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Abstract: The spatial distributions of annual mean concentrations

and the annual total depositions of the Asian dust (AD) aerosol and

the anthropogenic aerosol (AA) in 2010 are investigated with

pollutant emissions over the whole model domain of Asia and

without the pollutant emission from South Korea using the Aerosol

Modeling System (AMS) that is modified from the Asian Dust

Aerosol Model2 (ADAM2) and the Community Multi-Scale Air

Quality (CMAQ) modeling System. The annual mean surface

aerosol concentrations in Asia are found to affect a wide region as a

complex mixture of AA and AD aerosols. However, the contribution

of the pollutant emission from South Korea is found to be limited to

the neighboring regions. The annual total aerosol deposition in Asia

is 485.2 Tg. However, the contribution due to the pollutant emission

from South Korea is about 1.9 Tg, suggesting of no significant

contribution to the environment.
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1. Introduction 

Atmospheric aerosols can affect not only the human health

(Bates et al., 1966; Dockery et al., 1992; 1993; Binkowski and

Shankar, 1995; Balásházy et al., 2003; Yadav et al., 2003; Davis

et al., 2010; Perez et al., 2008; Jiménez et al., 2010; Sajani et

al., 2010; Cowie et al., 2010; Chan et al., 2008; Middleton et

al., 2008) but also environment including by scattering and

absorbing radiation, altering cloud lifetime and reflectance

(Miller and Tengen, 1998), reducing visibility and diminishing

the aesthetic scenery (IPCC, 1996; Jacobson, 2001; Lai and

Sequerira, 2001; Kaufman et al., 2002; Watson, 2002; Chang

and Park, 2004; Crutzen 2004; Penner et al., 2004; Park et al.,

2005; Jung et al., 2009). Depositions of aerosols can affect

significantly the terrestrial and marine eco-systems (Baker and

Croot, 2010). 

Asia is a major source of both natural aerosol (Asian dust)

and anthropogenic aerosols over the Northern Hemisphere.

Asian dust that is a typical example of mineral aerosol occurs

in northern China and Mongolia more frequently during the

spring season (Gao et al., 2000; Husar et al., 2001; In and Park,

2003; Park and In, 2003; Park and Lee, 2004; Yu et al., 2011).

Anthropogenic aerosols that are mainly originated from human

activities and the formation by gas to aerosol conversion of

pollutants have an increasing trend due to the rapid economic

expansion in many Asian countries (Chun and Lim, 2004; Lee

et al., 2006; Kim et al., 2008; Park et al., 2012). Therefore

tropospheric aerosols in Asia are the complex mixture of

various aerosols such as Asian dust (AD) and anthropogenic

aerosols (AA) from variety of sources (Park et al., 2012). Of

which the submicrometer particles that are formed in the

atmosphere (Seinfeld, 1986; Warneck, 1988; Finlayson-Pitts

and Pitts Jr., 2000), strongly influence the occurrence fre-

quencies of the haze and/or mist events in East Asia. In fact a

wide swath of central and eastern China experienced several

days of the worst air pollution the country has seen in recent

memory, with dense haze covering several provinces including

Beijing, Hebei, Tianjin, Shandong, Henan, Jiangsu, Anhui and

Hubei from 11 to 16 January 2013 (China Daily). These events

have been transported downwind regions causing a prolonged

haze event with high aerosol concentrations of exceeding

200 μg m
−3 over Korea on 12 to 14 January and more than

50 μg m−3 in parts of Japan from 13 to 15 January 2013.

Another severe smog event that occurred during the spring

festival holiday in China (17 February 2013) has caused the

closures of 10 highways in Hebei and many flights cancelations

and delays at the Beijing Capital International airport. Recent

high occurrence frequencies of hazardous environmental events

such as smog, haze, mist fog and dust events in association

with high aerosol loadings in East Asia require some mitigation

measures of the aerosol loadings. 

Recently Park et al. (2012) have developed the Aerosol

Modeling System (AMS) that is composed of the Asian Dust

Aerosol Model2 (ADAM2) for the Asian dust aerosol modeling

and the Community Multi-scale Air Quality (CMAQ) model

(Version 4.7.1) for the anthropogenic aerosol modeling to

predict high aerosol concentration events in Asia. This model

has been used to simulate dense haze events occurred in May

2010 (Park et al., 2013a) and in January 2013 (Park et al.,

2013b) in East Asia and found to simulate successfully these

events.

The purpose of this study is to examine the spatial dis-

tributions of Asian dust and anthropogenic aerosols and their

depositions simulated by the Aerosol Modeling System (AMS)

with the use of pollutants emissions in Asia (whole model
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domain) and without the pollutant emission from South Korea

for the year 2010. The result will enhance our understanding

on the air pollutant emission reduction strategies for the

sustainable environment in Asia.

2. Model descriptions

a. Meteorological model

The meteorological model used in this study is the fifth

Fig. 1. The model domain and the geographical distribution of the Asian dust source region delineated by the
surface soil types (  Gobi;  Sand;  Loess;  Mixed;  Tibet). The enlarged South Korea map is
shown with the indication of 28 PM

10
 monitoring sites.
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generation mesoscale model of non-hydrostatic version (MM5;

Pennsylvania State University / National Center for Atmos-

pheric Research) defined in the x, y and σ coordinate (Grell et

al., 1994; Dudhia et al., 1998). The model domain (Fig. 1) has

the horizontal resolution of 27 × 27 km2 with 30 vertical layers

in the Asian region. The NCEP FNL operational global

analysis data in a 1.0 × 1.0 degree grid are used for the initial

and lateral boundary conditions for the model.

b. Aerosol Modeling System (AMS)

The Aerosol Modeling System (AMS) is composed of the

Asian Dust Aerosol Model2 (ADAM2; Park et al., 2010) for

the Asian dust aerosol modeling and the Community Multiscale

Air Quality (CMAQ) Version 4.7.1 modeling system for the

anthropogenic aerosol modeling with emission data of pol-

lutants (SO
2
, NO

X
, VOC, CO, NH

3
, BC, OC and PM

10
) in the

model domain. The AMS model uses the ADAM2 model and

the CMAQ model jointly with the same grid scheme of the

meteorological model (MM5).

(1) ADAM2

The ADAM2 model is an Eulerian dust transport model that

includes the specification of the dust source regions delineated

by the statistical analysis of the World Meteorological Organ-

ization (WMO) 3 hourly reporting dust data and statistically

derived dust emission conditions in Sand, Gobi, Loess and

Mixed surface soil in the model domain (Fig. 1). The model

uses the suspended particle-size distribution parameterized by

the several log-normal distributions in the source regions,

based on the parent soil particle-size distributions with the use

of the concept of the minimally and fully dispersed particle-

size distribution (Gomes et al., 1990; Lu and Shaw, 1999; Shao

et al., 2002; Park and Lee, 2004). It has 11-size of bins with

near the same logarithm interval for particles of 0.15-35 µm in

radius (Park and In, 2003; Park and Lee, 2004). The model has

a temporally varying emission reduction factors derived

statistically using the normalized difference vegetation index

(NDVI) in the different surface soil types in the Asian dust

source region. The detailed description of the model is given in

Park et al. (2010).

(2) CMAQ model 

The U.S. Environmental Protection Agency (EPA) Com-

munity Multiscale Air Quality (CMAQ) modeling system is a

three-dimensional eulerian atmospheric chemistry and transport

Fig. 2. Spatial distributions of emission rate (t day−1 grid−1) of (a) SO
2
, (b) NO

X
, (c) NH

3
 and (d) PM

10
 on May 2006 in the Asian

domain (1 grid: 27 × 27 km2
).
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modeling system that simulates airborne pollutants, ozone

concentration, particulate matters, visibility, and acidic and

nutrient pollutant species throughout the troposphere (Uni-

versity of North Carolina, 2010). The aerosol component of

the CMAQ Version 4.7.1 model has the particle size

distribution as the superposition of three lognormal sub-

distributions, called modes. Fine particles with diameters less

than 2.5 µm (PM
2.5
) are represented by two subdistributions

called the Aitken and accumulation modes. The Aitken mode

includes particles with diameters up to approximately 0.1 µm

Fig. 3. Spatial distributions of emission rate (t day−1 grid−1) of (a) SO
2
, (b) NO

X
, (c) NH

3
 and (d) PM

10
 on May 2007 in the South

Korean domain (1 grid: 27 × 27 km2
).
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for the mass distribution and the accumulation mode covers

the mass distribution in the range from 0.1 to 2.5 µm. The

coarse mode covers the mass distribution in the range from 2.5

to 10 µm. The model includes the processes of coagulation,

particle growth by the addition of mass and new particle

formation (Binkowski and Roselle, 2003).

(3) Emission data

Air pollutant emissions in Asia (Fig. 2) in the year 2006 are

obtained from the Intercontinental Chemical Transport Ex-

periment-Phase B (INTEX-B) that includes all major anthro-

pogenic sources (Zhang et al., 2009). More than 60% of the

total Asian anthropogenic emissions are contributed by China.

The high pollutant emissions in eastern China in Fig. 2 are

associated with heavy industrial activities in this region.

Air pollutant emissions in South Korea in the year 2007 are

obtained from the Clean Air Policy Supporting System

(CAPSS, Korea Ministry of Environment) in a 3 × 3 km2 grid

scheme (Fig. 3). These emission data over South Korea are

regridded in a 27 × 27 km2 grid scheme for the simulation of

aerosols in the model. To examine the contribution of the

pollutant emission from South Korea to the distributions of

aerosol concentrations and depositions in the model domain,

these emission data (CAPSS data) are excluded but including

all emissions in other regions for the model simulation.

3. Results of the model simulation

a. Comparison of observed and simulated aerosol (PM
10
)

concentration over South Korea

The Aerosol Modeling System (AMS) has been employed to

simulate concentrations of PM
10 
for the whole year of 2010 in

the Asian domain (Fig. 1).

Figure 4 shows the time series of the model simulated aerosol

compositions of PM
10 
and the monitored PM

10 
concentrations

at 6 monitoring sites over Korea (Fig. 1) for the period of 8-16

January 2010. The model simulated PM
10 
includes all kinds of

aerosols such as secondary inorganic aerosol (SIA; SO
4

2−,

NO
3

−, NH
4

+), total carbon (BC, OC), Sea salt, together with

secondary organic carbon (OTHER), emitted unspecified PM
10
,

Asian dust, and water droplet (WATER). The model simulates

Fig. 4. Time series of hourly mean observed (red line) and modeled (shaded colors for various aerosols) PM
10
 concentration (µg m−3)

at (a) Baengnyeongdo, (b) Heuksando, (c) Gosan, (d) Seoul, (e) Gunsan and (f) Gwangju in South Korea for the period of 0900
LST 8 to 0900 LST 16 January 2010. Model simulated concentrations of the water droplet (Water ), Sea salt and Secondary
organic aerosol (OTHER ), Asian dust ( ), Secondary Inorganic Aerosol (SIA ), Black Carbon and Organic Carbon (BC
and OC ), Anthropogenically emitted PM

10
 (Unspecified PM

10
 ) are indicated.
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quite well the total PM
10
 concentration (sum of all aerosol

species except for WATER) compared with the observation

(red line). The high aerosol concentration occurred for the

period from 12-14 January 2010 at all sites (Figs. 4a-f) is a

mixture of anthropogenic aerosols including SIA (SO
4

2−, NO
3

−,

NH
4

+), OC, BC and emitted PM
10 
and the natural aerosols such

as Asian dust, Sea salt and water droplets. Among an-

thropogenic aerosols, the secondary inorganic aerosols (SIA)

are predominated throughout the analysis period (Figs. 4a-f),

suggesting the importance of pollutants emission of SO
2
, NO

2

and NH
3
 that are precursors of SIA. It is worthwhile to note

that the monitored aerosol concentration does not include

water droplet so that the model simulated concentration

without water droplet should be compared with the monitored

aerosol concentration. 

The model simulated hourly mean PM
10
 concentrations at 28

monitoring sites over South Korea (Fig. 1) are compared with

their corresponding monitored ones and then averaged to get

area averaged PM
10
 concentration over South Korea. These

data are used to get the monthly averaged PM
10
 concentration

over South Korea.

Figure 5 shows modeled and monitored monthly mean

surface PM
10
 concentrations averaged over South Korea with

the use of data at 28 monitoring sites (Fig. 1). Some quanti-

tative performance statistics of AMS are given in Table 1. The

model simulates quite well the observed seasonal trend of the

PM
10
 concentration. However it slightly overestimates PM

10

concentration in winter and spring with a bias (BIAS) of

5.4 μg m−3 and a mean normalized BIAS of 12% but it slightly

underestimates PM
10
 concentration in summer with a BIAS of

−4.5 μg m−3 and a mean normalized BIAS of −14%. Con-

sequently, the modeled annual mean PM
10
 concentration

averaged over South Korea (39.7 μg m−3) is almost the same as

that of the monitored one (39.3 μg m−3). The annual mean root

mean square error (RMSE) of the model is 9.2 μg m−3 and the

normalized mean square error is 5.5% (Table 1), suggesting

the potential usefulness of the present model (AMS) for the

study of temporal distributions of aerosols in Asia.

Asian dust events observed in South Korea were 12.3 days

in 2010 that are higher than the annual mean events of 9.6 days

for the recent 10 year period (2000-2009). Of which 0.5, 5.0,

Fig. 5. Temporal variations of the observed ( ) and modeled
( ) monthly mean PM

10
 concentrations (µg m

−3
) averaged over

South Korea with the use of hourly monitored and simulated data at
28 monitoring sites. 

 

 

Table 1. Quantitative performance statistics for near surface aerosol (PM
10
) concentration simulations with AMS in South Korea. Mean (o) and

Mean (m) represent the observed and modeled mean concentration (µg m
−3
), respectively; SD (o) and SD (m) the ovserved and modeled standard

devitaion (µg m−3), respectiviely; BIAS the mean BIAS (µg m−3); MNB the mean normalized BIAS (%); CORRCOEF the correlation coefficeient;
RMSE the root mean square error (µg m−3

); NMSE the normalized mean square error (%); FAC2 the fraction of simulations within a factor of 2 of
observations.

Month
Mean (o)
(µg m−3

)
Mean (m)
(µg m

−3
)

SD (o)
(µg m

−3
)

SD (m)
(µg m

−3
)

BIAS
(µg m

−3
)

MNB
(%)

CORR
COEF

RMSE
(µg m

−3
)

NMSE
(%)

FAC2
(%)

1 41.5 44.8 25.0 36.2 3.1 7 0.62 11.6 7.2 71

2 35.7 39.6 22.3 34.0 3.0 8 0.60 10.4 7.8 67

3 54.5 58.1 67.0 66.4 3.6 7 0.65 3.6 0.4 63

4 39.6 53.6 22.7 50.2 14.5 36 0.48 30.6 44 65

5 45.5 50.1 34.7 45.7 4.9 11 0.72 12.0 6.3 64

6 28.9 25.3 21.9 15.6 -3.5 -12 0.44 6.9 6.5 58

7 23.9 15.8 17.2 12.2 -8.0 -34 0.55 9.4 23.5 57

8 25.9 25.3 20.3 19.9 -0.6 -2 0.50 0.7 0.1 47

9 24.9 21.1 18.1 16.4 -3.8 -15 0.50 4.1 3.2 55

10 34.8 28.0 18.8 20.5 -6.8 -19 0.51 7.0 5.0 62

11 62.8 58.2 61.4 58.4 -4.6 -7 0.53 5.5 0.8 68

12 53.6 57.1 44.6 51.7 3.8 7 0.65 8.0 2.1 67

Annual mean 39.3 39.7 21.2 35.6 0.5 0.3 0.56 9.2 5.5 62
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0.9, 0.8, 2.5 and 2.6 days were, respectively reported in January,

March, April, May, November and December with the maxi-

mum PM
10
 concentration of 2,700 μg m−3 on 12-21 March and

1,660 μg m−3 on 11-13 November 2010 at some monitoring

sites in South Korea. 

b. Spatial distributions of annual mean PM
10 
concentrations

Figure 6 shows the model simulated annual mean surface

mean aerosol concentration (PM
10
) averaged for the whole

year of 2010 with the inclusion of emissions of South Korea in

Fig. 3. The Asian dust (AD) aerosol (Fig. 6a) originated from

the AD source region (Fig. 1) affects far downwind region of

the Northwestern Pacific Ocean. The annual mean AD aerosol

concentration exceeding 10 μg m−3 covers over eastern China,

the north of the Tibetan Plateau, the most parts of Mongolia,

Korea peninsula, the Yellow Sea and the East China Sea with a

maximum concentration of more than 300 μg m−3 at the north-

eastern Taklimakan desert. On the other hand the annual mean

surface anthropogenic aerosol (AA) concentrations (Fig. 6b)

including SIA, OC, BC SOA and emitted PM
10 
that are

originated from pollutants emissions affect almost all over the

Asian region. The annual mean AA concentration exceeding

10 μg m−3 covers all over the eastern and southern parts of

China, Korean peninsula and northern India where pollutants

emissions are large (Fig. 2), with a maximum concentration

exceeding 110 μg m−3 near Beijing.

Therefore, the annual mean surface total aerosol concen-

tration (AD + AA) affects all Asian regions (Fig. 6c). The

annual mean high surface aerosol concentration exceeding 50

μg m−3 extends eastward from the Taklimakan desert region to

northeast China with the maximum concentration of more than

Fig. 6. Spatial distributions of annual mean surface PM
10 
concentration (µg m−3) of (a) Asian dust aerosol, (b) anthropogenic

aerosols (SIA, SOA, BC, OC, anthropogenic PM
10
) and (c) total aerosol simulated by AMS for the year 2010. Numbers indicate

the local maximum values.
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304 μg m−3 at the eastern part of the Taklimakan desert area

mainly contributed by the AD aerosol (Fig. 6a). Another

annual mean high aerosol concentrations exceeding 50 μg m−3

occur in the most parts of eastern China and northern India in

the high pollutant emission region (Fig. 2) with a maximum

concentration of more than 160 μg m−3 near Beijing. These are

mainly contributed by AAs. 

The impact of the pollutant emission from South Korea (Fig.

3) on the distribution of aerosol concentrations in Asia is

obtained by subtracting the model results simulated without

the pollutant emission from South Korea (Fig. 3) from those

with the pollutant emissions in the whole model domain (Figs.

2 and 3). Figure 7 shows the spatial distribution of the annual

mean surface aerosol (PM
10
) concentration due to the pollutant

emission from South Korea (Fig. 3). The impact of the

pollutant emission from South Korea on the Spatial distribution

of aerosol concentration is limited within the neighboring

regions of South Korea including the Yellow Sea, the East Sea

of Korea, the southern parts of Japan and the northern part of

the East China Sea with the maximum annual mean con-

centration of 36.8 μg m−3 near Seoul in Korea. Note that the

aerosol in Fig. 7 is contributed by AA only since there is no

AD source in South Korea. 

Fig. 7. The spatial distribution of the annual mean PM
10
 concentration

(µg m−3) contributed by the pollutant emission in South Korea. 

Fig. 8. Spatial distribution of the annual (a) total aerosol deposition (dry + wet; ton km−2), (b) total dry deposition (ton km−2) and (c)
total wet deposition (ton km−2

). The annual total depositions in the model domain are indicated as numbers (Tg).
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c. Spatial distributions of annual total depositions of aerosols

(AD + AA)

The model simulated annual total depositions of the AD

aerosol and AA for 2010 are reported in Park et al. (2014) and

Park (2015) so that for our convenience the annual total

aerosol deposition (AA + AD) is presented in Fig. 8.

Figure 8 shows annual total aerosol deposition of all kinds of

aerosols (AA + AD) in the Asian domain. The spatial dis-

tribution pattern follows that of the annual mean surface

concentration (Fig. 6c). The high aerosol deposition of more

than 300 ton km−2 yr−1 (Fig. 8a) occurs in northern China and

southern Mongolia in the AD source region (Fig. 1) whose

distribution pattern is quite similar to that of the annual mean

AD aerosol concentration (Fig. 6a). 

The annual total aerosol deposition in the whole model

domain is 485.2 Tg, of which 66% (318.6 Tg) is contributed

by the dry deposition (Fig. 8b) and 34% (166.6 Tg) by the wet

deposition (Fig. 8c).

The spatial distribution of the dry deposition (Fig. 8b) is

similar to that of the annual mean AD concentration (Fig. 6a)

whereas that of wet deposition (Fig. 8c) is similar to that of the

annual mean AA concentration (Fig. 6b), suggesting the im-

portance of AA for the wet deposition and the AD aerosol for

the dry deposition. 

The impact of the pollutant emission from South Korea on

the annual total aerosol deposition in Asia is given in Fig. 9.

This is obtained from the difference of the model results

simulated with and without the pollutant emission from South

Korea. The spatial distribution pattern of the annual total

aerosol deposition follows that of the annual mean aerosol

concentration (Fig. 7) with a maximum total deposition of 4.1

ton km−2 in South Korea. However, the area affected by the

aerosol deposition (Fig. 9a) is wider than that by the annual

mean concentration (Fig. 7) extending further northeastward

from Taiwan to the Northwest Pacific Ocean through South

Korea. The annual total deposition due to the pollutant emission

in South Korea is about 1.89 Tg (Fig. 9a), of which 0.33 Tg

(17% of the total deposition) is contributed by the dry

deposition process (Fig. 9b) and 1.57 Tg (83% of the total

deposition) by the wet deposition process (Fig. 9c), suggesting

the importance of the wet deposition process for the removal

of AA aerosol from the atmosphere. 

The contribution due to the pollutant emission from South

Korea to the annual total deposition in Asia (485.2 Tg) is about

0.4% through the dry deposition of 0.07% and the wet

deposition of 0.33%. The contribution of South Korea to the

total deposition in Asia is of no significance.

Fig. 9. The same as in Fig. 8 except for the contribution due to the pollutant emission from South Korea.
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d. Spatial variations of PM
10
 concentrations and deposition in

Asia

To understand spatial variations of aerosol concentration and

deposition, 6 regions (R1, R2, R3, R4, R5 and R6) are chosen

in the Asian domain (Fig. 10). The region R1 is located in AD

source region including parts of northwestern Gansu, north-

eastern Xinjang, southwestern Mongol and western tip of Inner

Mongolia, the region R2 in the high air pollutant emission

region including Beijing, the region R3 including Shanghai,

the region R4 over South Korea, the region R5 over the East

Sea and the region R6 over the Northwest Pacific Ocean. R2

and R3 are located in the high pollutant emission regions in

China (Fig. 2) whereas R4, 5 and 6 are located in the down-

wind region of AD source and high pollutant emission regions

(Figs. 1 and 2). 

The annual mean aerosol concentration in each region with

the indication of the contribution due to the pollutant emission

from South Korea is given in Fig. 11. The annual mean aerosol

concentration in AD source region of R1 is 98.5 μg m−3, of

which almost all of it is contributed by AD aerosol. The annual

mean AD (AD + AA) aerosol concentration tends to decrease

away from the source region to 48 (112) in R2, 24 (74) in R3,

17.7 (35) in R4, 9.1 (17) in R5 and 3.6 (6.5) μg m−3 in R6.

However, in the high pollutant emission regions of R2 and R3

the contribution of AA is greater than that of AD, so that the

annual mean aerosol concentration in R2 is higher than that in

R1. In the further downwind regions of R4, R5 and R6, the

contribution of AA to the annual mean total aerosol concen-

tration is almost the same as that of AD, suggesting the

importance of the mixture of AA and AD aerosols. The

contribution due to the pollutant emission from South Korea to

the annual mean aerosol concentration is negligible in the

upwind regions of R1, R2 and R3. However it affects far

downwind region of the Northwest Pacific Ocean. The con-

tribution of the pollutant emission from South Korea to the

annual mean aerosol concentration in each region is 20.4% in

R4, 4.3% in R5 and 0.8% in R6, suggesting more than 79% of

the annual mean aerosol concentration in South Korea (35.6

μg m−3) being affected by aerosols produced from other

regions.

e. Spatial variations of aerosol depositions

Figure 12 shows the annual total aerosol deposition in each

region. The annual total maximum deposition of more than

115 ton km−2 occurs in R1 (AD source region) that is mainly

contributed by the dry deposition process. Away from the AD

source region (R1) the annual total aerosol deposition de-

creases from 41 ton km−2 in R2 to 6 ton km−2 in R6 over the

Northwest Pacific Ocean. But the contribution of wet deposi-

tion increases from 20% in R2 to 82% in R6 of their respective

Fig. 10. The selected regions for the estimations of surface aerosol
(AA and AD) concentration and total aerosol deposition. R1 re-
presents the AD source region, R2 and R3 the high air pollutant
emission region in China including Beijing and Shanghai, respect-
ively, R4 South Korea, R5 the East Sea and R6 the Northwest Pacific
Ocean. The topographical height is indicated by color.

Fig. 11. Annual mean aerosol concentration (µg m−3) contributed by
AA ( ) and AD ( ) aerosol in (a) R1, R2 and R3 and (b) R4, R5
and R6. The percent contribution due to the pollutant emission from
South Korea to the annual mean concentration in each region is
indicated. The concentration above the red bar indicates the
contribution due to the South Korea emission.



31 May 2015 Soon-Ung Park et al. 193

annual total deposition (Fig. 12a). 

The contribution due to the pollutant emission from South

Korea to the annual total deposition in each region decreases

away from South Korea with a maximum of 0.96 ton km−2

(6.5% of annual total deposition) in R4 (Fig. 12b) to 0.02

ton km−2 (0.08% of the annual total) in R2 and 0.12 ton km−2

(0.5% of the annual total) in R3 in the upwind region whereas

it becomes 0.5 ton km−2 (4.3% of the annual total) in R5 and

0.1 ton km−2 (0.5% of the annual total) in R6 in the downwind

region, suggesting the contribution of the pollutant emission

from South Korea being small especially in the upstream

regions. It is interesting to note that the fractional contribution

due to the pollutant emission from South Korea to the annual

mean aerosol concentration of South Korea (20.4% in Fig.

11b) is as large as 3 times that to the annual total aerosol

deposition in South Korea (6.5% in Fig. 12b). This implies that

the local pollutant emission contributes more to the increase of

the aerosol concentration than that of the deposition in the

source region. 

The above results clearly indicate that the reduction of the

pollutant emission of other countries especially in China is

prerequisite to reduce the aerosol concentration and deposition

over South Korea. 

4. Conclusions

Aerosol Modeling System (AMS) that is composed of the

Asian Dust Aerosol model2 (ADAM2) for the Asian dust (AD)

aerosol modeling and the Community Multi-scale Air Quality

(CMAQ) Version 4.7.1 modeling system for the anthropogenic

aerosol (AA) modeling has been employed to document a

year-long spatial distributions of the annual mean PM
10
 con-

centration and total depositions of the AD aerosol and AAs,

and with the relative contribution due to the pollutant emission

from South Korea in the Asian domain. 

AMS is found to simulate quite reasonably the monitored

annual mean aerosol concentrations in South Korea with a

BIAS of 0.5 μg m−3 and a mean normalized BIAS of 0.3%.

It is found that the annual mean surface concentration of the

AD aerosol exceeding 10 μg m−3 extends eastward from north-

western China in the Asian dust source region to the

Northwest Pacific Ocean with the annual mean maximum con-

centration of more than 300 μg m−3 in the northeastern part of

the Takhlimakan desert. Whereas that of AA exceeding 10 μg

m−3 covers over the eastern and southern parts of China,

northern India and the Korean peninsula with the annual mean

maximum concentration of 110 μg m−3 over the Shandong

province where the pollutant emissions are high. 

It is found that the annual total aerosol deposition in the

Asian domain is 485 Tg, of which 319 Tg (66%) is found to be

contributed by the dry deposition and 167 Tg (34%) by the wet

deposition. This suggests that the total aerosol deposition can

affect significantly both the terrestrial and marine eco-systems

in the Asian region. 

The spatial variations of the annual mean aerosol concen-

tration (PM
10
) in several regions including the Asian dust

source region (R1), high pollutant emission regions in China

(R2 and R3) and the downwind regions (R4, R5 and R6)

clearly indicate that the AD aerosol is predominated in the AD

source region (R1) with the annual mean concentration of 98.5

μg m−3, whereas a mixture of AA and the AD aerosols is

dominated in the high pollutant emission region (R2 and R3)

and the downwind region (R4, R5 and R6) with the highest

annual mean aerosol concentration of 112 μg m−3 in R2. The

contribution due to the pollutant emission from South Korea to

the annual mean concentration is negligible in the upwind

regions of R1, R2 and R3 but that is 20.4%, 4.3% and 0.8% of

their respective annual mean concentrations in R4, R5 and R6,

respectively, suggesting more than 79% of the annual mean

aerosol concentration in South Korea (R4) being contributed

by sources other than South Korea. 

The annual total aerosol deposition is found to decrease

away from the AD source region (R1) from 116.4 ton km−2 in

R1, to 41.2 ton km−2 in R2, 20.3 ton km−2 in R3, 16.1 ton km−2

in R4, 12.0 ton km−2 in R5, and 6.1 ton km−2 in R6. The con-

Fig. 12. (a) The annual total aerosol deposition (ton km−2;  dry; 
wet) and (b) the contribution due to the pollutant emission from South
Korea with the indication of the percent contribution (%) to the annual
total aerosol deposition in each region (R1-R6).
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tribution due to the pollutant emission from South Korea to

annual total aerosol deposition is found to be 0.03 ton km−2 in

R2, 0.11 ton km−2 in R3, 0.97 ton km−2 in R4, 0.49 ton km−2 in

R5 and 0.09 ton km−2 in R6 mainly through the wet deposition

process. 

The annual total aerosol deposition in the whole Asian

domain due to the pollutant emission from South Korea is

about 1.9 Tg (0.3 Tg by dry deposition and 1.6 Tg by wet

deposition) that is only 0.4% of the annual total aerosol

deposition in Asia (485.2 Tg), suggesting the contribution of

the pollutant emission from South Korea to the annual mean

aerosol concentration and deposition in Asia being of no

significance. 

This study mainly pertains to the documentation of the

spatial distributions of concentrations and depositions of the

AD aerosol and AAs with the contribution due to the pollutant

emission from South Korea in the Asian domain for the year

2010. However, the impact assessment of these aerosols on

environment and eco-system, and the mitigation measures for

the pollutant emissions in the Asian domain require model

simulated data for several years with more accurate emission

inventory data since the year by year dust occurrence fre-

quencies and the meteorological conditions in this region are

changing. The presently developed methodology will be im-

plemented to simulate the aerosol concentrations and depos-

itions in this region for several years. 

Acknowledgments. This research was carried out as a part of

the study on “The characterization of Hwangsa events using the

monitored tower data in the source region (I)” supported by the

National Institute of Meteorological Research in the Korea

Meteorological Administration. Comments of two anonymous

reviewers are appreciated.

Edited by: Rokjin Park

REFERENCES

Baker, A. R., and P. L. Croot, 2010: Atmospheric and marine controls on

aerosol iron solubility in seawater. Mar. Chem., 120, 4-13.

Balásházy, I., W. Hofmann, and T. Heistracher, 2003: Local particle

deposition pattern may play a key role in the development of lung

cancer. J. Appl. Physiol., 94, 1719-1725.

Bates, D. V., B. R. Fish, T. F. Hatch, T. T. Mercer, and P. E. Morrow, 1966:

Deposition and retention models for internal dosimetry of the human

respiratory tract. Task group on lung dynamics. Health Phys., 12, 173-

207.

Binkowski, F. S., and U. Shankar, 1995: The regional particulate matter

model, 1. Model description and preliminary results. J. Geophys. Res.,

100(D12), 26191-26209.

______, and S. J. Roselle, 2003: Models-3 Community Multiscale Air

Quality (CMAQ) model aerosol component 1.Model description. J.

Geophys. Res., 108(D6), 4183.

Chang, L.-S., and S.-U. Park, 2004: Direct radiative forcing due to

anthropogenic aerosols in East Asia during April 2001. Atmos. Environ.,

38, 4467-4482.

Chan, C. C., K. J. Chuang, W. J. Chen, W. T. Chang, C. T. Lee, and C. M.

Peng, 2008: Increasing cardiopulmonary emergency visits by long-

range transported Asian dust storms in Taiwan. Environ Res., 106, 393-

400.

Chun, Y., and J. Y. Lim, 2004: The recent characteristics of Asian dust and

haze event in Seoul, Korea. Meteor. Atmos. Phys., 87, 143-152.

Crutzen, P., 2004: New directions: the growing urban heat and pollution

island effect - impact on chemistry and climate. Atmos. Environ., 38,

3539-3540.

Cowie, G., W. Lawson, and N. Kim, 2010: Australian dust causing

respiratory disease admissions in some North Island, New Zealand

Hospitals. N Z Med. J., 123, 87-88.

Davis, M. E., F. Laden, J. E. Hart, E. Gashick, and T. J. Smith, 2010:

Economic activity and trends in ambient air pollution. Environ. Health

Persp., 118, 614-619.

Dockery, D. W., J. Schwartz, and J. D. Spengler, 1992: Air pollution and

daily mortality: Associations with particulates and acid aerosols.

Environ. Res., 59, 362-373.

______, C. A. Pope, X. Xu, J. D. Spengler, J. H. Ware, M. E. Fay, B. G.

Ferris, and F. E. Speizer, 1993: An association between air pollution and

mortality in six U.S. cities. New Engl. J. Med., 329, 1753-1759.

Dudhia, J., D. Grill, Y. R. Guo, D. Hausen, K. Manning, and W. Wang,

1998: PSU/NCAR mesoscale modelling system tutorial class notes

(MM5 modelling system version 2).

Finlayson-Pitts, B. J., and J. N. Pitts, Jr., 2000: Chemistry of the upper and

lower atmosphere: Theory, Experiments, and Application. San Diego,

California, USA: Academic Press. 

Gao, Q. X., L. J. Li, Y. G. Zhang, and M. Hu, 2000: Studies on the

springtime dust storm of China. China Environ. Sci., 20 495-500.

Gomes, L., G. Bergametti, F. Dulac, and U. Ezat, 1990: Assessing the

actual size distribution of atmospheric aerosols collected with a cascade

impactor. J. Aerosol Sci., 21, 47-59.

Grell, G. A., J. Dudhia, and D. R. Stauffer, 1994: A description of 5th

generation Penn State/NCAR mesoscale model (MM5). NCAR TECH.

Note NCAR/TN-398.

Husar, R. B., and Coauthors, 2001: Asian dust events of April 1998. J.

Geophys. Res., 106(D16), 18317-18330.

IPCC 1995, 1996: The science of Climate change. Cambridge University

Press.

In, H.-J., and S.-U. Park, 2003: The soil particle size dependent emission

parameterization for an Asian dust (Yellow Sand observed in Korea on

April 2002. Atmos. Environ., 37, 4625-2636.

Jacobson, M. Z., 2001: Strong radiative heating due to the mixing state of

black carbon in atmospheric aerosols. Nature, 409(6821), 695-697.

Jiménez-Moreno, Fauquette, S., and J.-P. Suc, 2010: Miocene to Pliocene

vegetation reconstruction and climate estimates in the Iberian Peninsula

from pollen data. Rev. Palaeobot. Palyno., 162, 403-415.

Jung, J., H. Lee, Y. J. Kim, X. Liu, Y. Zhang, J. Gu, and S. Fan, 2009:

Aerosol chemistry and the effect of aerosol water content on visibility

impairment and radiative forcing in Guangzhou during the 2006 Pearl

River Delta campaign. J. Environ. Manage., 90, 3231-3244.

Kaufman, Y. J., J. V. Martins, L. A. Remer, M. R. Schoeberl, and M. A.

Yamasoe, 2002: Satellite retrieval of aerosol absorption over the oceans

using sunglint. Geophys. Res. Lett., 29, 1928.

Kim, K. W., Y. J. Kim, and S. Y. Bang, 2008: Summer time haze

characteristics of the urban atmosphere of Gwangju and the rural

atmosphere of Anmyon. Korea. Environ. Monit. Assess., 141, 189-199.

Lai, L. Y., and R. Sequeira, 2001.Visibility degradation across Hong Kong:

its components and their relative contributions. Atmos. Environ., 35,

5861-5872.

Lee, K. H., Y. J. Kim, and M. J. Kim, 2006: Characteristics of aerosol

observed during two severe haze events over Korea in June and

October 2004. Atmos. Environ., 40, 5146-5155.

Lu, H., and Y. Shao, 1999: A new model for dust emission by saltation

bombardment. J. Geophys. Res., 104, 16827-16842.



31 May 2015 Soon-Ung Park et al. 195

Middleton, N., P. Yiallouros, S. Kleanthous, O. Kolokotroni, J. Schwartz,

and D. W. Dockery, 2008: A 10-year time-series analysis of respiratory

and cardiovascular morbidity in Nicosia, Cyprus: the effect of short-

term changes in air pollution and dust storms. Environ. Health., 7, 1-16.

Miller, R. L., and I. Tegen, 1998: Climate response to soil dust aerosols. J.

Climate., 11, 3247-3267.

Park, S.-U, 2015: Spatial distributions of aerosol loadings and depositions

in East Asia during the year 2010. Atmos. Environ., 107, 244-254

______, and H.-J. In, 2003: Parameterization of dust emission for the

simulation of the yellow sand (Asian dust) observed in March 2002 in

Korea. J. Geophys. Res., 108(D19), 4618.

______, and E.-H. Lee, 2004: Parameterization of Asian dust (Hwangsa)

particle-size distributions for use in dust emission model. Atmos.

Environ., 38, 2155-2162.

______, L.-S. Chang, and E.-H. Lee, 2005: Direct radiative forcing due to

aerosols in East Asia during a Hwangsa (Asian dust) event observed in

18-23 March 202 in Korea. Atmos. Environ., 39, 2593-2606.

______, J. H. Cho, and M.-S. Park, 2012: A simulation of Aerosols in Asia

with the use of ADAM2 and CMAQ. Adv. Fluid Mech. Heat & Mass

Trans., 258-263.

______, ______, and ______, 2013a: Identification of visibility reducing

weather phenomena due to aerosols. Environ. Manage. Sustain. Dev., 2,

126-142.

______, ______, and ______, 2013b: A simulation of haze and mist events

observed in east Asia during 19-22 May 2010 using the Aerosol

Modeling System (AMS). Rec. Adv. Environ. Sci., 204-210 (WSEAS).

______, I.-H. Lee, A. Choe, and S. J. Joo, 2014: Spatial and temporal

distributions of aerosol concentrations and depositions in Asia during

the year 2010. Submitted. Sci. Total Environ. 

______, A. Choe, E.-H. Lee, M.-S. Park, X. Song, 2010: The Asian dust

aerosol model 2 (ADAM2) with the use of normalized difference

vegetation data (NDVI) obtained from the spot4/vegetation data. Theor.

Appl. Climatol., 101, 191-208.

Penner, J. E. P., X. Dong, and Y. Chen, 2004: Observational evidence of

change in radiative forcing due to the indirect aerosol effect. Nature,

427(6971), 231-234.

Perez, L., A. Tobias, X. Querol, N. Künzli, J. Pey, and A. Alastuey, 2008:

Coarse particles from Saharan dust and daily mortality. Epidemiology,

19, 800-807.

Sajani, Z. S., R. Miglio, P. Bonasoni, P. Cristofanelli, A. Marinoni, and C.

Sartini, 2010: Saharan dust and daily mortality in Emilia-Romagna

(Italy). Occup. Environ. Med., 68, 446-451.

Seinfeld, J. H., 1986: Atmospheric Chemistry and Physics of Air Pollution.

New York: John Wiley. 

Shao, Y., E. Jung, and L. M. Leslie, 2002: Numerical prediction of

northeast Asian dust storms using an integrated wind erosion modeling

system. J. Geophy. Res., 107(D24), 4814 (doi:10.1029/2001JD001493).

University of North Carolina, Operational Guidance for the Community

Multiscale Air Quality (CMAQ) Modeling System. Community

Modeling and Analysis System Institute for the Environment 2010.

Warneck, P., 1988: Chemistry of the Natural Atmosphere. Academic Press,

Inc., New York, 422-425.

Watson, J. G., 2002: Visibility: Science and regulation. J. Air Waste

Manage., 52, 628-713.

Yadav, A. K., K. Kumar, A. Kasim, M. P. Sing, S. K. Parida, and M.

Sharan, 2003: Visibility and incidence of respiratory diseases during the

1998 haze episode in Brunei Darussala. Air Qual. Birkhäuser Basel,

265-277.

Yu, X., B. Zhu, Y. Yin, J. Yang, Y. Li, and Bu, X., 2011: A comparative

analysis of aerosol properties in dust and haze-fog days in a Chinese

urban region. Atmos. Res., 99, 241-247.

Zhang, Q., and Coauthors, 2009: Asian emissions in 2006 for the NASA

INTEX-B mission. Atmos. Chem. Phys., 9, 5131-5153.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
    /KOR ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


