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Abstract. Satellite observations of the tropospheric N@r- ear relationship between modeled and observed MOD

tical column density (VCD) are closely correlated to, and and anthropogenic NOemissions, NG emissions in 2009

thus can be used to estimate, surfacexNgissions. In  and 2010, which were not covered by the updated REAS in-

this study, the N@ VCD simulated by a regional chemi- ventory, were estimated. N@missions from anthropogenic

cal transport model with emissions data from the updatedsources in China in 2009 and 2010 were determined to be

Regional Emission inventory in ASia (REAS) version 2.1 26.4 and 28.5 Tgyeat, respectively, indicating that NO

were validated through comparison with multisatellite ob- emissions increased more than twofold between 2000 and

servations during the period 2000-2010. Rapid growth in2010. This increase reflected the strong growth of anthro-

NO, VCD (~11%year?) driven by the expansion of an- pogenic emissions in China following the rapid recovery

thropogenic NQ emissions was identified above the central from the economic downturn from late 2008 until mid-2009.

eastern China (CEC) region, except for the period during theDur method consists of simple estimations from satellite ob-

economic downturn. In contrast, slightly decreasing trendsservations and provides results that are consistent with the

(~2%year?!) were identified above Japan accompanied bymost recent inventory of emissions data for China.

a decline in anthropogenic emissions. To systematically com-

pare the modeled NOVCD, we estimated sampling bias and

the effect of applying the averaging kernel information, with

particular focus on the SCanning Imaging Absorption spec-1 Introduction

troMeter for Atmospheric CHartographY (SCIAMACHY)

data. Using the updated REAS, the modelecbN@D rea-  Nitrogen oxides (NQ=NO+ NO>) emitted from anthro-

sonably reproduced annual trends observed by multisatelpogenic sources (e.g., fossil fuel combustion) and natural

lites, suggesting that the rate of increase ofNfnissions  sources (e.g., microbiological processes in soil) play key

estimated by the updated REAS inventory would be robustroles in tropospheric chemistry, with important implica-

Province-scale revision of emissions above CEC is needetions for air quality and climate change. In particular, NO

to further refine emission inventories. Based on the close lincontributes to the formation of photochemical ozong)(O
and secondary aerosols. It is also involved in the chemical
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formation of other atmospheric species through interactionthe same methodology as used in previous versions, but with
with hydroxyl radicals (OH) (Seinfeld and Pandis, 2006).  updated activity data and parameters. The new data set cov-
In recent years, advances in satellite technology and thers the period from 2000 to 2008 with expanded target ar-
development of new instruments and algorithms have al-eas, including Russia and central Asia. The data set contains
lowed for observations of the NOvertical column density monthly variations in the individual sources and source cat-
(VCD) from space, providing useful information for air- egories with a 0.25x 0.25 grid resolution (Kurokawa et
quality research (e.g., Richter et al., 2005; van der A et al.al., 2013). Emissions data are necessary inputs for chemi-
2008; Irie et al., 2009). A global picture of the spatial dis- cal transport models, and evaluations of the new emission in-
tribution of the NQ VCD is now available because satel- ventories are needed to improve knowledge about air quality
lite measurements provide global coverage in a very shorbver East Asia.
time (between 1 and 6 days depending on the instrument al- In this study, tropospheric NOVCD over East Asia was
though more time is needed when cloud cover is present)simulated using a regional chemical transport model with the
Operational observations of tropospheric NWCD have  updated REAS inventory version 2.1, and observations by
been performed continuously for more than 10 years by thdour satellites (GOME, SCIAMACHY, GOME-2, and OMI)
Global Ozone Monitoring Experiment (GOME), the SCan- were combined and analyzed. Long-term simulations be-
ning Imaging Absorption spectroMeter for Atmospheric tween 2000 and 2010 with relatively high resolution (80 km)
CHartographY (SCIAMACHY), the Ozone Monitoring In- were made using a regional-scale, full-chemistry model, the
strument (OMI), and the GOME-2. Because of the short life- most valuable aspect of this study. Previous studies of emis-
time of NQ in the troposphere, satellite N@bservations  sion trends and their variability were conducted with rela-
are closely correlated to surface N@missions. The tropo- tively coarse resolution (e.g., Lin and McElroy, 2011; Lam-
spheric NQ VCD retrieved from satellites has been success-sal et al., 2011). The fine-scale resolution used in the present
fully used to evaluate and quantify the spatial distribution andstudy will enable comparison among emission inventories.
long-term trends of NQemissions (He et al., 2007; Uno et We also focused on validating the newly updated REAS in-
al., 2007; van der A et al., 2008; Han et al., 2009; Lamsal etventory. Decade-long trends in tropospheric/\CD over
al., 2011; Schneider and van der A, 2012). China, Korea, and Japan were examined, with an emphasis
A large positive trend of N9QVCD over eastern Chinain  on corresponding changes in anthropogenic N@issions.
parallel with a strong increase in N@missions from 1996 By utilizing multisatellite observations, variations in tropo-
to 2005 due to increases in industry and traffic has been idenspheric NQG VCD in the morning and afternoon were also
tified using a combination of GOME and SCIAMACHY ob- investigated. Moreover, on the basis of the clear linear rela-
servations. The emissions rate accelerated during this periodionships between modeled and observecNMCD and an-
from 4%year! in 1997 to 12%year' in 2002 (Richter  thropogenic NQ emissions, simplified inverse estimations
et al., 2005). However, a systematic analysis ofoNGCD for 2009 and 2010, which were not covered by the updated
measured by GOME and simulated by a regional chemicaREAS inventory, were also proposed and compared with the
transport model with anthropogenic emissions data from thdatest emission inventories in China. The inverse estimation
Regional Emission inventory in ASia (REAS) version 1.1 approach provides necessary information about the recent
(Ohara et al., 2007) revealed that a bottom-up emission instatus of emissions over East Asia.
ventory underestimates the rapid growth in ;Né€missions
from China, especially from 1998 to 2000 (Uno et al., 2007).
Emissions estimated using bottom-up methods involve large  Modeling setup and satellite observations
uncertainty because of the uncertainty in activity data such as
energy consumption, removal efficiencies, emissions factors2.1 Model description
and other variables. A combination of top-down and bottom-
up methods provides one potential alternative approach (e.gThree-dimensional numerical simulations over East Asia
Martin et al., 2003). By developing a data assimilation sys-were conducted using the regional chemical transport model
tem, NQ, emissions in an a priori REAS emission inventory of the Community Multi-scale Air Quality (CMAQ) model-
were optimized to catch up with the rapid growth of emis- ing system version 4.7.1 (Byun and Schere, 2006) released
sions from China. The increase in l®missions from 1996 by the United States Environmental Protection Agency
to 2002 over eastern China was much larger for a posterior(EPA). CMAQ modeling systems have been used extensively
than for a priori estimates (49 % vs. 19 %) (Kurokawa et al., for atmospheric environmental research over East Asia (e.g.,
2009). He et al., 2007; Uno et al., 2007; Han et al., 2009; Itahashi
REAS inventory version 1.1 (Ohara et al., 2007) provideset al., 2012a, 2012b, 2013). In this study, the meteorologi-
emissions data from 1980 to 2003 that have been utilized ircal fields were generated by the Weather Research and Fore-
many investigations; however, its coverage must be updatedasting (WRF) model version 3.3 with the National Cen-
to reflect the recent status of emissions. Recently, the REASers for Environmental Prediction (NCEP)/National Center
emission inventories were updated to version 2.1 based ofor Atmospheric Research (NCAR) reanalysis data (FNL;
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http://rda.ucar.edu/datasets/ds088.Zhe model was con- developed at the Royal Netherlands Meteorological Institute
structed with a 9& 78 horizontal grid at a resolution of (KNMI) and are available from the Tropospheric Emission
80km, centered at 3N, 115 E on a Lambert conformal Monitoring Internet Service (TEMIS) atww.temis.nl The
projection, with 37 vertical grids extending from the sur- retrieval process for tropospheric NO®CD was as follows.
face to 50 hPa. Emissions data for the CMAQ model were(1) The NG slant column density (SCD) was obtained from
prepared as follows. Anthropogenic emissions data were obthe reflectance spectra using the differential optical absorp-
tained from the newly updated REAS version 2.1 (Kurokawation spectroscopy (DOAS) technique. (2) The stratospheric
et al., 2013). Natural sources of N@rom soil were also  and tropospheric contributions to the NSCD were sepa-
obtained from the updated REAS. Monthly variation esti- rated by assimilating the NGSCD into the TM4 chemistry-
mated by the updated REAS inventory was included in thistransport model. (3) The tropospheric air mass factor (AMF)
study (Fig. 9 of Kurokawa et al., 2013), but diurnal variation was incorporated to convert the troposphericJN&LD into
was not considered. Emissions from biogenic and biomasshe tropospheric N9VCD (e.g., Boersma et al., 2007). Im-
burning, with monthly variations, were obtained from the provements in the version 2.0 products compared to ver-
Model of Emissions of Gases and Aerosols from Naturesion 1.0 included an updated albedo database, improved
(MEGAN) (Guenther et al., 2006) and the Global Fire Emis- AMF and surface-height calculations, and a new version of
sions Database (GFED) version 3.1 (van der Werf et al.the TM4 chemistry-transport model (e.g., Boersma et al.,
2010), respectively. Lightning emissions were not considered2011).
in this study because of the difficulty of determining their The observed N® VCDs were analyzed from January
magnitude and variability. 2000 to July 2003 for GOME, from August 2002 to Decem-
The CMAQ modeling system was configured as follows. A ber 2010 for SCIAMACHY, from January 2007 to Decem-
mass-conserving scheme (“yamo” scheme) was used for bother 2010 for GOME-2, and from October 2004 to Decem-
horizontal and vertical advection (Odman and Russel, 2000)ber 2010 for OMI. The satellite observation data set pro-
A single eddy diffusion algorithm (“multiscale” scheme) viding the location and value for each measurement pixel
and a simple eddy-viscosity scheme (“eddy” scheme) weravas interpolated into 095x 0.5° resolution and only used
adopted for horizontal and vertical diffusion, respectively during cloud-free conditions (cloud cover less than 20 %).
(Byun and Ching, 1999). The Statewide Air Pollution Re- Among the four satellite measurements, the spatial resolution
search Center version 99 (SAPRC-99) chemical mechanisrof GOME is relatively larger than that of the other instru-
(Carter, 2000) and the fifth-generation CMAQ aerosol mech-ments, which would lead to measurement biases. Measure-
anism (“AERO5” scheme) (Carlton et al., 2010) were re- ment from the other three satellites, SCIAMACHY, GOME-
spectively adopted for production of gas-phase chemistry an@, and OMI, did not exhibit significant bias compared to
aerosol chemistry. The initial conditions were provided in the ground-based Multi-Axis Differential Optical Absorption
CMAQ default data set, and lateral boundary conditions wereSpectroscopy (MAX-DOAS) observations during daytime at
generated using the results of the CHemical AtmospheridChinese sites (Irie et al., 2012). It should be noted that this
general circulation model for Study of atmospheric Envi- evaluation was conducted in summer (mainly in June) un-
ronment and Radiative forcing (CHASER) global chemistry der tight spatial coincidence criteria (tighter than°Ol&ti-
model (Sudo et al., 2002), with a monthly-mean basis. Thetude and longitude). However, satellite biases during winter
model results were interpolated into ©:50.5° resolution  were not evaluated with ground-based MAX-DOAS; such
for analysis. evaluation would help to reduce the uncertainty in satellite
Numerical simulations using the updated REAS emissionretrievals.
data were performed for the period 2000-2008 (see Table 5 Retrieved NQ VCD data from satellites contain large un-
in Kurokawa et al., 2013 for temporal variations in annual certainty in the tropospheric AMF due to cloud fraction,
emissions), and emissions from anthropogenic sources wergurface albedo, a priori-assumed Nfrofile, and the pres-
fixed for 2009 and 2010 using the same inventory as 2008 foence of aerosols (Boersma et al., 2004). It is important to
a sensitivity simulation. Data on other sources of emissiongnclude averaging kernel (AK) information into model sim-
(biogenic and biomass burning) from 2009 and 2010 wereulations to eliminate the effects of error in a priori vertical
utilized with monthly variation in the sensitivity simulation. profiles (e.g., Lin and McElroy, 2011). Nevertheless, model
simulations can provide full temporal coverage when satel-
2.2 Satellite observation data lite observations are not available. Therefore, to systemati-
cally compare model results and satellite retrievals, we pre-
GOME, SCIAMACHY, GOME-2, and OMI data were ana- pared three model data sets: (a) simply selected model re-
lyzed in this study. The specifications of these instrumentssults at 10:00 local time (LT) and 14:00 LT as representative
are summarized in Table 1. The GOME, SCIAMACHY, and of morning and afternoon, (b) model results sampled with
GOME-2 data were used for morning observations, and thevalid pixels from satellite observations, and (c) model results
OMI data were used for afternoon observations. The level-2sampled with valid pixels and besides the AK information of
products of TM4ANO2A version 2.0 were used. These weresatellite observations applied. We were primarily interested
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Table 1. Summary of satellite-based N@neasurement instruments.

Instrument GOME SCIAMACHY GOME-2 OMI
Satellite ERS-2 ENVISAT MetOp-A Aura
Period April 1995-June 2003  March 2002—April 2012  October 2006— July 2004—
Overpass time 10:30LT 10:00 LT 09:30LT 13:45LT
Nadir-view spatial resolution 40 km 320 km 30kmx 60km  40kmx 80km  13kmx 24 km
Global coverage 3 days 6 days 1 day 1 day

in long-term trends, so we comprehensively analyzed modela e
data sets (b) and (c) for the SCIAMACHY retrieval data. Be-  «s- el (SOMAGHY) morning

cause obtaining global coverage of SCIAMACHY data takes % ‘1| Ze— ol owo so00m
longer than other satellite data (Table 1), SCIAMACHY con- £ ]
tains fewer valid data. Therefore, GOME-2 and OMI would

involve less sampling bias.

304

NO2 VCD [x10'® molecules/

3 Results and discussion oA

3.1 Tropospheric NG, column trends

AOA 2ON pazifewou

Tropospheric N@ VCD above central eastern China (CEC; 2000 2001 " 2002 2003 " 2004 2005 " 2005 ' 2007 2008 2009 ' 2010
110-123 E, 30-40 N), Korea (125-130E, 34.5-39N),

and Japan (133-14E, 33.5-37N) were examined (see
top-left panel in Fig. 3). In Fig. 1, the temporal variations
in monthly mean tropospheric NO/CD above CEC are
shown for (a) morning and (b) afternoon. Both the model re-
sults and satellite observations clearly illustrated the rapid in-
crease in N@ VCD above the CEC between 2000 and 2010,
except during the economic downturn between late 2008 and
mid-2009 (e.g., Lin and McElroy, 2011). The peak levels of s A B O S o s ST
monthly mean N@ VCD |n the Wlnter |n 2009_2010 Indl_ 2000 2001 2002 2003 2004 Zy(igf 2006 2007 2008 2009 2010
cated a rapid recovery. CMAQ modeling results reproduced

the observed temporal variation but greatly underestimatedrig.- 1. Temporal variations in monthly mean tropospheric NO
the high NG VCD in the mornings during winter. However, VCD above the central eastern China (CEC) region during the pe-
they remarkably captured the absolute values throughout thdod 2000-2010 from multisatellite observations (GOM.E, SCIA-
year between 2000 and 2008 in the afternoon. In the model!ACHY, GOME-2 and .OMl) f.ind model resu'.ts (Op.en.c'rde.s de-
simulations, a sensitivity study during 2009—2010 with an- note sensitivity simulations with anthropogenic emissions fixed at

. - ; 2008 values) in théa) morning andb) afternoon. The normalized
thropogenic emission fixed at 2008 levels was Conductedtropospheric N@ VCD relative to averaged values between Octo-

The large differences between model and satellite observase 2007 and September 2008 with a 12 month moving average are
tions also reflected the recovery of the Chinese economysg shown at the bottom.

and corresponding increases in emissions from 2009-2010
compared to 2008 levels. These differences were larger and
clearer in the morning than in the afternoon because of the inand suggested that the N®CD approximately doubled be-
hibition of NOy-related chemistry under low photolysis rates tween 2001-2002 and 2008 (before the economic downturn).
and intense emissions during the morning rush hour. Model reproducibility was systematically compared with
To further investigate the effect of the economic down- the data sets obtained by sampling the valid pixels of the
turn, in the lower part of Fig. 1, tropospheric N&CD was SCIAMACHY data and by applying the AK information in
normalized to averaged values between October 2007 anthe SCIAMACHY data. Figure 2 presents monthly varia-
September 2008 with a 12 month moving window, and an-tions of NG, VCD above CEC in 2005. The sample bias was
alyzed according to the method described by Lin and McEl-relatively small: model results simply selected at 10:00 LT
roy (2011). Model results obtained using the updated REASand those sampled with valid SCIAMACHY data agreed to
inventory reproduced the growth rate of N®CD remark-  within 10 %. This good agreement could be partly attributed
ably well in the morning (Fig. 1a) and afternoon (Fig. 1b), to the relatively larger area analyzed. However, application of

30

—e— satellite (OMI) afternoon |

251| —e— model (CMAQ, 1400LT)

204

NO2 VCD [x10'S molecules/em?] <
@
f
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AK information to the model results dramatically increased 30 R
the modeled N@ VCD during winter, by up to 33.4% in morning

November 2005. The effect of AK was relatively small in 251 ‘
summer ¢ 10 % difference).

The seasonal variation in tropospheric N®CD above 20 't
CEC is shown as summer minima and winter maxima
(Figs. 1, 2). Modeled results underestimated in the morn-
ing during winter above CEC (Fig. 1a), even when AK was
applied to the model results (Fig. 2). Comparisons between
the spatial distribution of modeled and retrieved tropospheric
NO, VCD in the morning are presented in Fig. 3 (model re-

NO2 VCD [x10"® molecules/cm?]
by
/‘_]_
\
T

sults selected at 10:00LT) and Fig. 4 (model results sam- o -
pled and the AK of the SCIAMACHY data applied), with a 1 2 3 4 5 6 7 8 9 10 11 12
focus on the summer (June—-August 2005) and winter (De- month in 2005

cember 2005-February 2006). In summer, due to the short satellite (SCIAMAGHY)

lifetime of NO, the highest N@ VCDs were found around —e— model (CMAQ, 1000LT)

model (CMAQ, 1000LT, sampled with SCIAMACHY)

megacmes such as Be”mg’ Shanghal’ Hong Kong’ Seou" model (CMAQ, 1000LT, sampled and the AK of SCIAMACHY applied)

and Tokyo and in the North China Plain region. The model
reproduced the spatially averaged temporal variation in NO ig 2. Modeling reproducibility of monthly mean tropospheric
VCD over the CEC region (Fig. 1a) but overestimated it in NO, VCD above central eastern China (CEC) in 2005. Model re-
Hebei and Henan Provinces and underestimated it in Shanxults are shown for three data sets: simply selected at 10:00 LT
Province (Fig. 3). These features also appeared when the AKblack line), sampled with valid pixels of the SCIAMACHY data
information was applied to the model results (Fig. 4). The (gray line), and sampled with valid pixels and besides the averaging
general agreement between model results with and withoukernel (AK) information of the SCIAMACHY data applied (light-
application of AK information indicated relatively lower un- ©range line).
certainty of the a priori profile in the satellite retrieval and
consistency between the CMAQ and TM4 chemical trans-
port models during summer. The SCIAMACHY overpass istry are also important factors. Modeled cloud optical depth,
time would be at the diurnal minimum of lightning activity, the uptake coefficient of the hydroperoxyl radicals (hi®y
but consideration of lightning emissions would help improve aerosols, and some rate constants have been found to have a
the underestimation of model results because many lightnindarge impact on NQVCD in the GEOS-Chem global chem-
strikes occur in summer (e.g., Lin, 2012). In winter, high istry model (Lin et al., 2012), and these issues would be also
NO, VCD covered the entire CEC region, and the model relevant to the CMAQ regional chemistry model. Their ap-
generally underestimated values in this region. The model reproach would offer a comprehensive understanding based on
sults with AK applied also suggested model reproducibility current knowledge and should be applied in a regional-scale
was underestimated, but the differences were smaller (espeshemical transport model. For satellite observations, with the
cially above the CEC region) and model overestimation wasexception of uncertainty in the a priori vertical profiles, it
found in Hebei Province. These findings suggest large unimay be difficult to retrieve wintertime NOVCD values of
certainty in a priori profile shapes and a lack of consistencythe same quality as summertime values because of the more
between the CMAQ and TM4 models during winter. stable, shallow boundary-layer conditions in winter. As in-
Problems in both modeling and retrieval may have con-dicated in Fig. 1, large differences in retrieved N@CD
tributed to the discrepancies in NG&/CD above CEC dur- among SCIAMACHY and GOME-2 satellite observations
ing winter. Emission intensity is considered to be one of were observed in winter, so validation of satellite measure-
the most significant factors in the model simulations. Whenments by comparing them with ground-based observations
uncertainty in the a priori profile was eliminated by apply- (e.g., MAX-DOAS) during winter is required to clarify this
ing the AK information to the model results, differences be- uncertainty.
tween modeled and retrieved NO'CD generally displayed Figure 5 illustrates annual mean tropospheric,N@@Ds
the same spatial pattern as that seen in summer (Fig. 4). Iover CEC, Korea, and Japan (rectangular region in Fig. 3)
the updated REAS inventory, activity data are based on thaluring the period 2000-2010, along with the temporal vari-
province-level energy tables; hence, revision of emissions astion in total anthropogenic NGemissions from China, Ko-
the province-level scale may be required to further improverea, and Japan estimated using the updated REAS inven-
accuracy. Here, we note that the uncertainty of total anthrotory; model results simply selected at 10:00 and 14:00LT
pogenic emissions from China in the updated REAS was rel-are presented. Table 2 lists sampling biases and the effect of
atively lower in 2005 compared to other emission inventoriesapplication of AK with the SCIAMACHY data. The model
(Fig. 7). Modeling uncertainties in meteorology and chem-tended to underestimate the troposphericoND in the
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Fig. 3. Spatial distribution of tropospheric NO/CD from (left) model results at 10:00 LT, (center) satellite observations by SCIAMACHY,
and (right) the differences between model and satellite in (top) summer (averaged between June 2005 and August 2005) and (bottom) wintel
(averaged between December 2005 and February 2006). The rectangular regions shown in the top-left figure are the investigated region:

(central eastern China (CEC), Korea, and Japan).
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Fig. 4. Same as Fig. 3, but model results are sampled with valid pixels and the averaging kernel (AK) information of SCIAMACHY data

applied.
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Table 2. Modeling reproducibility of annual mean NQ/CD compared to SCIAMACHY data.

Modeled NOQ Relative Statistical comparison of modeling
VCD (x 101° change in reproducibility with satellite data
moleculescm3) | modeled NG
VCD from (a) Normalized mean Normalized mean
(%) bias (%) error (%)

Year | @P (0° (©F° | (b) © @ (b) © @ ® (©

central eastern China (CEC)

2003 | 7.3 73 84| 09 154| -31.0 -304 -204 319 316 204
2004 | 84 82 10.0] —2.9 18.3| —23.7 —-259 9.7 237 259 10.6
2005| 10.2 103 12.0f 1.3 18.1| -26.0 -25.1 -12.7 294 276 152
2006 | 104 10.3 121} -0.8 159| -27v2 -27.7 -156 288 281 16.0
2007 | 12.0 116 13.8 —3.3 151| -26.0 —-284 -148 279 302 17.0
2008 | 125 126 155 0.2 240| =251 -250 —-7.2 269 263 111

Korea

2003 | 5.7 6.1 57/ 72 -06] -135 -73 -140 278 239 216
2004 | 5.6 5.6 59, 01 49| —-18.1 -180 -142 212 193 164
2005| 5.5 5.6 56| 1.4 17| -147 -135 -132 289 301 256
2006 | 5.5 54 5.6| —-2.9 21| —-158 -18.2 -140 184 199 17.9
2007 | 54 51 54| -51 -08]| -19.7 -23.8 -203 266 286 26.8
2008 | 5.1 5.0 53] -1.3 48| —284 -—-294 -250 339 322 275

Japan

2003 | 4.8 4.9 40| 32 -16.1| -11.8 -89 -259 18.7 211 26.0
2004 | 45 4.7 42| 31 —-63| —-29.7 -275 -341 301 292 341
2005 | 4.6 4.8 43| 33 —-68| —-269 -245 -319 288 300 326
2006 | 44 47 39/ 49 -119| -140 -98 -243 215 200 248
2007 | 44 43 40 -06 87| —285 -28.9 -347 285 289 347
2008 | 4.0 4.2 39, 55 -28| -235 -194 -257 279 276 29.0

2Model results are simply selected at 10:00 PWodel results are sampled with valid pixels of SCIAMACHY détiodel results
are sampled with valid pixels and the averaging kernel (AK) information of SCIAMACHY data applied.

morning during winter over CEC (Fig. 5a), hence the an-circles in Fig. 5) again showed a growth in emissions dur-
nual mean N@ VCD was also underestimated. Because ofing 2009-2010 after the recovery from the economic down-
the increase of N® VCD during winter obtained by ap- turn. Above Korea (Fig. 5b), both satellite observations and
plying the AK to model results (Fig. 2), modeled mean an- model results showed complex variability. The tropospheric
nual NG VCD was changed by-15.0% from the model NO; VCD showed an initial peak during 2003—2004 and then
results simply selected at 10:00LT (Table 2). The statis-a decrease toward 2006. Following this, the satellite obser-
tical analyses of normalized mean bias (NMB) and nor-vations exhibited an increasing trend from 2007 by SCIA-
malized mean error (NME) between model results and theMACHY and a flat trend by GOME-2. The model indicated
SCIAMACHY data were improved by more than 10% by a slightly decreasing trend for 2007—-2008 due to the reduc-
applying the AK (Table 2). The growth rates of tropo- tion in anthropogenic N@emissions. Sampling bias and the
spheric NQ VCD from 2003-2008 were-11.4 % year?! effect of AK was approximately-5 % for modeling repro-
(model, 10:00LT)+11.5%year! (model, 10:00LT, sam-  ducibility, and NMB and NME results were improved by
pled and with AK applied) and-11.8%year?! (satellite, 5% (Table 2). In the afternoon, the tropospheric ANGCD
SCIAMACHY). During the same period, the updated REAS was constant above Korea. In Japan (Fig. 5c), slightly de-
estimated+9.1 % year! growth in NQ, emissions from an-  creasing trends of tropospheric N®CD between 2000 and
thropogenic sources. In the afternoon, the tropospherig NO 2010 were revealed, along with a decline in emissions in both
VCD also exhibited growth of+11.6 %year! (CMAQ, morning and afternoon. Above Japan, in contrast to the CEC
14:00LT) and+8.9 % year! (satellite, OMI) between 2005 region and Korea, application of the AK led to a reduction
and 2008. The differences between satellite observations anidh modeled N@ VCD. Compared to the SCIAMACHY ob-
models with sensitivity simulations in 2009 and 2010 (openservations, modeled NOVCD above Japan was worsened
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Fig. 5. Trend in annual mean tropospheric N®CD during the period 2000-2010 from multisatellite observations (GOME, SCIAMACHY,

GOME-2, and OMI) and model results (open circles denote sensitivity simulations with anthropogenic emissions fixed at 2008 values) above

(a) central eastern China (CEQ}) Korea, andc) Japan, in the (left) morning and (right) afternoon. Bars and shaded areas indicate one
standard deviation.

by 5-15% for NMB and NME (Table 2). In the morning, producibility. To summarize, for the annual trend in NO
the tropospheric N9 VCD during 2003-2008 declined by VCD, model simulations utilizing the updated REAS emis-
—2.3%year! (model, 10:00LT),—1.8%year! (model, sion inventory version 2.1 reproduced the tropospherie NO
10:00 LT, sampled and with AK applied), ard..5 % year?® VCD observed by multisatellites reasonably well.

(satellite, SCIAMACHY), and the updated REAS estimated It should be noted that the absolute values of modeled
a 3.6 % year! reduction of NQ emissions in Japan during NO, VCD displayed improved accuracy compared to those
the same period. In the afternoon, the tropospherig MOD in our previous study (He et al., 2007; Uno et al., 2007).
also exhibited declines of4.6 % year! (CMAQ, 14:00LT) Modeled NQ VCD were reported to be lower than ob-
and—4.6 % year! (satellite, OMI) between 2005 and 2008. served values by factors of 2—4 over polluted CEC; how-
Above Korea and Japan, fewer data could be used to calever, our modeling system reproduced N@CD well ex-
culate the spatial averaging compared to CEC, and GOMEtept for mornings in wintertime, and quantitative discussion
observation data appeared to be biased in part because of NO, VCD is possible in this study. Changes in the mod-
the relatively coarse resolution (Table 1). The modeled re-eling system were made in (1) the vertical resolution; (2) up-
sults simply selected at the local overpass time of satellitedating of the CMAQ modeling system itself, including the
observations captured well the observed long-term trends obehemical reaction scheme; and (3) use of the updated REAS
tained by satellite measurements, and application of the AKemission inventory. Changes in NO&CD due to the num-
information to the model results further improved the re- bers of vertical layers were negligible according to the results
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of sensitivity simulations (Irie et al., 2013). To investigate the cal overpass time, and retrieval algorithms could be avoided
effect of NQ emissions intensity on modeled NOCD, we by using only the SCIAMACHY data (e.g., Schneider and
compared the model results using the previous REAS invenvan der A, 2012). Because of the underestimation in mod-
tory (Ohara et al., 2007). Modeling with the updated REAS eled NG VCD in winter, the slope of the linear regres-
produced a 13 % larger NOVCD above the CEC region, sion results was larger than unity, but a close linear rela-
along with a 9% increase in anthropogenic Némissions tionship could be seen (Fig. 6a). Furthermore, the relation-
during 2003 (see Kurokawa et al., 2013, Table 5). It has beerships between the modeled NQCD and anthropogenic
reported that the previous REAS inventory underestimatedNOx emissions from CEC were also clearly linear (Fig. 6b).
anthropogenic emissions over China (Kurokawa et al., 2009)When the model results adopted the AK information with
using the updated REAS data, the model reproducibility wasSCIAMACHY data, clear linear regression was found, with a
more reliable compared to satellite measurements of NO slope of almost unity and little degradation of the correlation
VCD. Taken together, the most likely explanation for the im- coefficient. The modeled NOVCD was calculated using
provements in quantitative reproducibility would be a changevarious emission sources (e.g., anthropogenic, biomass burn-
in the chemical reaction schemes, which control the lifetimeing, and biogenic emissions), but was mainly attributable to
of NO,. Specifying these chemical reactions is beyond theanthropogenic sources (Itahashi et al., 2013).
scope of this study, but investigation of the uncertainties in Hereafter, a simple estimate of N@missions from the
chemical processes would provide valuable insight into theCEC region is introduced. On the basis of the close linear re-
modeling reproducibility of NQ VCD, as suggested in re- lationship between observed and modeled,NACD during
cent studies (Lin et al., 2012; Stavrakou et al., 2013). the period 2003-2008, the modeled N@CD in 2009 and
To clarify the discrepancies between satellite observation2010 could be estimated from the linear regression results
and model results found over Korea after 2007, and to valin Fig. 6a. After the modeled NOVCD in 2009 and 2010
idate the model results with updated REAS data, a comparwere estimated from the regression results, the anthropogenic
ison with other emission inventories would be useful. After emissions from CEC were assessed based on the close linear
applying the AK of the SCIAMACHY data into the model relationship in Fig. 6b. The results showed that the estimated
results, modeled NOVCD after 2007 exhibited a slightly anthropogenic NQemissions from CEC in 2009 and 2010
increasing trend that was consistent with SCIAMACHY but were 13.7 and 14.9 Tg year, respectively. The CEC emis-
inconsistent with emission trends. Three inventories (includ-sions made up approximately 46 % (44.4—-47.2% between
ing the previous REAS inventory) covering South Korea have2000 and 2008 on an annual basis) of the emissions from
revealed large discrepancies in high-emission metropolitarChina as a whole. Using this ratio in the updated REAS in-
areas such as Seoul, Incheon, and Busan (Han et al., 2009)entory, anthropogenic NOemissions from China in 2009
As noted above (Figs. 3, 4), province- and smaller-scale reviand 2010 were estimated at 27.2 (26.8-27.5) and 29.6 (29.1—
sions of inventories based on a fine-resolution, full-chemistry29.9) Tg year?, respectively. Using the model with the AK
model are necessary to establish more reliable emission inapplied yielded results of 26.4 (26.1-26.8) and 28.5 (28.1—
ventories for Asia. 28.9) Tgyear! for China in 2009 and 2010, respectively.
Note that this estimation would change as a result of differ-
3.2 Inverse estimation of anthropogenic N@Q emissions  ent growth rates between the CEC region and other regions in
China. Furthermore, considering that the anthropogenig NO
The NG VCD modeled with the updated REAS emission emissions from China were estimated as 12.7 Tgyear
inventory version 2.1 generally captured the temporal varia-2000 in the updated REAS emission inventory (Kurokawa
tion in the observed N®VCD from multisatellite observa- et al., 2013), anthropogenic N@missions from China be-
tions and corresponded with the fluctuations in,N€nis-  yond doubled between 2000 and 2010. The observed tropo-
sions from anthropogenic sources above China, Korea, andpheric NQ VCD declined during the economic recession
Japan. A simple inverse estimation of annualNnissions  between late 2008 and mid-2009, but the rapid recovery in
using tropospheric N©VCD observations is proposed, fo- winter of 2009-2010 led to a clear increase in anthropogenic
cusing on the CEC region. The relationships among mod-NOy emissions. It should be noted that when we used the ob-
eled and observed NO/CD and anthropogenic NQemis- served NQ VCD measured by OMI from linear regression
sions above CEC estimated by the updated REAS inventoryesults, the estimated anthropogenic ;Né&missions from
are presented in Fig. 6. In this comparison, only the SCIA-CEC in 2009 and 2010 were 12.6 and 14.3 Tg yéarespec-
MACHY data were used because that data set for the morntively, which are consistent with the results obtained from
ing was considered to have a more direct relationship withSCIAMACHY data.
emissions and SCIAMACHY has longer archives than the Our results indicated 6.8 % yedrgrowth from model re-
other satellites. The coverage of SCIAMACHY data is lesssults simply selected at 10:00 LT, and 6.0 % y&agrowth
than that of the other satellites; however, potential uncertainfrom model results sampled and with the AK of the
ties associated with the combination of different data setsSCIAMACHY data applied. These are consistent with the
with differences in spatial resolution, sensor calibration, lo-findings of Lamsal et al. (2011), who estimated an annual
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in the downwind region. We determined that anthropogenic
Fig. 6. Scatter diagrams ofa) annual-mean modeled and ob- SO, emissions from China in 2009 were equivalent to those
served (SCIAMACHY) tropospheric NVCD above central east-  jn 2004 (Itahashi et al., 2012a, 2012b). The reduction ia SO
ern China (CEC). Open circles denote sensitivity simulations with amissions after 2006 was a result of the widespread instal-
anthropogenic emissions fixed at 2008 valu@m. Annual-mean —ation of flue-gas desulfurization under the eleventh Five-
modeled tropospheric NOVCD above CEC with annually-based Year Plan (2006-2010) (Lu et al., 2010). As we have deter-

anthropogenic N@ emissions from CEC. Symbol colors denote . . . . L L.
model results at 10:00 LT (black circles), and model results sam-mmed in this study, anthropogenic N@missions exhibited

pled with valid pixels and the averaging kernel (AK) information of a strong pos.itive increase during 2000,_2010' In contrast, the

SCIAMACHY data applied (light-orange circles). regulations imposed by the twelfth Five-Year Plan (2011-
2015) of the Chinese government aimed to reduceg Bifis-
sions. Combining numerical simulations with satellite obser-

growth rate of 6.7 % in China during the same period bas;ed’atlo.nS would enabl_e an assessment of the c.h.anges n air
quality over East Asia and serve as a more efficient method

on theirg method using model-based sensitivity and satellite f updati ST tories to k ith th id
observation data. Figure 7 provides a summary of the com?' updating emission inventories 1o keep pace wi € rapl

parison between the latest estimations of Ngnissions in _changes in_ anth_ro_pogenic emission_s resulti_ng from variations
China, which covered the period 2005—2010 (He et al., 2012!n economic activity and advances in pollution-control mea-
B. Zhao et al., 2013; and Y. Zhao et al., 2013) and our es—Ures.
timated results. In this work, the inverse estimation without
incorporating AK led to the overprediction of emissions. Our

methodology, based on a close linear relationship, provides
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4 Conclusions On the basis of the NOVCD observed by satellite, the
anthropogenic NQemissions in 2009 and 2010 were esti-
This study investigated tropospheric NOVCD over mated using linear regression results. Using this approach,
East Asia from 2000 to 2010 based on a combinedwe estimated anthropogenic N@missions from China as
analysis of CMAQ model simulations with an updated 26.4 Tgyear! in 2009 and 28.5 Tgyeat in 2010, indicat-
REAS emission inventory and multisatellite observationsing that emissions more than doubled from 2000 to 2010.
(GOME, SCIAMACHY, GOME-2, and OMI). Rapid growth  This means that there was a strong increase in anthropogenic
(~11%year?) in tropospheric N@ VCD along with ex-  emissions in China and rapid recovery of the Chinese econ-
panding anthropogenic emissions was identified above th®my from economic recession. Our estimates were consistent
CEC region in both model results and satellite observationswith the latest estimations of N@missions in China.
During the economic recession between late 2008 and mid-
2009 (e.g., Lin and McElroy, 2011), the peak levels of NO
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