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Abstract

The atmospheric pollution distribution in the industrial area of Yosu in Korea is calculated using numerical

model and the model is validated by comparing the calculations with observed data. The emission of NOx and SOy

was estimated for 6 sources, and the emission amount of HC was estimated for 9 anthropogenic sources. The

calculated wind speed, wind direction and temperature agreed well with the observed data at two observatories, and

the calculated concentration of NO, NO,, O; and SO, were also reasonable for 5 monitoring stations. The validity

of the model is evaluated using 3 indexes of the EPA, and the model is found to be valid and accurate.
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1. INTRODUCTION

Although several environmental pollutant concentra-
tion simulations have been performed for industrial
complexes (Ohara, 1997; Scheffe, 1993), the variabi-
lity of climate, geography, and pollutant emission in
such industrial areas makes it difficult to form a gen-
eral model for atmospheric pollution. The target region
of this research, Yosu, is located in southeast Korea, is
one of the largest industrial complexes in Korea
(Ghim, 1998). The area is seriously affected by atmos-
pheric pollution, and new induction of industry is
planned further. The Jeonnam Regional Environmental
Technology Development Center JETC) was inau-
gurated in 1999 to address many environmental pro-
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blems, including atmospheric pollution problems. The
organization has been responsible, for example, for
establishing automated monitoring systems to regulate
emission of atmospheric pollutants from factories.

The Yosu region has a complex shoreline topo-
graphy and atmospheric pollution is affected by the sea
and land breezes. A mountain adjacent to the industrial
complex also affects the atmospheric pollution through
its effect on local wind. As such local winds dominate
the microclimate of the Yosu region, it is difficult to
predict the atmospheric pollution using an analysis
model like the plume and puff model. Hyun (2001)
calculated the wind fields in the Yosu region using a
regional atmospheric modeling system (RAMS) and
the pollutant diffusion from one imaginary source.

In this paper, we propose an atmospheric pollution
model for the Yosu region and compare the calculated

results of wind speed and temperature with observed

J. KOSAE Vol. 19, No. E2(2003)



64 S.D. Lee, A. Kondo, K. Yoshimura, K. Yamaguchi and A. Kaga

data to verify the validity of the meteorological com-
ponent of the model. The model is then used to esti-
mate the levels of atmospheric pollutant emission and
calculate the atmospheric pollution concentration
distribution, and the results are compared with observ-
ed data to verify the validity of the diffusion com-

ponent of the model.

2. NUMERICAL MODEL OF
ATMOSPHERIC POLLUTION

The proposed numerical model for atmospheric
pollution consists of two components; a meteorological
model and a diffusion model. The basic equations of
the meteorological model consist of momentum equa-
tions for wind components u and v, conservative equa-
tions for potential temperature and specific humidity,
and a hydrostatic equation. The details of this meteo-
rological model are described by Kondo (1996).

2. 1 Conservation equation for atmospheric
pollution
The conservation equation for atmospheric pollution

is expressed as follows using the z* coordinate system.
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where is the atmospheric pollutant concentration, u, v
and w* are the wind speed in the directions x, y and
Kg > and Ki,c) are the horizontal and vertical turbulent
diffusion coefficients, R is the source/sink of chemical
reactions, Q is the source, the subscript i is the chemi-
cal species, s is the calculated region height, and zg is
the terrain height. The horizontal turbulent diffusion
term in Equation (1) was omitted because diffusion by
horizontal advection is assumed to be much larger than

the horizontal turbulent diffusion. The vertical turbu-
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lent diffusion coefficient was determined using the
turbulence closure level 2.5 model (Mellor, 1982). We
used the new positively definite advection scheme
proposed by Smolarkiewicz (1983) for the advection

term, and the central difference for the diffusion term.

2. 2 Dry deposition

The deposition resistance consists of a series of
aerodynamic resistance, viscous resistance, and surface
resistance, and the deposition velocity vg is expressed

by

I 1
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where r; is the total resistance, and r,, v, and r. are the
aerodynamic resistance, the viscous resistance, and the
surface resistance. It is difficult to formulize surface
resistance as it changes with the state of the ground
surface. Here, we classify the land-use into the five
categories of urban (artificial surface), forest, rice field,
bare soil and water, and gave a resistance value from

the literature for each category.

2. 3 Chemical reactions

We used the carbon bond chemical mechanism
model CBM-1IV developed by Gery (1989) as the pho-
tochemical reaction model. The CBM-IV mechanism
includes 32 species and 81 reactions, involving photo-

chemical, inorganic, and organic reactions.

3. CALCULATION CONDITIONS

3. 1 Calculation region

The region of interest, Yosu (local region), has a
complex shoreline profile and includes many islands.
The flow fields in Yosu are influenced by the synoptic
conditions as well as the geographical features. The
influence of synoptic flow fields was taken into consi-
deration by determining the regional flow fields by the
one—way nesting technique. The concentration distri-

bution calculation was carried out only for the local
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Fig. 1. Modeling regions, for large region with outline of local region (Left). and the exact domain (Right). Circles
represent meteorological monitoring stations and squares represent air pollution monitoring stations.

area.

The regional scale is defined as a 91 km 91 km area
(Fig. 1, left) divided into a 91 91 cell grid of 1 km 1
km cells. The target region (local region) is outlined in
Fig. 1, and is a 40 km 40 km area divided into an 80 80
mesh of 500 m 500 m cells. The vertical height in both
regions is 5,000 m, and is divided into 15 layers set at
intervals of 8, 8, 8, 8, 48, 129, 210, 290, 371, 452, 532,
613, 694, 774 and 855 m from basal layer. Two me-
teorological stations (Yosu and Yosu airport) and 5
monitoring stations (Samildong, Joongdong, Teain-
dong, Jangchondong and Wolledong) exist in the local
region. The calculated results were compared with the
data observed at these stations.

A fine summer day was selected for the calculation
conditions because high pollutant concentrations were
measured at the day.

3. 2 Initial and boundary conditions for
meteorological prediction model
The initial wind velocity was set at O in all calculat-
ed regions, the initial potential temperature at sea level

was set to 298 K, and the potential temperature above

sea level was increased with a constant potential tem-
perature gradient of 0.005 K/m. The initial values of
the tarbulent variables were determined from the tur-
bulent closure level 2 model (Mellor, 1982). The sur-
face temperature and specific humidity were deter-
mined by solving the ground surface heat budget equa-
tion proposed by Deardorff (1978). The bottom boun-
dary values of potential temperature, specific humidity
and wind velocity were determined from the similarity
theory of Monin-Obukhov. The lateral boundary
values of the larger region were determined assuming a
gradient of 0. The lateral boundary values in the local
region were determined by the one—way nesting tech-
nique (Ikawa, 1991).

3. 3 Initial and boundary conditions of
atmospheric pollutant concentration
prediction model

The initial values of the main species are shown in

Table 1. It was assumed that the upper boundary
values did not change during the calculation and the
lateral boundary values were determined assuming

concentration gradient with respects to the lateral
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Table 1. Initial concentrations [ppb].

Species Om~209m 209 m~
NO 15 2
NO, 15 2
O3 20 20
SO 10 10

Table 2. Emission amount of SO, and NO,.
SO, Ratio NO« Ratio

wangYang Bay

0

Source Wyl (%] [yl (%]
Airplane 0 0 50 0.1
Factory 69,054 839 31,445 842
Household 2,693 33 801 2.1
Railroad 42 0.1 274 0.7
Vehicle(Main road) 226 03 3,475 9.4
Vehicle(Minor road) 30 0.0 467 13
Ship 10,237 12.4 826 22
Total 82,282 1000 37,338 100.0

direction of 0. The bottom boundary values were speci-

fied by the flux F in the following equation.
F=—vg - c+Qs 3)

where Qs is the emission flux from the ground surface

and v, is the deposition velocity.

3. 4 Calculation procedure

Performing the flow and concentration calculations
simultaneously requires lengthy calculation times.
Therefore, the flow calculation was performed in
advance and the data required for the concentration

calculation was saved to hard disk.

4. EMISSIONS OF SOy, NO: AND HC

The emission levels of SOx, NO and HC in the local
region were estimated using the proposed model. The
sources of SOy and NOx emission were classified into 6
categories; Airplane, Factory, Household, Railroad,
Vehicle, and Ship. The estimated emissions of SOy and
NOy are shown in Table 2. The emissions of SOy and
NO, from factories were 69,054 t/yr and 31,445 t/yr,
respectively, representing about 83.9% and 84.2% of

27183 A 199 AE2 %
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Fig. 2. Emission distribution for NO,.

Table 3. Emission amount of anthropogenic HC.

Source Emission Ratio
[Vyr] [%]

Airplane 121 2.4
Factory 2,648 52.5
Household 22 04
Railroad 68 1.3
Vehicle (Main road) 951 18.9
Vehicle (Minor road) 128 2.5
Ship 94 19
Gasoline Vapor 15 0.0
Painting 2 0.0
Construction Painting 766 153
Cleaning 238 4.8
Total 5,053 100.0

the total emissions. The next most significant source of
SO, emission was ships, and that of NO, emission was
vehicles. The emission distribution for NOy is shown
in Fig. 2. Power plants and steel plants located along
the shoreline in Gwang-Yang Bay are responsible for
high emission level, as is the main road connecting
Yosu and Sunchon.

The anthropogenic sources of HC emission were
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classified into 10 categories; Airplane, Factory, House-
hold, Railroad, Vehicle, Ship, Gasoline Vapor, Paint-
ing, Construction Painting, and Cleaning. The estimat-
ed emissions of HC are shown in Table 3.

Factories, vehicles, and construction painting made
up about 89.7% of the total anthropogenic HC emis-
sion. Forest and rice fields emit HC in the form of
mono-terpene, ¢¢—pinene and isoprene. These natural
emissions were estimated from the emission factor to
be 3,231 pug/(m?h) for forests and 510 prg/(m?h) for rice
fields (Kondo, 1999).

4. 1 Effective stack height

The emissions from factories and ships were treated
as point sources (Q in Equation (1)) and the emissions
from other sources were treated as area sources. The
effective stack height was calculated using the Euro-

pean Oil Company Organization for Environment,

[km]

2.5
—L}— Vehicle
2 ——O— Ship

—/\— Factory

Emission Ratio [-]

TN T I S N T UM O N N Y S A N Y T T O Y
0

0 2 4 6 8 10 12 14 16 18 20 22 24

Time [hour]

Fig. 3. Diurnal variation of emissions for Ship, Factory
and Vehicle.

Health and Safety (CONCAWE) formula for windy
conditions (wind speed > 1.0 m/s) and from Briggs’s
formula for calm conditions (wind speed < 1.0 m/s).
As no data is available for stack height, the amount of

exhaust gas, or the temperature of exhaust gas for ships

Fig. 4. Distribution of wind vectors in large region with 4 h intervals at 12 m height.
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in Yosu, this data was assumed to be the same as that
for the passage of ships through Akashi Strait in Japan
(Kondo, 1999).

4. 2 Diurnal variations in emission quantities

The diurnal variations in emissions from vehicles,
factories and ships were determined from statistical
data for Japan (Fig. 3). The emissions from other sou-

rces were assumed to be constant throughout the day.

5. COMPARISON OF CALCULATED
RESULTS AND OBSERVED DATA

5.1 Comparison of wind vectors and temperature
The horizontal distribution (12 m height) of the cal-
culated regional flow field is shown in Fig. 4 for inter-
vals of 4 h. Similarly, the horizontal distribution (12 m

[kang\h LS

v

NI

-« b
o -
[ o g oy

o

e v
LY

S.D. Lee, A. Kondo, K. Yoshimura, K. Yamaguchi and A. Kaga

height) of the calculated wind vector and temperature
in the local region are shown in Fig. 5 for intervals of 4
h. From Fig. 4, the sea breeze can be seen to develop
strongly during the day, and the land breeze is weak at
night. At night, the mountain wind follows complex
geographical features. Figure 5 also shows the strong
daytime sea breeze. However, at night, the wind direc-
tion varies significantly due to the complex topography
of the shoreline.

The diurnal variations in the calculated and observed
wind vectors at Yosu and Yosu airport are shown in
Fig. 6. The observed wind direction represents the
prevailing wind direction each hour in August 2000,
except for cloudy days, and the wind speed is the
average for August 2000 except for cloudy days. These
values were assumed because the calculation was
carried out for a typical fine summer day. From the

observed wind vectors, the prevailing sea breeze comes

23

2 W

1
%
»
¥

TN
T ST WL
P e SO

E 2

VKW
40
[km]

40 0
[km]

30 20

6 a.m.

30

Fig. 5. Distribution of wind vectors in small region with 4 h intervals at 12 m height.
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from the SES during the day, and the land breeze
comes from the NNW at night. The wind speed in
Yosu is much stronger than that at Yosu airport. The
calculated wind vectors in Yosu are reasonably con-
sistent with the observed results except for the wind
speed at night. The calculated wind vectors at Yosu
airport differed from the observed results in terms of
the conversion time to sea breeze from land breeze and
the wind speed. The diurnal variations in the calculated
and observed temperature at Yosu and Yosu airport are
shown in Fig. 7. The observed temperature represents
the average temperature in August 2000 except for
cloudy days. The calculated daytime temperature at
Yosu airport is lower than the observed temperature,
whereas the calculated temperature in Yosu is correct.

This inconsistency for Yosu airport is attributed to the

Yosu
cal. /‘/\‘\'\,\TT/\///’/’) 77 s
8 12 16 20 24 4 4 mls
obs /\ff/\ff/\f/ff/‘f
7 areny
Yosu Airport
cal. o \\,\/YT /‘f//’z ~<srIrrs —
8 12 16 20 24 4 4m/s
obs 17220210722 27
P P Pl

Time [hour]

Fig. 6. Diurnal variation of wind vectors at Yosu and
Yosu airport. Upper, calculated; lower, observed.

32
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<
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fact that the airport does not fit correctly into any of the
land-use categories in the numerical model. However,
the general characteristics of the typical climate for
August in the Yosu region appeared to be well repro-
duced by the numerical model.

5. 2 Comparison of atmospheric pollutant
concentrations

The diurnal variations in the calculated and the
observed NO, NO;, Os, and SO, concentrations are
shown in Figs. 8 to 11. The observed concentrations
represent the average concentrations for August 2000
excluding cloudy days. The calculated NO and NO,
concentrations underestimate the observed concentra-
tions at all monitoring stations. However, the calculat-
ed O; concentration agreed remarkably well with the
observed concentration at all monitoring stations. The
inaccurate NO and NO, estimations are thought to be
due to an underestimation of the emission of NOy,
however the agreement of the O3 concentration sug-
gests that the emission levels were estimated reason-
ably, even for NOx. It is considered necessary to mea-
sure concentration at many locations in order to solve
this problem the calculated SO, concentration also
agreed relatively well with the observed concentration.
However, the calculated SO» concentration included a
few peaks at monitoring stations located immediately
leeward of factories with high pollutant emission
levels. The area of high pollutant concentration was

larger during the day than at night because of the rela-

Yosu Airport

Temperature [°C)
|
|
|
|
|

P R S R S

Y I U S R
8 10 12 14 16 18 20 22 24 2 4 6 8

Hour

Fig. 7. Diurnal variation of temperature at Yosu andYosu airport.
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tively high wind speed. The area of high concentration
rotated clockwise with the wind direction. It is thought
that the observed concentration becomes evenly distri-
buted due to the large variation in wind direction. These
results indicate that the model used in this simulation is
capable of predicting the distribution of atmospheric
pollutant concentration with reasonable accuracy.
There was a difference between the measured and
the simulated values of pollutant emission, and an
accurate calculation of emission rate is an important
factor. Area source from local districts and mobile can
be determined by the emission coefficient of each
pollutant and fuel consumption. Because the emission
rate from industries was determined by its own indu-
stry calculation, underestimated results can be obtain-
ed. 85% of air pollutants are emitted from Yosu indu-
strial complex, Sunchon industrial complex, and
Gwangyang steel company at Gwangyang Bay area. In
this study, an air quality model was used to simulate
air quality by information suggested by the Ministry of

Environment. Further research must be conducted for a
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better air quality management because problems at

Gwangyang Bay area were detected.

5. 3 Accuracy of calculated Qs concentration

The accuracy of the calculated O; concentration was
evaluated using the Environmental Protection Agency
(EPA) indexes (EPA, USA, 1991) of normalized gross
error (NGE), normalized gross bias (NGB) and unpair-
ed highest-prediction accuracy (HPA), defined by the
following equations.

1 o H |Cobs_Ccal|
NGE = 2 X —— <(0.30~035 4
xH i=0j=0 obs
1 1 H Cobs—Ceal
NGB = 2 2 —| <(0.05~0.15) (5)
nXH i=0j=0 Cobs
Cobs, max Ccal, max
HPA = —— | <(0.15~0.20) ©6)

obs, max
where Cobs and Ccq are the observed and calculated
values, n is the number of observation stations and is
the number of measurements. Cobs, max and Ceal, max are
the highest observed value and the highest calculated
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Fig. 10. Diurnal variation of O3 concentration at 5
monitoring stations.

J. KOSAE Vol. 19, No. E2(2003)



72 S.D. Lee, A. Kondo, K. Yoshimura, K. Yamaguchi and A. Kaga

40
[\ Joongdong (SO2)

e Obs. — Calc.

30 /\

Conc. [ppbl]

oo S N T S T S A A T 0 O Y Y

0
8 101214 1618202224 2 4 6 8

Time [hour]
40
T 3 Jangchondong {S0O2)
£ 30
g e Obs. — Calc.
g 20
© 10 009009 49 3]
N RARARRRARAAJO LT AN
8 101214 1618202224 2 4 6 8
Time [hour]
40
— e Obs. — Calc.  Wolledong (SOz2)
a 30
Q.
s 20 /\
c
3 10 /\_0'0"‘-.'.../\\'\
(X1 ¢ U\/\/\’.. LX 14
0 J) 0 T T T S T N U Y T T Y S Y

8 101214 1618202224 2 4 6 8
Time [hour}

value among all observatories and all measurements.
NGE and NGB were estimated for observed data
exceeded 20 ppb, and the values obtained were 0.33
and 0.02, respectively. The HPA value was 0.18. These
values are within the target values of the EPA (the last
values in Equations (4) to (6)). This indicates that the
calculated O3 concentration in the Yosu region for
August was accurately reproduced by the proposed

atmospheric pollutant prediction model.

6. CONCLUSION

The distribution of atmospheric pollution in the
industrial area of Yosu in Korea was calculated using a
newly defined model. A fine summer day was selected
for the calculation conditions because high pollutant
concentrations were measured at the day. The emis-

sions of NOy and SOx were estimated from 6 different
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Fig. 11. Diurnal variation of SO, concentration at
5 monitoring stations.

sources, and factory emissions were confirmed to form
the majority of these emissions. The emission of HC
was estimated from 9 sources, and it was found that

factories, vehicles and construction painting comprised

about 90% of all anthropogenic HC emissions. The
calculated wind speed, wind direction and temperature
were in good agreement with the observed data in two
observatories, and the calculated concentration of NO,
NO,, O3 and SO, were also reasonable for 5 moni-
toring stations. Inconsistencies were identified and
areas of improvement were suggested. The calculated
pollutant concentration was verified to agree with the
observed results based on 3 indexes set out by the
EPA. The numerical model used here has may be use-
ful for developing countermeasures to atmospheric
pollution, and is likely to require its modification for

the more accurate predictions.



Numerical Simulation of Environmental Pollutants at Yosu, Korea and Comparison with Measured Data 73

REFERENCES

Tkawa, M. and K. Saito (1991) Description of nonhydrostatic
model developed at the forecast research depart-
ment of the MRI, Technical Reports of the MRI, 28

Deardorff, J.W. (1978) Efficient prediction of ground surface
temperature and moisture with inclusion of a layer
of vegetation, J. Geophys. Res,, 83, 1889-1903.

Gery, M.W., G.Z. Whitten, J.P. Killus, and M.C. Dodge
(1989) A photochemical kinetics mechanism for
urban and regional scale computer modeling, J.
Geophys. Res., 94, 12925-12956.

Ghim, Y.S., C.H. Song, S.G. Shim, Y.P. Kim, and K.C. Moon
(1998) Comparative study of volatile organic com-
pound concentrations in the Yochon industrial
estate during and fall (in Korea), Journal of Korea
Air Pollution Research Association, 14, 153-160.

Kondo, A., K. Yamaguchi, and H.K. Ahn (1996) Simulation
of climatic effects by construction of reclaimed
island in Pusan, Korea, Atmospheric Environment,
30, 2437-2448.

Kondo, A., K. Yamaguchi, and E. Nishikawa (1999) Influence

of ship emission on atmospheric pollutant concen-

tration around Osaka Bay area, Japan., WIT press,
Air Pollution VII, 415-424,

Mellor, G.L. and T. Yamada (1982) Development of a turbu-
lence closure model for geophysical fluid pro-
blems., Review Geophys. and Space Phys., 20, 851
-875.

Oh, H.S. and Y.S. Ghim (2001) Numerical study of atmos-
pheric dispersion of a substance released from an
industrial complex in the southern coast of Korea,
Atmospheric Environment, 35, 3103-3111.

Ohara, T., S. Wakamatsu, I. Uno, et al. (1997) Development
and validation of numerical model for photochemi-
cal oxidants., J. of Jpn Soc. Atmospheric Environ-
ment, 32, 6-28 (in Japanese).

Scheffe, Y.S. and R.E. Morris (1993) A review of the devel-
opment and application of the urban airshed model,
Atmospheric Environment, 27B, 23-39.

Smolarkiewicz, P.K. (1983) A Simple positive definite advec-
tion scheme with small implicit diffusion, Mon.
Wea. Rev., 111, 479-486.

U.S. Environmental Protection Agency (1991) Guideline for
regulatory application of the Urban Airshed Model,
EPA-450/4-91-013.

J. KOSAE Vol. 19, No. E2(2003)



