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Abstract

The emissions of three hydrochlorofluorocarbons, HCFC-22 (CHClF2), HCFC-141b
(CH3CCl2F) and HCFC-142b (CH3CClF2) and three hydrofluorocarbons, HFC-23
(CHF3), HFC-134a (CH2FCF3) and HFC-152a (CH3CHF2) from five East Asian coun-
tries for the year 2008 are determined by inverse modeling. The inverse modeling is5

based on in-situ measurements of these halocarbons at the Japanese stations Cape
Ochi-ishi and Hateruma, the Chinese station Shangdianzi and the South Korean station
Gosan. For every station and every 3 h, 20-day backward calculations were made with
the Lagrangian particle dispersion model FLEXPART. The model output, the measure-
ment data, bottom-up emission information and corresponding uncertainties were fed10

into an inversion algorithm to determine the regional emission fluxes. The model cap-
tures the observed variation of halocarbon mixing ratios very well for the two Japanese
stations but has difficulties explaining the large observed variability at Shangdianzi,
which is partly caused by small-scale transport from Beijing that is not adequately cap-
tured by the model. Based on HFC-23 measurements, the inversion algorithm could15

successfully identify the locations of factories known to produce HCFC-22 and emit
HFC-23 as an unintentional byproduct. This lends substantial credibility to the inversion
method. We report national emissions for China, North Korea, South Korea and Japan,
as well as emissions for the Taiwan region. Halocarbon emissions in China are much
larger than the emissions in the other countries together and contribute a substantial20

fraction to the global emissions. Our estimates of Chinese emissions for the year 2008
are 65.3±6.6 kt/yr for HCFC-22 (17% of global emissions extrapolated from Montzka
et al., 2009), 12.1±1.6 kt/yr for HCFC-141b (22%), 7.3±0.7 kt/yr for HCFC-142b (17%),
6.2±0.7 kt/yr for HFC-23 (>50%), 12.9±1.7 kt/yr for HFC-134a (9% of global emissions
estimated from Velders et al., 2009) and 3.4±0.5 kt/yr for HFC-152a (7%).25
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1 Introduction

The emissions of chlorofluorocarbons (CFCs) and halons have decreased substantially
over the last decade and will decrease further as a result of the phaseout of the produc-
tion and use of these substances required by the Montreal Protocol. The Montreal Pro-
tocol allows CFCs to be replaced by hydrochlorofluorocarbons (HCFCs) as transitional5

substitutes. HCFCs are now also being phased out globally over the next decade but
emissions in some developing (Article 5) countries are still growing and, thus, HCFC
abundances in the atmosphere are increasing (Montzka et al., 2009). HCFCs are also
being replaced now by hydrofluorocarbons (HFCs), which do not deplete ozone but
– as other halocarbons – are powerful greenhouse gases. Without regulation, HFC10

emissions may increase so strongly during the next decades that their contribution to
the radiative forcing of the climate system could be equivalent to 9–19% of the car-
bon dioxide emissions by the year 2050 (Velders et al., 2009). Therefore, HFCs have
come into the focus of international climate policy (Molina et al., 2009) and emission
estimates using both bottom-up approaches based on economic data (e.g., McCulloch15

et al., 2003; Ashford et al., 2004; Velders et al., 2009) and top-down methods based
on atmospheric measurements are required.

On a global scale, emissions can be determined from measured atmospheric con-
centrations using simple box models (Montzka et al., 2009) or three-dimensional mod-
els (Hartley and Prinn, 1993; Prinn et al., 2000). On a regional scale, emissions can20

be derived from the ratio between observed halocarbon concentrations and concentra-
tions of a substance with known emission fluxes (often carbon monoxide), or by inverse
modeling. Both methods have been used frequently for inferring halocarbon emissions
in North America, Europe or Australia (Manning et al., 2003; Dunse et al., 2005; Millet
et al., 2009; O’Doherty et al., 2009). One region of great interest is East Asia because25

of its recent rapid economic development.
In East Asia, relatively good bottom-up information is available for Japan (PRTR,

2009; GIO, 2009) which, however, is not the largest halocarbon source in East Asia.
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According to official reports to the United Nations Environment Programme (UNEP,
2009), China alone now accounts for nearly 50% of the global HCFC consumption.
Unfortunately, no official Chinese emission estimates are available and deriving emis-
sions from the consumption data requires knowledge on the various HCFC banks. For
some halocarbons, however, bottom-up emission information for China has recently5

become available. Wan et al. (2009) provide estimates of CFC, halon, HCFC-22 and
HCFC-141b emissions. Their data reveals large growth rates of Chinese HCFC-22
emissions, for instance 27% between the years 2005 and 2006. In another study Hu
et al. (2009) report HFC-134a emissions from automobile air conditioners in China and
project a tripling of emissions from 2005 to 2010 and another doubling until 2015.10

A number of studies have reported on halocarbon measurements in or downwind of
China. Blake et al. (2003) and Palmer et al. (2003) calculated CFC emissions from
China based on downwind aircraft measurement data but their studies did not include
HCFCs or HFCs. Barletta et al. (2006) reported halocarbon (including HCFC) concen-
trations in Chinese cities but did not determine emissions. Similarly, Chan et al. (2006)15

found strong halocarbon sources in the Pearl River Delta but did not explicitly re-
port source strengths. Guo et al. (2009) also analyzed halocarbon data from the
Pearl River Delta and identified the major source types (e.g., solvent use, refrigera-
tion, etc.) but did not derive source strengths. To our knowledge, until this year, only
Yokouchi et al. (2006) estimated HCFC and HFC emissions for China, based on mea-20

surements made at an island downwind of China. In a recent inversion study, Stohl
et al. (2009) found HCFC-22 emissions for China for the year 2006 of 71 kt/yr, which is
in reasonable agreement with the bottom-up estimate of 58 kt/yr from Wan et al. (2009)
for the same year. In another inversion study, Vollmer et al. (2009) calculated much
higher Chinese HCFC-22 emissions for the year 2007, 165 (140–213) kt/yr, which25

cannot be explained by the emission growth between the two years. Thus, there is
presently large uncertainty in the emissions of HCFCs and HFCs from China. While for
Japan, top-down estimates are also available (Yokouchi et al., 2005; Stohl et al., 2009),
for Taiwan region, South Korea and North Korea, there exists even less information than
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for China. This motivated the present study which uses measurement data from sev-
eral stations in East Asia, an atmospheric transport model and an inversion algorithm
to compute HCFC and HFC emissions for several countries in East Asia (mainland
China including Hong Kong and Macao abbreviated as “China” in the following, North
Korea, South Korea, Japan) as well as the Taiwan region.5

2 Methods

2.1 Measurement data

We use in-situ measurements of HCFCs and HFCs performed at four stations in East
Asia during the year 2008 (Table 1). Two of these stations, Hateruma and Cape Ochi-
ishi, are operated by the National Institute for Environmental Studies in Japan (Yok-10

ouchi et al., 2006). The Gosan station is operated by the Seoul National University,
Korea (Kim et al., 2010). The Shangdianzi measurement system is jointly operated
by the Chinese Academy of Meteorological Sciences of the China Meteorological Ad-
ministration and the Swiss Federal Laboratories for Materials Testing and Research
(Vollmer et al., 2009). Hateruma is a small (12.5 km2) island at the southern end of15

the Japanese Archipelago, Cape Ochi-ishi is a nature preserve located at the east-
ern coast of Hokkaido, Gosan is located near the southwestern tip of Jeju Island lo-
cated south of the Korean Peninsula, and Shangdianzi is located in a mountainous
area approximately 100 km north of Beijing in the North China Plain (see Table 1 and
Fig. 1 for station locations). All four stations are situated in unpolluted surroundings20

but Shangdianzi receives frequent transport from Beijing and, thus, often records very
high halocarbon mixing ratios. We also use data from the AGAGE (Advanced Global
Atmospheric Gases Experiment; Prinn et al., 2000) measurement stations Mace Head
(Ireland) and Trinidad Head (USA) to better constrain emissions in Europe and North
America. The inversion results for East Asia are only marginally sensitive to including25

data from these stations.
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At Shangdianzi, a gas chromatograph with dual electron capture detecor is oper-
ated and HCFC-22 and HCFC-142b are detected using an ambient temperature trap-
ping system and oxygen-doping techniques (Vollmer et al., 2009). All other stations
use automated low-temperature pre-concentration units coupled with gas chromato-
graph/mass spectrometer (GCMS) measurement techniques. At the Gosan station,5

“Medusa-GCMS” technology is used (Miller et al., 2008), and at the Japanese stations,
a measurement technique developed at NIES is used (Yokouchi et al., 2006), all al-
lowing for the fast (every 1–2 h) measurements of a suite of halogenated substances.
Even though different calibration standards are used at the different stations, these are
regularly intercompared and excellent agreement was found, such that the data can be10

compared directly. Most of the stations measure the major HCFCs and HFCs; however,
at Shangdianzi, only HCFC-22 and HCFC-142b are measured (Table 1).

2.2 Inversion method

The inversion procedure is based on 20-day backward simulations with the Lagrangian
particle dispersion model FLEXPART (Stohl et al., 1998, 2005) (see http://transport.15

nilu.no/flexpart). FLEXPART is a stochastic model with detailed treatment of turbu-
lence and convection and uses meteorological analyses from the European Centre for
Medium-Range Weather Forecasts. The FLEXPART output is an emission sensitiv-
ity which can be ingested directly by the inversion algorithm. Multiplying the footprint
emission sensitivity with the emission flux from either the a priori or the a posteriori20

inventory gives the simulated mixing ratio at the receptor, which can be compared with
the measurements. We do not describe the model simulations in more detail here, as
the model setup was identical to the one used by Stohl et al. (2009).

Figure 1 shows a map of the emission sensitivity averaged over all model calculations
for all stations and for the entire year. There is high sensitivity to emissions over Japan,25

North and South Korea, Taiwan region, Mongolia and most of China. Emissions in other
parts of Asia, especially India, are not well constrained by the available measurements.
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The inversion method is based on work by Seibert (2000) and improvements by
Eckhardt et al. (2008) and Stohl et al. (2009). The version used here is exactly the
same as described and evaluated by Stohl et al. (2009) where all the mathematical
details can be found. The basic idea is to find the emission distribution which leads
to the best fit between the measurements and the model results. “Best” agreement5

is measured as the sum of the squared errors inversely weighted with the uncertainty
variances. We also identify “outliers” and assign them large uncertainties to avoid that
the solution is strongly influenced by large measurement and/or model errors.

If there were sufficient observation data, this would be enough to obtain a solution to
our problem. However, not all regions are well constrained by the observations. This10

could render the solution unstable, even if the number of observations exceeds the
number of unknown emission values, leaving us with a so-called ill-conditioned inverse
problem. To prevent this, we add a priori knowledge on the emission distribution and
the emission uncertainty (see Sect. 2.3). In the so-called cost function measuring the
observation-model misfit, this adds a second term that measures the deviation of the15

solution from the a priori emissions and is inversely weighted by the assumed emission
uncertainties. Minimizing this cost function yields a linear system of equations that can
be solved analytically with standard linear algebra methods. The solution optimizes the
agreement between the model and the observations while at the same time minimizing
the deviation from the a priori emissions. Finally, negative emissions which can occur20

in the solution are iteratively removed.
Since HCFCs and HFCs are long-lived substances with lifetimes much longer than

the 20 days of the model simulations, the model can only capture enhancements over
a so-called baseline, which results from “older” emissions. The enhancements convey
most of the information on regional emissions, so extending the model simulations fur-25

ther back in time would only marginally improve the emission estimates. The baseline
must be subtracted from the measurements before the model-measurement compari-
son and is estimated by the algorithm as part of the inversion problem. Our total num-
ber of observations for HCFC-22 is 11706, we optimize the emissions in 1377 boxes,
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and we determine monthly baseline values for every station. The number of observa-
tions is roughly eight times the number of unknowns.

2.3 A priori emissions

We employed several sources of information to define our a priori emissions for the
HCFCs. First, Montzka et al. (2009) determined global emissions based on a large5

number of measurements taken at several sites and a simple box model. They re-
ported emissions until the year 2007, which we extrapolated to 2008 by assuming
a linear trend. For HCFC-22, HCFC-141b and HCFC-142b we thus obtained values
of, respectively, 375, 55 and 44 kt for the year 2008. For China, Wan et al. (2009) re-
ported HCFC-22 and HCFC-141b emissions of 79.3 and 12.1 kt, respectively, for the10

year 2008. For Japan, HCFC-22 and HCFC-142b emissions in the year 2007 were
reported as 7.6 and 0.69 kt, respectively (PRTR, 2009). These data were used directly.
The Japanese inventory (PRTR, 2009) also lists HCFC-141b emissions but these were
found to be unrealistically high in a comparison with recent aircraft measurement data
(Yokouchi, unpublished data) and test inversions confirmed that, so we decided to not15

use these data. For all other countries, only lumped HCFC (i.e., not individual HCFC)
consumption (not emission) data were available for the year 2007 from the United Na-
tions Environment Programme (UNEP, 2009). The year 2008 global emissions for
individual HCFC species (minus emissions in China and Japan) were, thus, disaggre-
gated to countries according to the UNEP 2007 total HCFC consumption data. For20

HCFC-142b for China and for HCFC-141b for Japan, consumption data were used,
too, since no emission data were available. Substituting emission by consumption data
will likely lead to underestimated emissions in countries with decreasing consumption
and overestimated emissions in countries with increasing consumption because of the
lagged release of banked halocarbons. However, these errors should be small enough25

to be corrected by the inversion. Within the countries, the emissions were distributed
according to population taken from CIESIN (2005). Taiwan region is a special case
since it is not a signatory of the Montreal Protocol and does not report consumption to
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UNEP. We assumed emissions of 3, 1, and 0.03 kt/yr for HCFC-22, HCFC-141b and
HCFC-142b, respectively, which are extrapolations of consumption values reported by
Tsai and Chou (2008) for the years 1996–2005.

For HFC-134a and HFC-152a, we used decadal global bottom-up emission projec-
tions from Velders et al. (2009). Linear interpolation between the years 2000 and 20105

yielded 2008 emissions of 144 kt/yr for HFC-134a and 51 kt/yr for HFC-152a. These
values can be compared to the older projections for 2008 from Ashford et al. (2004) of
180 kt/yr and 27 kt/yr, respectively. In our previous study (Stohl et al., 2009) we have
shown that for the years 2005–2006 the HFC-152a projections of Ashford et al. (2004)
were too low. For the spatial distribution of the emissions, we used total emissions for10

the year 2007 for countries where such information was available through the United
Nations Framework Convention on Climate Change (UNFCCC, see http://unfccc.int).
For Taiwan region, we assume emissions of 3.2 and 0.17 kt/yr for HFC-134a and
HFC-152a, respectively, rough extrapolations of potential emissions reported by Tsai
(2006) for the years 1998–2004. All other emissions and emissions within the countries15

were disaggregated according to population.
Hu et al. (2009) recently estimated HFC-134a emissions from automobile air condi-

tioners in China. For their base case, emissions were 7.3 kt/yr in 2005 and 21.2 kt/yr
in 2010 which, assuming a constant growth rate of about 23%/yr for the period in be-
tween, gives an emission of 13.6 kt for the year 2008. Not included in this estimate20

are emissions due to the import of foreign cars and other uses of HFC-134a, which
we assume is roughly a third of the total emission thus estimated at 20.3 kt/yr. For
HFC-152a, no estimates for China are available. Since the default a priori for China
(8.4 kt/yr) is very high, we subjectively adjust the Chinese emission to 4 kt/yr.

For HFC-23 we use the EDGAR version 4.0 emission inventory for the year 200525

(European Commission, 2009) because no more actual a priori information was avail-
able. The global emission in this inventory is 12 kt/yr, in good agreement with the
current best practice projection of McCulloch et al. (2007) and a value of 13.5 kt/yr
derived from measurement data by Montzka et al. (2010) for the period 2006–2008.
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China accounts for more than two thirds of EDGAR’s global HFC-23 emissions. The
reason we have not used the EDGAR inventory for the other species is that the emis-
sion distribution often is unrealistic (e.g., no emissions in China).

The emissions are all determined on a global 1◦×1◦ grid. For the inversion, indi-
vidual grid boxes are combined in regions of low emission sensitivity but the original5

1◦×1◦ resolution is kept near the measurement sites (Stohl et al., 2009). We assume
that all the a priori emission fluxes have an uncertainty of 50% or at least 100% of the
global mean emission flux. The emissions over the oceans are set to zero. All a pos-
teriori emissions are remapped onto the 1◦×1◦ grid, using population distribution within
coarser inversion boxes.10

2.4 Uncertainties

In Sect. 3, we show error statistics and emission flux maps from our “reference” in-
version, which uses the best available a priori information and data from all stations.
We quantify the uncertainty of the results by performing sets of 18 inversions for every
substance. First, we remove the additional a priori emission information on China and15

Japan from Wan et al. (2009), Hu et al. (2009) and PRTR (2009) and instead assign
these countries emissions proportional to their fraction of reported consumption (for
HCFCs) or population (for HFCs). For both this and the reference emission scenario,
we reduce and increase all emissions by 50% and repeat the inversions. Finally, we re-
peat these six inversions with measurement data either from Gosan or from Hateruma20

removed. For reporting national emissions, our reference inversion should yield the
best estimate but we also report the mean of all inversions, and we characterize uncer-
tainty by the standard deviation of all inversions performed. The standard deviations
characterize the uncertainties only within the applied inversion system. Additional un-
certainties arise from the attribution of emissions to a specific country, which is prob-25

lematic especially for smaller countries. For instance, large emissions are concentrated
at the border between North and South Korea (Fig. 3), which makes it difficult to split
the emissions between these two countries. Furthermore, the inversion may generate
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systematic errors because of errors in the dispersion model and the meteorological
input data and these errors may also be influenced by the station network geometry.
Therefore, we caution that the true uncertainties of our estimates are higher than the
standard deviations reported, especially for the smaller countries North Korea, South
Korea and the Taiwan region.5

3 Results

3.1 Timeseries

HCFC-22 is the most abundant of the hydrochlorofluorocarbons measured in the at-
mosphere and has a lifetime of about 12 yr (O’Doherty et al., 2004). It is used mainly
in domestic refrigeration but also as a foam-blowing agent and for the production of10

fluoropolymers (McCulloch et al., 2006). It is also the substance with the most com-
plete record in our measurement data set. Figure 2 shows timeseries of the measured
and simulated HCFC-22 mixing ratios and the corresponding errors for all measure-
ment sites. Model results are shown for both the a priori and the a posteriori emissions
from our reference inversion, using the best available bottom-up emission informa-15

tion and the entire measurement data set. The Ochi-ishi station is the most remote
site where typical enhancements over the baseline during pollution episodes are only
20 ppt, an order of magnitude less than at Shangdianzi, the most polluted site. The
model is able to capture most of the pollution episodes at Ochi-ishi very well, result-
ing in squared Pearson correlation coefficients between the measured and simulated20

mixing ratios of r2
a=0.63 and r2

b=0.70 when using the a priori and the a posteriori
emissions, respectively (Table 2). The successful modeling can be attributed to the
fact that the HCFC-22 variability at Ochi-ishi is driven mainly by long-range transport
events, which FLEXPART can simulate very well using the emission inventory and the
ECMWF meteorological data, which are both used at a resolution of 1◦×1◦. Good25

correlation (r2
a=0.43, r2

b=0.63) is also found for Hateruma, whereas lower values are
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obtained for Gosan (r2
a=0.25, r2

b=0.44) and Shangdianzi (r2
a=0.19, r2

b=0.26). The low
correlations for Shangdianzi are due to its proximity to Beijing. The frequent small-
scale transport events producing spikes in the observed HCFC-22 mixing ratios cannot
be captured with the 1◦×1◦ ECMWF data and emission grid. Consequently, the stan-
dard deviation of the a posteriori simulated mixing ratio (52 ppt) underestimates the5

observed variability (103 ppt) by a factor two.
The inversion reduces the root-mean-square (RMS) errors from the a priori to the

a posteriori simulation by 15–27% (Table 2). The error reductions are moderate be-
cause the mixing ratios simulated with FLEXPART using the reference a priori emis-
sions have relatively small biases compared to the observations (Fig. 2). Simulations10

using other a priori emission scenarios yield much larger a priori RMS errors which
are indeed reduced strongly by the inversion. For instance, our high emission scenario
without information on Chinese emissions from Wan et al. (2009) yields for the Ochi-
ishi station an a priori RMS error of 9.3 ppt, which the inversion reduces by 50%. This
proves that the relatively small error reductions reported in Table 2 are not due to bind-15

ing the a posteriori emissions too tight to their a priori values. Instead, our reference
a priori HCFC-22 emissions are relatively close to reality and require only moderate
adjustments in most regions. We do not show time series for the other halocarbons but
the model performance using a posteriori emissions was similar for all of them.

3.2 Emission patterns20

Figure 3 shows maps of the a priori and a posteriori emissions of HCFC-22. The
a priori distribution (Fig. 3a) is relatively smooth because national bottom-up numbers
were disaggregated according to population. The highest emission flux densities are
found in South Korea because of its high reported HCFC consumption but large fluxes
occur all over East Asia. The a posteriori distribution (Fig. 3b) is considerably less25

homogeneous, with high emissions often concentrated in small regions or even in sin-
gle grid cells. These emission hot spots often coincide with large cities. For instance,
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the highest a posteriori flux densities are associated with Beijing, Shanghai and cities
along the lower reaches of the Yellow River (e.g., Zhengzhou). On the other hand,
emissions in South Korea and in rural areas of China are substantially reduced com-
pared to the a priori inventory, best seen in a difference plot between the a posteriori
and the a priori emissions (Fig. 3c). Also marked in Fig. 3b and c are the locations5

of Chinese and Japanese factories known to have produced HCFC-22 during the year
2008. Notice that most but not all Chinese factories are shown on the map because
of incomplete information available to us. While loss during manufacture is only one
source of HCFC-22, most of the factory locations, especially in China, are associ-
ated with high a posteriori emissions and large emission increases by the inversion.10

The only exception is the westernmost cluster of factories located in Sichuan province,
likely because its influence on the measurements is masked by other strong but closer
sources.

HFC-23 is a halocarbon with very long (246 yr) lifetime and correspondingly large
global warming potential (McCulloch et al., 2007). HFC-23 is an unintentional byprod-15

uct of HCFC-22 manufacture (McCulloch et al., 2007) but also has a few minor applica-
tions (e.g., in fire extinguishing equipment and as a low-temperature refrigerant). Thus,
HFC-23 originates mainly from the few and mostly known factories. HFC-23 emissions
can be reduced substantially by process optimization and thermal oxidation of the vent
gases and, consequently, current emissions in developed countries are relatively low.20

A few of the Chinese factories have recently adopted this technology in the framework
of the Clean Development Mechanism but in 2005 more than two thirds of the global
HFC-23 emissions of 12 kt/yr occurred in China, according to the EDGAR inventory.
By analyzing data from Hateruma, Yokouchi et al. (2006) reported Chinese HFC-23
emissions of 10±5 kt/yr for the years 2004/2005. At Gosan, HFC-23 concentrations25

are still enhanced when the air arrives from China (Kim et al., 2010), suggesting con-
tinued HFC-23 emissions in China. Despite the point-source nature of the bulk of the
HFC-23 emissions, the EDGAR a priori emission field is very smooth and follows the
population distribution (Fig. 4a), which is unrealistic. This makes HFC-23 a good test
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case for our inversion method, as it can be evaluated whether the locations of the
known HCFC-22 production plants can be retrieved. Derived emission strengths for
these factories cannot be validated, however, because no HFC-23 emission data are
publicly available.

The inversion reduces the a priori HFC-23 emissions in most of China but increases5

emissions strongly in a few isolated areas (Fig. 4c). The highest increases occur in
the Shandong, Jiangsu, Zhejiang and Sichuan provinces, indeed coinciding with the
locations of known HCFC-22 factory clusters. Also in Japan, the strongest emission in-
crease occurs where three factories are located near 140◦ E, even though total HFC-23
by-product emissions in Japan are reported to be only 18.6 t/yr (GIO, 2009). The fact10

that emissions are increased in the vicinity of nearly all known plants lends substantial
credibility to our calculations. Strong increases also occur in Beijing, probably indicat-
ing some intentional use of HFC-23 there. The a posteriori emission map (Fig. 4b)
shows a few other maxima relatively far away from the measurement stations that are
more difficult to explain. Use of HFC-23 may occur in these areas, or there may be15

HCFC-22 factories that are unknown to us. It is also possible that some of the maxima
are artifacts as the measurement stations will rarely receive a signal from these distant
areas without contamination by closer sources.

Emission maps for the other halocarbons are not shown since the patterns are all
relatively similar to those of HCFC-22 (Fig. 3). However, differences will be described20

in Sect. 3.4.

3.3 Robustness of the inversion

Next, we explore how robust our inversion results are against changes in the set of
stations used for the inversion, discussed at the example of total HCFC-22 emissions
in China. Our reference HCFC-22 inversion results in a total emission from China25

of 65 kt/yr. Keeping the reference a priori emissions but removing one station at
a time yields Chinese emissions of 66, 63, and 61 kt/yr, respectively, without Gosan,
Hateruma and Shangdianzi. This indicates a remarkable robustness of the inversion

2103

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/2089/2010/acpd-10-2089-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/2089/2010/acpd-10-2089-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 2089–2129, 2010

Halocarbon
emissions in East

Asia

A. Stohl et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

results. Single-station inversions yield more variable results: 83, 77, 64 and 125 kt/yr
for Gosan, Hateruma, Ochi-ishi and Shangdianzi. The results for the first three stations
are relatively close to either the reference a priori or a posteriori emissions whereas
the Shangdianzi-only value is much higher. However, the a posteriori RMS error for
Shangdianzi is not reduced much by the higher emissions: from 91 ppt for our refer-5

ence inversion (Table 2) to 88 ppt for the single-station inversion. Thus, the Shangdianzi
data are compatible with a large range of Chinese total emissions in the model. Geo-
graphically, the emission differences between the two inversions are largest southeast
of Beijing. Emissions from this region are transported to Shangdianzi via Beijing and
their signal is overwhelmed by the closer Beijing emissions. This demonstrates the10

importance for a successful inversion of using data from several stations that “observe”
the same emission regions from different viewing angles.

Using data from Shangdianzi, Vollmer et al. (2009) reported much higher Chinese
HCFC-22 emissions of 165 kt/yr for the year 2007. They upscaled results obtained for
a limited inversion domain containing about 40% of China’s population to all of China15

by assuming that the per capita emissions are the same both in the limited domain and
in all of China. However, this assumption is not valid. In our reference inversion, the
per capita emissions are increased in Beijing but decreased in the mostly rural areas
of China outside their domain (compare Fig. 3c and Fig. 2 in Vollmer et al., 2009).

3.4 National emission estimates20

3.4.1 HCFC-22

Table 3 provides HCFC-22 total emission estimates for several East Asian countries.
Reported are both the a priori and the a posteriori emissions from the reference in-
version (Ba and Bb) as well as the mean emissions from the 18 scenario inversions
(Ma and Mb) and their corresponding standard deviations (σa and σb). For China,25

our best a posteriori estimate for the year 2008, 65 kt/yr, is 18% lower than the
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bottom-up estimate of Wan et al. (2009) which was used for the reference case and
which requires a relatively small adjustment to be consistent with the measurement
data. The standard deviation of the a posteriori estimates, σb=6 kt/yr, is an order
of magnitude smaller than the standard deviation of our a priori scenarios used for
the inversions, σb=61 kt/yr. This shows that Chinese emissions are well constrained5

by the available measurement data. Our best estimate is larger than the estimate of
Yokouchi et al. (2006), 52±34 for the years 2004/2005 and falls between the 60 and
71 kt/yr reported by Stohl et al. (2009) for the years 2005 and 2006. Both the above
studies were based on data from Hateruma, and using only Hateruma data for the
year 2008 yields a Chinese emission of 77 kt/yr (see Sect. 3.3). Thus, consistently10

using Hateruma data alone indeed reveals increasing Chinese HCFC-22 emissions
but these results are biased high against our inversion using more input data. As dis-
cussed previously, the 165 kt/yr for the year 2007 reported by Vollmer et al. (2009)
are certainly too high. Nevertheless, our a posteriori Chinese HCFC-22 emissions
are a substantial fraction (17%) of the global 2008 emissions of 375 kt/yr extrapolated15

from Montzka et al. (2009). The estimate is substantially lower than currently reported
HCFC consumption in China (UNEP, 2009) which, assuming that HCFC-22 is the dom-
inant HCFC consumed in China, suggests a considerable build-up of HCFC-22 banks
and likely higher emissions in the future.

For Taiwan region, the a posteriori best estimate is 2.5 kt/yr, about half of the Tai-20

wanese HCFC-22 consumption of 4.3 kt/yr in 2005 (Tsai and Chou, 2008). For North
Korea, the inversion doubles the relatively low a priori emission, whereas for South
Korea, it reduces the high a priori emissions by two thirds, resulting in best estimates
of 2.1 and 7.2 kt/yr, respectively. It is possible that the opposing trends in the neigh-
boring countries are due to a “spill-over” of South Korean emissions into North Korea25

by the inversion. However, a strong reduction of the consumption-based a priori for
South Korea is certainly real. Like for China, this suggests a substantial buildup of
HCFC-22 banks in South Korea. For Japan, the inversion reduces the a priori emis-
sion by 21%, resulting in an a posteriori emission of 6.0 kt/yr in the year 2008. This

2105

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/2089/2010/acpd-10-2089-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/2089/2010/acpd-10-2089-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 2089–2129, 2010

Halocarbon
emissions in East

Asia

A. Stohl et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

is a substantial decrease from 9.1 kt/yr for the year 2002 reported by Yokouchi et al.
(2005) and from 8.9 (for 2005) and 7.3 kt/yr (for 2006) found by Stohl et al. (2009),
confirming a successful phase-out of HCFC-22 in Japan.

3.4.2 HCFC-141b

HCFC-141b has been used as a foam-blowing agent and as a solvent for lubricants,5

coatings and cleaning fluids. For HCFC-141b, our inversion generally resulted in
the smallest changes to the a priori emissions of all halocarbons considered in this
study. There is nearly perfect agreement between the a priori and the a posteri-
ori HCFC-141b emissions for China (Table 4), thus confirming the bottom-up esti-
mate of Wan et al. (2009) which served as our reference case. Chinese HCFC-141b10

emissions are approximately 22% of the global total emission extrapolated from
Montzka et al. (2009). The a posteriori emission patterns in China are somewhat differ-
ent from those of HCFC-22, with relatively larger emissions in southern parts of China,
particularly in Shanghai and the Pearl River Delta, and smaller emissions in Beijing.

For Japan, the inversion did not make an adjustment to the a priori estimate, even15

though this was based only on consumption data constrained by global emissions.
In contrast, the national inventory (PRTR, 2009) reports emissions six times higher
(6.6 kt/yr) which are inconsistent with our results. They are also inconsistent with
recent aircraft measurements (Yokouchi, unpublished data) and, for that reason, were
not used for our a priori estimate. It seems that HCFC-141b emissions in Japan have20

dropped rapidly, since from aircraft measurements Yokouchi et al. (2005) derived an
emission of 7.2 kt/yr for the year 2002. This probably indicates shorter banking times
than assumed in the PRTR (2009) emission inventory. The emissions in Taiwan region
were reduced by 50%, down also by 50% from the last reported annual consumption
of HCFC-141b for the year 2005 (Tsai and Chou, 2008), which guided our a priori25

estimate. According to Tsai and Chou (2008), HCFC-141b phase-out in Taiwan region
has already lead to a 50% consumption reduction between the years 2003 and 2005,
so a further 50% reduction since 2005 is plausible. As for HCFC-22, the inversion
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strongly increased the emissions in North Korea but decreased them in South Korea.
However, in the case of HCFC-141b the total for the two countries was reduced by only
25%.

3.4.3 HCFC-142b

HCFC-142b is used as a blowing agent component for polyurethane foams and for ex-5

truded polystyrene foams. In all countries, the a posteriori emissions are smaller than
the consumption-based a priori values (Table 5), except for North Korea, where the
increase may actually be due to the “spill-over” of South Korean emissions. Taiwan re-
gion appears to have near-zero emissions, in agreement with small emissions in 2005
and a rapid phase-out reported by Tsai and Chou (2008). Also for South Korea, the10

inversion reduces the a priori emissions by nearly a factor three, whereas the reduc-
tions for China and Japan are smaller. The Chinese a posteriori emissions of 7.3 kt/yr
are 17% of the global total emission extrapolated from Montzka et al. (2009). Like for
HCFC-22, this is less than the 10–18 kt/yr estimate of Vollmer et al. (2009) for the year
2007. The emission distribution within China is similar to that of HCFC-22.15

3.4.4 HFC-23

China is the only country studied here with substantial HFC-23 emissions (Table 6).
The Chinese a posteriori emissions of 6.2 kt/yr are 27% lower than the EDGAR a pri-
ori emissions for the year 2005, 8.5 kt/yr (see also Fig. 4). They are also lower than
the 10±4.6 kt/yr found by Yokouchi et al. (2006) for the years 2004/2005 based on20

Hateruma data. This may reflect a real decrease of emissions in recent years, since
several Clean Development Mechanism projects aimed at reducing HFC-23 emissions
during HCFC-22 production in China, and this may have more than compensated the
increase in HCFC-22 production. Still, these numbers mean that China accounts for
more than 50% of the global HFC-23 emissions. Our a posteriori HFC-23 emissions25

for Japan, 0.21 kt/yr, are nearly three times higher than in the EDGAR inventory and
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more than an order of magnitude higher than the 19 t/yr listed in the GIO (2009) na-
tional inventory for 2007. They are, however, still a factor 30 smaller than the Chinese
emissions.

3.4.5 HFC-134a

HFC-134a is mainly used as a refrigerant, especially in automobile air conditioners; it5

is also used as a propellant for extruded polystyrene foams. Japan reported HFC-134a
emissions of 2.8 kt in 2007 to UNFCCC, down from a maximum reported emission
of 4.8 kt in 2003. Our inversion is consistent with the emission reports, resulting in
emissions of 3.1 kt for 2008 (Table 7), which is substantially lower than the 4.4 kt/yr
reported by Yokouchi et al. (2005) for the year 2002 and the 5.3 and 4.0 kt/yr reported10

by Stohl et al. (2009) for the years 2005 and 2006, respectively. Thus, there is nearly
perfect agreement in this case between bottom-up and top-down emission estimates.
For China, HFC-134a emissions from automobile air conditioners were estimated at
7.3 kt/yr in 2005 and 21.2 kt/yr in 2010 (Hu et al., 2009). We have used an a priori
value of 20.3 kt/yr, since we expect that automobile air conditioners account for only15

two thirds of total HFC-134a emissions. Our reference a posteriori emission is substan-
tially lower, 12.9 kt/yr, indicating that the growth of automobile air conditioner emissions
may have been overestimated by Hu et al. (2009) and/or that other sources contribute
less than expected. The Chinese emission is about 9% of the global HFC-134a emis-
sions based on Velders et al. (2009), a smaller fraction than for the HCFCs. However,20

a comparison with estimates based on Hateruma data from Yokouchi et al. (2006) for
the year 2004/2005 (3.9 kt/yr) and from Stohl et al. (2009) for the years 2005 (9.8 kt/yr)
and 2006 (11.9 kt/yr) reveals a strong growth of Chinese HFC-134a emissions.

For Taiwan region, the a posteriori emissions are more than a factor three lower
than the extrapolated potential emissions from Tsai (2006). Either HFC-134a imports25

to Taiwan region dropped considerably since 2004, or only a fraction of the imported
HFC-134a is actually emitted in Taiwan region. In contrast, emissions in South Korea
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are increased by more than a factor of five by the inversion (even more if some of the
increase for North Korea is actually due to South Korean emissions), indicating that our
population-based a priori emissions were much too low.

3.4.6 HFC-152a

HFC-152a is used as a propellant for specialised industrial aerosols and as a blowing5

agent component for extruded polystyrene foams. For Japan, the inversion reduced
the a priori HFC-152a emission (an extrapolation of the 2007 emission reported to
UNFCCC) by nearly a factor of two (Table 8), to 0.9 kt/yr. This value is higher than
the 0.26 kt/yr reported for the year 2002 (Yokouchi et al., 2005) but smaller than the
1.5 and 1.3 kt/yr estimated for the years 2005 and 2006, respectively (Stohl et al.,10

2009). The Chinese a posteriori emission, 3.4 kt/yr, is approximately 7% of the global
HFC-152a emissions, the smallest fraction of all studied substances. This value is
smaller than the surprisingly high estimate of 4.3 kt/yr for the year 2002 from Yokouchi
et al. (2006) but similar to the estimates from Stohl et al. (2009) for 2005 and 2006.
The inversion reduced the Taiwanese a priori emissions by more than an order of15

magnitude, suggesting that there are no substantial HFC-152a emissions in Taiwan
region, which agrees with a reported low HFC-152a consumption in Taiwan region of
only 5 t in 2004 (Tsai, 2006). Also North and South Korea have small emissions of
HFC-152a.

4 Conclusions20

We have used an inversion method based on atmospheric measurement data, bottom-
up emission information and an atmospheric transport model to improve regional esti-
mates for East Asia for the year 2008 of the emissions of three hydrochlorofluorocar-
bons (HCFC-22, HCFC-141b, HCFC-142b) and three hydrofluorocarbons (HFC-23,
HFC-134a, HFC-152a). The halocarbon measurements are from two sites in Japan25
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(Cape-Ochi-ishi and Hateruma), a site in South Korea (Gosan) and a site in China
(Shangdianzi), as well as from stations in Europe and North America. The bottom-up
a priori emission information was constructed by merging data from specific national
studies for China, Japan and the Taiwan region, national HCFC consumption reports
to UNEP, national HFC emission reports to UNFCCC, information on global emissions5

and a population database. Twenty-day backward model simulations were made from
every station every three hours with the Lagrangian particle dispersion model FLEX-
PART. The inversion optimized the agreement between the model results and the mea-
surements by adjusting the gridded emissions while also taking into account the a priori
emission information and uncertainties in the model-measurement comparison as well10

as the a priori emissions. Our main conclusions from this study are as follows:

– The results of the model calculations are generally well correlated with the halo-
carbon measurements. For instance, for HCFC-22 the model explains 19–63%
(26–70%) of the variance of the measurements at the different stations when us-
ing the apriori (a posteriori) emissions.15

– The a posteriori country total emissions were remarkably robust against changes
of the a priori emission information as well as against the removal of data from
a single station. Results obtained from inversions done with data from single sta-
tions are, however, more variable. Using data from a single station, the inversion
can confuse contributions from emissions located in the same direction but at20

shorter and longer distances from the station. Often, small emissions from close-
by sources can have a similar effect on the measurements as larger emissions
from sources further away. This demonstrates the synergistic value of multiple-
station inversions where emission regions are “observed” by the stations from
different viewing angles. This effect also explains why a previous inversion study25

(Vollmer et al., 2009) using data only from the Shangdianzi station arrived at much
higher annual emissions of HCFC-22 and HCFC-142b from China than we ob-
tained here.
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– HFC-23 is emitted mainly from large mostly known point sources as a by-product
during manufacture of HCFC-22, especially in China. Contrary, the a priori emis-
sion information taken in this case from the EDGAR data set is very smooth and
follows the population distribution. Nevertheless, the inversion was capable of
sharply increasing the emissions in all regions where clusters of HCFC-22 fac-5

tories are located but it mostly decreased emissions elsewhere. The successful
identification of the point sources serves as a validation of our inversion method.
Overall, Chinese HFC-23 emissions (6.2±0.7 kt/yr) are some 30% smaller than in
the EDGAR inventory for the year 2005. This may indicate that recent Clean De-
velopment Mechanism projects in China targeted towards reducing HFC-23 emis-10

sions from HCFC-22 production more than compensated the growing HCFC-22
production. Nevertheless, China still contributes more than 50% of the global
HFC-23 emissions.

– Total emissions in the year 2008 for China, Taiwan region, North Korea, South
Korea and Japan are reported in Tables 3–8. Caution should be paid when inter-15

preting these results that the reported uncertainties do not account for systematic
errors and, thus, are lower estimates of true uncertainties. For small countries,
attribution of emissions can be difficult if a large fraction of the emissions occurs
along the country boundaries. This is the case especially for South Korea and
North Korea, where it is likely that in the inversion emissions from South Korea20

“spill over” into North Korea.

– In many cases where good bottom-up data are available, the a posteriori esti-
mates are quite similar to the a priori values. For instance, there is nearly perfect
agreement of our a posteriori results with the HCFC-141b emission estimate for
China by Wan et al. (2009) and our HCFC-22 estimate is only 18% lower than25

theirs. Also for Japan, there is generally good agreement. However, a national
inventory (not used for defining our a priori emissions) for 2007 reports Japanese
HCFC-141b emissions that are a factor 6 higher than our best estimate, whereas
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another national inventory (GIO, 2009) has more than a factor 10 lower HFC-23
emissions than our best estimate.

– Where no bottom-up emission information is available and our a priori values
are based on consumption data or global population distribution, the inversion
algorithm often makes very strong adjustments. For instance, for South Korea5

consumption-based a priori values are reduced substantially by the inversion,
e.g., by two thirds for HCFC-22, suggesting the build-up of HCFC-22 in banks.
The fact that our a posteriori emissions mostly are smaller than current consump-
tion values in East Asian countries suggests a substantial build-up of halocarbon
banks. Another factor may be that halocarbon-containing goods are exported10

from the region, so that emissions take place somewhere else.

– The largest change between a priori and a posteriori, more than a factor 10 reduc-
tion, occurred for HFC-152a for Taiwan region. The negligible Taiwanese emis-
sions actually fit with a reported HFC-152a consumption of only 5 t in 2004 (Tsai,
2006).15

– China’s HCFC and HFC emissions are a substantial fraction of global emissions.
Our best estimates of Chinese emissions for the year 2008 are 65.3±6.6 kt/yr
for HCFC-22 (17% of global emissions), 12.1±1.6 kt/yr for HCFC-141b (22%),
7.3±0.7 kt/yr for HCFC-142b (17%), 12.9±1.7 kt/yr for HFC-134a (9%) and
3.4±0.5 kt/yr for HFC-152a (7%). Given the substantial recent growth of the con-20

sumption of these substances and emission delays due to banking, the Chinese
emissions are bound to increase and constitute a growing fraction of the global
emissions during the next few years.
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Table 1. List of the measurement stations, their coordinates, the operating institutions, the
period and the species for which data were available.

Station Latitude Longitude Altitude Institution Period Measured species
(m)

Cape Ochi-ishi, 43.2 145.5 96 NIES 1/2008–12/2008 HFCF-22, HCFC-141b, HCFC-142b,
Japan HFC-23, HFC-134a, HFC-152a

Shangdianzi, China 40.7 117.1 294 CMA/EMPA 1/2008–12/2008 HFCF-22, HCFC-142b

Gosan, 33.3 126.2 72 SNU 1/2008–12/2008 HFCF-22, HCFC-141b, HCFC-142b,
South Korea HFC-23 HFC-134a, HFC-152a

Hateruma, Japan 24.0 123.8 47 NIES 1/2008–12/2008 HFCF-22, HCFC-141b, HCFC-142b,
HFC-23, HFC-134a, HFC-152a

Mace Head, 53.3 −9.9 25 AGAGE 1/2008–9/2008 HFCF-22, HCFC-141b, HCFC-142b,
Ireland HFC-134a, HFC-152a

Trinidad Head, 41.0 −124.1 140 AGAGE 1/2008–9/2008 HFCF-22, HCFC-141b, HCFC-142b,
California HFC-134a, HFC-152a
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Table 2. Error characteristics for HCFC-22 by station. Ea and Eb denote the a priori and,
respectively, a posteriori RMS errors for the full data set, including outliers, 1−Eb/Ea is the
relative error reduction. Eb

n is the a posteriori error normalized with the standard deviation of
the observed mixing ratios. N denotes the number of observations. r2

a and r2
b are the squared

Pearson correlation coefficients between the observations and the a priori and, respectively,
a posteriori model results.

Station Ea Eb 1−Eb/Ea Eb
n N r2

a r2
b

ppt ppt % %

Cape Ochi-ishi 5.7 4.6 19.0 54.9 2320 0.63 0.70
Shangdianzi 107.0 91.5 14.5 88.5 2241 0.19 0.26
Gosan 28.7 22.1 22.8 74.9 1626 0.25 0.44
Hateruma 12.9 9.5 26.8 61.5 2531 0.43 0.63
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Table 3. HCFC-22 emissions (kt/yr) per country for the year 2008. Ba and Bb are our best
estimate a priori and a posteriori emissions, respectively; Ma and Mb are the mean a priori
and a posteriori emissions from all inversions performed, and σa and σb are the corresponding
standard deviations.

Country Ba Ma±σa Bb Mb±σb

China 79.3 113.9±61.5 65.3 68.1±6.6
Taiwan region 3.0 2.7±1.2 2.5 2.2±0.5
North Korea 0.9 0.8±0.4 2.1 2.2±0.3
South Korea 21.1 18.7±8.3 7.2 7.8±1.4
Japan 7.6 6.7±3.0 6.0 5.9±0.3
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Table 4. HCFC-141b emissions (kt/yr) per country for the year 2008.

Country Ba Ma±σa Bb Mb±σb

China 12.1 16.9±8.9 12.1 12.1±1.6
Taiwan region 1.0 0.9±0.4 0.5 0.5±0.1
North Korea 0.1 0.1±0.1 0.6 0.6±0.1
South Korea 3.1 2.7±1.2 1.8 1.9±0.3
Japan 1.1 1.0±0.4 1.1 1.1±0.1
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Table 5. HCFC-142b emissions (kt/yr) per country for the year 2008.

Country Ba Ma±σa Bb Mb±σb

China 9.6 13.4±7.1 7.3 7.7±0.7
Taiwan region 0.08 0.07±0.03 0.03 0.03±0.01
North Korea 0.11 0.10±0.04 0.20 0.20±0.06
South Korea 2.4 2.2±1.0 0.8 0.8±0.1
Japan 0.7 0.7±0.3 0.6 0.6±0.1
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Table 6. HFC-23 emissions (kt/yr) per country for the year 2008.

Country Ba Ma±σa Bb Mb±σb

China 8.5 8.5±3.5 6.2 6.2±0.7
Taiwan region 0.01 0.01±0.01 0.03 0.02±0.01
North Korea 0.01 0.01±0.01 0.04 0.04±0.02
South Korea 0.27 0.27±0.11 0.19 0.21±0.05
Japan 0.08 0.08±0.03 0.21 0.20±0.03
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Table 7. HFC-134a emissions (kt/yr) per country for the year 2008.

Country Ba Ma±σa Bb Mb±σb

China 20.4 16.3±8.2 12.9 11.9±1.7
Taiwan region 3.2 3.2±1.3 0.8 0.8±0.2
North Korea 0.17 0.19±0.08 0.46 0.47±0.10
South Korea 0.35 0.40±0.18 1.9 1.8±0.3
Japan 3.0 3.0±1.2 3.1 3.1±0.2
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Table 8. HFC-152a emissions (kt/yr) per country for the year 2008.

Country Ba Ma±σa Bb Mb±σb

China 4.0 6.2±3.6 3.4 3.8±0.5
Taiwan region 0.17 0.16±0.07 0.02 0.02±0.02
North Korea 0.17 0.16±0.07 0.15 0.13±0.02
South Korea 0.36 0.34±0.14 0.19 0.21±0.04
Japan 1.6 1.6±0.7 0.9 0.8±0.1
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Fig. 1. Footprint emission sensitivity in picoseconds per kilogram obtained from FLEXPART
20 d backward calculations averaged over all model calculations for all stations and for the
entire year 2008. Measurement sites are marked with black dots.
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Fig. 2. HCFC-22 time series for (a) Ochi-ishi, (b) Shangdianzi, (c) Gosan, and (d) Hateruma. For every station, the
lower panels show the observed (black lines) as well as the modeled mixing ratios using the a priori emissions (green
lines) and the a posteriori emissions (red lines), the a priori baseline (cyan lines), and the a posteriori baseline (blue
lines). The upper panels show the model errors based on the a priori emissions (green lines) and the a posteriori
emissions (red lines).
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a) A priori emissions

b) A posteriori emissions

c) A posteriori minus a priori emissions

Fig. 3. Maps of the a priori (a), a posteriori (b), and difference between a posteriori and a priori
(c) HCFC-22 emissions in picogram per square meter and second for the year 2008. Black
dots indicate the location of measurement stations, asterisks in panels (b) and (c) mark the
locations of Chinese and Japanese factories known to have produced HCFC-22 in the year
2008.
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a) A priori emissions

b) A posteriori emissions

c) A posteriori minus a priori emissions

Fig. 4. Maps of the a priori (a), a posteriori (b), and difference between a posteriori and a priori
(c) HFC-23 emissions for the year 2008. Black dots indicate the location of measurement
stations, asterisks in panels (b) and (c) mark the locations of Chinese and Japanese factories
known to have produced HCFC-22 in the year 2008.
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