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Abstract

To more accurately estimate direct radiative forcing (DRF) by aerosols, and better in-
vestigate particulate pollution over East Asia, precise calculations of the optical prop-
erties of aerosols, such as aerosol optical depth (AOD), single scattering albedo (SSA)
and aerosol extinction coefficient (σext), are of primary importance. The aerosol optical5

properties over East Asia were investigated in this study, based on US EPA Models-
3/CMAQ v4.5.1 model simulations. The CMAQ model simulations in this study were
improved in several ways compared to those in a previous study (Song et al., 2008).
Although the details of the improvements were described in the manuscript, the follow-
ing points should be emphasized: (1) two data assimilation techniques were employed10

for producing more accurate AOD products and meteorological fields over East Asia;
(2) updated/upgraded emission inventories were used in the CMAQ model simulations
with a fine grid resolution of 30×30 km2; and (3) the 4-D particulate composition ob-
tained from the CMAQ model simulations was converted into 3-D or 4-D aerosol optical
products, using the Malm and Hand (2007) algorithm with significant further modifica-15

tions. The results from the CMAQ model simulations (without assimilation) showed
great improvements compared to those from a previous study. For example, in terms
of the regression coefficients (R), R-values were increased from 0.48–0.68 (previous
study) to 0.77–0.89 (this study). The monthly-averaged CMAQ-simulated single scat-
tering albedo (SSA) also agreed well with the AERONET SSA, with the exceptions of20

the Honk Kong and Taipei sites, where the air qualities were strongly influenced by ac-
tive biomass burning events from January to April. There were also excellent matches
between the vertical profiles of the CMAQ-simulated σext and LIDAR-retrieved σext. It
was also found that the contributions of (NH4)2SO4 during summer, NH4NO3 during
winter, sea-salt particles during winter and dust particles during spring to the total AOD25

were large over East Asia. In particular, the largest contribution of NH4NO3 to the total
AOD was found over East Asia during winter. Therefore, it was suggested that this
contribution of NH4NO3 should not be neglected. In order to produce more accurate
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AOD products, the CMAQ-simulated AODs were further assimilated with the MODIS-
retrieved AODs. Both the assimilated and AERONET AODs were better correlated with
each other than the CMAQ-simulated and AERONET AODs. The obvious benefits from
this study would be that with these improved aerosol optical properties, the particulate
pollution (e.g. AOD can be served as a proxy to PM2.5 or PM10) and DRF by aerosols5

over East Asia can be more satisfactorily investigated in future.

1 Introduction

The importance of the roles of aerosols in global climate change and particulate pol-
lution has been discussed for several decades. Aerosols affect the global radiation
budget directly by scattering or absorbing solar radiation, and indirectly by altering the10

properties of clouds and the efficiency of precipitation (Twomey et al., 1984; Coakley
and Cess, 1985; Charlson et al., 1991; Rosenfeld, 2000; Kaufman et al., 2002; Ra-
manathan et al., 2007). Furthermore, the aerosol optical depth (AOD) is empirically
well-correlated with PM2.5 and/or PM10; therefore, the ratios of the AOD to particulate
concentrations have been used to estimate the spatial distributions of PM2.5 and/or15

PM10 at surface levels (e.g. Wang and Christopher, 2003; Kacenelenbogen et al., 2006;
van Donkelaar et al., 2006; Vidot et al., 2007; Paciorek et al., 2008; Schaap et al.,
2009). To better understand and investigate atmospheric aerosols in East Asia, sev-
eral research campaigns have been conducted in East Asia, including ground-based
monitoring, aircraft and ship measurements (e.g. PEM-West A and B, ACE-Asia, and20

TRACE-P). However, such field campaigns have been limited by an inability to com-
pletely cover the spatial and temporal variations of aerosol concentrations and aerosol
optical properties.

Over the last several decades, satellite-based observations have been developed,
which has partially overcome the limitations of field campaigns (cf. King et al., 1999;25

Singh and Jacob, 2000; Kokhanovsky et al., 2006). However, the spatial and tem-
poral resolutions of satellite observations are not perfectly satisfactory for completely

23804

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/23801/2011/acpd-11-23801-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/23801/2011/acpd-11-23801-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 23801–23858, 2011

Aerosol optical
properties over East

Asia

R. S. Park et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

describing the spatio-temporal variations of atmospheric aerosols. Therefore, three-
dimensional chemistry-transport modeling (3-D CTM) studies have been introduced
and subsequently combined with these satellite observations (e.g. Chin et al., 2002;
Song et al., 2008). Although the 3-D CTM can generate aerosol optical products with
high spatio-temporal resolutions, it has some limitations in accurately simulating the5

optical properties of aerosols, due to the various uncertainties related with the emis-
sion strength, meteorological fields, and atmospheric chemical and physical processes
(e.g. Kinne et al., 2003; Han et al., 2009). In order to reduce these uncertainties in the
3-D CTM simulations, several investigations have recently been conducted, for exam-
ple: (1) emission rates for several main atmospheric species were intensively evaluated10

in East Asia by comparing CTM-simulated gas-species columns with satellite-retrieved
gas species columns (e.g. Han et al., 2009, 2011) and (2) the accuracy of the me-
teorological fields has been improved by considering, for example, the impacts of the
sea surface temperature on the meteorological fields (Park et al., 2011). On the other
hand, the algorithm to calculate the aerosol optical properties from the CTM-simulated15

particulate composition has also been continuously improved (e.g. Malm et al., 1994;
Tegen et al., 1996; Malm, 2000; Chin et al., 2002; Conant et al., 2003; Malm and Hand,
2007).

In addition to these investigations, a data assimilation technique has been employed
to further improve the accuracy of the optical products of aerosols, combining the 3-D20

CTM results with satellite observations (Collins et al., 2001; Yu et al., 2003; Adhikary et
al., 2008; Chung et al., 2010). The optical properties of aerosols can be improved via
data assimilation in two ways: (1) assimilated aerosol optical properties can fully re-
solve the spatial and temporal variations with the 3-D CTM results and (2) the relatively
high uncertainty of the CTM-simulated optical properties of aerosols can be reduced25

via data assimilation with satellite observations.
In this study, the US EPA Model-3/CMAQ v4.5.1 model was used for simulating the

aerosol composition and optical properties, such as the aerosol optical depth (AOD),
single scattering albedo (SSA) and aerosol extinction coefficient (σext) over East Asia.
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The CMAQ-simulated AODs were then assimilated with MODIS-retrieved AODs. Al-
though the data assimilation technique was employed for producing more accurate
aerosol optical properties, the CMAQ model simulations should also be conducted
rigorously to enhance the efficiency of the data assimilation as well as develop an ad-
vanced air quality (chemical weather) forecast system over East Asia. Therefore, this5

study first focused on improving the CMAQ model simulations via several approaches,
i.e. (1) the wind fields from MM5 simulations were assimilated with observed QuikSCAT
(Quick Scatterometer) wind data; (2) the emission inventories of INTEX-B (for China
and North Korea), REAS (for Japan), and CAPSS (for South Korea) were used for the
2006 simulations; (3) for the NH3 and BVOC (Biogenic VOCs) emissions, EDGAR and10

MOHYCAN-MEGAN emissions, respectively, were used; (4) monthly variations in the
NOx, NH3, NMVOCs and SO2 emissions were also applied; (5) to consider dust gener-
ation and transport, the operational ADAM (Asian Dust Aerosol Models) was used; (6)
all the MET, emissions, and CMAQ model simulations were carried out with a fine grid
resolution of 30×30 km2 for the entire year of 2006; (7) CMAQ v4.5.1 can consider sea-15

salt particle generation and transport, and also contains an improved SOA formation
scheme compared to the previous study (Song et al., 2008); and (8) the 4-D particulate
species concentrations obtained from the CMAQ model simulations were converted
into the 3-D or 4-D aerosol optical products, using the recently developed Malm and
Hand (2007) algorithm with further modifications. Then, the CMAQ-simulated AOD20

products were assimilated with the MODIS-retrieved AOD. The free parameters for this
data assimilation were selected from sensitivity tests to further enhance the efficiency
of the data assimilation, assuming seasonal variations of these free parameters. In the
sensitivity runs, the assimilation of the optical properties of aerosols with the selected
free parameters was evaluated with the AERONET AOD. Together with these accu-25

rate optical properties of aerosols over East Asia, the direct radiative forcing (DRF)
by aerosols and the particulate pollution (e.g. AOD has frequently been served as a
proxy to PM2.5 and/or PM10) over East Asia would be expected to be investigated and
understood to much greater extents in the future.
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2 Methodology

In order to reproduce the optical properties of aerosols over East Asia, meteorological
and chemistry-transport modeling were carried out. US EPA Model-3/CMAQ v4.5.1
model simulations were conducted with the meteorological fields generated from the
MM5 simulations and emission data. In order to convert the 4-D particulate concentra-5

tions obtained from the CMAQ model simulations into 3-D or 4-D optical properties of
aerosols, the algorithm of Malm and Hand (2007) with further modifications was used.
The CMAQ-simulated aerosol optical products were then evaluated using MODIS-,
AERONET- and LiDAR (Light Detection And Ranging)-retrieved aerosol optical data.
After these evaluations, the CMAQ-simulated AODs were further assimilated with the10

MODIS-retrieved AODs, and again evaluated with the AERONET AODs. The flow dia-
gram of these works is illustrated in Fig. 1, with the details of the procedures explained,
in order, below.

2.1 Meteorological modeling

The Fifth-Generation NCAR/Pennsylvania State Meso-scale Model (MM5) was used15

as a meteorological preprocessor for the CMAQ model simulations. The main charac-
teristics of MM5 have been described in Park et al. (2011). The model domain covers
approximately from 90 to 150◦ E, and from 20 to 50◦ N in this study (Fig. 2). The hor-
izontal resolutions of the model simulations were 30×30 km2, with fourteen vertical
layers (from 1000 hPa to 70 hPa) in σ-coordinate employed. Particularly, the vertical20

resolutions near the surface were finer than those in the upper troposphere, which
were used for investigating the surface features in more details. The simulations were
conducted from 00:00 UTC, 1 January to 24:00 UTC, 31 December 2006; the time res-
olution of the simulations was 30 s. 2.5◦ ×2.5◦ NCEP/DOE AMIP-II Reanalysis data
(Reanalysis-2) were used for the initial and boundary conditions (IC/BC). The Grell25

scheme (Grell et al., 1994), based on the rate of destabilization or quasi-equilibrium,
was employed for cumulus parameterization, and the MRF Planetary Boundary Layer
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(PBL) scheme (or Hong-Pan PBL scheme) was applied, which has been shown to be
suitable for obtaining high-resolution in the PBL (Hong and Pan, 1996). For an explicit
moisture scheme, a mixed-phase option was used (Riesner et al., 1998).

Uncertainties of the meteorological modeling are caused via various factors, includ-
ing the MET model resolution, and the accuracies of the IC/BC, etc. Particularly, the5

effect of the sea surface temperature (SST) on the meteorological fields have been
discussed in several previous studies (Song et al., 2006; Minobe et al., 2008; Park
et al., 2011), because there have been serious discrepancies between the SST from
in-situ measurements and satellite observations. These discrepancies are generally
believed to be caused by instrumental errors and the composition of the satellite data10

(Donlon et al., 1999; Park et al., 2008). In order to reduce these uncertainties, the
QuikSCAT wind data was used employing Four Dimensional Data Assimilation (FDDA).
The QuikSCAT wind data was collected from the NASA/JPL SeaWinds Scatterometer
aboard the QuikSCAT, and were processed by the NOAA/NESDIS (National Environ-
mental Satellite, Data, and Information Service).15

2.2 Chemistry-transport modeling

2.2.1 Model description

Three-dimensional CTM simulations over East Asia were performed using the US EPA
Model-3/CMAQ v4.5.1 model (Byun and Ching, 1999; Byun and Schere, 2006). The
meteorological data for the CMAQ modeling were prepared via the MM5 simulations.20

The spatial resolution for the CMAQ modeling was 30×30 km2, with fourteen vertical
layers, following the grid structures of the MM5 simulations. The period of the CMAQ
model simulations was the entire year of 2006, with the daily, monthly and seasonal av-
erage values analyzed in this study. The Saprc-99 chemical mechanism for gas-phase
chemistry and the aero4 module for the atmospheric aerosol thermodynamic/dynamic25

processes were utilized. Other selected schemes were the same as those used previ-
ously in Han et al. (2009). Details of the modeling system have also been discussed
by Han et al. (2009); therefore, are not reported here.
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The domain for the CMAQ model simulations was slightly smaller than that of the
MM5 simulations (Fig. 2). The domain, as shown in Fig. 2, features mixtures of indus-
trial/commercial/urban centers and agricultural/rural regions, where the strong agricul-
tural and livestock farming activities in the region result in high NH3 emissions (Kim et
al., 2006; Song et al., 2008). The region also includes the source regions of Asian dust5

particles in spring (i.e. Inner Mongolia, Gobi Desert and loess plateau). In addition, the
southern margin of the domain (e.g. Hong Kong and Taiwan) is frequently influenced by
biomass burning (BB) activities. Due to the complex characteristics of the region, the
uncertainty in the emission inventories for this region is relatively high and; thus, the
optical properties of aerosols calculated from the CMAQ model simulations can also10

include such uncertainties. In order to minimize the uncertainties in the emission rates,
those of several important atmospheric species were evaluated (and/or constrained)
using satellite observations (refer to Sect. 2.2.2).

2.2.2 Emissions

The accuracy of the emission data over East Asia has been discussed, and the emis-15

sion data have also been evaluated and modified (Zhang et al., 2007; Han et al., 2009,
2011). Recently, adequate NOx and BVOC emission inventories for the CMAQ model
simulations over East Asia have been proposed (Han et al., 2011). Based on the work
of Han et al. (2011), four anthropogenic emissions and a biogenic emission inventory
were used in the Emission-Chemistry Interface Processor (ECIP) for the CMAQ model20

simulations in this study. To consider the NH3 emissions from China and North Korea,
the EDGAR emission inventory was used (see Table 1). For the anthropogenic emis-
sions, the INTEX-B, REAS and CAPSS emission inventories were used for China and
North Korea, for Japan, and for South Korea, respectively, except in four cases: (1) for
the NH3 emissions from China and North Korea, the EDGAR emission inventory was25

used, because the NH3 emission data obtained from the ACE-ASIA emission inven-
tory is believed to be possibly overestimated (Kim et al., 2006; Song et al., 2008); (2)
for the NMVOC emissions from South Korea, the spatial distribution obtained from the
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INTEX-B emission inventory and the total amounts of NMVOC emissions obtained from
the CAPSS emission inventory were combined (Han et al., 2011); (3) for the isoprene
emissions, “MOHYCAN-MEGAN” (MOHYCAN, a multi-layer canopy module, is incor-
porated into the MEGAN model) emissions were used for the entire domain; and (4) for
the mono-terpene emissions (Fterp), the ratios of mono-terpene (Fterp,GEIA) to isoprene5

(Fisop,GEIA) from the GEIA emission inventory were used, because the MOHYCAN-
MEGAN emissions do not include the mono-terpene emissions, i.e.:

Fterp = Fisop,MOHYCAN×
Fterp,GEIA

Fisop,GEIA
(1)

The detailed reasons for selecting the emission data have been described in Han et
al. (2011). In addition, the monthly variations in the NOx, SO2, NH3 and NMVOCs10

emissions were also applied in this study (regarding this issue, also refer to Han et al.,
2011).

2.2.3 Dust emissions and transport

During spring 2006, strong dust events frequently erupted, mostly originating from In-
ner Mongolia, the Gobi Desert and loess plateau, and were then transported over15

Northeast China, the Korea Peninsula and Japan (Fig. 2). For example, the dust event
that occurred on 5–9 April was extremely strong (refer to its magnitude in Fig. 2), and
was transported long-distance to the Yellow Sea, the Korean Peninsula and Japan.
The impact of the dust storms on the optical properties of aerosols could be high and
should, therefore, be taken into account in the framework of this study. The 4-D par-20

ticulate composition obtained from the CMAQ model simulations did not include the
dust concentrations. Therefore, ADAM (Asian Dust Aerosol Model) simulations were
conducted over East Asia from March to May, 2006. The ADAM is an operational dust
forecast model at the KMA (Korea Meteorological Administration) for East Asia. The
model used the outputs of the RDAPS (Regional Data Assimilation and Prediction Sys-25

tem), which is a modified version of MM5. The main features of the ADAM simulations
23810
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are summarized in Table 2, and the details of the ADAM simulations have previously
been reported by Kim et al. (2011); therefore, are not repeated here.

The dust concentrations from the ADAM simulations have simply been added to
the 4-D fields of the aerosol composition obtained from the CMAQ model simulations.
This simple addition was based on the fact that mineral dust particles over East Asia5

are usually found to not be greatly chemically-modified (Maxwell-Meier et al., 2004;
Hwang and Ro, 2005; Song et al., 2005, 2007). Frequently, mineral dust particles over
East Asia have even been found in an almost fresh form via a single particle chemical
analysis (e.g. Zhou et al., 1996; Zhang et al., 2003; Ro et al., 2005). Based on these
findings, the dust particles in this study were assumed not to be chemically-aged; it is10

believed that this assumption could introduce minimal errors.
The CMAQ-simulated AODs along the dust storm pathways increased distinctively

after considering the ADAM-simulated dust concentrations. Such an increase in the
CMAQ-simulated AOD, caused by the ADAM-simulated dust concentrations, is shown
in Supplement Fig. S1, and was evaluated with AERONET AODs (Fig. 3), which are15

ground measured values and; therefore, have been regarded as “ground true value”.
The aerosol optical properties acquired from AERONET are described in Sect. 2.5.1.
As shown in Fig. 3, the CMAQ-simulated AODs with dust concentrations approach
those of the AERONET AODs. This was also supported by the statistical analyses pre-
sented in Table 3 (the definitions of the statistical values in Table 3 have been described20

in Appendix A).

2.3 CMAQ-simulated aerosol optical properties

CMAQ-simulated AOD (τCMAQ) and columnar SSA (ωCMAQ) were calculated from the 4-
D particulate concentrations obtained from the US EPA Models-3/CMAQ v4.5.1 model
simulations. AOD (τ), and columnar SSA (ω) can also be calculated theoretically by25

integrating the aerosol extinction coefficient (σext(z)) and the aerosol scattering coeffi-
cient (σscat(z)) with respect to altitude (z), as shown in Eqs. (2–3):
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τ =
∫
σext(z) ·dz (2)

ω=

∫
σscat(z) ·dz∫
σext(z) ·dz

(3)

The aerosol extinction coefficient (σext), aerosol scattering coefficient (σscat), and
aerosol absorption coefficient (σabs) have the relations shown in Eq. (4), and can be
calculated using Eqs. (4–7):5

σext =σscat+σabs (4)

σabs

(
Mm−1

)
≈ (1−ωEC)×10.0× [Elemental Carbon]

+
n∑
i

{
(1−ωdust,i )×βi × [Dust]i

} (5)

σscat

(
Mm−1

)
≈3.0× f (RH)×

{
[(NH4)2SO4]+

[
NH4NO3

]}
(6)

+ωEC×10.0× [Elemental Carbon]+
n∑
i

{
ωdust,i ×βi × [Dust]i

}
+4.0× [Organic Mass]+1.37× fss (RH)× [Sea Salt]10

f (RH)=b0+b1

(
1

1−RH

)
+b2

(
1

1−RH

)2

(7)

The main assumption of the above formulas was that NH+
4 , SO2−

4 and NO−
3 are mixed

internally in the urban-derived pollution particles, whereas, other aerosols, such as
dust, sea-salt particles and elemental carbon, are mixed externally to the urban-derived
pollution particles. Also, urban-derived pollution particles (composed of NH+

4 , SO2−
415
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and NO−
3 ), sea-salt, and organic aerosols are light-scattering, whereas elemental car-

bon and mineral dust particles have light-absorbing capability. This capability can be
considered, using the single scattering albedo of elemental carbon and mineral dust
(ωEC and ωdust,i ), as shown in Eq. (5). Both the ωEC and ωdust,i values were obtained
from Conant et al. (2003) and Tegen et al. (1996), respectively. f (RH) and fss(RH)5

represent the hygroscopic growth factors of (NH4)2SO4, NH4NO3 and sea-salt parti-
cles, respectively, and are a function of the relative humidity (RH). The expression for
f (RH) is shown in Eq. (7), and b0, b1 and b2 in Eq. (7) are the coefficients having
seasonal variations (regarding these values, refer to Song et al., 2008). fss(RH) is also
presented in Table 4. Compared to the previous version of the algorithm proposed10

by Malm (2000), the current algorithm explicitly considers the contribution of sea-salt
particles to the extinction/scattering coefficients. As shown in Eqs. (5–6), the algorithm
was further modified to separately consider the scattering and absorption capabili-
ties of mineral dust and elemental carbon. In Eqs. (5–6), βi represents the dry mass
extinction efficiency (MEE) for the size-bin i of mineral dust particles, and was calcu-15

lated, based on the data reported by Tegen et al. (1996) at a wavelength of 550 nm.
n denotes the total number of the size-bins of dust particles considered in this study.
Estimates of the total ambient σext (Mm−1) correspond to the values at a wavelength
(λ) of “550 nm”. Other details of the algorithm can be found in the IMPROVE web-
site (http://vista.cira.colostate.edu/improve/Publications/Reports/2006/2006.htm) and20

Malm and Hand (2007).
Alternatively, the aerosol extinction coefficient (σext) can also be estimated, using the

Mie theory (e.g. Chin et al., 2002, 2004; Bian et al., 2009). However, the Mie-theory
based estimations also contain large uncertainties in the prescribed (time-invariant)
log-normal size distributions of the particulate species and the mixing state of different25

types of particles. The dry MEE values estimated from the data of Chin et al. (2002)
were 3.8, 10.7, 3.3, and 0.1–1.2 for sulfate, black (elemental) carbon, organic carbon,
and sea-salt particles, respectively, at a wavelength of “500 nm”. Although these MEE
values were estimated at a wavelength of 500 nm, their magnitudes were comparable
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to those in Eqs. (5–6).

2.4 MODIS-retrieved AOD

Satellite-observed data were used for two purposes: (1) the evaluation of the CMAQ
model simulations and (2) the data assimilation of the CMAQ-simulated AODs.
Satellite-observed AODs were retrieved mainly from three instruments: (1) Aura/OMI5

(Ozone Monitoring Instrument), (2) Aqua/MODIS (Moderate Resolution Imaging Spec-
troradiometer), and (3) Terra/MODIS. Terra/MODIS-retrieved AODs have been used in
the several previous studies (e.g. Yu et al., 2003; Adhikary et al., 2008; Song et al.,
2008; Chung et al., 2010). The OMI-retrieved AODs have recently been evaluated, us-
ing AERONET and MODIS-retrieved AODs (Curier et al., 2008; Livingston et al., 2009).10

The accuracy of MODIS-retrieved AODs has already been evaluated (therefore, have
been verified) in previous studies; whereas, the accuracy of OMI-retrieved AODs re-
main to be fully verified. For example, Curier et al. (2008) reported that OMI-retrieved
AODs have good agreements with MODIS-retrieved AODs, but Livingston et al. (2009)
suggested that OMI-retrieved AODs from OMAERUV (using near-UV; OMI/Aura Near15

UV Aerosol Optical Depth and Single Scattering Albedo 1-orbit L2 Swath 13×24 km2)
and OMAERO (using multiwavelength; OMI/Aura Aerosol Optical Thickness and Single
Scattering Albedo 1-orbit L2 Swath 13×24 km2 V003) retrievals were overestimated
by factors between 2 to 10 compared with the AERONET and AATS (Ames Airborne
Tracking Sunphotometer) AODs. In addition, the AOD products from the OMI instru-20

ment were more frequently screened out, due to the relatively large spatial resolution
of 13×24 km2. With this relatively-large spatial resolution, the AOD retrievals were
more frequently interrupted by cloud contamination (the existence of clouds) (Note: the
“original” spatial resolution of the MODIS was 0.5×0.5 km2). Based on these reports,
OMI-retrieved AODs were not used in this study. Instead, MODIS-retrieved AODs were25

used for the evaluation and data assimilation of CMAQ-simulated AODs.
As mentioned above, the MODIS instrument is aboard two NASA Earth Obser-

vation System (EOS) platforms: the Terra and Aqua satellites. Both satellites are
23814
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polar-orbiting, with Terra on a descending orbit (southward), having an equator passing
time at about 10:30 local sun time, and with Aqua on an ascending orbit (northward),
having an equator passing time at about 13:30 local sun time. In this study, the monthly
AOD products retrieved from the EOS/Terra MODIS sensor through the NASA C005
(Collection 5) algorithm (Remer et al., 2005; Levy et al., 2007) were used, because5

Aqua MODIS-retrieved AODs tend to cover only land areas, with missing data encoun-
tered more frequently than with those retrieved via Terra MODIS. The inversion proce-
dure of the C005 algorithm is based on a look-up table (LUT), with four fine modes and
five coarse modes; the AODs were retrieved at one wavelength (λ=550 nm). Details of
the NASA C005 algorithm are described in the Algorithm Theoretical Basis Document10

(ATBD, http://modis.gsfc.nasa.gov/data/atbd/atbd mod02.pdf). In addition, for the syn-
chronization of the CMAQ-simulated and MODIS-retrieved AODs, the CMAQ-simulated
AOD was averaged at 10:00 and 11:00 local sun time.

2.5 AERONET and LiDAR aerosol data

In order to access the accuracy of the CMAQ-simulated aerosol optical properties, the15

optical data for aerosols measured from the ground are necessary. The distributions of
the CMAQ-simulated AODs and SSAs were compared with the AERONET AODs and
SSAs, with the vertical profiles of the aerosol extinction coefficients (σext) compared
with the LiDAR-retrieved aerosol extinction coefficients. In this section; therefore, the
AERONET and LiDAR-retrieved data are briefly described.20

2.5.1 AERONET data

AERONET is the federal sunphotometer network, which has been managed by the
NASA Goddard Space Flight Center in the USA (Holben et al., 1998). Currently, there
are 23 available AERONET ground-based stations inside the modeling domain (Fig. 4).
AEROENT provides the sunphotometer-retrieved total column spectral AODs, SSAs25

and reflective indices at visible and NIR wavelengths. The spectral AODs and SSAs
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provided by AERONET are regarded as “ground true values”, because they are not
affected or interfered by the surface reflectance, due to their own measurement nature.
Therefore, the AERONET AODs and SSAs were used for the evaluations of the CMAQ-
simulated AODs/SSAs and MODIS-retrieved AODs in this study. Furthermore, the free
parameters for the data assimilation were also adjusted by comparisons between the5

assimilated AODs and AERONET AODs (the details are discussed in Sect. 2.6).

2.5.2 LiDAR data

To evaluate the vertical profiles of the aerosol extinction coefficients obtained from the
CMAQ model simulations, LiDAR-derived data were used. In East Asia, the optical
properties of aerosols, including aerosol extinction coefficients, have been measured10

at 7 ADNET sites since 2002 (Fig. 4): 5 sites in Japan and 2 sites in South Korea.
Three sites (Seoul, Toyama, and Cape Hedo) almost overlap with the AERONET sites.
From the 7 sites, the extinction coefficients by non-spherical mineral dust particles and
spherical hygroscopic aerosols at λ = 532 nm have been provided (Sugimoto et al.,
2008; Shimizu et al., 2010), assuming a fixed LiDAR ratio of S1=50 sr (Shimizu et al.,15

2010). In this study, the total aerosol extinction coefficients were calculated through
the summation of the extinction coefficients by non-spherical mineral dust particles
and spherical hygroscopic aerosols, assuming an external mixing of mineral dust and
spherical aerosols (Shimizu et al., 2004; Sugimoto et al., 2003). In the AERONET
LiDAR measurements, the heights of cloud base and top were determined, based on20

the gradients and maximum values of ABC (attenuated backscatter coefficient) (the
details were described in Sugimoto et al., 2008 and Shimizu et al., 2010). The vertical
and temporal resolutions of the LiDAR data are 30 m and 6 min, respectively. Usually,
LiDAR-retrieved aerosol optical data below 1 km are neglected, due to the large uncer-
tainty resulting from the low values (<1.0) of the overlap factor, which is affected by the25

laser light source and distance of the receiving telescope (Velotta et al., 1998; Noh et
al., 2009). However, the extinction coefficient data from the ADNET can be corrected
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using an overlap-correction function developed by the NIES (National Institute of En-
vironmental Studies) in Japan. Therefore, in this study, the LiDAR-retrieved extinction
coefficients above 120 m were used (Shimizu et al., 2011; also see Fig. 7).

2.6 Data assimilation

Data assimilation with optimal interpolation (OI) has been used in several studies5

(Collins et al., 2001; Yu et al., 2003; Adhikary et al., 2008; Chung et al., 2010). In
this section, a brief description of the OI is given, with some new procedures for the
studies over East Asia. The assimilated AOD products by the OI (τ′m) are defined as
follows:

τ′m = τm+K (τo−Hτm) (8)10

where τo and τm are the MODIS-retrieved and CMAQ-simulated AODs, respectively. H
denotes the linear operator for interpolation from the model grid to the location of the
observations, and K is the Kalman gain matrix (or Kalman filter). Here, K was based
on two main assumptions: (1) the errors have a Gaussian distribution and (2) the errors
in the modeled and observed data are not correlated to each other.15

K =BHT (HBHT +O)−1 (9)

where B and O are the covariance of modeled and observed fields, respectively, and
are defined with several free parameters.

B(dx,dz)=
[
(fmτm)2+ (εm)2

]
exp

[
−dx

2l2
mx

]
exp

[
−dz

2l2
mz

]
(10)

O=
[
(foτo)2+ (εo)2

]
I (11)20

where fm , εm,dx,dz,lmx and lmz in Eq. (3) denote the fractional error coefficient, min-
imum error coefficient, horizontal resolution (30 km in this study), vertical resolution,
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horizontal correlation length for errors and vertical correlation length for errors in the
modeled AOD(τ), respectively, and fo, εo and I in Eq. (4) denote the fractional error
coefficient, minimum error coefficient in the observed AOD(τ), and a unit matrix, re-
spectively. The free parameters (fm,fo, εm, εo,lmx and lmz) used in previous studies
are summarized in Table 5. Kalman filter is a function of the six free parameters, as5

well as the CMAQ-simulated and MODIS-retrieved AODs. Consequently, the efficiency
of the OI depends on the correct determination of the free parameters, since CMAQ-
simulated and MODIS-retrieved AODs are unchangeable.

In previous studies, model-simulated AODs were assimilated with the yearly-fixed
free parameters over either the regional or global modeling domain (see Table 5);10

whereas, in this study, the seasonal variations of the free parameters were taken into
account over East Asia. The free parameters are sensitive to the accuracy of the mod-
eling products, and the accuracy depends on the uncertainties in the meteorological
fields, emissions and CTM simulations. In particular, the uncertainty in the emissions is
one of the most important factors affecting the accuracy of the CMAQ-simulated optical15

properties of aerosols (Song et al., 2008; Han et al., 2009). When the CTM-simulated
optical properties of aerosols were calculated from the particulate composition, the
dominant particulate species were found to change seasonally (this is discussed in
Sect. 3.1). Accordingly, uncertainties in the particulate composition may also change
seasonally. Following this reasoning, the accuracy of CMAQ-simulated optical prop-20

erties of aerosols could also change seasonally. Therefore, the seasonal variations in
the free parameters were assumed and determined, when the CMAQ-simulated optical
properties of aerosols were assimilated with observations.

Through the sensitivity tests, the best free parameters for the four seasons were
determined. The determination of the free parameters was based on an analysis of the25

monthly CMAQ-simulated AODs. For the sensitivity tests, a statistical parameter of χ2

was introduced:

χ2 =
∑ (τi ,Obs−τi ,Modeled)2

τi ,Modeled
(12)
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where τi ,Obs and τi ,Modeled represent the observed and model-simulated AODs, respec-
tively. In this formula, a small value of χ2 indicates that the modeled AODs were close
to those observed. However, χ2 for the four seasons cannot be directly compared,
because the data numbers for the four seasons are different. Therefore, in order to
consider the seasonal difference in the number of data available, the formula was di-5

vided by the data number:

χ2 =
1
N

N∑
i

(τi ,AERO−τi ,Assim
)2

τi ,Assim

 (13)

where τAERO and τAssim indicate the AERONET AODs and assimilated AODs, respec-
tively. Once χ2 between assimilated AODs and AERONET AODs converged to a min-
imum value for each season, the free parameters were chosen for that season. The10

values selected through these procedures are shown in Table 6.
To evaluate the efficiency of the current approach, two assimilated AOD products

were compared with AERONET AODs, i.e. (1) the assimilated AODs from the yearly-
fixed free parameters and (2) the assimilated AODs from the seasonally-varying free
parameters. In the case of the yearly-fixed free parameters, the free parameters, fm, fo,15

εm, and εo, were set at 0.8, 0.2, 0 and 0.05, respectively. The values of χ2 are shown
in Table 6. As shown in Table 6, the assimilated AODs with the seasonally-varying free
parameters exhibited better performances for the data assimilation than those with the
yearly-fixed free parameters.

3 Results and discussions20

3.1 Evaluation of CMAQ-simulated aerosol optical properties

In order to evaluate the accuracy of the CMAQ-simulated AODs, a comparative anal-
ysis between the CMAQ-simulated and MODIS-retrieved AODs was undertaken (see
Fig. 5 and Table 7). It was first found from this analysis that the accuracies of the
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CMAQ-simulated AODs from this study were greatly improved compared with those
from the previous CMAQ modeling study conducted for the years 2001–2003 over the
same modeling domain (Song et al., 2008). For example, during all four seasons, the
regression coefficients (R) obtained from this study (see the bold numbers in Table 7)
were higher than those (see the numbers in parentheses in Table 7) from Song et5

al. (2008). The RMSE (absolute error), MNGE (relative error), MB (absolute bias) and
MNB (relative bias) were also calculated, and then compared with those from Song
et al. (2008). It was again found that the absolute/relative errors and biases were all
greatly reduced compared with those from the previous study, as shown in Table 7.
These better results may have been produced due to the uses of better meteorological10

fields, emission rates (in terms of their magnitudes and monthly variations including
dust particles), an improved version of the CAMQ model, with a fine grid resolution,
and the advanced algorithm for converting the 4-D particulate composition to 3-D or
4-D optical properties of aerosols, as discussed in the previous sections. Particularly,
the CMAQ-simulated AODs in spring were greatly improved, which may have been15

due to the use of the operational ADMA model in this study. Also, as reported by
Bian et al. (2009), the high spatial and temporal resolutions used in the MM5-CMAQ
model simulations can further enhance the accuracy of the AOD products, since the
relative humidity fields frequently exhibit high heterogeneities in both space and time.
Obviously, in this study, both the fine spatial resolution of 30×30 km2 and temporal res-20

olution of 30 s were used, which may have contributed to the improved AOD products
found in this study.

In addition to the AOD, the CMAQ-simulated SSAs were also compared with the
AERONET SSAs at 9 AERONET sites (Fig. 6). The CMAQ-simulated SSAs show
relatively good agreement with the AERONET SSAs, particularly at the Korean and25

Japanese sites, including the Gosan, Anmyon and Shiraham sites. However, some
discrepancies were also found at the Hong Kong PolyU and Taipei CWB sites during
January–April. This may have been due to the fact that the BB emissions (and their
plume transports) were not considered in our model simulations, which mainly occurred
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outside the modeling domain (i.e. Vietnam, Thailand and Myanmar). The BB plumes
strongly influenced the air qualities over Hong Kong and Taiwan during spring. In
particular, large amounts of BC (Black Carbon) were emitted from the BB activities,
and such injections of BC from the BB events could have lead to significant increases
in the absorption of solar radiation, which subsequently made the AERONET SSAs in5

Fig. 6 smaller over Hong Kong and Taiwan.
There were also several uncertainties in the estimations of the extinction/absorption

capability of dust particles during March–May in East Asia. This may have been due
to two possible factors: (1) the uncertainty related to the amounts of dust particles
predicted by the ADAM simulations and (2) the uncertainty related to the MEE of East10

Asian dust particles. The latter uncertainty was further related to two factors: (1) dust
morphology (such as the dust particle shape and size), (2) dust mineralogy (particu-
larly, the content of hematite, α-Fe2O3) (Kaufman et al., 2002; Song et al., 2008; Hu
and Sohki, 2009; Hansell Jr. et al., 2011). For example, the MEE values for dust
particles generally decrease with increasing size of dust particles, whereas, they tend15

to increase when the particle shape becomes non-spherical (e.g. Hansell Jr. et al.,
2011). All these factors are uncertain. As mentioned previously, in this study the size-
dependent MEE values, calculated based on the data of Tegen et al. (1996), were
used (instead of the MEE of 0.6 m2 g−1 reported originally by Malm and Hand, 2007).
As shown in Fig. 6, relatively good agreements were found between AERONET SSAs20

and CMAQ-calculated SSAs over the sites along the dust storm tracks such as the
Dalanzadgad, Anmyon, Gosan, and Shirahama sites.

The CMAQ-simulated σext was also compared with the LiDAR-retrieved σext at six
ADNET (Asia Dust NETwork) sites for all four seasons (Fig. 7). Actually, 7 ADNET
sites were located in the domain, but the data from the Sapporo site were excluded, as25

they were too scarce. As shown in Fig. 7, the vertical profiles of the CMAQ-simulated
σext (blue lines) were in good agreements with the LiDAR-retrieved σext (yellow circles
and red bars) for all four seasons during 2006. Usually, σext peaked at 1 km, and was
close to zero above 3 km, except for metropolitan regions, such as Seoul. The peak
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σext ranged between 0.5 and 1 (10−4 m−1) at 5 sites, except for Seoul. In Seoul, the
peak σext increased even as high as 2.5 (10−4 m−1). The vertical profiles of σext at the
Seoul site were extended to ∼4–5 km.

As mentioned previously, one of the ultimate research goals is to more accurately
estimate the direct radiative forcing (DRF) caused by aerosols over East Asia. In order5

to achieve this goal, it would have been much more desirable if the 4-D data of the
optical properties of aerosols had been provided into a radiative transfer model (RTM).
For the estimations of the DRF by aerosols to date, most studies have been based
on column radiative modeling (CRM) (e.g. Giorgi and Qian, 2002; Park and Jeong,
2008; Ramanathan and Carmichael, 2008; Chung et al., 2010), while one of the salient10

features of our future works will be the inclusion of vertically-resolved σext (not AOD
columns) as an input to the RTM to more accurately estimate the DRF by aerosols over
East Asia. In this context, Fig. 7 indicates that our CMAQ-model simulations can greatly
capture the main characteristics of the vertical distributions of σext over East Asia and
can, therefore, improve the estimations of the DRF by aerosols over East Asia. Also,15

the main reason for combining the CMAQ model simulations with the remote-sensing
data in this study was that the remote-sensing data themselves cannot produce the
complete 4-D distributions of SSAs (like Fig. 6) and the vertical distributions of σext (as
shown in Fig. 7). These data should, therefore, be produced and provided by the CTM
simulations.20

3.2 Contributions of CMAQ-simulated particulate species to total AOD

As discussed in Eqs. (5) and (6), the CMAQ-simulated AOD is the summation of the
particulate species AODs. In order to analyze the contributions of each particulate
species to the AOD, the particulate species AOD (τi ) for species i was calculated.
Firstly, the particulate species-wise aerosol extinction coefficients (σext,i ) for 6 major25

particulate species (sulfate, nitrate, dust, sea salt, organic aerosols and elemental car-
bon) were calculated. The particulate species-wise AODs were then calculated by the
integration of σext,i with respect to the altitude (z), as follows:
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τi =
∫
σext i (z) ·dz (14)

The spatial distributions of τi were analyzed for all four seasons (Fig. 8). As shown
in Fig. 8, τ was dominated by τsulfate for all four seasons, with a maximum of τsulfate
in summer. On the contrary, τnitrate was also dominant in winter. These phenomena
have been partially discussed by Song et al. (2008). They explained that the conversion5

rates of SO2 to sulfate were most active in summer, due to the high temperature and in-
tense solar radiation, which yields high levels of OH (hydroxyl radicals). Therefore, one
would expect active SO2 +OH reactions during summer. In contrast, nitrate formation
is active when the temperature is low. At low temperatures, the equilibrium between the
gas-phase NH3, HNO3 and particulate NH4NO3 (i.e. NH3 +HNO3 ↔NH4NO3) actually10

shifts toward the formation of particulate NH4NO3. Therefore, during the cold seasons
(like winter or late fall), the formation of particulate NH4NO3 becomes active. As shown
in Fig. 8, the contribution of NH4NO3 to the total AOD can increase by ∼23 % (locally ∼
53 %) during winter. However, in other previous studies, such as Chin et al. (2002) and
Chung et al. (2010), the contribution of NH4NO3 to the AOD(z) was ignored. It is, there-15

fore, emphasized here that the contribution of NH4NO3 to τ should not be neglected,
particularly during the cold seasons, in these types of studies.
τdust was high in spring when Asian dust storms frequently erupted. The horizontal

distribution of τdust showed high values over the Gobbi Desert and Northeast China,
because the main pathways of Asian dust storms are from the Gobbi Desert to the20

Korea peninsula, passing through Northeast China (again refer to Fig. 2). On the other
hand, the previous version of the algorithm (Malm, 2000) did not include the sea-salt
concentrations for calculating τ (Song et al., 2008). Also, the simulations via the pre-
vious version of the CMAQ v4.3 model did not include the generations and transports
of sea-salt particles over the ocean surfaces (Song et al., 2008). However, this study25

showed that τsea salt was not negligible, especially during winter. The mean contribution
of sea-salt particles to τ was about 18 %, and the largest contribution locally increased
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up to ∼70 % over the ocean. This means that our study was also improved by con-
sidering the sea-salt concentrations, using the new versions of the CMAQ model and
algorithm (Malm and Hand, 2007).

The mass-specific τOAs(τOAs/MOAs; MOAs indicates the mass concentration of organic
aerosols) was relatively high, but τOAs was small compared with τsulfate and τnitrate for all5

four seasons, because MOAs was small. The formation of organic aerosols is governed
by three factors: (1) temperature, (2) the intensity of solar radiation and (3) the levels of
precursors (i.e. NMVOCs). Therefore, τOAs was large during summer because of high
temperature and intense solar radiation, and the spatial distribution of τOAs tended
to follow that of the NMVOCs emissions. The contribution of organic aerosols to τ10

showed some discrepancies in their magnitudes and spatial distributions from the pre-
vious study (Song et al., 2008). The contribution of organic aerosols to τ in this study
was smaller than that in the previous study. The high concentrations of organic aerosols
during summer over South China, reported by Song et al. (2008), were not captured
in this study. One of the main factors for the less active formation of organic aerosols15

during summer was the levels of BVOCs, such as isoprene and mono-terpenes. The
CMAQ v4.5.1 model does not include the formation of organic aerosols from isoprene,
but does include the secondary organic aerosol formation from mono-terpenes. The
discrepancies in the organic aerosols between the two studies could have been caused
by the use of different mono-terpene emissions. In other words, since the “MOHYCAN-20

MEGAN” BVOC emissions were used in this study, mono-terpene emission rates were
on average 0.58 times smaller than the BVOC emission rates for the GEIA emission in-
ventory used by Song et al. (2008). The mass-specific τEC was also high, but τEC was
small compared to τsulfate and τnitrate for all four seasons. The horizontal distributions of
τEC were similar to those of τsulfate, but different from those of τnitrate, since the sources25

of elemental carbon were similar to SO2 in our model simulations.
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3.3 Comparison among CMAQ-simulated, MODIS-retrieved, assimilated
and AERONET AODs

Figure 9 shows the spatial distributions of the CMAQ-simulated, MODIS-retrieved and
assimilated AODs for all four seasons of 2006. During the entire year of 2006, the
AODs over Central East China (CEC; 30–40◦ N and 110–120◦ E) and Sichuan basin5

were high, because such regions include several highly-polluted urban centers, such
as Beijing, Tianjin, Shanghai, Chengdu and Chongqing. It is also worth noting that
near the Gobi Desert, during spring, a high AOD plume was observed due to Asian
dust storm outbreak. The high AODs over CEC were due to the high levels of partic-
ulate (NH4)2SO4 and NH4NO3. This has already been discussed in Sect. 3.2 (also, in10

Fig. 8). Although the spatial distributions of the CMAQ-simulated AODs showed rel-
atively good agreement with those of the MODIS-retrieved AODs, they were slightly
underestimated compared with the MODIS-retrieved AODs (also, refer to Table 7 and
Fig. 5, regarding this point). Based on the previous studies that reported the ACE-ASIA
NH3 emissions may be overestimated (Kim et al., 2006; Song et al., 2008), the EDGAR15

emission inventory for the NH3 emissions was used in this study. The total ammonia
emissions over the modeling domain from the EDGAR emission inventory were ∼72 %
of those from the ACE-ASIA emission inventory. However, an overall underestimation
was found this time. The underestimation of the CMAQ-simulated AODs could have
been caused partly by the use of the EDGAR NH3 emissions. Therefore, the NH320

emissions should be further verified. There is a strong need to reduce this type of
uncertainty in the result, for example, from the NH3 emission. The NH3 emission is
just one example. The uncertainties can come from many different sources, not only
the NH3 emission, but also the meteorological fields, the emissions of other species
and the CMAQ modeling. It is believed that the assimilation of data with observations25

could greatly reduce the uncertainties originating from pure model simulations. In this
sense, the underestimated CMAQ-simulated AODs can be partly compensated for by
employing the assimilation of data with MODIS-retrieved AODs (see the third column
of Fig. 9).
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In Fig. 9, one more thing should also be noted: the second column of Fig. 9 shows
some missing MODIS AOD values (called “bright pixels or white areas”), which were
due to two main factors: (1) the areas are sun-glint areas, such as desert and snow-
covered lands and, therefore, have high surface reflectance. The MODIS AOD val-
ues were not retrieved over those areas and (2) over some areas (or periods), cloud5

fractions were persistently high; therefore, the MODIS data were cloud-screened over
these areas (or during the time periods). These “white areas” (or “white periods”)
can be filled spatially and temporally by conducting data assimilation (check the third
column of Fig. 9), which was one of the largest advantages usually obtained when
employing data assimilation.10

Statistical analyses between the CMAQ-simulated, MODIS-retrieved, assimilated
and AERONET AODs were conducted (Fig. 10 and Table 8), with the CMAQ-simulated,
MODIS-retrieved and assimilated AODs compared to the AERONET AODs (“ground
true or reference value”) via scattered plots (Fig. 10) and statistical analyses (Table 8),
with R, RMSE, MNGE, MB and MNB. The comparisons between the CMAQ-simulated15

and AERONET AODs showed some biases for all four seasons, due to the under-
prediction of the AODs via the CMAQ model simulations, as discussed before. Espe-
cially, the degrees of negative biases were high (R-values were also small) in spring
and summer compared with the statistical values for the other seasons. As mentioned
previously, there were strong BB activities during January–April, but our CMAQ model20

simulations did not consider the BB emissions and subsequent BB plume transports
over East Asia. The highly negative biases during spring and summer could have been
caused partly to the biomass burning activities not being considered in our model sim-
ulations. According to the statistical values shown in Table 8, the AODs were improved
after the data assimilation, although they were still underestimated (i.e. negative bi-25

ases) (note the increases in the R-values and the decreases in the errors and the
biases after the data assimilation in Table 8). Particularly, the AODs were greatly im-
proved in spring and summer, but not in winter, after the data assimilation, because the
CMAQ-simulated AODs were closer to the AERONET AODs than the MODIS-retrieved
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AODs in winter.

3.4 Monthly and daily variations of AODs

In this section, the monthly and daily variations of AODs were further analyzed at sev-
eral AERONET sites. These analyses were conducted from two perspectives, i.e. the
“monthly variation” in the optical properties of aerosols could be meaningful in term of5

radiative forcing by aerosol; whereas, the “daily variations” could be more meaningful
in the investigations of particulate pollution.

First of all, the monthly variations of CMAQ-simulated, MODIS-retrieved, assimilated,
and AERONET AODs were analyzed at the 15 AERONET sites shown in Fig. 11. There
appears to be two things of note in Fig. 11. As mentioned before, the CMAQ-simulated10

AODs (red dots) were generally smaller than the AERONET AODs (grey bars). These
underestimations were significantly corrected after the assimilation of data with the
MODIS-retrieved AODs (black solid lines with open circles). Secondly, the CAPSS
and REAS emission inventories were believed to be more accurate than the INTEX-B
emission inventory (personal communication with Dr. T. Ohara at NIES (National In-15

stitute for Environmental Studies) in Japan; also refer to Han et al., 2011 and Lee et
al., 2011). Therefore, the uses of the CAPSS and REAS emission inventories lead to
relatively better agreements between the observed and modeled AOD values at the Ko-
rean and Japanese sites, including Anmyon, Gwangju GIST, Gosan SNU, Osaka, and
Shirahama. Overall, after the data assimilation with the MODIS-retrieved AODs, the20

monthly-averaged assimilated AODs agreed well with those of the AERONET AODs.
In addition, Fig. 11 clearly shows a major benefit from using data assimilation: the
assimilation was able to provide AOD values, even when the MODIS-retrieved and
AERONET AODs were not available.

On the other hand, as mentioned in Sect. 1, the AOD can be regarded as a proxy of25

PM2.5 and/or PM10. From this perspective, the “daily-averaged” AOD could be an im-
portant factor for analyzing and forecasting particulate air pollution over East Asia. The
daily variations in the CMAQ-simulated, MODIS-retrieved, assimilated and AERONET
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AODs were also compared at 3 AERONET sites (EPA NCU, Gosan SNU, and Osaka
sites), as shown in Fig. 12. In Fig. 12, one month per season was selected, depend-
ing on the AERONET data availability. The comparisons between the assimilated and
AERONET AODs matched one another to some degree. However, it was also obvi-
ous that the assimilated AODs did not capture several peaks (high PM episodes) of5

the AERONET AODs. Although there were some degrees of agreements between the
assimilated/modeled and AERONET AODs, further improvements in the CMAQ model
simulations should definitely be made for use of the CMAQ model simulations in air
pollution studies and/or the development of a particulate forecasting system over East
Asia.10

4 Summary and conclusions

In this study, the accuracy of the CMAQ-derived AODs was improved in several ways:
(1) the wind fields from MM5 simulations were assimilated with the QuikSCAT wind
data; (2) the emission inventories of INTEX-B (for China and North Korea), REAS
(for Japan) and CAPSS (for South Korea) were used for the 2006 simulations; (3) for15

the NH3 and BVOC emissions, the EDGAR and “MOHYCAN-MEGAN” emissions, re-
spectively, were used; (4) the monthly variations in the NOx, NH3, NMVOCs and SO2
emissions were also applied; (5) to consider dust generations and transports in the
domain, the operational ADAM at the KMA was used; (6) all the MET/CMAQ model
simulations and emissions (modeling) were conducted using a fine grid resolution of20

30×30 km2 for the entire year of 2006; (7) the 4-D particulate species concentrations
obtained from the CMAQ model simulations were converted into the 3-D or 4-D aerosol
optical products, using the Malm and Hand (2007) algorithm with further modifications;
and finally (8) the CMAQ-simulated AOD products were assimilated with the MODIS-
retrieved AOD, using the optimal interpolation technique. These improvements were25

evaluated by comparing the CMAQ-simulated and MODIS-retrieved AODs. The qual-
ities of the CMAQ-simulated SSAs and σext were also assessed with the AERONET
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SSAs and LiDAR-retrieved σext. In general, relatively good agreements were achieved
between the vertical profiles of the CMAQ-simulated σext and LiDAR-retrieved σext, indi-
cating that our CMAQ-model simulations were able to capture the main characteristics
of the vertical distributions of σext in East Asia. In future, the vertically-resolved σext will
be input to a RTM to better estimate the DRF by aerosols in East Asia.5

Meanwhile, the contributions of the particulate species-wise AOD to total AOD (τ)
were also investigated. The CMAQ-simulated AODs were mainly contributed by sulfate
throughout the year, with the exception of winter. During winter, NH4NO3 was the
dominant contributor to τ. In particular, this large contribution of NH4NO3 to τ during
winter has been neglected in several previous studies (e.g. Chin et al., 2002; Chung10

et al., 2010), but this contribution should be taken into account. It was also found that
the dust and sea-salt particles were important species in τ during spring and winter,
respectively. Also, the contribution of organic aerosols (OAs) to τ became smaller than
that found in the previous study (Song et al., 2008). These differences could have been
caused by the use of the reduced mono-terpene emissions in this study.15

Although our CMAQ model simulations were improved in several ways, and the
CMAQ-simulated aerosol optical properties showed relatively good accuracy, the use
of the data assimilation technique could provide further improvements in the qualities
of the optical properties of aerosols over East Asia. Through the data assimilation, the
accuracies of the monthly and daily averaged AODs were also greatly improved com-20

pared with those of the AERONET AODs. In the future, based on the accurate monthly
and daily AODs, the direct radiative forcing by aerosols, and the spatial distributions of
PM2.5 or PM10 at the surface, will be able to be estimated more accurately.
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Appendix A

In this study, several statistical parameters were introduced for comparing the CMAQ-
simulated, MODIS-retrieved, assimilated and AERONET AODs:

Regression coefficient (R)=

N
N∑
1
τi ,Mτi ,O−

N∑
1
τi ,M

N∑
1
τi ,O√

N
N∑
1
τ2
i ,M−

(N∑
1
τi ,M

)2
√
N

N∑
1
τ2
i ,O−

(N∑
1
τi ,O

)2
(A1)

Root mean square error (RMSE)=

√√√√ 1
N

N∑
1

(
τi ,M−τi ,O

)2
(A2)5

Mean normalized gross error (MNGE)=
1
N

N∑
1

(∣∣τi ,M−τi ,O
∣∣

τi ,O

)
×100 (A3)

Mean bias (MB)=
1
N

N∑
1

(
τi ,M−τi ,O

)
(A4)

Mean Normalized bias (MNB)=
1
N

N∑
1

(τi ,M−τi ,O
τi ,O

)
×100 (A5)

where N is the number of data and τi ,M and τi ,O the CMAQ-simulated AODs and
MODIS-retrieved, assimilated or AERONET AODs, respectively. R measures the de-10

gree to which two variables are linearly correlated, and ranges between −1 and 1.
RMSE and MNGE were used to interpret how well the model results explain a given
set of observations. MB and MNB were used to explain the degree to which the model
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results were over- or under-estimated compared with the observations. Positive (neg-
ative) MB and MNB indicate an overestimation (underestimation) via the model simu-
lations.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/23801/2011/5

acpd-11-23801-2011-supplement.pdf.
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Table 1. Descriptions of the emission inventories used in this study.

Region Emission inventory Species

China and North Korea INTEX-B SO2, NOx, NMVOCs, CO, CO2, BC, OC
EDGAR1 NH3
MOHYCAN Isoprene
GEIA Ratios of mono-terpenes to isoprene3

South Korea CAPSS SO2, NOx, Total NMVOC2, CO, NH3

INTEX-B NMVOCs2, CO2, BC, OC
MOHYCAN Isoprene
GEIA Ratios of mono-terpenes to isoprene3

Japan REAS SO2, NOx, NMVOCs, CO, NH3, CO2, BC, OC
MOHYCAN Isoprene
GEIA Ratios of mono-terpenes to isoprene3

1 The emission inventories used in this study were same as those in Han et al. (2011a), except for the NH3 emissions.

The ACE-ASIA emission inventory was used for the NH3 emissions in Han et al. (2011a).
2 NMVOC emission data were modified, considering the ratios of NMVOC species to the total NMVOCs from INTEX-B.

The total amounts of NMVOC emissions were obtained from the CAPSS emissions (Han et al., 2011a).
3 The mono-terpene emissions were determined from the ratio of mono-terpene to isoprene from the inventory (see

Sect. 2.2.2).
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Table 2. Description of ADAM (Kim et al., 2011).

Item Description

Meteorological database RDAPS (Regional Data Assimilation
and Prediction System/KMA)

Dust emission:
threshold velocity or friction velocity

u∗ (Westphal et al., 1998) + modified
Shao et al. (2003)’s minimally and fully
dispersed parent soil particle-size dis-
tribution (Park and Lee, 2004)

Dust size range (diameter) 0.2–74.0 µm

Dust size bins 11 bins

Dust density (g cm−3) 2.6

Dust particle-size distribution Log-normal size distribution

Land use data USGS vegetation data with 1×1 km2

resolution

Soil texture information Park and In (2003), In and Park (2003)

Roughness Park and In (2003), In and Park (2003)

References Park and In (2003), In and Park (2003),
and Park and Lee (2004)
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Table 3. Statistical values between the CMAQ-simulated and AERONET AODs in spring, 2006.

AERONET vs. Number of data R RMSE MNGE MB MNB

CMAQ (without dust) 41 0.59 0.35 49.55 −0.29 −48.67
CMAQ (with dust) 41 0.70 0.31 45.32 −0.19 −30.09
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Table 4. Hygroscopic growth factors for sea-salt particles.

RH ( %) fSS(RH) RH ( %) fSS(RH) RH ( %) fSS(RH) RH ( %) fSS(RH) RH ( %) fSS(RH)

0 to 36 1.00 48 2.38 60 2.69 72 3.17 84 4.04
37 1.00 49 2.42 61 2.73 73 3.21 85 4.11
38 1.00 50 2.45 62 2.78 74 3.25 86 4.28
39 1.00 51 2.48 63 2.83 75 3.27 87 4.49
40 1.00 52 2.50 64 2.83 76 3.35 88 4.61
41 1.00 53 2.51 65 2.86 77 3.42 89 4.86
42 1.00 54 2.53 66 2.89 78 3.52 90 5.12
43 1.00 55 2.56 67 2.91 79 3.57 91 5.38
44 1.00 56 2.58 68 2.95 80 3.63 92 5.75
45 1.00 57 2.59 69 3.01 81 3.69 93 6.17
46 1.00 58 2.62 70 3.05 82 3.81 94 6.72
47 2.36 59 2.66 71 3.13 83 3.95 95 7.35

(http://vista.cira.colostate.edu/improve/Publications/GrayLit/019 RevisedIMPROVEeq/RevisedIMPROVEAlgorithm3.

doc).
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Table 5. Free parameters of the data assimilation and the modeling domains used in the
previous studies.

Free
Parameters

Symbol Previous studies

Collins et al.
(2001)

Yu et al.
(2003)

Adhikary et
al. (2008)

Chung et al.
(2010)

Fractional
error
coefficient
in modeled τ

fm 0.5 0.5 0.5 0.5

Fractional
error
coefficient
in observed
τ

fo 0.2 0.2 (land)
0.05 (ocean)

0.5 0.5

Minimum
RMS1 error
in modeled τ

εm 0.0 0.0 0.0 0.1

Minimum
RMS error
in observed
τ

εo 0.04 0.05 (land)
0.03 (ocean)

0.04 0.04

Horizontal
correlation
length
for errors
in modeled τ

lmx 100 km 200 km 50 km 50 km

Vertical
correlation
length
for errors
in modeled τ

lmz 1 km 0 km 0 km 0 km

Modeling
domain

INDOEX2

domain
(40–110◦ E;
25◦ S–25◦ N)

Global East &
South
Asia

East &
South Asia

1 RMS represents the Root Mean Square.
2 INDOEX represents the Indian Ocean Experiment, and is a focused field experiment in the Indian Ocean, with

international participation from the United States, Europe and the Indian Ocean Region.
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Table 6. The best free parameters obtained from the sensitivity tests for all four seasons, 2006.

free parameters Spring Summer Fall Winter

fm 1.0 0.6 0.4 0.2
fo 0.2 0.2 0.2 0.2
εm 0.0 0.04 0.0 0.0
εo 0.0 0.0 0.05 0.05

χ2 between assimilated and AERONET AODs 0.06 0.06 0.13 0.05
(0.15)a (0.14)a (0.15)a (0.05)a

(0.07)b (0.07)b (0.14)b (0.06)b

a χ2 values between CMAQ-simulated and AERONET AODs.
b χ2 values between assimilated and AERONET AODs. In this case, for the free parameters of fm, fo, εm, and εo, 0.8,

0.2, 0 and 0.05 were used for the four seasons, respectively.
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Table 7. Statistical values between the CMAQ-simulated and MODIS-retrieved AODs for all
four seasons, 2006, over East Asia.

period Number of
data

R RMSE MNGE MB MNB

SPRING 1127 0.79
(0.48)∗

0.21
(0.33)∗

42.13
(38.73)∗

−0.16
(−0.23)∗

−36.50
(−36.04)∗

SUMMER 1321 0.85
(0.57)∗

0.13
(0.28)∗

37.88
(45.92)∗

−0.06
(0.12)∗

−19.55
(31.65)∗

FALL 1258 0.89
(0.60)∗

0.10
(0.39)∗

29.45
(151.85)∗

−0.04
(0.33)∗

−12.18
(151.31)∗

WINTER 921 0.77
(0.68)∗

0.11
(0.24)∗

28.06
(55.47)∗

0.02
(0.14)∗

13.01
(34.72)∗

∗ Statistical values between the CMAQ-simulated and MODIS-retrieved AODs during 2001–2003 (Song et al., 2008).
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Table 8. Statistical values between the CMAQ-simulated, MODIS-retrieved, assimilated and
AERONET AODs for all four seasons, 2006.

AERONET vs. period Number of data R RMSE MNGE MB MNB

CMAQ SPRING 41 0.59 0.31 45.24 −0.19 −29.88
SUMMER 33 0.61 0.30 48.47 −0.13 −22.45
FALL 37 0.69 0.24 61.08 −0.10 11.84
WINTER 38 0.79 0.15 34.86 −0.07 −4.78

MODIS SPRING 41 0.65 0.21 30.18 −0.05 1.76
SUMMER 33 0.75 0.20 31.43 −0.01 3.98
FALL 36 0.75 0.20 108.36 0.01 87.81
WINTER 38 0.72 0.15 49.37 −0.04 17.12

Assimilated SPRING 41 0.71 0.20 26.41 −0.09 −8.69
SUMMER 33 0.79 0.19 28.10 −0.06 −5.02
FALL 36 0.77 0.20 63.15 −0.06 26.05
WINTER 38 0.80 0.15 35.81 −0.07 −4.77
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Figure 1. Flow diagram of the procedures of this study, including: (1) meteorological modeling, (2) 

US EPA Models-3/CMAQ v4.5.1 modeling, and (3) data assimilations of wind data and the optical 

properties of aerosols. 

Fig. 1. Flow diagram of the procedures of this study, including: (1) meteorological modeling,
(2) US EPA Models-3/CMAQ v4.5.1 modeling, and (3) data assimilations of wind data and the
optical properties of aerosols.
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1) Magnitude represents the maximum concentration of PM10 (μg/m
3
) over Korean Peninsula 

for each event. 

 

Figure 2. Modeling domain (grey-shaded area) of this study, and the trajectories and magnitudes of 9 

major dust events that occurred in spring, 2006. 

 Date Trajectories Magnitude
1)

 

1 15
th 

- 16
th
 JAN 

Inner Mongolia → Northeast China → Bohai Sea → 

Korea Peninsula 
A 300 

2 8
th 

- 12
th
 MAR 

Gobi → Inner Mongolia → Bohai Sea → Korea 

Peninsula 
B 1017 

3 12
th 

- 14
th
 MAR 

Inner Mongolia → Northeast China → Bohai Sea → 

Korea Peninsula 
A 683 

4 24
th 

- 25
th
 MAR 

Gobi → Northeast China → Bohai Sea → Korea 

Peninsula 
C 209 

5 26
th 

- 28
th
 MAR 

Gobi → Inner Mongolia → Northeast China → Korea 

Peninsula → Japan Islands 
B → E 941 

6 5
th 

- 9
th
 APR 

Gobi → Inner Mongolia → Northeast China → Korea 

Peninsula → Japan Islands 
B → F 2298 

7 16
th 

- 20
th
 APR 

Inner Mongolia → Northeast China → Bohai Sea → 

Shandong Peninsula → Korea Peninsula 
D 214 

8 22
th 

- 25
th
 APR 

Inner Mongolia → Northeast China → Shandong 

Peninsula → Korea Peninsula 
D 520 

9 27
th
 APR - 1

st
 MAY 

Gobi → Inner Mongolia → Northeast China → Korea 

Peninsula → Japan Islands 
B 485 
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Date Trajectories Magnitude∗

1 15–16 Jan Inner Mongolia → Northeast China → Bohai Sea → Korea Peninsula A 300

2 8–12 Mar Gobi → Inner Mongolia → Bohai Sea → Korea Peninsula B 1017

3 12–14 Mar Inner Mongolia → Northeast China → Bohai Sea → Korea Peninsula A 683

4 24–25 Mar Gobi → Northeast China → Bohai Sea → Korea Peninsula C 209

5 26–28 Mar Gobi → Inner Mongolia → Northeast China → Korea Peninsula →
Japan Islands

B → E 941

6 5–9 Apr Gobi → Inner Mongolia → Northeast China → Korea Peninsula →
Japan Islands

B → F 2298

7 16–20 Apr Inner Mongolia → Northeast China → Bohai Sea → Shandong
Peninsula → Korea Peninsula

D 214

8 22–25 Apr Inner Mongolia → Northeast China → Shandong Peninsula → Korea
Peninsula

D 520

9 27 Apr–1 May Gobi → Inner Mongolia → Northeast China → Korea Peninsula →
Japan Islands

B 485

∗ Magnitude represents the maximum concentration of PM10 (µg/m3) over Korean Peninsula for each event.

1.

47

Fig. 2. Modeling domain (grey-shaded area) of this study, and the trajectories and magnitudes
of 9 major dust events that occurred in spring, 2006.
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Figure 3. Scatter plots between CMAQ-simulated and AERONET AODs in spring, 2006: (a) CMAQ-

simulated AODs without dust contributions vs. AERONET AODs and (b) CMAQ-simulated AODs 

with dust contributions vs. AERONET AODs. Fig. 3. Scatter plots between CMAQ-simulated and AERONET AODs in spring, 2006:
(a) CMAQ-simulated AODs without dust contributions vs. AERONET AODs and (b) CMAQ-
simulated AODs with dust contributions vs. AERONET AODs.
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AERONET sites (●) 
1. Dalanzadgad 6. PKU_PEK 11. Huang_Shan 16. NCU-Taiwan 21. Osaka 

2. BackGarden_GZ 7. Yufa_PEK 12. Taihu 17. Taipei_CWB 22. Shirahama 

3. City_GZ 8. Xianghe 13. Chen-Kung_Univ. 18. Anmyon 23. Bac_Giang 

4. Hong_Kong_PolyU 9. Xinglong 14. Lulin 19. Gwangju_GIST   

5. Beijing 10. Hefei 15. EPA-NCU 20. Gosan_SNU   

LIDAR sites (■) 

A. Seoul B. Matsue C. Nagasaki D. Cape Hedo E. Toyama 

F. Tsukuba G. Sapporo       

     

Figure 4. Locations of the 23 AERONET sites and 7 ADNET (LIDAR network) sites: AERONET 

AODs were obtained from 22 AERONET sites, except for the Bac_Giang site, and AERONET SSAs 

were obtained from 10 AERONET sites (Dalanzadgad, Hong_Kong_PolyU, Chen-Kung_Univ., EPA-

NCU, Taipei_CWB, Anmyon, Gosan_SNU, Osaka, Shirahama and Bac_Giang sites).

Fig. 4. Locations of the 23 AERONET sites and 7 ADNET (LIDAR network) sites: AERONET
AODs were obtained from 22 AERONET sites, except for the Bac Giang site, and AERONET
SSAs were obtained from 10 AERONET sites (Dalanzadgad, Hong Kong PolyU, Chen-
Kung Univ., EPA-NCU, Taipei CWB, Anmyon, Gosan SNU, Osaka, Shirahama and Bac Giang
sites).
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Figure 5. Scatter plots between the CMAQ-simulated and MODIS-retrieved AODs for all four 

seasons, 2006, over East Asia: (a) spring, (b) summer, (c) fall and (d) winter. Fig. 5. Scatter plots between the CMAQ-simulated and MODIS-retrieved AODs for all four
seasons, 2006, over East Asia: (a) spring, (b) summer, (c) fall and (d) winter.
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Figure 6. Monthly variations of CMAQ-simulated and AERONET SSAs at 9 AERONET sites in East 

Asia for the year, 2006. Grey bars and red circles represent SSAs obtained from AERONET and 

CMAQ model simulations, respectively. 

 

 

 

Fig. 6. Monthly variations of CMAQ-simulated and AERONET SSAs at 9 AERONET sites
in East Asia for the year, 2006. Grey bars and red circles represent SSAs obtained from
AERONET and CMAQ model simulations, respectively.
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Figure 7. Vertical profiles of the CMAQ-simulated and LIDAR-derived aerosol extinction 
coefficients (σext, 10

-4
 m

-1
) from six ADNET sites in East Asia for 2006. Blue lines and yellow circles 

represent σext obtained from the CMAQ modeling and the LIDAR network, respectively. The 
horizontal red bars indicate ±σ (standard deviation) of the LIDAR-derived aerosol extinction 
coefficients. 

 

Fig. 7. Vertical profiles of the CMAQ-simulated and LIDAR-derived aerosol extinction coeffi-
cients (σext, 10−4 m−1) from six ADNET sites in East Asia for 2006. Blue lines and yellow circles
represent σext obtained from the CMAQ modeling and the LIDAR network, respectively. The
horizontal red bars indicate ±σ (standard deviation) of the LIDAR-derived aerosol extinction
coefficients.
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Figure 8. Spatial distributions of the particulate species-wise AOD (i.e.,  dzspeciesext , ) for all four 

seasons, 2006. 
Fig. 8. Spatial distributions of the particulate species-wise AOD (i.e.

∫
σext,speciesdz) for all four

seasons, 2006.
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Figure 9. Spatial distributions of the CMAQ-simulated, MODIS-retrieved and assimilated AODs over 

East Asia for all four seasons, 2006. 

 

 

Fig. 9. Spatial distributions of the CMAQ-simulated, MODIS-retrieved and assimilated AODs
over East Asia for all four seasons, 2006.
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Figure 10. Scatter plots of the CMAQ-simulated, MODIS-retrieved, assimilated and AERONET 

AODs for all four seasons, 2006. Red, blue and yellow circles indicate CMAQ-simulated, MODIS-

retrieved and assimilated AODs, respectively: (a) spring, (b) summer, (c) fall and (d) winter. 
Fig. 10. Scatter plots of the CMAQ-simulated, MODIS-retrieved, assimilated and AERONET
AODs for all four seasons, 2006. Red, blue and yellow circles indicate CMAQ-simulated,
MODIS-retrieved and assimilated AODs, respectively: (a) spring, (b) summer, (c) fall and (d)
winter.
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Figure 11. Monthly variations in the MODIS-retrieved, CMAQ-simulated, assimilated and 

AERONET AODs at 15 AERONET sites over East Asia for 2006. Grey bars, blue circles, red circles 

and black solid lines represent AODs obtained from AERONET, MODIS, CMAQ and assimilation, 

respectively. 

 

Fig. 11. Monthly variations in the MODIS-retrieved, CMAQ-simulated, assimilated and
AERONET AODs at 15 AERONET sites over East Asia for 2006. Grey bars, blue circles,
red circles and black solid lines represent AODs obtained from AERONET, MODIS, CMAQ and
assimilation, respectively.
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Figure 12. Daily variations in the MODIS-retrieved, CMAQ-simulated, assimilated and AERONET 

AODs at the 3 AERONET sites in East Asia for all four seasons, 2006. Grey bars, blue circles, red 

circles and black solid lines represent AODs obtained from AERONET, MODIS, CMAQ and 

assimilation, respectively. 

 

Fig. 12. Daily variations in the MODIS-retrieved, CMAQ-simulated, assimilated and AERONET
AODs at the 3 AERONET sites in East Asia for all four seasons, 2006. Grey bars, blue circles,
red circles and black solid lines represent AODs obtained from AERONET, MODIS, CMAQ and
assimilation, respectively.
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