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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 5 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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