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Abstract 28 

This paper quantifies the effective radiative forcing from CMIP6 models of the present-day anthropogenic 29 

emissions of NOX, CO, VOCs, SO2, NH3, black carbon and primary organic carbon. Effective radiative forcing 30 

from pre-industrial to present-day changes in the concentrations of methane, N2O and halocarbons are quantified 31 

and attributed to their anthropogenic emissions. 32 
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Emissions of reactive species can cause multiple changes in the composition of radiatively active species: 33 

tropospheric ozone, stratospheric ozone, secondary inorganic and organic aerosol and methane.  We therefore 34 

break down the ERFs from each emitted species into the contributions from the composition changes. 35 

The 1850 to 2014 mean ERFs are -1.02 +/- 0.15 Wm-2 for SO2, -0.27 +/- 0.04 Wm-2 for organic carbon (OC), and 36 

0.14 +/- 0.08 Wm-2 for black carbon (BC), and for the aerosols combined it is -0.94 +/- 0.08 Wm-2. The means for 37 

the reactive gases are 0.70 +/- 0.08 Wm-2 for methane (CH4), 0.05 +/- 0.06 Wm-2 for NOx, -0.06 +/- 0.09 Wm-2 38 

for volatile organic carbons (VOC), 0.17 +/- 0.04 Wm-2 for ozone (O3), 0.23 +/-0.03 Wm-2 for nitrous oxide 39 

(N2O) and -0.04 +/- 0.1 Wm-2 for hydrocarbon (HC). Differences in ERFs calculated for the different models 40 

reflect differences in the complexity of their aerosol and chemistry schemes, especially in the case of methane 41 

where tropospheric chemistry captures increased forcing from ozone production.  42 

1. Introduction 43 

The characterisation of the responses of the atmosphere, climate, and earth systems generally is essential for 44 

understanding, and countering, the impacts of climate change. As part of this effort there have been several 45 

projects directed at using climate models from different groups around the world to produce a systematic 46 

comparison of the simulations from these models, via the Coupled Model Intercomparison Project (CMIP), which 47 

is now in its  6th iteration (Eyring et al., 2016). This CMIP work has been subdivided into different areas of interest 48 

for addressing specific questions about climate, such as the impact of aerosols such as sulfates, black carbon (BC), 49 

organic carbon (OC), as well as other species which react in the atmosphere, e.g. methane, hydrocarbons, ozone 50 

and nitrous oxide, and the AerChemMIP (Collins et al., 2017) project is designed to examine the specific effects 51 

of these factors on the climate.  52 

The focus of this work is to characterise the effect of the aerosols and chemically-reactive species on the radiation 53 

budget of the planet, referred to as radiative forcing, as an initial step to understanding the response of the 54 

atmosphere and earth system to changes in these components, whether those changes are due directly to 55 

anthropogenic emissions or to natural emissions responding to climate change (e.g. sea salt and dust which may 56 

change their emissions as a response to changes in wind speed, ocean temperature etc). In previous reports of the 57 

Intergovernmental Panel on Climate Change (IPCC) the effect of the various forcing agents on the radiation 58 

balance has been investigated in terms of the radiative forcing, (RF), which is a measure of how the radiative 59 

fluxes at the top of atmosphere (TOA) change in response to changes in e.g. emissions of CO2 or aerosols. There 60 

have been several definitions of radiative forcing, (Forster et al., 2016;Sherwood et al., 2015), which generally 61 

considered the instantaneous radiative forcing (IRF), or a combination of the IRF including the adjustment of the 62 

stratospheric temperature to the driver, generally termed the stratospherically-adjusted radiative forcing. More 63 

recently (Boucher, 2013;Chung and Soden, 2015) there has been a move towards using the effective radiative 64 

forcing (ERF) as the preferred metric, as this includes the rapid adjustments of the atmosphere to the perturbation, 65 

e.g. changes in cloud cover or type, water vapour, tropospheric temperature, which may affect the overall radiative 66 

balance of the atmosphere. In this work, this ERF is calculated using two atmospheric model simulations both 67 

with prescribed ocean conditions, but one having the perturbation we are interested in investigating, e.g. a change 68 

in emissions of aerosols. The difference in the net TOA flux between these two simulations is then defined as the 69 

ERF for that perturbation. 70 
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Previous efforts to understand the radiative forcing due to aerosols and chemistry have resulted in a wide spread 71 

of values from the different climate models, in part due to a lack of suitable model simulations for extracting the 72 

ERF from e.g. a specific change to an aerosol species. The experiments in the AerChemMIP project have been 73 

designed to address this in part, by defining consistent model set-ups to be used to calculate the ERFs, although 74 

the individual models will still have their own aerosol and chemistry modules, with varying levels of complexity 75 

and different approaches. 76 

There are complexities in assessing how a particular forcing agent affects the climate system due to the interactions 77 

between some of the reactive gases; for example methane and ozone are linked in complex ways, and this increases 78 

the problem of understanding the specific contribution of each to the overall ERF when one of them is perturbed. 79 

An attempt to understand some of these interactions is discussed in Section 3.3 below. 80 

The experimental set-up and models used are described in Section 2, the results for the aerosol and chemistry 81 

experiments are described in Section 3, and the results are discussed in section 4. Final conclusions are drawn in 82 

Section 5. 83 

2. Experimental Setup 84 

2.1 Models 85 

This analysis is based on models participating in the Coupled Model Intercomparison Project (CMIP6) (Eyring et 86 

al., 2016), which oversees climate modelling efforts from a number of centres with a view to facilitating 87 

comparisons of the model results in a systematic framework. The overall CMIP6 project has a number of sub-88 

projects, where those with interests in specific aspects of the climate can design and request specific experiments 89 

to be undertaken by the modelling groups. To understand the effects of aerosols and reactive chemistry on the 90 

climate a set of experiments was devised under the auspices of AerChemMIP (Collins et al., 2017), described in 91 

Section 2.2. 92 

The emissions of the anthropogenic and reactive species for use in the models are given in (Hoesly et al., 2018) 93 

and van Marle et al. (2017) although models use their own (Eyring et al., 2016) natural emissions, while the well-94 

mixed greenhouse gases (WMGHG) are specified as concentrations either at the surface or in the troposphere. 95 

Not all of the models include interactive aerosols, tropospheric chemistry and stratospheric chemistry, which is 96 

the ideal for the AerChemMIP experiments, but those models which do not include all these processes provide 97 

results for a subset of the experiments described in Section 2.2 98 

The models included in this analysis are summarised in Table 1, with an overview of the model set-up, aerosol 99 

scheme and type of chemistry models used included. A more detailed table is available in the supplementary 100 

materials, Table S1. 101 

The CNRM-ESM2-1 model (Séférian et al 2019, Michou et al. 2019) includes an interactive tropospheric aerosol 102 

scheme, and an interactive gaseous chemistry scheme down to a level of 560 hPa. The sulfate precursors evolve 103 

to SO4 using a simple dependence on latitude. The cloud droplet number concentration (CDNC) is depending on 104 

SO4, organic matter and sea-salt concentrations, so the cloud-albedo effect is represented, although other aerosol-105 

cloud interactions are not. 106 

The UKESM1 model (Sellar et al., 2020)is includes an interactive stratosphere-troposphere gas-phase chemistry 107 

scheme (Archibald et al., 2019) using the UK Chemistry and Aerosol (UKCA; (Morgenstern et al., 2009;O'Connor 108 
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et al., 2014) model. The UKCA aerosol scheme, called GLOMAP-mode, is a two-moment scheme for the 109 

simulation of tropospheric black carbon (BC), organic carbon (OC), SO4, and sea salt. Dust is modelled 110 

independently using the bin scheme of (Woodward, 2001). The UKCA chemistry and aerosol schemes are coupled 111 

such that the secondary aerosol (SO4, OA) formation rates depend on oxidants from the stratosphere-troposphere 112 

chemistry scheme (Archibald et al., 2019;Sellar et al., 2020), Mulcahy et al 2019, in prep). Aerosol particles are 113 

activated into cloud droplets using the activation scheme of (Abdul-Razzak and Ghan, 2000) which is dependent 114 

on aerosol size distribution, aerosol composition, and meteorological conditions. Changes in CDNC affect cloud 115 

droplet effective radius ((Jones et al., 2001) and the autoconversion of cloud liquid water in to rain water 116 

(Khairoutdinov and Kogan, 2000), which both influence cloud albedo ((Mulcahy et al., 2018); Mulcahy et al., 117 

2019 in prep). Stratospheric aerosols (aerosol optical depth and surface area density) are prescribed in the model 118 

(Sellar et al., 2019b). A full description and evaluation of the chemistry and aerosol schemes in UKESM1 can be 119 

found in (Archibald et al., 2019) and Mulcahy et al. (2019), respectively. 120 

The MIROC6 model includes the Spectral Radiation-Transport Model for Aerosol Species (SPRINTARS) aerosol 121 

model which predicts mass mixing ratios of the main tropospheric aerosols and models aerosol-cloud interactions 122 

in which aerosols alter cloud microphysical properties and affect the radiation budget by acting as cloud 123 

condensation and ice nuclei. The sulfate and carbonaceous aerosols are treated as externally mixed in this model. 124 

The CDNC and ice crystal number are used to calculate the aerosol indirect effect and cloud nucleation process 125 

(Takemura et al., 2005), (Watanabe et al., 2010), Takemura et al 2018). It also includes gas phase chemistry. 126 

The MRI-ESM2 model (Yukimoto et al., 2019) has the MASINGAR mk-2 aerosol scheme, and a chemistry 127 

model, MRI-CCM2 ((Deushi and Shibata, 2011) which models chemistry processes for O3 and other trace gases 128 

from the surface to the stratosphere. The aerosol scheme includes aerosol-chemistry interactions, and aerosol-129 

cloud interactions (Kawai et al., 2019) 130 

 The BCC-ESM1 model (Wu et al., 2019b), (Wu et al., 2019a) models major aerosol species including gas-phase 131 

chemical reactions, secondary aerosol formation, and aerosol-cloud interactions including indirect effects are 132 

represented. It uses the BCC-AGCM3-Chem atmospheric chemistry model based on MOZART2 (Horowitz et al., 133 

2003) which does not include stratospheric chemistry, so concentrations of ozone, CH4, and N2O at the top two 134 

model levels are the zonally and monthly values derived from the CMIP6 data package. 135 

The NorESM2 model contains interactive aerosols.  The OsloAero6 aerosol module (Olivié et al., in prep.) which 136 

contains some slight updates since (Kirkevåg et al., 2018) describes the formation and evolution of BC, OM, 137 

sulfate, dust, sea-salt and SOA.  There is a limited gas-phase chemistry describing the oxidation of the aerosol 138 

precursors DMS, SO2, isoprene, and monoterpenes.  Oxidant fields of OH, HO2, NO3 and O3 are prescribed 139 

climatological fields. As there is no ozone chemistry in the model, prescribed monthly-varying ozone fields are 140 

used for the radiation. 141 

The GFDL-ESM4 model consists of the GFDL AM4.1 atmosphere component (Horowitz et al in prep 2019, 142 

Dunne et al in prep 2019) which includes an interactive tropospheric and stratospheric gas-phase and aerosol 143 

chemistry scheme. The model includes 56 prognostic (transported) tracers and 36 diagnostic (non-transported) 144 

chemical tracers, with 43 photolysis reactions, 190 gas-phase kinetic reactions, and 15 heterogeneous reactions. 145 

The tropospheric chemistry includes reactions for the NOx‐HOx‐Ox‐CO‐CH4 system and oxidation schemes for 146 

other non-methane volatile organic compounds. The stratospheric chemistry accounts for the major ozone loss 147 

cycles (Ox, HOx, NOx, ClOx, and BrOx) and heterogeneous reactions on liquid and solid stratospheric aerosols as 148 
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in Austin et al. (2013). The bulk aerosol scheme, including 18 transported aerosol tracers, is similar to that in 149 

AM4.0 (Zhao et al., 2018), with the following updates: (1) ammonium and nitrate aerosols are treated explicitly, 150 

with ISORROPIA (Fountoukis and Nenes, 2007) used to simulate the sulfate–nitrate–ammonia thermodynamic 151 

equilibrium; (2) oxidation of sulfur dioxide and dimethyl sulfide to produce sulfate aerosol is driven by the gas-152 

phase oxidant concentrations (OH, H2O2, and O3) and cloud pH simulated by the online chemistry scheme, and 153 

(3) the rate of aging of black and organic carbon aerosols from hydrophobic to hydrophilic forms varies with 154 

calculated concentrations of hydroxyl radical (OH). 155 

The CESM2-WACCM model includes interactive chemistry and aerosols for the troposphere, 156 

stratosphere and lower thermosphere (Emmons et al., 2010); (Gettelman et al., 2019)).  It simulates 228 157 

compounds, including the MAM4 4-mode Modal Aerosol Model.  This version of MAM4 is modified to allow 158 

for the simulation of stratospheric aerosols from volcanic eruptions (from their SO2 emissions) and oxidation of 159 

OCS (Mills et al., 2016). The representation of secondary organic aerosols follows 160 

the Volatility Basis Set approached (Tilmes et al., 2019). 161 

The IPSLCM6A-LR model used for this analysis has prescribed aerosols which were pre-calculated from an 162 

atmosphere-only configuration and then prescribed as monthly climatologies. The O3 is prescribed from the 163 

CMIP6 official dataset. The IPSL model results presented here are only for the piClim-aer experiment, and don’t 164 

include results for this model for the additional AerChemMIP experiments. 165 

 166 

 Table 1 Components used in the Earth system models (detailed Table is in Supplemental material, Table S1)  167 

 
Aerosols Tropospheric chemistry Stratospheric chemistry 

IPSL-CM6A-LR Prescribed No No 

NorESM2-LM Interactive SOA and sulfate precursor chemistry No 

UKESM1-LL Interactive 

Tropospheric. 

Prescribed 

stratospheric 

Interactive Interactive 

CNRM-ESM2-1 Interactive Chemical reactions down to 560 hPa Interactive 

MRI-ESM2 Interactive Interactive Interactive 

MIROC6 Interactive SOA and sulfate precursor chemistry No 

BCC-ESM1 Interactive  Interactive No 

GFDL-ESM4 Interactive  Interactive Interactive 

CESM2-WACCM Interactive Interactive Interactive 
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2.2 Experiments 168 

The AerChemMIP timeslice experiments (Table 2) are used to determine the present day (2014) ERFs for the 169 

changes in emissions or concentrations of reactive gases, and aerosols or their precursors (Collins et al., 2017). 170 

The ERFs are calculated by comparing the change in net TOA radiation fluxes between two runs with the same 171 

prescribed sea surface temperatures (SSTs) and sea ice, but with NTCFs (reactive gas and aerosol emissions, also 172 

referred to as SLCFs – short-lived climate forcers) or WMGHG (methane, nitrous oxide, halocarbon) 173 

concentrations perturbed. The control run uses set 1850 pre-industrial values for the aerosol precursors, CH4, 174 

N2O, ozone precursors and CFC/HCFC, either as emissions or concentrations ((Hoesly et al., 2018;van Marle et 175 

al., 2017;Meinshausen et al., 2017). Monthly varying prescribed SSTs and sea-ice are taken from an 1850 coupled 176 

pre-industrial simulation. Each experiment then perturbs the pre-industrial value by changing one (or more) of the 177 

species to the 2014 value, while keeping SSTs and sea-ice prescribed as in the pre-industrial control. The NTCFs 178 

are perturbed individually or in groups. This provides ERFs for the specific emission or concentration change, but 179 

also for all aerosol precursor or NTCFs combined (Collins et al., 2017). For models without interactive 180 

tropospheric chemistry “NTCF” and “aer” experiments are the same; in the case of NorESM2 for the NTCF 181 

experiments the model attempts to mimic the full chemistry by setting the oxidants and ozone to 2014 values. The 182 

WMGHG experiments include the effects on aerosol oxidation, tropospheric and stratospheric ozone, and 183 

stratospheric water vapour depending on the model complexity.  184 

Thirty years of simulation are used to minimise internal variability (mainly from clouds) (Forster et al, 2016.).  185 

 186 

Table 2 List of fixed SST ERF simulations. (NTCF in Collins et al 2017 is also referred to as 'SLCF' in other 187 
publications) and for the purposes of this study excludes methane. 188 

Experiment ID CH4 N2O Aerosol 

Precursors 

Ozone  

Precursors 

CFC/ 

HCFC 

Number of models 

piClim-control 1850 1850 1850 1850 1850 9 

piClim-NTCF 1850 1850 2014 2014 1850 7 

piClim-aer 1850 1850 2014 1850 1850 8 

piClim-BC 1850 1850 1850 (non BC) 

2014 (BC) 

1850 1850 6 

piClim-O3 1850 1850 1850 2014 1850 4 

piClim-CH4 2014 1850 1850 1850 1850 7 

piClim-N2O 1850 2014 1850 1850 1850 4 

piClim-HC 1850 1850 1850 1850 2014 5 

piClim-NOX 1850 1850 1850 1850 (non NOX) 

2014 (NOX) 

1850 3 

piClim-VOC 1850 1850 1850 1850 (non CO/VOC) 

2014 (CO/VOC) 

1850 3 

piClim-SO2 1850 1850 1850 (non SO2) 

2014 (SO2) 

1850 1850 6 

piClim-OC 1850 1850 1850 (non OC) 1850 1850 6 
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2014 (OC) 

piClim-NH3 1850 1850 1850 (non NH3) 

2014 (NH3) 

1850 1850 0 

3. Methods 189 

In the following analysis we use several methods to analyse the ERF and the relative contributions from different 190 

aerosols, chemistry and processes to the overall ERF for the models and experiments described above, where the 191 

appropriate model diagnostics were available. 192 

3.1.1 Calculation of ERF using fixed SSTs 193 

The ERF is calculated from the experiments described above, where the sea surface temperatures and sea-ice are 194 

fixed to climatological values. Here the ERF is defined as the difference in the net TOA flux between the perturbed 195 

experiments and the piClim-control experiment (Sherwood et al., 2015), calculated as the global mean for the 30 196 

years of the experimental run (where the models were run longer than 30 years, the last 30 years was used). This 197 

allows us to calculate the ERF for the individual species based on the changes to the emission or concentrations 198 

between the control and perturbed runs of the models. The assumption is that there is minimal contribution from 199 

the climate feedback when the ocean state is fixed, but the resultant ERF includes rapid adjustments to the forcing 200 

agent in the atmosphere (Forster et al., 2016).    201 

3.1.2 Kernel Analysis 202 

  Where the relevant data are available, we use the radiative kernel method (Smith et al., 2018;Soden et al., 203 

2008;Chung and Soden, 2015) to break down the ERF into the instantaneous radiative forcing (IRF) and individual 204 

rapid adjustments (designated by A) which are radiative responses to changes in atmospheric state variables that 205 

are not coupled to surface warming. In this approach, ERF is defined as: 206 

                                  ERF = IRF +AT + Ats + Aq + Aa + Ac +e                                                                    (1) 207 

where AT = atmospheric temp.,  Ats = surface temp., Aq = water vapour, Aa = albedo, Ac = clouds, e = radiative 208 

kernel error. Individual rapid adjustments (𝐴𝑥) are computed as: 209 

 210 

𝐴𝑥 =
𝛿𝑅

𝛿𝑥
𝑑𝑥                                                                                                                 (2) 211 

where 
𝛿𝑅

𝛿𝑥
 is the radiative kernel, a diagnostic tool typically computed with an offline version of a GCM radiative 212 

transfer model that is initialized with climatological base state data and 𝑑𝑥 is the climate response of atmospheric 213 

state variable 𝑥, diagnosed directly from each model.  Cloud rapid adjustments (𝐴𝐶) are estimated by diagnosing 214 

cloud radiative forcing from model flux diagnostics and correcting for cloud masking using the kernel-derived 215 

non-cloud adjustments and IRF, following common practice (e.g. (Soden et al., 2008;Smith et al., 2018)), 216 

whereby: 217 

𝐴𝐶 = (𝐸𝑅𝐹 − 𝐸𝑅𝐹𝑐𝑙𝑟) −(IRF - 𝐼𝑅𝐹𝑐𝑙𝑟)  −  ∑𝑥=[𝑇,𝑡𝑠,𝑞,𝑎] (𝐴𝑥 − 𝐴𝑥
𝑐𝑙𝑟)                                                           (3) 218 
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Clear-sky IRF (𝐼𝑅𝐹𝑐𝑙𝑟 ) is estimated as the difference between clear-sky ERF (𝐸𝑅𝐹𝑐𝑙𝑟)and the sum of kernel-219 

derived clear-sky rapid adjustments (𝐴𝑥
𝑐𝑙𝑟).  Since estimates of 𝐴𝑐are dependent on IRF, the same differencing 220 

method cannot be used to estimate IRF under all-sky conditions without special diagnostics (in particular the isccp 221 

diagnostics) not widely available in the AerChemMIP archive.  Alternatively, all-sky IRF is computed by scaling 222 

𝐼𝑅𝐹𝑐𝑙𝑟by a constant to account for cloud masking (Soden, Held et al. 2008; Kramer et al. 2020).  223 

Kernels are available from several sources, and for this analysis we used kernels from CESM, ((Pendergrass et 224 

al., 2018), GFDL (Soden et al., 2008), HadGEM3, (Smith and Kramer 2020, submitted), and ECHAM6 ((Block 225 

and Mauritsen, 2013) and took the mean from the four kernels for each model. Overall the individual kernels 226 

produced very similar results for each model, as reported in (Smith et al., 2018).  227 

3.1.3. Calculation of ERF using aerosol-free radiative fluxes 228 

To understand the contributions of various processes to the overall ERF we can attempt to separate the ERF that 229 

is due to direct radiative forcing from that due to the effects of aerosol-cloud interactions; aerosols act on clouds 230 

in a variety of complex ways, by heating the clouds to cause burn-off (semi-direct effect Ackerman et al 2000), 231 

and via microphysical effects (e.g. the number of condensation nuclei and the effective radii of the cloud droplets, 232 

referred to as the cloud albedo effect and the cloud lifetime effect (Twomey, 1974;Albrecht, 1989;Pincus and 233 

Baker, 1994). Following the method of Ghan (2013) the direct forcing due to aerosols alone can be found by 234 

calculating the radiative fluxes from the model simulation ignoring the scattering and absorption by the aerosol – 235 

referred to in the equations below with the subscript ‘af’. The other effects of the aerosol on the atmosphere (i.e. 236 

cloud changes, stability changes, dynamics changes) will still be present, however. The direct radiative effect 237 

(ERFari) here is the direct radiative forcing from the aerosol based on the all-sky fluxes with the aerosol, 238 

subtracted from the all-sky fluxes without the aerosol. This is a measure of the radiative effects due only to the 239 

aerosol. The effects of the aerosol on cloud radiative forcing is then obtained by using the difference between the 240 

aerosol-free all-sky fluxes and the aerosol-free clear-sky fluxes, which isolates the cloud effects, where cloud 241 

changes due to the presence of the aerosol will be present, but the radiative effects of the aerosol itself are removed 242 

(see eqns 4-5). The final term is the ERF as calculated from fluxes with neither clouds nor aerosols (ERFcs,af), 243 

attributed to the effect of aerosols on the surface albedo by  (Ghan, 2013). 244 

ERFari = (ERF - ERFaf)                                                                                                                                       (4) 245 

ERFaci = ERFaf - ERFcsaf                                                                                                                                  (5) 246 

4. Results 247 

4.1 Aerosols 248 

4.1.1 ERF vs SARF 249 

The results in Fig (1) show the ERF, the tropospheric adjustments, and the stratospheric adjusted radiative forcing 250 

(SARF). As described in section 3.1.1 the ERFs are diagnosed from the radiative fluxes in the fixed SST 251 

experiments, and the tropospheric adjustments A_trop from the sum of all adjustments in section 3.2.2 apart from 252 

the stratospheric temperature adjustment. The SARF is then determined from SARF = ERF – A_trop. 253 
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The SARF and rapid adjustments should total the overall ERF, and comparing the ERF as calculated from the 254 

model output with the sum of the SARF and A_trop gives a difference of less than 3%, and in general less than 255 

1%, confirming that the total ERF is accounted for by the combination of SARF and A_trop. 256 

For aerosols, (with little stratospheric-temperature adjustment) the SARF is approximately the direct IRF; using 257 

the kernel method described above it is important to note that the IRF calculated here accounts for the presence 258 

of the clouds but does not include cloud changes such as the Twomey effect.  259 

The models show moderate agreement for the SARF for SO2 (range of -0.31 Wm-2 - 0.74 Wm-2) and OC (-0.13 260 

Wm-2 – 0.19 Wm-2), with a much larger range for BC (0.06 Wm-2 to 0.48 Wm-2). In MIROC6 the treatment of BC 261 

(Takemura & Suzuki 2019; Suzuki & Takemura 2019) leads to faster wet removal and hence lower SARF. Overall 262 

there is approximately a factor of 3 in the range of the SARF for total aerosols (-0.35 Wm-2 to -0.97 Wm-2).  263 

Fig. 1 Breakdown of the ERFs into the tropopause rapid adjustments and IRF 

(instantaneous radiative forcing) for aerosol species. (a) piClim-BC experiment, (b) 

piClim-SO2 experiment, (c) piClim-OC experiment, (d) piClim-aer experiment 
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There are significant differences between the models in the A_trop for SO2; these vary by 0.04 Wm-2 to -0.93 264 

Wm-2, where the differences are dominated by the cloud adjustments (see Fig S3 for breakdowns of the rapid 265 

adjustments for all models) which here include the Twomey effect as part of the adjustment. The adjustments to 266 

BC are generally small with most models having a smaller positive adjustment to that reported by (Stjern et al., 267 

2017;Samset et al., 2016;Smith et al., 2018) and others. The MRI-ESM2 model does have a slight positive 268 

adjustment, but it is small in magnitude but MIROC6 has a large negative adjustment which is large enough to 269 

lead to an overall negative ERF. We explore the adjustments to BC in more detail in the figure (2). 270 

Examining the breakdown of the rapid adjustments for the piClim-BC experiments (Fig 2) we see considerable 271 

variability in the relative importance of the rapid adjustments; the cloud adjustment dominates in MIROC6, 272 

consistent with the increase in low clouds reported for this model in (Takemura & Suzuki 2019; Suzuki & 273 

Takemura 2019) causing a negative overall adjustment. The GISS model also has a large cloud rapid adjustment, 274 

but the larger positive value of the SARF leads to an overall positive ERF for this model. For UKESM1, CNRM-275 

ESM2-1 and MRI-ESM2 a negative tropospheric temperature adjustment is balanced by the cloud and the water 276 

vapour adjustment, although the magnitude of the adjustments for MRI-ESM2 is at least twice that for the other 277 

two models.  278 

The piClim-aer experiments show a broad consistency between the models, with the A_trop varying between 0.07 279 

to -0.72 Wm-2, where GISS has a slightly positive A_trop value. Overall the cloud rapid adjustments dominate for 280 

the piClim-aer experiments, with a contribution ranging from -0.77 Wm-2 to -0.22 Wm-2 (See fig S1).  281 

The breakdown of the rapid adjustments for all the models are included in supplemental fig. S1, showing the 282 

contributions from each type of rapid adjustment for all the experiments for which we have the relevant 283 

diagnostics. 284 

 285 

4.1.2 Radiation and Cloud interactions 286 

The second method of breaking down the ERF to constituents is described in Section 3.1.3, (the Gahn method), 287 

the results from which are shown in Table 3. Only four of the models under consideration have so far produced 288 

the necessary diagnostics for this calculation, and the results are presented in Table 3.  For the experiments on 289 

Fig. 2 Breakdown of the individual rapid adjustments for the piClim-BC experiments 
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aerosols (aer, BC, SO2, OC) the ERFcs,af (the contribution due to the albedo changes from the aerosol) 290 

contribution is  291 

 292 

 293 

Table 3 Results for ERFari, ERFaci and ERFcs,af  for aerosol experiments from several models 294 

 
UKESM1 CNRM-ESM2 NorESM2 MRI-ESM2 

 
ERFari cs,af ERFaci ERFari cs,af ERFaci ERFari cs,af ERFaci ERFari cs,af ERFaci 

aer -0.16 0.05 -1.02 -0.21 0.08 -0.61 0.03 -0.03 -1.21 -0.32 0.09 -0.98 

BC 0.38 0.00 -0.06 0.13 0.01 -0.03 0.35 0.07 -0.12 0.26 0.08 -0.09 

OC -0.15 -0.03 -0.09 -0.07 0.04 -0.14 -0.07 0.02 -0.16 -0.07 -0.05 -0.21 

SO2 -0.48 0.02 -0.99 -0.29 0.08 -0.53 -0.19 -0.09 -1.01 -0.48 0.05 -0.93 

 295 

small, and the ERF is largely a combination of the direct radiative effect, ERFari, and the cloud radiative effect, 296 

ERFaci. The ERFari is the direct effect of the aerosol due to scattering and absorption, and may be considered 297 

roughly equivalent to the rapid adjustments due to clouds (see Section 3.2.1).  298 

For the BC experiment for CNRM-ESM2, MRI-ESM2 and UKESM1 the contribution of the cloud radiative effect 299 

is small, suggesting that the effects of the BC on the clouds through the semi-direct and indirect effects is minimal. 300 

The SO2 experiment shows a large cloud radiative effect, in fact the ERFaci is mostly double the ERFari in all 301 

the models, due to the large effect on clouds of SO2 and sulfates through the indirect and semi-direct effect. For 302 

the OC experiments the ERFaci is at least double the ERFari for all models. 303 

Comparing the ERFari with the SARF calculated via the kernel analysis (Section 3.2.1) where the relevant model 304 

results are available, for the BC experiment we have reasonable agreement for all the models: UKESM1 (ERFari 305 

= 0.38Wm-2 and SARF = 0.48 Wm-2), CNRM-ESM2 (ERFari = 0.13 Wm-2 and SARF = 0.15 Wm-2), NorESM2 306 

(ERFari = 0.35 Wm-2 and SARF = 0.33 Wm-2 and MRI-ESM2 (ERFari = 0.26 Wm-2 and SARF = 0.22 Wm-2 , 307 

although the values for NorESM are smaller than for the other 3 models. The results for the SO2 and OC 308 

experiments are less clear. In the case of SO2 the SARF is higher than the ERFari for NorESM2 (ERFari = -0.19 309 

Wm-2, SARF = -0.35 Wm-2), for CNRM-ESM2 the ERFari is similar to the SARF value (ERFari = -0.29 Wm-2 310 

and SARF = -0.35 Wm-2), MRI-ESM2 and UKESM1 are similar with both having ERFari = -0.48 Wm-2 wirh 311 

SARFs of  -0.69 Wm-2 (MRI-ESM2) and -0.74 Wm-2  (UKESM1). The OC results have the SARF much larger 312 

than the ERFari for CNRM-ESM2 (ERFari = -0.07 Wm-2, SARF = -0.19 Wm-2), NorESM2 (ERFari = -0.07 Wm-313 

2, SARF = -0.14 Wm-2), but UKESM1 has similar values for both (ERFari = -0.15 Wm-2, SARF = -0.13 Wm-2 ). 314 

Comparing the ERFaci values with those for the cloud adjustments (Section 3.2.1) for the BC experiments we 315 

have a similar value for the ERFaci and the cloud adjustments, although NorESM2 has a higher ERFaci than both 316 

the other models, which is double the cloud adjustments for this model.  For the SO2 experiments the values of 317 

ERFaci and the overall cloud adjustments are in broad agreement, although the ERFaci tends to be larger and for 318 

the OC experiments the cloud adjustments tend to be about half the ERFaci values. 319 

 320 
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4.1.3 Intermodel Variability 321 

A summary chart of the ERFs is shown in Fig 4 for those models with available results – it should be noted that 322 

not all models ran all the experiments. A table of the values for each model are in Table S2 in the supplemental 323 

materials. 324 

 325 

 326 

Fig. 3 Aerosol ERFs for the models with the available diagnostics for the aerosol species experiments. 327 

 328 

For the piClim-BC results, the range of values is from -0.21 Wm-2 to 0.32 Wm-2, where the MIROC6 model has 329 

a negative ERF for BC, contrasting with the positive values from the other models, as discussed in Section 3.2.1. 330 

The experiments for the OC (organic carbon) have a range from -0.17 Wm-2 to -0.44 Wm-2, and the variability 331 

between the models is much less than for the other experiments. The calculated ERFs for the SO2 experiment 332 

show a variation from -0.637 Wm-2 to -1.367 Wm-2, with CNRM-ESM2-1,  MIROC6 and GISS at the lower end 333 

of the range.  These models show a smaller rapid adjustment to clouds, with GISS actually showing a slight 334 

positive cloud rapid adjustment (see fig S1); also note that CNRM-ESM2-1 does not include aerosol effects apart 335 

from the cloud-albedo effect.  336 

The piClim-aer experiment which uses the 2014 values of aerosol precursors and PI (pre-industrial) values for 337 

CH4, N2O and ozone precursors shows a range from -0.633 Wm-2 to -1.2 Wm-2 among the models, making it 338 

difficult to narrow the range of uncertainty of aerosols from global models. However, the range in the CMIP6 339 

models is consistent with that reported in Bellouin et al. (2019), who suggest a probable range of -1.60 to -0.65 340 

W m-2 for the overall aerosol ERF. The multi-model means are shown in Table 4, with the standard deviation and 341 

the number of models used to calculate the means. 342 

Table 4 Multimodel means for the ERFs based on the 30 year fixed SST timeslice experiments from the available model 343 
output. 344 
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MultiModel Mean ERF 

(Wm-2) Std Dev Num Models 

BC 0.14 0.18 6 

OC -0.27 0.09 6 

SO2 -1.02 0.35 6 

aer -0.94 0.22 8 

 345 

4.1.4 AOD and Burden 346 

In order to break down the contributions of the various aerosol species to the overall ERF, we use the AOD 347 

(aerosol optical depth) for each of the species to scale their contributions to the overall aerosol ERF. 348 

By looking at the single species piClim-BC, piClim-OC and piClim-SO2 experiments we can find the ERF due 349 

to the change in emission of these species from the PI control run, and the change in AOD resulting from this 350 

change, to arrive at a scale for the ERF as a function of the AOD change. Table 5 shows the scaling factors for 351 

the piClim-BC, piClim-SO2 and piClim-OC experiments for each of the three models which had the relevant 352 

optical depth diagnostics available. 353 

Table 5 Values of ERF, AOD and ERF/AOD change for aerosol experiments for CNRM-ESM2-, MIROC6, Nor-354 

ESM2, models 355 

BC Exp BC ERF Change in BC AOD ERF/AOD 

CNRM-ESM2 0.1140 0.0015 77.644 

MIROC6 -0.2140 0.0006 -339.383 

NorESM2 0.3000 0.0019 159.747 

GISS 0.0647 0.002 31.648 

MRI-ESM2 0.249 0.0073 34.22 

    

OC Exp OC ERF Change in OA AOD ERF/AOD 

CNRM-ESM2 -0.1690 0.0030 -57.202 

MIROC6 -0.2270 0.0065 -35.051 

NorESM2 -0.2150 0.0053 -40.574 

GISS -0.4377 0.0041 -107.1627 

MRI-ESM2 -0.32 0.0034 -94.389 

    

SO2 Exp SO2 ERF Change in SO4 

AOD 

ERF/AOD 
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CNRM-ESM2 -0.7460 0.0118 -63.2203 

MIROC6 -0.6370 0.0152 -41.9079 

NorESM2 -1.2810 0.0099 -129.2389 

GISS -0.6217 0.0308 -20.2151 

MRI-ESM2 -1.37 0.0279 -49.075 

The MIROC6 model results in a negative scaling for BC due to the negative ERF for this experiment for this 356 

model (Takemura & Suzuki 2019; Suzuki & Takemura 2019)  (see Section 3.2.). The change in the BC OD is 357 

similar for CNRM-ESM2 and Nor-ESM2, and the scale factors reflect the differences in the ERF. The scaling for 358 

the SO4 in the NorESM2 experiment is twice that of the other models, suggesting a larger impact of the SO4 AOD 359 

on the ERF in this model. These values differ somewhat from those found in Myhre et al. (2013b) where they 360 

examined the radiative forcing normalised to the AOD using models in the AeroCom Phase II experiments. They 361 

found values for sulfate ranging from -8 Wm-2 to -21 Wm-2, much lower than those in our results. However, it is 362 

important to note that in the Aerocom Phase II experiments the cloud and cloud optical properties are identical 363 

between their control and perturbed runs, so no aerosol indirect effects are included. For the BC experiment their 364 

values range from 84 Wm-2 to 216 Wm-2, broadly similar to the results presented here (with the exception of the 365 

anomalous MIROC6 result); this may suggest that the cloud indirect effects are less important here. Their results 366 

for OA (organic aerosols) which include fossil fuel and biofuel emissions have values ranging from -10 Wm-2 to 367 

Fig. 4 ERF scaled against AOD and burdens (a) ERF/BC AOD in piClim-BC experiment, (b) ERF/OA AOD in piClim-OC 

experiment, (c) ERF/SO4 AOD in piClim-SO2 experiment. (d) ERF/burden for BC burden in piClim-BC experiment, (e) 

ERF/OA burden in piClim-OC experiment, (f) ERF/SO4 burden in piClim-SO2 experiment 

(a) (b (c) 

(d (e) (f) 
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-26 Wm-2, lower than our values for the piClim-OC experiments which range from -35 Wm-2 to -107 Wm-2 but 368 

include the cloud indirect effects here.  369 

Using this scaling factor to convert the change in AOD to a change in ERF we can ascertain the contributions of 370 

the individual species to the overall ERF in the piClim-aer experiment, where the various aerosols were combined. 371 

The sum of the individual AODs from BC, SO4, OA, dust and sea salt combine to give the total aerosol AOD in 372 

this experiment.  In Fig. 6 the relative contributions to the ERF from black carbon (BC), organic aerosols (OA) 373 

and sulfate (SO4) are shown for three of the models. The sum of the ERFS from the individual species is also 374 

compared to the ERF calculated from the piClim-aer experiment (NB the sea salt and dust contributions to the 375 

ERF are less than 1%, and not shown in this figure for clarity - the ERF/AOD scaling for these is presented in 376 

(Thornhill et al., 2020). There is considerable variation in the ERF for the piClim-aer experiments between models 377 

(see Section 3.2.1), but from this analysis the SO4 is the largest contributor in all cases, although in the case of 378 

the MIROC6 model its relative importance is reduced. The positive ERF contribution from the BC tends to offset 379 

that from the OA and SO4, except in the MIROC6 model, where the BC has a negative contribution to the ERF. 380 

Fig. 5 The contributions to the ERF for piClim-aer from the individual species, compared with the ERF 

calculated directly from the piClim-aer experiment, and the sum of the scaled ERFs, for five of the models. 

(a (b (c

(d (e
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The difference between the calculated ERF from the sum of the scaled ERFs suggests that not all effects on the 381 

ERF are accounted for here, for example if the impact on clouds is different between the single-species 382 

experiments and the combined piClim-aer experiment we may be seeing a discrepancy due to cloud effects. As 383 

we assume that the change in ERF in the single species experiment is directly related to the change in AOD of 384 

that species in order to calculate the scaling, we investigated whether small changes in other species might also 385 

contribute to the ERF. We found that the changes in the other species were negligible in terms of their contribution 386 

to the ERF, so that the scaling derived from these experiments is reasonable (see figures in the Supplemental 387 

material). 388 

Using the burden as a scaling factor following the same analysis as described for the AOD (fig 5) results in a 389 

largely similar result for the scaling factor, although interestingly the burden scaling for SO2 in the Nor-ESM2 390 

model is similar to the other models. 391 

 392 

4.2 Reactive gases 393 

The different Earth system models include different degrees of complexity in their chemistry, so their responses 394 

to changes in reactive gas concentrations or emissions differ. NorESM2 has no atmospheric chemistry, so there is 395 

no change to ozone (tropospheric or stratosphere) or to aerosol oxidation following changes in methane or N2O 396 

concentrations. CNRM-ESM2 includes stratospheric ozone chemistry and no changes to aerosol oxidation. 397 

UKESM1, GFDL-ESM4, CESM2-WACCM, BCC-ESM1, GISS-E2 and MRI-ESM2 all include tropospheric and 398 

stratospheric ozone chemistry as well as changes to aerosol oxidation rates. The ERFs calculated for the reactive 399 

gases for several models are shown in Fig. 6, with the multimodel means given in Table 6. 400 

The contributions from gas-phase and aerosol changes to the ERF can be pulled apart to some extent by using the 401 

clear-sky and aerosol-free radiation diagnostics (Table 7). The direct aerosol forcing (ERFari) is diagnosed as for 402 

the aerosol experiments (section 3.1.3). For gas-phase experiments the diagnosed cloud interactions (ERFaf-403 

ERFcsaf) comprise the ERFaci from effects on aerosol chemistry (as in section 3.1.3) but also any cloud 404 

adjustments to the gas-phase species, and effects of cloud masking on the gas-phase forcing. The clear-sky 405 

aerosol-free diagnostic (ERFcsaf) is an indication of the gas-phase forcing (ignoring cloud masking effects). 406 
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 407 

Fig. 6 Multimodel comparison for the ERFs for the chemically reactive species. 408 

 409 

 410 

 411 

Table 6 Multi model means for the ERFs for chemically reactive species 412 

 

MultiModel Mean 

(Wm-2) Std Dev Num Models 

CH4 0.70 0.22 7 

Nox 0.05 0.10 4 

VOC 0.06 0.16 4 

O3 0.17 0.08 4 

NTCF -0.73 0.40 7 

N2O 0.23 0.05 4 

HC 0.04 0.24 5 

4.2.1 ERF vs SARF 413 

For methane the ERFs are largest for those models that include tropospheric ozone chemistry reflecting the 414 

increased forcing from ozone production. The tropospheric adjustments are negative for all models except 415 

UKESM1 (Fig 7). The negative cloud adjustment comes from an increase in the LW emissions, possibly due to 416 

less high cloud.   In UKESM1 O’Connor et al (Submitted a) show that methane decreases sulfate new particle 417 

formation, thus reducing cloud albedo and hence a positive cloud adjustment in that model.  418 

For N2O results are available for models CNRM-ESM2,  NorESM2, MRI-ESM2, and GISS-E2. NorESM2 does 419 

not include any ozone depletion from  N2O, although the ERF and SARF are higher than for CNRM-ESM2. There 420 

appears little net rapid adjustment to N2O. Note that due to the method of calculating the all-sky IRF (section 421 

3.1.2), the IRF and the adjustment terms do not sum to give the ERF.   422 
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The models respond very differently to changes in halocarbons. For CNRM-ESM2, UKESM1 and GFDL-ESM4 423 

the ERFs are negative or only slightly positive (see also Morgenstern et al. submitted), whereas for GISS-E2 and 424 

MRI-ESM2 the ERFs and SARF are both strongly positive. The differences in stratospheric ozone destruction in 425 

these models is not sufficient to explain the intermodel differences. 426 

 427 

Table 7 Calculations of ERFari, ERFaci (cloud) and ERFcs,af for the chemically reactive species 428 

 
UKESM GFDL-ESM4 CNRM-ESM2 

 
NorESM2 
 

MRI-ESM2 

 
ERFari csaf cloud ERFari csaf cloud ERFari csaf cloud ERFari csaf cloud ERFari csaf cloud 

CH4 0.01 0.84 0.08 -0.01 0.91 -0.22 0.00 0.56 -0.12 -0.01 0.48 -0.10 0.00 0.91 -0.21 

HC -0.01 -0.05 -0.27 -0.02 0.22 -0.14 -0.01 -0.02 -0.08 
   

-0.02 0.50 -0.17 

N2O 
      

0.00 0.41 -0.09 -0.01 0.24 -0.00 0.00 0.23 -0.03 

O3 -0.02 0.17 -0.01 -0.04 0.49 -0.18 
      

0.00 0.24 -0.18 

NOx -0.02 0.07 -0.13 -0.02 0.25 -0.09 
      

-0.01 0.03 -0.04 

VOC 0.00 0.09 0.12 -0.12 0.17 -0.20 
      

0.00 0.17 -0.35 

Fig. 7 Breakdown of the ERF into SARF and tropospheric rapid adjustments for the chemically reactive species 

(a) for piClim-CH4 experiments, (b) for piClim-HC experiments, (c) for piClim-N2O experiments. 

(a) 

(b) (c)
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 429 

4.2.2 Ozone changes 430 

To understand the contribution of ozone to the diagnosed ERFs, the column changes are diagnosed (figure 8).  431 

Increased CH4 concentrations increases both tropospheric and stratospheric ozone by 2.6±0.3 and 3.3±1.2 Dobson 432 

Units respectively. Scaling these by the assumed radiative efficiency give a SARF for ozone produced by methane 433 

of 0.25±0.05 W m-2. Results are similar across all the models that include tropospheric chemistry. VOC emissions 434 

increase tropospheric ozone. For GFDL-ESM4 and MRI-ESM2 stratospheric ozone increases too, however it 435 

decreases in GISS-E2. The impact of NOX emissions is predominantly on tropospheric ozone, although MRI-436 

ESM2 also has a large stratospheric response to NOX (and also to O3 and NTCF) . The O3 experiment comprised 437 

both NOx and VOC emission changes. The tropospheric ozone column in this experiment is slightly larger than 438 

the sum of the NOx and VOC experiments due to non-linearities in the chemistry (Stevenson et al. 2013). The 439 

ozone changes when aerosol emissions are included too (NTCF) is slightly smaller than in O3, showing that these 440 

aerosols act to slightly depress the tropospheric ozone. 441 

There is a larger variation across models in the stratospheric ozone depletion from halocarbons -38.8 DU in 442 

UKESM1 to -10.6 DU in CESM2-WACCM. 443 

 444 

 445 

Fig. 8 Changes in column in Dobson Units (DU) of tropospheric (dark bars) and stratospheric ozone (light bars) for 446 
each experiment. Error bars show error on the mean due to interannual variability in each model. 447 

4.2.3 Comparison with greenhouse gas forcings 448 

The ERFs diagnosed for the gas-phase changes are compared with the expected radiative forcings in figure 9. The 449 

SARF from the well-mixed gases are given by Etminan et al. (2016) for CH4 and N2O, and by WMO (2018) for 450 
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the halocarbons (the halocarbon changes are slightly different in each model). The SARF for tropospheric ozone 451 

is estimated to be 0.042±0.005 W m–2 DU–1 (Stevenson et al. 2013). The SARF for stratospheric ozone is strongly 452 

dependent on its altitude. For the CH4, NOX and VOC experiments we assume that stratospheric ozone changes 453 

are close to the tropopause and the tropospheric ozone SARF can be used. For the N2O and HC experiment we do 454 

not have a means to estimate the SARF from ozone changes. 455 

For methane the ERFs are all lower than the expected GHG SARF (except for UKESM1) which is likely due to 456 

the negative cloud adjustments (although BCC-ESM1 included ozone chemistry the column ozone changes were 457 

not provided). The diagnosed ERFcsaf and SARF agree better with the expected SARF though it is notable that 458 

in NorESM2 and CNRM-ESM2 these are still lower than expected. For N2O the modelled radiative forcing (of 459 

all kinds) is larger than expected for NorESM2, CNRM-ESM2 and CESM-WACCM. For UKESM1 the modelled 460 

N2O ERF is lower than the expected SARF due to increased aerosol forcing (O’Connor et al. submitted b), whereas 461 

the ERFcsaf is slightly higher. For halocarbons the estimate for GFDL agrees quite well with the modelled SARF. 462 

The SARF for CNRM-ESM2 and ERFcsaf for UKESM1 is less than expected, partly due to stratospheric ozone 463 

depletion which is not accounted for here. The modelled ERF for UKESM1 is strongly negative due to increased 464 

aerosols ((O’Connor1 F. M., 2019) submitted, Morgenstern et al. submitted). The estimated ozone SARF from 465 

the NOX, VOC and O3 experiments agrees with the ERFcsaf for GFDL, but it strongly overestimates the ERFcsaf 466 

for MRI-ESM2. MRI-ESM2 has a very strong stratospheric ozone response to NOx and it is likely that using the 467 

tropospheric ozone radiative efficiency to scale this is inappropriate. 468 

 469 

Fig. 9 Estimated SARF from the greenhouse gas changes (WMGHGs and ozone) using Etminan et al. 2016 for the 470 
WMGHG radiative efficiencies. Hatched bars show decreases in tropospheric ozone (not stratospheric). Symbols show 471 
the modelled ERF, SARF and ERFcsaf (estimate of gas-phase clear-sky ERF) – see key. Uncertainties on the bars are 472 
due to uncertainties in radiative efficiencies. Uncertainties on the symbols are errors in the mean due to interannual 473 
variability in the model diagnostic.  474 
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4.2.4 Methane Lifetime 475 

In the CMIP6 setup the modelled methane concentrations do not respond to changes in oxidation rates. The 476 

methane lifetime is diagnosed (which includes stratospheric loss as parameterised within each model) and 477 

assuming a loss to soil with a lifetime of 120 years (Myhre et al., 2013b) and this can be used to infer the methane 478 

changes that would be expected if methane were allowed to vary. Figure 10 shows the methane lifetime response 479 

is large and negative for NOx emissions, with a smaller positive change for VOC emissions. Halocarbon 480 

concentration increases decrease the methane lifetime, as ozone depletions leads to increased UV in the 481 

troposphere and increased methane loss to chlorine in the stratosphere (Stevenson et al. submitted). The lifetime 482 

response to changing methane concentrations can be used to diagnose the methane lifetime feedback factor f (Fiore 483 

et al. 2009). The results here give f=1.32, 1.30, 1.41, 1.33, 1.25, 1.31 (mean 1.32±0.05) for UKESM1, GFDL-484 

ESM4, BCC-ESM1, CESM-WACCM. This is in very good agreement with AR5. 485 

 486 

 487 

 488 

Fig. 10 Changes in methane lifetime (%), for each experiment. Uncertainties are errors on the mean from interannual 489 
variability. 490 

    4.2.5 Total ERFs 491 

The methane lifetime changes can be converted to expected changes in concentration if methane were allowed to 492 

freely evolve following Fiore et al. (2009), using the f-factors appropriate to each model (section 3.3.4). The 493 

inferred radiative forcing is based on radiative efficiency of methane (Etminan et al. 2016). The methane changes 494 
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also have implications for ozone production, so we assume an ozone SARF per ppb of CH4 diagnosed for each 495 

model from section 3.3.3. 496 

The breakdown of the information from the analyses above is shown in Fig. 11, using the SARF calculated for 497 

the gases (WMGHGs and ozone), the changes in methane lifetime and the ERFari and cloud contributions for the 498 

aerosols for models where this is available. The contributions from methane lifetime changes have also been added 499 

to the diagnosed ERF as these aren’t accounted for in the models. Differences between the diagnosed ERF (stars) 500 

and the sum of the components (crosses) then shows to what extent this decomposition into components can 501 

account for the modelled ERF. For many of the species, this breakdown is reasonable, and illustrates that cloud 502 

radiative effects make significant contributions to the total radiative impacts of WMGHGs and ozone precursors. 503 

This analysis cannot distinguish between cloud effects due to changes in atmospheric temperature profiles or those 504 

due to increased cloud nucleation from aerosols Differences between “sum” and ERF are largest for N2O and 505 

halocarbons. For the halocarbons the “sum” is typically larger than the ERFs, since the radiative impact of 506 

stratospheric ozone depletion is ignored in the “sum”. For N2O the “sum” is typically smaller than the RFs, so this 507 

difference would become even larger when including any ozone depletion. 508 

 509 

Fig. 11 SARF for WMGHGs, ozone and diagnosed changes in methane. Model diagnosed direct aerosol RF and cloud 510 
radiative effect. Crosses mark the sum of the five terms for each model. Stars mark the diagnosed ERF with the effect 511 
of methane lifetime (on methane and ozone) added. Differences between stars and crosses shows undiagnosed 512 
contributions. Uncertainties on the sum are mainly due to the uncertainties in the radiative efficiencies. Uncertainties 513 
in the ERF are errors on the mean due to interannual variability. Note for WACCM, BCC, GISS the breakdown into 514 
aerosol and cloud effects is unavailable.  515 
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5. Discussion 516 

For all of the species shown we see considerable variation in the calculated ERFs across the models, which is due 517 

in part to differences in the model aerosol and chemistry schemes; not all models have interactive schemes for all 518 

of the species, and whether or not chemistry is considered will impact the evolution of some of the aerosol species. 519 

We can use the differences in model complexity from the multimodel approach together with the separation of 520 

the effects of the various species in the individual AerChemMIP experiments to understand how the various 521 

components contribute to the overall ERFs we have calculated.  522 

 523 

5.1 Aerosols 524 

The 1850-2014 mean ERFs for SO2, OC and BC are: -0.94 +/- 0.15 Wm-2 for SO2, -0.27 +/- 0.04 Wm-2 for OC, 525 

and 0.14 +/- 0.08 Wm-2 for BC. The total ERF for the aerosols is  -0.94 +/- 0.08 Wm-2, within the range of -1.65 526 

to 0.6 Wm-2 reported by (Bellouin et al., 2019). 527 

The radiative kernels and double call diagnostics are used to separate the direct and cloud effects of aerosols for 528 

those models where all the relevant diagnostics are available. These two methods broadly agree on the cloud 529 

contribution for the BC, SO2 and OC experiments, although we find a smaller cloud adjustment to black carbon 530 

compared to other studies (Samset and Myhre, 2015;Stjern et al., 2017;Smith et al., 2018). 531 

As the CLISCCP cloud diagnostics become available for more of the CMIP6 models, it will be possible to do a 532 

direct calculation of the cloud rapid adjustments using the kernels from (Zelinka et al., 2014) and compare those 533 

with the adjustments calculated using the kernel difference method described in (Smith et al., 2018) and used here 534 

(Section 3.1.2).  535 

The values diagnosed for the ERFari (for the models we have available diagnostics for) in CMIP6 are similar to 536 

those from CMIP5 (Myhre et al., 2013a) where they reported values for sulfate of -0.4 (-0.6 to –0.2) Wm-2 537 

compared to our -0.36 (-0.19 to -0.48) Wm-2 for the SO2 experiment, for OC they found -0.09 (-0.16 to –0.03) 538 

Wm-2 compared to our value of -0.09 (-0.07 to -0.15) Wm-2 and for BC they had +0.4 (+0.05 to +0.80) compared 539 

to our value of 0.28 (0.13- 0.38) Wm-2, so broadly the ERFari for the individual species agree with those found in 540 

the previous set of models used in CMIP5. The overall aerosol ERFari from AR5 is reported as in the range -1.5 541 

to 0.4 Wm-2, compared to values reported here in the range -0.16 to 0.03 Wm-2. 542 

The radiative efficiencies per AOD calculated here are generally larger than those from the AeroCom Phase II 543 

experiments (Myhre et al., 2013b), with the caveat that the models included here did not have fixed clouds, so 544 

that indirect effects would be included; the BC efficiencies are however closer to those in AeroCom Phase II, 545 

perhaps indicative of a lesser effect of the cloud effects in the case of BC. The radiative efficiencies per AOD 546 

calculated here are generally larger than those from the AeroCom Phase II experiments (Myhre et al., 2013b), 547 

with the caveat that the models included here did not have fixed clouds, so that indirect effects would be included; 548 

the BC efficiencies are however closer to those in AeroCom Phase II, perhaps indicative of a lesser effect of the 549 

cloud effects in the case of BC. 550 

5.2 Reactive gases 551 
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The diagnosed ERFs from methane, N2O, halocarbons and ozone precursors are: 0.80±0.13, 0.26±0.15, 0.15±0.27 552 

and 0.17±0.08 W m-2 (excluding CNRM-ESM2 and NorESM2 as these do not have tropospheric ozone chemistry) 553 

. These compare with 0.79±0.13, 0.17±0.03, 0.18±0.15 and 0.22±0.14 W m-2 from AR5 (Myhre et al., 2013a) - 554 

where the effects on methane lifetime and CO2 have been removed from the AR5 calculations, and the halocarbons 555 

are for CFCs and HCFCs only. Section 3.3.5 show that cloud effects can make a significant contribution to the 556 

overall ERF even for WMGHGs. However, clouds cannot explain all the differences. The ERF for N2O is larger 557 

than estimated in AR5. The multi-model ERF for halocarbons is similar to AR5, although the models have a wide 558 

spread with some showing significantly lower ERFs and some significantly higher. The difference in halocarbon 559 

ERF could be due to strong ozone depletion in these models. 560 

The estimated ozone SARFs from the changes in levels of methane, NOx and VOC from 1850 to 2014 are 561 

0.24±0.05, 0.32±0.05, and 0.17±0.06 W m-2 compared to 0.24±0.13, 0.14±0.09, and 0.11±0.05 W m-2 in CMIP5 562 

(Myhre et al., 2013a). The NOx contribution stands out as being larger in this study. The CMIP5 results did not 563 

account for the radiative impact of ozone changes above the tropopause, but this is not enough to account for the 564 

difference in the NOx-induced ozone compared to AR5. 565 

The overall effect of NTCF emissions (excluding methane and other WMGHGs) on the 1850-2014 ERF 566 

experienced by models that include tropospheric chemistry is strongly negative (-0.70±0.47 W m-2) due to the 567 

dominance of the aerosol forcing over that from ozone.  There is a large spread in the NTCF forcing due to the 568 

different treatment of atmospheric chemistry within these models. Models without tropospheric and/or 569 

stratospheric chemistry prescribe varying ozone levels which are not included in the NTCF experiment. Hence 570 

the overall forcing experienced by these models due to ozone and aerosols will be different from that diagnosed 571 

here. 572 

6. Conclusion 573 

The experimental setup and diagnostics in CMIP6 have allowed us for the first time to calculate the effective 574 

radiative forcing (ERF) for present day reactive gas and aerosol concentrations and emissions in a range of Earth 575 

system models. Quantifying the forcing in these models is an essential step to understanding their climate 576 

responses.  577 

This diagnoses also allows us to quantify the radiative responses to perturbations in individual species or groups 578 

of species. These responses include physical adjustments to the imposed forcing as well as chemical adjustments 579 

and adjustments related to the emissions of natural aerosols. The total adjustment is therefore a complex 580 

combination of individual process, but the diagnosed ERF implicitly includes these and represents the overall 581 

forcing experienced by the models. 582 

We find that the ERF from well-mixed greenhouse gases (methane, nitrous oxide and halocarbons) is significantly 583 

different to the SARF estimated from standard formulae. This indicates that Earth system processes need to be 584 

taken into account when understanding the contribution WMGHGs have made to present climate and when 585 

projecting the climate effects of different WMGHG scenarios. 586 
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