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The atmospheric concentration of trichlorofluoromethane (CFC-11) has beenin
decline since the production of ozone-depleting substances was phased out under the

Montreal Protoco
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.Since 2013, the concentration decline of CFC-11 slowed

unexpectedly owing to increasing emissions, probably from unreported production,

which, if sustained, would delay the recovery of the stratospheric ozone layer

"2 Here

wereportan accelerated decline in the global mean CFC-11 concentration during 2019
and 2020, derived from atmospheric concentration measurements at remote sites
around the world. We find that global CFC-11 emissions decreased by 18 + 6 gigagrams
per year (26 + 9 per cent; one standard deviation) from 2018 to0 2019, to a2019 value
(52+10 gigagrams per year) that is similar to the 2008-2012 mean. The declinein
global emissions suggests a substantial decrease in unreported CFC-11 production. If
the sharp decline in unexpected global emissions and unreported production is
sustained, any associated future ozone depletionis likely to be limited, despite an
increase in the CFC-11 bank (the amount of CFC-11 produced, but not yet emitted) by
90 to 725 gigagrams by the beginning of 2020.

After the discovery' that global emissions and probably also production
ofthe potent ozone-depleting chemical CFC-11increased after 2012—
despite Montreal Protocol controls banning production by 2010—
scientists, industry experts, policy makers and others sought informa-
tion to enable rapid mitigation and to ensure protection of the ozone
layer® 2, Although these efforts added clarity to our understanding,
uncertainties remain that could hinder effective and rapid mitigation of
the unexpected CFC-11emissions and prevent reliable estimates of the
additional damage expected for the ozone layer. These uncertainties
include the total amount of unreported CFC-11 production and how it
was used (which determines the CFC-11‘bank’, the amount still existing
infoams, chillers and so on, that has yet to escape to the atmosphere),
the regions responsible for new production, and the extent to which
unreported CFC-11 production continues.

At least 40% to 60% of the enhancement in global emission during
2014-2017 has been attributed to eastern mainland China®. Even before
this specific attribution, China conducted internal inspectionsin late
2018 and 2019 and announced renewed enforcement and enhanced
inspection measures as elements of abroad plan to mitigate anyillicit
CFC productionand use. Effective and rapid mitigation of the renewed
production and emission probably depends in part on the success of
this Chinese initiative. Itis difficult to predictits effectiveness for rap-
idly mitigating global emission enhancements, given that only small

amounts of CFC-11 production were discovered in these inspections
relative to the observationally derived global and regional emission
increase**", and because the regions responsible for the remaining
portion of the global emission increase have yet to be identified®.

The most likely use of the newly produced CFC-11is for manufactur-
ing closed-cell foams*. This could imply post-2010 CFC-11 production
magnitudes that were asmuchas two to four times larger than emission
enhancements detected to date*, and an increase in the total amount
of CFC-11 contained in foams worldwide. Leakage of CFC-11 from this
global bank or reservoir (1,000-2,000 Gg today>*%, including lesser
amounts in chillers) sustains emissions of CFC-11 and is one reason
why CFC-11 concentrations (or mole fractions) have not diminished as
rapidly as most other gases following production phase-outs. Whereas
emissions from this reservoir are expected to decrease gradually over
time as this reservoir becomes depleted by leakage*'>'¢, substantial use
of newly produced CFC-11ininsulating foams would enhance emissions
for many years even after production was stopped. Accordingly, the
ultimate impact of the renewed use of CFC-11 on the ozone layer will
be larger than the emission enhancement detected so far, as it will
depend on the cumulative amount of unreported production, which
isnot known.

In the absence of an accurate accounting of production and use of
CFC-11since 2010, atmospheric measurements at sites around the
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Fig.1|Measured atmospheric mole fractions of CFC-11and global mean
rate of change. Monthly mean mole fractions and standard deviations (s.d.)
measured at12 remote sites from NOAA flasks by gas chromatography with
mass spectrometry detection (GC-MS) (ref.’; Methods). Corresponding
monthly means from the independent AGAGE measurement network??
(on-site analysis by chromatography coupled with electron capture detection
(GC-ECD) at5remotesites) appear in Extended Data Fig. 1. Results from
individual sites are shown aslines, and vertical bars represent1s.d. of all
measurementsineach month at each site (Southern Hemisphere sites are
indicated by bluelines, sites within 0°-30° N as brown lines, and sites within
30°-90°Nasredlines). Hemispheric 12-month means centred on1January of
eachyear (Northern Hemisphere, red circles; Southern Hemisphere, blue
circles; connected by blacklines) are derived fromresults at 12 individual sites
(Methods). Dashed linesindicate projections based on fits to hemispheric
means during 2002-2012 (Northern Hemisphere, red; Southern Hemisphere,
blue). Theinset shows the global annual rates of change derived from NOAA
(light blue; combined flask and in situ results) and AGAGE (yellow; in situ
results) monthly means (as In[Jan,g,o/Jan,g,l, plotted at15January 2020). These
network-specific rates are averaged by month and displayed as annually
smoothed values (thick grey line). The numbered thinsolid lines represent
scenario projectionsinrecent World Meteorological Organization Scientific
Assessment reports that did not consider any unreported CFC-11 production
after 2010 (refs. ™% with publication year of each reportindicated).

globe enable an early assessment of emission mitigation efforts and
provideimportant constraints on associated future ozone layer dam-
age. Theresults fromtwo independent global measurement networks
show that since late 2018 to early 2019, after it was reported’ that global
CFC-11 emissions had unexpectedly increased after 2012, the decline
in atmospheric CFC-11 mole fractions measured at all remote sites
substantially accelerated (Fig. 1; Extended Data Fig. 1). Compared to
the mean decline of -0.5 + 0.1% yr ' during 2014-2018, which slowed
to -0.3 £ 0.1% yr' by 2017-2018, the global surface mole fraction of
CFC-11decreased at amean rate of -0.7 + 0.1% yr ' between 2018 and
2019.By the end 0f 2019 and in the first half of 2020, the global decline
rate (-1.0 + 0.1% yr*) had exceeded that which had been consistently
recorded by both networks in any previous year since regular meas-
urements began in the 1970s and was approaching the rate of decline
projected in a recent scenario” in which no unreported production
had been considered (Fig. 1).

Concurrent with the more rapid decline in global mole fraction, the
hemispheric mean (North-South) mole fraction difference decreased
fromanaverage of 2.9 + 0.1 parts per trillion (ppt) (National Oceanic
and Atmospheric Administration, NOAA) or 2.8 + 0.1 ppt (Advanced
Global Atmospheric Gas Experiment, AGAGE) during 2014-2017
to 2.1 ppt (NOAA) or 2.0 ppt (AGAGE) in 2019; by the end of 2019

and in early 2020 this difference was similar to values measured in
2008-2012, which was before emissions had increased (Fig.2). When
viewed onamonthlybasis, theresults suggest that the hemispheric dif-
ference began decreasing approximately in mid-2018, although other
variables (for example, air transport anomalies during the El Nifio—
Southern Oscillation or ENSO™) caninfluence this difference, making
the timing of the emission decline difficult to determine precisely
(Methods).

Atmospheric measurements at the Mauna Loa Observatory (MLO)
suggest that the drop in global CFC-11 emissions stems in part from
concurrentemissionreductionsin eastern Asia. When global emissions
of CFC-11became unexpectedly enhanced (2014-2016), strong corre-
lations emerged in mole fraction variations measured during autumn
at MLO between CFC-11 and other anthropogenically emitted gases
(for example, CO, HCFC-22 (CHF,CI) and CH,Cl,)". While correlations
between CFC-11and other anthropogenically emitted gases persisted
in the autumn of 2017 and 2018, they were no longer present in 2019
(Fig. 3; Extended Data Fig. 2). Air transport analysed with the Numeri-
cal Atmospheric dispersion Modelling Environment (NAME) model®
indicates that samples collected at MLO were similarly sensitive to
emissions from eastern Asia in all these years (Extended Data Fig. 3)
and strong correlations among other anthropogenic gases persisted
across all years including 2019 (Extended Data Fig. 2).

The accelerated decline in CFC-11 mole fractions at remote sites
around the globe, the concurrent decrease in the hemispheric mole
fraction difference, and results from MLO are all consistent with
substantially reduced global emissions of CFC-11in 2019. A simple
box-model analysis'® of a combined history of NOAA and AGAGE
measurements, assuming no interannual variations in atmospheric
transport, provides an initial estimate of global CFC-11 emissions in
2019 of 50 (+4, £10) Gg yr™! (the first uncertainty represents 1stand-
ard deviation (1s.d.), and the second value is 1s.d. including a CFC-11
lifetime uncertainty; Methods; Fig. 4; Extended DataFig. 4). This 2019
estimate represents a drop of 21+ 6 Gg yr™ (30 + 8%) when compared
to mean emissions during 2014-2018 and is comparable to or smaller
than emissions before 2013, when the anomalous emission increase
first began (2008-2012 mean: 57 (+3, +10) Gg yr™).

This initial emission estimate for 2019 ignores variability in atmos-
pheric dynamics (transport and mixing) that can affect CFC-11 loss,
influence measured mole fractions, and bias global emission estimates
derived from global-scale measurements, especially over periods of
up to 3-5years'*°. Toaccount for these biases, we performed forward
simulations in two three-dimensional (3D) models constrained by
observed meteorology and with smoothly varying emission histories
asinput® (Methods). Perturbationsin surface mole fractions simulated
by the 3D models were used to estimate bias corrections on global
emissions (Methods; Extended DataFigs. 5, 6). Similar bias corrections
were derived from both 3D models in most years despite different
representations of global winds.

The bias-corrected global CFC-11 emission histories confirm a
sharp decline in CFC-11 emissions after 2018 to a value in 2019 of
52 (+£5,#10) Gg yr™!, which is considerably smaller than emissions
in any year since 2013 and is comparable to the 2008-2012 mean
of 56 (+5,+10) Gg yr* (Fig. 4). The 2019 global CFC-11 emission is
17 + 7 Gg yr* (25 + 10%) lower than the 2014-2018 mean value or
18 £ 6 Gg yr' (26 £ 9%) lower than the 2018 value alone (Fig. 4). This
drop is similar to the global emission increase of 13 + 7 Gg yr' from
the 2008-2012 period (mean of 56 (+5,+10) Gg yr™) to the 2014-2018
period (mean of 69 (+5,+10) Gg yr™).

Although the use of 3D models and reanalysed wind fields to accu-
rately account for the influence of variable dynamics on trace gas mole
fractions remains an area of active research'?, the resulting global
emission histories show features not apparent in uncorrected esti-
mates (Fig.4). For example, the bias-corrected emissions show smaller
inter-annual changes, particularly after 2010, qualitatively consistent
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Fig.2|Hemisphericdifferencesin CFC-11mole fraction. Hemispheric
differences during recent years estimated by independent measurement
networks (a, NOAA; b, AGAGE) are plotted as a function of fraction of year;
points delineate monthly mean hemispheric differences and coloursindicate
different years. Hemispheric differences measured during2008-2012 (each
year represented by agreyline; grey points with errorsindicate the monthly
5-yrmeansandls.d.) arelower than those measured during 2014-2017 (each
yearrepresented by alightredline; light red points witherrorsindicate the

with emissions being dominated by alarge bank, although this change
is less prominent in results for years before 2010. The bias-corrected
emission histories also show a notable decline (-2 + 0.5% yr™) dur-
ing 2002-2012 that is not present in uncorrected estimates' but is
more consistent with expectations of decreasing emissions from
banks*" 17222 This difference stems in part fromaknown perturbation
in stratospheric dynamics during 2000-2006 (ref. *; Extended Data
Fig. 6). Furthermore, the corrected emissions histories suggest that
both the sharp emission increase in 2014 and mean emissions during
2014-2016 were augmented in part by dynamics, although, for the lat-
ter, by asmalleramount than was estimated previously' (see Methods).

While the results from MLO reveal that emission reductions in eastern
Asia contributed to the global decline, accurate mapping or quantifi-
cation of emission changes in eastern Asia is prevented by the large
distance between these locations. In the accompanying paper®, an
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Fig.3|Co-variations observed between mole fractions of CFC-11and
HCFC-22atMLO. Linear regression coefficients (r*; diamonds, left axis) and
slopes (circles, right axis) derived annually from measured mole fractionsinall
samples collected during autumn of each year (see Extended Data Fig. 2).
Linearregressionslopes are shown only for yearsin which significant (P<0.05
and r*>-~0.25) correlations were measured (2013 through 2018). Tick marks on
thexaxisrefertoljanuaryoftheindicated year.
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monthly 5-yr means and 1s.d.). Results from 2018 (red), 2019 (blue) and 2020
(black) show atransition fromlarger to smaller Northern Hemisphere-
Southern Hemisphere differences that become notable after mid-2018. Similar
changes throughthese yearsare apparentinresults from both measurement
networks despite differences in measurement locations and techniques
(Methods). Monthsin which results from only 4 of 5 AGAGE stations are
available during 2018-2020 areindicated with white-filled circles.

inverse analysis of CFC-11 concentration enhancements at two eastern
Asian sites reveals substantial emission reductions in eastern China
after 2017. When considered relative to the global CFC-11 emissions
reported here, those regional influences account for 60 + 30% of the
global emission decline in 2019 relative to the 2014-2017 mean. The
result suggests that other regions also contributed to the post-2017
reduction in excess global emissions (Extended Data Fig. 7).

The rate of decline in the global mole fraction, the hemispheric
mole fraction difference, and global and eastern China emissions®
all returned to pre-2013 values before the end of 2019, and so were
not associated with the SARS-CoV-2 outbreak, which caused reduced
economic activity beginning in late January of 2020 (ref. ). Instead,
they probably stem from increased enforcement actions taken after
2017 in China and elsewhere.

Our understanding of banks suggests that global emissions would
have declined after 2010 without renewed production*>7?223 Hence,
theimpact of renewed production onthe ozone layer is best estimated
by comparing observationally derived emissions to their expected
changes. Expectations extrapolated from past emission trends (for
example, 2002-2012) or that imply minimal changes in fractional
emission rates from banks after 2010 suggest a mean excess global
emission during 2014-2018 of 17-37 Gg yr ' and excess global emis-
sionin2019 of 2-24 Ggyr* (Methods; Extended Data Fig. 7). However,
substantially larger excess emissions are implied by expectations from
aninventory model* in which the overall bank release fraction and
expected emissions decline by a factor of 2 after reported produc-
tion was to have ceased (2010). The large drop in expected emissions
frombanksintheinventory model stems fromassumptions related to
end-of-life practices for CFC-11, particularly in chillers and foams. Until
moreisknownabout how these practices might have changed during
these years, estimates of excess emission amounts in 2019 will contain
substantial uncertainty.

Future CFC-11 emissions will be enhanced above expectations by
additions to banks from unreported production, probably as foams®*.
Based on industry estimates of possible blowing agent losses during
production (4-10%) and during the foam blowing process (17-50%
depending on foam type and formulation), global unreported pro-
duction of 25-100 Gg yr*is implied, on average, between 2013 and
2018, based on excess emission magnitudes considered here (Methods;
ref.*; Extended Data Fig. 8). Although substantially larger amounts of
production can be derived (up to 160 Gg yr; Extended Data Fig. 8),
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Fig.4|Observation-based global CFC-11 emissions versus expected
changes. a, Global CFC-11emissions derived fromacombined NOAA and
AGAGE mole fraction history and a3-box model with constant dynamics (air
mixing times between boxes; black points and lines) and with consideration of
time-varying dynamics estimated from the 3D model Whole Atmosphere
Community Climate Model**** (WACCM) (red points and thick red lines)
(pointsrepresent calendar year means) (see Methods). b, Same as a, but with
theinfluence of time-varying dynamics estimated using the 3D model
TOMCAT. Uncertainties (1s.d.) onannual values were derived considering only
measured atmospheric variability and network representation errors
(Methods). Also shown are multiple estimates of expected emissionsin the
absence of unreported production after 2010. These expectations are from:

they may beless likely given that reported productionin the Montreal
Protocol’s Article 5 Parties (developing countries) peaked in the late
1990s at <50 Gg yr*and other foam-blowing agents are likely to have
been adopted for some types of closed-cell foam®.

The analysis discussed above implies that foam banks of CFC-11 at
the beginning 0f2020 have been augmented by 90-725 Gg as aresult of
unreported CFC-11productioninrecentyears through2019 (Extended
Data Fig. 8). For comparison, an analysis of regional measurements
suggests anincrease in CFC-11-containing banks in eastern China of up
to112Gg in 2019 (ref. ). Although the size of the existing global foam
banks is uncertain, relative to a bank 0f1,300-1,600 Gg (refs. %), the
additions derived here would suggest a 6—45% increase in the global
2020 bank and in cumulative future emissions.

Ifthe reductionsin global emissions and implied production noted
here are sustained, future enhancementsin atmospheric chlorine from
unreported CFC-11 productioninrecentyears through2019 will be lim-
itedto <60 ppt (or <2.5% of total atmospheric chlorine from other gases;
Extended Data Fig. 8). This would represent a substantially smaller
impact on ozone than the 300 ppt of chlorine enhancement derived
for 2100 if ongoing CFC-11 production had sustained future emission
atits 2002-2016 mean rate',

Our results show that therapid mitigation efforts encouraged by the
Parties to the Montreal Protocol and adopted by countries in eastern
Asia and worldwide>* enabled a dramatic reduction in global CFC-11
emissions by 2019 to pre-2013 values. Although emissions in 2019 may
still be above expectations, the downward trajectory of global CFC-11
emissions has been restored. Provided these mitigation efforts are
sustained, the substantial delays in ozone layer recovery projected from
recent CFC-11 trends that were inconsistent with Montreal Protocol
controls®"'>*¢ will have been avoided.
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Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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(1) anextrapolation of the observationally derived emissions decline during
2002t02012 (orange dotted line,1s.d. uncertainty on2019.5 value is shown),
(2) results from a Bayesian probabilistic model analysis of banks and emissions
thatincorporates observational and inventory data” (grey-green shaded area),
(3) multiplerepresentations of TEAP’s inventory model* (blue-shaded region),
and (4) amodification of TEAP’s ‘most likely’ scenario (blue-dashed line; TEAP*,
Methods). Observationally derived emissions in the two panels are offset
slightly because they were derived with mean CFC-11lifetimesinherent to the
3D models: 56 yr for WACCM and 54 yr for TOMCAT. The influence of
uncertainty in the CFC-11lifetime on observationally derived emissions was
calculated for lifetimes of 50 yrand 60 yr (thin red lines; ref.?’; Methods).
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Methods

Observations

Ambientair measurements of CFCs were obtained by two independent
global networks, the NOAA and the AGAGE, at a total of thirteen unique
surface sites throughout the globe using multiple techniques****
(Extended Data Table1). Multiple approaches are taken to reduce any
local emissive influences on estimates of background atmospheric CFC
mole fractions and their change over time. These approachesinclude
considering monthly medians instead of means for on-site results at
remote NOAA sites, a statistical filter to derive pollution-free monthly
means>, visual inspection, consideration of back-trajectories, and only
using flask results obtained when air was from a pre-specified clean
air sector. Variability (1s.d.) since 2010 in measured monthly mean
mole fractions averaged 0.2-0.5 ppt for NOAA GCMS flask analysis
and 0.2-0.4 ppt for AGAGE insitu electron capture detection measure-
ments, depending onsite.

Hemispheric mole fraction differences

Hemispheric concentration differences reflect hemispheric asym-
metries in emission magnitudes and loss, and these asymmetries are
modulated by interhemispheric transport. For long-lived trace gases
with only anthropogenic sources, such as the CFCs, hemispheric con-
centration differences are primarily determined by emission magni-
tudes®. For example, ENSO can affect CFC-11 mole fraction gradients
across the Equator in the tropics. After removing the long-term trend
(using a quadratic polynomial fit), seasonal cycle and quasi-biennial
oscillation cycle in this gradient measured at Barbados (13° N) and
American Samoa (14° S) (AGAGE data), the correlation between the
residuals and the MEL.v2 ENSO index is strong (Pearson’s correlation
coefficient r = 0.41 for 1995-2020 and 0.51 for 2010-2020), and the
range of the residuals is £0.5 ppt. ENSO influences on hemispheric
differences arereduced, by comparison, when hemispheric mean con-
centrations are considered, and they were not removed from results
presented in Fig. 2.

MLO sensitivity to east Asian emissions

The NAME, a Lagrangian atmospheric transport model developed
by the UK Met Office'®, was used to estimate the surface sensitivity
of concentrations measured in flasks collected at MLO to emissions
fromdifferent regionsin eastern Asia (Extended DataFig.3). NAME is
driven by meteorology fromthe UK Met Office’s operational weather
forecasting model (horizontal resolution in longitude 0.141° and in
latitude 0.094°, with 60 vertical levelsin the lowest 30 km of the atmos-
phere). NAME was run backwards in time, releasing 1g h™ of material
distributed over100,000 air parcels at 3,433 m above sealevel. These
were followed for a maximum of 30 days or until they left adomain
covering 90° E to 255° E longitude and -10° to 69° latitude. A 30-day
time-integrated air concentration (g s m~) was output from NAME
ataresolution of 0.352° longitude by 0.234° latitude within 2 km of
the ground.

Observationally derived global emissions

Global CFC emissions were estimated with 3-box and 12-box models to
yield tropospheric mole fractions consistent with surface data using
established methodologies'* with some modifications to enable the
consideration of NOAA and AGAGE data together (see below). The
loss rate constant in the 3-box-modelled stratosphere was adjusted
to provide a steady-state lifetime matching the mean CFC-11 lifetime
diagnosedinthe 3D models (56 yr for WACCM and 54 yr for TOMCAT).
Additional estimates were made with lifetimes of 50 yrand 60 yr based
on the 1s.d. range of lifetimes diagnosed in two-dimensional and 3D
models for recent years®. The 12-box model consists of three vertical
levels, separated at 500 hPa and 200 hPa, and four equal mass latitu-
dinal bands, with divisions at the Equator and 30° North and South.

The loss rate in the stratospheric boxes was adjusted until the global
CFC-11lifetime was equal to 52 yr (for NOAA- and AGAGE-specificresults
appearingin Extended Data Fig. 4a, b; ref.?).

Uncertainties on annual mole fractions and emissions were
estimated with a bootstrap technique using replacement® and rep-
resent the influences of measurement repeatability, atmospheric
variability, calibration differences between NOAA and AGAGE,
and representation errors associated with the finite number of
sampling locations within each semi-hemisphere (Extended Data
Table1). This analysis was performed on NOAA and AGAGE data con-
sidered separately (Extended Data Fig. 4) or together (as in Fig. 4).
Start-of-year mole fractions were derived from 480 representations
of semi-hemispheric means as measured by either NOAA, AGAGE
or a combination of results from both networks that were averaged
to a global mean. Semi-hemispheric monthly means derived from
NOAA datawere derived fromarandom selection of sites within each
semi-hemisphere. In each network representation, random noise
was added to monthly site means by an amount equivalent to the
measured monthly standard deviation. For data from the American
Samoastation (SMO) (0°-30°S), however, measured monthly stand-
ard deviations were multiplied by a factor of 2 to account for this
semi-hemisphere being characterized with results from only one site.
With this procedure, uncertainties on annual mean mole fractions
centred on1January of each year were derived, thereby enabling an
estimate of uncertainty on calendar year emissions (as1s.d.). The first
uncertainty quoted (1s.d.) onall bias-corrected emissionsincludes an
additional termrelated to uncertainty in the bias correction (Extended
Data Fig. 6). Emissions and bias corrections on emissions were also
derived for annual mean mole fractions centred on other months of
theyear, and these appear as the smoothly varyinglinesin Fig. 4 and
Extended Data Figs. 4, 6.

The second uncertainty listed on annual or multi-year emission
estimatesisatotal uncertainty thatincludes uncertainty in the global
lifetime of CFC-11 (see Fig. 4; ref. ?°). Note that changes in emissions
are not quoted with a second uncertainty because they are insensi-
tive to lifetime when derived over periods that are short relative to
the CFC-11lifetime.

Estimating dynamical influences

Three-dimensional model simulations were used to estimate the influ-
ence of dynamics-induced variability on CFC-11 mole fractions and
derived emissions. CFC-11 mole fraction histories were calculated in
forward simulations in the WACCM?**** and the offline chemical trans-
port model TOMCAT*?¢, Inboth 3D models, global mole fractions and
distributions of CFC-11 were initialized in the year 1980. The WACCM
model was run with interactive chemistry in the specified dynamics
configurationataresolution of1.9°latitude x 2.5° longitude horizontal
with 88 vertical levels from Earth’s surface to 6 x 10" hPa. Horizontal
winds and temperatures were nudged to specified dynamics derived
from the Modern Era Retrospective-analysis for Research and Appli-
cations (MERRA2)****, The TOMCAT simulation parameterized the
atmospheric loss of CFC-11 tracers using calculated photolysis rates
and arepeating year of archived monthly zonal mean distributions
of electronically excited oxygen atoms (O(*D)) from a previous full
chemistry simulation®. The model was run at aresolution of 2.8° x 2.8°
with 60 levels from the surface to 0.1 hPa and was forced using the
ERA-5reanalyses (horizontal winds, temperatures)” from the European
Centre for Medium-Range Weather Forecasts (ECMWF). In TOMCAT,
the large-scale vertical transport was diagnosed from the divergence
ofthe horizontal winds.

The method for deriving dynamics-induced emission biases was
performed in a manner similar to Ray et al.?® in which a smoothly
varying emission history was used as input to forward runs of the 3D
models. Our analysis, however, includes all simulated variability, not
justrelated to the quasi-biennial oscillation asinref.?°. The smoothed
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input global emissions were derived from the 3-box model analysis of
surface measurements (a smoothed version of black lines in Fig. 4)
and were distributed as follows: 0% from 90° N to 60° N, 5% from
60°N-50°N, 80% from 50° N-25° N, 12% from 25° N-10°SS, 3% from
10°S-40°S, 0% from 40° S-90° S (equivalent to 90% of emission
north of10°N). Mole fractions simulated from the 3D model runs were
extracted from the grid cells corresponding to the NOAA and AGAGE
measurement locations and were used to derive hemispheric and global
mean mole fractions.

Surface mole fractions simulated in the 3D model have an added
variability that arises from dynamics that is of order of +0.2% yrin
annualrates of change onalto 3-yr timeframe (Extended Data Fig. 5).
Despite using different models and different representations of mete-
orology, the main features of the simulated variability in mole fraction
rates are apparentin both model results and, notably, are also present
inmeasured hemispheric means, particularly the peaks in early 2015
and 2018.

The mole fractions simulated in the 3D forward runs were used to
derive a second global emission history using the 3-box model and
the same methodologies applied to measurement data. Differences
between the smoothed input and second emission histories were taken
to represent emission biases arising from the influence of dynami-
cal variability on CFC-11 atmospheric mole fractions (Extended Data
Fig. 6). These biases (calculated on a monthly basis) were subtracted
fromthe 3-box model emission history derived directly from observa-
tions to provide abest-estimate emission history for CFC-11 (Fig.4 and
Extended Data Fig. 4).

Expected emissions after 2012

Without post 2010 production, CFC-11 emissions were expected to
slowly decline thereafter as reservoirs of CFC-11 (banks), primarily in
foam, but also in industrial process refrigeration and comfort cool-
ing for commercial buildings (chillers), diminished from the CFC-11
escaping to the atmosphere*>7222_ To better quantify the effect of
renewed CFC-11 production on future ozone depletion, we examined
differences between observed emissions and those expected in the
absence of renewed production (‘excess emission’).

We considered multiple methods for estimating expected global
CFC-11emissions in the absence of renewed unreported production.
Emission expectations were derived for 2013-2019 from a linear fit
to the observationally derived bias-corrected emissions during 2002
to 2012 (orange-dotted line, Fig. 4). This approach projects a global
emission in 2019 of 42 + 3 Gg yr' (WACCM/MERRA2 dynamical cor-
rections) or 48 + 4 Gg yr' (TOMCAT/ECMWF dynamical corrections)
and bank release fractions during 2010-2019 that remain constant at
about 3% yr'. The consistency in results for fits over different ranges
of'years (2002-2012,2003-2012, and so on, through 2008-2012) sug-
gests no appreciable influence of small amounts of CFC-11 production
reported during 2002-2010 (110 Gg) (ref.").

We also consider expected CFC-11 emissions derived through 2016
with a Bayesian probabilistic model in the absence of post-2010 pro-
duction®. The model includes a wide range of observation-based and
inventory-based information to derive posterior estimates of banks
magnitudes and emissions through 2016 (Fig. 4). In part because this
analysisis constrained by observations, it yields similar emissions and
emission trends to those suggested by observations during 2002-2012;
it also suggests post-2012 emissions that are similar to those derived
from the observation-based extrapolated fit and only small changes
inbank release fractions in recent years (median estimate drops from
3.0%yr'in 2006 t02.7% yr ' by 2016).

Expected emissions are taken from the Montreal Protocol’s Technol-
ogy and Environmental Assessment (TEAP) inventory model*, which
provides a CFC-11 emission history starting in the 1930s based on
reported production data, breakdown of use in multiple applications
suchas chillers, foam manufacturing, as anaerosol propellant, and as

asolvent and more than 20 parameters representing the lifetime of
products, and time-dependent emission rates associated with manu-
facturing, installation, use, decommissioning (transfer to landfill),
and at end of life. Values for these parameters are based on existing
literature, historical data, and input fromindustry experts associated
with TEAP andits reports. The original TEAP model considered different
values for some parametersin four different scenarios, thus providing
arange of expected emissions that decrease substantially from 2010 to
2020 (Fig. 4, blue-shaded region). Here, we limit our attention to the
‘most likely’ scenario originally developed* by TEAP, which falls within
the range of the other scenarios in most years, as it was developed
with parameter values considered to be the most likely. This scenario
results in a substantial drop in fractional bank losses (3.6-1.4% yr™)
and, therefore, total emissions during 2010-2020 owing to end-of-life
assumptions made for CFC-11-containing products and the fate of that
CFC-11asthose products are retired. In this scenario, enhanced emis-
sions related to production, active use, and the transition of chillers
to landfillbecome negligible shortly after 2010 and overall emissions
insubsequent years are sustained only by the small release rates from
foams in situ and foams in a landfill (both are <1.5% yr™), or related
to transitioning foam-containing products to a landfill (for exam-
ple, building decommissioning, during which only a small fraction
of the CFC escapes*). As a result, the 2010-2020 emission decline in
the ‘most likely’ TEAP scenario depends in large part on the accuracy
of assumptions of end-of-life treatment and mean in-use lifetime of
chillers, parameters whose values were not explicitly explored in the
TEAP report*.

Asaresult of this sensitivity, we considered an alternative scenario
(TEAP*) that enabled continued emissions from chillers past 2012,
since CFC-11 containing chillers continue to be used throughout the
world*. Whereas there are many factors affecting emissions from chill-
ers (for example, recapture or venting of refrigerant during recharge
and at end of life that probably vary), the lack of historical detailed
information on these practices prevents their explicit modelling.
Instead, we allowed for sustained emissions from chillers by assum-
ing alonger in-use lifetime for CFC chillers (35 yr versus 25yr) and a
10%increasein pre-2010 reported production for all applications (as
explored elsewhere*®) (TEAP*; Fig. 4). Longer mean chiller lifetimes
may be likely especially now, since commercial chillers are currently
professionally serviced and maintained through well established
service contracts. The high cost of replacement can lead to slow
decommissioning rates, potentially only after a catastrophic failure.
Furthermore, chiller lifetimes in Brazil are estimated to be 30 years
and, inIndia, 40 years®. In addition, the World Bank has forecast that
“the demand for recycled CFCs for servicing large capacity chillers
will continue till 2027” (ref. %), which is more than a decade after the
year (2012) implied by a 25-yr chiller lifetime. The effect of this simple
adjustment to TEAP’s ‘most likely’ model produces an overall bank
release fraction that remains close to 3% yr™ from 2000 to 2020, and
it provides emission expectations after 2010 that are similar to those
derived by Lickley et al.” and projected from the extrapolated linear
fit to observationally derived emissions, given a CFC-11 lifetime of
55-60yr.

Estimating excess global emissions

Excess global emissions (emissions above expectations considering
only reported production) were derived as the difference between
observationally based estimates and expected emissions estimated
using methods discussed above. Excess emissions declined notably
from 2018 to 2019, but suggest that emissions in 2019 may remain
elevated above expectations (Extended Data Fig. 7) by different
amounts. Relative to the extrapolation of derived emissions during
2002-2012, the estimated excess emission in 2019is 7 + 6 Gg yr!
and is insensitive to the CFC-11 lifetime, and the average over
2014-2018 is 21 + 3 Gg yr . Relative to TEAP* expectations, excess



emissionsin2019 are 5-24 Ggyr, and the average during 2014-2018
is 18-37 Gg yr™'. Based on the consistency among excess emissions
derived from these expectations, which are also consistent with
those derived from Lickley et al.”® during overlapping years, we
estimate excess CFC-11 emission in 2019 of 2-24 Gg yr™’. Larger
excess emissions (24-46 Gg yr™') are suggested for 2019 and earlier
years from TEAP’s ‘most likely’ scenario and CFC-11 lifetimes at the
shorter end of the range explored here (50-60 yr), but we consider
these magnitudes less likely given evidence suggesting that chiller
emissions are probably continuing and that most atmospheric
models suggest a mean CFC-11 lifetime of between 55 and 60 yr
(ref.?).Suchlarge increases also seem unlikely because they would
have to come from regions other than those dominating past CFC
use (the USA and the European Union), given the observational evi-
dence suggesting no recent increases from these regions'?and anear
complete decline by 2019 in excess CFC-11 emissions from eastern
China® (Extended Data Fig. 7).

Continued unexpected emissions for CFC-11in 2019 could repre-
sent ongoing production and use of CFC-11, albeit at reduced levels
compared to the previous few years, but also probably reflect con-
tributions from foam banks created with new production since 2010
(ref.*; Extended Data Fig. 8).

Estimating enhanced production and banks

While atmospheric observations provide a straightforward way to
derive global emissions, an estimate of production magnitudes and
additions to banks that accounts for the emission enhancement
requires additional information that was recently reassessed*. That
TEAP study concluded that unreported production after 2010 was
most probably used to manufacture closed-cell foams. Production
magnitudes associated with the multiple estimates of emission
enhancements (Extended Data Figs. 7, 8) were derived by estimating
the unreported production required to match excess emissions after
2012 givenranges for emissive losses during CFC production (4-10%)
and the installation of closed-cell foams (17-35%) (ref. *), although
here we consider an upper limit of 50% for installation losses to cap-
ture the possibility of poor industry practices for formulating and
producing foams. These values nominally suggest initial multiples
for new production vs enhanced emission of 1.7 to 4. For the emission
enhancements derived relative to the linear fit to 2002-2012 emis-
sions or TEAP*, mean unreported production during 2013-2018 is
inthe range 25-100 Gg yr™!, which encompasses the 40-70 Gg yr ' of
unreported production estimated previously* (Extended DataFig. 8).
The ‘most likely’ TEAP scenario suggests unreported production in
excess of 100 Gg yr™', which, if true, would represent substantially
more CFC production than was reported by A5 countries during their
peak reporting year of 1997 (47 Gg yr%; ref.*).

Additions to banks were derived as the cumulative sum of produc-
tion enhancements minus emissions. We estimate additions to CFC-11
banks from unreported production of between 90 Gg and 725 Gg CFC-
11 by the end 0of 2019 for the emission scenarios that were consistent
with observationally derived emissions before 2010. The lower end of
this range is associated with high levels of emissions during produc-
tionand installation of the newly produced CFC-11and small emission
enhancements above expectations, whereas the high end of this range
isimplied by small emission losses associated with new production
and larger emission enhancements. While certain combinations of
parameter valuesinthe TEAP inventory model, together witha CFC-11
lifetime atits lower limit could suggest larger additions to CFC-11banks
by 2020 (for example, >900 Gg; Extended Data Fig. 8), we estimate that
they are less likely, given the reasons discussed above. Furthermore,
based on arange of considerations and very different observational
constraints, anincreasein the CFC-11bankin eastern China of up to112
Gg CFC-11 has been estimated through to 2019 (ref. ), which is more
consistent with the lower range of global bank increases, considering

that this region accounts for about half of global excess emissions
since 2013 (refs. *%).
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flasks during autumns of 2011-2020 at MLO. Each point represents a flask pair results and transport modelling (Extended Data Fig. 3) suggest wind patterns
mean fromall flasks sampled during autumn of the indicated year (fraction of have consistently transported Asian-influenced air to MLO in the autumns of all
year 0.6-0.9). The linear regression coefficients ?and slopes of these lines are these years. Despite this consistencyin transport, correlations between CFC-11
plottedinFig.3.b, Linear regression coefficients and slopes from and HCFC-22 were not observed at MLO during autumn during 2008-2012 and

measurements of CH,Cl, versus HCFC-22 duringautumnat MLO inrecentyears  in2019,implyingthat eastern Asian emissions of CFC-11relative to HCFC-22
(similar to Fig. 3, but for these different gases). Resultsin 2019 and most earlier werereduced during these years. HCFC-22results arereported on the
years show a high correlation for these two gases, which are emitted in NOAA-2006scale, and CH,Cl, results are reported on the NOAA-2003 scale.
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Extended DataFig. 3 | Surface sensitivities and trace gas molefractionsin
airreaching the Mauna Loa Observatory. Measured mole fractions of three
trace gasesat the Mauna Loa Observatory and the surface sensitivity of those
sampling events to emissions from eastern China (20° N to 42° N latitude and
110°Eto122° Elongitude) are shown for the autumn of 2017,2018 and 2019.
Three surface sensitivities were calculated with the NAME model® for anumber
of regions bordering the Pacific Ocean basin during each of the three hours
surrounding asampling event (Methods). The mean surface sensitivity
magnitudesare plotted inall panels onthe samescale (blue lines; left-hand
axis; units of gs m>after being multiplied by 1 x10°) and uncertainties
represent1s.d.of the three sensitivities calculated for each sampling event.
Thesesurface sensitivities are the time integrated air concentration simulated
withinthe surfacelayer (0-2,000 m) over this region during the 30 days before
eachsampling eventgivenapointrelease at MLO of 1g h™'. Measured flask pair
mean mole fractions (red symbols andlines, right-hand y-axis; uncertainties
represent1s.d. of the measured mole fraction in the simultaneously sampled
flasks) are plotted on scales having the same values (HCFC-22 and CH,Cl,) or
dynamicrange (CFC-11) eachyear. Correlation coefficients (r) are givenin

parentheses. Although the figure shows sensitivity magnitudes calculated only
foreastern China (20° N to42°Nlatitudeand 110° Eto 122° E longitude) owing
tothefindings of Rigby et al.?, similar time- and compound-dependent
patternsare derived for neighbouring eastern Asian regions and confirms that
aprecisespatial attribution of these regional emission changesis prevented by
thelarge distance between MLO and eastern Asia. Insamples collected at MLO
having enhanced surface sensitivity to eastern Chinaand these neighbouring
regions, strong correlations are observed in all three years between measured
mole fractions of HCFC-22 and CH,CIl, (Extended Data Fig. 2), chemicals known
tobe emitted from thisregioninlarge quantities. This indicates that wind
patterns consistently transported Asian-influenced air to MLO in autumn of all
these years. Enhancements of CFC-11insamples having enhanced surface
sensitivity to eastern Chinaand neighbouring regions, however, are observed
onlyin2017 and 2018. By 2019 CFC-11enhancements are no longer measureable
aboveinstrumental noise (about 0.2 ppt) and CFC-11 mole fraction variations
arenolonger correlated with surface sensitivities derived for eastern China
and neighbouring regions.
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Extended DataFig. 4 |Thesensitivity of observationally derived global
CFC-11emissions to different factors. Top panels show global CFC-11
emission derived with a12-box or 3-box approach, assuming a constantloss
frequency (1/52yr?) and dynamics using: a, NOAA data or b, AGAGE data.
Middle and lower panels show emissions derived with the 3-box model applied
todatafromNOAA (cand e) or AGAGE (d and f). Biases arising from variations
inatmospheric dynamics estimated from both WACCM (56-yr lifetime; cand d)
and TOMCAT 3D models (54-yr lifetime; e and f) are applied to the NOAA- and
AGAGE-derived emissions. Results indicate that for all methods of estimation,
the general pattern of emission changes over the pastdecadeis robust,
including the substantially reduced emissions in2019. While year-to-year
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changes estimated from remote-atmosphere observations with 3- or 12-box
modelsare typically within1-s.d. uncertainties, biases associated with varying
dynamics fall outside that uncertainty range insome years. For emissions
derived withthe 12-box model (aandb), emissions were inferred ineach
semi-hemisphere and seasonwithaleast-squares approach, and subsequently
were summed to global annual means’>. Monthly baseline mole fractions were
usedintheinversion from AGAGE or NOAA data. The uncertainty on these mole
fractions was estimated based on the bootstrapping approach for estimating
annual, global mean mole fractions, described above, but multiplied by a factor
of V12, to account for the monthly, rather than annual, resolution of the
measurementsinput to theinversion.
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Extended DataFig. 5| Annual changesin measured and simulated
hemispheric meansurface mole fractions of CFC-11. Rates of mean annual
changeinmolefractioninthe Northern Hemisphere (NH, aand ¢), and the
Southern Hemisphere (SH, band d). The smoothed emission history derived
fromaninverse, 3-box analysis of NOAA measurements (Methods) was used in
forward runs of the 3-box model (red line) and in the 3D models WACCM (aand
b) and TOMCAT (cand d) (blacklines), and rates of change in hemispheric mean
mole fractions were derived. Mole fraction rates derived by WACCM and
TOMCAT and from NOAA observations were from 12-month means, 12 months
apart.Much of the measured variability on al-3-yrtimeframeis captured by
the3D model simulations, despite the smoothly varying emission used as
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input. The results suggest that much of this observed variability is not
measurementnoise or inaccuracies in maintaining calibration consistency, but
instead reflects real variability in dynamics thatis captured in these 3D model
simulations. Measured variability not reproduced by the 3D models could
representtheinfluence of short-term changes in emissions not captured by the
smoothly varying emission input or measurement errors. The variationsin
derived ratesin the two hemispheres most often co-vary, suggesting that this
variability isassociated with vertical exchange between the troposphere and
stratosphere or stratospheric dynamics (such as the quasi-biennial
oscillation?®) as opposed to variations in tropospheric exchange between the
hemispheres.
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Extended DataFig. 6 | Estimated bias on global emissions derived from
atmospheric datawithout consideration ofinter-annual variability in
dynamics. These biases were estimated from 3D model simulations from
WACCM (red) and TOMCAT (blue) (see Methods) and represent 12-month
smoothed results (line) and calendar year estimates (filled circles). The bias
implied inyear-to-year changesinglobal emissions derived without
considering variability indynamicsis 5+4 Ggyr™ (1s.d.) onaverage through
this period, butis as highas16 Ggyr' (WACCM; 9 Ggyr”in TOMCAT). By
comparison, uncertainties inannual emissions derived from consideration of
measurement repeatability, calibration stability, and site representation
errors during this time period are 2-4 Gg yr™ (for example, error barsin
Extended DataFig. 4). For calendar year mean values derived from the two
models, the differencein the magnitude of bias estimated from these two 3D
modelssince 2001is3.0 Ggyr™ (1s.d.); for mean emissions estimated over

2005

2010
year

2015 2020

4-5-yr periods, the differenceis1.1Gg yr™ (1s.d.). The bias-corrected results
indicate thatdynamicsaccelerated the declinein CFC-11mole fractions and
global emission after 2018, implying that the emission decrease from 2018 to
2019is overestimated by up to 4 Ggyr without consideration of variable
dynamics. The shift to negative bias following 2000 that persisted until 2006
andis captured by both modelsis aresult ofaknown perturbation to
stratospheric circulation?**"*2, This rapid accelerationin 2000 of the lower
branch of the Brewer-Dobson circulation gradually diminished over the
followingsix years and is believed to have been caused by anomalous tropical
seasurface temperaturesbut s stillnot wellunderstood*. The results suggest
thatthe persistentincreasein stratosphere-troposphere exchange over this
periodresultedingreater transport of CFC-11-depleted air to the troposphere
and subsequently more negative growth rates than would have occurred
without this transport change.



(0]
o

from obs (EOET)
Lickley (2020)

N w sy U (o)) N
o o o o o o
L I N N N

excess emission (Gg yr1)

=
o

----- E. China, Park(2020)

— TEAP*
—— TEAP 'most likely!

IR T N T T N T T T T T T O T T T T T T T T T A 0

0

2010 2012

2014

2016
year

2018 2020

Excess emissions from figure (Gg yr™):

Relative to: 2019 (low, high)
EQOET 7(2,13)

TEAP* 12 (5, 24)

TEAP, ‘most likely’ 34 (24, 46)

Extended DataFig.7|Inferred enhancementsinglobal and regional
emissions above expectations (excess emission). Excess global emissions
arederived from the difference between measurement-derived emissions
(NOAA and AGAGE combined estimate, corrected for dynamics) and the
emission expectations considering no post-2010 production thatare shownin
Fig.4.Expectationsare derived from: (1) an extrapolated linear fit to
observationally derived emissions during 2002 to 2012 (red solid line,
uncertaintiesrepresent1s.d. of extrapolation plus dynamical corrections;
labelled as EOET (extrapolated observed emission trend)); (2) emissions
associated with the modified TEAP inventory analysis (TEAP*; blueline;

see Methods); (3) those fromacombined inventory and observational Bayesian
analysis® (labelled ‘Lickley (2020)’, with grey line and shaded region
representing 95% confidenceinterval); and (4) those from TEAP’s ‘most likely’
inventory model result* (brown line). Shaded regions associated with the two
TEAP modelresults represent the influence of CFC-11lifetime ranging from
50yrto60yr(Methods). For clarity, quantitative estimates of excess emission

2014-2018 mean (low, high)
21 (17, 24)
25 (18, 37)
44 (35, 55)

fromthese dataare tabulated below the chart for different periods, and some
of these values are quoted in the main text. Excess regional emissions have
been estimated from eastern China® (dashed purple line labelled ‘E. China,
Park (2020)’ and are based on aninverse analysis of pollution plume
concentrations of CFC-11 measured at two sites in eastern Asia. While global
excess emissions have substantial uncertainties, the results from eastern China
suggests that thisregionaccountedforalarger fraction of the global excess
emission before 2015 than after it. An excess emission of 5Ggyr*would
represental0% enhancementinglobal emissions (52 +5,+10 Ggyr?)in2019,
whichis withinthe range of relative enhancements for CFC-11banks we
estimate (90-725Gg; Extended Data Fig. 8) when considered relativeto a
1,200-1,600 Ggbank inrecent years>**. Larger excess emissions in 2019 may
suggest substantially largerincreasesin the CFC-11foam bank from recent
production, butalso could reflect continued emissions from ongoing
production and foam manufacturing.




Article

140 800
a ——— high & low production - b ey
.g 120 from EOET - \\ 700 F ',' \\
----- high and low production // s > £ | .

& 100 [ and TEAP* p \ @ 600 i .

c c H

o S 500 '

5 80 F © i

3 400 F /

[e] 1

5 60 | g ;

] 3300 F J

k=4 E

5 40 g200 f

g /

520 ¢ 100 £/

/
/
0 ot L L L L
2010 2012 2014 2016 2018 2020 2000 2020 2040 2060 2080 2100
year year
c 70 3.0%
g 60 f e — i — 1 25% &
o /N - =
€ 50 f Pyt —
@ . S~ :
§ 40 R s, "B
Q F ! e @
g litd e ] e €
5 0 ¢ i e
2 . 1.0% 5
£ ©
-Eé 20 :
(_: 10 0.5% g
°
0.0%
2000 2020 2040 2060 2080 2100
year

Extended DataFig. 8 |Inferred enhancementsin CFC-11 production, CFC-11
banks and total atmospheric chlorine. a, Production magnitudes derived
from the emissionenhancementsin Extended DataFig.7 (EOET and TEAP*)
assuming arange of emissions during CFC-11 production (4-10%), use of this
productionentirely for closed-cell foam manufacturing, and arange of

emissions during the closed-cell foaming process of 21-50% (ref. *; Methods).

b, Additionsto the foambank are derived in the TEAP model asaresult of
unreported production magnitudes shownina.c, Total atmospheric chlorine
enhancements were derived from emission enhancementsin Extended Data
Fig.7 and, for future years, fromaugmented banks (b) using asimple box model
oftheatmosphere. Upper and lower relative contributions to total
atmospheric chlorine were derived by dividing the high and low results from

TEAP* (blue dashed lines) by total chlorine in arecent projection'® (green
dot-dashedlines plotted relative to the right-hand y-axis scale). Although
emissions changes observed to date donotindicate unexpected
enhancementsin CFC-12 as aresult of co-production with CFC-11 (Extended
DataFig.9), total Clenhancements shown above could be up to one-third
higher for typical co-production rates (70% CFC-11/30% CFC-12 by weight),
although much smaller rates of CFC-12 co-production are also possible*. Higher
valuesare derived from the TEAP ‘most likely’ scenario (67-180 Gg yr™ peak
productionin2017 and 160-950 Gg bank in 2020) but are not shown here for
clarity. For reference, reported total global production of CFC-11 peaked in the
late 1980s at430 Ggyr'andinthe Article 5 Parties to the Montreal Protocol
(developing countries) it peaked in1997 at 47 ktyr™ (ref. *).
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Extended DataFig.9|Global emissions of CFC-12derived from
atmospheric observations. Global emissions were derived from NOAA and
AGAGE measurements using methods similar to those described for CFC-11
(Methods, Extended DataFig. 4). These emissions were calculated with a
CFC-12lifetime of 102 yr (ref.??). Uncertainties (1s.d.) shownreflect only the
influences of measurement repeatability, atmospheric variability and
representation errors associated with the finite number of sampling locations
within each semi-hemisphere. Asaresult, differencesinresults fromthe two
measurement networks probably reflect errorsininstrument operations or
standardization over time. Because production of CFC-11typically involves
co-production of CFC-12, any increasesin CFC-12 emissions above their
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Year

expected values since 2012 could provide additional evidence of renewed CFC
production*. Substantial co-production and emission of CFC-12 would imply
largerimpacts of the renewed CFC production on future stratospheric ozone
thanare derived fromthe consideration of CFC-11alone. Uncertaintiesin
expected emission changes over the past decade and in annual estimates of
global CFC-12 emission (4-10 Ggyr™), however, have so far confounded the
detection of unusual enhancements in CFC-12 emissions inrecent years*",
Furthermore, changesin CFC-12 emissions from eastern Asia since 2010
(<5Ggyr?;ref.) would be difficult to detect in global trends given comparable
orlarger uncertainties in annual estimates of global CFC-12 emission
(4-10Ggyr™).

2015 2020



Article

Extended Data Table 1| Measurement site locations, instrumental methods and associated network

Semi-
Hemisphere  Site lat & long Network Method
30-90°N
ALT 82.45°N, 62.51°W NOAA flask/ECD, flask/MS
SUM  72.58°N, 38.45°W NOAA flask/ECD, flask/MS
BRW  71.32°N, 156.61°W NOAA onsite/ECD, flask/ECD, flask/MS
MHD  53.33°N, 9.91°W AGAGE onsite/ECD
NOAA flask/ECD, flask/MS
THD 41.05°N, 123.15°W AGAGE onsite/ECD
NOAA flask/ECD, flask/MS
NWR  40.05°N, 105.59°W NOAA onsite ECD, flask/ECD, flask/MS
0-30°N
KUM  19.52°N, 154.81°W NOAA flask/ECD, flask/MS
MLO  19.54°N, 155.58°W NOAA onsite ECD, flask/ECD, flask/MS
RPB 13.17°N, 59.43°W AGAGE onsite ECD
0-30°S
SMO  14.25°S, 170.57°W AGAGE onsite ECD
NOAA onsite ECD, flask/ECD, flask/MS
30-90°S
CGO 40.68°S, 144.69°E AGAGE onsite ECD
NOAA flask/ECD, flask/MS
PSA 64.77°S, 64.05°W NOAA flask/ECD, flask/MS
SPO 90°S NOAA onsite ECD, flask/ECD, flask/MS

NOAA CFC-11results are derived from onsite instruments making multiple measurements per day at 5 remote sites using GC-ECD, and flasks were filled in pairs on a weekly basis at these sites
and others (12 in total). These flasks are analysed in a central laboratory using GC-ECD and GC-MS. AGAGE CFC-11 results are derived from onsite GC-ECD instrumentation making up to 36
measurements per day at 5 remote sites across the globe. At 4 of the AGAGE measurement locations, NOAA flask pairs were also collected approximately once per week. Calibration scales
are prepared and maintained independently within AGAGE and NOAA using dissimilar methods, and consistency over time in those scales is also independently maintained. NOAA data are
reported on the NOAA-2016 primary gravimetric calibration scale and AGAGE CFC-11 data are reported on the SIO-05 primary gravimetric calibration scale. Differences in global annual mean
mole fractions estimated for CFC-11 between these two networks averaged 0.01 + 0.16% during 2000-2019 (NOAA/AGAGE), but they include a drift over time that leads in part to slightly
different emissions and emission increases from 2012-2017 (Extended Data Fig. 4). While the global mean difference was -0.12 + 0.04% during 2008-2012, it was +0.27 + 0.04% during
2016-2019. Site acronyms: ALT, Alert, Canada; BRW, Barrow, USA.; CGO, Cape Grim, Australia; HFM, Harvard Forest, USA.; KUM, Cape Kumukahi, USA.; MHD, Mace Head, Ireland; MLO, Mauna
Loa, USA.; NWR, Niwot Ridge, USA.; PSA, Palmer Station, Antarctica; RPB, Republic of Barbados, SMO, American Samoa; SPO, South Pole Station, Antarctica; SUM, Summit Greenland.
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