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Abstract The simple plumes (SP) parameterization for anthropogenic aerosol effects on radiation and
clouds has been used in the Coupled Model Intercomparison Project phase six (CMIP6) and beyond. This study
documents the new SP forcing data in preparation for use in CMIP phase seven (CMIP7) and its first application
in the newly developed coupled atmosphere‐ocean‐river model ICON XPP. We assess historical trends and
spatio‐temporal differences for the aerosol optical depth of SP and find moderate differences compared to the
CMIP6 data variant of SP. Radiative effects of anthropogenic aerosols from SP are estimated with atmosphere‐
only experiments of ICON XPP. The global all‐sky effective radiative forcing (ERFall) is − 0.33 Wm− 2 for the
2014 anthropogenic aerosols against the pre‐industrial level. Using either the CMIP6 version of SP or the
different climate state of present‐day compared to pre‐industrial yield a similar ERFall of anthropogenic aerosol
in ICONXPP, with global mean differences of 0.05Wm− 2. Climate responses to the anthropogenic aerosols are
computed with three‐member ensembles of fully‐coupled historical experiments with ICON XPP. ICON XPP
shows no apparent differences in global mean responses for outgoing shortwave radiation, temperature, and
precipitation when the updated SP data are prescribed in comparison to experiments that use the CMIP6 variant
of SP. Such small present‐day differences suggest that future extensions of historical data for SP, not an update
of the entire historical period, might be sufficient for climate studies, unless larger revisions of past emissions
will be made.

Plain Language Summary The radiative forcing of anthropogenic aerosols is estimated with
updated simple plumes data in the new climate model ICONXPP. ICONXPP and updated aerosol data assessed
in this study will be used for CMIP7 experiments. This study tests the new aerosol data in the model and
documents for instance differences compared to results from the CMIP6 aerosol data. In ICON XPP, the
radiative forcing from anthropogenic aerosols due to clouds is lower than in other models that participated in
CMIP6. The updated and extended historical data for the simple plumes parameterization enables climate
simulations that yield similar results compared to using the aerosol variant from CMIP6.

1. Introduction
Anthropogenic aerosol regionally counteracts warming caused by greenhouse gases. Regional climate responses
to aerosol are considered to be large enough that further improvements in air quality could lead to additional
warming in the coming decades, which is currently suppressed by aerosol effects (Samset et al., 2024). The exact
magnitude of the aerosol radiative forcing (Bellouin et al., 2020) and its associated regional climate responses to
aerosols (Wilcox et al., 2023) are still uncertain in our scientific understanding. Uncertainties are for instance
evident in the persistent scatter in climate model results for aerosol radiative forcing (C. J. Smith et al., 2020) and
known structural deficiencies of CMIP‐class models in simulating some of the physical processes involved in
aerosol effects, for example, cloud occurrences and their characteristics (Tselioudis et al., 2021; Vignesh
et al., 2020).

Simplification of the representation of aerosols in some climate models was instrumental to quantify the model
spread arising from other simulated processes. With this purpose in mind, the simple plumes (SP)
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parameterization (Stevens et al., 2017) was developed and used in a subset of experiments called RFMIP‐SpAer
in the CMIP6‐endorsed Radiative Forcing Model Intercomparison Project (RFMIP, Pincus et al., 2016). The SP
parameterization mimics the spatio‐temporal changes in anthropogenic aerosols concerning their optical prop-
erties and effects on clouds (Stevens et al., 2017). Using SP with a scaling based on CMIP6 emission data (SPv1)
in climate models helped to explain differences in the effective radiative forcing of anthropogenic aerosols over
the historical time period in RFMIP‐SpAer (Fiedler et al., 2023).

SPv1 was also implemented in models for other research interests than for RFMIP‐SpAer. Two examples are the
representation of anthropogenic aerosols in CMIP6 DECK experiments (Eyring et al., 2016) of the Max‐Planck‐
Institute for Meteorology Earth System Model version 1.2 (MPI‐ESM1.2, Mauritsen et al., 2019) and in the
atmospheric model ICON‐A for climate studies (Giorgetta et al., 2018). For that reason input data for SPv1 for
years after 2014 were developed that mimic the future emission changes as projected by CMIP6 scenarios
(Fiedler, Stevens, et al., 2019). The use of SPv1 in MPI‐ESM1.2 and other CMIP‐class models has further led to
the request for new input data, for example, in the framework of CovidMIP (Lamboll et al., 2021) to represent the
effects of the emission reductions due to lockdowns during the pandemic in EC‐Earth3 (Fiedler et al., 2021) and
other models (Jones et al., 2021). Moreover, SPv1 has been used as reference data set for a CMIP6 model
evaluation (Michou et al., 2020).

Using SPv1 was also tested outside of CMIP for improving satellite‐derived data of surface solar radiation within
the EUMETSAT Satellite Application Facility on Climate Monitoring (CM SAF). Climatological aerosol in-
formation from SPv1 was used for the generation of the surface irradiance data from the CLARA‐A3 data record
(Karlsson et al., 2023). Moreover, the time series of the monthly aerosol from SPv1 has been used in the gen-
eration of the CM SAF Landflux data record (Moutier et al., 2024). Using the temporally changing aerosol in-
formation improved the comparison of the decadal trend of surface irradiance with surface reference
measurements in Europe and allowed an estimation of the impact of the direct aerosol effect on surface irradiance
(Schilliger et al., 2024).

The design of SP based on mathematical functions and the offline driver for the SP code allow users to create their
own aerosol plumes and run the parameterization without the need to use SP always together with the
comprehensive code of a climate model. It simplifies the design and tests of SP data for diverse applications, for
example, for user‐generated aerosol information. This characteristic of SP was meant to facilitate experimen-
tation. It has for instance been used for performing experiments for a better understanding of influences of internal
variability and aerosol effects on clouds on the magnitude of aerosol forcing (Fiedler et al., 2017), impacts of
model dynamics on climate responses associated with aerosol (Nordling et al., 2019), climate responses to
different historical patterns of aerosol (Fiedler & Putrasahan, 2021), and climate responses to the location of
absorbing aerosols (Williams et al., 2022).

In preparation for CMIP7, modeling centers have requested an update and extension of the historical and scenario
data for SP for climate change experiments. There is also the desire for climate forcings for seasonal to decadal
climate predictions by the Lighthouse Activity “Explaining and Predicting Earth System Change” of the World
Climate Research Programme. In this context, the here‐presented new SP variant is currently being tested in the
climate prediction systems at the European Center for Medium‐Range Weather Forecasting (ECMWF) and the
Barcelona Supercomputing Center (BSC).

To serve the community, the objectives of this study are twofold. The main aim is to document and evaluate the
first updated and extended historical data for SP (SPv2) for 1850–2020 inclusive (Fiedler & Sudarchikova, 2024),
compared to SPv1 that used observationally based emissions until 2014 inclusive (Stevens et al., 2017). SPv2 is
consistent with the most recent release of the Community Emissions Data System (CEDS, R. Hoesly et al., 2024),
first used as the historical anthropogenic forcing data set in CMIP6 (R. M. Hoesly et al., 2018) and continuously
updated and extended in preparation for CMIP7, that is, additional updates in historical emissions will be made.
The new CEDS data includes revised emissions, for example, from metal smelting, for the historical period and
provides observationally based data for years after 2014, which was the last year in the CMIP6 historical forcings.
The updated and extended CEDS emissions give reason to create the new SPv2 data to warrant a high degree of
consistency across CMIP6plus and CMIP7 climate forcings data sets. Differences can for instance be expected
after 2010, when SO2 emission estimates decline more quickly in the new CEDS data compared to CMIP6.
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We document and evaluate the characteristics of the SPv2 data and the associated climate response against 25
different observation and model data sets. The evaluation of SPv2 includes first estimates of the anthropogenic
aerosol radiative effects and historical climate responses with Germany's new seamless prediction model ICON in
the eXtended Prediction and Projection configuration ICON XPP (Müller, Lorenz, et al., 2025), which will be
used for CMIP7 experiments (Dunne et al., 2024). In the analysis of ICON XPP output, we address the influence
of a different climate base state and spatial patterns of anthropogenic aerosols on the radiative forcing and climate
responses. The second aim is to address the need for either providing regular updates of the entire historical data
or for extensions of previously existing historical anthropogenic aerosol data as provided by SP, which can use
new emission data for the historical period when they become available. To that end we evaluate time series of
SPv2 against SPv1 data, and compare regional aerosol trends from SPv1 by extending the CMIP6 historical data
with CovidMIP future scenarios (Fiedler et al., 2021) and CMIP6 future scenarios (Fiedler, Stevens, et al., 2019)
after 2014 against observation data and SPv2. Moreover, we assess the SP version‐induced differences in the
simulated climate side by side to the present‐day model biases of ICON XPP.

2. Methods and Data
2.1. CEDS Emission Data

We use updated and extended CEDS emission data for anthropogenic short‐lived climate forcers (source ID
CEDS‐CMIP‐2024‐11‐25, R. Hoesly et al., 2024) for the historical time period. Anthropogenic forcing data has
been updated multiple times since the release of CMIP6 forcing data, extending data to new years as well as
revising underlying historical energy data, fuel properties, and emission factors as better data becomes available.
Since CMIP6, updated forcing data for the historical emissions before 2000 for SO2, NH3, CH4, and CO2 have
been similar. Globally, revised CO emissions trends in the last 50 years are smaller, particularly from trans-
portation in Latin America, Former Soviet Union, and Asia (not including China). Since 2000, revised emissions
trends from residential sector in China have contributed to a steep global decline in CO in updated forcing data.
NOx emissions have also seen a steep decline in China since 2000, mostly from industry and energy trans-
formation sectors. NMVOCs have reduced by almost 20% in the later half of the 1900s in the forcing data, largely
due to revised historical trends for transportation and energy transformation across Asia. Revisions in BC and OC
emissions in China in the residential, commercial and energy transformation sectors have led to significantly
lower emissions trends especially after 2000. Previous trends indicated swiftly increasing BC and OC emissions
but more updated trends show steady declines in recent years. Significant revisions across regions in residential
biomass estimates have led to global decreases in BC and OC, especially in the last 50 years. Updated NH3
emissions are similar to CMIP6 estimates, with new trends only a few percent lower than previous trends in recent
years, largely due to updated waste estimates, although these are still prone to uncertainty.

Of particular interest for SPv2 are differences in the SO2 emissions forcing data since CMIP6, since it is the
primary control for differences in the temporal scaling of the aerosol optical depth. The spatial allocation of CEDS
emissions for SO2 has been improved compared to CMIP6 historical data, with the introduction of the SO2
catalog from the Ozone Monitoring Instrument (OMI, Fioletov et al., 2023) for sources in the gridding method.
Globally, SO2 emissions used here are very similar to previous forcings data until the late 2000s, but not for the
same reasons. Historical estimates of industrial SO2 emissions increased by a similar amount as energy trans-
formation estimates decreased from 1850 through 1950 due to revisions in historical smelting and sulfur contents.
In the late 2000s, global SO2 emissions decrease more quickly than in the CMIP6 forcings data, due to revised
trends in China for both industry and energy transformation sectors. Both sectors maintain similar trajectories
through 2020, where emissions trends flatten post the Covid pandemic. International shipping data are slightly
larger compared to CMIP6 forcings data from 1990 onward and show a significant reduction in 2020.

2.2. Simple Plumes Parameterization

We use the simple plumes (SP) parameterization code, which was developed at the Max‐Planck‐Institute for
Meteorology. The code of SP (Stevens et al., 2017) has not been modified in the present study (Section 2.2.1), but
new input data for the historical time period is generated (Section 2.2.2). In summary, there are two differences
compared to the historical data from Stevens et al. (2017). First, the historical data are longer in SPv2 (1850–
2020) compared to SPv1 (1850–2014), and consistent with CMIP6plus emissions data (Section 2.1) instead of
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CMIP6. Second, we use the scaling method for gridded emission data in SPv2 consistent with the method for
future scenarios (Fiedler, Stevens, et al., 2019), rather than country‐aggregated values as in SPv1.

2.2.1. Characteristics

Characteristics of SP are technically documented at length by Stevens et al. (2017) and are summarized in the
following. SP uses mathematical functions to create the plume shapes of the aerosol extinction, namely Gaussian
functions in the horizontal distribution and beta functions for the vertical profiles. The use of mathematical
functions allows the parameterization to be independent of model specific configurations in the sense that the
created aerosol fields automatically adjust to the host model's spatial and temporal resolutions and the wave-
lengths bands in the radiative transfer calculations. It makes the parameterization flexible and representing
aerosols in climate models relatively easy, for example, a preprocessing of the aerosol data for model‐specific
resolutions and wavelengths is obsolete when SP has been implemented.

SP provides wave‐length dependent anthropogenic aerosol extinction profiles as monthly means to create the
characteristic seasonal cycles for the plumes, for example, reproducing seasonally active biomass burning in
Africa and South America (Stevens et al., 2017). The monthly climatology of the anthropogenic aerosol optical
depth (τa) at 550 nm for 2005 in SPv1 was adjusted to the Max‐Planck‐Institute for Meteorology Aerosol
Climatology (MAC, Kinne et al., 2013; Kinne, 2019). Values for τa at other wavelengths are computed assuming
a constant Ångstrom exponent of α= 2.0. The single scattering albedo is 0.93 for plumes dominated by industrial
pollution and 0.87 for plumes with aerosol contributions from biomass burning in the tropical belt. The asym-
metry parameter is a globally constant value of 0.63.

In addition to the anthropogenic aerosol optical properties, SP provides spatio‐temporal dependent factors ηN to
induce anthropogenic aerosol effects on clouds by multiplying ηN with the cloud droplet number concentration
(N) in the host model. The factor ηN can be used in the radiative transfer parameterization as an effective
parameter for aerosol effects on the cloud albedo (Twomey, 1974), for example, as in MPI‐ESM1.2 (Fiedler
et al., 2017), or in the cloud microphysical parameterization to induce additional cloud adjustments, for example,
as in EC‐Earth3 (Fiedler et al., 2021). It is possible to change the simulated magnitude of aerosol effects on clouds
from SP (Fiedler et al., 2017), which remains a large uncertainty in the understanding of aerosol forcing (Bellouin
et al., 2020). Year‐to‐year changes are described by a time‐dependent scaling factor for each plume that adjusts τa
in the plume centers over the years. The scaling factors are derived from monthly data from CEDS emissions for
SO2 and NH3, for example, prepared for CMIP6 (R. M. Hoesly et al., 2018).

2.2.2. Update and Extension

We retain all characteristics of SPv1 for SPv2 except for the temporal scaling over the historical period. In the
CMIP6 version SPv1, earlier referred to as MACv2‐SP, the temporal scaling was based on the CMIP6 historical
data for 1850–2014 inclusive (Stevens et al., 2017) and the future scenarios of CMIP6 for 2015–2100 inclusive
(Fiedler, Stevens, et al., 2019). Specifically, the historical evolution of τa of SPv1 is scaled with country‐
aggregated CEDS emissions for SO2 and NH3 (Stevens et al., 2017). For the SPv2 data, we update and extend
the historical scaling factors for the decadal changes in τa from 1850 to 2020, using gridded data for emissions of
SO2 and NH3 taken from the CEDS emissions for anthropogenic short‐lived climate forcers (source ID CEDS‐
CMIP‐2024‐11‐25, R. Hoesly et al., 2024). We annually integrate the monthly emission fluxes across all sources
for SO2 and for NH3. The grid of the CEDS emission data has a horizontal resolution of 0.5°. By applying
conservative remapping, we spatially interpolate the annual values to a coarser horizontal grid with 96 latitudes
and 192 longitudes, for consistency with the method applied to gridded emissions for future scenarios of SPv1
(Fiedler et al., 2021; Fiedler, Stevens, et al., 2019).

The scaling factors are then computed following the method for the historical data of SPv1 (Stevens et al., 2017)
but adjusted to using gridded emissions as in the future scenarios for SPv1 (Fiedler, Stevens, et al., 2019). The
processing steps are as follows. First, we compute emission anomalies relative to 1850 by subtracting the
emission of 1850 from the time series of annual emission sums for SO2 and NH3. This step is motivated by the
intended use of SPv2 for historical experiments that are initialized with data from the model's own pre‐industrial
control experiments, which include tropospheric aerosols for the pre‐industrial state. The pre‐industrial aerosol
mixture is dominated by natural aerosols and may regionally include anthropogenic aerosols from emissions in
1850. Second, we spatially average the emissions over 10 × 10 grid boxes around each plume center and compute
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10‐year running means for smoothing spatio‐temporal variability in the emissions. Third, we compute the scaling
factors as fractional differences in the emission anomalies relative to the emissions of 2005. The year 2005 is the
reference year of the monthly climatology of τa that was also used in SPv1. The emissions for SO2 have a higher
relative weight of 0.645 than NH3 in computing the scaling factors as in SPv1 (Stevens et al., 2017). The
generated scaling factors have here a decadal resolution and the MACv2‐SP code linearly interpolates the values
in between. SP data sets with higher temporal resolution are available, for example, for CovidMIP (Fiedler
et al., 2021), and for the years after 2020 for the SPv2.1 historical forcing data set for use in CMIP7 (Fiedler &
Azoulay, 2025).

2.3. Evaluation Strategy

We test the new SPv2 data in a contemporary climate model in preparation of CMIP7. To that end, we use the
newly developed Earth systemmodel “ICOsahedral Non‐hydrostatic eXtended Prediction and Projection” (ICON
XPP, Müller, Lorenz, et al., 2025) in fully coupled and atmosphere‐only configurations. The atmosphere‐only
experiments, listed in Table 1, are used to calculate the sensitivity of the effective radiative forcing (ERF) of
anthropogenic aerosols to different base states, different aerosol patterns, and the two data versions of SP
(Section 2.3.1). The results for the radiative forcing are evaluated against similar experiments with SP in CMIP6
models published in earlier studies. Moreover, ensembles of historical experiments with the fully coupled Earth
system model ICON XPP (Table 2) allow us to assess the sensitivity of the climate response to the SP versions
(Section 2.3.2).

In total, we use 25 different reference data sets from satellite products, reanalysis data and climate model output
including multi‐model ensembles from CMIP and AeroCom to evaluate the results with SPv2. We intercompare
the present‐day total aerosol optical depth (τ) and past climate change signatures for outgoing shortwave radi-
ation, temperature, precipitation, and cloud cover. Data intercomparisons for ICON XPP are facilitated by
applying the Earth SystemModel Evaluation Tool (ESMValTool, Righi et al., 2020; Andela et al., 2024b), which
is a community diagnostic and performance metrics tool for the evaluation and analysis of Earth system models.
ESMValTool has recently been extended to be able to process ICON XPP output without any postprocessing
(Schlund et al., 2023). Specifically, the results from the ICON XPP historical experiments are evaluated against
output from the historical experiments of CMIP6 (Eyring et al., 2016) and reference data listed in Table 3.

Table 1
Overview of ICON‐NWP Atmosphere‐Only Experiments for Radiative Forcing Calculations

Experiment Years Sea surface temperature and sea ice climatology Anthropogenic aerosol Other forcings

piClim‐Control 120 1870–1880 (D. M. Smith et al., 2019) – 1850

piClim‐CMIP6‐2014 30 1870–1880 (D. M. Smith et al., 2019) 2014, SPv1 1850

piClim‐CMIP7‐2014 30 1870–1880 (D. M. Smith et al., 2019) 2014, SPv2 1850

piClim‐CMIP6‐1975 30 1870–1880 (D. M. Smith et al., 2019) 1975, SPv1 1850

piClim‐CMIP7‐1975 30 1870–1880 (D. M. Smith et al., 2019) 1975, SPv2 1850

piClim‐CMIP7‐2020 30 1870–1880 (D. M. Smith et al., 2019) 2020, SPv2 1850

pdClim‐Control 120 1980–2012 (K. Taylor et al., 2015) – 2014

pdClim‐CMIP6‐2014 30 1980–2012 (K. Taylor et al., 2015) 2014, SPv1 2014

Note. A monthly sea‐surface temperature (SST) and sea‐ice climatology are prescribed as averages computed over the listed
time periods. Anthropogenic aerosols from SPv1 (Stevens et al., 2017) or SPv2 (Fiedler & Sudarchikova, 2024) are pre-
scribed as an annually repeating monthly climatology for the listed year. All other climate forcings are fixed at pre‐industrial
(1850) or present‐day (2014) level.

Table 2
Historical Climate Change Experiments With ICON XPP

Experiment Period Ensemble size Anthropogenic aerosol Other forcings

hist‐SPv1 1850–2020 3 SPv1 (Stevens et al., 2017) as in CMIP6

hist‐SPv2 1850–2020 3 SPv2 (Fiedler & Sudarchikova, 2024) as in CMIP6
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The new SPv2 data are evaluated based on the total aerosol optical depth (τ), which includes both natural (τn) and
anthropogenic (τa) aerosols. To obtain total τ for both SP versions, we add the monthly climatology for τn from
Kinne (2019) to the corresponding monthly data for τa from SPv2 and SPv1. The results for global mean τ are
compared against reference data sets from Table 4, previously collected and assessed in Vogel et al. (2022). We
use the same data and method for averaging τ as in Vogel et al. (2022). Multi‐model means of CMIP5 and CMIP6
equally weight individual models by using one historical simulation per model (Tables S1‐S2 in Vogel
et al., 2022).

2.3.1. Radiative Forcing

We perform atmosphere‐only experiments with ICON XPP to estimate radiative forcing from SP. The atmo-
spheric model of ICON XPP is called ICON‐NWP (Zängl et al., 2015). In the ICON‐NWP model configuration

Table 3
Overview of Climate Data as Observational References

Data set Variable(s) Type Years Reference

CERES‐EBAF Ed4.2 Outgoing shortwave radiation at the top of the atmosphere Satellite 2001–2022 Loeb et al. (2018)

ERA5 Near‐surface air temperature precipitation Reanalysis 1979–2021 Hersbach et al. (2020)

GPCP‐SG v2.3 Precipitation Satellite‐gauge 1979–2022 Adler et al. (2017)

HadCRUT5 v5.0.1.0 Near‐surface air temperature Ground 1979–2021 Morice et al. (2021)

ISCCP‐FH Outgoing shortwave radiation at the top of the atmosphere Satellite 1984–2016 Zhang and Rossow (2023)

ESA CCI Total cloud cover Satellite 2002–2016 Stengel et al. (2020)

MODIS Total cloud cover Satellite 2003–2018 Platnick et al. (2003)

Table 4
Data for Total Aerosol Optical Depth (τ), Including Anthropogenic (τa) and Natural Aerosol in the Troposphere (τn) ,
Following Vogel et al. (2022)

Data set Type Period Reference

AeroCom‐I Aerosol‐climate models output 2000 Schulz et al. (2006)

AeroCom‐III Aerosol‐climate models output 2010 Gliß et al. (2021)

CMIP5 Aerosol‐climate models output 1995–2005 K. E. Taylor et al. (2012)

CMIP6 Aerosol‐climate models output 1995–2014 Eyring et al. (2016)

ICAP Operational ensemble output 2015 Xian et al. (2019)

CAMS Reanalysis product 2003–2022 Inness et al. (2019)

MERRA‐2 Reanalysis product 1995–2023 Gelaro et al. (2017)

MAC‐v2 Climatology 2005 Kinne (2019)

SPv1 SPv1 for τa 1850–2014 Stevens et al. (2017)

Climatology for τn Kinne (2019)

SPv2 SPv2 for τa 1850–2020 Fiedler and Sudarchikova (2024)

Climatology for τn Kinne (2019)

FMImerge Merged satellite products 1998–2017 Sogacheva et al. (2020)

AATSR Satellite product 2002–2012 North et al. (1999)

CALIPSO Satellite product 2007–2019 Winker et al. (2010)

MISR Satellite product 2001–2019 Kahn et al. (2005)

MODIS Aqua Satellite product 2003–2019 Levy et al. (2007)

MODIS Terra Satellite product 2003–2019 Levy et al. (2007)

POLDER Satellite product 2006–2011 Chen et al. (2020)

SeaWiFS Satellite product 1998–2010 Hsu et al. (2012)

SLSTR Satellite product 2018–2019 North et al. (2021)
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used here, radiation calculations are performed with ecRad (Hogan & Bozzo, 2018; Rieger et al., 2019) and cloud
microphysics following Seifert and Beheng (2006). Natural aerosols are prescribed as monthly climatology of
aerosol optical properties for the wave lengths of ecRad based on data from MAC (Kinne, 2019). Anthropogenic
aerosols are represented with the SP parameterization (Section 2.2). Radiative forcing calculations are performed
with contemporary methods, namely instantaneous radiative forcing (IRF) and the fixed sea‐surface temperature
method for ERF (Fig. 3 in Fiedler et al., 2024).

We calculate the ERF of anthropogenic aerosols using the experiments with prescribed sea‐surface temperatures
and sea‐ice, for example, for the pre‐industrial (piClim) or present‐day (pdClim) climate state. The setup of
piClim experiments for forcing calculations was established in CMIP6 (Forster et al., 2016) and is part of the
experiment request of CMIP7 (Dunne et al., 2024). The sea surface temperatures and sea ice are prescribed as a
monthly mean climatology which is annually repeated in the simulations. That climatology is computed here over
1870–1880 for data from the Polar AmplificationMIP (UCI‐PAMIP v1.0, D. M. Smith et al., 2019) for the piClim
experiments, and over 1990–2012 for data from the atmosphere MIP (PCMDI‐AMIP v1.1.7, K. Taylor
et al., 2000, 2015) for what we call pdClim experiments. Prescribing the climatology eliminates the influence of
potential model biases in the simulated sea‐surface state on the ERF estimates. It is a different approach to RFMIP
(Pincus et al., 2016), where the model's own sea‐surface temperature and sea ice were prescribed as monthly
climatology computed from output of fully coupled atmosphere‐ocean experiments. Comparing the results from
pdClim and piClim experiments allows us to analyze the dependency of the aerosol radiative forcing on the
climate base state in ICON‐NWP. All our piClim and pdClim experiments are performed on 90 vertical levels in
the atmosphere and the triangular horizontal grid R2B4 of ICON‐NWP, which corresponds to an approximate
resolution of 160 km. Climate forcings except for anthropogenic aerosols are from CMIP6 for 1850 in piClim and
for 2014 in pdClim. Anthropogenic aerosol data are from SPv1 or SPv2 for the years 1975, 2014, or 2020 as listed
in Table 1 and prescribed as annually repeating monthly climatology, for example, monthly aerosol data of the
year 2014 from SPv2 in piClim‐CMIP7‐2014.

Effective radiative forcing for all sky (ERFall) and clear sky (ERFclear) are computed as the difference in the
shortwave radiation budget at the top of the atmosphere between the experiment with anthropogenic aerosols
against the corresponding control experiment with 1850 aerosol level, for example, pdClim‐CMIP6‐2014 against
pdClim‐Control and piClim‐CMIP7‐2020 against piClim‐Control. For all‐sky conditions, the calculation of the
radiative transfer is performed for both the cloudy and cloud‐free atmospheric column. The simulated clouds are
assumed to be transparent for radiation in a diagnostic call of the radiative transfer calculation to compute the
clear‐sky radiative effects of anthropogenic aerosols. We follow the approach to sample model internal variability
in the radiation budget like in Fiedler et al. (2017). The experiments piClim‐Control and pdClim‐Control are
relatively long with 120 years each, which is an effective way to create reference data for computing ERF. Each of
the experiments with added anthropogenic aerosols is shorter with a length of 30 years. These experiment lengths
create enough model output to compute the radiative forcing with substantially reduced influence of natural
internal variability in the radiation budgets on aerosol ERF (Fiedler et al., 2017). The first year of each simulation
is considered as spin‐up period and excluded prior to the data analyses. A 1‐year spin‐up is generous because the
atmosphere more quickly compensates initial disturbances. Aerosol effective radiative effects are computed as
annual differences in the radiation budget and averaged over all years thereafter to obtain mean spatial patterns.
Spatial averages of the latter determine the global mean ERF. Note that the experiments for this study were
created for testing SPv2 prior to the use in CMIP7, when the ICON‐NWP model version and CMIP7 boundary
data were not final. Aerosol forcing estimates from ICON XPP (Section 2.3.2) in CMIP7 might therefore not be
identical with the here reported values.

We further compute the instantaneous radiative forcing in all‐sky conditions (IRFall) and the net contribution from
rapid adjustments (ADJall). Values for IRFall of anthropogenic aerosols are calculated in all experiments with
anthropogenic aerosols through double calls to the radiative transfer calculation. One of these calls are free of
anthropogenic aerosol whereas the other call includes the aerosol for the same atmospheric state. The difference in
the radiation budget between the two calls determines IRFall. The values for ADJall are computed as the difference
of ERFall against IRFall.
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2.3.2. Climate Response

The SP data were utilized in experiments with the new fully coupled atmosphere‐ocean‐river model system ICON
XPP (Müller, Lorenz, et al., 2025). ICONXPP uses the atmosphere component ICON‐NWP (Section 2.3.1). Land
surface processes are simulated with the “Jena Scheme for Biosphere Atmosphere Coupling in Hamburg”
(JSBACH, Schneck et al., 2022). The ocean‐sea ice component of ICON XPP is from the ocean general circu-
lation model of the Max‐Planck Institute for Meteorology (ICON‐O, Korn et al., 2022), and the “Hydrological
Discharge model” from the Helmholtz‐Zentrum Hereon (HD, Hagemann et al., 2023).

ICON XPP has been integrated over time with annually repeating pre‐industrial conditions as of 1850 by the
model partners (Müller, Lorenz, et al., 2025). At the end of that pre‐industrial control experiment, ICON XPP has
achieved a stable climatology without drift, meeting all key benchmarks, including near‐surface air temperature,
net radiation at the top of the atmosphere, Atlantic Meridional Overturning Circulation (AMOC), and sea‐ice
properties. The model configuration used has a horizontal resolution of 80 km (R2B5) in the atmosphere,
20 km in the ocean (R2B7), and 50 km in the river routing model. The atmosphere comprises 130 vertical levels
extending up to 75 km. Detailed information on the tuning of ICON XPP and the control experiments is available
from Müller, Lorenz, et al. (2025).

Building on the pre‐industrial control experiment, two sets of historical experiments with transient changes in
climate forcings were performed for the present study, each with three ensemble members. The two ensembles of
historical experiments differ only in the anthropogenic aerosol data with one using SPv1 (hist‐CMIP6) and the
other SPv2 (hist‐CMIP7). All ICON XPP historical simulations cover the period 1850–2020 inclusive. The
transient climate forcings for irradiance, land cover, ozone, volcanic aerosol, and greenhouse gas concentrations
are as for CMIP6 simulations. Since the CMIP6 forcing data end in 2014, forcing data of 2014 were also used as
boundary condition for the last years of the hist‐CMIP6 and hist‐CMIP7 simulations (2015–2020). For 2015–
2020, SPv1 prescribes transient changes for the anthropogenic aerosols following SSP2‐4.5 (Fiedler, Stevens,
et al., 2019).

3. Results
3.1. Aerosol Properties

3.1.1. Mean Differences

Updating the input data for the simple plumes parameterization (SPv2) using the CEDS emission data for his-
torical experiments has moderate influence on τa and ηN , compared to the MACv2‐SP data for CMIP6 historical
experiments (here SPv1, Stevens et al., 2017). The global spatial patterns of the resulting τa and ηN (Figure 1)
reflect the spatio‐temporal development of emissions of SO2 and NH3 in the historical period. Compared to NH3,
the larger SO2 emission fluxes and larger weight in the relative contribution to the τa plumes primarily determine
the τa patterns of SP. The latter have strongly changed in the past with most emission in Europe and North
America during the 1970s, whereas most emissions in the first two decades of the 21st century occur in Eastern
Asia. The shift in emissions for anthropogenic aerosol leads to the temporal changes in the spatial pattern of τa and
ηN (Figure 1) that are broadly consistent with SPv1 (Figure S1 in Supporting Information S1).

Although the spatial patterns in SPv2 are similar compared to SPv1, magnitudes of τa are regionally different by
up to Δτa = ±0.05 (Figure 2). Regionally larger τa in SPv2 are seen for years between 1900 and 1990 in Europe,
Southern central Africa, and North Africa (Figures 2a and 2b). This finding is consistent with additionally
available emission data frommetal smelting in the updated CEDS data set (R. Hoesly et al., 2024). More emission
data since CMIP6 has become available for point sources for metal smelting in Serbia and Africa and have been
associated with copper production. In SPv2, the largest differences in regional τa of up to Δτa = 0.05 are seen
around the 1970s (Figure 2b), at the time when anthropogenic aerosol pollution was relatively high over Europe
with τa ≈ 0.3. Moreover, the anthropogenic aerosol effects on clouds are relatively high in the European plume
during the period 1960–2000 with a maximum of ηN ≈ 1.4. The maxima in the European plume have been
superseded by the East Asian plume in 1990 with a maximum of ηN > 1.4 around 2010, and a sharp decrease
thereafter until 2020 (Figure 2c). Regionally smaller τa is seen in the East Asian plume in SPv2 compared to SPv1
after 2010. Toward the end of the time series in 2020, the South Asian plume has τa ≈ 0.2 and ηN ≈ 1.35 which is
comparable to East Asia. East and South Asia share together the largest values for τa and ηN in 2020. The next
largest τa < 0.15 in 2020 is seen in the Africa plumes with positive trends since the 2000s.
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We evaluate the representation of τa using observational data products from satellites and reanalysis (Figure 3). It
requires adding a background climatology for natural aerosols in the troposphere for τn to obtain a total aerosol
optical depth τ. For estimating τ, we add the monthly data from MAC to SPv1 and SPv2. MAC is chosen since it
was used together with SPv1 in global climate model experiments in past studies (e.g., Fiedler et al., 2021;

Giorgetta et al., 2018; Mauritsen et al., 2019) and in the present study together
with SPv2 in ICON XPP experiments. We compare against nine τ data sets,
following those used in Vogel et al. (2022) and listed in Table 4. Differences
in τ across these data sets serve as an estimate of observational uncertainty.

Annual mean τ ≈ 0.14 from both SPv1 and SPv2 plus MAC fall within the
observational differences of τ ≈ [0.12,0.17] between 1998 and 2020,
spatially averaged between 60°N and 60°S (Figure 3). The observational
differences in global mean τ by about 0.05 across the data sets is up to four
times larger than the year‐to‐year variability captured by individual data sets,
for example, a difference in τ by 0.01 in FMImerge between 2012 and 2013
(Figure 3). The τ data from SPv1 and SPv2 plus MAC agree well with the
multi‐model mean over historical experiments from CMIP5 for 1998–2005
and are smaller by about 0.02 compared to CMIP6 for 1998–2014. Note
that the fraction and the degree to which the aerosols absorb radiation vary
across CMIP6 models with some CMIP6 models having a positive direct
radiative forcing of anthropogenic aerosols (Fiedler et al., 2023), which
disagrees with other evidence (Bellouin et al., 2020). Nevertheless the mean τ
across CMIP6 historical experiments falls within the observational uncer-
tainty. Observational data for the anthropogenic and natural absorption
aerosol optical depth would be useful to better evaluate and constrain the
models.

Figure 1. Spatial pattern from SPv2. Shown are the annual mean spatial pattern of (top, a–b) anthropogenic aerosol optical
depth (τa) to induce aerosol effects on radiation and (bottom, c–d) factor (ηN) to be multiplied with the cloud droplet number
concentration (N) from the host model to induce aerosol effects on clouds for the years (left) 1975 and (right) 2014. Difference
maps for SPv1 against SPv1 are shown in Figure S1 in Supporting Information S1.

Figure 2. Regional τa and ηN . Shown are τa of anthropogenic aerosols
averaged around the color‐coded aerosol plume centers within a distance of
10° (a) for SPv2 and (b) for SPv2 minus SPv1, and (c) ηN for SPv2 (solid
lines) and SPv1 (dashed lines).

Journal of Advances in Modeling Earth Systems 10.1029/2025MS005067

FIEDLER ET AL. 9 of 22

 19422466, 2025, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025M

S005067 by D
tsch Z

entrum
 F. L

uft-U
. R

aum
 Fahrt In D

. H
elm

holtz G
em

ein., W
iley O

nline L
ibrary on [24/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3.1.2. Seasonal Differences

The seasonal cycle in SPv2 depends on the plume, with τa > 0.05 in the zonal
mean around 30°N between March and October and a sharp decrease in τa to
zonal mean τa < 0.01 North of 60°N and South of 0°, averaged for 2000–2014
(Figure 4a). Around the equator, a seasonal maximum in zonal averages of up
to τa ≈ 0.07 occurs from July to September reflecting the seasonally active
biomass burning in the tropics, namely in Africa, South America, and
Southeast Asia. Compared to SPv1, the overall monthly patterns are similar in
SPv2, but there is a moderate shift of τa from the northern hemisphere extra‐
tropics to the tropics by 1–2% of τa in SPv2 (Figure 4b). That increase in the
tropics is largest around November with 3% for zonal mean τa < 0.04. Earlier
in September, the tropical mean South of the equator sees also a slight
reduction in τa by about − 1%. The calculated monthly τ with SPv1 and SPv2

plus MAC fall within the observational uncertainty. Monthly global mean τ differ by about 0.05 across nine
different observational data sets (Figure S2 in Supporting Information S1). That value is comparable to maxima in
zonal mean τa from SPv2 (compare Figure 4a). Although the month‐to‐month changes in global monthly mean τ
are different across the observational data sets, both SP versions plus the natural aerosol from MAC agree on the
maximum in August, a secondary maximum in March, and a minimum in November as seen in some of the
observational products for τ (Figure S2 in Supporting Information S1).

3.1.3. Trend Differences

The changes in τ from 1998 to 2020 are small and somewhat different in the data sets, averaged between 60°N and
60°S (Figure 3). CMIP6 has a slightly positive trend in mean τ over the period 1998–2014, consistent with a
slightly less negative radiative forcing of anthropogenic aerosols over that time period (Fiedler et al., 2023). The
magnitude at the upper end of the range in τ and the 1998–2014 trend of τ averaged across the CMIP6 historical
experiments agrees well with the observational estimates from FMImerge, MODIS, and AATSR. Other data sets
like MERRA2 and MISR have no apparent positive trend in spatially averaged τ for 1998–2014. The projected
changes in spatially averaged τ from 2014 to 2020 from SPv1 plus MAC are smaller with differences of about
0.005. Compared to SPv2 plus MAC, τ trends with most SPv1 scenarios are larger and all fall within the
observational uncertainty (Figure 3).

Regional trends in τ are noticeable in observational data sets, for example,
documented for some data sets elsewhere (Cherian & Quaas, 2020; Gupta
et al., 2022; Pozzer et al., 2015). We assess to what extent τa from SPv2 and
SPv1 with post‐2014 extensions with future scenarios represent the observed
development of τ. The post‐2014 extensions for SPv1 use emission data of
scenarios created for ScenarioMIP (Gidden et al., 2019) and CovidMIP
(Lamboll et al., 2021). Our analysis of the reanalysis data fromMERRA2 and
CAMS, and satellite data from MODIS and MISR shows an agreement for
negative 2003–2019 trends in τ over East Asia, South America, North
America and Europe and positive trends around India with values of about
±0.1 τ decade− 1 (Figure S3 in Supporting Information S1). The representa-
tion of the 2003–2019 trends in τa from SPv1 with the extensions from the
scenarios depends on the region (details in Supporting Information S1). The
SPv1 extension of τ with the ScenarioMIP scenario SSP2‐4.5 yields the
highest pattern correlation (0.62) against the observed pattern of trends for
2003–2019, which is similar to SPv2 using observed emissions throughout.

The SPv1 trend of τ for 2010–2022, which includes the reduction in emissions
due to lockdowns during the pandemic, is only slightly better with a post‐
2014 extension from CovidMIP compared to the extension with the best
CMIP6 scenario (Figure 5). Specifically, the CovidMIP scenario extension
leads to a pattern correlation coefficient for the 2010–2022 trends in τ of 0.7
(Figure 5m), compared against the mean over two reanalysis data sets

Figure 3. Spatial mean τ. Shown are total τ (anthropogenic plus natural)
averaged for the region 60°S to 60°N from different observational and model
data sets following Vogel et al. (2022), summarized in Table 4. SPv1 uses
the historical data from Stevens et al. (2017) until 2014 and the CMIP6
scenarios from Fiedler, Stevens, et al. (2019) thereafter. SPv1 and SPv2
include here the natural τ climatology from MAC (Kinne, 2019).

Figure 4. Zonally averaged τa of anthropogenic aerosols. Shown are the
zonal means of (top) τa from SPv2 and (bottom) percentage difference in
Δτa for SPv2 against SPv1 divided by SPv1, averaged per month over 2000–
2014.
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(Figures 5a–5c). By design none of the scenarios for anthropogenic aerosols represent trends in natural τn, for
example, the decrease in desert‐dust aerosols over North Africa from the reanalysis for 2010–2022. Also none of
the ScenarioMIP projections of emissions expected the occurrence of a pandemic that would reduce anthropo-
genic emissions of aerosol. Low pattern correlations like seen for six ScenarioMIP scenarios is therefore to be
expected against the observed pattern of τ trends (Figures 5c–5m). Nevertheless the pattern correlation of the
trend in τ is 0.57–0.68 in the two SSP1 scenarios (Figures 5h and 5i) and in the baseline of CovidMIP that
corresponds to SSP2‐4.5 (Figure 5l). These values are similar to the projected CovidMIP trends for the lockdown
(Figure 5m), although the underlying assumptions for the emissions are different in the two MIPs. The similarity
indicates scenarios of τ could be assessed against observational data and used as an analog story for climate
studies, even in some cases of unexpected emission changes that are not foreseen at the time of the production of
emission projections.

Figure 5. Trends in total τ per decade including the pandemic influence on emissions. Shown are trends in annually averaged
total τ (anthropogenic plus natural) for 2010–2022 from (a) CAMS (Inness et al., 2019), (b) MERRA‐2 (Gelaro et al., 2017),
(c) the mean across the trends in CAMS and MERRA‐2, (d–k) SPv1 following the CMIP6 future scenarios (Fiedler, Stevens,
et al., 2019) and (l) the CovidMIP baseline/SSP2‐4.5 scenario and (m) the CovidMIP scenarios that include a lockdown (Fiedler
et al., 2021). For the period considered here the different CovidMIP scenarios including a lockdown have the exact same trends
(not shown). Hatching in (c) marks where the reanalysis data sets do not agree on the sign of the trend.
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3.2. Radiative Forcing

3.2.1. Emission Dependency

We estimate an effective radiative forcing for all sky conditions (ERFall) of about − 0.33 Wm− 2 for the 2014
anthropogenic aerosols relative to the pre‐industrial (1850) aerosol from SPv2 in ICON‐NWP. The ERFall from
SPv2 is slightly more negative by − 0.06Wm− 2 compared to SPv1 for the 2014 aerosols and changes little by 0.01
Wm− 2 for 2020 (Figure 6a). ERF are computed for shortwave radiation at the top of the atmosphere from piClim
experiments with ICON‐NWP (Section 2.3.1). The SPv2 to SPv1 differences in present‐day ERFall are small
compared to the model internal variability in the shortwave radiation budget at the top of the atmosphere,
measured with year‐to‐year standard deviations of 0.24–0.36 Wm− 2 in all‐sky conditions (Figure 6a). Year‐to‐
year differences in ERFall are explained by variability in the net contribution of rapid adjustments in the atmo-
sphere (Figure 6b), since the instantaneous radiative forcing is stable within a few years after spin‐up (Figure 6c).

ICON's ERFall of anthropogenic aerosols for 2014 of − 0.33Wm− 2 falls at the upper end of other lines of evidence
and is weaker compared to estimates from CMIP6 models. For instance, models participating in CMIP6 had a
range in ERFall of about − 1.4 to − 0.6 Wm− 2 (C. J. Smith et al., 2020). Other models using the 2014 anthro-
pogenic aerosol from SPv1 have more negative ERFall of − 0.79 to − 0.46Wm− 2 (Fiedler et al., 2023) compared to
ICON‐NWP. The ERFall of ICON‐NWP is, however, near the margin of the 10%–90% confidence level for ERFall
of − 2.0 to − 0.4 Wm− 2, assessed frommultiple lines of evidence by Bellouin et al. (2020), and within the range of
− 1.0 to − 0.3 Wm− 2 suggested by Stevens (2015).

Clouds in ICON‐NWP more strongly mask ERF compared to MPI‐ESM1.2, consistent with the weaker ERFall.
Clouds can mask ERFclear, reducing the global magnitude of ERFall (Fiedler et al., 2017). ICON‐NWP has a
global mean ERFclear of about − 0.8Wm− 2 with regional values of around − 9Wm− 2 for present‐day aerosol from
SPv1 and SPv2 (Figures 7b and 7e). Global mean ERFclear in ICON‐NWP is more negative than global mean
ERFclear in the atmosphere component of the CMIP6 model MPI‐ESM1.2 (Fiedler et al., 2017), yet the ERFall in
ICON‐NWP is less negative. It suggests that the influence of cloud masking on ERFall in ICON‐NWP is
approximately three times stronger, namely+0.55 Wm− 2 (ERFall minus ERFclear for pi‐CMIP6‐2014), compared
to +0.17 Wm− 2 from SPv1 in MPI‐ESM1.2 (Fiedler et al., 2017).

We test to what extent global mean ERFall and regional effective radiative effects differ between SPv1 and SPv2
when we use a substantially different global pattern of anthropogenic aerosol. We compare the effective radiative

Figure 6. Distribution of annual averages of anthropogenic aerosol forcing. Shown are the density distributions of globally
and annually averaged (a) effective radiative forcing (ERFall) and (b) net contributions from rapid adjustments (ADJall) . The
zoom in the x‐axis (c) shows the 30‐year mean of the global instantaneous radiative forcing (IRFall) . All values are for all‐sky
conditions for present‐day aerosol patterns and calculated for shortwave radiation at the top of the atmosphere from the color‐
coded ICON‐N atmosphere‐only experiments, listed in Table 1 as piClim‐X and pdClim‐Xwhere X refers to the different climate
forcings data. The mean and year‐to‐year standard deviation of ERFall are listed in the legend of (a). See Section 2.3.1 for
method description.
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effects from piClim experiments for the mid‐1970s anthropogenic aerosols (Figure S4 in Supporting Informa-
tion S1), when most of the aerosol was over North America and Europe (Figure 1), against results for the present‐
day aerosol maxima in East Asia in 2014 and 2020. The global mean ERFall are similar for the 1975, 2014, and
2020 aerosol with global mean differences of less than 0.09 Wm− 2, despite strong regional differences in the
effective radiative effects (compare Figure 7a and Figure S4d in Supporting Information S1). The small influence
of the substantial change in aerosol patterns is consistent with ERFall of the mid‐1970s and the mid‐2000s in other
models (Fiedler, Kinne, et al., 2019). It implies the 1970–2020s changes in the regional aerosol emissions had
moderate influence on the anthropogenic aerosol forcing in ICON‐NWP, consistent with the small trend in ERFall
of anthropogenic aerosols for 2000–2014 in the CMIP6 multi‐model ensemble mean of historical experiments
(Fiedler et al., 2023). ICON‐NWP adjusts differently to the mid‐1970s and mid‐2010s aerosol patterns of SPv1
and SPv2, although these differences are small in the global mean compared to the internal variability in the
shortwave radiation budget (Supporting Information S1). Specifically, the differences in ADJall for the two
aerosol patterns are about half of the year‐to‐year standard deviation in the global mean radiation budget, and fall
within the model‐to‐model difference for ADJall = [0.03; 0.2] Wm− 2 from an earlier intercomparison study
(Fiedler, Kinne, et al., 2019).

3.2.2. Base State Dependency

The climate base state has little influence on the present‐day effective radiative effects of anthropogenic aerosols
in ICON‐NWP. We test the influence of the base state for SPv1 in what we call pdClim experiments. The pdClim
experiments are similar to piClim but have a prescribed present‐day climatology of sea‐surface temperatures and
sea ice (Section 2.3.1). The different sea‐surface conditions between the pre‐industrial and present‐day lead to
notable changes in the mean climate, namely global warming and associated changes in clouds, precipitation and
wind patterns (Figure S5 in Supporting Information S1).

Using the substantially different base climates causes a comparable small difference in global mean ERFall of the
2014 anthropogenic aerosol. Global mean ERFall for the 2014 aerosol changes by 0.05 Wm− 2 with the different
base state (Figure 6). That difference in the global mean ERFall due to the base state is for instance similar to the
estimated difference in ERFall for 2014 between SPv1 to SPv2 (Figure 6).

Figure 7. Radiative effects of anthropogenic aerosol forcing of 2014. Shown are the regional contributions to (left to right)
all‐sky effective radiative forcing (ERFall) , clear‐sky effective radiative forcing (ERFclear) , and all‐sky net contributions of
rapid adjustments (ADJall) . All values are for all‐sky conditions in 2014 and calculated for shortwave radiation at the top of the
atmosphere from the ICON‐NWP experiments (top to bottom) pi‐CMIP7‐2014, pi‐CMIP6‐2014, and pd‐CMIP6‐2014
(Table 1). Hatching indicates results not significant at the 95% level using a standard t‐test. Values in the lower right corners are
the global means.
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Moreover, the regional patterns of effective radiative effect and net contributions from rapid adjustments to the
anthropogenic aerosol of 2014 are broadly similar from piClim and pdClim with some perceptual differences over
North America, in Europe, and around the Maritime continent (Figures 7f and 7i). Clouds, precipitation and wind
patterns change with a warmer base state (Figure S5 in Supporting Information S1). Anthropogenic aerosols from
SP directly influence the radiative transfer in the atmosphere through scattering and absorption of shortwave
radiation, and perturb the cloud droplet number concentration affecting the simulated cloud albedo in ICON‐
NWP. Such aerosol effects influence the vertical temperature profiles and therefore clouds and precipitation in
the model. Nevertheless, the different base states as in pdClim and piClim yield similar spatial patterns for the
effective radiative effects of the 2014 aerosols (Figures 7d and 7g). This result suggests a weak sensitivity of the
anthropogenic aerosol forcing and net contributions from rapid adjustments to the pre‐industrial to present‐day
climate change in ICON‐NWP. Other models could show different results, for example, when they simulate
additional processes for aerosol and atmospheric chemistry that consider adjustments of the aerosol emission and
deposition fluxes.

3.3. Climate Response

3.3.1. Global Mean

Two three‐member ensembles of historical experiments with ICON XPP are performed for the anthropogenic
aerosols from SPv1 (hist‐CMIP6) and SPv2 (hist‐CMIP7), which are identical in all other aspects of the
experimental setup (see Section 2.3.2, Table 2). A comparison of the ICON XPP output against observational
reference data sets and CMIP6 model results allows us to evaluate the climate response to the updated SPv2
against SPv1 data. We document the performance of ICON XPP for selected variables and identified responses to
regional aerosol changes that have been seen in other climate models.

The global mean outgoing shortwave radiation at the top of the atmosphere (RSUT) in ICON XPP falls at the
upper end of most individual simulations from CMIP6 models, although not at the upper end of the entire CMIP6
model ensemble (compare against gray lines in Figure 8a). There are no notable differences between hist‐CMIP6
and hist‐CMIP7 (Figure 8a). Mean RSUT from the historical experiments agrees well withMERRA2 (not shown)
and ISCCP‐FH, and is overestimated compared to CERES EBAF with a mean bias of 4.5 Wm− 2. ICON XPP also
reproduces the sharp increases in mean RSUT after major volcanic eruptions, for example, Pinatubo and Krakatoa
to name the two largest natural anomalies in RSUT during the historical period.

There is no notable difference in the global mean near‐surface air temperature (T2m) between hist‐CMIP6 and
hist‐CMIP7 (Figure 8b), although individual members follow slightly different trajectories for T2m associated
with the simulated internal variability in ICON XPP. All historical experiments of ICON XPP successfully
reproduce the observed increase in T2m from observational data and are close to the observed T2m of HadCRUT5
for 1979–2020 with a mean bias of 0.005 K. The global mean T2m from ICON XPP falls in the middle of the
CMIP6 ensemble spread for the entire historical period.

Global mean precipitation (p) from ICONXPP falls at the upper end of the CMIP6 multi‐model spread with again
similar results for hist‐CMIP6 and hist‐CMIP7 (Figure 8c). ICON XPP has a global mean p of about 3.15 mm
day− 1 and a slight increase in p toward the 21st century, consistent with the temperature increase. Compared to
ERA5 and GPCP‐SG, the multi‐member ensemble mean of ICONXPP overestimates pwith a global mean bias of
0.49 mm day− 1 for 1979–2020.

3.3.2. Spatial Pattern

We assess the spatial pattern of the mean differences in the top of atmosphere outgoing shortwave radiation
(RSUT) from SPv2 between the mean for 1960–1979 against the pre‐industrial and for 2000–2019 against 1960–
1979 (Figures 9a and 9b), which are affected by substantially different spatial patterns of anthropogenic aerosol
(Section 3.2). In many regions, the aerosol effective radiative effects, that imply increasing RSUT, are over-
compensated by responses leading to a reduction in RSUT. The responses are strong enough to cause regional
reductions of RSUT of up to 6 Wm− 2, for example, in parts of North America for the 1960–1979 mean relative to
the pre‐industrial. Most pronounced increases in RSUT of 2–6 Wm− 2 are seen over oceans in the tropics and
around Europe for the 1960–1979 mean relative to the pre‐industrial state (Figure 9a), and around East Asia for
the 2000–2019 mean against 1960–1979 (Figure 9b).
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The changes in RSUT over time are often an order of magnitude smaller than
regional biases computed for the present‐day mean RSUT from the CERES‐
EBAF and ISCCP‐FH observational data (Figures 10a and 10b), although the
present‐day anthropogenic aerosol from SPv2 helps to slightly reduce the
positive bias in RSUT around the Maritime continent and Australia by − 1 to
− 3 Wm− 2 compared to SPv1 (not shown). We see for instance biases of
around 40 Wm− 2 in the tropics with an underestimation in ICON XPP over
coastal upwelling regions and an overestimation in ocean regions to the West
(Figures 10a and 10b). The agreement in the global mean RSUT between
ICON XPP and ISCCP‐FH (Figure 8a) is therefore due to regional biases of
different signs that compensate each other in the global mean with overall
minor differences induced by SPv2 against SPv1.

The response pattern of T2m to climate forcings in ICON XPP is again similar
with SPv2 and SPv1 with a continuous warming that is stronger in the
northern than in the southern hemisphere and particularly pronounced over
the Arctic (response with SPv2 shown in Figures 9c and 9d). Maximum
regional differences of T2m are − 0.5 K in hist‐CMIP7 compared to hist‐
CMIP6 for 2001–2019 in northern parts of North America and Asia, where
SPv2 leads to slightly less present‐day regional warming compared to SPv1
(not shown). SPv2 therefore helps to slightly reduce the present‐day warm
bias over North America, seen for hist‐CMIP7 against both ERA5 and
HadCRUT5 (Figures 10c and 10d). Moreover, near‐surface air over coastal
upwelling regions, for example, offshore of the coast of Southwest Africa and
South America, is up to 4 K too warm with coinciding underestimation of
RSUT by ICON XPP (Figures 10c and 10d) and too low total cloudiness
(Figures 10g and 10h). It suggests too little scattering of shortwave radiation
by the here typically prevailing low stratocumulus clouds in ICON XPP.
Many land regions warm in comparison to observational data too little, for
example, Africa, and large parts of Asia. Close agreement in the global mean
T2m of ICON XPP with observational data are therefore also due to
compensating regional biases of the simulated warming (Figure 8b) without
noticeable differences with SPv2 against SPv1.

Tropical precipitation for 2002–2019 from ICON XPP shows a pattern of
biases relative to ERA5 and GPCP‐SG (Figures 10e and 10f) that is broadly
similar to biases identified for the multi‐model mean of CMIP6 compared to
TRMM observation (Fiedler et al., 2020). This includes for instance the
dipole of over‐ and underestimation over the tropical Atlantic. Compared to
the regional biases of up to ±6 mm day− 1, differences between SPv2 and
SPv1 are again an order of magnitude smaller (not shown) and help to reduce
biases only in some regions. Over the ocean around the Maritime continent,
SPv2 helps to reduce for instance the regional wet bias of up to − 0.75 mm
day− 1 compared to SPv1 (not shown). Historical changes in precipitation

patterns like the reduced rain over the Sahel in the 1960–1980s and the subsequent wetter conditions (Zhang &
Steiner, 2022) are not simulated by ICON XPP (Figures 9e and 9f). Taken together, the simulated rain in ICON
XPP is overestimated in more regions than it is underestimated, particularly over the oceans, which explains the
positive bias in the simulated global mean precipitation (Figure 8c).

4. Discussion
The here‐presented update and extension of the historical data for the simple plumes parameterization for 1850–
2020 shows little difference for the anthropogenic aerosol optical depth and effects on cloud droplets, compared to
the aerosol variant for 1850–2014 produced for use in CMIP6 (Stevens et al., 2017). Testing the two aerosol
variants in historical experiments with the new CMIP7 climate model ICON XPP yields similar global mean

Figure 8. Historical changes in global mean climate. Shown are (a) outgoing
shortwave radiation at the top of the atmosphere, (b) near‐surface air
temperature, and (c) precipitation for 1850–2020 based on fully‐coupled
historical experiments with ICON XPP and CMIP6 models, and
observational data, listed in Tables 2 and 3. Solid and dashed colored lines
show ICON XPP experiments with anthropogenic aerosols from SPv1 (hist‐
CMIP6) and SPv2 (hist‐CMIP7), respectively. Numbers in brackets in the
titles are the global mean bias of the ICON XPP mean over all ensemble
members relative to the corresponding observational data set (averaged over
the time period spanned by maximum overlap between ICON XPP and the
corresponding observational data set, see Table 3). Gray lines are (thin)
individual historical experiments from CMIP6 and (thick) the multi‐model
mean from all CMIP6 historical experiments with equal weighting of the
contributing models.
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radiative forcing and climate responses for anthropogenic aerosols. One example are aerosol‐induced differences
for ERF that fall within the year‐to‐year natural variability in the shortwave radiation budget. Induced differences
in the global mean response for temperature and precipitation are an order of magnitude smaller compared to the
multi‐model spread of CMIP6. Assessed globally averaged responses from ICON XPP fall in the middle of the
model‐to‐model differences across the CMIP6 ensemble of historical experiments, although few regionally
limited improvements for the simulated present‐day climate state are seen in ICON XPP with the updated aerosol
data.

The similarity for the two aerosol variants for the historical period suggest regularly recurring extensions of
previously existing historical data for the simple plumes parameterization is sufficient for climate studies as time
progresses. Updates to the entire historical simple plumes data may not be required as long as there are no

Figure 9. Spatial patterns of climate changes in ICON XPP. Shown are the ensemble‐averaged changes in the (top to bottom)
outgoing shortwave radiation at the top of the atmosphere, near‐surface air temperature, total precipitation, and total cloud
cover for (left) the mean of 1960–1979 against the pre‐industrial state, and (right) the mean of 2000–2019 against 1960–
1979. All data are from ICONXPP historical experiments with SPv2 aerosol data (hist‐CMIP7) as described in Section 2.3.2.
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substantial revisions to the spatial and temporal distribution of emissions of SO2 and NH3. It is useful to retain the
decadal scaling for the data in the simple plumes parameterization for use in CMIP. One reason is the small
influence of even drastic year‐to‐year changes in anthropogenic aerosol emissions in global mean climate
simulated by CMIP‐class models as seen in CovidMIP (Jones et al., 2021). The assessment of the spatial patterns
of trends in anthropogenic aerosol optical depth from the CMIP6 variant of SP over the past years further sug-
gested a regular observation‐based comparison of scenarios for extending the historical SP data might be useful
for climate predictions, even when no annual extension of historical emissions is available in time. The CMIP7
data for the simple plumes aerosol forcing will be generated for all scenarios proposed for ScenarioMIP‐CMIP7
(van Vuuren et al., 2025) and variants of these scenarios for AerChemMIP2 (Fiedler et al., n.d.). Depending on the
application, other needs for the temporal resolution and coverage of aerosol forcing might be identified keeping
the assumptions for the design of the parameterization in mind (Stevens et al., 2017).

Figure 10. Spatial patterns of biases in ICON XPP. Shown is the ensemble‐averaged differences in the (top to bottom)
outgoing shortwave radiation at the top of the atmosphere, near‐surface air temperature, total precipitation, and total cloud
cover as simulated in the historical experiments of ICON XPP with SPv2 (hist‐CMIP7) against different observational data
sets (Table 3).
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An interesting result from our study is the small all‐sky ERF for the present‐day anthropogenic aerosol of − 0.33
Wm− 2 for the new CMIP model ICON XPP (Müller, Lorenz, et al., 2025), compared to CMIP6 model estimates
(C. J. Smith et al., 2020). At the same time, the model simulates about − 0.8 Wm− 2 aerosol ERF for clear sky,
which is more negative than the lower bound of − 0.58Wm− 2 assessed by Bellouin et al. (2020). The small all‐sky
ERF is due to an about three times larger reduction of clear‐sky aerosol ERF due to cloud masking, compared to
the CMIP6 model MPI‐ESM1.2 with the same simple plumes parameterization (Fiedler et al., 2017). The
dependence of aerosol ERF on the climate state and the 2014 to 2020 change of anthropogenic aerosols are
comparably small in ICON XPP. ICON XPP (Müller, Früh, et al., 2025) has several new parameterization
schemes and a different dynamical core compared to MPI‐ESM1.2 (Mauritsen et al., 2019). For instance, the
cloud cover was based on threshold‐dependent values for the relative humidity following Sundqvist et al. (1989)
in MPI‐ESM1.2, whereas ICON XPP diagnoses cloud cover following the description from Prill et al. (2024).
Moreover, the radiative transfer calculations differ between the two models, namely the ecRad radiation
parameterization (Hogan & Bozzo, 2018) is used in ICON XPP whereas MPI‐ESM1.2 used the PSrad imple-
mentation of RRTMG (Pincus & Stevens, 2013). It will be interesting to investigate the sensitivity of the aerosol
ERF in ICON XPP with the newly available parameterization schemes in future studies and revisit the multi‐
model spread of aerosol ERF including the new CMIP7 models like ICON XPP.

5. Conclusion
We have updated and extended the SP data for 1850–2020 in SPv2 (Fiedler & Sudarchikova, 2024). Differences
of SPv2 compared to the CMIP6 data variant SPv1 (Stevens et al., 2017) are small, documented here for the
aerosol optical depth, the radiative forcing and the climate response in the new CMIP7 model ICON XPP. The
newly available CMIP7 forcing data set SPv2.1 for 1850–2023 is virtually identical to SPv2 for the overlapping
period 1850–2020, documented and available from Fiedler and Azoulay (2025). It suggests future extensions of
SP historical data, rather than an update of the entire time series of SP data for the past, will be sufficiently
accurate for some climate studies, unless the spatial patterns of aerosol and their precursor emissions or other
assumptions of the simple plumes parameterization (Stevens et al., 2017) will be revised.

We found that the present‐day effective radiative forcing of anthropogenic aerosols from both SPv1 and SPv2
with about − 0.3 Wm− 2 from the atmospheric model component of the new CMIP7 model ICON XPP (Müller,
Lorenz, et al., 2025) is less negative compared to estimates from CMIP6 and other lines of evidence. It is therefore
no surprise that climate responses with SPv2 and SPv1 yield similar results in the fully coupled historical ex-
periments shown here. Aerosol effects on clouds remain a key uncertainty in the understanding of climate change
(Bellouin et al., 2020). Their magnitude in the simple plumes parameterization can be changed in the future for
experimentation following existing strategies (Fiedler et al., 2017) or in future variants of SP data for use in the
multiple different applications of SP in climate sciences.
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(Hersbach et al., 2020) was downloaded from the Copernicus Climate Change Service (2019). The results contain
modified Copernicus Climate Change Service information 2025. Neither the European Commission nor ECMWF
is responsible for any use that may be made of the Copernicus information or data it contains. CMIP6 data
required to reproduce the analyses of this paper is available through the Earth System Grid Foundation (ESGF;
https://esgf‐metagrid.cloud.dkrz.de/search/cmip6‐dkrz/, last access: 19 February 2025). ESMValTool can auto-
matically download these data if requested (see https://docs.esmvaltool.org/projects/ESMValCore/en/v2.11.1/
quickstart/configure.html#esgf‐configuration, last access: 19 February 2025). Observational/reanalysis data sets
are not distributed with ESMValTool that is restricted to the code as open source software, but ESMValTool
provides a collection of scripts with downloading and processing instructions to recreate the observational/
reanalysis data used for Figures 8–10 (see https://docs.esmvaltool.org/en/latest/input.html/#observations, last
access: 19 February 2025). Output from ICON XPP experiments is available from Wahl and Fiedler (2025).
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