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The Montreal Protocol was designed to protect the stratospheric
ozone layer by enabling reductions in the abundance of ozonedepleting substances such as chlorofluorocarbons (CFCs) in the
atmosphere1–3. The reduction in the atmospheric concentration
of trichlorofluoromethane (CFC-11) has made the second-largest
contribution to the decline in the total atmospheric concentration
of ozone-depleting chlorine since the 1990s1. However, CFC-11 still
contributes one-quarter of all chlorine reaching the stratosphere,
and a timely recovery of the stratospheric ozone layer depends
on a sustained decline in CFC-11 concentrations1. Here we show
that the rate of decline of atmospheric CFC-11 concentrations
observed at remote measurement sites was constant from 2002 to
2012, and then slowed by about 50 per cent after 2012. The observed
slowdown in the decline of CFC-11 concentration was concurrent
with a 50 per cent increase in the mean concentration difference
observed between the Northern and Southern Hemispheres, and
also with the emergence of strong correlations at the Mauna Loa
Observatory between concentrations of CFC-11 and other chemicals
associated with anthropogenic emissions. A simple model analysis
of our findings suggests an increase in CFC-11 emissions of 13 ± 5
gigagrams per year (25 ± 13 per cent) since 2012, despite reported
production being close to zero4 since 2006. Our three-dimensional
model simulations confirm the increase in CFC-11 emissions,
but indicate that this increase may have been as much as 50 per
cent smaller as a result of changes in stratospheric processes or
dynamics.
WMOThe increase in emission of CFC-11 appears unrelated
to past production; this suggests unreported new production, which
is inconsistent with the Montreal Protocol agreement to phase out
global CFC production by 2010.
Global production for dispersive uses of CFCs, the class of chemicals
contributing most to atmospheric chlorine, was fully phased out4 by
2010. In the absence of production, steady declines in CFC emissions
are expected as the reservoir of chemicals remaining in existing equipment and products (CFC ‘banks’) gradually escapes to the atmosphere
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depletion of the CFC-11 foam bank6,7 (Figs. 1, 2). However, accelerated
atmospheric rates of decline were not observed: global CFC-11 mole
fractions declined at a steady year-to-year rate1,8 of −2.1 ± 0.3 (1 s.d.)
p.p.t. yr−1 (or −0.85 ± 0.10% yr−1) in the decade after 2002 (p.p.t.,
parts per 1012; Fig. 1), which suggests a gap in our understanding of
CFC-11 sources and sinks since the early 2000s.
The gap between expectations and observations widened substantially after 2012, when CFC-11 global mole fractions began decreasing
even more slowly. In recent data (from mid-2015 to mid-2017), the
mean rate of change for CFC-11 (−1.0 ± 0.2 p.p.t. yr−1, or −0.4 ± 0.1%
yr−1) was about 50% slower than that observed during 2002–2012;
it also was much slower than has been recently projected7 (Fig. 1).
This slowdown was observed by all three measurement systems at
the National Oceanic and Atmospheric Administration (NOAA),
and it was accompanied by a 50% increase in the mean hemispheric
mole-fraction difference measured for CFC-11 (Fig. 1, Extended Data
Fig. 1). The last time that hemispheric differences and global rates of
change of these magnitudes were observed for CFC-11 was nearly two
decades ago (Fig. 1b, c). Other long-lived gases do not show changes in
global rates or hemispheric differences that are as large or as sustained
as those observed for CFC-11 (Extended Data Fig. 2).
For long-lived chemicals emitted primarily in the Northern
Hemisphere, concentration differences between hemispheres are
highly
WMO
correlated with global emission rates, although these differences are also
influenced by rates of air exchange between the Northern and Southern
Hemispheres and any hemispheric asymmetry in stratosphere–
troposphere exchange (STE)9. Our analysis of other anthropogenically produced and emitted gases suggests no appreciable weakening
in tropospheric Northern–Southern Hemisphere exchange in recent
years (Extended Data Fig. 3), which indicates that the recent changes
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CONCLUSIONS
1. Improved confidence in emissions estimated from observations
2. Revised bottom-up banks
3. Understanding of how much of the new production is going into
atmosphere vs. applications
4. Are we confident the emissions and production has been fully
identified? Are unexpected emissions coming from multiple areas?
5. The CFC-12 question…

