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Abstract. This study assesses three different measures of radiative forcing (instantaneous: IRF; stratospheric-
temperature adjusted: SARF; effective: ERF) for future changes in ozone. These use a combination of online and
offline methods. We separate the effects of changes in ozone precursors and ozone-depleting substances (ODSs)
and configure model experiments such that only ozone changes (including consequent changes in humidity,
clouds and surface albedo) affect the evolution of the model physics and dynamics.

In the Shared Socioeconomic Pathway 3-7.0 (SSP3-7.0) we find robust increases in ozone due to future in-
creases in ozone precursors and decreases in ODSs, leading to a radiative forcing increase from 2015 to 2050
of 0.268 & 0.084 W m~2 ERF, 0.244 4+ 0.057 W m~2 SARF and 0.288 & 0.101 W m~2 IRF. This increase makes
ozone the second largest contributor to future warming by 2050 in this scenario, approximately half of which is
due to stratospheric ozone recovery and half due to tropospheric ozone precursors.
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Increases in ozone are found to decrease the cloud fraction, causing an overall negative adjustment to the radia-
tive forcing (positive in the short wave but negative in the long wave). Non-cloud adjustments due to water vapour
and albedo changes are positive. ERF is slightly larger than the offline SARF for the total ozone change but ap-
proximately double the SARF for the ODS-driven change (0.156 +0.071 W m~2 ERF, 0.076 & 0.025 W m—2
SARF). Hence ERF is a more appropriate metric for diagnosing the climate effects of stratospheric ozone

changes.

1 Introduction

Ozone (0O3) is an optically active gas that absorbs and
emits long-wave (LW) terrestrial infrared (IR) radiation most
strongly in the 9.6 um region and absorbs short-wave (SW)
solar radiation in the ultraviolet (UV) and visible spectra
(Shine et al., 1995). Although 90 % of ozone is in the strato-
sphere and historical changes in the ozone column have been
driven by changes in the stratosphere, changes in tropo-
spheric ozone have long been identified as having the larger
effect on the radiative forcing (Fishman et al., 1979; Ra-
manathan and Dickinson, 1979). This is due to pressure-
broadening effects on the O3 9.6 um band line shape. The
Intergovernmental Panel on Climate Change Working Group
I AIPCC WGI) Sixth Assessment Report (AR6) (Forster et
al., 2021) assessed ozone radiative forcing (1750 to 2019) to
be 0.47 (0.24 to 0.70) W m~? based on a study by Skeie et
al. (2020). Although ARG did not formally assess the sepa-
rate tropospheric and stratospheric contributions to historical
forcing, the calculations in Skeie et al. (2020) correspond to
a tropospheric ozone radiative forcing of 0.45 W m~? for the
period 1750 to 2019. This makes tropospheric ozone the third
most important greenhouse gas in terms of historical radia-
tive forcing. The pre-industrial to present-day tropospheric
ozone radiative forcing calculation is entirely model based.
Uncertainty in our knowledge of this quantity comes from
many factors, including inter-model differences in the his-
torical ozone trend, definitions of the radiative forcing and
adjustments (see later discussion), and methodologies of di-
agnosing radiative forcing. However, since the largest con-
tribution to the uncertainty comes from our lack of knowl-
edge of the pre-industrial emissions of ozone precursors, less
attention has been given to the methodological uncertain-
ties. The ARG assesses a 50 % uncertainty in the historical
ozone forcing, largely due to the uncertainty in pre-industrial
emissions and states. “There is also high confidence that this
range includes uncertainty due to the adjustments” (Forster
etal., 2021).

This study assesses ozone radiative forcing using a com-
bination of definitions and methodologies as part of the Tro-
pospheric Ozone Assessment Report Phase I (TOAR-II). It
quantifies forcing due to changes in both tropospheric and
stratospheric ozone. For the first time we quantify the fu-
ture ozone radiative forcing from 2015 to 2050 using mul-
tiple models, separating the effects due to changes in ozone-
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depleting substances (ODSs) from those due to ozone precur-
sor emissions. We quantify the forcing from ozone changes
throughout the troposphere and stratosphere. We provide new
understanding of how the different definitions of radiative
forcing and the use of different methodologies for the cal-
culation affect the quantification of the forcing. We focus on
the future period as opposed to the historical period to pro-
vide policy-relevant information on the contribution of tro-
pospheric ozone to future climate change. Previous studies
(Dentener et al., 2006; Gauss et al., 2003; Stevenson et al.,
2006, 2013) have considered a variety of different scenar-
ios (Special Report on Emissions Scenarios (SRES A2p), At-
mospheric Composition Change — the European Network of
Excellence (ACCENT) current legislation (CLE) and maxi-
mum feasible reduction (MFR), and Representative Concen-
tration Pathways (RCP2.6, RCP4.5, RCP6.0 and RCP8.5)).
These previous studies considered only tropospheric ozone
changes, and did not separate out the contribution from de-
creasing ODSs. They all used only offline radiation calcula-
tions, and so were not able to analyse different forcing def-
initions. Here we focus on a Shared Socioeconomic Path-
way (SSP3-7.0) with low levels of air pollution-related emis-
sion controls (Rao et al., 2017). This scenario is chosen
as it has the largest increase in tropospheric ozone (Kee-
ble et al., 2021; Turnock et al., 2020) through increases in
methane, NO, and other ozone precursors — although note
that NO, emissions decrease in OECD countries (Szopa et
al., 2021). AR6 used climate emulators (Forster et al., 2021)
to make projections of radiative forcing from a range of forc-
ing agents in the different scenarios. For the SSP3-7.0 sce-
nario, the radiative forcing due to total ozone changes from
2015 to 2050 was 0.19 W m 2 (Dentener et al., 2021).

2 Radiative forcing

Radiative forcing has proved a useful metric in climate sci-
ence as it gives a first-order estimate of the potential climatic
importance of various forcing mechanisms (Ramaswamy et
al., 2018). This follows from the energy balance equation

AN = AF +aAT, (D

where AN is the top-of-atmosphere (TOA) energy imbal-
ance, AF is the applied forcing, AT is the change in global
mean surface temperature and « is the climate feedback pa-
rameter (Forster et al., 2021). Equation (1) implies that ap-
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plying a forcing will initially push the climate system out
of balance (AN # 0). The climate system will respond with
a change in temperature that reduces the magnitude of the
energy imbalance with a feedback o until energy balance is
restored (AN = 0). For a forcing that is constant in time, the
system will eventually reach an equilibrium with a tempera-
ture change that is directly proportional to the applied forc-
ing AT = AF/(—a). The feedback parameter « is typically
regarded as being approximately independent of the species
causing the forcing (Richardson et al., 2019); therefore the
radiative forcing is a metric that quantifies the relative tem-
perature effects of perturbations of any species.

2.1 Definitions of radiative forcing
2.1.1 Instantaneous radiative forcing (IRF)

The simplest definition of radiative forcing is the IRF, which
is the change in radiative fluxes due to the perturbation to at-
mospheric composition without any other changes. This has
historically been calculated at the tropopause — tropopause
flux framework — since the surface temperatures are strongly
correlated with the heating of the surface—troposphere sys-
tem (Ramanathan et al., 1979). However, since the IPCC
Fifth Assessment Report (ARS) (Myhre et al., 2013) radia-
tive forcing has been defined at the TOA. This is the defini-
tion that will be used in this paper.

2.1.2 Stratospheric-temperature adjusted radiative
forcing (SARF)

Stratospheric temperatures will respond within a few months
to any changes in radiative heating within the stratosphere. It
has long been recognised that this stratospheric-temperature
“adjustment” will affect the long-term climate response to
a composition change (Ramanathan et al., 1987). This can
be accounted for in the stratosphere by assuming that tem-
peratures adjust to maintain thermal equilibrium with no
change in the dynamics (fixed dynamical heating, FDH)
(Fels et al., 1980). The definition of radiative forcing includ-
ing these stratospheric-temperature adjustments was used
from the IPCC First Assessment Report (FAR) (Shine et al.,
1990) to the Fourth Assessment Report (AR4) (Forster et al.,
2007) and was referred to as “radiative forcing” (RF). It was
also defined at the tropopause, but since the stratospheric-
temperature adjustments bring the stratosphere into radiative
balance, the net tropopause and TOA fluxes are the same.
Note that the magnitude and sign of the adjustments depend
on whether the IRF is defined at the tropopause or the TOA.
IPCC ARG used the terminology “stratospheric-temperature
adjusted radiative forcing” (SARF) to clarify which aspects
of the climate system are adjusted. This will be the terminol-
ogy used in this paper.

In the FDH approach, increases in tropospheric ozone
cool the stratosphere (Checa-Garcia et al., 2018). In
the tropopause flux framework, this leads to a negative
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stratospheric-temperature adjustment (i.e. SARF smaller
than IRF), reducing the tropopause RF by 20 %-25%
(Checa-Garcia et al., 2018; Shine et al., 1995, 2022) since
this reduces the downward LW flux from the stratosphere
to the troposphere. However, in the TOA framework the
stratospheric-temperature adjustment is positive since the
stratospheric cooling reduces the upward LW flux from the
stratosphere to space. In Shine et al. (2022), this positive
stratospheric-temperature adjustment increases the TOA net
ozone forcing by around 80 %. Note that the net forcing after
adjusting the stratospheric temperatures (SARF) must be the
same at the tropopause and TOA; the choice of framework
only affects the categorisation into SW and LW (Shine et al.,
2022). Stratospheric ozone decreases cool the stratosphere,
and hence the stratospheric-temperature adjustment reduces
the negative RF by 80 % (Shine et al., 2022).

2.1.3 Effective radiative forcing (ERF)

A consistent definition of the radiative forcing can also be
derived from Eq. (1) since A F is just the TOA energy imbal-
ance (AN) when AT = 0. Although this definition appears
simple, if the perturbation to the species in question causes
subsequent changes in the climate system (that are indepen-
dent of a change in global mean surface temperature, such
as atmospheric temperatures, water vapour, clouds or chem-
istry), the radiative effects of these are implicitly included
in the definition of A F. This definition was first adopted in
the IPCC AR5 (Myhre et al., 2013) and referred to as the
“effective radiative forcing” (ERF). For the purposes of this
paper, we only include changes in physical meteorological
fields and exclude from the ERF definition the further ef-
fects of ozone on the radiative or microphysical properties of
chemically produced greenhouse gases or aerosols or on the
biosphere, such as those discussed by Quaas et al. (2024). We
include changes in water vapour due to any thermodynamic
response but exclude chemical production of water vapour.
The ERF can be built up from the IRF by adding in the in-
dividual adjustment terms or by Earth system model (ESM)
simulations that implicitly include all the adjustments (see
next section).

There have been very few studies of meteorological ad-
justments to ozone forcing beyond stratospheric tempera-
tures. Hansen et al. (1997) found that the ratio of tempera-
ture warming to (stratospheric-temperature) adjusted radia-
tive forcing varied with the altitude of the ozone change
when clouds were included. MaclIntosh et al. (2016) sug-
gested that increases in upper-troposphere ozone reduce high
clouds and increase low clouds, whereas increases in lower-
troposphere ozone reduce low clouds. Decreases in strato-
spheric ozone increase high clouds. Xie et al. (2016) found
cloud reductions at all levels due to increased tropospheric
ozone. Skeie et al. (2020) analysed the adjustments to sev-
eral meteorological variables from the forcing from historical
changes in combined tropospheric and stratospheric ozone
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using the methodology of Smith et al. (2018). They found a
positive stratospheric-temperature adjustment due to strato-
spheric cooling and a negative tropospheric-temperature ad-
justment (largely offset by a positive water vapour adjust-
ment) due to tropospheric warming. Cloud adjustments were
small, but this may have been due to opposite-sign responses
to tropospheric and stratospheric ozone changes and com-
pensatory changes in the LW and SW contributions.

2.2 Calculations of radiative forcing

In most early studies, the radiative forcing of ozone was
calculated using radiative transfer models (RTMs; e.g. Ra-
manathan and Dickinson, 1979). In these models, a radia-
tive transfer scheme is run offline from a general circulation
model (GCM) perturbing the concentration of ozone. Me-
teorological parameters (temperature, water vapour, clouds,
etc.) are supplied as a climatology and so do not adjust to
the radiative heating or cooling effects of the ozone (giving
an IRF as described above). The exception to this is strato-
spheric temperatures that are typically adjusted using FDH
(Fels et al., 1980) in the RTM to give a SARF. RTMs do
not typically include further meteorological adjustments and
hence do not directly output ERFs. One advantage of using
an offline RTM is that higher-resolution spectral calculations
than would be the case in a GCM are feasible (e.g. Myhre et
al., 2011). The uncertainty in ozone SARF from RTM cal-
culations was estimated to be around 10 % in Stevenson et
al. (2013). This uncertainty was mainly due to differences
in the radiative code (6 %) and specification of clouds (7 %),
with a smaller contribution (3 %) due to the implementation
of the FDH.

RTM calculations are still computationally expensive to
run many times for many different ozone perturbations. One
way of increasing the efficiency of the calculations is to cal-
culate a kernel, i.e. a matrix look-up table of radiative forcing
(IRF or SARF) for a unit perturbation of ozone at each ver-
tical level (Skeie et al., 2020). Because each column in an
RTM is independent of all the others, a series of layer-by-
layer calculations is sufficient to generate a 3D kernel. This
kernel can then be multiplied by any 3D ozone perturbation
to generate an IRF or SARF. Although the initial calcula-
tion of the kernel is lengthy, once generated it is quick to
apply it to multiple ozone perturbations. The inaccuracy in
using a kernel rather than a full RTM is found to be neg-
ligible compared to other uncertainties (Skeie et al., 2020).
Figure 1 shows a kernel for the change in TOA SARF based
on calculations in Skeie et al. (2020) and further described
in Sect. 3.4. The forcing per Dobson unit (DU) change in
ozone is most positive around the tropopause where the at-
mospheric temperatures are coldest. It is also strongest in the
subtropics where the surface temperatures are highest, sur-
face albedos are relatively high and cloud amount is rela-
tively low.
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Figure 1. Radiative efficiencies (SARF) for ozone changes up
to 0.1hPa in mW m—2 per DU based on calculations in Skeie et
al. (2020).

RTMs themselves cannot calculate adjustments beyond
stratospheric temperatures, but if the adjusted meteorologi-
cal fields are provided from a GCM, a full ERF can be cal-
culated. This technique is called a partial radiative pertur-
bation (PRP) and was originally developed to analyse cli-
mate feedbacks (Colman and McAvaney, 1997) but has sub-
sequently been used to analyse meteorological adjustments
(Miilmenstidt et al., 2019; Smith et al., 2018). Not only can
the PRP method be used to calculate a full ERF from an
RTM, but if the meteorological changes are imposed one
field at a time in the RTM, this method can decompose the to-
tal adjustment into each of its constituent components. Note
that due to correlations between the meteorological changes
(e.g. temperature and water vapour), the sum of the indi-
vidual components is not equal to the total adjustments af-
ter applying the changes cumulatively (Coleman, 2024), al-
though the residuum can be reduced by combining a forward
and backward calculation for each component (Bickel et al.,
2020; Colman and McAvaney, 1997; Klocke et al., 2013). As
described above for the ozone changes, instead of running
the RTM many times, it is possible to generate radiative ker-
nels for each of the meteorological fields to generate 3D (or
2D for surface quantities) radiative sensitivities to changes
in temperature, water vapour, cloud, albedo, etc. (Chung and
Soden, 2015; Myhre et al., 2018; Pendergrass et al., 2018;
Smith et al., 2018, 2020). These kernels can then be multi-
plied by the 3D (or 2D) meteorological changes to derive the
adjustments. This kernel method will suffer from the same
inability to account for correlations as the PRP.

Radiative forcing can also be calculated within GCMs
or Earth system models (ESMs). The ERF is defined from
Eq. (1) as the TOA imbalance when AT =0. There are
two main methods for calculating this from ESMs. One
method is to impose an abrupt forcing change in a simulation
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with a coupled ocean and then regress the TOA imbalance
against surface temperature (regression method; Gregory et
al., 2004). The ERF is then the TOA imbalance where the re-
gression crosses AT = 0. A second method is to fix the sur-
face temperature in an atmosphere-only simulation (Hansen
et al., 2005). Typically for practical model configuration rea-
sons, only the sea surface temperature is fixed (fSST); how-
ever some studies have fixed the land surface temperature
too (Ackerley and Dommenget, 2016; Andrews et al., 2021;
Shine et al., 2003). In £fSST simulations, the ERF needs to
be corrected for any temperature change in the land surface
(Tang et al., 2019). Both methods suffer from noise due to in-
terannual variability. This is most pronounced in the regres-
sion method (Forster et al., 2016), making it unsuitable for
quantifying the small forcings from changes in tropospheric
ozone. The fSST method has less variability but still requires
an integration of over 30 years to reduce the ERF uncertainty
to below 0.1 W m~2 (Forster et al., 2016). The internal vari-
ability in the fSST method can be reduced by constraining
the winds to prescribed fields (nudging) (Kooperman et al.,
2012). However, this can induce biases in the ERF (Coleman,
2024).

Components of the ERF can be diagnosed within the
ESM fSST simulations through extra calls to the radiation
scheme. Typically, these extra calls exclude clouds (“clear
sky”), aerosols (“clean sky”) or both (“clear—clean sky”)
(Ghan, 2013). The difference between “all sky” and “clear
sky” or between ‘“clean sky” and “clear—clean sky” can be
used to quantify cloud adjustments. Note however that the
“clear sky” or “clear—clean sky” ERF not only removes the
cloud adjustments, but also removes the effects of cloud
cover on the instantaneous radiative effect of ozone. The IRF
for an ozone perturbation can be calculated within an ESM
by including an additional diagnostic radiation call with a
prescribed climatology of ozone (Dietmiiller et al., 2016).
The diagnostic radiation calls can be modified to include
stratospheric-temperature adjustments (through FDH) and
hence give online ESM calculations of SARF (Dietmiiller et
al., 2016; Stuber et al., 2001).

In this study we compare IRFs, SARFs and ERFs for
ozone perturbations from offline kernel and online calcula-
tions to compare the consistency or otherwise of the method-
ologies and metrics.

2.3 Previous calculations of ozone radiative forcing

In this section, we review previous estimates of the pre-
industrial to present-day ozone radiative forcing to high-
light the diversity in estimates, which is driven by not only
methodological diversity but also diversity in the time period
of calculations. The separation between stratospheric ozone
and tropospheric ozone forcing has been generally based on
the vertical distribution of ozone rather than on the chemical
drivers of the ozone change, i.e. ozone precursors or ODSs.
This is particularly important in the stratosphere, where in-
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Figure 2. The tropospheric ozone radiative forcing from “pre-
industrial” (1850 for SAR to AR4, 1750 for AR5 and AR6) to a
nominal year assessed by the Second (SAR) to Sixth (AR6) IPCC
Assessment Reports. Both SAR and the Third IPCC Assessment
Report (TAR) used ozone concentrations representative of 1990 but
have been offset in the figure for clarity. For data and references see
Table S1.

creases in lower-stratosphere ozone due to rising ozone pre-
cursor emissions have offset a significant fraction of the ra-
diative forcing from historical ozone depletion (Shindell et
al., 2013; Sgvde et al., 2011).

The IPCC First Assessment Report (FAR) did not quan-
tify the historical change in tropospheric ozone, but it did
calculate radiative efficiencies for idealised ozone changes.
This was 0.02W m~2 ppb~! based on Hansen et al. (1988),
who used equilibrium temperature calculations from a 1D
radiative—convective model. Subsequent reports (see Fig. 2
and Table S1) were based on historical ozone changes sim-
ulated in global atmospheric chemistry models with the ra-
diative forcing calculated using offline RTMs. The dominant
uncertainty in the historical forcing is the lack of knowledge
of pre-industrial ozone precursor emissions (Stevenson et al.,
2013) rather than uncertainty in the radiative forcing calcu-
lations or definitions.

Forcing from stratospheric ozone changes is sensitive
to the altitude of the change, with decreases in lower-
stratosphere ozone contributing a negative forcing and de-
creases in upper stratospheric ozone contributing a positive
forcing (Skeie et al., 2020). Estimates of historical strato-
spheric ozone forcing have therefore been uncertain even
in the sign. IPCC AR6 (Forster et al., 2021) references
a forcing from historical stratospheric ozone changes of
0.0240.07 W m~2 based on offline kernel SARF calcula-
tions in Skeie et al. (2020).

The ozone radiative forcing from historical ODS increases
is more robustly negative as it excludes contributions from
increasing ozone precursors and includes the impact of ozone
depletion on upper-troposphere concentrations. IPCC ARS
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(Myhre et al., 2013) quantified an ozone SARF attributed
to ODSs of —0.15+0.15W m™2 (where the uncertainty is
a 5 %-95 % confidence limit), and AR6 (Szopa et al., 2021)
found a value of —0.16 Wm™2 (no confidence limit pro-
vided). An ozone ERF of —0.04 +0.03 W m 2 due to the
historical ODS increase has been calculated from one model
(Michou et al., 2020), but it is not clear that this can be di-
rectly compared to the SARF calculations.

3 Models and model simulations

3.1 Global models

The global models used in this study include a range
of coupled chemistry—climate or Earth system models
(CESM2, EMAC, GFDL-ESM4, GISS-E2.1, NorESM2 and
UKESM1-0-LL) and the chemical transport model GEOS-
Chem. Table 1 provides a summary of each model, and fur-
ther model details are provided in the Supplement.

3.2 Model simulations

The protocol for the model simulations carried out here is as
follows.

As described in Sect. 2.2 and following recommendations
from Forster et al. (2016) for the quantification of ERFs,
the model simulations conducted here are atmosphere-only,
with prescribed sea surface temperatures (SSTs) and sea ice
cover (SIC). The control experiment (called pdClim-control)
is a time-slice simulation for a continuous year, 2015, using
prescribed climatologies for SSTs and SIC appropriate for
the year 2015. Long-lived greenhouse gas concentrations for
the year 2015, including those for ODSs, nitrous oxide and
methane, are taken from the Shared Socioeconomic Pathway
3-7.0 (SSP3-7.0; Meinshausen et al., 2020). Other boundary
conditions, such as ocean concentrations of dimethyl sulfide
(DMS), are also prescribed by each model as climatologies
appropriate for the present day. Emissions of non-methane
ozone precursor gases, aerosols and aerosol precursors are
prescribed as annually repeating emissions, using distribu-
tions and global annual totals from SSP3-7.0 for the year
2015, as prescribed for CMIP6 (Gidden et al., 2019). For
those models that are free-running (prescribed SST/SIC), the
control simulation was run for 50-70 years, allowing 30-
40 years to be available for analysis following spin-up to re-
duce the effects of internal model variability. For those mod-
els that use specified dynamics (see below), the model con-
trol simulation was typically shorter in length following spin-
up, i.e. 5-12 years in length. This was found to be sufficient
for stabilisation.

The perturbation simulation (called pdClim-2050ssp370-
rad03) is identical to that of the control, except that green-
house gases including methane, nitrous oxide and ODS con-
centrations and all short-lived climate forcer emissions, as
seen by the chemistry, are prescribed, using year-2050 val-
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ues from SSP3-7.0. Although greenhouse gases, ozone pre-
cursors and aerosol emissions are perturbed here relative
to the control, only perturbations to ozone itself can affect
the top-of-atmosphere (TOA) radiative fluxes. The models’
respective radiation and cloud microphysics schemes con-
tinue to see year-2015 atmospheric concentrations of green-
house gases (GHGs), aerosols and cloud condensation nu-
clei, except for ozone. As a result, any difference in the
TOA radiative fluxes between pdClim-control and pdClim-
2050ssp370-radO3 is solely due to 2015-t0-2050 changes in
ozone (driven by changes in precursor emissions and ODSs
and GHG concentrations) and any resulting rapid adjust-
ments.

As the standard perturbation simulation also incorpo-
rates changes to ozone due to the expected reductions in
ODSs (WMO, 2022), an additional perturbation simula-
tion, pdClim-2050ssp370fODS-radO3, was performed by
EMAC, CESM2, GFDL-ESM4 and UKESM1-0-LL. This
additional perturbation simulation is identical to the standard
perturbation simulation, pdClim-2050ssp370-radO3, except
that ODSs were held at year-2015 values in the chem-
istry. Hence, this perturbation, which will be referred to
as fODS-perturbation in the following, is designed to re-
move the effect of changing ODSs and connected changes in
ozone. While the pdClim-2050ssp370-radO3 minus pdClim-
2050ssp370fODS-radO3 ozone difference will be solely at-
tributable to changes in ODSs, the focus of analysis will be
on tropospheric differences between the fODS-perturbation
and the present day (pdClim-2050ssp370fODS-radO3 minus
pdClim-control). Nitrous oxide (N>O) may be an important
factor with respect to ozone depletion in the 21st century, but
the ozone response in the troposphere will be largely driven
by changes in tropospheric ozone precursors in SSP3-7.0. To
confirm this, one of the models (UKESM1-0-LL) performed
an additional sensitivity simulation, in which both ODSs and
N>O were held at year-2015 values in the chemistry. A sum-
mary of the experimental setup for these 4 simulations can
be found in Table 2, and Table 3 lists the length of spin-up
and the number of years available for analysis from the par-
ticipating models. In some cases, the protocol could not be
implemented in a straightforward way. As a result, some be-
spoke model changes were made and are documented in the
following paragraphs.

In NorESM2 and CESM2, we were not able to implement
the experimental protocol for the year-2050 perturbation sim-
ulation in all its aspects. For GHGs and ODSs, the model
radiation scheme was successfully able to see GHGs/ODSs
representative of 2015, while the model chemistry included
GHGs/ODSs representative of the year 2050. However, this
separation was not so feasible for both aerosols and methane-
driven production of water vapour. In principle, in the pertur-
bation simulation, the radiation and clouds (through micro-
physics) should see year-2015 aerosols, whereas the chem-
istry should see year-2050 aerosol surface densities for het-
erogeneous reactions.

https://doi.org/10.5194/acp-25-9031-2025



9037

219P 10] [§ 1998 Juowd]ddng 935) SUONE[NO[ED JOJSUEI) SANBIPEI 10) (1YY [PPOWANS ASSHIN U} S350 DVINA q
“(S[Ie1ap 10 1§ 1998 Judwlddng 99s) spnopo suaydsorens rejod pue [oso1ae dSLRYdSOINS UO SALI UONILAI SNOAUIT0INAY 10] NFSIA [opowqns ay) pue ‘uonisodap jom pue sonouny aseyd-ao1 pue -snoanbe 10 AYDS [apowqns Yy ‘sonauny aseyd-ses 10§ VODHIA [PPOWqns ay) sasn JVIAH

Climate forcing due to future ozone changes

W. J. Collins et al.:

(6102) Te 1 Te[[eS (wys8) [opour
(0207) "T& 19 preqryory SHIVIDOS 6S 0l € 44 78 0gadorpyeng <8 oSTT X o88°[ waIsAs yurey TT-0-TINSH3N
(1ens) L1 ISLLIVZOIN [opowt
(0202) T8 12 pue[eg DINLIA €1l ‘(dom) g1 C 9s¢ SoT /019V OISO (edu9z7) TE oSTX 6’1 w)sAs yuey CINSHION
[opouw
(0207) 'Te 12 Kafra3] SSID 8¢ S €11 L8 YINED (edu1°0) OF oS§TX0T walsAs yey 1°7d-SS1D
(¥zot
‘fununo)) 1o woy)
-SOdD TeuonEUIANU] SYL)
$68608¢C [ 0pouaz [opow 1iod
/182§ 01/310°10p//:sdny DINLIA LST €11 929 8¢ TYvIA (equ10°0) LY o§TX 0T  -SuBD [EOIIAYD way)y-SOdD
(vas
‘Quiayos uonewrxoidde (oSTT X ol
a3ueyoxa payrdurs) 0) papplLisar)
AT PUe (ISH ‘Owayds T'YINHHOINLV (w8~ oryds  paqnd [opowt
(0T0T ¢ 12 Z)mOTOH) 1y wns [enuauodxa) MS 94 ST C 061 911 “1AID ®dU 10°0) 6 w001 ~ wa)sKs yuey YINSH-TAID
pd1oydsodon [opow
(9102) T 19 1930Q[ qavd 8 4! 651 S9T v0T % orydsoeng (edu10°0) 06 08T X 8T~ walsAs yey OVINA
(0207) 'Te 19 suowwy [epour
“(0202) 'Te 12 niSoseqeue( DINLIA €cl (rens) L1 Sor 12C  ISLILAVZON (edqu9z7) TE oSTT X660 w)sAs yuey TINSHD
aseyd aseyd (P
QWAYDS SISA[0I0YJ  SNOQUAS0IRRH snoonby sen  soroads QWIAYDS  [OpOW)  S[OAJ] uonnjosax
Q0UQIAJY IoJSUBI) QATIRIPEY SUOTIOLAI JO "ON] Jo 'oN Anstwoy) [EO1IAA JO "ON [PJUOZLIOH ad&) [opoIN Qureu [9poJA[

AISTWISYD ‘PI] [SPOW PUB S[AJ] [BOIMIA

*SOOUQIIJAI JUBAJ[OI PUR ‘QWAYDS
UOIIN[OSAI [B)UOZLIOY dY) UO S[IBIOp YIIM ‘Apnjs SIY} Ul pasn s[opout J1odsues) [BOIUIdYO PUB WISAS Yliey ‘QIeWI[O—ANSIIAYD 9Y) JO ISI'T *| 3|qeL

Atmos. Chem. Phys., 25, 9031-9060, 2025

https://doi.org/10.5194/acp-25-9031-2025


https://doi.org/10.5281/zenodo.12809895
https://doi.org/10.5281/zenodo.12809895

9038

W. J. Collins et al.: Climate forcing due to future ozone changes

Table 2. List of the atmosphere-only (fSST) experiments carried out in this study to quantify year-2050 ozone effective radiative forcing
relative to the year 2015 due to changes in well-mixed greenhouse gases (WMGHGSs) and non-methane ozone precursors. VOCs denotes

volatile organic compounds.

Experiment name SSTs/SIC WMGHGs N,O ODSs CHy VOCs, CO Aerosols Aerosols
as seen by as seen by as seen by as seen by & NOy as seen by as seen by
radiation chemistry chemistry chemistry as seen by radiation & chemistry

chemistry clouds

pdClim-control Year 2015 Year 2015 Year 2015 Year 2015 Year 2015 Year 2015 Year 2015 Year 2015

pdClim-2050ssp370- Year 2015 Year 2015 Year 2050 Year 2050 Year 2050 Year 2050 Year 2015 Year 2050

radO3

pdClim- Year 2015 Year 2015 Year 2050 Year 2015 Year 2050 Year 2050 Year 2015 Year 2050

2050ssp370fODS-

radO3

pdClim- Year 2015 Year 2015 Year 2015 Year 2015 Year 2050 Year 2050 Year 2015 Year 2050

2050ssp370fODSfN20-

radO3

Table 3. List of participating global models in quantifying future ozone forcing. The table also includes the length of the model spin-up, the
number of years available for analysis, and which ozone forcing calculations are available from the different models.

Model Nudged Free- Spin-up Analysis period ~ Online Online Online Offline
running IRF SARF ERF SARF
CESM2 No Yes 10 years 40 years No No Yes Yes
EMAC Yes No 2 years* 5 years Yes Yes Yes Yes
GEOS-Chem Yes No 9 years 5 years Yes No No Yes
GFDL-ESM4 No Yes 30 years 40 years Yes No Yes Yes
GISS-E2.1_FR No Yes 10 years 30 years Yes No No Yes
GISS-E2.1_nudged  Yes No 4 years 12 years Yes No Yes Yes
NorESM2 No Yes 10 years 30 years No No Yes Yes
UKESM1-0-LL No Yes 30 years 40 years Yes No Yes Yes

* In the EMAC model, an additional spin-up of 10 years was undertaken in the pdClim-2050ssp370fODS-radO3 simulation.

Therefore, to obtain the ozone ERF in CESM2, we
performed one further control experiment (called pdClim-
control-fixO3) and one further perturbation experiment
(called pdClim-2050ssp370fixO3-radO3). These are identi-
cal to CESM2’s pdClim-control and pdClim-2050ssp370-
radO3 in all aspects apart from the prescription of an O3
climatology field that is seen only by the radiation scheme.
In both cases, this climatology represents O3 concentrations
from the year 2010 as zonally averaged 5d fields. As
with pdClim-control and pdClim-2050ssp370-radO3, these
additional experiments are run for 50 years, with the last
40 years used for analysis. Together, these simulations
allow us to calculate the radiative and microphysical (cloud)
impact of year-2050 aerosols and the radiative effect of CH4-
driven changes in stratospheric water vapour and to isolate
the O3 ERF by differencing the two experiment sets as
(pdClim-2050ssp370-radO3 — pdClim-control) — (pdClim-
2050ssp370fixO3-radO3 — pdClim-control-fixO3), as
illustrated in Fig. S1 of the Supplement. Additionally,
these simulations also allow us to isolate the tropospheric
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differences between CESM2’s fODS-perturbation and the
present day as (pdClim-2050ssp370fODS-radO3 — pdClim-
control) — (pdClim-2050ssp370fixO3-radO3 — pdClim-
control-fix03).

A similar approach is used in NorESM2, whereby the 3D
ozone climatology generated in pdClim-control and pdClim-
2050ssp370-radO3 (from years 21-40) is used as input in
two further simulations, R2 and P2, respectively. R2 is iden-
tical to NorESM2’s pdClim-control in all aspects apart from
the prescription of an O3 climatology field that is seen only
by the radiation scheme that is representative of O3 distribu-
tion for the year 2015. Likewise, P2 is identical to pdClim-
control apart from the prescription of O3 climatology rep-
resentative of the year 2050. Differencing P2 and R2 then
allows us to isolate the O3 ERF in NorESM2.

In EMAC, we use nudging or “specified dynamics”, i.e.
Newtonian relaxation towards ERAS data (Hersbach et al.,
2020), so that the reference and the perturbation simula-
tion have the same meteorology. The relaxation is applied
in spectral space for the prognostic variables of divergence,

https://doi.org/10.5194/acp-25-9031-2025
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vorticity, temperature, and (logarithm of the) surface pres-
sure. The mean temperature (i.e. wave zero) is not nudged
(see Jockel et al., 2016, for more details). Therefore, only
5 simulation years is necessary for the analyses. Further-
more, we use a slight variation of the “quasi chemistry-
transport model mode” described by Deckert et al. (2011).
This mode enables a decoupling of dynamics and chemistry.
For this we performed one simulation with full coupling of
dynamics and chemistry but otherwise the same setup as
the pdClim-control simulation (called pre). The setup uses
prescribed climatologies for tropospheric and stratospheric
aerosol for the radiation calculation and for the heteroge-
neous chemistry on particle surfaces. The aerosol climatolo-
gies used for heterogeneous chemistry stem from the model
simulations described by Righi et al. (2023), with different
climatologies for the 2015 simulation (SSP2-4.5) and the
2050 simulations (SSP3-7.0). For the radiation calculation in
the pdClim-control, pdClim-2050ssp370-radO3 and pdClim-
2050ssp370fODS-radO3 simulations from EMAC, all radia-
tive active trace gases, except for ozone and water vapour, are
then prescribed from monthly mean transient files from this
pre simulation. Moreover, we used monthly mean OH values
from this simulation with the CH4 lower boundary condition
from pdClim-control for a parameterised methane oxidation
scheme as a source for stratospheric water vapour in all simu-
lations via the CH4 submodel (Winterstein and Jockel, 2021).

In GFDL-ESM4, the chemical production of water vapour,
including from the oxidation of methane and hydrogen, is
disabled and replaced by nudging stratospheric water vapour
to an analytic approximation of the climatology retrieved
by the HALogen Occultation Experiment (HALOE), as de-
scribed by Harris et al. (2021). The aerosol concentrations
used in the radiation and aerosol activation schemes are pre-
scribed externally and are identical in the control and per-
turbation simulations. The aerosol concentrations used were
scaled from the aerosol concentration forcing fields provided
for CMIP5, rescaled globally to approximately match the
global mean aerosol optical depths and burdens simulated
by GFDL-ESM4. In addition, the ability to add an addi-
tional diagnostic radiative transfer call with ozone set to zero
throughout the atmosphere was added to GFDL-ESM4 to al-
low calculations of ozone’s direct radiative effect.

Two sets of simulations were carried out with the GISS-
E2.1 model — free-running (FR) and nudged. No additional
bespoke changes were made to the GISS-E2.1 FR simu-
lations, denoted as GISS-E2.1_FR hereafter. In GISS-E2.1
with nudging — called GISS-E2.1_nudged hereafter — hor-
izontal winds only were nudged towards the year 2015 of a
MERRAZ2 3-hourly dataset (Gelaro et al., 2017), and the sim-
ulations were run for more years than for the EMAC nudged
model (Table 3). For the control simulation, SSP2-4.5 2015
emissions were used, though Shared Socioeconomic Path-
way emissions were similar among pathways for this year,
as they were harmonised to meet historical emissions in
2015 (Gidden et al., 2019). The perturbation simulation used
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SSP3-7.0 year-2050 emissions. Sea surface conditions and
vegetation were prescribed as 2015 values, as prepared for
CMIP6 (Kelley et al., 2020), rather than as a climatology.
A few alterations were made to the model code to con-
form closely to the protocol. With standard code, the radia-
tive transfer calculation experiences chemical ozone changes
without experiencing methane or aerosol changes. However,
the chemical change to water vapour reaching the radiation
code is normally changed in unison with ozone. In the sim-
ulations here, this was decoupled such that the water vapour
changes due to chemistry did not affect the radiation. An al-
teration was also needed to allow the perturbation simulation
to use year-2050 greenhouse gases (CH4, CFCs, N>O) in the
chemistry while maintaining year-2015 values in the radia-
tion calculations.

In UKESMI1-0-LL, stratospheric water vapour produc-
tion from methane oxidation, as documented in Archibald
et al. (2020), was deactivated. In its place, a parameteri-
sation for methane oxidation independent of the chemistry
scheme was activated, in which the methane mixing ra-
tio was implicit and derived from the assumption that 2
[CH4] + [H,0] =3.75 ppm throughout the stratosphere. In
this way, from a radiative perspective, stratospheric water
vapour in pdClim-control and pdClim-2050ssp370-radO3
was set close to a value of 3.75 ppm. In addition, an extra
diagnostic call to the SOCRATES radiative transfer scheme
with ozone set to a prescribed climatology was added to al-
low the calculation of ozone’s direct radiative effect.

3.3 Online double radiation calls for ozone

In addition to the diagnosis of TOA radiative fluxes for the
purpose of quantifying ERF, some models included a diag-
nostic call to the radiation scheme with a reference ozone
field. Analogously to the Ghan (2013) method for aerosols,
differences between radiative fluxes from the diagnostic and
prognostic radiation calls between the control and perturba-
tion experiments enable an ozone IRF to be calculated. In
some models (e.g. EMAC), the diagnostic call included a
stratospheric-temperature difference relative to the prognos-
tic call; in this case, an ozone SARF can be calculated. In
other models (e.g. GEOS-Chem), the online double radiation
call for ozone was the only online means of diagnosing an
ozone forcing metric. Table 3 lists which models included
online double radiation calls for ozone and for which metric.

3.4 Offline ozone radiative kernel method

To calculate TOA SAREF, a top-of-atmosphere version of the
radiative kernel for stratospheric-temperature adjusted radia-
tive forcing (SARF) at the tropopause (Skeie et al., 2020)
is used. The monthly mean ozone mixing ratios in pdClim-
ssp370-radO3 and pdClim-control are regridded horizontally
and vertically to the resolution of the radiative kernel (T21
(~5.6° at the Equator) and 60 vertical levels from the sur-
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face and up to 0.1 hPa). The radiative kernels are monthly
3-dimensional fields of RF at the top of atmosphere per DU
change for SW (clear sky, all sky), LW (clear sky, all sky)
and LW (all sky) including stratospheric-temperature adjust-
ments (Fig. S2). Net SARF is calculated as the sum of SW all
sky and LW all sky adjusted. For comparison with the online
IRF calculations, the IRF kernel is the sum of SW and LW
for either clear sky or all sky. For each year in the model sim-
ulations, the kernel is multiplied by the difference in ozone
mole fractions between the two experiments converted to DU
using common meteorological fields native to the radiative
kernel.

In addition to the calculation of TOA SAREF for the to-
tal ozone changes, separate calculations are also performed
for tropospheric ozone changes, where the tropopause is
defined for each month based on the ozone mole fraction
(<150 nmol mol 1) in pdClim-control.

4 Results

4.1 Modelled ozone changes

From the experimental setup described above, year-2015
and year-2050 ensemble-mean climatologies for total col-
umn ozone (TCO) are shown in Fig. 3, with results from the
individual models shown in Fig. S3 of the Supplement. For
the present day and based on 7 of the 8 participating mod-
els, the multi-model global mean TCO is 298.3 +8.3DU,
with minimum values in the tropics and southern high lat-
itudes and maximum values in the northern middle to high
latitudes. Following SSP3-7.0, global mean TCO increases
to 310.5+10.4DU in 2050 in the ensemble mean, with
the largest increase occurring in the southern high latitudes.
From a multi-model perspective, this represents a global
mean TCO increase of 12.2 & 5.2 DU in response to reduced
ODSs combined with increases in nitrous oxide, carbon diox-
ide, methane and non-methane ozone precursors. Looking
at the individual model responses, the increase in global
mean TCO is in the range of 2.1 DU (GISS-E2.1_nudged) to
19.6 DU (UKESM1-0-LL). Most models also show increases
in TCO in all regions of the globe. While GISS-E2.1_nudged
shows a weak increase in global mean TCO in 2050 (Fig. S3),
decreases in the northern high latitudes and particularly in the
southern high latitudes are evident. This anomalous response
may be due to that model’s implementation of nudging (Orbe
et al., 2020) and is contrary to the scientific understanding of
stratospheric ozone recovery and CMIP6 projections (Kee-
ble et al., 2021). As a result, GISS-E2.1_nudged was omitted
from the ensemble mean in Fig. 3 and all ensemble means
hereafter. This 7-model ensemble is hereafter referred to as
the TOAR-RF ensemble. The range for the increase in global
mean TCO from the remaining models is 4.3-19.6 DU and is
shown in Table 4.

Using the definition of the tropopause based on the ozone
mole fraction (<150 nmol mol~") in pdClim-control and the
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same 7-member ensemble as for TCO, year-2015 and year-
2050 climatologies for tropospheric column ozone (TrCO)
from the ensemble mean and from all of the individual mod-
els are shown in Figs. 4 and S4, respectively. In 2015, TrCO
shows multi-model global mean values of 36.24+ 1.1 DU,
with maximum values in the sub-tropics and northern mid-
latitudes and minimum tropospheric column amounts over
the tropical Pacific and southern high latitudes. Following
SSP3-7.0, the multi-model global mean TrCO increases to
40.5+1.1DU in 2050, representing a multi-model global
mean increase of 4.3+ 1.0DU (Table 4). This indicates
that of the TCO changes shown in Fig. 3 and Table 4,
39 4 14 % of the increase occurs within the troposphere. Re-
gionally, the largest increase in TrCO occurs over the Middle
East, India and southeast Asia and the largest inter-model
spread in the TrCO increase is in the southern high latitudes.
Looking at the individual models, present-day global mean
TrCO ranges from 35.0 DU in GFDL-ESM4 to 39.7 DU in
GISS-E2.1_nudged. While most models broadly agree on
the spatial distribution in the present day, maximum column
amounts extend further into the northern high latitudes in
the GISS-E2.1 model simulations, and they also show the
deepest minimum over the tropical Pacific. In 2050, follow-
ing SSP3-7.0, TrCO increases globally in all models, with
global mean values in the range of 39.1-42.2 DU. However,
the increases are more regionally confined to the Northern
Hemisphere sub-tropics in the GISS-E2.1 model simulations,
whereas the other models show that substantial increases
also occur elsewhere (e.g. high latitudes) in response to the
changes in well-mixed greenhouse gases and ozone precur-
sors in SSP3-7.0.

Figure 5 shows the TOAR-RF 7-member ensemble-
mean zonal-mean ozone climatology for the present-day
(year 2015) and future (year 2050), along with the differ-
ence between them. Climatologies for each individual model
are shown in Fig. S5. In the 7-model ensemble mean, fu-
ture zonal-mean ozone increases almost everywhere from
present-day values following SSP3-7.0. The only exception
to this is in the tropical and Northern Hemisphere strato-
sphere, centred around 10 hPa, where a reduction in zonal-
mean ozone of less than 1% occurs. The largest increase
occurs in the southern high latitudes between 60 and 90° S
and 300-80 hPa, where zonal-mean increases of greater than
20 % are evident. However, the variability in the modelled re-
sponse in this region also reaches a maximum, with the inter-
model standard deviation in the zonal-mean relative differ-
ence being greater than 10 %. In the troposphere, zonal-mean
ozone increases in all regions in 2050. Increases in tropo-
spheric ozone precursors drive increases of up to 14 %, with
the largest increase occurring through the depth of the tropo-
sphere in the Northern Hemisphere tropics and sub-tropics.
The inter-model standard deviation in the tropospheric zonal-
mean ozone increase is typically between 2 % and 4 %.

Looking at the individual model zonal-mean climatologies
and responses (Fig. S5), the models indicate that the largest
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(a) Yr-2015 multi-model mean TCO: 298.3 (b) Yr-2050 multi-model mean TCO: 310.5

300 310 320 330
Total column ozone (TCO) [DU]

(c) Multi-model mean TCO difference: 12.2

(d) Inter-model SD in TCO difference : 5.2

9 12 15 18 21 6 8 10 12 14 16

TCO Difference [DU] Standard deviation [DU]

Figure 3. Multi-model mean climatologies of total column ozone (TCO) in Dobson units (DU) for (a) the present day (year 2015) and
(b) the future (year 2050) following the SSP3-7.0 scenario, (¢) the multi-model mean difference between the climatologies (year 2050 minus
year 2015), and (d) the inter-model standard deviation about the multi-model mean difference. Models included in the multi-model means
are CESM2, EMAC, GEOS-Chem, GFDL-ESM4, GISS-E2.1_FR, NorESM2 and UKESM1-0-LL. Global ensemble mean values are shown
above each panel.

Table 4. Differences in global multi-annual mean total column ozone (TCO) and tropospheric column ozone (TrCO) in Dobson units (DU)
between 2015 and 2050 for pdClim-2050ssp370-radO3 relative to pdClim-control from the 7 members of the TOAR-RF ensemble and for
pdClim-2050ssp370fODS-radO3 relative to pdClim-control from the 4 models that ran the sensitivity simulation (in bold). Multi-model
means and standard deviations are shown for the 7-member and 4-member ensembles. N/A indicates where data are not available.

Models 2050 — 2015 difference (DU) ‘ 2050_fODS — 2015 difference (DU)
TCO TCO |  TCO TrCO
UKESM1-0-LL 19.6 4.7 \ 5.7 31
GFDL-ESM4 12.2 4.1 \ 4.9 33
EMAC 13.6 4.0 \ 3.8 3.5
GISS-E2.1_FR 43 3.0 | N/A N/A
CESM2 11.5 4.4 \ 4.8 3.8
NorESM2 9.1 4.1 | N/A N/A
GEOS-Chem 17.2 54 \ N/A N/A
Multi-model mean 122+5.2 434+1.0 N/A N/A
+1SD
(7 models)
Multi-model mean 14.2+3.2 43+03 | 4.8+0.7 34+03
+1SD
(4 models)
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(b) Yr-2050 multi-model mean TrCO: 40.5

Tropospheric column ozone (TrCO) [DU]

(c) Multi-model mean TrCO difference: 4.3

(d) Inter-model SD in TrCO difference : 1.0

TrCO Difference [DU]

00 02 04 06 08 1.0 12 14 16
Standard deviation [DU]

Figure 4. Multi-model mean climatologies of tropospheric column ozone (TrCO) in Dobson units (DU) for (a) present-day (year-2015) and
(b) future (year 2050) global distributions, (c) the multi-model mean difference between the climatologies (year 2050 minus year 2015), and
(d) the inter-model standard deviation about the multi-model mean difference. Models included in the multi-model means are the same as in

Fig. 3. Global ensemble mean values are shown above each panel.

relative changes occur in the southern high-latitude upper
troposphere and lower stratosphere. Apart from the GISS-
E2.1_nudged simulation, there are weaker positive and neg-
ative changes aloft and there is evidence of secondary peak
increases in the extra-tropical stratosphere (between 1 and
10 hPa) for those models with a higher model lid. Although
GISS-E2.1_nudged shows the strongest increases in this re-
gion, the negative TCO changes in the future (Fig. S3) re-
sult from reductions in ozone of 5 %-30 % throughout the
lower stratosphere, with the largest reductions occurring in
the southern high latitudes.

4.2 Ozone evaluation

As a result of the bespoke changes made to the differ-
ent models to meet the requirements of the experimen-
tal protocol, it is important to assess any potential im-
pact they may have had on model performance. As a re-
sult, modelled ozone is benchmarked against CMIP6 his-
torical and future SSP3-7.0 simulations and observations,
where available. Figure 6 shows a comparison of modelled
TCO between 60° S and 60° N from the pdClim-control and
pdClim2050ssp370-radO3 simulations against the CMIP6
ensemble and observations (Bodeker et al., 2021). It shows
that the present-day (year 2015) TOAR-RF ensemble-mean
TCO of 294.5+9.5DU is in excellent agreement with that
from CMIP6 (297.5 £ 12.7 DU; Keeble et al., 2021). The his-
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torical trend in CMIP6 ozone agrees well with that observed;
however, both the CMIP6 ensemble mean and the TOAR-
RF ensemble mean are systematically biased high relative to
observations (283.5+ 1.1 DU) by approximately 10DU. In
2050, the TOAR-RF area-weighted TCO ensemble mean is
projected to increase to 305.2 + 12.3 DU following SSP3-7.0
and is again consistent with that from the CMIP6 ensemble
(308.5 £ 11.8 DU; Keeble et al., 2021). This suggests that the
bespoke changes did not have a negative impact on modelled
TCO performance relative to CMIP6, although the CMIP6
ensemble includes changes in climate which are excluded in
the TOAR-RF simulations.

In terms of individual model performance, present-day
TCO from NorESM2 (282.7 £2.8 DU) and GFDL-ESM4
(282.3 £2.4DU) sits just outside the lower edge of the 1
standard deviation CMIP6 multi-model envelope, indicating
that both models are in excellent agreement with the obser-
vations (283.5+ 1.1 DU from the 2010-2014 time period;
Bodeker et al., 2021). At the other end of the TOAR-RF en-
semble, GEOS-Chem has the highest present-day TCO val-
ues of 308.9 4.6 DU, with a systematic bias of more than
25 DU with respect to the observations. However, it is still
within the %1 standard deviation of the CMIP6 multi-model
ensemble. It is also worth noting that modelled TCO from
StratTropv2.0 in UKESM1-0-LL is well within the inter-
model spread of the CMIP6 and the TOAR-RF ensembles,
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(b) Yr-2050 zonal mean O3
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Figure 5. Multi-model zonal-mean climatologies of (a) present-day (year 2015) and (b) future (year 2050) ozone distributions, (¢) the multi-
model mean relative difference between the climatologies (year 2050 minus year 2015), and (d) the inter-model standard deviation about the
multi-model mean relative difference. Units of ozone are in nmol mol™! in panels (a) and (b). Models included in the multi-model means
are CESM2, EMAC, GEOS-Chem, GFDL-ESM4, GISS-E2.1_FR, NorESM2 and UKESM1-0-LL.

whereas TCO from StratTropv1.0 was biased high relative to
both CMIP6 and observations (Keeble et al., 2021).

4.3 Online radiative forcing

Here we intercompare the ozone forcing metrics calcu-
lated online by the global models. Figure 7 shows the
global mean online-calculated IRF, SARF and ERF cor-
responding to changes between the simulations pdClim-
2050ssp370-radO3 and pdClim-control. Results of the GISS-
E2.1_nudged model are excluded in Fig. 7 and in the follow-
ing description, as in Sect. 4.1.

The multi-model mean ERF and IRF are
0.268 £ 0.084 W m~2 (6 models) and 0.288 +0.101 W m—2
(5 models), respectively (see Tables S2 and S4). All models,
except for GISS-E2.1_FR, indicate a significant positive
ERF (see Table S4). Similarly, all models indicate a signif-
icant positive IRF (see Table S2). Individual models do not
agree whether rapid adjustments enhance or reduce the ERF,
as for some models ERF is greater than IRF (GISS-E2.1_FR,

https://doi.org/10.5194/acp-25-9031-2025

UKEMSI1-0-LL), whereas for others ERF is smaller than
IRF (EMAC, GFDL-ESM4). The partitioning between LW
and SW radiative forcing changes from IRF to ERF. The
multi-model mean SW all-sky ERF is enhanced compared to
SW IRF, whereas the LW all-sky ERF is reduced compared
to LW IRF. Also, the individual models agree that the SW
all-sky ERF is reduced in comparison to SW all-sky IRF.

SARF was calculated as an online diagnostic only by
EMAC, indicating a SARF of 0.191 £ 0.003 W m~? (see Ta-
ble S$3). The SARF is reduced by 0.076 W m~2 compared to
the IRF.

The spatial distribution of online-calculated all-sky and
clear-sky ERF, IRF and SARF from the EMAC model sim-
ulation is shown in Fig. S6. The EMAC model was used
as it is the only model that provides all the online diag-
nostics, and we wanted to ensure a fair comparison of the
spatial distributions across the metrics by using the same
model throughout. Except for the all-sky ERF, all other forc-
ing diagnostics show positive flux changes throughout the

Atmos. Chem. Phys., 25, 9031-9060, 2025
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GEOS-Chem, GFDL-ESM4, GISS-E2.1_FR, NorESM2 and UKESM1-0-LL. Figure adapted from Keeble et al. (2021).
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globe in EMAC. For all-sky EREF, the fluxes show consider-
able noise due to cloud changes between the simulations (see
Sect. 4.5). This demonstrates that even with nudging there is
large variability in cloudiness. The largest values of ERF and
IRF (both clear-sky and all-sky) can be found in the South-
ern Hemisphere polar region (Fig. S6a), related to changing
ODS abundances in the two simulations (see Sect. 4.7 for de-
tails). For SARF, the high southern-latitude forcing is much
reduced by the stratospheric-temperature adjustment and the
largest flux changes are found in the Northern Hemisphere at
around 25°N. Local maxima of IRF/SARF (both clear-sky
and all-sky) and clear-sky ERF can be found over northern
Africa, the Arabian Peninsula and the northern part of the
Indian subcontinent, resembling the largest changes in tro-
pospheric column ozone found in these regions and shown in
Figs. 4c and S4.

In summary, the net all-sky multi-model mean ERF is sim-
ilar to the IRF within the uncertainties due to a reduction in
the LW forcing but an increase in the SW forcing. The ERF
is higher than the SARF for the one model that calculated it,
particularly in the clear sky.

4.4 Offline radiative forcing

The SARF at TOA from the ozone changes between pdClim-
2050ssp370-radO3 and pdClim-control is calculated offline
using the radiative kernel (see Sect. 3.4). The results are
shown in Fig. 8, where contributions from total ozone ra-
diative forcing are shown as coloured bars, and the tro-
pospheric forcing is indicated by hatching. The SARF for
total ozone ranges from 0.134 to 0.319W m~2 (Table S5)
with 57 % to 93 % contribution from ozone in the tropo-
sphere ranging from 0.125 to 0.186 W m~2 (Table S6). The
multi-model mean SARF is 0.24440.057Wm™2 for to-
tal ozone and 0.155 4 0.019 Wm™? for tropospheric ozone.
The multi-model mean includes GEOS-Chem; excluding
this model for comparison with the ERF in Sect. 4.3 gives
0.233+£0.046 Wm™2.

The TOA SAREF is dependent on the latitude and altitude
of the ozone change (Fig. S2f), and these dependencies come
mainly from the LW (Fig. S2e). For the SW radiative forc-
ing, there are fewer dependencies on latitude and altitude
(Fig. S2b), and the SW REF, including the split between tro-
pospheric and stratospheric contributions, reflects changes in
the ozone burden (Figs. S3 and S4). For the LW adjusted ra-
diative forcing, the magnitude is dependent on where ozone
changes occur. The increase in stratospheric ozone in the
models contributes to a negative LW adjusted radiative forc-
ing, so the total LW adjusted radiative forcing is less than the
tropospheric contribution except for NorESM2 (Fig. 8).

There is close agreement between models in the tropo-
spheric forcing but with more model variability when includ-
ing stratospheric changes, as indicated by the large standard
deviation across models in the total ozone radiative forcing.
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4.5 Cloud changes

The ERF from the ozone perturbation includes adjustments
due to changes in clouds. To study this in more detail, we
focus on global vertical profiles of ozone, temperature, cloud
fraction, humidity, cloud cover and TOA radiative fluxes. We
exclude GISS-E2.1_nudged from this analysis, as it shows
rather different ozone and cloud responses, and GEOS-
Chem, which as a chemical transport model (CTM) does
not allow for cloud changes. The top row of Fig. 9 shows
the difference in the global mean profile of ozone, tem-
perature, cloud fraction and humidity between the pdClim-
2050ssp370-radO3 and pdClim-control simulations. The dif-
ference in ozone (shown for 6 of the models in Fig. 9a and
b) is mostly positive and strongest above 200 hPa (when ex-
pressed as a mole fraction). All six models shown here are
in reasonable agreement, except for GISS-E2.1_FR, which
shows only a weak stratospheric signal. In the troposphere,
all models indicate an increase in ozone (which is more visi-
ble when expressed in partial pressure in Fig. 9b), with GISS-
E2.1_FR showing a weaker response than the other 5 mod-
els. The difference in temperature between both simulations
(shown in Fig. 9¢) is most pronounced and positive between
300 and 50 hPa and negative above 50 to 20 hPa. The ver-
tical profile of the cloud fraction (shown in Fig. 9d) gener-
ally shows a decrease, and this signature is strongest between
400 and 100 hPa. Some models show a secondary peak in the
reduction of the cloud fraction at around 800 hPa (CESM2,
NorESM2 and UKESM1-0-LL), although other models do
not. EMAC (orange line) shows a relatively weak differ-
ence for temperature and cloud fraction, reflecting the ef-
fect of nudging on limiting the response in this model. The
vertical profile of relative change in humidity (expressed as
a % change in specific humidity, shown in Fig. 9¢) shows a
maximum increase of 3 % to 5 % in the stratosphere around
100 hPa. In the troposphere, the change is smaller and in-
creases with height from the surface to the tropopause. The
change in the stratosphere humidity is due to meteorologi-
cal adjustments, such as through higher tropospheric humid-
ity and higher tropical upper-troposphere—lower-stratosphere
(UTLS) temperature, rather than chemical adjustments. The
experimental setup was designed to have similar chemical
water vapour production from methane oxidation in all sim-
ulations.

The bottom row in Fig. 9 (panels f, g, h, 1, j) shows results
for the sensitivity experiment pdClim-2050ssp370fODS-
radO3 (see Sect. 4.7) using dotted lines. For the four models
that performed the pdClim-2050ssp370fODS-radO3 experi-
ment (CESM2, EMAC, GFDL-ESM4 and UKESM1-0-LL),
we find a weaker but still coherent response in the vertical
profiles of these variables.

The impact seen in the vertical profile of the cloud frac-
tion can also be observed in the change in the total cloud
cover, which is an integrated value over the whole atmo-
spheric column. Table 5 gives the global mean cloud cover in
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Figure 9. Global mean profile of difference in (a, f) ozone mole fraction, (b, g) ozone partial pressure (Pa), (c, h) temperature (K) and
(d, i) cloud fraction (%) and of relative difference (e, j) in specific humidity between the 2050 and 2015 (pdClim-control) state. Pan-
els (a)—(e) show the results from the standard experiment pdClim-ssp2050ssp370-radO3 minus pdClim-control; panels (f)—(j) show for
the models that ran the fODS-perturbation experiment (CESM2, EMAC, GFDL-ESM4, UKESM1-0-LL). The results from the standard
(pdClim-ssp2050ssp370-radO3 minus pdClim-control) experiment are shown using solid lines (which are repeated from panels a—e), and
fODS (pdClim-ssp2050ssp370fODS-radO3 minus pdClim-control) experiments are shown using dotted lines.
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the reference simulation pdClim-control (in the second col-
umn) and the difference between pdClim-2050ssp370-radO3
and pdClim-control (third column) for the different mod-
els. UKESM1-0-LL shows the strongest reduction in cloud
cover, followed by slightly weaker responses in NorESM2,
CESM2 and GFDL-ESM4 and a relatively small response in
EMAC. The cloud cover response for GISS-E2.1_nudged is
also listed in Table 5 but is not further used in the analysis.
Table 5 also shows the contribution of clouds to the TOA SW
and LW ERFs. These values have been obtained as the dif-
ference between the all-sky (AS) and clear-sky (CS) TOA
ERFs, which will also include the effects of cloud mask-
ing. Figure 10 shows this cloud contribution to the TOA
ERFs as a function of the change in cloud cover. For the
SW ERF (Fig. 10a) we find a clear negative relationship, and
we find a positive relationship in the LW ERF (Fig. 10b).
Figure 10c shows the net (SW + LW) contribution of clouds
to the TOA ERF It is the difference between two rela-
tively large numbers and shows little correlation with the
cloud cover change. Figure 10 contains the impacts both of
the standard experiment pdClim-2050ssp370-radO3 (circles)
and of the sensitivity experiment pdClim-2050ssp370fODS-
radO3 (triangles). The pdClim-2050ssp370fODS-radO3 ex-
periment is more deeply discussed in Sect. 4.7.

Overall the models show a robust decrease in cloud cover
in response to increased ozone. This causes a significant in-
crease in SW forcing and a significant decrease in LW forc-
ing, with a small decrease in net forcing that varies across
models, contributing to the differences in how rapid adjust-
ments enhance or reduce the ERF compared to IRF.

4.6 Albedo changes

The clear-sky SW ERFs include a component from changes
in the surface albedo due to changes in snow and ice cover.
Surface albedo was diagnosed as the ratio of the upward and
downward clear-sky SW fluxes at the surface. The albedo
change can be approximately converted to a clear-sky SW
forcing using the formula AF = —T" x Iy x Ao (Qu and
Hall, 2006), where T," is the effective atmospheric clear-sky
transmissivity (taken to be 0.7), I; is the incoming SW TOA
flux and Acg is the change in albedo. Results are shown in
Table 6. The change in surface albedo is consistent among
the models (apart from EMAC), with a decrease of around
2 x 107, The interannual standard deviation in the surface
albedo is large (around 3 x 10™%), so a few decades of sim-
ulation are needed to reduce the standard error of the mean.
The EMAC model has the smallest change in albedo. It has a
large interannual standard deviation (around 10 x 10™%), but
the nudging ensures this is correlated between control and
perturbations so that the interannual standard deviation in the
albedo difference is very small (around 0.05 x 10~%). It ap-
pears that nudging the meteorology significantly reduces the
albedo response in EMAC.
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There is a robust decrease in surface albedo, which trans-
lates into a positive SW contribution to the ERF.

4.7 Sensitivity of forcing to tropospheric ozone
precursors

In this section, the sensitivity of the year-2050 ozone re-
sponse and the corresponding forcings will be examined,
making use of the pdClim-2050ssp370fODS-radO3 (fODS-
perturbation) simulation (Table 2), which was carried out
by four of the models: CESM2, EMAC, GFDL-ESM4 and
UKESMI1-0-LL. It should be noted that although halocar-
bon concentrations are fixed in the fODS-perturbation, ni-
trous oxide (N,O) concentrations are not fixed (the possible
effects of NoO changes are discussed later in this section).
Our focus here is on pdClim-2050ssp370fODS-radO3 minus
pdClim-control tropospheric ozone differences, which will
be predominantly driven by increases in tropospheric ozone
precursors in 2050 following SSP3-7.0. Figure 11 shows the
change in TCO, TrCO and zonal-mean ozone in 2050 relative
to the present day from the smaller 4-member ensemble. In
2015, the multi-model global mean TCO of 297.7 £ 8.7 DU
is within 1DU of the full 7-member TOAR-RF ensem-
ble mean shown in Fig. 3 (298.3 + 8.3 DU), indicating that
the 4-member ensemble is representative of the larger 7-
member ensemble. Global mean TCO increases by 4.8 £0.7
to 302.5 £8.3DU in 2050 in the fODS-perturbation simu-
lation, with the largest increases occurring over the Middle
East, India, southeast Asia and the high latitudes in both
hemispheres (Fig. 11a). The individual global mean TCO in-
creases range from 3.8 DU in the EMAC model to 5.7 DU
in UKESM1-0-LL, with the CESM2 (4.8 DU) and GFDL-
ESM4 (4.9DU) TCO increases close to the 4-member en-
semble mean (Table 4). Thus, the TCO increase in the
JODS-perturbation explains around 35 % and ODSs around
65 % (i.e. 9.5+2.8DU) of the TCO increase in pdClim-
2050ssp370-radO3 (14.2 £3.2 DU, Fig. 11a; Table 4) based
on the smaller 4-member ensemble.

Turning to TrCO, the present-day global mean value of
36.5+1.3DU is again consistent with the 7-member en-
semble (36.2+1.1DU; Fig. 4). In the fODS-perturbation
simulation, year-2050 TrCO increases by 3.4+0.3 to
39.9+1.4DU. A comparison of TrCO changes in fODS-
perturbation (3.4+0.3DU; Fig. 11d; Table 4) with those
from pdClim-2050ssp370-radO3 (4.3 £0.3DU; Fig. llc;
Table 4) indicates that around 75 % of the increase in TrCO
is driven by tropospheric ozone precursors and 25 % by de-
creases in ODSs. This is evident over the Middle East, India
and southeast Asia including its outflow regions, where in-
creases in TrCO of 4-8 DU occur. From a zonal-mean per-
spective, Fig. 11f shows that the largest relative changes
in ozone in the fODS-perturbation simulation occur in the
southern high-latitude upper troposphere and in the Northern
Hemisphere troposphere. This latter region of large relative
increase extends from the surface into the upper troposphere
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Table 5. Global mean cloud cover in the reference simulation (pdClim-control); absolute difference in cloud cover between both simulations
(pdClim-2050ssp370-radO3 minus pdClim-control); and contribution of clouds to the SW, LW and net ERF. The uncertainty for the individual
models is the error of the mean. The multi-model mean is calculated using 6 models: CESM2 (average of the two members), EMAC, GFDL-
ESM4, GISS-E2.1_FR, NorESM2 and UKESM1-0-LL. The uncertainty in the multi-model mean is the standard deviation between the

models.

Model Cloud cover ‘ (All-sky minus clear-sky) ERF
Reference Absolute SW ERF LW ERF Net ERF
[%] change [%] [Wm™2] [Wm™2] [Wm™2]
CESM2 69.124+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 0.0540.01 —0.09£0.03 —0.04£0.01
GEOS-Chem 60.69 + 0.09 N/A | 0.04+£0.003 —0.08£0.005 —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
GISS-E2.1_FR 60.03+0.04 —0.04+0.04 0.054+0.03 —0.06 £0.02 —0.01£0.03
GISS-E2.1_nudged 61.30+£0.003 0.124 +0.003 N/A N/A N/A
NorESM2 61.96+0.03 —0.10+0.04 0.10+0.06 —0.10£0.02 —0.004 £0.07
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 64.8+36 —0.09+0.06 0.11+0.08 —0.134+0.05 —0.02+0.04

(a) TOA SW (AS - CS) ERF (b) TOA LW (AS - CS) ERF (c) TOA SW+LW (AS - CS) ERF
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Figure 10. TOA all-sky minus clear-sky short-wave (a), long-wave (b) and short- plus long-wave (¢) ERF (in Wm_z) as a function of the
total cloud cover change (in %). Results from the standard experiment pdClim-2050ssp370-radO3 are represented by circles, and results
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(CESM2, EMAC, GFDL-ESM4 and UKESM1-0-LL). The error bars indicate the error of the mean, and the line is a best least-squares fit

(going through the origin).

(100-300 hPa) in the tropics and extra-tropics, where the ra-
diative efficiency for ozone forcing is highest (Fig. 1).

The global mean all-sky and clear-sky ERF is re-
duced in the fODS-perturbation compared to the stan-
dard perturbation for all models (see Fig. 12). The global
multi-model mean all-sky ERF of the four models that
performed pdClim-2050ssp370fODS-radO3 decreases from
0.2924+0.077 Wm™2 in the standard perturbation pdClim-
2050ssp370-rad03 to 0.136+£0.035Wm~2 in pdClim-
2050ssp370fODS-radO3; i.e. half of the future ozone ERF
comes from increases in tropospheric ozone precursors and
half (0.156 & 0.071 W m~2) from decreases in ODSs. In the
different models, the all-sky ERF is reduced by around
60 % for CESM2, GFDL-ESM4 and UKESM1-0-LL and by
around 23 % for EMAC. In the clear sky, both LW ERF and
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SW ERF are reduced, with changes in clear-sky ERF being
larger in the SW for all models.

Global mean all-sky and clear-sky IRF is reduced in
the fODS-perturbation compared to the standard pertur-
bation simulation for all models. This is due to reduced
IRF both in the SW and in the LW. As can be ex-
pected, the increased stratospheric ozone because of the
reduction in ODSs in the standard perturbation pdClim-
2050ssp370-radO3 leads to additional absorption of SW
radiation compared to the fODS-perturbation. In the LW,
the trapping of outgoing LW radiation by the additional
stratospheric ozone seems to dominate because LW IRF
is larger in the standard perturbation compared to the
fODS-perturbation. The global multi-model mean all-sky
IRF of the three models (CESM2 did not provide IRF

https://doi.org/10.5194/acp-25-9031-2025
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Table 6. Global mean absolute surface albedo change and associated forcing from pdClim-2050ssp370-radO3 minus pdClim-control. Un-
certainties for individual models are errors of 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.

Surface albedo change

Albedo forcing [W m™2]

CESM2 —22x107%4+08x 1074 0.052£0.025
EMAC —04x 1074 £0.03 x 1074 0.010 +0.001
GFDL-ESM4 —1.6x1074+£05x 1074 0.038 £0.011
NorESM2 —1.8x107%4+0.7x 1074 0.042 £0.017
UKESMI-0-LL —25x107%4+0.7x 1074 0.060 +0.016
Multi-model mean  —1.7 x 1074 £0.7 x 1074 0.040£0.017

data) that performed pdClim-2050ssp370fODS-radO3 de-
creases from 0.331 £ 0.053 W m~2 in the standard perturba-
tion pdClim-2050ssp370-radO3 to 0.12540.035Wm™2 in
pdClim-2050ssp370fODS-radO3.

EMAC is the only model that provides online-calculated
SARF for pdClim-2050ssp370fODS-radO3. The corre-
sponding global mean all-sky SARF is estimated at
0.144+0.002Wm~2 (see Table S7). As discussed in
Sect. 4.3, the stratospheric-temperature adjustment is neg-
ative (IRF > SARF) in the standard perturbation pdClim-
2050ssp370-radO3 for EMAC. This is consistent with the
temperature in the stratosphere increasing due to increased
stratospheric ozone levels (see Fig. 9h), which leads to a re-
duced LW forcing for SARF compared to IRF. Figure S9a
shows more detail on the stratospheric-temperature profile
change for one model (EMAC). Here it can be seen that the
increased temperature occurs in the lower and middle strato-
sphere (roughly from 200 to 20 hPa) and also at around 2 hPa.
Temperature changes at higher altitudes have less impact on
the net TOA radiative forcing as the density of the atmo-
sphere decreases. In the fODS-perturbation, however, SARF
is enhanced by 0.062 W m~2 compared to IRF due to the de-
creased stratospheric temperatures as diagnosed by the FDH
calculations (see Fig. S9). Note that in Fig. 9h (and Fig. S9a)
there is warming in the modelled temperatures in the up-
per troposphere and lower stratosphere even in the fODS-
perturbation that is not captured in the FDH calculations.

From the offline kernel calculation, the total ozone
SARF for the ozone precursors in the fODS-perturbation
is 0.178 £0.018 Wm~2 (Table S8). This is 70% of the
SAREF in the standard perturbation (0.254 £ 0.017 W m~2 for
these four models), and thus the ODS contribution is only
30% (0.076 £0.025 W m—2). Tropospheric ozone, where the
tropopause is defined by the monthly ozone mole fraction in
the control simulation, contributes between 71 % and 77 % of
the total ozone SARF in the fODS-perturbation for all four
models. The tropospheric ozone SARF is presented in Ta-
ble S9.

We have also analysed the latitudinal distribution of radia-
tive flux changes in the EMAC fODS-perturbation simula-
tion (Fig. S7b). We focus here on EMAC as it is the only
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model that provides all online diagnostics. Apart from the
noisy behaviour of the all-sky ERF, ERF values are gen-
erally larger than SARF values, which are larger than IRF
values at almost all latitudes. This holds true for both clear-
sky and all-sky diagnostics. Comparing the latitudinal distri-
bution of the forcings in the standard perturbation and the
fODS-perturbation, the largest changes can be found in the
polar regions, in particular over the Antarctic, which high-
lights the impact of changing ODS abundances on the RF
diagnostics.

5 Discussion

The future increases in ozone precursors and decreases in
ozone-depleting substances in the SSP3-7.0 scenario lead to
an increase in global mean TCO by 12.2 DU between 2015
and 2050 in the multi-model mean, with the 7 individual
models included in the ensemble mean showing increases of
4.3 to 19.6 DU. From a multi-model mean perspective, about
4.3 DU (around 39 %) of the global mean TCO changes are
attributable to the tropospheric ozone changes, while the rest
are due to changes in stratospheric ozone abundances. In a
sensitivity simulation in which ODSs in 2050 were kept at
year-2015 levels (fODS), the importance of ozone precur-
sor changes was assessed by a subset of models. In the re-
spective multi-model mean, the global mean TCO increases
by 4.8 DU, with individual model increases ranging from
3.8DUin EMAC to 5.7 DU in UKESM1-0-LL (see Sect. 4.7;
Table 4).

5.1 Radiative efficiencies

Based on the model-dependent changes in ozone with respect
to the standard perturbation simulation, an offline radiative
kernel leads to a total SARF of 0.134 to 0.319 W m™~2, with
34 % to 43 % of this forcing coming from changes in ozone
above the tropopause (defined as ozone mole fraction values
of 150 nmol mol~'; see Sect. 4.4). When scaling the kernel
SAREF by the total column ozone change (see Fig. 13), the
radiative efficiency varies from 0.014 to 0.030 Wm~—2DU~!.
For models that show lower increases in stratospheric ozone,
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Figure 11. Multi-model mean differences in total column ozone (TCO; panels a and b), tropospheric column ozone (TrCO; panels ¢ and
d) and zonal-mean ozone (panels e and f) in 2050 relative to the present day from pdClim-2050ssp370-radO3 (left column) and pdClim-
2050ssp370fODS-radO3 (fODS; right column). Panels (a), (¢) and (e) are the same as Figs. 3c, 4c and 5c, respectively, but only those models
that performed the fODS-perturbation pdClim-2050ssp370fODS-radO3 are shown here as this provides a fairer comparison to panels (b),
(d) and (f). Units of TCO and TrCO differences are in Dobson units (DU), while the zonal-mean differences are in %. Models included in
the multi-model means are CESM2, EMAC, GFDL-ESM4 and UKESM1-0-LL.

their ozone radiative efficiency is towards the higher end of
this range, whereas for models showing higher increases in
stratospheric ozone, the efficiency is towards the lower end.
This is due to the kernel having the highest efficiency in the
upper troposphere and lower stratosphere (Fig. 1). When us-
ing only the tropospheric column, there is much more agree-
ment on the radiative efficiency with a range of 0.039 to
0.044 W m~2DU~!, which is in good agreement with pre-
vious findings of a tropospheric ozone radiative efficiency of
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0.042W m~2 DU~ ! in Stevenson et al. (2013). For the fODS-
perturbation, the radiative efficiencies for the total column
and tropospheric column are in closer agreement, reflecting
the smaller effects on stratospheric ozone.

For the models that separated out the effects of ODS
changes, the ERF decreased from 0.292 +0.077Wm~2 in
the standard perturbation to 0.136 4 0.035 W m~2 with fixed
ODSs. The effect of stratospheric ozone recovery (stan-
dard minus fODS) was 0.156 +0.071 Wm™2, larger than

https://doi.org/10.5194/acp-25-9031-2025
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Figure 12. Online-calculated IRF, SARF and ERF for models that performed the fODS-perturbation pdClim-2050ssp370fODS-radO3.
The coloured bars represent multi-model mean estimates corresponding to the standard perturbation pdClim-2050ssp370-radO3, whereas
the hatched bars represent the contribution of tropospheric ozone precursors, i.e. corresponding to the fODS-perturbation pdClim-
2050ssp370fODS-radO3. Only those models that performed the fODS-perturbation pdClim-2050ssp370fODS-radO3 are included in the
pdClim-2050ssp370-radO3 estimates to provide a fairer comparison. The multi-model spread is given by the inter-model standard deviation.
The markers represent individual model estimates, grey for pdClim-2050ssp370-radO3 and black for pdClim-2050ssp370fODS-radO3.
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Figure 13. Kernel SARF vs. column ozone change for (a) standard perturbation and (b) fODS-perturbation. Values for tropospheric-only

and total column changes are shown.

that of ozone precursor increases. This is comparable to
the —0.15Wm™2 contribution of ODSs to the historical
ozone forcing as assessed by IPCC AR6 (Szopa et al.,
2021); however the corresponding equivalent effective strato-
spheric chlorine (EESC) decrease over the period 2015 to
2050 is only around 450ppt (WMO, 2022) compared to

https://doi.org/10.5194/acp-25-9031-2025

a historical increase in EESC of around 1200 ppt up to
2015. Hence using ERF, we find nearly 3 times the sen-
sitivity to ODS changes (—0.3440.16 Wm™2 ppb(C)~!)
compared to the IPCC AR6 (—0.12W m~™2ppb(Cl)~1).
Using the kernel SARF (as used in the ARG6 analysis)
of 0.076+0.025Wm™2 gives a radiative efficiency of
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—0.17 £0.06 Wm~2 ppb(Cl)~!, which is consistent with
ARG.

Literature estimates of the SARF from 2000 to 2100
(approximate EESC decrease of 1050 ppt) range from 0.05
to 0.16 Wm™2 (Banerjee et al., 2018; Bekki et al., 2013;
Iglesias-Suarez et al., 2018). These correspond to a radiative
efficiency of —0.05 to —0.15 W m™2 ppb(C)~!.

5.2 Instantaneous radiative forcing

The ozone IRFs are calculated both by the kernel method
(Sect. 4.4) and by online double calls to the radiation scheme
(Sect. 4.3). There is strong correlation between the two
methods in the clear sky (see Fig. 14); however the kernel-
calculated IRFs are larger than those calculated online, by
around 40 % in the LW. This applies to all models and so
seems to be a characteristic of the radiation scheme used
to generate the kernel data (Myhre and Stordal, 1997). This
large difference between the ESM radiation schemes and the
kernel is unexpected and makes comparison between SARF
and ERF or IRF more challenging.

5.3 Non-cloud adjustments

For changes in tropospheric ozone (Table S6), as a result
of stratospheric-temperature adjustments, the SARF calcu-
lated by the kernel is between 431 % to +38 % greater than
the kernel-calculated instantaneous forcing. Since the adjust-
ments are pre-calculated in the kernels, the variation is due
to slight variations in the vertical distribution of the ozone
changes in the different models. The adjustments are signifi-
cantly smaller than in Shine et al. (2022), who found around
480 % adjustment for a pre-industrial to present-day tropo-
spheric ozone change (Checa-Garcia et al., 2018). The ad-
justments to changes in stratospheric ozone are consider-
ably more variable, from —40 % to —65 %, reflecting the
wider variability in the vertical distributions of the ozone
changes in the stratosphere. The adjustments in Shine et
al. (2022) were larger, —80 % of the IRF for stratospheric
ozone changes, but these were dominated by the depletion
caused by ODSs, in contrast to this study, where the changes
in ozone precursors make substantial contributions in the
stratosphere.

5.3.1 Short wave

By excluding cloud effects, the clear-sky ERFs should com-
pare to the kernel SARFs if the tropospheric non-cloud ad-
justments are small. The modelled clear-sky SW ERF corre-
lates well with the IRF (equal to SARF in SW) kernel cal-
culations (see Fig. 15). The ERF calculation is consistently
higher than the IRF (see Table 7). This is also the case using
the double-call clear-sky SW IRF for the models that diag-
nose it. This is expected from the decreases in surface albedo
diagnosed in Sect. 4.6. For the fODS experiments, the albedo
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adjustment explains the difference between the ERF and IRF
such that the residual defined as ERF — IRF — adjustment is
zero, suggesting that albedo changes explain the difference.
In the standard experiments when decreases in ODSs are in-
cluded, the residual is negative, suggesting that there may
be further negative adjustments in the SW as a response to
stratospheric ozone recovery. The ozone recovery leads to an
increase in stratospheric water vapour (Fig. 9j), but it is not
obvious why this would lead to a negative SW forcing ad-
justment.

In this study we define the ERF using fixed SSTs. If land
temperatures were also fixed, it is likely that the albedo ad-
justment would be substantially reduced. If an ERF defined
using fixed SSTs and land temperatures were required, as in
IPCC ARG (Forster et al., 2021), then it would be necessary
to subtract the albedo adjustment from the diagnosed fSST
ERFs. This would be analogous to subtracting the land sur-
face temperature adjustment as in Tang et al. (2019).

5.3.2 Long wave

We do not have a clear-sky LW SARF kernel, so for com-
parison with the clear-sky ERF, we add the all-sky kernel
stratospheric-temperature adjustment to the clear-sky kernel
IRF, assuming the stratospheric-temperature adjustment is
unaffected by cloud (which is the case with the online SARF
calculations by EMAC). In the LW there is a positive correla-
tion between clear-sky ERF and SARF (Fig. 15b). For fODS,
the ERF results are lower than the SARF kernel, which is in
line with the kernel IRF being larger than the online calcu-
lations in the models (Sect. 5.2). This makes it difficult to
draw any conclusions on the relative contributions of the neg-
ative adjustments due to the increases in tropospheric tem-
perature seen in Fig. 9h versus the positive adjustments due
to increases in water vapour in Fig. 9j. For the standard per-
turbation, the larger LW clear-sky ERF than kernel SARF
implies positive adjustments that are likely to be due to the
large increases in stratospheric water vapour in Fig. 9e and j
when ODS changes are included. For the EMAC model, the
stratospheric-temperature change diagnosed online by FDH
is larger than that generated in the ESM (see Fig. S9) in the
lower and middle stratosphere, particularly in the Southern
Hemisphere, suggesting that the stratospheric-temperature
adjustment assuming FDH might be too strongly negative in
terms of forcing. Comparison of the latitudinal distribution
of ERF, SARF and IRF in the EMAC model (Fig. S7) shows
that, when excluding ODSs, the ERF matches the SARF, but
when changes in ODSs are included, the IRF is a better rep-
resentation of the ERF than the SARF.

This difference between the ERF and the SARF is
even greater when subtracting the fODS from the stan-
dard perturbation (i.e. the effect of ODSs). The mean LW
clear-sky ERF (standard minus fODS) of the four mod-
els in Fig. 15b is 0.028 - 0.017 Wm™2, but the SARF is
—0.020£0.010 Wm™2.
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Figure 15. Comparison of clear-sky ERF and SARF from the kernel calculations for (a) SW, (b) LW and (c) total forcing. Both standard

perturbation and fODS-perturbation are plotted.

5.3.3 Summary of clear-sky comparison

Both experiments show a decrease in surface albedo, with a
consequently larger SW clear-sky ERF than SARF. This has
a proportionally greater effect for fODS-perturbation. In the
LW clear sky the ERF is larger than the kernel SARF for the
standard perturbation. For the effect of ODSs (standard mi-
nus fODS), the LW clear-sky ERF even has a different sign.
This sign change between LW clear-sky ERF and SARF is
also the case for the EMAC model, which diagnoses both on-
line. Since the kernel LW IRF was found to be 40 % greater
than that of the models (Sect. 5.2), the true increase in ERF
compared to the SARF could be even larger.

https://doi.org/10.5194/acp-25-9031-2025

5.4 Cloud adjustments

There are large adjustment terms that are found to be due
to changes in the cloud fraction (Sect. 4.6, Table 5). Note
that the difference between all-sky and clear-sky ERF is
not solely due to cloud adjustments but includes a contri-
bution from cloud masking of the ozone forcing. The mod-
els agree on a reduction in the upper-troposphere cloud frac-
tion and (apart from UKESM1-0-LL) an increase in the mid-
troposphere cloud fraction. In the lower troposphere, there
is less agreement, with some models showing a decrease in
cloud fraction around 800hPa and an increase just above
the surface. This is generally in agreement with a study by
Maclntosh et al. (2016), who found stratospheric ozone de-
pletion increased high cloud and upper-troposphere ozone

Atmos. Chem. Phys., 25, 9031-9060, 2025
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Table 7. Comparison of the difference between ERF and IRF with the albedo adjustment in the clear-sky SW. Two definitions of IRF are used,
kernel and double-call. Only a subset of models included double-call diagnostics. The residual is defined as ERF — IRF — albedo adjustment.

Clear-sky SW  Clear-sky SW  Clear-sky SW  Albedo adjustment Residual

double-call IRF kernel IRF ERF
Standard 0.115£0.032 0.131£0.042 0.040£0.017 —0.024 +£0.012
Standard* 0.125+£0.25 0.152£0.042 0.036 £0.020 —0.010£0.012
fODS 0.034£0.007 0.050+£0.012 0.017£0.10 0.000 £ 0.004
fODS* 0.031 £0.009 0.050+£0.014 0.016£0.12 0.003 £0.007

* Only models that included the double-call diagnostic of IRF.

increases decreased high- and medium-level cloud but in-
creased low cloud. Grise et al. (2013) found that Antarctic
ozone depletion also causes changes in the latitudinal distri-
bution of clouds. There are strong correlations between the
changes in the cloud fraction and the cloud adjustments in
the SW and a weaker correlation in the LW. Reduced cloud
cover gives a positive SW adjustment due to decreased plan-
etary albedo and a negative LW adjustment as reductions
in high cloud increase the overall emitting temperature of
the atmosphere. These two adjustments largely cancel each
other out, with the larger LW adjustment leading to an overall
negative cloud adjustment. The exceptions are UKESM1-0-
LL (standard perturbation), which has a strong positive SW
adjustment, and NorESM2 (standard perturbation), which
has a weaker LW adjustment. The cloud changes and as-
sociated SW and LW adjustment in the fODS-perturbation
(Table S10) are smaller, highlighting the stronger effect of
stratospheric ozone changes on clouds. Because the overall
adjustment is the compensation of two opposing terms, there
is no correlation with the change in cloud fraction. There is a
suggestion that the cloud adjustment is negative for the ozone
precursor changes and positive for the ODS changes, but the
uncertainties are large. Although uncertain, the cloud adjust-
ment (—0.1 to +0.05 W m~2) is a significant fraction of the
total ERF (0.27 +0.08 W m~2).

6 Conclusions

We have shown that projected increases in tropospheric
ozone precursors and decreases in ODSs in the SSP3-7.0 sce-
nario lead to increases in ozone in the troposphere and strato-
sphere. By restricting the impact of composition changes
on the evolution of the physical model, we can isolate the
changes solely due to changes in ozone. This contributes an
ERF of 0.268 +0.084 Wm~2 from 2015 to 2050. This is
larger than the forcing of 0.19 W m~2 assessed by IPCC AR6
for this period and scenario (Dentener et al., 2021) and would
make ozone the second largest contributor to warming over
this period due to the combination of the forcing from strato-
spheric ozone recovery and the increases in ozone precursor
emissions in this scenario.
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A subset of models calculated the ERF excluding ODS
changes. These show that ozone precursor increases and
ODS decreases contribute approximately equally to the to-
tal ERF change. The future contribution of ODSs to ozone
ERF is comparable (though of opposite sign) to the contri-
bution of ODSs to the historical ozone forcing as assessed
by IPCC ARG6. This would make the indirect radiative effi-
ciency of ODSs (in forcing per change in equivalent effec-
tive stratospheric chlorine) almost 3 times that assessed in
the IPCC and WMO (2022). The increase in ozone forcing
expected from commitments to reduce ODSs could therefore
offset most of the climate benefits from reducing their direct
greenhouse effect.

ERF and SARF diagnosed from the offline kernel agree
within the uncertainty range for the combined effect of ozone
precursor and ODS changes. However the difference be-
tween ERF and SARF becomes more apparent when looking
at the ozone precursors and ODSs separately. The SARF with
fixed ODSs is higher than the ERF, which could be explained
by systematically higher kernel results (since this is not the
case for the online-calculated SARF in the EMAC model).
The SARF due to ODS changes is significantly lower than
the ERF, which suggests that the fixed dynamical heating ap-
proach used in the SARF overestimates the temperature in-
crease in the stratosphere from stratospheric ozone recovery
and that there is an additional contribution to the ERF from
increasing stratospheric water vapour. The radiative adjust-
ment due to reduced surface albedo is significant and posi-
tive.

Ozone increases from both ozone precursors and decreas-
ing ODSs consistently reduce cloud cover in the upper tro-
posphere, with most models finding increased cloud cover in
the mid-troposphere. This leads to significant radiative ad-
justments that are negative in the LW and positive in the SW.
The net effects of clouds largely cancel each other out, giving
a net adjustment that is not significantly different from zero
(slightly negative from ozone precursor increases, slightly
positive from ODS decreases).

This study shows that care is needed when interpreting or
comparing radiative forcing calculations for ozone. While
the radiative forcing calculated as ERF or SARF is similar
for the combined effects of tropospheric ozone precursors

https://doi.org/10.5194/acp-25-9031-2025



W. J. Collins et al.: Climate forcing due to future ozone changes

and ODSs, this is not true for the ozone precursors and ODSs
separately. Here, we find that the kernel-calculated SARF is
a factor-of-2 lower than the ERF for the ozone radiative forc-
ing from ODS changes, highlighting a need to compare of-
fline radiative transfer modelling against a full Earth system
model.

Data availability. The model data from Phase 6 of the Coupled
Model Intercomparison Project (CMIP6) used in Fig. 6 of this study
are available through the Earth System Grid Federation (ESGF;
https://esgf-metagrid.cloud.dkrz.de/search, ESGF, 2024), with spe-
cific references for each model dataset and the DOIs for each dataset
in Table 1 and the reference list of Keeble et al. (2021), respectively.
Near-global total column ozone observational data were taken from
Version 3.4 of the National Institute of Water and Atmospheric
Research—-Bodeker Scientific (NIWA-BS) combined TCO database,
available from https://doi.org/10.5281/zenodo.1346424 (Bodeker et
al., 2018). The radiative kernel is available from https://github.
com/ciceroOslo/Radiative-kernels (last access: November 2024;
DOI: https://doi.org/10.5281/zenodo.16759214, Hodnebrog et al.,
2025). The data in the tables and figures from this paper are
available from Zenodo at https://doi.org/10.5281/zenodo.15828602
(O’Connor, 2025).

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/acp-25-9031-2025-supplement.

Author contributions. WIC and FMO’C jointly designed the
study. Model development and setup was by FMO’C, @H, REB,
PJ, MM, MN, DO, RBS, LS, LWH, VN, GF, Ul, LTM, DS, KT,
NLA and JK. FMO’C, REB, PJ, MM, DO, LWH, GF, UL, LTM, DS
and KT ran the model simulations. Data analysis and the construc-
tion of figures was by WIC, FMO’C, REB, @H, PJ, MM, GM, MN,
DO, RBS, LS, VN and LTM. All authors were involved in drafting
and reviewing the manuscript.

Competing interests. At least one of the (co-)authors is a mem-
ber of the editorial board of Atmospheric Chemistry and Physics.
The peer-review process was guided by an independent editor, and
the authors also have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Special issue statement. This article is part of the special issue
“Tropospheric Ozone Assessment Report Phase I (TOAR-II) Com-
munity Special Issue (ACP/AMT/BG/GMD inter-journal SI)”. It is

https://doi.org/10.5194/acp-25-9031-2025

9055

a result of the Tropospheric Ozone Assessment Report, Phase II
(TOAR-II, 2020-2024).

Acknowledgements. William J. Collins was supported by the
UK Natural Environment Research Council Grant “Investigating
Halocarbon Impacts on the global environment” (grant reference
NE/X004198/1). Fiona M. O’Connor was supported by the Euro-
pean Union’s Horizon 2020 project ESM2025 (under grant agree-
ment no. 101003536) and the Met Office Hadley Centre Climate
Programme funded by DSIT, UK. Dirk Olivié was also supported by
the European Union’s Horizon 2020 project ESM2025 (under grant
agreement no. 101003536). Mariano Mertens was supported by
the German Federal Ministry of Education and Research (funding
no. 01LN2207A, IMPAC2T). The work involving the EMAC model
used resources of the Deutsches Klimarechenzentrum (DKRZ)
granted by its Scientific Steering Committee (WLA) under project
ID id0853. Further, datasets provided by MESSy via the DKRZ data
pool were used. Rachael E. Byrom, Ragnhild Bieltvedt Skeie and
Gunnar Myhre were supported by the European Union’s Horizon
2020 research and innovation programme under grant agreement
no. 820829 (CONSTRAIN project). @ivind Hodnebrog was sup-
ported by the Research Council of Norway (project no. 336227).
The authors would also like to thank Bodeker Scientific, funded by
the New Zealand Deep South National Science Challenge, for pro-
viding the combined NIWA-BS total column ozone database. Ulas
Im is supported by the European Union’s Horizon Europe project
CleanCloud (under grant agreement no. 101137639).

Financial support. This research has been supported by the Nat-
ural Environment Research Council (grant no. NE/X004198/1), EU
Horizon 2020 (grant nos. 101003536, 820829, and 101137639),
the Bundesministerium fiir Bildung und Forschung (grant no.
01LN2207A), the Deutsches Klimarechenzentrum (grant no.
id0853) and the Norges Forskningsrad (grant no. 336227).

Review statement. This paper was edited by Ivy Tan and re-
viewed by Christopher Smith and one anonymous referee.

References

Ackerley, D. and Dommenget, D.: Atmosphere-only GCM (AC-
CESS1.0) simulations with prescribed land surface temperatures,
Geosci. Model Dev., 9, 2077-2098, https://doi.org/10.5194/gmd-
9-2077-2016, 2016.

Andrews, T., Smith, C. J., Myhre, G., Forster, P. M., Chadwick,
R., and Ackerley, D.: Effective Radiative Forcing in a GCM
With Fixed Surface Temperatures, J. Geophys. Res.-Atmos., 126,
€2020JD033880, https://doi.org/10.1029/2020JD033880, 2021.

Archibald, A. T., O’Connor, F. M., Abraham, N. L., Archer-
Nicholls, S., Chipperfield, M. P., Dalvi, M., Folberth, G. A., Den-
nison, F., Dhomse, S. S., Griffiths, P. T., Hardacre, C., Hewitt, A.
J., Hill, R. S., Johnson, C. E., Keeble, J., Kohler, M. O., Morgen-
stern, O., Mulcahy, J. P, Ordéiiez, C., Pope, R. J., Rumbold, S.
T., Russo, M. R., Savage, N. H., Sellar, A., Stringer, M., Turnock,
S. T., Wild, O., and Zeng, G.: Description and evaluation of

Atmos. Chem. Phys., 25, 9031-9060, 2025


https://esgf-metagrid.cloud.dkrz.de/search
https://doi.org/10.5281/zenodo.1346424
https://github.com/ciceroOslo/Radiative-kernels
https://github.com/ciceroOslo/Radiative-kernels
https://doi.org/10.5281/zenodo.16759214
https://doi.org/10.5281/zenodo.15828602
https://doi.org/10.5194/acp-25-9031-2025-supplement
https://doi.org/10.5194/gmd-9-2077-2016
https://doi.org/10.5194/gmd-9-2077-2016
https://doi.org/10.1029/2020JD033880

9056

the UKCA stratosphere—troposphere chemistry scheme (Strat-
Trop vn 1.0) implemented in UKESM1, Geosci. Model Dev., 13,
1223-1266, https://doi.org/10.5194/gmd-13-1223-2020, 2020.

Banerjee, A., Maycock, A. C., and Pyle, J. A.: Chemical and
climatic drivers of radiative forcing due to changes in strato-
spheric and tropospheric ozone over the 21st century, Atmos.
Chem. Phys., 18, 2899-2911, https://doi.org/10.5194/acp-18-
2899-2018, 2018.

Bekki, S., Rap, A., Poulain, V., Dhomse, S., Marchand, M., Lefevre,
F., Forster, P. M., Szopa, S., and Chipperfield, M. P.: Climate
impact of stratospheric ozone recovery, Geophys. Res. Lett., 40,
2796-2800, https://doi.org/10.1002/GRL.50358, 2013.

Bickel, M., Ponater, M., Bock, L., Burkhardt, U., and Reineke, S.:
Estimating the Effective Radiative Forcing of Contrail Cirrus,
J. Climate, 33, 1991-2005, https://doi.org/10.1175/JCLI-D-19-
0467.1, 2020.

Bodeker, G. E., Nitzbon, J., Tradowsky, J. S., Kremser, S., Schw-
ertheim, A., and Lewis, J.: A global total column ozone
climate data record, Earth Syst. Sci. Data, 13, 3885-3906,
https://doi.org/10.5194/essd-13-3885-2021, 2021.

Bodeker, G. E., Nitzbon, J., Lewis, J., Schwertheim, A.,
Tradowsky, J. S., and Kremser, S.: NIWA-BS To-
tal Column Ozone Database V3.4, Zenodo [data set],
https://doi.org/10.5281/zenodo.1346424, 2018.

Checa-Garcia, R., Hegglin, M. I, Kinnison, D., Plum-
mer, D. A., and Shine, K. P.: Historical Tropospheric
and Stratospheric Ozone Radiative Forcing Using the
CMIP6 Database, Geophys. Res. Lett, 45, 3264-3273,
https://doi.org/10.1002/2017GL076770, 2018.

Chung, E.-S. and Soden, B. J.: An Assessment of Direct Radia-
tive Forcing, Radiative Adjustments, and Radiative Feedbacks
in Coupled Ocean—Atmosphere Models, J. Climate, 28, 4152—
4170, https://doi.org/10.1175/JCLI-D-14-00436.1, 2015.

Coleman, M. R.: Investigating radiative adjustments to
anthropogenic  aerosol perturbations using novel mod-
elling techniques, University of Reading, Reading,

https://doi.org/10.48683/1926.00123507, 2024.

Colman, R. A. and McAvaney, B. J.: A study of general circulation
model climate feedbacks determined from perturbed sea surface
temperature experiments, J. Geophys. Res.-Atmos., 102, 19383—
19402, https://doi.org/10.1029/97JD00206, 1997.

Danabasoglu, G., Lamarque, J. F.,, Bacmeister, J., Bailey, D. A.,
DuVivier, A. K., Edwards, J., Emmons, L. K., Fasullo, J., Gar-
cia, R., Gettelman, A., Hannay, C., Holland, M. M., Large,
W. G., Lauritzen, P. H., Lawrence, D. M., Lenaerts, J. T. M.,
Lindsay, K., Lipscomb, W. H., Mills, M. J., Neale, R., Ole-
son, K. W., Otto-Bliesner, B., Phillips, A. S., Sacks, W., Tilmes,
S., van Kampenhout, L., Vertenstein, M., Bertini, A., Dennis,
J., Deser, C., Fischer, C., Fox-Kemper, B., Kay, J. E., Kinni-
son, D., Kushner, P. J., Larson, V. E., Long, M. C., Mickel-
son, S., Moore, J. K., Nienhouse, E., Polvani, L., Rasch, P. J.,
and Strand, W. G.: The Community Earth System Model Ver-
sion 2 (CESM2), J. Adv. Model. Earth Sy., 12, e2019MS001916,
https://doi.org/10.1029/2019MS001916, 2020.

Deckert, R., Jockel, P., Grewe, V., Gottschaldt, K.-D., and Hoor,
P.: A quasi chemistry-transport model mode for EMAC, Geosci.
Model Dev., 4, 195-206, https://doi.org/10.5194/gmd-4-195-
2011, 2011.

Atmos. Chem. Phys., 25, 9031-9060, 2025

W. J. Collins et al.: Climate forcing due to future ozone changes

Dentener, F., Stevenson, D., Ellingsen, K., Van Noije, T., Schultz,
M., Amann, M., Atherton, C., Bell, N., Bergmann, D., Bey, L.,
Bouwman, L., Butler, T., Cofala, J., Collins, B., Drevet, J., Do-
herty, R., Eickhout, B., Eskes, H., Fiore, A., Gauss, M., Hauglus-
taine, D., Horowitz, L., Isaksen, I. S. A., Josse, B., Lawrence, M.,
Krol, M., Lamarque, J. F., Montanaro, V., Miiller, J. F., Peuch, V.
H., Pitari, G., Pyle, J., Rast, S., Rodriguez, J., Sanderson, M.,
Savage, N. H., Shindell, D., Strahan, S., Szopa, S., Sudo, K., Van
Dingenen, R., Wild, O., and Zeng, G.: The global atmospheric
environment for the next generation, Environ. Sci. Technol., 40,
3586-3594, https://doi.org/10.1021/ES0523845, 2006.

Dentener, F., Hall, B., Smith, C., Ahn, J., Collins, W., Jones, C.,
and Meinshausen, M.: Annex III: Tables of Historical and Pro-
jected Well-mixed Greenhouse Gas Mixing Ratios and Effective
Radiative Forcing of All Climate Forcers, in: Climate Change
2021: The Physical Science Basis. Contribution of Working
Group I to the Sixth Assessment Report of the Intergovernmen-
tal Panel on Climate Change, edited by: Masson-Delmotte, V.,
Zhai, P, Pirani, A., Connors, S. L., Pean, C., Berger, S., Caud,
N., Chen, Y., Goldfarb, L., Gomis, M., Huang, M., Leitzell, K.,
Lonnoy, E., Matthews, J., Maycock, T., Waterfield, T., Yelekci,
O., Yu, R, and Zhou B, Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY, USA, 2139-2152,
https://doi.org/10.1017/9781009157896.017, 2021.

Dietmiiller, S., Jockel, P.,, Tost, H., Kunze, M., Gellhorn, C.,
Brinkop, S., Fromming, C., Ponater, M., Steil, B., Lauer, A.,
and Hendricks, J.: A new radiation infrastructure for the Mod-
ular Earth Submodel System (MESSy, based on version 2.51),
Geosci. Model Dev., 9, 2209-2222, https://doi.org/10.5194/gmd-
9-2209-2016, 2016.

Earth System Grid Federation (ESGF): CMIP6 Data, ESGF [data
set], https://esgf-metagrid.cloud.dkrz.de/search, last access: Oc-
tober 2024.

Emmons, L. K., Schwantes, R. H., Orlando, J. J., Tyndall, G., Kin-
nison, D., Lamarque, J. F., Marsh, D., Mills, M. J., Tilmes, S.,
Bardeen, C., Buchholz, R. R., Conley, A., Gettelman, A., Gar-
cia, R., Simpson, I., Blake, D. R., Meinardi, S., and Pétron,
G.: The Chemistry Mechanism in the Community Earth Sys-
tem Model Version 2 (CESM2), J. Adv. Model. Earth Sy.,
12, €2019MS001882, https://doi.org/10.1029/2019MS001882,
2020.

Fels, S. B., Mahlman, J. D., Schwarzkopf, M. D., and Sin-
clair, R. W.: Stratospheric Sensitivity to Perturbations in Ozone
and Carbon Dioxide: Radiative and Dynamical Response,
J. Atmos. Sci., 37, 2265-2297, https://doi.org/10.1175/1520-
0469(1980)037<2265:SSTP10>2.0.CO;2, 1980.

Fishman, J., Ramanathan, V., Crutzen, P. J.,, and Liu, S.
C.: Tropospheric ozone and climate, Nature, 282, 818-820,
https://doi.org/10.1038/282818a0, 1979.

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R.,
Fahey,D. W., Haywood, J., Lean, J., Lowe,, D. C., Myhre, G.,
Nganga, J., Prinn, R., Raga, G., Schulz, M., and Van Dorland,
R.: Changes in Atmospheric Constituents and in Radiative Forc-
ing. In: Climate Change 2007: The Physical Science Basis. Con-
tribution of Working Group I to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change, edited by:
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Av-
eryt, K. B., Tignor, M., and Miller, H. L., Cambridge University

https://doi.org/10.5194/acp-25-9031-2025


https://doi.org/10.5194/gmd-13-1223-2020
https://doi.org/10.5194/acp-18-2899-2018
https://doi.org/10.5194/acp-18-2899-2018
https://doi.org/10.1002/GRL.50358
https://doi.org/10.1175/JCLI-D-19-0467.1
https://doi.org/10.1175/JCLI-D-19-0467.1
https://doi.org/10.5194/essd-13-3885-2021
https://doi.org/10.5281/zenodo.1346424
https://doi.org/10.1002/2017GL076770
https://doi.org/10.1175/JCLI-D-14-00436.1
https://doi.org/10.48683/1926.00123507
https://doi.org/10.1029/97JD00206
https://doi.org/10.1029/2019MS001916
https://doi.org/10.5194/gmd-4-195-2011
https://doi.org/10.5194/gmd-4-195-2011
https://doi.org/10.1021/ES0523845
https://doi.org/10.1017/9781009157896.017
https://doi.org/10.5194/gmd-9-2209-2016
https://doi.org/10.5194/gmd-9-2209-2016
https://esgf-metagrid.cloud.dkrz.de/search
https://doi.org/10.1029/2019MS001882
https://doi.org/10.1175/1520-0469(1980)037<2265:SSTPIO>2.0.CO;2
https://doi.org/10.1175/1520-0469(1980)037<2265:SSTPIO>2.0.CO;2
https://doi.org/10.1038/282818a0

W. J. Collins et al.: Climate forcing due to future ozone changes

Press, Cambridge, United Kingdom and New York, NY, USA,
ISBN 978 0521 88009-1, 2007.

Forster, P., Storelvmo, T., Armour, K., Collins, W., Dufresne, J.-
L., Frame, D., Lunt, D. J., Mauritsen, T., Palmer, M. D., Watan-
abe, M., Wild, M., and Zhang, H.: The Earth’s Energy Budget,
Climate Feedbacks and Climate Sensitivity, in: Climate Change
2021: The Physical Science Basis. Contribution of Working
Group I to the Sixth Assessment Report of the Intergovernmen-
tal Panel on Climate Change, edited by: Masson-Delmotte, V.,
Zhai, P., Pirani, A., Connors, S. L., Pean, C., Berger, S., Caud,
N., Chen, Y., Goldfarb, L., Gomis, M. L., Huang, M., Leitzell, K.,
Lonnoy, E., Matthews, J. B. R., Maycock, T. K., Waterfield, T.,
Yelekcei, O., Yu, R., and Zhou, B., Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 923—
1054, https://doi.org/10.1017/9781009157896.009, 2021.

Forster, P. M., Richardson, T., Maycock, A. C., Smith, C. J., Samset,
B. H., Myhre, G., Andrews, T., Pincus, R., and Schulz, M.: Rec-
ommendations for diagnosing effective radiative forcing from
climate models for CMIP6, J. Geophys. Res., 121, 12460-12475,
https://doi.org/10.1002/2016JD025320, 2016.

Gauss, M., Myhre, G., Pitari, G., Prather, M. J., Isaksen, L. S. A.,
Berntsen, T. K., Brasseur, G. P., Dentener, F. J., Derwent, R.
G., Hauglustaine, D. A., Horowitz, L. W., Jacob, D. J., John-
son, M., Law, K. S., Mickley, L. J., Miiller, J. F., Plantevin,
P. H., Pyle, J. A., Rogers, H. L., Stevenson, D. S., Sundet,
J. K., van Weele, M., and Wild, O.: Radiative forcing in the
21st century due to ozone changes in the troposphere and
the lower stratosphere, J. Geophys. Res.-Atmos., 108, 4292,
https://doi.org/10.1029/2002JD002624, 2003.

Gelaro, R., McCarty, W., Sudrez, M. J., Todling, R., Molod, A.,
Takacs, L., Randles, C. A., Darmenov, A., Bosilovich, M. G., Re-
ichle, R., Wargan, K., Coy, L., Cullather, R., Draper, C., Akella,
S., Buchard, V., Conaty, A., da Silva, A. M., Gu, W., Kim, G.
K., Koster, R., Lucchesi, R., Merkova, D., Nielsen, J. E., Par-
tyka, G., Pawson, S., Putman, W., Rienecker, M., Schubert, S. D.,
Sienkiewicz, M., and Zhao, B.: The Modern-Era Retrospective
Analysis for Research and Applications, Version 2 (MERRA-2),
J. Climate, 30, 5419-5454, https://doi.org/10.1175/JCLI-D-16-
0758.1, 2017.

Ghan, S. J.: Technical Note: Estimating aerosol effects on
cloud radiative forcing, Atmos. Chem. Phys., 13, 9971-9974,
https://doi.org/10.5194/acp-13-9971-2013, 2013.

Gidden, M. J., Riahi, K., Smith, S. J., Fujimori, S., Luderer, G.,
Kriegler, E., van Vuuren, D. P, van den Berg, M., Feng, L.,
Klein, D., Calvin, K., Doelman, J. C., Frank, S., Fricko, O.,
Harmsen, M., Hasegawa, T., Havlik, P., Hilaire, J., Hoesly, R.,
Horing, J., Popp, A., Stehfest, E., and Takahashi, K.: Global
emissions pathways under different socioeconomic scenarios for
use in CMIP6: a dataset of harmonized emissions trajectories
through the end of the century, Geosci. Model Dev., 12, 1443—
1475, https://doi.org/10.5194/gmd-12-1443-2019, 2019.

Gregory, J. M., Ingram, W. J., Palmer, M. A, Jones, G. S.,
Stott, P. A., Thorpe, R. B., Lowe, J. A., Johns, T. C., and
Williams, K. D.: A new method for diagnosing radiative forc-
ing and climate sensitivity, Geophys. Res. Lett., 31, L03205,
https://doi.org/10.1029/2003GLO018747, 2004.

Grise, K. M., Polvani, L. M., Tselioudis, G., Wu, Y., and Zelinka,
M. D.: The ozone hole indirect effect: Cloud-radiative anoma-
lies accompanying the poleward shift of the eddy-driven jet in

https://doi.org/10.5194/acp-25-9031-2025

9057

the Southern Hemisphere, Geophys. Res. Lett., 40, 3688-3692,
https://doi.org/10.1002/GRL.50675, 2013.

Hansen, J., Fung, 1., Lacis, A., Rind, D., Lebedeff, S., Ruedy,
R., Russell, G., and Stone, P.: Global climate changes
as forecast by Goddard Institute for Space Studies three-
dimensional model, J. Geophys. Res.-Atmos., 93, 9341-9364,
https://doi.org/10.1029/JD093ID08P09341, 1988.

Hansen, J., Sato, M., and Ruedy, R.: Radiative forcing and
climate response, J. Geophys. Res.-Atmos., 102, 6831-6864,
https://doi.org/10.1029/96JD03436, 1997.

Hansen, J., Sato, M., Ruedy, R., Nazarenko, L., Lacis, A., Schmidt,
G. A., Russell, G., Aleinov, 1., Bauer, M., Bauer, S., Bell, N.,
Cairns, B., Canuto, V., Chandler, M., Cheng, Y., Del Genio, A.,
Faluvegi, G., Fleming, E., Friend, A., Hall, T., Jackman, C., Kel-
ley, M., Kiang, N., Koch, D., Lean, J., Lerner, J., Lo, K., Menon,
S., Miller, R., Minnis, P., Novakov, T., Oinas, V., Perlwitz, J.,
Perlwitz, J., Rind, D., Romanou, A., Shindell, D., Stone, P., Sun,
S., Tausnev, N., Thresher, D., Wielicki, B., Wong, T., Yao, M.,
and Zhang, S.: Efficacy of climate forcings, J. Geophys. Res.-
Atmos., 110, D18104, https://doi.org/10.1029/2005JD005776,
2005.

Harris, L., Chen, X., Putman, W., Zhou, L., and Chen, J.-H.: A Sci-
entific Description of the GFDL Finite-Volume Cubed-Sphere
Dynamical Core, NOAA technical memorandum OAR GFDL,
2021-001, https://doi.org/10.25923/6NHS-5897, 2021.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Hordnyi, A.,
Muiioz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers,
D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo,
G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara,
G., Dahlgren, P, Dee, D., Diamantakis, M., Dragani, R., Flem-
ming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L.,
Healy, S., Hogan, R. J., H6lm, E., Janiskovd, M., Keeley, S.,
Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P,
Rozum, I., Vamborg, F., Villaume, S., and Thépaut, J. N.: The
ERAS global reanalysis, Q. J. Roy. Meteor. Soc., 146, 1999—
2049, https://doi.org/10.1002/QJ.3803, 2020.

Hodnebrog, @., Myhre, G., Samset, B. H., and Skeie, R.:
ciceroOslo/Radiative-kernels: v1.0.0, Zenodo [data set],
https://doi.org/10.5281/zenodo.16759214, 2025.

Horowitz, L. W., Naik, V., Paulot, F.,, Ginoux, P. A., Dunne,
J. P, Mao, J., Schnell, J., Chen, X., He, J., John, J. G,
Lin, M., Lin, P, Malyshev, S., Paynter, D., Shevliakova, E.,
and Zhao, M.: The GFDL Global Atmospheric Chemistry-
Climate Model AM4.1: Model Description and Simulation Char-
acteristics, J. Adv. Model. Earth Sy., 12, €2019MS002032,
https://doi.org/10.1029/2019MS002032, 2020.

Iglesias-Suarez, F., Kinnison, D. E., Rap, A., Maycock, A. C., Wild,
0., and Young, P. J.: Key drivers of ozone change and its radiative
forcing over the 21st century, Atmos. Chem. Phys., 18, 6121—
6139, https://doi.org/10.5194/acp-18-6121-2018, 2018.

Jockel, P., Tost, H., Pozzer, A., Kunze, M., Kirner, O., Brenninkmei-
jer, C. A. M., Brinkop, S., Cai, D. S., Dyroff, C., Eckstein, J.,
Frank, F., Garny, H., Gottschaldt, K.-D., Graf, P., Grewe, V.,
Kerkweg, A., Kern, B., Matthes, S., Mertens, M., Meul, S., Neu-
maier, M., Niitzel, M., Oberldnder-Hayn, S., Ruhnke, R., Runde,
T., Sander, R., Scharffe, D., and Zahn, A.: Earth System Chem-
istry integrated Modelling (ESCiMo) with the Modular Earth
Submodel System (MESSy) version 2.51, Geosci. Model Dev.,
9, 1153-1200, https://doi.org/10.5194/gmd-9-1153-2016, 2016.

Atmos. Chem. Phys., 25, 9031-9060, 2025


https://doi.org/10.1017/9781009157896.009
https://doi.org/10.1002/2016JD025320
https://doi.org/10.1029/2002JD002624
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.5194/acp-13-9971-2013
https://doi.org/10.5194/gmd-12-1443-2019
https://doi.org/10.1029/2003GL018747
https://doi.org/10.1002/GRL.50675
https://doi.org/10.1029/JD093ID08P09341
https://doi.org/10.1029/96JD03436
https://doi.org/10.1029/2005JD005776
https://doi.org/10.25923/6NHS-5897
https://doi.org/10.1002/QJ.3803
https://doi.org/10.5281/zenodo.16759214
https://doi.org/10.1029/2019MS002032
https://doi.org/10.5194/acp-18-6121-2018
https://doi.org/10.5194/gmd-9-1153-2016

9058

Keeble, J., Hassler, B., Banerjee, A., Checa-Garcia, R., Chiodo, G.,
Davis, S., Eyring, V., Griffiths, P. T., Morgenstern, O., Nowack,
P, Zeng, G., Zhang, J., Bodeker, G., Burrows, S., Cameron-
Smith, P., Cugnet, D., Danek, C., Deushi, M., Horowitz, L. W.,
Kubin, A., Li, L., Lohmann, G., Michou, M., Mills, M. J., Nabat,
P, Olivié, D., Park, S., Seland, @., Stoll, J., Wieners, K.-H., and
Wau, T.: Evaluating stratospheric ozone and water vapour changes
in CMIP6 models from 1850 to 2100, Atmos. Chem. Phys., 21,
5015-5061, https://doi.org/10.5194/acp-21-5015-2021, 2021.

Kelley, M., Schmidt, G. A., Nazarenko, L. S., Bauer, S. E.,
Ruedy, R., Russell, G. L., Ackerman, A. S., Aleinov, 1., Bauer,
M., Bleck, R., Canuto, V., Cesana, G., Cheng, Y., Clune, T.
L., Cook, B. 1., Cruz, C. A., Del Genio, A. D., Elsaesser,
G. S., Faluvegi, G., Kiang, N. Y., Kim, D., Lacis, A. A.,
Leboissetier, A., LeGrande, A. N., Lo, K. K., Marshall, J.,
Matthews, E. E., McDermid, S., Mezuman, K., Miller, R. L.,
Murray, L. T., Oinas, V., Orbe, C., Garcia-Pando, C. P., Perl-
witz, J. P.,, Puma, M. J., Rind, D., Romanou, A., Shindell, D.
T., Sun, S., Tausnev, N., Tsigaridis, K., Tselioudis, G., Weng,
E., Wu, J., and Yao, M. S.: GISS-E2.1: Configurations and
Climatology, J. Adv. Model. Earth Sy., 12, e2019MS002025,
https://doi.org/10.1029/2019MS002025, 2020.

Klocke, D., Quaas, J., and Stevens, B.: Assessment of different met-
rics for physical climate feedbacks, Clim. Dynam., 41, 1173—
1185, https://doi.org/10.1007/S00382-013-1757-1, 2013.

Kooperman, G. J., Pritchard, M. S., Ghan, S. J., Wang, M.,
Somerville, R. C. J., Russell, L. M., Kooperman, C.:, Pritchard,
M. S., Ghan, S.J., Wang, M., Somerville, R. C. J., and Russell, L.
M.: Constraining the influence of natural variability to improve
estimates of global aerosol indirect effects in a nudged version of
the Community Atmosphere Model 5, J. Geophys. Res.-Atmos.,
117, D23204, https://doi.org/10.1029/2012JD018588, 2012.

MaclIntosh, C. R., Allan, R. P, Baker, L. H., Bellouin,
N., Collins, W., Mousavi, Z., and Shine, K. P.: Contrast-
ing fast precipitation responses to tropospheric and strato-
spheric ozone forcing, Geophys. Res. Lett., 43, 1263-1271,
https://doi.org/10.1002/2015GL067231, 2016.

Meinshausen, M., Nicholls, Z. R. J., Lewis, J., Gidden, M. J.,
Vogel, E., Freund, M., Beyerle, U., Gessner, C., Nauels, A.,
Bauer, N., Canadell, J. G., Daniel, J. S., John, A., Krummel,
P. B., Luderer, G., Meinshausen, N., Montzka, S. A., Rayner,
P. J., Reimann, S., Smith, S. J., van den Berg, M., Velders, G.
J. M., Vollmer, M. K., and Wang, R. H. J.: The shared socio-
economic pathway (SSP) greenhouse gas concentrations and
their extensions to 2500, Geosci. Model Dev., 13, 3571-3605,
https://doi.org/10.5194/gmd-13-3571-2020, 2020.

Michou, M., Nabat, P., Saint-Martin, D., Bock, J., Decharme, B.,
Mallet, M., Roehrig, R., Séférian, R., Sénési, S., and Voldoire,
A.: Present-Day and Historical Aerosol and Ozone Character-
istics in CNRM CMIP6 Simulations, J. Adv. Model. Earth Sy.,
12, €2019MS001816, https://doi.org/10.1029/2019MS001816,
2020.

Miilmenstiadt, J., Gryspeerdt, E., Salzmann, M., Ma, P.-L., Dipu,
S., and Quaas, J.: Separating radiative forcing by aerosol—
cloud interactions and rapid cloud adjustments in the ECHAM—
HAMMOZ aerosol-climate model using the method of partial
radiative perturbations, Atmos. Chem. Phys., 19, 15415-15429,
https://doi.org/10.5194/acp-19-15415-2019, 2019.

Atmos. Chem. Phys., 25, 9031-9060, 2025

W. J. Collins et al.: Climate forcing due to future ozone changes

Myhre, G. and Stordal, F.: Role of spatial and temporal variations in
the computation of radiative forcing and GWP, J. Geophys. Res.-
Atmos., 102, 11181-11200, https://doi.org/10.1029/97JD00148,
1997.

Myhre, G., Shine, K. P, Ridel, G., Gauss, M., Isaksen, I. S.
A., Tang, Q., Prather, M. J., Williams, J. E., van Velthoven,
P, Dessens, O., Koffi, B., Szopa, S., Hoor, P, Grewe, V.,
Borken-Kleefeld, J., Berntsen, T. K., and Fuglestvedt, J. S.:
Radiative forcing due to changes in ozone and methane
caused by the transport sector, Atmos. Environ., 45, 387-394,
https://doi.org/10.1016/j.atmosenv.2010.10.001, 2011.

Myhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt,
J., Huang, J., Koch, D., Lamarque, J.-F., Lee, D., Mendoza,
B., Nakajima, T., Robock, A., Stephens, G., Takemura, T.,
and Zhang, H.: Anthropogenic and Natural Radiative Forc-
ing, in: Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change,
edited by: Stocker, T. F, Qin, D., Plattner, G.-K., Tignor,
M., Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex,
V., and Midgley, P. M., Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY, USA, 659-740,
https://doi.org/10.1017/CB0O9781107415324.018, 2013.

Myhre, G., Kramer, R. J., Smith, C. J., Hodnebrog, Forster,
P, Soden, B. J., Samset, B. H., Stjern, C. W., Andrews, T.,
Boucher, O., Faluvegi, G., Fldschner, D., Kasoar, M., Kirkevag,
A., Lamarque, J. F, Olivié, D., Richardson, T., Shindell, D.,
Stier, P., Takemura, T., Voulgarakis, A., and Watson-Parris, D.:
Quantifying the Importance of Rapid Adjustments for Global
Precipitation Changes, Geophys. Res. Lett., 45, 11399-11405,
https://doi.org/10.1029/2018GL079474, 2018.

O’Connor, F.: Climate Forcing due to Future Ozone Changes: An
intercomparison of metrics and methods (v1.2), Zenodo [data
set], https://doi.org/10.5281/zenodo.15828602, 2025.

Orbe, C., Plummer, D. A., Waugh, D. W., Yang, H., Jockel, P., Kin-
nison, D. E., Josse, B., Marecal, V., Deushi, M., Abraham, N. L.,
Archibald, A. T., Chipperfield, M. P., Dhomse, S., Feng, W., and
Bekki, S.: Description and Evaluation of the specified-dynamics
experiment in the Chemistry-Climate Model Initiative , At-
mos. Chem. Phys., 20, 38093840, https://doi.org/10.5194/acp-
20-3809-2020, 2020.

Pendergrass, A. G., Conley, A., and Vitt, F. M.: Surface and top-of-
atmosphere radiative feedback kernels for CESM-CAMS, Earth
Syst. Sci. Data, 10, 317-324, https://doi.org/10.5194/essd-10-
317-2018, 2018.

Qu, X. and Hall, A.: Assessing Snow Albedo Feedback
in Simulated Climate Change, J. Climate, 19, 2617-2630,
https://doi.org/10.1175/JCLI3750.1, 2006.

Quaas, J., Andrews, T., Bellouin, N., Block, K., Boucher, O.,
Ceppi, P., Dagan, G., Doktorowski, S., Eichholz, H. M., Forster,
P., Goren, T., Gryspeerdt, E., Hodnebrog, @., Jia, H., Kramer,
R., Lange, C., Maycock, A. C., Miilmenstidt, J., Myhre, G.,
O’Connor, E. M., Pincus, R., Samset, B. H., Senf, F., Shine,
K. P., Smith, C., Stjern, C. W., Takemura, T., Toll, V., and
Wall, C. J.: Adjustments to Climate Perturbations — Mechanisms,
Implications, Observational Constraints, AGU Advances, 5,
€2023AV001144, https://doi.org/10.1029/2023AV001144, 2024.

Ramanathan, V. and Dickinson, R. E.. The Role of Strato-
spheric Ozone in the Zonal and Seasonal Radiative En-

https://doi.org/10.5194/acp-25-9031-2025


https://doi.org/10.5194/acp-21-5015-2021
https://doi.org/10.1029/2019MS002025
https://doi.org/10.1007/S00382-013-1757-1
https://doi.org/10.1029/2012JD018588
https://doi.org/10.1002/2015GL067231
https://doi.org/10.5194/gmd-13-3571-2020
https://doi.org/10.1029/2019MS001816
https://doi.org/10.5194/acp-19-15415-2019
https://doi.org/10.1029/97JD00148
https://doi.org/10.1016/j.atmosenv.2010.10.001
https://doi.org/10.1017/CBO9781107415324.018
https://doi.org/10.1029/2018GL079474
https://doi.org/10.5281/zenodo.15828602
https://doi.org/10.5194/acp-20-3809-2020
https://doi.org/10.5194/acp-20-3809-2020
https://doi.org/10.5194/essd-10-317-2018
https://doi.org/10.5194/essd-10-317-2018
https://doi.org/10.1175/JCLI3750.1
https://doi.org/10.1029/2023AV001144

W. J. Collins et al.: Climate forcing due to future ozone changes

ergy Balance of the Earth-Troposphere System, J. At-
mos. Sci.,, 36, 1084-1104, https://doi.org/10.1175/1520-
0469(1979)036<1084:TROSOI>2.0.CO;2, 1979.

Ramanathan, V., Lian, M. S., and Cess, R. D.: Increased at-
mospheric COj: Zonal and seasonal estimates of the
effect on the radiation energy balance and surface tem-
perature, J. Geophys. Res.-Oceans, 84, 49494958,
https://doi.org/10.1029/JC0841C08P04949, 1979.

Ramanathan, V., Callis, L., Cess, R., Hansen, J., Isaksen, I.,
Kuhn, W., Lacis, A., Luther, F., Mahlman, J., Reck, R., and
Schlesinger, M.: Climate-chemical interactions and effects of
changing atmospheric trace gases, Rev. Geophys., 25, 1441—
1482, https://doi.org/10.1029/RG025i007p01441, 1987.

Ramaswamy, V., Collins, W., Haywood, J., Lean, J., Mahowald, N.,
Myhre, G., Naik, V., Shine, K. P., Soden, B., Stenchikov, G.,
and Storelvmo, T.: Radiative Forcing of Climate: The Historical
Evolution of the Radiative Forcing Concept, the Forcing Agents
and their Quantification, and Applications, Meteor. Mon., 59,
14.1-14.101, https://doi.org/10.1175/AMSMONOGRAPHS-D-
19-0001.1, 2018.

Rao, S., Klimont, Z., Smith, S. J., Van Dingenen, R., Den-
tener, F., Bouwman, L., Riahi, K., Amann, M., Bodirsky,
B. L., van Vuuren, D. P, Aleluia Reis, L., Calvin, K.,
Drouet, L., Fricko, O., Fujimori, S., Gernaat, D., Havlik,
P, Harmsen, M., Hasegawa, T., Heyes, C., Hilaire, J., Lud-
erer, G., Masui, T., Stehfest, E., Strefler, J., van der Sluis,
S., and Tavoni, M.: Future air pollution in the Shared
Socio-economic Pathways, Global Environmental Change, 42,
346-358, https://doi.org/10.1016/J. GLOENVCHA.2016.05.012,
2017.

Richardson, T. B., Forster, P. M., Smith, C. J., Maycock, A. C.,
Wood, T., Andrews, T., Boucher, O., Faluvegi, G., Flaschner, D.,
Hodnebrog, 9., Kasoar, M., Kirkevég, A., Lamarque, J. F., Miil-
menstidt, J., Myhre, G., Olivié, D., Portmann, R. W., Samset, B.
H., Shawki, D., Shindell, D. T., Stier, P., Takemura, T., Voulgar-
akis, A., and Watson-Parris, D.: Efficacy of climate forcings in
PDRMIP models, J. Geophys. Res.-Atmos., 124, 1282412844,
https://doi.org/10.1029/2019JD030581, 2019.

Righi, M., Hendricks, J., and Brinkop, S.: The global impact of the
transport sectors on the atmospheric aerosol and the resulting cli-
mate effects under the Shared Socioeconomic Pathways (SSPs),
Earth Syst. Dynam., 14, 835-859, https://doi.org/10.5194/esd-
14-835-2023, 2023.

Seland, @., Bentsen, M., Olivié, D., Toniazzo, T., Gjermundsen, A.,
Graff, L. S., Debernard, J. B., Gupta, A. K., He, Y.-C., Kirkevag,
A., Schwinger, J., Tjiputra, J., Aas, K. S., Bethke, I., Fan, Y.,
Griesfeller, J., Grini, A., Guo, C., Ilicak, M., Karset, I. H. H.,
Landgren, O., Liakka, J., Moseid, K. O., Nummelin, A., Spens-
berger, C., Tang, H., Zhang, Z., Heinze, C., Iversen, T., and
Schulz, M.: Overview of the Norwegian Earth System Model
(NorESM?2) and key climate response of CMIP6 DECK, histor-
ical, and scenario simulations, Geosci. Model Dev., 13, 6165—
6200, https://doi.org/10.5194/gmd-13-6165-2020, 2020.

Sellar, A. A., Jones, C. G., Mulcahy, J. P., Tang, Y., Yool, A.,
Wiltshire, A., O’Connor, F. M., Stringer, M., Hill, R., Palmieri,
J., Woodward, S., de Mora, L., Kuhlbrodt, T., Rumbold, S.
T., Kelley, D. L., Ellis, R., Johnson, C. E., Walton, J., Abra-
ham, N. L., Andrews, M. B., Andrews, T., Archibald, A. T.,
Berthou, S., Burke, E., Blockley, E., Carslaw, K., Dalvi, M.,

https://doi.org/10.5194/acp-25-9031-2025

9059

Edwards, J., Folberth, G. A., Gedney, N., Griffiths, P. T,
Harper, A. B., Hendry, M. A., Hewitt, A. J., Johnson, B., Jones,
A., Jones, C. D., Keeble, J., Liddicoat, S., Morgenstern, O.,
Parker, R. J., Predoi, V., Robertson, E., Siahaan, A., Smith, R.
S., Swaminathan, R., Woodhouse, M. T., Zeng, G., and Zer-
roukat, M.: UKESM1: Description and Evaluation of the U.K.
Earth System Model, J. Adv. Model. Earth Sy., 11, 45134558,
https://doi.org/10.1029/2019MS001739, 2019.

Shindell, D., Faluvegi, G., Nazarenko, L., Bowman, K., Lamar-
que, J. F, Voulgarakis, A., Schmidt, G. A., Pechony, O.,
and Ruedy, R.: Attribution of historical ozone forcing to
anthropogenic emissions, Nat. Clim. Change, 3, 567-570,
https://doi.org/10.1038/NCLIMATE1835, 2013.

Shine, K. P, Derwent, R. G., Wuebbles, D. J., and Morcrette, J.-
J.: Radiative Forcing of Climate, in: Climate Change: The IPCC
Scientific Assessment, edited by: Houghton, J. T., Jenkins, J. G.,
and Ephraums, J. J., Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, 41-68, ISBN 0-521-
40720-6, 1990.

Shine, K. P, Briegleb, B. P, Grossman, A. S., Hauglustaine,
D., Mao, H., Ramaswamy, V., Schwarzkopf, M. D., Van Dor-
land, R., and Wang, W.-C.: Radiative forcing due to changes
in ozone: a comparison of different codes, in: Atmospheric
Ozone as a Climate Gas, 373-396, ISBN 978-3-642-79869-6,
https://doi.org/10.1007/978-3-642-79869-6, 1995.

Shine, K. P., Cook, J., Highwood, E. J., and Joshi, M. M.: An alter-
native to radiative forcing for estimating the relative importance
of climate change mechanisms, Geophys. Res. Lett., 30, 2047,
https://doi.org/10.1029/2003GLO0O18141, 2003.

Shine, K. P, Byrom, R. E., and Checa-Garcia, R.: Sepa-
rating the shortwave and longwave components of green-
house gas radiative forcing, Atmos. Sci. Lett.,, 23, elll6,
https://doi.org/10.1002/ASL.1116, 2022.

Skeie, R. B., Myhre, G., Hodnebrog, @., Cameron-Smith, P. J.,
Deushi, M., Hegglin, M. 1., Horowitz, L. W., Kramer, R. J., Mi-
chou, M., Mills, M. J., Olivié, D. J. L., Connor, F. M. O., Payn-
ter, D., Samset, B. H., Sellar, A., Shindell, D., Takemura, T.,
Tilmes, S., and Wu, T.: Historical total ozone radiative forcing
derived from CMIP6 simulations, NPJ Clim. Atmos. Sci., 3, 32,
https://doi.org/10.1038/s41612-020-00131-0, 2020.

Smith, C. J., Kramer, R. J., Myhre, G., Forster, P. M., Soden,
B. J., Andrews, T., Boucher, O., Faluvegi, G., Fldschner, D.,
Hodnebrog, @., Kasoar, M., Kharin, V., Kirkevag, A., Lamar-
que, J.-F., Miilmenstddt, J., Olivié, D., Richardson, T., Samset,
B. H., Shindell, D., Stier, P, Takemura, T., Voulgarakis, A.,
and Watson-Parris, D.: Understanding Rapid Adjustments to Di-
verse Forcing Agents, Geophys. Res. Lett., 45, 12023-12031,
https://doi.org/10.1029/2018GL079826, 2018.

Smith, C. J., Kramer, R. J., Myhre, G., Alterskjer, K., Collins,
W., Sima, A., Boucher, O., Dufresne, J.-L., Nabat, P., Mi-
chou, M., Yukimoto, S., Cole, J., Paynter, D., Shiogama, H.,
O’Connor, F. M., Robertson, E., Wiltshire, A., Andrews, T.,
Hannay, C., Miller, R., Nazarenko, L., Kirkevag, A., Olivié,
D., Fiedler, S., Lewinschal, A., Mackallah, C., Dix, M., Pin-
cus, R., and Forster, P. M.: Effective radiative forcing and adjust-
ments in CMIP6 models, Atmos. Chem. Phys., 20, 9591-9618,
https://doi.org/10.5194/acp-20-9591-2020, 2020.

S¢vde, O. A., Hoyle, C. R, Myhre, G., and Isaksen, I. S.
A.: The HNOj3 forming branch of the HO;+NO reac-

Atmos. Chem. Phys., 25, 9031-9060, 2025


https://doi.org/10.1175/1520-0469(1979)036<1084:TROSOI>2.0.CO;2
https://doi.org/10.1175/1520-0469(1979)036<1084:TROSOI>2.0.CO;2
https://doi.org/10.1029/JC084IC08P04949
https://doi.org/10.1029/RG025i007p01441
https://doi.org/10.1175/AMSMONOGRAPHS-D-19-0001.1
https://doi.org/10.1175/AMSMONOGRAPHS-D-19-0001.1
https://doi.org/10.1016/J.GLOENVCHA.2016.05.012
https://doi.org/10.1029/2019JD030581
https://doi.org/10.5194/esd-14-835-2023
https://doi.org/10.5194/esd-14-835-2023
https://doi.org/10.5194/gmd-13-6165-2020
https://doi.org/10.1029/2019MS001739
https://doi.org/10.1038/NCLIMATE1835
https://doi.org/10.1007/978-3-642-79869-6
https://doi.org/10.1029/2003GL018141
https://doi.org/10.1002/ASL.1116
https://doi.org/10.1038/s41612-020-00131-0
https://doi.org/10.1029/2018GL079826
https://doi.org/10.5194/acp-20-9591-2020

9060

tion: pre-industrial-to-present trends in atmospheric species
and radiative forcings, Atmos. Chem. Phys., 11, 8929-8943,
https://doi.org/10.5194/acp-11-8929-2011, 2011.

Stevenson, D. S., Dentener, F. J., Schultz, M. G., Ellingsen, K.,
van Noije, T. P. C., Wild, O., Zeng, G., Amann, M., Ather-
ton, C. S., Bell, N., Bergmann, D. J., Bey, L., Butler, T., Co-
fala, J., Collins, W. J., Derwent, R. G., Doherty, R. M., Drevet,
J., Eskes, H. J., Fiore, A. M., Gauss, M., Hauglustaine, D. A.,
Horowitz, L. W., Isaksen, 1. S. A., Krol, M. C., Lamarque, J. F.,
Lawrence, M. G., Montanaro, V., Miiller, J. F., Pitari, G., Prather,
M. J., Pyle, J. A., Rast, S., Rodriquez, J. M., Sanderson, M. G.,
Savage, N. H., Shindell, D. T., Strahan, S. E., Sudo, K., and
Szopa, S.: Multimodel ensemble simulations of present-day and
near-future tropospheric ozone, J. Geophys. Res.-Atmos., 111,
DO08301, https://doi.org/10.1029/2005JD006338, 2006.

Stevenson, D. S., Young, P. J., Naik, V., Lamarque, J.-F., Shindell,
D. T., Voulgarakis, A., Skeie, R. B., Dalsoren, S. B., Myhre, G.,
Berntsen, T. K., Folberth, G. A., Rumbold, S. T., Collins, W. J.,
MacKenzie, I. A., Doherty, R. M., Zeng, G., van Noije, T. P. C.,
Strunk, A., Bergmann, D., Cameron-Smith, P., Plummer, D. A.,
Strode, S. A., Horowitz, L., Lee, Y. H., Szopa, S., Sudo, K., Na-
gashima, T., Josse, B., Cionni, 1., Righi, M., Eyring, V., Conley,
A., Bowman, K. W., Wild, O., and Archibald, A.: Tropospheric
ozone changes, radiative forcing and attribution to emissions in
the Atmospheric Chemistry and Climate Model Intercompari-
son Project (ACCMIP), Atmos. Chem. Phys., 13, 3063-3085,
https://doi.org/10.5194/acp-13-3063-2013, 2013.

Stuber, N., Sausen, R., and Ponater, M.: Stratosphere ad-
justed radiative forcing calculations in a comprehen-
sive climate model, Theor. Appl. Climatol., 68, 125-135,
https://doi.org/10.1007/S007040170041, 2001.

Szopa, S., Naik, V., Berntsen, T., Collins, W. D., Fuzzi, S., Gallardo,
L., Kiendler-Scharr, A., Klimont, Z., Liao, H., Unger, N., and
Zanis, P.: Short-lived Climate Forcers, in: Climate Change 2021:
The Physical Science Basis. Contribution of Working Group I
to the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change, edited by: Masson-Delmotte, V., Zhai, P,
Connors, S. L., Pean, C., Berger, S., Caud, N., Chen, Y., Gold-
farb, L., Gomis, M. L., Huang, M., Leitzell, K., Lonnoy, E.,
Matthews, J. B. R., Maycock, T. K., Waterfield, T., Yelekci,
O., Yu, R, and Zhou B, Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY, USA, 817-922,
https://doi.org/10.1017/9781009157896.008, 2021.

Atmos. Chem. Phys., 25, 9031-9060, 2025

W. J. Collins et al.: Climate forcing due to future ozone changes

Tang, T., Shindell, D., Faluvegi, G., Myhre, G., Olivié, D., Voul-
garakis, A., Kasoar, M., Andrews, T., Boucher, O., Forster,
P. M., Hodnebrog, Iversen, T., Kirkevag, A., Lamarque, J.
F, Richardson, T., Samset, B. H., Stjern, C. W., Take-
mura, T., and Smith, C.: Comparison of Effective Radia-
tive Forcing Calculations Using Multiple Methods, Drivers,
and Models, J. Geophys. Res.-Atmos., 124, 4382-4394,
https://doi.org/10.1029/2018JD030188, 2019.

The International GEOS-Chem User Community: geoschem/GC-
Classic: GCClassic 14.4.2 (14.4.2), Zenodo [data set],
https://doi.org/10.5281/zenodo.12809895, 2024.

Turnock, S. T., Allen, R. J., Andrews, M., Bauer, S. E., Deushi,
M., Emmons, L., Good, P., Horowitz, L., John, J. G., Michou,
M., Nabat, P., Naik, V., Neubauer, D., O’Connor, F. M., Olivié,
D., Oshima, N., Schulz, M., Sellar, A., Shim, S., Takemura, T.,
Tilmes, S., Tsigaridis, K., Wu, T., and Zhang, J.: Historical and
future changes in air pollutants from CMIP6 models, Atmos.
Chem. Phys., 20, 14547-14579, https://doi.org/10.5194/acp-20-
14547-2020, 2020.

Winterstein, F. and Jockel, P.. Methane chemistry in a nut-
shell — the new submodels CHy (v1.0) and TRSYNC (v1.0)
in MESSy (v2.54.0), Geosci. Model Dev., 14, 661-674,
https://doi.org/10.5194/gmd-14-661-2021, 2021.

WMO: Scientific Assessment of Ozone Depletion: 2022, GAW Re-
port No. 278, Geneva, 509 pp., ISBN 978-9914-733-97-6, https:
/Nibrary.wmo.int/idurl/4/58360 (last access: November 2024),
2022.

Xie, B., Zhang, H., Yang, D. D., and Wang, Z. L.: A
modeling study of effective radiative forcing and cli-
mate response due to increased methane concentration,
Advances in Climate Change Research, 7, 241-246,
https://doi.org/10.1016/J.ACCRE.2016.12.001, 2016.

https://doi.org/10.5194/acp-25-9031-2025


https://doi.org/10.5194/acp-11-8929-2011
https://doi.org/10.1029/2005JD006338
https://doi.org/10.5194/acp-13-3063-2013
https://doi.org/10.1007/S007040170041
https://doi.org/10.1017/9781009157896.008
https://doi.org/10.1029/2018JD030188
https://doi.org/10.5281/zenodo.12809895
https://doi.org/10.5194/acp-20-14547-2020
https://doi.org/10.5194/acp-20-14547-2020
https://doi.org/10.5194/gmd-14-661-2021
https://library.wmo.int/idurl/4/58360
https://library.wmo.int/idurl/4/58360
https://doi.org/10.1016/J.ACCRE.2016.12.001

	Abstract
	Introduction
	Radiative forcing
	Definitions of radiative forcing
	Instantaneous radiative forcing (IRF)
	Stratospheric-temperature adjusted radiative forcing (SARF)
	Effective radiative forcing (ERF)

	Calculations of radiative forcing
	Previous calculations of ozone radiative forcing

	Models and model simulations
	Global models
	Model simulations
	Online double radiation calls for ozone
	Offline ozone radiative kernel method

	Results
	Modelled ozone changes
	Ozone evaluation
	Online radiative forcing
	Offline radiative forcing
	Cloud changes
	Albedo changes
	Sensitivity of forcing to tropospheric ozone precursors

	Discussion
	Radiative efficiencies
	Instantaneous radiative forcing
	Non-cloud adjustments
	Short wave
	Long wave
	Summary of clear-sky comparison

	Cloud adjustments

	Conclusions
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Acknowledgements
	Financial support
	Review statement
	References

