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Abstract

HFC-283 (also known as CHF3, fluoroform or trifluoromethane) is a potent greenhouse
gas (GHG), with a global warming potential (GWP) of 14800 for a 100-year time hori-
zon. It is an unavoidable by-product of HCFC-22 (CHCIF,, chlorodifluoromethane)
production. HCFC-22, an ozone depleting substance (ODS), is used extensively in
commercial refrigeration and air conditioning, in the extruded polystyrene (XPS) foam
industries (dispersive applications) and also as a feedstock in fluoropolymer manufac-
ture (a non-dispersive use). Aside from small markets in specialty uses, HFC-23 has
historically been considered a waste gas that was, and often still is, simply vented to the
atmosphere. Efforts have been made in the past two decades to reduce HFC-23 emis-
sions, including destruction (incineration) in facilities in developing countries under the
United Nations Framework Convention on Climate Change’s (UNFCCC) Clean Devel-
opment Mechanism (CDM), and by process optimization and/or voluntary incineration
by most producers in developed countries.

We present observations of lower-tropospheric mole fractions of HFC-23 measured
by “Medusa” GC/MSD instruments from ambient air sampled in situ at the Advanced
Global Atmospheric Gases Experiment (AGAGE) network of five remote sites and in
Cape Grim air archive (CGAA) samples (1978-2009) from Tasmania, Australia. These
observations are used with the AGAGE 2-D atmospheric 12-box model and an in-
verse method to produce model mole fractions and a “top-down” HFC-23 emission his-
tory. The model 2009 annual mean global lower-tropospheric background abundance
is 22.8 (+0.2) pmol mol~'. The derived HFC-23 emissions show a “plateau” during
1997-2003, followed by a rapid ~50% increase to a peak of 15.0 (+1.3/-1.2) Gg/yr
in 2006. Following this peak, emissions of HFC-23 declined rapidly to 8.6 (+0.9/-1.0)
Gg/yr in 2009, the lowest annual emission of the past 15 years.

We derive a 1990-2008 “bottom-up” HFC-23 emission history using data from the
United Nations Environment Programme and the UNFCCC. Comparison with the top-
down HFC-23 emission history shows agreement within the stated uncertainties. In the
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1990s, HFC-23 emissions from developed countries dominated all other sources, then
began to decline and eventually became fairly constant during 2003—2008. From the
beginning of that plateau, the major factor determining the annual dynamics of global
HFC-23 emissions became the historical rise of HCFC-22 production for dispersive
uses in developing countries to a peak in 2007. Thereafter in 2007-2009, incinera-
tion through CDM projects became a larger factor, reducing global HFC-23 emissions
despite rapidly rising HCFC-22 feedstock production in developing countries.

1 Introduction

HFC-23 (CHF;) is a potent greenhouse gas with a global warming potential (GWP) of
14 800 for a 100-year time horizon, (Forster and Ramaswamy, 2007) that is an unavoid-
able by-product of HCFC-22 (CHCIF,) production. HFC-23 is a relatively long-lived
trace gas with a tropospheric lifetime of ~260-270 years (Naik et al., 2000; Forster and
Ramaswamy, 2007). HCFC-22 is used extensively in the commercial refrigeration, air
conditioning and extruded polystyrene (XPS) foam industries, as well as in other minor
uses, all of which result in emissions to the atmosphere. HCFC-22 is also used as
a feedstock in fluoropolymer manufacture, which is considered a non-dispersive use.
HCFC-22 has an ozone depletion potential (ODP) of 0.055 (Daniel et al., 2007) and is
included in the phase-out of HCFC consumption and production for dispersive uses in
developed countries under the Montreal Protocol and its amendments (UNEP, 1996).
Decision X1X/6 of the 2007 Meeting of the Montreal Protocol Parties stipulates an ac-
celerated phase-out timetable for production and consumption of HCFCs for dispersive
applications in developed and developing countries (UNEP, 2007). Developing coun-
tries will be subject to a phase-out beginning with a freeze in 2013, with the baseline for
that phase-out based on the average ODP-weighted consumption of 2009 and 2010.
The production of HCFC-22 for use as feedstock, however, is unrestricted. These two
latter aspects of HCFC-22 production regulation have implications for the future pro-
duction of the by-product HFC-23, as we shall see.
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In contrast to the widespread industrial uses of HCFC-22, HFC-23 has limited in-
dustrial uses. These include use as feedstock in Halon-1301 (CBrF3) production (non-
dispersive), in semiconductor fabrication (mostly non-dispersive), in very low tempera-
ture (VLT) refrigeration (dispersive) and in specialty fire suppressant systems (disper-
sive) (McCulloch and Lindley, 2007; Barthos et al., 2006; DuPont, 2004). Thus the
bulk of the co-produced HFC-23 was historically considered a waste gas that has been
and often continues to be vented to the atmosphere. Since the 1990s, some HCFC-22
producers in the developed countries have voluntarily reduced HFC-23 emissions by
process optimization and/or incineration. Based on historical trends, McCulloch (2004)
concluded that “approximately half of the HFC-23 co-produced with HCFC-22 in the
developed world is abated”. Under the Clean Development Mechanism (CDM) of the
United Nations Framework Convention on Climate Change (UNFCCC) 19 HCFC-22
production plants in five developing countries were approved for participation as CDM
projects. These countries have reportedly incinerated the HFC-23 co-produced during
2007-2008 from 43—-48% of the developing world’s HCFC-22 production (Montzka et
al., 2010).

Typical HFC-23/HCFC-22 co-production ratios, often referred to as the waste gas
generation ratio “w”, range from 0.014 in optimized processes (Rotherham, 2004) to
upwards of ~0.04 (McCulloch and Lindley, 2007). This co-production relationship of
HFC-23 and HCFC-22 provides a unique constraint in evaluating their emission and
production trends as HFC-23 may act as a tracer of HCFC-22 production while the fate
of HCFC-22 involves a more convoluted path of various end-uses and different release
rates. To the extent that HCFC-22 production, waste gas generation ratio and HFC-23
incineration are known, a bottom-up emission history for HFC-23 can be derived, as
we will show for developing countries later in this paper.

In the sections that follow, we present observations of lower-tropospheric mole frac-
tions of HFC-23 measured by “Medusa” GC/MSD instruments from ambient air sam-
pled in situ at the Advanced Global Atmospheric Gases Experiment (AGAGE) network
of five remote sites and in Cape Grim air archive (CGAA) samples (1978-2009) from
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Tasmania, Australia. These observations are used in a Kalman filter inversion with the
AGAGE 2-D atmospheric 12-box model to produce an emission history for HFC-23. We
also discuss production and emission data reported to the United Nations and other
organizations, and use these data to construct an emission history for use as an “a pri-
ori” estimate for the inversion in the 2-D model. A segment (1990-2008) of this a priori
emission history will later be compared as a “bottom-up” history to the model optimized
(top-down) emission history. This comparison will allow a quantitative examination of
the impact of developed countries’ emissions, developing countries’ HCFC-22 produc-
tion for both dispersive and feedstock uses, and recent HFC-23 emission abatement
measures via the CDM projects on the trend in global HFC-23 emissions.

Note, in the discussion that follows, we use the terms “developed countries” and
“developing countries” to mean Annex 1 and Non-Annex 1 countries under the Kyoto
Protocol, respectively, and to mean Non-Article 5 and Article 5 countries under the
Montreal Protocol, respectively. Note also that all data are plotted and tabulated as
annual mean mid-year values.

2 Analytical studies

Figure 1 introduces the observational dataset for HFC-23, showing the in situ measure-
ments along with the results of CGAA analyses. The emission results of the inverse
modeling are also shown in this figure. A striking feature of this plot is the recent rapid
decline in atmospheric emissions, which is caused by recent emission abatement mea-
sures in the developing world as discussed in Sect. 6, and the corresponding recent
slow down in atmospheric mole fraction growth.

Analyses for HFC-23 were performed in situ at remote locations around the globe
and on CGAA whole air samples using the AGAGE Medusa gas chromatograph/mass
spectrometric detector (GC/MSD) (Miller et al., 2008). The various instruments, their
locations, the sample types analyzed and the date ranges of the samples used in this
study are listed in Table 1.
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Measurements for all CGAA and in situ analyses are referenced to a common rela-
tive scale, the SIO R1 scale, which is based on traceable comparisons of a hierarchy
of whole real air samples to a specific archived 2003 air sample denoted “R1” from
Trinidad Head, California. All results are assigned absolute calibration based on the
assigned value of R1 and are presented here as dry-gas mole fractions in pmol mol ™"
(equivalent to parts-per-trillion molar, ppt) on the SIO-2007 absolute calibration scale
(Miller, 1998) for HFC-23. The absolute accuracy of this gravimetric-based calibration
scale, as generally described by Prinn et al. (2000), is estimated as +2%/-3% with
the asymmetry arising from the fact that the purity of the HFC-23 reagent used in the
primary standard preparations was specified as >99%.

Medusa utilizes analyte preconcentration on adsorbents at low temperature to en-
hance signal-to-noise ratios. Medusa in situ analyses involve 2-L samples drawn from
a nearby tower and integrated over 20-min collection times. Sampling of ambient air
is typically performed once every two hours with reference gas analyses of the same
volume of compressed whole air (“quaternary standards”) in between each ambient air
measurement to track sensitivity and to produce ~12 calibrated ambient air measure-
ments per day. Although the in situ HFC-23 records are relatively short (late 2007 to
end of 2009), together they comprise more than 34 000 baseline ambient air analyses.
HFC-23 was quantified using target mass over charge (m/z) ratio 51 with qualifier m/z
69 to verify chromatographic separation from potential interferences. Medusa calibra-
tion of quaternary standards is performed by on-site comparison with contemporary
compressed whole air “tertiary” references that are exchanged between the field site
and the central calibration laboratory at Scripps Institution of Oceanography, La Jolla,
California.

Data processing of the Cape Grim air archive analyses using Medusa9 (As-
pendale, Victoria) allows for determination and, if necessary, correction of instru-
ment non-linearities and system blank contamination. While no system blank
contamination was discernible for this instrument, a contamination equivalent to
<1% of ambient HFC-23 mole fractions was noted in the Medusa4 instrument
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at Trinidad Head during 2008-2009. A composite determination of the instru-
ment response for HFC-23, based on data acquired before, during and after
the Medusa9 analyses of the CGAA samples is shown in Fig. S1 in the sup-
plementary materials (see http://www.atmos-chem-phys-discuss.net/10/13179/2010/
acpd-10-13179-2010-supplement.pdf), indicating that the response is linear over a
range greater than the mole fraction range of the CGAA samples. This performance
characterization is essential to ensure that reliable sensitivities are applied to the wide
range of atmospheric mole fractions that span over a factor of six. For the in situ data,
non-linearity is less of a concern due to the use of contemporary ambient air reference
gases that closely match the mole fractions observed at the stations.

The CGAA are samples of clean background “baseline” air that have been collected
at the Cape Grim Baseline Air Pollution Station on the west coast of Tasmania since
1978. The extant CGAA subset of 82 archive samples spanning 1978 to 2009 was
analyzed for this study. All samples were whole air pressurized by cryogenic trapping
and archived in 35-L electropolished stainless steel cylinders or in aluminum cylinders
in which the internal surfaces had been passivated by a proprietary process believed
to be based upon the use of substituted silane gases. Most of these samples were
trapped as whole moist air, with most of the condensed liquid water being expelled
after trapping, but the samples trapped in aluminum cylinders were dried cryogenically
or chemically before trapping to avoid degradation of the passivated surfaces. A more
complete description of the methods used, and the philosophy underpinning this air
archive, is given by Langenfelds et al. (1996).

A brief discussion of CGAA sampling artifacts and storage stability is warranted to
lend confidence to the resultant atmospheric history that spans 31 years and is based
on analyses that occurred up to 28 years after sampling. As is evident in Fig. 1, the
CGAA data for HFC-23 merge seamlessly with the Cape Grim (CGO) in situ high fre-
quency data, indicating no discernible sampling artifacts or short-term storage degra-
dation or enhancements. Excellent agreement is observed for CGAA sample analyses
by Medusa3 and Medusa9 (Fig. 2), indicating a high degree of reproducibility between
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these instruments over 1-3 years separation of respective analyses, and a high degree
of traceability in the lineage of standard gases that were referenced. Comparison of 10
CGAA samples that were analyzed on both of these instruments showed a marginally
significant difference in the Medusa9/Medusa3 ratio of 0.995+0.004. Longer-term stor-
age stability is demonstrated by comparison of these Medusa CGAA samples analyses
with CGAA subsample analyses performed at the University of East Anglia in the UK
(Oram et al., 1998). Despite ~10 years difference between analysis dates, different
instruments and different calibration scales, these analyses show remarkably close
agreement (Fig. 2).

The low latitude sites of Barbados and American Samoa show a pronounced season-
ality in atmospheric transport for a number of anthropogenic compounds of moderate
to long atmospheric lifetimes and strong Northern Hemisphere emissions. Barbados
is periodically influenced by air masses from further south than normal, with events of
lower mole fractions of HFC-23 and other anthropogenic compounds such as HCFC-
22, HFC-134a and HCFC-142b occurring particularly during the latter half of the year.
American Samoa is seasonally influenced by the Northern Hemisphere, with higher
mole fractions during the months of approximately November through March. These
seasonal changes induce a decreased latitudinal gradient in mole fraction between
Barbados and American Samoa near the end of each year, an effect that is particularly
evident at the start of the in situ record in late 2007. This pattern occurs again near
the end of 2008, albeit noisier and somewhat weaker for HFC-23 than for the other
three aforementioned species. The more southerly air is evident in Barbados again in
late 2009, but gradient assessment is precluded as the American Samoa record ends
on 29 September, 2009 when damage from a severe earthquake suspended opera-
tions at the observatory into the following year. Correlation of these gradients with the
El Nino/Southern Oscillation (ENSO) phenomenon, which showed La Nina tendencies
from mid-2007 through early 2009 then El Nino tendencies through the end of 2009
(ESRL/PSD, 2010), is not readily apparent for HFC-23 nor for the other three afore-
mentioned halocarbons.
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Lastly, it should be noted that regarding the HFC-23 in situ data, we only use anal-
yses acquired since late 2007 in this study. At that time the Viton (fluoropolymer)
diaphragms and valve plates in the KNF UNO5 pumps (KNF Neuberger, Trenton, NJ),
which were used to compress the ambient air from the towers, were determined to
significantly contaminate the sample stream with HFC-23 (Miller et al., 2008). Ac-
cordingly, the Viton diaphragms and valve plates were then exchanged with Neoprene
(chloropolymer) materials that do not exhibit this contamination. Note also that the
filling of the CGAA samples does not utilize KNF pumps, thus these samples are not
susceptible to contamination by HFC-23 from Viton.

3 Reported dataset assimilation and a bottom-up HFC-23 emission history

In this section several datasets are introduced from the Kyoto and Montreal Protocols
and other sources that will be used to construct a “first guess” HFC-23 emission history
for 1943-2009 to be used as an a priori emission history in our inversion modeling
studies. The 1990-2008 portion of this a priori history is then examined as a “bottom-
up” emission history for differences from the “top-down” history derived from the model
inversions in order to assess the validities of these reported datasets. Inferences are
drawn from this comparison regarding the response of the HFC-23 emission trend to
changes in developed country emissions, HCFC-22 production in developing countries
and HFC-23 emission abatement activities via the CDMs.

3.1 UNEP and AFEAS reported datasets

In developing an a priori emission history for the inversions, we make extensive use
of HCFC-22 production data for dispersive and feedstock use from 1989 to 2008, as
reported (UNEP, 2010) to the United Nations Environment Programme (UNEP) un-
der Article 7 of the Montreal Protocol. These “end use” data are separated between
developing and developed countries. Apparent reporting gaps in the data have been
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interpolated on a country-by-country basis to yield the augmented dataset used here
(L. Kuijpers, UNEP, personal communication, 2010). Uncertainties of the UNEP data
were assigned as +25% for 1989-1992, £15% for 1993-1994 and +5% for 1995—
2008, where the greater uncertainties in the earlier data reflects a greater degree of
augmentation.

The Alternative Fluorocarbons Environmental Acceptability Study (AFEAS) has as-
sembled a database of production and use of HCFC-22 spanning 1943 to 2006 for
all producing countries other than China, India, South Korea and Russia. Despite dif-
ferences in the prescribed reporting methodologies, the actual discrepancies between
AFEAS and UNEP data are relatively minor in the early years. However by the end
of the 1990s the increasing production in developing countries (which do not report to
AFEAS) resulted in AFEAS global production estimates diverging low to ~70% of the
1999-2001 UNEP global production, and to 56% in 2003 (UNEP, 2006).

The dataset of McCulloch (2004) was constructed from various sources. For dis-
persive uses, AFEAS data were used for the developed world and UNEP data for the
developing countries. Data for feedstock uses came from analysis of trade and techni-
cal literature on fluoropolymers production. The data taken from McCulloch (2004) are
used in this study only to determine the HCFC-22 production for dispersive and feed-
stock uses in developed countries during 1990-1993 due to an apparent deficiency in
UNEP dispersive use reporting.

In this study, AFEAS (2005) data will be used to represent the pre-1990 HCFC-22
dispersive use production history of developed countries. Due to the fact that feedstock
production is not reported to AFEAS, we have created a proxy for feedstock production
for developed countries based on scaling AFEAS pre-1990 dispersive use production
by a constant ratio of McCulloch’s (2004) feedstock over dispersive use production in
1990. While the estimated uncertainty of AFEAS data is +1%, the combination of
AFEAS dispersive production plus our estimated feedstock production is assigned an
error of £15%. Errors inherent in the assumption of this proxy, and in its subsequent
use in combination with an estimate of the pre-1990 developed countries waste gas
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generation ratio, are relatively large. Therefore, this pre-1990 period will be given lesser
consideration regarding the conclusions of this study. For those years after 1990, due
to the increasing importance of the developing countries production component in our
bottom-up analysis, we prefer to use the UNEP developing countries production data.
Figure 3 illustrates the relationships between the AFEAS (AFEAS, 2005), McCulloch
(2004) and UNEP data, and with the composite dataset adopted for this study.

3.2 Developed countries emissions reported to the UNFCCC

HFC-23 emissions from developed countries have been reported to the UNFCCC for
the period beginning 1990. Although these developed countries emission data are
available on the World Wide Web (UNFCCC, 2010) through 2007, we chose to use
the emissions published in Montzka et al. (2010). Their emission estimates include a
2008 datum based on “early year data” and are also augmented with additional data
for the UK and Japan. As there were no reported Japanese emissions for years 1990—
1994, Montzka et al. (2010) deduced these annual emissions based on total Japanese
HCFC-22 production amounts and the average ratio of HFC-23 emission to HCFC-22
production calculated for Japan during 1995-2003 of 2.3+0.5%. They assigned an
uncertainty of £10% to the total developed countries emissions based on uncertainties
given in the Kyoto Protocol’s Annex 1 greenhouse gas reports. We assume this uncer-
tainty for all years except 1990-1994, for which we recalculate an uncertainty based
on +£25% uncertainties in the UNEP Japanese HCFC-22 production that they used and
the uncertainty of £21.7% in their 2.3%+0.5% co-production ratio. This augmentation
for Japan and UK emissions principally affects the years 1990-1999, with little differ-
ence observed in later years compared to emissions taken directly from the UNFCCC
website.

The first eight years of augmented HFC-23 emission data from developed countries
show a nearly constant 7—-8 Gg/yr emission rate. This is followed by a steady decline
over approximately five years to a plateau of just under 3 Gg/yr to the end of the record
in 2008. This decline is attributed to a combination of declining HCFC-22 production
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in developed countries, optimization of the process to lower the HFC-23/HCFC-22 co-
production ratio and an increased rate of HFC-23 destruction by voluntary incineration.
In the past, reporting of HFC-23 emissions to the UNFCCC was problematic, as several
countries did not report HFC-23 emissions from their HCFC-22 production and some
reports from other Parties lacked transparency (Irving and Branscombe, 1999). How-
ever, since 2000, there have been significant improvements and the national reports to
UNFCCC under the common reporting format appear to be comprehensive and ratio-
nal. Regarding the accuracy of the UNFCCC reported emissions, there is the view that
these data are not intended to necessarily be “scientifically accurate”. Rather, they are
expected to be a homogeneous time series of data that will show improvement (IPCC,
2006). This may be interpreted as meaning that the magnitudes per se may not be
accurate, but that the consistent application of reporting criteria yields an assessment
of trend and variance nonetheless.

3.3 Clean Development Mechanism

Beginning in 2003, as part of the Clean Development Mechanism (CDM) of the UN-
FCCC, certain HCFC-22 production facilities in developing countries were eligible to
produce Certified Emission Reduction (CER) credits for destruction of the HFC-23
they co-produced in the manufacture of HCFC-22. An approved baseline methodol-
ogy, AM0001 (CDM Executive Board, 2003) and subsequent versions, that documents
the parameters of HFC-23 incineration is followed to ensure that credits are issued for
eligible quantities. Quantities of HFC-23 produced, as calculated by dual flow meter
readings of the HFC-23 waste gas to the incinerator and HFC-23 waste stream purity
analysis by GC, taking into account amounts sold, or put into or taken out of stor-
age, are carefully documented in monitoring reports (typically spanning 2—6 months
of production) along with other parameters to determine the credits that the develop-
ing country can trade. This methodology includes deductions that are made for the
“carbon footprint” of the process, and with additional deductions imposed if the waste
gas generation ratio and/or period HCFC-22 production exceeded the plant’s historic
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values as documented in the project design document.

Since the first HFC-23 abatement project began in 2003, five developing coun-
tries with 19 producers, namely the Republic of Korea, India, China, Mexico and Ar-
gentina, have produced tradeable CERs amounting to 208 238 Ktonnes CO, equivalent
(KtCO,eq, 1 Ktonne=1000 Megagrams) according to an April 2010 query of the CDM
Pipeline database (Risoe National Laboratory, 2010). This figure is based on “issued”
CERs 2003 through 2009 and at the time of the query all projects had at least one
report pending in a state of “awaiting issuance request” for the latter part of 2009.
These CERs may be expressed as Gigagrams (Gg) of HFC-23 by dividing the CER in
KtCO,eq by the GWP of HFC-23 (11700, Second Assessment Report 100-year time
horizon, Forster and Ramaswamy, 2007). This result could be used as a proxy for
HFC-23 incineration in developing countries, however for purposes of this study, and
because of the aforementioned deductions in the CER calculation, it is preferable to
know the actual annual amounts of HFC-23 that were produced but prevented from
escape to the atmosphere, i.e., the annual “non-released” quantities. Therefore we
examined each project monitoring report (220 reports as of March 2010) to account
for HFC-23 quantities produced versus those incinerated, plus any quantities sold, or
placed into or removed from storage, so that we could estimate these annual non-
released quantities. As of March 2010, the 2009 report submissions (both “issued” and
those “awaiting issuance request”) were incomplete as 9 facilities had not yet submit-
ted reports for late 2009 monitoring periods. To estimate the quantity of non-released
HFC-23 for the remainder of the year 2009, we individually estimated amounts for each
of these facilities by linear extrapolation of their reported amounts from 2008 and avail-
able 2009 data. Thus the projected remaining non-release amount total for 2009 is
0.24 Gg or ~3.0% of the reported 2009 total. This 2009 extrapolated value includes
an estimate for Project #1867 (which has yet to submit a report since its registration
in November 2008) that is projected to be ~0.038 Gg in 2009 based on plant capacity.
These annual total quantities of non-released HFC-23 are shown in Fig. 4 and total
23.53 Gg HFC-23 from 2003 to 2009. As can be seen from this figure, this accounting
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yields non-released quantities that are typically ~10% larger than the HFC-23 quanti-
ties deduced from CERs alone due to the aforementioned deductions involved in the
CER calculation.

In addition to the reported HFC-23 production for each monitoring period, these re-
ports also document the corresponding HCFC-22 production. Thus we are able to
accurately deduce the HFC-23/HCFC-22 co-production ratio for each report period for
each project. The annual relative standard deviations of the co-production ratios from
17 facilities ranged between 9.4% and 13.7% between 2003 and 2009. For the years
2000—-2002, which precede the monitoring report periods, estimation of this ratio is
based on the more limited “historical” data taken from the project design documents.
Individual monitoring report ratios from 17 of the 19 projects, along with the annual
mean ratios weighted by the actual production of each plant, are shown in the inset
of Fig. 4. Data from 2 plants were excluded from consideration because, as previ-
ously mentioned, project #1867 has yet to report any data and reported data from the
other plant resulted in inordinately low waste gas ratios that are rarely attained even
with the most optimized of processes. For estimation of the co-production ratio prior to
2000 a linear extrapolation of the 2000—2009 ratio data is used. We use these annual
mean ratios, in combination with HCFC-22 production as given by UNEP, in the next
section to estimate the developing countries’ HFC-23 production. Based on a 2008
total HCFC-22 production of 256.0 Gg from the CDM monitoring reports and the UNEP
2008 developing countries total production of 501 Gg, we attribute ~51% of the total
developing countries HCFC-22 production to the CDM projects. Therefore, we assume
that these CDM annual mean HFC-23/HCFC-22 co-production ratios are representa-
tive of the mean from all developing countries producers. Given the expectation of the
CDM Executive Board that this CDM methodology yields low uncertainties, we conser-
vatively assign +2% to the CDM annual total quantities of non-released HFC-23.
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3.4 Assembling a bottom-up HFC-23 emission history

The data compiled in Sects. 3.1 to 3.3 above are now used to produce an a priori
HFC-23 emission estimate for the inversion modeling. The 1990—-2008 segment of this
a priori will later be considered as a “bottom-up” emission history for comparison with
our top-down emission history. Construction of the a priori may be considered in two
parts and is illustrated in Fig. 5. First, on the assumption that the emissions in the early
years 1943 to 1989 were attributable to developed countries only, they were deduced
as the AFEAS HCFC-22 production data multiplied by the developed countries HFC-
23/HCFC-22 co-production ratio. This ratio was estimated as 0.0225+0.0071, based
on the four-year (1990-1993) average ratio of developed countries’ HFC-23 emissions
(from UNFCCC and assumed equal to production) over developed countries total (dis-
persive plus feedstock) HCFC-22 production from McCulloch (2004).

The second part of the a priori emission history, which spans 1990-2008, is assem-
bled from UNFCCC, UNEP and CDM data of generally greater certainty compared to
the earlier period. This history is the sum of the reported plus the augmented HFC-23
emissions from the UNFCCC and an estimate of developing countries’ emissions. This
developing countries’ estimate is the sum of their HCFC-22 production (UNEP, 2010)
for dispersive and feedstock uses, multiplied by the annual mean ratios of their HFC-
23/HCFC-22 co-production, minus the actual HFC-23 non-released amounts from the
CDM projects, the latter two quantities having been derived in Sect. 3.3. The result-
ing a priori history is shown in Fig. 5, with the segment 1990-2008 that is considered
our “bottom-up” history indicated as a solid red line, and all other years shown as a
dotted red line, including an extrapolated 2009 datum. The overall uncertainties in this
history were estimated based on uncertainties assigned to the individual components
(see Table 2).

In creating the emission estimate for developing countries above, some minor
sources and losses have been assumed to be negligible. For example, any quan-
tity of HFC-23 derived from HCFC-22 production and was consumed as feedstock in
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the production of Halon-1301 (CF3Br) would be an additional loss mechanism not ac-
counted for in our calculation. Developed countries ceased production of Halons in
1994 and developing countries are scheduled to phase-out production of Halons by
2010 under the Montreal Protocol. Production of all types of Halons in China had been
reduced from 30 060 ODP tons in 1998 to 1000 ODP tons in 2008 (World Bank, 2009),
indicating this to be a negligible component in our calculations. Regarding other uses,
McCulloch and Lindley (2007) suggest that “current emissions directly from HFC-23
use, e.g., from fire extinguishing applications, are trivial relative to global production”.
Lastly, semiconductor use of HFC-23 is insignificant and becoming out-dated, as sub-
strates become larger, better etchants and cleaners are now utilized and the most
modern lines use F,. Furthermore, especially in the semiconductor industry, use does
not equal emission, as destruction efficiencies are greater than 90% (Barthos et al.,
2006).

We compared our bottom-up 2004—-2005 mean HFC-23 emission rate of 9.25 Gg/yr
for developing countries with a top-down estimate from Yokouchi et al. (2006), which is
a May 2004 to May 2005 emission rate of 10 (£5) Gg/yr HFC-23 attributed to China.
They derived this estimate using a tracer-ratio technique with a tagged simulation in a
3-D transport model. To determine approximately how much of our developing coun-
tries 2004—2005 mean emission estimate should be attributable to China, we note that,
at that time there were only seven non-Chinese facilities in the developing world that
were not incinerating their HFC-23. Based on our CDM accounting and assuming a
Venezuelan plant capacity of 10 000 Mg HCFC-22/yr, then these seven plants (four in
India, one each in Argentina, Mexico and Venezuela) produced amounts of HCFC-22
in 2007-2009 that were equivalent to ~11% of the total HCFC-22 production in the
developing world. Assuming this same percentage in 2004—2005, then ~89% of our
bottom-up developing countries’ emissions (~8.3 Gg/yr) should have come from China
alone, for an emission estimate that is lower than, but within uncertainties, of the Yok-
ouchi et al. (2006) estimate.
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4 Modeling studies

The AGAGE 2-D atmospheric 12-box chemical transport model has been used exten-
sively in halocarbon emission estimation studies (e.g., Cunnold et al., 1983, 1994) and
is used here to simulate atmospheric mole fractions and sensitivities of these mole
fractions to changes in emissions. The global locations of the AGAGE remote sta-
tions were specifically chosen so as to sample well-mixed “baseline” air masses that
would represent the mole fractions corresponding to each of the four equal-volume
lower tropospheric boxes of the model (the model has vertical divisions at 1000 hPa,
500 hPa, 200 hPa and 0 hPa and represents the latitudinal bands 90° S-30° S, 30° S—
0°, 0°-30° N and 30° N-90° N). Emission estimates were produced using the AGAGE in
situ and CGAA HFC-23 measurements, and the modeled mole fractions and sensitiv-
ities, with an inverse methodology based on an optimal linear recursive least squares
filter of the Kalman type (Gelb, 1974; Prinn, 2000). The construction of the a priori
used in the inverse modeling is described in Sect. 3.4.

The mole fractions derived using the a priori emissions, i.e. without the optimization
provided by the Kalman filter, are shown in Fig. 1 as dashed lines. The agreement
observed between the a priori mole fraction growth rate and the actual observations
is our first indication that the components of the bottom-up history (i.e., the UNFCCC,
UNEP and CDM data) are reasonably accurate. We discuss below the agreement
observed between the a priori emission history and the optimized emissions in a more
detailed examination.

An important aspect of this inverse method is its ability to produce estimates of the
uncertainties in the resulting emissions, and to account for measurement and modeling
errors. The error of each data point used in the inversion includes true measurement er-
rors, along with errors associated with sampling frequency and model/data mismatch,
and is calculated as the square root of the sum of the squares of the individual com-
ponents (e.g. Chen and Prinn, 2006). For the measurement precision of the CGAA we
use the actual analytical precisions, and for the in situ data we use 0.10 pmol mol ™"
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(0.46% RSD), which is the mean precision of one full year (2006) of in situ reference
gas measurements at the AGAGE station in Trinidad Head, California (Miller et al.,
2008). When more than one measurement is available in a given month, the precision
error is correspondingly reduced by the square root of the number of measurements.
As an estimate of the error associated with the scale propagation, we have as a proxy
the precisions of the R1 values (see Analytical Studies above) for each standard gas
as determined by analyses prior to and subsequent to field service. For HFC-23, the
mean R1 scale precision was 0.27%=+0.20% RSD for 56 different standard tank R1
calibrations. The sampling frequency error is a measure of how well the measure-
ments sample the monthly mean mole fractions simulated by the 12-box model, and is
taken to be the monthly baseline standard deviation divided by the square root of the
number of measurements. For the archive measurements where we do not have high
frequency variability information, this term is estimated by scaling the mean baseline
standard deviation from the high-frequency measurements by the ratio of the in situ
and archive mole fractions. The model/data mismatch error is a measure of how well
the model can be expected to reproduce the measurements. We estimate this term as
the standard deviation of the measured monthly baseline variability, as a measure of
the inability of the model to simulate sub-monthly mole fraction variations.

To simulate the destruction of HFC-23 in the atmosphere we consider its reaction
with the hydroxyl radical (OH) in the troposphere and assume a lifetime in the strato-
sphere. The temperature dependent rate of reaction with OH was taken from the Jet
Propulsion Laboratory (JPL) data evaluation 15 (Sander et al., 2006). We use a strato-
spheric lifetime of 2347 years, as derived by Naik et al. (2000), and no ocean sink was
included.

Annual emissions were solved for in each semi-hemisphere from 1978, when the first
measurements were available, through to the end of 2009. The initial concentration
in 1975 was also derived in the inversion, and the emissions from 1975-1977 were
assumed to be equal to that derived in 1978.

The error in the deduced emissions includes both that derived by the Kalman fil-
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ter and an estimate of the modeling uncertainties. The latter term is estimated
by performing the inversion 1000 times, each time with randomly perturbed trans-
port and chemical reaction parameters. The standard deviations of the (Gaus-
sian) perturbations were taken from both the original box model parameter es-
timation inversions and the JPL evaluation. The modeling error is then esti-
mated as the standard deviation of this set of inversions. Figure S2 in the sup-
plementary materials (see http://www.atmos-chem-phys-discuss.net/10/13179/2010/
acpd-10-13179-2010-supplement.pdf) shows the residual differences between the
monthly mean mole fraction observations and the model optimized mole fractions for
the four lower tropospheric boxes of the model.

The a priori latitudinal distribution of the emissions was initially estimated to be as
derived for HCFC-22 by Miller et al. (1998), who estimated that approximately 89% of
emissions originated in the NH. It was found that the derived global annual emissions
were generally insensitive to the prior latitudinal distribution, apart from those in 2006
and 2007, probably as a result of the transition from SH-only to global measurements
during 2007. To incorporate this sensitivity into our emissions estimates, in each of
the perturbations used to estimate modeling error we also randomly perturbed the per-
centage of prior emissions in the NH by +£10% compared to the Miller et al. (1998)
estimates (the £10% range was sampled uniformly). Our “top-down” global emissions
error therefore includes three components: errors derived from the Kalman filter, mod-
eling error and sensitivity of the inversion to the prior spatial distribution.

Given the differences in sampling frequency throughout the record, some parts of the
derived emission time series may be considered more reliable than others. We paid
particular attention to the 2006 emission estimate because it occurs just before the in
situ measurements come online. One may expect the “top-down” values to be sensitive
to the a priori emissions distribution, model transport parameter uncertainty and/or
errors in the scale propagation. To test the reliability of these errors, we produced
several additional emissions estimates including an inversion using only CGAA and
CGO measurements, and separate inversions excluding one or more NH or tropical
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stations. Whilst these inversions produced slightly different results, none were found
to deviate significantly from the emissions and associated errors presented in Fig. 1.
Given the much higher measurement frequency in all semi-hemispheres, we can be
more confident in the emissions down-turn presented for 2008-2009, as reflected in
the smaller error in these years.

5 Results: HFC-23 abundance, trend and emissions

The modeled 2009 annual global lower-tropospheric mean background abundance is
22.8 (£0.2 1-0 confidence interval) pmol mol~'. HFC-23 shows a monotonically in-
creasing trend in atmospheric mole fraction since 1978, with a marked acceleration
during 2004—-2006 (Fig. 1 and Table 3). Accordingly, the modeled HFC-23 emissions
show growth over much of this period. Of particular note is the marked increase in
global HFC-23 emissions to 15.0 (+1.3/-1.2, 68% confidence interval) Gg/yr by 2006,
well above an apparent 1997—2003 “plateau” mean of 10.0+0.7 Gg/yr for an increase of
~50%. This observation is similar in magnitude and timing to that reported by Montzka
et al. (2010) who report emissions based on firn-air and ambient air measurements
from Antarctica. Their mean global HFC-23 emission of 13.5+2 Gg/yr, which is an
average for 2006—2008, is ~50% higher than their 8.7+1 Gg/yr mean emission rate
derived for the 1990s.

However, following this 2004—2006 acceleration, the AGAGE atmospheric abun-
dance record shows a deceleration in the atmospheric HFC-23 growth rate after 2006.
Accordingly, our inverse model results indicate a 43% decrease in HFC-23 emissions
from 2006 to 2009. The 2009 emission estimate of 8.6 (+0.9/-1.0) Gg/yr is ~14%
(~1.4 Gg) below the mean of the 1997-2003 plateau. Global HFC-23 emissions have
not been this low since 1994, one and a half decades ago. We discuss some of the
factors driving this HFC-23 emission decrease in the following section.

A further comparison with other published HFC-23 emission estimates is shown in
Fig. 6. The Oram et al. (1998) emissions are based on GC/MSD analyses of CGAA
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subsamples at the University of East Anglia (UEA), thus it is not coincidence that they
show reasonable agreement with the AGAGE 2-D 12-box model early years results that
are based on the CGAA “parent” samples. However, the extension of these emission
estimates (IPCC, 2005) included flask samples later acquired for UEA at Cape Grim
by pressurization with a KNF UNO5 pump equipped with a Viton diaphragm and valve
plate (P. Steele, personal communication, 2009). This choice of pump material likely led
to the contamination that is apparent by the enhancements in these flask samples, as
expected from the aforementioned out gassing of HFC-23 by Viton. While the Oram et
al. (1998) CGAA subsample analyses show remarkable agreement with the Medusa9
CGAA sample analyses (see Fig. 2), the UEA flask data (Clerbaux et al., 2007) after
~1997 are ~1 ppt higher than subsequent CGAA samples acquired during the same
period as analyzed by Medusa9 and Medusa3. This transition from CGAA subsamples
to UEA Cape Grim flask samples caused the resulting IPCC 2005 emission estimates
to increase too rapidly, by about 1~3 Gg/yr (10-30%) during 1998-2002, relative to the
AGAGE emission estimates.

6 Discussion: quantifying the factors driving recent changes in the HFC-23
trend

As shown in Fig. 5, there is agreement within uncertainties between the top-down and a
priori histories for all years from 1978 to 2008. The a priori estimates in the early years
1978-1989 are controlled by emissions deduced from AFEAS data and the assumed
developed countries HFC-23/HCFC-22 co-production ratio. These early years were
intended solely for use in the inversions, and as their uncertainties are quite large, we
do not further consider their interpretation.

Beginning in 1990, the bottom-up estimates are controlled by emissions from the
developed countries reporting to the UNFCCC and in the later years (after ~2002)
by rapidly increasing HCFC-22 production in developing countries. The agreement
observed between the later years of the bottom-up and top-down HFC-23 emission
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histories yields confidence that the major components determining these emissions
have been accounted for in the bottom-up history. It also suggests a level of credibil-
ity for each of the reported datasets (i.e., the developed countries’ HFC-23 emissions
as reported to the UNFCCC, UNEP HCFC-22 production for developing countries and
amounts of HFC-23 non-release calculated from the CDMs), assuming exclusion of
the possibility of compensation by opposite signed errors among the datasets. In the
1990s, HFC-23 emissions from developed countries dominated all other sources, then
began to decline and eventually became fairly constant during 2003-2008. From the
beginning of that plateau, the major factor controlling the annual dynamics of global
HFC-23 emissions became the historical rise of HCFC-22 production in developing
countries for dispersive uses to a peak in 2007. But incineration by CDM projects
became a larger component during 2007—2009, reducing global HFC-23 emissions
despite a high HCFC-22 dispersive production and a rapidly rising HCFC-22 feedstock
production, both in the developing world. With the dispersive use production com-
ponent scheduled for a faster phase-out after the 2007 Amendment to the Montreal
Protocol, it is the unrestricted feedstock component that is poised to become the domi-
nant source of HFC-23 production. In the near future, the controlling factor determining
whether there is resurgence or continued decline in HFC-23 emissions may be the ex-
tent to which incineration can keep pace to counteract potential growth in feedstock
production.

7 Conclusions

HFC-23 (CHF;) is an unavoidable by-product (at ~1.4 to ~4%) in the industrial man-
ufacture of HCFC-22 (CHCIF,) and historically has been simply vented to the atmo-
sphere following manufacture. HCFC-22 is used extensively in refrigeration, air con-
ditioning and extruded polystyrene (XPS) foam applications, from which it ultimately
escapes to the atmosphere over time scales of up to ~20 years. HCFC-22 is also
used as a feedstock in fluoropolymer production, from which emissions are considered
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negligible in the context of this analysis.

AGAGE observations of HFC-23 atmospheric mole fractions measured by in situ
Medusa instruments at five remote sites around the globe and in archived air sam-
ples from Cape Grim, Tasmania, are presented. These observations provide an at-
mospheric history of unprecedented precision, consistency and traceability that shows
monotonically increasing mole fractions over the past three decades.

An inversion technique using the Kalman filter and the AGAGE 2-D atmospheric 12-
box model yields model mole fractions and annual HFC-23 emissions with rigorously
determined uncertainties. The model 2009 annual mean global lower-tropospheric
mean background abundance is 22.8 (+£0.2) pmol mol~'. The modeled emissions
show a plateau during 1997-2003, followed by a rapid ~50% increase to a peak of
15.0 (+1.3/-1.2) Gg/yr in 2006, consistent with the results of Montzka et al. (2010).
Following this peak, emissions of HFC-23 declined rapidly over the three subsequent
years to 8.6 (+0.9/-1.0) Gg/yr in 2009, a low level not seen in the prior 15 years.

To investigate the response of HFC-23 emissions to HCFC-22 production and recent
HFC-23 emission abatement measures, a bottom-up HFC-23 emission history was
constructed for comparison with our top-down HFC-23 emission history. The bottom-
up history relies on HCFC-22 data provided by UNEP up to 2008, on HFC-23 data
provided by UNFCCC for developed countries emissions to 2008, on CDM HFC-23
incineration monitoring reports for 2003-2009 and on annual HFC-23/HCFC-22 co-
production ratios for developing countries deduced from these CDM reports. The top-
down versus bottom-up HFC-23 emission history comparison shows agreement within
stated uncertainties for all years, with particularly close agreement during 1995—2005.
The bottom-up history shows small, statistically insignificant departures to lower values
in 2006 and 2008. Overall, this level of agreement supports a reasonable confidence
in the HFC-23 emission data reported to the UNFCCC for developed countries and for
HFC-23 incineration data reported by CDM projects, and for data reported to UNEP
under Article 7 of the Montreal Protocol. In the 1990s HFC-23 emissions from devel-
oped countries dominated all other factors controlling emissions, and thereafter they
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began to decline to an eventual six year plateau. From the beginning of that plateau,
the major factor controlling the annual dynamics of global HFC-23 emissions became
the historical rise of HCFC-22 production for dispersive uses in developing countries to
a peak in 2007. But incineration via CDM projects became a larger component during
2007-2009, reducing global HFC-23 emissions despite both a high HCFC-22 disper-
sive production and a rapidly rising feedstock production, both in the developing world.
In the near future, the controlling factor determining whether there is resurgence or con-
tinued decline in HFC-23 emissions may be the extent to which incineration can keep
pace to counteract potential growth in feedstock production. This work underlines the
importance of being able to use atmospheric measurements and model simulations
to estimate emissions of gases such as HFC-23, thereby providing an independent
verification methodology for reported emissions.
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Table 1. Analytical instruments, locations and samples used in this study.

Instrument

Location

Samples and date range

Medusail GC/MSD

Medusa2 GC/MSD

Medusa3 GC/MSD

Medusa4 GC/MSD

Medusa5 GC/MSD

Medusa6 GC/MSD

Medusa9 GC/MSD

La Jolla (SIO), California, USA
(33°N, 117° W)

Mace Head (MHD), Ireland
(53°N, 10°W)

Cape Grim (CGO), Tasmania,
Australia, (41° S, 145°E)

Trinidad Head (THD), California,
USA (41°N, 124° W)

Ragged Point (RPB), Barbados
(13°N, 59° W)

Cape Matatula (SMO),
American Samoa, USA (14°S,
171°W)

Aspendale (ASA), Victoria,
Australia (38° S, 145°E)

Central instrument for absolute
calibrations 2003 to December
2009

In situ October 2007-December
2009

In situ November 2007—-
December 2009; CGAA archive
(1990-2009)

In situ September 2007—
December 2009

In situ August 2007—-December
2009

In situ October 2007—-
September 2009

CGAA archive (1978—-2006)
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Table 2. Uncertainties of a priori component datasets.

Dataset Date range Uncertainty (+1-0) O
(2}
AFEAS HCFC-22 production 1943-1989 +15% 2 B. R. Miller et al.
(7]
@,
HCFC-22 production 1990-1993 +15% S
eCuloch, 2004 L e
©
(¢}
UNEP HCFC-22 production 1989-1992 +25% - ! !
1993-1994 +15% —
1995-2008 5% ~ [Conalusions  References
(72}
Developed countries HFC-23 1990-1994 Variable, range £16.5% to £20.0% g ! !
emissions from UNFCCC 1995-2008 +10% 2
_— . -
CDM HFC-23 incineration 2003-2009 +2% o
Developed tries HFC 1960—2002 15% b
eveloped countries - — +15%
23/HCFC-22 co-production ratio  2003-2009 Variable, range £9.4% to +13.7% — ! !
(rom GDM projects) | Fusomen/Ese
7
(=
o
5
3
QO
©
@
.
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Table 3. Annual mean lower-troposphere global mean mole fractions, growth rates and emis-

sions for HFC-23 (CHF;) from 2-D 12-box model inversions of AGAGE observations.

Global mean Global CHF4 Global annual
CHF3 mole growth rate Global annual CHF; emission
Year fraction (pmol/mol) (pmol/mol/yr) CHF; emissions (Gg/yr) 68% uncertainty (Gg/yr)
1978 3.37 0.33 4.2 +0.9/-0.9
1979 83.73 0.39 4.8 +1.2/-1.2
1980 4.13 0.42 5.2 +1.2/-1.2
1981 4.56 0.44 5.5 +1.2/-1.2
1982 4.97 0.38 5.0 +1.2/-1.2
1983 5.27 0.22 34 +1.4/-1.4
1984 5.53 0.29 3.9 +1.2/-1.2
1985 5.87 0.41 5.1 +1.4/-1.3
1986 6.31 0.48 5.9 +1.2/-13
1987 6.71 0.34 4.6 +1.3/-1.3
1988 7.22 0.67 8.0 +1.4/-1.4
1989 7.76 0.42 5.8 +1.4/-1.4
1990 8.28 0.59 7.4 +0.6/-0.6
1991 8.82 0.50 6.7 +0.7/-0.6
1992 9.34 0.54 7.0 +0.7/-0.7
1993 9.94 0.66 8.3 +0.7/-0.7
1994 10.60 0.66 8.5 +0.7/-0.7
1995 11.27 0.70 9.0 +0.7/-0.7
1996 11.99 0.73 9.5 +0.7/-0.7
1997 12.75 0.79 10.2 +0.7/-0.7
1998 13.54 0.77 10.1 +0.7/-0.7
1999 14.30 0.77 10.1 +0.8/-0.8
2000 15.12 0.87 11.3 +0.8/-0.8
2001 15.88 0.64 9.1 +0.7/-0.7
2002 16.56 0.71 9.6 +0.8/-0.8
2003 17.26 0.71 9.6 +0.8/-0.8
2004 18.06 0.89 115 +0.9/-0.9
2005 18.97 0.95 12.3 +1.0/-1.0
2006 20.05 1.19 15.0 +1.3/-1.2
2007 21.02 0.77 11.0 +1.5/-1.7
2008 21.85 0.88 12.0 +0.6/-0.7
2009 22.56 0.53 8.6 +0.9/-1.0
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Table 4. HCFC-22 (CHCIF,) production and HFC-23 (CHF;) production, emissions and incin-
eration for developing countries, developed countries and global total. The sources of HCFC-22

production data are indicated by footnote letters a—c following the numerical data.

Year Developed Developed Developing Developing Developed Developing Developing CDM CDM Gilobal
countries  countries  countries  countries  countries  countries  countries  “non- CHF4/CHCIF, bottom-
disper- feedstock disper- feedstock  (UN- CHF; CHF; released” co- up CHF,4
sive CHCIF, sive CHCIF, FCCC) prod. prod. CHF3 production emis-
CHCIF, prod. CHCIF, prod.b CHF; from dis- from (Gg) ratio (%) sions
prod. (Gg) prod.b (Gg) emissions® persive feedstock (Gglyr)
(Gg) (Gg) (Gg) CHCIF, CHCIF,

prod. prod.
(Gg) (Gg)

1990 214° 107% 7 0 7.9 0.27 0.00 - 3.74 8.2

1991 237° 1187 10 7 7.7 0.39 0.26 - 3.69 8.3

1992  246° 123% 22 11 7.9 0.81 0.41 - 3.65 9.1

1993 241° 120% 33 11 8.0 1.19 0.38 - 3.60 9.6

1994 220° 120° 42 12 7.2 1.50 0.43 - 3.56 9.1

1995 296° 122° 32 22 7.4 1.14 0.76 - 3.51 9.3

1996 237° 156° 37 22 71 1.27 0.75 - 3.46 9.1

1997 234° 170° 44 20 7.3 1.50 0.67 - 3.42 95

1998 257° 171° 32 18 7.9 1.07 0.62 - 3.37 9.6

1999 237° 169° 84 17 6.4 2.81 0.57 - 3.33 9.8

2000 225° 164° 17 23 6.0 4.04 0.79 - 3.47 10.8

2001 195° 152° 126 29 4.4 3.67 0.84 - 2.90 8.9

2002 183° 156° 140 35 3.8 4.59 1.15 - 3.27 9.5

2003 164° 165° 171 44 238 5.60 1.44 0.036 3.27 9.8

2004 142° 205° 229 60 3.0 715 1.86 0.151 3.12 11.9

2005 160° 187° 272 78 2.9 7.42 2.14 0.351 2.73 12.1

2006 92° 202° 313 91 26 9.31 2.72 1.384 2.98 13.3

2007 141° 198° 361 112 2.8 10.57 3.29 6.310 2.93 10.3

2008 118° 174° 330 171 2.8 9.63 4.99 7.301 2.92 10.1

2009 - - - - - - - 8.000 2.94 -

@ McCulloch (2004).
5 UNEP (2010).

¢ Montzka et al. (2010).
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Fig. 1. Atmospheric HFC-23 (CHF;) mole fractions (left axis and inset) based on the monthly
means of AGAGE “Medusa” GC/MSD in situ measurements at 5 remote sites and from Cape
Grim air archive (CGAA) samples. Model optimized annual mean mole fractions (solid lines)
from inversion using the 2-D 12-box model are shown for the high latitude northern and south-
ern semi-hemisphere boxes. Model annual mean a priori mole fractions are also shown
(dashed lines) to illustrate that the a priori emission estimate produces mole fraction growth
rates that generally agree with the observations. The HFC-23 global emission estimate from
the inversion is shown along with uncertainties (right axis). The atmospheric trend shows de-
celeration in growth since 2006 that is reflected in a maximum emission of 15.0 (+1.3/-1.2) Gg
HFC-23 in 20086, followed by decreasing emissions over the subsequent three years to a low of
8.6 (+0.9/-1.0) Gg, which is the lowest emission of the past 15 years.
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Fig. 2. HFC-23 (CHF;) measurements of Cape Grim air archive (CGAA) samples by two nearly
identical AGAGE instruments (Medusa3 and Medusa9) show excellent agreement despite the
use of different instruments, different reference gases and a 1-3 years time span between
respective analyses. Also shown are University of East Anglia (UEA) analyses of CGAA sub-
samples (Oram et al., 1998) spanning 1978-1997 and of Cape Grim (CGO) flasks collected
1997-2004 for UEA (Clerbaux et al., 2007). The AGAGE CGAA sample analyses and UEA
CGAA subsample analyses show excellent agreement, despite different instruments, indepen-
dent calibration scales and an elapsed time between the different instrument analyses of ~10
years. Note that the CGO flasks (samples collected for UEA after ~1997) show signs of HFC-
23 contamination from the Viton diaphragm and valve plate in the KNF pump used to acquire
these samples. CGAA sampling protocol does not utilize Viton-equipped pumps.
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Fig. 3. Reported data for (a) HCFC-22 (CHCIF,) production for dispersive uses and (b) for
feedstock use for developing and developed countries as compiled from various sources and
were used “as provided”. Data from UNEP, AFEAS and McCulloch (2004) are shown as dotted
lines, while the solid lines denote the combined datasets adopted for use in this study. Pre-1990
feedstock data for developed countries were estimated as the AFEAS dispersive production
multiplied by developed countries feedstock over dispersive production ratio (McCulloch, 2004)
from 1990. These adopted data were used to create the a priori emission history for the 2-D
model inversions. The subset of these data used to create the “bottom-up” HFC-23 emission
history (1990-2008) is tabulated in Table 4. Uncertainties (+10) for these data are denoted by
error bars and are listed in Table 2.
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Fig. 4. Annual amounts of HFC-23 (CHF3) involved in the Clean Development Mechanism (CDM) HFC-23 emission
abatement projects. Registered projects number nineteen and consist of HCFC-22 (CHCIF,) production plants primar-
ily in China and India. These projects have produced Certified Emission Reduction (CER) credits amounting to a total
of 208 238 Ktonnes CO, equivalent (KtCO2eq) between 2003 and 2009 (shown as blue bars and converted to Gg of
HFC-23). A more accurate estimate of the actual annual quantities of HFC-23 that were prevented from emission (red
bars) by the projects was determined by accounting for actual production, incineration, storage, sales and releases
based on data from individual project monitoring reports. These actual annual estimates average ~10% higher than
those deduced from CERs alone. Thus, a total of about 23.53 Gg of HFC-23 was actually prevented from emission to
the atmosphere during 2003—2009. This total includes an additional 0.24 Gg (~3%) of HFC-23 projected to have been
incinerated but not yet reported for 2009 (gray bar). The inset shows the HFC-23/HCFC-22 production ratios (“+”) from
each CDM monitoring report from 17 projects. The annual mean ratios, weighted by production amounts, are shown
as red circles.
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Global emissions (Kalman inversion)

—a priori emission estimate = SUM(a,b.c.d g)
(a) CHF3 incineration, COM

CHFa emission, production or incineration (Gg)

5. (b) CHFa production, developing country dispersive

(c) CHF3 production, developing country feedstock

(d) CHF3 emission, developed country (UNFCCC)

(e) CHF3 emission, developed country

i i i i i i
1980 1985 1990 1995 2000 2005 2010
Year

Fig. 5. Global HFC-23 (CHF;) emissions from a “top-down” method (black line, 68% uncertainties shaded gray),
which are based on inversion of atmospheric observations using the 2-D 12-box model, compared to the a priori
emission estimate (red line, both dotted and solid, with +1-0 uncertainties). The a priori represents the sum of the
contributions from developed and developing countries, as compiled from data submitted to the United Nations Frame-
work Convention on Climate Change (UNFCCC) and the Clean Development Mechanism (CDM), and calculated from
HCFC-22 (CHCIF,) production data from the United Nations Environment Programme (UNEP) and the Alternative
Fluorocarbons Environmental Acceptability Study (AFEAS). A segment of the a priori (1990-2008, solid red line) is
of sufficient certainty to be useful as a “bottom-up” emission estimate in a comparison to the top-down history. The
observed agreement suggests a level of credibility to the UNEP HCFC-22 (HCFC-22) production data, the HFC-23
emissions reported to the UNFCCC and the incinerated quantities of HFC-23 reported by the CDMs.
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Fig. 6. Comparison of AGAGE HFC-23 (CHF;) global emissions with other published results. The AGAGE 2-D
12-box model inversions of AGAGE in situ and Cape Grim air archive data captures the 2001 to 2006 rapid rise in
HFC-23 emissions that was first reported in a Montzka et al. (2010) study that was based on firn air and ambient air
measurements. The AGAGE history resolves the rapid decrease in emissions to 2009. The estimates of Oram et
al. (1998) are derived from UEA GC/MSD measurements of subsamples of the CGAA, thus bear strong resemblance
to the AGAGE estimate. However, the extension of the UEA emissions beyond ~1998 as given in the IPCC (2005)
was based on flask samples that were contaminated during filling (see text for details) and yielding steeper growth
thereafter. The McCulloch (2004) estimates based on inventories show good agreement with AGAGE emissions for
most of their common record, but decline as unaccounted production in developing countries begins to dominate global
production. The Culbertson et al. (2004) 5-year average HFC-23 emission estimates agree well with other estimates
for most years, but the 1990+2.5 year average emission appears low.
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