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Abstract. Anthropogenic S@ emissions increased along- both of which were also consistent with observed fine-mode
side economic development in China at a rate of 12.7%yr AOD trends. We propose a simplified approach for evaluat-
from 2000 to 2005. However, under new Chinese govern-ing changes in S@emissions in China, combining the use of
ment policy, S@ emissions declined by 3.9 %Vt between  modeled sensitivity coefficients that describe the variation of
2005 and 2009. Between 2000 and 2010, we found thafine-mode AOD with changes in S@missions and satellite
the variability in the fine-mode (submicron) aerosol optical retrieval. Satellite measurements of fine-mode AOD above
depth (AOD) over the oceans adjacent to East Asia increasethe Sea of Japan marked a 4.1 %%decline between 2007
by 3-8 % yr ! to a peak around 20052006 and subsequentlyand 2010, which corresponded to the 9 %Ydecline in SQ
decreased by 2—7 %Vt, based on observations by the Mod- emissions from China during the same period.

erate Resolution Imaging Spectroradiometer (MODIS) on
board NASA's Terra satellite and simulations by a chemical
transport model. This trend is consistent with ground-based

observations of aerosol particles at a mountainous back—1 Introduction

ground observation site in central Japan. These fluctuation : : :

; CoT . ) tmospheric aerosols play an important role in the global

in SO, emission intensity and fine-mode AOD are thought . s . o
energy budget and in modifying cloud properties, precipi-

to reflect the widespread installation of fuel-gas desulfuriza-__.. - - .
: . . : . ation efficiency, and the characteristics of the atmospheric
tion (FGD) devices in power plants in China, because aerosoﬁ

. . . ) . circulation. Itis essential to investigate their distribution, mi-
sulfate is a major determinant of the fine-mode AOD in EastCro hvsical proverties. lona-term variability. and impact on
Asia. Using a chemical transport model, we confirmed that Phy brop » ong Y, P

Lo . . climate. However, the short lifetime of aerosols in the atmo-
the contribution of particulate sulfate to the fine-mode AOD sphere makes it difficult to study their chemical and physical
is more than 70 % of the annual mean and that the above—p y bny

mentioned fluctuation in fine-mode AOD is caused mainly prqperhes and their spatial and _temporal distributions with
; o limited surface network observations.

by changes in S@emission rather than by other factors n hort-term isodic observation of East Asian

such as varying meteorological conditions in East Asia. A a short-te episodic observation of tast Asia

strong correlation was also found between satellite-retrieve fgrgsmsﬁgﬁ;?jcger:':&;sma::n i]oor:psoenae?a?{n:gzaztgtgl.nss
SO, vertical column density and bottom-up $@missions, _Q . ) (nss) (
Sof1 ) and nitrate mass concentrations of 6.9 pgfnand
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1.2 ugnT3, respectively, from ground-based tape-air sam-also increased over East Asia from 1980 to 2006, as shown by
pler measurements on Jeju Island (3817 137.33 E, a global model and observed surface solar radiatBireéts
2770 m above sea level (a.s.l.)), Korea, between March 1992t al, 2009.

and May 1993. Osada et al(2007 also found that nss- Recently, however, substantial declines inySnissions
SO}( was a major aerosol component (mean concentratiorin China have been reported, with a 3.9 %¥yreduction in
was 2.4 ug m3, >86 % by anion aerosol weight base) within the total SQ emissions in the period 2005-200dlifistry

the free tropospheric aerosol at Mt. Norikura (36.86 of Environmental Protection in Chin2009, after reach-
137.33 E, 2770ma.s.l.) in central Japan between May anding a maximum in 2006. A major reason for this decline
October in 2001 and 2002. Similar results were obtained incould be the widespread installation of fuel-gas desulfuriza-
observations made during the Asian Pacific Regional Aerosotion (FGD) devices in power plants to control air pollution
Characterization Experiment (ACE-Asia) field campaign in (Li et al., 2010 Lu et al, 2010. Zhao et al.(2009 esti-
spring 2001 Kuebert et al. 2003. For example,Mat- mated that the capacity of units with FGD in mainland China
sumoto et al(2003 reported that the mean concentrations would reach 477 GW~70% of total capacity) in 2010,
of nss-S@‘, NO;, and NI—[{ in aerosols were 2.48, 0.64, from 45 GW (13 % of total capacity) in 2005, with the re-
and 0.72 ugm?3, respectively, on Rishiri Island (45.9K, quirement for fitting FGD devices to all units constructed
141.12 E), Japan, from March to May 2001. These aerosolafter 2004. We can infer that recent installations of FGD
measurements indicated that anthropogenic sulfate aerosofivices have played a significant role in reducing 8@is-

are a dominant contributor to the aerosol component in Eas$ions from China. As noted in the MEP report, FGD instal-

Asia. lation in Chinese coal-fired power plants is ongoing, and the
associated reduction in S@missions is expected to corre-

Recently, continuous observation data from space, re- . L .
. Y. ¢ : m space, late with changes in fine-mode AOD over East Asia. On the
trieved by various satellites, have become available and can . .

" . . . other hand, the Greenhouse Gas and Air Pollution Interac-
be used to study variations in atmospheric pollution. One

important sensor is the Moderate Resolution Imaging SpecElons and Synergies (GAINS) model developed by the In-

troradiometer (MODIS) on board NASAs Terra and Aqua ternational Institute for Applied Systems Analysis (IIASA)

satellites. MODIS can observe the column characteristics O{http://www.||asa.ac.a1/also provides the projected trends of

atmospheric aerosols and aerosol products that have accum he SQ emissions from China, on a long-term basis (1990-

lated over decades. Among the MODIS products, the aeroso 030); however, the projections of the S€mission depends

optical depth (AOD) represents the attenuation of sunlight byon scenarios. To capture the contemporary (or the most re-

. cent) status of the SOemissions, near real-time analysis of
aerosols and serves as an important measure of the aeros[?ffe gmissions trends is required Y
column concentration. q ’

) ] o The decline in S@ emissions has resulted in increased
Sulfate is mainly produced from the oxidation of sulfur visibility (Wang et al. 2009 and is believed to be in line

dioxide (SQ) and generally exists in the fine-mode aerosols. yjth satellite observations of the total AOBgckstuhl et al.
From the observed results in the downwind region over Easboog. As major anthropogenic aerosols cool the climate by
Asia, sulfate contributes largely to the aerosol componentyefiecting solar radiation and by indirect effects on the reflec-
f'ind accordingly, has a dorr!ina_nt role in fine-mode_ AOD. Ittjyity and lifetime of clouds Haywood and Bouche2000),

is expected that the trends in fine-mode AOD are importantsifate aerosol is considered a positive factor in slowing the
when examining variation in SOemissions in this region.  rate of climate warming. If the Asian emissions of sulfur
Due to the lack of long-term observations of the aerosol com-joxide decline significantly, the warming process may be
ponent for East Asia, satellite-retrieved data provide valuablegster than we expect. Therefore, it is important to investi-

information. gate whether sulfate aerosol over East Asia will be reduced
The temporal behavior of historical sulfur emissions is with the change in emissions by analyzing the trend in fine-

consistent with the AOD trends over North America and Eu-mode AOD.

rope, where sulfur emissions increased continuously until the To understand the recent trend in fine-mode AOD and its

early 1980s, after which they declined because of mandatedelationship to the changes in anthropogenic emissions in

reductions in air pollutiontreets et al.200§. East Asia  East Asia, this study analyzed the trend in fine-mode AOD

produces huge amounts of g@missions from burning fos- between 2000 and 2010 using emission inventory data with

sil fuels. Most S@ emissions in East Asia originate from a bottom-up approach, space-based observations, and the re-

coal combustion (68 %), with this figure reaching 85 % in sults of a chemical transport model simulation.

China Ohara et al.2007). In the past three decades, anthro-

pogenic SQ emissions in East Asia have increased dramat-

ically in parallel with the region’s rapid economic growth.

Especially from 2000 to 2005, anthropogenic Sgnissions

from China increased at a rate of 12.7 %%¥rfrom 28 to

51 Mtyr—1 (Ohara et al.2007). In this situation, the AOD

Atmos. Chem. Phys., 12, 2631264Q 2012 www.atmos-chem-phys.net/12/2631/2012/


http://www.iiasa.ac.at/

S. Itahashi et al.: Trends in fine-mode AOD with changes in Chinese SCemissions between 2000 and 2010 2633

2 Observation data and model description Anthropogenic SOz emissions

2.1 Satellite measurements and ground observation 50

As mentioned in the previous section, short-term observation |
data on aerosol concentrations are available; however, long-$
term aerosol composition measurements are quite limited. Ins
this study, to investigate long-term trends in AOD, we used

MODIS/Terra data from satellite observations. The MODIS

algorithm for determining aerosol characteristics performs 207
well within an expected error when compared to co-located

30

T T
130 140 150

ground-based observation data obtained from the Aerosol longitude
Robotic Network (AERONET) direct sun/sky radiometers e TR R T
over both land Chu et al, 1996 and oceanRemer et al. elow s Gy gra”)
. 1. Yellow Sea

2002. Qver East Asia, the MODIS measurgments have been 2. South of East China Sea o ground obeervation sit;
well validated through many studies (e@hin et al, 2004 3. Sea of Japan Mt. Tateyama in Murododaira
Park et al, 2011 5. South of Japan (36.57'N, 137.60°E, 2450 m)

The Level 3 MODIS/Terra daily products (MOD(33) 3: SZZ‘SZ'WJ:,T”

for a 1I° x 1° equal-angle global grid were obtained from
http://ladsweb.nascom.nasa.golZpllections 5 and 5.1 con-  Fig. 1. Anthropogenic S@ emissions over East Asia in 2005 based
tain the entire time series of data from March 2000 to theon the REAS emission inventory. Numbered rectangles indicate
present. To avoid the uncertainties and contribution of coarsé¢he regions used in Fig, and the closed gray circle in region 4
particles, especially mineral dust particles, which are domi-indicates the location of Mt. Tateyama.
nant in spring over East Asia, we used the aerosol optical
depth at 550 nm together with the fine-mode fraction to de-
rive the fine-mode AOD (AOP hereafter) over the ocean sensitivity simulation with GEOS-Chem and found that the
(Kaufman et al.2005. Remer et al(2008 noted that the  retrieval of the column amount of $@rom SCIAMACHY
ocean product contains inherently more information contentvas sufficient to reflect the Chinese emissions trend; SO
than does the land product, which is sensitive to assumpYCD is believed to be more directly related to S€mis-
tions made about spectral surface reflectance. They also irsions than ocean AQD We note that the SOVCD over
dicated that the size parameters of the ocean algorithm aréreas excluding central eastern China (CEC) are too small,
more reliable than those for land. Considering these facand thus the uncertainty levels over such areas become larger
tors, we used only ocean AQDiata from MODIS/Terra.  than the actual SOVCD values. For this reason, S&CD
Generally, submicron particles are thought to originate fromwas used only over the CEC region.
combustion and atmospheric photochemical reactions; there- We also used long-term (1999-2010) surface measure-
fore, AOD is a suitable indicator for examining the trends ments of the number-size distributions of aerosol particles
in AOD attributed to anthropogenic activity, despite the es-obtained with a laser particle counter (LPC) on Mt. Tateyama
timated MODIS error over ocean, with values50.03 and  (36.57 N, 137.60 E, 2450 ma.s.l., see Fidl) in central
+0.05 due to the uncertainty in the ocean state and aerosdlapan, which can be considered a background observation
properties, respectivelyK@ufman et al. 2005. Details of  site. However, to exclude the effect of local pollutants asso-
the MODIS products and their validation can be found in the ciated with vertical upward transport in daytime, data from
study ofRemer et al(2008 and references therein. 24:00 to 05:00 local time (LT) were used to analyze free-
The SQ vertical column density (VCD) retrieved from tropospheric conditions in this study. For comparison with
the Global Ozone Monitoring Experiment (GOME) and the the satellite AODR, the monthly average concentrations were
Scanning Imaging Absorption Spectrometer for Atmosphericcalculated for months with-50% coverage of the daily
Cartography (SCIAMACHY) was also used to examine the nighttime data for the submicrometer (0.3-1.0 um) size range
recent trend in S®emissions. The GOME on board ERS- and converted to aerosol concentration, assuming a density of
2 and the SCIAMACHY on board ENVISAT are passive 1gcnt? (Osada et al2009.
remote-sensing spectrometers that observe backscattered, re-
flected, transmitted, or emitted radiation from the atmosphere2.2  Chemical transport model
and Earth’s surface and monitor the most prominent species,
permitting studies of the status of the Earth’s atmosphere (seo support the analysis of AGDrends, we estimated AGD
Gottwald and Bovensman@011]). Lee et al.(2009 exam-  from the Community Multiscale Air Quality (CMAQ; ver.
ined the ability of satellite retrievals of $S@o discern infor-  4.4) Byun and Schere2006 model simulation. The CMAQ
mation about anthropogenic $@missions by conducting a model simulation results have been validated and reported
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by Uno et al.(2007) andItahashi et al(2010. Therefore, = Asian monsoon. In general, CMAQ modeling was able to
here we only describe aspects relevant to this study. The horeapture the spatial distribution, although it underestimated
izontal model domain covers the whole of East Asia, com-the AODx over the Yellow Sea and the northern part of Japan.
prising 78x 68 grids with a resolution of 80 km on a ro- Such underprediction by the CMAQ model simulation above
tated polar stereographic map projection centered aN25 the Yellow Sea especially during springtime may be due to
113 E. The vertical resolution includes 14 layers extend-the effect of dust. In the northern part of Japan, AQmay
ing from the Earth’s surface to 23 km with stretching grid be affected by submicron particles originating from wildfire
layers. The anthropogenic emissions data for 2000—200%vents in Siberia. Statistical analyses of model performance
are from the Regional Emission Inventory in Asia (REAS) are described along with Fi§. The modeling results indi-
(Ohara et al.2007. REAS was constructed based on energy cate that sulfate aerosol is a major contributor to AQD
data, emission factors, and other socioeconomic informationEast Asia, contributing more than 70 % near the Asian con-
and provides Asian emissions inventories for 10 chemicaltinent and in excess of 80 % around Japan (Bp. Streets
species at 05x 0.5° grid resolution. Such bottom-up emis- et al. (2009 reported that the average contribution of sul-
sion estimate methods often suffer from time lags of sev-fate to estimated anthropogenic AOD exceeded 80 % in East
eral years; at the time of this study, only data up to the yearAsia between 1980 and 2006, based on the GOCART global
2005 were available. The aerosol calculation AERO3 mod-model simulation. On the other hanBark et al.(2011)
ule was employed, and the aerosol concentration at the neapointed out the importance of nitrate contribution, especially
est MODIS/Terra flyover time (10:30 LT) was used to calcu- in winter (~23 %, locally~53 %), although high nitrate re-
late the AOD} at 550 nm based on the formula proposed by gions were restricted to mainland China, unlike those of sul-
Malm et al.(1994. The aerosol types used included sulfate, fate, based on the modeled spatial distribution. Moreover,
nitrate, black carbon, and organic carbon. This formula waghey also showed that the contributions of organic aerosols
originally calculated on the basis of the Interagency Monitor-and elemental carbon are relatively small in East Asia. In this
ing of Projected Visual Environment (IMPROVE) program work, we focused on the AQDover the oceans of the down-
for the United States. Thus, we assume that aerosol chawind region of CEC in East Asia, and the modeled dom-
acteristics in East Asia are the same as those in the Unitethant contribution of sulfate is consistent with observation
States. This assumption has been reported to be reliable ardhta from Korea and Japa@grmichael et al.1996 Osada
well validated (e.gSong et al.2008. In this study, as the et al, 2007). Comparing the other modeling studies and ob-
CMAQ model does not include stratospheric chemistry, theservations, the simulated contribution of sulfate to AOD
AODs calculated within the troposphere was only used. China might be overestimated, but we believe that as long as
We conducted two sets of numerical experiments. Firstwe are discussing relative trends, this may not comprise a big
we performed a 6-yr simulation for 2000-2005 using emis-issue.
sion data sets and meteorological fields for each year (des- The slope of linear regression analyses of AQddring
ignated “ByyMyy”). Next, we conducted a simulation for 2001-2005 and 20062010 are shown in Rgand d, re-
the same period using fixed meteorology for 2000 and thespectively; the temporal variation in the monthly mean AOD
emission fields for each year (fMq"). The purpose of ~Wwas also examined over the numbered rectangles shown in
EyyMgg was to evaluate AOPsensitivity to interannual Fig. 1 and is presented in Fi@. The linear approximation
variation in meteorology by comparing these results withto the annual mean AQDbased on MODIS/Terra is shown
those of fyMyy. for each region. Note that the data for 2003 were excluded
from the trend analysis for all regions because of the low in-
solation in Eastern Asia (e.gu et al, 2010 and the anoma-

3 Results and discussion lous wildfire in Siberia that year (e.@animoto et al.2009.
Also of note is that in order to exclude the effect of dust
3.1 Trends in AODs during 2000-2010 during late-winter to springtime, the data from February to

May for the Yellow Sea (region 1) were not included in the
The anthropogenic SOemissions over East Asia from the analysis. We confirm that there was a significant, dramatic
REAS emission inventory for 2005, region numbers, and lo-change in AOR between 2000 and 2010 over East Asia, with
cation names are presented in FigHuge amounts of Sp  a turning point around 2005-2006, when the AQi2aked.
are emitted from East Asia, especially from CEC. The spatialThe significant increase in AGDover East Asia of 0.004—
distributions of the average AGetween 2000-2005 deter- 0.013 yr1 (3-8%yr!in the investigated regions) between
mined from CMAQ and MODIS/Terra are shown in FRa 2001 and 2005 was caused mainly by a continuous increase
and b. AOQ} had a high valuex0.3) from the Yellow Seato in pollutant emissions in China. However, AQDecreased
the East China Sea. A ridge of high AQBxtended from  from 2006 to 2010, at a rate of 0.005-0.01¥2-7 % yr?
the Yellow Sea to Korea, the Sea of Japan, and north oin the investigated regions). From the spatial distribution
Japan and then decreased toward the southeast, clearly rehown in Fig.2c, weak decreasing trends were captured in
flecting the pollutant transport patterns from China via thethe southern part of Japan. The cause of this opposite trend

Atmos. Chem. Phys., 12, 2631264Q 2012 www.atmos-chem-phys.net/12/2631/2012/
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Fig. 2. (a) The 6-yr (2000-2005) averaged A@Ixolor) and the contribution of aerosol sulfate to Ap@ontour) estimated by CMAQ
model simulations(b) the 6-yr (2000-2005) averaged A@Eetrieved from MODIS/Terra(c) the slope of the linear regression of AQBy

MODIS/Terra during 2001-200%l) same agc) but during 2006—2010.

of AOD;s may be the large-scale volcanic activity at Miyake- parison for 2000-2005% and.S ranged from 0.5 to 0.8 and
jima (34.0% N, 139.3F E, about 180 km south of Tokyo) in  from 0.7 to 0.9, respectively. CMAQ model simulation mim-
2000 fttp://lwww.jma.go.jp/en/volcanp/This trend is illus-  icked the observed temporal variation. Among the regions
trated in Fig.3e for the south of Japan (region 5), where a investigated, CMAQ performed best over the Sea of Japan
sharp peak was captured by MODIS/Terra in autumn 2000<region 3) and Mt. Tateyama (region 4).
2001. The trends of AOpare not clear in the northern part A very clear trend was also captured by the ground-based
of Japan, due to the wildfire in Siberia. AQE> affected by  observations at Mt. Tateyama, a mountain site in central
changes in both meteorology and emissions of its precursorslapan (closed gray circle in region 4 of Fig. 1). For the
thus, to exclude the effect of temporal changes year to yearscaling comparison, the aerosol concentration of 1pgm
we applied the 3-yr moving average and investigated the stagbserved with the LPC corresponded well to the 0.1 value
tistical significance of these trends. Excluding the trend fromfor AODjs retrieved by MODIS/Terra for this site. Between
2000-2005 in the south of Japan (region 5), all of the signif-2000 and 2010, AOpshowed an increase and subsequent
icance values showed95 % confidence. decrease over all of the marked regions, and the decline in
To evaluate temporal variation in model performance,the sulfate concentration is thought to have been the predom-
the correlation coefficientR) and skill score §) between inant contributor to this trend.
MODIS/Terra and CMAQ are also shown in FR).The skill
score considers both the correlation and standard deviatioB.2 The relationship between AOD and Chinese SQ
between two data sets and is regarded as a comprehensive emissions: simplified inversion estimates of Chinese
assessment of model performance (€kgin et al, 2004). It SO, emissions

is defined as
41+ R) We examined the relationship between Chinese 8@is-
= (07 +1/on2(1+ Ro) (1)  sions and AOR over the downwind region, focusing on the

Sea of Japan, which is located under the main transport path
whereos is the ratio of the standard deviations of the two dataof continental aerosols as shown in F&a and b, and in-
sets. We set the maximum attainable correlation coefficientrestigated whether the emission intensity changed based on
(Ro) as 1. Through the CMAQ versus MODIS/Terra com- satellite AO} observations.
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the annual mean AQ2001-2005 and 2006-2010), excluding 2003 (and also excluding springtime for Yellow Sea) based on MODIS/Terra.
The linear regression results are shown in each figure. The relative trends are calculated with averadari@[2001-2005 and 2006—

2010 as reference years. The significance of these trends based on the 3-yr moving average is indic@feth fand>99 % confidence

levels.
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Fig. 4. (a) Temporal plots of the annual mean A@Dver the Sea of Japan (region 3 in Fig.by CMAQ (black line with diamonds) and
MODIS/Terra (green line with circles), S@missions from China based on the REAS emissions inventory (red bars) and Lu et al. (pink bars),
and SQ VCD over Central Eastern China using GOME/SCIAMACHY (orange bars, f@wttwald and Bovensman@011). Error bars

with black lines represent the annual mean AQ@Ber the Sea of Japan from the CMAQ sensitivity case study(Myg"). (b) Scatterplots

of (bottom-left axis) AOR from CMAQ (black diamonds) and AGDfrom MODIS/Terra (green circles) against the S@missions from

China based on REAS, (top-left axis) S8CD from GOME/SCIAMACHY with the SQ emissions from REAS (red squares), and Lu et

al. (pink squares). The numbers near each graph indicate the year (i.e. 5 means the year 2005).

Figure 4a shows the temporal variation in the,S$is-  These results indicate that variability in emissions is clearly
sions from China, the SOVCD above CEC (data from the dominant factor in our study region. We can see the dif-
Gottwald and Bovensmanr2011, Figs. 10, 11), and the ference in peak year between SWCD (peak in 2007) and
AODs over the Sea of Japan (MODIS/Terra and CMAQ). AODs (peak in 2005-2006) in Figla. AODs values were
It clearly shows that SQVCD is representative of the SO examined above the Sea of Japan, which is located in the
emission changes, and there is a good correlation with thelownwind of China, so meteorological conditions (transport
SO, emission inventories of REAS ardu et al. (2010, pathway and chemical formation) could be possible reasons
with correlation coefficients of 0.97 and 0.91, respectively for this difference.

(Fig. 4b), and both are significant at the 99 % confidence There is a good linear relationship between the 8@is-
level. The modeled SOVCD showed an increasing ratio of = sions from China and the AGover the Sea of Japan, which
12.7%yrt, and was highly correlated (coefficies0.99)  affords a new measure for estimating the Chinese emissions
with the SQ emissions of REAS, reflecting the trend in 5O variation via satellite measurements and historical emissions
emissions during 2000-2005 (figure not shown). The SO databases. Similarly,amsal et al(2011) proposed a sim-
VCD above CEC increased until 2007 and then decreasedlified emissions-update method for N®ased on satellite
The decreasing trend in $S@fter 2007 in China is thought observations. Their basic equation is

to have been due to the rapid expansion of FGD coverage, as g A

mentioned above. The OMI SQlata over Inner Mongolia = =B x o 2)
show a similar trendL( et al., 2010. By contrast, the trend ) o ) . .

in SO, estimated from the emission inventory and satellite- WhereE is emissionss2 is the VCD,AQ is the change in the
retrieved S@ VCD was consistent with the trend in AQD ~VCD with the change in emissionsE (here, we calculated
over the Sea of Japan between 2000 and 2010, also demof1iS Using a 15% emission perturbation), ghdepresents
strating that aerosol sulfate is the key component of thethe local sensitivity of the change in the VCD to the change
AODy in East Asia. During this period, S@missions from N émissions. As .there was a positive correla_tlon among the
Korea did not show dramatic change, ranging from 0.4 to 0.5AODf, SO emissions, and SO/CD, this equation could be
Mtyr—2, but decreased slightly. Consequently, Korean emis-€xtended to the SOVCD and AOL variation as

sions did not make a dominant contribution to the observeda g AQ AAOD

AODs variation. Sensitivity studies comparingyMopand - cec B x o AOD

EyyMyy indicated that meteorological variability with the

same emission intensity (i.e. patterns of transportation andvherey is a local sensitivity coefficient. The retrieval of
mixing) could influence changes in AQDThe fluctuations SO, VCD depends strongly on the surface conditions (e.g.
of AODs in these two sensitivity simulations yEMyy and  reflection) and a state-of-the-art retrieval model based on sev-
EyyMgo) ranged from 0.005 to 0.023, and corresponded toeral assumptions (e.g. air mass factors), whereas the;AOD
3.3-10.1% of the annual mean A@Dver the Sea of Japan. measurement over the ocean is relatively reliable for wide

=y X 3

CEC

Sea of Japan
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(@) change of SO2 column density (under 15% emission perturbation) [DU] Hereafter, we try to estimate the @missions from
= ' : ! China based on the REAS emission inventory using values
B from 2005 as the base emission levels. As a demonstration,
1 the SQ emissions for 2009 and 2010, which are expected
- to show declining trends, were estimated via this simplified
inversion method. The annual and region-averaged value of
B over CEC was 0.89. Based on theand SQ VCD over
CEC in 2009, the S@emissions from China in 2009 were es-
timated at 42.5 Mtyrl, and this level was equivalent to that
in 2004. The annual and region-averaged valug ofer the

50

40

latitude

30

20

9 100 110 |on1g%$de 130 140 150 Sea qf Japa_m was 1.99. This valu_e was implied by the in-
e — creasing ratio between REAS $@missions and AOpover
003 007 ot 015 019 023 027 U the Sea of Japan (Figa). Based ory and AODGy over the

(b) change of fine-mode AOD (under 15% emission perturbation) Sea of Japan, the retrieved emissions from China were 40.6

and 32.3 Mtyr? for 2009 and 2010, respectively. These re-
sults are in reasonable agreement with the estimation made
using the SQVCD; the inversed estimation of the $@mis-
sions from China in 2009 agreed within the 5% range be-
tween the results of these two methods. As we have seen,
the SQ VCD decreased from 2007 and the regression analy-
sis indicated that the AO{Ddecreased by 4.1 %Yyt between
2007 and 2010, while during this period, based on the above-
mentioned, approach, S@emissions from China decreased

latitude

o e ' ' by an estimated-9 % yr-1, with the peak of 49.0 Mtyr!
e e —— e — reduced to 32.3 Mtyrt. By comparison, between 2006 and
0005 0008 eoe oo oo oo 00 2008, which was the first phase of the widespread installa-

tion of FGD systemd,u et al.(2010 reported reductions of

Fig. 5. Spatial distribution ofa) the change in SVCD and(b) 2 9%yr1 and 2 O%yrl using our method

AOD;s under a 15 % perturbation in emissionsE .

application. As long as the major AQzomponent is sul- 4 Conclusions

fate and the long-range transport pathway does not chan
inter-annually, our simplified AOpapproach would serve as
areasonable inverse estimate of;nissions. First, we ap-

plied the results of a chemical transport model to determin )
the sensitivity coefficients andy). Then, the emission- 2010. The fine-mode AOD (AOf) from MODIS/Terra mea-

change ratio was calculated using satellite observations. Thgurements and the results from the CMAQ modeling system

spatial distributions oA 2 andA AODs are shown in Fig5. \Ave_re mve?tlga(';etd. , AOpovefr the ;;gf?s ;gé%cen(tj tt% Eazt
The sensitivity coefficientg andy reflect the feedback of Sla was found 1o increase from 0 andthen de-

! . ; .
emissions to chemical mechanisms, the horizontal distribu—cre"’ls.etd l:m'.ltﬁom atda:)rated Osz ! /i% Th]',s trend l'S "
tion of transport/removal efficiency, and the horizontal vari- consistent with ground-based observations of aerosol parti-

ation in the sulfate fraction of the total AQD Some er- cles at a mountainous background observation site in cen-
rors will also arise depending on the chemical mechanisméral_‘]a_pan_' One_ of the reasons for these fluctu_atlons m SO
and perturbation ratio chosen for the model. However, SO €Msston intensity and AODIs the widespread installation
chemistry has a more linear response than doeg ¢ffem- .Of fugl-gas desulfurization (FGD) .deV|ces. N power _plants
istry, and thus the error from chemical non-linearity should In Chlna becausg sulfate aer;)sol 'S a major determinant of
be minor. Note that the original method lhamsal et al. AODx in I_East AS_'a' Only .13 % of coa_1|-f|re_d power plants
(2011 was applied to a grid-by-grid estimation of emission ere equipped with FGDs in 2005, while this ratio exceeded

inventories by satellite observations, while our estimates are70 /0 in 2(.)10' Variability in mgteorologlcal gopdltlo_ns such
s the Asian monsoon could influence variations in AQD

over a much larger scale and changes in emission are aveﬁ_owever our sensitivity analysis with the chemical trans
aged using a regional averaging method. ' ) i
g gared ging port model showed that the observed trends in AQRre
dominated by variability in emissions. Regression analy-
sis showed that the observed AQDver the Sea of Japan

decreased by 4.1 %YVt between 2007 and 2010, which is

g\‘73\/e analyzed the interannual variability in the aerosol optical
depth (AOD) over East Asia and its relationship to the change
é'n Chinese sulfur dioxide (S£) emissions between 2000 and
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equivalent to a reduction in SCemissions over China of Hofmann, D., Barnes, J., O'Neill, M., Trudeau, M., and Neely, R.:
approximately 9%yr!, according to our approach using Increase in background stratospheric aerosols observed with li-
AODf data based on MODIS/Terra measurements. Our re- darat Mauna Loa Observatory and Boulder, Colorado, Geophys.
sults demonstrate the usefulness of the integrated approach Res. Lett., 36, L15808J0i:10.1029/2009GL039002009.

of satellite measurement and modeling study in the analysié'uebert, B. J., Bates, T., Russell, P. B., Shi, G., Kim, Y. J., Kawa-

of Asian air quality and emissions, given the limitations of ~Mur& K., Carmichael, G., and Nakajima, T.: An overview of
long-range, ground-based observation data. ACE-Asia: Strategies for quantifying the relationships between

. Asian aerosols and their climatic impacts, J. Geophys. Res., 108,
As reported from space-based pObservation, anthro- 8633 doi:10.1029/2003JD003552003.

pogenic NQ emission in East Asia, especially in mainland |tanashi, S., Yumimoto, K., Uno, I, Eguchi, K., Takemura, T., Hara,

China, has been increasing during the 2000s, contrary to the v, shimizu, A., Sugimoto, N., and Liu, Z.: Structure of dust and

trends in SQ. Nitrate aerosol formation from NOemis- air pollutant outflow over East Asia in the spring, Geophys. Res.
sion after photochemical reactions could be another factor in Lett., 37, L20806¢d0i:10.1029/2010GL04477@010.

AOD; variation. Nitrate aerosol usually contributes to coarseKaufman, Y. J., Boucher, O., Tanre, D., Chin, M., Remer, L.

mode aerosols and could be less sensitive to ACIrther A., and Takemura, T.: Aerosol anthropogenic component es-
study of in situ and satellite observations of aerosol compo- timated from satellite data, Geophys. Res. Lett., 32, L17804,
nents and AOB, including over the land surface, is needed doi:10.1029/2005GL023122005.

. . . lamsal, L. N., Martin, R. V., Padmanabhan, A., van Donke-
tq understqnd and qu_anufythecomplexand rapldlychanglnd‘ laar, A. Zhang, Q. Sioris, C. E. Chance. K. Kurosu,
air quality in East Asia.
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