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The high oxidants, which occur the daily maximum concentrations in the afternoon, are
transported into the other region via long range transport mechanisms or trapped within the
shallow mixing boundary layer and then removed physically (deposition, transport by
mountain wind, etc.) and chemically (reaction with local sources). Therefore, modeling
formation of photochemical oxidants requires a complex description of both chemical and
meteorological processes.

In this study, as a part of air quality studies, we reviewed various aspects of
photochemical modeling on the basis of currently available literature. The result of the
review shows that the model is based on a set of coupled continuity equations describing
advection, diffusion, transport, deposition, chemistry, emission. Also photochemical oxidant
models require a large amount of input data concerned with all aspects of the ozone life
cycle. First, emission inventories of hydrocarbon and nitrogen oxides, with appropriate spatial
and temporal resolution. Second, chemical and photochemical data allowing the quantitative
description of the formation of ozone and other photochemically-generated secondary
pollutants, Third, dry deposition mechanisms particularly for ozone, PAN and hydrogen
peroxide to account for their removal by absorption on the ground, crops, natural vegetation,
man-made and water surfaces. Finally, meteorological data describing the transport of
primary pollutants away from their sources and of secondary pollutants towards the sensitive
receptors where environmental damage may occur. In order to improve our present study,
shortcomings and limitation of existing models are pointed out and verification process
through observation is emphasized.

1. INTRODUCTION

Most cities frequently experience episodes of
the high oxidant concentration, particularly during
the summer months. These episodes are a
consequence of the unique geographic setting of
the region and the emission of large quantities of
pollutants emitted by various sources such as
diesel buses, automobiles, power plants and in-
dustries. Photochemical oxidants are generated
through the photochemical and thermal reactions
of hydrocarbons or nitrogen oxides in the atmo-

sphere, transported into the other region, trans-
formed via a series of complex chemical and
physical processes, and then removed. These
oxidants cause the photochemical smog in urban
areas during daytime and make adverse impacts
on the ecosystem and human environments(Ohara
et al, 1995). Also, local flows such as the
mountain/valley wind and the land/sea breeze
may affect the transport of pollutants when a
city is close to the mountain and the ocean.
Therefore the modeling of photochemical oxidants
consists of complex systems which include the
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meteorological, chemical and physical processes
in complex terrain.

It is well known that the oxidant (Os) unnat-
urally achieves high concentrations in urban
areas as well as rural areas subject to anthro-
pogenic influences. The high Os in rural areas is
partly due to the photochemical production
associated with anthropogenic and biogenic
precursors in rural air(Liu et al, 1987 Sillman et
al, 1990, McKeen et al, 1991), but the highest
concentration of Os is generally believed to be
associated with the direct transport of pollutants
from major urban centers. Some of the highest
concentration of O3 is observed at rural sites
located in the shore. The high Oz in coastal
locations has also been reported in several
places(Lyons and Cole, 1975, Miller et al, 1978
Lyons et al, 1990). In the coastal region, air
flow and its stratification significantly changes
due to the abrupt change of surface temperature
and roughness between land and sea and, in
addition, land/sea breeze occurs when the geo-
strophic wind is weak.

Land/sea breeze has been studied in the field
of meteorology and many aspects of these
phenomena have been clarified not only by field
observations but also by theoretical analyses.
These are reviewed by Asai and Yoshikado
(1973). Estoque(1961, 1962) was the first one who
treated these phenomena numerically including
nonlinear terms. Further development of the
Pielke model was made by Mahrer and Pielke
(1976) using terrain following height coordinates.

In the presence of both the land/sea breeze
and the mountain/valley wind, a sea breeze may
form a strong flow combined with valley wind in
the afternoon, causing a long range transport of
pollutants into the inland area(Kurita et al., 1985).
Whereas at night two dominant local winds, ie,
the land breeze and the mountain wind which
are rather weak compared to the daytime reverse

flow may result in the stagnation of pollutants in
the region(Moussiopoulos et al., 1995, Dayan and
Koch, 1996). This long range transport of
pollutants induced by either terrain-forced local
flows (thermally-driven flows) or synoptic-scale
pressure systems causes regional and global
pollution problems.

Under the mechanism of long range transport,
chemical species such as NOx and reactive HCs
emitted from the urban industdes into the
atmosphere are transformed via a number of
physical and chemical pathways and they are the
major cause of visibility impairment. Kurita and
Ueda(1986) correlated the presence of the con-
vergence line associated with the thermal heat
low generated in mountain areas during the
daytime, affecting the transport of the polluted
air mass.

The increasing availability of inexpensive and
highly performing computers has made possible
the replacement of the simpler Gaussian plume
and the Lagrangian puff models of atmospheric
dispersion with the more computationally inten-
sive (and more accurate) 3-D Lagrangian particle
dispersion models(LPDMs). LPDMs simulate the
transport and diffusion of tracer releases by the
mean-wind and turbulence-driven motion of a
large number of individual particles. Studies of
small-scale dispersion with LPDMs include those
of Hanna(1978), van Dop et al.(1985), and Luhar
and Britter(1989). Applications of the LPDMs to
mesoscale dispersion studies were attempted by
McNider et al(1980), Yu and Pielke(1986), Kao
and Yamada(1988), and Uliasz(1990). All studies
mentioned in the above employed the one-particle
model. Durbin(1980) and Thomson(1986) have
used the two-particle Lagrangian model to study
concentration fluctuations and relative dispersion.
The Lagrangian trajectory model can be either
receptor-oriented, in which trajectories are calcu-
lated backward in time from the arrival of an air
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parcel at a receptor of interest(Eliassen and
Saltbones, 1975, Ottar, 1979, Olson et al, 1979),
or source-oriented, in which trajectories are cal-
culated forward in time from the release of a
pollutant-containing air parcel from an emissions
source({Johnson et al, 1978, Mancuso et al, 1979;
Bhumralkar et al, 1980). There are also a few
hybrid approaches, in which the Lagrangian
trajectory technique is used to simulate the hori-
zontal transport and diffusion, and the Eulerian
grid technique is used to simulate vertical
diffusion (Draxler, 1977, Meyers et al., 1979).

In order to develop a control strategy based
on chemical principles, it is necessary to
understand the chemical reactions controlling the
gas phase concentrations of O3 H:0; and, in
particular, the OH radical. Thus the atmospheric
chemistry of hydrocarbon/NOx photooxidations
must be included in chemical mechanisms for the
long-range transport modeling(Calvert et dl,
1983). Extensive studies conducted up to date
concerning the development of gas phase chemi-
cal mechanisms for urban scale applications{Niki
et al, 1972, Demerjian et al, 1974; Falls and
Seinfeld, 1978, Atkinson et al, 1982) can be
utilized for regional scale applications. A number
of kinetic mechanisms for the photochemical
smog have been proposed (Eschenrceder, 1969;
Friedlander and Seinfeld, 1969, Wayne et al,
1970).

The purpose of this study is to develop
mesoscale photochemical oxidant model which
can describe the formation, transport, transfor-
mation and deposition processes of photochemical
oxidants in the atmosphere and to evaluate and
predict urban air qualities and to provide an
improved tool for assessing air quality strategies
by reviewing various aspects of photochemical
oxidant models through literatures.

First of all, we will review the classifications
and characteristics of photochemical oxidant

models and the general structure, ie., wind field,
transport, photochemistry, and deposition and
propose the most ideal photochemical oxidant
model. Finally, conclusions and suggestions for
future studies will be made.

2. A REVIEW ON PHOTOCHEMICAL
OXIDANT MODELS

The goal of air quality modeling is to supply
pertinent information in the decision - making
processes within the framework of air quality
management systems, especially in connection
with control strategy. The fundamental problem
which has to be solved is to calculate air
concentrations of one or more species in space
and time as related to the independent variables
such as the emissions into the atmosphere, the
meteorological variables, and parameters which
describe the transformation and removal proc-
esses.

Air quality models are broadly divided into a
statistical and physical model.
Descriptive model is subdivided into the steady
-state model which contains the Gaussian plume
and puff model, and the non-steady state,
time-dependent model, which includes Eulerian
grid, Lagrangian trajectory, hybrid Lagrangian
-Eulerian, random walk trajectory particle, box,
and spectral model. The statistical mode! contains
regression, empirical orthogonal function model,
and the physical model includes fluid flow
channel and wind tunnel. As a matter of fact,
the models which aim at air quality prediction
among these air quality models are the time
dependent model group.

When we reviewed photochemical oxidant
models on literatures, most of the models are the
Eulerian type or the Lagrangian type which is

descriptive,

applicable to urban, meso as well as regional
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Table 1. The characteristics of the photochemical oxidant models currently available in the literature.

MODEL CHARACTERISTICS

RESEARCHER

Name Type Spatial Scale
Schere & Demerjian, 1984 PBM single-cell Eulerian urban
Ames et al, 1985 UAM Eulerian urban, regional
Baer & Nester, 1987 DRAIS " meso
Carmichael et al., 1986 STEM-II " meso, regional
Lamb & Novak, 1983 ROM Eulerian regional
Mein! & Builtjes, 1984 PHOXA " "
Ames et dl.,, 1985 SAI-AirShed Model " "
Chang et al,, 1987 RADM " "
Venkatram et al., 1983 ADOM " "
Yamartino et al,, 1989 CALGRID " "
Builtjes et dl.,, 1991 LOTOS " "
Hall et dl, 195 LPDM Lagrangian small
Mcnider et al, 1980 " meso
Meyer & Brugues, 1989 EKMA Lagrangian trajectory local, urban

scale(Table 1). In the case of PBM(Photochemical
Box Model) with the single Eulerian type, we
can describe the height of mixed layer with time,
and change of each pollutant which is generated
and removed by the chemical reaction using the
63-step kinetic mechanism. The current version
of this model has been further developed to
evaluate both simple and complex chemical
mechanisms. UAM(Urban Airshed Model), DRAIS
and CALGRID are Eulerian photochemical models
that simulate the emission, transport, dispersion,
chemical transformation, and removal of inert and
chemically reactive species in the atmospheric
boundary layer. ROM(Regional Oxidant Model) is
intended to evaluate the effectiveness of emission
control strategies. PHOXA(Photochemical Oxidants
and Acid Deposition Model Application), ADOM
(Acid Deposition Oxidant Model), RADM(Regional
Acid Deposition Model), and STEM2(Sulfur Trans-
port Eulerian Model 2) were developed for acid
deposition adding transport and scavenging by
cloud and precipitation processes, and trans-

formation by gas-phase and aqueous-phase
chemistry. Mathur et al(1995) attempts to
investigate the relative predictability of RADM
and ROM by comparing concentration predictions
for various atmospheric chemical species. In the
case of LPDM(Lagrangian Particle Dispersion
Model) as Lagrangian random work model type,
turbulent dispersion is modeled. A more advanced
land -surface/PBL model(1995) is implemented in
the Penn State/NCAR Mesoscale Model Version
4(MM4) which is utilized to provide meteoro-
logical data to the Regional Acid Deposition
Model (RADM). The PBL is strongly dependent
of heat,
momentumn. These fluxes are largely controlled

on surface fluxes moisture, and
by soil moisture and vegetative evapotranspi-
ration. The MM4 was unable to respond to
dynamic soil moisture conditions, leading to
unrealistic partitioning of the surface energy
budget between sensible and latent heat fluxes.
The new model includes explicit soil moisture

and evapotranspiration, as well as improved
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Fig. 1. Flow scheme for photochemical oxidant model.
radiation and cloud cover algorithms, flux-profile which  presents emission characteristics of

relationships, and PBL mixing. To prepare for
future Eulerian air quality modeling needs and to
reduce the duplication of effort in maintaining
multiple modeling systems, the U. S. Environ-
mental Protection Agency is developing a third
~generation comprehensive air quality modeling
system, Model-3,
prototyping strategy.

These models are effective for air quality

employing an incremental

prediction but may cause a problem in wind field
for complex terrain. Therefore, considering the
factors required to fit photochemical ozone to
mesoscale air quality modeling in complex terrain
they are presented as Fig. 1 which shows flow
scheme for photochemical oxidant model. The
following components can be identified as com-
mon to most current models: emission inventories

precursors with input data; meteorological data
which describe the transport of primary
pollutants away from their sources and of
secondary  pollutants toward the sensitive
receptors; chemical and photochemical data which
depict formation of ozone and other photochem-
ical (secondary) pollutants quantitatively; dry
eposition data which describe removal procedure.
By parameterization of these components, we are
able to simulate the concentration by several
submodels such as emission model, advection
model, transport model, photochemistry model,
and deposition model. Finally by comparing this
estimated concentration with the observed
concentration, the validity of the model can be
discussed.
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3. THE PHOTOCHEMICAL OXIDANT MODEL

3.1. GENERAL STRUCTURE OF THE PHOTO-
CHEMICAL OXIDANT MODEL

In the x, vy, p system, the mass conservation
equation that forms the basis for the transport
model can be written as

ac, aC, aC; .9C, 1 8 aC;

——at =—u—p " —v—ay -w' 3p + ”z—a“;)‘(KV 6p)

(K,, )+ (K"a Y4+R4S; (1)

where C; is the pollutant concentration, Ky is
the horizontal diffusivity, Ky is the vertical
diffusivity, R; is the chemical reaction term, S;
is the source term which could be a major cause
of high concentration episode requiring the
accurate survey of emissions, and #% v and w
are the wvelocity components in the cartesian
is the
vertical velocity component in terrain following

coordinate system, x y and z

coordinate system, x, y, and po.

The vertical limit of the domain is appropri-
ated, which accommodates the high terrain in the
region as well as the mixed layer heights during
summer. The actual vertical coordinate system is
terrain following. Because the largest vertical
gradients of the important variables such as
concentrations, turbulences, and winds occur near
the ground, the vertical resolution of the grid
system used is finer near the ground than the
loft. The terrain following coordinate system
requires the formulation of a vertical coordinate
o, defined by,

- [z—h(x, v)]
p x,
mx,y=H—-h(x,) 2)

where x, v =z is the cartesian coordinate
system, h(x,y) is the height of the terrain, and

H is the specified top of the model domain.

3.2. WIND FIELD

In order to predict movements of air pollutants
in the atmosphere reliably, applying mass-
consistent three-dimensional gridded wind fields
is of great importance. Due to the complexity of
the terrain within the modeling region and the
scarcity of information on surface and upper
level winds, the wind field is one of the most
difficult inputs to specify. Two methods of wind
field generation are used: one based on interpo-
lation of surface wind and the other based on a
prognostic mesoscale model.

3.2.1. THE INTERPOLATION SCHEME

The horizontal interpolation scheme is esti-
mated using power law and inverse-distance
~-squared method and the vertical interpolation
scheme employed linear or cubic spline inter-
polation scheme. In order to obtain hourly
three-dimensional mass consistent wind fields,
assuming incompressible fluid the equation of

continuity can be written as

ou
dx

aw

oV . oW _
+ + 30 =0 (3

oy
where U=Hu, V=Hv, and W= w— u( )-v( )

A problem to determine unknown functlons,
U, Vand W to minimize a function,

EU. V. W= [ [} (U-Uy )2 +ak(V—V, )?
+ad(W— W, )2ldxdyde (4)

under a constraint of the continuity equation can
be transformed into an equivalent problem with-
out the constraint by introducing the Lagrangian
multiplier 4, ie., the problem to determine U, V,

and W minimizing the following function,
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E(U, V. WA)= | 2(U—U0 2 +al(V—Vy)?

2 oW
+ (W= Wy ) +A(-%2 ax 0 Ydxdydo (5)
The procedure to solve this problem leads to
the following equation:

L 8/1 ARY —
P + = +( ) 32
aUO BVO
1(

o
5+ 5,0) )

with the boundary conditions, e, at the bottom
boundary,

LA = 92t W, (M

and at the other boundaries,
A=0 8

In equations (5) and (6), @, and @, denote the
parameters to be determined by considering the
typical value of the ratio of vertical - to
horizontal - wind velocity and so on (Kitada et
al, 1983). The subscript 0 indicates the initially
estimated value based on the observations, eg.,

Wo = wy — uy( %) —vo(%f; ). The mass-consistent

wind field U, V, and Wor % v and w) is
derived from the calculated A field as

- 104
U=1U, 2(1% ox
- 1 04
_ 1__94
W= We+ 24% 0p

Equation (6) is solved using the SOR(Successive
Over Relaxation) method after applying a centered
difference approximation to the equation.

3.2.2. THE PROGNOSTIC MESOSCALE MODEL

The mesoscale model is a hydrostatic, prog-

nostic, three-dimensional model based on the
equation of momentum, mass and energy balance.
It employs a terrain following coordinate system.
The prognostic equation set is as follows:

a
—fv cf 5 ”+gp( ai’) —gp %f

+ (1L kG + Lok
2 (Kn ) (10)
‘Z}; —fu— cpﬁ +gp( ) ~gp %1;1

+<—L>2 ; (K a”)+ (K 52)

9 a0
+ 5 (Kirgy) (12)
9y _ 12 d (g 99y, 3 4 9av
t =( 7r) ap(KV 00 )+ax(K” 20
0 (g v
+6y(K” 3y (13
du v, dw' 1
ax+3y+ a0 ( )
1,0H aH
+”(a+3x )0 (14)
o _ g
do ncpg (15)
3T, 3 (, oT,
=2 (Ks _ ) (16)
where,
vool 0 Bk, Oh
w——w”+”(uax+vay)
_p(oH , oH JH
”( 3t +u ax TV ay) an
(PN P\
H-(Pw) , P) , f=28siné, and
4 _90 . 3  « 3
di ot UG T G
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3.3. TRANSPORT

The wind and turbulence fields computed by
the mesoscale model are used as input data for
the Lagrangian model. The model consists of
tracking the release of a large number of
particles, representing a pollutant air mass,
transported and diffused in a three-dimensional
domain, using the formulation,

x(t+ 80 = x () +{ wt) +u; (D)8t
1i=1,2,3 (18)

where x,;(0 is the antecedent x, y, z position
of the particle and x; (¢ + 8¢ is its position after
time interval &8¢ wu; represents the » v and w
velocity components, respectively, and «'; repre-

sents the corresponding turbulence velocity
fluctuations, parameterized statistically and based
on boundary layer prediction of the mesoscale
model.

Following Hanna(1979) the turbulence velocity

are given by:

ui,(t) = u;'(t— 5t)R(8t) +u,~”
1i=1,2,3 19

where R(S8f) is a Lagrangian autocorrelation
function and «'’; is a random component
(Wilson et al, 1981) with a Gaussian distribution
of zero mean, and a variance defined by the
variance in local turbulence.

3.4. PHOTOCHEMISTRY

The most important fact in the photochemical
oxidant model is the chemical reaction mecha-
nism. The representation of the detailed chemical
and photochemical mechanisms may cause sig-
nificant problems in photochemical models and
their representation is often a compromise. The

more detailed mechanism offers the prospect of a
greater realism but only with the involvement of
significantly greater computer resources and with
the requirements for a great deal of input data.
For some modeling approaches, only highly sim-
plified chemical mechanisms can be implemented,
requiring a considerable amount of scrutiny and
development time. There has been little uniform-
ity in the approaches to develope chemical
mechanisms in the various models and so it is
only possible to classify them in broad terms
following Derwent and Hough(1989).

We have reviewed twenty-six with a view to
understanding their relative merits when applied
to the description of photochemical oxidants
formation. Table 2 refers to the mechanisms
reviewed. These chemical mechanisms are used
for photochemical oxidant models in Table 1 and
they are applicable to photochemical oxidants
modeling that we are going to describe.
According to our review, condensed mechanism
developed by Lurmann(1986) is most suitable for
use in urban-scale photochemical modeling. This
mechanism includes numercus reactions for
night-time and successive day simulations. It is
a condensed mechanism which formed similarly
to the detailed mechanism over Ilong-range
transport application, and then obtained a very
good result through chamber experiment.

This model adapts a two-layer approach(see
Fig. 2) with a boundary layer which has a
process of the pollutant emissions and removal
during daytime and with a reservoir layer which
has a process of the noctumal storage of
pollutants above the shallow inversion layer
during nighttime.

d C.= Ei LC Vi C
dt i Ah[ +P" d "+ h[ d
1 dh[ i :
hl dt (Cx Bz) (20)
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Table 2. The chemical mechanisms from the literature used in modelling photochemical air pollution formation.

No. Mechanism Simplications used Reference
1 Harwell Complete Derwent & Hough, 1983
2 Harwell simple Direct Hough, 1987
3 EM Direct Eschenroeder & Martinez, 1972
4 RCV Direct Rodhe et al, 1981
] ALW Direct Atkinson et al, 1982
6 BS Parameterized Bottenheim & Strausz, 1982
7 EMEP Direct Eliassen et al, 1982
8 FS Direct Falls & Seinfeld, 1982
9 NCAR Direct Stockwell & Calvert, 1982
10 NCAR simple Direct Stockwell, 1986
1 DCM Direct Schere & Demerjian, 1984
12 CBM-I Parameterized Killus & Whitten, 1982
13 CBM-1I Parameterized Killus & Whitten, 1982
14 CBM-II Parameterized Killus & Whitten, 1982
15 CBM-IV Parameterized Whitten & Gery, 198
16 CBM-1V unmodified Parameterized Whitten & Gery, 1985
17 CBM-X Parameterized Whitten et al., 1985
18 CBM-X unmodified Parameterized Whitten et al,, 198
19 PHOXA CBM-1IV unmodified Parameterized Stewart et al., 1987
20 LS Complete Leone & Seinfeld, 1985
21 LLA Parameterized Lurmann et al, 1986
2 LLA simple Parameterized Lurmann et al,, 1986
23 CB4 Parameterized Gery et al, 1988
24 CAL Parameterized Lurmann et al, 1987
%5 RADM-II Parameterized Stockwell, 1988, 1990
% SAPRC Complete Carter, 1988, 1990
4 Bi=Q~MBi+ - Puic-B) @V

1200;// ,”———
A
1000 .

Night- Time
800 Reservoir

Height. m

400

200 / 7

J_ 2 Y.
0000 06.00 12.00 18 00 2L 00

Figure 2. The two - layer approach adopted in the
Harwell photochemical trajectory model.

where B; and C; are the concentrations of
species 7 in the reservoir and boundary layers,
respectively, @; and P, are the photochemical
production rates of species ¢ in the reservoir and
boundary layers, respectively, M;B; and L;C;
are the photochemical destruction rates of species
7 in the reservoir and boundary layers, respec-
tively, V, is the species dependent dry deposi-
tion velocity, %; and hk, are the depths of the
boundary and reservoir layers, E; is the emis-

sion rate of species 7 through the lower surface
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of the model, and A is the area of the base of
the air parcel.

Even though the chemical mechanisms
developed have greatly simplified the atmospheric
chemistry,
complexity and computational efficiency still
leaves important issues for further studies in
considering the development of 3-D air quality
models.

the trade off between chemical

3.5. DRY DEPOSITION

Dry deposition is handled as a boundary
condition at o =0 in equation (1). The concept
of dry deposition velocity is used to calculate the
deposition flux F; to the ground.

Fi=V;C; (22)

For the parameterization of dry deposition
velocity, the electrical resistance analog is used.
The deposition velocity of gases is represented
by three resistances in series:

-1
Va= R, TR, TR, 3)

where R, = aerodynamic resistance, R;= deposi-
tion layer resistance, and R, = surface(canopy)
resistance.

The aerodynamic resistance R, is associated

with atmospheric turbulence and depends on the
roughness length, the friction velocity, and the
Monin-Obukhov length, and is givened by

SN Sy SRS S 4
Ra_ xu‘[ln( 20) ¢h( L)] (24)

where ¢, is the nondimensional universal func-
tion, 2, is the surface roughness at the given
locality, w. is the friction velocity, and L is the
Monin-Obukhov length.

The deposition layer resistance for gases is
estimated from the following relation{Wesely and
Hicks, 1977; Pleim et al., 1984),

R,=-1 (ﬁ)m 25)

Us

where v is the viscosity of arr and D, is
diffusivity of species j.

The surface resistance (or canopy resistance),
R,, depends on the type of surface factors, the
chemical species and the meteorological condi-
tions. The R, is broken into several components.

This components are summarized as follows
(Padro et al, 1991).

Ry= Ry+ Rp= —’—’Lfmﬁ’i @D
Ru= [anaciey P
Vo™ —ﬁf ¥ cuy (29)
Ro= TAFSSTE (30)
= (1) 3

R,= ﬁ‘; Ry (32)

where LAI denotes the leaf area index and R,
denotes the sum of the canopy stomatal ( Ry)
and mesophyll ( R,,) resistances. The leaf stoma-
tal resistance 7y is parameterized as in O'Dell et
al. (1977),

P
Ya= (B* D)) (33

where B is the stomatal slit width and P is a
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stomatal constant corresponding to the charac-
teristics of the leaf physiology and its value 1is
23x10"m’. B is highly parameterized as,

B=B,,, sin((t— td)—l”z—) + B (34

where { is the time of day, ¢, is the time at
dawn, B =10um and By, =0.1um.

Similarly, canopy resistance R, and R, are
obtained from the local leaf resistance 7., and
7., respectively, through division by LAI and
CWC (in fraction of area) contribution. Where H;

is Henry’'s Law constant and parameter «;° is an

effective enhancement of the solubility of the gas
in water (Slinn et al, 1978). Surface resistance
R, largely depends on the soil wetness.

4. CONCLUSIONS AND RECOMMENDATIONS

When we reviewed photochemical oxidant
models to study the air quality in complex
terrain, we found as follows.

Photochemical oxidant models are broadly
classified into Lagrangian or Eulerian type, and
spatial scale is small, urban, meso, or regional.
And photochemical oxidant models consist of
several submodels, such as emission, advection,
diffusion, photochemistry, and deposition models
and we propose that a perfect model can be
made by combining these submodels well. In
emission model, actual terrain data and surround-
ing condition reflecting topographical characteris-
tics should be considered.

The previous models used to assess the
concentration of air pollutant have managed
transport problems in the Eulerian grid, and
these models have a merit in describing nonlinear
chemistry like photochemical smog. But Lag-

rangian particle diffusion model will be more
effective in illustrating long range transport
problem. Also the most important fact in the
photochemical oxidant model is the chemical
reaction mechanism, thus development of chem-
ical reaction mechanism which enough to depict
atmospheric phenomenon is essential considering
the trade off between chemical complexity and
computational efficiency.

Grid resolution significantly influences the
magnitude of O3 formation and loss processes,
especially chemistry and vertical transport. Most
models which use one to three kilometers grid
interval will be able to describe terrain effect in
detail by more reducing vertical and horizontal
grid size, and will be able to improve its
prediction rate by raising capability of spatial
resolution. Jang et al.(1995) examines the sensi-
tivity of ozone predictions to grid resolution in
Eulerian grid models. A high-resolution version
of the regional acid deposition was developed and
applied to simulate O3 formation at different grid
resolutions. Horizontal grid-cell sizes of 20, 40,
and 80km were selected for this sensitivity
study. Individual meteorological and chemical
processes that contribute to Oz and its precursors
were further separated and analyzed to determine
their importance to Oz formation and effects of
grid resolution on these regulating processes.

Finally, verification process through horizontal
and vertical observation is emphasized in order
to improve prediction efficiency for the model.

REFERENCES

Ames J, T. C. Myers, L. E. Reid, D. C. Whitney,
S. H. Golding, S. R. Hayes and S. D.
Reynolds, 1985, SAI airshed model opera-
tions manuals, volume 1, User's manual,
Publication EPA-600/8-85-007a, U. S.



30 Hwa-Woon Lee, Yoo-Keun Kim, Gyeong-Mee Won and Jong-Kil Park

Environmental Protection Agency, Re-
search Tnangle Park, North Carolina.

Ames, J, S. R. Hayes, T. C. Myers, D. C.
Whitney, 1985, SAI airshed model opera-
tions manuals, volume 2, systems manual,
Publication EPA-600/8-85-007b, U. S.
Environmental Protection Agency, Re-
search Triangle Park, North Carolina.

Anthes R. A. and Warner T. T., 1978, Develop-
ment of mesoscale models suitable for air
pollution and other meso meteorological
studies, Mon. Weath. Rev., 106, 120-140.

Asal T. and Yoshikado H., 1973, Retrospect and
prospect of theoretical study of land and
sea breeze (in Japanese), Tenki, 20, 119
-129.

Atkinson, R, A. C. Lloyd, and L. Winges, 1982,
An wupdated chemical mechanism for
hydrocarbon/ NO/SO; photooxidations
suitable for inclusion in atmospheric
simulation models, Atmos. Environ. 16,
1341-1355.

Bottenheim J. W. and Strausz O. P, 1982,
Modeling study of a chemically reactive
power plant plume, Atmospheric Environ-
ment 16, 85-97.

Byun, D. W,, A, F. Hanna, C. J. Coats, Jr, and
D. Hwang, 1995, Models-3 air quality
model prototype science and computa-
tional concept development, In Regional
Photochemical Measurement and Modeling
Studies, Transactions, TR-24, Air &
Waste Management Association, Pitts-
burgh, 197-212.

Calvert, J. G., and W. R. Stockwell, 1983, Acid
generation in the troposphere by gas-
phase chemistry, Environ. Sci. Technol,
17, 428A-443A.

Dayan, U. and J. Koch, 1996, Ozone concentration
profiles in the Los Angeles basin a
possible similarity in the build - up

mechanism of inland surface ozone in
Israel, J. Appl. Meteor., 35, 1085-1090.
Demerjian, K. L., J. A. Kerr, and J. G. Calvert,
1974, The mechanism of photochemical
smog formation, Adv.
Technol,, 4, 1-262.
Derwent R. G. and Hough A. M., 1983, The
impact of possible future emission control

Environ. Sci.

regulations on photochemical ozone for-
mation in Europe, AERE report R12919,
Her Majesty’s stationery office, London.

Derwent R. G. and Hough A. M., 1989,
Comparison of chemical mechanisms in
photochemical models, In Atmospheric
Ozone Research and its policy Implica-
tion, 589-603.

Durbin, P. A, 1980, A stochastic model of two
particle dispersion and concentrations in
homogeneous turbulence, J. Fluid Mech.,
100, 279-302.

Eliassen A., Hov O., Isaksen I. S. A., Saltbones
J. and Stordal F., 1982, A Lagrangian
long range transport model with atmo-
spheric boundary layer chemistry, J.
Appl. Met. 21, 1645-1661.

Eschenroeder, A. Q., 1969, Validation of simplified
kinetics for photochemical smog model-
ing, General research corp., Santa Barba-
ra, Calif.

Eschenroeder A. Q. and Martinez A. R, 1972,
Concepts and applications of photochemi-
cal smog models, Adv. Chem. 113,
101-167.

Estoque M. A., 1961, A theoretical investigation
of the sea breeze, q. J1 R. Met. Soc., &7,
136-146.

Estoque M. A., 1962, The sea breeze as a func-
tion of the prevailing synoptic situation,
J. atmos. Sci., 19, 244-250.

Falls, A. H and J. H Seinfeld, 1978, Continued
development of a kinetic mechanism for



A Review on the Photochemical Oxidant Modeling as Applied to Air Quality Studies in Complex Terrain 31

photochemical smog, Environ. Sci. Tech-
nol., 12, 1398-1406.

Friedlander, S. K., Seinfeld, J. H., 1969, Environ.
Sci. Technol., 3, 1175.

Gery M. W., Whitten G. Z. and Killus J. P., 1988,
Development and testing of the CBM- 4
for urban and regional modeling, US
EPA Report EPA/600/3-88/012, United
States Environmental Protection Agency,
Research Tnangle Park, North Carolina,
U S A

Hanna S. R.. 1978, A statistical diffusion model
for use with variable wind fields, Ameri-
can Meteorological Society, Boston, 15
-18.

Hough A. M., 1987, A computer modeling study
of the chemistry occurring over hills,
Atmospheric Environment 21, 1073-1095.

Jang, J-C. C, H. E. Jeffries, D. W. BYUN, and
J. E. PLEIM, 1995, Sensitivity of ozone
to model grid resolution, Part 1: Appli-
cation of high-resolution Regional Acid
Deposition Model, Atmos. Environ., 29,
3085-3100.

Kao, C. Y. J. and T. Yamada, 1988, Use of the
CAPTEX data for evaluations of a long
range transport numerical model with a
four dimensional data assimilation tech-
nique, Mon. Wea. Rev., 116, 293-306.

Killus J. P. and Whitten G. Z., 1982, A new
carbon-bond mechanism for air quality
simulation modeling, US EPA Report
EPA 600/3-82-041, United States Envi-
ronmental Protection Agency, Research
Triangle Park, North Carolina, U. S. A.

Kitada, T., A. Kaki, H. Ueda and L. K. Peters,
1983, Estimation of vertical air motion
from limited horizontal wind data, Atmos.
Environ., 17, 2181-2192.

Kurita, H., K. Sasaki, H. Muroga, H. Ueda and
S. Wakamatsu, 1985, Long range trans-

port of air pollution under light gradient
wind conditions, J. Climate Appl. Meteor.,
24, 425-434.

Kurita H. and Ueda H., 1986, Meteorological
conditions for long range transport under
light gradient winds, Atmospheric Envi-
ronment, 20, 687-694.

Liu, S. C., M. Trainer, F. C. Fehsenfeld, D. D.
Parrish, E. J. Williams, D. W. Fahey, G.
Huber, and P. C. Murphy, 1987, Ozone
production in the rural troposphere and
implications for regional and global ozone
distributions, J. Geophys. Res., 92, 4191
-4207.

Leone J. A. and Seinfeld J. H., 1985, Comparative
analysis of chemical reaction mechanisms
for photochemical smog, Atmospheric
Environment 19, 437-464.

Lurmann F. W, Carter W. P. L. and Coyner L.
A., 1987, A surrogate species chemical
reaction mechanism for urban scale air
quality simulation models, US EPA
Report EPA 600/3-87-041, United States
Environmental Protection Agency, Re-
search Triangle Park, North Carolina, U.
S A

Lurmmann F. W, Lloyd A. C. and Atkinson R.,
1986, A chemical mechanism for use in
long range transport acid deposition
computer modeling, J. Geophys. Res. 91,
10905-10936.

Luhar, A. K. and R. E. Britter, 1989, A random
walk model for dispersion in inhomogene-
ous turbulence in a convective boundary
layer, Atmos. Environ., 23, 1911-1924.

Lyons, W. A, H. S. Cole, 1975, Photochemical
oxidant transport: Mesoscale lake breeze
and synoptic scale aspects, J. Appl
Meteorol., 15, 733.

Lyons, W. A, D. A. Moon, C. S. Keen, J. L.
Eastman, 1990, The meteorological impact



32 Hwa-Woon Lee, Yoo-Keun Kim, Gyeong-Mee Won and Jong-Kil Park

of Lake Michigan in causing elevated
ozone levels in the lower Lake Michigan
air quality control region, Air and Waste
Manage. Assoc., Pittsburgh, Penn.

Mahrer, Y. and R. A. Pielke, 1976, Numerical
simulation if the airflow over Barbados,
Mon. Wea. Rev,, 104, 1392-1402.

Mathur, R, A. F. Hanna, K. L.. SCHERE, and R.
L. DENNIS, 1995, On the intercomparison
of two regional photochemical models, In
Regional Photochemical Measurment and
Modeling Studies, Vol. 2, Air & Waste
Management Association, Pittsburgh, 885
-903.

Mckeen, S. A, E. Y. Hsie, and S. C. Liu, 1991,
A study of the dependence of rural ozone
on ozone precursors in the eastern United
States, J. Geophys. Res., 96, 15, 377-394.

McNider, R. T., S. R. Hanna, and R. A. Pielke,
1980, Sub-grid scale plume dispersion in
coarse resolution mesoscale models, Amer-
ican Meteorological Society, Boston, 424
-429,

Miller, D. F., A. ]J. Alkezweeny, ]J. M. Hales, and

R. N. Lee, 1978, Ozone formation related

to power plant emissions, Science, 202,

1186-1187.

H., Builtjes, P., 1984, Photochemical

oxidants and acid deposition model appli-

Meinl,

cation within the framework of control
strategy development (PHOXA).

Moussiopoulos, N., Sahm, P. and C. H. Kessler,
1995, Numerical simulation of photochem-
ical smog formation in Athens, Greece -
A case study, Atmos. Environ., 39(24),
3619-3632.

Niki, H, E. E. Daby, and B, Weinstock, 1972,
Mechanisms of smog reactions, Adv.
Chem. Series, 113, 16-57.

Ohara, T., Wakamatsu, S., Uno, I, Ando, T. and
S. Izumikawa, 1995, And analysis of

annual trends of photochemical oxidants
in the Kanto and Kansai areas, J. Japan
Soc. Air Poltut,, 30(2), 137-148.

Padro J, G. Den Hartog and H. H. Neumann,
1991, An investigation of the ADOM dry
deposition module using summertime O
measurements above a deciduous forest,
Atmos. Environ,, 254, 8, 1689-1704.

Pielke R. A, 1974, A three dimensional numerical
model of the sea breeze over south
Florida, Mon. Weath. Rev., 102, 115-139.

Pleim J., Venkatram A. and Yamartino R., 1984,
ADOM/TADAP model development
program, ERT P-B980-520, Prepared for
OME, AES of Canada and the
Umweltbundesamt, West Germany.

Rodhe H. Crutzen P. and Vanderpol A., 1931,
Formation of sulfuric and nitric acid in
the atmosphere during long-range trans-
port, Tellus 33, 132-141.

Sillman, S, J. A. Logan, and S. C. Wofs, 1990,
The sensitivity of ozone to nitrogen
oxides and hydrocarbons in regional
ozone episodes, J. Geophys. Res., 95, 1837.

Slinn W. G. N, Hasse L., Hicks B. B, Hogan A.
W, Lal D, Liss P. S, Munnich K. O,

Sehmel G. A. and O. Vittori, 1978, Review paper:
Some aspects of the transfer of atmo-
spheric trace constituents past the a air
- sea interface, Atmospheric Environ., 12,
2055-2087.

Stockwell W. R, 1986, A homogeneous gas
-phase mechanism for use in a regional
acid deposition mode], Atmospheric Envi-
ronment 20, 1615-1632.

Stockwell W. R., 1988, computer print-out of
RADM-2 mechanism, Atmospheric Sci-
ences Research Center, State University
of New York, U. S. A

Stockwell W. R. and Calvert J. G, 1983, The
mechanism of NO3; and HNON formation



A Review on the Photochemical Oxidant Modeling as Applied to Air Quality Studies in Complex Terrain 33

in the nighttime chemistry of the urban
atmosphere, J. Geophys. Res. 88, 6673
-6682.

Thomson, D. ], 1986, On the relative dispersion

Uliasz,

of two particles in homogeneous station-
ary turbulence and the implications for
the size of concentration fluctuations at
large times, Quart. J. Roy. Meteor. Soc.,
112, 890-8%4.

M., 1990, Development of a mesoscale
dispersion modeling system using per-
sonal computers, Part 1 Models and
computer implementation, 40, No 2, 104
-114.

Van Dop, H, F. T. M. Nieuwstadt, and J. C. R.

Wayne,

Wesely

Hunt, 1985, Random walk models for
particle displacements in inhomogeneous
unsteady turbulent flows, Phys. Fluids,
28, 1639-1653.

L. G., Danchick, R., Weiburd, M., Kokin,
A., Stein, A., 1970, Modeling photochemi-
cal smog on a computer for decision
making, Pacific conf. on chemistry and
spectroscopy, sixth western  regional
meeting, ACS, Sanfrancisco, Calif., Oct.
6-9.

M. L, and B. B. Hicks, 1977, Some
factors that affect the deposition rates of
sulfur dioxide and similar gases on vege-
tation, J. Air Pollut. Control Assoc., 27,
1110-11186.

Whitten G. Z. and Gery M. W., 1986, Develop-

ment of CBM-X mechanisms for urban
and regional AQSMs, Systems Applica-
tions Inc. Report, San Rafael, California,
U S A

Whitten G. E, Killus J. P. and Johnson R. G.,

1985, Modeling of auto exhaust smog
chamber data for EKMA development,
Systems Applications Inc. Report, San
Rafael, California, U. S. A.

Xiu, A, and J. E. PLEIM, 1995, Implementation

and experimentation of an advanced
land-surface/PBL Model in the Penn
State/NCAR Mesoscale Model(MM4), In
/regional Photochemical Measurement and
Modeling Studies, vol. 2, Air & Waste
Management Association, Pittsburgh, 619
-635.

Yu, C. H,, and R. A. Pielke, 1986, mesoscale air

quality under stagnant synoptic cold
season conditions in the Lake Powell
area, Atmos. Environ., 20, 1751-1762.

Yamartino, R. J,, J. S. Scire, S. R. Hanna, G. R.

Carmichael and Y. S. Chang, 1989,
CALGRID: A mesosclae photochemical
grid model, Volume 1: Model formulation
document, California ARB report, Sacra-
mento, CA.



