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Abstract. In this study, N@ columns from the US EPA summer. Seasonal variations of the Nemission fluxes
Models-3/CMAQ model simulations carried out using the over East Asia were further investigated by a set of sensi-
2001 ACE-ASIA (Asia Pacific Regional Aerosol Character- tivity runs of the CMAQ model. Although the results still
ization Experiment) emission inventory over East Asia wereexhibited the summer anomaly possibly due to the uncer-
compared with the GOME-derived NCcolumns. There tainties in both N@-related chemistry in the CMAQ model
were large discrepancies between the CMAQ-predicted andnd the GOME measurements, it is believed that consider-
GOME-derived NQ columns in the fall and winter seasons. ation of both the seasonal variations in N@missions and

In particular, while the CMAQ-predicted NCcolumns pro-  the correct BVOC emissions in East Asia are critical. Over-
duced larger values than the GOME-derived Nedlumns  all, it is estimated that the NGemissions are underestimated
over South Korea for all four seasons, the CMAQ-predictedby ~57.3% in North China and overestimated%6.1% in
NO2 columns produced smaller values than the GOME-South Korea over an entire year. In order to confirm the un-
derived NQ columns over North China for all seasons with certainty in NQ emissions, the NQemissions over South
the exception of summer (summer anomaly). It is believedKorea and China were further investigated using the ACE-
that there might be some error in the N@mission esti- ASIA, REAS (Regional Emission inventory in ASia), and
mates as well as uncertainty in the N€hemical loss rates CAPSS (Clean Air Policy Support System) emission inven-
over North China and South Korea. Regarding the latter, thigories. The comparison between the CMAQ-calculated and
study further focused on the biogenic VOC (BVOC) emis- GOME-derived NQ@ columns indicated that both the ACE-
sions that were strongly coupled with N©hemistry during  ASIA and REAS inventories have some uncertainty in,NO
summer in East Asia. This study also investigated whetheemissions over North China and South Korea, which can also
the CMAQ-modeled N@NOy ratios with the possibly over- lead to some errors in modeling the formation of ozone and
estimated isoprene emissions were higher than those witkecondary aerosols in South Korea and North China.
reduced isoprene emissions. Although changes in both the
NOy chemical loss rates and NINOy ratios from CMAQ-
modeling with the different isoprene emissions affected the )
CMAQ-modeled NQ levels, the effects were found to be 1 Introduction
limited, mainly due to the low absolute levels of N@

Nitrogen oxides (N@=NO+NOp) emitted from anthro-
pogenic sources, such as fossil fuel combustion and biomass

Correspondence toC. H. Song burning, as well as natural sources, such as lightning and
BY (chsong@gist.ac.kr) microbiological processes in soil, play important roles in
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tropospheric ozone chemistry and secondary aerosol formament System are 2001 and 2014, respectively. However, the
tion. Several studies have focused on,Nénissions from  critical and largest uncertainty in implementing this policy
China to determine their influence on air quality and aerosolis to evaluate and quantify accurately the influences of the
radiative forcing in East Asia (e.g., Uno et al., 2007; Wang emissions outside the policy domain on the air quality of the
et al., 2007; Zhang et al., 2007). Recent studies using satelSeoul Metropolitan area. Due to the strong and persistent
lite measurements reported that NElumns (or NQ ver- source-receptor relationship between North China and South
tical column density, VCD) have increased significantly in Korea, it is important to use accurate emission inventories
East Asia since 2001 (Richter et al., 2005; van der A etfor both the source (“North China”) and the receptor regions
al., 2006; He et al., 2007). Such increases inyNgnis-  (“Seoul Metropolitan area” or “South Korea”) for the refer-
sions over China were confirmed partly by a bottom-up emis-ence and target years, 2001 and 2014.
sion inventory study (Zhang et al., 2007). In order to test This study examined the accuracy of Némissions from
the accuracy of N@ emissions, several studies were car- North China and South Korea using the CMAQ-simulated
ried out over East Asia comparing the 3-D model-predictedand GOME-derived N@ columns. In addition to the un-
NO; columns with satellite-derived NGcolumns (Kunhikr-  certainty in NQ emission itself, this paper also discussed
ishnan et al., 2004; Ma et al., 2006; van Noije et al., 2006;the possibly important uncertainty factors that could cause
Uno et al., 2007). The comparisons revealed large inconinconsistencies between the CMAQ-derived and GOME-
sistencies between the N@olumns from the 3-D CTM  derived NQ columns. In particular, both seasonal varia-
(Chemistry-Transport Model) simulations and the satellite-tions in the NQ emissions and the HONOx-isoprene pho-
derived NG columns. For example, Uno et al. (2007) re- tochemistry in East Asia were examined in detail on ac-
ported that the 3-D CTM-derived NOcolumns with the  count of its possibly strong relationship with the incon-
REAS (Regional Emission inventory in ASia) emission in- sistency between the CMAQ-simulated and GOME-derived
ventory were lower by a factor of 2—4 over polluted Central NO, columns in East Asia.
East China, compared with the GOME (Global Ozone Mon-
itoring Experiment)-retrieved N£columns. In addition, Ma
et al. (2006) also reported that the 3-D CTM-derived NO 2 Experimental methods
columns with the ACE-ASIA (Asia Pacific Regional Aerosol
Characterization Experiment) emission inventory underesti4n this study, three dimensional Eulerian CTM simulations
mated the NQ emissions over China during the summer for over East Asia were carried out in conjunction with the
the year 2000 by more than 50% compared with the GOME-Meteorological fields generated from the PSU/NCAR MM5
derived NQ columns. However, there has been no detailed(Pennsylvania state University/National Center for Atmo-
investigation carried out as to how and why theNfolumns  spheric Research Meso-scale Model 5) model in order to
over China were under-predicted by 3-D CTM simulation us- compare the CTM-predicted N@olumns with the satellite
ing the ACE-ASIA or REAS inventory. In addition, there are (GOME)-derived NQ columns.
no reports on the possibly important seasonal (or monthly)
variations in NQ emissions in East Asia and the relation- 2.1 US EPA Models-3/CMAQ modeling
ship between the rates of N@hemical loss and the fluxes of
biogenic isoprene emissions in East Asia, even though theyn this study, a 3-D Eulerian CTM, US EPA Models-
could be important factors for evaluating N@missions. 3/CMAQ (Community Multi-scale Air Quality) model was
The latter (biogenic emissions) could be important becauseised in conjunction with the MET fields generated from
they can control the levels of OH radicals, which can affect PSU/INCAR MM5 modeling over an approximately 3 week
the NG, chemical loss rates. period for four seasons: Late Fall (9—-27 November 2001),
On the other hand, an accurate estimation ofyN@is-  Spring (25 March 2002-13 April 2002), Late Summer
sions in China is important because N®missions from (24 August 2002-13 September 2002), and Winter (11-28
North China tend to persistently affect the air quality of February 2003) (Byun and Ching, 1999; Byun and Schere,
South Korea (e.g., Arndt et al., 1998). From 2003, the Ko-2006). The details of the modeling conditions were re-
rean government began to implement an ambitious pollutiorported by Song et al. (2008). For the MET fields, the
abatement policy that aimed at improving the air quality of 2.5°x2.5° resolved re-analyzed National Centers for En-
Seoul Metropolitan area, called the “Total Air Pollution Load vironmental Prediction (NCEP) data with automated data
Management System”, by reducing the levels of secondaryrocessing (ADP) of the global surface and upper air ob-
pollutants, such as £) PANs (Peroxy Acetyl Nitrates), and servations were employed using four-dimensional data as-
nitrate (Korean Ministry of Environment, 2006). This pol- similation (FDDA) techniques (Stauffer and Seaman, 1990,
icy included a specific plan to reduce the total anthropogenicl994). The MET fields were generated at “1-h intervals”
NOy emissions from the Seoul Metropolitan area by 53%, during the four episode periods. The CMAQ modeling sys-
from 309387 Tonyr! to 145412 Tonyrl. The reference tem then used the meteorological fields generated from the
and target years for the Total Air Pollution Load Manage- PSU/NCAR MM5 and emission fields. The schemes selected
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in CMAQ modeling are as follows: the piece-wise parabolic k S

method (PPM) for advection (Collela and Woodward, 1984); B \7 j/c

4th generation carbon bond mechanism (CBM 4) for gas & ,JA ]
phase chemistry (Gery et al., 1989); the Carnegie-Mellon —__— MJV 5,\/’
University (CMU) aqueous chemistry mechanism for cloud ﬁemn: (A

chemistry (Pandis and Seinfeld, 1989; Fahey and Pandis
2003); the AERO3 module for particulate dynamics and §
aerosol thermodynamics (Binkowski and Roselle, 2003); and
the Wesley scheme for the dry deposition of both gaseous

aka

Shanghal

&)
Y4

and particulate species (Wesley, 1989). The 4th genera- B \ N

tion carbon bond mechanism for gas-phase chemistry in-g Tai ! \\

cluded explicit VOC species, such as ALD2 (higher alde- | ..~y i""22" \ )

hyde, C-2), ETH (ethane), FORM (formaldehyde), ISOP 'y

(isoprene), OLE (olefin), PAR (paraffin), TOL (toluene), and 105E 115E 125E 135E 145E \

XYL (xylene). As indicated above, far more detailed atmo-
spheric chemistry and physical processes, aerosol dynam
ics, and thermodynamic gas-aerosol processes were consic
ered in these calculations than in other global and regional
chemistry-transport modeling studies in order to better con-
sider the atmospheric fate of NOFor example, in this study
the analysis was not restricted to “clear sky conditions”. In
other words, it fully considered cloud chemistry, wet scav-
enging, and the effects of clouds on the photolysis reaction
rates.

The horizontal domain of the CMAQ modeling shown 126E 127E 128E  129E
in Fig. 1 covered the region from approximately @D
to 15CE and 20N to 5C¢ N, which included Korea, Fig. 1. Modeling domain of the study. Four regions were defined:
Japan' China' and parts of Mongona and Russia with d) A: North China, ||) B: South China, |||) C: South Korea, and |V)
108 kmx 108 km grid resolution. For vertical resolution, 24 D:Japan.
layers were used with-coordinates using the model-top at
180 hPa. For comparison, N@ertical column loading was ~Pogenic emissionsk 1° resolved emission data for 9 major
integrated from the surface to 250 hPa (approximately correspecies, including SO NOy, CO, NMVOCs (Non-Methane
sponding to~10 km a.s.l. in these calculations). The CMAQ- Volatile Organic Compounds), GiH NHs, CO,, BC, and
modeled NQ columns were averaged between 10:00LST OC, were obtained from the official ACE-ASIA and TRACE-
and 12:00 LST because the GOME measurements were takdn (Transport and Chemical Evaluation over Pacific) emission
approximately at 10:30 LST over East Asia. The total num-Wweb site at the University of lowa (http://www.cgrer.uiowa.
ber of the grid points in the CMAQ model calculations was €dW/EMISSIONDATA/index.htm). Streets et al. (2003) pro-
36432. Figure 1 also shows the four main Study regionsVided detailed information on the emission inventory (here—
used for the comparison studies: i) North China (Region A,after, labeled the ACE-ASIA inventory) used in this study.
30° N-42 N; 110° E-125 E); ii) South China (Region B, The ACE-ASIA emission inventory included N@missions
22° N-30° N; 108 E-122 E); iii) South Korea (Region C, from fossil fuels and bio-fuel combustion as well as biomass
33.5 N—-40° N; 125 E to 130 E); and iv) Japan (Region D, (vegetation) burning in East Asia. However, the inventory
31°N-40° N; 130° E-142 E). Here, the remote continental did not consider the NQemissions from lightning and mi-
areas in China were excluded from our analysis, partly be-crobial activity in soil. In general, emission from lightning is
cause they are remote areas, and the N@umns showed believed to make a small contribution to the total Néddget
a similar order of magnitude of the absolute errors to the(Martin et al., 2003). On the other hand, Wang et al. (2007)

GOME measurements<L0*® molecules cm?). reported that soil N emissions might be important, ac-
counting for up to~43% of the combustion source during
2.2 Emissions summer in East Asia. In addition, the original ACE-ASIA

emission inventory was built up for the year 2000. There-
Emission is an important input parameter in a modelingfore, the NQ emissions for East Asia were modified slightly
study. Poor agreement between 3-D modeling studies anfly multiplying a factor of 1.05 in order to account for an an-
satellite measurements is expected if the emission invennual increase in N@emissions from China for the year 2001
tories incorrectly reflect the seasonal and spatial emissiorfZhang et al., 2007).
fluxes from the various sources. In order to consider anthro-
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Fig. 2. Three-day backward trajectory analysis for air masses arriving in Seoul, Korea in 2001. The trajectories are obtained at 1kma.s.l.,
and are shown at 1h interval&) January(b) February,(c) March, (d) April, () May, (f) June,(g) July, (h) August, (i) September(j)
October,(k) November, andl) December.

Anthropogenic NMVOC emissions were assumed to bethe SPECIATE database built up by the US EPA. The ma-
constant without any seasonal variation. In this study,jor biogenic 2 x1° resolved emissions data of isoprene and
chemical speciation (chemical species splitting) of the to-monoterpene were obtained from the Global Emissions In-
tal NMVOC emissions in East Asia was performed using ventory Activity (GEIA, http://geiacenter.org/presentData/
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Fig. 3. Seasonal variations in the CMAQ-derived BIO Fig. 4. As Fig. 3, except for closing in South Korea.
columns (unit: x 101 molecules cii) in the first column and
GOME-derived NGQ columns in the second column (unit:
x10'®moleculescm?). The differences between the CMAQ- section (Burrows et al., 1998), the cross-sections HfEr-
derived and GOME-derived NOcolumns are shown in the third rows et al., 1999), @(Greenblatt et al., 1990), 40 (Roth-
column. man et al., 1992), a synthetic Ring spectrum (Vountas et al.,
1998), and an undersampling correction (Chance, 1998) were
included in the fit. In order to calculate the troposphericocNO
slant column, the stratospheric contribution of N© the
measured slant column was removed by subtracting the slant
2.3 NO retrieval algorithm from ESA/ERS-2 column taken on the same day at the same latitude in the
GOME platform 180°-230C longitude region from the total slant column us-
ing the reference sector method (Richter and Burrows, 2002).
GOME was launched on the ERS-2 satellite by EuropearCloud screening was applied to remove measurements with
Space Agency (ESA) in April 1995. It is a nadir-scanning a cloud fraction>0.3, as determined from the GOME mea-
double-monochromator, and obtains approximately 30 00Gurements using the FRESCO (Fast Retrieval Scheme for
radiance spectra each day covering the ultraviolet and visiClouds from the Oxygen A-band) algorithm (Koelemeijer et
ble wavelengths from 240 to 790 nm at a moderate spectradl., 2001). The tropospheric slant column was then converted
resolution of 0.17 to 0.33nm. Because GOME is a nadirto a vertical tropospheric column using the appropriate air
viewing instrument, both tropospheric and stratospheric abmass factor (AMF). The AMF is defined as the ratio of the
sorptions contribute to the measured signals. The grounabserved slant column to the vertical column and was calcu-
scene of GOME typically has a footprint of 3280 knr?. lated with using the radiative transfer model (SCIATRAN)
Total ground coverage is obtained within 3 days at the equa{Rozanov et al., 1997). The monthly averaged AMF on a
tor with a 960 km wide track swath (4.5 s forward scan and2.5°x2.5° grid was determined using the NQ@ertical pro-
1.5 s backward scan). files (shape facor) from a global chemical transport model,
The NG analysis for GOME is based on a Differential MOZART-2 (Model for Ozone and Related Tracers).
Optical Absorption Spectroscopy (DOAS) retrieval method The error budget of satellite measurements of tropo-
(Richter and Burrows, 2002; Richter et al., 2005). The wave-spheric NGQ columns from GOME has been discussed
length range of 425-450 nm was used for the,NGDAS in detail (e.g. Richter and Burrows, 2002; Martin et al.,
fit because the differential absorption is large and interfer-2003; Boersma et al., 2004; Richter et al.,, 2005; van
ence by other species is small. In addition to theod€dss-  Noije et al.,, 2006). The main contributions to the error

nvoc.html), which was created as an activity of the Interna-
tional Geosphere-Biosphere Program (IGBP).
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% %0 3 Results and discussions
(\."E“ - (a) SPRING : ggsﬁcﬁﬁz gg » (b) SUMMER
Lé 20 v v an é 20 In order to properly determine the contributions from North
5 15 g B e China emissions to air quality of South Korea, it is impor-
Su Swf .7 tant to evaluate the accuracy of the N@mission invento-
:s - #hort hina 3 S| gd o o ries over both regions and understand,N®lated gas-phase
e chemistry. Initially, 3-day backward trajectory analysis was
GOME (1015 molec cm2) GOME (1015 molec cm2) conducted (Sect. 3.1) to confirm the strong source-receptor
e ©FALL -  “T(d) WINTER relationship between North China (A) and South Korea (C).
E® e £ v Subsequently, the CMAQ-predicted M@olumns are then
g g - spatially and seasonally compared with the GOME-derived
g 7 g ” S NO; columns (Sect. 3.2). The ACE-ASIA N@missions in
o v '/:\{. - " " o" " 70 s emonns North China (A, source region) and South Korea (C, recep-
3 °| & *{?’ﬁ‘i?"‘: e ":’"."’f*' : tor region) are then compared with other recently-released
% s w0 B w3 w o 5 1 15 2 % inventories such as, REAS, “date-back” ANL (Argonne Na-
GOME (101 molec o) GOME (1019 moleg cm) tional Laboratory) inventory, and CAPSS (Sect. 3.3).
30
s (e)ALL, SEAS ?'\ﬁ 3.1 Backward trajectory analysis
8 20 . e
q In this study, a 3-day backward trajectory analysis for each
g 2.0 month of 2001 was carried out using the NOAA HYSPLIT
3 e model (Draxler, 1998) to confirm the persistent source (North
Ty o o China, A)-receptor (South Korea, C) relationship, as well as
GOME (1015 molec cm™2) to determine how frequently the air masses travel from North

China (A) to South Korea (C). Approximately 20 days per
Fig. 5. Scatter plots between the CMAQ-derived and GOME- month were selected. The trajectory ends at a point {3¥,5
derived NG columns for(a) spring,(b) summer(c) fall, (d) winter, 157 & E) at an altitude of 1 km under which Seoul is located.
and(e) all seasons. North China (red circles), South China (0penq shown in Fig. 2, the air masses traveled from North China
circles), South Korea (blue triangles), and Japan (green trlangles).(A) to South Korea (C) during almost the entire year. How-
ever, in July, the air masses appear to be affected by the emis-
dsions from South China (B). In August and September, the
air masses arrive in Seoul from the North, East, South (Au-
gust) and the Northeast (September). Although air masses
do not always travel from North China (A) to Seoul during
July, August, and September, it is clear that the South Korean
air quality is most strongly and persistently affected by the
emissions from North China (A) throughout almost the en-
._tire year. Therefore, in the framework of the source-receptor
2002). These values can be reduced further by aVeragm?elationship, this study focused particularly on the emissions

the space or time. In remptg regions, the retrieval IS om two regions, North China (A) and South Korea (C).
were dominated by uncertainties in the slant column fitting

and the subtraction of the stratospheric contributions. How-g 5 CMAQ-predicted and GOME-derived N@olumns,
ever, these uncertamtle_s are _relatlvely _small in polluted re- NO emissions, and N@related chemistry in

gions. The total uncertainties in the retrieval of tropospheric East Asia

NO» columns over continental polluted regions is largely de-

termined by the AMF calculation due to surface reflectiv- 3.2.1 CMAQ-predicted vs. GOME-derived N@olumns

ity, clouds, aerosols, and the trace gas profile (Richter et al.,

2005; van Noije et al., 2006). An overall assessment of erFigure 3 shows the spatial distributions of the CMAQ-
rors leads to &10—1x 10 molecules cm? for additive  predicted NQ columns and the GOME-derived NO
error and 40-60% for relative error for the monthly averagescolumns for four episodes over East Asia. Figure 4 shows
over polluted areas (Richter and Burrows, 2002; Richter eta close-up of the area of South Korea for better visual-
al., 2005). More detailed error and uncertainty analysis ofization. There were large discrepancies between the two
the GOME NQ columns can be found in the previous pub- quantities in the late fall and winter seasons (i.e. cold sea-
lications (Richter and Burrows, 2002; Martin et al., 2003; sons), as well as strong seasonal variations, particularly in
Boersma et al., 2004; Richter et al., 2005; van Noije et al.,the GOME-derived N@columns. Interestingly, the CMAQ-
2006). predicted NQ columns were larger than the GOME-derived

are slant column fitting uncertainties, uncertainties relate
to the subtraction of the stratospheric contributions, un-
certainties from residual clouds, and AMF. For an indi-
vidual GOME pixel, the slant column fitting uncertain-
ties were X 10%—4x10“moleculescm? and the uncer-
tainties in the subtraction of the stratospheric contribu-
tion were <1x 10 molecules cm? (Richter and Burrows,

Atmos. Chem. Phys., 9, 1017-1036, 2009 www.atmos-chem-phys.net/9/1017/2009/
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NO columns for all seasons over South Korea (C) (Fig. 4)'Table 1. Statistical analysis for the comparisons between the

On the other hand, the CMAQ-calculated NElumns over  cyaQ-predicted and GOME-derived N@olumns over East Asia.
North China (A) were smaller than the GOME-derived NO

columns f_or all seasons except for summer (Fig. 3). Note RMSEL  MNGE2 MBI  MNB2
that the differences between the CMAQ-calculated and the CMAQvs. A SPRING 314 004 199 2699
GOME-derived NGQ columns in the third column in Figs. 3 GOME SUMMER 1.39 39.54 ~1.00 -32.82
and 4 have negative values (“blue colors”) over North China FALL 6.67 66.42 573 —65.61
(A) and positive values (“red-orange colors”) over South WINTER 6.05 6334 443 -3628
Korea (C). Scatter plots between the CMAQ-predicted and B SPRING 121 7190 0.28 5095
. SUMMER 165  41.65  —0.72 —24.05
GOME-derived NQ@ columns were also made for North FALL 182 3424  _053 -626
China (A), South China (B), South Korea (C), and Japan WINTER3 - - - -
(D) for further confirmation. Figure 5 shows that there are C SPRING 3.08  44.34 0.86  17.30
no clear seasonal trends in South China (B) and Japan (D), SUMMER 254 4859 0.81 2470
whereas the CMAQ-predicted N@olumns over South Ko- FALL 4.35 38.44 0.38 0.98
c by Ip I han the GOME-derived NG WINTER 347  37.85 1.06 13.9
rea (C) are obviously larger t an the -derived N D SPRING 181 8867 —0.00037  41.64
columns for all seasons. In addition, the CMAQ-predicted SUMMER 104 5188 023 2085
NO; columns over North China (A) were clearly smaller than FALL 3.04  50.88 -1.44 -29.47
WINTER 223 6376  -061 —167

the GOME-derived N@ columns for all seasons except for
summer. These results are further confirmed through statis- N . .
tical analyses (see Sect. 3.2.2). These results suggest th'%b'\r'ﬁrt: foqg‘j{oﬁ‘e-i?gi;?”a' C: South Korea; D: Japan
there are some errors in the estimations of,N#&nissions 2 Unit’ %

over North China (A) and South Korea (C) in the ACE-ASIA 3 Due’to missing values

NOy emission inventory. Of course, this inference should

be valid only when the following assumption is held: In

CMAQ modeling, emission is the largest uncertainty, and the N
other atmospheric chemical and physical processes are reﬂ/lNGE=l Z |N02'CMAQ_N02’GOME| x100 (2)
sonably accurate. In this study, we chose the GOME-derived 1 NO2 come

NO» columns as reference values, although the GOME mea-
surements also have uncertainties, as discussed in Sect. 2.3 1Y

mainly from the assumptions made in the radiative transfelMBzﬁ Z (NO2,cmag—NO2, cowme) ®)
calculations (Richter et al., 2005). In this study, we focused !

on the highly polluted East Asian regions where the monthly 1N
averages of N@ columns reach~2x10® molecules cm? MNB:N (
(see Figs. 3, 4, and 5; also refer to van Noije et al., 2006 1

and U.no etal., 2007). The NQ@olumns are larger than the | e 1, RMSE analysis showed that the magnitudes of the
magnitudes of overall errors of the GOME M@olumn mea-  «5psq|ute” differences were much larger over North China

surements, 0:510'°—1x 10'°molecules cm?. An attempt (A) and South Korea (C) than over South China (B) and
was also ma_lde to determine why the difference between thgapan (D) (These are denoted as “bold fonts” in Table 1).
CMAQ-predicted and GOME-derived N@olumns became | 5146 yncertainties are expected over North China (A) and
m|n|mal_only d.u.rmg summer in Fig. 3. This issue is dis- South Korea (C). The MNGES range from 39.6% to 66.4%
cussed in detail in Sect. 3.2.3. over North China (A) and from 37.9% to 48.6% over South
Korea (C). Bias analysis (MB and MNB) showed that the
CMAQ-predicted NQ columns tend to have positive biases,
Table 1 shows the seasonal and regional statistical analyeompared with the GOME-derived N@olumns over South
ses between the CMAQ-predicted and GOME-derive,NO Korea (C). In contrast, over North China (A), the CMAQ-
columns. The following four statistical parameters were in- Predicted NQ columns tend to have negative biases. These
troduced for statistical analyses: i) Root Mean Square ErrosStatistical analyses are also in line with the results reported in
(RMSE, absolute error); ii) Mean Normalized Gross Error S€ct. 3.2.1.

(MNGE, relative error); iii) Mean Bias (MB, absolute bias);
and iv) Mean Normalized Bias (MNB, relative bias). The
four statistical parameters are defined in Egs. (1) to (4):

NO2 cmag—NO2 GOME>
. . x 100 4
NO2 comE @

3.2.2 Statistical analysis

3.2.3 Summer anomaly in Nxolumns over East Asia

The first and second columns in Fig. 3 show seasonal

1N variations of the N@ columns over East Asia. The
RMSE= —Z(NOZ,CMAQ—NOZ,GOME)Z (1) CMAQ-de_riv_ed NQ columns_show re_latively weak sea-
N < sonal variations in North China (Region A), whereas the

www.atmos-chem-phys.net/9/1017/2009/ Atmos. Chem. Phys., 9, 1017-1036, 2009
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Fig. 6. Seasonal variations in the anthropogenic,\N@ed thick
line), SG (blue dot line), and BC (black dash line) emissions in
China (Streets et al., 2003).

GOME-derived NQ columns show strong seasonal varia-
tions. The differences between the two Néblumns reduce :
to almost zero during summer, and are also small over North ==

China (A) during spring (Fig. 3). There are two main fac-

tors that may be involved in these phenomena: i) seasongtig. 7. Seasonal variations in the CMAQ-derived isoprene concen-
variations in NQ emissions; and ii) seasonal variations in tration (unit: x ppb) at the surface level (the first column), CMAQ-
the NQ, chemical loss rates. First, the distribution of NO derived hydroxy! radical (OH) concentration (uni¢10~2 ppt) at
columns can be influenced by the seasonal variations i NOthe surface level (the second column), andNfBemical loss rates
emissions. Streets et al. (2003) reported almost no season@init: x 10° molecules cm®s~1) at the surface level (the third col-
variations in anthropogenic NCand SGQ emissions, which umn).

is in contrast to black carbon (BC) emissions. The monthly

fraction of the NQ emissions is almost constant, as shown in Hetra.

Fig. 6, even though the fractions of N@missions increase N20s+H20 — 2H++2NO3 (R5)
slightly in December and January. If this is true, then the sea;

sonal changes in NOemissions are not a likely cause of the NO2+CHsC(O)0z ~ PAN (R6)
seasonal variations in the N@olumns (Note that uniform  paN — NO,+CH3C(0)0, (R7)
NOy emission fluxes were also assumed in the CMAQ model

runs based on the almost constantNgnissions shown in  NO,+RO — RONG;, (R8)
Fig. 6. However, the issue of seasonal variations inyNO

emissions in East Asia will be revisited, and explored furtherNO+RO, — RONG, (R9)

in Sect. 3.2.4). Secondly, in order to explain this anomalous )

(or unexpected) phenomenon in NEblumns, this study ex- 1herefore, the N chemical loss rate (o) can be con-

amined the seasonal variations in NEhemical loss rates Structed by Eq. (5) (Song et al., 2003):

in East A3|a. The cheml_cal _mechamsm; for.)Nbss are Loy = k1 [NO2] [OH] +k2 [NOg] [HCHO] -+k3 [NO3]

HNOj3, nitrate, and organic nitrate formation (i.e. N(V) for- [ALD2] +ka 5 [NOg] +2ks, 1 [N2Os]+ks[NO2] %)

:22232?1;“(;“16) fggﬁ;ﬁgg)'_ The N(V) forms from Noy [CHaC(0)Os]-+kg[NO2][ROJ+ko[NOJ[ROz]—k7[PAN]
where, the first, second and third terms in the right hand

NO2+OH+M — HNOs3 (M : third body) (R1)  side of Eq. (5) represent the N@hemical loss rate due to
HNO3 formation via reactions (R1), (R2), and (R3), respec-
NO3+HCHO — HNO3+CHO (R2)  tively. The fourth and fifth terms represent heterogeneous
nitrate formation by reactions (R4) and (R5), respectively. In
NO3+CH3CHO+0, — HNO3+CH3CO;3 (R3)  Eq. (5), the heterogeneous mass transfer coefficienty ¢
Hetra ka n andks j; for NOs and NoOs radicals were calculated us-
NOz — NOj (R4) ing the Schwartz formulak{=y; S; v;/4) (Schwartz, 1986).
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In the Schwartz formulay;, S, andv; represent the reaction  primary .
probability, aerosol surface densityr? cm—3), and molec- production HONO HCHO
ular mean velocity (cms') for species i, respectively. Since

hy
PAN is a temporary reservoir of NQboth the production "o
and decomposition terms of PAN (i.e., R6 and R7) were —_CO, Isoprene,
considered in Eqg. (5). In addition, in summer organic ni- pHo monoterpenes | » HCHO
trate (denoted as RONGN the text and NTR in the CBM4  tamily OH o RO. OH
mechanism of the CMAQ model) formation is important (R8 « . 2 hv

and R9). Therefore, both reactions were taken into account.
Here, R represents the organic functional group.

Among the eight pathways for removing NQ no, is in-
fluenced mainly by (R1), (R5), and (R9) in Eq. (5) (partic-
ularly, (R1) and (R5) during winter and (R1) and (R9) dur-
ing summer). The third column in Fig. 7 shows the model-
predicted, spatial distributions of the N©hemical loss rates
at the surface. As expected, the rates ofyN@s are much
faster during summer than during the other seasons. How-
ever, Fig. 7 shows an unexpected phenomenon. The OH o _
levels in spring are, on average, higher than those in sumtiowever, the CMAQ v4.3” model only considered the gas-
mer over China. It is believed that this may be caused byPNase isoprene chemistry.
active biogenic VOC (BVOC) emissions in summer (the an- AS mentioned in Sect. 2.2, the GEIA emission inventory
thropogenic NMVOC emissions were kept constant in theWas used in this study to consider the BVOC emissions in
CMAQ model runs for the four episodes without seasonalthe CMAQ modeling. In this inventory, an isoprene flux of
variations). The first column in Fig. 7 shows the biogenic 20-0 Tgyr " over East Asia was estimated. However, Steiner
isoprene concentrations at the surface for the four episode&t &l- (2002) estimated an isoprene flux of only 13.6 Tghyr
The isoprene concentrations were highest during summe@Ver East Asia, us_ing the land-cover conditions derived from
The biogenic isoprene emissions influence the formation ofh® AVHRR satellite. Furthermore, Fu et al. (2007) recently
ozone, and affect rates of N@emoval by controlling the estimated an even lower isoprene flux of 10.8 Tglyover
levels of hydroxyl radicals. East Asia from an inversion analysis of the GOME-retrieved

Hydroxyl radicals (OH) are produced by'B¥H,0 reac- HCHO columns. Overall, the isoprene flux used in this study
tion and HONO photo-dissociation. Hydroxyl radicals (OH) Might be approximately 1.5 to 2 times larger than those re-
are converted to perhydroxyl radicals (R organic per- ported by Steiner et al. (2002) and Fu et al. (2007). The
oxyl radicals (RQ) through reactions with CO, CH and CMAQ-simulated HCHO (mostly, isoprene-derived in sum-
VOCs. Formaldehydes (HCHO) are also an important sourcdner) columns were also compared with the GOME-retrieved
of hydroxyl radicals in that perhydroxyl radicals (Hoare ~ HCHO columns for the summer episode (not shown). It was
produced by HCHO photo-dissociation and HCHO+OH re- also found that the former is 2.23 times larger than the latter.
action. Perhydroxyl radicals (HQ or organic peroxy! radi- As indicated by previous discussions, the rates ofyNO
cals (RQ) convert NO to NQ, and are converted back to hy- chemical loss during summer in the CMAQ model simula-
droxyl radicals (OH). Figure 8 gives an illustration of these tions might be lower than expected, due to the low virtual
relationships. Most importantly, the isoprene emissions carOH concentrations from the use of possibly overestimated
create a shift in the HQcycle. Excessive amounts of iso- isoprene emissions in the modeling study. The rates of NO
prene (GHg) can deplete OH radicals, producing HOr chemical loss were expected to be faster if the recent iso-
RO, through reaction with excessive isoprene. Subsequentlyprene emissions in East Asia estimated by Fu et al. (2007)
under the isoprene-abundant environment,ldd RQ rad- were used. Therefore, a set of sensitivity simulations of the
icals are removed from the atmosphere producing two prodCMAQ model were carried out with 100%, 50%, 30%, and
ucts, hydrogen peroxides $§8,) and organic hydroperox- 0% of the GEIA isoprene emissions in East Asia. The results
ides (ROOH). Therefore, in summer, the modeled OH con-from the sensitivity simulations are discussed at the end of
centrations at the surface are quite low in China, where théhis section.
isoprene emissions are strong (check the anti-correlation be- In addition, the use of overestimated biogenic isoprene
tween the isoprene and OH radical concentrations duringemissions in the CMAQ modeling can affect the MOy
summer in Fig. 7). Therefore, if excessive biogenic isopreneratios. It is generally believed that there is some confidence
emissions were used in the CMAQ modeling, it is possiblein the ability of CTMs to simulate the actual NINOy ratios
that the modeled (or virtual) NCJevels could be higher than (Martin et al., 2003). The current analysis was also based on
the actual NQ levels due to the underestimategd,. In the assumption that the actual B O ratios could be suc-
addition to isoprene, monoterpenes also convert OH te. RO cessfully simulated by the CMAQ modeling (Note that the

HNO,

Fig. 8. An illustration of the simplified HQ/RO>-NOx-biogenic
VOC photochemistry.
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GOME platform only measures the N@olumns, not the
NOx columns). Therefore, the correct N@actions are crit-
ical in this analysis (Leue et al., 2001). The NRO ratios
at a pseudo-steady state can be estimated by Eq. (6):

[NOz]  k[Os] +k [HO;] +k" [CH30;] +k " [RO]
[NO] J

(6)

where J is the NG photolysis reaction constant(¥; and
k k', k", andk” (cm® molecules?!s~1) are the atmospheric
reaction constants for the NO-to-N@onversion reactions
through NO+Q, NO+HGO,, NO+CHzO2, and NO+RQ, re-
spectively. The concentrations of H@nd RGQ might also

K. M. Han et al.: NQ emissions and NQrelated chemistry in East Asia

cling reactions of organic nitrates to MDthe above discus-
sion has possibly important implications in comparison stud-
ies between the CTM-calculated and satellite-derivech NO
columns (e.g., Kunhikrishnan et al., 2004; Ma et al., 2006;
van Noije et al., 2006; Uno et al., 2007). For example,
van Noije et al. (2006) carried out 17 global CTM ensem-
ble simulations of tropospheric N@olumns, and compared
the results with the GOME-retrieved N@olumns for the
year 2000. They found similar levels and trends of the en-
semble N@Q columns over East Asia to those of this study
but without considering the BVOC emissions over East Asia
(at least, the coupled BVOC-NQchemistry was not fully
discussed). Although the NQevels do not vary consider-

be overestimated if the biogenic isoprene levels are overably with decreasing BVOC emissions, as shown in the first
predicted using the overvalued isoprene emissions in theow in Fig. 9, these results might be “completely coinciden-

CMAQ modeling. This can lead to high NANO ratios in
Eq. (6), which may result in incorrectly high NONOy ra-
tios in the CMAQ modeling.

tal” due to the effect of a factor (e.g., organic nitrate forma-
tion) offsetting that of another (e.g., OH radical concentra-
tions). In the present sensitivity runs, van Noije et al.’'s work

Figure 9 shows the changes in the Néhemical loss rates  (2006) corresponds to the fourth column in Fig. 9 (Case 1V),
and NGQ/NOy ratios when 100%, 50%, 30%, and 0% of whereas in reality, the most likely case would be the sec-
GEIA isoprene emissions were used in CMAQ modeling. (Inond column in Fig. 9 (Case Il) according to Fu et al.’s sug-
Fig. 9, Cases |, I, Ill, and IV represent the CMAQ model gestions (2007). Therefore, it should be noted that although
runs that use 100%, 50%, 30%, and 0% of the GEIA isoprenghe CTM-calculated N@columns without BVOC emissions
emissions, respectively). The first row shows the CMAQ- (e.g., Kunhikrishnan et al., 2004; Ma et al., 2006; van Noije
calculated NQ levels at the surface. However, unexpect- et al., 2006; Uno et al., 2007) are similar to those with BVOC
edly, the NQ levels at the surface increased with decreasingemissions (e.g., this study), the detailed chemistry behind the
isoprene emissions (from Case | to IV). The second, thirdsimilar CTM-derived NQ levels would be completely differ-
and fourth rows of Fig. 9 show the isoprene levels, OH rad-ent.
ical mixing ratios, and N@NOy ratios at the surface, re-
spectively. As shown in Fig. 9, the isoprene levels decreas&.2.4 Monthly variations of NQemissions in East Asia
continuously from Case | to IV. The OH radical concentra-
tions increase drastically and the WO ratios decrease, The variations in the N@chemical loss rates were examined.
as expected. However, the N@vels increase, as shown in Despite considering the coupled BVOC-N@hemistry,

Fig. 9. This is due to the formation of organic nitrates. Thethe largest and smallest differences between the CMAQ-
fifth and sixth rows show the CMAQ-estimategd, from simulated and GOME-retrieved NCQcolumns were found
Eqg. (5), and the sum of the PAN and organic nitrate con-in winter and summer, respectively. This suggests seasonal
centrations. As shown, the sum of PAN and organic nitratevariations in NQ emissions in East Asia.

concentrations (mostly, organic nitrates) decrease drastically Several studies reported that N®missions from fossil
with decreasing isoprene emissions, which contribute greatlyfuel combustion in the United States and in East Asia are
to the decreases inNg, in the fifth row of Fig. 9. In other  almost aseasonal (e.g., Streets et al., 2003; 8agghl.,
words, the increases invo, due to the large increase in OH 2005). Therefore, several 3-D global and regional CTM stud-
radical concentrations are offset and even partly surpassed bigs were carried out with constant (aseasonal) Nis-

the decreases inno, due to the drastically reduced forma- sion fluxes, and were then compared with the GOME- and/or
tion of organic nitrates from Case | to IV. This results in the SCIAMACHY-derived NG columns (e.g., van Noije et al.,
decreasing ko, (the fifth row) and thus the increasing MO 2005; Uno et al., 2007). On the other hand, several re-
levels (the first row) from Case | to IV. searchers recently reported that there should be monthly vari-

Here, it should be noted that the rates of organic nitrate for-ations in NG emissions in East Asia (e.g., Kannari et al.,
mation in summer (particularly, “isoprene nitrate” formation) 2007; Shin et al., 2008). In this study, the emission analy-
are highly uncertain. Many field, laboratory, and modeling sis data in East Asia was collected, and the monthly (or sea-
studies were carried out about the formation rates, yieldssonal) variations in NQemissions from four major emission
and recycling rates of isoprene nitrates in summer (cf. vonsectors (industry, power generation, transport, and residen-
Kuhlmann et al., 2004; Horowitz et al., 2007; more ref- tial sectors) in China, South Korea, and Japan were investi-
erences therein). Although the CBM4 mechanism in thisgated. Table 2 summarizes the methodologies used for esti-
study has limitation to deal with the organic nitrate forma- mating the monthly-varying NQemissions in East Asia. In
tion and recycling (e.g., CBM4 does not consider the recy-particular, in this study, the monthly variation factors from
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Fig. 9. Results from the sensitivity runs of the CMAQ model with 100%, 50%, 30%, and 0% of GEIA isoprene emissions (Case I, I, III,
and IV, respectively): N@ concentrations at the surface (the first row); isoprene concentrations at the surface (the second row); OH radical
concentrations (the third row); Nfto-NO ratios (the fourth row); NQ chemical loss rates o, ) (the fifth row); and the sum of PAN and

organic nitrate concentration (the sixth row). All concentrations were averaged between 10:00LST and 12:00 LST. The two white boxes on

the panels represent North China (A) and South Korea (C).
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Table 2. Seasonal allocation method for anthropogenigN@ission fluxes in East Asia.

Region Emission source  Reference Percentage of contribution of Remark
category the sectors to anthropogenic
NOx emission (%)

China Industry EDGAR inventory 25.8 Averaging industrial
combustion and
industrial process

Power Shin (2008) 441 Monthly NQvariations
Residential Streets et al. (2003) 5.6 -
Transport Streets et al. (2003); 24.5 -

Wang et al. (2005)

South Korea  Industry EDGAR inventory 15.9 Averaging industrial
combustion and
industrial process

Power Shin (2008) 18.7 Monthly NQvariations
Residential Kim (1998) 4.2 -
Transport SMOKE factor 61.1 Road traffic survey

from Korean MLTM!

Japan Industry EDGAR inventory 28.2 Averaging industrial
combustion and
industrial process

Power EDGAR inventory 4.3 EDGAR temporal facfor
Residential Kim (1998) 3.7 -
Transport Kannari et al. (2007) 63.9 -

1 MLTM: Ministry of Land, Transport, and Maritime? EDGAR temporal factors

the power generation sector were estimated from the multi-  o.14 —

year NQ, mixing ratios measured through the Tele-Metering

System (TMS: an automatic pollutant emission monitoring

system) installed in the power plant (and large-scale point

source) stacks (Shin, 2008). Figure 10 shows the estimatec

monthly variations in NQ emissions from China, South Ko-

rea, and Japan. As shown in Fig. 10, N@&missions from

China exhibit strong monthly variations unlike the previous

estimations shown in Fig. 6. Based on this, the monthly

variation factors of the NQemissions were applied to the

Models-3/CMAQ model runs for the four seasonal episodes.
The first column of Fig. 11 shows the N@olumns from

the CMAQ model runs with the monthly variations in NO 000 — — A';r. M;y o Aljg_ S;p' p—

emissions for the four seasonal episodes (in summer 50% Month

of GEIA isoprene emissions were applied). The GOME-

retrieved NQ columns and the difference between the two rig. 10. Monthly variations in anthropogenic NCemissions in

NO columns are shown in the second and third columnschina, South Korea, and Japan.

in Fig. 11, respectively. As anticipated, the CMAQ-derived

NO, columnsin Fig. 11 show clearer seasonal variations than

those in Fig. 3. Accordingly, the differences between theNorth China (except for summer), biases (MBs and MNBSs)

two NO, columns decrease. However, the general trend restill exhibiting negative.

mains similar compared with those in Fig. 3. In Table 3, more In spite of the clearer seasonal variations in the CMAQ-

quantitative (statistical) analysis was carried out. For exam-simulated NQ columns, a summer anomaly can be still

ple, a comparison of the values in Table 3 with those in Ta-found. Unlike the cold seasons, the absolute levels of the

ble 1 shows that the RMSEs are reduced by 13-9%5% in GOME-derived NQ columns were reported to be low over

0.12

0.10

emission

0.08

0.06 - —

0.04 |- | e==== China 1
South Korea
0.02 |- | === Japan 4
- Average

Fraction of Annual NOy
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Fig. 11. Asin Fig. 3, except for the CMAQ-model runs with 50% of GEIA isoprene emissions and monthly variations in anthropogenic NO
emissions in East Asia.

North China (A) in summer (26x 10 molecules cm?), isoprene emissions on the N@olumns could be different.
which is the actual and basic limitation in efforts to de- Hence, they should be re-evaluated for recent years in future
termine the same magnitudes of the differences betweestudies.

the two NGQ columns in both the cold and warm season

episodes. Since the OMI- or SCIAMACHY-derived “sum- 3.2.5 Other factors affecting NCxolumns

mer” NO, columns in more recent years (2007 and 2008) . o
showed much higher NOcolumns than those in the year Two factors_ (I_\IQ chemical loss and monthly variations
2001 (<2x10* molecules cm?: not shown in this study) ©f NOx emissions) that affect the CMAQ-modeled NO
due to the rapid increases in N@missions over East Asia, C0lUmns were investigated. However, the GOME-derived
the impacts of seasonal variations in NEmissions on the NO; columns also have potential problems in the retrieval

NO, columns would be larger and the effects of the reducedProcedures, particularly in winter due to the low sun, stable
boundary layer, and large aerosol concentrations (van Noije

www.atmos-chem-phys.net/9/1017/2009/ Atmos. Chem. Phys., 9, 1017-1036, 2009
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Table 3. Statistical analysis comparing the CMAQ-simulated 7%~50% (e.g. Den.t-ener and Crutzen, 1993; Evgns and Ja-
and GOME-derived N@ columns over East Asia. The CMAQ- 0P, 2005; van Noije et al., 2006). Therefore, in order to
simulated NQ columns were obtained from the model runs with Predict the NQ levels more precisely, the issue of the mag-
50% of GEIA isoprene emissions and the monthly-variations in Nitude ofyn20s requires further investigation.
NOyx emissions over East Asia.

3.3 Emission inventories in East Asia

RMSEL MNGEZ mB! MNB2

3.3.1 NQ emission inventories for South Korea

CMAQvs. A SPRING 2.64 53.08 -112 -5.73
GOME SUMMER 1.70 50.47 —1.41 —46.58 ) ) .
FALL 5.74 57.26 —4.89 —56.33 As discussed previously, it was found that the CMAQ-
WINTER 4.87 5550 -3.08 -19.64 predicted NG columns over South Korea (C) may be over-
B SPRING 1.56 94.48 055 7547 estimated by~46.1% (based on MNGEs in Table 3) com-
SUMMER 163 4201 -087 -34.08 pared with the GOME-derived NOcolumns. This find-
FALL 1.54 28.97 —0.32 0.30 ; ) . -
WINTER® - ~ - ~ ing can be partly confirmed with the emission fluxes re-
C SPRING Py 3007 034 296 cently released from the NIER for South Korea: CAPSS
SUMMER 218 1613 079 2479 inventory. The CAPSS gmission inventory for South Ko-
FALL 4.48 38.35 —0.30 —3.86 rea has been built up since 1999 as a part of the “To-
WINTER 3.60 4479 117 2327 tal Air Pollution Load Management System”. The CAPSS
D SPRING 1.87 99.34 025  66.30 was established following the SNAP 97 (Selected Nomen-
?:N_MER 3-1802 5416-;517 —g-ig —gi-gg clature for Air Pollution), which was used as the CORI-
WINTER 253 7722 —005 2711 NAIR (CORe INventory of AIR em|SS|on) emission inven-
tory system of the EEA (European Environment Agency).
A: North China; B: South China; C: South Korea; D: Japan The CAPSS is an 1 kmlkm-resolved, very detailed emis-
1 Unit, x10°molecules crm? sion inventory that employs a hybrid approach (a combina-
2 Unit, % tion of bottom-up and top-down approaches), including in-
3 Due to missing values tensive surveys on large-scale point sources (such as power

plants, smeltering facilities, and chemical & petrochemical

plants), mobile sources with different automobile categories

and classes, area sources with regional fuel-type consump-
et al., 2006). Also, in the ACE-ASIA NQemission inven-  tion statistics, and non-road mobile sources such as vessels,
tory, the NG emissions from microbiological activity in soil  aviation, and construction equipment. In detail, the CAPSS
were not considered. On the other hand, according to a rehas the following major 11 classification codes: i) electric
cent satellite observation-constrained top-downyNi@en-  generating utility (EGU) combustion, ii) non-electric gen-
tory study reported by Wang et al. (2007), the soil)Ngnis-  erating utility (NEGU) combustion, iii) industrial combus-
sions can sometimes account for up to 43% of combustiontion, iv) industrial processes, v) storage and transport, vi)
sources during summer in China, depending on the applicasolvent utilization, vii) on-road mobile, viii) non-road mo-
tion of fertilizers as well as seasonally variable temperaturesile, ix) waste treatment, x) biogenic, and xi) agriculture
and precipitation. A consideration of the soil N@®missions  (Heo et al., 2002; also, refer to http://airemiss.nier.go.kr/
over North China during summer could increase the CMAQ nape/introduction/methodology/classification.jsp#).
(or CTM)-derived NQ levels. The annual NQ emission fluxes of the CAPSS inven-

Another important factor that can influence CMAQ (or tory was compared with those of two other inventories avail-

CTM)-modeled NQ levels is the magnitude of the reaction able for South Korea for 2001: ACE-ASIA and REAS. The
probability of atmospheric pOs radicals {n205). In CMAQ annual NQ emission fluxes of the REAS inventory were
modeling,yn205 was determined between 0.02 and 0.002 ac-obtained from the official REAS emission web site (http:
cording to Riemer et al's parameterizations (2003). How-//www.jamstec.go.jp/frcgc/research/p3/emission.htm). Fig-
ever, the magnitude ofn20s is currently a “hotly-debated ure 12 shows the distribution of the annual N€missions
issue”, ranging from 0.1 to 0.001 (Jacob, 2000; Riemer et al.pf the ACE-ASIA, REAS, and CAPSS inventory for the year
2003; Thornton et al., 2003; Evans and Jacob, 2005; Browr2001, showing high emission fluxes in metro-city areas such
et al., 2006; Davis et al., 2008; more references therein)as Seoul, Incheon and Busan (refer to Fig. 1, regarding the
The magnitude ofn205 is particularly important for winter-  locations of these cities). Table 4 shows the Ngnission
episode simulations. This is because in winter, the partitionfluxes of the CAPSS, ACE-ASIA and REAS emission in-
ing between N@ and NOs radicals shifts toward the J0s ventories. The comparison shows that the annua| Bifis-
formation during the nighttime. Depending on the magni- sion fluxes of the ACE-ASIA and REAS inventories were ap-
tudes ofyn20s and nighttime partitioning between N@nd proximately double that of the CAPSS inventory over Seoul
N2Os radicals, the CTM-derived Nlevels can vary by and Incheon, and were approximately 3 times larger over
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Table 4. Comparison of N@Q emissions among the CAPSS, REAS,
and ACE-ASIA inventories over South Korea for 2001.

Region ACE-ASIA REAS CAPSS ACE-ASIA/ REAS/
(Tonyrly  (Tonyrl) (Tonyrd) CAPSS CAPSS
Seoul 232059 328256 135771 1.71 2.42
Incheon 399787 378100 176379  2.27 2.14
Busanand Ulsan 361520 496088 129188  2.80 3.84
Daegu 115438 106483 103422 1.12 1.03
Other region 249236 332832 375032 0.66 0.89
Total 1358040 1641758 919792 1.48 1.78

the Busan and Ulsan areas. This is in line with the conclu-
sions drawn from a previous comparison study between the
CMAQ-predicted and the GOME-derived N@olumns, i.e.

the NG emission fluxes of the ACE-ASIA inventory over
South Korea were overestimated. Therefore, in order to cor-
rectly consider the emissions from South Korea (C), thg NO
emissions from the ACE-ASIA and REAS inventory should
be replaced by the NQemissions of the CAPSS inventory,
and the monthly (or seasonal) variations in Né@nissions
discussed in Sect. 3.2.4 should be considered.

Figure 13 shows the CMAQ-predicted and GOME-derived
NO> columns (the first and the second columns of Fig. 13)
along with the differences between the two NEblumns
(the third column of Fig. 13) over South Korea (C). Here,
50% of the GEIA isoprene emissions and the seasonal vari-
ations in NQ emissions with the “CAPSS inventory” were
applied to the CMAQ modeling. Based upon the compar-
isons between the results in Fig. 13 and Fig. 4, the degree of
inconsistency become much smaller, particularly over Seoul.
However, the CMAQ-simulated N£xolumns are still larger
than the GOME-derived N&columns over South Korea (C)
during the entire year, which suggests that the CAPS§ NO
emission fluxes can still be overestimated, particularly over
the Busan areas (the second largest city in South Korea, refer
to Fig. 1, regarding the location of Busan).

3.3.2 NGQ emission inventories for China

There are several NOemission inventories in China avail-
able for 2001 including i) ACE-ASIA/TRACE-P inventory
(Streets et al., 2003), ii) REAS (Ohara et al., 2007), iii)
EDGAR (Emission Database for Global Atmospheric Re-
search) (Olivier et al., 1999, 2002), and iv) GEIA. Here, the
ACE-ASIA and REAS inventories were used for a compari-
son study of the NQemission fluxes from China.

As discussed previously, when the ACE-ASIA inven-
tory was used, the CMAQ-predicted MCzolumns over
North China (A) were underestimated 5467.3% (based on
MNGEs in Table 3), compared with the GOME-derived NO
columns. In order to confirm this, the three emission inven-
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tories for China were inter-compared: ACE-ASIA, REAS, Fig. 12. Annual NG, emission fluxes over South Korega) ACE-
and “date-back” ANL inventory. Here, the “date-back” ANL ASIA, (b) REAS, andc) CAPSS.

inventory was estimated based on an emission inventory de-
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Fig. 13. Asin Fig. 4, except for the CMAQ-model runs with 50% of GEIA isoprene emissions and monthly variations in anthropogenic NO
emissions with the CAPSS inventory in South Korea.

veloped recently by Zhang et al. (2007) for 2006. The ANL only available for “2006”, an attempt was made to “date-
inventory for 2006 is an “upgraded” and “updated” version back” the ANL inventory to “2001” by retaining the “up-
of the ACE-ASIA emission inventory. The former (“up- graded” components of the ANL inventory but dating-back
graded”) indicates that the ANL inventory was improved and the “updated” parts of the ANL inventory to 2001. For this
methodologically evolved (particularly by the considerations work, the NG, emission shapes of the ANL inventory were
of small-scale combustion sources in China). The latter (“up-retained but the NQemissions over China were reduced us-
dated”) means that the ANL inventory reflects the rapidly- ing China’s statistical data as well as the increase in energy
growing NQ emissions from China (Zhang et al., 2007). and fossil fuel consumption (Zhang et al., 2007).

The ANL inventory for 2006 also accounted for new emis-

sion factors, technology renewal, and bottom-up approaches

for various emission sources. Since the ANL inventory is

Atmos. Chem. Phys., 9, 1017-1036, 2009 www.atmos-chem-phys.net/9/1017/2009/
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Fig. 14. Annual NQ, emissions inventory over Chinga) ACE-ASIA, (b) “date-back” ANL, and(c) REAS. The differences between the
annual NQ emission inventories are also shown (d) “date-back” ANL — ACE-ASIA,(e) REAS — ACE-ASIA, andf) “date-back” ANL
— REAS.

Table 5. Comparisons of N@emission among ACE-ASIA, “date-back” ANL, and REAS inventories over China for 2001.

Region ACE-ASIA “date-back” ANL REAS “Date-back” ANL/ACE-ASIA REAS/ACE-ASIA
(Tonyr 1) (Tonyr 1) (Tonyr 1)

North China (A) 6063087 6586 730 5995179 1.09 0.99

South China (B) 2145335 2726533 2609 364 1.27 1.22

Other region 2790983 3521353 2889506 1.26 1.04

Total 10999 405 12834616 11494050 1.17 1.04

Figure 14 shows the annual distribution of the Nénis-  ventory over North China (A), and were approximately 30%
sion fluxes of ACE-ASIA, “date-back” ANL, and REAS larger than that of the ACE-AISA inventory over South China
inventories in the upper panels. The differences in the(B). The total amount of N emission fluxes over North
NOy emission fluxes are shown in the bottom panels of China (A) were largest in the “date-back” ANL inventory
Fig. 14. While the differences between the REAS and ACE-and smallest in the REAS inventory. Overall, the Nénis-
ASIA inventories (Fig. 14e) were relatively small, the differ- sion fluxes of the ACE-ASIA and REAS inventories were
ences between “date-back” ANL and ACE-ASIA inventories probably underestimated over North China (A), as was re-
(Fig. 14d) and between the “date-back” ANL and REAS in- ported by Ma et al. (2006) and Uno et al. (2007). It is be-
ventories (Fig. 14f) were relatively large. The annual,NO lieved that although the annual N@missions of the “date-
emission fluxes of the ACE-ASIA inventory are smaller than back” ANL inventory may be the closest to the real situa-
those of the “date-back” ANL inventory over North China tions for 2001, the NQ emission fluxes of the “date-back”
(A). This was confirmed by analyzing the N@mission  ANL inventory were still low based upon comparisons of
fluxes of the ACE-ASIA, “date-back” ANL and REAS emis- the CMAQ-predicted and GOME-derived N@olumns, in
sion inventory in Table 5. The comparison shows that thewhich there was-57.3% underestimation in NGemissions
NOy emission fluxes of the “date-back” ANL inventory were over North China. Again, the correct emission inventory is a
~10% larger than those of the ACE-ASIA and REAS in- critical input for examining the source-receptor relationships.
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The importance of using the correct annual Némission  and GOME-retrieved N&@columns over North China (A) are
fluxes from North China for 2001 (“reference year” of the the largest in winter and smallest in summer. Although con-
new Korean environmental policy of the “Total Air Pollu- sideration of the monthly variations in N@mission yielded
tion Load Management System”) to examine the impact ofmore consistent results, many issues inyN€ated chem-
Chinese emissions (source) on South Korean (receptor) aistry and NQ emissions remain unclear, requiring further
quality cannot be overemphasized. studies.
The correct NQ (and BVOC) emission inventory and

NOy-related chemistry are critical for examining source-
4 Summary and conclusions receptor relationships. Using the corrected emission inven-

tories including the monthly variations of the N@®missions
This study reports on comprehensive comparisons betweefbr North China (A) and South Korea (C), a one year-long
the CMAQ-predicted and GOME-derived N@olumns in  Models-3/CMAQ modeling over East Asia is currently un-
order to determine the accuracy of the Nénission inven-  derway to examine and quantify more accurately the influ-
tory over North China (A) and South Korea (C). Since both ences of Chinese (source) emissions on the South Korean
regions have a strong source-receptor relationship, an accyreceptor) air quality.
rate knowledge of the emissions over both the regions is vital
for understanding the contributions of North China emissionsacknowledgementsThis study was funded mainly by the Ko-
to South Korean air quality. When the ACE-ASIA emis- rea Ministry of Environment as an Eco-technopia 21 project
sion inventory for 2001 was used, the CMAQ-predicted,NO under grant 121-081-055, and was also supported by the Korea
columns were low by-57.3% over North China (A) and high Science and Engineering Foundation (KOSEF) grant (MEST)
by ~46.1% over South Korea (C) compared with the GOME- (No. R17-2008-042-01001-0).
derived NQ columns. This was further confirmed partly
by comparing several emission inventories. The ACE-ASIA Edited by: R. Cohen
and REAS emission inventories showed large uncertainties
over North China (A) and South Korea (C). The NE€mis-
sion fluxes of the ACE-ASIA inventory over South Korea References
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