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Abstract Hydrochlorofluorocarbon HCFC-133a (CF3CH2Cl) is an anthropogenic compound whose
consumption for emissive use is restricted under the Montreal Protocol. A recent study showed rapidly
increasing atmospheric abundances and emissions. We report that, following this rise, the atmospheric
abundance and emissions have declined sharply in the past three years. We find a Northern Hemisphere
HCFC-133a increase from 0.13 ppt (dry-air mole fraction in parts per trillion) in 2000 to 0.50 ppt in
2012–mid-2013 followed by an abrupt drop to ∼0.44 ppt by early 2015. Global emissions derived from these
observations peaked at 3.1 kt in 2011, followed by a rapid decline of ∼0.5 kt yr−2 to reach 1.5 kt yr−1 in 2014.
Sporadic HCFC-133a pollution events are detected in Europe from our high-resolution HCFC-133a records at
three European stations, and in Asia from samples collected in Taiwan. European emissions are estimated to
be <0.1 kt yr−1 although emission hot spots were identified in France.

1. Introduction

Hydrochlorofluorocarbons (HCFCs) can be viewed as the “second generation” ozone-depleting substances
(ODSs). They have assisted the transition from the use of the first-generation ODSs, such as chlorofluorocar-
bons (CFCs) and halons, to chlorine- and bromine-free compounds, particularly in the industrial sectors of
foam blowing, refrigeration, and as solvents [IPCC/TEAP, 2005]. The tropospheric lifetimes of the HCFCs and
their potentials to destroy stratospheric ozone are considerably lower compared to those of the CFCs and
halons. Nevertheless, many HCFCs also trap radiative heat efficiently and hence are potent greenhouse gases.
Most ODSs are regulated internationally under the Montreal Protocol on Substances that Deplete the Ozone
Layer, and its subsequent amendments. Today there is a global ban on the production and consumption for
emissive use purposes of first-generation ODSs and there are transitional arrangements for the HCFCs, with a
practical ban in industrialized countries and a phase out in developing countries.

HCFC-133a (CF3CH2Cl, 2-chloro-1,1,1-trifluoroethane, CAS 75-88-7) has only recently received attention, when
its atmospheric history (1978 – 2012) was reconstructed based on the first measurements in archived air
samples and those collected from aircraft at high altitudes [Laube et al., 2014]. HCFC-133a was found in stored
air samples dating back to 1978 and both atmospheric abundances and derived global emissions from these
observations revealed a rapid increase over the last three years (2010–2012) considered in that study.

Despite an estimated global emission of ∼3 kt for the last year (2012) of the reported emissions [Laube et al.,
2014], no purposeful end-product usage is known for this compound to date. Information on the usage
of HCFC-133a is sparse. It is known as an intermediate product in the most direct method to synthesize
the widely used refrigerant HFC-134a (1,1,1,2-tetrafluoroethane), in which trichloroethylene (CCl2=CHCl) is
converted to HCFC-133a using hydrogen fluoride (HF) followed by replacement of the remaining chlorine
through a reaction with excess HF and using metal catalysts in both steps [Rao, 1994; Banks and Sharratt, 1996;
McCulloch and Lindley, 2003]. Some authors propose that any remaining HCFC-133a from this process is
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recycled [Banks and Sharratt, 1996] or thermally oxidized [McCulloch and Lindley, 2003]. However, Banks and
Sharratt [1996] estimated a release to the atmosphere of 5 g HCFC-133a per kilogram of produced HFC-134a
for a factory in the United Kingdom in the mid-1990s. HCFC-133a is also known as an intermediate product in
the syntheses of HFC-125 (1,1,1,2,2-pentafluoroethane) and HFC-143a (1,1,1-trifluoroethane) [Shanthan Rao
et al., 2015], and it is used for the production of pharmaceuticals, agrochemicals, and the anesthetic halothane
[United Nations Environment Programm (UNEP)/Technology and Economic Assessment Panel (TEAP), 2014a] and
potentially for the production of vinylidene fluoride [Shanthan Rao et al., 2015]. While emissions during the
production of HFCs appear to be an enticing explanation for recent atmospheric HCFC-133a levels, they
could not explain its entire atmospheric history because HFCs were not mass produced before the mid-1990s,
whereas HCFC-133a was found to be present in the atmosphere back to at least the late 1970s [Laube
et al., 2014].

Our knowledge on the atmospheric properties of HCFC-133a has increased in recent years. Its tropospheric
sink is dominated by the reaction with the hydroxyl radical (OH) [Sander et al., 2011, and references therein].
Recent laboratory and modeling studies by McGillen et al. [2015] revealed good agreement with these earlier
studies and yielded a tropospheric lifetime of 4.65 years, which is also in good agreement with that proposed
by Carpenter et al. [2014]. However, the recent study by McGillen et al. [2015], which included new measure-
ments of UV photolysis rates, yielded a stratospheric lifetime of 103 years and is in disagreement with those
reported by Laube et al. [2014] and Carpenter et al. [2014]. This difference is also the cause of the higher over-
all atmospheric lifetimes of 4.45 years reported by McGillen et al. [2015] compared to 4.0 years as proposed by
Carpenter et al. [2014]. A radiative efficiency of 0.15 W m−2 ppb−1 (with a 23% uncertainty based on a 5%–95%
confidence interval) was recently computed for HCFC-133a based on measurements of its absorption cross
section [Etminan et al., 2014]. In the same study, the Global Warming Potential (GWP) for a 100 years time hori-
zon was computed as 340, in reasonable agreement with the study by McGillen et al. [2015], in which a GWP
of 380 was calculated.

2. Methods
2.1. In Situ and Flask Measurements
Our results are based on continuous (every 2 h) in situ measurements at four field stations, laboratory
analyses of flask samples at Empa and at the University of East Anglia (UEA), and a previously published
data set [Laube et al., 2014] of HCFC-133a in samples of the Cape Grim Air Archive (CGAA) for the Southern
Hemisphere collected at the Cape Grim Baseline Air Pollution Station, Tasmania [Langenfelds et al., 1996, 2014].
In situ measurements were conducted at the remote baseline sites Jungfraujoch (3580 m above sea level
(asl), Switzerland, 46.5∘N, 8.0∘E, since January 2013), Mace Head (Ireland, 53.3∘N, 9.9∘W, since May 2014), and
Cape Grim (Tasmania, Australia, 40.7∘S, 144.7∘E, since July 2014). In addition, continuous in situ measurements
were made at the suburban site Dubendorf (Switzerland, since December 2012). The in situ measurements
were made with the “Medusa” gas chromatograph mass spectrometry (GCMS) technique [Miller et al., 2008].
Analytes from 2 L of ambient air are collected on cold traps and separated on a CP-PoraBOND Q (0.32 mm
ID × 25 m, 5 μm, Agilent Technologies) column in a GC (Agilent Technologies series 6890) followed by MS
detection in selective ion mode (Agilent Technologies series 5975). The precision for the in situ air measure-
ments is estimated at 1.5–2.0% (1𝜎) for all four sites and is derived from the analysis of standards, samples of
which are alternatingly analyzed with the air samples.

Flask samples were analyzed on the laboratory Medusa-GCMS at Empa. These included a set of archived air
samples from various locations in the Northern Hemisphere dating back to 2000 (“Mini Air Archive North”)
and a ship transect through the northern Pacific collected aboard the R/V Araon during the SHIPPO-2012
campaign [Park and Rhee, 2015; Vollmer et al., 2015a]. Samples have also been collected at the South Korean
Antarctic Station King Sejong (King George Island, South Shetland Islands, 62.2∘S, 58.8∘W) as part of a
long-term network activity, with HCFC-133a analysis mainly for the 2012–2014 samples. We also analyzed a
set of eight subsamples from the CGAA (2012–2014) to overlap and fill the gap between the CGAA record pub-
lished by Laube et al. [2014] and the in situ measurements at Cape Grim and to enhance the data availability
during the time of the reversal in the Southern Hemisphere.

The mean precision of the flask sample measurements at Empa was 1.2% (1𝜎). Our results are reported on the
Empa-2013 parts per trillion (ppt) level calibration scale for HCFC-133a, which was prepared as part of this
study and with an estimated accuracy of 10%. The combined uncertainty of the Empa-based measurements
was estimated from the calibration-scale uncertainty, the uncertainty of the standard propagation, and the
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measurement precisions, totaling ∼11% with the largest contribution from the calibration-scale uncertainty.
Detailed information on the sampling, analysis, and the generation of a primary standard are given in the
supporting information and by Vollmer et al. [2015a, 2015b].

Flask samples were also analyzed at the University of East Anglia (UEA). These included samples collected
aboard regular aircraft flights within the project Civil Aircraft for the Regular Investigation of the atmosphere
Based on an Instrument Container (CARIBIC) [Brenninkmeijer et al., 2007]. Four flights between Frankfurt and
South Africa between October 2009 and March 2010 as already published by Laube et al. [2014] are used.
Four additional flights with previously unpublished HCFC-133a results from Frankfurt to Bangkok in 2013
(with samples between New Delhi and Bangkok) and one flight from Frankfurt to Cape Town in 2015 are
also included. To complement our Northern Hemisphere record, we included two ground-based air samples
collected in Greenland in 2008 as part of firn drilling activities.

The UEA analyses also included samples collected during two recent campaigns in Taiwan. In 2013, samples
were collected from the Hengchun site (22.1∘N, 120.7∘E, 7 m asl), and in 2014 from Cape Fuguei (25.3∘N,
121.5∘E, 52 m asl). Air masses reached these sites predominantly from China and the Korean peninsula.
Samples were collected into 3 L Silcosteel (Restek Corp.) treated stainless steel canisters using a diaphragm
pump (Air Dimension Inc.). The samples were transferred to UEA and measured within 6 months of collec-
tion on two preconcentration GC systems, one coupled with a quadrupole MS (2013 and 2014 samples)
[see Leedham Elvidge et al., 2015] and the other one coupled with a high-sensitivity sector field MS (2014 sam-
ples only) [see Laube et al., 2014]. Mean measurement precisions (1𝜎) were 2.3% (quadrupole analysis) and
2.1% (sector analysis). Where samples were measured with both systems the results agreed within the uncer-
tainty limits of the two instruments. If combined with the uncertainties of ∼4% for the UEA calibration scale
and its propagation, the overall accuracy is estimated at <8%.

To make the UEA and Empa measurements comparable, a calibration-scale conversion factor was determined
by analysis of a suite of samples at both institutions (see supporting information). The conversion was found
to be linear with an Empa/UEA conversion factor of 1.023. For this study all UEA results were multiplied by this
factor to convert to the Empa-2013 calibration scale.

2.2. Global Chemical Transport Model and Inverse Methods
We employ an atmospheric box model combined with a Bayesian inverse method to derive global “top-down”
emissions for HCFC-133a. For this we use the Advanced Global Atmospheric Gases Experiment (AGAGE)
12-box model [Cunnold et al., 1983, 1997; Rigby et al., 2013], which divides the atmosphere into four semi-
hemispheres, separated at latitudes of 30∘N and 30∘S, and at the equator, and into three vertical layers
separated at 500 hPa and 200 hPa. The horizontal separation is chosen such that all four semihemispheres in
each respective layer contain a similar amount of air. We assumed a stratospheric lifetime of 103 years and
a temperature-dependent reaction rate for OH as specified in McGillen et al. [2015], which led to an overall
steady state lifetime in the model of 4.6 years.

To invert our observations for an emissions estimate, we use a Bayesian methodology in which an a priori
estimate of the rates of change of the emissions is optimized using the observations [Rigby et al., 2011, 2014].
The calculations are based on a simple a priori assumption that emissions grew by 0 ± 1 kt yr−2 during the
entire record. Emissions were estimated on an annual basis. However, to improve the seasonal agreement
with the observations, we performed an ensemble of simulations in which the phase and amplitude of a
sinusoidal emissions function were varied. We then optimized the emissions in the inversion assuming the
seasonal variation function that provided the best fit to the observed seasonal cycle in the mole fractions.
The derived emission seasonality is not reported below, as we propose that it is more likely to be due to
seasonal errors in the box model transport parameters or loss rate than a real phenomenon. Since only annual
emissions are presented, these potential seasonal errors are thought to have a negligible influence on our
estimates. Uncertainties in the derived emissions include those due to the measurements and their model
representation, along with potential biases such as errors in the assumed lifetime and the calibration scale
[e.g., Rigby et al., 2014].

With the exception of the data from the Taiwan campaigns, all of the surface flask observations were used in
this global inversion, including the previously published CGAA record [Laube et al., 2014]. We also used the in
situ observations from the four stations. These were filtered to exclude potential pollution events [Ruckstuhl
et al., 2012] and binned into monthly background-air means. The inversion was provided with observations
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on a monthly basis where all data in a respective box and for a respective month were averaged into one
data point. CARIBIC results were not included in this inversion, mainly due to the inability to filter the data for
background mole fractions, but they were used for model verification from comparison of reconstructed and
observed mole fractions.

2.3. Inverse Methods for European Emissions
To derive European HCFC-133a source locations and emission estimates, we applied another Bayesian
regional inversion system to the HCFC-133a observations (not filtered for pollution events) from Jungfraujoch
(January 2013 to March 2015) and Mace Head (March 2014 to March 2015). This inversion system uses emis-
sion sensitivities as obtained from backward transport simulations with the Lagrangian particle dispersion
model FLEXPART [Stohl et al., 2005]. It follows the description by Stohl et al. [2009] and was previously applied
to regional halocarbon emissions from Europe [Keller et al., 2012] and China [Vollmer et al., 2009]. Details of
the transport simulations and the inversion settings are given in the supporting information. Lacking any reli-
able a priori information on the magnitude and spatial distribution of the HCFC-133a emissions, these were
assumed to be homogeneously distributed over the continent and close to zero over the oceans. The total a
priori emissions and their uncertainty for the inversion domain covering most of western and central Europe
were set to 0.02 ± 0.06 kt yr−1, 0.05 ± 0.15 kt yr−1 and 0.2 ± 0.6 kt yr−1 for a low-, base-, and high-sensitivity
inversion, respectively. Furthermore, sensitivity inversions with decreased and increased a priori uncertainty,
population-based a priori emission distribution, and different covariance designs were carried out to test the
robustness of the results (see Table S7 in the supporting information). Deducing a temporal emission trend
for the inversion domain is currently not possible given the relatively short record of continuous observations
in Europe and the limited number of pollution events detected at these European sites.

3. Results
3.1. Observations
We present a Northern Hemisphere HCFC-133a record based on ground-based samples from 2000 to the
present using flask sample and in situ measurements (in Figure 1). At northern midlatitudes HCFC-133a
increased rapidly from 0.13 ppt (dry-air mole fraction in parts per trillion, 10−12) in 2000 to a maximum of
0.55–0.57 ppt in 2012 to mid-2013, with a temporary halt in 2008, before abruptly declining to mole fractions
of 0.49 ppt in early 2015. We confirm the Southern Hemisphere record published by Laube et al. [2014] for the
overlapping period (2009–2012) and find a further increase in 2013 based on our Antarctic and Cape Grim
measurements. It is followed by a plateau and a subsequent decline starting in mid-2014.

The Southern Hemisphere record reveals a clear seasonal cycle during the 2012–2014 period when observa-
tions are dense (see detail figure in supporting information). HCFC-133a seasonal extrema are in the austral
summer and winter as expected based largely on the seasonality of the OH abundance, its major reactant for
tropospheric removal. In contrast, the Northern Hemisphere seasonal cycle is unusual. While there is an indi-
cation from the 2012/2013 data of the expected HCFC-133a maximum in winter and minimum in summer,
these extrema are considerably shifted during the subsequent year. For the in situ measurements of all four
Northern Hemisphere stations the minima are shifted by about 4 months to the end of the year. This is likely
a first-order result of the rapidly declining emissions (see below) combined with a seasonality in the abun-
dance of the OH radical. Our Northern Hemisphere observations for 2006–2009 are consistent with the early
intermittent Southern Hemisphere maximum found for 2007 by Laube et al. [2014]. However, the most recent
and significantly larger reversal of the HCFC-133a trend in both hemispheres could not be detected from
the observations reported by Laube et al. [2014] because of the lack of recent Northern Hemisphere samples,
which now show (this work) a stagnant abundance by 2012 and because the Southern Hemisphere mea-
surements stopped shortly before the onset of a significant slowdown in this hemisphere. The results of the
SHIPPO-2012 North Pacific expeditions feature a significant range of mole fractions. This is caused by the large
latitude range of the air mass origins in a latitude band where strong mole fraction gradients are expected
due to latitudinally varying emissions. A similar variability for these samples was found in other compounds
[Vollmer et al., 2015a].

Our derived emissions (see below) are used to run the 12-box model in a forward mode in order to simulate
the observations. In general, the model reproduces the observed mole fractions within the combined uncer-
tainties. The modeled mole fractions shown in Figure 1 are for the model surface boxes 30∘N to 90∘N (in red)
and 30∘S to 90∘S (in black). For the mean Northern Hemisphere we find HCFC-133a increased from 0.13 ppt
in 2000 to 0.50 ppt in 2012 to mid-2013 followed by a decline to 0.44 ppt by early 2015.
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Figure 1. Atmospheric records (a) and emissions (b) of HCFC-133a (CF3CH2Cl). Abundances are reported as dry-air mole
fractions in parts per trillion (ppt) for flask samples collected: in the Northern Hemisphere at various locations during
clean air conditions, from the North Pacific during the SHIPPO-2012 expedition and from Greenland surface air in firn; in
the Southern Hemisphere from the Korean Antarctic Station King Sejong and at Cape Grim (Tasmania); at high altitude
as part of the project CARIBIC from aircraft sampling in both hemispheres. Monthly means of background-filtered
measurements from in situ measurements at Jungfraujoch (Switzerland) and Cape Grim (Tasmania) are also shown,
those from Dubendorf (Switzerland) and Mace Head (Ireland) are not shown here. The solid lines are modeled mole
fractions for the model surface boxes 30∘N to 90∘N (in red) and 30∘S to 90∘S (in black). Model-derived emissions from
this study are shown as solid blue lines with 16/84 percentile shading and are compared to those derived by Laube et al.
[2014]. See supporting information for a detailed view of the most recent years.

The apparent mismatch between modeled and observed abundances in the Northern Hemisphere during
the steep increase in the 2010s is likely caused by the large latitudinal gradient—the mole fractions of the
surface box 0∘ to 30∘N (not shown in Figure 1, see supporting information) are considerably lower compared
to those plotted in Figure 1. However, for the Southern Hemisphere the model slightly underestimates the
observations presented here (mid to high latitude) despite virtually no latitudinal gradient in the Southern
Hemisphere (Figure S1).

The CARIBIC samples for the flights used here are generally from altitudes higher than 10 km. Because of this
large distance from ground and the general absence of areas with strong uplift of ground-based air masses we
conclude that the influence of regional ground pollution is small and that the measured mole fractions repre-
sent mostly background conditions for these altitudes. The mole fractions from these samples are generally
bracketed by the modeled mole fractions in the two high-latitude model boxes. However, the highest mole
fractions of the flights in late 2013 slightly exceed the monthly mean values at the in situ stations (Figures 1
and S1). This can have been partly caused by a lag of the declining trend due to the transit time of surface
air massess to these altitudes (>11 km) or by input from fresh pollution, which was also found for some other
compounds in some of these samples [Kloss et al., 2014].

Our results from the in situ measurements at four stations and from the two sampling campaigns in Taiwan
are shown in Figure 2. All three Northern Hemisphere stations reveal the same trend of declining abundances
and the same seasonal background variability. They also exhibit occasional pollution events with magnitudes
in the mole fraction typically reaching 2 to 3 times the mole fractions of the background signal. When compar-
ing the Dubendorf and Jungfraujoch records we find similar magnitudes of pollution events and only slightly
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Figure 2. Atmospheric abundances of HCFC-133a (CF3CH2Cl) from in situ measurements at Jungfraujoch (Switzerland),
Mace Head (Ireland), Cape Grim (Tasmania, Australia), and suburban Dubendorf (Switzerland) and from flask samples
collected during two campaigns at Hengchun and Cape Fuguei (Taiwan). The abundances are given as dry-air mole
fractions in parts per trillion (ppt) on the Empa-2013 calibration scale. The three European stations exhibit similar
background records. Pollution events can also be observed, mainly at Dubendorf and Jungfraujoch and to a lesser
extent at Mace Head. Similarly, elevated HCFC-133a is found in some of the Taiwan samples. One or two sample results
each with the highest mole fraction are not shown for each of Jungfraujoch, Dubendorf, and Taiwan. There are no
pollution events detected at the background station Cape Grim despite occasional air mass advection from the densely
populated Melbourne area which, for example, exhibit significantly polluted HFC-134a levels.

larger frequency of events occurring at Dubendorf. These pollution events are much less frequent than those
found for most other compounds measured at the two sites [Vollmer et al., 2015b; O’Doherty et al., 2014; Vollmer
et al., 2011] and are suggestive of fewer and more remote sources. The∼1.5 year record at Mace Head exhibits
only two pollution events (in November 2014), whereas pollution events are absent at Cape Grim despite
occasional interception of air masses from populated areas at both sites which, for example, show signifi-
cantly polluted HFC-134a levels. The flask measurements from Taiwan exhibit similarly elevated mole fractions
in “polluted” air as Jungfraujoch and Dubendorf. We suspect that these are caused by HCFC-133a emis-
sions from China and the Korean Peninsula, which are the major air mass advection directions to the Taiwan
sampling sites. Air trajectory analysis and complementary measurements of local wind speed have indi-
cated no significant elevations of HCFC-133a mole fractions associated with air masses sensitive to emissions
from Taiwan.

3.2. Emissions
Our derived global top-down emission estimates are shown in Figure 1. For the earlier part of the record the
emissions were increasing from ∼0.2 kt yr−1 in the late 1970s to a first maximum in 2006 (2.0 kt yr−1). This was
followed by a decline to ∼1.4 kt yr−1 in 2008/2009 and a subsequent rapid increase after that. Our emissions
agree within the combined uncertainties with those derived by Laube et al. [2014] for the overlapping period.
The focus of this study, however, is on the emissions of the five most recent years. We find that these emissions
have peaked sharply at 3.1 kt yr−1 in 2011 and declined rapidly since then at ∼0.5 kt yr−2 to 1.5 kt yr−1 in 2014.
This is equivalent to a reduction of >50% in 3 years.

Our results for the European emission estimates are shown in Figure 3. Given the observed time series with
relatively few pollution events, we expected that the major emissions are from a few isolated locations and
that they may also vary strongly in time. Both pose major challenges to the applied Bayesian inversion, which
assumes constant emissions in time and is usually guided toward a meaningful solution by the use of best
available a priori emission estimates. Hence, the obtained results can only give a first impression of possible
source locations and strengths. Nevertheless, it is encouraging that despite these limitations the inversion
obtained a posteriori emissions that indicate two emission hot spots in France, where emissions are well con-
strained by the observations. Elsewhere, emissions were mainly reduced. The simulated time series at the two
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Figure 3. Posterior HCFC-133a emission distribution (μg km−2 s−1) in Europe obtained for the base inversion. In situ
observations from Jungfraujoch (Switzerland, January 2013 to March 2015, red cross) and Mace Head (Ireland, March
2014 to March 2015, red plus) are used in this inversion. White areas indicate grid cells with zero emissions. Regions of
emissions were identified in France (regions Lyon and ∼150 km east of Paris).

observational sites were generally improved using a posteriori emissions (see supporting information for a
more detailed discussion of the inversion results and Table S7 for comparison statistics). The largest emissions
were obtained for the grid cells covering the region of Lyon followed by a smaller hot spot ∼150 km east of
Paris. These locations proved to be relatively insensitive to the choice of the inversion settings and were simi-
lar for all sensitivity inversions. Total a posteriori domain emissions ranged from 56± 10 t yr−1 to 96± 10 t yr−1

for the different sensitivity inversions (Table S7) at least 1 order of magnitude smaller compared to the global
emissions. The French a posteriori emissions, including the two hot spots, were very similar in all sensitivity
inversions (13–18 ± 2 t yr−1) and contributed between one sixth and one third of the domain total. This frac-
tion may be an underestimation because the chosen homogeneous a priori emission distribution used large
emissions also in relatively sparsely populated and remote regions that could not be adjusted adequately by
the inversion.

3.3. Discussion
Given their rapid decline, we conclude that the large reduction in global emissions is related to the prevention
of emissions from activities, which are/were under immediate and direct human control. A rapid reduction
like the one we derive would not be possible for more diffusive sources such as widespread “banks” of stored
chemicals in equipment or products (e.g., foams, refrigeration units, and fire extinguishing units). However,
direct end-user applications are also absent to the best of our knowledge, partially because of the compound’s
toxicity [ECETOC, 1990] and its ban by the Montreal Protocol. We speculate that large emissions reductions
have been made in factories where HCFC-133a occurs as an intermediate in the synthesis of other chemicals
or as a by-product, both with direct release (rather than an impurity in the end-product).

The most likely explanation to us for the derived HCFC-133a emissions decline is a reduction in its release
during the production processes of HFC-134a and HFC-125 [Shanthan Rao et al., 2015]. The synthesis of
both these HFCs is typically performed in a two-step reaction. In the case of HFC-134a, trichloroethylene
is converted to HCFC-133a by catalytic vapor phase fluorination using hydrogen fluoride, and then further
fluorinated to HFC-134a [Shanthan Rao et al., 2015]. It appears that any unreacted HCFC-133a can be recy-
cled into the second production step; however, it is unclear if this is a commonly used practice. In the case
of HFC-125, perchloroethylene is hydrofluorinated to HFC-125 with several intermediate/by-products, one of
which is HCFC-133a, for which it is stated in one of the relevant patents that it is not economical to recycle
[Shields and Ewing, 1999]. Because of its toxicity and carcinogenicity, the two individual steps of the reactions
are probably geographically colocated and a transport (and hence potential leakage) of large amounts of
pure HCFC-133a is unlikely (M. Nappa, personal communication, 2015). In contrast to declining emissions
of HCFC-133a, the consumption and hence the production of these HFCs has grown rapidly over the past
years [United Nations Environment Programm (UNEP)/Technology and Economic Assessment Panel (TEAP), 2014b;
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Zhang and Wang, 2014; G. Velders, personal communication, 2015, data through 2011]. Unless production
methods have significantly shifted, this apparent contrast supports the hypothesis of the HCFC-133a emis-
sions decline due to better containment (including better catalytic conversion techniques) of HCFC-133a in
these production plants rather than a reduced overall HFC production. Furthermore, based on our global
results, it is very unlikely that HCFC-133a occurs as an impurity in the HFC end products because such diffu-
sive emissions could not be reduced at the high rates we derived. This is supported by our regional emission
map for Europe where we find emissions from hot spots rather than widespread diffusive sources. Also, for our
Dubendorf results we find large HFC pollution events without concordant HCFC-133a pollution, whereas at
Jungfraujoch, the HCFC-133a pollution events were accompanied by relatively minor HFC pollution. In addi-
tion, we find undetectable HCFC-133a in a diluted HFC-134a sample corresponding to < 10−4% (molar) of
HCFC-133a in high-purity HFC-134a. These observations are partially supportive but not a general proof of the
absence of HCFC-133a impurities in HFCs because the HFCs emitted within the footprints of the Dubendorf
site are not globally representative for all commercial HFC sources.

Historical HCFC-133a emissions cannot be entirely attributed to HFC production because HCFC-133a was
present in the atmosphere long before HFC production started [Laube et al., 2014]. Nevertheless, HCFC-133a
emissions were comparably small until 2003 when they started to increase rapidly. It is possible that earlier
HCFC-133a emissions were related to halothane production and that this source has become insignificant due
to the phase out of this anesthetic [Vollmer et al., 2015a]. The pronounced earlier HCFC-133a reversal in atmo-
spheric abundance and emissions in 2009/2010 is likely related to changes in HFC production alone with a
potential change in production procedures [Laube et al., 2014] or a shutdown of smaller and potentially more
polluting HFC plants during reduced activities at times of the global financial crisis. Further research is needed
to understand whether halothane and HFC production alone could explain the historic HCFC-133a emissions,
or if some of the other potential sources, e.g., from the production of pharmaceuticals and agrochemicals
(see section 1) may significantly contribute to HCFC-133a emissions.

Strikingly similar global abundance and emission reversal patterns were recently found for HCFC-31 (CH2ClF)
[Schoenenberger et al., 2015]. The emissions of this compound, which were estimated based on the first atmo-
spheric observations, have peaked in 2011, at a similar time as those of HCFC-133a, and have been declining
rapidly after that, presumably due to better containment of this compound during the production of HFC-32
(CH2F2), where HCFC-31 occurs as an intermediate product [Schoenenberger et al., 2015].

4. Conclusion

Based on a wealth of atmospheric observations, we derive a rapid recent decline in global HCFC-133a
emissions. While our results suggest direct and immediate human control on these reductions, the mecha-
nisms, which have led to this reduction, remain to a large extent speculative. Furthermore, the incentives and
driving mechanism that have triggered these activities remain also unknown—foremost it is unclear if they
were deliberate or as an unintended consequence of other activities. One possible explanation is that regula-
tions or economic incentives have led to the observed reduction in emissions. We hypothesize that HCFC-133a
emissions are emitted at the production-facility level. From the ongoing decline, we conclude that the reduc-
tion was not a one-step measure (otherwise the emissions would have stopped decreasing). In contrast, the
rate at which our modeled emissions decline (∼0.5 kt yr−2) has only marginally decreased over the past 4 years
and is suggestive of continuously evolving containment activities. However, the most recent months of obser-
vations are suggestive of a slowdown in the atmospheric decline in HCFC-133a mole fractions which could
point to a stabilization of the global emissions in the near future.
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