need for cautious 
interpretation of ERF partitioning. 
 

1 Introduction 30 

Aerosols remain one of the largest sources of uncertainty in estimates of effective radiative forcing (ERF; Forster et al., 

2021). They influence the Earth’s energy balance both directly, through interactions with radiation, and indirectly, by 

modifying cloud properties. Following the Intergovernmental Panel on Climate Change (IPCC) framework (Boucher et al., 

2013; Forster et al., 2007, 2021; Myhre et al., 2013), aerosol forcing is commonly decomposed into contributions from 

aerosol–radiation interactions (ERFari) and aerosol–cloud interactions (ERFaci), each comprising an instantaneous radiative 35 

forcing (IRF) and subsequent rapid adjustments. This decomposition provides a useful framework for relating bulk radiative 

forcing to distinct physical processes. 
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The ERFari component arises from the scattering and absorption of radiation by aerosols, governed by their optical 

properties, atmospheric loading, and vertical distribution (e.g., Haywood and Boucher, 2000; Penner et al., 2001; 

Ramaswamy et al., 2001). It consists of IRFari, defined as the direct perturbation to top-of-atmosphere (TOA) radiative fluxes 40 

due to aerosol–radiation interactions, and rapid adjustments that are independent of surface temperature change. These 

adjustments include both non-cloud atmospheric responses and cloud adjustments induced by aerosol-driven changes in 

atmospheric thermal structure, often referred to as semi-direct effects (Hansen et al., 1997; Ackerman et al., 2000). 

In contrast, ERFaci reflects the influence of aerosols on cloud microphysical and macrophysical properties. Its instantaneous 

component, IRFaci, is primarily associated with increases in cloud droplet number concentration and corresponding decreases 45 

in droplet size at fixed liquid water content, leading to enhanced cloud albedo (the Twomey effect; Twomey, 1977). This is 

followed by a range of rapid adjustments, whereby reduced cloud droplet size suppresses precipitation efficiency, leading to 

increases in liquid water content, cloud lifetime (Albrecht, 1989), and cloud thickness (Pincus and Baker, 1994). Conversely, 

smaller droplets can enhance entrainment mixing with surrounding dry air, thereby reducing cloud liquid condensate (e.g., 

Wang et al., 2003, Xue and Feingold, 2006, Bretherton et al., 2007). These adjustments can be comparable in magnitude to 50 

the instantaneous component and are sensitive to environmental conditions (Bender et al., 2019; Chen et al. 2014; 

Christensen et al. 2017; Ghan et al., 2016; Glassmeier et al., 2021; Gryspeerdt et al., 2017, 2019; Smith et al., 2020a; Toll et 

al., 2019; Zhang and Feingold, 2023). These processes remain highly uncertain, although recent assessments indicate a 

central estimate of ERFaci of −1.0 ± 0.7 W m-2, with strong agreement between observation-based and model-based estimates 

(Forster et al., 2021). In this technical note, ERFaci is defined as the total cloud-mediated radiative response, including both 55 

traditional aerosol–cloud interactions and cloud adjustments induced by aerosol radiative heating (i.e., semi-direct effects). 

This definition differs slightly from the strict IPCC classification, in which semi-direct effects are formally associated with 

ERFari, but is adopted here for consistency with common diagnostic practice. 

Despite their importance, aerosol radiative effects have historically been difficult to diagnose robustly in global climate 

models. Over time, coordinated modeling efforts, particularly within the Coupled Model Intercomparison Project (CMIP), 60 

have established standardized atmosphere-only experiments that enable more consistent diagnosis of aerosol ERF across 

models (Forster et al., 2016; Hansen et al., 2005; Pincus et al., 2016; Haywood et al., 2009; Lohmann et al., 2010). A range 

of diagnostic methods has been developed to partition aerosol forcing into aerosol–radiation and aerosol–cloud 

contributions. These include online double-call methods (Ghan, 2013), approximate partial radiative perturbation (APRP; 

Taylor et al., 2007; Smith et al., 2020a; Zelinka et al., 2014, 2023), radiative kernel approaches (Soden et al., 2008; Zelinka 65 

et al., 2012), and proxy diagnostics based on clear-sky fluxes and cloud radiative effect. Although these methods differ in 

implementation, most of them share a common feature: they diagnose the radiative impact of cloud or atmospheric changes 

using sensitivities or decompositions defined for a specified background state. In many practical applications, these 

diagnostics do not explicitly account for interactions between aerosol vertical structure and cloud radiative responses. 
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This limitation may become important across different climate states or aerosol configurations. When aerosols are located 70 

above clouds, they attenuate incoming shortwave radiation before it reaches cloud top. Under such conditions, the radiative 

effect of a given cloud perturbation is smaller than would be inferred from an aerosol-free kernel or related diagnostic (Figs. 

1a–c); methods that neglect this attenuation therefore overestimate the shortwave cloud radiative response and thus bias 

estimates of ERFaci. Because the prevalence and radiative importance of aerosol-over-cloud configurations can vary with the 

background climate, the magnitude of this attenuation and the resulting diagnostic bias may also differ across climate states, 75 

introducing apparent state-dependence in diagnosed forcing components. 

 
Figure 1: Schematic illustration of how aerosols above clouds and cloud masking affect estimates of ERFaci in an aerosol-only 
perturbation experiment with fixed SST, thereby excluding surface-temperature-mediated responses. (a–c) Idealized vertical 
structures (a) and the corresponding ERFaci diagnosed using aerosol-inclusive (b) and aerosol-free (c) methods, with the aerosol 80 
radiative effect in (a) shown under clear-sky conditions. (d–g) Idealized aerosol distributions (d) and the associated decomposition 
of ERFaci (g) into ΔCRE (e) and cloud-masking contributions (f); panel (d) shows the clear-sky aerosol radiative effect before cloud 
masking. Particular emphasis is placed on the masking of direct aerosol effects and non-cloud atmospheric adjustments. Arrows 
and bars are for illustrative purposes and are not plotted to scale. 

In this technical note, we examine this methodological issue. We first summarize commonly used aerosol forcing 85 

decomposition methods and their underlying assumptions, with particular attention to aerosol vertical structure and cloud-

masking effects. We then demonstrate how aerosol-over-cloud geometry biases ERFaci estimates and how this bias varies 

with climate state. Finally, using simulations across a range of imposed base-state climates, we show that diagnosed ERF 
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partitions reflect both methodological biases and genuine physical changes. Our goal is not to replace existing methods, but 

to clarify their interpretation and provide guidance for their application. 90 

2. Overview of common decomposition methods and their implicit assumptions 

Building on these standardized atmosphere-only experiments, in which sea surface temperature (SST) and sea ice are 

prescribed, aerosol ERF is often further decomposed into physically interpretable components using a small number of 

established diagnostic frameworks. Here, for clarity, we discuss these methods in the context of aerosol-only perturbation 

experiments with fixed SST, thereby avoiding complications from surface temperature mediated changes and their 95 

associated radiative feedbacks. It should be noted, however, that fixed-SST simulations still permit some land surface 

temperature changes; although these responses are usually small for aerosol forcing, they are not strictly negligible. Because 

this technical note focuses on the interpretation of these diagnostics rather than on a full methodological derivation, we 

summarize only their key features and the aspects most relevant to aerosol vertical structure and cloud-masking effects. 

Our discussion focuses primarily on the diagnosis of IRFari and ERFaci. We focus on IRFari, rather than total ERFari, for two 100 

reasons. First, non-cloud atmospheric rapid adjustments are diagnosed separately using the radiative kernel framework 

(Soden et al., 2008), which is the primary available method for estimating these adjustments, especially under all-sky 

conditions. Second, we do not attempt to isolate the semi-direct effect from the total cloud radiative response. Accordingly, 

ERFaci is interpreted as the total cloud-mediated radiative response, consistent with the definition adopted in the Introduction. 

A useful way to organize the available methods is to begin with the radiative flux quantities from which many 105 

decompositions are constructed, namely clear-sky and all-sky TOA radiative flux changes and the associated cloud radiative 

effect (CRE), and then consider the more formal diagnostic frameworks built on them. Here, CRE is defined as the 

difference between all-sky and clear-sky radiative fluxes. 

2.1 Cloud radiative effect and clear-sky flux changes 

For aerosol-only perturbation experiments with fixed SST, the simplest diagnostics of aerosol forcing are based on changes 110 

in all-sky and clear-sky radiative fluxes at the TOA, together with the associated change in CRE (ΔCRE). In this approach, 

ΔCRE is often used as a proxy for aerosol–cloud interactions (e.g., Chen et al., 2010; Gettelman et al., 2012; Hoose et al., 

2009; Rotstayn and Liu, 2005; Rotstayn and Penner, 2001), under the assumption that variations in cloud radiative impact 

primarily reflect aerosol-induced cloud changes. The corresponding clear-sky flux change is then often interpreted as a proxy 

for aerosol–radiation interactions, because it excludes the direct radiative effects of clouds. These diagnostics are 115 

straightforward and can be obtained directly from standard model output, making them attractive for intercomparison and 

exploratory analysis. 
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However, such proxy diagnostics do not provide a clean physical partition. ΔCRE can reflect not only aerosol-induced cloud 

changes, but also cloud masking of non-cloud atmospheric perturbations and, where relevant, direct aerosol effects (Soden et 

al., 2008; Figs. 1d–g). In addition, interpreting ΔCRE as aerosol–cloud forcing implicitly assigns the clear-sky forcing to the 120 

direct aerosol term. Ghan (2013) showed that this partition is biased because the inferred direct term reduces to a clear-sky 

estimate, which does not properly account for the radiative effects of aerosol located above clouds. In such cases, absorbing 

and scattering aerosol above clouds modify the all-sky direct effect through cloud masking, so the partition misattributes part 

of that signal to the cloud-mediated term. From the perspective of the present study, the same aerosol-over-cloud geometry 

also reduces the shortwave radiation reaching cloud top, thereby weakening the radiative sensitivity of cloud perturbations. 125 

Consequently, neither ΔCRE nor clear-sky flux anomalies provide a unique isolation of aerosol-cloud and aerosol–radiation 

interactions. These limitations are particularly important in the present context, because aerosol vertical structure, 

background climate state, and cloud masking can all affect how clear-sky and all-sky flux anomalies are interpreted. 

2.2 Radiative kernel method 

Radiative kernels provide a flexible framework for decomposing ERF into contributions from different physical processes by 130 

relating radiative perturbations associated with rapid adjustments to changes in atmospheric variables through precomputed 

radiative sensitivities (Soden et al., 2008). In aerosol forcing studies, they are particularly valuable because they provide the 

primary method for separating non-cloud atmospheric adjustment terms, including contributions from temperature, water 

vapor, and surface albedo changes, from the total radiative forcing, especially under all-sky conditions. 

In fixed-SST simulations, the TOA energy imbalance, ∆N, which is equivalent here to ERF, can be expressed as the sum of 135 

IRFari and the radiative response associated with rapid adjustments, ∆R: 

𝐸𝑅𝐹 = ∆𝑁 = 𝐼𝑅𝐹!"# + ∆𝑅,           (1) 

To first order, the radiative response can be decomposed into contributions from temperature (T), water vapor (q), surface 

albedo (a), and clouds (Cld): 

∆𝑅 = ∆𝑅$ + ∆𝑅% + ∆𝑅& + ∆𝑅'(),           (2) 140 

Following Soden et al. (2008), the non-cloud radiative responses are estimated directly with radiative kernels. For a given 

variable x, the adjustment can be written in linear form as 

∆𝑅* = 𝐾*∆𝑥,             (3) 

where Kx is the radiative kernel, representing the radiative sensitivity to perturbations in x, i.e., 𝐾* = 𝜕𝑅 𝜕𝑥⁄ , and ∆x is the 

simulated change in that variable; in practice, x typically represents temperature, water vapor, or surface albedo. In this work, 145 

we use the radiative kernels developed by Smith et al. (2020b), which are based on the atmospheric component of a recent-

generation climate model, HadGEM3, from the UK Met Office. 

Under clear-sky conditions, the same decomposition can be written as 

𝐸𝑅𝐹+(" = ∆𝑁+(" = 𝐼𝑅𝐹!"#+(" + ∆𝑅+(",          (4) 
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where the superscript “clr” denotes clear-sky conditions, and 150 

∆𝑅+(" = ∆𝑅$+(" + ∆𝑅%+(" + ∆𝑅&+(",           (5) 

This allows clear-sky IRFari to be diagnosed directly as  

𝐼𝑅𝐹!"#+(" = 𝐸𝑅𝐹+(" − ∆𝑅+(" = ∆𝑁+(" − .∆𝑅$+(" + ∆𝑅%+(" + ∆𝑅&+("/,       (6) 

The cloud radiative response, ∆RCld, which we denote here as ERFaci, cannot be diagnosed directly under all-sky conditions 

because cloud effects are embedded in the difference between all-sky and clear-sky radiative perturbations. In the traditional 155 

radiative kernel framework, ERFaci is therefore estimated from ΔCRE after correction for cloud masking (Soden et al., 2004, 

2008): 

𝐸𝑅𝐹!+# = ∆𝑅'() = ∆𝐶𝑅𝐸 − (∆𝑅$ − ∆𝑅$+(") − .∆𝑅% − ∆𝑅%+("/ − (∆𝑅& − ∆𝑅&+(") − .𝐼𝑅𝐹!"# − 𝐼𝑅𝐹!"#+("/,   (7) 

Here, the cloud-masking correction accounts for the fact that ΔCRE contains not only the radiative response to cloud 

changes, but also the all-sky minus clear-sky differences in non-cloud adjustments and IRFari. In other words, part of what 160 

appears in ΔCRE reflects the masking of non-cloud radiative perturbations by clouds rather than a true cloud radiative 

response. This distinction is central to the present study, because cloud masking also complicates the interpretation of 

aerosol-forcing partitions when aerosol vertical structure matters. 

Unlike the clear-sky case, all-sky IRFari cannot be diagnosed directly from the residual because estimating ∆RCld itself 

requires knowledge of IRFari. Following common practice (Soden et al., 2008; Vial et al., 2013), we therefore estimate all-165 

sky IRFari from the clear-sky value using a cloud-masking factor: 

𝐼𝑅𝐹!"# = 𝐼𝑅𝐹!"#+(" 𝐶𝑙⁄ ,            (8) 

where Cl is a constant representing the cloud masking of IRFari. 

For longwave forcing, we use a cloud-masking factor of 1.24, derived from the ratio of clear-sky to all-sky double-call 

radiative transfer estimates of CO2 IRF in the Precipitation Driver and Response Model Intercomparison Project (PDRMIP; 170 

Myhre et al., 2016; Smith et al., 2018). For shortwave aerosol forcing, we adopt a global-mean cloud-masking factor of 2.43 

following Kramer et al. (2021), derived from direct aerosol IRF output from MERRA-2 (Gelaro et al., 2017) and consistent 

with the observationally constrained range summarized by Bellouin et al. (2020). 

The key assumption underlying the radiative kernel framework is that radiative sensitivities are evaluated about a specified 

background state and can be applied linearly to the perturbation of interest. This approximation is often reasonable for 175 

diagnosing rapid adjustments within the fixed-SST configurations, but becomes more uncertain when the effective radiative 

sensitivities of the simulated perturbations differ substantially from those of the state in which the kernels were derived 

(Jonko et al., 2012). This issue is especially relevant here because cloud masking, aerosol vertical structure, and background 

climate state can all influence the effective radiative sensitivity of aerosol-induced perturbations. 
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2.3 Approximate partial radiative perturbation technique 180 

APRP is a shortwave decomposition method based on a simplified one-layer representation of shortwave radiative transfer 

(Taylor et al., 2007). Because it relies only on standard radiative flux output and does not require additional radiation calls, it 

is computationally efficient and has been widely used in model intercomparison studies to decompose shortwave aerosol 

forcing into contributions from different physical processes (e.g., Smith et al., 2020a; Zelinka et al., 2023). Using clear-sky 

and all-sky shortwave fluxes at the TOA and surface, together with cloud fraction, APRP diagnoses effective atmospheric 185 

scattering and absorption parameters and uses the resulting sensitivities of planetary albedo to attribute shortwave radiative 

changes to perturbations in surface albedo, clouds, and non-cloud atmospheric constituents, which in this case include water 

vapor and aerosols. In this sense, APRP provides an efficient approximation to the more rigorous but more difficult-to-

implement partial radiative perturbation (PRP) technique. Taylor et al. (2007) showed that APRP reproduces PRP-derived 

shortwave cloud and surface-albedo radiative responses reasonably well, with errors generally smaller than about 10 %. In 190 

this study, APRP is used to diagnose shortwave direct forcing and adjustment metrics. 

Because the non-cloud atmospheric contribution diagnosed by APRP includes both water vapor and aerosols, shortwave 

IRFari is estimated by subtracting the water vapor adjustment diagnosed using radiative kernels from this contribution, even 

though shortwave water vapor absorption is generally small. Since APRP is limited to shortwave radiation, longwave 

contributions in this work are diagnosed using radiative kernels under analogous aerosol-inclusive conditions, so the total 195 

estimate combines APRP-based shortwave terms with kernel-based longwave terms. For brevity, we refer to this hybrid 

approach as APRP+kernels. Despite the advantages noted above, APRP remains an approximate framework. It does not 

explicitly resolve the full three-dimensional coupling among aerosol vertical structure, cloud perturbations, and radiative 

transfer. As a result, although it is useful for diagnosing broad shortwave contributions, differences from more direct 

estimates may arise, particularly under aerosol-over-cloud conditions. 200 

2.4 Online double-call method 

Double-call radiative transfer calculations provide one of the most direct methods for diagnosing IRF in model simulations. 

In this framework, an additional diagnostic call to the radiation scheme is performed at each time step using the same 

atmospheric state but with a prescribed perturbation to the forcing agent. For aerosol applications, this typically involves 

neglecting aerosol scattering and absorption, thereby isolating the aerosol radiative perturbation within the model’s native 205 

radiation code. These calculations are used only for diagnostic purposes and do not feed back onto the simulated climate 

state. Because they are carried out online within the radiation code, the double-call method avoids some of the 

approximations inherent in offline decomposition approaches while providing a relatively direct estimate of aerosol forcing 

components. 

A widely used implementation of this approach is the aerosol-free radiative decomposition introduced by Ghan (2013). In 210 

this framework, the model archives the standard all-sky and clear-sky radiative fluxes, F and Fclr, together with their aerosol-
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free counterparts from the additional diagnostic radiation call, Faf and Fclr, af, where the superscript ‘af’ indicates that aerosol 

scattering and absorption are neglected. In the notation of Ghan (2013), the total aerosol forcing can then be decomposed as 

𝐸𝑅𝐹 = ∆𝐹 = ∆(𝐹 − 𝐹!,) + ∆(𝐹!, − 𝐹+(",!,) + ∆𝐹+(",!,,        (9) 

where the first term represents the direct aerosol radiative forcing (IRFari), the second term the cloud-mediated forcing 215 

(ERFaci), and the third term is primarily associated with aerosol-induced changes in surface albedo. Because this third term is 

defined under clear-sky conditions, it can also include contributions from non-cloud adjustments that are not naturally 

assigned to either the direct aerosol or cloud-mediated components (Zelinka et al., 2023). In this framework, the ERFaci term 

can also be interpreted as ΔCREaf, which provides a useful point of comparison with other decomposition methods. 

This framework has been widely used because, by diagnosing forcing components directly within the online radiation code, 220 

it yields terms that are more closely tied to the underlying radiative processes than simpler ΔCRE and clear-sky flux 

changes, while leaving the total aerosol forcing unchanged. It has also been extended to partition aerosol–cloud interactions 

into contributions associated with cloud droplet number, liquid water path, and cloud fraction adjustments (e.g., Gryspeerdt 

et al., 2020). 

However, aerosol-free radiative calculations still rely on assumptions that are important in the present context. In particular, 225 

by diagnosing cloud-mediated radiative effects under aerosol-free conditions, they implicitly assume that the radiative 

sensitivity to cloud changes is unaffected by aerosol vertical structure. When aerosols are located above clouds, this 

assumption can break down. In such cases, overlying aerosol reduces the shortwave radiation reaching cloud top, so the 

actual radiative impact of a given cloud perturbation differs from that inferred under aerosol-free conditions. Consequently, 

even online double-call methods can complicate the interpretation of the partition between direct and cloud-mediated forcing 230 

when aerosol-over-cloud geometry is important. 

2.5 Cloud radiative kernel method 

Another common approach for diagnosing ERFaci is the cloud radiative kernel method, in which cloud changes are 

represented as functions of cloud-top pressure and optical depth, and then combined with precomputed radiative sensitivities 

to estimate the cloud radiative response. In practice, this is often implemented using satellite-simulator output, most 235 

commonly from the ISCCP (International Satellite Cloud Climatology Project) simulator and, when available, from the 

MODIS (Moderate Resolution Imaging Spectroradiometer) simulator. For example, the ISCCP simulator provides a joint 7 × 

7 histogram of cloud visible optical depth and cloud-top pressure (Klein and Jakob, 1999; Webb et al., 2001), which can be 

combined with the corresponding simulator kernel to estimate the associated shortwave and longwave TOA radiative effects 

(Zelinka et al., 2012). This approach links changes in cloud properties directly to their radiative effects, providing a compact 240 

and physically interpretable estimate of cloud-mediated forcing that is readily applicable across models. 

In contrast to ΔCRE-based approaches, the cloud radiative kernel method does not infer the cloud radiative response from 

all-sky and clear-sky flux differences and therefore does not require the same explicit correction for cloud masking of non-
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cloud adjustments. It has also been shown to agree well with cloud feedback estimates derived from radiative kernel methods 

(Zelinka et al., 2012; He et al., 2024), which account for cloud masking of non-cloud adjustments. This agreement is 245 

consistent with the cloud radiative kernel method capturing the corresponding cloud radiative response without requiring 

these adjustments to be explicitly subtracted. However, cloud radiative kernels are generally developed for cloud feedback 

calculations and are most commonly derived from offline radiative-transfer calculations under aerosol-free conditions 

(Zelinka et al., 2012). Applying these kernels to ERFaci therefore implicitly assumes that the amount of incident shortwave 

radiation reaching the cloud layer is unaffected by aerosol perturbations above cloud top. As in the double-call framework 250 

discussed above, this assumption can fail under aerosol-over-cloud conditions, where overlying aerosol reduces the 

shortwave radiation reaching the cloud layer. As a result, the actual shortwave radiative impact of a given cloud perturbation 

is smaller than that predicted by the aerosol-free kernel, so diagnosed shortwave ERFaci can be biased toward more negative 

values. 

2.6 Relevance to this note 255 

The methods summarized above provide complementary perspectives on aerosol forcing decomposition and differ in their 

assumptions, required diagnostics, and sources of uncertainty. These methodological characteristics, including the treatment 

of aerosol radiative effects, cloud masking, and the main diagnosed components, are summarized in Table 1. None is 

inherently invalid. The point emphasized in this technical note is more specific: the interpretation of these decompositions 

depends critically on how they treat aerosol vertical structure, which affects the radiative sensitivity of cloud perturbations, 260 

and on whether they account for the cloud-masking effects of non-cloud adjustments and direct aerosol forcing. 

Table 1. Characteristics summary of aerosol-forcing decomposition methods considered in this study. 

Method Aerosol treatment for ERFaci Treatment of cloud masking Main diagnosed components 

ΔCRE / 

clear-sky 

flux change 

Aerosol-inclusive: uses standard aerosol-

containing all-sky and clear-sky radiative 

fluxes 

Not explicitly corrected. ΔCRE 

contains cloud masking of non-

cloud adjustments and direct 

aerosol effects 

SW + LW: ΔCRE as a proxy for 

ERFaci; clear-sky flux change as 

a proxy for IRFari 

Radiative 

kernels 

Aerosol-inclusive: uses standard aerosol-

containing all-sky and clear-sky radiative 

fluxes together with precomputed kernels 

applied to simulated temperature, water 

vapor, and surface albedo changes 

Explicitly corrected for cloud 

masking of non-cloud 

adjustments and direct aerosol 

forcing (IRFari); all-sky IRFari 

requires an assumed cloud-

masking factor 

SW + LW: ERFaci, IRFari, and 

non-cloud adjustments from 

temperature, water vapor, and 

surface albedo 

APRP Aerosol-inclusive: uses standard aerosol- No conventional cloud- SW only*: SW ERFaci, including 
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containing all-sky and clear-sky SW fluxes 

at the TOA and surface, together with 

cloud fraction 

masking correction required. 

The cloud contribution is 

diagnosed directly from its 

contribution to the change in 

planetary albedo rather than 

inferred from ΔCRE 

cloud amount, scattering, and 

absorption contributions; non-

cloud atmospheric contribution; 

and surface albedo contribution. 

SW IRFari is obtained from the 

non-cloud atmospheric 

contribution after subtracting the 

water vapor adjustment 

Online 

double-call 

Aerosol-free for ERFaci: uses aerosol-free 

ΔCRE (ΔCREaf), calculated from aerosol-

free all-sky and clear-sky radiative fluxes 

obtained from an additional online 

radiation call; attenuation of shortwave 

radiation by aerosol above cloud is not 

represented 

Not explicitly corrected. 

ΔCREaf retains cloud masking of 

non-cloud adjustments, while 

cloud masking of direct aerosol 

forcing is absent by construction 

SW + LW: ERFaci and IRFari, 

plus an aerosol-free clear-sky 

term primarily associated with 

surface albedo and other non-

cloud adjustments 

Cloud 

radiative 

kernels 

Aerosol-free for ERFaci: uses cloud-

simulator output combined with 

precomputed cloud radiative kernels, most 

commonly derived from radiative-transfer 

calculations without aerosol radiative 

effects; attenuation of shortwave radiation 

by aerosol above cloud is not represented 

No conventional ΔCRE cloud-

masking correction required. 

Cloud-property changes are 

mapped directly to radiative 

effects. This approach has been 

shown to agree well with cloud 

feedback estimates derived using 

radiative kernels that explicitly 

account for cloud masking 

SW + LW: ERFaci, including 

contributions from changes in 

cloud amount, optical 

depth/scattering, and cloud 

altitude 

*: SW only, but radiative kernels are used for LW components and the SW water vapor adjustment in this study. 

In particular, methods formulated under aerosol-free conditions, or methods that do not explicitly account for cloud masking 

of non-cloud atmospheric adjustments and, especially, direct aerosol effects, can misattribute forcing when aerosol vertical 265 

structure is important. This issue is especially consequential when aerosols reside above clouds, because aerosol-over-cloud 

geometry reduces the effective shortwave radiative sensitivity of cloud perturbations relative to that implied by aerosol-free 

conditions. This effect is related to, but distinct from, traditional cloud masking in clear-sky versus all-sky decompositions, 

because it reflects a change in the effective radiative sensitivity of cloud perturbations themselves rather than only the 

masking of non-cloud radiative terms by clouds. 270 
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Consequently, aerosol-over-cloud geometry can bias the diagnosed shortwave ERFaci high and can also affect the inferred 

partition between direct and cloud-mediated forcing. The central methodological concern here is therefore not that any one 

decomposition framework is universally incorrect, but that many practical implementations assume that the radiative effect 

of a cloud perturbation can be evaluated independently of aerosol vertical structure. That assumption can break down under 

aerosol-over-cloud conditions and, as shown later, can contribute to the apparent state-dependence of diagnosed aerosol 275 

forcing components. 

3 State-dependence of diagnosed forcing components 

Because each of the decomposition methods discussed above relies on its own set of assumptions, evaluation within a single 

base-state provides only a limited assessment of method behavior. Here, we assess these decomposition frameworks across a 

broad range of base-state climates, allowing their state-dependence and associated methodological biases to be examined 280 

explicitly. 

The cloud background state varies systematically with climate. As climate warms, increased atmospheric moisture generally 

favors optically thicker clouds and greater cloud liquid water, whereas colder climates, particularly at high latitudes, tend to 

have thinner or less liquid-rich clouds (Fig. A1). These differences influence both aerosol–cloud overlap and the radiative 

sensitivity of cloud perturbations. In colder climates, aerosols are more likely to reside above rather than within the cloud 285 

layer, increasing the prevalence of aerosol-over-cloud configurations. This pattern may partly reflect relatively limited cloud 

processing and precipitation removal in colder climates, where the availability of liquid water is lower (He et al., 2026). As a 

result, attenuation of incoming shortwave radiation by overlying aerosol has a larger relative effect on the radiative 

sensitivity of cloud changes. Consequently, the aerosol-over-cloud bias is not expected to remain constant across climate 

states. Decomposition frameworks based on aerosol-free radiative sensitivities can therefore spuriously introduce or amplify 290 

apparent trends in ERF partitions across climate states. An apparent weakening of shortwave ERFaci with warming may thus 

reflect not only a genuine physical change in cloud response, but also a reduction in the bias associated with aerosol-over-

cloud geometry as the background climate changes. 

3.1 Experimental framework 

To examine how these decomposition methods behave across climate states, we analyze a set of atmosphere-only 295 

simulations performed with GFDL-AM4.0 (Zhao et al., 2018a, b) and GFDL-AM4-MG2 (Guo et al., 2021) under prescribed 

SST and sea-ice boundary conditions on the Princeton University Tiger2 supercomputer. GFDL-AM4.0 is the standard 

atmospheric model configuration, whereas GFDL-AM4-MG2 implements the two-moment Morrison–Gettelman bulk cloud 

microphysics scheme with prognostic precipitation (Gettelman and Morrison, 2015), together with a mineral-dust- and 

temperature-dependent ice-nucleation scheme (Fan et al., 2019). These simulations were originally developed to investigate 300 

the state-dependence of cloud feedback (He et al., 2024). A present-day reference simulation (0K) is integrated for 30 years 
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using monthly climatological SST and sea ice for 1986–2005, with radiatively active gas concentrations and aerosol 

emissions fixed at corresponding present-day values representative of 1990s conditions. The atmosphere is free-running, 

without wind nudging. Additional experiments are then performed with uniform SST perturbations of −8 K, −4 K, +4 K, and 

+8 K, denoted m8K, m4K, p4K, and p8K, respectively. For each base-state climate, a corresponding simulation is conducted 305 

with preindustrial aerosol emissions under otherwise identical boundary conditions and forcings, with the present-day 

aerosol case treated as the perturbed experiment and the preindustrial aerosol case as the control experiment. This design 

allows aerosol forcing to be diagnosed separately within each base-state climate as the difference between the present-day 

and preindustrial aerosol cases, thereby making its dependence on background climate explicit. 

The differences between the two model configurations are not the primary focus of this technical note, although their distinct 310 

cloud microphysics provide useful context for interpreting the results. Instead, the use of two distinct models provides a 

broader basis for evaluating the decomposition methods across different background cloud states and aerosol–cloud 

configurations. Our emphasis here is therefore not on the full physical interpretation of state-dependent aerosol forcing, 

which is addressed in a parallel study, but on how different decomposition methods behave across this range of base-state 

climates. 315 

3.2 Estimates of ERFaci across methods 

Figure 2 compares the diagnosed ERFaci across decomposition methods for the five base-state climates in GFDL-AM4.0 and 

GFDL-AM4-MG2. Aerosol-free estimates (undotted bars in Fig. 2) from the online double-call and cloud radiative kernel 

methods are shown together with aerosol-inclusive estimates (dotted bars in Fig. 2) from the APRP+kernels, radiative kernel, 

and CRE proxy methods, allowing the influence of aerosol-over-cloud treatment on the diagnosed forcing to be assessed 320 

directly. 
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Figure 2: Total, shortwave, and longwave ERFaci diagnosed using different decomposition methods across the five base-state 
climates. Rows from top to bottom show total, shortwave, and longwave results, respectively. The left column shows GFDL-AM4.0 
and the right column shows GFDL-AM4-MG2. For each climate state, bars without overlaid dots indicate estimates from aerosol-325 
free decomposition methods, whereas bars with overlaid dots indicate estimates from aerosol-inclusive methods. The vertical axis 
range in the bottom row is half that used in the top and middle rows. 

A clear feature of the figure is that aerosol-free methods generally diagnose a stronger negative ERFaci than aerosol-inclusive 

methods. This discrepancy is dominated by the shortwave component, where the separation between aerosol-free and 

aerosol-inclusive estimates is systematically largest. The behavior is consistent with the mechanism discussed above: when 330 

aerosols reside above cloud top, aerosol-free methods evaluate cloud perturbations using a shortwave radiative sensitivity 

that is too large because attenuation of incoming solar radiation by overlying aerosol is neglected. As a result, the shortwave 

radiative impact of a given cloud change is overestimated, yielding a more negative diagnosed shortwave ERFaci. 
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The state-dependence of this bias is also evident in Fig. 2. In both models, the discrepancy between aerosol-free and aerosol-

inclusive estimates is generally larger in the colder base-states and smaller in the warmer ones. This pattern is particularly 335 

clear in the shortwave panels and is consistent with the expectation that colder climates, especially at higher latitudes, favor 

thinner or less liquid-rich clouds, increasing the prevalence of aerosol-over-cloud configurations (Fig. A1). This state-

dependence emerges even though the imposed aerosol perturbation is held fixed across the base-states. Under these 

conditions, aerosol-over-cloud attenuation has a larger relative effect on the radiative sensitivity of cloud changes, so the bias 

in aerosol-free ERFaci estimates becomes larger. In warmer states, aerosol-free estimates move closer to aerosol-inclusive 340 

estimates, especially for the APRP and radiative kernel methods, consistent with a reduction in aerosol-over-cloud bias. 

Taken together, these results support the use of aerosol-inclusive methods for diagnosing ERFaci, since their estimates are 

less sensitive to the aerosol-over-cloud bias that affects aerosol-free decompositions. 

Differences among the aerosol-inclusive methods further clarify the role of cloud masking. The larger discrepancy between 

the aerosol-inclusive APRP or radiative kernel estimates and ΔCRE indicates that cloud masking of non-cloud adjustments 345 

and direct aerosol effects remains a substantial contributor even when aerosol-over-cloud attenuation is explicitly accounted 

for. In fixed-SST configurations, aerosol forcing inevitably induces mild land cooling, accompanied by reduced atmospheric 

water vapor and, in some regions, increased surface albedo. These non-cloud adjustments contribute to the difference 

between ΔCRE and ERFaci through cloud masking. In particular, increased surface albedo produces a negative shortwave 

albedo adjustment, and partial masking of this adjustment by clouds contributes to a more negative ERFaci relative to ΔCRE. 350 

The shortwave water vapor adjustment is comparatively small and therefore likely contributes less. More importantly, cloud 

masking of direct aerosol effects can be substantial, especially in the shortwave (Figs. 1d–g). Taken together, these 

contributions make ERFaci more negative than would be inferred from ΔCRE alone. In this light, the positive shortwave 

ΔCRE diagnosed in GFDL-AM4-MG2 is difficult to interpret as ERFaci, which is generally expected to represent a cooling 

effect in the shortwave. More broadly, this comparison highlights the importance of accounting for both aerosol vertical 355 

structure and cloud masking when estimating ERFaci. 

Within the aerosol-free category, the methods also differ in informative ways. As discussed in Section 2.4, the ERFaci term 

from the online double-call framework can be interpreted as ΔCREaf. By contrast, the aerosol-free cloud radiative kernel 

estimate appears to account for the masking of non-cloud adjustments under aerosol-free conditions, consistent with the 

agreement between cloud feedback estimates derived from cloud radiative kernel and radiative kernel methods (Zelinka et 360 

al., 2012; He et al., 2024). For comparison, the relationship between these diagnostics can be expressed as: 

𝐸𝑅𝐹!+# = ∆𝐶𝑅𝐸!, − .∆𝑅$
!, − ∆𝑅$

+(",!,/ − .∆𝑅%
!, − ∆𝑅%

+(",!,/ − .∆𝑅&
!, − ∆𝑅&

+(",!,/,     (10) 

However, the shortwave ERFaci from the aerosol-free cloud radiative kernel method is systematically less negative than that 

from the online double-call decomposition across base-states and in both models, a feature also evident in Smith et al. (2020, 

their Fig. 11). Interpreted literally, this would imply a positive contribution from cloud masking of shortwave water vapor 365 

and surface albedo adjustments, with magnitudes ranging from 0.04 to 0.11 W m−2 in GFDL-AM4.0 and from 0.03 to 0.17 
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W m−2 in GFDL-AM4-MG2, thereby making the cloud radiative kernel estimate less negative than ΔCREaf. From a physical 

standpoint, however, one might expect the cloud-masking contributions from non-cloud adjustments to become more 

negative under aerosol-free conditions, because removing aerosol attenuation increases the shortwave radiation reaching the 

cloud layer. The fact that the aerosol-free cloud radiative kernel estimates instead show the opposite tendency makes their 370 

behavior difficult to interpret and suggests that the treatment of cloud masking in this framework is not straightforward. For 

the purposes of this technical note, the main point is that even within the aerosol-free category, the diagnosed ERFaci depends 

sensitively on how cloud masking and aerosol-free radiative sensitivities are treated. 

By contrast, the longwave component shows much smaller differences across methods, especially noting that the vertical 

axis range in the bottom row is only half that used in the top and middle rows. This indicates that the main methodological 375 

discrepancy arises in the shortwave term rather than in the longwave cloud response itself, which is physically expected 

because the aerosol-over-cloud mechanism primarily affects incoming shortwave radiation. Even so, some longwave 

differences remain worth noting. Longwave ΔCRE is consistently and modestly more negative than ΔCREaf across base-

states and in both models, except for the warmest base-state in GFDL-AM4.0, where ΔCRE is less positive than ΔCREaf. 

This difference is dominated by stronger clear-sky outgoing longwave radiation anomalies, caused by weaker longwave 380 

absorption and re-emission by some aerosols at lower temperatures. In general, ΔCRE is a more reasonable proxy for 

longwave ERFaci than ΔCREaf, because it includes the weak longwave aerosol contribution to the clear-sky outgoing 

longwave radiation anomaly, while the all-sky outgoing longwave radiation anomaly is nearly identical under aerosol-free 

and aerosol-inclusive conditions. This is broadly consistent with previous studies, including Zelinka et al. (2023), which use 

longwave ΔCRE as a practical proxy for longwave ERFaci. 385 

However, even in the longwave, cloud masking of non-cloud adjustments can still matter. In fixed-SST experiments, mild 

land cooling induced by aerosol forcing produces a positive surface Planck response, and this response is weaker in all-sky 

than in clear-sky conditions, yielding a positive cloud-masking effect that makes longwave ERFaci less negative than would 

be inferred from ΔCRE alone. Lapse-rate adjustments associated with aerosol vertical structure may also contribute, 

especially in the presence of absorbing aerosol. In particular, relatively enhanced warming aloft can produce a more negative 390 

lapse-rate radiative response under all-sky than under clear-sky conditions, thereby yielding an additional positive cloud-

masking effect, as in GFDL-AM4-MG2. By contrast, cloud masking of direct longwave aerosol effects is expected to be 

comparatively small, reflecting the generally weaker direct radiative influence of tropospheric aerosols in the longwave than 

in the shortwave. 

One remaining feature is that, in the longwave, the aerosol-free cloud radiative kernel estimates are generally more extreme 395 

than the online double-call estimates: more negative in most cases where ERFaci is negative, and more positive where ERFaci 

is positive. A similar behavior is evident in Smith et al. (2020, their Fig. 11), with only one model exception. The more 

negative longwave estimates seen in most cases are not readily reconciled with the simple expectation based on positive 

cloud-masking contributions, although they do offset the opposite-signed cloud-masking contribution seen in the shortwave 
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cloud radiative kernel estimate. For present purposes, this behavior is best regarded as an unresolved feature rather than a 400 

settled physical interpretation. 

The differences across methods are also evident in the spatial structure of the diagnosed forcing. Figures A2 and A3 show 

the zonal-mean distributions of shortwave and longwave ERFaci, respectively, for each method and base-state climate. In the 

shortwave, the broad latitudinal patterns are generally similar across methods, as indicated by the high pattern correlations in 

Fig. A2, except for ΔCRE, whose correlations with the other methods are consistently lower, highlighting the importance of 405 

cloud masking of direct aerosol effects. Nevertheless, systematic differences remain in amplitude and in some regional 

features, such as the peak magnitude and the extent of subtropical weakening with warming. Thus, the main disagreement 

among methods arises less from a complete reorganization of the forcing pattern than from differences in the magnitude and 

regional expression of the diagnosed response. In the longwave, the patterns in Fig. A3 are likewise broadly similar across 

methods, with generally high correlations throughout. However, differences in peak amplitude and spatial structure, 410 

especially in GFDL-AM4-MG2 and in the colder base-states, appear to depend more on whether the cloud-masking effects 

of non-cloud adjustments are accounted for than on how aerosol vertical structure is treated. 

Because total ERFaci includes both shortwave and longwave contributions, the total panels inherit the shortwave-driven 

methodological bias, and aerosol-free methods therefore also tend to produce a stronger negative total ERFaci. At the same 

time, the contrast between GFDL-AM4.0 and GFDL-AM4-MG2 shows that the diagnosed state-dependence of ERFaci 415 

reflects both methodological bias and genuine physical differences in cloud response, considering the longwave contribution 

differs more substantially between the models. Overall, Fig. 2 shows that diagnostics based on aerosol-free conditions tend 

to overestimate ERFaci, especially its shortwave component, and that the magnitude of this overestimate is itself climate-state 

dependent. 

3.3 IRFari and ambiguity in partitioning 420 

The decomposition issue is not confined to ERFaci. Because aerosol forcing is partitioned into direct and cloud-mediated 

components, a bias in one term necessarily affects the other if the total forcing is to remain internally consistent. This is 

especially important for simpler diagnostics based on ΔCRE and clear-sky flux changes, in which ΔCRE is used as a proxy 

for ERFaci and the corresponding clear-sky flux change is used as a proxy for IRFari. In this sense, the original motivation for 

the online double-call framework was to provide a more direct estimate of aerosol–radiation interactions and thereby reduce 425 

the ambiguity inherent in simpler diagnostics based on ΔCRE and clear-sky flux changes (Ghan, 2013). However, when 

aerosol-over-cloud attenuation biases the diagnosed cloud-mediated forcing, the inferred IRFari is also affected. 

Figure 3 shows that the diagnosed IRFari depends on both decomposition method and base-state climate. Across both models, 

the shortwave component dominates the total IRFari, while the longwave contribution is much smaller, as expected for direct 

aerosol forcing. In the aerosol-inclusive methods, the shortwave IRFari generally weakens in magnitude as the base-state 430 

warms. A plausible interpretation is that warmer climates, with thicker and brighter clouds in aerosol-laden regions, reduce 
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the fraction of aerosol that interacts directly with radiation under all-sky conditions, thereby weakening the shortwave direct 

effect. In general, the APRP+kernels and radiative kernel estimates agree well, although modest differences remain in 

GFDL-AM4.0, with peak discrepancies of about 0.1 W m−2. We return to the possible origin of this difference later in the 

section. 435 

 
Figure 3: Total, shortwave, and longwave IRFari diagnosed using different decomposition methods across the five base-state 
climates. Rows from top to bottom show total, shortwave, and longwave results, respectively. The left column shows GFDL-AM4.0 
and the right column shows GFDL-AM4-MG2. For each climate state, bars without overlaid dots indicate estimates from an 
aerosol-free decomposition method, whereas bars with overlaid dots indicate estimates from aerosol-inclusive methods. The 440 
vertical axis range in the bottom row is half that used in the top and middle rows. 

By contrast, the aerosol-free online double-call method shows the opposite tendency in both models, with IRFari becoming 

more negative as the base-state warms. In GFDL-AM4-MG2, it even produces positive IRFari estimates in the colder base-

states, including in the shortwave component. Positive shortwave IRFari is not necessarily physically implausible, particularly 
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when aerosol is located above or within clouds, where aerosol–cloud radiative interactions can modify the amount of 445 

shortwave radiation reflected to space and, under some conditions, produce a positive radiative effect. However, in this case, 

the positive IRFari estimates arise from an aerosol-free partition that is also affected by the aerosol-over-cloud bias discussed 

above, making their interpretation as a direct aerosol radiative effect particularly uncertain. More broadly, the differences 

among methods indicate that diagnosed IRFari is not independent of how ERFaci is estimated. In colder base-states, where 

aerosol-over-cloud bias is strongest, aerosol-free methods that overestimate shortwave ERFaci correspondingly diagnose a 450 

weaker, and sometimes even positive, shortwave IRFari. This follows directly from the partitioning in Eq. (9), using the 

notation of Ghan (2013): because the total ERF is decomposed into terms associated with IRFari, ERFaci, and surface albedo 

changes, an overestimate of ERFaci, represented by the second term, ∆(Faf−Fclr,af), leaves a smaller residual for the first term, 

∆(F−Faf ), and therefore leads to an underestimate of IRFari. The resulting bias is therefore opposite in sign to that found in 

ERFaci. In warmer states, as aerosol-free and aerosol-inclusive estimates of ERFaci move closer together, the corresponding 455 

IRFari estimates also become more similar. 

The zonal-mean distributions further clarify how these method differences are expressed spatially. In the shortwave IRFari 

(Fig. A4), the broad latitudinal structures are less similar across methods than for ERFaci. In particular, the aerosol-free 

online double-call estimate differs more strongly in amplitude and shows an opposite tendency with warming relative to the 

aerosol-inclusive APRP+kernels and radiative kernel estimates, consistent with the larger all-sky partitioning ambiguity 460 

under conditions where aerosol-over-cloud bias is strongest. Thus, the disagreement in Fig. 3 reflects not only differences in 

global-mean magnitude, but also systematic differences in the regional distribution of the inferred shortwave direct effect. 

The longwave component changes much less across base-states, becoming only slightly less positive as the climate warms 

and thus providing a modest offset to the shortwave changes. Differences among methods are also small in magnitude, likely 

in part because of the comparatively weak longwave forcing. Although the zonal-mean distributions exhibit broadly 465 

consistent state-dependent behavior across methods and models, the spatial correlations between methods decrease as the 

base-state climate warms, resulting in relatively low mean correlations and large standard deviations across the five base 

states (Fig. A5). Nevertheless, the longwave contribution remains comparatively minor, reinforcing the conclusion that the 

main ambiguity in IRFari arises from the shortwave partition. 

Figure 3 therefore highlights a broader ambiguity in forcing partitioning: methods that rely on aerosol-free radiative 470 

sensitivities, including the double-call method considered here, or otherwise neglect the effect of aerosol vertical structure on 

cloud radiative sensitivity, do not simply bias ERFaci alone; they also alter the inferred balance between direct and cloud-

mediated forcing more generally. Apparent trends in IRFari across climate states may therefore reflect not only genuine 

physical changes in aerosol–radiation interactions, but also methodological differences in how the total forcing is partitioned. 

In this sense, part of the diagnosed state-dependence of aerosol forcing components is a property of the decomposition 475 

framework itself. 
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The role of cloud masking in this ambiguity becomes clearer when the corresponding clear-sky IRFari estimates are 

compared across methods. Figure 4 shows the diagnosed clear-sky IRFari across methods and base-state climates. Compared 

with the all-sky results in Fig. 3, the clear-sky estimates show much closer agreement among methods, especially in the 

shortwave component. This is expected, since under clear-sky conditions the ambiguity associated with cloud masking is 480 

largely removed and the direct aerosol forcing can be diagnosed more directly. 

 
Figure 4: Clear-sky total, shortwave, and longwave IRFari diagnosed using different decomposition methods across the five base-
state climates. Rows from top to bottom show total, shortwave, and longwave results, respectively. The left column shows GFDL-
AM4.0 and the right column shows GFDL-AM4-MG2. For each climate state, bars without overlaid dots indicate estimates from 485 
an aerosol-free decomposition method, whereas bars with overlaid dots indicate estimates from aerosol-inclusive methods. The 
vertical axis range in the bottom row is half that used in the top and middle rows. 
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Across both models, the shortwave component remains the dominant contribution to clear-sky IRFari, while the longwave 

contribution is comparatively small. The clear-sky shortwave IRFari generally weakens in magnitude as the base-state warms, 

likely reflecting stronger wet deposition in warmer climates and therefore a shorter lifetime of anthropogenic aerosol (Fig. 490 

A1), which also contributes to the broader weakening of direct aerosol forcing with warming. In this context, the clear-sky 

online double-call estimate can be regarded as a practical benchmark, since there are few obvious sources of bias in its 

diagnosis under clear-sky conditions. The relatively small spread across methods in Fig. 4 therefore suggests that much of 

the stronger method dependence seen in all-sky IRFari arises from how cloud effects are partitioned, rather than from 

disagreement in the clear-sky aerosol–radiation interaction itself. 495 

Consistent with this interpretation, APRP+kernels and radiative kernel estimates differ little from the online double-call 

results in the shortwave, reflecting both the relatively weak state-dependence of shortwave radiative sensitivities to unit 

perturbations in surface albedo and water vapor (Jonko et al., 2012) and the small changes in those fields across the 

experiments. Notably, the near-identical APRP+kernels and radiative kernel estimates under clear-sky conditions contrast 

with the small differences between them under all-sky conditions. This likely reflects the use of a constant cloud-masking 500 

factor in the all-sky radiative kernel estimates, which may vary somewhat across models and therefore not be represented 

exactly, even though it generally captures the correct magnitude. Some discrepancy does emerge in the longwave, 

particularly as the base-state warms. A plausible explanation is that, under warming, the longwave radiative sensitivity to 

unit surface temperature perturbations becomes less negative because the atmosphere is more opaque owing to increased 

water vapor (Jonko et al., 2012). As a result, the surface Planck response to land cooling may be overestimated when 505 

diagnosed using radiative kernels derived from a relatively cooler base-state, yielding a residual longwave clear-sky IRFari 

that is biased low. However, because land cooling in fixed-SST configurations is weak and the longwave IRFari itself is 

small, this effect does not undermine the overall utility of the APRP+kernels and radiative kernel estimates. Taken together, 

Figs. 3 and 4 indicate that the pronounced method dependence in IRFari, including anomalous values in some aerosol-free 

estimates, arises primarily from all-sky partitioning and cloud masking rather than from the underlying clear-sky direct 510 

aerosol effect. 

4 Recommendations for interpretation and application 

The results above have several practical implications for the diagnosis and interpretation of aerosol forcing. The central issue 

is not that any single decomposition framework is universally invalid, but that commonly used methods differ in two 

important respects: how they treat aerosol vertical structure, which affects the radiative sensitivity of cloud perturbations, 515 

and whether they account for the cloud-masking effects of non-cloud adjustments and direct aerosol forcing. These 

differences become especially important when decomposed forcing is compared across climate states, which provide a useful 

test bed for revealing methodological sensitivities that may remain hidden in a single base-state. Assessment across a broad 

range of background climates therefore gives a more meaningful evaluation of the general accuracy and robustness of a 
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decomposition method than does assessment in only one climate state. The main strengths, limitations, and guidance for 520 

applying these methods across climate states are summarized in Table 2. 

Table 2. Strengths, limitations, and guidance for the application of aerosol-forcing decomposition methods. 

Method Main strengths and best use Main limitations Guidance for climate-state comparisons 

ΔCRE / 

clear-sky 

flux change 

 

Simple and widely available from 

standard model output; useful as first-

order proxies for ERFaci and IRFari 

Not a unique physical partition. 

ΔCRE contains cloud masking of 

non-cloud adjustments and direct 

aerosol effects, while the clear-sky 

flux change does not capture the full 

all-sky IRFari 

Use primarily as first-order proxies, 

particularly in SW. Apparent state-

dependence may reflect changes in cloud 

masking and aerosol–cloud geometry as 

well as physical changes in ERFaci or 

IRFari 

Radiative 

kernels 

Quantitative SW and LW 

decomposition of ERFaci, IRFari, and 

non-cloud adjustments; corrects 

ERFaci for cloud masking of non-

cloud adjustments and direct aerosol 

effects using standard model output. 

Sensitive to kernel assumptions. 

Depends on kernel linearity and 

background-state dependence; all-sky 

IRFari also requires an assumed cloud-

masking factor. 

Well suited for quantitative cross-state 

comparisons, but kernel sensitivity and 

the assumed IRFari cloud-masking factor 

should be assessed when background 

climates differ substantially 

APRP 

Physically interpretable SW 

decomposition into cloud, non-cloud 

atmospheric, and surface-albedo 

contributions; useful for quantitative 

SW ERFaci and IRFari diagnosis. 

Limited to SW and approximate, 

based on a one-layer radiative-

transfer framework 

 

Well suited for SW cross-state 

comparisons because aerosol radiative 

effects are retained in the underlying 

fluxes 

Online 

double-call 

Direct diagnosis using the model’s 

native radiation scheme; particularly 

useful for IRFari, with clear-sky IRFari 

providing a useful benchmark 

Aerosol-free ERFaci does not 

represent aerosol-over-cloud 

attenuation. ΔCREaf can also retain 

cloud masking of non-cloud 

adjustments; additional online 

radiation calls are required 

Use caution for all-sky forcing 

partitions. State-dependent changes in 

aerosol–cloud vertical overlap can 

produce state-dependent biases in SW 

ERFaci and, through partition consistency, 

corresponding biases in IRFari 

Cloud 

radiative 

kernels 

Detailed mechanistic diagnosis of 

cloud radiative changes by cloud 

amount, optical depth/scattering, 

altitude, and cloud regime; 

Aerosol-over-cloud attenuation is 

generally not represented, because 

cloud radiative sensitivities are most 

commonly derived without aerosol 

Useful for structural and mechanistic 

comparisons across climate states, but 

quantitative SW ERFaci trends should be 

interpreted cautiously when aerosol-over-
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particularly useful for interpreting the 

structure of ERFaci 

radiative effects; cloud-simulator 

output and precomputed kernels are 

also required 

cloud occurrence changes with climate 

Aerosol vertical structure should be accounted for whenever possible. At a minimum, studies should assess whether aerosol 

perturbations reside primarily above, within, or below cloud layers, since this geometry directly affects the shortwave 

radiative sensitivity of cloud changes. When aerosols are located above clouds, aerosol-free diagnostics tend to overestimate 525 

shortwave ERFaci because they neglect attenuation of incoming solar radiation before it reaches cloud top. For this reason, 

aerosol-free radiative sensitivities should not be interpreted as exact shortwave cloud sensitivities in the presence of 

overlying aerosol. This applies both to aerosol-free cloud radiative kernel methods and to aerosol-free double-call 

frameworks. In such cases, the diagnosed ERFaci is biased high, and the inferred IRFari in the double-call framework is 

correspondingly biased low through partition consistency. More generally, methods that neglect aerosol-over-cloud 530 

attenuation can misallocate forcing between direct and cloud-mediated components. 

ERF partitions should therefore be interpreted cautiously when comparing across climate states or across models with 

different aerosol and cloud climatologies. Apparent changes in the relative importance of aerosol–radiation and aerosol–

cloud interaction forcing may reflect the diagnostic framework as much as the underlying physics. In particular, part of the 

diagnosed state-dependence of ERFaci and IRFari may arise from methodological bias rather than from a true physical change 535 

in aerosol forcing. In the present case, this is illustrated by the shortwave aerosol-over-cloud effect, which introduces a 

diagnostic bias that makes ERFaci too strong and the corresponding IRFari too weak, with the bias being more pronounced in 

colder climates and weakening as the climate warms. Such changes should therefore not be interpreted as purely physical 

without first accounting for the state-dependence of the decomposition method itself. 

Total ERF should always be reported alongside any partition into components. Although fixed-SST simulations still permit 540 

some land cooling, which can introduce a small bias into the diagnosed ERF, total ERF remains less sensitive than the 

component terms to the methodological ambiguities discussed here and therefore provides a more robust basis for model 

comparison and physical interpretation. Component partitions remain useful, but they should be treated as method dependent 

rather than uniquely physical when aerosol-over-cloud effects and cloud masking are important. 

Based on these considerations, aerosol-inclusive decomposition methods are preferable when the goal is to estimate ERFaci 545 

across different climate states. Among the approaches examined here, the APRP+kernels and radiative kernel methods 

provide the most physically consistent framework for shortwave decomposition because they more explicitly account for 

aerosol-over-cloud attenuation and avoid the strongest biases associated with aerosol-free diagnostics. Although they do not 

eliminate all ambiguity, since cloud masking of non-cloud adjustments and direct aerosol effects still matters, they are less 

vulnerable than aerosol-free methods to the systematic bias introduced by aerosol-over-cloud attenuation. The radiative 550 

kernel method is also advantageous for the longwave component because it captures land-cooling-related adjustments and 

https://doi.org/10.5194/egusphere-2026-6647
Preprint. Discussion started: 4 November 2026
c© Author(s) 2026. CC BY 4.0 License.



23 
 

their associated cloud-masking effects. Since both methods can be applied using standard model output, they are especially 

well suited for model intercomparison. The state-dependence of radiative kernels themselves remains a potential concern, 

but in fixed-SST simulations the associated land temperature changes are generally small, so this source of bias is expected 

to be secondary here. By contrast, ΔCRE should be regarded primarily as a proxy rather than as a direct estimate of ERFaci, 555 

and aerosol-free cloud radiative kernel and double-call estimates should be interpreted with particular caution when aerosols 

are likely to reside above clouds. 

Overall, aerosol forcing decomposition remains highly valuable, but its interpretation requires explicit attention to aerosol 

vertical structure, cloud masking, and base-state dependence. When these effects cannot be fully represented within the 

diagnostic framework, the safest approach is to emphasize total ERF and to treat the partition into components as conditional 560 

on the method used rather than as a uniquely defined physical quantity. 
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5 Appendices 

 
Figure A1: Vertical distribution of zonal-mean aerosol optical depth (AOD) anomalies and climatological cloud liquid water 565 
content across the five base-state climates. From top to bottom, rows correspond to m8K, m4K, 0K, p4K, and p8K. The left 
column shows GFDL-AM4.0 and the right column shows GFDL-AM4-MG2. Shading denotes the AOD anomaly between the 
present-day and preindustrial aerosol simulations, and contours show the climatological present-day cloud liquid water content. 
Contour levels start at 1×10−6 kg kg−1, followed by evenly spaced intervals of 5×10−6 kg kg−1 from 5×10−6 to 5×10−5 kg kg−1. 
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Figure A2: Zonal-mean distributions of shortwave ERFaci diagnosed using different decomposition methods across the five base-
state climates. Rows from top to bottom show results from the aerosol-free online double-call and cloud radiative kernel methods, 
followed by the aerosol-inclusive APRP, radiative kernel, and CRE proxy methods. The left column shows GFDL-AM4.0 and the 
right column shows GFDL-AM4-MG2. Colored lines denote the five base-state climates (m8K, m4K, 0K, p4K, and p8K). The 
numbers shown in the lower left of each panel give the mean ± one standard deviation of the spatial pattern correlation coefficients 575 
between the method shown in that panel and each of the other four methods listed from top to bottom. For each method pair, the 
spatial pattern correlation is calculated separately for each of the five base-state climates, comparing the same base state between 
the two methods, and the mean and standard deviation are then calculated across the five resulting correlation coefficients. 
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 580 
Figure A3: Zonal-mean distributions of longwave ERFaci diagnosed using different decomposition methods across the five base-
state climates. Rows from top to bottom show results from the aerosol-free online double-call and cloud radiative kernel methods, 
followed by the aerosol-inclusive radiative kernel and CRE proxy methods. The left column shows GFDL-AM4.0 and the right 
column shows GFDL-AM4-MG2. Colored lines denote the five base-state climates (m8K, m4K, 0K, p4K, and p8K). The numbers 
shown in the lower left of each panel give the mean ± one standard deviation of the spatial pattern correlation coefficients between 585 
the method shown in that panel and each of the other three methods listed from top to bottom. For each method pair, the spatial 
pattern correlation is calculated separately for each of the five base-state climates, comparing the same base state between the two 
methods, and the mean and standard deviation are then calculated across the five resulting correlation coefficients. 
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 590 
Figure A4: Zonal-mean distributions of shortwave IRFari diagnosed using different decomposition methods across the five base-
state climates. Rows from top to bottom show results from the aerosol-free online double-call method, followed by the aerosol-
inclusive APRP+kernels and radiative kernel methods. The left column shows GFDL-AM4.0 and the right column shows GFDL-
AM4-MG2. Colored lines denote the five base-state climates (m8K, m4K, 0K, p4K, and p8K). The numbers shown in the lower left 
of each panel give the mean ± one standard deviation of the spatial pattern correlation coefficients between the method shown in 595 
that panel and each of the other two methods listed from top to bottom. For each method pair, the spatial pattern correlation is 
calculated separately for each of the five base-state climates, comparing the same base state between the two methods, and the 
mean and standard deviation are then calculated across the five resulting correlation coefficients. 
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 600 
Figure A5: Zonal-mean distributions of longwave IRFari diagnosed using different decomposition methods across the five base-
state climates. Rows from top to bottom show results from the aerosol-free online double-call method and the aerosol-inclusive 
radiative kernel method. The left column shows GFDL-AM4.0 and the right column shows GFDL-AM4-MG2. Colored lines 
denote the five base-state climates (m8K, m4K, 0K, p4K, and p8K). The numbers shown in the lower left of each panel give the 
mean ± one standard deviation of the spatial pattern correlation coefficients between the method shown in that panel and the other 605 
method listed. For each method pair, the spatial pattern correlation is calculated separately for each of the five base-state climates, 
comparing the same base state between the two methods, and the mean and standard deviation are then calculated across the five 
resulting correlation coefficients. 
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