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ABSTRACT: High-frequency in situ measurements at Gosan
(Jeju Island, Korea) during November 2007 to December 2008
have been combined with interspecies correlation analysis to
estimate national emissions of halogenated compounds (HCs) in
East Asia, including the chlorofluorocarbons (CFCs), halons, hydro-
chlorofluorocarbons (HCFCs), hydrofluorocarbons (HFCs), per-
fluorocarbons (PFCs), sulfur hexafluoride (SF6), and other chlori-
nated and brominated compounds. Our results suggest that overall
China is the dominant emitter of HCs in East Asia, however
significant emissions are also found in South Korea, Japan and
Taiwan forHFC-134a,HFC-143a, C2F6, SF6, CH3CCl3, andHFC-
365mfc. The combined emissions of CFCs, halon-1211, HCFCs, HFCs, PFCs, and SF6 from all four countries in 2008 are 25.3, 1.6, 135,
42.6, 3.6, and 2.0 kt/a, respectively. They account for approximately 15%, 26%, 29%, 16%, 32%, and 26.5% of global emissions, respectively.
Our results show signs that Japan has successfully phased outCFCs andHCFCs in compliancewith theMontreal Protocol (MP), Korea has
started transitioning fromHCFCs toHFCs, while China still significantly consumesHCFCs. Taiwan, while not directly regulated under the
MP, is shown to have adapted the use ofHFCs. Combined analysis of emission rates and the interspecies correlationmatrix presented in this
study proves to be a powerful tool for monitoring and diagnosing changes in consumption of HCs in East Asia.
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’ INTRODUCTION

Many halogenated compounds (HCs) including chlorofluoro-
carbons (CFCs), hydrochlorofluorocarbons (HCFCs), bromine
containing halocarbons (halons, CH3Br), and long-lived chlori-
nated solvents (CCl4, CH3CCl3) are regulated by the Montreal
Protocol (MP) due to their role in the depletion of the strato-
spheric ozone layer.1 Therefore, use of these anthropogenic
ozone-depleting substances (ODSs) has generally been banned
in non-Article 5 parties (mainly developed countries) since 1996
(2020 for HCFCs), but for the Article 5 parties (mainly devel-
oping countries) their continued use is generally permitted until
their phase-out schedule is completed with a total ban by 2010
(2015 for CH3CCl3 and 2030 for HCFCs). Other HCs such as
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and
sulfur hexafluoride (SF6) do not have direct impacts on strato-
spheric ozone but contribute to global warming. Hence, these
compounds are regulated in developed countries under the
Kyoto Protocol (KP) of the United Nations Framework Con-
vention on Climate Change (UNFCCC). Global concentrations
of CFCs in the atmosphere have stabilized or are declining as a
result of compliance with the MP.2 On the other hand, increased
use of HCFCs and HFCs has led to a surge in their atmospheric
concentrations.3,4 HCFCs are interim replacement compounds
for CFCs currently consumed mainly in developing countries. At
present HFCs are dominantly consumed in developed countries
as substitutes for both CFCs and HCFCs such as refrigerant
blends (HFC-32, HFC-125, HFC-143a).4

Emissions of HCs in East Asia are of interest because they are
expected to be a significant proportion of the global total3 and also
because these emissions will change as each country adapts dif-
ferently to the MP and the KP. China and Korea are ‘Article 50
countries in the MP and therefore have to complete the phase-out
schedule of CFCs, halons, and CCl4 by 2010, CH3CCl3 by 2015,
and HCFCs by 2030. Japan is a “Non-Article 5” country and
currently mandated to phase out consumption of all ODSs. Taiwan
is not directly regulated under the MP and the KP, but still is
reported to be implementing policies to control emissions ofHCs.5

The changes in emissions of HCs in East Asia are not suf-
ficiently understood to validate consumption changes in this
region. The first attempt to characterize the emissions of HCs in
Asia was the Transport and Chemical Evolution over the Pacific
(TRACE-P) field campaign in 2001, which used aircraft mea-
surements to estimate emissions of major HCs in China, Korea,
and Japan.6 Japan’s 2001 emissions for a wide range of HCs were
estimated also using separate aircraft measurements.7 Aircraft
studies can provide a snapshot of emissions but are usually
limited by sampling frequency and cannot replace long-term
monitoring. As a consequence, most of the recent studies have
used in situ high-frequency measurements to derive emissions of
HCs in East Asia,8�12 however these studies only looked at a few
HCs and/or were regional in scope, for example, the most recent
study focused solely on HCs emissions from China.8

In this study, we estimate the emissions of 24 major HCs in
China, Taiwan, Korea, and Japan for 2008, including CFCs
(CFC-11, CFC-12, CFC-113, andCFC-114), HCFCs (HCFC-22,
HCFC-141b, and HCFC142b), HFCs (HFC-23, HFC-134a,
HFC-152a, HFC-32, HFC-125, HFC-143a, HFC-365mfc), ha-
lons (H-1211), PFCs (CF4, C2F6 and C3F8), SF6, and other
chlorinated and brominated compounds (CH3Cl, CH2Cl2, CHCl3,
CH3CCl3, and CH3Br). Our top-down approach is based on high-
frequency in situ measurements at Gosan (33.25�N, 126.19�E, Jeju

Island, Korea), which has been shown to be an important site to
understand the atmospheric outflow from East Asia.8 The results
presented in this study are based on measurements taken from
November 2007 to December 2008. Both interspecies correlation
matrix and derived emissions for 2008 are analyzed to characterize
the emission patterns in East Asia and determine the effects of the
MP in this region.

’MATERIALS AND METHODS

Sampling and Analysis. Ambient concentrations of haloge-
nated compounds have been analyzed every two hours using the
“Medusa” cryogenic preconcentration system with gas chroma-
tograph and mass selective detector (GC-MSD)13 as part of the
Advanced Global Atmospheric Gases Experiment (AGAGE)
network. Precisions derived from repeated analysis (n = 12) of
an ambient air sample in a tank are better than 1% for most
compounds (see Supporting Information (SI) Table S1). The
compounds measured here are on calibration scales developed at
the Scripps Institution of Oceanography (SIO)14 with the excep-
tion of HFC-125 and CH2Cl2 which are on the UB-98 scale
(University of Bristol) and HFC-365mfc which is on the Empa-
2003 scale (Swiss Federal Laboratories for Materials Science and
Technology). The measurement results from November 2007 to
December 2008 used in this study are shown in Figure 1.
Air Mass Characteristics at Gosan. Air-masses observed at

Gosan are predominantly of northwesterly and northeasterly
continental origin in the spring, fall, and winter seasons and
therefore carry signals of pollution fromChina, Korea, and Japan.

Figure 1. Time-series of CFC-11, HCFC-22, HFC-32, and SF6 mea-
surements at Gosan. The measurement data were affected by emissions
sources from China mainland (34%) shown in red, Taiwan region (2%)
in blue, Korea(19%) in purple, Japan (8%) in green, and mixed and
unclassified data in gray.
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The monsoon brings oceanic background air from the southern
regions to Gosan in summer (see SI Figure S2).
To separate emission influences for each country in East Asia,

we combined air-mass back-trajectory analysis with a tracer
method based on the HFC-23/HCFC-22 ratio (explained in
detail in the SI). Results of our source region classification
analysis showed that most air-masses (34%) are affected by
mainland China, whereas 2%, 19%, and 8% of air-masses are
affected by Taiwan, Korea, and Japan, respectively. Periods with
mixed air events (15% for China and Korea mixes, and 4% for
Korea and Japanmixes) were excluded from further analysis. The
other 18% of air-masses were thought to be not affected by the
four source regions, which represent clean air-masses originating
from the Pacific in the south and from Siberia in the north.
Emission Estimates by Interspecies Correlation. Emission

rates for each country were estimated using an interspecies
correlation method, in which the emission rates of comeasured,

correlating compounds can be calculated from the ratio to a
reference tracer with known emission rates.6�9 This method is
based on the assumption that correlating compounds have
colocated emission sources, which may be reasonable for many
of the compounds considered in this study with similar industrial
uses and emissions. To determine a suitable reference tracer for
estimating the national emissions in East Asia, an interspecies
correlation matrix was derived for each country along with mean
enhanced concentrations calculated for each compound
(Figure 2). A good reference tracer should ideally show both
statistically significant correlation with most other compounds
and a high emission rate to achieve lower uncertainties. The
mean enhanced concentrations are thought to be proportional to
emission rates of the compound for each emissions country.
For China, Korea, and Taiwan, HCFC-22 was determined to

be the most suitable reference tracer because of good correlation
with most other compounds and its high mean enhanced

Figure 2. Interspecies correlation coefficient (R2) for each country in East Asia (P < 0.05). When R2 is less than 0.4 (poor correlation indicating that the
two compounds do not have common sources and/or that emissions of one or both compounds are very low) the value is shown on a white background;
All other R2 were grouped in three groups: (1) R2 = 0.4�0.5 (some correlations indicating that some sources of the two compounds are colocated or the
same), 0.5�0.7 and larger than 0.7 (good and excellent correlations which indicates that many or most sources of the two compounds are colocated or
the same). The lower plot shows the mean of enhanced concentrations above baseline concentration for each compound.
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concentrations, while HFC-134a was chosen for Japan based on
identical criteria. Emissions of the reference tracers were calcu-
lated with the inverse method based on FLEXPART transport
model analysis, explained in detail in Stohl et al.10 The imple-
mentation of the inverse model is identical to that of Kim et al.8

constrained by observations at Gosan. Of note, using only Gosan
measurements in the model, the emissions were higher by∼25%
for HCFC-22 from China and by ∼50% for HFC-134a from
Japan than those deduced frommeasurements at multiple sites in
East Asia using a practically identical method.10

The uncertainty in emissions calculated using this method,
shown in Table 1, take into account the uncertainties in the
emissions of the reference tracer and in the slope. The largest
source of uncertainty comes from the inversion of the reference
tracer, which are derived by assuming a 50% uncertainty range for

the a priori emissions used for the inversion calculations. The
inversion process reduces this to 27% for China, 23% for Taiwan,
and 5% for Korea and Japan, respectively. Uncertainties of the
slope (typically∼5�10%, except∼15% for Taiwan, attributable
to a smaller data set for this region) are calculated using a
Williamson-York linear least-squares fitting method15 which
takes into account the measurement uncertainties of both the
target and reference compounds. Another important source of
uncertainty in our calculations is the inherent uncertainty of the
global meteorological data used in the FLEXPART inversions
(operational and 3 h forecast 1� � 1� meteorology from
ECMWF), which could not be explicitly determined this study,
and is the subject of further research
Of note, air-masses from Taiwan were only observed during

summerwhen air-masses originate from the SouthernHemisphere

Table 1. Emissions of Halogenated Compounds from China Mainland, Taiwan Region, Korea, and Japan (kt/a) and
Contributions to Global Emissions from November 2007 to December 2008a

emissions (kt/a)

compound China mainland Taiwan region Korea Japan total (% global)c

CFC-11 11 (9�15) 0.3 (0.2�0.4) 0.9 (0.8�1.1) 1.1 (0.7�1.4) 13.3 16

CFC-12 6.1 (4.4�8.5) 0.2 (0.1�0.3) 0.8 (0.7�0.9) 0.9 (0.7�1.1) 8.0 10

CFC-113 3.2 (2.5�3.8) * * * 3.2 64

CFC-114 1.3 (0.9�1.8) * * * 1.3

HCFC-22 83b (64�109) 2.1b (1.6�2.7) 8.4b (8�8.8) 11 (10�13) 104.6 29

HCFC-141b 15 (11�21) 0.5 (0.2�0.8) 2.2 (2.0�2.5) 1.6 (1.2�2.0) 19.3 32

HCFC-142b 9 (6.9�13) 0.12 (0.07�0.18) 0.8 (0.7�0.9) 0.9 (0.7�1.1) 10.8 26

HFC-23 10 (7.2�13) 0.07 (0.04�0.10) 0.11 (0.08�0.13) 0.3 (0.2�0.3) 10.5 78

HFC-134a 8.3 (6.2�11) 0.5 (0.3�0.8) 1.7 (1.5�1.8) 4.7b (4.5�5) 15.2 9

HFC-152a 5.4 (4.0�7.4) 0.08 (0.04�0.13) 0.11 (0.08�0.13) 1.2 (1.0�1.4) 6.8 24

HFC-32 4.0 (2.9�5.6) 0.05 (0.03�0.07) 0.21 (0.18�0.23) 0.4 (0.3�0.5) 4.7 129

HFC-125 3.1 (2.3�4.3) 0.07 (0.04�0.10) 0.27 (0.24�0.31) 0.7 (0.7�0.9) 4.2 20

HFC-143a 0.6 (0.4�0.8) 0.04 (0.02�0.06) 0.08 (0.07�0.09) 0.4 (0.3�0.4) 1.1 3.5

HFC-365mfc ** 0.01 (0.007�0.017) ** 0.2 (0.2�0.3) 0.21 7

H-1211 1.5 (1.0�2.0) ** 0.10 (0.09�0.12) ** 1.6 26

CF4 2.1 (1.4�2.9) ** 0.22 (0.19�0.26) 0.3 (0.2�0.3) 2.6 29

C2F6 0.5 (0.4�0.7) ** 0.10 (0.09�0.12) 0.2 (0.1�0.2) 0.8 44

C3F8 0.09 (0.06�0.13) ** 0.04 (0.03�0.04) ** 0.13 31

SF6 1.2 (0.9�1.7) ** 0.38 (0.33�0.44) 0.4 (0.3�0.5) 2.0 26.5

CH3Cl 239 (176�327) ** 5.7 (4.6�6.9) ** 239

CH2Cl2 169 (126�230) ** 18 (16�20) 17 (14�20) 204

CHCl3 44 (33�60) ** 2.1 (1.7�2.5) 3.4 (2.8�4.2) 49.5

CH3CCl3 1.7 (1.3�2.4) 0.13 (0.08�0.18) 1.5 (1.3�1.7) 0.6 (0.5�0.7) 3.9

CH3Br 5.4 (3.9�7.5) ** 1.1 (0.9�1.4) ** 5.4

Per group

CFCs 21.6 0.5 1.7 2 25.3 15

HCFCs 107 2.7 11.4 13.5 134.6 29

HFCs 31.4 0.8 2.5 7.9 42.6 16

PFCs 2.7 0.4 0.5 3.6 32

Total 162.7 4.0 16 24 206 34
a *, No pollution events were observed at Gosan in air masses from these regions. **, The emissions were not calculated in this study due to low
correlations with the reference tracer. bThe emissions of the reference tracers were calculated by inverse model FLEXPART. cGlobal emissions of CFC-
11, CFC-12, CFC-113, HCFC-22, HCFC-141b, HCFC-142b, and H-1211 are taken from Vollmer et al.,11 HFC-23 from Montzka et al.,16 HFC-125
from O’Doherty et al.,17 HFC-365mfc from Vollmer et al.,18 and SF6 from Rigby et al.19 All others are taken from EDGAR20 and extrapolated to year
2008 which can introduce significant uncertainties. Global emissions of HFC-23 were mostly attributable to emissions from China, occurring as
byproduct duringHCFC-22 production. ForHFC-32 our estimates exceeded global emission estimates, which we attribute to underestimated emissions
reported in EDGAR.8
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(SH) (Figure 1). This could be an additional source of uncer-
tainty for estimating emissions fromTaiwan usingmeasurements
at Gosan. However, the interspecies ratios do not vary seasonally,8

suggesting that emissions of halogenated compounds are rela-
tively constant throughout the year. Therefore the emission re-
sults of this study are assumed to be minimally affected by the
seasonal sampling distribution.

’RESULTS AND DISCUSSION

Our estimates of national emissions of halogenated compounds
and the fractions to global emissions11,16�20 for 2008 are shown in
Table 1. Overall, the emissions of major HCFCs and HFCs from
China and Japan were higher than those reported by Stohl et al.10

but agree within uncertainty for Taiwan and Korea. Good agree-
ment was also found for emissions of C2F6 and C3F8 within
uncertainty when compared to those reported by Saito et al.9 (see
SI Table S2 for a detailed comparison).

In the following sections, the emissions and interspecies
correlations for each country are further analyzed. The interspecies
correlationmatrix reveals consumption patterns whichmay not be
readily noticeable from quantified emissions alone (Figure 2).
Interspecies Correlations and Emissions in China. For

CFCs from China, emission rates are found to have declined
since 2001 by 50% for CFC-11 and 80% for CFC-12,6 in good
agreement with bottom-up emissions projected for China21 (see
SI Figure S3 for the comparison to previous studies). However,
the significant emission rate and some correlation (R2 = 0.4�0.6)
with many other compounds suggest that CFCs are still being
emitted in China. Consumption of all CFCs reportedly ended in
2008,22 and future changes in the CFCs emissions and correla-
tions could be a good indicator of the phase out of these
compounds.
The good correlations (R2 = 0.5�0.7) found among the

HCFCs indicate the dominant use of these species in China.
This is also supported by the large emission rates found for these
species. Of note, the emissions we derive for HCFCs are smaller
than the reported consumption of HCFCs in China,22 suggesting
that HCFCs are being accumulated in banking time usage in
China (as suggested by Stohl et al.10 and Montzka et al.3).
Despite relatively large emissions, poor correlations were ob-

served amongHFC-125, HFC-32, andHFC-143a. This indicates
that emissions of these compounds do not occur from the
consumption of zero-ODP refrigerant blends. In support of
these findings, the HFC-32/HFC-125 ratio for China (slope =
2.2) was significantly different fromTaiwan (slope = 1.81), Korea
(slope=1.86) and Japan (slope = 1.34). Emissions of theseHFCs,
especially HFC-32, probably occur from fugitive leaks in
production.9 Among all HFCs, the best correlation against
HCFC-22 was found with HFC-134a, which is used in auto-
motive air conditioning.23 Emissions of HFC-134a were found to
have more than doubled since 2005 (3.9 ( 2.4 kt/a),12 and are
expected to continue to rise as China’s automotive industry
matures. China’s large emissions of HFC-23 occur during the
production of HCFC-22.24

The poor correlation found between CF4 and C2F6 (R2 =
0.33) is likely to be a result of the fact that two emission sources
with significantly different CF4/C2F6 emission ratios coexist in
China, namely primary aluminum production and electronics
manufacture (semiconductor and liquid crystal displays). This
may also explain the better correlations found between C2F6 and
SF6 (R2 = 0.54), as these compounds are emitted more

dominantly from electronics manufacturing. Emissions of PFCs
from China are of great interest, due to China’s large aluminum
production (35% of global production in 200925) and a separate
study is in progress to further analyze these emissions.
Excellent correlations (R2 = 0.7�0.8) betweenCH3Cl, CH2Cl2,

and CHCl3were observed for China. Emissions of these com-
pounds in China have been reported to occur from various
industrial processes including film production, pharmaceutical
use, manufacturing of cleaning solvents, and other chemical
production uses.26 Of note, the significant correlations found
between these chlorinated solvents and HCFCs and some HFCs
suggest that emissions during industrial processes are important
for these compounds.
Interspecies Correlations and Emissions in Taiwan. The

interspecies correlation matrix for Taiwan is especially interest-
ing since very little information is available regarding Taiwan’s
consumption and emissions of HCs. Our results show poor
correlation among CFCs in contrast to good correlation among
most HCFCs andHFCs, suggesting that CFCs have beenmostly
phased out and replaced with HCFCs and HFCs. The correla-
tions among refrigerant blends (HFC-32, HFC-125, and HFC-
143a) are found to be excellent (R2 = 0.6�0.8). The high
correlations found among PFCs and SF6 (R2 = 0.7�0.8) are
likely a signal from Taiwan’s semiconductor industry.
HFC-365mfc is predominantly used in Europe27 for polyur-

ethane structural foam blowing as a replacement for HCFC-
141b, and to a minor extent as a blend component for solvents.
Here we find small emissions of 0.01 kt/a in Taiwan in agreement
with the potential use of HFC-365mfc reported for Taiwan5

(0.022kt in 2004).
CH2Cl2, CH3Cl, and CHCl3 show little correlation with

HCFCs and HFCs, despite ∼60% of the measurements being
classified as pollution events. This suggests that these chlorinated
solvents have emission sources which are significantly different
from the sources of HCFCs and HFCs in Taiwan.
Interspecies Correlations and Emissions in Korea. While

both emissions and consumptions of CFCs are found to have
decreased substantially since 2001 (by ∼70% and ∼80%,
respectively)6,22 (see SI Figure S3), CFC-11 and CFC-12 still
show good correlations with many other compounds. Combined
with the dominant emission rate of HCFCs in Korea, our results
suggests that CFCs continue to be emitted from remaining banks
as they become replaced with HCFCs under theMP. In addition,
good interspecies correlations are found among the HCFCs
(HCFC-22, HCFC-141b, HCFC-142b), further confirming the
wide use of these CFCs replacement compounds in Korea. Of
note is that the emissions derived in our study are only half of the
consumed HCFCs reported to UNEP for 2008 in Korea. This
suggests that HCFCs in Korea may also be accumulating in
banking time usage (similar to China), with implications for later
phase-out baseline levels.
While both the emission quantities and interspecies correla-

tion suggest that HCFCs are dominantly used, interspecies
correlation among the HFCs indicate that HFC refrigerant
blends are starting to be used as well. HFC-125 and HFC-32
show excellent correlation, suggesting the use of the R-410a
refrigerant blend (1:1 mixture of HFC-32 and HFC-125) to
replace HCFC-22. In addition, some correlation between HFC-
143a and HFC-125 could indicate the use of the R-507a
refrigerant blend (1:1 mixture of HFC-143a and HFC-125).
Continued monitoring should help to characterize Korea’s shift
from HCFCs to HFCs.
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The good correlations among the PFCs and SF6 are indicative
of emissions from Korea’s semiconductor and electronics indus-
tries, however the relatively large emissions of SF6 may indicate
that additional sources for this compound exist. The good cor-
relations of CH2Cl2 and CH3CCl3 with many other compounds
suggest that these solvents are also widely used in Korea.
Interspecies Correlations and Emissions in Japan. For

CFCs emissions from Japan, our results are in line with ∼70%
reduction\ since 20026 (see SI Figure S3), suggesting long-
banking time emissions of CFCs have been continuing for a
decade. Our results also show ∼30% reduction in the emissions
of HCFCs (HCFC-22, HCFC-141b, and HCFC-142b) since
2002. Of note is that Japan was the only country in our study that
did not have good correlations with HCFC-22 although signifi-
cant emission rates were estimated for this compound (11 kt/a).
Along with good interspecies correlations found among refrig-
erant species (HFC-134a, HFC-32, HFC-125, and HFC-143a),
results of our study suggest that Japan has already moved the
majority of its refrigerant consumption to HFCs.
Good interspecies correlations (R2 = 0.5�0.7) were found

between HCFC-142b and many HFCs (HFC-134a, HFC-152a,
HFC-32, HFC-125, and HFC-143a). HCFC-142b is normally
used as a foam blowing agent, and consumption of this com-
pound in developed countries (including Japan) is virtually
completed with a ban in place by 2020. The correlations found
in our study suggest that consumption of HCFC-142b continues
in Japan,28 although good correlation of replacement HFCs
(HFC-152a, HFC-134a) with HCFC-142b also suggest that

phase-out of HCFC-142b is in progress. Compared to Taiwan,
we find larger Japanese emissions of HFC-365mfc (0.2 kt/a)
which is surprising as Japan does not report any HFC-365mfc
consumption to the UNFCCC.29

Correlations among CF4 and C2F6 (R
2 = 0.6) are likely from

Japan’s semiconductor and electronics industries, as emissions of
C2F6 in Japan were reported to be from these sources. In
addition, some correlations are found between HFC-23 and
these PFCs, which could indicate that HFC-23 is emitted from
similar sources.29

Emission Contributions within East Asia. Our results show
that for most compounds emissions from China constituted
more than 80% of East Asian emissions (see SI Figure S4).
Especially, contributions to HFC-23 emissions from China
account for approximately 98% of total emissions from East Asia.
For some compounds, however, significant contributions from

Korea, Japan and Taiwan were also found. HFC-134a and HFC-
143a emissions in Taiwan, Korea, and Japan were equal to
approximately two-thirds of Chinese emissions. SF6 was found
to be emitted mostly in China and Korea with emissions from
Korea to be close to half of Chinese emissions. Emissions of
CH3CCl3 were found to be approximately equal for China and
Korea. Emissions of HFC-365mfc in East Asia were found for
Taiwan and Japan.
In contrast to China’s dominant contribution to global emis-

sions, the per-capita emissions were highest in Korea (Figure 3),
especially for PFCs and SF6 they are approximately five times
higher than global per capita emissions. On the other hand, the

Figure 3. Emissions rate for China mainland, Taiwan region, Korea, and Japan are shown in the top plot. The ratios of national per capita emissions to
global per capita emissions are shown in the lower plot.



5674 dx.doi.org/10.1021/es104124k |Environ. Sci. Technol. 2011, 45, 5668–5675

Environmental Science & Technology ARTICLE

per capita emissions for China, Japan, and Taiwan are close to
the global per capita emissions for most compounds. Our
results show that emissions of HCs from Korea are still
important despite the relatively small contribution to global
emission totals.
In addition, the fraction of each compound to total halocar-

bons (CFCs, HCFCs, and HFCs) emissions by country can
show how each country is adapting to the MP in phasing out
CFCs and HCFCs (Figure 4). The successful phase out of CFCs
was observed for four countries with a lower fraction of CFCs to
total halocarbon emissions than HCFCs and HFCs. A different
picture was observed for HCFCs and HFCs in Japan. The lowest
fraction of HCFCs (59%) and the highest fraction of HFCs
(32%) in Japan suggest the faster transition from HCFCs to
HFCs among the four countries. In terms of individual com-
pounds, the largest contributions are found for HCFC-22 in each
country, most likely a sign of its wide use as a refrigerant in East
Asia. A significant contribution of HFC-134a suggests the
common usage in Japan.
Global Perspective of East Asia. The Ozone Depletion

Potential (ODP)2 weighted emissions of major HCs in East Asia
(form the four countries) during 2008 were 51 kt ODP and the
GlobalWarming Potential (GWP, CO2 equivalent, 100 year time
horizon)30 weighted emissions were 754 Mt of CO2. These
values represent ∼19 (14�27) % of global emissions of corre-
sponding species in terms of their ODPs, and∼24 (18�31) % in
terms of their GWPs. In terms of per-capita emissions from East
Asia, the GWP weighed emissions (493 kg of CO2) were larger
than the global levels (450 kg of CO2), however in terms of ODP
East Asia’s per-capita emissions (0.022 g ODP) were found to be
lower than global levels (0.028 g ODP). Our results suggest that
the emissions of HCs in East Asia contribute substantially to the
global total.
The interspecies correlation analysis presented in this study

enables a comprehensive analysis of the emissions of almost all
important HCs in East Asia, and shows detailed changes in
emission patterns that are not always apparent from analysis of
emission rates alone. Continued monitoring and analysis of the
interspecies correlation patterns will help to further understand
changes in consumption patterns of HCs in this region, and

support global efforts to reduce the overall emissions of these
species.
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