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Abstract. Addressing the cause of inter-model spread in carbon dioxide (CO,) radiative forcing is essential for
reducing uncertainty in estimates of climate sensitivity. Recent studies have demonstrated that a large proportion
of this spread arises from variance in model base-state climatology, particularly the specification of stratospheric
temperature, which itself plays a dominant role in determining the magnitude of CO; forcing. Here, we inves-
tigate stratospheric ozone (O3) as a cause of inter-model differences in stratospheric temperature, and hence its
role as a contributing factor to spread in CO; radiative forcing. We use the Norwegian Earth System Model 2
(NorESM2) to analyse the impact of systematic increases and decreases in stratospheric O3 on the magnitude of
4xCO; effective radiative forcing (ERF) and its components. Firstly, we demonstrate that the accurate estimation
of instantaneous radiative forcing (IRF) requires the use of host-model radiative transfer calculations. Secondly,
we show that a 50 % increase or decrease in the stratospheric O3 concentration leads to significant differences in
the base-state stratospheric temperature, ranging from +6 to —9 K, respectively. These experiments impact IRF
primarily due to the influence of the base-state stratospheric temperature on the emission of outgoing longwave
radiation, with the spectral overlap of CO; and O3 playing a subsidiary role. However, the impact on IRF does not
result in a correspondingly large spread in CO, ERF. We conclude that inter-model differences in stratospheric

O3 concentration are, therefore, not predominantly responsible for inter-model spread in CO, ERF.

1 Introduction

Effective radiative forcing (ERF) quantifies the top-of-
atmosphere (TOA) perturbation to the Earth’s energy balance
imposed by a forcing mechanism, such as CO,, aerosols or
solar irradiance. It includes the instantaneous radiative forc-
ing (IRF; i.e. the initial radiative response to the perturbation)
and the subsequent radiative effect of adjustments in tropo-
spheric and stratospheric temperature, water vapour, surface
albedo and clouds, which each cause an impact on TOA ra-
diative fluxes (Myhre et al., 2013; Boucher et al., 2013; Sher-
wood et al., 2015; Forster et al., 2021).

ERF can be expressed simply (e.g. Chung and Soden,
2015a; Smith et al., 2018) as follows:

ERF = IRF+ A, + A7y, + A0 + Ao + Ac+e, (1)

where ERF is the net (shortwave plus longwave) change in
downward TOA flux (W m~2); IRF is the direct net change in
downward TOA flux (Wm~2); A, is the radiative adjustment
from stratospheric temperature (7syat), tropospheric temper-
ature (Ttyop), water vapour (H;0), surface albedo () and
clouds (c); and € represents a non-linear residual term that is
typically small (around 10 % of the ERF; Shell et al., 2008).

ERF is used extensively to compare the relative strength
of different forcing agents. Historically, quantifying the cli-
mate impact of a given agent commonly relied solely on di-
agnosing its IRF or stratospheric-temperature-adjusted radia-
tive forcing (SARF; e.g. Ramaswamy et al., 2019). However,
given that additional so-called “adjustments” develop from
the initial radiative perturbation and impact the TOA imbal-
ance, it is also necessary to include them in the radiative
forcing framework. Consequently, this has been shown to im-
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prove the utility of the radiative forcing metric in predicting
global-mean surface temperature change (ATy), ultimately
due to a more realistic separation of forcing from surface-
temperature-driven feedbacks (e.g. Sherwood et al., 2015;
Marvel et al., 2016; Richardson et al., 2019). Adjustments,
therefore, form an important component of climate change
assessment and necessitate the use of climate model integra-
tions to simulate the radiative response of tropospheric and
land surface changes to the TOA energy imbalance, in addi-
tion to the traditional diagnostic of IRF or SARF, which can
be calculated using offline radiative transfer codes or sim-
plified expressions (e.g. Hansen et al., 1988; Myhre et al.,
1998; Etminan et al., 2016; Meinshausen et al., 2020). This
makes ERF considerably more computationally expensive to
estimate and introduces more model-diversity-driven uncer-
tainty. The use of different methods to calculate ERF fur-
ther complicates inter-model comparison, with some studies
opting to diagnose the forcing from fixed sea surface tem-
perature (SST) and sea ice simulations (Hansen et al., 2005)
or, alternatively, by regressing TOA irradiance against global
surface temperature change (Gregory et al., 2004; see Forster
et al., 2016).

For CO,, inter-model spread in ERF remains an ongo-
ing issue. Smith et al. (2020a) report a 4xCO;, ERF range
of 7.3-8.9 Wm™2 for 17 CMIP6 (Coupled Model Intercom-
parison Project Phase 6; Eyring et al., 2016) models con-
tributing to the Radiative Forcing Model Intercomparison
Project (RFMIP; Pincus et al., 2016), which aims to achieve
accurate characterisation of ERF through consistent diagno-
sis with the fixed-SST method (Forster et al., 2016). Whilst
this spread has been reduced compared to earlier analysis of
13 CMIP5 models (Kamae and Watanabe, 2012; see Smith
et al., 2020a, their Fig. 5), identifying and remedying the
exact nature of CO, ERF diversity is an active area of re-
search (e.g. Soden et al., 2018; Pincus et al., 2016; Smith
et al., 2020a). Several studies have shown that model dif-
ferences in the magnitude of IRF contribute significantly
(e.g. Zhang and Huang, 2014; Chung and Soden, 2015b;
Andrews et al., 2015), arising either from radiative trans-
fer parameterisation error (e.g. Collins et al., 2006; Pincus
et al., 2015) and/or differences in model base-state climatol-
ogy (Pincus et al., 2020; Jeevanjee et al., 2021). Recently,
He et al. (2023) more specifically attributed this base-state
dependence to stratospheric temperature. They reported a
significant correlation between 4xCO, IRF and 10hPa air
temperature in CMIP5 and CMIP6 models, demonstrating
that biases in stratospheric temperature play a leading role
in causing inter-model CO; IRF spread. Given that IRF ac-
counts for around 60 % of CO, ERF and that stratospheric
cooling is its dominant adjustment (Myhre et al., 2013; Smith
etal., 2018), examining potential causes of model differences
in stratospheric temperature presents a clear opportunity to
further current understanding.

One such cause could relate to stratospheric O3 — a
key constituent in modulating stratospheric temperature. De-
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pending on the treatment of stratospheric chemistry, models
adopt a range of methods to generate O3 fields using either an
interactive chemistry scheme, a simplified online scheme or
a prescribed pre-simulated dataset. Consequently, the result-
ing spatial structure and regional distribution of concentra-
tions can differ substantially. Keeble et al. (2021) evaluated
long-term O3 trends in 22 CMIP6 models and found poor
agreement in the simulation of pre-industrial total column
ozone (TCO), with a variation from 275 to 340 DU between
60° N and 60° S. Further, a ~ 20 DU range has been observed
between 10 of the models that prescribe stratospheric O3
according to the CMIP6 O3 dataset (Checa-Garcia, 2018),
highlighting that even the model-specific implementation of
common input can lead to significant differences in TCO.

Here, we perform idealised experiments (Sect. 2) to inves-
tigate the role of stratospheric O3 as a driver of inter-model
diversity in stratospheric temperature, and hence its role as a
driver of spread in CO, ERF. First, we examine 4xCO, ERF
and compare our results to previous estimates, with a partic-
ular focus on the diagnosis of IRF and Tsga: (Sect. 3). We
then investigate the impact of stratospheric O3 specification
on each component of 4xCO; ERF (Sect. 4).

2 Models, experiments and methods

We use atmosphere-only simulations from the “medium-
resolution” version of NorESM2 (NorESM2-MM; Seland
et al., 2020) to calculate ERF following an abrupt quadru-
pling of CO; relative to pre-industrial (1850) conditions (see
Text S1 in the Supplement for further details on the model
configuration). This model is used to perform a baseline
(control) integration and a perturbed (4xCO») integration us-
ing prescribed SST and sea ice extent climatologies; hence,
we use the fixed-SST method to diagnose forcing as rec-
ommended by RFMIP (Pincus et al., 2016), whereby ERF
is calculated as the difference in TOA net radiative flux be-
tween the perturbed and control simulations. Integrations are
run for 30 years, with years 6 to 30 used for analysis in
Sect. 3. This simulation length was chosen to allow for better
comparison of our results against the 30-year NorESM2-MM
4xCO, ERF experiments of Smith et al. (2020a).

We perform two further 4xCO; ERF experiments in which
stratospheric O3 is increased by 50 % (Strat O3x1.5) and de-
creased by 50 % (Strat O3x0.5) relative to its pre-industrial
concentration. Considering the substantial range in pre-
industrial TCO noted by Keeble et al. (2021, their Fig. A3),
we choose such a large, idealised increase and decrease in
an attempt to cover a broader range of stratospheric O3 than
shown by CMIP6 models; thus, any effect on 4xCO, ERF
would likely be amplified in comparison.

Note that, in each ERF experiment, the O3 increase (and
decrease) is applied to both the control and 4xCO> simu-
lation so that the new O3 field acts exclusively to alter the
base-state atmosphere and does not act as a forcing itself. As
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in the “standard” 4xCO, ERF experiment described above,
stratospheric O3 fields are prescribed using zonally aver-
aged 5d fields derived from the Whole Atmosphere Com-
munity Climate Model version 6 from the Community Earth
System Model version 2 (CESM2-WACCMG6; Gettelman et
al., 2019) (Fig. S1 in the Supplement). A linearly varying
tropopause (from 100hPa at the Equator to 300 hPa at the
poles) is used to delineate the stratosphere and troposphere
(Soden et al., 2008; Smith et al., 2018). O3 concentrations
above this boundary are multiplied by 1.5 and 0.5 to increase
and decrease levels by 50 %, respectively. These simulations
are run for 15 years to reduce computational expense, with
years 6 to 15 of each integration used for analysis (Sect. 4).
Table S1 in the Supplement summarises all experiments.

IRF is calculated using the Parallel Offline Radiative
Transfer (PORT; Conley et al., 2013) code. This code isolates
the radiative transfer scheme employed by NorESM2-MM
(i.e. RRTMG; Tacono et al., 2008) to provide stand-alone of-
fline radiation diagnostics. It is used here to perform two sets
of radiative transfer calculations for each experiment listed
in Table S1: a baseline (control) simulation and a perturbed
(4xCO») simulation, which are both run using a year’s worth
of climatology from the corresponding ERF control integra-
tion (i.e. the first 12 months of its output). Simulations are
then run for 12 months to diagnose the annual-mean IRF
as the difference in TOA net radiative flux between the per-
turbed and control run.

Corresponding radiative adjustments are quantified using
radiative kernels (Soden et al., 2008). Summarising the more
detailed description given by Smith et al. (2018), these char-
acterise the change in TOA radiative flux AR (either short-
wave or longwave) following a unit change in a state vari-
able (Ax), e.g. temperature, surface albedo or water vapour.
They are constructed by running a climate model’s offline
radiative transfer code twice, once with a baseline climatol-
ogy and again with a unit change in x to calculate AR. The
radiative kernel (K ) is given by the following:

_OR

K,=—.
T ax

(@)
The corresponding adjustment (A,) is then quantified as
follows:

Ay = Kx(xp — Xc), 3

where x, — x. represents the difference in x between the
perturbed and control atmosphere-only climate model in-
tegrations, respectively. Here, A, is calculated using out-
put from NorESM2-MM with radiative kernels derived
from three models: the Community Earth System Model 1-
Community Atmosphere Model 5 (CESM-CAMS; Pender-
grass et al., 2018), the Hadley Centre Global Environment
Model 3-GA7.1 (HadGEM3-GA7.1; Smith et al., 2020b) and
the European Centre for Medium-Range Weather Forecasts
(ECMWF)-Oslo model (Myhre et al., 2018). We use kernels
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to calculate all adjustments given in Eq. (1) except for A,
which cannot be directly calculated from a kernel because
the radiative effects of clouds are too non-linear (Soden et al.,
2008). To estimate A, we calculate the difference between
all-sky and clear-sky TOA ERF (i.e. the change in cloud ra-
diative effect; ACRE) and then modify this to correct for
cloud masking of the clear-sky 4xCO, IRF and adjustment
response (see Soden et al., 2008, and Smith et al., 2018,
2020a). This differs from alternate approaches used to cal-
culate A. such as the approximate partial radiative pertur-
bation (APRP) method, which estimates shortwave cloud re-
sponses from climate model diagnostics (Zelinka et al., 2014;
Smith et al., 2018), and the offline partial radiative perturba-
tion (PRP) method, in which cloud radiative effects are es-
timated using an offline radiative transfer code and model
cloud fields (e.g. Smith et al., 2020a). Additionally, we also
use kernels to calculate the adjustment due to surface tem-
perature change (Ary) following Smith et al. (2018), as land
surface temperatures are allowed to respond to the forcing
in our simulations given the difficulty in prescribing fixed
surface temperatures (Forster et al., 2016). Several studies
have also followed this approach, whereby the calculation of
ERF includes the radiative response of land surface warm-
ing or cooling (e.g. Hansen et al., 2005; Forster et al., 2016;
Smith et al., 2018, 2020a). Generally, methods that correct
for this produce a slightly larger ERF following a CO; per-
turbation (Smith et al., 2020a; Andrews et al., 2021). Sub-
tracting A7y from the ERF could provide a land-surface-
warming-corrected forcing (following Smith et al., 2020a),
although we do not calculate this here. Instead, we report the
magnitude of A7y to inspect any change in its value with each
O3 experiment. Further, we use the same tropopause defini-
tion as above to delineate A7y, and Azy,,.

3 The importance of directly calculating IRF and the
dependence of Ar,, . on radiative kernel design

Figure la (purple bars) shows the resulting NorESM2-MM
ERF, IRF and adjustments. For comparison, corresponding
data from the NorESM2-MM 4xCO, ERF experiment of
Smith et al. (2020a) are also shown (green bars). As ex-
pected, the magnitude of ERF is almost equal in each ex-
periment, at 8.40 Wm™2 (purple bar) and 8.38 Wm ™~ (green
bar). The difference of 0.02Wm™2 is likely attributable to
differences in the time period used to average model output
or to the use of alternate initial conditions and computing
machine architecture given that all other aspects of simula-
tion design were implemented identically (see Sect. 2 and
Sect. 2 of Smith et al., 2020a).

Atmos. Chem. Phys., 25, 5683-5693, 2025



5686

(a)

9.5

BN NorESM2-MM
8.5 - MEE NorESM2-MM Smith et al. (2020)

7.5
6.5
5.5
4.51
3.5

2.5

Radiative flux (W m=2)

1.5

0.51

-0.51

-1.5

Ar, Aq Ao Ac ERF €

3.0

2.8 X

2.6

2.4+

A7y (WmM™2)

2.0

1.8

T T T T
CESM-CAM5 ECMWF-Oslo HadGEM3-GA7.1 Smith et al. (2020)

Figure 1. (a) NorESM2-MM 4xCO, ERF, IRF, adjustments and
the residual term € (purple bars), with IRF calculated using PORT
and adjustments diagnosed using the CESM-CAMS kernels. Green
bars show corresponding data from Smith et al. (2020a), whereby
the ERF for the same perturbation has been calculated from 30-
year simulations of NorESM2-MM with non-cloud adjustments cal-
culated using the HadGEM3-GA7.1 radiative kernels and short-
wave and longwave cloud adjustments calculated using the APRP
and PRP method, respectively, with IRF estimated as the resid-
ual of ERF minus total adjustments; hence, there is no specific
€ term, as this is aliased into the IRF. (b) Comparison of NorESM2-
MM A7y, when calculated using different radiative kernels. Filled
circles represent Ay, calculated following the methodology out-
lined in Sect. 2, whereby NorESM2-MM output is interpolated onto
the given radiative kernel pressure levels but not extrapolated to ker-
nel pressure levels outside of the NorESM2-MM uppermost and
lowermost pressures. Crosses represent the magnitude of Arg
if such extrapolation is performed using the ECMWF-Oslo (blue
cross) and HadGEM3-GA7.1 (yellow cross) kernels along with the
value given by Smith et al. (2020a) (green cross, which uses the
HadGEM?3-GA7.1 kernel).

Figure la further shows that the magnitude of IRF varies
notably, demonstrating a dependence on the diagnostic
method of choice. When calculated directly using PORT,
the IRF is 0.54 Wm~™2 larger than when estimated as the
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difference between ERF and the sum of adjustments (as in
Smith et al., 2020a), comparing 5.30 Wm~2 (purple bar)
and 4.76 Wm™2 (green bar). This demonstrates the neces-
sity of using a model’s own radiative transfer code to cal-
culate IRF and highlights the possibility for error in stud-
ies that derive this forcing as a residual. Directly calculat-
ing the IRF also permits the calculation of € (see Eq. 1)
to analyse the magnitude of non-linearities that are not ac-
counted for by the kernel-derived adjustments. Our € value
(calculated as ERF—IRF—X A,) is 3% (0.27 Wm_2) of the
ERF (8.40 Wm_z) and is, therefore, well within the 10 %
guideline given by Shell et al. (2008). However, when spec-
trally split, the shortwave € is 33 % (—0.47 Wm2) of the
shortwave ERF (1.42Wm™2) and works to partially coun-
teract a longwave € of 0.74 Wm™2 (which itself is 11 % of
the longwave ERF of 6.98 W m~2). This finding also extends
to our analysis of the clear-sky 4xCO, forcing and adjust-
ments (not shown). These much larger residuals can possi-
bly be explained by the collapse of linear behaviour for a
large perturbation like 4xCO; (see Jonko et al., 2012; Smith
et al., 2020b). We further note the close agreement in A,
which occurs despite the use of different methods to calcu-
late it. In Smith et al. (2020a), shortwave and longwave A
are estimated separately using the APRP approach and of-
fline monthly mean PRP calculations, respectively. In our ap-
proach, A. is calculated using the adjusted CRE method (see
Sect. 2).

The stratospheric temperature adjustment is strong and
positive, as anticipated due to the process of strato-
spheric cooling following an increase in CO, concentra-
tion (e.g. Myhre et al., 2013; Smith et al., 2018; Forster
et al., 2021). However, there is a clear difference when
comparing the value reported here (1.94 Wm™2, purple bar)
against Smith et al. (2020a; 2.84Wm2, green bar). Be-
cause Ary,, is similar between both experiments (—1.23
vs. —1.32Wm~2), it can be deduced that the difference in
the magnitude of A7y, is not predominantly driven by the
choice of the tropopause definition (in Smith et al., 2020a,
this is based on the World Meteorological Organization def-
inition of a lapse-rate tropopause). Instead, the difference
in Ay, stems from the use of different radiative kernels
(i.e. CESM-CAMS vs. HadGEM3-GA7.1) and the method
of applying model output in the Arg,, calculation. For our
derivation of Ay, , we interpolate NorESM2-MM output to
the 30 CESM-CAMS kernel pressure levels, where 3.64 hPa
is the highest level. Even though this is a “low-top” kernel, it
matches the highest level of NorESM2-MM output, meaning
that the use of this kernel in the A7y, calculation captures
all of the stratospheric cooling occurring in NorESM2-MM
following a 4xCO; perturbation. Alternatively, Smith et al.
(2020a) used the HadGEM3-GA7.1 radiative kernel, which
itself has been interpolated from a native vertical resolution
of 85 pressure levels (up to around 0.005 hPa) to the standard
19 CMIP6 pressure levels, with an upper bound of 1hPa.
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Smith et al. (2020a) derived A7y, using model output that
has been interpolated and extrapolated to the 19 CMIP6 pres-
sure levels. This, therefore, extends stratospheric tempera-
tures in NorESM2-MM above the model’s highest level of
3.64 hPa to 1 hPa. Whilst this method better accounts for out-
going radiation emitted to space from the upper stratosphere
for each unit change in temperature, it does not represent the
actual adjustment modelled by NorESM2-MM.

Figure 1b (filled circles) further demonstrates this issue
by comparing the magnitude of Afg, . calculated by ap-
plying our NorESM2-MM output to two additional ker-
nels: ECMWEF-Oslo and HadGEM3-GA7.1. The ECMWEF-
Oslo kernel has 60 pressure levels, with a high resolu-
tion in the stratosphere extending to 0.1 hPa, whereas the
HadGEM3-GA7.1 kernel (as described above) utilises the
standard CMIP6 19 pressure levels. When we interpolate (but
do not extrapolate) NorESM2-MM output onto these pres-
sure levels, the use of both ECMWEF-Oslo and HadGEM3-
GA7.1 results in an adjustment similar to that given by
CESM-CAMS, at 2.05Wm™2 (blue and yellow filled cir-
cles). However, when NorESM2-MM output is both inter-
polated and extrapolated to the upper stratospheric levels of
the ECMWF-Oslo and HadGEM3-GA7.1 kernels, the ad-
justment is notably stronger (and in closer agreement with
Smith et al., 2020a) at around 2.80 Wm~2 (blue and yel-
low crosses). The importance of the vertical resolution of the
stratosphere has been stated previously in studies quantify-
ing the magnitude of Az, to a CO; forcing. Notably, Smith
et al. (2018) demonstrated that disagreement in 2xCO; Arg,,
is dependent on whether a given kernel has a high strato-
spheric resolution (e.g. ECMWEF-Oslo) and if the model out-
put is also highly resolved in the stratosphere. Smith et al.
(2020b) further reported that kernels based on a high-top at-
mospheric model with a large number of native pressure lev-
els have a pronounced increase in the magnitude and rate
of emitted radiation at ShPa and 1hPa. Here, the differ-
ence between the “extrapolated” (blue and yellow crosses)
and “not-extrapolated” (blue and yellow circles) Ar,, val-
ues in Fig. 1b infers that around 0.75 Wm™?2 of “additional”
stratospheric temperature adjustment occurs between the
model top and the upper pressure limit of the ECMWEF-Oslo
and HadGEM3-GA7.1 kernels (0.1 and 1 hPa, respectively).
This, therefore, supports previous studies that highlight the
significance of vertical stratospheric resolution on Ay, , and
it further demonstrates that the choice and method of apply-
ing a radiative kernel can substantially impact results. Opt-
ing to use a radiative kernel that has been constructed from
the same atmospheric model as the CO, forcing simulations
in question will more accurately represent the magnitude
of A, simulated within that given model. This also ensures
that the calculation of Az, is based entirely on one underly-
ing radiative transfer code, which eliminates any uncertainty
in the magnitude of A7, that could occur if the kernel and
model output were derived from two different parameterisa-
tions. If a radiative kernel is not available for a given model or
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a kernel needs to be applied across multiple models to eval-
uate inter-model spread, it could be more suitable to not ex-
trapolate data outside of each model’s native vertical bounds.
However, the best use of kernels is likely quite case-specific.

4 Stratospheric O3 experiments

4.1 Impact on stratospheric temperature

O3 plays an important role in driving the thermal struc-
ture of the stratosphere due to its strong absorption of ul-
traviolet radiation and its absorption and emission of ther-
mal infrared (TIR) radiation. Figure 2a shows the effect of
a 50 % increase in stratospheric O3 concentration on the
zonal-mean atmospheric temperature in the control integra-
tion of NorESM2-MM. A strong increase in stratospheric
temperature is evident, consistent with enhanced absorption
of solar radiation and, hence, enhanced solar heating rates.
The peak increase in temperature occurs in the lower strato-
sphere centred across the equatorial region, co-located with
high insolation. Here, the maximum AT reaches 5.8 K. Sim-
ilarly, decreasing stratospheric O3 concentration by 50 % re-
sults in reduced absorption of solar radiation, reduced so-
lar heating rates and a strong cooling of the stratosphere
(Fig. 2b). As above, the peak temperature decrease occurs
in the lower stratosphere across the Equator, with a maxi-
mum AT of —9K. The impact of reduced stratospheric O3
also propagates into the troposphere (primarily between 70
and 90° N/S), due to more downward solar irradiance reach-
ing the lower levels of the atmosphere where enhanced ab-
sorption and heating can take place. Considering the high
correlation between the 4xCO, IRF and 10 hPa air temper-
ature reported by He et al. (2023), we note that at this level
in particular AT largely increases by >3K in the “Strat
03x1.5” case (Fig. 2¢) and largely decreases by > 4 K in the
“Strat O3x0.5” case (Fig. 2b).

4.2 Impact on 4xCO, ERF and components

Figure 3 compares ERF, IRF and the individual adjustments
for the standard 4xCO,, Strat O3x1.5 and Strat O3x0.5 ex-
periments. As shown, increasing stratospheric O3 by 50 %
has a negligible impact on the magnitude of 4xCO, ERF
in NorESM2-MM, resulting in a near-identical forcing (of
8.47Wm™2) compared to the standard case (dark-orange
bar). Similarly, the effect of decreasing stratospheric O3 by
50 % has a marginal effect on 4xCO, EREF, increasing the
forcing by just 0.23 Wm ™2 relative to the standard case. Evi-
dently, increasing or decreasing the O3 concentration to mod-
ify stratospheric temperature (Fig. 2) does not result in a
marked impact on ERF. In all three cases, NorESM2-MM
simulates a considerably larger ERF than the 17 CMIP6
multi-model mean of 7.98 Wm~2 reported by Smith et al.
(2020a).
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5688

(a)

R. E. Byrom et al.: Investigating stratospheric O3 as a driver of inter-model spread in CO» ERF

(b)

10 4

102 4

Pressure (hPa)

10 4

102 4

0 45
Latitude (°N)

_45 90

0 45
Latitude (°N)

—45

Figure 2. Zonal-mean difference in atmospheric temperature between the control integration of “Strat O3x1.5” and the control integration of
the “standard” 4xCO, ERF simulation (a) and between the control integration of “Strat O3x0.5” and the control integration of the standard
4xCO; ERF simulation (b). Note that, for display purposes, model output on hybrid-sigma levels has been interpolated onto global-mean

NorESM2-MM pressure levels.
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Figure 3. Comparison of NorESM2-MM “standard” 4xCO, ERF,
IRF, adjustments and the residual term against the ERF, IRF, adjust-
ments and the residual term diagnosed from the “Strat O3x1.5” and
“Strat 03x0.5” experiments. All adjustments are derived using the
CESM-CAMS kernels, and all components are calculated from the
average of years 6—15 of NorESM2-MM output; hence, the values
for the standard 4xCO, case shown here differ slightly from those
shown in Fig. 1. Error bars show the standard error of the mean
of each component; note that we do not compute an error estimate

for €.

Analysis of Ay, further demonstrates that these exper-
iments do not cause a significant effect on the magnitude
of the temperature adjustment throughout the stratosphere,
producing just a 3 % decrease and 4 % increase in this com-
ponent for Strat O3x1.5 and Strat O3x0.5, respectively. This
corroborates experiments from He et al. (2023; see their
Fig. S6) that compare the size of the stratospheric temper-
ature adjustment after a quadrupling of CO; from two dif-
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ferent base states; the multi-model ensemble-mean differ-
ence in their adjustment is just —0.03 Wm~2 (although the
model range is considerably larger at around 0.5 Wm™2).
As described by Shine and Myhre (2020), the magnitude of
stratospheric temperature adjustment is driven by the bal-
ance between enhanced stratospheric emittance at the TOA
and enhanced stratospheric absorptance of upwelling irra-
diance from the troposphere, which lead to a cooling and
warming of the stratosphere, respectively. Following an in-
crease in CO», enhanced TOA emission is greater than en-
hanced stratospheric absorptance because upwelling irra-
diance largely emanates from the cold upper troposphere
with a low effective emitting temperature (e.g. Ramaswamy
et al., 2001). Subsequently, the stratosphere cools, leading
to a decrease in longwave emission to space, which, in
turn, strengthens the TOA forcing. Given that the magnitude
of Arg,, shows little variation in Fig. 3, we can infer that
the net effect of increased emissivity vs. increased absorp-
tance is similar across each experiment, ultimately leading to
a cooler stratosphere and a stronger TOA radiative imbalance
in all cases. Whilst increased or decreased stratospheric O3
affects the degree of spectral overlap with CO, (discussed
further below) and the vertical profile of stratospheric ab-
sorption and emission, it is apparent that the base state of
the stratosphere is not a significant factor in determining the
magnitude of our 4xCO, temperature adjustments.
Evidently, the largest impact occurs on the IRF, which in-
creases by 8 % and decreases by 6 % when stratospheric O3
is reduced and enhanced, respectively, relative to the stan-
dard experiment. The IRF across all three experiments ranges
from 4.98 to 5.74 Wm™2, resulting in a spread of around
0.8Wm™2. This is smaller than the spread of 2Wm™2
(ranging from around 5 to 7W m~2) reported by He et al.
(2023) for offline “double-call” experiments of 4xCO, IRF
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calculated with a single radiative transfer code and base
states from the Atmospheric Model Intercomparison Project
(AMIP) for 12 CMIP5 and CMIP6 models (hence, their
spread is due only to differences in base state). However, we
find closer agreement between our IRF sensitivity to 10 hPa
base-state temperature and He et al. (2023), who found a
near —0.1 Wm™2K~! relation between the spread in of-
fline double-call experiments and air temperature at this level
(Fig. 1c in He et al., 2023). From Fig. 2, it can be inferred
that this matches very well with the ~ > 7K difference in
StratO3x1.5 and StratO3x0.5 10 hPa base-state temperature
and the corresponding 0.8 Wm™2 spread in IRF.

The effect on IRF can be explained principally by the im-
pact of the O3 concentration changes on base-state strato-
spheric temperature and secondarily by the spectral over-
lap of CO; and 03.1 In the Strat 03x0.5 case for exam-
ple, the reduced O3 concentration induces a colder base-
state stratosphere, which reduces the emission of outgoing
TIR irradiance at the TOA and makes the radiative impact
of a 4xCO; perturbation more potent. The reverse is true in
the Strat O3x1.5 case. In relation to spectral overlap, O3 it-
self possesses two fundamental absorption bands in the TIR
at around 9.6 and 14.27 um, with a relatively strong band
formed by overtone and combination transitions centred at
475 um. As stratospheric O3 concentrations increase, TIR
absorption at these wavelengths also increases to an extent
that depends on the level of band saturation and the abun-
dance of other gases absorbing at these wavelengths. The op-
posite occurs if stratospheric O3 concentrations decrease. For
CO,, the main TIR bands lie in the window regions of the
H>O spectrum, with absorption centred at 4.3 and 15 um (the
latter of which is highly significant due to its proximity to the
peak of blackbody distribution for the Earth’s effective emit-
ting temperature). Weaker bands also occur near 10 um. Re-
gions of spectral overlap between O3 and CO; therefore arise
at several wavelengths: at 15 um, the strength of CO, absorp-
tion largely masks the radiative effect of O3 at 14.27 um, and
absorption by both gases at 4.75 and 4.3 um has little impact
given their location further away from the peak of Earth’s
blackbody distribution. However, a decreased stratospheric
O3 concentration leads to weakened absorption at 9.6 um
that allows for enhanced absorption by CO; at 10 um. Like-
wise, increasing the stratospheric O3 concentration results in
strengthened 9.6 um absorption that mutes CO,. Combining
the effect of base-state stratospheric temperature and spec-
tral overlap, a 4xCQO, perturbation therefore results in an en-
hancement of IRF in the Strat O3x0.5 case relative to the
standard experiment. Correspondingly, an increase in strato-
spheric O3 has an opposite (albeit evidently weaker) effect.

Iests performed by the GENLN2 line by line (Myhre et al.,
2006) show that a decrease in temperature of 2 K across the whole
stratosphere leads to a 0.16 Wm~2 increase in 4xCO; IRF, whilst a
50 % reduction in stratospheric O3 leads to a 0.07 Wm~2 increase
in 4xCO; IRF.
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As successive adjustments to the 4xCO; perturbation ei-
ther strengthen or weaken IRF, the radiative impact of both
O3 experiments is either enhanced or reduced according to
the sign and magnitude of each A, term in Fig. 3 (see also
Table S2 in the Supplement). Although somewhat minorly,
ATy ATs, Aa and Ap,o (as well as Azy,, for Strat 03x0.5)
work to strengthen the difference of each experiment relative
to the standard case (i.e. enhancing the TOA radiative impact
for Strat O3x0.5 and decreasing the TOA radiative impact for
Strat O3x1.5). Conversely, A and Ay, (the latter only for
Strat O3x1.5) exhibit the opposite effect, whereby the TOA
radiative impact for Strat O3x0.5 is reduced relative to the
standard case and enhanced for Strat O3x1.5.

A closer inspection of A (Fig. S2a in the Supplement) re-
veals that a significant part of this offsetting behaviour stems
from ACRE. This is more positive for Strat O3x1.5 (com-
pared to the standard) and negative for Strat 03x0.5, im-
plying that the presence of clouds reduces the 4xCO, ERF
in the latter. Interestingly, this phenomenon occurs due to
a decidedly stronger clear-sky shortwave ERF (Table S3 in
the Supplement), which reduces the difference between all-
sky and clear-sky forcing (Fig. S2b), thereby resulting in
a net negative ACRE when combined with the longwave
ACRE (Fig. S2c¢ and a). In general, in all cases, the 4xCO»
perturbation induces a similar zonal-mean decrease in low-
cloud fraction and increase in high-cloud fraction (Fig. S3a
in the Supplement). However, relative to the standard base
state, both O3z experiments clearly have the greatest impact
on cloud fraction in the upper troposphere at almost all lati-
tudes, whereby coverage decreases in Strat O3x1.5 and in-
creases in Strat O3x0.5 (Fig. S3b). As expected for high
clouds, this change appears to have the strongest influence
on thermal fluxes, resulting in a weaker and stronger mask-
ing of the longwave IRF for Strat O3x1.5 and Strat O3x0.5,
respectively (Table S3). However, for the net IRF and adjust-
ment terms (Fig. S2a), the effect of cloud masking shows lit-
tle variation between each experiment and, therefore, plays a
less significant role in driving the differences observed in A.

Finally, we note that the residual term, €, also exhibits off-
setting behaviour and works to counterbalance the initial ra-
diative impact of each O3 experiment the most (Fig. 3, Ta-
ble S2), implying that non-linearity in Eq. (1) is largely re-
sponsible for dampening the differences with regard to the
IRF. Overall, in each experiment, the summation of IRF,
A, and € results in strikingly similar ERF values for the stan-
dard and Strat O3x1.5 cases and a slightly larger ERF for
Strat O3x0.5.

In discussion of the potential climate implications of their
findings, He et al. (2023) suggested that O3 depletion since
the 1970s could have led to a strengthening of the TOA
CO» IRF due to the cooling of the lower stratosphere asso-
ciated with O3 loss. They theorised that the combined effect
of O3 depletion and CO; increase should produce a larger
CO; ERF and a greater surface warming than model experi-
ments that impose these perturbations separately. They calcu-
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lated the indirect surface warming effect of O3 loss by differ-
encing surface temperature anomalies between two such sets
of experiments (historical forcing between 1985 and 2014
vs. the sum of all historical forcings between 1985 and 2014
imposed independently) and inferred that the sign and spa-
tial distribution of the non-linear warming contribution of
O3 loss to CO, IRF is consistent with the base-state depen-
dence of IRF. As shown above, we demonstrate that a highly
idealised reduction in stratospheric O3 does lead to an en-
hancement of 4xCO, IRF. However, we find that this does
not significantly affect the magnitude of ERF.

5 Conclusions

Here, we demonstrate that accurate calculation of IRF re-
quires the use of host-model radiative transfer calculations,
which can be computed either offline or online using double-
call simulations. As noted elsewhere (e.g. Chung and Soden,
2015b), we encourage modelling centres to make this diag-
nostic available with their simulations. Inferring IRF indi-
rectly as the residual of ERF and the sum of adjustments can
result in the erroneous estimation of its magnitude, which
introduces further uncertainty into the exact nature of the
inter-model spread in CO, ERF. We further show that in-
creasing or decreasing stratospheric O3 by 50 % results in a
strong warming or cooling of the stratosphere, with the peak
change in temperature in each experiment reaching around 6
or —9 K, respectively. Despite the sizeable effect on strato-
spheric temperature, these highly idealised changes in O3
concentration do not result in a correspondingly large spread
in the magnitude of stratospheric temperature adjustment or
4xCO; ERF. Instead, these experiments demonstrate a dom-
inant impact on the magnitude of IRF, primarily due to the
impact on base-state stratospheric temperature with an ancil-
lary effect from the spectral overlap of CO; and O3. Given
that such large changes in stratospheric O3 do not yield a
significant impact on 4xCO; EREF, our results suggests that
inter-model differences in stratospheric O3 concentration are
not predominantly responsible for the inter-model spread in
CO; forcing.

Code availability. NorESM2 (tag release-noresm2.0.6) can be
downloaded from https://github.com/NorESMhub/NorESM (see
Seland et al., 2020).

Data availability. The CESM-CAMS radiative kernels are
freely available at https://doi.org/10.5065/D6F47MT6 (Pender-
grass, 2017). The ECMWF-Oslo kernels are freely available at
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