Atmos. Chem. Phys., 14, 4778791, 2014 Atmospheric o)
www.atmos-chem-phys.net/14/4779/2014/ . g
doi:10.5194/acp-14-4779-2014 Chemistry z
© Author(s) 2014. CC Attribution 3.0 License. and Physics &

Sulfur hexafluoride (SFs) emissions in East Asia determined by
inverse modeling

X. Fang™?, R. L. Thompsont, T. Saito®, Y. Yokouchi®, J. Kim#®, S. Li*6, K. R. Kim*8, S. Park’, F. Grazios®, and
A. Stohl*

INorwegian Institute for Air Research, Kjeller, Norway

2State Key Joint Laboratory for Environmental Simulation and Pollution Control, College of Environmental Sciences and
Engineering, Peking University, Beijing, China

3National Institute for Environmental Studies, Tsukuba, Japan

4School of Earth and Environmental Sciences, Seoul National University, Seoul, South Korea

SScripps Institution of Oceanography, University of California at San Diego, La Jolla, California, USA

SResearch Institute of Oceanography, Seoul National University, Seoul, South Korea

"Department of Oceanography, Kyungpook National University, Sangju, South Korea

8University of Urbino, Urbino, Italy

Correspondence toX. Fang (fangxuekun@gmail.com)

Received: 4 June 2013 — Published in Atmos. Chem. Phys. Discuss.: 13 August 2013
Revised: 11 March 2014 — Accepted: 20 March 2014 — Published: 14 May 2014

Abstract. Sulfur hexafluoride (S§ has a global warming by South Korea (8-16 %), Japan (5-16 %) and Taiwan (4—
potential of around 22 800 over a 100-year time horizon and7 %), while the contributions from North Korea and Mongo-
is one of the greenhouse gases regulated under the Kyotiia together were less than 3% of the total. The per capita
Protocol. Around the year 2000 there was a reversal in theSkg emissions are highest in South Korea and Taiwan, while
global Sk emission trend, from a decreasing to an increas-the per capita emissions for China, North Korea and Japan
ing trend, which was likely caused by increasing emissionsare close to global average. During the period 2006—2012,
in countries that are not obligated to report their annual emis-emissions from China and from South Korea increased, while
sions to the United Nations Framework Convention on Cli- emissions from Taiwan and Japan decreased overall.

mate Change. In this study, §Emissions during the period

2006-2012 for all East Asian countries — including Mongo-

lia, China, Taiwan, North Korea, South Korea and Japan —

were determined by using inverse modeling and in situ at-1 Introduction

mospheric measurements. We found that the most impor-

tant sources of uncertainty associated with these inversionSulfur hexafluoride (S§ is one of the greenhouse gases
are related to the choice of a priori emissions and their as{GHG) regulated under the Kyoto Protocol (UN, 1998). Its
sumed uncertainty, the station network as well as the meatmospheric lifetime is estimated to be3200years (Rav-
teorological input data. Much lower uncertainties are dueishankara et al., 1993). It is the most potent GHG, with a
to seasonal variability in the emissions, inversion geome-global warming potential (GWP) of 22800 over a 100-year
try and resolution, and the measurement calibration scalelime horizon (Forster et al., 2007). The major source fog SF
Based on the results of these sensitivity tests, we estimatt® the atmosphere is fugitive emissions from high-voltage
that the total SE emission in East Asia increased rapidly €lectric equipment, while the minor sources are magnesium
from 24044 325 Mg yr-1 in 2006 to 3782512 Mgyr-tin production, electronics manufacturing, eSproduction and
2009 and stabilized thereafter. China contributed 60—72 % t@ther sources (Olivier et al., 2005). Long-term atmospheric

the total East Asian emission for the different years, followedMeasurements show that the growth rate of the atmospheric
SFs mole fraction has increased again since around the year
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2000, after a small decrease in the period 1995-2000 (Rigby Methodology

et al., 2010). An explanation for this behavior is thatsSF

emission reductions have been achieved in most of the de2.1 Measurement data

veloped countries that are obligated to report their annual . o

emissions to the United Nations Framework Convention on!n this study, we used in situ measurements from three sta-
Climate Change (UNFCCC: so-called “Annex-I” countries). tions in East ASIE.l and frpm two stations outsllde East ASIE:'I
However, further emission reductions after the year 2000(Table 1). The Asian stations are (1) Gosan, situated on Jeju

could no longer compensate for the increase in the emission$iand in the Yellow Sea south of the Korean Peninsula and

from countries not required to report their emissions due to®Perated by Seoul National University (SNU), South Ko-
their developing status (so-called “non-Annex-1" countries; €@ (Kim et al., 2010), as part of the Advanced Global At-
Levin et al., 2010; Rigby et al., 2010). mospheric Gases Experiment (AGAGE) global network; (2)

With the exception of Japan, all countries in East Asia Hateruma, located on a small island with an area of 127 km
_ Mongolia, China, Taiwan, North Korea and South Korea &t the southern edge of the Japanese archipelago; and (3)
_ are non-Annex-| countries. Every year, the Greenhousé:ape Ochi-ishi, at the tip of fche Nemuro Peninsula located
Gas Inventory Office of Japan (GIO) submits their emis- " the eastern part of Hokkaido, Japan. Both Japanese sta-
sion estimates based on inventory technology to the yn-lions are operated by the National Institute for Environmental

FCCC (GIO, 2012). The second national communication ofStudies (NIES; Tohjima et al., 2002).

South Korea submitted to UNFCC reportsgSffnissions of At Gosan, ambient mixing ratios of gfare measured ev-
around 700 Mg yr! during the period 2006-2009 (Republic ery two hours using the Medusa gas ghromatograph—mass
of Korea, 2012). The Second Communication for Taiwan re-SPectrometry (GC-MS) technology (Miller et al., 2008).
ports Sk emissions of about 120 Mg y# within 2006—2008 Measurements of SFstarted in November 2007, but only
(Taiwan, 2011). Mongolia and China only report emissionsdat@ from January 2008 were used here. At Hateruma
for 2005 of 0 Mgyr! (Mongolia, 2010) and 436.7 Mg y# and Cape Ochi-shi stations, &nixing ratios are mea-

(China, 2012), respectively. Semissions are not included Sured once per hour using a technique developed at NIES
in North Korea’s Communication (Democratic People’s Re- Pased on cryogenic preconcentration and a capillary GC-
public of Korea, 2000). These bottom-up national estimatesMS (Enomoto, 2005; Yokouchi et al., 2006). The Japanese
however, are uncertain and need independent validation, Mmeasurements are reported on the NIES-2008 calibration
Top-down estimates based on atmospherig BEasure- s_cale, whereas for the other stations the SIO-2005 calibra-
ments provide one way to validate these inventories. Base§ONn Scale was used. Intercomparisons between the NIES-
on measurements from the Shangdianzi station in Chingt008 and SI0-2005 scales yielded a NIES-2008/S10-2005
and a Lagrangian transport model, ¢SBmissions from ratio of 1.013+ 0.006. We used this value to cor)vert_aIINIES
China were estimated for the first time to be 800 (530_data from the NIES-2008 to the SIO-2005 calibration scale.
1100)Mgyr! in October 2006-March 2008 (Volimer et Sen_sitivity tests demonstrate_ that using the NI_ES-2008_ ca_lli-
al., 2009). SE emissions were estimated for South Korea, bration scale as a reference increased the national emissions

China and Japan during November 2007 to December 200§°M all East Asian countries by less than 1.1%, and that

based on an interspecies ratio method and atmospheric mel€ differences in emissions were even smaller when SIO-
surements at the Gosan station in South Korea (Li et al. 2005-referenced data were adjusted to the widely used scale,

2011; Kim et al., 2010). Using combined Eulerian and La- NOAA-2006 (Hall et al., 2011), by multiplication by a con-

grangian chemical transport models and measurement dagfant factor of 1.002 derived from Rigby et al. (2010); there-

from Gosan, average emissions for the period 2007—20080re; this will not be discussed any further.

were estimated for South Korea, China, Japan and Taiwan Although this study only focuses on emissions in East

(Rigby et al., 2011). In some cases, discrepancies are founiSia: We also used measurement data from the AGAGE sta-
among these top-down estimates and the bottom-up inventdions Mace Head, Ireland, and Trinidad Head, California,

ries. For example, emissions from South Korea for 2008 werd?SA (Prinn et al., 2000), to better constrain emissions in

estimated to be 380 (330-440) Mg¥r(Li et al., 2011), 221 Europe and North America, respectively. These two stations
(154-287) Mg yr (2007-2009 average, Rigby et al., 2011) &€ operated by the Atmospheric Chemistry Research Group,

and 728 Mg yr* (Republic of Korea, 2012). University of Bristol (UB), United Kingdom, and Scripps In-
In this study, we quantify the emissions in East Asia dur- stitution of Oceanography (S10), University of California at

ing the last seven years (2006—2012) using measurement daif" Diego, United States, respectively. Tests show that na-

from several stations in this region, a Lagrangian particle distional emissions for all East Asian countries differ by less

persion model, and inverse modeling. than 2.0 % when not using these data.
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Table 1.List of the measurement stations, corresponding coordinates, the operating institutions and the period of available data used in this
study.

Station Longitude Latitude Altitude Institution Calibration scale  Period
Gosan, South Korea 126.17 33.28 72 SNU (AGAGE) SIO-2005 1/2008-12/2012
Hateruma, Japan 123.81 24.06 47 NIES NIES-2008 1/2006-12/2012
Cape Ochi-ishi, Japan 145.50 43.16 96 NIES NIES-2008 8/2006-12/2012
Mace Head, Ireland —-9.90 53.33 25 UB (AGAGE) SI0-2005 1/2006-12/2011
Trinidad Head, USA —124.15 41.05 140 SIO (AGAGE) SI10-2005 1/2006-12/2011
2) Gosan b) Hateruma that influence of emissions from these countries should be
Y “ (] iy < d seen in the measured mixing ratios. Western and southwest-
y"(ﬁ\:;/;’\;?/?\/ p hﬁj;;%g/ i ern China are not well covered; however, this region is only
;ﬁﬁﬁ % X sparsely populated and emissions there are expected to be
B Ay small. Therefore, the poor constraint on emissions in this re-
g L% - P3 gion will not significantly affect the accuracy of estimates
%k N g % of national emissions in China. There is minimal sensitivity

W—lggjg% m%ﬁ% to emissions over Southeast Asian countries — e.g., Vietnam,
S) Ps/kg

) Cape Ochivishi d) Three station average Malaysia, and the Philippines — and practically no sensitivity

Y y 4 to emissions in South Asia — e.g., India — so these countries
ﬁy R are not considered in this study.
= z @j‘ To determine how sensitive our results are to the choice
B % § of meteorological input data used for driving FLEXPART,
@\5 we made alternative simulations for the year 2008 driven
/% with 0.25 x 0.25 3-hourly nested ECMWF data, k 1°
N A —pm 6-hourly National Center for Environmental Prediction

EETT T T [ T ] [ [ . EEETTT T T[T T T .
0 0102051015 2 5 10 15 30 50 100 0 0102051015 2 5 10 15 30 50 100
ps/kg ps/kg

(NCEP) Final (FNL) Operational Model Global Tropo-

Fig. 1. Footprint emission sensitivity obtained from FLEXPART spheric Analyses datm'(tp://rda'uca_r'edU/datasetS/dSOSB'2/
20-day backward simulations based on ECMWF input data aver-and 0.3 X 0.5> 3-hourly NCEP Climate Forecast System
aged for the period 2006-2012 for Gosa, Haterumab), Cape ~ Reanalysis (CFSR) 6-hourly productsttp://rda.ucar.edu/
Ochi-shi(c) and all three station@l). Black dots represent the cor- datasets/ds093)0/
responding measurement stations.

2.3 Inversion routine

2.2 Lagrangian backwards modeling The inversion method used is the same as described and
evaluated by Stohl et al. (2009, 2010). Briefly, a Bayesian

The method of Lagrangian backwards modeling used hereptimization technique is employed to estimate both emis-

is very similar to that presented in previous work (Stohl sion strength and distribution over the domain influencing

et al., 2009, 2010). Therefore, we only provide a brief de-the measurement sites. The algorithm optimizes the model

scription of the method here. The Lagrangian particle dis-agreement with the measurements, while also considering a

persion model FLEXPART v-9.02 (Stohl et al., 1998, 2005; priori emissions and the uncertainties in the emissions, ob-

http://www.flexpart.eiwas run every three hours for 20 days servations and the model simulations. The cost function to

backwards in time to establish source—receptor relationshipse minimized is

(SRR, often also called “footprints” or “emission sensitivi-

ties”) between potential Gfemission sources and the change J = (M — )T diaglog ?) (M — §) + i diaglo 2)%, (1)

in mixing ratio at each measurement station.

FLEXPART was driven by operational 3-hourly meteoro- whereoy is the vector of errors in the observation space (in-
logical data at 1 x 1° resolution from the European Centre cluding the model error), is the vector of errors of the state
for Medium-Range Weather Forecasts (ECMWF) from 2006space (i.e., in the a priori emissiond), represents the SRR
to 2012. Figure 1 shows maps of average emission sensitivmatrix determined by the FLEXPART backward simulations,
ities for each station as well as for all stations combined forx is the difference between the a posteriori and a priori emis-
the period 2006—2012. North Korea, South Korea, Japan, Taision vectors, andl is the difference between observed mixing
wan and the eastern part of China are well covered by theatio vector and that simulated a priori, respectively. We used
emission sensitivities of these three stations, which meanghe same mixing ratio baseline filtering method as described

www.atmos-chem-phys.net/14/4779/2014/ Atmos. Chem. Phys., 14, 4474, 2014
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80°E  90°E  100°E 110°E 120°E 130°E 140°E 150°E 64 Mg yr‘l in 2011 (UNFCCC, 2012b), so we adopted a pri-
' ' ' ' ' ' : | ori emissions of 692, 628 and 628 Mgy from 2010 to
$ 2012, respectively. For China, a priori information was de-
T rived from a comprehensive inventory for mainland China
a3 L =1 for 1990-2010 with a projection to 2020, which was recently
40° N L — 40° N - . . .
5:4 , H made by compiling consumption and emission factor data for
o T P four industrial sources (Fang et al., 2013). For Taiwan, we
adopted the values reported by the second national commu-
‘ nication submitted to the UNFCCC (Taiwan, 2011), which
12N were 125, 125 and 129 Mgyt for 2006, 2007 and 2008,
respectively. They were extrapolated to 2012 by averaging
o NG / LN the values for 2006—2008. All the national and global a pri-
, 1SR AT , ' ori emissions used in our study are listed in Table S1 in the
80°E 90°E  100°E 10°E  120°E  130°E  140°E  160°E Supplement. The remaining emissions in all other countries
Fig. 2. Map showing a zoom-in over East Asia of the variable- (including quth Korea, for which I_ittle information is _avail-
resolution grid (highest resolution: 0.5 0.5°) used for the inver- a_ble) were dlsaggr_egated according to the Population DQn-
sion. The red dots denote the measurement stations. Gray boxes a#8Y Grid Future Estimates v3 for 2010 (CIESIN, 2005). This
considered in the inversion process and white boxes are not used. data set was also used for gridding all national emissions.
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2.5 Quantification of national emissions

in detail by Stohl et al. (2009), which also includes an op- ' ; - . :
oo ; : . We defined a “reference” inversion that uses the best avail-
timization of the baseline by the inversion scheme. Model— L . : .

able a priori information (described in Sect. 2.4) and data

data mismatch uncertainties are determined as the root megi . . . ; :
L rom all stations. We performed 12 inversions with various
square error (RMSE) between a priori model output and ob-

servation, averaged for each station, which was described iﬁhanges made to this reference setup and report the national

detail by Stohl et al. (2009). A variable-resolution emission ?;23 aln?mlssr:c;rt}z:; tgriizgf:nrgt?!se(fs\{(?r:]ﬁg;ebs;sltéggi l:/';?fr_
grid, with grid sizes ranging from 28« 18 to 0.5 x 0.5°, y

was used for the inversion. A zoom-in over the East Asian®YS sensitivity tests described in Sect. 3. Regarding the inver-

part of the global variable-resolution grid used for the inver- sion ensemble, we removed the ad_dltlonal a priort mform_a-
sion is shown in Fig. 2. tion on China, South Korea and Taiwan, and instead assign

these countries’ emissions in proportion to their fraction of
the global population from non-Annex-1 countries (the “no
East Asia information” inversion). We also replaced our ref-

In this study, we use the average value of two previous esti€rénce a priori emission data set with the EDGAR (Emis-
mates of global SEemissions for the years 2006—2008: (1) sion Database for qubal Atmospherlc Research) inventory
that of Rigby et al. (2010) of 6500, 7140 and 7420 MgYyr ~ (e "EDGAR?” inversion). Finally, we repeated the refer-
for 2006, 2007 and 2008, respectively, and (2) that of Levin€"C€ N0 East Asia information and EDGAR inversions with
et al. (2010) of 6290, 6790 and 7160 Mg¥rfor the same the a priori emissions and the!r uncertainties set to 59, 100,
years. These estimates were linearly extrapolated to give-20: @and 200% of the value in the reference inversion. In

emissions up to 2012 using the emission trend for the yeardiS Study, emissions from mainland China, Hong Kong and
2004—2008. Macao were summed up and included together as emissions

from “China”.

2.4 A priori information

We collected all available information on emissions from
individual countries. The latest available UNFCCC data for
more than 40 countries are for 2010 (UNFCCC, 2012a), andy Results of the sensitivity tests
we assumed that emissions in 2011 and 2012 for each coun-

try were equal to an average of the corresponding emisThe influence of various possible uncertainty factors on in-
sions from 2008-2010. In East Asia, Japan is the onlyyversion performance was tested, and accordingly the re-
Annex-| country and its reported emissions decreased frongulting uncertainties of national a posteriori emissions were
205Mgyrt in 2006 to 78Mgyr® in 2010 (UNFCCC,  quantified. All sensitivity tests were done for the year 2008,

2012a; GIO, 2012). For South Korea, the second nationafor which we had a complete data set and alternative meteo-
communication reports emissions of 669, 707, 728 and 77§ological data available.

Mgyr—1 from 2006 to 2009, respectively (Republic of Ko-
rea, 2012). In South Korea, Clean Development Mechanism
(CDM) projects were launched in 2010 with a reduction tar-
get of 86 Mgyr?!, and an additional reduction capacity of

Atmos. Chem. Phys., 14, 4779791, 2014 www.atmos-chem-phys.net/14/4779/2014/
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3.1 A priori information 3.2 Emission uncertainty

We evaluated the influence of different a priori emission We tested the uncertainty scaling in a similar way to Keller
data sets on the inversion: (1) the reference data set, UNgt g). (2011) by employing{ = p-max(0.5x;, 1.0xsyr) and
FCCC and East Asian country emissions were disaggregateqarying the uncertainty scale factpr, with 'xj being the a
using the Center for International Earth Science Informationpriori emission flux in inversion box, andxsuf the average
Network (CIESIN, 2005) population map (UNFCCC/East |and surface emission flux. The results in terms of a compar-
Asia/CIESIN, from here on “UC_adjust); (2) the same ison of modeled and measured mixing ratios are shown in
as UC_adjust but without East Asian country-specific in- gypplement Fig. S2. There is a nearly monotonic decrease
formation (UNFCCC/CIESIN, from here on “UC"); and jn the RMSE and an increase in the correlation coefficient
(3) the gridded S§inventory from EDGAR v4.2 (termed  jth increasing values op, i.e., when the constraint to the
“EDGAR?). Note that the emissions allocation in EDGAR 3 priori emissions is relaxed. However, there is hardly any
is quite different from the CIESIN (2005) global popula- change in the model skill fop values larger than 5. At the
tion map, because EDGAR uses the urban settlements afame time, wherp values increase, so does the danger of
CIESIN (2005) for an urban population map that was used agyerfitting the observations as the a priori constraint is weak-
a proxy for spatial emission distribution (Janssens-Maenhougned. The a posteriori emission maps show increasing lev-
etal., 2013). els of noise for these largevalues. For instance, artificially
To evaluate the different a priori emission data sets, Wenigh emissions for SFwere produced fop > 5 in southwest-
compare the FLEXPART simulated mixing ratios using eacherp China, which cannot be explained by known sources. The
prior with the station measurements. The mean bias betweegyact choice of the scale factor remains subjective, but from

the a priori mixing ratios and observatio_rBa]i isthe small-  these tests a value of 1 appears most appropriate and was
est for our reference data set, UC_adjust (Supplement Tagerefore used for our inversions.

ble S2). For example at Gosan, the bias is only 0.165 ppt,

whereas corresponding biases with EDGAR and UC emis3.3  |nversion resolution and geometry

sions are several times higher. The a priori RMSEg @nd

the squared Pearson correlation coefficients between the ol source of a posteriori emission errors in the country to-

servations and the a priori model result$)(values are low-  tals is the attribution of emissions in border regions to one
est and highest, respectively, for UC_adjust at Gosan anf the neighboring countries. This is especially problematic
Cape Ochi-ishi. However, at Hateruma, the EDGAR simula-for smaller countries like North and South Korea. A compar-
tion performs better. This is because for air masses crossingon of the a posteriori emissions when using&.5.5> and
Taiwan, simulation results are best using the hlgher EDGAR]_O x 1° as the maximum gr|d resolution is shown in Supp|e-
emissions for Taiwan (Supplement Table S3). ment Fig. S3. The total national a posteriori emissions do not

The a posteriori emissions and their distribution differ change much for large countries; for example, a posteriori
among UC_adjust, UC, and EDGAR inversions (Supplementemissions for China and Japan differ by only 0 and 1 % for
Fig. S1). The total a posteriori emissions for China are high-these two inversions, respectively. However, for North Korea
estinthe EDGAR inversion (2668 Mgyt), while values for  and South Korea, emissions are 28 % higher-afi&b lower
the UC_adjust and UC inversions are lower (2312Mglyr with the coarser resolution, respectively. The emissions are
and 2258 Mgyr*, respectively). The reason for this is the about 10 times higher for South Korea than for North Korea,
urban clustering of emissions in the EDGAR data set, dueand large emissions occur near the political border. With the
to the constant relative emission uncertainty scaling, whichcoarser resolution, more of these emissions are erroneously
leads to very high emission uncertainties in a few grid boxes attributed to North Korea. Simulated mixing ratios, however,
This allows the inversion (which increased Chinese emis-are very similar for the coarse- and fine-resolution inversions.
sions in all cases) to increase the emissions more comparegor instance, the squared Pearson correlation coefficients be-
with the more homogeneously distributed uncertainties in theween the observations and the a posteriori model regﬁus (
other data sets (UC_adjust and UC). This is an effect of thejalues for Gosan, Hateruma and Cape Ochi-ishi change by
clustering of high values of the emissions and their uncer-only 0.001-0.009 when degrading the resolution°te 11°.
tainties in a relatively small number of grld cells in EDGAR. The influence of the number of gr|d boxes on the inversion
While our statistical comparison of the a priori and a pos-results was tested by changing the fraction of boxes subdi-
teriori model results and measurement data at Gosan angided in each grid refinement step. In our standard setup, we
Cape Ochi-ishi was best for the UC_adjust case, the EDGARsed 2454 boxes. For sensitivity tests, we also used seven dif-
case was slightly better at Hateruma (Table S2 in the Suppleferent numbers varying in boxes from 546 to 5323 (the coars-
ment). Therefore, averages of the a posteriori emissions frongst and finest inversion geometry maps are shown in Supple-
all three cases were used for reporting national emissions ifnent Fig. S4). The skill of the model in terms of reproduc-
Sect. 4. ing the observations does not change much; e.gzival-

ues are within 0.446-0.453, 0.571-0.583 and 0.751-0.759

www.atmos-chem-phys.net/14/4779/2014/ Atmos. Chem. Phys., 14, 4474, 2014
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for Gosan, Hateruma and Cape Ochi-ishi, respectively. The B Aproin [ JGosan B Haterum [ Cape Ochi-ishi
emission estimates for larger countries are also stable, while B HATCOl EEEGSN-COI L_JGSN-HAT NEGSNHAT-CO
relative differences are larger for smaller countries. Tests g 2222 ‘ China gizg ‘ Taiwan
showed that the a posteriori emission distribution patterns re- 2 2 20
mained relatively stable when more than about 1500 boxes g 2000 g 2009
were used. Thus, we chose about 2500 boxes for our inver-§ g s
sions. © 0 5 5
@ o7 2008 2009 2010 2011 @ o7 2008 2009 2010 2011
3.4 Station network < 400 Japan Srooo] 'South Korea ]
g‘ 300 g’ 800
Inversion results may be quite sensitive to adding or remov- 2 600
ing a station. Since no time series is completely continuous, § ** 2 w0 m
data gaps are equivalent to effectively “adding” or “remov- § 100 5 200
ing” a station for the duration of the gap. Therefore, we tested & || s,

the influence of adding/removing stations on the a posteriori 2008 2005;8;010 2011 2008 2°°9Ye:f1° 2om

SFks emissions in East Asia. Figure 3 shows the national a

priori and a posteriori emissions in each year from the ref-Fig. 3. A priori and a posteriori national $Femissions in East
erence inversion but using either one, two or three station#\sia for the years 2008-2011. A posteriori results are from the
in East Asia (Mace Head and Trinidad Head were used inveference inversion but using measurement data from only one,
all these tests). The difference between the a priori and &wo or all three East Asian measurement stations (63bosan,
posteriori emissions is generally smaller when only one sta1AT = Hateruma and CG+ Cape Ochi-ishi).

tion is used compared to when more than one station is used

in the inversion. The impact of the different stations for the

national emission estimates is quite different. A posterioriglobal meteorological data were used for our yearly inver-
emissions for China and Taiwan when using only Haterumasions.

data, for instance, are quite close to the corresponding three- Results for inversions using CFSR and FNL data are also
station result, while using only Gosan or Cape Ochi-ishi datashown in Supplement Tables S4 and S5. There is no one
yields a posteriori emissions much closer to the a priori val-data set that is consistently better than the others. The per-
ues. This is probably due to the fact that footprint emissionformance statistics show that for Gosan and Cape Ochi-ishi,
sensitivity values in Taiwan and southern China are highesthe ECMWF data yield best results, while for Hateruma, the

for Hateruma (see Fig. 1). FNL data seem to work better. However, even for a given site
the best-performing data set changes with time. For instance,
3.5 Meteorological input data Fig. 4 shows the mixing ratio time series for Hateruma in

2008 and an example of emission sensitivities for highlighted
To evaluate the influence of meteorological input data rescases is shown in Supplement Fig. S5. Overall, ECMWF
olution, 0.25 x 0.25 ECMWF data for East Asia (100 to simulations performed slightly better than the other data sets,
15C° E, 10 to 50 N) were nested (termed “Nest. ECMWF”) but only the Nest_ ECMWF simulations give the best results
into the global 1.0 x 1.0 ECMWF data used without nest- for almost all stations and for almost all statistical param-
ing for our reference inversion (termed “ECMWF”). The eters. It is difficult to say what exactly causes the different
Nest_ ECMWF simulations generally improve the model per-model performances for the non-nested cases. One reason
formance compared to the observations in terms of biasmay be the higher vertical resolution of the ECMWF data
RMSE and correlation obtained for simulated versus ob-(92 levels compared to 37 and 26 levels for CSFR and FNL).
served mixing ratios at the three stations (Supplement TaTemporal resolution may be another factor. While ECMWF
ble S4). This holds both for a priori and a posteriori re- and CFSR data were used with 3-hourly resolution, the FNL
sults. For example, in the ECMWF case (Nest ECMWF data are 6-hourly. Certainly there are many other differences
case) therg values are 0.45 (0.49), 0.58 (0.65) and 0.76 between the different meteorological data sets such as the
(0.77) for Gosan, Hateruma and Cape Ochi-ishi, respecunderlying physical model and data assimilation scheme.
tively. However, a posteriori national emission totals are
similar (Supplement Table S5) — e.g., 2312 (ECMWF) and3.6 Seasonal variability
2355 (Nest ECMWF)Mgyr! for China — and there is a
difference of only 3% for total emissions from East Asia. One of the sources of uncertainty in our inversion setup is the
Thus, while dispersion model results are slightly better withassumption that emissions are constant over the target inter-
nested data (e.grg =0.26 for ECMWEF case and 0.32 for val for which the inversion is performed. However, this may
Nest ECMWEF case), the national emission totals obtainedot be the case. Therefore, we have run seasonal inversions
from the inversion are relatively stable. Therefore, only for the periods winter (December, January, February), spring
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Table 2. Relative uncertainties of a posteriori §Emissions in East Asia as obtained from the different sensitivity tests, as well as total
uncertainty assuming that the individual errors are independent.

Factors Relative uncertainty

Mongolia China Taiwan North Korea South Korea Japan East Asia

1 Measurement scale 0% 1% 1% 0% 0% 1% 1%
2 A priori information 87 % 9% 20% 38% 16 % 6 % 7%
3 Emission uncertainty 60% 10% 3% 44% 10% 1% 6 %
4 Inversion geometry 45% 2% 6 % 19% 1% 1% 2%
5 Inversion resolution 0% 0% 8% 17% 5% 0% 0%
6  Station network 106 % 8% 17% 56 % 14% 6% 4%
7 Meteorological data 77% 5% 40 % 47 % 9% 12% 7%
8 Seasonal variability 61 % 6 % 6 % 43% 1% 9% 5%
Overall 184 % 17% 49% 106 % 26% 17% 14%
__Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec five countries/regions. This is not very surprising, because no
g7 " “‘L ‘ " ECMWEF™ [ M ] seasonality is expected for the majorgSBurce categories.
5 2 | et r"“‘f’PWW‘Tr ’ J“*""""'T' Figure 5 shows that the average of the a posteriori emis-
e S . . sions from four seasonal inversions is close to the a posteriori
ek ] CFSR emissions from the whole-year inversion for the same year.
[

mean of the seasonal inversions and the reference inversion

0 r I i ‘ e "“"*(“"?'"r MW”‘F For the years 2007—-2011, the relative differences between the

Error (ppt) Error (ppt)
N

FNL are —7+4% for China, 2t 17 % for Taiwan,—18+ 35 %
0 ‘ for North Korea, 8 13% for South Korea—6-+8% for
i ] Japan and-6 =+ 2 % for East Asia.
(a) (b) (c) )
104 —— Observation | i .
—— sim-ECMWF 3.7 Overview of the sensitivity tests
Tsim—CFSR
sim-FNL

Table 2 presents an overview of the uncertainties of national
l ] emissions obtained from the different sensitivity tests for the
&MH MM ‘ year 2008. It is not possible to derive an exact value for the
! NS
R

SF, mixing ratios (ppt)

: WJ LML{J MT Y posterior uncertainty as this requires exact knowledge of the
1 ‘ ) . “‘ L transport errors, prior errors and observation errors and their
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec correlations. However, our sensitivity tests provide an ap-
Month of 2008 proximation for the uncertainty from these components. For
testi, we report the relative uncertainty; as the standard
Fig. 4. Observed and simulated §fnixing ratio time series at  deviation of the a posteriori emissions divided by the mean
EZE;Trgztzt?(;ll’ogngger;’glfsjr:%f(e:g?:(\)/g’esc'lzaiFe{(;;,ld(tl):)NaLn;n(it)eoro-Of the ensemble inversions in tésAssuming that the uncer-
: ' : tainties fromN sensitivity tests performed are independent
\éveirﬁet;%?c‘:‘i'\;zwated by using the CFSR, FNL and ECMWF datafrom each other (in reality they are not completely indepen-
' ' dent, but their correlation is not known), we report the total

relative uncertainty a&/ = />~ | UZ. Table 2 shows that
(March, April, May), summer (June, July, August) and au- the largest uncertainties are due to the a priori emissions used
tumn (September, October, November). For these inversionsnd their uncertainty, the station network, as well as the me-
and for the whole-year inversion used for comparison, theteorological input data. Much lower uncertainties are due to
number of emission boxes was reduced to about 1500 beseasonal emission variability, inversion geometry, inversion
cause of the reduced number of measurements. Five-yeaesolution and measurement scale. It is also evident that rel-
seasonal variations of §Fa posteriori emissions for each ative uncertainties are larger for countries with smaller emis-
East Asian country show that there is no regular seasonalsions than for countries with larger emissions. Although un-
ity of the retrieved Sk emissions (Fig. 5). For example, for certainties may be slightly different for other years than the
China, in 2007 the inferred emissions are highest in sum-tested year 2008, we apply these uncertainties to the national
mer, while in 2011 the emissions in summer are the lowestemission estimates for all years. It should also be noticed
This irregular emission variability is the same in the other that these uncertainties do not include possible systematic

—
—
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£ o] 4000 g Supplement Table S6, and time series of the measured and

g 160 enaota ] B simulated Sk mixing ratios for 2011 are shown as an exam-

S 120 3000 et . .

2 - P vy ple in Supplement Fig. S6.

S 80 ———| 2000|===F" = =T . . . .

3 40 Nl ool Comparisons of our estimates with other published es-

§ N timates are shown in Fig. 6. For China, our best esti-

% __ WSSFWSSFWSSFWSSFWSSF 0 WssFwssFWSSFWSSFWSSF mate for 2008, 238% 411 Mgyr 1, is larger than the es-
=~ 500 atan | 150 " North Korea |—— timate of 1300 (930—170.0).ng|1 repprted py Kim et
% 400 n . 120 al. (2010) and agrees within uncertainty with the value
S0 Sl 9 of 2383 (1867-2865) Mgyr* for 2007—2009 reported by
é 200 3/ T R gg Rigby et al. (2011). Our estimate for 2007 is also much

o 108 ’ 0 T larger than the estimate of Vollmer et al. (2009) for the

G VSSPWSSFWSSRWSSFWSSE WESFVISSFNSSFWSSFWSSF same year, although the emissions of other halocarbons esti-

z 1000—1 South Korea 500 Japan | mated by Vollmer et al. (2009) are higher than those reported

% 750 1| 400|+— . in other studies (Stohl et al., 2010; Li et al., 2011). Com-

S soo| . TR W zgg T, pared with the bottom-up estimates of Fang et al. (2013) and

é 20— 100 . —-— EDGAR (2011), our estimat_es are s_lightly hig_he_r (especially

..u:“’ 0 ISSFSSFVSSFSSFWSSE 0 iSSFSSFVSSEVSSFWSSF for years_2007—2009) but Wlth coq3|§tent emission trends..

7 5 8 g 2 ¢ 5 8 g o ¢ For Taiwan, the a posteriori emissions are consistent with
_ 8 8§ R & & ] & ] R the estimated emissions by Rigby et al. (2011), but are about
L. 6000 East Asia . . . .

3 5000 | East Asia| two times higher than the bottom-up estimates in the sec-
E u - . . . .
E 4000 - - A ond national _communlcanon of Taiwan for the _years_2007
S 3000 7]1—.—./2 = N A\ and 2008 (Taiwan, 2011). For South Korea, the inversion re-
£ 2000 - —=— 3-month inversion sults are always lower than bottom-up estimates in the South
®, 1000 —_ ayerage of S-monihinversion Korea national communication (Republic of Korea, 2012).
N S S FWS S FWSSFWSSFWSSE However, our estimates for the years 2008 and 2009 are about
twice as high as estimates by Li et al. (2011) and Rigby et
2007 2008 2009 2010 2011

al. (2011). This is not due to a too-high a priori adopted in
Fig. 5. Seasonal variations of §Fa posteriori emissions for each OUr inversion because a posteriori values of the same magni-
East Asian country for the 2007-2011 period. Black dots denote dude were still obtained even with the a priori value cut by
posteriori emissions from seasonal inversions; green lines denote aB0 %. For Japan, our estimates agree within the uncertainty
average of a posteriori emissions from four seasonal inversions itange with the ratio-method estimates of Li et al. (2011) and
each year; red lines denote a posteriori emissions from the refefthe inversion estimates of Rigby et al. (2011). The reported

ence inversion using the whole-year observation data. W, S, S and 'émissions to UNFCCC and EDGAR estimates are lower than
on thex axis represent winter (December, January, and February)Our estimates for Japan

spring (March, April, and May), summer (June, July and August) The emission trends were very different in East Asian

and fall (September, October and November) in each year, respec- . . .
tively, (Sep ) y P countries during the 2006—2012 period. For Japan, one of the

Annex-| countries under UNFCCC, inversion results show
that its emissions are decreasing except for the year 2011.

errors, such as model biases, e.g., under- or overestimation 670M 2008 to 2009, there is a relatively large decrease
boundary layer heights, which may be important especiallyl" €missions from 30%-54Mgyr " to 215+ 38Mgyr—,

for countries like China where the reported stochastic errord¥hich is partly due to a reported reduction of 43Mgr
caused by the equipment of &knanufacturing facilities

are small. 4 ! _ ~
with recovery/destruction units and reported additional re-
ductions of 17 Mg yr! in the magnesium foundry sector and
4 National total emissions and emission distribution 11Mgyr-tin the semiconductor manufacture sector in 2009
(GIO, 2012). The emission anomaly in 2011 is very likely
4.1 National emissions caused by leakage to the atmosphere of 8Rclosed in

certain high-voltage electrical insulation equipment due to
National emissions as obtained from the inversion are rethe damage caused by the Great East Japan Earthquake on
ported in Table 3, with uncertainties (indicated-hywalues) 11 March 2011. Seasonal inversions show that the increase is
derived from the overall relative uncertainties as obtained inlargely due to extraordinarily high emissions in spring, con-
the sensitivity tests. These uncertainty estimates are largesistent with a source related to the earthquake. Indeed, loss of
than the uncertainties obtained from error propagation in a8SFs due to earthquake damage was reported by some com-
single reference inversion. Measurement statistics and inverpanies (e.g., Hitachi, 2011).
sion performance for the period 2006—2012 are shown in
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Table 3. Sk emissions (Mg yr'1) per country/region for the period 2006—2012. Results are shown for the mean a posteriori emissions from
the inversion ensemble, and the corresponding uncertainties estimated based on the overall relative uncertainties in Table 2.

Mongolia China Taiwan North Korea  South Korea Japan East Asia
2006 8+ 15 1434+ 247 123+ 60 57+ 60 395+ 104 387£68 2404+ 325
2007 1629 2166+373 224+110 52455 246+ 65 352+-62 3056t+413
2008 2+4 2385+411 239+117 76+ 81 532+ 140 309t54 3542+479
2009 3666 2741+472 184+ 90 65+ 69 546+ 143 215£38 3787+512
2010 64t118 2549+439 208+102 36+ 38 586+ 154 172£30 3616+489
2011 46+ 85 2827+ 487 177+ 87 67+71 584+ 153 360+ 63 40614549
2012 14+26 2868+494 3014148 38+40 657172 185t£32 4063+549
= Tuesudy o m-Kimetal 2010 1\F/§ume[§:a|2.b§gog 'For South Kgreq, emissions increa}se from 2006 to 2012,
o EDGARVA? 610, 2012 o Republic of Korea, 2012 with an exception in 2007. CDM projects with 86 Mgyr
4~ Mongolia, 2010 China, 2012 Taiwan, 2011 reduction capacity and additional 64 Mg yrreduction ca-
. 2004 2006 2008 2010 2012 2004 2006 2008 2010 2012 pacity were launched in 2010 and in 2011, respectively.
5 200 Mongolia 1 3000 China I I 1 Without these CDM reductions, the §Emissions in South
2 1907 12500} e t . Korea would most likely have increased more strongly. For
@ 100 1 fggg: ¢ 30 % ] Taiwan, communications to the UNFCCC report increasing
£ 50} . 7w 11000+ 3 $ ; 1 emissions from 2000 to 2008 (Taiwan, 2011), and we find
b of e ® 4‘ LDl 508’ ‘ ‘ ‘ 2 a decrease from about the year 2008, suggesting emissions
= 500 ——— ‘ ‘ ‘ ‘ ‘ from Taiwan peaked around the year 2008. However, emis-
S 400, 1OMan | 200] North Korea sions for 2012 are estimated to be much higher than those in
2 300] I I previous years. Emissions from North Korea and Mongolia
@ 2000 ® 11 J L | or l v 1 are very small and there are no significant trends. For North
S0l t L] 501 AREREE Korea, it is possible that some of the emissions are actually
5 ‘ ‘ ‘ ‘ ot due to South Korean sources close to the border, which could
— 1000F ‘ 3 600F ‘ ] not be correctly attributed by the inversion.
5 s SO Km‘ia . | s Yk ] The Sk emissions from East Asia as a whole (Fig. 7, up-
2 e00r * °* * [l + o T 4 400r + 11! f 1 per left) grew gradually from 2404 325 Mg yr-1 in 2006 to
é 400 I ) Zgg: 1 z | 3787+ 512Mgyr! in 2009 and stabilized afterwards. The
%@ 2000 o ¢ B ® 1 100} M N global Sk emissions for the period 2006—2008 have likely
% increased almost linearly (see Supplement Table S1). The

0 1 1 1 0 L L 1 L
2004 2006 2008 2010 2012 2004 2006 2008 2010 2012

Year Year contribution from emissions in East Asia to the global total

increased from 38 5 % in 2006 to 49 7 % in 2009. Based
Fig. 6. Comparison of our a posteriori national emission estimateson extrapolated global emissions (see Sect. 2.4), the contri-
with other published estimates, as specified in the legend at the togyytions of East Asia to the global totals stabilized between
Square symbols denqte top-down estimates and diamond symbolgg - 7 and 45+ 6 % for the period 2009-2012.
denate bottom-up estimates. The major contribution to East Asian emissions is from
China (Fig. 7, upper right), accounting for 60—72 % depend-
ing on the year, followed by South Korea (8-16 %), Japan
(5-16 %) and Taiwan (4—7 %), while emissions from North
tion and emissions in China. Usage ofgSR the electrical Korea and Mpngoligtogethgr c_ontripute Igss than 3%. Taken
equipment sector was estimated to have increased from abodf! @ Per capita basis, glém|ssm_)ns in China and Japan are
820 Mgyr-L in 2001 to 4990 Mg yr? in 2010, with a bigger close to the global average (Fig. 7, bottom). On th.e other
leap in the first five years. Usage of &Sk the semiconductor hand, per caplta emissions from Sou_th Kor?a _and Taiwan are
manufacturing sector and the magnesium production sector'°'® than 5 times the global per capita emissions.
also increased by about 4 times and the total of these twgl 2 Spatial emission distribution and Chinese
sectors accounts for one-eighth of that in the electrical equip- provincial emissions
ment sector (Fang et al., 2013). Considering the increase of
usage during the period 2001-2010 and the delay betweegy,,s of 5 posteriori emission distributions for 2008 and

its employment and its emissions in the electrical equipmenbgy 5 a5 well as of the difference between these two years,
sector, an emission increase during 2006-2012 is expectedy e shown in Fig. 8. The highest a posteriori flux densities

For China, the a posteriori emissions almost doubled dur
ing 2006-2012, reflecting a fast increase og $Bnsump-
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Fig. 7. Global perspective of Sfemissions of East Asian countries.
The upper left panel shows absolute (black symbols and lexis)

and relative contributions (orange symbols and rigaxis) of emis- Ry 2

sions in East Asia to the global totals. The upper right panel shows %2 F \" e S ¢ -

relative contributions of emissions from each country within East C I L T T [ 1 [ e
Asia. The lower panel shows per capita emissions for each country, 0 2 5 8 11 15 20 30 50 70 100 150 200 300 500
with the yellow line indicating the global average. ¢) A posteriori emissions for 2012 minus 2008

are in South Korea, where the liquid-crystal display (LCD)
sector and electrical equipment sector are two important %

Tk

rany

emission sources. Several abatement CDM projects were
launched in the LCD sector in 2010 and 2011, so it is seen
that emissions from some of the boxes containing LCD fac-

tories have decreased afterwards. However, we have to con- 0.

sider the compensation by emission increases from other _“ (‘7 ﬁ O‘ = "* mmm |
sources located in the same boxes. For Taiwan, the emis- 300 -150 50 0 4 1 10 5 150 300
sions are higher in the west than in the east, as the popu- pg/m2/s

lation is denser and there is more industry along the Westerr|1: 8. M fth ) for 2008 (& |
coastline. For Japan, high emission fluxes occur in the re- '9. aps of the a posteriori gfemissions for (top panel)

and 2012 (middle panel), and difference between a posteriori emis-
gions of Tokyo, Osaka and Nagoya. For China, high emis “sions for 2012 and those for 2008 (bottom panel). Black dots denote

sions are concentrated in Liaoning and Jilin (northeasterny,q cation of measurement stations. Asterisks mark the locations
China), Beijing, Hebei, Shanxi and Henan (northern China),qf factories in East Asia known to have produceds ®Found the
Shandong, Jiangsu, Shanghai and Zhejiang (eastern Chinggar 2008.

and Sichuan (southwestern China) provinces. The locations

of factories known to have produced &&round the year

2008 (Xiao, 2010; Cheng, 2010) are also marked in Fig. 8.0f SFs emission sources. During 2008-2012, emission dis-
Almost all Chinese factories are shown on the map, but thidribution patterns changed differently for different countries
was not used as a priori information in the inversion. While (Fig. 8). For South Korea and Taiwan, emissions in some
loss during Sk production is only one source of gFesti- parts decreased, compensated by increases in other parts. In
mated as 7.5 % of the inventory total emission in China (FangJapan and North Korea we see decreases in most parts, while
et al., 2013), most of the factory locations are associatecemission distributions in Mongolia did not change much. For
with high a posteriori emissions by the inversion. However, China as a whole, the emissions increased gradually, but with
in China, emissions from electrical equipment dominate, acdarge regional differences.

counting for more than 70 % of national totals based on the

estimates by Fang et al. (2013). Hundreds of thousands of

individual devices containing SFhave been reported in the

yearbook (CEPP, 2010), leading to widespread distribution
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