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The atmospheric concentration of trichlorofluoromethane (CFC-11) has been in decline 30 

since production of ozone-depleting substances was phased out under the Montreal 31 

Protocol1,2. Since 2013, the concentration decline of CFC-11 slowed unexpectedly due to 32 

increasing emissions, likely from unreported new production, which, if sustained, would 33 

delay the recovery of the stratospheric ozone layer1-12. Here we report an accelerated 34 

decline in the global mean CFC-11 concentration during 2019 and 2020, derived from 35 

atmospheric concentration measurements at remote sites around the world. We find that 36 

global CFC-11 emissions decreased 18 ± 6 Gg yr-1 (26 ± 9%; 1 standard deviation) from 37 

2018 to 2019, to a 2019 value (52 ± 10 Gg yr-1) that is similar to the 2008-2012 mean. The 38 

decline in global emissions suggests a substantial decrease in unreported CFC-11 39 

production. If the sharp declines in unexpected global emissions and unreported 40 

production are sustained, any associated future ozone depletion is likely limited, despite 41 

CFC-11 banks being enhanced by 90 to 725 Gg at the beginning of 2020. 42 

After the discovery1 that global emissions and likely production of the potent ozone-depleting 43 

chemical CFC-11 increased after 2012 despite Montreal Protocol controls banning production by 44 

2010, scientists, industry experts, policy makers and others around the globe sought information 45 

to enable rapid mitigation and to ensure protection of the ozone layer2-12.  While these efforts 46 

added clarity to our understanding, uncertainties remain that could hinder effective and rapid 47 

mitigation of the unexpected CFC-11 emissions and prevent reliable estimates of the additional 48 

damage expected for the ozone layer. These uncertainties include the total amount of unreported 49 

CFC-11 production and how it was used (which determines the amount of produced, but not yet 50 

emitted, chemical, i.e., banks), the regions responsible for new production, and the extent to 51 

which unreported CFC-11 production continues. 52 



At least 40 to 60% of the enhancement in global emission during 2014-2017 has been attributed 53 

to eastern mainland China3.  Even before this specific attribution, China conducted internal 54 

inspections in late 2018 and 2019 and announced renewed enforcement and enhanced inspection 55 

measures as elements of a broad plan to mitigate any illicit CFC production and use13.  Effective 56 

and rapid mitigation of the renewed production and emission likely depends in part on the 57 

success of this Chinese initiative. It is difficult to predict its effectiveness for rapidly mitigating 58 

global emission enhancements, given that only small amounts of CFC-11 production were 59 

discovered in these inspections relative to the observationally-derived global and regional 60 

emission increase3,9,13,14, and because the regions responsible for the remaining portion of the 61 

global emission increase have yet to be identified3. 62 

The most likely use of the newly produced CFC-11 is for manufacturing closed-cell foams4.  63 

This could imply post-2010 CFC-11 production magnitudes that were as much as 2 to 4 times 64 

larger than emission enhancements detected to date4, and an increase in the total amount of CFC-65 

11 contained in foams worldwide.  Leakage of CFC-11 from this global reservoir (1000-2000 Gg 66 

today3,4,15, including lesser amounts in chillers) sustains emissions of CFC-11 and is one reason 67 

why CFC-11 concentrations (or mole fractions) have not diminished as rapidly as most other 68 

gases following production phase-outs.  While emissions from this reservoir are expected to 69 

gradually decrease over time as this reservoir becomes depleted by leakage4,15,16, substantial use 70 

of newly produced CFC-11 in insulating foams would enhance emissions for many years even 71 

after production was stopped.  Accordingly, the ultimate impact of the renewed use of CFC-11 72 

on the ozone layer will be larger than the emission enhancement detected so far, as it will depend 73 

on the cumulative amount of unreported production, which is not known. 74 



In the absence of an accurate accounting of production and use of CFC-11 since 2010, 75 

atmospheric measurements at sites around the globe enable an early assessment of emission 76 

mitigation efforts and provide important constraints on associated future ozone layer damage.  77 

The results from two independent global measurement networks show that since late-2018 to 78 

early 2019, after it was reported1 that global CFC-11 emissions had unexpectedly increased after 79 

2012, the decline in atmospheric CFC-11 mole fraction measured at all remote sites substantially 80 

accelerated (Fig. 1; Extended Data Fig. 1). Compared to the mean decline of -0.5 ± 0.1% yr-1 81 

during 2014-2018, which slowed to -0.3 ± 0.1% yr-1 by 2017-2018, the global surface mole 82 

fraction of CFC-11 decreased at a mean rate of -0.7 ± 0.1% yr-1 between 2018 and 2019.  By the 83 

end of 2019 and in the first half of 2020, the global decline rate (-1.0 ± 0.1% yr-1) had exceeded 84 

that which had been consistently recorded by both networks in any previous year since regular 85 

measurements began in the 1970s and was approaching the rate of decline projected in a recent 86 

scenario17 in which no unreported production had been considered (Fig. 1).   87 

Concurrent with the more rapid decline in global mole fraction, the hemispheric mean (North – 88 

South) mole fraction difference decreased from an average of 2.9 ± 0.1 ppt (National Oceanic 89 

and Atmospheric Administration, NOAA) or 2.8 ± 0.1 ppt (Advanced Global Atmospheric Gas 90 

Experiment, AGAGE) during 2014-2017 to 2.1 ppt (NOAA) or 2.0 ppt (AGAGE) in 2019; by 91 

the end of 2019 and in early 2020 this difference was similar to values measured in 2008-2012, 92 

which was before emissions had increased (Fig. 2).  When viewed on a monthly basis, the results 93 

suggest that the hemispheric difference began decreasing approximately in mid-2018, although 94 

other variables (e.g., air transport anomalies during the El Niño-Southern Oscillation or ENSO18) 95 

can influence this difference, making the timing of the emission decline difficult to determine 96 

precisely (Methods).  97 



Atmospheric measurements at the Mauna Loa Observatory (MLO) suggest that the drop in 98 

global CFC-11 emissions stems in part from concurrent emission reductions in eastern Asia.  99 

When global emissions of CFC-11 became unexpectedly enhanced (2014-2016), strong 100 

correlations emerged in mole fraction variations measured during autumn at MLO between CFC-101 

11 and other anthropogenically-emitted gases (e.g., CO, HCFC-22, CH2Cl2)
1.  While correlations 102 

between CFC-11 and other anthropogenically-emitted gases persisted in the autumn of 2017 and 103 

2018, they were no longer present in 2019 (Fig. 3; Extended Data Fig. 2).  Air transport analyzed 104 

with the NAME model19 indicates that samples collected at MLO were similarly sensitive to 105 

emissions from eastern Asia in all these years (Extended Data Fig. 3) and strong correlations 106 

among other anthropogenic gases persisted across all years including 2019 (Extended Data Fig. 107 

2).  108 

The accelerated decline in CFC-11 mole fractions at remote sites around the globe, the 109 

concurrent decrease in the hemispheric mole fraction difference, and results from MLO are all 110 

consistent with substantially reduced global emissions of CFC-11 in 2019.  A simple box-model 111 

analysis1,3 of a combined history of NOAA and AGAGE measurements, assuming no interannual 112 

variations in atmospheric transport, provides an initial estimate of global CFC-11 emissions in 113 

2019 of 50 (± 4, ± 10) Gg yr-1 (uncertainties represent 1 standard deviation, second value 114 

includes a mean CFC-11 lifetime uncertainty; Methods; Fig. 4; Extended Data Fig. 4).  This 115 

2019 estimate represents a drop of 21 ± 6 Gg yr-1 (30 ± 8%) when compared to mean emissions 116 

during 2014 to 2018 and is comparable to or smaller than emissions prior to 2013, when the 117 

anomalous emission increase first began (2008-2012 mean: 57 (± 3, ± 10) Gg yr-1).  118 

This initial emission estimate for 2019 ignores variability in atmospheric dynamics (transport 119 

and mixing) that can affect CFC-11 loss, influence measured mole fractions, and bias global 120 



emission estimates derived from global-scale measurements, especially over periods of ≤ 3 - 5 121 

years1,20.  To account for these biases we performed forward simulations in two 3-D models 122 

constrained by observed meteorology and with smoothly varying emission histories as input20 123 

(Methods).  Perturbations in surface mole fractions simulated by the 3-D models were used to 124 

estimate bias corrections on global emissions (Methods; Extended Data Fig. 5 & 6). Similar bias 125 

corrections were derived from both 3-D models in most years despite different representations of 126 

global winds.   127 

The bias-corrected global CFC-11 emission histories confirm a sharp decline in CFC-11 128 

emissions after 2018 to a value in 2019 of 52 (± 5, ± 10) Gg yr-1, which is considerably smaller 129 

than emissions in any year since 2013 and is comparable to the 2008-2012 mean of 56 (± 5, ± 130 

10) Gg yr-1 (Fig. 4). The 2019 global CFC-11 emission is 17 ± 7 Gg yr-1 (25 ± 10%) lower than 131 

the 2014-2018 mean value or 18 ± 6 Gg yr-1 (26 ± 9%) lower than the 2018 value alone (Fig. 4).  132 

This drop is similar to the global emission increase of 13 ± 7 Gg yr-1 from 2008-2012 (mean of 133 

56 (± 5, ± 10) Gg yr-1) to 2014-2018 (mean of 69 (± 5, ± 10) Gg yr-1).  134 

While the use of 3-D models and reanalyzed wind fields to accurately account for the influence 135 

of variable dynamics on trace gas mole fractions remains an area of active research1,21, the 136 

resulting global emission histories show features not apparent in uncorrected estimates (Fig. 4).  137 

For example, the bias-corrected emissions show smaller inter-annual changes, particularly after 138 

2010, qualitatively consistent with emissions being dominated by a large bank, although this 139 

change is less prominent in results for years prior to 2010.  The bias-corrected emission histories 140 

also show a significant decline (-2 ± 0.5% yr-1) during 2002-2012 that is more consistent with 141 

expectations from banks4,15-17,22,23 and that is not present in uncorrected estimates1.  This 142 

difference stems in part from a known perturbation in stratospheric dynamics during 2000-2006 143 



(ref 24; Extended Data Fig. 6).   Furthermore, the corrected emissions histories suggest that both 144 

the sharp emission increase in 2014 and mean emissions during 2014-2016 were augmented in 145 

part by dynamics, although, for the latter, by a smaller amount than was estimated previously1 146 

(see Methods).  147 

While the results from MLO reveal that emission reductions in eastern Asia contributed to the 148 

global decline, accurate mapping or quantification of emission changes in eastern Asia is 149 

prevented by the large distance between these locations.  In the companion paper25, an inverse 150 

analysis of CFC-11 concentration enhancements at two eastern Asian sites reveals substantial 151 

emission reductions in eastern China after 2017. When considered relative to the global CFC-11 152 

emissions reported here, those regional influences account for 60 ± 30% of the global emission 153 

decline in 2019 relative to the 2014-2017 mean. The result suggests that other regions also 154 

contributed to the post-2017 reduction in excess global emissions (Extended Data Fig. 7).  155 

The rate of global mole fraction decline, the hemispheric mole fraction difference, and global 156 

and eastern China emissions25 all returned to pre-2013 values before the end of 2019, so were not 157 

associated with the SARS-CoV-2 outbreak, which caused reduced economic activity beginning 158 

in late January of 2020 (ref 26). Instead, they likely stem from increased enforcement actions 159 

taken after 2017 in China and elsewhere.  160 

Our understanding of banks suggests that global emissions would have declined after 2010 161 

without renewed production4,15-17,22,23. Hence, the impact of renewed production on the ozone 162 

layer is best estimated by comparing observationally-derived emissions to their expected 163 

changes. Expectations extrapolated from past emission trends (e.g., 2002-2012) or that imply 164 

minimal changes in fractional emission rates from banks after 2010 suggest a mean excess global 165 



emission during 2014-2018 of 17-37 Gg yr-1 and excess global emission in 2019 of 2-24 Gg yr-1 166 

(Methods; Extended Data Fig. 7).  However, substantially larger excess emissions are implied 167 

with expectations from an inventory model4 in which the overall bank release fraction and 168 

expected emissions decline by a factor of 2 after reported production was to have ceased (2010). 169 

The large drop in expected emissions from banks in the inventory model stems from assumptions 170 

related to end-of-life practices for CFC-11, particularly in chillers and foams.  Until more is 171 

known about how these practices might have changed during these years, estimates of excess 172 

emission amounts in 2019 will contain substantial uncertainty. 173 

Future CFC-11 emissions will be enhanced above expectations by additions to banks from 174 

unreported production, likely as foams4.  Based on industry estimates of possible blowing agent 175 

losses during production (4-10%) and during the foam blowing process (17-50% depending on 176 

foam type and formulation), global unreported production of 25 to 100 Gg yr-1 is implied, on 177 

average, between 2013 and 2018, based on excess emission magnitudes considered here 178 

(Methods; ref 4; Extended Data Fig. 8). While substantially larger amounts of production can be 179 

derived (up to 160 Gg yr-1; Extended Data Fig. 8), they may be less likely given that reported 180 

production in Article 5 countries under the Montreal Protocol peaked in the late 1990s at <50 Gg 181 

yr-1 and other foam-blowing agents likely have been adopted for some types of closed-cell 182 

foams4. 183 

The analysis discussed above implies that foam banks of CFC-11 at the beginning of 2020 have 184 

been augmented by between 90 and 725 Gg as a result of unreported CFC-11 production in 185 

recent years through 2019 (Extended Data Fig. 8).  For comparison, an analysis of regional 186 

measurements suggests an increase in CFC-11 containing banks in eastern China of up to 112 Gg 187 

in 2019 (ref 25). While the size of the existing global foam banks is uncertain, relative to a bank 188 



of 1300-1600 Gg (refs 4, 15), the additions derived here would suggest a 6 to 45% increase in the 189 

global 2020 bank and in cumulative future emissions. 190 

If the reductions in global emissions and implied production noted here are sustained, future 191 

enhancements in atmospheric chlorine from unreported CFC-11 production in recent years 192 

through 2019 will be limited to <60 ppt (or <2.5% of total atmospheric chlorine from other 193 

gases; Extended Data Fig. 8).  This would represent a substantially smaller impact on ozone than 194 

the 300 ppt of chlorine enhancement derived for 2100 if ongoing CFC-11 production had 195 

sustained future emission at their 2002-2016 mean rate16. 196 

Our results show that the rapid mitigation efforts encouraged by the Parties to the Montreal 197 

Protocol and adopted by countries in eastern Asia and worldwide5,25 enabled a dramatic 198 

reduction in global CFC-11 emissions by 2019 to pre-2013 values.  Although emissions in 2019 199 

may still be elevated above expectations, the downward trajectory of global CFC-11 emissions 200 

has been restored.  Provided these mitigation efforts are sustained, substantial delays in ozone 201 

layer recovery projected from recent CFC-11 trends that were inconsistent with Montreal 202 

Protocol controls8,11,12,16 will have been avoided.  203 
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  287 

Fig. 1 | Measured atmospheric mole fractions of CFC-11 and global mean rate of change.  a  288 

Monthly mean mole fractions and standard deviations (1 s.d.) measured at 12 remote sites from 289 

NOAA flasks by GC-MS (ref 1; Methods).  Corresponding monthly means from the independent 290 



AGAGE measurement network27,28 (on-site analysis by GC-ECD at 5 remote sites) appear in 291 

Extended Data Fig. 1.  Results from individual sites are shown as lines, and vertical bars 292 

represent 1 standard deviation of all measurements in each month at each site (southern 293 

hemisphere sites are indicated by blue lines, sites within 0 to 30°N as brown lines, and sites 294 

within 30 to 90°N as red lines). Hemispheric 12-month means centered on 1 Jan of each year 295 

(NH = red circles; SH = blue circles; connected by black lines) are derived from results at 12 296 

individual sites (Methods). Dashed lines indicate projections based on fits to hemispheric means 297 

during 2002-2012 (red = NH, blue = SH). b (inset) Global annual rates of change derived from 298 

NOAA (light blue; combined flask and in-situ results) and AGAGE (yellow; in-situ results) 299 

monthly means (as ln(Jan2020 / Jan2019), plotted at 15 Jan 2020).  These network-specific rates are 300 

averaged by month and displayed as annually smoothed values (thick grey line). The numbered 301 

thin solid lines represent scenario projections in recent WMO Assessment reports that did not 302 

consider any unreported CFC-11 production after 2010 (refs 17,22,23, with report publication 303 

year indicated).  304 

Fig. 2 | Hemispheric differences in CFC-11 mole fraction.  Hemispheric differences during 305 

recent years estimated by independent measurement networks (a, NOAA, and b, AGAGE) are 306 

plotted as a function of fraction of year; points delineate monthly mean hemispheric differences 307 

and colors indicate different years.  Hemispheric differences measured during 2008-2012 (each 308 

year represented by a blue-gray line; blue-gray points with errors indicate the monthly 5-yr 309 

means and 1 s.d.) are lower than those measured during 2014-2017 (each year represented by a 310 

light red line; light red points with errors indicate the monthly 5-yr means and 1 s.d.).  Results 311 

from 2018 (red), 2019 (blue), and 2020 (black) show a transition from larger to smaller NH – SH 312 

differences that become significant in mid-2018.  Similar changes through these years are 313 



apparent in results from both measurement networks despite differences in measurement 314 

locations and techniques (Methods). Months in which results from only 4 of 5 AGAGE stations 315 

are available during 2018-2020 are indicated with white-filled circles. 316 

Fig. 3 | Co-variations observed between mole fractions of CFC-11 and HCFC-22 at MLO.  317 

Linear regression coefficients (r2; diamonds, left axis) and slopes (circles, right axis) derived 318 

annually from measured mole fractions in all samples collected during autumn of each year (see 319 

also Extended Data Fig. 2). Linear regression slopes are not shown for years in which 320 

insignificant correlations were measured: prior to 2013 and in 2019. X-axis tick marks refer to 1 321 

January of the indicated year. 322 

Fig. 4 | Observation-based global CFC-11 emissions vs expected changes.  a, Global CFC-11 323 

emissions derived from a combined NOAA & AGAGE mole fraction history and a 3-box model 324 

with constant dynamics (air mixing times between boxes; black points and lines) and with 325 

consideration of time-varying dynamics estimated from the 3-D model WACCM (red points and 326 

thick red lines) (points represent calendar year means) (see Methods). b, same as a, but with the 327 

influence of time-varying dynamics estimated using the 3-D model TOMCAT.  Uncertainties (1 328 

standard deviation) on annual values were derived considering only measured atmospheric 329 

variability and network representation errors (Methods). Also shown are multiple estimates of 330 

expected emissions in the absence of unreported production after 2010.  These expectations are 331 

from: 1) an extrapolation of the observationally-derived emissions decline during 2002 to 2012 332 

(orange dotted line, 1 s.d. uncertainty on 2019.5 value is shown), 2) results from a Bayesian 333 

probabilistic model analysis of banks and emissions that incorporates observational and 334 

inventory data15 (gray-shaded area), 3) multiple representations of TEAP’s inventory model4 335 

(blue-shaded region), and 4) a modification of TEAP’s “most likely” scenario (blue-dashed line; 336 



TEAP*, Methods). Observationally-derived emissions in the two panels are offset slightly 337 

because they were derived with mean CFC-11 lifetimes inherent to the 3-D models: 56 yr for 338 

WACCM, and 54 yr for TOMCAT.  The influence of uncertainty in the CFC-11 lifetime on 339 

observationally-derived emissions was calculated for lifetimes of 50 and 60 years (thin red lines; 340 

ref 29; Methods). 341 

  342 



Methods.                                                                                                      343 

Observations. Ambient air measurements of CFCs were obtained by two independent global 344 

networks, the National Oceanic and Atmospheric Administration (NOAA) and the Advanced 345 

Global Atmospheric Gas Experiment (AGAGE) at a total of thirteen unique surface sites 346 

throughout the globe using multiple techniques1,3,27,28 (Extended Data Table 1).  Multiple 347 

approaches are taken to reduce any local emissive influences on estimates of background 348 

atmospheric CFC mole fractions and their change over time.  These approaches include 349 

considering monthly medians instead of means for on-site results at remote NOAA sites, a 350 

statistical filter to derive pollution free monthly means30, visual inspection, consideration of 351 

back-trajectories, and only using flask results obtained when air was from a pre-specified clean 352 

air sector.  Variability since 2010 in measured monthly mean mole fractions averaged 0.2 to 0.5 353 

ppt for NOAA GCMS flask analysis and 0.2 to 0.4 ppt for AGAGE in-situ ECD measurements, 354 

depending on site (1 s.d.).  355 

Hemispheric mole fraction differences. Hemispheric concentration differences reflect 356 

hemispheric asymmetries in emission magnitudes and loss, and these asymmetries are modulated 357 

by interhemispheric transport.  Long-lived trace gases with only anthropogenic sources, such as 358 

the CFCs, are primarily determined by emission magnitudes31. For example, ENSO can affect 359 

CFC-11 mole fraction gradients across the equator in the tropics. After removing the long-term 360 

trend (using a quadratic polynomial fit), seasonal cycle and QBO cycle in this gradient measured 361 

at Barbados (13°N) and American Samoa (14°S) (AGAGE data), the correlation between the 362 

residuals and the MEI.v2 ENSO index is strong (Pearson’s Correlation Coefficient R=0.41 for 363 

1995-2020 and 0.51 for 2010-2020), and the range of the residuals is ± 0.5 ppt.  ENSO 364 



influences on hemispheric differences are reduced, by comparison, when hemispheric mean 365 

concentrations are considered, and they were not removed from results presented in Fig. 2.  366 

MLO sensitivity to east Asian emissions.  The Numerical Atmospheric dispersion Modelling 367 

Environment (NAME), a Lagrangian atmospheric transport model developed by the UK Met 368 

Office19, was used to estimate the surface sensitivity of concentrations measured in flasks 369 

collected at MLO to emissions from different regions in eastern Asia (Extended Data Fig. 3). 370 

NAME is driven by meteorology from the UK Met Office’s operational weather forecasting 371 

model (horizontal resolution in longitude: 0.141°, and latitude: 0.094°, 60 vertical levels in the 372 

lowest 30 km of the atmosphere). NAME was run backwards in time, releasing 1 g hr-1 of 373 

material distributed over 100,000 air parcels at 3433 m a.s.l. These were followed for a 374 

maximum of 30 days or until they left a domain covering 90 to 255° longitude and -10 to 69° 375 

latitude. A 30-day time-integrated air concentration (g s m-3) was output from NAME at a 376 

resolution of 0.352° longitude by 0.234° latitude within 2 km of the ground. 377 

Observationally-derived global emissions.  Global CFC emissions were estimated with 3-box 378 

and 12-box models to yield tropospheric mole fractions consistent with surface data using 379 

established methodologies1,3 with some modifications to enable the consideration of NOAA and 380 

AGAGE data together (see below).  The loss rate constant in the 3-box-modeled stratosphere 381 

was adjusted to provide a steady-state lifetime matching the mean CFC-11 lifetime diagnosed in 382 

the 3-D models (56 yr for WACCM and 54 yr for TOMCAT).  Additional estimates were made 383 

with lifetimes of 50 and 60 yr based on the 1 s.d. range of lifetimes diagnosed in 2-D and 3-D 384 

models for recent years29.  The 12-box model consists of three vertical levels, separated at 500 385 

hPa and 200 hPa, and four equal mass latitudinal bands, with divisions at the equator and 30o 386 

north and south. The loss rate in the stratospheric boxes was adjusted until the global CFC-11 387 



lifetime was equal to 52 years (for NOAA and AGAGE-specific results appearing in panels a 388 

and b of Extended Data Fig. 4; ref 29).   389 

Uncertainties on annual mole fractions and emissions were estimated with a bootstrap technique 390 

using replacement32 and represent the influences of measurement repeatability, atmospheric 391 

variability, calibration differences between NOAA and AGAGE, and representation errors 392 

associated with the finite number of sampling locations within each semi-hemisphere (Extended 393 

Data Table 1).  This analysis was performed on NOAA and AGAGE data considered separately 394 

(Extended Data Fig. 4) or together (as in Fig. 4). Start-of-year mole fractions were derived from 395 

480 representations of semi-hemispheric means as measured by either NOAA, AGAGE, or a 396 

combination of results from both networks that were averaged to a global mean.  Semi-397 

hemispheric monthly means derived from NOAA data were derived from a random selection of 398 

sites within each semi-hemisphere. In each network representation, random noise was added to 399 

monthly site means by an amount equivalent to the measured monthly standard deviation. For 400 

SMO (0-30°S), however, measured monthly standard deviations were multiplied by a factor of 2 401 

to account for this semi-hemisphere being characterized with results from only one site.  With 402 

this procedure, uncertainties on annual mean mole fractions centered on 1 January of each year 403 

were derived, thereby enabling an estimate of uncertainty on calendar year emissions (as 1 s.d.).  404 

The first uncertainty quoted (1 s.d.) on all bias-corrected emissions includes an additional term 405 

related to uncertainty in the bias correction (Extended Data Fig. 6). Emissions and bias 406 

corrections on emissions were also derived for annual mean mole fractions centered on other 407 

months of the year, and these appear as the smoothly-varying lines in Fig. 4, Extended Data Fig. 408 

4 and Extended Data Fig. 6. 409 



The second uncertainty listed on annual or multi-year emission estimates is a total uncertainty 410 

that includes uncertainty in the global lifetime of CFC-11 (see Fig. 4; ref 29). Note that changes 411 

in emissions are not quoted with a second uncertainty because they are insensitive to lifetime 412 

when derived over periods that are short relative to the CFC-11 lifetime. 413 

Estimating dynamical influences. Three-dimensional model simulations were used to estimate 414 

the influence of dynamics-induced variability on CFC-11 mole fractions and derived emissions.  415 

CFC-11 mole fraction histories were calculated in forward simulations in the Whole Atmosphere 416 

Community Climate Model33,34 (WACCM) and the offline chemical transport model 417 

TOMCAT35,36.  In both 3-D models, global mole fractions and distributions of CFC-11 were 418 

initialized in the year 1980. The WACCM model was run with interactive chemistry in the 419 

specified dynamics configuration at a resolution of 1.9° latitude x 2.5° longitude horizontal with 420 

88 vertical levels from Earth’s surface to 6x10-6 hPa. Horizontal winds and temperatures were 421 

nudged to specified dynamics derived from the Modern Era Retrospective-analysis for Research 422 

and Applications MERRA233,34.  The TOMCAT simulation parameterized the atmospheric loss 423 

of CFC-11 tracers using calculated photolysis rates and a repeating year of archived monthly 424 

zonal mean O(1D) distributions from a previous full chemistry simulation8. The model was run at 425 

a resolution of 2.8o x 2.8o with 60 levels from the surface to 0.1 hPa and was forced using the 426 

ERA-5 reanalyses (horizontal winds, temperatures)37 from the European Centre for Medium-427 

Range Weather Forecasts (ECMWF). In TOMCAT, the large-scale vertical transport was 428 

diagnosed from the divergence of the horizontal winds. 429 

The method for deriving dynamics-induced emission biases was performed in a manner similar 430 

to Ray et al.20. in which a smoothly-varying emission history was used as input to forward runs 431 

of the 3-D models.  Our analysis, however, includes all simulated variability, not just related to 432 



the QBO as in Ray et al.20.  The smoothed input emissions were derived from the 3-box model 433 

analysis of surface measurements (a smoothed version of black lines in Fig. 4) and were 434 

distributed as follows: 0% from 90°N to 60°N, 5% from 60°N-50°N, 80% from 50°N-25°N, 12% 435 

from 25°N-10°S, 3% from 10°S-40°S, 0% from 40°S-90°S (equivalent to 90% of emission north 436 

of 10°N). Mole fractions simulated from the 3-D model runs were extracted from the grid cells 437 

corresponding to the NOAA and AGAGE measurement locations and were used to derive 438 

hemispheric and global mean mole fractions. 439 

Surface mole fractions simulated in the 3-D model have an added variability that arises from 440 

dynamics that is on order ± 0.2% yr-1 in annual rates of change on a 1 to 3-yr timeframe 441 

(Extended Data Fig. 5).  Despite using different models and different representations of 442 

meteorology, the main features of the simulated variability in mole fraction rates are apparent in 443 

both model results and, notably, are also present in measured hemispheric means, particularly the 444 

peaks in early 2015 and 2018. 445 

The mole fractions simulated in the 3-D forward runs were used to derive a second global 446 

emission history using the 3-box model and the same methodologies applied to measurement 447 

data.  Differences between the smoothed input and second emission histories were taken to 448 

represent emission biases arising from the influence of dynamical variability on CFC-11 449 

atmospheric mole fractions (Extended Data Fig. 6).  These biases (calculated on a monthly basis) 450 

were subtracted from the 3-box model emission history derived directly from observations to 451 

provide a best-estimate emission history for CFC-11 (Fig. 4 and Extended Data Fig. 4). 452 

Expected emissions after 2012.  Without post 2010 production, CFC-11 emissions were 453 

expected to slowly decline thereafter as reservoirs of CFC-11 (banks), primarily in foam, but also 454 



in industrial process refrigeration and comfort cooling for commercial buildings (chillers), 455 

diminished from the CFC-11 escaping to the atmosphere4,15-17,22,23. To better quantify the effect 456 

of renewed CFC-11 production on future ozone depletion, we examined differences between 457 

observed emissions and those expected in the absence of renewed production (‘excess 458 

emission’).  459 

We considered multiple methods for estimating expected global CFC-11 emissions in the 460 

absence of renewed unreported production.  Emission expectations were derived for 2013-2019 461 

from a linear fit to the observationally-derived bias-corrected emissions during 2002 to 2012 462 

(orange-dotted line, Fig. 4).  This approach projects a global emission in 2019 of 42 ± 3 Gg yr-1 463 

(WACCM/MERRA2 dynamical corrections) or 48 ± 4 Gg yr-1 (TOMCAT/ECMWF dynamical 464 

corrections) and bank release fractions during 2010-2019 that remain constant at about 3% yr-1.  465 

The consistency in results for fits over different ranges of years (2002-2012, 2003-2012, etc., 466 

through 2008-2012) suggests no appreciable influence of small amounts of CFC-11 production 467 

reported during 2002-2010 (110 Gg) (ref 1).  468 

We also consider expected CFC-11 emissions derived through 2016 with a Bayesian 469 

probabilistic model in the absence of post-2010 production15.  The model includes a wide range 470 

of observation-based and inventory-based information to derive posterior estimates of banks 471 

magnitudes and emissions through 2016 (Fig. 4).  In part because this analysis is constrained by 472 

observations, it yields similar emissions and emission trends to those suggested by observations 473 

during 2002-2012; it also suggests post-2012 emissions that are similar to those derived from the 474 

observation-based extrapolated fit and only small changes in bank release fractions in recent 475 

years (median estimate drops from 3.0% yr-1 in 2006 to 2.7% yr-1 by 2016). 476 



Expected emissions are taken from the Montreal Protocol’s Technology and Environmental 477 

Assessment (TEAP) inventory model4, which provides a CFC-11 emission history starting in the 478 

1930s based on reported production data, breakdown of use in multiple applications such as 479 

chillers, foam manufacturing, as an aerosol propellant, and as a solvent, and more than 20 480 

parameters representing the lifetime of products, and time-dependent emission rates associated 481 

with manufacturing, installation, use, decommissioning (transfer to landfill), and at end of life. 482 

Values for these parameters are based on existing literature, historical data, and input from 483 

industry experts associated with TEAP and its reports.  The original TEAP model considered 484 

different values for some parameters in 4 different scenarios, thus providing a range of expected 485 

emissions that decrease substantially from 2010 to 2020 (Fig. 4, blue-shaded region).  Here, we 486 

limit our attention to the ‘most likely’ scenario originally developed4 by TEAP, which falls 487 

within the range of the other scenarios in most years, as it was developed with parameter values 488 

considered to be the most likely. This scenario results in a substantial drop in fractional bank 489 

losses (from 3.6 to 1.4% yr-1) and, therefore, total emissions during 2010-2020 owing to end-of-490 

life assumptions made for CFC-11-containing products and the fate of that CFC-11 as those 491 

products are retired.  In this scenario, enhanced emissions related to production, active use, and 492 

the transition of chillers to landfill become insignificant shortly after 2010 and overall emissions 493 

in subsequent years are sustained only by the small release rates from foams in situ and foams in 494 

a landfill (both are ≤1.5% yr-1), or related to transitioning foam-containing products to a landfill 495 

(e.g., building decommissioning, during which only a small fraction of the CFC escapes4).  As a 496 

result, the 2010-2020 emission decline in the ‘most likely’ TEAP scenario depends in large part 497 

on the accuracy of assumptions of end-of-life treatment and mean in-use lifetime of chillers, 498 

parameters whose values were not explicitly explored in the TEAP report4. 499 



As a result of this sensitivity, we considered an alternative scenario (TEAP*) that enabled 500 

continued emissions from chillers past 2012, since CFC-11 containing chillers continue to be 501 

used throughout the world4.  While there are many factors affecting emissions from chillers (e.g., 502 

recapture or venting of refrigerant during recharge and at end-of-life that likely vary), the lack of 503 

historical detailed information on these practices prevents their explicit modeling. Instead, we 504 

allowed for sustained emissions from chillers by assuming a longer in-use lifetime for CFC 505 

chillers (35 yr vs 25 yr) and a 10% increase in pre-2010 reported production for all applications 506 

(as explored elsewhere4,15) (TEAP*; Fig. 4).  Longer mean chiller lifetimes may be likely 507 

especially now, since commercial chillers are currently professionally serviced and maintained 508 

through well-established service contracts. The high cost of replacement can lead to slow 509 

decommissioning rates, potentially only after a catastrophic failure. Furthermore, chiller 510 

lifetimes in Brazil are estimated to be 30 years and, in India, 40 years38.  In addition, the World 511 

Bank has forecast that “the demand for recycled CFCs for servicing large capacity chillers will 512 

continue till 2027” (ref 38), which is more than a decade after the year (2012) implied by a 25-yr 513 

chiller lifetime. The effect of this simple adjustment to TEAP’s ‘most likely’ model produces an 514 

overall bank release fraction that remains close to 3% yr-1 from 2000-2020, and it provides 515 

emission expectations after 2010 that are similar to those derived by Lickley et al.15 and 516 

projected from the extrapolated linear fit to observationally-derived emissions, given a CFC-11 517 

lifetime of 55-60 years.   518 

Estimating excess global emissions. Excess global emissions (emissions above expectations 519 

considering only reported production) were derived as the difference between observationally-520 

based estimates and expected emissions estimated using methods discussed above.  Excess 521 

emissions declined notably from 2018 to 2019, but suggest that emissions in 2019 may remain 522 



elevated above expectations (Extended Data Fig 7) by different amounts.  Relative to the 523 

extrapolation of derived emissions during 2002-2012, the estimated excess emission in 2019 is 7 524 

± 6 Gg yr-1 and is insensitive to the CFC-11 lifetime, and the average over 2014-2018 is 21 ± 3 525 

Gg yr-1.  Relative to TEAP* expectations, excess emissions in 2019 are 5 to 24 Gg yr-1, and the 526 

average during 2014-2018 is 18-37 Gg yr-1. Based on the consistency among excess emissions 527 

derived from these expectations, which are also consistent with those derived from Lickley et 528 

al.15 during overlapping years, we estimate excess CFC-11 emission in 2019 of between 2 and 24 529 

Gg yr-1. Larger excess emissions (24-46 Gg yr-1) are suggested for 2019 and earlier years from 530 

TEAP’s ‘most likely’ scenario and CFC-11 lifetimes at the shorter end of the range explored 531 

here (50-60 yr), but we consider these magnitudes less likely given evidence suggesting that 532 

chiller emissions likely continue and that most atmospheric models suggest a mean CFC-11 533 

lifetime of between 55 and 60 yr (ref 29). Such large increases also seem unlikely because they 534 

would have to come from regions other than those dominating past CFC use (U.S.A., and E.U.), 535 

given the observational evidence suggesting no recent increases from these regions1,3 and a near 536 

complete decline by 2019 in excess CFC-11 emissions from eastern China25 (Extended Data Fig. 537 

7).   538 

Continued unexpected emissions for CFC-11 in 2019 could represent ongoing production and 539 

use of CFC-11, albeit at reduced levels compared to the previous few years, but also likely 540 

reflect contributions from foam banks created with new production since 2010 (ref 4; Extended 541 

Data Fig. 8).  542 

Estimating enhanced production and banks.  While atmospheric observations provide a 543 

straightforward way to derive global emissions, an estimate of production magnitudes and 544 

additions to banks that accounts for the emission enhancement requires additional information 545 



that was recently reassessed4.  That TEAP study concluded that unreported production after 2010 546 

was most likely used to manufacture closed cell foams. Production magnitudes associated with 547 

the multiple estimates of emission enhancements (Extended Data Fig. 7, 8) were derived by 548 

estimating the unreported production required to match excess emissions after 2012 given ranges 549 

for emissive losses during CFC production (4-10%) and the installation of closed-cell foams (17-550 

35%) (ref 4), although here we consider an upper limit of 50% for installation losses to capture 551 

the possibility of poor industry practices for formulating and producing foams.  These values 552 

nominally suggest initial multiples for new production vs enhanced emission of 1.7 to 4.  For the 553 

emission enhancements derived relative to the linear fit to 2002-2012 emissions or TEAP*, mean 554 

unreported production during 2013-2018 ranges between 25-100 Gg yr-1, which encompasses the 555 

40-70 Gg yr-1 of unreported production estimated previously4 (Extended Data Fig. 8).  The ‘most 556 

likely’ TEAP scenario suggests unreported production in excess of 100 Gg yr-1, which, if true, 557 

would represent substantially more CFC production than was reported by A5 countries during 558 

their peak reporting year of 1997 (47 Gg yr-1; ref 4).  559 

Additions to banks were derived as the cumulative sum of production enhancements minus 560 

emissions.  We estimate additions to CFC-11 banks from unreported production of between 90 561 

and 725 Gg CFC-11 by the end of 2019 for the emission scenarios that were consistent with 562 

observationally-derived emissions prior to 2010.  The lower end of this range is associated with 563 

high levels of emissions during production and installation of the newly produced CFC-11 and 564 

small emission enhancements above expectations, whereas the high end of this range is implied 565 

by small emission losses associated with new production and larger emission enhancements.  566 

While certain combinations of parameter values in the TEAP inventory model, together with a 567 

CFC-11 lifetime at its lower limit could suggest larger additions to CFC-11 banks by 2020 (e.g., 568 



>900 Gg; Extended Data Fig. 8), we estimate that they are less likely, given the reasons 569 

discussed above. Furthermore, based on a range of considerations and very different 570 

observational constraints, an increase in the CFC-11 bank in eastern China of up to 112 Gg CFC-571 

11 has been estimated through 2019 (ref 25), which is more consistent with the lower range of 572 

global bank increases, considering that this region accounts for about half of global excess 573 

emissions since 2013 (refs 1, 3, 25). 574 

Data availability.  NOAA data used in this study are available at 575 

https://www.esrl.noaa.gov/gmd/ and ftp://ftp.cmdl.noaa.gov/hats/cfcs/cfc11/.  AGAGE data can 576 

be found at: http://agage.mit.edu. 577 

Code availability.  Source code for NCAR Community Earth System Model releases, including 578 

WACCM, is distributed through a public Subversion code repository (see 579 

http://www.cesm.ucar.edu). The TOMCAT model is a research tool that is available to NERC-580 

funded researchers in the UK and other collaborators who have access to suitable computing 581 

facilities. The code is not otherwise publicly available. Reasonable requests to use the model 582 

should be made to [MPC]. 583 
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Extended Data Table 1 | Measurement site locations, instrumental methods, and associated 656 

network. NOAA CFC-11 results are derived from onsite instruments making multiple 657 

measurements per day at 5 remote sites using chromatography coupled with electron capture 658 

detection (GC-ECD), and flasks filled in pairs on a weekly basis at these sites and others (12 659 

total). These flasks are analyzed in a central laboratory using GC-ECD and gas chromatography 660 

with mass spectrometry detection (GC-MS).   661 

AGAGE CFC-11 results are derived from onsite GC-ECD instrumentation making up to 662 

36 measurements per day at 5 remote sites across the globe. At 4 of the AGAGE measurement 663 

locations, NOAA flask pairs are also collected approximately once week-1. 664 

Calibration scales are prepared and maintained independently within AGAGE and 665 

NOAA using dissimilar methods, and consistency over time in those scales is also independently 666 

maintained. NOAA data are reported on the NOAA-2016 primary gravimetric calibration scale 667 

and AGAGE CFC-11 data are reported on the SIO-05 primary gravimetric calibration scale.  668 

Differences in global annual mean mole fractions estimated for CFC-11 between these two 669 

networks averaged 0.01 ± 0.16% during 2000 - 2019 (NOAA/AGAGE), but they include a drift 670 

over time that leads in part to slightly different emissions and emission increases from 2012-671 

2017 (Extended Data Fig. 4).  While the global mean difference was -0.12 ±0.04% during 2008-672 

2012, it was +0.27 ± 0.04% during 2016-2019. 673 

Extended Data Fig. 1 | Measured atmospheric mole fractions of CFC-11 in the AGAGE 674 

network.  Monthly measured mean mole fractions and standard deviations (1 s.d.) at 5 remote 675 

sites (Extended Data Table 1).  Hemispheric annual means centered on 1 Jan of year (NH – red 676 

circles; SH = blue circles) are derived from results at these 5 sites (Methods). Dashed lines 677 

represent projections based on fits to the AGAGE hemispheric means measured during 2002-678 

2012 (red = NH, blue = SH). 679 

Extended Data Fig. 2 | Correlations between trace gases measured at a Hawaiian site.  a, 680 

Mole fractions of CFC-11 and HCFC-22 measured from all flasks during autumn of 2011-2020 681 

at MLO.  Each point represents a flask pair mean from all flasks sampled during autumn of the 682 

indicated year (fraction of year 0.6 – 0.9). The linear regression coefficients and slopes of these 683 

lines are plotted in Fig. 3 of the main text. b, Linear regression coefficients and slopes from 684 

measurements of CH2Cl2 vs HCFC-22 during autumn at MLO in recent years (similar to Fig 3 of 685 



main text, but for these different gases).  Results in 2019 and most earlier years show a high 686 

correlation for these two gases, which are emitted in substantial quantities from eastern Asian 687 

countries39,40.  A similar slope is noted between HCFC-22 and CH2Cl2 for all years considered, 688 

including 2019. These results and transport modeling (Extended Data Fig. 3) suggest wind 689 

patterns have consistently transported Asian-influenced air to MLO in autumn of all these years.  690 

Despite this consistency in transport, correlations between CFC-11 and HCFC-22 were not 691 

observed at MLO during autumn during 2008-2012 and in 2019, implying that eastern Asian 692 

emissions of CFC-11 relative to HCFC-22 were reduced during these years.  HCFC-22 results 693 

are reported on the NOAA-2006 scale, and CH2Cl2 results are reported on the NOAA-2003 694 

scale. 695 

Extended Data Fig. 3 | Measured mole fractions of three trace gases at the Mauna Loa 696 

Observatory during autumn of 2017, 2018, and 2019, and the surface sensitivity of those 697 

sampling events to emissions from eastern China (20-42° N latitude, & 110-122° E 698 

longitude).  Three surface sensitivities were calculated with the NAME model19 for a number of 699 

regions bordering the Pacific Ocean basin during each of the three hours surrounding a sampling 700 

event (Methods).  The mean surface sensitivity magnitudes are plotted in all panels on the same 701 

scale (blue lines; left-hand axis; units of gs m-3 after being multiplied by 1x109) and uncertainties 702 

represent 1 standard deviation of the three sensitivities calculated for each sampling event. These 703 

surface sensitivities are the time integrated air concentration simulated within the surface layer (0 704 

– 2000 m) over this region during the 30 days prior to each sampling event given a point release 705 

at MLO of 1 g/hr. Measured flask pair mean mole fractions (red symbols & lines, right-hand 706 

axis; uncertainties represent 1 standard deviation of the measured mole fraction in the 707 

simultaneously sampled flasks) are plotted on scales having the same values (HCFC-22 and 708 

CH2Cl2) or dynamic range (CFC-11) each year. Correlation coefficients (r) are given in 709 

parentheses.  While the figure shows sensitivity magnitudes calculated only for eastern China 710 

(20-42° N latitude, & 110-122° E longitude) owing to the findings of Rigby et al.3, similar time- 711 

and compound-dependent patterns are derived for neighboring eastern Asian regions and 712 

confirms that a precise spatial attribution of these regional emission changes is prevented by the 713 

large distance between MLO and eastern Asia.  In samples collected at MLO having enhanced 714 

surface sensitivity to eastern China and these neighboring regions, strong correlations are 715 

observed in all three years between measured mole fractions of HCFC-22 and CH2Cl2 (Extended 716 



Data Fig. 2), chemicals known to be emitted from this region in large quantities. This indicates 717 

that wind patterns consistently transported Asian-influenced air to MLO in autumn of all these 718 

years. Enhancements of CFC-11 in samples having enhanced surface sensitivity to eastern China 719 

and neighboring regions, however, are observed only in 2017 and 2018.  By 2019 CFC-11 720 

enhancements are no longer measureable above instrumental noise (~0.2 ppt) and CFC-11 mole 721 

fraction variations are no longer correlated with surface sensitivities derived for eastern China 722 

and neighboring regions.   723 

Extended Data Fig. 4 | The sensitivity of observationally-derived global CFC-11 emissions 724 

to different factors.  Top panels: Global CFC-11 emission derived with a 12-box or 3-box 725 

approach, assuming a constant loss frequency (1/52 yr-1) and dynamics using a, NOAA data 726 

NOAA or, b, AGAGE data.  Middle and lower panels: Emissions derived with the 3-box model 727 

applied to data from NOAA (c and e) or AGAGE (d and f).  Biases arising from variations in 728 

atmospheric dynamics estimated from both WACCM (56-yr lifetime; c and d) and TOMCAT 3-729 

D models (54-yr lifetime; lower e and f) are applied to the NOAA- and AGAGE-derived 730 

emissions.  Results indicate that for all methods of estimation, the general pattern of emission 731 

changes over the past decade is robust, including the substantially reduced emissions in 2019.  732 

While year-to-year changes estimated from remote-atmosphere observations with 3- or 12-box 733 

models are typically within 1-sd uncertainties, biases associated with varying dynamics fall 734 

outside that uncertainty range in some years. 735 

For emissions derived with the 12-box model (panels a and b), emissions were inferred in each 736 

semi-hemisphere and season with a least squares approach, and subsequently were summed to 737 

global, annual means1,3. Monthly baseline mole fractions were used in the inversion from 738 

AGAGE or NOAA data. The uncertainty on these mole fractions was estimated based on the 739 

bootstrapping approach for estimating annual, global mean mole fractions, described above, but 740 

multiplied by a factor of √12, to account for the monthly, rather than annual, resolution of the 741 

measurements input to the inversion.   742 

Extended Data Fig. 5 | Annual changes in measured and simulated hemispheric mean 743 

surface mole fractions of CFC-11.  Rates of mean annual change in mole fraction in the 744 

northern hemisphere (a & c), and the southern hemisphere (b & d).  The smoothed emission 745 



history derived from an inverse, 3-box analysis of NOAA measurements (Methods) was used in 746 

forward runs of the 3-box model (red line) and in the 3-D models WACCM (a & b) and 747 

TOMCAT (c & d ) (black lines), and rates of change in hemispheric mean mole fractions were 748 

derived.  Mole fraction rates derived by WACCM and TOMCAT and from NOAA observations 749 

were from 12-month means, 12 months apart. Much of the measured variability on a 1 to 3-yr 750 

timeframe is captured by the 3-D model simulations, despite the smoothly-varying emission used 751 

as input.  The results suggest that much of this observed variability is not measurement noise or 752 

inaccuracies in maintaining calibration consistency, but instead reflects real variability in 753 

dynamics that is captured in these 3-D model simulations.  Measured variability not reproduced 754 

by the 3-D models could represent the influence of short-term changes in emissions not captured 755 

by the smoothly-varying emission input or measurement errors.  The variations in derived rates 756 

in the two hemispheres most often co-vary, suggesting that this variability is associated with 757 

vertical exchange between the troposphere and stratosphere or stratospheric dynamics (e.g., the 758 

quasi-biennial oscillation20) as opposed to variations in tropospheric exchange between the 759 

hemispheres. 760 

Extended Data Fig. 6 | Estimated bias on global emissions derived from atmospheric data 761 

without consideration of inter-annual variability in dynamics.  These biases were estimated 762 

from 3-D model simulations from WACCM (red) and TOMCAT (blue) (see Methods) and 763 

represent 12-month smoothed results (line) and calendar year estimates (filled circles). The bias 764 

implied in year-to-year changes in global emissions derived without considering variability in 765 

dynamics is 5 ± 4 Gg yr-1 (1 s.d.) on average through this period, but is as high as 16 Gg yr-1 766 

(WACCM; 9 Gg yr-1 in TOMCAT).  By comparison, uncertainties in annual emissions derived 767 

from consideration of measurement repeatability, calibration stability, and site representation 768 

errors during this time period are between 2 and 4 Gg yr-1 (e.g., error bars in Extended Data Fig. 769 

4). For calendar year mean values derived from the two models, the difference in the magnitude 770 

of bias estimated from these two 3-D models since 2001 is 3.0 Gg yr-1 (1 s.d.); for mean 771 

emissions estimated over 4 to 5-yr periods, the difference is 1.1 Gg yr-1 (1 s.d.). 772 

The bias-corrected results indicate that dynamics accelerated the decline in CFC-11 mole 773 

fractions and global emission after 2018, implying that the emission decrease from 2018 to 2019 774 

is overestimated by up to 4 Gg yr-1 without consideration of variable dynamics.  775 



The shift to negative bias following 2000 that persisted until 2006 and is captured by both 776 

models is a result of a known perturbation to stratospheric circulation24,41,42.  This rapid 777 

acceleration in 2000 of the lower branch of the Brewer-Dobson circulation gradually diminished 778 

over the following six years and is believed to have been caused by anomalous tropical sea 779 

surface temperatures but is still not well understood41.  The results suggest that the persistent 780 

increase in stratosphere-troposphere exchange over this period resulted in greater transport of 781 

CFC-11-depleted air to the troposphere and subsequently more negative growth rates than would 782 

have occurred without this transport change. 783 

Extended Data Fig. 7.  Inferred enhancements in global and regional emissions above 784 

expectations (excess emission). Excess global emissions are derived from the difference 785 

between measurement-derived emissions (NOAA & AGAGE combined estimate, corrected for 786 

dynamics) and emission expectations considering no post-2010 production that are shown in Fig. 787 

4.  Expectations are derived from 1) an extrapolated linear fit to observationally-derived 788 

emissions during 2002 to 2012 (red solid line, uncertainties represent 1 s.d. of extrapolation plus 789 

dynamical corrections; labeled as “extrapolated observed emission trend” (EOET)); 2) emissions 790 

associated with the modified TEAP inventory analysis (TEAP*; blue line; see Methods); 3) those 791 

from a combined inventory and observational Bayesian analysis15 (“Lickley (2020)”, gray line 792 

and shaded region representing 95% confidence interval); and 4) those from TEAP’s ‘mostly 793 

likely’ inventory model result4 (brown line). Shaded regions associated with the two TEAP 794 

model results represent the influence of CFC-11 lifetime ranging from 50 to 60 yr (Methods). 795 

Bold numbers indicate ranges for excess emissions that are quoted in the main text.  796 

Excess regional emissions have been estimated from eastern China25 and are based on an inverse 797 

analysis of pollution plume concentrations of CFC-11 measured at two sites in eastern Asia. 798 

While global excess emissions have substantial uncertainties, the results from eastern China 799 

suggests that this region accounted for a larger fraction of the global excess emission before 800 

2015 than after it.  801 

An excess emission of 5 Gg yr-1 would represent a 10% enhancement in global emissions (52 ± 802 

5, ± 10  Gg yr-1) in 2019, which is within the range of relative enhancements for CFC-11 banks 803 

we estimate (90-725 Gg; Extended Data Fig. 8) when considered relative to a 1200-1600 Gg 804 



bank in recent years3,4,15. Larger excess emissions in 2019 may suggest substantially larger 805 

increases in the CFC-11 foam bank from recent production, but also could reflect continued 806 

emissions from ongoing production and foam manufacturing. 807 

Extended Data Fig. 8. Inferred enhancements in CFC-11 production, CFC-11 banks and 808 

total atmospheric chlorine.  a, Production magnitudes derived from the emission enhancements 809 

in Extended Data Fig. 7 (EOET, and TEAP*) assuming a range of emissions during CFC-11 810 

production (4 to 10%), use of this production entirely for closed-cell foam manufacturing, and a 811 

range of emissions during the closed cell foaming process of 21 to 50% (ref 4; Methods).  b, 812 

Additions to the foam bank are derived in the TEAP model as a result of unreported production 813 

magnitudes show in a.  c, Total atmospheric chlorine enhancements were derived from emission 814 

enhancements in Extended Data Fig. 7 and, for future years, from augmented banks (panel b) 815 

using a simple box model of the atmosphere. Upper and lower relative contributions to total 816 

chlorine were derived by ratioing the high and low results from TEAP* (blue dashed lines) to 817 

total chlorine in a recent projection16 (green dot-dashed lines plotted relative to the right-hand 818 

scale). Although emissions changes observed to date do not indicate unexpected enhancements 819 

in CFC-12 as a result of co-production with CFC-11 (Extended Data Fig. 9), total Cl 820 

enhancements shown above could be up to one-third higher for typical co-production rates (70% 821 

CFC-11/30% CFC-12 by weight), although much smaller rates of CFC-12 co-production is also 822 

possible4.  Higher values are derived from the TEAP ‘most likely’ scenario (67-180 Gg yr-1 peak 823 

production in 2017 and 160-950 Gg bank in 2020) but are not shown here for clarity.  For 824 

reference, reported total global production of CFC-11 peaked in the late 1980s at 430 Gg yr-1 and 825 

in A5 countries it peaked in 1997 at 47 kt yr-1 (ref 4).   826 

Extended Data Fig. 9 | Global emissions of CFC-12 derived from atmospheric observations.  827 

Global emissions were derived from NOAA and AGAGE measurements using methods similar 828 

to those described for CFC-11 (Methods, Extended Data Fig. 4). These emissions were 829 

calculated with a CFC-12 lifetime of 102 years (ref 29). Uncertainties (1 standard deviation) 830 

shown reflect only the influences of measurement repeatability, atmospheric variability, and 831 

representation errors associated with the finite number of sampling locations within each semi-832 

hemisphere.  As a result, differences in results from the two measurement networks likely reflect 833 

errors in instrument operations or standardization over time. 834 



Because production of CFC-11 typically involves co-production of CFC-12, any increases in 835 

CFC-12 emissions above their expected values since 2012 could provide additional evidence of 836 

renewed CFC production4.  Substantial co-production and emission of CFC-12 would imply 837 

larger impacts of the renewed CFC production on future stratospheric ozone than are derived 838 

from the consideration of CFC-11 alone.  Uncertainties in expected emission changes over the 839 

past decade and in annual estimates of global CFC-12 emission (4 to 10 Gg yr-1), however, have 840 

so far confounded the detection of unusual enhancements in CFC-12 emissions in recent 841 

years4,15.  Furthermore, changes in CFC-12 emissions from eastern Asia since 2010 (< 5 Gg yr-1; 842 

ref 25) would be difficult to detect in global trends given comparable or larger uncertainties in 843 

annual estimates of global CFC-12 emission (4 to 10 Gg yr-1). 844 
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