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The Montreal Protocol was designed to protect the stratospheric
ozone layer by enabling reductions in the abundance of ozone-
depleting substances such as chlorofluorocarbons (CFCs) in the
atmosphere! . 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 1990s!. 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 concentrations'. 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 zero* 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. The 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 out* by
2010. In the absence of production, steady declines in CFC emissions
are expected as the reservoir of chemicals remaining in existing equip-
ment and products (CFC ‘banks’) gradually escapes to the atmosphere
and diminishes. Declines in atmospheric concentrations follow when
emission becomes smaller than atmospheric destruction. Expectations
for the concentration of stratospheric ozone to return to 1980 levels by
the middle of the 21st century rely on the continued decline in emis-
sions and atmospheric concentrations (or mole fractions) of ozone-de-
pleting gases, particularly CFCs.

For CFC-12 and CFC-113, two of the three most abundant CFCs,
measured declines in atmospheric mole fractions over the past two
decades have slowly approached lifetime-limited rates, which is con-
sistent with diminishing production, emission and banks. Hemispheric
mole-fraction differences, which arise because emissions are predom-
inantly from the Northern Hemisphere, were also approaching zero'.

For CFC-11, this conceptual framework explains the atmospheric
changes observed from 1995 to 2002 reasonably well: production
dropped below annual emissions, and the bank of CFC-11 (1,420 Gg in

2008, mostly in foams®) diminished, resulting in fewer emissions each
year (Extended Data Table 1). After 2002, as reported production for all
uses gradually decreased to zero, atmospheric rates of decline were pro-
jected to accelerate by a factor of 1.5 to 2 in response to the more rapid
depletion of the CFC-11 foam bank®’ (Figs. 1, 2). However, accelerated
atmospheric rates of decline were not observed: global CFC-11 mole
fractions declined at a steady year-to-year rate of —2.14£0.3 (1s.d.)
p.p-t. yr ! (or —0.8540.10% yr ') in the decade after 2002 (p.p.t.,
parts per 10'% 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 substan-
tially 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 !, or —0.4+0.1%
yr~') was about 50% slower than that observed during 2002-2012;
it also was much slower than has been recently projected’ (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, ). 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
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)®. Our analysis of other anthropogeni-
cally 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
observed uniquely for CFC-11 are most likely to arise from a sustained
increase in the net flux of CFC-11 to the troposphere of the Northern
Hemisphere.

The slower global decline in CFC-11 mole fractions after 2012
represents a perturbation of around 20% in the balance of CFC-11
sources and sinks. When considered together, the observational
evidence suggests an increase in CFC-11 emission in the Northern
Hemisphere, a decrease in stratospheric loss rates or reduced STE
primarily in the Northern Hemisphere, or some combination of these
effects. When analysed with a three- or twelve-box model and con-
stant tropospheric and STE dynamics, measured global atmospheric
changes suggest a steady decrease in emissions in the 15 years before
2002 from a late-1980s peak of about 350 Gg yr™'; relatively constant
emissions from 2002 to 2012 at 54 + 3 Gg yr~'; and a mean emission
rate during 2014-2016 of 67 +3 Gg yr !, which is 13+5 Ggyr !
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Fig. 1 | Observations of atmospheric CFC-11 over time. a, Hemispheric
mean mole fractions estimated for the Northern (red lines) and Southern
Hemispheres (blue lines); different shades of red or blue represent results
from a total of three different instruments (see Methods). b, Inferred rate
of change of the measured globally averaged mole fraction of CFC-11.

¢, Measured differences in hemispheric mean mole fraction of CFC-11
(North Hemisphere — South Hemisphere). In b and ¢, colours represent
results from flask GC-MS (brown lines), flask GC-ECD (green lines) and,
in b only, in situ GC-ECDs (thick grey lines). In a and b, the numbered
thin grey lines represent projections from recent World Meteorological
Organization (WMO) assessment scenarios (as global means) given the
data available at the time the scenarios were created®”%.

(or 254 13%) above the 2002-2012 mean (Fig. 2; see Methods). The
post-2012 hemispheric differences and emission magnitudes are
similar to those derived for the late 1990s, and are well represented
by the three-box model (Extended Data Fig. 4). These results indicate
consistency in two separate features of the measurements (trend and
distribution) for all recent years, and support the conclusion that
Northern Hemisphere emissions of CFC-11 have increased, although
they do not rule out some contribution from changing stratospheric
processes or STE dynamics.

Additional evidence for increasing CFC-11 emissions in the
Northern Hemisphere after 2012 is provided by data from the Mauna
Loa Observatory (MLO) in Hawaii. These data reveal the emergence of
greater variability in CFC-11 mole fractions and of strong correlations
between mole fractions of CFC-11 and other chemicals emitted from
anthropogenic activity (Fig. 3, Extended Data Figs. 5-7). Trends in
tropospheric ozone measured at MLO have revealed a considerable

414 | NATURE | VOL 557 | 17 MAY 2018

Emission or production (Gg yr™)

30
20
10
b 0
25,
3% 6
[
— C
ss st
ce |
o8 4f
9 c C
2.9 c = -/ - - -0 -7
EO 3:
=& E
= 2' L TR R Loy TR L TR R Loy PR Lo Il
1995 2000 2005 2010 2015
Year

Fig. 2 | Global CFC-11 emission, reported production and implied
release rate from CFC-11 banks. a, Production magnitudes reported

to the United Nations Environment Programme* (UNEP, green line)

are compared to emissions derived from atmospheric data with a three-
box (black squares) or 12-box model (blue line) considering a 57.5-year
lifetime (Extended Data Table 1). Also shown is an independent emission
history, which is constrained by observations from NOAA and the
Advanced Global Atmospheric Gases Experiment until the end of 2012,
and thereafter is the WMO scenario projection” (grey solid line; rescaled
for a 57.5-year lifetime). Uncertainties on three-box emissions represent

1 s.d. of the sum of squares of a bootstrap analysis plus the spread in
estimates from several instruments (see Methods). b, The implied annual
release fraction of CFC-11 from its banks, considering i) the UNEP
production and three-box-derived emission histories in a (black squares;
see Methods); ii) same as (i), but with the atmosphere-derived emission
increase after 2012 reduced by 50% to represent potential dynamical
contributions to that increase (blue dashed line in a and b); iii) a constant
annual release fraction from the bank of 3.2% yr~! after 2002 (grey dashed
lines); and iv) constant emissions at 54 Gg yr~! from 2002 to 2016 (red
line). See also Extended Data Fig. 9.

influence of emissions from Eurasia in autumn, when stratospheric
influences are relatively small'’. Autumn measurements from MLO
reveal strong correlations between mole fractions of CFC-11 and mole
fractions of anthropogenically produced gases that are emitted in sub-
stantial quantities, particularly from eastern Asia! (for example, HCFC-
22 and CH,Cl,), with slopes roughly consistent with relative emission
rates derived elsewhere for this region'!. Back-trajectory analyses con-
firm that MLO sampling events that reveal increased mole fractions
of these chemicals are associated with increased sensitivity to surface
emissions from eastern Asia. Although similarly high correlations have
been observed every autumn since 2009 at MLO between mole frac-
tions of HCFC-22 and CH,Cl, (and also between HCFC-22 and carbon
monoxide), high correlations have been observed between CFC-11 and
these pollution tracers only after 2012.

Although this evidence strongly suggests increased CFC-11 emis-
sions from eastern Asia after 2012, changes in the CFC-11 lifetime
or STE dynamics could influence the magnitude of emissions derived
with the simple model approach. Given that the strength of strato-
spheric circulation can vary (for example, after the year 2000'>!%), and
considering recent documented changes in stratospheric transport
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Fig. 3 | Covariations in mole fractions of CFC-11 and HCFC-22
measured at MLO and air transport differences that influence this
variability. a, Mole fractions of CFC-11 and HCFC-22 measured by
GC-MS in weekly flask pairs in 2010 at MLO; uncertainties represent

1 s.d. of flask pair means. b, Same as a, but for 2016. ¢, The annual
regression coefficients (r?) associated with results from MLO during
autumn (fraction of year > 0.6 and < 0.9): CFC-11 versus HCFC-22
(squares), CFC-11 versus CH,Cl, (crosses), and HCFC-22 versus CH,Cl,

and STE'*17 (including the presence of a substantial El Nifio in late
2015 to early 2016, see https://www.esrl.noaa.gov/psd/enso/mei/), we
simulated CFC-11 mole-fraction changes in two three-dimensional
chemistry—climate models (CCMs), with three representations of rea-
nalysed meteorology from 2000 to 2016 and, in some simulations, 2017
(refs 18-20; Methods).

When forward CCM simulations include the CFC-11 emission his-
tory derived from the three-box model, the rate of change simulated in
the CCM for the global CFC-11 mole fraction is consistent with obser-
vations from 2000 to 2012. After 2012, however, a discrepancy becomes
apparent, with simulated mole fractions declining more slowly (Fig. 4a,
Extended Data Fig. 8). This discrepancy becomes much smaller when
dynamics in 2012 are repeated in subsequent years, which suggests that
changes in transport contributed to the slower decline observed for
CFEC-11 during 2014-2016; transport anomalies had a much smaller
influence on the simulated rate of change in 2017. However, transport
anomalies cannot entirely explain the slower decline observed after
2012, because simulated CFC-11 mole fractions decline too quickly in
CCM runs in which emissions are kept constant after 2012.

Known uncertainties in CCMs and reanalysis meteorology*!' and
model-dependent differences in our simulation results (Extended Data
Fig. 8) preclude a robust estimate of dynamical influences on derived
emissions. The comparison of observed rates of change to those simu-
lated with constant and increasing emissions (Fig. 4a) suggests that the
emission increase derived for 2014-2016 in the three-box model may
be overestimated by as much as 50%.

We also considered CCM simulations of CFC-113 and CFC-12
(Extended Data Fig. 2). The CCM simulations showed no persistent
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given a point release at MLO of 1 gs™". See also Extended Data

Figs. 5-7.

bias throughout 2014-2016, which suggests that the mismatch observed
for CFC-11 is unique.

Further evidence for increased CFC-11 emissions is provided upon
considering changes in the hemispheric mole-fraction difference after
2012 (Fig. 4b, Extended Data Fig. 8). In all simulations in which emis-
sions were kept constant after 2012, the simulated difference in mole
fraction between the Northern and Southern Hemispheres did not
increase, which suggests that the observed increase since then cannot
be explained by changes in dynamics alone. Simulated hemispheric
differences increase after 2012 analogously to observations only in
response to increasing emissions, although the increase in hemispheric
mole fraction difference was dependent on simulation details and was
both smaller and larger in magnitude than those measured. Simulations
that yield larger differences in mole fraction between the Northern and
Southern Hemispheres than those observed would be more consist-
ent with the post-2012 emissions increase being overestimated by the
three-box analysis, but are derived only with emission distributions
considered to be less likely in recent years (Methods). This apparent
discrepancy may arise from simulated hemispheric mole-fraction dif-
ferences being more sensitive to uncertain model details (for example,
emission distribution) and simulated processes (for example, interhem-
ispheric mixing timescales and STE) than are rates of change in globally
averaged surface mole fractions (Fig. 4; Extended Data Fig. 8¢, f, i).

It seems unlikely that the increased CFC-11 emissions are related to
faster releases from banks or from inadvertent production. Increases
in bank-related emissions are thought possible from the demolition
of buildings that contain CFC products, although these emissions are
expected to be small and only slowly increase over time?2. Furthermore,
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Fig. 4 | Rates of change and hemispheric differences in the mole
fraction of CFC-11. a, Global rates of change of CFC-11 derived from
observed (red symbols and lines; shaded region indicates 1s.d. of 3-yr
running mean in observations) or simulated (blue, green, black lines) mole
fractions. Simulations were performed using the Community Atmosphere
Model (CAM) CCM, the MERRA2 reanalysis meteorology (MERRA,
Modern-Era Retrospective analysis for Research and Applications), and
emission histories either from the three-box model (blue lines labelled
E1) or E1 emissions kept constant at the 2012 rate after 2012 (green lines
labelled CE). The simulation with the latest WMO emission projection'
based on observations until the end of 2012 using the Whole Atmosphere
Community Climate Model (WACCM) and MERRA1 reanalysis is shown
as the black line. Simulations were also performed with 2012 dynamics
applied to years after 2012 (dashed blue and green lines, labelled FD for
fixed dynamics). b, The change since 2010 in observed and simulated

an increase in CFC emissions resulting from the decommissioning
of buildings is anticipated to occur initially in developed countries
in which most CFC-11 was used in the 1970s. However, atmospheric
measurements suggest, for example, a decline in US emissions from
2008 to 2014, which is consistent with inventories® (a qualitative
update suggests no substantial increases in emission after 2014). If
reported production values are accurate, our results would require
a doubling in the fractional release rate from CFC banks over the
past 15 years and a substantial increase in emissions from banks
since 2012, both of which seem improbable (Fig. 2b; Extended
Data Fig. 9).

Inadvertent CFC-11 production is also possible from the fluorination
of chlorinated methanes (for example, to produce HCFC-22), although
we would expect this amount to be fairly small and that most, if not
all, of the CFC-11 produced in this manner would be captured and
recycled or destroyed.

These considerations suggest that the increased CFC-11 emis-
sions arise from new production not reported to UNEP’s Ozone
Secretariat, which is inconsistent with the agreed phase-out of CFC
production in the Montreal Protocol by 2010. Increased CFC-11
emissions augment the long-lived chlorine burden of the atmosphere
and stratospheric ozone depletion rates. The recent emission increase
has slowed the decline in total tropospheric chlorine by around 3
p.p-t. yr ! (approximately 22% considering 2008 to 2013 mean rate?)
over the past three years. Other threats to stratospheric ozone that
have been identified recently are substantially smaller?* or relate to
influences that could be reversed on short timescales!!?. This is the
first time that emissions of one of the three most abundant, long-
lived CFCs have increased for a sustained period since production
controls took effect in the late 1980s. A delay in ozone recovery and
enhanced climate forcing is anticipated, with an overall importance
depending on the trajectory of CFC-11 emissions and concentrations
in the future.
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hemispheric mole fraction difference (north minus south) relative to

the 2010-2012 mean (note expanded x-axis scale). Colours in common
with panel a refer to results obtained with those same methodologies,
although only flask results are considered in b. CCM-simulation results
are labelled as x/y/z, where x refers to how global emissions derived from
the three-box model were distributed spatially (E1 = Emissionl, and so on;
see Methods), y refers to the reanalysis meteorology (M2, MERRA2; M1,
MERRAL) and z refers to the model used. Additional dotted grey lines in
b represent results from simulations with CAM and MERRA?2 in which
the entire post-2012 emission increase derived in the three-box model
was distributed evenly throughout Europe, the United States (US) or Asia
(see Methods and Extended Data Fig. 8). Observations are from flasks
analysed by GC-ECD (red line, unfilled diamonds), GC-MS (red line,
filled circles) and, in a only, in situ instrumentation (red line).
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METHODS

Observations. We have measured CFCs and other trace gases in ambient air at
several sites across the globe for over two decades by three different methods'?
(Extended Data Table 1). At two remote sites in the Southern Hemisphere and four
remote sites in the Northern Hemisphere, air is collected and analysed several times
per day by automated onsite instrumentation with gas chromatography coupled
with electron capture detection (GC-ECD). At those and other remote sites
(12 in total), paired glass or stainless-steel flasks are collected approximately weekly
when winds are from a clean air sector. These flasks are analysed in our laborato-
ries in Boulder on two separate gas chromatography instruments using different
columns and detectors: separation on a 10% SP-2100 packed column followed by
ECD, and separation on a 60 m, 0.25 mm internal diameter capillary column with
a 1 pm DB-5 film thickness followed by mass spectrometry detection (GC-MS),
primarily on ion C*CI*’CIF* (m/z=103). Flask air has also been analysed on addi-
tional GC-MS instruments using a 0.32 mm ID GasPro column. Results from these
instruments show similar distributions, rates of change and trace-gas correlations,
so are not discussed further.

Consistency over time in the GC-MS standard scale is maintained inde-
pendently from GC-ECD instruments. For GC-MS data, the scale is maintained
by the sequential analysis of a suite of high-pressure real-air samples in treated
aluminium cylinders. Consistency in that scale is assessed by repeat analysis of real
humidified air in a separate suite of eight high-pressure, electropolished stainless
steel cylinders, and is estimated to be better than 0.1 p.p.t. over 2010-2017. A meas-
ure of the consistency in results from GC-ECD instrumentation (field instruments
and the flask analysis instrument) is provided by repeat analyses of gravimetrically
prepared standards and an independent suite of high-pressure real-air samples
on a common laboratory-based ECD instrument in Boulder; it is estimated to be
0.2 p.p.t. (1s.d.) over the 2010-2017 period.

Results from all three measurement systems are tied to a suite of standards
prepared in-house with gravimetric techniques spanning 100-260 p.p.t. CFC-11.
These standards enable the accurate characterization of instrument response over
the range of measured ambient CFC-11 mole fractions. Comparisons with other
global observations' indicated NOAA ECD results for CFC-11 declining around
0.2 p.p.t. yr~! faster than those from one international sampling program from
2008 to 2012 (the Advanced Global Atmospheric Gases Experiment?), although
this divergence has become negligible with the NOAA ECD CFC-11 scale
revision in 2016.

GC-MS measurements from flasks improved considerably after a detector

upgrade in 2009 (median flask pair agreement was 0.4 p.p.t. before 2009 and has
been 0.25 p.p.t. (or 0.1%) afterwards). GC-MS results from mid-2008 to mid-2009
suffer from detector problems, so we focus here on post-2009 data from this
instrument.
Data treatment. Monthly mean mole fractions are derived from flask pairs sam-
pled during the month; the small fraction (typically < 5%) of results deemed
unrepresentative of the background atmosphere based on variability in sequen-
tial measurements and results from nearby sites are not considered additionally.
Hemispheric means are derived by weighting results by cosine of sampling latitude,
except for the South Pole, for which a weight of 0.4 is used to give South Pole results
an equivalent weight to those from Palmer Station. In our experience results from
these sites are similarly representative of CFC mole fractions in the high-latitude
Southern Hemisphere.

The global rate of change quoted for CFC-11 mole fractions during 2002-2012
is the mean and 1 s.d. of the ten year-to-year differences measured for the global
mean surface mole fraction (relative rates determined as In(mean,,/mean,;)).
In all figures, rates and hemispheric mole fraction differences are displayed as
running 12-month means; rates are plotted at the end of the 12-month intervals.
We consider hemispheric differences estimated only from flask measurements,
because small intersite differences are more reliably determined when samples
from different sites are analysed with a single instrument and because the estimates
are more accurate when derived from the larger number of flask collection sites.
Three-box model for deriving emissions. Calculations were performed with a
three-box model with boxes representing the Northern- and Southern Hemisphere
troposphere, separated at the equator, and the stratosphere. The model includes a
timescale for exchange between tropospheric boxes of 1.1yr, a timescale for mass
exchange between the stratosphere and troposphere of 2 yr (with 55% occurring
in the Northern Hemisphere and 45% in the Southern Hemisphere), although our
conclusions do not depend strongly on these particular values. Emissions were
distributed so that 95% were in the Northern Hemisphere troposphere?**, The
loss rate constant in the stratospheric box was adjusted to provide a steady-state
lifetime matching the mean CFC-11 lifetime diagnosed in the CCMs (56, 57.5
or 62yr depending on model). Although these lifetimes are slightly longer than
the best estimate (52(43-67) yr, ref. 1), they are well within this range. Emissions
derived with this model are indistinguishable from those derived with other models
when similar observations and lifetimes are considered'! (Fig. 2).

Uncertainties in measurement-based estimates of global annual mean mole
fractions affect our ability to assess changes in emissions over time. In GC-MS
flask results, site-specific standard deviations of monthly means ranged between
0.08 t0 0.14% (1s.d.) at the 12 remote sites used in this study when averaged over
2010-2017; the variability in sequential monthly means at these sites is another
measure of uncertainty and is even smaller (0.02 to 0.04%, 1s.d.). Uncertainties
of global annual means were estimated with a bootstrap technique using replace-
ment. This involved the estimation of global annual mean mole fractions from a
random selection of sites in the network, and uncertainties of monthly site means
were also included. The only requirement of each randomly selected network was
that it include > 1 Southern Hemisphere site. Uncertainties (1 s.d.) of these global
means ranged from 0.1 to 0.2 p.p.t. (0.05 to 0.1%), which corresponds to an annual
emission uncertainty (1s.d.) ranging from 1.5to 3 Ggyr .

The difference between average emissions derived during 2002-2012 and
2014-2016 was estimated to be 13 +5 Gg. The uncertainty on this value
includes + 1.5 Gg for a CFC-11 lifetime range of 43-67 yr (ref. 1). Additional error
included in the 4 5 Gg uncertainty was estimated with three different approaches
that yielded consistent values: from the sum of squares of emission variability in
mean emissions derived for these two periods with the three-box model from
the three instrumental methods; from those derived from a bootstrap analysis of
global annual mean uncertainties (discussed above); and from those derived from
the 12-box model (see below).

The relative uncertainty in the emission increase (that is, when stated relative
to the mean 2002-2012 emission) includes a lifetime dependence on the pre-2013
emissions assuming a lifetime of 57.5 yr and an error associated with loss derived
for the lifetime range quoted above. When derived with a 52-yr lifetime, the mean
emission during 2014-2016 is estimated to be 21 4= 11% higher than mean emis-
sions during 2002-2012.

Uncertainty related to the accuracy of the surface network to represent full trop-
ospheric mean mole fractions and their change over time was assessed with CCMs.
The bias is a function of emission magnitude and, when averaged over 2014-2016,
was approximately + 1 Gg yr !, or well within the uncertainties listed in Extended
Data Table 1 and those on the derived emission increase. Consideration of CCM
results also suggests that mean hemispheric mole fraction differences estimated
from our sampling network overestimate the tropospheric column hemispheric
difference in all years by 0.5 to 0.75 p.p.t. This bias is substantially reduced (0.2
p-p-t.) when hemispheric mole fraction differences (north minus south) are con-
sidered relative to the 2010-2012 mean. As a result, all comparisons performed
between measurement-based and CCM-simulated hemispheric mole-fraction
differences (for example, Fig. 4 and Extended Data Fig. 8) were performed by
extracting mole fractions from CCM-simulated mole fraction fields at site-
specific locations and treating those results as we did observations to derive hemi-
spheric and global means. Furthermore, considering changes in the Northern and
Southern Hemisphere differences relative to the 2010-2012 mean minimizes errors
associated with the spatial distribution of pre-2012 CFC-11 emissions on our analysis
(for example, see Extended Data Fig. 8). Finally, changes in site-derived hemi-
spheric differences were found to be very consistent with hemispheric differences
when derived from simulated mole fractions in all near-surface model grid cells.

Emission histories were similarly derived for CFC-12 and CFC-113 using
our observations, the three-box model and lifetimes matching those diagnosed
in the CCMs. Those emission histories were also used as input in forward runs
of the CCM simulations. These gases were considered during assessment of the
CCM simulations even though STE influences on tropospheric mole fractions are
dependent on chemical lifetime.

Bank release rate calculation. The annual release fraction of CFC-11 from its
banks was derived from the emission and production histories shown in Fig. 1 and
a CFC-11 bank totalling 1,420 Gg in 2008 (ref. 5). The absolute value of this rate is
dependent on the CFC-11 lifetime. An analysis of emission histories derived for
lifetimes within the most likely range (43-67 yr) suggests a lifetime-independent
conclusion: if the CFC-11 production history is accurate, the annual bank release
rate would have had to approximately double during the past decade in the absence
of unreported production (Extended Data Fig. 9). Considering the reporting to
UNEDP of quantities of CFC-11 that have been destroyed does not change this
conclusion (Extended Data Fig. 9). Given the unlikely potential for this substantial
increase, we conclude that the emission increase is more likely to result from
unreported production.

12-box model for deriving emissions. Estimates of CFC-11 emissions were also
made using a two-dimensional, 12-box model of atmospheric transport and chem-
istry and observations from ECD measurements or from GC-MS data®'. In each
vertical level, the model consists of four equal-mass boxes separated at 30 degrees
north and south and at the equator. Vertical divisions are at 500 hPa and 200
hPa. Stratospheric loss rates were tuned such that the annual-mean global life-
time was 56 yr, consistent with 3D model predictions. Emissions were estimated
for each season in each model semi-hemisphere between 1994 and 2016, using a
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least-squares fit to the data (that is, with no prior constraint on the emissions).
Model transport parameters were tuned to produce similar semi-hemispheric
background mole fractions to long-term means in a 3D model and were assumed
to be interannually repeating®'. Monthly, semi-hemispheric means were calculated
from the data for comparison with the model. The uncertainty on each of these
averages was assumed to be the quadratic sum of the measurement repeatability
and the variance in the observed monthly averages across sites within each
semi-hemisphere. The latter term represents an estimate of the model ‘mismatch’
error, which was here assumed to be due to the lack of spatial resolution in the
model. No systematic uncertainties were included in the emissions uncertainty
estimate (for example, uncertainties due to lifetime or calibration scales), because
the primary focus of this work is to understand changes in inferred emissions,
rather than their absolute magnitudes; uncertainties related to variations in trans-
port and transport-derived changes in loss are considered in the CCM simula-
tions. The emission uncertainties calculated in this manner were similar to those
calculated from the bootstrap analysis of the observations in the three-box model
analysis.

Chemistry-climate model simulations. CCM simulations were performed to
assess the role of changing atmospheric processes (chemistry and dynamics) on
CFC-11 mole fractions. Biases noted between observed mole fractions and those
from CCM simulations potentially indicate changes in atmospheric dynamics;
such influences also became apparent from simulations performed with repeating
reanalysis meteorology.

CFC-11 mole fraction histories were calculated in forward simulations in
WACCM'® and the CAM 5.3 (ref. 19) of the Community Earth System Model
(CESM1), version 1. Models were run at 1.9° latitude x 2.5° longitude horizontal
resolution with 88 vertical levels from Earth’ surface to 6 x 10~° hPa. Horizontal
winds and temperatures are nudged to specified dynamics derived from three dif-
ferent reanalysis products including MERRA?’, MERRA?2 and the Goddard Earth
Observing System Data Assimilation System Version 5 (GEOS5). A separate run in
which the model winds only were nudged (not temperature) was also performed
with MERRA2 in CAMS5 (wind-only nudge results in Extended Data Fig. 8).

Global mole fractions and distributions of CFC-11 and other CFCs were initial-
ized in the year 2000. Three different emission histories were considered thereafter: 1)
emissions estimated from the three-box analysis of observations for all years given
a steady-state lifetime matching that diagnosed from the particular CCM and mete-
orology; 2) same as in case 1, but with emissions kept constant during 2013-2016
at 2012 rates; and, for CFC-11 only, 3) emissions projected from the most recent
WMO Ozone Assessment! (rescaled to the lifetime considered here). Emission
magnitudes used for 2017 simulations were assumed to be unchanged from 2016
values, given that the observational data required to derive 2017 emissions are not
yet available (data through mid-2018 are required with the existing methodology).

Multiple spatial distributions of CFC-11 emissions were also used in CCM
simulations to test the sensitivity of simulated hemispheric difference on those
distributions. The distributions include a span of 90 to 96.1% in the fraction of
total emission from the Northern Hemisphere (or 85 to 95% in the fraction of
emission north of 10° N), which encompasses previous estimates based on pro-
duction data?®*. Total global emissions were distributed in each year as follows:

LETTER

Emissionl, evenly distributed across land surfaces in the zonal bands 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°S, 3% from 10° S-40° S, 0% from 40° S-90° S (equivalent to 90% of
emission north of 10° N); Emission2, 0% from 90° N to 60° N, 5% from 60° N-50°
N, 80% from 40° N-10° N, 10% from 10° N-10° S, 5% from 10° S-40° S, 0% from
40° S-90° S (equivalent to 85% of emission north of 10° N); and Emission3, the
GEIA emission distribution®® (equivalent to 95% of emission north of 10° N). The
sensitivity of emission location on our simulated results was also tested in three
‘tagged-tracer’ experiments in which the CFC-11 emission magnitude above the
2010-2012 average was distributed evenly in years after 2012 throughout regions
representing Asia (20° N-40° N, 90° E-120° E), the United States (20° N-50° N,
60° W-120° W) or Europe (30° N-60° N, 0-60° E); emissions in other regions in
these simulations were kept constant after 2012 (Fig. 4).

Although accurate spatial distributions of CFC-11 emissions are not well
defined, they are estimated on the basis of country-scale reporting of CFC pro-
duction and consumption to UNEP*. Given the phase-out of CFC production first
in developed countries, the CFC-11 emission distribution has probably shifted to
more southerly latitudes over time?*>* and, therefore, become more like distribu-
tion Emission2 (or the Asian region in tagged tracer experiments) rather than that
prescribed in Emission1 or Emission3.

Whereas the post-2012 emission increase in the Northern Hemisphere
averaged 13 Gg during 2014-2016 in these tagged-tracer simulations, the Northern
Hemisphere emission increase was smaller (by up to 2 Gg) in the simulations
using emission distributions 1, 2, and 3 because these runs did not consider a
changing emission distribution. Emissions of CFC-12 and CFC-113 were distrib-
uted as in Emissionl. Rates of change simulated for CFC-11 mole fraction with
the three-box-model-derived emissions were insensitive to lifetime, but had some
dependence on the model and choice of meteorology and nudging methodology
(Extended Data Fig. 8a, d, h).

Data availability. Data used in this study are available at ftp://ftp.cmdl.noaa.gov/
hats/cfcs/cfc11/ or from the corresponding author upon reasonable request.
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Extended Data Fig. 1 | Hemispheric differences in CFC-11 mole
fractions represented by results from individual sites at comparable
latitudes. a, Twelve-month running means of monthly differences are
plotted at the mid-point of that time interval. Results from low latitudes
(green lines) include a site at high-altitude (MLO) and low-altitude (KUM)
in the Northern Hemisphere compared to the site at American Samoa
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1995 2000 2005 2010 2015
Year
b
Site Code Latitude Longitude Altitude*  Methods**
(m)
South Pole, Antarctica SPO 90°S 2837 I, F
Palmer Station, Antarctica PSA 64.6°S 64.0°W 15 F
Cape Grim, Australia CGO 40.682°S 144.688°E 164 F
American Samoa SMO 14.247°S 170.564°W 77 I,F
Mauna Loa, USA MLO 19.5362°N  155.5763°W 3433 I,F
Cape Kumukahi, USA KUM 19.516°N 154.811°W 39 F
Niwot Ridge, USA NWR 40.0518°N  105.5854°W 3523 I,F
Trinidad Head, USA THD 41.054°N 124.151°W 120 F
Mace Head, Ireland MHD 53.3°N 9.9°W 42 F
Barrow, USA BRW 71.323°N 156.611°W 27 I,F
Alert, Canada ALT 82.5°N 62.3°W 210 F
Summit, Greenland SUM 72.6°N 38.4°W 3209 |,F

*

altitudes represent the sample inlet location, in meters above sea level.

** | = GCECD in-situ instrument making ongoing measurements multiple times per day.

F = from flasks collected approximately weekly that are measured at the NOAA labs in Boulder by
GCECD and GCMS.

(SMO). Results from mid- to high-latitude site pairs are indicated in other
colours and include data from high-altitude (NWR, SUM, SPO) and low-
altitude (THD, MHD, BRW) sites. Comparisons made at sites with similar
sampling altitudes are indicated in bold lines. b, Details of site locations
from which measurements of CFC-11 are obtained from flasks and from in
situ instrumentation.
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Extended Data Fig. 2 | Observed and simulated global rates of change
and hemispheric differences for some other long-lived chemicals.

a, Measured global surface rates for N,O (grey line), CFC-12 (thin blue
lines), and CFC-113 (thin green lines) from flasks analysed by GC-ECD
and also, for the CFCs, by GC-MS. b, Hemispheric differences measured
for CFC-12 and N,O. ¢, Hemispheric differences measured for CFC-113.
Multiple CCM simulation results appear in a, b, and ¢ for CFCs as thick
dark lines and are updated only annually; they represent simulations
using the CAMCHEM model with MERRA2 reanalysis meteorology
and the three-box-derived emission history. Dashed lines after 2012
represent simulations with emissions kept constant after 2012 (dark blue
for CFC-12 or dark green for CFC-113), or when the three-box-derived
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emission record was considered but dynamics in 2012 were repeated in
subsequent years (red dashed lines). Emission distribution 1 was used in
all simulations (see Methods). Interannual variability in global growth
rates for these gases are sometimes correlated, suggesting a common cause
related to STE dynamics, perhaps associated with the quasi-biannual
oscillation, although emission variations are particularly likely for N,O
(for example, refs 32-34). This may explain the peak in growth rates for

a number of gases in 2015. The change in rate for CFC-11 (see Fig. 4),
however, is substantially larger and is sustained in 2016 when rates for
other gases do not change appreciably or become smaller, suggesting that
the underlying causes for the majority of changes observed for CFC-11 are
unique to that gas.
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grey symbols) hemispheric difference as a function of the global emission
rate derived for that year in the three-box model for HCFC-22 (a) and

for HFC-134a (b; see Methods; lines connect sequential years and the
legend applies to a and b). The sensitivity of the hemispheric mole fraction
difference (N—S difference) to exchange timescale (Texch, N—s) Was tested
in the model by incorporating values of +- 0.1 yr around 1.1yr. If this
timescale did not vary interannually, we would expect the observation-
based points (blue) to overlay those from the model (red). A change in the
annual mean value of this exchange would increase the difference between
the observed and modelled N—S difference. Specifically, an annual mean
change of £ 0.1 year would be reflected in the observed N—S difference
being two-thirds of the way closer to the grey point associated with the
emission derived for that year. The consistency between the model (red)
and observed (blue) hemispheric differences in most years suggests that
interannual changes in the exchange timescale are 0.1 yr (around 10%) or
less, typically. More importantly, the results show no systematic change
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in this relationship before and after 2012, suggesting that any change in
the rate of hemispheric air exchange in the troposphere is less than 10%
during this period. We estimate that to fit the observed increase in the
N-S difference measured for CFC-11 after 2012 without increasing the
net CFC-11 flux to the Northern Hemisphere, this exchange time constant
would have had to increase from 1.1 to 1.7 yr, which is inconsistent

with the results presented here. Although the distribution of emissions
between and within the hemispheres can affect the N-S difference, any
considerable change in this distribution over time would probably be a
shift to lower latitudes (away from the US and Europe) and would lead to
a decrease in the N—S difference over time, not an increase as is observed
for CFC-11 after 2012. Consistent with this, the best fit to the observations
was obtained when the emission distribution (North Hemisphere/

global) in these analyses was linearly decreased over time (from 0.95 in
1995 to 0.85 in 2015 for HFC-134a, and from 0.86 to 0.82 for HCFC-

22). Assuming a constant hemispheric emission distribution (Northern
Hemisphere/global) over time does not change the conclusions from this
analysis.
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Extended Data Fig. 4 | Measured and modelled annual hemispheric
differences versus global emissions of CFC-11. a, Measured mole
fraction differences between the Northern and Southern Hemispheres
(North — South) as a function of the global emission derived with a three-
box model for 1978-2016; the line is a fit to all results and each point
represents an annual mean difference and emission for a particular year.
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flasks and in situ instruments analysed by GC-ECD. For each method
(colour), unfilled symbols refer to results for the years 2010-2012; filled
symbols refer to 2013-2016. Specific years are labelled for GC-MS results
during 2013-2016 and for ECD results during 1997-2000 (for example,

’15 is 2015). The data show that the relationship observed here during
2014-2016 is similar to that observed during 1996-2000. ¢, Same as b, but
with differences between the Northern and Southern Hemispheres derived
from the three-box model shown (black points and line connecting
sequential years); select model years are labelled.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER

a 7 244 b 60
2009 2010 5 | 2009 'S 5 | 2010
246 243 * :
¢ e o . 40 .
245 > ° ® o 242 ‘ 30 30 *
ST * *
244 241 2 2
¢ * 10 10
243 240 0 : : : 0
195 200 205 210 215 205 210 215 220 225 195 200 205 210 215 205 210 215 220 225
242 240 60 60
2012
» 2011 N 0 . 5 | 2011 . 5 | 2012 rs
R
——’r*‘—‘ et 4 40 ‘/"M
240 238 30 30
* * * * ¢
AR RS 20 20
239 237
10 10
238 236 0 0
210 215 220 225 230 215 220 225 230 235 210 215 220 225 230 215 220 225 230 235
239 238 80 100
1 2013 2014 A 2013 o* 2014 *
g o o 237 - * S e * % 80 s
- * © 60 %5
~ 237 236 ®, g 40 *
& *» * £ 40 <
I} * 5]
£ 236 235 £ 20
§ 5 20
g 25 ‘ ‘ : 234 ‘ : : 2 o 0
S 225 230 235 240 245 230 235 240 245 250 || 8 225 280 235 240 245 230 285 240 245 250
<}
S 26 236 80 100
5 2015 2016 2015 2016 *
235 o 235 60 TR 80 . Y
¢° G 60
234 * 234 40 *
A 40
233 233 20 20
232 232 0 0
230 235 240 245 250 235 240 245 250 255 230 235 240 245 250 235 240 245 250 255
HCFC-22 (ppt HCFC-22 (ppt
235 (ppt) & (ppt)
2017 C 1o 020 2017 . dio . 6
234 ° CFC-11vs. . BN 60 * * o
&) >,
. 208 | Herczz  ¢9% ] 58 Qosfe , *teT sk
3 . 3 e0 o 2 40 = 1.2
27, 806 | P * 8o6 | o © 2
232 5 8° 010 2 20 c ¢ L° o %13y
* S04 | = 204 g0 8
@ &) 73 12
21 5 0.05 & 0 g cH2C2vs, | © &
235 240 245 250 255 | £02 [ o ¢ 5 235 240 245 250 255 | B02 [ HCFC.22 119
Q @
HCFC-22 (ppt) 00 L® e 0.00 2 HCFC-22 (ppt) 0.0 05
2008 2010 2012 2014 2016 2018 2008 2010 2012 2014 2016 2018

Extended Data Fig. 5 | Correlations between trace gases measured
during autumn at Mauna Loa. a, Measured mole fractions of CFC-

11 and HCFC-22 in all samples collected during autumn (fraction of
year > 0.6 and < 0.9) at MLO in the past nine years. b, Results for CH,Cl,
versus HCFC-22 in those same samples and years. ¢, The * regression
coefficients (blue filled symbols, left-hand scale) and slopes (red unfilled
symbols, right-hand scale) determined from the data in a over time. Only
slopes for correlations that are significant at P < 0.05 are shown (that is,
those for which 2 > ~0.25). d, The same as ¢, but for the data in b (CH,Cl,
versus HCFC-22). Eastern Asia has been a substantial source of HCFC-22
and CH,Cl, for a number of years"!!. As a result, significant correlated
variability is expected in their mixing ratios downwind of this region;

this is borne out in observations at MLO during autumn from 2009 to
2017. These data may also provide rough estimates of relative emission
magnitudes. For example, inventory- and atmosphere-based studies

suggest emissions of HCFC-22 from China of around 100 Gg in 2010,
increasing to 150 Ggin 2015 (ref. 1). Considering the slopes measured at
MLO between HCFC-22 and CH,Cl,, this would correspond to regional
emissions of CH,Cl, of 300 Gg in 2010 increasing to 440 Gg in 2016. This
is comparable to the 455 Gg (4= 10%) estimated to have been used in China
for emissive applications in 2015 (ref. 11). Applying the same analysis to
CFC-11 suggests total emissions of 30-40 Gg yr ! for 2014-2017, or 10-35
Gg higher than estimated for Chinese CFC-11 emissions in 2008-2009
(considering errors'), which is of the same order as the global CFC-11
emission increase derived here for 2014-2016 (13 5 Gg yr '). Although
our data and analyses do not allow for a robust identification of the

origin of the increase in CFC-11 emissions, we explore China’s potential
contribution because it is also the largest producer and user of HCFCs

in eastern Asia (see ref. 4 and http://ozone.unep.org/en/data-reporting/
data-centre).
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2008 2010 2012 2014 2016 2018

Extended Data Fig. 6 | Correlations between additional trace gases
measured during autumn at Mauna Loa. Same as Extended Data Fig. 5,
but for mole fractions of carbon monoxide versus HCFC-22 measured

at MLO during autumn. a, The results in individual years. b, The r*
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regression coefficients (blue filled symbols, left-hand axis) and slopes
(red unfilled symbols, right-hand axis) determined from the data in a over
the past eight years.



LETTER

a 258 230
| HCFC-22 H2
253 | H1 1 225
O ©
= H2 =1
T o248 | 1 202
243 | L2 1 215
- L2 -4
i L1
238 Lo 210
0.55 0.6 0.65 0.7 0.75

Fraction of year

I

d
*720-21z
\K 23 el
Y Aug
W 2011 :

i

[ Low 2, 2011 w High2,2011
Ay, Y

Extended Data Fig. 7 | Variability in trace gas mole fractions measured
at MLO before and after 2012. a, Mole fractions of HCFC-22 measured in
flasks collected at MLO during the autumn of 2011 (red lines and symbols)
and 2016 (blue lines and symbols). b, The same as a, but for CFC-11. c-f,
Back trajectories calculated?’ for 2011 samples indicated by the red text
L1,L2, H1 and H2 in a and b. g-j, Back trajectories calculated for 2016
samples indicated by the blue text L1, L2, H1 and H2 in a and b. In ¢-j,
darker shading represents surface regions sensed by the corresponding
sampling events at MLO, with darker colours indicating greater influence.
The colour scale in the trajectory maps is logarithmic (1 x 107 to 1 x 1073
g s m 3, darker colours for higher concentrations) and represents the
calculated time-averaged concentration within the 0-2,000 m surface

layer during the 30 days before the sampling event given a point release
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at MLO? of 1 gs™'. Increased mole fractions of HCFC-22 are observed
in both 2011 and 2016 (labelled H1 and H2 in a or b and High 1 and
High 2 in c-j) when surface sensitivity over eastern Asia is enhanced;
CFC-11 mole fractions at MLO co-vary with HCFC-22 in these eastern-
Asian influenced samples only after 2012. Some industrialized regions
(for example, Japan) have considerable influence on samples containing
both high and low mole fractions of CFC-11, HCFC-22 and CH,Cl, and,
therefore, are less likely to be the source of the greater mole fractions of
CFC-11 at MLO after 2012. These results, along with results from Fig. 3
and Extended Data Figs. 5 and 6, suggest an increase in CFC-11 emissions
from eastern Asia that is coincident with the increase in global emissions
derived from our sampling network.
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Extended Data Fig. 8 | Additional model simulations of the changes in
CFC-11 mole fraction over time and of hemispheric differences. Rates
of change and hemispheric differences from different combinations of
emission distributions (E1, E2, E3), reanalysis meteorology (MERRA1
(M1), MERRA2 (M2), and GEOS5 (G5)), and CCMs (CAM and WACCM)
are compared to quantities derived from observations (red lines or
shading indicate the range of results from two (hemispheric differences)
or three (global change rates) measurement techniques (Methods)). In all
panels, results from observations and the CAM run using the Emission1
distribution and MERRA?2 reanalysis meteorology are shown for reference
(solid light blue and green lines). All blue lines represent simulations
using the emission record derived from the three-box model analysis of
observations, whereas all green lines indicate simulations with emissions

kept constant after 2012 at the 2012 rate. a—c, Results from CAM as a
function of emission distribution (E1 and E3) and nudging methodology
(temperature and winds, or wind-only). d-f, Results from WACCM as a
function of reanalysis meteorology (MERRA1 or MERRA2). g-i, Results
from WACCM with GEOSS5 reanalysis meteorology and two different
emission distributions (E2 and E1). The comparisons are made for the
CFC-11 global rate of change at the Earth’s surface (a, d, g; left column),
the surface mean hemispheric difference (b, e, h; middle column), and
the change in the surface mean hemispheric difference relative to the
mean during 2010-2012 (q, f, i; right column; note expanded time axis).
All quantities being compared are derived from hemispheric means
determined from cosine of latitude weighting of observed or simulated
mole fractions at sampling locations (Methods).
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Extended Data Fig. 9 | The sensitivity of derived bank release rates

to CFC-11 lifetime and incineration. Bank release rates derived with a
57.5-year lifetime as shown in Fig. 2b (black squares and the dashed blue
line) are also calculated considering the upper and lower values for the
most likely CFC-11 lifetime range (red lines; 43-67 yr, ref. 1). Including
quantities of CFC-11 destroyed (for example, by incineration) reported to
UNERP (grey circles) affect this result minimally.
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Extended Data Table 1 | Derived global emissions and global
production of CFC-11

Year Emis. Emis.
3-box 1s.d. 12-box Low High Production@

1994 103.9 4.6 81.2 7.5 6.1 99.8
1995 92.0 4.5 79.5 6.3 7.0 72.6
1996 89.0 4.3 94.3 5.6 6.3 55.9
1997 75.8 3.5 79.4 6.6 6.1 62.5
1998 81.7 3.0 78.5 5.6 6.6 54.3
1999 69.5 2.6 68.1 4.4 3.9 54.1
2000 67.3 3.1 65.5 3.3 3.7 441
2001 67.7 5.6 66.7 3.0 2.6 32.2
2002 54.4 21 48.9 27 3.0 31.8
2003 56.5 6.5 56.4 34 29 25.5
2004 56.9 5.1 55.2 3.6 3.7 223
2005 54.4 5.1 57.6 3.3 3.5 13.9
2006 50.8 24 49.9 3.3 3.2 10.9
2007 51.6 2.0 56.6 2.9 3.6 2.8
2008 54.9 5.0 54.9 3.9 3.2 1.4
2009 57.4 22 53.7 3.6 4.1 0.9
2010 51.1 4.7 50.9 34 3.7 0.4
2011 53.2 3.5 53.9 34 3.9 0.1
2012 50.9 2.3 53.4 3.6 3.7 0.3
2013 58.7 5.3 54.3 3.8 3.7 0.0
2014 68.9 2.3 68.8 3.9 4.1 0.1
2015 64.8 22 64.9 3.8 3.9 -
2016 68.0 6.4 67.2 4.5 4.1 -

All values in Ggy~ 1.

aTotal CFC-11 production reported to the UNEP Ozone Secretariat. The Montreal Protocol requires
that all CFC production be reported to the Ozone Secretariat, including production for dispersive
and non-dispersive uses, production for use as chemical intermediates or feedstocks, and any
unintentional by-production. No subtractions for reported destruction amounts are included in
these values; cumulative destruction of CFC-11 reported to the Ozone Secretariat totalled

16 Ggin all years since 1998 (ref. 4).
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