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We infer global and regional emissions of five of the most abundant
hydrofluorocarbons (HFCs) using atmospheric measurements from
the Advanced Global Atmospheric Gases Experiment and the Na-
tional Institute for Environmental Studies, Japan, networks. We
find that the total CO,-equivalent emissions of the five HFCs from
countries that are required to provide detailed, annual reports to
the United Nations Framework Convention on Climate Change
(UNFCCC) increased from 198 (175-221) Tg-CO,-eq:y ™" in 2007 to
275 (246-304) Tg-CO,-eq-y~' in 2012. These global warming po-
tential-weighted aggregated emissions agree well with those re-
ported to the UNFCCC throughout this period and indicate that
the gap between reported emissions and global HFC emissions
derived from atmospheric trends is almost entirely due to emis-
sions from nonreporting countries. However, our measurement-
based estimates of individual HFC species suggest that emissions,
from reporting countries, of the most abundant HFC, HFC-134a,
were only 79% (63-95%) of the UNFCCC inventory total, while
other HFC emissions were significantly greater than the reported
values. These results suggest that there are inaccuracies in the
reporting methods for individual HFCs, which appear to cancel
when aggregated together.
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Over the past two decades, emissions of hydrofluorocarbons
(HFCs) have been growing rapidly as they replace the ozone-
depleting chlorofluorocarbons and hydrochlorofluorocarbons
(HCFCs). These compounds are used in applications such as re-
frigeration, air conditioning, and foam blowing, and as aerosol
propellants and fire retardants (1). While the HFCs do not destroy
stratospheric ozone, they are potent greenhouse gases, each with a
considerable global warming potential (GWP) (2). As such, the
HFCs were covered under the terms of the Kyoto Protocol to
the United Nations Framework Convention on Climate Change
(UNFCCC) (3), which places requirements on developed coun-
tries to provide detailed annual inventory reports of their emis-
sions. The 42 countries that make up this group are referred to as
Annex I countries.

The role of HFCs in contributing to global radiative forcing is
estimated to be significant if emissions continue to rise as pro-
jected without any regulation (4). The inclusion of these non-ozone-
depleting gases within the Montreal Protocol (5) has been proposed
as a means of limiting their emissions via production/consumption
controls, and therefore maintaining the climate benefits of the
Protocol (6-8). The emissions reports that underpin the Montreal
Protocol negotiations are calculated from a bottom-up perspective,
where local activity data are combined with emission factors and
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aggregated to form the national inventory. These inventories are
the subject of some uncertainty, resulting in calls for them to be
verified by direct atmospheric measurements (e.g., refs. 9 and 10).

By examining global trends of HFCs in the atmosphere, it has
been shown recently that aggregated global total HFC emissions
were largely consistent with those reported by Annex I countries
until the late 1990s (8). However, in recent years, inferred global
HFC emissions have grown considerably faster than the Annex I
reported estimates, to the extent that, in 2012, the total HFC
emissions reported by the Annex I countries accounted for less
than half of the global estimate inferred from observations (8).
Despite efforts to use atmospheric measurements to derive
emissions of individual HFCs on the global scale (e.g., refs. 11—
14), or for certain regions (e.g., refs. 14-21), it is unclear to what
extent this discrepancy in the aggregated total is due to the fact
that many nations are not required to report HFC emissions, or
because of errors in the reports themselves.

In this work, we seek to determine whether the reported
emissions are accurate for five of the most abundant HFCs in the
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atmosphere: HFC-32 (CH,F,), HFC-125 (C,HFs), HFC-134a
(CHyF,), HFC-143a (C;H3F3), and HFC-152a (C,H4F;). These
HFCs are primarily used in air conditioning and refrigeration
equipment, sources which, we assume, are relatively continuous
and weighted toward population centers. We have not included
HFC-23 in this analysis, because it is nearly exclusively emitted
as a by-product of HCFC-22 production and therefore has very
different emissions characteristics from the other major HFCs.
Based on these individual HFC emissions estimates, we seek to
determine the source of the discrepancy between estimated
global HFC emissions and the total reported emissions. To de-
termine the top-down emissions of these gases from reporting
and nonreporting regions, a global trace gas monitoring network
and 3D models of the transport and chemistry of these gases
are required.

Using Atmospheric Measurements to Estimate Global and
Regional HFC Emissions

To infer emissions, we used observations from two networks that
measure all of the major HFCs at high frequency and high
precision in the atmosphere: the Advanced Global Atmospheric
Gases Experiment (AGAGE) (22) and the National Institute for
Environmental Studies, Japan (NIES) (21). These networks are
sensitive to many areas of the world for which HFC emissions are
reported (shown by the blue areas in Fig. 1), and also to areas
that remain unreported (yellow regions). We derived emissions
from subregions within these two distinct areas using the ob-
servations and two chemical transport models.

Following ref. 23, the high-resolution, regional Numerical At-
mospheric dispersion Modeling Environment (NAME) (24, 25) was
used to simulate atmospheric HFC transport close to the moni-
toring sites. Simultaneously, the influence of changes to the global
emissions field on all measurement stations was simulated using the
global Model for OZone and Related Tracers (MOZART) (26) (SI
Text). While the measurement network is relatively sparse in several
regions of the world, the inversion system was designed to appro-
priately weight the emissions information that can be derived from
global networks such as AGAGE and NIES. The high-resolution
model was run within four regions, shown by red boxes in Fig. 1,
outlining areas where the measurement stations were strongly
influenced by regional HFC sources. These four areas were fur-
ther divided into 155 subregions in total, from which emissions
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Fig. 1. Location of AGAGE and NIES stations, showing, from north to south:
ZEP, Ny Alesund, Norway; MHD, Mace Head, Ireland; JFJ, Jungfraujoch,
Switzerland; CMN, Mt. Cimone, Italy; THD, Trinidad Head, United States;
GSN, Gosan, South Korea; HAT, Hateruma, Japan; RPB, Ragged Point, Bar-
bados; SMO, Cape Matatula, American Samoa; and CGO, Cape Grim, Aus-
tralia. Red boxes indicate local regions where the NAME model was used
with increased resolution compared with the global MOZART model, which
was run for the remainder of the globe. Annex | countries are shaded blue,
and non-Annex | are in pale yellow.
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were derived. Outside of these four regions, sensitivities were
calculated of modeled mole fractions to changes in continental
emissions from seven “nonlocal” regions representing North
America, South America, Europe, Africa, Oceania, Asian Annex [
countries, and Asian non-Annex I countries. We estimated annual
emissions for the period 2007-2012 from these 162 areas of the
world and aggregated these emissions into two categories: those
from Annex I countries and those from non-Annex I countries.

A hierarchical Bayesian framework was used to derive emis-
sions and their uncertainties. This technique allows a more
thorough exploration of uncertainties in the observations, prior
constraints, and the chemical transport models than standard
Bayesian methods (27) (see SI Text).

A priori emissions estimates were taken from the Emissions
Database for Global Atmospheric Research (EDGAR v4.2) (28),
which, like the UNFCCC reports, uses a bottom-up methodology,
but shows different regional and temporal distributions. Recent
work has revealed significant seasonality in global emissions of
HFC-134a (29). We investigated whether our inversion of HFC-
134a indicated a similar seasonality, and whether the derived an-
nual emissions could be improved by accounting for seasonality in
the prior emissions field. We further looked at the inclusion of
seasonally varying prior emissions of HFC-125 and HFC-143a, as
has previously been suggested (15). We did not investigate HFC-
32 and HFC-152a as there was no previous suggestion of signifi-
cant seasonality in emissions of these gases. We found closer
agreement between the model and observations at northern
hemisphere background sites for HFC-134a when summertime
emissions were assumed twice as large as winter, as opposed to a
constant annual field, in agreement with recent studies (29).
However, when seasonal changes were included for HFC-143a,
we found no such reduction in the model-measurement re-
siduals, while the residual for HFC-125 increased slightly. In light
of this, a seasonally varying prior emissions field was assumed for
HFC-134a but a constant field was assumed in the inversion for
HFC-125 and HFC-143a (see SI Text and Table S1). Since the
focus of this work is on annual or multiannual scale emissions
from large regions, our results were not appreciably affected by
the inclusion, or otherwise, of this seasonality.

The top-down emissions estimates we present are the median
of the posterior distributions obtained from our inversion with
uncertainty ranges representing the fifth through 95th percentiles.
Results presented in aggregate, in CO, equivalents, have been
computed using the 100-y GWP (GWP,() values from the Inter-
governmental Panel on Climate Change, Second Assessment Re-
port (30). Although these are not the most recent GWPs reported
for the HFCs, these values are still used in the UNFCCC reports
and were used throughout this work for consistency (see SI Text
and Table S2).

Regional Attribution of Global HFC Emissions

Similarly to ref. 8, we find a dramatic rise in global emissions of
the five HFCs during the study period (Fig. 2), from 303 (282-323)
Tg CO-eqy " in 2007 to 468 (436-500) Tg CO-eqy " in 2012; a
mean increase each year of 33 (22-44) Tg CO,-eq (similar to the
annual fossil fuel CO, emissions of New Zealand). As also shown
in Fig. 2, our emissions estimates for only the Annex I countries
agree with the reports to the UNFCCC remarkably well in terms
of GWP,yo-weighted emissions. The reports suggest that these
emissions rose from 199 Tg CO,-eqy " in 2007 to 260 Tg CO»-eqy
in 2012, well within the uncertainties of our estimates of 198
(175-221) Tg CO,-eqy ™" in 2007 and 275 (246-304) Tg CO»-eqy "
in 2012. This suggests that the UNFCCC reports provide an
accurate representation of the Annex I HFC emissions when the
five gases are aggregated together, and indicates that the pre-
viously noted discrepancy between global top-down and reported
aggregate emissions is due primarily to the fact that many na-
tions are not required to submit detailed annual emissions
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reports. Indeed, we find that non-Annex I countries accounted for
42% (39-45%) of the total CO,-equivalent emissions for these
gases, averaged across 2010-2012. This is in contrast to the
EDGAR estimates for 2007-2008, where non-Annex I aggre-
gated emissions appear to be unrealistically small (Figs. 2 and 3).

Annex | Emissions: Right for the Wrong Reasons

In contrast to the high level of agreement of our estimates with
the aggregated HFC reports, we derive significant discrepancies
when emissions of these five species are analyzed individually
(Fig. 3). Our estimated Annex I emissions of HFC-134a were
found to be 21% (37-5%) lower than the UNFCCC inventory. In
contrast, our estimates of the emissions of HFC-125 and HFC-
143a were 20% (7-34%) and 33% (15-49%), respectively, higher
than the inventory. There was no significant difference between
the two Annex I estimates for HFC-32.

Estimated emissions of HFC-152a were more than 8 times
greater than the inventory (Fig. 3). However, reporting of this
compound is known to be incomplete, with several countries not
reporting their emissions as a result of confidentiality consider-
ations, due to the limited number of producers. Instead, emis-
sions of HFC-152a from some countries, but not all, are included
in a category of an “unspecified mix” of HFCs. We note that
North America is the primary contributor to our derived Annex I
total for HFC-152a, and that the absence of any such individual
HFC-152a estimate submitted to the UNFCCC is likely to be the
major reason for such a large discrepancy at the global scale (this
region being responsible for approximately three quarters of
global emissions in our inversion).

If we add this unspecified mix to the aggregate UNFCCC emis-
sions of these five species, we obtain an 8-10% increase in the
total reported (Fig. 2), reducing the agreement with our top-down
aggregated emissions estimates by a similar margin (although still
largely falling within our uncertainties). This would represent an
upper limit of the error that these unspecified emissions would
induce in the aggregated reports, as this category likely includes
emissions of gases other than the five of interest here.
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Fig. 2. Combined emissions of the five HFCs from 2007 to 2012 showing
top-down estimates of global emissions (blue), Annex | emissions (green) and
non-Annex | emissions (red). Shading reflects the fifth to 95th percentile of
each estimate. UNFCCC emissions are shown as a black dash-dotted line, and
UNFCCC reported emissions including an unspecified mix of HFCs are given
by the black dotted line. EDGAR Annex | (orange dashed) and EDGAR non-
Annex | (purple dashed) estimates are included for 2007-2008. Global esti-
mates inferred from AGAGE data using a global 2D model from ref. 8 are
also shown for comparison (gray).
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Approximately 60% of emissions in the unspecified mix category
were reported by Japan, almost all of which it attributes to the
refrigeration and air conditioning sector. Since HFC-134a is the
dominant source of emissions from this sector, it is highly likely
that a disaggregation of the unspecified mix would result in
reported emissions of HFC-134a being greater than the amount
that is currently explicitly reported. If true, this would have the
effect of increasing the apparent discrepancy with our estimates.
Conversely, additional reporting of HFC-125 and HFC-143a in
the unspecified mix category would reduce the disparity between
the estimates of this compound. Therefore, it is likely that the
incomplete reporting of individual HFC species by Annex I
countries could explain some, but not all, of the discrepancy be-
tween our estimates and the reports of HFC-125, HFC-143a, and
HFC-152a. However, it would increase the overreporting of
HFC-134a and reduce the overall agreement of our estimates
with the aggregate HFC emissions reports.

When combined into GWP;g-weighted CO, equivalents, the
apparent overreporting of HFC-134a and the underreporting of
HFC-125, HFC-143a, and HFC-152a cancel, such that the close
agreement between reported aggregated HFC emissions and our
top-down estimates is restored (notwithstanding the unspecified
mix). However, when we analyze emissions from individual
countries or subregions, we find that this pattern is not consistent
across individual reporting nations (see SI Text and Table S3).
Furthermore, the information provided to the UNFCCC shows
that individual nations often assume significantly different emissions
factors from each other, or use different activity metrics. Therefore,
we propose that the close agreement in total Annex I aggregated
HFC emissions is most likely to be primarily due to a fortuitous
cancellation of errors in individual HFC reporting methods.

These results are shown by various tests to be largely indepen-
dent of the a priori distribution of emissions, or the configuration
of the measurement network (see SI Text and Figs. S1 and S2).
Furthermore, inversions in which total UNFCCC emissions were
assumed correct for each HFC provided significantly poorer
agreement to the available measurements than our derived results
(see SI Text, Table S4, and Figs. S3—S5). We note that the can-
cellation of errors applies only in terms GWPg-weighted emis-
sions and not in terms of total mass or moles of HFC emitted.

Emissions Trends from Annex | and Non-Annex | Countries

Table 1 shows our estimated Annex I emissions in gigagrams per
year as well as the UNFCCC totals averaged across two time
periods: 2007-2009 and 2010-2012. Annex I emissions of each
HFC have increased across the two averaging periods. There is
little or no trend in the differences between the UNFCCC in-
ventory and our estimates for each gas, suggesting that the biases
in the estimates discussed above have existed for the entire pe-
riod investigated. The largest rises for Annex I countries, in
percentage terms, were for HFC-32 and HFC-125, where in-
creases of 63% (54-70%) and 44% (36-53%) were derived be-
tween these periods. This is likely to reflect the increased use of
refrigerant blends containing these compounds, such as R410A
(50% HFC-125, 50% HFC-32), in stationary air conditioning.
The timing of this rise is in line with the phase-out of HCFC-22
use in new air conditioning units at the end of 2009, as mandated
under the Montreal Protocol. Indeed, global growth of HCFC-22
emissions appears to have slowed since 2008 (8). R410A has
been used as the primary replacement for HCFC-22 in stationary
air conditioning, and this rapid rise in emissions of HFC-32 and
HFC-125 might be expected to continue, as the phase-out of
HCFC-22 is ongoing. In contrast to the rapid rise of these gases,
emissions of HFC-143a and HFC-152a grew more moderately at
13% (5-21%) and 15% (12-18%), respectively. Smaller growth
still was found for HFC-134a [9% (3-16%)], perhaps reflecting
the influence of policy measures in Annex I countries such as the
European F-gas and mobile air conditioning directives (31, 32).

PNAS Early Edition | 3 of 5

EARTH, ATMOSPHERIC,
AND PLANETARY SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420247112/-/DCSupplemental/pnas.201420247SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420247112/-/DCSupplemental/pnas.201420247SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420247112/-/DCSupplemental/pnas.201420247SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420247112/-/DCSupplemental/pnas.201420247SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420247112/-/DCSupplemental/pnas.201420247SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420247112/-/DCSupplemental/pnas.201420247SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420247112/-/DCSupplemental/pnas.201420247SI.pdf?targetid=nameddest=ST4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420247112/-/DCSupplemental/pnas.201420247SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420247112/-/DCSupplemental/pnas.201420247SI.pdf?targetid=nameddest=SF5

L T

CO,eq emissions (Tg yr')
=
o

/

1\

=y

200 —

B I This work Annex | b
- I UNFCCC Annex | B
- I EDGAR Annex | 2008 -
I This work Non-Annex |

I EDGAR non-Annex | 2008

-
a
S
I
|

50

HFC-152a° HFC-32

HFC-134a = HFC-125 HFC-143a HFC-152a

HFC-32

Fig. 3. Mean emissions during 2010-2012 of each HFC inferred for all An-
nex | countries (green) and non-Annex | countries (red). Also shown are the
Annex | UNFCCC inventory (blue), EDGAR Annex | (orange), and EDGAR non-
Annex | estimates (violet). EDGAR values are for 2008, the last year of
available data. Uncertainty bars reflect the fifth to 95th percentile of the
inferred emission estimates.

Table 1 and Fig. 2 also show the rapid growth of HFC emis-
sions in non-Annex I countries. In a similar pattern to Annex I
countries, the largest percentage increases were for HFC-32 and
HFC-125, of 166% (149-189%) and 100% (77-132%), respec-
tively, perhaps reflecting similar pressures to phase down HCFC-
22 use. However, in contrast to the relatively slow growth of
HFC-134a in Annex I countries, non-Annex I emissions grew by
29% (16-41%) in our estimates, perhaps reflecting the increased
use of mobile air conditioning in these countries.

A significant proportion of the non-Annex I emissions are at-
tributed to East Asian countries (which include China and South
Korea) surrounding two of the measurement sites. Aggregated
HFC emissions from this non-Annex I East Asian region averaged
42 (36-50) Tg CO-eqy ™" from 2007 to 2009, rising to 60 (53-70)
Tg CO,-eqy ' from 2010 to 2012. These emissions comprised
33% (29-39%) of the non-Annex I total in the latter period and
14% (12-16%) of the global total. The size and growth of these
estimates highlight that there was a significant contribution from
East Asia emissions to the non-Annex I total, the monitoring of
which could be important for future policy decisions. However, the
results also indicate there are other areas of the globe that are
likely to have significant emissions (such as south Asia, Africa, and
South America) but are not well monitored by the current

AGAGE and NIES networks. A further breakdown of regional
and national emissions estimates is given in Table S3.

Future of HFC Emissions Verification

Owing to the relatively sparse nature of the measurement net-
work, this paper has largely focused on aggregated emissions
from large regions of the world (primarily total Annex I and non-
Annex I emissions). We find that, at these scales, our results are
robust to a range of sensitivity tests (see SI Text and Figs. S1 and
S2), to well within our derived uncertainties. The tests show that
errors in the a priori uncertainty, or due to sparse spatial sampling,
are not likely to strongly influence our conclusions. However,
uncertainties in the chemical transport model may be important,
and methods that can more fully incorporate such factors into
inverse methods must be developed in future. Furthermore, in
the future, if we are to better understand the discrepancies we
see in the HFC emissions reports, or monitor the effectiveness
of various policy directives [e.g., the proposed changes to the
Montreal Protocol, or the European mobile air conditioning di-
rective (32)], it is important that we be able to derive emissions at
national scales. As indicated in Fig. 1, there are several regions of
the world to which the AGAGE and NIES networks are relatively
insensitive at present (e.g., the east coast of the United States or
South Asia). Therefore, in our analysis, uncertainties are relatively
large for certain important regions. Recent studies have used ex-
panded national networks to derive emissions of some of these
species in certain regions [e.g., recently derived HFC-134a emis-
sions from the United States using measurements from the Na-
tional Oceanic and Atmospheric Administration (NOAA) network
(33)]. If national emissions verification is to become more robust,
such efforts will be needed across the globe.

Conclusions

We present global and regional emissions estimates of five of the
major HFCs. Combined GWP;y-weighted emissions of these
gases from Annex I countries were 250 (223-277) Tg COx-eqy ™"
averaged across 2010-2012 and were in good agreement with the
UNFCCC inventory reports throughout the inversion period.
This shows that the recently noted discrepancy between global
emissions inferred from atmospheric measurements and the
UNFCCC reported emissions is largely due to nonreporting
countries. However, we find that this agreement in GWPjq-
weighted aggregated Annex I emissions is due to a cancellation
of apparent errors in the inventory estimates of individual HFCs
rather than to species-specific accurate reporting. Our estimated
Annex I emissions of HFC-134a during 2010-2012 were 21%
(37-5%) lower than the UNFCCC inventory, while HFC-125
and HFC-143a emissions were, respectively, 20% (7-34%) and
33% (15-49%) higher than those reported. Incomplete reporting
of some compounds owing to confidentiality considerations may

Table 1. Three-year averaged Annex I, UNFCCC, and non-Annex | emissions for each HFC in gigagrams per year
Difference (UNFCCC
Compound Years This work Annex | UNFCCC minus this work) This work non-Annex |
HFC-134a 2007-2009 82.0 (66.8-97.1) 108.0 26.0 59.9 (45.4-74.0)
2010-2012 88.8 (71.1-106.7) 112.0 23.2 77.7 (57.6-96.6)
HFC-125 2007-2009 17.0 (14.9-19.0) 12.9 -4.0 7.8 (6.1-9.6)
2010-2012 24.4 (21.7-27.2) 20.4 —4.1 15.5 (12.4-18.5)
HFC-143a 2007-2009 12.7 (11.0-14.2) 8.1 -4.6 4.9 (3.5-6.3)
2010-2012 14.3 (12.4-16.1) 10.8 -35 7.8 (5.9-9.8)
HFC-32 2007-2009 5.9 (4.5-7.2) 4.5 -1.4 3.3(2.3-4.2)
2010-2012 9.4 (7.5-11.3) 9.0 -0.5 8.8 (6.9-10.8)
HFC-152a 2007-2009 35.2 (27.7-42.6) 4.5 -30.8 6.6 (4.3-9.2)
2010-2012 40.2 (31.1-49.3) 5.0 -35.3 6.6 (3.9-9.8)
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be partially responsible for some of this discrepancy. Emissions
from Annex I countries accounted for 58% (55-61%) of the
global total CO,-equivalent emissions of the five HFCs averaged
across 2010-2012. A range of sensitivity tests show that our re-
sults are robust at the global scales examined here. However, if
we are to examine errors in emissions reports at the national
level for all reporting countries, an expansion to the monitoring
network will be required.
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