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Abstract The Radiative Forcing Model Intercomparison Project (RFMIP) allows estimates of effective
radiative forcing (ERF) in the Coupled Model Intercomparison Project phase six (CMIP6). We analyze

the REMIP output, including the new experiments from models that use the same parameterization for
anthropogenic aerosols (RFMIP-SpAer), to characterize and better understand model differences in aerosol
ERF. We find little changes in the aerosol ERF for 1970-2014 in the CMIP6 multi-model mean, which implies
greenhouse gases primarily explain the positive trend in the total anthropogenic ERF. Cloud-mediated effects
dominate the present-day aerosol ERF in most models. The results highlight a regional increase in marine
cloudiness due to aerosols, despite suppressed cloud lifetime effects in that RFMIP-SpAer experiment. Negative
cloud-mediated effects mask positive direct effects in many models, which arise from strong anthropogenic
aerosol absorption. The findings suggest opportunities to better constrain simulated ERF by revisiting the
optical properties and long-range transport of aerosols.

Plain Language Summary Aerosols are particles in the atmosphere with sizes ranging from
nanometers to tens of micrometers, which are emitted by natural and anthropogenic processes or formed
from gases in the atmosphere. The extent to which anthropogenic aerosols affect the radiation budget of
Earth is important to better understand anthropogenic climate changes. Aerosol effects on the radiation
budget are simulated by complex Earth system models that informed the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. Our study addresses why such model experiments show
different magnitudes for aerosol radiative effects. The results point to opportunities to further improve models
with existing observations of aerosol optical properties and aerosol transport over oceans in addition to the
much-studied aerosol effects on clouds.

1. Introduction

Global climate models participating in the Coupled Model Intercomparison Project (CMIP) show differences
in the radiative forcing of anthropogenic aerosols, which limits our ability to constrain the total anthropogenic
radiative forcing (e.g., Bellouin et al., 2020; Myhre et al., 2013; Smith et al., 2020). Despite the implication for
understanding and projecting climate changes, constraining the anthropogenic aerosol effective radiative forc-
ing (aerosol ERF) using these models alone has been proven difficult. Model differences for aerosol ERF are
a reflection of multiple difficulties in simulating aerosol effects concerning both the aerosols themselves and
the meteorological processes interacting with them (e.g., Bony et al., 2015; Miilmenstidt et al., 2020; Neubauer
et al., 2019; Samset et al., 2018; Stevens & Feingold, 2009; Voigt et al., 2021). Multiple plausible reasons for
model differences in ERF exist, for example, the representation of aerosols, clouds, surface albedo, and radia-
tion transfer (e.g., Boucher et al., 1998; Randles et al., 2013; Stier et al., 2013; Zanis et al., 2020). However, the
understanding of how such model differences influence the simulated aerosol ERF is incomplete. A systematic
assessment of the relative importance of involved processes contributing to model differences in aerosol ERF
would help to develop a strategy for prioritizing efforts for improved climate experiments.
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The Radiative Forcing Model Intercomparison Project (RFMIP, Pincus et al., 2016), endorsed by CMIP phase
six (CMIP6, Eyring et al., 2016), provides a basis for a first systematic assessment of model differences in
ERF from CMIP-class models. Through atmosphere-only experiments, REMIP facilitated the quantification of
ERF in CMIP6 models (REMIP-ERF, Smith et al., 2020). All REMIP-ERF experiments are carried out with
global models in their standard configurations for CMIP6. Another part of REMIP requested experiments with
prescribed aerosol optical properties and aerosol effects on clouds by implementing the same parameterization
(Stevens et al., 2017) in the participating models (RFMIP-SpAer). We assess the present-day aerosol ERF in
RFMIP-SpAer experiments for the first time and put the results into the perspective of results from RFMIP-ERF,
based on now more model experiments. Our approach allows us to discuss contributions to model differences in
aerosol ERF and explore to what extent the insights can guide future model improvements.

2. Methods

We calculate ERF as the change in the net radiation flux at the top of the atmosphere (TOA) to an imposed spati-
otemporally dependent anthropogenic perturbation in the atmospheric composition using model experiments.
The design of these experiments complies with the RFMIP protocol (Pincus et al., 2016), that is, all models
performed atmosphere-only experiments with prescribed sea-surface temperatures and sea ice. The experiments
are performed for several decades to reduce the impact of model-internal variability on the ERF estimates (e.g.,
Fiedler et al., 2017; Forster et al., 2016). The CMIP6 models EC-Earth3 (Doscher et al., 2022), IPSL-CM6A-LR
(Boucher et al., 2020), MPI-ESM1.2-LR (Mauritsen et al., 2019), and two configurations of NorESM2-LM
(Seland et al., 2020) performed experiments for REMIP-SpAer. The same parameterization for anthropogenic
aerosols (MACV2-SP, Stevens et al., 2017) was implemented in the models for REMIP-SpAer experiments. For
IPSL-CM6A-LR and NorESM2-LM, it implies that the native anthropogenic aerosol parameterizations were
switched off for emissions after 1850. In EC-Earth3 and MPI-ESM1.2-LR, MACv2-SP is part of the standard
configuration for CMIP6.

The aerosol effect on clouds is parameterized by multiplying the cloud droplet number concentration (&) of the
host model with the factor 77, from MACv2-SP, assessed in Fiedler et al. (2017). In all REMIP-SpAer models
except EC-Earth3, 7, is used to induce a Twomey effect (Twomey, 1974). It is accomplished by multiplying
ny with N directly in the radiation transfer calculation. EC-Earth3 additionally accounts for adjustments from
aerosol-cloud interactions (aci) through the multiplication of #, with N in the cloud microphysics (Doscher
et al., 2022).

Differences in aerosol ERF arising from parameterizations of anthropogenic aerosols are evaluated by comparing
results between RFMIP-SpAer and RFMIP-ERF. The assessment is systematic to the extent that we compare
similar models from RFMIP-SpAer and REMIP-ERF. Our intercomparison includes a separation of effective
radiative effects into instantaneous radiative effects and net contributions from adjustments, as well as net contri-
butions from clear and cloudy skies to infer where and why model differences arise. We further apply the method
by Ghan (2013) to isolate cloud-mediated effects and analyze aerosol optical properties from all experiments
for which the necessary diagnostic output is available. The methods are described in more detail in Supporting
Information S1.

3. Results
3.1. Decadal Changes in ERF

The increasingly negative aerosol ERF in all-sky conditions at TOA in the CMIP6 multi-model mean can explain
the stabilization of the total anthropogenic ERF between the 1930s and the 1960s (Figures 1a and 1b). The aerosol
EREF trend averaged for REMIP-ERF is —0.013 + 0.005 Wm~2 yr~! (multi-model mean + inter-model standard
deviation) for 1930-1960 (Table S1 in Supporting Information S1). In the same period, the trend in the total
anthropogenic ERF is 0.004 + 0.003 Wm~2 yr~! which is an order of magnitude smaller, suggesting that aerosol
EREF to a large degree offset the expected ERF increase associated with increasing greenhouse gas (GHG) forc-
ing. Having a near-constant total anthropogenic ERF in the CMIP6 multi-model mean implies slower warming
during that time period, consistent with temperature observations (Gulev et al., 2021).

The change in the aerosol ERF in the CMIP6 multi-model mean over the past five decades is small compared
to the inter-model range (maximum minus minimum) in aerosol ERF. Specifically, there is little change in the
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Figure 1. Effective radiative forcing from CMIP6 models. Shown are the (a) global annual means of ERF for (gray) all-natural plus anthropogenic changes taken
together and (orange) anthropogenic aerosols only, (b) global eleven-year running means of ERF for (gray) all anthropogenic changes and (orange) anthropogenic
aerosols only, (c—d) multi-model mean of regional contributions to the aerosol ERF for 2014, and (e—f) inter-model standard deviations in regional contributions to
aerosol ERF for 2014. All values are for all sky at the top of the atmosphere (TOA) from CMIP6 models that performed experiments for RFMIP. Available model
experiments for a—b and c—f are listed in Tables S1 and S2, respectively, in Supporting Information S1. Shading in a—b marks the model range and the thick lines are the
multi-model means. The thin lines in b are results from individual models. Values in brackets in (c—f) are the global means.

eleven-year running means of aerosol ERF since the 1970s averaged across RFMIP-ERF (Figures 1a and 1b).
The inter-model differences in aerosol ERF are comparably larger with an inter-model standard deviation of
0.26 Wm™2 in the present-day aerosol ERF, which corresponds to one quarter of the mean present-day aerosol
ERF of —1.06 Wm~2. The magnitude of present-day aerosol ERF in CMIP6 is also noticeably smaller compared
to natural forcing from the three largest explosive volcanic eruptions, marked by sharp decreases in the total
ERF (Figure 1a). The only slight change in the aerosol ERF in the past five decades in the CMIP6 multi-model
mean occurs despite strong regional aerosol trends, documented elsewhere (e.g., Cherian & Quaas, 2020). Even
the large differences in the global distribution of anthropogenic aerosol emissions as seen between the 1970s
and 2000s have therefore no substantial influence on the aerosol ERF and hence total anthropogenic ERF in the
CMIP6 multi-model mean, previously indicated by fewer models using MACv2-SP (Fiedler et al., 2017, 2019).
The relatively stable aerosol ERF over the past 50 years in the CMIP6 multi-model mean implies that the sharp
increase in total anthropogenic ERF by about 1.4 Wm™2 in the multi-model mean, namely from around 0.4 Wm™2
in the 1970s to 1.8 Wm~2 in 2014 (Figure 1b) is primarily driven by the increase in GHG concentrations in the
atmosphere, despite regional changes in aerosol radiative effects (e.g., Fiedler et al., 2019).

A slightly positive trend in aerosol ERF occurs for 2000-2014 in the RFMIP-ERF mean, that is, aecrosol ERF
became less negative. In the CMIP6 multi-model mean, the negative trend in aerosol ERF stopped around the
1980s followed by the later slightly positive trend (Figure 1b), which is also seen in an energy-budget model
(Smith et al., 2021). For 2000-2014, the REMIP-ERF averaged trend in aerosol ERF is 0.007 + 0.008 Wm~2 yr~!
(Table S1 in Supporting Information S1), consistent with observations (Quaas et al., 2022). Not all models
have a positive 2000-2014 trend in aerosol ERF (NorESM2-LM, MIROC6, MPI-ESM1.2-LR). Some models
with strongly negative trends in aerosol ERF for 1930-1960 have strongly positive trends for 2000-2014 (e.g.,
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UKESM1-0-LL) but this is not always the case (e.g., MRI-ESM2-0, NorESM2-LM). Such differences can for
instance arise from changes in simulated aerosol absorption. However, all models have a positive 2000-2014
trend in the total anthropogenic ERF with a multi-model mean of 0.035 + 0.008 Wm~2 yr~!, reflecting the domi-
nant GHG forcing (Table S1 in Supporting Information S1).

Interestingly, some models simulate negative trends in the total anthropogenic ERF for 1930-1960 with near-zero
or negative values in some years, which is in conflict with the common conclusion that the total anthropogenic
ERF was positive throughout the 20th century. Take for instance the negative and close to zero total anthropo-
genic ERF around the 1960s in two CMIP6 models (Figure 1b), and negative trends in the total anthropogenic
ERF for 1930-1960 (CNRM-CM6-1 and HadGEM3-GC31-LL, Table S1 in Supporting Information S1). The
same models have a present-day aerosol ERF more negative than —1 Wm~2 (Table S2 in Supporting Informa-
tion S1). Other models with a particularly strong negative trend in aerosol ERF for 1930-1960 (UKESM1-0-LL,
NorESM2-LM, MRI-ESM2-0, and GISS-E2-1-G) also have a present-day aerosol ERF more negative than
—1 Wm~2 (Tables S1 and S2 in Supporting Information S1). In the next section, we assess the model differences
in the present-day aerosol ERF in more detail.

3.2. Present-Day Aerosol Radiative Effects

We diagnose an inter-model range in the aerosol ERF for present-day (2014) of —1.47 to —0.59 Wm~2 for
RFMIP-ERF (Table S2 in Supporting Information S1). Most (15 out of 21) RFMIP-ERF models have an aerosol
ERF more negative than —1 Wm™2, also reflected in the RFMIP-ERF mean of —1.06 Wm~2. Our model range in
aerosol ERF is slightly larger compared to —1.37 to —0.63 Wm~2 from Smith et al. (2020), who had experiments
from sixteen CMIP6 models plus one model with another configuration. With a total of now twenty models plus
one additional model configuration, we confirm the smaller range in aerosol ERF in CMIP6, compared to CMIP5
estimates (Zelinka et al., 2014).

The present-day aerosol ERF is less negative and less diverse in RFMIP-SpAer compared to REMIP-ERF. The
model range in present-day aerosol ERF from RFMIP-SpAer of —0.79 to —0.46 Wm~2 (Table S2 in Support-
ing Information S1) falls onto the upper end of the range from RFMIP-ERF and within the range proposed by
Stevens (2015). Changing the NorESM2-LM configuration from p1 to p2 has a marginal influence on ERF with
a difference of 0.02 Wm™2 for the unified aerosols in REMIP-SpAer (Table S2 in Supporting Information S1),
but the two configurations lead to a ten-fold larger difference (0.2 Wm~2) in aerosol ERF in RFMIP-ERF. The
inter-model standard deviation is smaller in REMIP-SpAer (0.15 Wm™2) than in REMIP-ERF (0.26 Wm~2). The
smaller aerosol ERF in RFMIP-SpAer experiments might be explained by the consistent implementation of
aerosol effects in the models, with the largest differences arising from the aerosol effects on clouds. In most (3 of
4) RFMIP-SpAer models, the aerosol effect on clouds is induced in the radiation transfer calculation for a fixed
liquid water content following ideas of Twomey (1974), and hence adjustments due to aci are suppressed. The
only model in REMIP-SpAer that simulates adjustment due to aci from MACv2-SP is EC-Earth3, which has the
most negative aerosol ERF of —0.79 Wm~2 across the experiments in REMIP-SpAer, but it is still less negative
than the aerosol ERF in most (16 of 21) REMIP-ERF models. The often more negative ERF in RFMIP-ERF could
therefore be driven by stronger adjustments due to aci compared to REMIP-SpAer, although this is not necessar-
ily true for all models. All present-day aerosol ERF estimates from RFMIP-ERF and REMIP-SpAer fall within
the global bounds deduced from multiple lines of evidence by Bellouin et al. (2020). The plausibility should not
be based on the global mean alone, because the spatial distribution of aerosols is important for regional climate
responses (e.g., Deser et al., 2020; Kang et al., 2021; Liu et al., 2018; Wang & Wen, 2022; Wilcox et al., 2020).

The inter-model differences in the spatial distributions of the anthropogenic aerosol effective radiative effects for
the present day are smaller when the anthropogenic aerosol representation is unified. We refer to these regional
contributions to the aerosol ERF as aerosol . Some aspects of the spatial patterns in aerosol F are similar
across REMIP (Figure 1c—d), for example, regions with more negative aerosol F typically coincide with larger
anthropogenic aerosol optical depth. The regional magnitudes of aerosol 7, however, substantially differ across
RFMIP-ERF (Figure 1le). In REMIP-SpAer, regional inter-model differences in aerosol F are comparably smaller
(Figure 1f). Interestingly, the spatial extent of areas with negative aerosol F markedly reduces over oceans in the
RFMIP-SpAer mean compared to the RFMIP-ERF mean, for example, over the Eastern North Pacific and the
tropical North Atlantic (Figures 1c and 1d). Simulated patterns of aerosol F, therefore, depend on the representa-
tion of aerosol effects over oceans downwind of continental pollution.
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RFMIP-ERF RFMIP-SpAer
Different aerosol representations Same aerosol representation

IPSL-CM6A-LR -0.59 IPSL-CM6A-LR -0.46

EC-Earth3-AerChem -1.34 EC-Earth3 -0.79

NorESM2-LM p2 -1.41 NorESM2-LM p2 -0.53

MPI-ESM-1-2-HAM _ -1.26 PI-ESM1-2-LR -0.52

0 4 8 12
Aerosol ERF (W m~2)

Figure 2. Spatial patterns of the effective radiative effects of present-day anthropogenic aerosols. Shown are (left) a selection
of models from RFMIP-ERF against (right) REMIP-SpAer, based on 30-year-long experiments for the 2014 aerosols (Table
S2 in Supporting Information S1). Values in the corner are the global means. Areas without statistically significant values
(p-value 0.05) are masked with black dots. All models in REMIP-ERF are shown in Figure S2 in Supporting Information S1.

Some models in REMIP-ERF simulate spatial patterns of aerosol F similar to RFEMIP-SpAer. For a system-
atic assessment of the influence of replacing the anthropogenic aerosol representation of the host model with
MACV2-SP, we compare the patterns of aerosol F between RFMIP-SpAer and the corresponding models in
RFMIP-ERF (Figure 2). That comparison gives qualitatively similar results like described for the mean over the
entire ensemble, for example, less negative aerosol F in EC-Earth3 and MPI-ESM1.2 over East Asia compared
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to EC-Earth3-AerChem and MPI-ESM1.2-HAM. Moreover, the direct comparison allows us to see more detailed
changes. Specifically, the aerosol F strongly differs in the REMIP-ERF models but such differences are removed
in RFMIP-SpAer, for example, the strongly negative F in a few model-dependent land regions, for example,
South America in EC-Earth3 and North America in MPI-ESM1.2.

3.3. Contributions From Cloud-Mediated Effects

Cloud-mediated effects primarily determine the magnitude of aerosol F in RFMIP-ERF. For illustration, we
decompose aerosol F into estimates for the direct radiative effects, cloud-mediated effects, and residual effects
such as surface albedo adjustments following Ghan (2013) for twelve REMIP-ERF models with the necessary
output. Processes other than direct and cloud-mediated effects to aerosol F (residual effects) are relatively small
(Table S3 in Supporting Information S1) and are not further discussed. The decomposition results underline
cloud-mediated effects being substantially larger than the direct effects of aerosols by a factor of two to ten in the
global mean (Table S3 in Supporting Information S1). Simulated spatial details vary, but cloud-mediated effects
are apparent over ocean regions downwind of major centers of continental pollution in all RFMIP-ERF models,
except in the four models of CNRM and GFDL (Figure S5 in Supporting Information S1).

Adjustments due to aci can substantially contribute to negative aerosol radiative effects in RFMIP-ERF. This is
for instance indicated by the comparisons of experiments of EC-Earth3 and NorESM?2 for RFMIP-ERF against
their experiments for REMIP-SpAer (Figure 3). In REMIP-SpAer, NorESM2-LM accounts for aerosol-radiation
interactions and the Twomey effect but does not simulate adjustments due to aci. In this case, NorESM2-LM
has less negative cloud-mediated effects of —0.19 Wm~2 in the global mean than direct effects of —0.34 Wm2,
The effects are substantially different in NorESM2-LM with the native aerosol treatment in REMIP-ERF, with
namely positive direct effects summing to a slightly positive global mean of 0.04 Wm~2 paired with negative
cloud-mediated effects of —1.38 Wm~2 in the global mean. This result hints at strong adjustments due to aci with
the native aerosol treatment of NorESM2-LM that are eliminated in the corresponding REMIP-SpAer experiment
(Figure 3). Comparing EC-Earth3 results also points to a dominant role of adjustments due to aci in the CMIP6
experiment of the model. In the configuration for REMIP-SpAer, EC-Earth3 accounts for all adjustments induced
by MACV2-SP including adjustments via in-cloud processes. In this case, the model has a spatial pattern of
negative cloud-mediated effects over oceans that is more similar to many RFMIP-ERF models than to the other
REMIP-SpAer models, which suppress adjustments via in-cloud processes (Figure 3 and Figure S5 in Supporting
Information S1). Still, EC-Earth3 has more negative cloud-mediated effects in the experiment for RFMIP-ERF
than in REMIP-SpAer. We typically see larger differences in the magnitude of cloud-mediated effects and direct
effects in RFMIP-ERF models, in contrast to REMIP-SpAer where the global means of the two effects are more
similar (Figure 3). Adjustments due to aci can therefore substantially contribute to the aerosol ERF in many
CMIP6 models (RFMIP-ERF), although this is not true for all, for example, the CNRM models (Figure S5 in
Supporting Information S1).

Even when adjustments due to aci are not simulated, regionally strong cloud adjustments occur that lead to
pronounced negative aerosol F. Specifically, IPSL-CM6A-LR in REMIP-SpAer has negative aerosol F over
the equatorial Atlantic, which is not seen in the other REMIP-SpAer models (Figure 2). To some degree,
this result was not expected since adjustments due to aci are suppressed in the REMIP-SpAer experiment of
IPSL-CM6A-LR, and IPSL-CM6A-LR has overall less pronounced changes in aerosol ERF compared to other
models when we go from RFMIP-ERF to REMIP-SpAer. To gain insights into the reasons for the model behavior
over the equatorial Atlantic, we decompose the all-sky F into a net contribution from cloudy and clear skies and
calculate the net contribution from adjustments (.A). Over the equatorial Atlantic, we see negative .4 right around
where the negative cloudy-sky F occurs in IPSL-CM6A-LR (Figure S3—-S4 in Supporting Information S1). Here,
adjustments cause an increase in cloud cover (f), which allows the Twomey effect to more strongly contribute
to ERF (Figure S4 in Supporting Information S1). Differences in f arise in the REMIP-SpAer experiment of
IPSL-CM6A-LR from adjustments of the atmospheric dynamics to the aerosol-induced heating rates, not via
in-cloud microphysical processes. The result for IPSL-CM6A-LR is, therefore, an example of cloud adjustments
to aerosol effects on radiation that are opposite in sign compared to cloud burnoff. Similarly in MPI-ESM1.2-LR,
we see a moderate increase in cloud cover in the Eastern equatorial Atlantic paired with a co-located regionally
pronounced contribution from .4 (Figures S3—S4 in Supporting Information S1). Such regional effects like over
the equatorial Atlantic could be mistaken for strong adjustments due to aci in the form of an extended cloud life-
time if it would occur in a model that simulates all aerosol effects.
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Figure 3. Spatial patterns of present-day anthropogenic aerosol effects. Shown are (left to right) direct, cloud-mediated, and
residual effects associated with anthropogenic aerosols at TOA for corresponding model experiments of (top) EC-Earth3
and (bottom) NorESM2-LM p2 in REMIP-SpAer and RFMIP-EREF, based on 30-year-long experiments for the 2014 aerosols
(Table S3 in Supporting Information S1). The decomposition of the effects follows the method by Ghan (2013). Values in
the corner are the global means. Areas without statistically significant values (p-value 0.05) are masked with black dots.
Contributions for all model experiments in RFMIP-ERF are shown in Figure S5 in Supporting Information S1.
3.4. Contributions From Direct Effects
The direct aerosol effects, although typically smaller in magnitude than cloud-mediated effects, range from
negative to positive across RFMIP-EREF, resulting in a multi-model global mean and median close to zero. As
discussed in the following, the range in direct forcing stems primarily from different representations of natural
and anthropogenic aerosol absorption. In some models, we see a large global mean absorption aerosol optical
depth at 550 nm (z,,,) with CanESMS and GFDL-ESM4 having the largest values of 0.014 and 0.009, while other
models have values as low as 0.002 (Table S3 in Supporting Information S1), broadly consistent with 7,  from
other assessments (Samset, 2022). The inter-model range in 7, from RFMIP-ERF translates to differences by
a factor of seven. Compared against the 7, bounds of 0.0025-0.005 from multiple lines of evidence (Bellouin
et al., 2020), 9 out of 18 models simulate too strong aerosol absorption. Denoting the global mean aerosol opti-
cal depth at 550 nm by 7, the simulated pre-industrial to present-day changes in this quantity (A7) agree with
the range of 0.02-0.04 from Bellouin et al. (2020), except in CESM2 and GISS-E2-1-G. The difference in 7,
is therefore rather associated with the representation of the single scattering albedo of anthropogenic aerosols,
denoted as w(ant), the natural to the anthropogenic fraction in 7, or both.
CMIP6 models with positive direct radiative forcing mostly simulate strong anthropogenic aerosol absorption and
equal or larger shares of anthropogenic aerosols in 7, compared to natural aerosols. In CanESMS5, EC-Earth3-
AerChem, and GFDL-ESM4, anthropogenic aerosols dominate 7, (Table S3 in Supporting Information S1), that
FIEDLER ET AL. 7 of 11
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is, e <1 and these are particularly strongly absorbing with the lowest global mean w (ant) of 0.77-0.89

P
Taps(ant)

across RFMIP-ERF, which are values that have sometimes been observed for biomass burning events (Brown
et al., 2021). The strong anthropogenic aerosol absorption is consistent with the positive direct effects, for exam-
ple, CanESM5 and GFDL-ESM4 have the largest positive direct forcing of 0.26-0.38 Wm~2. For some models
including the three mentioned above, we also have output to estimate the global mean mass absorption coefficient
(MAC, Table S3 in Supporting Information S1) of anthropogenic black carbon (BC), based on the assumption

that the global mean change in the pre-industrial to present-day change in 7, can be attributed to an increase in

abs
BC from anthropogenic sources. Because the required output is not available from all models, we also provide an
alternative estimate based on the global 7, and BC load for the present-day MAC of BC (Table S3 in Supporting
Information S1). In GFDL-ESM4, MAC of anthropogenic BC alone is 17 m? g~! that exceeds the maximum of
15 m? g~! for the present-day MAC of total BC simulated in AeroCom (GliB et al., 2021). Moreover, CanESM5
falls outside of the 7, (ant) range and GFDL-ESM4 is at the upper bound from Bellouin et al. (2020). Likewise,
EC-Earth3-AerChem falls with 12 m? g~! for MAC of anthropogenic BC alone at the upper end of the range of
3.1-15 m? g~! for MAC of total BC for present-day from AeroCom (Glif et al., 2021). Again this result is consist-
ent with positive direct effects, for example, over East Asia that are removed when the anthropogenic aerosol
optical properties are differently represented in the REMIP-SpAer experiment of EC-Earth3 (compare Figure 3).
Natural and anthropogenic aerosols about equally contribute to 7, , that is, s 1, in GFDL-CM4,

abs’ Taps(ant

MPI-ESM1-2-HAM, UKESM1-0-LL, NorESM2-MM, and NorESM2-LM p1 and p2. In all these models except

Taps(nat)

UKESM1-0-LL, the direct forcing is positive, although less compared to the models with e < 1 which is

Tabs

consistent with the larger wy(ant) of 0.90-0.93 (Table S3 in Supporting Information S1). Still, GFDL-CM4
(19.34 m? g7') and also UKESM1-0-LL (18.56 m? g~') have much larger MAC of anthropogenic BC than seen
for the total BC in AeroCom, whereas MPI-ESM1-2-HAM and the NorESM configurations fall with about
8-10 m? g~! for MAC of anthropogenic BC alone onto the upper end of the range of MAC of total BC in Aero-
Com (GliB et al., 2021). Specifically, 4 of 9 models with output to compute the present-day MAC of total BC in
RFMIP-EREF fall within the range from AeroCom (GliS et al., 2021), and four models have much larger values of
20-29 m? g~! (CESM2, GFDL-CM4, GFDL-ESM4, UKESM1-0-LL). Anthropogenic BC explains most of the
MAC of total BC for present-day in all REMIP-ERF models with available output, except in MIROC6 (Table S2
in Supporting Information S1). On the contrary, the three models with a dominant role of natural aerosols in 7,
(CNRM-CM6-1, CNRM-ESM2-1, MRI-ESM2-0), that is, % > 1.5, have negative direct forcing, consistent

abs(an:

with bounds from Bellouin et al. (2020). These results suggest an overestimation of absorption by anthropogenic
BC paired with a strong contribution of anthropogenic aerosols in present-day 7, in many CMIP6 models for
which the diagnostic output was available.

4. Discussion and Conclusions

Our results highlight no strong trend in aerosol ERF for 1970-2014 in the CMIP6 multi-model mean, despite
strong regional changes in aerosol radiative effects, for example, between the mid-1970s and the mid-2000s
(e.g., Fiedler et al., 2019). We see a stabilization of the total anthropogenic ERF in the period 1930-1960 in the
CMIP6 multi-model mean. Some models show near zero or negative total anthropogenic ERF around the 1960s
and 1970s, consistent with strongly negative present-day aerosol ERF. Trends in ERF reported here from CMIP6
historical experiments might be revised in the future due to updated emission data and model improvements. For
instance, regional 7 in CMIP6 improved compared to CMIP5 (Cherian & Quaas, 2020), although the improve-
ments in present-day 7 are not systematic across different metrics and against several observational data sets
(Vogel et al., 2022).

Our results further suggest that the magnitude of cloud-mediated effects primarily explains differences in aerosol
ERF across CMIP6, and masks positive direct radiative effects in many CMIP6 models. The intercomparison
of model results points for instance to the role of adjustments due to aerosol-cloud interactions over oceans
downwind of continental pollution. Differences in direct effects are smaller across CMIP6 when compared to the
cloud-mediated effects. Still, direct effects diverge among the models such that direct effects act to warm in eight
models and cool only in four models. The positive direct effects arise from excessive contributions of anthropo-
genic aerosol absorption due to low single scattering albedo for anthropogenic aerosols, for example, from large
absorption contributions of anthropogenic black carbon, and low shares of natural aerosol absorption.
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Since positive direct aerosol radiative forcing is in disagreement with the assessment by Bellouin et al. (2020),
revisiting aerosol optical properties and the share of natural and anthropogenic aerosol absorption can be oppor-
tunities to further constrain ERF in CMIP-class models. In so doing, the cloud-mediated effects of aerosols might
also change, since clouds adjust to aerosol-induced heating rates from aerosol effects on the radiation transfer.
Specifically, our results point to a regional increase in marine cloud cover due to aerosols in an experiment with-
out adjustments due to aerosol-cloud interactions. These adjustments are strong enough to induce marked nega-
tive aerosol effective radiative effects away from regions with large = and with the regional surface-temperature
adjustments suppressed. This result is interesting considering that it occurs in a model with an aerosol ERF
toward the less negative bound from Bellouin et al. (2020). Future work on aerosol ERF should therefore also
address the simulated long-range transport of aerosols over oceans. Precipitation and circulation respond to
regional aerosol effects but model results differ, for example, for absorption aerosol optical depth and responses
of monsoon precipitation to aerosols in CMIP6 historical experiments (e.g., Monerie et al., 2023; Samset, 2022).
Constraining simulated aerosol absorption and transport with the help of observations could therefore facilitate a
better understanding of regional climate responses to anthropogenic forcing in future studies.

Data Availability Statement

RFMIP output is freely available via ESGF (https://esgf-data.dkrz.de/search/cmip6-dkrz/). Additional details on
the CMIP6 models performing the RFMIP experiments and the analysis methods are in Supporting Information S1.
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