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1. INTRODUCTION

Recent rapid economic growth of eastern
Asian countries has caused a marked increase of
anthropogenic emission (Ohara et al., 2007) since
2000. However, Lu et al. (2011) reported that SO,
emission in China decreased by 9.2% from 2006
to 2010 due to the wide application of flue-gas
desulfurization (FGD) devices in power plants. On
the other hand, Lamsal et al. (2011) showed that
NOx emission from eastern Asia increased by
18.8 % during 2006-2009. Anthropogenic emission
in eastern Asia has changed dramatically by the
balance between economic development and
political emission control.

National Institute for Environmental Studies
(NIES) has been constructing a ground-based
network of automated dual-wavelength (532, 1064
nm), polarization-sensitive (532 nm) Mie-lidar
systems to examine air quality continuously in
eastern Asia since 2001 (Shimizu et al., 2004). In
this paper, recent annual trend of anthropogenic
aerosol loading  during 2004-2011 was
investigated using ground-based lidar data, space-
borne lidar, airport visibility data, the Moderate
resolution Imaging Spectroradiometer (MODIS)
data and the Community Multi-scale Air Quality
Modeling System (CMAQ) chemical transport
model simulation.

2.2. Model description and
Observations

Transport of air pollutants was simulated using
a modeling system (CMAQ ver. 4.4) released by
the US EPA (Byun and Ching, 1999). The
meteorological fields were obtained from the
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Regional Atmospheric Modeling System (RAMS)
version 4.3 (Pielke et al., 1992) with initial and
boundary conditions defined by NCEP reanalysis
data (2.5° resolution and 6 h interval). The
horizontal model domain for the CMAQ simulation
is 6240x5440 km? on a rotated polar stereographic
map projection centered at 25°N, 115°E with
80x80 km? grid resolution (see Fig.1). For vertical
resolution, 14 layers are used in the sigma-z
coordinate system up to 23 km, with about seven
layers within the boundary layer below 2km. The
SAPRC-99 scheme (Carter et al., 2000) is applied
for gas-phase chemistry (with a number of 72
chemical species and 214 chemical reactions,
including 30 photochemical reactions), and the
AERO3 module for aerosol calculation.
Anthropogenic emission data were obtained from
the Regional Emission Inventory in Asia (REAS)
(Ohara et al., 2007). Using the method proposed
by Malm et al. (1994), the extinction coefficient
(bext) at 550 nm by CMAQ was calculated for black
carbon (BC), organic carbon (OC), sulfate, and
nitrate.
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Fig. 1. Model domain and analysis region. Circles

indicate airport stations, and Triangles indicate NIES
lidar stations.
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Mie-scatter Lidar is a powerful method for
measuring the vertical structure of dust and
pollutants. We used nine Lidar sites data from the
NIES ground-based Lidar network, which provide
long-term vertical profiles of aerosols with high
spatial and temporal resolution (see Fig. 1). The
extinction coefficient is derived based on the
Fernald’'s method (Fernald 1984) by setting a
boundary condition at 6 km and S1 = 50 sr.
Aerosol extinction coefficient is separated
into ’'dust extinction’” and ’spherical particles
extinction’ using particle depolarization ratio. The
spherical component was analyzed in this study.

We also used CALIOP Level 2 Ver. 3.01 data
(Winker et al. 2007, 2010) to derive spherical
aerosol extinction coefficient using the particle
depolarization ratio and particle extinction
coefficient.

Airport visibility data was used to investigate
surface air quality in China. The data was
downloaded from Wyoming university web server
(http://weather.uwyo.edu/surface/meteogram/).
Uncorrected extinction coefficient is calculated via
the Koschmieder relationship (Koschmieder, 1926)

Dex = 1.9/V 1)

where V is visibility (km). To remove the
natural events such as precipitation, dust, fog, mist
and gale, the present weather code by SYNOP
were used. Visibility data were also screened
when the relative humidity is higher than 90 %.

MODIS level 3 collection 5.1 products provide
the aerosol optical depth (AOD) at 550 nm and the
fine-mode fraction (Remar et al. 2005). We
derived the fine-mode AOD by multiplication of
aerosol optical depth and fine-mode fraction.

3. RESULTS

The prime motivation of this study is to clarify
the recent trend of spherical aerosol loading over
eastern Asia basically based on the optical
observations during 2004-2011. We will show the
trend at NIES ground lidar stations and the
regional difference over eastern Asia in section 3.

3.1 Long-term trend of spherical aerosol at
NIES ground lidar stations

Figure 2 shows the long-term variation of
spherical monthly averaged AOD based on the

ground/space lidar measurements, MODIS and
CMAQ at (a) Beijing, (b) Hedo and (c) Tsukuba.
To evaluate the trend of spherical AOD, time
regression model based on least squares was
used to the temporal variation in the concentration.
We separated our analysis period into period A
(2004-2008) and B (2008-2011).

Ct)=a+ pt+8in(24/12 + ¢) (2

where t denotes time in months. Model
parameters a, B, v and ¢ represent intercept, slope
of an annual trend, annual cycle-amplitude, and
phase-angle of an annual cycle. Second term
shows the long-term trend, and third term shows
the seasonal variation. Estimates of model
parameters in Eq. 2 are summarized in Table 1 for
each stations.

The significance of an annual trend was
evaluated by testing the null hypothesis Hqy: p=0,
against the alternative hypothesis H;: p=0; the
significance level used in this analysis is 5%.

From the results of Table 1, different optical
measurements almost showed the consistent
trends. Spherical AOD had increased significantly
from 2004-2008 at all stations. After 2008,
spherical AOD had decreased at downwind
stations, Hedo and Tsukuba, while positive trend
was still discernible at Beijing.
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Fig. 2. Temporal variation of monthly averaged spherical
AOD at (a) Beijing, (b) Okinawa/Hedo, (c) Tsukuba.
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Table 1 Regression parameters in Eq. (2) based on monthly AOD at NIES lidar stations.

parameters o B Y
Region riod 2004- 2008- 2004- 2008- 2004- 2008-
obs. 2008 2011 2008 2011 2008 2011
NIES 0.133 0.286 0.028* 0.003 0.056 0.069
Beijing CALIOP - 0.243 - 0.008 - 0.085
MODIS 0.233 0.273 0.016* 0.002 0.183 0.185
NIES 0.117 0.205 0.031* -0.018* 0.063 0.038
Hedo CALIOP - 0.147 - -0.004 - 0.038
MODIS 0.148 0.162 0.005* -0.012* 0.062 0.066
NIES 0.113 0.157 0.006* -0.014* 0.068 0.048
Tsukuba CALIOP - 0.166 - -0.023* - 0.060
MODIS 0.163 0.192 0.005* -0.013* 0.112 0.087
(a)0 glorth part of China
3.2 Long-term trend of surface visibility o —Manis oo
datain China g cuagaop ﬁ
e n A
The monthly extinction coefficient derived from 024 4 \J sk’ ‘\« \
airport visibility data for the Chinese three region, 0.0 Airpoerisibﬁ;/,bﬂsed
(a) northern part, (b) middle part, and (c) southern . 0.sp- Bxtiaction cocficient 6~
part of China were showed in Figure 3. Error bar é 0.40
shows the positive (negative) gap between g 030 ﬁ % ﬁ g
monthly maximum (minimum) value and average g 1 ’i ﬁ
value. AOD data was also shown in Figure 3. = 020

Since visibility data shows different seasonal
variation from AOD, we conducted the trend
analysis for the AOD peak season in the each
region. Table 2 summarized the model parameters
in Eq. 2 based on visibility data and MODIS data.

From the results of Table 2, the surface
extinction coefficients and satellite AOD showed
significant increasing trend for the three region
during period A (2004-2008). The northern part of
China exhibited still increasing trend after 2008.
The trend over southern part of China turned
negative in recent period B (2008-2011). The trend
in middle part of China was indiscernible.

3.3 Horizontal distribution of spherical
aerosol trend in Eastern Asia

The horizontal distributions of the annual slope
of spherical aerosol loading (Eq. 2, B) were
displayed in Figure 4. Figure (a) and (c) show the
trend by the various observations. Pixels show
MODIS trend, circle markers show airport visibility
trend, stars show ground-based lidar trend. Figure
(b) shows the spherical AOD trend by CMAQ. We
showed only statistically significant value by
testing the null hypothesis.
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Fig. 3. Temporal variation of monthly averaged
extinction coefficient and AOD at (a) north, (b) middle,
(c) south part of China.
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Table 2 Regression parameters in Eq. (2) based on visibility data and MODIS AOD for Chinese region.

parameters o
Chinese period 2004- 2008- 2004- 2008- 2004- 2008-
Region obs: 2008 2011 2008 2011 2008 2011
Visibility 0.279 0.254 0.005* 0.015* -0.036 -0.029
North NODIS 0.227 0.264 0.013* 0.004 0.199 -0.199
Visibility 0.302 0.305 0.001 0.001 -0.058 -0.068
Middle NVIODIS 0.267 0.350 0.020* -0.005 0.174 -0.151
Visibility 0.235 0.240 0.003* -0.001 -0.031 -0.030
South NIODIS 0.343 0.356 0.003 -0.006* -0.113 -0.072

From the results of trend analysis based on
observations, the significant positive trends were
exhibited over the wide range of eastern Asia
during the period A (Fig. 4a). On the other hand,
the trends turned negative over the southern
Chinese region and downwind region in the period
B. The trends of northern part of China showed
significant positive (Fig. 4c).

CMAQ positive trend over the downwind
region during period A is almost consistent with
the optical measurement (Fig. 4b). Emission
inventory used in the simulation considered the
increased energy consumption in eastern Asia
from 2004-2006. Therefore CMAQ results
suggested that the positive trends of spherical
aerosol loading observed by optical remote
sensing were mainly caused by the increase of
anthropogenic emission.

Katsuno et al (1996) showed that sulfate
aerosol is the dominant component of airborne
suspended particulate matter based on the ion
analysis at mountain station of Japan. Lu et al.
(2011) reported that SO, emission in China
decreased by 9.2% from 2006 to 2010 due to the
wide application of flue-gas desulfurization (FGD)
devices in power plants. Therefore the recent
decrease trend of spherical aerosol loading in
downwind region may be basically caused by the
SO, emission reduction due to the FGD devices in
China. On the other hand, Lamsal et al. (2011)
showed that NOx emission from East Asia
increased by 18.8 % during 2006-2009. Thus, the
AOD increase trend in northeastern China might
be attributed by increase of secondary aerosol
formed from precursor species including NOx after
2008.
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Fig. 4. Horizontal distributions of the trends (B in Eq. 2)
based on observations (a) , (c) and CMAQ (b). Pixels in
(a) and (c) indicate the trend based on MODIS AQD, the
circles show the trend based on visibility data, the stars
show the trend based on NIES lidar AOD.
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4. Conclusions

The recent trend of spherical aerosol loading
in eastern Asia during 2004-2011 was investigated
using ground-based lidar data, space-borne lidar,
airport visibility data, the Moderate resolution
Imaging Spectroradiometer (MODIS) data and the
Community Multi-scale Air Quality Modeling
System (CMAQ) chemical transport model
simulation. Results of our analyses clarified the
following points.

Various optical measurements clarified that
the spherical AOD had increased significantly for
the period between 2004-2008. After 2008, the
measurements showed that the spherical AOD
exhibited significant decrease trend in southern
part of China and downwind region. The positive
trends were observed only in northern part of
China. Since the main composition of spherical
aerosol around Japan is sulfate, the recent AOD
decrease trend in downwind region may be
basically caused by the SO, emission reduction
due to the FGD devices in China. The AOD
increase trend in northeastern China might be
attributed by increase of secondary aerosol
formed from precursor species including NOx after
2008.
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