
1.  Introduction
Anthropogenic emissions of chlorofluorocarbons (CFCs) and other chlorinated species have greatly enhanced 
stratospheric halogen abundance over the second half of the twentieth century (World Meteorological Organiza-
tion, 2018), and thereby led to substantial depletion of the ozone layer. The widespread, though indirect, climatic 
impacts of ODS via ozone depletion, largely linked to the the shift of the Southern Hemispheric circulation, are 
well documented (Polvani et al., 2011; Previdi & Polvani, 2014; Thompson & Solomon, 2002). But ODS also 
impact the climate system in ways that are not mediated by ozone, since they are potent well-mixed greenhouse 
gases (Ramanathan, 1975). Recent studies have shown that the surface warming from ODS may have played 
a key-role in the observed weakening trends of the Walker circulation (Polvani & Bellomo, 2019), and in the 
warming of the Arctic and the associated sea ice loss (Polvani et al., 2020). These studies suggest that the direct 
climate impacts of ODS, as greenhouse gases, may deserve closer study. In this paper, as a first step, we seek a 
deeper understanding of the purely radiative effects of ODS.

Radiative forcing (RF) provides an important metric to evaluate and contrast the climatic impacts of different 
atmospheric trace gases (Ramaswamy et  al.,  2019). It is well established that ODS are powerful greenhouse 
gases (Ramanathan, 1975), with global warming potentials over a 100-year time horizon (GWP100) thousands 
of times larger than CO2 (Hodnebrog, Aamaas, et al., 2020). However, the RF of ODS remains subject to some 
uncertainty. Detailed spectral calculations of the ODS RF using Line-by-Line (LbL) codes, routinely included 
in IPCC reports (e.g., Hodnebrog et al., 2013), typically employ two single (1-D) atmospheric profiles (tropical/
extratropical) as this is the best compromise between computational expediency and accuracy (errors are less 
than 1% compared to calculations with better spatial resolution). Moreover, ODS in these models are typically 
assumed to be uniformly distributed, and assumptions concerning their lifetime are made to try to capture spatial 
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inhomogeneities (Hodnebrog, Aamaas, et al., 2020). Lastly, LbL calculations only report the direct RF of ODS, 
without accounting for the accompanying ozone depletion, making these calculations somewhat unrepresentative 
of the actual forcing from ODS on the climate system.

Beyond LbL studies, the RF of ODS has also been quantified using radiative transfer schemes commonly included 
in global climate models. These have a coarser spectral resolution, but consider more realistic distributions of 
ODS, and also account for the indirect effects via ozone depletion. These studies have consistently shown that, 
over the second half of the twentieth century, the positive RF of ODS was offset by the negative RF of the strat-
ospheric ozone losses they induce (Myhre et al., 2014, their Table 8.SM.6), but the degree of this cancellation 
remains highly uncertain (P. Forster et al., 2021, see Section 7.3.2.5). Two influential single-model studies using 
the stratosphere-adjusted RF have reported a very large cancellation, up to 80% (Ramaswamy et al., 1992; Shindell 
et al., 2013). In contrast, other studies based on model inter-comparison projects, have reported a much smaller 
cancellation, owing to a smaller negative RF from ozone depletion (typically in the range −0.03 to −0.1 W/m 2; 
Checa-Garcia et al., 2018; Cionni et al., 2011; Conley et al., 2013; Skeie et al., 2020). Unfortunately, the ozone 
fields used in some of these ODS RF estimates were taken from chemistry climate models (CCMs) different from 
the ones used to obtain the ODS distributions, yielding inconsistent net RF estimates.

In addition, two recent studies have suggested that the effective radiative forcing (ERF) from ODS, including 
adjustments beyond ozone depletion (e.g., tropospheric temperature and cloud changes), may be considerably 
smaller than previously thought. Using an emergent constraint approach based on CMIP6 models, Morgenstern 
et al. (2020) inferred an ERF of ODS between −0.05 and 0.13 W/m 2, concluding that the ODS-driven changes in 
stratospheric ozone and rapid adjustments effectively cancel the direct RF of ODS. This finding calls into ques-
tion the conclusion of the IPCC-AR5 concerning the net RF of ODS being “very likely” positive. Another recent 
multi-model study using AerChemMIP models showed that ODS-driven ozone RF ranges between −0.05 and 
−0.3 W/m 2 (Thornhill et al., 2021). However, there is considerable uncertainty in these estimates. Taken together, 
the extent to which the RF from stratospheric ozone depletion cancels the RF from ODS RF remains unclear.

In addition to RF itself, the radiative adjustment of stratospheric temperatures to ODS forcing is also a matter of 
considerable interest. P. M. Forster and Joshi (2005) showed that ODS radiatively warm the tropical tropopause, 
but used an idealized model and assumed uniform ODS concentrations in the stratosphere. Another study, using 
a comprehensive CCM, revealed that the impacts of halocarbons (i.e., ODS and other, non-ozone-depleting, 
chlorine compounds) on the UTLS temperature are offset not only by changes in ozone, but also by water vapor 
changes and dynamical upwelling (McLandress et al., 2014). Those additional changes complicate our under-
standing of the purely radiative effect of ODS on temperature. Computing the radiative effects in isolation, as 
we do here, is a crucial first step in assessing the more complex dynamical, thermodynamical and chemical 
feedbacks associated with ODS.

Building on previous work, therefore, we here explore in detail the impact of ODS on stratospheric temperatures, 
as well as their RF, in a realistic and consistent setting, and and we place ODS in the context of the other Green-
house-Gases (GHGs) and ozone. In particular, we address these questions: What is the structure of the radiative 
temperature adjustment caused by ODS in the stratosphere ? Does it depend on the spatial distribution of ODS? 
Does it depend on the local ODS concentrations or on their tropospheric abundances? How does it compare, 
quantitatively, to the one caused by the other GHGs and ozone? What is the net RF forcing of ODS, once the 
effects of stratospheric ozone depletion and stratospheric adjustments are considered? What is the latitudinal 
structure of the RF from ODS and does it contribute to Arctic Amplification? To answer these questions, we have 
run offline calculations with a CCM using the fixed dynamical heating approximation, following the technique 
pioneered by Fels et al. (1980). We find that ODS have the largest (warming) effect of all GHG on tropopause 
temperatures; that stratospheric ozone depletion cancel only a fraction of the RF of ODS; and, that the spatial 
pattern of the RF of ODS, even more than the one of CO2, opposes Arctic amplification.

2.  Methods
Input data for our offline radiative forcing calculations are taken from an ensemble of 6 historical simulations 
with the Whole Atmosphere Community Climate Model, version 4 (WACCM hereafter), previously analyzed in 
Polvani and Bellomo (2019); Polvani et al. (2020). These are transient atmosphere-ocean-land-sea-ice coupled 
model runs with interactive halocarbon and stratospheric ozone chemistry, covering the period 1955–2005, forced 
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with all known natural and anthropogenic forcings following the prescriptions of the Climate Model Intercompar-
ison Project, phase 5 (CMIP5, Taylor et al., 2012). These simulations have been carefully validated: they show 
realistic climatology and trends, including the formation of the Antarctic ozone hole (see Marsh et al., 2013, for 
details). The modeled ozone trends over 1960–2000 are consistent with the observational SPARC data-set (not 
shown), and the vertical profiles of major CFC species (e.g., CFC12) are in excellent agreement with MIPAS 
(Eckert et al., 2016; Hoffmann et al., 2008). Also, inorganic chlorine (Cly) in WACCM closely matches observa-
tions, suggesting that the vertical fractional release in the model is realistic (see Eyring et al., 2010, for details). 
To estimate the RF, nearly instantaneous (i.e., hourly) three-dimensional distributions of ODS, ozone and other 
well-mixed GHGs from these simulations are averaged over our ensemble of 6 realizations to minimize the noise 
produced by internal variability (as in Kay et al., 2015).

These ensemble-averaged ODS concentrations are then used as input to the Parallel Offline Radiation Tool 
(PORT) of the Community Earth System Model (CESM; Conley et al., 2013). PORT isolates WACCM's radiatia-
tive transfer module, and is configured with the same vertical and horizontal resolution. As in many other climate 
models (e.g., McLandress et al., 2014; Shine et al., 2003), only the radiative effects of CFC11 and CFC12 are 
computed explicitly in the WACCM/PORT radiation scheme. The effect of the other ODS is included by inflating 
CFC11 concentrations with a weighted sum, where the weights are the radiative efficiencies of each ODS relative 
to the efficiency of CFC11. This field, denoted CFC11*, is calculated as follows in WACCM/PORT:

[

CFC11∗
]

= [CFC11] + 0.30
0.25

⋅ [CFC113] + 0.13
0.25

⋅ [CCl4] +
0.06
0.25

⋅ [CH3CCl3]

+ 0.20
0.25

⋅ [HCFC22] + 0.30
0.25

⋅ [CBrClF2] +
0.32
0.25

⋅ [CBrF3]
� (1)

where the brackets indicate the mixing ratios (in ppb) for each species, the numerators in the fractional coefficients 
indicate the radiative efficiency (in W/m 2/ppb) of each species, and the denominator the efficiency of CFC11 
(0.25). Many more ODS than those in Equation 1 are included in WACCM's stratospheric chemistry module 
which are important for ozone chemistry, but only the ones above (The choice to only include the compounds in 
Equation 1 in the radiative scheme rests with the WACCM model develpment team (Marsh et al., 2013). We here 
simply follow their choice, since we need to make our PORT radiative calculations consistent with the historical 
CMIP5 WACCM simulations they performed. Nonetheless, we have estimated the RF of the minor ODS not 
included in Equation 1, using Table 4 of Hodnebrog, Aamaas, et al. (2020), and they only amount to less than 7% 
of the total halocarbon forcing) are used to compute the radiative fluxes. Lumping the effect of these ODS species 
into the CFC11* field is a reasonable approximation, given that the stratospheric temperature adjustment of each 
individual species is estimated to be almost identical (within a few %) of that of CFC12 and CFC11 (cf. Figure 
4 of Hodnebrog, Aamaas, et al., 2020). As the WACCM version used here was set up for CMIP5, the efficiency 
values come from Table 2.14 of P. M. Forster et al. (2007). Recent updates (reported in Hodnebrog, Aamaas, 
et al., 2020) should not significantly alter the results, as they generally lie within 5% of the values in Equation 1. 
The largest revision is for CCl4 (0.17 vs. our value of 0.13), but this species only makes up a modest (less than 
5%) contribution to the total RF of ODS (Hodnebrog, Aamaas, et al., 2020).

We wish to emphasize that unlike RF calculations with LbL codes which seek to compute with maximum accu-
racy a single RF number, our priority here is to elucidate the spatial structure of the radiative impacts of ODS, 
consistently with ozone and other forcings, in the fully coupled historical simulations of our model, where impor-
tant climate impacts due to ODS have been previously documented.

To be consistent with our WACCM historical simulations which were performed over the period 1955–2005, we 
focus on that same period here. This period was originally chosen because it captures the growth of ODS to their 
peak abundance (World Meteorological Organization, 2018). Since ODS emissions prior to 1955 are tiny (cumu-
lative emissions were at 20 Gg/y, i.e., less than 5% of those registered by 2000, see e.g., McCulloch et al. (2003)), 
the RF calculated here should be close to those reported by the IPCC assessments (1750-present). Focusing on 
that period then, two steps are needed to calculate the radiative effects of ODS. First, we carry out a “baseline” 
PORT run with ensemble mean values for meteorological variables (e.g., temperature, clouds, etc), the spatial 
distribution of radiatively active species (CO2, ODS, ozone, etc), and the zonal mean tropopause height specified 
from the average over the period 1955–1960 of the transient historical WACCM simulations. Second, we run 
a set of “perturbation” PORT runs, each time replacing a specific gas for which the RF needs to be calculated 
(e.g., ODS) with the concentrations of that gas obtained from averaging over the period 2000–2005 of the same 
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historical simulations. We use hourly instantaneous input meteorological and composition fields (averaged over 
6 members), following the approach of Conley et al. (2013) to ensure accuracy in the calculations. To be clear: 
all the meteorological variables, including clouds and water vapor, are specified at the year 1955–1960, since 
changes in such quantities are part of the rapid adjustments and do not belong to the computation of the strato-
sphere-adjusted RF (see Summary and Discussion).

For each PORT run we compute the annual and global average tropopause-level shortwave and longwave fluxes, 
after stratospheric temperatures reach equilibrium: RF is then defined as the difference between the perturbed 
fluxes and the baseline fluxes. In addition, we diagnose the temperature correction needed to achieve radiative 
equilibrium within the stratosphere, denoted ΔTadj and refereed to as the “stratospheric temperature adjustment” 
in the “fixed dynamical heating” approximation (Fels et al., 1980), ΔTadj quantifies the radiative impact on strat-
ospheric temperatures of the species considered. In order to contrast ODS to other forcings, we also compute RF 
and ΔTadj over the same period for all other well-mixed GHGs (CO2, CH4 and N2O), and for ozone (again, taken 
from the same WACCM runs for consistency).

3.  Results
Before presenting our results for RF and ΔTadj we illustrate the time evolution and the spatial distribution of 
ODS over the period of interest (1955–2005). The timeseries of globally averaged surface volume mixing ratios 
of CFC11* and CFC12, as prescribed in the WACCM historical simulations, are shown in Figures 1a and 1b, 
respectively. Both increase steadily between 1960 and 1990, but CFC12 plateaus thereafter, whereas CFC11* 
increases further as it includes HCFCs which are still increasing (Hodnebrog, Aamaas, et al., 2020). Next, the 
latitude-height distributions of CFC11* and CFC12 in WACCM are shown in Figures 1c and 1d, respectively. 
The main sink of these compounds is photolysis in the stratosphere, so they are well-mixed in the troposphere 
but rapidly decay with altitude above the tropopause, with larger concentrations at low latitudes since the main 
stratospheric entry point is the tropical tropopause and the tracer is carried aloft via tropical upwelling. CFC12 
decreases from 500 ppt near the tropopause (10–12 km) to about 100 ppt near 10 hPa (30 km), which is in excel-
lent agreement with MIPAS (Hoffmann et al., 2008; see also Figure 4.6.1 of Hegglin & Tegtmeier, 2017). Good 
agreement with measurements is also found for the CFC11 vertical profiles (not shown). These figures suggest 
that the assumption of vertically uniform ODS profiles in the stratosphere, common to previous global modeling 
studies (P. M. Forster & Joshi, 2005; McLandress et al., 2014) is inaccurate in the stratosphere. The degree to 
which this affects RF calculations in our global climate model is discussed below.

We start by exploring the stratospheric temperature adjustment (ΔTadj) due to ODS, shown in Figure 2a. As is 
well known, ODS cause a substantial warming of the global stratosphere (recall that tropospheric temperatures 
are kept fixed in these calculations), with peaks of 0.2–0.3 K in the subtropical lower stratosphere. Note that while 
stratospheric ODS concentrations peak in the deep tropics (Figures 1c and 1d), the largest warming is found in 
the subtropics. This is due to the radiative properties of ODS and the climatological atmospheric conditions. 
ODS have the strongest absorption bands at 9 and 11 μm, where the atmosphere is optically thin (Shine, 1991). 
At these wavelengths, in the stratosphere, the ODS absorption of upwelling radiation from the surface and tropo-
sphere exceeds the amount of radiation emitted by the ODS, due to the large temperature difference between the 
stratosphere and the source of the upwelling radiation, and this leads to a net warming. However, that warming 
is modulated by the amounts of atmospheric humidity and cloud coverage, which alter the effective emission 
temperature. As seen in Figure S1 of Supporting Information S1, the minimum in cloud fraction at the edge of 
the subtropical dry zones, together with smaller precipitable water than at the equator, leads to weaker masking 
and locally larger upwelling LW in the subtropical dry zones (20–30°N/S), and hence a maximum warming there, 
with weaker warming in the cloudier and moister deep tropics (10N-10S).

The warming pattern in our model is qualitatively similar to the one in P. M. Forster and Joshi (2005, see their 
Figure 2a), but with two key differences. First, ours is weaker by about 30%–40%. Second, our ΔTadj reaches its 
maximum in the subtropics, not at the equator. These differences are likely due to several idealizations in their 
study: their use of (a) spatially uniform and larger CFC concentrations, (b) clear-sky atmospheric profiles, and 
(c) a lower and globally uniform tropopause (5 km). In fact, we find good spatial agreement with McLandress 
et al. (2014), although our ΔTadj cannot be directly compared with theirs (as their Figure A1 shows the heating 
rate, in K/day, not ΔTadj). Nonetheless, we conclude that the radiative warming of the tropical lower stratosphere 
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by ODS, and the maximum off the equator, are robust features in agreement with previous studies and consistent 
with our understanding of the radiative properties of ODS.

One may now wonder whether the warming pattern in Figure 2a is primarily due to the well-mixed tropospheric 
or to the non-uniform stratospheric ODS concentrations. To answer this question, we performed two additional 
PORT runs, imposing the stratospheric and tropospheric ODS concentrations separately; the resulting ΔTadj are 
shown in Figures 2c and 2d, respectively. These reveal that the stratospheric ODS are key to creating the strato-
spheric warming pattern (Figure 2c), whereas tropospheric ODS have little effect on ΔTadj (Figure 2d). Hence the 
local absorption by ODS molecules exceeding the increased emissions creates the pattern. Also, the “filtering” 
of LW from the Earth's surface by tropospheric ODS is negligible, owing to their very low concentrations (in ppt, 
typically): this clearly justifies the “weak absorber” approximation (Shine & Myhre, 2020).

We now place the impact of ODS on stratospheric temperatures in the context of the other well-mixed GHGs. 
We do this by calculating ΔTadj for CO2, CH4 and N2O separately (shown in Figure S3 of Supporting Informa-
tion S1), and then combining them with ODS to show the total temperature response from all well-mixed GHGs 
(Figure  2b). As expected, CO2 cools the stratosphere, with a maximum in the upper stratosphere (see, e.g., 
Shine et al., 2003). This is due to an increase in local emission (cooling to space) accompanied by additional 
absorption of upwelling LW radiative flux from the lower atmospheric levels. As the upwelling LW radiative 
flux originating from the surface is almost entirely absorbed by CO2 in the troposphere at 4.3 and 15 μm, the LW 
flux absorbed by stratospheric CO2 originates from upper tropospheric (and thus colder) levels. Therefore, local 

Figure 1.  (a) Time evolution of the annual mean, global mean, surface volume mixing ratios of CFC11*, in ppt, specified at the lower boundary of the WACCM model 
between 1955 and 2005. (b) As in (a), but for CFC12. (c) Annual mean, zonal mean change over the period 2005-1955 in CFC11*, in ppt, with the black line showing 
the annual mean tropopause. (d) As in (c) but for CFC12.
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Figure 2.  Annual mean, zonal mean stratospheric temperature adjustment (ΔTadj), in K, induced by changes between 1955 and 2005 in (a) ODS, (b) all well-mixed 
GHGs (CO2 + N2O + CH4 + ODS), (c) stratospheric ODS, (d) tropospheric ODS, (e) stratospheric ozone, and (f) all forcings together. The black dashed contours in (f) 
show the temperature change in free-running, fully coupled WACCM runs historical runs, computed as the difference between the 1995–2005 mean and the 1955–1965, 
averaged over an ensemble of 6 simulations. In all panels, the thick black line shows the tropopause.
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emission outweighs absorption, leading to cooling. This effect maximizes 
in the upper stratosphere, due to warm temperatures there and thus more 
efficient emission (Ramanathan,  1998). The remaining GHGs (CH4 and 
N2O) have a negligible effects on stratospheric temperatures (Figure S3b and 
S3c in Supporting Information S1), due to spectral overlap with water vapor 
and CO2 absorption bands (Etminan et al., 2016). The key point we wish to 
convey with Figure 2b is that the radiative warming from ODS is much larger 
than the cooling from CO2 in the lower stratosphere. As a consequence, the 
radiative temperature response to well-mixed GHGs is shaped by ODS in this 
region: between 100-70 hPa, ODS set up a latitudinal temperature gradient of 
almost 1 K, which is absent at higher levels where CO2 dominates.

The role of ODS is especially crucial in the tropical lower stratosphere, a 
region whose temperature controls the amount of water vapor entering the 
stratosphere, with major implications for chemistry and climate. To high-
light the importance of ODS in that region, we plot the vertical profile of 
ΔTadj in Figure 3, averaged from 15°S to 15°N. Nearly all the radiative warm-
ing around the cold-point tropopause (around 16–18 km) is caused by ODS 
(contrast the red and black lines). More importantly, between 16 an 17 km the 
warming from ODS nearly cancels the cooling associated with stratospheric 
ozone depletion (green line), making ODS concentrations key to understand-
ing multi-decadal trends in the UTLS (upper troposphere and lower strato-
sphere) region.

In nearly all other regions, however, the stratospheric cooling from ozone depletion is large, as shown in Figure 2e 
(note the color scale difference between panels b and e), and is especially prominent in the Southern polar strato-
sphere (with a peak of nearly 4 K there), consistent with the formation of the Antarctic ozone hole. For the sake of 
completeness, we conclude by showing the total ΔTadj from GHG and stratospheric ozone combined in Figure 2f. 
In that panel, we have superimposed (in dashed black lines) the stratospheric temperature changes over the same 
period from the free-running historical WACCM simulations. The PORT calculations capture the main features 
of the temperature changes in WACCM and the differences, locally as large as 20%–30%, are due to changes in 
the stratospheric circulation. This becomes clear when examining the absolute temperature differences between 
PORT and WACCM (Figure S2 in Supporting Information S1) which reveals a dipole of warm/cool anomalies in 
the lower stratosphere, suggesting that dynamical warming/cooling contributes to a portion of observed temper-
ature trends in WACCM. This indicates that historical stratospheric temperature changes are, to a good degree, 
radiatively driven, thus validating the FDH approximation.

While ozone depletion appears to largely obliterate stratospheric warming induced by ODS, except in the trop-
ical lower stratosphere, we now show that it does not play a dominant role in the estimates of radiative forcing, 
to which we now turn our attention. Consider first the total RF due to all well-mixed GHGs combined (CO2 + 
N2O + CH4 + ODS), whose latitudinal structure is shown in Figure 4a (solid black line): its global mean value is 
1.48 W/m 2 in our PORT calculations. Of this, 0.32 W/m 2 are due to ODS (red line), in agreement (to within 7%) 
with the LbL estimated of Hodnebrog et al. (2013) and in even better agreement with updated RF values from 
IPCC-AR6 (P. Forster et al., 2021), based on Hodnebrog, Aamaas, et al. (2020, cf. their Table 4). With a 22% 
contribution to the total GHG forcing, ODS are thus the largest source of global warming after carbon dioxide 
over the period 1955–2005 in our model. In particular, the ODS contribution is larger than the one of tropospheric 
ozone (0.29 W/m 2), shown in Figure S4 of Supporting Information S1. The RF of ODS is also larger than meth-
ane (0.30 W/m 2), but it is possible that our model underestimates the shortwave absorption bands of CH4(see e.g., 
Etminan et al., 2016). Factoring in a 15% upward correction in the methane RF, ODS would be the third most 
important GHG over 1955–2005.

But what about the depletion of stratospheric ozone that accompanies ODS increases? Three studies exam-
ined the question, and concluded that ozone depletion largely cancels the RF of ODS (Morgenstern et al., 2020; 
Ramaswamy et al., 1992; Shindell et al., 2013), thus making ODS a minor player for global warming. However, 
Ramaswamy et al.  (1992) was based on a very short time period (1979–1990, barely one decade), and Shin-
dell et al. (2013) was based on a single model with notable ozone biases (see their Figure 2). The third study 

Figure 3.  Tropical vertical profile (15N-15S mean) of the stratospheric 
temperature adjustment (ΔTadj, in K) in the tropopause region. Different colors 
correspond to different forcings, as indicated in the legend. The gray shading 
highlights the cold point tropopause.
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(Morgenstern et al., 2020), focusing on ERF rather than RF, reported a large cancellation, but is based on two 
models (UKESM and CNRM) with an unrealistically strong depletion (Skeie et al., 2020). Also, the fact that the 
RF from ozone does not scale linearly with total column ozone (Lacis et al., 1990) is at odds with the emergent 
constraint approach of that study. Hence, for different reasons, the conclusion of a large cancellation reported in 
these studies is questionable.

Using WACCM/PORT we here reach the opposite conclusion, in agreement with several multi-model studies 
(Checa-Garcia et al., 2018; Cionni et al., 2011; Conley et al., 2013). As seen in Figure 4a (black dashed line) 
including stratospheric ozone depletion only reduces the total RF due to GHGs from 1.48 to 1.40 W/m 2, as ozone 
losses only substantially affect RF in the polar regions. This small RF of stratospheric ozone in WACCM/PORT 
is entirely consistent with the values reported multi-model means of the CMIP5 and CMIP6 models (see Table 
1, column 8, rows 1–7 of Checa-Garcia et  al., 2018). Our stratospheric ozone RF (−0.08 W/m 2) amounts to 
only a quarter of the ODS RF, so that the combined forcing of ODS and stratospheric ozone is still considerable 
(0.24 W/m 2) in our model.

Beyond the global mean value, it is important to explore the latitudinal structure of the RF of ODS, as it has been 
suggested that surface warming might be larger for forcing agents that are predominantly acting in the high lati-
tudes (Shindell, 2014; Stuecker et al., 2018). This raises the possibility that large Arctic surface warming and sea 

Figure 4.  (a) Stratospherically adjusted radiative forcing, in W/m 2 over the period 1955–2005 for ODS alone (red), all well-mixed GHGs (CO2 + N2O + CH4 + ODS, 
solid black), and GHGs plus stratospheric ozone (dashed black). (b) As in (a), but with GHG plus stratospheric ozone and ODS to match the global mean value of CO2 
(0.78 W/m 2, blue). (c) As in (a), but for realistic (solid) and uniform (dashed) ODS distributions. (d) As in (a) but for the instantaneous (dashed) and stratospherically 
adjusted (solid) forcing, for ODS (red) and CO2 (blue).
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ice loss caused by ODS reported by Polvani et al. (2020), who analyzed the same WACCM historical simulations 
used here, could be related to the latitudinal structure of the ODS RF. However, as we see in Figure 4a, the RF 
latitudinal dependence for ODS is similar to the one for the well-mixed GHGs, with smaller values at the poles 
than at the equator. Hence, the RF of ODS opposes Arctic amplification.

We further explore the latitudinal structure of the ODS RF by asking: is the equator-to-pole RF gradient of ODS 
larger or smaller than of CO2? To answer this, we scale each RF to match the global mean RF of CO2 alone 
(0.78 W/m 2), and plot these scaled RFs in Figure 4b. Surprisingly, we find that the ODS curves are considerably 
steeper than the CO2 curves: in other words, the RF of ODS opposes Arctic amplification even more than the RF 
of CO2. And the addition of stratospheric ozone further increases the equator-to-pole gradient, by decreasing the 
net RF over the poles. Taken together, these results clearly indicate that ODS (and stratospheric ozone) would 
reduce polar amplification when added to CO2, if radiative forcing were the dominant effect.

Finally, we explore the impact on RF of (a) using a non-uniform ODS distribution and (b) allowing for strato-
spheric adjustments (ΔTadj): these have traditionally been either neglected or simplified in past IPCC assessment 
reports (P. M. Forster et al., 2007; Myhre et al., 2014), and were only recently factored in for complex LbL studies 
reported in the IPCC-AR6 (P. Forster et al., 2021). As shown in Figure 4c, when the same value for the tropo-
spheric ODS as the one shown in Figures 1c and 1d is spread uniformly across the stratosphere, the resulting RF is 
found to be larger by 0.03 W/m 2: while this is relatively small, it nonetheless represents a 10% overestimate, and 
could be easily corrected. We add, however, that spreading ODS uniformly has very little effect on ΔTadj in the 
lower stratosphere (not shown). As for the impact of stratospheric adjustment: as seen in Figure 4d, the inclusion 
of stratospheric temperature adjustment considerably decreases the RF of CO2 by 12% (from 0.88 to 0.78 W/m 2), 
as reported previously (e.g., Shine & Myhre, 2020). In contrast, the stratospheric adjustment increases the RF 
of ODS by about 4% (from 0.31 to 0.32 W/m 2), primarily at low latitudes. These values are broadly similar 
albeit somewhat smaller than recent estimates (10%) from a more sophisticated narrow-band model (Shine & 
Myhre, 2020), where a more complete discussion of this interesting effect can be found. Including the strato-
spheric adjustment slightly increases the RF of ODS in the subtropical and mid-latitude regions (compare bold 
vs. stippled red lines in Figure 4d), thereby partly contributing to the large equator-to-pole gradient in the RF of 
ODS (Figure 4b).

4.  Summary and Discussion
The aim of this paper has been to explore the radiative effects of ODS, notably the temperature change they 
produce in the stratosphere and their radiative forcing, including its latitudinal structure, and to situate ODS in 
the context of other well mixed greenhouse gases and of stratospheric ozone. We have been especially careful to 
accomplish this in a consistent manner, using realistic ODS distributions from the same chemistry-climate model 
from which the ozone was computed interactively, and computing RF with the same offline radiative transfer 
code as the one in the climate model itself. Also, rather than the typical 1750 (or 1850) to present period, we have 
focused on the historical period 1955–2005, over which ODS went from near zero to a maximum.

Three key results have emerged from our study. First, we have shown that ODS cause a considerable radiative 
warming in the tropical lower stratosphere and, in that region (where CO2 plays no significant radiative role), the 
warming from ODS nearly cancels the cooling caused by ozone depletion. Hence, ODS are of major importance 
for understanding tropical lower stratospheric temperature trends, and the associated impact on water vapor enter-
ing the stratosphere.

Second, we have shown that stratospheric ozone depletion only cancels a fraction of the RF from ODS (25% in 
our model), in agreement with recent studies (e.g., Checa-Garcia et al., 2018). As a result of this cancellation, the 
net RF of ODS including the indirect effects from stratospheric ozone in our climate model is 0.24 W/m 2, which 
amounts to nearly one third of the radiative forcing of CO2 over the period 1955–2005. Note that a net positive 
RF of ODS is also consistent with the IPCC-AR6, which suggests a RF of 0.02 W/m 2 (P. Forster et al., 2021) 
from stratospheric ozone trends over 1850–2019 (Section 7.3.2.5), and an ODS (emission-driven) ozone RF of 
−0.15 W/m 2 (Thornhill et al., 2021): these values are smaller than the direct RF of ODS (0.32 W/m 2), further 
supporting the results obtained with our climate model.
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Third, we have shown that the latitudinal structure of the RF caused by ODS, while broadly similar to those of 
other GHGs (larger at the equator than at the poles), has an even steeper latitudinal gradient than the RF of CO2, 
thus opposing Arctic Amplification even more strongly. This offers important new evidence that the large Arctic 
impact of ODS reported in an earlier study (Polvani et al., 2020), which analyzed the same historical simulations, 
must be due to strong local feedbacks, notably changes in the lapse rate feedback reported in Liang et al. (2022).

We acknowledge that calculating a purely radiative forcing, as we have done here, has recently fallen into disfa-
vor, as so-called “fast-adjustments” (i.e., forced changes that precede any surface temperature changes) need to be 
incorporated as part of the forcing of the climate system, not as part of its response to a forcing agent. To accom-
plish this, the CMIP6 recommends computing an effective radiative forcing (ERF), obtained by running a model 
with the forcing agent added but with fixed sea surface temperature, as explained in P. M. Forster et al. (2016). 
But this may not be needed for ODS: analyzing model output from the Precipitation Driver Response Model 
Intercomparison Project (Myhre et al., 2017), a recent study has shown that ERF is fairly similar to RF in the 
case of ODS (Hodnebrog, Myhre, et al., 2020). Additional fast adjustments due to changes in methane lifetime or 
cloud-circulation changes associated with ozone have been explored by Thornhill et al. (2021), who found them 
to be small or strongly model dependent (e.g., clouds). Therefore, we have good reason to believe that the key 
results presented here would not be fundamentally altered if such additional rapid adjustments were included.

Data Availability Statement
The data analyzed in this study is available for access to the community on Zenodo at http://zenodo.org/
record/6413013#YktqoyRBwUE.
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