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Abstract Trichlorofluoromethane (CFC‐11, CFCl3) is a major anthropogenic ozone‐depleting substance
and greenhouse gas, and its production and consumption are controlled under the Montreal Protocol.
However, recent studies show that CFC‐11 emissions have been near constant or increasing since 2002.
In this study, we use a two‐dimensional chemistry‐climate model to investigate the stratospheric
ozone response to a range of future CFC‐11 emissions scenarios. A scenario with future emissions
sustained at 10 gigagrams per year (Gg/year) above the baseline WMO (2018) A1 scenario results in
minor additional global (90°S–90°N) ozone depletion of 0.13% by 2100, and a 1.5‐year delay in the global
ozone recovery to 1980 levels, relative to the baseline. A scenario with 72.5 Gg/year (the 2013–2016 average)
sustained to 2100 results in a substantial 15% increase in effective equivalent stratospheric chlorine and
nearly 1% additional global ozone depletion by 2100, with a 7.5‐year delay in the recovery to 1980 global
ozone levels, relative to the baseline. The ozone response averaged over time has a strong linear
dependence on the cumulative amount of future CFC‐11 emissions under a wide range of scenarios.
The resulting ozone response sensitivity gives a simple metric relating the time‐averaged ozone change to
the cumulative CFC‐11 emissions. This sensitivity has an inverse dependence on future greenhouse gas
concentrations (CO2, CH4, and N2O). For the medium Intergovernmental Panel on Climate Change
Representative Concentration Pathway‐6.0 scenario, the sensitivity per 1,000 Gg of cumulative CFC‐11
emissions is −0.1% and −1% for global and Antarctic spring ozone, respectively.

Plain Language Summary Stratospheric ozone protects the Earth's biosphere from harmful
ultraviolet radiation and is key in determining the radiative balance of the atmosphere. CFC‐11 is a
man‐made chlorofluorocarbon, and its emissions and subsequent break down in the stratosphere result
in ozone depletion. Because of this, production and consumption of CFC‐11 have been controlled
under the Montreal Protocol, resulting in a rapid decline in emissions starting in the late 1980s. Recent
studies show that CFC‐11 emissions have increased in recent years, at odds with expected declines caused
by the Montreal Protocol controls. In this study, we examine how potential future CFC‐11 emissions will
impact stratospheric ozone. The ozone response is proportional to the amount of CFC‐11 emitted, and
the response is substantial for a future projection in which the increased emissions during 2013–2016
continue to 2100. This scenario will postpone the return of global ozone to 1980 levels from mid‐2052 to
2060 and causes additional 1% global ozone depletion by 2100, compared to the baseline. Although there
is uncertainty in projecting future emissions, the ozone response is strongly dependent on the amount
of CFC‐11 emissions accumulated over time, allowing for a simple metric relating the ozone depletion to
the cumulative amount of emissions.

1. Introduction

Chlorofluorocarbons (CFCs) are both powerful ozone‐depleting substances (ODSs) and greenhouse gases
(GHGs). One of the most abundant CFCs is trichlorofluoromethane (CFC‐11, CFCl3), which historically
had a variety of industrial uses: as a solvent and cleaning agent, as a propellant in aerosol spray cans, as
the refrigerant in refrigeration and air conditioning applications, and as the blowing agent in foams.
Because of its large impact on the ozone layer, CFC‐11 production and consumption have been controlled
under the Montreal Protocol, resulting in a dramatic decline in emissions starting in the late 1980s
(Cunnold et al., 1997).
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Key Points:
• Continuing global CFC‐11

emissions at 2013–2016 average
levels of 72.5 Gg/year will have a
substantial impact on future
stratospheric ozone

• The time‐integrated ozone depletion
has a strong linear dependence on
the cumulative amount of CFC‐11
emissions

• The sensitivity of the ozone response
to CFC‐11 has a modest inverse
dependence on future CO2, CH4,
and N2O concentrations
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CFC‐11 is removed in the stratosphere primarily by UV photolysis at 190–230 nm (98%) and to a lesser extent
by gas‐phase reaction with O(1D) atoms (2%). The current best estimate total lifetime and 1σ uncertainty for
CFC‐11 is 52 years (40–70 years) (SPARC, 2013). As a result of the Montreal Protocol and subsequent post‐
1980s emissions decrease, and the 52‐year lifetime, tropospheric concentrations of CFC‐11 peaked in about
1994 (WMO, 1999) and have declined up to the present.

Although CFC‐11 emissions declined from the late 1980s to the early 2000s, they were fairly constant during
2002–2012. Montzka et al. (2018) showed that emissions then increased during 2013–2016, to an average of
approximately 72.5 gigagrams per year (Gg/year) (as updated in Engel & Rigby, 2018; see also Prinn et al.,
2018). Global emissions during 2014–2016 were roughly 10 Gg/year (~15%) higher than the 2002–2012 aver-
age, and significantly larger than 2006 and 2012 projections based on reported production and estimates of
the bank and bank release fraction (see Engel & Rigby, 2018). The 2013–2106 emissions increase was likely
not explained by release from existing CFC‐11 banks. While the origin of the increase was not identified,
Montzka et al. suggested that the emissions most likely originated from eastern Asia. The subsequent study
of Rigby et al. (2019) showed that at least 40–60% of the increase in global emissions, roughly 7 Gg/year,
originated from eastern China. The Montzka et al. and Rigby et al. studies suggest that the emissions
increase was associated with new production and consumption not reported to the United Nations
Environment Programme.

Because of the recent emissions increase, long residence time in the atmosphere, and significant potential to
deplete ozone, it is important to understand and quantify the stratospheric ozone response to potential
future CFC‐11 emissions increases. In this paper, we calculate the stratospheric ozone impact due to a range
of future CFC‐11 emissions scenarios, including those based on Montzka et al. (2018). We quantify the
increase in equivalent effective stratospheric chlorine (EESC) and estimate the delays in the recovery of
EESC and ozone due to additional CFC‐11 emissions. We also examine the relationship between the time‐
integrated ozone response and the cumulative amount of emissions over the 2017–2100 time period under
a range of greenhouse gas scenarios, with a brief examination of the ozone response beyond 2100.

2. Model Simulations and Scenarios

Simulations in this study are conducted with the National Aeronautics and Space Administration (NASA)/
Goddard Space Flight Center two‐dimensional model (GSFC2D), which has been used in chemistry‐climate
coupling studies of the stratosphere and mesosphere as well as the World Meteorological Organization
ozone assessments, including WMO (2018). The model has full stratospheric chemistry, and its computa-
tional efficiency makes it a very useful tool for performing numerous sensitivity tests. The model has under-
gone extensive improvement and evaluation over the years (e.g., Bacmeister et al., 1995; Considine et al.,
1994; Fleming et al., 2007, 2011, 2015; Jackman et al., 1996, 2016; Rosenfield et al., 1997, 2002) and is shown
to provide realistic ozone responses to chlorine perturbations. A model description and evaluation of the
baseline simulation of CFC‐11 and ozone is provided in Appendix A.

Given the uncertainty in future CFC‐11 emissions, we examine the future stratospheric ozone response to
CFC‐11 using several global emission scenarios shown in Figure 1a. These scenarios are not meant to be pre-
dictions, but are formulated to examine impacts from plausible future emissions pathways, with the intent of
generalizing the ozone responses to various levels of future cumulative emissions. The baseline (black line)
follows the latest WMO (2018) A1 mixing ratio scenario (Carpenter & Daniel, 2018). Here historic emissions
(1950–2016) are derived from global mixing ratio observations using a global 1‐box model (Velders & Daniel,
2014) and a fixed lifetime of 52 years (SPARC, 2013). Future emissions (2017–2100) 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 (Carpenter & Daniel, 2018).

As discussed in Engel and Rigby (2018), recent trends inferred from the global surface observation networks
show that emissions derived for 2014–2016 were ~10 Gg/year (~15%) higher than those derived for
2002–2012. This increase is not likely due to increasing emissions from banks and may indicate new produc-
tion not reported to the United Nations Environment Programme. To account for this trend continuing into
the future, we include a scenario in which the emissions are held at a constant 10 Gg/year above the baseline
throughout 2017–2100 (Figure 1a, orange line). This assumes that the 10‐Gg/year increase is a constant delta
above a steadily decreasing background emission.
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As discussed above regarding the A1 scenario, future emissions of CFC‐11 are projected to decrease from
present day, assuming compliance with the Montreal Protocol and assuming that bank fractional release
amounts remain roughly constant over time (WMO, 2018). However since 2002, the actual inferred emis-
sions from atmospheric observations have been fairly constant or increasing. The length of time that such
an “excess” emission would occur and the magnitude of this emission will depend on how long production
continues, howmuch is produced, and howmuch of the production is released quickly to the atmosphere as
opposed to, for example, being retained inside insulating foams. If these new emissions are associated with
uses that substantially increase the CFC‐11 banks, larger emissions resulting from this new production
would be expected in the future (Engel & Rigby, 2018). Therefore, we include a scenario that assumes the
2013–2016 inferred average of 72.5 Gg/year (WMO, 2018) will be sustained out to 2100 (Figure 1a, red line).
This emission level is slightly higher (by ~8%) than the longer term 2002–2016 inferred average of 67 Gg/year
(Carpenter & Daniel, 2018; Engel & Rigby, 2018). Finally, we include a scenario of zero emissions for
2017–2100 (Figure 1a, blue line; see also Table 1). While this serves as the absolute lower limit of the future
CFC‐11 impact, zero future emissions is a highly idealized scenario since it is unlikely that all CFC‐11 banks
will be recovered and some future emissions would still be expected. Prior to 2017, all scenarios are identical
to the baseline, where the model is forced with the global surface mixing ratios from the A1 scenario
(Figure 1b, black line).

Figure 1. Time series of global (90°S–90°N) and annual average (a) CFC‐11 surface emissions (Gigagrams (Gg)/year); (b)
CFC‐11 surface mixing ratio (parts per trillion, ppt); and (c) equivalent effective stratospheric chlorine (EESC, in parts
per billion, ppb) at 50 km (0.8 hPa), for the four future CFC‐11 emission scenarios listed in Table 1. Included are the
baseline scenario (black), baseline +10 Gg/year sustained for 2017–2100 (orange); zero emissions for 2017–2100 (blue),
and 72.5 Gg/year sustained for 2017–2100 (red). All scenarios are identical to the baseline prior to 2017. Also shown are the
EESC return dates to 1980 values (vertical dashed lines).
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To test the linearity of the ozone response, we ran several additional emissions scenarios for 2017–2100: (1) a
“medium” scenario of sustained 30 Gg/year (roughly one‐half of the inferred emissions during 2002–2016);
(2) sustained 64 Gg/year (the 2002–2012 average inferred by Montzka et al., 2018 andWMO, 2018); and (3) a
very high scenario of sustained 100 Gg/year. Finally, to test the near‐ and long‐term time dependence of the
ozone response, we ran three additional scenarios with identical total emissions but different emissions time
dependence in the near‐term future. These will be discussed in section 3.4.

For the other long‐lived ODSs, the WMO (2018) A1 scenario is used for all simulations. We note that the
recent emissions increase of CFC‐11 may be related to emissions changes of other ODSs such as CFC‐12
(CCl2F2) and CCl4 (e.g., from feedstock uses). However, in this paper we focus on the impacts due to only
CFC‐11 emissions. For CO2, CH4, and N2O, the Intergovernmental Panel on Climate Change (IPCC)
Representative Concentration Pathways (RCP) medium Scenario 6.0 (“historic” scenario before 2005,
Meinshausen et al., 2011) is used for the simulations shown in Figures 1–5. In section 3.3, we explore the
impact of different GHG scenarios on the ozone response.

3. Results
3.1. EESC and Ozone Responses

Figure 1 shows the 1970–2100 global (90°S–90°N) and annual average (b) CFC‐11 surface concentration
and (c) EESC for the four emissions scenarios shown in Figure 1a and listed in Table 1. Here EESC is
taken as the sum of the model inorganic chlorine plus 60 times the inorganic bromine from all long‐
lived ODSs in the global upper stratosphere (1 hPa, ~48 km), following Newman et al. (2007).
Figure 2 shows the corresponding total ozone responses for the (a) global/annual average and (b)
Antarctic spring. For context, we include the historical ground‐based total ozone observational data
record (1964–2017) in Figures 2a and 2b. We note that unlike 3‐D chemistry‐climate models, the inher-
ent interannual variability in GSFC2D is negligible so that the long‐term model time series are very
smooth in Figures 1b and 1c, and 2.

The future surface mixing ratio of the baseline scenario calculated in GSFC2D (Figure 1b, black line) is
slightly larger than the A1 scenario calculated from the global 1‐box model (Carpenter & Daniel, 2018),
with a maximum difference of 5 parts per trillion (ppt) in 2065. This is due to the inherent model differ-
ences, including the constant 52‐year lifetime assumed in the 1‐box model versus the model calculated
(i.e., time dependent) GSFC2D lifetime that is slightly longer than 52 years through most of the 21st cen-
tury. The GSFC2D lifetime decreases from 55 years in 2000 to 50 years in 2100, with a 2000–2100 average
of 53 years for RCP6.0 GHG conditions. Long‐term changes in the CFC‐11 lifetime will be discussed
further in section 3.3.

Zeroing the future emissions (Figure 1b, blue line) results in a smaller surface concentration compared to the
baseline (as expected), with a maximum difference of −22 ppt in 2044. By the latter 21st century, most of the
CFC‐11 emissions reduction is already achieved under the baseline scenario, so that with a 50‐ to 55‐year

Table 1
Future CFC‐11 Emission Scenarios (2017–2100) Shown in Figures 1 and 2

Scenario
Future emissions

(2017–2100)

EESC Global/annual avg ozone Antarctic spring ozoneb

Return to 1980 level

change from base
Return to 1980

level

Change from base

Return to 1980 level2060 2100 2060 2100

Basea 6.4%/year decay 2083.0 ‐ ‐ 2052.5 ‐ ‐ 2070.5

Lower limit 0 Gg/year 2080.2 (−2.8 years) +0.16% +0.09% 2050.8 (−1.7 years) +1.4% +0.70% 2068.3 (−2.2 years)

Base +10 Base+10 Gg/year 2085.8 (+2.8 years) −0.09% −0.13% 2054.0 (+1.5 years) −0.81% −1.1% 2073.7 (+3.2 years)

2013–2016 Avg 72.5 Gg/year 2108.4c (+25.4 years) −0.50% −0.89% 2060.0 (+7.5 years) −4.3% −7.1% 2095.1 (+24.6 years)

Note. Also shown are the dates of return to 1980 values for EESC (equivalent effective stratospheric chlorine), the percentage change from the baseline in 2060
and 2100, and the date of return to 1980 values for global/annual average and Antarctic spring total column ozone. The difference from the baseline of the return
dates is shown in parentheses. The EESC and ozone values are from simulations that use the IPCC RCP6.0 GHG scenario.
aFrom WMO (2018). bAntarctic spring is defined as the average over 90°S‐65°S for September–October. cDetermined by extrapolating beyond 2100.
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lifetime, zeroing the future emissions has a smaller impact compared to the baseline by 2100, with a
difference of −11 ppt. The EESC and ozone differences from the baseline are small (Figures 1c and 2),
with an EESC reduction of 0.03–0.05 parts per billion (ppb) through the 21st century. By 2100, global and
Antarctic spring ozone increase by ~0.1% and 0.7%, respectively, above the baseline. With zero future
emissions, EESC and ozone return to 1980 levels 2–3 years earlier compared to the baseline (Table 1).
This is similar to other long‐lived ODSs, where zeroing future emissions resulted in a return to 1980 EESC
levels of 1–3 years earlier than the baseline scenario (Carpenter & Daniel, 2018).

For the base +10 Gg/year scenario (Figures 1 and 2, orange line), the differences from the baseline increase
throughout the 21st century, but the resulting perturbation is relatively small by 2100: +18 ppt in surface
concentration and +0.05 ppb (+2%) in EESC. For global and Antarctic spring ozone, this results in addi-
tional ozone depletion of 0.13% and 1.1% in 2100, and a delay in the recovery to 1980 levels of 1.5 and 3.2
years, respectively.

The sustained 72.5 Gg/year scenario (Figures 1, 2, red line) substantially perturbs the stratosphere. CFC‐11
surface concentrations significantly increase through the 21st century to be 125 ppt above the baseline by
2100, with a 0.35 ppb (15%) increase in EESC. This causes an ozone change that grows over time and even-
tually leads to additional ozone depletion greater than that caused by all future halocarbon ODS emissions in
the baseline scenario (this is determined by comparing the baseline with a simulation that has zero future
emissions for all ODSs— see Carpenter & Daniel, 2018). Relative to the baseline, the sustained 72.5 Gg/year
scenario results in additional global ozone depletion of nearly 1% in 2100 and a delay in the recovery to 1980
levels of 7.5 years (Table 1). For Antarctic spring ozone, this 72.5 Gg/year scenario results in additional
depletion of nearly 7% in 2100, with a delay in the recovery to 1980 levels of 24.6 years. The return to
1980 EESC levels does not occur until after 2100.

Figure 2. Total column ozone time series for the (a) global (90°S–90°N) and annual average and (b) Antarctic spring
(September–October average for 65°S–90°S), given in Dobson Units (DU) and percent change from 1980 values, for
the four future CFC‐11 emission scenarios shown in Figure 1a and Table 1. Included are the baseline scenario (black),
baseline +10 Gg/year sustained for 2017–2100 (orange); zero emissions for 2017–2100 (blue), and 72.5 Gg/year sustained
for 2017–2100 (red). All scenarios are identical to the baseline prior to 2017. Also shown are the return dates to 1980 values
(vertical dashed lines) and ground‐based observations for 1964–2017 (magenta plus signs, updated from Fioletov et al.,
2002). The model in Figure 2b has been offset by −30 DU to minimize differences with the observations in the 1970s and
facilitate long‐term model‐data comparison.
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3.2. Sensitivity of the Ozone Response

The ozone change averaged over time has a strong linear dependence on the cumulative amount of future
CFC‐11 emissions. This is seen over the range of emission scenarios for total column and vertical profile
ozone at all latitudes and altitudes. This point is consistent with the recent modeling study of Keeble et al.
(2019), who found a robust linear relationship between the cumulative emissions and the response and tim-
ing of the recovery in total ozone. As an example, Figure 3 shows this linear dependence for the near‐term
future (2017–2041) for the four scenarios shown in Figures 1 and 2 and Table 1, and the additional sensitivity
scenarios described in section 2. Here the emissions are accumulated over 20 years (2017–2036), and the
ozone response is averaged over an additional 5 years (2017–2041) to include a 5‐year time lag to account
for the time delay between the emissions release at the surface and subsequent ozone depletion in the strato-
sphere. The ozone response is taken relative to the zero emissions scenario, and the cumulative emissions
are expressed in both gigagrams and ppt of chlorine, with the conversion from mass to volume mixing ratio
done as in the 1‐box model (Velders & Daniel, 2014).

The scenarios with emissions constant in time yield a strong linear relationship with very little offset. The
resulting sensitivity (linear slope) gives a simple metric relating the average ozone change to the cumulative
CFC‐11 emissions. For the 2017–2041 average, this relationship is −0.34 Dobson Units (DU) (−0.11%) and
−2.6 DU (−1.0%) per 1,000 Gg cumulative CFC‐11 emissions, for global/annual and Antarctic spring total
ozone, respectively (Figure 3). For the base and base +10 Gg/year scenarios, the ozone sensitivity is slightly
larger than this relationship (Figure 3, black and orange “+”). This is due to the small time dependence of

Figure 3. Cumulative CFC‐11 emissions versus the average total ozone response for the four scenarios listed in Table 1
and the additional sensitivity scenarios described in section 2. Emissions are accumulated over 2017–2036, and the
ozone response is averaged over an additional 5 years (2017–2041) to account for a 5‐year time lag from emissions release
at the surface and subsequent ozone depletion in the stratosphere. Results are taken relative to zero CFC‐11 emissions for
(a) the global (90°S–90°N) and annual average and (b) Antarctic spring ozone, using the RCP6.0 GHG scenario. The
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).
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the emissions, as more CFC‐11 is emitted earlier in the time period (Figure 1a), combined with the long
lifetime (50–55 years), resulting in slightly more ozone depletion per gigagram compared to emissions
that are constant with time.

The latitude‐height distribution of the ozone sensitivity to additional CFC‐11 is consistent with that expected
due to chlorine perturbations (e.g., WMO, 1999, 2018). Figure 4 shows the annual ozone response averaged
over 2017–2041 as in Figure 3, expressed as the change per 1,000 Gg of cumulative emissions. The largest
ozone depletion occurs in the Antarctic lower stratosphere (−1% per 1,000 Gg) and in the upper stratosphere
globally (−0.3 to −0.4% per 1,000 Gg). There is a secondary area of ozone loss of smaller magnitude in the
Arctic lower stratosphere (−0.1 to −0.2% per 1,000 Gg). Also shown are the same changes expressed in dif-
ferent units (Figure 4b: mixing ratio, parts per million, ppm; Figure 4c: Dobson Units per km, DU/km),
emphasizing the changes in the upper and lower stratosphere, respectively. Largest mixing ratio changes
occur globally at 2–4 hPa (−0.02 ppm per 1,000 Gg); largest DU/km changes occur in the very lower polar
stratosphere, especially in the Southern Hemisphere (SH, −0.1 DU/km per 1,000 Gg).

The largest total ozone losses from increased CFC‐11 emissions occur in the polar regions. This is seen in
Figure 5, where the largest total ozone changes occur in the polar spring in each hemisphere. The increased
depletion in the Antarctic ozone hole is evident, with an additional 1.5% (3.5 DU) per 1,000 Gg of ozone loss
at 80°S‐90°S during October. However, additional ozone depletion of ~0.3% per 1,000 Gg persists throughout
the year at SH polar latitudes. In the Northern Hemisphere (NH), the largest additional depletion of 0.15%
per 1,000 Gg occurs in the polar late winter‐early spring, with minor ozone loss of ~0.05% per 1,000 Gg in

Figure 4. Annual ozone response to cumulative CFC‐11 emissions averaged over 2017–2041. A 5‐year lag from the emis-
sions release at the surface is used for the ozone response, which is shown in (a) percent per 1,000 Gg, (b) ppm per
1,000 Gg, and (c) DU/km per 1,000 Gg cumulative emissions. The contour intervals are (a) −0.1 for values ≥−0.4 and
include the −0.6, −0.8, and −1% per 1,000 Gg contours; (b) −0.005 and include the ±0.001 ppm per 1,000 Gg contours;
(c) −0.04 and include the −0.02, −0.01, and ± 0.005‐DU/km contours.
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the NH summer and fall, and in the tropics throughout the year. We note that ozone loss during Arctic
winter‐spring will have large year‐to‐year variability depending on the meteorology, with larger loss
during cold winters. This effect is not captured in the current GSFC2D model, which computes essentially
climatologically averaged transport fields.

A strong linear relationship between the cumulative emissions and the time‐averaged ozone response, as
shown in Figure 3, exists throughout the stratosphere regardless of the time period taken. However, the sen-
sitivity (linear slope) is time dependent, as shown in Figure 6a for the global total and partial columns above
and below 32 km (starting in 2022 since the ozone response is lagged by 5 years from the emissions release at
the surface). Since the sensitivity is computed relative to the scenario inwhich emissions drop to zero starting
in 2017, the time dependence reflects the adjustment of stratospheric chlorine and ozone depletion to zero
emissions at the surface, as well as the slow decay of CFC‐11 to zero concentration. As a result, the sensitivity
throughout the stratosphere increases with time prior to the mid‐2100s, with a slow decrease thereafter. For
global total ozone, the sensitivity maximizes in ~2050 (−0.34 DU/1,000 Gg), with the column below and
above 32 km contributing roughly 70% (−0.24 DU/1,000 Gg) and 30% (−0.1 DU/1,000 Gg), respectively.
For Antarctic spring total ozone, the sensitivity is a maximum of −2.8 DU/1,000 Gg in the early 2060s (note
that only the Antarctic total column response is shown in Figure 6b, as this is dominated by the region below
32 km, with only a very small contribution from the upper stratosphere, ~−0.1 DU). Changes in the back-
ground atmosphere will also impact the ozone sensitivity as discussed in the next section.

Figure 5. Season versus latitude total column ozone response to cumulative CFC‐11 emissions averaged over 2017–2041.
A 5‐year lag from the emissions release at the surface is used for the total ozone response, which is shown in (a)
Dobson units (DU) per 1,000 Gg and (b) percent per 1,000 Gg. The contour intervals are (a)−0.1 for values≥−0.6 and−0.4
DU for values ≤−0.8 DU per 1,000 Gg; (b) −0.1 for values ≥−0.6 and −0.2 for values ≤−0.8 and include the −0.05% per
1,000 Gg contour.
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3.3. Impact of GHGs and Bromine

The ozone response sensitivity in Figure 6 is dependent on the future concentration of GHGs (CO2, CH4, and
N2O). As discussed in previous studies, changing GHG loading can modify the future impact of chlorine per-
turbations on stratospheric ozone (e.g., see Pawson & Steinbrecht, 2014). This is done through modification
of the chlorine‐related catalytic ozone destruction by direct chemical perturbations or by changes to the
radiative properties, temperature, and circulation of the stratosphere. First, increased NOx from N2O oxida-
tion and increased CH4 loading both mitigate the chlorine‐ozone loss cycle by converting active chlorine to
reservoir forms via the reactions:

ClOþ NO2 þM→ClONO2 þM M is a third bodyð Þ (1)

Clþ CH4→HClþ CH3 (2)

Second, increased CO2 concentrations: (a) accelerate the Brewer‐Dobson circulation (BDC), thereby redu-
cing the CFC‐11 lifetime (Butchart & Scaife, 2001), and (b) cool the stratosphere, thereby reducing the ozone
chemical loss rates (Haigh & Pyle, 1979). Both of these processes reduce the efficiency of chlorine‐catalyzed

Figure 6. Sensitivity (in DU per 1,000 Gg) of the time‐averaged ozone response, with a lag of 5 years, to the cumulative
CFC‐11 emissions for 2022–2100, taken relative to the zero emissions scenario. (a) Global (90°S–90°N) and annual aver-
age total column and partial columns for (1) the troposphere + lower stratosphere (below 32 km) and (2) upper strato-
sphere (above 32 km).(b) Antarctic spring total column. The black line shows results using the RCP6.0 GHG scenario. The
gray shading depicts the range using the RCP2.6, RCP4.5, RCP6.0, and RCP8.5 GHG scenarios, with the largest
sensitivity occurring under RCP2.6 (low GHG loading) and the smallest sensitivity occurring under RCP8.5 (high GHG
loading). The magenta line shows results for the RCP6.0 GHG scenario, but with the bromine‐containing source gases
(CH3Br and halons) fixed at 2017 levels (this simulation is nearly identical to the baseline for the global upper strato-
spheric column, Figure 6a, black).
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ozone loss, although process (b) has only a small impact due to the weak temperature dependence of the
chlorine‐ozone reaction rates. In the polar region, stratospheric cooling may enhance ozone loss via the
increase in polar stratospheric clouds, although this process may be at least partially offset by dynamically
induced polar warming due to the BDC acceleration (e.g., see Dameris & Godin‐Beekmann, 2014;
Langematz & Tully, 2018). Reduction in the CFC‐11 lifetime via process (a) is somewhat mitigated by
long‐term increases in the overhead ozone column, which increases the lifetime (Fleming et al., 2011;
SPARC, 2013). The net impact of these processes reduces the CFC‐11 lifetime in GSFC2D from 55 years in
2000 to 50 years in 2100 under the RCP6.0 scenario. In 2100, the CFC‐11 lifetime has a range of 47–56
years across the RCP scenarios, with the lifetime becoming shorter with increasing GHG concentrations
(Table 2).

The GHG loading also modifies stratospheric water vapor via increased CH4 oxidation (e.g., Revell et al.,
2016) and changes in the tropical tropopause temperature that largely controls the amount of H2O entering
the stratosphere (e.g., Karpechko &Maycock, 2018; Smalley et al., 2017). Any increase in stratospheric water
vapor will increase polar stratospheric cloud formation and enhance the chlorine‐induced ozone loss in the
polar region. We note that GSFC2D captures these GHG‐induced feedbacks either directly or through para-
meterizations, as described in Appendix A.

The net impact of CO2, CH4, and N2O increases is to reduce the global ozone sensitivity to increased chlor-
ine. This is shown in Table 2 for the response integrated over 2017–2100, as the global ozone sensitivity to
increased CFC‐11 emissions is inversely proportional to GHG loading, that is, the sensitivity is largest for
RCP2.6 and smallest for RCP8.5. This impact becomes significant after ~2035, as indicated by the gray shad-
ing in Figure 6 depicting the range in sensitivity among the four RCP scenarios. The inverse relationship to
GHG loading is true for all three vertical regions shown in Figure 6a. The smaller sensitivity under RCP8.5 in
the late 21st century is due to the larger CO2 and N2O, and much larger CH4 (by more than a factor of 2)
compared to the other three scenarios. This latter point will have a mitigating impact on chlorine‐ozone loss
via reaction (2). Antarctic spring ozone also has an inverse dependence on GHG loading. However, com-
pared to the large impact due to chlorine, the ozone sensitivity has a relatively small range among the
RCP scenarios in Figure 6b and Table 2. Relatively weak Antarctic spring ozone sensitivity to GHG loading
was also seen in analysis of the Chemistry‐Climate Model Initiative (CCMI) models (Dhomse et al., 2018).

The ozone sensitivity in Figure 6 is also dependent on the decreasing concentrations of bromine‐containing
source gases (methyl bromide, CH3Br, and halons) through the 21st century. Decreasing atmospheric bro-
mine will reduce the bromine and chlorine atoms released via the reaction:

BrOþ ClO→Brþ Clþ O2; (3)

and this will subsequently reduce the ozone sensitivity to chlorine. To quantify this effect, Figure 6
(magenta line) shows an additional simulation in which atmospheric bromine is held constant at relatively
high 2017 levels, with the RCP6.0 scenario used for GHGs. After ~2060, the resulting ozone sensitivity is
slightly larger, by 3–5% for global and Antarctic total ozone, compared to the baseline decreasing bromine
(black line). This indicates that decreasing bromine has a rather minor impact on the future ozone sensi-
tivity to CFC‐11.

Table 2
Global and Antarctic Spring Total Ozone Response Sensitivity Per 1,000‐Gg Cumulative CFC‐11 Emissions Under Different RCP GHG Scenarios

GHG Scenario Global annual ozone Antarctic spring ozonea CFC‐11 lifetime in 2100 (years)

RCP 2.6 −0.32 DU (−0.11%) −2.6 DU (−1.0%) 55.6

RCP 4.5 −0.31 DU (−0.10%) −2.6 DU (−1.0%) 52.9

RCP 6.0 −0.30 DU (−0.10%) −2.6 DU (−1.0%) 50.4

RCP 8.5 −0.27 DU (−0.09%) −2.5 DU (−1.0%) 46.9

Note. The emissions are accumulated over 2017–2095, and the ozone response is averaged over an additional 5–years (2017–2100) to account for a 5‐year time lag
from the emissions release at the surface and subsequent ozone depletion in the stratosphere. Also shown is the CFC‐11 lifetime in year 2100 (for reference, the
lifetime is 55 years in 2000).
aAntarctic spring is defined as the average over 90°S‐65°S for September–October.
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3.4. Impact of Emissions Time Dependence

As illustrated in Figure 6, the ozone depletion for a given level of emissions depends somewhat on the time
period over which the ozone depletion is considered. To further examine this point, we compare three future
scenarios with identical total CFC‐11 emissions, but with different emissions time dependence as shown in
Figure 7a: (1) 72.5 Gg/year for 20 years (2017–2036; red line); (2) 145 Gg/year for 10 years (2017–2026; green
line), that is, twice the emissions level of (1) for half the time period; and (3) 36.25 Gg/year for 40 years
(2017–2056; blue line), that is, half the emissions level of (1) for twice the time period. The RCP6.0 GHG sce-
nario and baseline decreasing bromine are used for all three simulations. Although the total emissions are
the same for all three scenarios (1,450 Gg), the time dependence of the ozone response is different. This is
shown in Figures 7b and 7c for global total ozone, expressed as the difference from the zero emissions sce-
nario and run out to year 2250 (the results for Antarctic spring ozone are qualitatively similar). For all sce-
narios, the annual ozone depletion reaches a maximum roughly 5 years after emissions stop (Figure 7b). The
~5‐year lag time corresponds roughly to the stratospheric age‐of‐air and is the time delay between the surface
emissions release and subsequent ozone depletion in the stratosphere as discussed in section 3.2. The
scenario with the largest emissions early in the time period (145 Gg/year) has the largest accumulated ozone
depletion through almost the entire 2017–2250 time period (Figure 7c, green line). However, as the CFC‐11
and associated chlorine is removed from the atmosphere, the annual ozone depletion goes to zero and the

Figure 7. Time series for 2017–2250 showing the (a) global emissions, and (b) annual and (c) accumulated global (90°S–
90°N) total ozone depletion for three CFC‐11 emission scenarios that have the same total emissions of 1,450 Gg: 145 Gg/
year sustained for 10 years (2017–2026) then zero emissions starting in 2027 (green line); 72.5 Gg/year sustained for 20
years (2017–2036) then zero emissions starting in 2037 (red line); and 36.25 Gg/year sustained for 40 years (2017–2056)
then zero emissions starting in 2057 (blue line). The ozone depletion is taken as the difference from the zero future CFC‐11
emissions scenario starting in 2017 (Figure 1, blue line). The RCP6.0 GHG scenario is used up to 2100. After 2100, all
other major ODSs, CO2, CH4, and N2O are held constant at year 2100 values. For reference, the horizontal black bar in
Figure 7b depicts the 52‐year time scale of the nominal CFC‐11 lifetime.
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accumulated depletion eventually becomes the same in all three scenarios (−74.5 DU). This occurs in the
early‐mid 2200s, roughly 150–200 years after emissions are stopped, which corresponds to ~3–4 CFC‐11 life-
times (for reference the nominal 52‐year CFC‐11 lifetime is depicted by the horizontal black bar in Figure 7
b).

These idealized scenarios illustrate that for a given level of cumulative emissions, the shorter‐term annual
and accumulated ozone depletion will increase as more of the emissions are released earlier in a given time
period. However, the long‐term accumulated ozone depletion eventually will be independent of the time
period of emissions release and will depend mainly on the total amount of CFC‐11 emitted, with some
dependence on the changing background atmosphere as was discussed in section 3.3.

Finally, we note that the scenarios in Figure 7 correspond to roughly the same level of CFC‐11 emitted dur-
ing the past 20 years (1997–2016, Figure 1a). If this level of emissions were to continue for another 20 years as
in Figure 7 (red line), the ozone layer will be impacted well after year 2100 due to the long time scales of the
processes involved, with ~30% (22 DU) of the total accumulated depletion occurring after 2100.

4. Conclusions

Increased CFC‐11 emissions cause increased stratospheric ozone depletion. In light of the recent increase in
global CFC‐11 emissions reported in Montzka et al. (2018), we have examined the stratospheric ozone
impacts due to emissions potentially continuing into the future. The latitude‐height distribution of the ozone
response to additional CFC‐11 is consistent with that expected due to chlorine perturbations, with the largest
percentage changes occurring in the global upper stratosphere and the Antarctic lower stratosphere. Largest
total ozone changes occur in the Antarctic spring associated with a deepening ozone hole, although some
additional total ozone loss occurs in the southern polar region throughout the year and in the northern polar
region during late winter and spring. Qualitatively similar results were obtained in the recent modeling
study of Dameris et al. (2019), who found the largest total ozone changes to a CFC‐11 perturbation occurred
in the Antarctic and Arctic late winter and spring, with generally small changes at midlatitudes and in
the tropics.

If the recent increased emissions rapidly decrease back to expected levels in the near future, the ozone
impact will be minimal. This is seen in the ozone response to the WMO (2018) baseline scenario that
assumed a constant CFC‐11 emissions decay rate of 6.4%/year from the present day. This baseline achieves
a large emissions reduction by the latter 21st century, as this scenario is nearly equivalent to zero future
CFC‐11 emissions. However, if emissions remain substantial as in recent years, significant additional ozone
depletion will occur, causing a delay in the ozone recovery. For example, sustaining the 2013–2016 average
emissions of 72.5 Gg/year out to 2100 will increase EESC by 15% above the baseline. This will result in addi-
tional global and Antarctic spring ozone depletion of nearly 1% and 7%, respectively, in 2100, and delay the
recovery to 1980 levels by 7.5 and 24.6 years. Furthermore, because of the ~52‐year CFC‐11 lifetime, time
delay between the surface emissions release and ozone loss in the stratosphere, and the long time scale
for removal of chlorine from the atmosphere, continuing elevated emissions even for a shorter time period,
will impact the stratosphere well into the future. For example, continuing emissions of 72.5 Gg/year, roughly
the average during 1997–2016, for another 20 years will cause significant ozone depletion through the mid‐
21st century, with some impact continuing well beyond 2100.

The calculated future ozone depletion has a strong linear dependence on the cumulative CFC‐11 emissions
across a wide range of scenarios. Furthermore, sensitivity of additional ozone depletion to the cumulative
CFC‐11 emissions will depend on the considered time period and future GHG concentrations. GHGs modify
the chlorine‐related catalytic ozone destruction by direct chemical perturbations and by changes to the
radiative properties, temperature, and circulation of the stratosphere. These GHG impacts will also change
the CFC‐11 lifetime, which will become shorter as GHG levels increase, with a range of ~20% across the RCP
scenarios (RCP2.6–RCP8.5). The ozone sensitivity to CFC‐11 was found to have a modest inverse depen-
dence on future GHG concentrations, with the largest sensitivity computed under the low GHG loading of
the RCP2.6 scenario. The weakest ozone sensitivity was computed under the high RCP8.5 scenario, due in
part to the very large CH4 concentrations in the late 21st century that will reduce the efficiency of the chlor-
ine catalytic ozone destruction. Additionally, the future ozone sensitivity to chlorine will decrease as
bromine concentrations decrease, although this impact was found to be relatively minor. Ultimately,
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however, the total accumulated ozone depletion over the entire life cycle of emissions release to removal of
the chlorine from the atmosphere will be determined primarily by the total amount of CFC‐11 emitted.

Appendix: GSFC 2D Model Description and Evaluation A.

In this appendix, we provide a description and evaluation of the GSFC2Dmodel used in this work. We com-
pare the GSFC2D baseline simulation with that from the 3‐D Goddard Earth Observing System Chemistry‐
Climate Model (GEOSCCM). The GEOSCCM has a comprehensive tropospheric and stratospheric chemical
mechanism (Oman et al., 2016) and performed well in both chemical‐ and transport‐related process evalua-
tions (Douglass et al., 2012, 2014; Eyring et al., 2006; SPARC CCMVal, 2010; Strahan et al., 2011). For refer-
ence, we also show total and stratospheric column ozone comparisons with the SPARC CCMI multimodel
mean (MMM) (Dhomse et al., 2018) and observational ozone data where available.

GSFC2D has complete stratospheric chemistry but contains a limited subset of tropospheric species
(Fleming et al., 2011; Jackman et al., 2016). Themodel shows good overall agreement with a variety of obser-
vations that are sensitive to transport in the meridional plane (e.g., age of air and long‐lived tracers), demon-
strating that the residual circulation framework used in the model provides a realistic simulation of
stratospheric transport on long timescales (>30 days). This is particularly relevant to this study, since strato-
spheric transport is important for realistic model simulation of atmospheric loss and lifetime of long‐lived
ODSs including CFC‐11 (Chipperfield et al., 2014; Douglass et al., 2008; SPARC, 2013) andmodel total ozone
responses to CFC‐11 perturbations.

GSFC2D accounts for long‐term CO2‐induced changes in surface temperature (including sea surface tem-
perature), latent heating, and tropospheric water vapor, including the amount of H2O entering the
stratosphere, by parameterizing these quantities using the CO2 surface boundary condition and sensitivity

Figure A1. Emissions‐based CFC‐11 (CFCl3) from GSFC2D (top) and GEOSCCM (bottom) for the January (left) and July
(right) average over 2000–2010. Colors show CFC‐11 values, with solid black lines in increments of 20 ppt (≤240 ppt) and 1
ppt (≥ 247 ppt). White lines show zonal mean zonal winds at ±15‐m/s intervals, while the tropopause is magenta.
The brick‐colored lines show model streamlines (zonal mean meridional and vertical winds). The letters indicate various
transport‐sensitive features as described in the text. To facilitate visual comparison between the models, the CFC‐11
values have been rescaled so that the global average surface mixing ratio matches that of the observations for 2000–2010
(250 ppt).
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factors derived from GEOSCCM simulations. The resulting GSFC2D simulation reproduces the long‐term
CO2‐induced tropospheric warming, stratospheric cooling, and acceleration of the BDC simulated by the
GEOSCCM over the 1950–2100 period (Fleming et al., 2011). Resolving these processes is important to
properly simulate long‐term changes in ozone and the CFC‐11 lifetime. The model kinetic and photolysis
rates are updated to the latest JPL‐2015 recommendations (Burkholder et al., 2015).

For the GSFC2D model tropospheric transport, large‐scale horizontal mixing by synoptic scale eddies is
parameterized using orthogonal tracer simulations (Plumb & Mahlman, 1987) performed in the
GEOSCCM. Vertical (convective) mixing is based on the convective mass flux obtained from the Modern‐
Era Retrospective Analysis for Research and Applications reanalysis (Rienecker et al., 2011). The large‐scale
tropical Hadley circulation is driven largely by the latitudinal and seasonal distribution of latent heating,
which is taken from GEOSCCM simulations. The resulting pole‐to‐pole near‐surface age‐of‐air in
GSFC2D (derived from an emissions‐based SF6 simulation) is within ~ ± 5% of observations (Waugh
et al., 2013). This gives confidence that the interhemispheric tropospheric transport, which distributes
CFC‐11 primarily emitted in the NH to the remote SH, is reasonably well simulated by GSFC2D. This is
of particular importance for the simulations in this study that are driven by surface CFC‐11 emissions.

Figure A2. REF‐C2 simulations for 1960–2100 and observations of the global (90°S–90°N) and annual average: (a) total
column ozone, and the ozone columns (b) above and (c) below the latitude‐dependent and seasonally dependent tropo-
pause. Shown are GSFC2D (red line), GEOSCCM (blue line), and the CCMImultimodel mean (MMM, dark gray line with
gray shading indicating ±1σ; from Dhomse et al., 2018). The observations are (a) ground‐based total ozone for 1964–2017
updated from Fioletov et al. (2002); (b) stratospheric column ozone from Aura/MLS version 4.2 for 2005–2017 (+) and
Global OZone Chemistry And Related trace gas Data records for the Stratosphere (GOZCARDS) version 2.20 for 1985–
2016, updated from Froidevaux et al. (2015) and time interpolated to fill in missing data (Δ); and (c) tropospheric column
ozone derived from OMI/MLS averaged over 60°S to 60°N for 2005–2016 (Ziemke & Cooper, 2017, 2018). To facilitate
comparison of the long‐term changes andminimize differences in the 1960s, the following offsets were applied: (a) MMM:
+5 DU, GEOSCCM: −2 DU; (b) MMM: +12 DU, GEOSCCM: −2 DU, GSFC2D: −1 DU; (c) MMM: −6.5 DU.
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An example of emissions‐based CFC‐11 is shown in Figure A1 for the baseline GSFC2D (top) and
GEOSCCM (bottom) simulations for the January (left) and July (right) 2000–2010 average.

The geographical emissions distribution is based on industrial information, with 94% of emissions in the NH
and 6% in the SH (Liang et al., 2008; McCulloch et al., 2001). The letters indicate key processes that drive the
CFC‐11 distribution. Highest CFC‐11 concentrations are found in the NH midlatitudes near the surface.
During January, the Hadley circulation lower branch advects higher surface concentrations southward
(“A” in Figure A1, left). The strong Hadley upward branch and convective mixing lofts these higher concen-
trations into the upper troposphere (“B”). These higher values are then advected into the stratosphere in the
tropics (“C”), where CFC‐11 is photolyzed by UV in the lower stratosphere. This CFC‐11‐depleted air des-
cends into the troposphere in the extratropics (“D”). The subtropical jet stream (between “E1” and “E2”) iso-
lates the CFC‐11‐depleted stratosphere from the CFC‐11‐rich troposphere. During July, lower CFC‐11
concentrations dominate the tropics near the surface as the lower branch of the SH Hadley cell advects
air northward (“F” in Figure A1, right). Stronger advection and vertical mixing in the NH summer mixes
higher CFC‐11 concentrations into the mid‐to‐upper troposphere (“G”). Additionally, the overall interhemi-
spheric gradient in both January and July is somewhat controlled by large‐scale horizontal mixing by
synoptic‐scale eddies. These features are consistent in both models and illustrate the fidelity of GSFC2D
in resolving the overall atmospheric circulation and its seasonal variability in controlling the latitude‐height
distribution of emissions‐based CFC‐11.

Figure A2 shows 1960–2100 global ozone from the CCMI baseline REF‐C2 simulations from GSFC2D,
GEOSCCM, and the CCMIMMM (gray shading indicates ±1σ). These simulations include past stratospheric
aerosol variations and solar ultraviolet flux variability associated with the 11‐year solar cycle, with a repeat-
ing 11‐year solar cycle projected out to 2100. The baseline A1 scenario is used for the ODSs (WMO, 2011),
and RCP6.0 is used for the GHG mixing ratio boundary conditions (Meinshausen et al., 2011). The
GSFC2D stratospheric column ozone agrees quite well with the GEOSCCM, both in absolute amount and
pre‐2000 decline and future ozone recovery out to 2100 (Figure A2b). While tropospheric column ozone is

Figure A3. REF‐C2 simulations for 1960–2100 and observations of the Antarctic September/October average: (a) total
column ozone and (b) stratospheric column ozone (using a latitude‐dependent and seasonally dependent tropopause).
Shown are GSFC2D (red line), GEOSCCM (blue line), and the CCMI multimodel mean (MMM, dark gray line with gray
shading indicating ±1σ; from Dhomse et al., 2018). The observations are (a) ground‐based total ozone for 1964–2017
updated from Fioletov et al. (2002); (b) stratospheric column ozone from Aura/MLS version 4.2 for 2005–2017 (+), and
Global OZone Chemistry And Related trace gas Data records for the Stratosphere (GOZCARDS) version 2.20 for 1985–
2016, updated from Froidevaux et al. (2015) and time interpolated to fill in missing data (Δ). All models in (a) were offset
by −30 DU to facilitate long‐term comparison with the observations and minimize model‐data differences in the 1960s.
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similar in the two models during the 1960s, GSFC2D underestimates the time‐dependent increases in
tropospheric ozone in the GEOSCCM and MMM from ~1970 through the mid‐21st century (Figure A2c).
This is likely due to the limited tropospheric chemical scheme used in GSFC2D as mentioned above. This
results in a GSFC2D low bias in tropospheric ozone throughout the 21st century, which is as large as 15%
(5 DU) in 2050–2060. This low bias is reflected in the total column ozone comparison with GEOSCCM
through the 21st century (Figure A2a) and impacts the recovery of global total ozone to 1980 levels. For
the REF‐C2 simulation, the return date in GSFC2D (2046) is delayed compared with GEOSCCM (2032,
after smoothing to remove interannual variability). Although GEOSCCM and GSFC2D show a stronger
decline and stronger recovery compared with the CCMI MMM, the GSFC2D recovery date of 2046 is
within the uncertainty range of the CCMI models (see Dhomse et al., 2018). Note that because of the
different future ODS scenarios and inclusion of stratospheric aerosol and solar cycle variations in REF‐C2,
the GSFC2D return dates for global and Antarctic spring total ozone cited in this appendix are several
years earlier than those listed in Table 1 and shown in Figure 2. For the total and stratospheric column,
GSFC2D and GEOSCCM are in overall agreement with the observations. For the tropospheric column,
the limited available data fall between GSFC2D and GEOSCCM (see the figure caption for details).

GSFC2D also captures well the decline and recovery of Antarctic spring total and stratospheric column
ozone simulated by GEOSCCM (Figure A3), although both models show a somewhat stronger decline

Figure A4. REF‐C2 simulations for 1960–2100 and observations of stratospheric column ozone at selected latitude bands
(using a latitude‐dependent and seasonally dependent tropopause). Observations are from Aura/MLS version 4.2 for
2005–2017 (+) and Global OZone Chemistry And Related trace gas Data records for the Stratosphere (GOZCARDS) ver-
sion 2.20 for 1985–2016, updated from Froidevaux et al. (2015) and time interpolated to fill in missing data (Δ). To facilitate
comparison of the long‐term changes and minimize differences in the 1960s, the following offsets were applied: (a)
MMM: +12 DU; (b) MMM: +2 DU; (c) MMM: +9 DU, GEOSCCM: −6 DU; (d) MMM: +5 DU, GEOSCCM: −25 DU.
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and recovery than the CCMI MMM. For the REF‐C2 simulation, the recovery to 1980 total ozone levels
occurs in 2062 for both GSFC2D and GEOSCCM, and the CCMIMMM (Dhomse et al., 2018). Note that since
the time dependence of Antarctic spring ozone is dominated by the impact of chlorine in the stratosphere,
the GSFC2D low bias in tropospheric ozone has a minimal impact on Antarctic total column ozone in
Figure A3a.

The GSFC2D low bias in global tropospheric (and total) ozone (Figure A2c) is similar to that at individual
latitude zones. To focus on the impact of chlorine perturbations on the stratosphere, Figure A4 shows com-
parisons at selected latitude zones of stratospheric column ozone. GSFC2D captures well the decline and
recovery of stratospheric ozone simulated by GEOSCCM for the tropical and NH and SHmidlatitude annual
averages. Both models show general agreement with the observations, which have significant year‐to‐year
variability. As with the Antarctic spring comparison (Figure A3), both models show a stronger decline
and recovery than theMMM at SHmidlatitudes. GSFC2D also compares well with GEOSCCM in simulating
the GHG‐induced “super recovery” at NHmidlatitudes and polar region where stratospheric ozone is 15–30
DU higher in 2100 than in 1960; both models show a larger future increase than the MMM at NH midlati-
tudes. In addition to declining ODSs, this increase is caused by a combination of stratospheric cooling, which
reduces the gas‐phase ozone loss rates, and strengthening BDC, which increases the poleward and down-
ward transport of ozone (Langematz & Tully, 2018). GEOSCCM shows large year‐to‐year variability in the
NH, especially in the Arctic where significant ozone loss occurs during cold winters (Figure A4d). As noted
in section 3.2, this effect is not captured in the current GSFC2D model, which computes climatologically
averaged transport fields. In the tropics, GSFC2D and GEOSCCM show a similar stratospheric ozone
decrease during the late 21st century, again driven primarily by GHG changes (Braesicke & Neu, 2018), with
both models generally within the fairly large 1σ range of the MMM. These comparisons, therefore, give con-
fidence in the fidelity of the GSFC2D stratospheric and total ozone responses to the CFC‐11 perturbations
shown in this study.
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