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ABSTRACT

A new Lagrangian-Eulerian coupling model system s developed 1o study regional air quality, The sy
tem consists of mesoscole dynamical meleorological model (MM). Mame—Carlo moedel (MCM).
parametenzed model on planetary bonndury layer (PBL) turbulent stulistics, dry and wet removal model,
and Enlerian nonhnear chemical madel IENCM), The physical, chemcal and bwolopical processes on air
pollntants are considered comprehensively. 3-D distribulion laws for acidic gaseous polintants (80, and
NQ, 1 emilted by Thoi Mag Moh Power Plant und the secondary pollutants are studied m detail. The results
simufated by the couphng model systent are in good agreemerntt with abservation:l cotcentration data.
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1. Introduction

Studies of the physical, chemical and biological processes on air pollutants in wrbulent
fiow have been developed along two main lines which are Lagrangian frame of reference and
Eulerian gradient transfer theory. Both the theories are all to solve a sel of species conserva-
tion equations {Lei, Han, and Zhang, 1998).

The starting of the Lagrangian theory is to integrale the following species conservation
equation:

w
< z;lr)> = i | p.ri
o v

PN U (1)

where subscript i represents different species. rand » denote particle locations at time 7 and 1",
7. p. and 5 are species {or particle) concentration, probability density function, and source (or
sink) function, respectively.

Several important features of the Lagrangian approach are that: 1} It can represent well
the randomness of the atmospheric turbulence. 2) The approach is basic simplicity in concepl
and application. 3) The theory is free of the closure problem that handicaps the Eulerian the-
ory. 4) There is no the restricting assumption that the length scale of the spatial variation on
species must be much larger than the advective length scale of the turbulent eddy in the
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gradient transfer theory, 5) There is no difficulty in numerical calculation (such as the numer-
ical diffusion problem) compared with solving the partial differential equation. 6} The MCM
can explicitly account for effects on calm wind, wake turbulence, and temporal and spatial va-
riations of atmospheric condition or source emission,

The two main weaknesses of the Lagrangian theory are that it is applicable only to
linearly reactive species and Lagrangian parameters cannot be direcily measured, Both of
them are just the chief advantages of the Eulerian theory.

In order to overcome (he weaknesses of the Laprangian model, a new
Lagrangian—Eulerian coupling model will be developed to study regional distributions of
acidic gaseous pollutants (SO, and NQ,) emitted by the Thai Mae Moh Power Plant and the
secondary pollutants,

2. Overview of coupling model system
2.1 Mesoscale dvnamical metcorological model

In order to support emergency response on air pollution and simulate regional air
quality, the MCM requires inputting hourly 3—-D horizontal wind fields, temperature, and
rainfall rate over the model domain. The MM (Anthe, 1987: Guo, 1994; Dudhia, 1996) is
currently used to generale these data,

21,1 Governing equations

The MM is a 3—D. limited—area, hydrostatic, primitive equation model written in a ter-
rain—~following =~ coordinate.

t=rylem 2 ) ey 2, (2}

where =, is local topography height as a function of x and 1. z; is height of the model top
and it is 2 constanl, The top of the mode] domain is exactly flat and the bottom follows the
terrain (Walko, 1995; McQueen, 1996,

The governing equations consist of motion, thermodynamic, and continuity equation.
Many surface variables such as landuses, terrain height, roughness length z,(x.y). and

ground temperature are ingested into the model grid.
2.1.2 Numerical algorithing

The horizontal grid siructure is “staggered” . with momentum variables defined at one set
of grid peints and all other variables defined at the offset points. In order to increase resolu-
tion near the surface laver, the variable vertica! grid spacing is used. The vertical velocity s
defined at boundaries between the lavers. while all other variables are calculated at middle of
the layers,

To solve the governing equations. the staggered difference scheme is used. The finite dil-
ference equations are written with the Donor scheme for advective terms,

The leapfrog scheme is used for the time difference scheme, In order to prevent splitting
of the solutions often associated with the leapfrog scheme and reduce the amount of energy in
waves with high frequency, the following frequency filter is applied to all prognostic variables,

<> T= (l- vk + 0S5 T+ < x> T, 3)

where = i5 a filtered variable, and the coefficient v =0.1,
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2.1.3 Initial and boundary conditions

The initial fields of wind and temperature are created by a diagnostic model. It consists
of three parts which are continuity equation, adjustment of meteorological field, and objective
interpolation of measured data.

For the lower boundary conditions, the surface layer Muxes provide the main exchange of
information between the atmosphere and the surface, It is convenient for numerical reasons to
define variable values at a fictitious 0.5Az " under the surface, The variable values at the sur-
face are specified by the objective interpolation of measured data.

The absorbing boundary condition at the model top can be determined by the following
expression:

< Fu> = Fy—oFy— F ).

where Fis any variable, r=10, 0.75. 0.5, and 0.25 at layer k= N—3_+ N respectively,
The inflow and outflow lateral boundary conditions are used. The variable values at the
lateral boundaries are specified by the objective interpolation of observational data.

2.1.4 Four—dimensional data assimilatiorl FDDA)

A " nudging” type of the FDDA scheme has been implemented in the MM. in which the
model fields can be nudged toward observational data,
The general form for predictive equation of any variable, A, is wrilten as

fA7 0= F+ G (A — A, (5

All of the model’s physical forcing terms are represented by F. The second term on the
right hand side of (3) is the nudging term. where &, is a positive nudging factor (Seaman,
1989; Stauffer, 1990). ¢, = 5% 107 ¥ is appropriate for the Thai Mae Moh area.

3.2 Monte—Carlo mode!

The MCM involves writing an equation for the random fluctuation velocity of a particle
and then constructing trajectories of thousands of individual particles, At certain times or dis-
1ances downstream, the resulted concentration distribution can be obtained.

221 Particle trajectory

The equation for the total particle velocity in direction ”i” (Lei and Deng, 1988} is
w,= U+ a0 LA+ p,, ®)

where [/ is given by the MM oulput, and u, " is the turbulent component. The second term
on the right hand side of (6} is the corretated component and the third term is the random
component. p, ' is the Lagrangian auto—orrelation coeflicient for component *i" and time
step As, i=1, 2, 3 represents # v, w comporenis of veloeity, respectively. p,is the
Monte—Carlo component which is picked randomly from a Gaussian distribution with zero
mean and standard deviation o, given by the formula

o, = o,41= lp 1 (ANF} 2, !

@t




590 Advances in Atmospheric Sciences Yol. 17

where ¢, is the standard deviation of the lacal turbulent fluctuation. An exponential form for
pL " isassumed

pr A= expl(— Ar /T ), (8)

where T i is the Langrangian time scale,
Considering particles which undergo a series of displacements are composed of three dis-
tinct components, The total trajectory for the particle is given by

Xy

Xy= Xeu T Lou, Al ()

— i3
n=1

where ¥, is the tracked step number. « is the label for emitted particles.
2.2.2 Species contcentration

The expression for the concentration distribution from a continuous source can be
wrilten as
2r0=p 341, (10)
where A, is the time interval emitted instantaneous source, & is the emission rate of particles
from a source located at ¢, p,. can be obiained by the fellowing formula:

e

pra)= E}Jm (rt)/ M, (1
a1

where p,, is the probability density for an instantaneous source. and M, is the total number of
instantaneous sources for approxunating each continuous source.
The p,, is reduced by the following expression

g

P tr)= Yalr— r (e N/ [MyAx, Ar, A2 ] (12)

where Av, Av, Az is a volume element, 1, 15 the time leaving source for labelled particle «.

2.3 Paranieterized model oir PBL wurbulent statistics

The MCM is not directly related to turbulent fluctuation, mostty the relation is fitted by
its statistics. Standard deviations of the turbulent fluctuation {¢,. ¢, 0, ), Lagrangian time
scales (T, ». T ". T, " ). and velocity scales (%, and w. Y are most inportant PBL furbulent
statistics to study turbulent diffusion {Hanna, 1979; Stull, 1988), They are abo basic
parameters inputting into the MCM. The parameterized model of variations on these statis-
tics with height. z, and atmospheric stabiliry in the PBL was developed by Lei (1988).

2.4 Dry and wet removal mode!

Correct parameterizations of dry and wet deposition processes are very important for
understanding the evolution law of trace gases in the regionalscale range.
2.4.1 Dry deposition process
The change rate of selected species due to dry deposition is commonly modelled in term
of dry deposition velocity (V) and the expression can be written as
dy /di= — Vdy/dz® = V,¥7 2, (13

A — e
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where 7, is height of the lowest model layer. After integrating (13) and using y, = (z),
2, = #10), we obtain
Fa = gaexpl— Fyrs oL (14)

where 3, and x, are concentrations of species with and without effect of Vy, respectively.
242 A new drv deposition velocity patierid NODV P)

Lei (1996) developed an NDDVP to study the dry deposition processes. The I'ollowing-
expression of the new ¥, had been obtained

V= 7950z, — 240, " S 0r t py )]I P {em s s), {1%)

where z, and z, ate the reference height and the mass sink height respectively. and
ry = In(zy 7 2407 (0360, ), (16}

= [ d=/ K_, a7

Fl
v -
-0

where r, is the total resistance in the plant canopy layer or at the ground (evel, K, is the eddy
diffusion along the =7 direction.

A3 Wt deposition process
We can obiain the following expression similar to that of the dry deposition process,

Z\\ = f...e"p(‘ a;.f), ”8]

where 7 is the scavenging coefficient, which depends on gaseous species. rainfall rate, and
tanduses. 7, is the concentration taking account ol rain process effect {Scout, 1982; Lei. Tia
and Yuan. 1987).

2.5 Enlerian nontinear chemical model

The pas phase chemistry (18 chemical reactions for 11 chemical species) consists of
photochemical reaction, thermal reaction, Troe reaction. equilibrium reaction, and special re-
action in the ENCM. The inorganic chemistry is only considered.

The chemical rate equations are inlegrated using a two—step method which exploits the
exponential solution to the generic differential equation of chemical kinetics {NAPAP, 1990:
Leiand Chang. 1992).

Cp, A= Polg =, 7 L (19)
where , is the value of the j-th species, Pz} and L1y are the production rate and charac-
teristic loss time scale, both of which explicitly depend on . A lot of complex nonlinear
chemical reactions are included in Equation {19),

There are three cases for all species. If &, / &r= 0, then z;=Pfz)/ E(z) HO; HO.
ground stale oxygen atom {O'p), and excited stale oxygen atom{Q'D) belong to this kind: the
species concentrations are obtained by iteratively solving an implicit set of steady state equa-
tions. IT L, {x,)= Dand ¢z, / ér= P_lz,), then i Y= Pop)rt gt SO belongs 1o
this kind. If £, and L_ are constanis during a Az, the solution lo (19} is

e+ A= P X L+ [pti)— P % L Jexplar 7 L), {20)
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where y(¢+ Ar) is the valve at 1+ Ar.
2.6 Lagrangion MCM coupling with ENCM

The Lagrangian MCM coupling with ENCM is made in the following order: First, all
emitted particle trajectories are tracked by the Lagrangian MCM, Second, the transport and
diffusion processes of the particles are calculated. Third. 3—D particle distributions are mem-
orized in a particle file, they will be used as initial particle distributions at pext time step.
Fourth, the particles are converted to Evlerian conceniration felds. Fifth, dry and wet depo-
sition processes are calculated. Sixth, the nonlinear chemical processes are simulated by the
ENCM. Seventh, 3~D concentration distributions for all species are memorized in a concen-
tration file, they will be used as initial concentration distributions at next time step. Eighth,
program loop goes back to the first step and the integral of next time step is started.

For every time loop, the transport. diffusion, dry and wet removal processes on air
pollutants are simulated with the Lagrangian MCM, the chemical transformalion processes
for all species are calculated only by the ENCM,

3. Test of model system
3.1 Selection of practical cases

The Mae Moh Power Plant is situated in the northern Thailand. [t generates about 30%
of Thai electricity, The modeling domain covers an area 94 x 94 km” around the power plant.
From the isohypse distribution in Fig.1 we can see that the terrain is very complex in the
model area. The height difference between the lowest elevation and the mountain peak is
about 300—1000 m. Owing to the effect of violent downdraft on the leeward side of the moun-
tain range, and huge rising and fallings of terrain, the flow pattern in the surface boundary
laver is obviously different from the plain at the same latitude.

There are 8 landuses in the model domain, They are urban land, agriculture, range,
forest, waler, swamp, mixing agricullure and range, and rocky open area with low—growing
shrub.

The coupling model system is subdivided over the study area into 13 levels extending up
to 2 km {Table 1) in the vertical, The computing mesh interval is Ax= Ay =2 km in the hori-
zontal.

Table 1. Vertical layer af the madet

K P2 [ a s e s s 9 [m/njn]n

=% Lt ) 05 |1 lz.s s [ 75 [0 [ 20 | 40 | 0 BD—[ 100 | 150 | 200

Six typical cases in February and March 1996 are selected and good data on monitoring
networks can be used. Different weather conditions have been included in the six cases.

3.2 Data inputting into inodel sy siem

The following basic data must be input into the model system: emission inventory of
source; ground temperature and radiation; geography elevation: species concentration:
parameters of the near surface fayer: rainfall amount; and 3-D wind and temperature fields,

There are ten surface weather stations, two upper—air stations. and one Doppler sodar
observational station in the model area. A set of surface and upper—air data can be obtained
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Fig. ). Wind field simulated by the MM on March 27, 1996,
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for every 3 and 6 hours a day, respectively. The height range measured with the Doppler
sodar is from 83 to 1000 m and vertical profiles of both wind and temperature are provided
for every 20 minutes a day.

The model requires emission rates of SQ,, NO,, NO. Two high point soutces emilted by
the power plant are considered only. The effeclive emissive plume heights are 227 and 416 m,
respectively.
3.3 Comparisons between observational data and modeling results

In order to test reliability on the application of the coupling model system (o the Mae
Moh area which is dominaled by mountain and valley breeze, the simulated results have been
carefully compared with the monitoring concentration data at the same time. The ratios of

measured concentrations to simulated results on 10 monitoring stations for $O;. NO; and
NO are given in Table 2.

Table 2. Ratios of measured Lo simulated concentration

Ratio Range <04 | 0105 052 | 2-10 >10 | Mean
50, % 5.4 8.5 449 29.6 1.6 163 £ 047
NO, ( Y {4 50 529 40.4 1.3 1.75 £ 0.75
NO | % 03 7.4 548 | M6 19 163 £0.77

Several results are noted from Table 2, First, the mean ratios of observational concentra-
tion data 1o the simulaied values are over than 1.0: one reason is that only two large pollutant
sources are considered in the model, and another is that the simulated results represent an av-
erage value in an area of 4.0 km®, bul the measured results are valuable only at a fixed point.
Second, the average ratio ranging from 1.63 to 1.75 shows that the simulated results are in
good agreement with measured data. Third, although standard deviations are largish, all of
them are less than the mean ratio, Forth, the frequency distributions in the ratio ranging from
0.5 to 2.0 are 54.8%. 52.9% and 44,9% for NO, NO.; and SO,, respectively; the results show
that simulated effect of NO is the best in the three species. Fifth, under the complex lerrain of
the Mae Moh area, the coupling model system can be wseful for studies of both regional air
quality and environmental assessment.

4, Practical simulated resunlts
4.1 Distribution faws of flow pattern

The 3-D wind fields for 6 cases were simulated by the MM. The results on March 27,
1996 are shown in Fig. | and Fig. 2,

Sewveral resuits are noted from wind fields in Fig. 1 and Fig. 2a. First. there are four local
convergence and divergence areas near the mountain and valley, there is obvious
inhomogeneity of flow pattern in Fig, 1a, Second, horizontal inhomogeneity of surface flow
field is due to dynamic and thermodynamic forcing at the surface, the small-scale local lorc-
ing can be simulated well by the MM. Third, with increase of height the flow pattern becomes
smoother, the effect of the surface forcing becomes weak. Fourth. there are two convergence
and divergence areas only at 400 m (Fig. 1b). the depth of effeéct on the surface forcing is high-
er than 400 m in the Mae Moh area. Fifth, the flow pattern is very homogeneous at 800 m
{Fig, 2a), and the systematic southwest flow dominates all the model area,

.-

-
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Fig. 2, Wind field simulated by the MM on March 27, 1996,
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Because there exist mountain and valley in the model area, local mesoscale circulation
formed by different surface heat possesses obvious divrnal variation, Comparison between
Fig.2b and Fig.1a shows that the flow fluctuation in the daytime is weaker than that in the
nighttime. There are eight local convergence and divergence areas in the model area (Fig. 2b),
The results show that scale of the flow fluctuation in the daytime is longer than that in the
nighttime. The non—stationary processes due to surface forcing can be simulated well by the
MM,

4.2 Distribution laws af species
4.2.1 Distribution laws of NO,

Production of NO, in the chemical reactions can be described as

Pro, = Ku[HNO, ]+ K;[0, [NOI+ 2K,[NOJINOJO, ]
+ 2K, [NOJINO, ]+ K ;;[NO, kNO, 1+ K,[HO,NO] @1

Loss term in the chemical reactions is given as
Lyo, = Ky + K [O°PI+ K, [0, ]+ K5 INO; I+ K5 [HO], (22)

where K, and K, are the constants of chemical reaction rates for different species, [ ] is the
gaseous species concentration.

From expressions {21} and {(22) we can see that production and loss of NO, are very
complex. Several results are noted from concentration fields in Fig, 3. First, the area enve-
loped by 0.01 g / m’ isoline is larger in the daytime than that in the nighttime; there are two
and six centers enveloped by 5 ug / m" isoline in the daytime and nighttime, respectively, Sec-
ond, these phenomena clearly show that the diurnal variation process, and NO, loss due to
the photochemical reaction are very considerable, Third, the region which contains six centers
enveloped by 5 pg/ m’ isoline is very large, and the farthest center is about 30 km from
source point; these results show that now polluted range in the Mae Moh area has enlarged
from a single factory to a vast area, which has become a probiem of regional air pollution.
Fourth, owing to less primary pollutant NO, emitted by the Power Plant the MO, concentra-
tion is less than 15 pg / m’,

4.2.2 Distribution rules of O,

0, is one of the most important secondary pollutants and it is also an important oxidant
and greenhouse gas, O, can cause obvious regional pollution, There is complex nonlinear
chemical relationship between O, and its precursors, such as NO,, NO.

Production of O, in chemical reactions of this study can be described as

P,, = K, [0°pJO,]. 23)

3

Loss term is given as
Lo, = Ky + Ky + K [NOJ+ K, [HO]+ K;[HO, ]+ K, [NO,1 (24)

From expressions {23) and (24) we can see that not only NO, does not produce O,, but
aiso it ioses Q;, [n order to analyze formative mechanism of O, production and loss terms of
O°p in the chemical reactions are given as,

W OEWESL
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Py, = Ky [NO, 1+ K305 1+ K, [0 DEN, 1+ K,[C' DIO, ] (25)
L03p= K,[NO, ]+ K, [0,], (26)

respectively, where K, K, and K;; are the constants of chemical reaction rates for different
species. From expressions (22), (23), (24), (25), and (26) we can obtain that the production of
O, in the troposphere is a very complex process. Although NO, is not directly related to the
production of O;, close relationship between NO, and O can be established by Py ).

Several results are noted from expressions (22)-(26) and concentration fields in Fig, 3
and Fig. 4. First, the variation of surface O, ranges from 0.01 to 50 pg / m’ due to chemical
processes; the concentration in the daytime is much higher than that in the nighttime. Second,
the diurnal variation of concentrations appears obviously. the results show that the produc-
tion of O, in the near surface layer has close relation to the photochemical reaction. Third,
the area enveloped by 0.01 pg ./ m® isoline in the daytime is larger than that in the nighttime,
the result shows that the horizontal turbulent diffusion and transport in the daytime are more
than those in the nighttime, Fourth, the horizontal inhomogeneity of O, concentration distri-
bution is much less than that of NO,. Fifth, the maximum concentration centers of Oy corre-
spond approximately to that of NO,, but they do not completely coincide. Sixth, G, concen-
tration in the daytime is much higher than that of NO,, NO, concentration in the nighttime is
higher than thal of O;; one reason is that the source strength of primary pollutant NO, emit-
ted by the Power Plant is less, and another is that Oy is a secondary pollutant produced by the
photochemical reactions among NO,. NO and sunlight.

4. Summary and conclusions

After the Lagrangian MCM couples with ENCM, the model system can treat nonlinear
chemical processes of species, such as NO, NQ,, O, and others,

Parameterized model on variations of the turbulent statistics in the PBL with height,
7y and atmospheric stability are directly coupled with the MCM.

3—D meteorological fields input into the MCM are directly created by the MM adopting
advanced techniques of both FDDA and nested grid.

A NDDVP is used in the MCM. it can better represent effects of different biclogical
landuses and almospheric stability on dry deposition processes.

A new Lagrangian—Eulerian coupling model system has been developed to study region-
al air quality. Physical, chemical, and biclogical processes on air pollutants have been consid-
ered comprehensively in the model system, 3~D distribution laws for acidic gascous
pollutants (80, and NO,) emitted by the Thai Mae Moh Power Piant and the secondary
pollutants are studied in detail. The results simulated by the coupling model system are in
good agreement with measured concentration data.

The authars wish to express their thanks to Prof. Zeng Q. C. for his support to this research and to Dr. Han Z.
W, and Zhang M. G. for their help in programming and numerical calculation of TAP, Chinese Academy of Sciences.
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