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Supplementary materials 

 

 
S1 Participating Models (CESM2, EMAC, GFDL-ESM4, GISS-E2.1, NorESM2, UKESM1-0-LL, GEOS-Chem) 

 

The Community Earth System Model version 2 (CESM2) used here is described in detail by Danabasoglu et al. (2020). We 

use the Community Atmosphere Model version 6 with Chemistry (CAM6-Chem) configuration of CESM2 with a nominal 1° 

horizontal resolution, 32 hybrid sigma-pressure vertical levels and a model top at 2.26 hPa. CAM6 calculates radiative transfer 

by the correlated k-distribution method via the Rapid Radiative Transfer Model for General circulation models code (RRTMG) 

(Iacono et al., 2008)). Tropospheric and stratospheric chemistry is based on the Model for Ozone and Related chemical Tracers 

(MOZART) family of chemical mechanisms with a comprehensive chemical mechanism in the troposphere and stratosphere  

(MOZART-TS1) (Emmons et al., 2020), including a comprehensive Volatility Basis Set (VBS) parameterisation for the 

formation of Secondary Organic Aerosols (Tilmes et al., 2019) and the MAM4 modal aerosol model  (Liu et al., 2016). The  

chemical mechanism includes 221 species with 405 gas-phase reactions and 123 photolysis reactions.  

The ECHAM/ Modular Earth Submodel System (MESSy) Atmospheric Chemistry (EMAC) model is comprised of the core 

atmospheric model ECHAM5 (5th generation European Centre Hamburg general circulation model)  (Roeckner et al., 2006), 

and the Modular Earth Submodel system, MESSy, as described by  Jöckel et al. (2010). The overall model setup applied in the 

present study is very similar to the EMAC simulations performed for CCMI-2, which are an update of the setups described by 

(Jöckel et al., 2016).  EMAC (MESSy version d2.55.2-5109) is applied in the T42L90MA-resolution, i.e. with a spherical 

truncation of T42 (corresponding to a quadratic Gaussian grid of approx. 2.8° by 2.8° in latitude and longitude) with 90 vertical 

hybrid pressure levels up to 0.01 hPa. For the chemical kinetics, the submodel MECCA (Module Efficiently Calculating the 

Chemistry of the Atmosphere) (Sander et al., 2019) is used. The chemical mechanism considers the basic gas-phase chemistry 

of ozone, methane, and odd nitrogen. Alkanes and alkenes are included up to C4. Alkynes and aromatics are not considered in 

our mechanism. Halogen chemistry includes bromine and chlorine species. For the chemistry of isoprene plus a few selected 

non-methane hydrocarbons (NMHCs), we used version 1 of the Mainz Isoprene Mechanism (MIM1) based on Pöschl et al. 

(2000). Aqueous-phase kinetics, ice-phase kinetics and wet deposition have been calculated with the submodel SCAV (Tost et 

al., 2006). Heterogeneous reaction rates on stratospheric aerosol and polar stratospheric clouds were simulated using the 

submodel MSBM (Jöckel et al., 2016; Kirner et al., 2011). In total, 265 gas phase, 159 aqueous phase, 3 ice phase, 82 photolysis 

and 12 heterogeneous reactions for 204 chemical species are considered. Radiation is calculated based on the ECHAM5 

radiation scheme, i.e. RRTM in the LW and the Fouquart and Bonnel (1980) scheme in the SW plus FUBrad  (Kunze et al., 
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2014), as described by Dietmüller et al. (2016) with the MESSy submodel RAD, which allows for multiple diagnostic radiation 

calls  (Dietmüller et al., 2016; Nützel et al., 2024). 

 

The GFDL Earth System Model version 4 (GFDL-ESM4) is documented by Dunne et al. (2020), using the atmospheric 

component AM4.1 as described by Horowitz et al. (2020). The base configuration used here is the same as that used for Phase 

6 of the Coupled Model Intercomparison Project (Eyring et al., 2016). Briefly, the model has a horizontal resolution of 

approximately 100 km (~ 1° latitude by 1° longitude), using the GFDL Finite-Volume Cubed-Sphere dynamical core (Harris 

and Lin, 2013; Putman and Lin, 2007), with 49 hybrid sigma-pressure vertical levels extending from the surface to 1 Pa (~80 

km). AM4.1 includes interactive tropospheric and stratospheric gas-phase and aerosol chemistry. The combined tropospheric 

and stratospheric chemistry scheme includes 18 prognostic (transported) bulk aerosol tracers, 58 prognostic gas-phase tracers, 

five prognostic idealised tracers, and 40 diagnostic (non-transported) chemical tracers, with 43 photolysis reactions, 190 gas-

phase kinetic reactions, and 15 heterogeneous reactions. The tropospheric chemistry includes reactions of the NOx–HOx–Ox–

CO–CH4 system and oxidation schemes for other non-methane volatile organic compounds. The stratospheric chemistry 

accounts for the major ozone loss cycles (Ox, HOx, NOx, ClOx, and BrOx) and heterogeneous reactions on ice and nitric acid 

trihydrate polar stratospheric clouds (PSCs) and in liquid ternary solution (LTS) aerosols. Emissions of biogenic volatile 

organic compounds (VOCs), dust, sea salt, dimethyl sulphide (DMS), marine organic aerosols, and lightning NOx are 

calculated interactively as a function of model meteorology. The radiation scheme in GFDL-ESM4 has been comprehensively 

updated in the SW (Exponential Sum Fit scheme; ESF) and LW (Simplified Exchange Approximation scheme; SEA); a full 

description can be found in Zhao et al. (2018). The land component (LM4.1) of the model uses an interactive dynamic 

vegetation scheme to simulate vegetation dynamics (Shevliakova et al., 2024).  

 

This study used version 2.1 of the GISS ModelE Earth system model, ModelE2.1 (GISS-E2.1), as described and evaluated for 

the present day (Kelley et al., 2020), historical period (Miller et al., 2021) and in future projections (Nazarenko et al., 2022). 

The horizontal and vertical resolution of the atmosphere in ModelE2.1 is 2° in latitude by 2.5° in longitude with 40 vertical 

layers from the surface to 0.1 hPa. The radiative transfer model is described by (Lacis and Oinas, 1991). Tropospheric 

chemistry (Shindell et al., 2001, 2003) includes the inorganic chemistry of reactive oxygen (Ox), nitrogen (NOx), and hydrogen 

(HOx) families as well as carbon monoxide (CO), and the organic chemistry of methane and higher hydrocarbons using a 

modified Carbon Bond Mechanism version 4 (CBM4) scheme (Gery et al., 1989). The stratospheric chemistry includes 

chlorine and bromine chemistry together with polar stratospheric clouds (Shindell et al., 2006). The original chemical scheme 

has been updated and evaluated since its first implementation (Shindell et al., 2013) and has continued to be updated since 

(Rivera et al., 2024). ModelE2.1 includes multiple aerosol schemes (Bauer et al., 2020): One-Moment Aerosols (OMA), which 

is the scheme used here, is fully interactive within ModelE2.1 in terms of emissions, chemistry, transport, removal, and climate. 
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Aerosol-radiation interactions (ARIs) and aerosol-cloud interactions (ACIs) are calculated within the radiation and cloud 

schemes, where the size-dependent scattering properties of clouds and aerosols are computed from Mie scattering. Apart from 

swelling with water, there is no internal mixing in OMA radiative calculations - all aerosols are regarded as externally mixed.  

The Norwegian Earth System Model used in this study is based on the standard version of NorESM2 (Seland et al., 2020) but 

has been extended with comprehensive atmospheric chemistry.  In this new version of NorESM2 the atmospheric aerosol 

scheme OsloAero (Kirkevåg et al., 2018) has been coupled with the gas-phase description of the TS1 troposphere-stratosphere 

chemistry scheme (Emmons et al., 2020) of CESM2.  This new version now describes a total of 205 species (aerosol and gas-

phase) and is currently under evaluation.  As in the standard version, natural emissions of dust, isoprene and monoterpenes 

from land and of primary organic matter, sea-salt and DMS from the ocean are calculated interactively. The atmosphere and 

land components of NorESM2 used here have the same horizontal resolution of 1.9° × 2.5°, and the atmosphere contains 32 

levels (up to 2.26 hPa).   NorESM2 is based on CESM2 (it also uses the RRTMG radiative transfer scheme) but differs in quite 

some aspects.  NorESM2 contains a different ocean model, a different atmospheric aerosol module (including its interactions 

with cloud and radiation), and modifications in the formulation of local dry and moist energy conservation, in local and global 

angular momentum conservation, and in the computations for deep convection and air–sea fluxes. The surface components of 

NorESM2 also have minor changes in their albedo calculations. 

The UK’s Earth System Model used in this study is based on UKESM1-0-LL (Sellar et al., 2019), as used in CMIP6. It has a 

horizontal resolution of 1.25° × 1.875°, with 85 hybrid height levels from the surface up to the model lid at 85 km. By default, 

UKESM1-0-LL includes an interactive stratosphere-troposphere chemistry scheme called StratTropv1.0 (Archibald et al., 2020) 

from the United Kingdom Chemistry and Aerosol (UKCA) (Morgenstern et al., 2009; O’Connor et al., 2014) model. However, 

near-global total column ozone was biased high relative to other CMIP6 models throughout the historical period (Keeble et al., 

2021)  and the stratospheric ozone response to increasing concentrations of ozone-depleting substances was too strongly 

negative (Morgenstern et al., 2020), resulting in UKESM1-0-LL having a negative present-day ozone forcing (Skeie et al., 

2020). Here, the model simulations use UKESM1-0-LL but include an update to the chemistry scheme, i.e., StratTropv2.0 

(Keeble et al.,; In preparation). In comparison with StratTropv1.0, StratTropv2.0 includes an extension to the stratospheric 

heterogeneous chemistry to incorporate bromine species as well as updates to bimolecular reaction rate coefficients, the 

treatment of the top boundary, and photolysis inputs. The radiation scheme used in UKESM1-0-LL is SOCRATES (Suite Of 

Community RAdiative Transfer codes based on Edwards and Slingo) which treats incoming solar radiation and thermal 

radiation in six SW bands and nine LW bands, respectively. A full description of SOCRATES and the physical climate model 

on which UKESM1-0-LL was built can be found in Walters et al. (2019). Apart from the treatment of trace gas chemistry, the 

configuration of UKESM1-0-LL used here is identical to that used in CMIP6. 

In contrast to the other models in this study, GEOS-Chem (http://www.geos-chem.org) is a 3-D global chemistry-transport 

model (CTM). The model is driven by meteorological fields archived at high temporal resolution from either reanalyses or 

http://www.geos-chem.org/
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free-running GCMs. The computational power that is not used to resolve the equations of motion is therefore applied instead 

to include additional chemical species and more complex chemical mechanisms. Here, version 14.4.2 of GEOS-Chem is used, 

whose chemistry mechanism includes 263 gas-phase and 30 condensed-phase species, undergoing 624 gas-phase, 113 

heterogeneous, and 157 photolysis reactions in a unified mechanism from the surface to the mesopause, with a linearized 

mechanism applied in the mesosphere (e.g.,  Bates et al. (2024) , and ref. therein). Unlike the other simulations used in this 

study, the mechanism includes a comprehensive tropospheric halogen chemistry mechanism for the Bry, Cly, and Iy families, 

which strongly influences the tropospheric ozone budget (Wang et al., 2021). The tropospheric ozone simulation was recently 

evaluated against observations by Wang et al. (2022). The source of NOx from lightning is described by Murray et al. (2012) 

and the source from soil microbes is described by Hudman et al. (2012). Biogenic VOC emissions are from version 2.1 of the 

Model of Emissions of Gases and Aerosols from Nature (MEGAN) inventory of Guenther et al. (2012) as implemented by Hu 

et al. (2015). The RRTMG radiative transfer scheme is embedded within GEOS-Chem, enabling calculation of online IRF at 

the surface, tropopause, and TOA from greenhouse gases and aerosol particles (Heald et al., 2014). 
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Report Nominal years Tropospheric ozone forcing References 

SAR 1850 to 1990 0.4 ± 0.2 Wm-2 (Hauglustaine et al., 1994) 

TAR 1850 to 1990 0.35 ± 0.15 Wm-2 (Berntsen et al., 1997, 2000; 

Brasseur et al., 1998; Van 

Dorland et al., 1997; 

Haywood et al., 1998; Kiehl 

et al., 1999; Lelieveld and 

Dentener, 2000; Roelofs et 

al., 1997; Stevenson et al., 

1998) 

AR4 1850 to 2000 0.35 [0.25, 0.65] Wm-2 (Gauss et al., 2006; 

Hauglustaine and Brasseur, 

2001; Liao and Seinfeld, 

2005; Mickley et al., 2001, 

2004; Shindell et al., 2003, 

2005; Wong et al., 2004) 

AR5 1750 to 2010 0.4 ± 0.2 Wm-2 (Skeie et al., 2011; Søvde et 

al., 2011; Stevenson et al., 

2013) 

AR6 1750 to 2019 0.45 ± 0.225 Wm-2 (Skeie et al., 2020) 

 

Table S1: Tropospheric ozone radiative forcing (calculated as SARF) from the second (SAR) to sixth IPCC Assessment Reports. 
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 All-sky IRF Clear-sky IRF 

Model Global NH SH SW LW SW LW 

EMAC 0.267 ± 0.006 0.236 ± 0.007 0.298 ± 0.010 0.143 ± 0.004 0.123 ± 0.003 0.097 ± 0.002 0.152 ± 0.002 

GEOS-Chem 0.343 ± 0.013 0.250 ± 0.011 0.436 ± 0.015 0.160 ± 0.005 0.183 ± 0.007 0.100 ± 0.000 0.232 ± 0.009 

GFDL-ESM4 0.329 ± 0.004 0.258 ± 0.010 0.400 ± 0.010 0.182 ± 0.003 0.147 ± 0.003 0.125 ± 0.003 0.183 ± 0.002 

GISS-E2.1_FR 0.104 ± 0.005 0.109 ± 0.014 0.100 ± 0.013 0.050 ± 0.005 0.059 ± 0.003 N/A N/A 

GISS-E2.1_nudged -0.014 ± 0.001 0.095 ± 0.001 -0.122 ± 0.002 0.010 ± 0.001 -0.024 ± 0.001 N/A N/A 

UKESM1-0-LL 0.398 ± 0.012 0.394 ± 0.018 0.403 ± 0.015 0.217 ± 0.011 0.181 ± 0.005 0.157 ± 0.005 0.219 ± 0.005 

Multi-model mean  0.288 ± 0.101 0.249 ± 0.090 0.327 ± 0.123 0.150 ± 0.056 

 

0.139 ± 0.046 0.120 ± 0.034 0.197 ± 0.031 

 

Table S2: Global multi-annual mean instantaneous radiative forcings (IRFs) and their standard errors for year-2050 whole atmosphere ozone relative to 

a year-2015 baseline (pdClim-control), including its SW and LW components for all-sky and clear-sky conditions based on online double radiation calls. 

Table also includes estimates for the northern and southern hemispheres. The multi-model means do not include GISS-E2.1_nudged and the uncertainties 

are the standard deviation of the model means.   
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Model Global SARF NH SARF SH SARF SARF SW SARF LW CS SARF SW CS SARF LW 

EMAC 0.191 ± 0.003 0.197 ± 0.007 0.184 ± 0.005 0.143 ± 0.004 0.047 ± 0.003 0.097 ± 0.002 0.080 ± 0.003 

 

Table S3: Global multi-annual mean stratospherically-adjusted radiative forcing (SARF) and its standard error for year-2050 whole atmosphere ozone 

relative to a year-2015 baseline (pdClim-control) from the EMAC model, including its SW and LW components for all-sky and clear-sky conditions based 

on an online double radiation call for ozone and including a stratospheric temperature adjustment. Table also includes estimates for the northern and 

southern hemispheres. 
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 All-sky ERF Clear-sky ERF 

Model Global NH SH SW LW SW LW 

CESM2 0.233 ± 0.065 0.237 ± 0.079 0.229 ± 0.068 0.201 ± 0.048 0.030 ± 0.039 0.107 ± 0.024 0.202 ± 0.027 

EMAC 0.224 ± 0.005 0.180 ± 0.019 0.269 ± 0.015 0.160 ± 0.010 0.064 ± 0.006 0.110 ± 0.001 0.155 ± 0.006 

GFDL-ESM4 0.298 ± 0.038 0.271 ± 0.041 0.325 ± 0.051 0.241 ± 0.031 0.058 ± 0.030 0.138 ± 0.010 0.196 ± 0.021 

GISS-E2.1_FR 0.142 ± 0.047 0.163 ± 0.056 0.120 ± 0.073 0.072 ± 0.050 0.070 ± 0.061 0.016 ± 0.024 0.131 ± 0.040 

GISS-E2.1_nudged 0.005 ± 0.030 0.101 ± 0.005 -0.091 ± 0.014 0.005 ± 0.005 -0.000 ± 0.003 0.005 ± 0.001 -0.031 ± 0.001 

NorESM 0.297 ± 0.065 0.246 ± 0.090 0.348 ± 0.084 0.219 ± 0.057 0.078 ± 0.040 0.091 ± 0.027 0.199 ± 0.025 

UKESM1-0-LL 0.415 ± 0.029 0.334 ± 0.045 0.507  ±0.046 0.491 ± 0.032 -0.076 ± 0.027 0.209 ± 0.028 0.148 ± 0.028 

Multi-model mean 0.268 ± 0.084 0.238 ± 0.057 0.300± 0.118 0.231 ± 0.128 0.037 ± 0.053 0.112 ± 0.057 0.172 ± 0.028 

Table S4: Global multi-annual mean effective radiative forcings and their standard errors for year-2050 whole atmosphere ozone relative to the year-2015 

baseline, including its shortwave (SW) and longwave (LW) components for all-sky and clear-sky conditions. Table also includes estimates for the northern 

and southern hemispheres. The multi-model means do not include GISS-E2.1_nudged and the uncertainties are the standard deviation of the model means.   
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 SW clear SW LW inst. clear LW inst. LW adj. NET adj. 

CESM2 0.099 ± 0.003 0.141 ± 0.004 0.234 ± 0.003 0.168 ± 0.002 0.123 ± 0.002 0.265 ± 0.004 

EMAC 0.112 ± 0.002 0.164 ± 0.003 0.249 ± 0.003 0.177 ± 0.002 0.076 ± 0.004 0.240 ± 0.003 

GEOS-chem 0.120 ± 0.002 0.180 ± 0.003 0.326 ± 0.005 0.236 ± 0.004 0.138 ± 0.002 0.319 ± 0.005 

GFDL-ESM4 0.109 ± 0.002 0.157 ± 0.002 0.226 ± 0.002 0.162 ± 0.002 0.079 ± 0.002 0.235 ± 0.002 

GISS-E2.1_FR 0.035 ± 0.003 0.050 ± 0.004 0.111 ± 0.003 0.079 ± 0.002 0.084 ± 0.003 0.134 ± 0.004 

GISS-E2.1_nudged 0.027 ± 0.000 0.031 ± 0.000 0.019 ± 0.000 0.002 ± 0.000 0.001 ± 0.000 0.032 ± 0.001 

NorESM2 0.078 ± 0.003 0.113 ± 0.004 0.203 ± 0.005 0.145 ± 0.004 0.127 ± 0.004 0.240 ± 0.006 

UKESM1-0-LL 0.175 ± 0.005 0.252 ± 0.007 0.307 ± 0.007 0.217 ± 0.006 0.025 ± 0.005 0.277 ± 0.007 

Multi-model mean 0.104 ± 0.043 0.151 ± 0.062 0.236 ± 0.071 0.169 ± 0.051 0.093 ± 0.040 0.244 ± 0.057 

 

Table S5:  The radiative forcing for total ozone calculated offline using the radiative kernel as shown in Fig. 6.  The results are separated for short wave 

clear sky (SW clear), short wave all sky (SW), long wave instantaneous clear sky (LW inst. clear), long wave instantaneous all sky (LW inst.), long wave 

including stratospheric temperature adjustments (LW. adj) and the net SARF (NET adj.). The uncertainty is the standard error calculated from the 

interannual variability. The multi-model means do not include GISS-E2.1_nudged and the uncertainties are the standard deviation of the model means.  

All values are in W m-2.  
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 SW clear SW LW inst. clear LW inst. LW adj. NET adj. 

CESM2 0.025 ± 0.000 0.037 ± 0.000 0.117 ± 0.001 0.083 ± 0.001 0.128 ± 0.001 0.165 ± 0.002 

EMAC 0.023 ± 0.000 0.033 ± 0.000 0.115 ± 0.001 0.081 ± 0.001 0.120 ± 0.001 0.153 ± 0.001 

GEOS-chem 0.030 ± 0.000 0.044 ± 0.000 0.140 ± 0.001 0.098 ± 0.001 0.143 ± 0.001 0.186 ± 0.002 

GFDL-ESM4 0.024 ± 0.000 0.035 ± 0.000 0.103 ± 0.001 0.072 ± 0.001 0.110 ± 0.001 0.144 ± 0.002 

GISS-E2.1_FR 0.019 ± 0.000 0.028 ± 0.001 0.091 ± 0.002 0.064 ± 0.001 0.098 ± 0.002 0.125 ± 0.002 

GISS-E2.1_nudged 0.016 ± 0.000 0.023 ± 0.000 0.082 ± 0.000 0.057 ± 0.000 0.081 ± 0.000 0.104 ± 0.000 

NorESM2 0.023 ± 0.000 0.034 ± 0.001 0.109 ± 0.002 0.076 ± 0.002 0.117 ± 0.003 0.150 ± 0.003 

UKESM1-0-LL 0.029 ± 0.001 0.042 ± 0.001 0.114 ± 0.003 0.079 ± 0.002 0.116 ± 0.003 0.158 ± 0.004 

Multi-model mean 0.025 ± 0.004 0.036 ± 0.005 0.113 ± 0.015 0.079 ± 0.010 0.119 ± 0.014 0.155 ± 0.019 

 

Table S6:  The radiative forcing for tropospheric ozone calculated offline using the radiative kernel as shown in Fig. 6. The results are separated for short 

wave clear sky (SW clear), short wave all sky (SW), long wave instantaneous clear sky (LW inst. clear), long wave instantaneous all sky (LW inst.), long 

wave including stratospheric temperature adjustments (LW. adj) and the net SARF (NET adj.). The uncertainty is the standard error calculated from the 

interannual variability. The multi-model means do not include GISS_nudged and the uncertainties are the standard deviation of the model means. All 

values are in W m-2. The tropopause is defined by the 150 nmol mol-1 ozone mole fraction isoline in the pdClim-control simulations. 
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 All sky Forcing Global clear sky 

Model Global  NH SH SW LW SW LW 

EMAC IRF 0.082 ± 0.003 0.099 ± 0.008 0.065 ± 0.008 0.020 ± 0.001 0.062 ± 0.001 0.018 ± 0.001 0.067 ± 0.001 

GFDL-ESM4 IRF 0.168 ± 0.004 0.170 ± 0.005 0.166 ± 0.008 0.061 ± 0.003 0.107 ± 0.002 0.038 ± 0.003 0.129 ± 0.002 

UKESM1-0-LL IRF 0.127 ± 0.010 0.141 ± 0.016 0.113 ± 0.012 0.049 ± 0.009 0.078 ± 0.004 0.037 ± 0.004 0.092 ± 0.004 

Multi-model mean IRF 0.126 ± 0.035 0.137 ± 0.039 0.115 ± 0.041 0.043 ± 0.017 0.082 ± 0.019 0.031 ± 0.092 0.096 ± 0.025 

EMAC SARF 0.144 ± 0.002 0.173 ± 0.008 0.115 ± 0.004 0.020 ± 0.001 0.124 ± 0.003 0.018 ± 0.001 0.129 ± 0.003 

CESM2 ERF 0.097 ± 0.064 0.162 ± 0.081 0.032 ± 0.071 0.042 ± 0.055 0.055 ± 0.039 0.051 ± 0.021 0.183 ± 0.024 

EMAC ERF 0.171 ± 0.007 0.193 ± 0.014 0.150 ± 0.022 0.062 ± 0.010 0.109 ± 0.004 0.030 ± 0.001 0.146 ± 0.005 

GFDL-ESM4 ERF 0.106 ± 0.034 0.089 ± 0.047  0.124 ± 0.048 0.045 ± 0.028 0.061 ± 0.022 0.063 ± 0.011 0.142 ± 0.019 

UKESM1-0-LL ERF 0.171 ± 0.028 0.209 ± 0.042 0.135 ± 0.043 0.143 ± 0.030 0.027 ± 0.029 0.057 ± 0.017 0.115 ± 0.023 

Multi-model mean ERF 
 

0.136 ± 0.035 0.163 ± 0.046 0.110 ± 0.046 0.071 ± 0.038 0.063 ± 0.029 0.050 ± 0.012 0.146 ± 0.024 

 

Table S7: Global multi-annual mean forcings (IRF, SARF, and ERF) and their standard errors for year-2050 whole atmosphere ozone from the sensitivity 

simulation pdClim-2050ssp370fODS-radO3 relative to the year-2015 baseline (pdClim-control), including its shortwave (SW) and longwave (LW) 

components for all-sky and clear-sky conditions. Table also includes estimates for the northern and southern hemispheres. Multi-model mean uncertainties 

are the standard deviation of the model means. 
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SW clear SW LW inst. clear LW inst. LW adj. NET adj. 

CESM2 0.030 ± 0.002 0.044 ± 0.002 0.154 ± 0.002 0.112 ± 0.002 0.161 ± 0.002 0.206 ± 0.002 

EMAC 0.024 ± 0.002 0.036 ± 0.002 0.134 ± 0.002 0.096 ± 0.001 0.145 ± 0.002 0.180 ± 0.002 

GFDL-ESM4 0.038 ± 0.002 0.054 ± 0.002 0.134 ± 0.002 0.097 ± 0.002 0.115 ± 0.002 0.170 ± 0.002 

UKESM1-0-LL 0.043 ± 0.005 0.063 ± 0.006 0.138 ± 0.006 0.098 ± 0.004 0.095 ± 0.005 0.158 ± 0.006 

 

Table S8:  The radiative forcing for total ozone calculated offline using the radiative kernel for pdClim-2050ssp370fODS-radO3 minus pdClim-control. The 

results are separated for short wave clear sky (SW clear), short wave all sky (SW), long wave instantaneous clear sky (LW inst. clear), long wave 

instantaneous all sky (LW inst.), long wave including stratospheric temperature adjustments (LW. adj) and the net SARF (NET adj.). The uncertainty is 

the standard error calculated from the interannual variability. All values are in W m-2. 

 

 

 SW clear SW LW inst. clear LW inst. LW adj. NET adj. 

CESM2 0.022 ± 0.000 0.032 ± 0.000 0.104 ± 0.001 0.074 ± 0.000 0.114 ± 0.001 0.146 ± 0.001 

EMAC 0.021 ± 0.000 0.030 ± 0.000 0.105 ± 0.001 0.074 ± 0.000 0.108 ± 0.001 0.138 ± 0.001 

GFDL -ESM4 0.019 ± 0.000 0.028 ± 0.000 0.087 ± 0.001 0.061 ± 0.001 0.093 ± 0.001 0.121 ± 0.001 

UKESM1.0 -LL 0.019 ± 0.001 0.027 ± 0.001 0.086 ± 0.002 0.060 ± 0.002 0.089 ± 0.003 0.116 ± 0.003 

 

Table S9:  The radiative forcing for tropospheric ozone calculated offline using the radiative kernel for pdClim-2050ssp370fODS-radO3 minus pdClim-

control. The results are separated for short wave clear sky (SW clear), short wave all sky (SW), long wave instantaneous clear sky (LW inst. clear), long 

wave instantaneous all sky (LW inst.), long wave including stratospheric temperature adjustments (LW. adj) and the net SARF (NET adj.). The 

uncertainty is the standard error calculated from the interannual variability. All values are in W m-2. 
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 Cloud cover (All-sky minus clear-sky) ERF  

Reference [%] 

 

Absolute Change [%] SW ERF  

[W m-2] 

LW ERF 

[W m-2] 

Net ERF 

[W m-2] 

 

CESM2 69.12 ± 0.02 -0.08 ± 0.04 0.10 ± 0.05 -0.17 ± 0.03 -0.08 ± 0.05 

EMAC 62.37 ± 0.11 -0.03 ± 0.01 0.05 ± 0.01 -0.09 ± 0.03 -0.04 ± 0.01 

GFDL-ESM4 66.02 ± 0.02 -0.08 ± 0.03 0.10 ± 0.03 -0.14 ± 0.02 -0.04 ± 0.03 

UKESM1-0-LL 69.14 ± 0.03 -0.20 ± 0.03 0.28 ± 0.03 -0.22 ± 0.02 0.05 ± 0.02 

Multi-model mean 66.7 ± 2.8 -0.10 ± 0.06 0.13 ± 0.09 -0.16 ± 0.05 -0.02 ± 0.05 

CESM2  -0.02 ± 0.04 -0.01 ± 0.05 -0.13 ± 0.02 -0.14 ± 0.05 

EMAC  -0.01 ± 0.005 0.03 ± 0.01 -0.04 ± 0.01 -0.005 ± 0.005 

GFDL-ESM4  -0.04 ± 0.03 -0.02 ± 0.03 -0.08 ± 0.01 -0.10 ± 0.03 

UKESM1-0-LL  -0.10 ± 0.05 0.08 ± 0.03 -0.09 ± 0.02 -0.004 ± 0.02 

Multi-model mean  -0.04 ± 0.03 0.02 ± 0.04 -0.08 ± 0.03 -0.06 ± 0.06 

Table S10: Global mean cloud cover in reference simulation (pdClim-control), and absolute change in cloud cover and contribution of clouds to the SW, 

LW and net ERF for the pdClim-2050ssp370-radO3 (top 4 rows) and pdClim-2050ssp370fODS-radO3 (bottom 4 rows) experiments. The uncertainty for 

the individual models is the error on the mean, and the uncertainty on the multi-model mean is the standard deviation between the models. 

 

 Surface albedo change Albedo forcing [W m-2] 

CESM2  -0.8×10-4 ± 0.7×10-4 0.019 ± 0.017 

EMAC -0.1×10-4 ± 0.03×10-4 0.020 ± 0.001 

GFDL-ESM4 -1.3×10-4 ± 0.5×10-4 0.031 ± 0.012 

UKESM1-0-LL -0.6×10-4 ± 0.6×10-4 0.014 ± 0.014 

Multi-model mean -0.7×10-4 ± 0.4×10-4 0.017 ± 0.010 

Table S11: Global mean absolute surface albedo change and associated forcing from pdClim-2050ssp370fODS-radO3 minus pdClim-control. Uncertainties 

for individual models are errors on the mean. Uncertainties for the multi-model mean are standard deviations across the models. Forcings are calculated 

using the formula in the text. Only models that provided surface SW fluxes are shown. 
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Figure S1:  Schematic of the method to derive O3 ERF with CESM2. 
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Figure S2: Annual zonal mean values of the TOA radiative kernel (mW m-2 per DU). In a) instantaneous radiative forcing (IRF) 

shortwave (SW) clear sky, b) IRF SW all sky, c) IRF longwave (LW) clear sky, d) IRF LW all sky, e) LW all sky with stratospheric 

adjustment and f) net forcing (LW all sky adjusted + SW all sky). The vertical coordinates are sigma hybrid-pressure levels and 

approximate pressure levels are used on the y-axis. 
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Figure S3: Year-2015 (1st column) and year-2050 (2nd column) climatologies for the global distribution of total column ozone (TCO), 

the difference between the two climatologies (3rd column; year-2050 minus year-2015), and the standard error in the difference (4th 

column) simulated by the models: UKESM1-0-LL, GFDL-ESM4, EMAC, GISS-E2.1_nudged, GISS-E2.1_FR, CESM2, NorESM2 

and GEOS-Chem. The units for TCO are in Dobson Units (DU). Global mean values are shown above each panel. 
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Figure S4: Year-2015 (1st column) and Year-2050 (2nd column) climatologies for the global distribution of tropospheric column 

ozone (TrCO), the difference between the two climatologies (3rd column; Year-2050 minus Year-2015), and the standard error in 

the difference (4th column) simulated by the models: UKESM1-0-LL, GFDL-ESM4, EMAC, GISS-E2.1_nudged, GISS-E2.1_FR, 

CESM2, NorESM2 and GEOS-Chem. The units for TrCO are in Dobson Units (DU). 



18 

 

 

Figure S5: Year-2015 (1st column) and Year-2050 (2nd column) climatologies for the zonal mean distribution of ozone and the 

relative difference between the two climatologies (3rd column) from the TOAR simulations for the models: UKESM1-0-LL, GFDL-

ESM4, EMAC, GISS-E2.1_nudged, GISS-E2.1_FR, CESM2, NorESM2 and GEOS-Chem. The units for ozone are in µmol mol-1 

and the relative differences are in %. Pressure levels that are above the model top or pressure levels below the surface are greyed 

out.  
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Figure S6: Spatial distribution of radiative flux changes from EMAC. Left column shows all-sky values for ERF (a), IRF (c) and 

SARF (e), whereas the right column shows the respective clear-sky values (b,d,f). ERF is calculated from pdClim-2050ssp370-radO3 

minus pdClim-control. IRF and SARF are determined from multiple radiation call diagnostics in the EMAC  pdClim-2050ssp370-

radO3 simulation. 
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Figure S7: Zonal mean radiative flux changes for the EMAC pdClim-2050ssp370-radO3 simulation (a) and the EMAC pdClim-

2050ssp370fODS-radO3 simulation (b). As in Fig. S6 the ERF values are calculated using the EMAC pdClim-control simulations, 

whereas IRF and SARF values are calculated using multiple radiation calls. 
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Figure S8: As Fig 7, but for the effect of ODS changes only. 
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Figure S9: For the one model (EMAC) that calculated online SARF: Difference in temperature increments calculated by fixed-

dynamical heating (FDH) in EMAC vs diagnosed from the ESM (FULL). 



23 

 

 

 

Figure S10: Differences in total column ozone (TCO), tropospheric column ozone (TrCO), and zonal mean ozone in 2050 relative to 

2015 due to the increase in N2O following SSP3-7.0 in a), c), and e), respectively in comparison with the full ozone response on the 

right in b), d), and f) from UKESM1-0-LL. 
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