
1. Introduction
Chlorofluorocarbons (CFCs) are powerful ozone-depleting substances (ODSs) and greenhouse gases 
(GHGs). One of the most abundant CFCs is trichlorofluoromethane (CFC-11, CFCl3), which historically 
was used in a variety of industrial applications. Because it depletes the ozone layer, CFC-11 production and 
consumption have been controlled under the Montreal Protocol and subsequent amendments, resulting in 
a dramatic decline in emissions starting in the late 1980s (Cunnold et al., 1997). As a result of this emissions 
decrease and 52-year lifetime (SPARC, 2013), tropospheric concentrations of CFC-11 peaked in about 1994, 
and have since been declining up to the present.

However, recent studies showed that CFC-11 emissions increased during 2013–2016, and this emissions 
increase was likely not explained by release from existing CFC-11 banks (Engel and Rigby, 2018; Montzka 
et al., 2018; Rigby et al., 2019). These studies suggest that the emissions increase was associated with new 
production and consumption not reported to the United Nations Environment Programme. Furthermore, 
in a detailed analysis of the banks and emissions of major CFCs, Lickley et al. (2020) found that the banks 
of CFC-11 and CFC-12 are likely substantially larger than assumed in recent WMO ozone assessment re-
ports. This suggests that unless the banks can be captured and destroyed, future emissions of these CFCs 
subsequently will be larger than previously assumed. The causes and ramifications of the recent increase in 
CFC-11 emissions are also reported in WMO (2021).

Because CFC-11 has a long atmospheric residence time and significant potential to deplete ozone, the strat-
ospheric response to present and potential future increases in CFC-11 emissions was investigated in several 
recent modeling studies (Dameris et al., 2019; Dhomse et al., 2019; Fleming et al., 2020; Keeble et al., 2020; 
WMO, 2021). A key finding of these studies was that a compact linear relationship exists between the cu-
mulative CFC-11 emissions and the resulting ozone depletion and delay in ozone recovery, for both global 
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and Antarctic spring total ozone. A linear relationship was found across a 
range of future emissions scenarios and among several different models, 
although the sensitivity of the ozone response per unit emission varied 
among the models.

In this paper, we build on the aforementioned studies to further examine 
the stratospheric impacts due to potential CFC-11 emissions continuing 
into the future. Here, we use a three-dimensional (3-D) coupled chemis-
try-climate model (CCM) with well-resolved chemistry and dynamics, to 
further quantify and document the impact on equivalent effective strat-
ospheric chlorine (EESC) and stratospheric ozone, and how the ozone 
response modifies stratospheric temperature, strength of the zonal jets, 
and the meridional Brewer-Dobson circulation (BDC). Although the 
stratospheric response to ODS loading has been well established in pre-
vious studies, here we provide a quantitative assessment of the impacts 
from a specific CFC-11 perturbation as a result of future emissions above 
that of current projections. Finally, since CFC-11 is also a powerful GHG 
(e.g., Hansen et al., 2005; Velders et al., 2007), we will examine the GHG 
impact on temperature, water vapor, and stratospheric age of air, using a 
coupled atmosphere-ocean CCM.

2. Model Simulations and Scenarios
The National Aeronautics and Space Administration (NASA) Goddard 
Earth Observing System 3-D chemistry climate model (GEOSCCM) is 
used for this study. The model has been used in numerous chemistry-cli-
mate coupling studies of the atmosphere, as well as the WMO ozone 
assessments, including WMO (2018). GEOSCCM uses the Global Mod-
eling Initiative (GMI) detailed tropospheric and stratospheric chemical 
mechanism (Nielsen et  al.,  2017), and includes an internally generat-
ed QBO (Hurwitz et  al.,  2013). The model has performed well in pro-
cess-oriented model intercomparisons (SPARC CCMVal, CCMVal-2, and 
Chemistry-Climate Modeling Initiative (CCMI); Chipperfield et al., 2014; 
Eyring et  al.,  2006,  2007; Eyring, Cionni, Bodeker, et  al.,  2010; Eyring, 
Cionni, Lamarque, et al., 2010). The JPL-2010 recommendations (Sander 
et al., 2011) are used for the kinetic reaction rates, photolysis cross sec-
tions, and heterogeneous reactions on the surfaces of stratospheric sul-
phate aerosols and polar stratospheric clouds (PSCs). The microphysical 
model for type I (nitric acid trihydrate, NAT) and type II (Ice) PSC forma-

tion follows Considine et al. (2000). Simulations are run at 2°×2° horizontal resolution, with 72 layers in the 
vertical, extending from the surface to 0.01 hPa (∼80 km).

Two simulations are conducted in this study to examine the ozone depletion impacts of additional CFC-11. 
The SPARC CCMI REF-C2 simulation is used as the baseline for 1960–2100 (Dhomse et al., 2018; Eyring 
et al., 2013; Morgenstern et al., 2017). This simulation was also used for WMO (2018) and includes several 
time dependent forcings, listed as follows: the A1 scenario from WMO (2014) for surface mixing ratios of 
the major long lived ODS; the Coupled Model Intercomparison Project (CMIP) Representative Concentra-
tion Pathways (RCP) medium Scenario 6.0 (“historic” scenario before 2005, Meinshausen et al., 2011) for 
surface mixing ratios of CO2, CH4, and N2O; stratospheric sulphate aerosol surface area density for back-
ground and volcanically active periods during 1960–2010, and background conditions projected to 2100, 
from the International Global Atmospheric Chemistry (IGAC) data set (Morgenstern et al., 2017); specified 
sea surface temperature and sea ice concentrations (Morgenstern et al., 2017); 5 ppt additional stratospheric 
bromine from the very short-lived substances CH2Br2 and CHBr3; tropospheric ozone precursor emissions; 
and solar ultraviolet flux variability associated with the 11-year solar cycle, using daily historical spectral-
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Figure 1. Global and annual average (a) CFC-11 surface emissions 
(Gigagrams (Gg)/year), (b) CFC-11 surface mixing ratio (parts-per-
trillion (ppt)), and (c) upper stratospheric (50 km) equivalent effective 
stratospheric chlorine (EESC, parts-per-billion (ppb)). Shown are the 
baseline (blue) and “high” scenario assuming 72.5 Gg/yr sustained 
emissions for 2017–2100 (red). The scenarios are identical prior to 2017. 
The return dates to the 1980 EESC level are depicted by the dashed lines in 
panel (c). CFC-11, trichlorofluoromethane.
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ly resolved solar irradiance data from the NRLSSI model for 1960–2018 
(Lean et al., 2005). A repeating 11-year cycle is projected to 2100, using a 
composite average of solar cycles 21–24 (covering the period 1976–2018). 
For the baseline CFC-11 scenario, historic emissions are derived from 
global mixing ratio observations using a global one-box model (Velders & 
Daniel, 2014) and a fixed lifetime of 52 years (SPARC, 2013). Future emis-
sions are projected to decay 6.4%/year; this assumes no new production 
and a bank release rate of 6.4%/year based on estimates of the amount of 
CFC-11 in existing equipment or applications (Harris & Wuebbles, 2014). 
The baseline emissions time series is shown in Figure 1a (blue line). Fu-
ture global mixing ratios (Figure 1b, blue line) are computed from the 
emissions using a global one-box model assuming a constant 52-year life-
time (Harris & Wuebbles, 2014).

Our second simulation is a “high” CFC-11 scenario that assumes the 2013–
2016 inferred average of 72.5 Gg/year will be sustained to year 2100 (Fig-
ure 1a, red line), but is otherwise identical to the baseline. While future 
CFC-11 emissions are projected to decrease from present day, assuming 
compliance with the Montreal Protocol and assuming that bank fraction-
al release amounts remain roughly constant over time, the actual inferred 
emissions from atmospheric observations were fairly constant starting in 
2002, and actually increased during 2013–2016 (Montzka et  al.,  2018; 
WMO, 2018). This 72.5 Gg/year emission level is slightly higher (by ∼8%) 
than the longer term 2002–2016 inferred average of 67 Gg/year used in 
the recent WMO ozone assessment (Carpenter & Daniel, 2018; Engel & 
Rigby, 2018). For this high scenario, the GEOSCCM was forced with glob-
al average CFC-11 surface mixing ratios for 2017–2100. These were tak-
en from a GSFC2D model simulation that used constant global average 
emissions of 72.5 Gg/year sustained to 2100 (Fleming et al., 2020), with a 
latitudinal emissions distribution based on industrial information (Liang 
et al., 2008; McCulloch et al., 2001). The baseline and high scenarios use 
identical surface mixing ratios prior to 2017.

We note that there is large uncertainty in future CFC-11 emissions, and 
the high scenario is not meant to be a realistic simulation, but rather is a 
sensitivity test of the stratospheric ozone and dynamics response. While 
72.5  Gg/yr is defined as a high scenario based on previously reported 
emissions estimates, recent findings suggest that future CFC-11 emis-
sions are likely to be substantially higher than previous estimates due 
to: (1) a substantially larger bank estimate (Lickley et al., 2020); and (2) 

potential newly formed banks related to recent unreported production and consumption of CFC-11 in east 
Asia (Park et al., 2021). As mentioned above, the actual response will be roughly proportional to the amount 
of increased future emissions incurred, based on the linearity of the response as shown in recent studies

CFC-11 is a powerful GHG, and both simulations include CFC-11 in the thermal infrared (IR) radiative 
transfer calculations. However, previous studies have shown the importance of sea surface temperature 
feedback on the stratospheric circulation response to radiative forcing (e.g., Olsen et al., 2007). Therefore, 
the full GHG impact of CFC-11 will be underestimated in these simulations, as they both use the same 
specified sea surface temperatures.

To examine more fully the impacts of CFC-11 as a GHG, we will also present results from previous simula-
tions of a coupled atmosphere-ocean version of the GEOSCCM (Li et al., 2016, 2018). The ocean model is 
the Modular Ocean Model version 4p1 (Griffies, 2010) with approximately 1°×1°  horizontal resolution and 
50 layers. This version of the GEOSCCM uses the Rapid Radiative Transfer Model for General Circulation 
Model Applications (RRTMG; Mlawer et al., 1997; Iacono et al., 2000) IR radiation scheme to calculate the 
radiative forcing of CO2, CH4, N2O, ozone, water vapor, and several halogenated compounds, including 
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Figure 2. Total column ozone (Dobson Units, DU) for the (a) global 
(90°S–90°N) and annual average and (b) Antarctic spring (September–
October, 65°S–90°S) average for the baseline (blue) and high (red) CFC-11 
scenarios shown in Figure 1. Dotted colored lines show the unsmoothed 
time series; heavy solid colored lines show the smoothed time series after 
applying a 24-year ½ amplitude Gaussian smoothing. Also shown are 
the return dates to 1980 values (vertical dashed lines), and ground-based 
observations for 1964–2017 (black x's, updated from Fioletov et al., 2002). 
The model in (b) has been offset by −30 DU to minimize differences with 
the observations in the 1960s and facilitate model-data comparison of the 
long term changes. CFC-11, trichlorofluoromethane.
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CFC-11. The baseline follows from a 170 year ocean spin-up simulation using perpetual 1950 conditions 
for the major GHGs and ODSs. The perturbation simulation is identical to the baseline, except CFC-11 
with a very high surface mixing ratio (17.3 ppb) is used in the RRTMG IR code, while CFC-11 with a fixed 
1950 baseline surface mixing ratio (0.001  ppb) is used in the ozone chemistry. The 17.3  ppb of CFC-11 
corresponds to a radiative forcing of 4.5 W-m−2, roughly the same as doubling the 1950 level of CO2. To 
apply these results to this study, we assume the response is linear and scale the response by the CFC-11 
perturbation mixing ratio in 2100 from Figure 1b (high scenario – base) versus 17.3 ppb (i.e., the response is 
scaled by the ratio 0.125 ppb/17.3 ppb). This corresponds to a radiative forcing of 0.0325 W-m−2, assuming a 
CFC-11 radiative efficiency of 0.26 W-m−2-ppb−1 (WMO, 2018). Section 3.3 shows results averaged over the 
final 10 years of this simulation, following a 50-year ocean spin-up phase in which sea surface temperatures 
adjust to the change in surface radiative forcing.

3. Results
3.1. Stratospheric Ozone and EESC Responses

The sustained 72.5 Gg/year scenario substantially perturbs the stratosphere. CFC-11 surface concentrations 
increase significantly through the 21st century to be 125 ppt above the baseline by 2100 (185 ppt vs. 60 ppt, 
Figure 1b), with a 0.35 ppb (15%) increase in global upper stratospheric (50 km) EESC (Figure 1c). The 
return of EESC to 1980 levels is delayed by 22 years (2074 vs. 2096).
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Figure 3. Average total ozone response versus cumulative CFC-11 emissions (high scenario – baseline) during 2017–2020 for the (a) global (90°S–90°N) and 
annual average, and (b) Antarctic spring (September–October, 65°S–90°S) average. Shown are the unsmoothed (dotted red line) and smoothed time series after 
applying a 24-year ½ amplitude Gaussian smoothing (heavy red line) as in Figure 2; the ozone response is lagged by 5 years to account for the time delay from 
emissions release at the surface and ozone depletion in the stratosphere. The total ozone sensitivity averaged over 2017–2100 is shown in the upper right corner. 
Cumulative emissions are expressed in both gigagrams (Gg) and parts per trillion (ppt) of chlorine, with the conversion from mass to volume mixing ratio done 
as in the 1-box model (Velders & Daniel, 2014). CFC-11, trichlorofluoromethane.
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Additional future ozone depletion results from the sustained 72.5 Gg/year 
emissions. Figure 2 shows total ozone responses for the (a) global and an-
nual, and (b) Antarctic spring averages. Differences between the two sim-
ulations become apparent in the late 21st century in the smoothed time 
series (thick solid blue/red lines, using a Gaussian smoothing filter with 
a 24-year ½ amplitude). For the global average (Figure 2a), the high CFC-
11 results in nearly 1% (2.8 Dobson units, DU) additional ozone depletion 
averaged over 2080–2100. Based on a two-sided Student's t-test, this is 
statistically significant at the 95% confidence level, i.e., the base and high 
scenarios have significantly different mean values for 2080–2100. This in-
dicates that the additional global ozone depletion due to enhanced CFC-
11 emissions is likely detectable above the model background variability 
(including the imposed 11-year solar cycle). Throughout Section  3, we 
will apply this significance test to determine the detectability of the mod-
el response to additional CFC-11.

The return of global ozone to 1980 levels is affected by the relatively 
strong increase in tropospheric ozone in GEOSCCM through the early 
mid-21st century (Dhomse et al., 2018). This, combined with the recovery 
in stratospheric ozone, yields a rather sharp increase in the total column 
during this time period so that the return of global total ozone to 1980 
levels occurs fairly early in the GEOSCCM baseline (2033, blue vertical 
dashed line in Figure 2a). This is prior to the time period when the addi-
tional CFC-11 emissions have a significant impact on global total ozone. 
Therefore, the return to 1980 global ozone levels is delayed by only 1 year 
in the high CFC-11 scenario (2034 vs. 2033).

For Antarctic spring ozone (Figure 2b), the additional CFC-11 emissions 
results in 5.6% (19  DU) additional depletion averaged over 2080–2100, 
which is statistically significant at the 95% confidence level. The return 
to 1980 ozone levels is delayed by 33 years in the high scenario (2092 vs. 
2059), as both scenarios show a leveling off of the ozone recovery after 
∼2080.

For reference, Figure  2 includes ground-based observations for 1964–
2017 (black x's, updated from Fioletov et al., 2002), illustrating that the 
model reproduces overall the past long term changes observed since the 
1960s. Note that the model in Figure 2b has been offset by −30 DU to 

minimize differences with the observations in the 1960s and facilitate model-data comparison of the long 
term changes.

As discussed in previous studies noted above, the future total ozone change integrated over time has a linear 
dependence on the accumulated CFC-11 emissions. This is seen in Figure 3, which shows the average total 
ozone change from Figure 2 (high scenario – baseline) plotted versus cumulative emissions for 2017–2100. 
Both the smoothed and unsmoothed time series are shown, and the ozone response is lagged by 5 years to 
account for the time delay between the emissions release at the surface and subsequent ozone depletion in 
the stratosphere. After ∼2022, the ozone change versus cumulative emissions is mostly linear. Deviations 
from linearity are due in part to the model interannual variability, including the imposed 11-year solar 
cycle variation. While this linearity was seen in other recent modeling studies, the ozone change per unit 
emission varies somewhat across different models. For the global and annual average, the total ozone sensi-
tivity averaged over 2017–2100 is −0.37 DU/1,000 Gg (Figure 3a). This is somewhat larger than the GSFC2D 
model sensitivity of −0.3 DU/1,000 Gg (Fleming et al., 2020), but weaker than the near-global (60°S–60°N) 
annual average of −0.7 to −0.9 DU/1,000 Gg from both the UM-UKCA CCM and the TOMCAT chemistry 
transport model (CTM) with specified meteorology and no chemistry-climate feedback (Keeble et al., 2020). 
For Antarctic spring, the GEOSCCM sensitivity (−3.9 DU/1,000 Gg, Figure 3b) is also larger than GSFC2D 
(−2.6 DU/1,000 Gg), but smaller than the TOMCAT CTM (∼−6 DU/1,000 Gg, Dhomse et al., 2019).
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Figure 4. Total column ozone difference (high CFC-11 scenario – 
baseline) averaged over 2080–2100, expressed in (a) DU, and (b) percent. 
The contour intervals are: (a) ±2 DU for values ≥ −8, and −4 DU for 
values ≤ −8; (b) ±1 DU for values ≥ −6, and includes the −8 and −10 DU 
contours. Nonshaded regions indicate the response is statistically 
significant at the 95% level. CFC-11, trichlorofluoromethane.
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Additional ozone depletion from enhanced CFC-11 emissions is season-
ally dependent. Figure 4 shows the 2080–2100 average seasonal versus 
latitude changes in total column ozone, expressed in DU (a) and per-
cent (b). Maximum changes occur in the polar late winter and spring in 
each hemisphere, with relatively small changes at mid-latitudes and in 
the tropics. Generally similar distributions in the total ozone responses 
to CFC-11 perturbations were obtained in other recent modeling studies 
(Dameris et al., 2019; Fleming et al., 2020). The enhancement of deple-
tion in the Antarctic ozone hole is evident in Figure 4, with an additional 
12% (35 DU) of ozone loss during October. At Southern Hemisphere (SH) 
mid-high latitudes (30°S–90°S), the additional ozone depletion is statis-
tically significant at the 95% level nearly the entire year. In the Northern 
Hemisphere (NH), the largest additional total ozone depletion of up to 
2%–3% (8–10 DU) occurs in the polar mid-winter and spring (Figure 4), 
although this is not statistically significant given the large interannual 
variability inherent in the Arctic stratosphere during winter and spring. 
Therefore, the additional ozone depletion in the Arctic in this CFC-11 
scenario would likely not be detectable above the background variability.

The latitude-height distribution of the ozone response to additional CFC-
11 is consistent with that expected due to chlorine perturbations (e.g., 
WMO, 1999, 2018). Figure 5 shows the 2080–2100 annual average differ-
ence, high CFC-11 minus baseline, expressed in parts per million, ppm 
(a) and percent (b). The largest percentage ozone depletion occurs in the 
Antarctic lower stratosphere (−6 to −7%) and in the upper stratosphere 
globally (−1 to −4%). There is a secondary area of depletion of smaller 
magnitude in the Arctic lower stratosphere (−1%). Largest mixing ratio 
changes occur globally at 2–4 hPa (−0.1 to −0.2 ppm). The changes are 
statistically significant at the 95% confidence level throughout most of 
the SH stratosphere at mid-high latitudes, and in the upper stratosphere 
tropics and NH (Figure 5).

Maximum ozone depletion from the enhanced CFC-11 emissions occurs 
in the Antarctic ozone hole, with an additional −16% loss near 50 hPa in 
October. This is seen in the season versus altitude ozone change over the 
SH polar cap in Figure 6. This enhanced depletion develops in July–Au-

gust and descends with time through the spring and summer. Figure 4 shows that additional depletion in to-
tal ozone of 2%–3% (6–8 DU) persists throughout the year at SH polar latitudes, and this reflects the profile 
ozone depletion at ∼300–100 hPa (10–20 km) which is statistically significant at the 95% level throughout 
most of the year (Figure 6). Also contributing to the year-long total column change is the gas phase ozone 
loss caused by the additional chlorine in the upper stratosphere in Figure 6. Here, additional ozone deple-
tion occurs throughout the year, although a maximum in depletion is evident during the winter months. 
There is also an area of ozone increase centered near 20 hPa during late spring and summer (November–
February). This feature was discussed previously (Stolarski et al., 2006), and is caused by enhanced descent 
of the BDC in the mid-upper stratosphere associated with a dynamical response to the ozone hole. Although 
this positive ozone response in Figure 6 is not statistically significant at the 95% level, the associated temper-
ature increase is statistically significant, as discussed in Section 3.2 and shown in Figure 10.

The additional ozone depletion associated with the ozone hole seen in Figure 5b extends to SH mid-lati-
tudes in the lowermost stratosphere below 100 hPa. As shown in Figure 7, this depletion is especially large 
starting in late winter (August), and reaches a maximum of 5%–7% during spring and summer (September 
through February). There is also a broad area of 1%–2% additional depletion in the upper stratosphere dur-
ing the austral spring, summer, and fall (September through early June). Most of the additional depletion in 
the lower and upper stratosphere at SH mid-latitudes is statistically significant at the 95% level.
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Figure 5. Ozone difference (high CFC-11 scenario – baseline) averaged 
over 2080–2100, expressed in: (a) parts-per-million (ppm), and (b) percent. 
The contours are: (a) ±0.05 ppm and includes the −0.01 contour; (b) ±1%. 
Nonshaded regions indicate the response is statistically significant at the 
95% level. CFC-11, trichlorofluoromethane.
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In the Arctic, the high CFC-11 scenario results in additional ozone de-
pletion of 1%–4% (0.05–0.3 ppm) throughout much of the stratosphere 
during most of the year (Figure 8). However, given the large interannual 
variability of this region, only small areas are statistically significant at 
the 95% confidence level. These occur in the upper stratosphere during 
spring through early winter (May through November), and in the low-
er stratosphere (20–25 km) only during late spring-early summer (April 
through July). As noted above, almost no changes in Arctic total column 
ozone were statistically significant at the 95% level in Figure 4.

3.2. Ozone Depletion Impact on Temperature and Circulation

The additional ozone depletion shown in Figures 2–8 will subsequently 
reduce the solar UV heating and result in lower temperatures in certain 
regions of the stratosphere. This effect may be important in the upper 
stratosphere where the additional ozone loss is significant globally (Fig-
ure 5), and heating via solar UV absorption by ozone is a maximum (e.g., 
Aquila et al., 2016; Fels et al., 1980; Langematz et al., 2003; Ramaswamy 
et  al.,  2001; Randel et  al.,  2017; Shepherd and Jonsson,  2008; Shine 
et al., 2003; Stolarski et al., 2010). Figure 9a shows the ozone change av-
eraged over 40–50 km (3–0.75 hPa). Ozone depletion is present at all lat-
itudes throughout the year, almost all of which is statistically significant 
at the 95% level. Additional ozone depletion of ∼0.05–0.1 ppm occurs at 
low-mid latitudes, with larger changes of up to −0.1 to −0.2 ppm at high 
latitudes. However, while the corresponding temperature change shows 
net cooling at most latitudes and seasons (Figure 9b), only small regions 
are statistically significant at the 95% level, with cooling of ∼0.2–0.4 K. 
These tend to occur at mid-latitudes during the spring and summer 
months when the heating rate is largest and the background variability 
is weakest. There are also regions of warming which are not statistically 
significant. These are likely related to interannual dynamical variability 
which dominates over the relatively smaller UV-ozone heating-induced 
temperature decreases.

As established in previous observational and modeling studies, ozone 
depletion and the subsequent reduction in UV heating is the primary 
driver of past multi-decadal temperature changes in the SH polar lower 
stratosphere during spring and summer (e.g., Keeble et al., 2014; McLan-
dress et al., 2011; Polvani et al., 2011; Ramaswamy et al., 1996; Randel 
et  al.,  2017; Randel and Wu,  1999; Shine,  1986; Solomon et  al.,  2017; 
Stolarski et al., 2010; Young et al., 2013). The temperature impact of the 
deepening ozone hole due to additional CFC-11 is shown in Figure 10a 
(high CFC-11 – base) averaged over 2080–2100. Here we show the 15 Oc-
tober–15 February average as representative of spring/summer. An area 
of strong cooling of up to 1.5 K occurs poleward of 50°S at ∼300–30 hPa, 
which is statistically significant at the 95% level. The reduced heating and 
lower temperatures in the high CFC-11 simulation also increase the area 
within the polar cap (50°S–90°S) that falls below the 195K threshold for 
the formation of type I (NAT) PSCs (e.g., Douglass & Fioletov, 2010; Dam-
eris & Godin-Beekmann, 2014). Figure 11a shows this increase in areal 
coverage of 1%–3% in late May and June, and 3%–7% in August–Septem-
ber in the lower-mid stratosphere. There is also an increase in the area 
that falls below the 188K threshold for type II ice PSC formation (Fig-
ure 11b). This areal increase is a maximum of 3%–5% during August and 
September (Figure 11b). The temperature changes in Figure 11 tend to 

FLEMING ET AL.

10.1029/2020JD033656

7 of 17

Figure 6. Season (May–April) versus altitude ozone difference (high 
CFC-11 scenario - baseline) for the Antarctic (65°S-90°S) averaged over 
2080–2100, expressed in (a) ppm, and (b) percent. The contours are: 
(a) ±0.1 ppm and includes the ±0.02 and ± 0.05 contours; (b) ±2% and 
includes the ±1% contours. Nonshaded regions indicate the response is 
statistically significant at the 95% level. CFC-11, trichlorofluoromethane.

Figure 7. Season (July–June) versus altitude ozone percent difference 
(high CFC-11 scenario -baseline) for 35°S–60°S averaged over 2080–2100. 
The contours are ±1%. Nonshaded regions indicate the response is 
statistically significant at the 95% level. CFC-11, trichlorofluoromethane.
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follow the relative magnitude of incident solar radiation and UV-ozone heating, i.e., smallest in June–July 
and largest in early and late winter (May, August–September). The reduced UV heating and lower temper-
atures caused by the CFC-11-induced ozone depletion enhance the heterogeneous chlorine activation and 
ozone loss, and this feedback further deepens the ozone hole as seen in Figures 2–6.

Through thermal wind balance, these temperature changes will also alter the zonal wind and circulation 
characteristics of the stratosphere (e.g., Arblaster & Gillett,  2014; Langematz et  al.,  2003; McLandress 
et al., 2010; Orr et al., 2012; Waugh et al., 1999). The polar lower stratospheric cooling in Figure 10a results 
in an acceleration of the circumpolar zonal wind throughout the SH polar stratosphere, a good part of 
which is statistically significant at the 95% level (Figure 10b). Zonal wind accelerations of up to 2 m/sec 
occur at 70°S, 30 hPa in the 15 October–15 February average (Figure 10b), with maximum accelerations of 
3–5 m/sec during 15 October–15 November.

The zonal wind acceleration in the high CFC-11 scenario results in a delay in the spring breakup of the SH 
polar vortex. To quantify this, we follow previous studies that developed vortex-following diagnostics based 
on potential vorticity (PV) and zonal wind (Nash et al., 1996; Waugh et al., 1999). Waugh et al. (1999) found 
very similar year-to-year variations among the diagnostics tested when applied to reanalysis data sets, and 
concluded that either of the PV or zonal wind diagnostics can be used to quantify the variability in the 
vortex breakup. Here, we define the breakup date using the zonal wind area diagnostic at 50 hPa (Waugh 
et al., 1999). Specifically, the vortex breakup is defined to occur when the total area where the zonal wind ex-
ceeds 25 m/sec, falls below the area enclosed by 75° equivalent latitude. If this criterion occurs on more than 
one date in the spring of a particular year, we use the final date of occurrence as the breakup date for that 
year. Figure 12a shows the annual dates of the breakup of the SH vortex for each year, 2080–2099, for the 
baseline (blue) and high CFC-11 scenario (red). In the high scenario, the SH vortex has a later breakup date 
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Figure 8. Season (July–June) versus altitude ozone difference (high CFC-11 scenario - baseline), for the Arctic (65°N–90°N) averaged over 2080–2100, 
expressed in (a) ppm, and (b) percent. The contours are: (a) ±0.1 ppm and includes the ±0.02 and ± 0.05 contours; (b) ±2% and includes the ±1% contours. 
Nonshaded regions indicate the response is statistically significant at the 95% level. CFC-11, trichlorofluoromethane.
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in 14 out of the 20 years. The 20 year average delay relative to the base-
line is 4 days (day 332.1 vs. day 328.1; dotted lines in Figure 12), which is 
statistically significant at the 90% confidence level (but not the 95% level). 
This is generally consistent with previous model studies that showed a 
delay in the SH vortex breakup due to diabatic cooling associated with the 
ozone hole (e.g., Langematz et al., 2003; McLandress et al., 2010; Wilcox 
& Charlton-Perez, 2013).

In contrast, the Arctic winter and spring stratosphere exhibit large inter-
annual variability, so that any ozone depletion and subsequent temper-
ature and zonal wind change caused by the additional CFC-11 does not 
have a detectable impact on the timing of the NH polar vortex breakup. 
In fact, the NH vortex has an earlier breakup date in the high CFC-11 
scenario in 13 out of 20 years during 2080–2099 (Figure 12b). The NH 
vortex breakup is advanced by an average of 6.3 days (day 89.9 vs. day 96.2 
for the baseline) during 2080–2099, but this is not statistically significant 
given the large interannual variability in the NH.

The ozone depletion caused by enhanced CFC-11 also changes the SH 
BDC. Changes in the zonal mean temperature and wind modify the 
planetary and gravity wave propagation through the SH stratosphere 
(e.g., Keeble et al., 2014; Li et al., 2008; McLandress et al., 2010; Ober-
länder et al., 2013; Orr et al., 2012; Shaw et al., 2011). The SH difference 
in the wave-forced drag on the zonal mean flow, as represented by the 
Eliassen-Palm (E-P) flux divergence (Andrews et al., 1987), is shown for 
resolved waves in Figure  13, averaged over 2080–2099. Here, the aver-
age is taken over 15 October–15 November to emphasize the seasonal 
maximum in the difference. Differences in the E-P flux divergence are 
largest in the SH mid-high latitude upper stratosphere, with values of 
−0.4 to −0.8 m/sec/day. The difference in wave drag from resolved and 
unresolved waves causes an enhanced acceleration of the meridional 
BDC in the high CFC-11 scenario. This is represented by the streamlines 
in Figure 10a, depicting the difference (high CFC-11 minus base) in the 
model residual mean meridional and vertical winds of the Transformed 
Eulerian-Mean formulation (e.g., Andrews et al., 1987; Butchart, 2014). 
The descent in the polar SH mid-upper stratosphere is increased by 10%–

20% in the high CFC-11 scenario, resulting in adiabatic warming and a temperature anomaly of +0.4–0.8 K 
at ∼30–45 km for the 15 October–15 February average (Figure 10a). This polar temperature increase reaches 
a maximum of +1–2 K during November–December. The associated increased ascent in the SH sub-tropical 
and mid-latitude stratosphere (20°S–45°S) causes adiabatic cooling, although the corresponding tempera-
ture decrease is not statistically significant (Figure 10a).

The dynamical response to the Antarctic ozone hole has been discussed in previous GCM and CCM studies 
(Austin, 2002; Kiehl et al., 1988; Langematz et al., 2003; Mahlman et al., 1994; Manzini et al., 2003; Stolarski 
et al., 2006; Smith et al., 2010). A similar feature has also been seen in observational data sets. In an analysis 
of long term radiosonde data, Randel and Wu (1999) observed Antarctic warming in the mid-stratosphere 
(30 hPa) from the 1970s to the ∼mid-1990s during spring, coincident with large depletion in the ozone hole 
region. Changes in the BDC depicted in Figure 10a will also drive changes in stratospheric constituents. For 
example, as noted in Section 3.1, the enhanced Brewer-Dobson descent in the polar mid-upper stratosphere 
in the high CFC-11 scenario causes a small ozone increase of 0.05–0.1 ppm at 25–35 km in the SH polar cap 
during November–January (Figure 6). This is consistent with observed ozone changes driven by wave-mean 
flow interactions (Stolarski et al., 2006).

The ozone depletion caused by enhanced CFC-11 drives an accelerated BDC that then causes small reductions 
in the stratospheric age of air. Changes in age of air appear statistically from multi-year accumulation of changes 
in the wave-forcing of the BDC. In much of the stratosphere, differences in the E-P flux divergence and BDC 
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Figure 9. Difference (high CFC-11 scenario - baseline) in the upper 
stratosphere averaged over 3–0.75 hPa (∼40–50 km), for (a) ozone mixing 
ratio (ppm), and (b) temperature (K). Values are averaged over 2080–2100. 
The contour intervals are: (a) ±0.04 ppm; (b) ±0.2 K. Nonshaded regions 
indicate the response is statistically significant at the 95% level. CFC-11, 
trichlorofluoromethane.
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vary widely from year to year and do not show a clear signal in response 
to the additional CFC-11 prior to ∼2090. However, statistically significant 
differences emerge in the final ∼10 years (2090–2099) when the additional 
CFC-11 has the largest impact. Differences in the E-P flux divergence reach 
maxima in the mid-upper stratosphere of −0.1 m/sec/day at 40°S–75°S, and 
−0.1 to −0.3 m/sec/day at 40°N–75°N. Age of air is shown in Figure 14 for 
the 2090–2099 average baseline (a) and difference, high CFC-11 minus base-
line (b). Most of the stratosphere and lower mesosphere is characterized by 
small age of air decreases (<−0.05 years) which are not statistically signifi-
cant. Regions of slightly larger changes (−0.05 to −0.1 years) that are statis-
tically significant at the 95% confidence level occur in the SH mid-latitudes 
near 30 km, and the NH mid-high latitudes at 20–25 km. These regions are 
generally similar to the maxima in the annual mean age response due to past 
ODS loading reported in Polvani et al. (2018). Figure 14b also shows an area 
of small but statistically significant age decrease of up to −0.05 years in the 
SH mid-latitude lower mesosphere (50–60 km).

We note that the temperature and circulation changes shown in Fig-
ures  10–14 are driven predominately by CFC-11-induced ozone deple-
tion. The GHG impacts of CFC-11 will be examined in the next section.

3.3. CFC-11 Greenhouse Gas Impact

To examine the impact of CFC-11 as a GHG, we compare baseline and 
CFC-11 perturbation simulations from the coupled atmosphere-ocean 
GEOSCCM described in Section  2. Figure  15 shows the resulting tem-
perature and water vapor responses scaled to the year 2100 CFC-11 per-
turbation in Figure 1b (125 ppt), as discussed in Section 2. The tempera-
ture response has a tropospheric distribution similar to that due to other 
major GHGs, with maximum warming in the tropical upper troposphere 
(e.g., Stolarski et al., 2010). However, the responses are small, with a max-
imum tropospheric warming of 0.08 K, and slight cooling of 0.01–0.02 K 
throughout much of the stratosphere. The water vapor response is posi-
tive everywhere, and also maximizes in the tropical upper troposphere 
(+2.5%), with increases of ∼0.5% throughout the stratosphere. The corre-
sponding stratospheric age of air response is also small, with a maximum 
change of −0.009 years (not shown). This is significantly smaller than the 
maximum change of −0.05 to −0.1 years driven predominately by ozone 
depletion (Figure 14).

We present these results to illustrate the small magnitude of the CFC-11 GHG impact, based on the size of 
the perturbation used in this study (Figure 1). Furthermore, we emphasize that given the small magnitude 
of these responses in Figure 15, no regions are statistically significant at the 95% confidence level for tem-
perature, H2O or age of air. Therefore, such responses likely would not be detectable above the background 
variability.

4. Conclusions
The recent CFC-11 emissions increase reported in Montzka et al. (2018) has prompted the need to ex-
amine the stratospheric response of potential emissions continuing into the future. In this study, we 
document the stratospheric ozone, temperature, and dynamical impacts of a hypothetical future “high” 
CFC-11 scenario in which the 2013–2016 inferred average emissions of 72.5 Gg/yr are sustained out to 
2100. We compare this with the WMO (2018) baseline in which future emissions decay with the bank 
release rate of 6.4%/year (Carpenter & Daniel,  2018). As there is large uncertainty in future CFC-11 
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Figure 10. 15 October–15 February average difference (high CFC-11 
scenario - baseline) for (a) temperature (K), and (b) zonal wind (m/
sec), averaged over 2080–2100. The contour intervals are: (a) ±0.2 K; 
(b) ±0.5 m/sec. The black streamlines in (a) depict the difference in 
the residual mean meridional circulation. Nonshaded regions indicate 
the response is statistically significant at the 95% level. CFC-11, 
trichlorofluoromethane.
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emissions, the high scenario is not meant to be a realistic projection, 
but rather tests the sensitivity of the stratospheric ozone and dynam-
ics response. Furthermore, while 72.5  Gg/yr was defined as a “high” 
scenario based on previous emission estimates, recent findings suggest 
that future CFC-11 emissions are likely to be substantially higher than 
previous estimates. This is due to substantially larger bank estimates 
(Lickley et al., 2020), and potential newly formed banks related to re-
cent unreported production and consumption of CFC-11 in east Asia 
(Park et al., 2021).

The high scenario significantly perturbs EESC, with a 15% increase 
above the baseline by 2100. For the 2080–2100 period, there are limited 
regions where the additional ozone depletion is statistically significant 
(95% level), and therefore likely detectable above the background varia-
bility. These occur in the Antarctic spring lower stratosphere associated 
with a deepening ozone hole (10%–15% additional depletion), the very 
lower stratosphere at SH mid-latitudes in spring/summer (4%–6%), and 
in the upper stratosphere globally (1%–4%). Statistically significant addi-
tional ozone depletion (2%–6%) also occurs throughout the year in the 
SH polar lower stratosphere at 10–20 km and in the total column. In the 
tropics and NH mid-latitudes, total ozone changes were generally small 
and not statistically significant at the 95% confidence level. In the Arctic 
late winter and spring, the relatively large additional total ozone deple-
tion (6%–10%) was not statistically significant given the large interannual 
variability inherent in this region. Similar regional ozone responses were 
obtained in other recent modeling studies (Dameris et al., 2019; Fleming 
et al., 2020; WMO, 2021).

As shown in previous studies, the ozone changes have a mostly linear de-
pendence on the cumulative CFC-11 emissions through the 21st century. 
In this study, the 2017–2100 average GEOSCCM sensitivity is −0.37 DU 
per 1,000 Gg and −3.9 DU per 1,000 Gg for global/annual and Antarctic 

spring total ozone, respectively. This is generally within the middle of the range of other model results 
reported recently (Dhomse et al., 2019; Fleming et al., 2020; Keeble et al., 2020). Since there is large uncer-
tainty in projecting future emissions, this sensitivity provides a relatively simple metric for estimating the 
ozone depletion for a given emission scenario.

The impact of additional CFC-11 on the timing of the global ozone recovery is difficult to discern in the 
simulations presented here. Because of the relatively early return date to 1980 levels in the baseline (2033), 
which is prior to the time period when the additional CFC-11 emissions have a significant impact, the re-
turn to 1980 global ozone levels is delayed by only 1 year in the high CFC-11 scenario (2034). However, for 
Antarctic spring total ozone, the impact on the recovery is significant, as the return to 1980 levels is delayed 
by 33 years (2092 vs. 2059).

As is well documented in previous studies, ozone depletion and the subsequent reduction in UV heating 
drives a response in stratospheric temperature and circulation. The dynamical changes presented here 
are mostly as expected qualitatively, although they tend to be small given the magnitude of the imposed 
CFC-11 perturbation, with limited areas where the response is significant and detectable above the 
background variability. The deepened ozone hole results in a maximum (and statistically significant) 
temperature change of −1.5 K in the Antarctic lower stratosphere in spring/early summer. Through 
thermal wind balance, this temperature change causes an acceleration of the circumpolar jet and a 
marginally significant delay of 4 days in the breakup of the SH polar vortex averaged over 2080–2100. 
The change in the zonal wind structure also modifies the planetary and gravity wave propagation and 
E-P flux divergence in the stratosphere. This in turn accelerates the BDC and causes a positive temper-
ature anomaly in the SH polar middle and upper stratosphere, with a maximum response of +2 K in 
early summer.
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Figure 11. 2080–2099 average percentage difference (high CFC-11 
scenario – baseline) in the area within the polar cap (50°S–90°S) that 
falls below the temperature threshold of: (a) 195K for formation of type I 
(NAT) PSCs, and (b) 188K for formation of type II (ice) PSCs. The contour 
interval is ±1%. CFC-11, trichlorofluoromethane; PSC, polar stratospheric 
cloud.
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Figure 12. Day of the year of the polar vortex breakup in the (a) SH and (b) NH for the baseline (solid blue) and high CFC-11 scenario (solid red) for 2080–
2099. Dotted lines depict the 2080–2099 averages. The breakup date is determined using the zonal wind diagnostic at 50 hPa following Waugh et al. (1999). See 
text for details. CFC-11, trichlorofluoromethane.

Figure 13. Difference (high CFC-11 scenario – baseline) in the Eliassen-Palm (E–P) flux divergence for resolved waves, averaged over 2080–2099 and 15 
October–15 November, for the latitude range 90°S–30°N. The contour interval is ± 0.2 m/sec/day. Nonshaded regions indicate the response is statistically 
significant at the 95% level. CFC-11, trichlorofluoromethane.
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In other regions of the stratosphere, changes in the E-P flux divergence and BDC have large interannual 
variations and do not show a clear signal until the final 10 years of the simulation (2090–2099) when the 
additional CFC-11 has the largest impact. Averaged over 2090–2099, the resulting stratospheric age of air 
was slightly younger globally in the low-mid stratosphere, with maximum changes of −0.1 years which 
were statistically significant at the 95% confidence level.

To provide a general estimation of the GHG impact of CFC-11, coupled atmosphere-ocean model simu-
lations were performed with a CFC-11 perturbation used in the IR code but not in the ozone chemistry. 
Assuming the response scales linearly with the CFC-11 perturbation used in this study (125 ppt), the impact 
was quite small throughout the troposphere and stratosphere, with a radiative forcing of 0.0325 W-m−2. 
Maximum changes in temperature (+0.08 K) and water vapor (+2.5%) occur in the tropical upper trop-
osphere. Changes in stratospheric age of air were at most −0.009  years, significantly smaller in magni-
tude than driven by the CFC-11-induced ozone depletion. Furthermore, no regions in the troposphere or 
stratosphere were statistically significant at the 95% confidence level, so these changes are likely below the 
limit of detectability.

Finally, we reiterate that while these results are based on one future CFC-11 scenario of continued 72.5 Gg/
yr compared with the WMO (2018) baseline, the responses presented here will be roughly proportional to 
the actual amount of future long-lived chlorinated ODS emissions incurred, based on linearity of the ozone 
response as shown here and in recent studies.
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Figure 14. Age of air averaged over 2090–2099 for (a) baseline, and (b) difference, high CFC-11 scenario – baseline. The contour intervals are: (a) ±0.5 years, 
(b) ±0.02 years. Nonshaded regions in (b) indicate the response is statistically significant at the 95% level. CFC-11, trichlorofluoromethane.
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Data Availability Statement
The ground-based total ozone observations used for comparisons are available from https://woudc.org/ar-
chive/Projects-Campaigns/ZonalMeans/. Supercomputing resources for GEOSCCM were provided by the 
NASA High-End Computing (HEC) Program through the NASA Center for Climate Simulation (NCCS) at 
NASA Goddard Space Flight Center.
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