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Abstract

Many halocarbons are powerful greenhouse gases and also influence climate indirectly through depletion of stratospheric
ozone which opposes their direct greenhouse effect. Changes in effective radiative forcing (ERF) from historical ozone
depletion have been diagnosed from model experiments with perturbed halocarbons run under the sixth Coupled Model
Intercomparison Project. This is more negative than the offline stratospheric-temperature-adjusted radiative forcing (SARF).
Including effects of ozone depletion on the methane lifetime makes the historical net ERF of ozone depleting substances
consistent with zero. The Integrated Ozone Depletion (IOD) metric has been used to apportion this ERF between the
halocarbon species and thereby derive indirect 100-year Global Warming Potentials (GWP100s) for a suite of halocarbons.
The indirect GWP100 for CFC-11 is enough to make the net GWP100 likely negative, whereas the indirect contribution for
CFC-12 is smaller due to a combination of longer stratospheric lifetime and fewer chlorine atoms. Thus for CFC-12 the net
GWP100 is positive, but reduced by 38%. The use of the online ERF, rather than the offline SARF, allows the model physics
to account for changes in stratospheric temperature (as well as tropospheric temperature, water vapour and clouds) rather than
1
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estimating stratosphere temperature changes using fixed dynamical heating. This online calculation of radiative forcing rather
than offline leads to approximately double the indirect GWPs compared to World Meteorological Organization assessments.
This formalism can be used with other estimates of ozone ERF, as the indirect GWPs scale linearly with this quantity.

Short Summary

Ozone depleting substances (ODSs) are also greenhouse gases that cause global warming. However, their destruction of ozone
contributes a global cooling. We have used results from climate models that include atmospheric chemistry and found that the
cooling effect of the ozone depletion diagnosed in the models was larger than that calculated using a standard method. We find

that some ODSs have a net cooling effect whereas for others the warming effect is significantly reduced.

1 Introduction

Ozone depleting substances (ODSs) such as chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) are typically
radiatively active in the thermal infrared and hence they act as greenhouse gases. The wider category of halocarbons also
includes hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs) which also act as greenhouse gases, but do not deplete
ozone. In this study we focus on the subset of halocarbons that do deplete ozone. The Intergovernmental Panel on Climate
Change 6™ assessment report (IPCC AR6) concluded that increases in ODSs (sum of CFCs + HCFCs + other ozone depleting
substances covered by the Montreal Protocol) have caused an effective radiative forcing (ERF) of 0.354 Wm™ over the period
1750-2019 (Forster et al., 2021). These headline values only considered the direct greenhouse effect and any adjustments to
meteorology. Indirect contributions to the ODS radiative forcing from their chemical effects, were assessed in a separate
chapter (Szopa et al., 2021).

The chemical effects of ODSs come principally through depleting ozone in the stratosphere contributing negative radiative
forcings. The depletion of ozone also allows more UV radiation to penetrate to the troposphere, increasing the production of
OH and reducing the lifetime of methane, which also contributes to negative radiative forcing. The increase in tropospheric
OH following stratospheric ozone depletion can also favour the gas-phase oxidation route of SO, compared to the aqueous-
phase route (O’Connor et al., 2022). This can increase new particle formation and so enhance (negative) ERF from aerosol-
cloud interactions (Toumi et al., 1994). The decay products from halocarbons can also cause a small warming of a few percent
of the direct effect (Thornhill et al., 2024).

The earlier estimates of the radiative forcing due to stratospheric ozone depletion came from observations of stratospheric
ozone change (Forster et al., 2007; Ramaswamy, 2001; Ramaswamy et al., 1992). Although the observation periods were

chosen such that the expected contributions to the ozone change came mainly from ODSs, these periods will have included
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the impacts of changes in other factors, such as temperature, circulation, water vapour, tropospheric ozone precursors, and
N;O. For the AR5 and AR6 IPCC reports (Myhre et al., 2013; Szopa et al., 2021), the radiative forcing from stratospheric
ozone changes was specifically based on Earth system model (ESM) simulations where only halocarbons change. If the models
represent the ozone depletion realistically these are more likely to be directly applicable to understanding the indirect radiative
forcing contribution of halocarbons since they do not conflate the contributions of meteorological changes (other than
responses to ozone) and N,O. Additionally, models account for tropospheric ozone changes in response to stratospheric
depletion due to increased penetration of UV radiation and exchange of air between the stratosphere and troposphere; upper

tropospheric ozone, in particular, has a strong radiative signature (Shindell et al., 2013a) .

IPCC ARG assessed that effects on ozone, methane and aerosols (including aerosol-cloud interactions) from increases in
halocarbons over the 1750-2019 period contributed -0.162, -0.051, and -0.025 Wm2, respectively, to the historical ODS ERF
(Szopa et al., 2021), i.e. offsetting over 60% of the direct ERF. This IPCC assessment was largely based on analysis of ESM
experiments (Thornhill et al., 2021b) carried out using the Coupled Model Intercomparison Project 6 (CMIP6) Aerosols and
Chemistry Model Intercomparison Project (AerChemMIP) protocol (Collins et al., 2017).

The ozone adjustments in Thornhill et al. (202 1b) were calculated using an offline stratospheric-temperature-adjusted radiative
forcing (SARF) which uses fixed dynamical heating to estimate the stratospheric-temperature adjustment (Fels et al., 1980).
The ERF from ODSs was calculated by Morgenstern et al. (2021). Their ERF is determined internally in the models and
implicitly includes the stratospheric-temperature adjustment (as well adjustments from tropospheric temperature, water vapour
and clouds) from changes in meteorological fields within the model. Morgenstern et al. (2021) calculated an ERF due to ozone
depletion of -0.326 Wm™ (subtracting their “discounting ozone depletion” ERF from their total). This ozone depletion ERF
includes the radiative effects of changes to ozone and aerosols. It largely excludes the effects on methane lifetime since surface
methane concentrations were fixed, hence this ERF value can be compared to the offline SARF value (ozone + aerosols) of -
0.187 Wm in Szopa et al. (2021). A comparison of ERF and offline SARF in Collins et al. (2025) also finds the ERF from
ozone depletion is approximately double the offline SARF.

The above analyses did not attribute the ozone depletion ERFs to individual halocarbon species, but rather to baskets of
halocarbons, with each modelling centre using different baskets depending on the set up of their chemistry schemes. The World
Meteorological Organization (WMO) Scientific Assessments of Ozone Depletion (WMO 1994 and onwards) have used a
methodology based on Daniel et al. (1995) which relates changes in the radiative forcing of stratospheric ozone to changes in
Equivalent Effective Stratospheric Chlorine (EESC). Forcing contributions of individual species can be then estimated from
their contribution to EESC. An alternative to EESC for attributing ozone depletion to different species is the recently proposed

Integrated Ozone Depletion (I0OD) (Pyle et al., 2022). EESC and IOD will be discussed further in Section 2.
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The aim of this paper is to show how EESC and IOD can be used to attribute the historical ODS total effective radiative forcing

to the individual halocarbons and use these to quantify emission climate metrics such as net global warming potential (GWP).

2 Theoretical framework

The amount of ozone depleted from a halocarbon species is expected to be related to the number of chlorine and bromine

atoms released in the stratosphere. Two metrics are available for this, the IOD and EESC which are discussed below.

2.1 Integrated ozone depletion

The IOD (Pyle et al., 2022) is an integrated measure of ozone depletion for a pulse emission of a long-lived ODS. It determines
the total amount of equivalent chlorine released using the fraction of the ODS degradation that occurs in the stratosphere. This
fraction is calculated using the ratio of the total species lifetime 7 to stratospheric lifetime g, Where T and g, are defined

as the total atmospheric burden divided by the total loss rate and stratospheric loss rate respectively.

T

I0D = K X (ng + ang,.) X ( ) X % X E; Equation 1

Tstrat

Where, E is the mass of halocarbon emitted (in Tg), m is the molar mass of the species, mc is the molar mass of chlorine and
K is a constant of proportionality; ng|, ng, are the number of chlorine and bromine atoms in the molecule respectively, a is
the relative efficiency factor for bromine. IOD has the units of Dobson Units x years (DU yr) and quantifies the integral over

all time of the ozone depleted by the halocarbon following its emission. The units of K are therefore DU yr Tg(Cl)"!, and the

units of the remainder of the right-hand side of Equation 1, (i.e. (ng + ang,) X ( u ) X % X E), are Tg(Cl) and hence a

Tstrat

measure of total equivalent chlorine production.

Since 10D is an integrated measure, this can easily be converted to an absolute global warming potential with infinite time
horizon (AGWP.= —IODX ¢, /E) if we assume a fixed radiative efficiency of stratospheric ozone changes ¢, in Wm?
DU"! that is independent of the halocarbon causing the depletion. AGWPs at finite time horizons H can be calculated assuming
an exponential decay of the halocarbon and its ozone response: AGWPy = AGWP, (1 — e/ T). The indirect GWPs from
halocarbons due to their ozone depletion can therefore be calculated by dividing by the corresponding AGWP for CO».
While Pyle et al. (2022) used experiments with pulse emissions to derive K, many model experiments e.g. Thornhill et al.
(2021b) have used specified concentrations rather than emission pulses. These are useful to derive ¢,. However, these can

also be used in the IOD framework since the integral of the response to a pulse emission is equal to the instantaneous response

to a continuous emission change (Equations S1-S2); hence we can also write:

0D, = K X (ng + ang,) X ( u ) X % X e; Equation 2

Tstrat
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Where OD,, is now the ozone depletion (in DU) at equilibrium (H — o0) and e is now the rate of constant continuous emission
of a halocarbon (in Tg yr'!"). All other terms are as in Equation 1. The 0D, (in DU) for a 1 kg yr'! emission increase is therefore
numerically equal to the IOD (in DU yr) for a 1 kg pulse emission.

The rate of emission needed to achieve surface concentration C is:

1 m c .
=-X—X X =
e=- — M m o Equation 3

. . . C. . .
where m,;,. is the molar mass of air and M, is the mass of the atmosphere. The factor Zis the ratio of the atmospheric average

concentration to surface concentration (Volk et al., 1997) and is referred to as “fill factor” in Prather et al. (2012). It accounts

for the decline in concentration with altitude in the stratosphere and is species dependent. Hence Equation 2 can be rewritten:

1 mcl

0D, = K X (ng + ang,) X ( ) X C X X Myem X g; Equation 4

Tstrat Mair

Equation 4 can therefore be used to determine K, IOD and GWPs from experiments with step changes in concentration run to

equilibrium.

2.2 Comparisons with ODP and EESC

The 10D is related to the semi-empirical ozone depletion potential (ODP) (Pyle et al., 2022):

ODP = (ng + ang,) X f%/ (“Cﬂ) ; Equation 5

MCFC11

where f is the fractional release, i.e. the fraction of halocarbon oxidised in the stratosphere at any time (Daniel et al., 1995).

) X mg (M)’ Equation 6

McFC11

10D
Hence — = ODP % (
EXK Tstrat XS

1

Therefore, 10D is proportional to ODP if f is proportional to ( ) Figure 1 uses values of extra-polar f* and 7, from

Tstrat

Tables 7-2 and AS in WMO (2022) and shows that this proportionality does approximately hold with a slope of roughly 25 yr.
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fractional release (WMO 2022)

T T T T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
1/stratospheric lifetime [yr~1]

Figure 1 extra-polar fractional release f against 1/stratospheric lifetime 7y, for species in WMO (2022). Also shown is the 25:1 yr
line.

The EESC also uses the fractional release f (Daniel et al., 1995).

EESC(t) = (ng + ang,) X f x Ct73; Equation 7

where Ct73 is the concentration of the species at the surface 3 years previously. EESC can be split into polar and extra-polar
components which have different values for f and a; the time lag for polar chlorine is taken to be 5.5 years (Newman et al.,
2007). EESC(t) is an instantaneous measure of equivalent stratospheric chlorine at any time point t and has units of
concentration of Cl, usually reported in parts per trillion — ppt(Cl). It is assumed that the halocarbon contribution to ozone
depletion (polar or extra-polar) in any year is proportional to the (polar or extra-polar) EESC in that year, where the constant
of proportionality can differ between polar and extra-polar regions.

Comparing Equations 4 and 7 for constant concentrations, OD,, (the concentration-based form of the IOD) can be related to

the EESC.

ODoo 1 c .
=2 = EESC X ( ) X 2L % My X -; Equation 8

TstratX [ Mair

So 0D, and EESC are also approximately proportional since f is approximately proportional to (

- )
Tstrat
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3 Methodology
3.1 Experimental design

The models used in this analysis participated in the CMIP6 AerChemMIP project (Collins et al., 2017). The experiments used
were piClim-control and piClim-HC. In piClim-control well-mixed greenhouse gases and emissions of short-lived species are
fixed at 1850 levels, sea surface temperatures and sea ice are prescribed as a (monthly varying) climatology taken from 30
years of the pre-industrial control experiment (piControl) (Eyring et al., 2016). In piClim-HC the protocol was to increase
halocarbons (ODSs and non-ODSs) to 2014 levels (Meinshausen et al., 2017). Both experiments were run as time slices, i.e.
with fixed conditions for at least 30 years. Individual modelling centres had different implementations of halocarbon chemistry
and so followed different procedures when increasing halocarbon concentrations for piClim-HC. Models differed according to
whether they specified halocarbon concentrations as a fixed value throughout the atmosphere (GFDL-ESM4, , MRI-ESM2)
or whether they specified surface concentrations and allowed the model advection and chemistry to determine the
concentrations away from the surface (CESM2-WACCM, CNRM-ESM2-1, GISS-E2-1-G, UKESM1-0-LL). Note for piClim-
HC in models that specified concentration changes at the surface it took a few years for the changes to reach the stratosphere
except for GISS-E2-1-G where the concentrations are initialised to the expected values throughout the atmosphere. Results are
taken as the mean of the last 30 years of the simulations. The 2014 concentrations of halogenated species used in the different

models is shown in Table S1.

3.2 Model implementation of aerosols, tropospheric and stratospheric chemistry
3.2.1 CESM2-WACCM

The Whole Atmosphere Community Climate Model version 6 (WACCMO) is a version of the Community Atmosphere Model,
version 6 (CAMO6), (Danabasoglu et al., 2020; Gettelman et al., 2019). The model has 70 levels with a vertical range from the
surface to the lower thermosphere. The vertical resolution in the lower stratosphere ranges from 1.2 km near the tropopause to
~2 km near the stratopause.

The baseline chemical mechanism (the collection of reactions and species) contains reactions relevant for the whole
atmosphere: troposphere, stratosphere, mesosphere and lower thermosphere. The chemical species within this mechanism
include the extended Ox, NOx, HOx, ClOx, and BrOx chemical families, along with CHa4, N>O, H,O, plus various natural and
anthropogenic precursors of the ClOx and BrOx families (Emmons et al., 2020; Gettelman et al., 2019; Tilmes et al., 2019).
The WACCM mechanism includes a total of 231 solution species, 583 chemical reactions broken down into 150 photolysis
reactions, 403 gas-phase reactions, 13 tropospheric, and 17 stratospheric heterogeneous reactions. The photolytic calculations

are based on both inline chemical modules and a lookup table approach (Kinnison et al., 2007). The chemical mechanism
7
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includes two very short-lived halogens: CHBr3; and CH2Br,. The surface mole fraction for these two species is set to 1.2 pptv
(i.e., 6 pptv of total bromine). This approach adds an additional ~5 pptv of inorganic bromine to the stratosphere. The
heterogeneous reactions use aerosol surface area density (SAD) derived from MAM4 (Mills et al., 2016). The stratosphere

heterogeneous reactions occur on three aerosol types (i.e., sulphate, nitric acid trihydrate, and water-ice) (Solomon et al., 2015).

3.2.2 CNRM ESM2-1

The CNRM-ESM2-1 model (Michou et al., 2020; Séférian et al., 2019) includes an interactive gaseous chemistry scheme only
above the level of 560 hPa. It includes the REPROBUS-C v2 chemistry scheme which includes 168 chemical reactions and
has explicit treatment of 7 chlorinated and 3 brominated species (Michou et al., 2011). The chemical scheme considered several
family species, among which more specifically for halogens, the ClOx, BrOx, Bry, and Cly families. It includes 9
heterogeneous reactions in the stratosphere/upper troposphere as in Carslaw et al. (1995). Monthly distributions of
stratospheric sulphate aerosols followed the CMIP6 recommendations: concentration, surface area density, and volume density
are based on the work of Thomason et al. (2018)

CMIP6 simulations have been run with a horizontal resolution in the atmosphere of about 1.4 degrees around the equator and
91 vertical levels with the highest level at 0.01 hPa and 39 levels above 100 hPa. Below 560 hPa halocarbon concentrations
are relaxed towards prescribed global mean values. As a result, adjustment of halogen concentrations to reach the uniform

atmospheric concentrations of 2014, as required by the piClim-HC protocol, took around 10 to 15 years.

3.2.3 GFDL-ESM4

The atmospheric component (AM4.1) of the GFDL Earth System Model version 4 (ESM4) is documented by Horowitz et al.
(2020). The model has a horizontal resolution of approximately 100 km, using the GFDL Finite-Volume Cubed-Sphere
dynamical core (Harris and Lin, 2013; Putman and Lin, 2007). The model has 49 hybrid sigma-pressure vertical levels,
extending from the surface to 1 Pa. AM4.1 includes interactive tropospheric and stratospheric gas-phase and aerosol chemistry.
The combined tropospheric and stratospheric chemistry scheme includes 18 prognostic (transported) bulk aerosol tracers, 58
prognostic gas-phase tracers, five prognostic ideal tracers, and 40 diagnostic (non-transported) chemical tracers, with 43
photolysis reactions, 190 gas-phase kinetic reactions, and 15 heterogeneous reactions. The tropospheric chemistry includes
reactions of the NO,—HO,—0x—CO—CHj system and oxidation schemes for other nonmethane volatile organic compounds. The
stratospheric chemistry accounts for the major ozone loss cycles (Ox, HOx, NOy, ClOy, and BrOy). As described in Austin and
Wilson (2010), heterogeneous reactions are included on ice and nitric acid trihydrate polar stratospheric clouds (PSCs) and in
liquid ternary solution (LTS) aerosols. The PSCs are taken to be in thermodynamic equilibrium with the local conditions and
calculated as in Hanson and Mauersberger (1988). The reaction rates in LTS are treated as in Carslaw et al. (1995). Mass
accommodation coefficients and reaction probabilities are taken from Sander et al. (2006). Calculating the stratospheric

8
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sources of reactive chlorine and bromine directly by transporting and photolyzing source gases (CFCs and halons) is
computationally expensive and sensitive to any circulation biases in the model. Thus, for radiation calculations, global mean
concentrations for ozone-depleting substances (ODSs, including CFC-11, CFC-12, CFC-113, and HCFC-22), as well as well-
mixed greenhouse gases (GHGs), are specified from Meinshausen et al. (2017). Global mean concentrations of N,O and CH4
are specified at the surface level, with the atmospheric distributions simulated accounting for photochemical losses and
transport. Simulated concentrations of N,O and CHy are used for radiation calculations. The source of reactive chlorine and
bromine species seen by the chemistry is parameterized as a function of tropospheric concentrations of source gases (lagged
by the stratospheric “age of air”), as described in Appendix A of Austin and Wilson (2010). The parameterization uses observed
source gas distributions to estimate, essentially, the fractional rate at which source gases entering the stratosphere are
photolyzed and converted into reactive halogen species along their transport path through the stratosphere. The halogen source
gases accounted for include CFC-11, CFC-12, CFC-113, CCly, CH3Cl, CH3CCls;. HCFC-22, and lumped species accounting
for additional Cl-containing (CFC-114, CFC-115, HCFC-141b + HCFC-142b) and Br-containing (Halon-1211, Halon-1301,
Halon-2402, CH3Br) species.

3.2.4 UKESM1-0-LL

The UKESM1 model (Sellar et al., 2019) uses the UK Chemistry and Aerosol (UKCA) stratosphere-troposphere gas-phase
chemistry scheme called StratTropv1.0 (Archibald et al., 2020). For chemistry, UKESM1-0-LL lumps chlorinated species into
CFC-11 and CFC-12 and brominated species into CH3Br (Table 2 of Archibald et al., 2020). The surface concentrations of
these are specified as lower boundary conditions. The stratospheric chemistry is described in detail in Morgenstern et al. (2009)
with 85 hybrid height levels from the surface up to the model lid at 85 km. However, near-global total column ozone was
biased high relative to other CMIP6 models throughout the historical period (Keeble et al., 2021) and the stratospheric ozone
response to increasing concentrations of ODSs was strongly negative (Morgenstern et al., 2020), resulting in UKESM1-0-LL
having a negative present-day ozone forcing (Skeie et al., 2020), i.e. the negative forcing from stratospheric ozone reduction
outweighs the positive forcing from increases in tropospheric ozone.

For radiation calculations, global mean concentrations from Meinshausen et al. (2017) for ozone-depleting substances were
lumped into CFC12 and HFC134a (Archibald et al., 2020) and prescribed alongside CO,. Global mean concentrations of N>O
and CHy4 are specified at the surface. Transport and photochemical loss processes control their atmospheric concentrations
which are also used in the radiation calculations. Ozone concentrations are calculated online from the simulated chemistry and

used in radiation calculations.

3.2.5 GISS E2-1-G
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The version of the model used here is documented in (Kelley et al., 2020), which describes updates to the chemistry since the
fuller description found in Shindell et al. (2013b). Simulations were run with an atmospheric resolution of 2° latitude x 2.5°
longitude, and 40 vertical layers gradually transitioning from terrain-following to constant pressure levels. Nominally, 17
layers are stratospheric, with a model top at 0.1 hPa. This model configuration transports 60+ prognostic gas and aerosol
tracers, simulating tropospheric and stratospheric chemistry of 50+ gas-phase chemical species via 150+ reactions, including
28 photolysis reactions (based on the Fast-J2 scheme of Bian and Prather (2002) selectively updated through version Fast-JX
6.8d.) The GISS chemistry scheme uses reactive families for computational efficiency (ClOx, BrOx, HOx, NOx), only
transporting the total family concentration, and explicitly represents 8 chlorinated species and 4 brominated species. The model
includes heterogeneous reactions on both sulphate aerosols and PSCs. Surface areas available for reactions on PSCs are
parameterized as a function of water vapour, temperature and HNO3 (Hanson and Mauersberger, 1988).

The model's chemistry experiences changes in ODS through prescribed variation of CFC-11 and CFC-12 model input,
consistent with that used by the radiation code, applied in the chemistry as a lower boundary condition. The sum of these
species is scaled upward to represent implicitly included species by a factor of ~2.17 (=1722 ppt/794 ppt) and then used as a
proxy for total available ODS halocarbons. For example, the anthropogenic halocarbons would be zero in preindustrial, but in
2014 would be: 2.17 % (0.233 ppb CFC-11 + 0.521 ppb CFC-12) or 1.63 ppb total available halocarbon chlorine. The model
assigns a total Cl yield of 3.0 ppb per 1.8 ppb halocarbon photolyzed, with an additional 0.8 ppb from natural CH3Cl. For
bromine, the chemistry assigns a total Br yield of 4.5 ppt per 1.8 ppb halocarbon photolyzed (plus 0.5 ppt from natural CH3Br).
All these sources depend vertically on photolysis. In other words, the total available CI or Br at a given altitude is determined
by the fraction of CFC-11+CFC-12 that has been removed at that altitude relative to the surface where the CFC concentrations
were prescribed.

As described above, the ODS are driven by prescribing the surface values of CFC. However, that chemical species is initialized
consistent with radiation code's GHGs throughout the atmosphere, which would have contributed to the observed faster ozone
equilibration compared to other models in this study, potentially aided by a fast circulation at this model resolution (Orbe et
al., 2020).

3.2.6 MRI-ESM2

The atmospheric component of MRI ESM2-0 consists of three major component models: an atmospheric general circulation
model with land processes (MRI-AGCM3.5), an aerosol chemical transport model (MASINGAR mk-2r4c) and an atmospheric
chemistry model (MRI-CCM2.1) (Yukimoto et al., 2019). MRI-ESM2-0 uses different horizontal resolutions in each
atmospheric component model but employs the same vertical resolution: MRI-AGCM3.5, MASINGAR mk-2r4c, and MRI-
CCM2.1 use T1159 (approximately 1.125° x 1.125¢), T195 (approximately 1.875° x 1.875¢) and T42 (approximately 2.8125¢
x 2.8125¢), respectively, and all models employ 80 vertical layers, with a model top at 0.01 hPa. The atmospheric chemistry

10
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model, MRI- CCM2.1, calculates the evolution and distribution of the ozone and other trace gases in the troposphere and
middle atmosphere (Deushi and Shibata, 2011; Yukimoto et al., 2019). The model includes 64 prognostic chemical species
and 24 diagnostic chemical species, with 184 gas-phase reactions, 59 photolysis reactions and 16 heterogeneous reactions. It
explicitly treats 4 chlorinated species (CFC-11, CFC-12, CCl4 and CH3Cl) and 3 brominated species (CH3Br, H1211 and
H1301). The concentrations of these are scaled up to represent the total chlorine and bromine of 14 chlorinated and 4

brominated species, and are specified as a lower boundary condition in the model.

4 Results
4.1 Ozone changes

The changes in annual mean ozone between the last 30 years of the piClim-control and piClim-HC experiments are shown in
Figure 2. The figure shows the expected latitude-height impact of halogens on ozone. Ozone depletion can be seen in the mid-
upper stratosphere at all latitudes (due to gas-phase ClO + O chemistry) and in the lower stratosphere at higher latitudes
(poleward of around 60°, related to winter/spring PSC processing). There are, however, considerable differences in the overall
magnitude of the model responses with a global annual mean total column change of -14 DU in MRI-ESM-0 and -40 DU in
UKESM1-0-LL (Thornhill et al., 2021b). There are also differences in the proportion of the response occurring in the lower
stratosphere vs mid-upper stratosphere, with UKESM1-0-LL showing particularly strong Antarctic ozone depletion (Keeble
et al., 2021).
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Figure 2: Change in ozone in ppb between the piClim-control and the piClim-HC experiments. Annual means averaged over the last
30 years of the simulations.

4.2 Ozone radiative forcing

As discussed in Section 1, the ozone radiative forcing from the piClim-HC experiments was documented in Thornhill et al.
(2021b) and was based on the offline quantification of SARF using radiative kernels from Skeie et al. (2020). However, Collins
et al. (2025) found that for ozone responses to changes in halocarbons, the ERF as diagnosed in ESMs was approximately
twice the offline SARF. While an ozone-only ERF was not available from the Thornhill et al. (2021b) study, the total ERF
was available. As well as the ozone ERF, this total ERF will include the direct contribution from halocarbons and also from
any changes in aerosols. These ERFs are shown as function of the ozone offline SARF in Figure 3. The ERF and offline SARF
are strongly correlated with a least-squares fit slope of 2.0 + 0.4, supporting the factor of two difference between ERF and
offline SARF. The intercept is 0.41 = 0.07 Wm, in agreement with Morgenstern et al. (2021) who attributed this to the direct
ERF from halocarbons. As in the Morgenstern et al. (2021) study, the CNRM-ESM2-1 ERF is more negative than would be
expected from the offline SARF or from the change in ozone column. The UKESM1-0-LL model has the strongest ozone
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depletion and hence a negative total ERF due to halocarbon changes, but it still lies on the 2:1 line suggesting the relationship

between ERF and offline SARF holds even for levels of ozone depletion that are larger than observed.

ERF (W/m2)

-0.40 -0.35 -0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00
SARF (W/m2)

Figure 3: ERF vs ozone offline SARF for the piClim-HC minus piClim experiments for the six models. Values and uncertainties from
(Thornhill et al., 2021b). Uncertainties are standard deviations of the annual mean ERF values. Uncertainties in the offline SARF are
negligible. The solid line is a least-squares linear fit. The dashed lines are the 1 s.d. uncertainties.

The large inter-model spread in the ERFs and offline SARFs reflects the variability in the modelled ozone depletion.
Morgenstern et al. (2021) were able to use the model’s simulated historical ozone depletion to derive an empirically constrained
total ERF of 0.084 + 0.059 Wm™. By subtracting their assessment of the direct halocarbon ERF (0.41 £ 0.07 Wm) this gives
an ozone ERF of -0.326 + 0.09 Wm™.

The 1850 to 2014 changes in halocarbon concentrations are implemented in the models in different ways, with some models
using fairly explicit schemes (such as CESM2-WACCM) where the concentrations of individual ODSs follow Meinshausen
etal. (2017), and some (such as UKESM1-0-LL and GISS-E2-1) applying scaled changes to CFC-11 and CFC-12 to represent

species that are not modelled. The species concentration changes applied in each model are listed in Table S1. These are

.. . . . 1. m c . . .
converted to rates of emission of equivalent chlorine using: (ng + ang,.) X AC X - X m—C' X My X Zasin Equation 3 (a is
air

taken to be 60 (WMO 2022)), and are listed in Table S2. The fill factor (g) is estimated as a function of 74, based on an

empirical fit (Eqn S3) to values in Volk et al. (1997) as described in the section S2. The fill factor is not applied for models

using a constant height profile for halocarbons (GFDL-ESM4, MRI_ESM2). Following the IOD formulation, the ratio ( u )

Tstrat
is used to convert these emissions into a stratospheric source of Cl which can be summed across all species to generate a total
13
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production of Cl in the stratosphere (Table S3). This stratospheric Cl production is shown in Table S4 along with changes in
the ozone column and offline SARF from Thornhill et al. (2021b). Although the concentrations in all models are ultimately
derived from the Meinshausen et al. (2017) dataset, the different implementation in the models leads to different levels of Cl
production in the stratosphere. The multi-model mean and standard deviation is 0.33 + 0.03 Tg(Cl) yr'.

The total ozone column change allows us to calculate the efficiency of chlorine to deplete ozone (constant K in the 10D
formula). This varies by a factor of 3 from 38 DU yr Tg(Cl)"! (MRI-ESM2) to 120 DU yr Tg(CI)"' (UKESM1-0-LL). The wide
variation in efficiency to deplete ozone when normalised by the chlorine change implies that the differences in ozone
concentrations in Figure 2 are due to differences in the model chemical mechanisms rather than differences in chlorine sources.
The value of 120 DU yr Tg(Cl)! for the UKESM1-0-LL model is similar to the K of 100 + 16 DU yr Tg(Cl)"! found in Pyle
et al. (2022) which used a version of the same model. The strong response of the UKESM1-0-LL model was reported in Keeble
et al. (2021).

The multi-model mean offline SARF in Table S4 is -0.15 + 0.10 Wm™ (as in Thornhill et al. (2021b)) where the uncertainty
reflects the inter-model standard deviation. This is less than half the empirically constrained ERF from Morgenstern et al.
(2021), with comparable absolute uncertainty but much larger relative uncertainty. Combining the ERF with a mean total
column change of -23.9 + 8.9 DU gives a radiative efficiency (ERF) of 13.6 = 6.3 mWm™ DU"!, in agreement with the radiative
efficiency (ERF) due to stratospheric ozone recovery in Collins et al. (2025) of 16.4 + 7.9 mWm™ DU"..

The ERF divided by the stratospheric chlorine production gives the equilibrium ozone radiative forcing for a stratospheric
chlorine source of 1 kg yr'!, or equivalently the integrated radiative forcing for a pulse stratospheric source of 1 kg Cl. This
has the characteristics of an AGWP, for a pulse production of chlorine atoms in the stratosphere (Table 1).

Table 1 Multi-model means of results from the piClim-HC minus piClim-control experiments: Cl production and total ozone column
change (from Table S4), ozone ERF from Morgenstern et al. (2021), ozone effective radiative forcing efficiency per change in ozone
column and ozone radiative efficiency per production of Cl.

360
ClI production AO;3 O; ERF do s AGWP,,
(Tg(Ch yr'h) (DU) (Wm?)  (@mWm?DU')  (aWm?yrkgCl)™)

Multi-model mean‘ 0.32+0.03 -23.9+£89  -0.326+0.09 13.6+£2.2 -1.01+£0.28

4.3 Methane lifetime change

Table 2 Multi-model (excluding CNRM-ESM2-1) means of results from the piClim-HC minus piClim-control experiments: Cl
production and methane radiative forcing (from Table S5), methane radiative efficiency per production of Cl.

‘ ClI production CH,; ERF AGWP,,
(Tg(Ch yr") (Wm?)  (aWm?yrkg(CD)™
Multi-model mean{ 0.32+0.03 -0.066 £ 0.040 -0.21 £0.13
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The effects of halocarbons on the fractional change in total methane lifetimes (Atcusa/Tcns) are taken from Thornhill et al.
(2021b) as are methane feedback factors f. These are shown in Table S5. The CNRM-ESM2-1 model does not account for

methane oxidation in the lower troposphere and is excluded from these calculations. The model simulations used fixed methane
concentrations, but implied changes in steady state concentrations AC can be calculated using AC = C X f AT—T (Thornhill et al.,

2021a). These are converted to an ERF using a methane radiative efficiency of 0.00057 Wm™ ppb™!' (which includes
contributions to ozone and stratospheric water vapour) and a 2019 concentration of 1866 ppb (Forster et al., 2021).

There are wide variations in the effects on methane lifetime between models which do not seem strongly related to the change
in ozone column. The CESM2-WACCM model has the largest methane lifetime change even though it has the second smallest
change in ozone. This suggests that the variations in the tropospheric chemistry schemes play a significant role. Both methane
lifetime change and ozone depletion act in the same sense, i.e. a decrease in radiative forcing.

Table 2 shows the multi-model mean methane ERF and (as was done for ozone), an AGWP,, due to methane forcing for a
pulse “emission” of chlorine atoms in the stratosphere. This is around a fifth of that due to ozone. The historical forcing of -
0.066 = 0.040 Wm is slightly higher than the value of -0.051 Wm™ in IPCC AR6 Table 6.SM.1 (Szopa et al. 2021) since they
accounted for contributions of ozone and stratospheric water vapour responses to the methane lifetime effect separately
whereas here we have combined them into a total methane lifetime effect.

Adding the ERFs from ozone and methane from Tables 1 and 2 gives a total indirect contributions of halocarbons to historical
(to 2014) forcing of -0.39 £ 0.10 Wm™. This can be compared to the direct forcing (to 2019) of “gases covered by the Montreal
Protocol” of 0.354 + 0.067 Wm™ in Forster et al., (2021), and would suggest that historically the Montreal Protocol gases have
made a contribution to radiative forcing that is much smaller than their direct forcing would have indicated, with uncertainties

in the net effect including negative and positive forcing values.

4.4 Saturation of polar depletion

Daniel et al. (1995), WMO (1994) and subsequent WMO Ozone Assessments assume that polar ozone depletion since 1990
has been saturated; so small perturbations in ODSs have no further effect on polar ozone depletion until polar EESC levels
decline below 1990 levels. The date for this in WMO (2022) is 2038. For longer lived species such as CFC-12 this reduces the
polar contribution to the indirect GWP100 by around 20% and hence the total (polar + extra-polar) contribution by around
10%. However, for shorter lived species such as methyl chloroform (lifetime of 5 years) the contribution to the polar EESC
will have almost completely decayed by 2038. In the case of methyl chloroform the assumption of no additional polar ozone
depletion until after 2038 would reduce the indirect ozone GWP100 by around 30%.

The ESMs used for the time slice piClim-control and piClim-HC experiments also conducted transient simulations of the
historical period with all species evolving over this period Aistorical and with all species except halocarbons evolving (which

are fixed at 1950 levels) hist-1950HC (Collins et al., 2017). The differences in ozone between these two simulations do not
15
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show a clear saturation of ozone depletion although the year-to-year variability is rather large, see Figure 4. The inclusion of
a saturation effect for polar ozone depletion makes the GWP100 very sensitive to the assumed start year of the pulse. We

therefore do not include this effect in the GWP calculations.
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Figure 4. Polar (>60 °, north and south combined) total ozone column change (right hand axis) due to halocarbons (historical minus
historical with halocarbons fixed at 1950 levels). Polar EESC is shown in black, offset by 10 years into the future (left hand axis).
Polar EESC for this figure is calculated using ODS concentrations from (Meinshausen et al., 2017).

5. Climate metrics
5.1 IOD-based

The total AGWP for a halocarbon is given by the sum of the direct AGWP and the indirect AGWPs from ozone depletion and
methane lifetime changes. The chlorine AGWP,, values from Tables 1 and 2 can be applied to the emission of any halocarbons

since, using the IOD formulation in Equation 1, the amount of chlorine produced in the stratosphere for a pulse emission £ of

T

any gas is given by (n¢g + ang,) X ( ) X % X E. The direct radiative efficiencies ¢y for halocarbons are typically given

Tstrat

per surface concentration and account for a decreased stratospheric concentration (Hodnebrog et al., 2020). For direct AGWP.,

(as we did for the OD,, calculation) we account for this as a slightly reduced emission needed to achieve the specified surface

My 1 . c
2 X = X 7, using Eqn S1 for —.
m MatmX C ¢

concentration. Therefore direct AGWP,, for each halocarbon is calculated by ¢y X
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Note accounting for a non-constant height profile is not typically done for AGWPs, e.g. (Forster et al., 2021), and will increase
the AGWP of methane by about 3%, and that of CFC-11 by about 8% (Figure S1).

We assume a 3-year time delay for transport of halocarbons to the extra-polar stratosphere as in Daniel et al. (1995). There
will be a further time lag for the photolysis of the halocarbons to lead to ozone destruction. Analysis of the three models that
specify the surface concentrations of halocarbons shows that there is an approximately 3-year delay before ozone depletion
starts, but that depletion takes further time to progress as the halocarbons are photolyzed in the stratosphere (Figure S2). The

transport time simply delays the ozone depletion by 3-years, so the effective time horizon is reduced by 3 years, i.e the factor

- —(H-At
(1 —e H/T) becomes (1 —e ( )/T) where At is the time lag.

. _(100-41),
The GWP;o is then AGWP,, X (1 —e T)

/AGWPlcoooz. The time lag is applied to the ozone depletion and methane

lifetime effects, but not for the direct effect. Figure 5 shows the total GWP1¢ for five species (CFC-11, CFC-12, HCFC-22,
CCly, Halon-1211) and the split into the direct effect of the halocarbon, the effect on ozone depletion and the effect on methane
lifetime. These GWPs do not include carbon cycle feedbacks and so the direct contributions are not identical to the values in
Forster et al. (2021) or WMO (2022). The same calculation for 304 different halocarbons is shown in Table S8. The indirect
chemical effects are calculated using the multi-model mean sensitivities (Tables 1 and 2). For CFC-11 the best estimate GWP1o9
is negative when including the indirect effects although the one standard deviation uncertainty extends to zero. The indirect
effects reduce the GWP oo for CFC-12 and HCFC-22 by about 38% and 28% respectively, with the net effect positive; for
CClys and Halon-1211 the indirect effects significantly outweigh the direct effects leading to negative GWP90. We have not
included the contribution from the radiatively active decay products of the halocarbons (CIONO,, COCl,, COF, and COCIF),
but from Thornhill et al. (2024) they could contribute +170, +190, +9 and +340 to the GWP;¢ for CFC-11, CFC-12, HCFC-
22 and CCl, respectively.

For CFC-11 the high number of chlorine atoms and the shorter stratospheric lifetime mean that the cooling from ozone
depletion is large enough to exceed, the direct effect. CFC-12 has approximately twice the stratospheric lifetime (103 years)
of CFC-11 and 2 rather than 3 chlorine atoms, and HCFC-22 has a 120 years stratospheric lifetime and only 1 chlorine atom
so both have stronger warming than cooling. CCl, has only a 44 year stratospheric lifetime and 4 chlorine atoms, and Halon-
1211 contains a bromine atom which has 60 times the ozone depleting potential as chlorine and so are both strongly cooling.
From the total GWPs in Table S8, most CFCs are warming (high radiative efficiencies and long stratospheric lifetimes). Many
HCFCs cause a net cooling due to lower radiative efficiencies and shorter stratospheric lifetimes. Chlorocarbons and

hydrochlorocarbons are cooling; chlorine-containing halogenated ethers are warming; all brominated species are cooling.
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Figure 5. GWP100 direct and indirect contributions for 5 illustrative halocarbons based on IOD calculations, using values from
Table S8. Values for Halon-1211 are divided by 10 to keep them on the same scale.

5.2 EESC-based

Here we repeat the GWP calculations using EESC. As in Daniel et al. (1995) we assume that 40% of the radiative forcing is
due to polar ozone depletion and 60% to extra-polar depletion. Table S4 shows the 1850 to 2014 changes in polar and extra-
polar EESC values for each model. EESC values use Equation 7 with fractional release values from Engel et al. (2018). The
EESC values are based on the specified fixed concentrations used in the model setup. This is not exactly the same methodology
as in Engel et al. (2018) which is based on evolving concentrations. This may be an issue for models that specify the

concentrations in the stratosphere rather than transporting concentrations from the surface. However we maintain this

formulation for consistency with WMO (2022). We calculate separate radiative efficiencies for polar ¢8:larand extra-polar

¢8§tra_p°1ar ozone depletion, and for methane destruction ¢y, (using extra-polar EESC concentrations) in Wm ppt(Cl) — see

Table S5. The components of the indirect AGWP,, are then given by
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Mair

AGWP.'=(ng + ang,) X f X T X X

o = X ¢*, where the i components are polar ozone, extra-polar ozone and methane.
atme

(100—At)/_[)

As for IOD, the GWP o is AGWP,, X (1 —e / AGWPIC(?OZ with a 3 year time lag for extra-polar ozone and methane.

For polar ozone a 5.5 year time lag accounts for the extra time for transport to the poles.

The EESC and IOD approaches give different relative weighting to the different halocarbons. The indirect GWP1¢o values are
1

similar to those calculated using IOD, confirming the near proportionality of extra-polar f and found in Section 2. There

Tstrat

is an increased (negative) contribution from ozone to the CFC-11 and CFC-12 values coming from the polar depletion. This is
because the polar f is relatively large even though the stratospheric lifetime is long. There is also a decreased contribution
from ozone and methane to the HCFC-22 GWP since the extra-polar f is lower than expected from the stratospheric lifetime
(see Fig. 1). Neither of these differences are significant compared to the large uncertainties in the modelled ozone and methane
responses.

Table 3 GWP100 indirect contributions based on EESC calculations for 5 illustrative halocarbons. The ozone contribution is split
into polar and extra-polar values. The direct contributions are the same as in Table S8.

Species Direct 0s-extra-polar O;-polar O3 CH, Total
CFC-11 6565 + 756 -4749 £ 1311 -2688 + 742 -7437 £ 2053 -1706 + 1087 -2577 +2443
CFC-12 12510 + 1441 -2553 +£ 705 -2470 + 682 -5023 + 1387 917 £584 6571 +£ 2083
HCFC-22 1890 +218 -205 +57 -163 £45 -369 + 102 -74 £ 47 1448 + 245
CCly 2213 +255 -4450 + 1228 -2147 + 593 -6596 + 1821 -1598 £1019 -5981 +£2102
Halon-1211 2052 +236 -40664 + 11226 -18345 + 5065 -59009 + 16291 -14605 + 9309 -71562 + 18764

6. Discussion and conclusions

Calculations of the indirect GWPs of ODSs have typically mixed observed changes in EESC with model calculations of the
stratospheric ozone forcing (Daniel et al., 1995). Here we have used a pure modelling approach (based on the CMIP6 piClim-
HC experiment) to be consistent and have explicitly separated the terms due to the radiative forcing of the ozone changes and
those due to the decreases in methane lifetime.

We use the effective radiative forcing (ERF) calculated online in the models rather than the more usual offline-calculated
stratospheric-temperature adjusted radiative forcing (SARF) as Collins et al. (2025) find that for ozone responses to
halocarbons the offline SARF underestimates the ERF by a factor of two, and we find a similar factor when correlating ERF
and offline SARF from the piCim-HC experiment. Collins et al. (2025) were not able to conclusively explain the cause of the
difference between ERF and offline SARF, but noted that since the ERF was closer to the instantaneous forcing (IRF) the fixed
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dynamical heating (FDH) calculation used in the offline SARF might be overestimating the stratospheric temperature
adjustment and hence underestimating the net forcing. The one ESM that diagnosed this found a much weaker stratospheric
temperature response over the Antarctic than that generated by FDH, but a stronger response in the tropics. Individual
adjustment terms for the piClim-HC experiment were reported in Thornhill et al. (2021b) and show that the ERF and online-
calculated SARF (subtracting all adjustments except stratospheric temperature from the ERF) were similar. This suggests that
for changes in stratospheric ozone the main difference is not between the ERF and the SARF, but between the online and
offline calculations of SARF. Additional future research to further understand the underlying causes of this difference would
be valuable.

There is a very wide range of model responses for both the ozone radiative forcing and in the methane lifetime change. We
have used the emergent constraint of Morgenstern et al. (2021) to reduce the uncertainty on the ozone ERF, but use the multi-
model standard deviation to estimate the uncertainty in the methane ERF. This leads to a net indirect ERF from historical
increases in Montreal Protocol gases that completely offsets the positive direct ERF. This finding differs from that in Western
et al. (in review) who found a positive total forcing from halocarbons when using the less negative offline SARF to estimate
the ozone contribution. Since the direct and indirect ERFs from halocarbons and ozone depletion have very different spatial
structures a near zero net ERF can still imply regional temperature impacts. This near zero ERF from Montreal Protocol gases
also does not mean that the Montreal Protocol itself has had no climate impact. In a scenario without the Montreal Protocol
“World avoided” Velders et al. (2007) comment that at much higher levels of halocarbon concentrations the ozone depletion
patterns are likely to be different to those currently observed. In that case the linear framework used in this paper would not
be valid.

Note that using the Morgenstern et al. (2021) ERF rather than the Skeie et al. (2020) offline SARF to quantify the contribution
of stratospheric ozone depletion would reduce the historical ozone forcing from 0.47 + 0.23 Wm in Forster et al. (2021) to
0.29 £ 0.27 Wm™ (90% confidence level).

The IOD (Pyle et al., 2022) uses model-derived quantities (atmospheric and stratospheric lifetimes) to determine the integrated
ozone depletion for a pulse emission and so can be applied to generate indirect GWPs for any halocarbon for which these
lifetimes have been quantified. Table A5 of WMO (2022) lists these for 304 ozone-depleting species and the GWP100 values
for each of these are shown in Table S8. We find that indirect GWPs are approximately twice as large as those assessed in
WMO (2022) due mainly to the use of ozone ERF rather than offline SARF. This means that the net GWP100 for CFC-11 is
negative, and that for CFC-12 is positive, but reduced (by around 15%) compared to WMO (2022). Species with lower direct
radiative efficiencies and shorter stratospheric lifetimes will have negative GWPs.

GWP100 values have also been calculated using the EESC formulation (Daniel et al., 1995) which requires the use of fractional
release factors that are generally observationally based; these values might differ from those implicit in the models and thus

the results might differ from the IOD results, which can be calculated purely from models. The assumptions in the EESC
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formulation might not be applicable to models specifying the stratospheric concentrations of halocarbons. However the indirect
GWP100 values are consistent within the uncertainties between the IOD and EESC formulations.

The 10D metric as currently formulated cannot distinguish between polar and extra-polar ozone depletion. The assumption
that halocarbon perturbations have no additional impacts on polar ozone depletion until 2038 in WMO (2022) has significant
effects on the indirect GWP100 for short-lived species, i.e. those for which a pulse emission will have mostly decayed away
by 2038. As the ESMs do not show conclusive evidence for such a saturation effect, perhaps because of large interannual
variability, it is unclear whether the inability to distinguish between polar and extra-polar depletion in the IOD metric is of

much concern.

Data Availability

The model data from Phase 6 of the Coupled Model Intercomparison Project (CMIP6) used in this study are available through
the Earth System Grid Federation
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