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Abstract 25 

Radiative forcing (RF) time series for total ozone from 1850 up to present-day are calculated based 26 

on historical simulations of ozone from 10 climate models contributing to the Coupled Model 27 

Intercomparison Project Phase 6 (CMIP6). In addition, RF is calculated for ozone fields prepared as 28 

input for CMIP6 models without chemistry schemes and from a chemical transport model simulation. 29 

A radiative kernel for ozone is constructed and used to derive the RF. The ozone RF in 2010 (2005-30 

2014) relative to 1850 is 0.35 W m-2 [0.08 to 0.61] (5-95% uncertainty range) based on models with 31 

both tropospheric and stratospheric chemistry. One of these models has a negative present-day total 32 

ozone RF.  Excluding this model, the present-day ozone RF increases to 0.39 W m-2 [0.27 to 0.51] (5-33 

95% uncertainty range). The rest of the models have RF close to or stronger than the RF time series 34 

assessed by the Intergovernmental Panel on Climate Change in the fifth assessment report with the 35 

primary driver likely being the new precursor emissions used in CMIP6.  The rapid adjustments 36 

beyond stratospheric temperature are estimated to be weak and thus the RF is a good measure of 37 

effective radiative forcing. 38 

Keywords: radiative forcing, ozone, tropospheric ozone, stratospheric ozone, CMIP6 39 
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Introduction 44 

Tropospheric ozone has increased since pre-industrial times primarily due to photochemical 45 

reactions involving components emitted to the atmosphere by anthropogenic activities1. Such 46 

emissions include methane (CH4), nitrogen oxides (NOx), carbon monoxide (CO) and non-methane 47 

volatile organic components (NMVOCs), collectively referred to as ozone precursors. In the 48 

stratosphere, the amount of ozone has decreased primarily due to anthropogenic emissions of ozone 49 

depleting substances (ODSs)2.  50 

Ozone is a greenhouse gas and considered as a “near-term climate forcer”3 due to its short global 51 

mean lifetime of ~23 days in the troposphere for present-day4. Hence, it is not well-mixed in the 52 

atmosphere, and that challenges the estimation of the historical development of ozone in the 53 

atmosphere. There are limited long-term historical observations of ozone, in spatial coverage and in 54 

the vertical5-8. For climate impact calculations, the vertical distribution of ozone is crucial since its 55 

effect on trapping thermal infrared radiation is largest in the upper troposphere9-11. Due to 56 

insufficient long-term observations, the time series of the historical development of ozone and its 57 

radiative forcing since pre-industrial times must be estimated using models. 58 

Ozone is the third strongest anthropogenic greenhouse gas forcer assessed by the Intergovernmental 59 

Panel on Climate Change (IPCC) in the fifth assessment report (AR5) with a total radiative forcing (RF) 60 

of 0.35 (0.15 to 0.55) W m–2 in 2011 relative to pre-industrial times (1750), where ozone changes in 61 

the troposphere are estimated to exert a RF of 0.40 (0.20 to 0.60) W m–2 and RF due to changes in 62 

stratospheric ozone of –0.05 (–0.15 to +0.05) W m–2 (5–95% uncertainty ranges)3. One of the main 63 

uncertainties in the estimates of tropospheric ozone RF is the incomplete knowledge of pre-industrial 64 

ozone concentrations12. The chemistry models have not been able to reproduce the low levels of 65 

ozone observed at the end of the 19th century12, however those observations are highly 66 

uncertain7,8,13. A recent study puts forward a constraint on historical ozone levels using oxygen 67 



4 
 

isotopes in ice cores, and they concluded that historical ozone levels were in line with modelled 68 

ozone levels and that early observations were biased low14. 69 

Understanding past drivers of climate change is crucial for assessing future climate change. The 70 

climate models contributing to the Coupled Model Intercomparison Project Phase 6 (CMIP6)15 do not 71 

calculate the radiative forcing of the drivers by default. Separate initiatives under CMIP6, the 72 

Radiative Forcing Model Intercomparison Project (RFMIP)16 and the Aerosol and Chemistry Model 73 

Intercomparison Project (AerChemMIP)17, aim to give an accurate characterization of the effective 74 

radiative forcing (ERF) in the climate models and assess how anthropogenic emissions have 75 

contributed to global forcing over the historical period, respectively. The ERF includes rapid 76 

adjustments due to changes in atmospheric temperature, water vapor and clouds without any 77 

response from surface temperature changes3,18,19 and goes beyond RF which only includes the 78 

adjustment from stratospheric temperature3. ERF is the best measure to compare the global mean 79 

surface temperature change between different forcing mechanisms for perturbations to the Earth’s 80 

radiation budget, and in particular when the effect of the small land surface warming is removed in 81 

climate simulations keeping sea surface temperature constant20. 82 

 83 

In this paper we calculate the historical time development of total ozone radiative forcing since 1850 84 

from Earth system models contributing to CMIP6 (Table 1). A radiative kernel is developed for total 85 

ozone RF by detailed radiative transfer code calculations on idealized ozone perturbations (see 86 

Method section and Supplementary Figure 1).  This kernel is used to calculate the RF time series 87 

based on the modelled changes in ozone mixing ratios since the 1850s in the historical CMIP6 88 

experiment. For those CMIP6 models without ozone chemistry schemes, ozone fields are provided 89 

through the input data sets for Model Intercomparison Projects (input4MIPs). In addition, we use the 90 

kernel to calculate the RF on these fields and compare the results to Checa-Garcia, et al. 21 who 91 

calculated RF on the input4MIPs ozone fields as well as the fields provided for the previous phase of 92 

CMIP. We focus on forcing due to total ozone changes, including both the effect of ozone increases 93 
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due to ozone precursors and ozone decreases due to ODSs. Though these two effects mainly affect 94 

ozone in the troposphere and stratosphere, respectively, the two processes can have a substantial 95 

effect in the other region as well22,23. Ozone RF is often split into a tropospheric and stratospheric 96 

component3, but to split the RF based on the drivers (i.e., ozone precursors versus ODSs) instead of 97 

the region in the atmosphere where the changes happen is more relevant for mitigation23. The RF 98 

calculated based on CMIP6 ozone fields is complemented with RF estimates based on simulations 99 

from a chemical transport model (CTM). Using the CTM results, RF is calculated due to changes in 100 

tropospheric ozone precursors only (ODSs changes excluded). Additionally, RF is calculated in 1850 101 

relative to 1750, to account for a different baseline, and the RF is extended up to 2020 (see Method 102 

section).  103 

 104 

Results 105 

The vertical distribution of ozone is crucial for the RF calculations. In Fig. 1 the relative difference in 106 

annual zonal mean O3 between 1850 and 2010 is shown. The largest relative change in ozone over 107 

this period is found in the Northern Hemisphere (NH) troposphere, for the models that include 108 

tropospheric chemistry (all models except the CNRM-models). The increase is largest in the lower 109 

troposphere at mid-latitudes, with a tongue reaching up to the upper tropical troposphere where the 110 

relative increase for the models ranges from ~40 to ~80 %. These are the regions with the largest 111 

ozone precursor emission sources24 and highest insolation, respectively. All models have an ozone 112 

reduction in the upper stratosphere and also in the lower stratosphere at the southernmost latitudes 113 

over Antarctica. The weakest maximum reduction in this region of 13 % is found for the MRI-ESM2-0 114 

model. The strongest ozone depletion is modelled by the UKESM1-0-LL model with a maximum 115 

reduction of 58%. This model is also the model with the weakest increase in tropospheric ozone, with 116 

an increase of 15-20% in the upper tropical troposphere in the Southern Hemisphere (SH), and it is 117 

likely that the ozone depletion has affected the troposphere to a larger extent in this model than for 118 

the other models. In other regions of the stratosphere, the sign of the change in ozone differs among 119 
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the models. In particular, ozone depletion in the lower stratosphere at high northern latitudes is 120 

strong in some models, but less evident in other models for the annual means.  121 

For the period before stratospheric ozone depletion, there is a large spread in the modeled total 122 

ozone column with ~60 Dobson Units (DU) difference in latitude bands between 60°S and 60°N for 123 

the annual mean and more than 100 DU difference in both polar regions during spring 124 

(Supplementary Figure 2). At the end of the period, 2010, the simulated total ozone still has a large 125 

spread, but the values are lower. The temporal development also differs among the models. The 126 

largest decrease in ozone is seen for the UKESM1-0-LL model with the most rapid reduction between 127 

1980 and 1990. In the GISS-E2-1-H model, total ozone increases from 1950 to 1980, with a rapid 128 

decrease thereafter. Ground based measurements and satellite data are available from around 1980 129 

for observations of total ozone25. Weber, et al. 25 estimated the trends in the observed total ozone 130 

prior to 1997 and from 1997 to 2016. In Fig 2. these two trends are compared to the trends in the 131 

models from 1980 to 2000, and from 2000 to 2010. This is not an exact comparison since the 132 

modelled data are averaged over 10 years. Most models have a negative trend for all regions over 133 

the period 1980 to 2000, while the models simulate a recovery post 2000, with trends closer to zero 134 

or above. This is the same feature as seen in the trend for the observations as estimated by Weber, 135 

et al. 25. 136 

Changes in ozone in the upper free troposphere produce stronger RF per DU change than ozone 137 

changes in the stratosphere and changes closer to the surface (Supplementary Figure 1). However, 138 

there are limited observations available for evaluating the long-term trend of ozone in the 139 

troposphere e.g. Oltmans, et al.6 and Tarasick, et al.7. The modeled ozone distribution for year 2000 140 

is compared with ozone sonde data in Supplementary Figure 3. The models that include tropospheric 141 

chemistry are mostly within the range of the observations, indicating that seasonal cycle, latitudinal 142 

distribution and vertical distribution of tropospheric ozone are well simulated. For ozone trends in 143 

the free troposphere, sonde data have been combined26-28 to generate the Trajectory-mapped 144 
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Ozonesonde dataset for the Stratosphere and Troposphere (TOST) product. Gaudel, et al. 5, 145 

calculated trends over the period 1998 to 2012 using the TOST product for different latitude bands 146 

(shown in Fig. 3). The trend in TOST is close to zero between 30°S to 60°S similar to the trend in the 147 

models. In the northern extra-tropics, a small positive trend is seen for the models that include 148 

tropospheric chemistry as well as for the TOST product. In the tropics the TOST increase is larger than 149 

the modelled trends (30°S to 0 and 0 to 30°N). The largest increase in ozone in TOST was found after 150 

2008 in the tropics, which we might not be able to capture due to the 10-year averages used in the 151 

figure. Ozone distribution and trends are influenced by internal natural variability including changes 152 

to the stratosphere-troposphere exchange29-32. The models simulate one possible climate realization 153 

and will not be able to reproduce observed interannual variability due to dynamical processes. A long 154 

time period is needed for tropospheric ozone trends assessment8. Also, Gaudel, et al. 5 compared the 155 

trend in TOST with trends in satellite based product of tropospheric ozone. The products differ in the 156 

quantification of tropospheric ozone trends, both in sign and magnitude, and to determine why the 157 

trend in satellite products differ is a remaining issue5.  158 

The long-term trend in the modelled tropospheric ozone column is also shown in Fig. 3. The most 159 

rapid increase occurred between 1950 and 1980, prior to the period of good coverage in spatial and 160 

temporal scale of observations. The increase in ozone since 1850 is larger in the NH than in the SH. 161 

The increase in global tropospheric ozone since 1850 has a range of 40 to 60% for the models with 162 

tropospheric chemistry, except for the UKESM1-0-LL. The increase in the UKESM1-0-LL is ~24% since 163 

1850, based on the tropopause diagnosed from the OsloCTM3 model (defined as potential vorticity 164 

of 2.5 PVU, with upper limit 380K potential temperature and lower limit of 5 km); this will differ from 165 

the tropopause definition used in other studies and in the individual models. However, Sellar, et al. 33 166 

found a similar relative increase in tropospheric ozone of approximately 23% from a pre-industrial 167 

baseline for a different tropopause definition for UKESM1-0-LL. For comparison, in the Atmospheric 168 

Chemistry and Climate Model Intercomparison Project (ACCMIP) the multi-model mean for 169 

tropospheric ozone increased by 41% in 2000 relative to 18504. With the exception of UKESM1-0-LL, 170 
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the increase in tropospheric ozone in 2000 relative to 1850 is larger than 40% for all the models (Fig. 171 

3). 172 

Radiative forcing 173 

Figure 4 shows the kernel derived total ozone forcing time evolution from the modelled changes in 174 

ozone since 1850 (base period 1850-59). The majority of the models show an increase in the forcing 175 

over the entire time period, and the calculated RF time series are close to or, more frequently,  above 176 

the best estimate of the RF time series in IPCC AR53 (Fig. 4). At the end of the time period (2010) the 177 

forcing is in the upper part of the range assessed by IPCC for total ozone RF in 2011 (Fig. 4). For the 178 

two CNRM models without tropospheric chemistry, the estimated RF in 2010 is –0.09 and –0.12 W 179 

m–2, within the range of ozone RF due to ODS assessed by IPCC AR53. The outlier of the models which 180 

includes both tropospheric and stratospheric chemistry is UKESM1-0-LL, with a negative total ozone 181 

forcing in 2010, only slightly weaker than the CNRM models without tropospheric chemistry. The 182 

ozone forcing in the UKESM1-0-LL model was weakly positive prior to 1990 and turned negative post 183 

1990.  184 

Also shown in Fig. 4 are the forcing estimates of Checa-Garcia, et al. 21 using the input4MIPs data. 185 

Note that the averaging periods in Checa-Garcia, et al. 21 are not the same as in this study, but the 186 

estimated RF for the input4MIPs data are similar to our values. Also, if the RF calculation is split 187 

between longwave and short wave forcing, the trend is similar for the explicit RF calculations of 188 

Checa-Garcia, et al. 21 and for the kernel calculations in this study (Supplementary Figure 4 and 5). 189 

The short wave RF is slightly stronger using the kernel compared to Checa-Garcia, et al. 21.  190 

 191 

The temporal development of the RF since 1970 differs among the models (Fig. 4). For some models 192 

the RF increases over the whole period (OsloCTM3, CESM-models, BCC-ESM1). Some models have a 193 

flat or decreasing trend between 1980 and 1990 followed by an increase (GFDL-ESM4, input4MIPs, 194 

and E3SM-1-0 which used input4MIPs data in the troposphere). The GISS-E2-1-H and MRI-ESM2-0 195 
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models show an increase up to 1990. For the MRI-ESM2-0 the RF is constant thereafter, while GISS-196 

E2-1-H has a renewed growth after 2000.  197 

 198 

For OsloCTM3, the time period considered is extended both forward to 2020 (using IAMC-MESSAGE-199 

GLOBIOM-ssp245 scenario emissions) and backwards to 1750.  The RF in 1850 relative to 1750 is 0.03 200 

W m-2, less than the 0.04 W m-2 from Skeie, et al. 34 adopted by Stevenson, et al. 12. For the period 201 

post 2010 the RF is 0.55 W m-2 in 2014, 0.54 W m-2 in 2017 and 0.56 W m-2 in 2020 relative to 1850. 202 

Note that the OsloCTM3 model has the strongest total ozone RF, and the value in 2010 (0.52 W m-2) 203 

is slightly above the upper range provided by IPCC AR5 (Fig. 4). 204 

 205 

The RF between 2000 and 1850 from an additional simulation using OsloCTM3 with preindustrial 206 

ODS in 2000 was 0.50 W m-2. The RF of 0.50 W m-2  due to changes in tropospheric ozone precursors 207 

is in the middle of the range assessed by the IPCC AR5 of 0.50 (0.30 to 0.70) W m–2 (5–95% 208 

uncertainty range) for ozone precursors3 and similar to the results of Søvde, et al. 22 (0.52 W m-2) and 209 

of Shindell, et al. 23 (~0.5 W m-2). Subtracting the RF from this simulation from the total ozone RF in 210 

OsloCTM3 gives an ozone RF of –0.06 W m-2 due to ODS, that is in the weaker part of the range 211 

assessed by the IPCC AR5 of –0.15 (–0.30 to 0.0) W m–2 (5–95% uncertainty range)3. For the two 212 

models that do not include tropospheric chemistry, ozone RF from ODSs is –0.13 W m-2 (CNRM-213 

ESM2-1) and –0.08 W m-2 (CNRM-CM6-1) in 2000. The change is small in these two models for RF 214 

between 2000 and 2010 (Fig. 4). The OsloCTM3 RF and CNRM results for RF due to ODSs are in the 215 

weaker range of the IPCC AR5. Although not explicitly calculated, the ozone RF due to ODSs in 216 

UKESM1-0-LL is likely significantly stronger than in the OsloCTM3 and in the CNRM models.  217 

 218 

Effective Radiative Forcing 219 

The rapid adjustments other than stratospheric temperature adjustment are weaker than 0.1 W m–2 220 

in a mean of simulations by three models (see Methods) using different sets of ozone fields adjusted 221 
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to present-day (2014) relative to pre-industrial (1850). The adjustments from surface temperature, 222 

tropospheric temperature, surface albedo, water vapor and clouds nearly cancel (each of the rapid 223 

adjustments are of approximately 0.1 W m-2 in magnitude or weaker). See Supplementary Figure 6 224 

for the rapid adjustment terms as a mean of the three models and different approaches for their 225 

quantification. The rapid adjustment calculations are within the uncertainties in these approaches 226 

and thus our RF estimates can be treated as similar to ERF.  227 

Discussion and conclusion 228 

Because CMIP6 model runs do not provide direct means of calculating time-varying RF due to 229 

anthropogenic changes in ozone, we calculate ozone forcing in this study based on the CMIP6 230 

simulations over the historical period for those models that include tropospheric and/or 231 

stratospheric chemistry, using a radiative kernel. Additionally, this study includes RF estimates using 232 

the OsloCTM3, a chemical transport model driven by the same emission inventory as used in CMIP6, 233 

and RF estimates based on the ozone fields from input4MIPs prepared for CMIP6.  234 

The full range of total ozone RF in 2010 (2005-2014) for models considering ozone changes in both 235 

troposphere and stratosphere is –0.064 W m-2 to 0.56 Wm-2 relative to 1850s. UKESM1-0-LL is the 236 

only model outside the range of AR5 for ozone and a clear outlier (see discussion below). Two 237 

models do not include tropospheric chemistry, hence the ozone RF calculated is due to ODSs alone. 238 

These, as well as estimates from an additional simulation with the OsloCTM3, result in RF in the 239 

weaker part of the range assessed by IPCC AR5 for ozone changes due to ODSs. Similar to earlier 240 

findings from ODS-only simulations (which keep ozone precursor emissions constant), ozone 241 

decreases due to ODSs affect both the stratospheric as well as the tropospheric ozone burden22,23.  242 

The UKESM1-0-LL model appears to have a much stronger ERF due to ODSs than many of the other 243 

models (Morgenstern et al., In review), although not explicitly calculated here. O'Connor, et al. 35 244 

(revised version), for example, report a present-day ERF from ODS of –0.18 W m–2 (including the 245 

direct radiative effect of the ODS themselves, the direct radiative effect of ozone, and other rapid 246 
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adjustments) relative to the pre-industrial period. Given that previous estimates of the direct RF of 247 

ODS and ozone depletion are 0.36 W m–2 and −0.15 (–0.30 to 0.0) W m–2 (5–95% uncertainty range), 248 

respectively3, the offset by ozone depletion in UKESM1-0-LL appears to be too strongly negative. The 249 

study by Morgenstern et al., (In review) uses observed ozone trends from 1979-2000 to constrain the 250 

ERF due to ODSs from an ensemble of models and shows stronger ozone depletion in UKESM1-0-LL 251 

than observed, particularly in the southern hemisphere.  Using the tropospheric ozone kernel by Rap, 252 

et al. 36 on the UKESM1-0-LL model resulted in a RF in the lower range of IPCC AR5, similar to 253 

tropospheric RF calculated here if the stratosphere is masked (Supplementary Figure 7a and 8a for 254 

two different definitions of the tropopause). This low estimate relative to IPCC AR5 may be due to 255 

the offset of –0.1 W m–2  from ODS on tropospheric ozone RF at the present-day calculated by 256 

O'Connor, et al. 35 which is much stronger an effect from stratospheric ozone depletion than previous 257 

estimates (e.g. Søvde et al., 2011; Shindell et al., 2013). For the stratospheric ozone RF 258 

(Supplementary Figure 7b and 8b), the UKESM1-0-LL is outside the range from IPCC AR53, and is 259 

consistent with the Morgenstern et al. study. There are indications that the ozone hole is too deep in 260 

UKESM1-0-LL, doesn’t capture the observed inter-annual variability in ozone, and the negative trends 261 

in polar latitudes are too strong33. The model has larger ozone burden in Antarctic spring compared 262 

to the other CMIP6 models in the pre-industrial (Supplementary Figure 2), while the OsloCTM3 with 263 

stratospheric ozone RF at and above the upper range of IPCC AR5 (Supplementary Figure 7b and 8b) 264 

is the model with the lowest pre-industrial total ozone in the Antarctic spring (Supplementary Figure 265 

2). For present-day, the two models have modelled total ozone that is more similar to the rest of the 266 

models (Supplementary Figure 2), but the magnitude in forcing differs. The main difference in total 267 

ozone is prior to the satellite era, and it is hence difficult to exclude models, but we note UKESM1-0-268 

LL as an outlier. UKESM1-0-LL is not able to reproduce the 1960-2000 surface temperature 269 

development33 although fixing ODS at 1950 levels, carried out as part of AerChemMIP17, does not 270 

have a large impact on the modelled global mean surface temperature behavior. 271 
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The multi-model mean for total ozone RF is 0.35 W m-2 with standard deviation of 0.16 W m-2 in 2010 272 

(2005-2014) relative to 1850 (1850-1859) for the CMIP6 models (excluding the two models that do 273 

not include tropospheric chemistry), OsloCTM3 and input4MIPs (see Supplementary Table 2). This is 274 

0.03 W m-2 stronger than what is calculated using input4MIPs data. Excluding, in addition, the outlier 275 

model, the multi-model mean estimate increases to 0.39 Wm-2, 0.08 W m-2 stronger RF than 276 

calculated using the input4MIPs data only. The use of the kernel on input4MIPs ozone changes 277 

provides RF within 4% of the present-day total ozone RF (0.30 W m−2 for 2010 – 2014 relative to 1850 278 

– 1860) in Checa-Garcia, et al. 21 using a different radiative transfer code on the same ozone fields. 279 

Note that the time periods considered in Checa-Garcia, et al. 21 and this study differ. 280 

Whilst the total RF calculated for the input4MIPs ozone field (0.31 W m−2) lies at the lower end of the 281 

CMIP6 range, it is similar to the AR5 mean (0.31 W m−2 relative to 1850). This can be explained by the 282 

input4MIPs ozone being a merger of two model simulations, which, for their historical simulations, 283 

included emissions following the Chemistry-Climate Model Initiative’s (CCMI) data protocol37. These 284 

emissions represent a merger of CMIP538 and RCP8.5 emissions, and not the official CMIP6 precursor 285 

emissions (which were not yet available at the time the input4MIPs database had to be prepared for 286 

CMIP6). On a global scale, the emission of NOx showed a rapid increase from 1990 to 2000, with ~15 287 

% higher anthropogenic emissions for the year 2000 in the CMIP6 emissions inventory compared to 288 

CMIP5, in which emissions remained stable from 1990 to 200024. As a consequence, CMIP6 precursor 289 

emissions result in global ozone changes that are fairly similar to those in input4MIPs up to the 290 

1980s, however, they show a much stronger increase thereafter. The fact that the difference is 291 

mainly emission-driven can also be seen when comparing the input4MIPs ozone changes in Fig. 2 to 292 

those from CESM2(WACCM6), a slightly earlier version of which was used to derive the input4MIPs 293 

ozone. This also provides a possible explanation why most models driven by emissions of ozone 294 

precursors in CMIP6 have a higher RF compared to the IPCC AR5 best-estimate3, that was heavily 295 

based on model simulations using the emission inventory of Lamarque, et al. 38, and a different time 296 

evolution post 1990. Post 1990, the RF based on the CESM2 models increases, while the RF based on 297 
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the input4MIPs data are more stable (Fig. 4). Uncertainties in the historical emission inventories of 298 

tropospheric ozone precursors are not assessed in Hoesly, et al. 24, but assumed to be larger than the 299 

difference between the CMIP5 and CMIP6 emission inventories at the global scale, larger on the 300 

regional scale, and to increase back in time24. Uncertainties in the precursor emissions beyond the 301 

difference between CMIP5 and CMIP6 emissions are not considered in this study. 302 

Finally, it is important to keep in mind that the spread in the total ozone RF as presented here are not 303 

based on results from 12 independent models. There are relationships among the models and the 304 

input4MIPs data (see Supplementary Table 1). CESM2(CAM6) uses prescribed ozone fields from a 305 

CESM2(WACCM6) simulation, BCC-ESM1 uses an earlier version of the chemistry scheme in CESM in 306 

the troposphere as well as input4MIPs data in the stratosphere, while E3SM-1-0 uses input4MIPs 307 

data in the troposphere. Also, the input4MIPs data are constructed using the chemistry schemes in 308 

an earlier version of the CESM(WACCM) model. If related models are excluded, the uncertainty range 309 

slightly increases (Supplementary Table 2).  310 

 311 

Methods 312 

Data 313 

The climate models in CMIP6 include ozone in different ways for the historical simulations from 1850 314 

up to present-day. Some models use prescribed ozone concentrations from the input data sets for 315 

Model Intercomparison Projects (input4MIPs)39, while other models include chemistry schemes, but 316 

they vary in complexity. Mainly, chemistry schemes in the models are either developed for the whole 317 

atmosphere, only for the troposphere or only for the stratosphere. In this study, we use a radiative 318 

kernel (see below) to calculate radiative forcing since 1850. We include the models that have 319 

uploaded monthly ozone fields to the CMIP6 database for the historical experiment, except those 320 

that use the ozone fields provided by input4MIPs as well as NorESM that uses the same ozone input 321 
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fields as CESM2(CAM6) and GISS-E2-1-G that is identical to GISS-E2-1-H except a different ocean 322 

model. Kernel ozone RF results for the models using input4MIPs, the NorESM compared to 323 

CESM2(CAM6) and GISS-E2-1-G compared to GISS-E2-1-H are shown in Supplementary Figure 9. An 324 

overview of the models included in this study is presented in Table 1. When several ensemble 325 

members are available, one member is chosen (Table 1). Total ozone RF is also calculated based on 326 

the ozone fields provided by input4MIPs and results from a chemical transport model40 using the 327 

historical emission inventories prepared for CMIP624,41. 328 

Chemical transport model 329 

The CMIP6 simulations are supplemented by time-slice simulations using the Oslo Chemistry 330 

transport model (OsloCTM3)40,42. It is a 3-dimensional chemistry-transport model driven by 3-hourly 331 

meteorological forecast data by the Open Integrated Forecast System (Open IFS, cycle 38 revision 1) 332 

at the European Centre for Medium-Range Weather Forecasts (ECMWF). The horizontal resolution is 333 

~2.25°x2.25° with 60 vertical layers ranging from the surface up to 0.1 hPa.  334 

Time slice simulations are performed for the years 1750, 1850, 1950, 1970, 1980, 1990, 2000, 2010, 335 

2014, 2017, and 2020, but with fixed year 2010 meteorological data for all simulations. For the year 336 

simulated, historical anthropogenic emissions are from Hoesly, et al. 24 and biomass burning 337 

emissions from van Marle, et al. 41, while natural emissions are kept constant. For the year 2017 and 338 

2020, gridded emissions using the IAMC-MESSAGE-GLOBIOM-ssp245 scenario43 are used. A linear 339 

interpolation between 2015 and 2020 is assumed for 2017 emissions. The upper boundary conditions 340 

are taken from simulations done with the Oslo 2D model and the surface concentration of methane 341 

is scaled to observed concentration. Spin up is one year and the concentrations of long-lived 342 

components from the restart files used for initialization are scaled to historical values. Year 1850 is 343 

used as baseline in the forcing calculations. Forcing calculations for OsloCTM3 are also performed for 344 

the period between 1750 and 1850. Note that the OsloCTM3 results are snapshots rather than the 345 

10-year averages used for the CMIP6 results. An additional simulation with year 2000 emissions and 346 
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pre-industrial stratospheric ODS concentrations is performed to isolate the forcing due to 347 

tropospheric ozone precursors. 348 

The radiative kernel  349 

A radiative kernel is constructed using a radiative transfer model, perturbing ozone in one model 350 

layer at a time, giving gridded monthly fields of radiative forcing per Dobson unit change 351 

(Supplementary Figure 1). The radiative transfer code44 consists of a broadband code for long wave 352 

radiation45 and the DIScrete Ordinate Radiative Transfer (DISORT) code for short wave radiation46. 353 

The RF (all-sky) of total ozone changes is quantified at the tropopause, with stratospheric 354 

temperature adjustment. When stratospheric temperature adjustment is included, the RF at the 355 

tropopause will be similar to the forcing at the top of the atmosphere. The stratospheric 356 

temperature adjustment is calculated using the fixed dynamical heating approach, during an iterative 357 

process, taking shortwave and longwave radiation into account47.   The temperature changes from 358 

this iterative process will differ with altitude at the various model layers in the stratosphere. 359 

Meteorological fields of temperature, water vapor and clouds are taken from the Integrated Forecast 360 

System of the European Centre for Medium-Range Weather Forecasts for year 2003 and applied as 361 

monthly mean fields. RF of well-mixed greenhouse gases using monthly data is within 1% of daily 362 

simulations45. The difference using the radiative kernel and the radiative transfer model applied for 363 

generating the kernel applying the OsloCTM3 ozone change is 0.001 W m-2 for both shortwave and 364 

longwave radiation. 365 

RF calculations 366 

A radiative kernel is used for the radiative forcing calculation. The CMIP6 model results and 367 

input4MIPs ozone fields are bilinearly interpolated onto a T21 grid (~5.6° x 5.6°) and linearly 368 

interpolated in pressure to 60 vertical levels (ranging from the surface and up to 0.1 hPa) which is the 369 

resolution of the radiative kernel. Values in levels above the model top (Supplementary Table 1) are 370 

set to zero. To eliminate natural variability, 10-year averages are calculated. The time periods 371 
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considered are 1850 (1850-1859) as the reference period for the forcing calculations, 1920 (1916-372 

1925), 1930 (1926-1935), 1940 (1936-1945), 1950 (1946-1955), 1960 (1956-1965), 1970 (1966-1975), 373 

1980 (1976-1985), 1990 (1986-1995), 2000 (1996 to 2005), 2007 (2003-2012) and 2010 (2005 to 374 

2014). These 10-year averages of the mixing ratios are used in radiative kernel. To convert to Dobson 375 

units, the atmospheric fields from the OsloCTM3 are used. All results presented in this manuscript 376 

are for these interpolated and averaged model results, but with a horizontal distribution of T42 377 

(~2.8° x 2.8°) for ozone field figures. As for the CMIP6 model results, the CTM results are interpolated 378 

to the T21 grid for the kernel calculations and T42 resolutions for the ozone field figures. 379 

  380 

Effective radiative forcing 381 

The rapid adjustment calculations other than stratospheric temperature adjustment are taken from 382 

two sources; offline calculations from the GFDL model as an additional simulation using setup as in 383 

RFMIP16 and simulations from the Precipitation Driver Response Model Intercomparison Project 384 

(PDRMIP)48 using the two models NorESM1 and MIROC-SPRINTARS. The estimates of rapid 385 

adjustments in the two PDRMIP models follow the approach in Smith, et al. 49 and Myhre, et al. 50, 386 

whereby the radiative kernel technique51 is applied to fixed sea surface temperature simulations. In 387 

this method, individual rapid adjustments are diagnosed by multiplying temperature, water vapor 388 

and surface albedo radiative kernels by the model’s simulated change in those variables. Cloud rapid 389 

adjustments are diagnosed from change in cloud radiative forcing corrected for cloud masking using 390 

the non-cloud radiative kernels. This accounts for the fact that change in cloud radiative forcing 391 

includes not only cloud rapid adjustments but the radiative differences in non-cloud rapid 392 

adjustments under all-sky versus clear-sky conditions. For added robustness, estimates are 393 

conducted with five different sets of radiative kernels49,51-53, including one set where water vapor and 394 

cloud adjustments are alternatively estimated using a partial radiative perturbation approach. This is 395 

a more direct but more computationally intensive method than radiative kernels where offline 396 

radiative transfer calculations are conducted on the base state of the model, while rapid adjustment 397 
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variables from the perturbed forcing simulation are substituted into the calculation one at a time. 398 

The RFMIP calculations include ozone changes from pre-industrial (1850) to present-day and PDRMIP 399 

calculations apply a large perturbation of ten times anthropogenic changes to ozone into the lower 400 

part of the atmosphere from MacIntosh, et al. 54 for NorESM1 and a five times anthropogenic 401 

emissions in MIROC-SPRINTARS. 402 

 403 

 404 

Data availability 405 

The radiative kernel is available at https://github.com/ciceroOslo/Radiative-kernels. The OsloCTM3 406 

results and the results from the Kernel calculations are openly available via the NIRD Research Data 407 

Archive https://doi.org/doi:10.11582/2020.00030. The CMIP6 model results and input4MIPs ozone 408 

fields are available at the Earth System Grid Federation (https://esgf-node.llnl.gov/projects/cmip6/). 409 
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Figure 1 The relative 2010–1850 difference with respect to 1850 in annual mean zonal 599 

concentration for ozone (%) for all models. The vertical coordinates are sigma hybrid-pressure 600 

levels. The fields are plotted for the model levels and indicated by an approximate pressure levels on 601 

the y-axis. 602 

Figure 2 Total ozone trend in different latitude bands for two time periods. The period 1980-2000 603 

to the left and the period 2000-2010 to the right compared to the trend prior and post 1997 from 604 

Weber, et al. 25 using different merged datasets from satellite and ground-based observations for the 605 

period 1979-2016. The error bar indicates the 2 σ trend uncertainty and does not include 606 

uncertainties due to possible drifts between the datasets and from the merging procedure.  607 

Figure 3 Relative change in tropospheric ozone (since 1850) and recent trend in tropospheric 608 

ozone. The relative change in tropospheric ozone (since 1850) in different latitude bands (a-e) and 609 

trend in tropospheric ozone 2000 to 2010 compared to the trend 1998 to 2012 in the TOST product5 610 

(f-i). The error bars indicate the 95% confidence intervals for the trend. The tropopause used for the 611 

models, is the OsloCTM3 tropopause that is based on PVU from the meteorological data generated 612 

by the Open IFS model at ECMWF. This definition differs from the one used in TOST which is based 613 

on the WMO definition (2 K km–1 lapse rate) and individual models’ own definition. Models without 614 

tropospheric chemistry are indicated with a triangle. 615 

Figure 4 The time development of total ozone RF relative to 1850. The total ozone RF are calculated 616 

using a radiative kernel on ozone fields for the historical experiment in CMIP6, the input4MIPs data 617 

and OsloCTM3 results. Also shown in the figure is the forcing time development calculated by Checa-618 

Garcia, et al. 21 on the input4MIPs data, the total ozone forcing time series from IPCC AR5 relative to 619 

1850, the total ozone RF range and the range of ODS caused ozone RF assessed by IPCC AR5 in 20113 620 

adjusted to 1850 as base period. Models without tropospheric chemistry are indicated with a 621 
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triangle. The RF based on time-slice simulations using the OsloCTM3 is indicated by a square. The 622 

underlying numbers for this figure are presented in Supplementary Table 2. 623 

 624 
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Figure 1 Annual zonal mean values of the radiative kernel (mW m-2 per DU) for instantaneous radiative forcing (IRF) shortwave 
(SW) clear sky, IRF SW all sky, IRF longwave (LW) clear sky, IRF LW all sky, LW all sky with stratospheric adjustment and net 
forcing (LW adjusted + SW all sky). The vertical coordinates are sigma hybrid-pressure levels. The fields are plotted for the 
model levels and indicated by an approximate pressure levels on the y-axis. 



 

 

  

Figure 2 Historical time development of total ozone column (DU) in different latitude bands. In the polar regions spring values 
are plotted (60N to 90N monthly mean values for March and 60S to 90S monthly mean values for October). For the other 
regions, annual mean values are plotted. Note that the fields plotted are the averaged and interpolated data as described in 
the methods section and will differ from what is directly calculated in the individual models. Models without tropospheric 
chemistry are indicated with a triangle. 



 

 

 

 

Figure 3 Comparison of the annual cycle of ozone observations (black dots) and monthly mean O3 for the year 2000 for the 
different models at different latitude bands and at different pressure levels (750 hPa, 500 hPa and 250 hPa). Ozone sonde 
data are from Logan (1999), Thompson et al. (2003a) and Thompson et al. (2003b). The number of sites is given in the top 
right corner of each plot. The figure is adapted from Stevenson et al. (2006).  

 

  

 

 

 

 

 

 

 

 



  

 

Figure 4 Longwave adjusted RF relative to 1850s calculated using the radiative kernel. Also shown in the figure is the forcing 
time development calculated by Checa-Garcia et al. (2018) on the input4MIPs data. Models without tropospheric chemistry 
are indicated with a triangle. 

 

Figure 4 Short-wave RF relative to 1850s calculated using the radiative kernel. Also shown in the figure is the forcing time 
development calculated by Checa-Garcia et al. (2018) on the input4MIPs data. Models without tropospheric chemistry are 
indicated with a triangle.  



 

Figure 6 Effective Radiative Forcing (ERF) and rapid adjustments (total and individual terms) for industrial era ozone change 
(1850 to 2014) derived from GFDL-AM4 as an additional simulation using setup as in the RFMIP experiment (Pincus et al., 
2016) and the two models MIROC-SPRINTARS and NorESM1 within the PDRMIP experiment (Myhre et al., 2017). Results are 
shown as mean of the three models. A mean of five radiative kernels, see description in Myhre et al. (2018);Smith et al. (2018), 
are applied in the calculations of rapid adjustments in the two PDRMIP models and off-line radiative transfer calculations in 
the GFDL-AM4 model. The rapid adjustment from stratospheric temperature change is taken into account in RF of ozone 
change. Therefore, total rapid adjustment is shown both when stratospheric temperature adjustment is excluded and 
included.  

 

 



 

Figure 7 Tropospheric (a) and stratospheric (b) ozone RF calculated using the radiative kernel for ozone changes below and 
above the tropopause. Tropopause used here is where ozone mixing ratio is greater than 150 ppbv in 1850 for the individual 
models (similar definition as in e.g. Stevenson et al. (2006)). The results of Checa-Garcia et al. (2018) are based on a different 
definition of the tropopause used by Hansen et al. (2005). IPCC RF timeseries and the 90% confidence range for 2011 are 
adjusted to have 1850 as base period. Also shown in (a) are the tropospheric ozone RF (baseline 1850-59) for three ensemble 
members of the UKESM1-0-LL model using the radiative kernel by Rap et al. (2015) and the 150ppbv tropopause. 

 

  



 

 

Figure 8 Similar to Fig. 7, but with a different tropopause. Tropopause used here is the tropopause of the OsloCTM3 model 
with year 2010 meteorology.  

 

 

 



 

Figure 9 Same as Fig. 4, but for model results not included in this study. In a) the total ozone RF for the models using prescribed 
ozone fields from input4MIPs compared to the kernel results using input4MIPs ozone fields as well as Checa-Garcia et al. 
(2018) total ozone RF timeseries. In b), the NorESM models that use the same input fields as in CESM2(CAM6) compared to 
the results from CESM2(CAM6). In c) the GISS-E2-1-G model compared to the results from GISS-E2-1-H. These two models are 
identical, except for different ocean models. Differences in the Southern Ocean between the G and H models are likely to lead 
to different behavior in the stratosphere. The H model is quite consistent with temperature trends in the lower stratosphere 
over the past three decades based on retrievals from the Microwave Sounding Unit, whereas there is too much cooling in the 
G model, indicative of too much ozone loss.  



Table 1: Overview of CMIP6 models and other data used in this study. This is an extended version of 
table 1 in the main manuscript. Indicated in the table is if the model includes a chemistry scheme in 
the troposphere and/or stratosphere (Y: yes, N: no, P: prescribed), ensemble member, table ID, 
number of vertical levels in the model as well as model top. For Amon fields, the indicated vertical 
levels and top level are presented for the Amon fields that are interpolated to a specified grid rather 
than the model levels and model top.    

Model: Institution:  Description: Trop: Strat: Ensemble 
member: 

Table ID: Vertical 
resolution 
of model 
output (top 
level):  

References: 

CMIP6 models:         

BCC-ESM1  BCC 
 

The  tropospheric chemistry 
is MOZART2 (Horowitz et al., 
2003). No stratospheric 
chemistry scheme, but the 
concentration of ozone at the 
top two model levels are 
zonally and monthly values 
from input4MIPs. 
 

Y P r1i1p1f1 AERmon 26 (2.917 
hPa) 

Wu et al. (2020) 

CESM2(CAM6)  NCAR Ozone fields prescribed using 
results from a 
CESM2(WACCM6)simulation. 

P P r1i1p1f1 AERmon 32 (3.6 
hPa) 

Danabasoglu et al. 
(2020) 

CESM2(WACCM6)  NCAR 
 

Interactive chemistry in the 
whole atmosphere with 
TSMLT1 scheme (Emmons et 
al., 2020) which includes VBS-
SOA (Tilmes et al., 2019) 
 

Y Y r1i1p1f1 AERmon 70 (6E-6 
hPa) 

Gettelman et al. 
(2019)  

CNRM-CM6-1  CNRM 
 

A simple parameterization of 
the ozone production rate as 
a linear function of the ozone 
mixing ratio. Monthly 
coefficients of the function 
computed using the 
interactive chemistry scheme 
of CNRM-ESM2-1. The ozone 
concentrations of CNRM-
CM6-1 should be close to 
those of CNRM ESM2-1. 

N Y r1i1p1f2 AERmon 91 (0.01 
hPa) 

Voldoire et al. 
(2019), Michou et 
al. (2019) 

CNRM-ESM2-1  CNRM 
 

The atmospheric chemistry 
scheme is the Reactive 
Processes Ruling the Ozone 
Budget in the Stratosphere 
version 2 (REPROBUS-C_v2). 
No tropospheric chemistry 
scheme. Concentrations of O3 
below the 560 hPa level are 
relaxed towards the 560 hPa 
value. 

N Y r1i1p1f2 AERmon 91 (0.01 
hPa) 

Séférian et al. 
(2019), Michou et 
al. (2019) 

E3SM-1-0  DOE E3SM-
Project 
 

Linearized ozone 
photochemistry to predict 
stratospheric ozone changes 
(Linoz v2)(Hsu and Prather, 
2009). In the troposphere the 
ozone concentrations are 
prescribed using input4MIPs.  

P Y r2i1p1f1 Amon 19 (1 hPa) Rasch et al. (2019), 
Golaz et al. (2019) 
 

GFDL-ESM4  NOAA-
GFDL 
 

Includes interactive 
tropospheric (Schnell et al., 
2018) and stratospheric 
(Austin et al., 2012) gas-
phase chemistry. 

Y Y r1i1p1f1 AERmon 49 (0.02 
hPa) 

Dunne et al. (2019), 
Horowitz et al. 
(2019), Krasting et 
al. (2018) 



MRI-ESM2-0  MRI 
 

Interactive chemistry in the 
troposphere and middle 
atmosphere with the MRI 
Chemistry Climate Model 
version 2.1 (MRI-CCM2.1) 
model (Yukimoto et al., 
2019). 

Y Y r1i1p1f1 Amon 19 (1hPa) Yukimoto et al. 
(2019) 

UKESM1-0-LL  MOHC/ 
NERC 
 

Interactive chemistry 
covering troposphere and 
stratosphere. 

Y Y r1i1p1f2 AERmon 85 (85 km) Sellar et al. (2019), 
Archibald et al. 
(2020) 

GISS-E2-1-H NASA-GISS 
 

Interactive chemistry 
covering troposphere and 
stratosphere. 

Y Y r1i1p3f1 AERmon 40 (0.16 
hPa) 

Shindell et al. (2013) 

Other:         

input4MIPs University 
of Reading 

CCMI v1.0: a merged ozone 
product based on WACCM1-
CESM (simulation CCMI tag3) 
and CMAM (simulation 964). 
Ozone precursor emissions 
follow the CCMI data 
protocol (Eyring et al., 2013) 
and are based on a 
combination of emissions 
from Lamarque et al. (2010) 
and RCP8.5 before and after 
2005, respectively.  
 

Y Y   66 (0.0001 
hPa) 

Hegglin et al. (2016) 

OsloCTM3 CICERO Chemical transport model, 
chemistry scheme for both 
stratosphere and 
troposphere. 

Y Y   60 (0.1 
hPa) 

Søvde et al. (2012) 

 

  



Table 2: Total ozone RF relative to 1850 (W m-2). The underlying numbers of Fig. 4. 

Model 
number Year 1920 1930 1940 1950 1960 1970 1980 1990 2000 2007 2010 

1 BCC-ESM1 0.06 0.08 0.09 0.13 0.18 0.25 0.27 0.27 0.32 0.35 0.36 

2 CESM2(CAM6) 0.07 0.09 0.12 0.14 0.19 0.25 0.28 0.30 0.37 0.41 0.42 

3 CESM2(WACCM6) 0.06 0.08 0.12 0.13 0.19 0.25 0.29 0.31 0.38 0.40 0.43 

4 CNRM-CM6-1 -0.01 -0.01 -0.01 -0.02 -0.02 0.00 -0.02 -0.05 -0.08 -0.09 -0.09 

5 CNRM-ESM2-1 0.04 0.04 0.04 0.04 0.02 0.03 -0.02 -0.09 -0.13 -0.12 -0.12 

6 E3SM-1-0 0.07 0.09 0.11 0.15 0.20 0.25 0.27 0.27 0.28 0.30 0.31 

7 GFDL-ESM4 0.07 0.08 0.11 0.14 0.20 0.24 0.26 0.23 0.29 0.31 0.32 

8 GISS-E2-1-H 0.07 0.08 0.08 0.14 0.17 0.22 0.31 0.39 0.40 0.44 0.46 

9 MRI-ESM2-0 0.06 0.09 0.10 0.13 0.19 0.27 0.33 0.37 0.38 0.38 0.39 

10 UKESM1-0-LL 0.04 0.05 0.08 0.08 0.10 0.11 0.06 0.00 -0.06 -0.07 -0.06 

11 OsloCTM3    0.15  0.28 0.35 0.40 0.44 0.51 0.52 

12 input4MIPs 0.06 0.08 0.09 0.13 0.19 0.24 0.26 0.26 0.30 0.31 0.31 
For year 2010: 
All models excluding 4 and 5:  Standard deviation: 0.16,  Mean value: 0.35, 90 % confidence interval: [0.08, 0.61] 
All models excluding 4, 5 and 10: Standard deviation: 0.07,  Mean value: 0.39,  90 % confidence interval: [0.27, 0.51] 
All models excluding 2, 4, 5 and 6: Standard deviation: 0.18, Mean value: 0.34, 90 % confidence interval: [0.05, 0.63] 
All models excluding 2, 4, 5, 6 and 12:   Standard deviation: 0.19, Mean value: 0.34, 90 % confidence interval: [0.03, 0.66] 
All models excluding 2, 4, 5, 6, 10 and 12:  Standard deviation: 0.07, Mean value: 0.41, 90 % confidence interval: [0.29, 0.53] 
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