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The dispersion of suspended particulates in the coastal complex terrain of mountain- inland basin (city)-sea,
considering their recycling was investigated using three-dimensional non-hydrostatic numerical model and
lagrangian particle model (or random walk model). Convective boundary layer under synoptic scale westerly
wind is developed with a thickness of about 1 km over the ground in the west of the mountain, while a
thickness of thermal internal boundary layer (TIBL) is only confined to less than 200m along the eastern
slope of the mountain, below an easterly sea breeze circulation. At the mid of the eastern slop of the
mountain, westerly wind confronts easterly sea breeze, which goes to the height of 1700 m above sea level
and is finally eastward return flow toward the sea. At this time, particulates floated from the ground surface
of the city to the top of TIBL go along the eastern slope of the mountain in the passage of sea breeze, being
away the TIBL and reach near the top of the mountain. Then those particulates disperse eastward below the
height of sea-breeze circulation and widely spread out over the coastal sea. Total suspended particulate
concentration near the ground surface of the city is very low. On the other hand, nighttime radiative cooling
produces a shallow nocturnal surface inversion layer (NSIL) of 200 m thickness over the inland surface, but
relatively thin thickness less than 100m is found near the mountain surface. As synoptic scale westerly wind
should be intensified under the association of mountain wind along the eastern slope of mountain to inland
plain and further combine with land-breeze from inland plain toward sea, resulting in strong wind as internal
gravity waves with a hydraulic jump motion bounding up to about 1km upper level in the atmosphere in the
west of the city and becoming a eastward return flow. Simultaneously, wind near the eastern coastal side of
the city was moderate. Since the downward strong wind penetrated into the city, the particulate matters floated
near the top of the mountain in the day also moved down along the eastern slope of the mountain, reaching
the downtown and merging in the ground surface inside the NSIL with a maximum ground level
concentration of total suspended particulates (TSP) at 0300 LST. Some of them were bounded up from the
ground surface to the 1 km upper level and the others were forward to the coastal sea surface, showing their
dispersions from the coastal NSIL toward the propagation area of internal gravity waves. On the next day at
0600 LST and 0900 LST, the dispersed particulates into the coastal sea could return to the coastal inland area
under the influence of sea breeze and the recycled particulates combine with emitted ones from the ground
surface, resulting in relatively high TSP concentration. Later, they float again up to the thermal internal
boundary layer, following sea breeze circulation.

Key Words : Suspended particulates, Lagrangian, Convective boundary layer, Thermal internal boundary layer,
Sea-breeze, Land-breeze, Nocturnal surface inversion layer, Internal gravity waves, Hydraulic
jump motion '

1. Introduction

During the past decade empirical and numerical
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studies have been carried out the prediction on pol-
lutant concentrations over coastal complex terrain, but
their accuracies on the dispersion and diffusion of
particulate matters have been in still uncertainties,
due to complicated wind patterns caused by topog-
raphy and ocean'™. Suspended particulates are not
only harmful to human's health but also of great

importance in heat budget in the coastal atmospheric
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boundary. High density of suspended particulates float-
ing near the top of convective boundary layer reduces
the solar energy reaching the ground surface and the
reduction of solar radiation, such as dome effect.

Kuwagata - and Sumioka‘” explained that local cir-
culation system was very complicated by complex
terrain and sea under the different weather condition,
and Ross et al.” indicated that the local airshed
surrounding the Comalco smelter was strongly in-
fluenced by the proximity of the ocean and the
complex terrain on the Tama Valley. The increase of
pollution concentration occurred under daytime photo-
chemical reaction process in the city” and pollutant
gases could be changed into aerosol phase through
their chemical reaction process and cause the increase
of local and regional air pollution concentrations”.
Park and Moon® explained particle dispersion in the
complex coastal terrain of Korea using lagrangian
particle mode and Xuan” insisted high density of
suspended particulates interrupt daytime convection
process of air near the ground surface, resulting in
the decrease of vertical mixing depth of air in the
boundary layer and then sequentially increasing total
suspended particulate concentrations.

Since to compute the dust emission factors of the
city is very hard due to the problem of lack of
necessary input data such as emission rate, chemical
processes among different species, meteorological
impact to the transportation and diffusion of par-
ticulates'”, this study was mainly confined to investi-
gate how total suspended particulate concentration
could vary under the influence of their recycling in
the coastal complex terrain using both three dimen-
sional meteorological model and random walk model.

2. Numerical analysis and data

A three-dimensional non-hydrostatic grid point model
in a complex terrain-tendency coordinate (x, y, z¥),
called LASV-5 model was adopted for a 48 hour
numerical simulation on meteorological phenomena
from 0900LST, August 13 to 0900 LST, August 15,
1995, using Hitachi super computer at Japan Meteor-
ological Research Institute (JMRI)'". Two different
domains consist of 50x50 grid points with a uniform
horizontal interval as 20km in a coarse-mesh model
and 5km in a fine-mesh for one-way double nesting,
respectively. Sixteen levels in the vertical coordinate

were divided from 10m into 6km with a sequentially
large interval such as 10m, 40m, --, 6km, respec-
tively. Twelve hourly global analysis data of wind,
potential temperature, specific humidity, atmospheric
pressure made by Japan Meteorological Agency (JMA),
horizontally and vertically interpolated for two coarse
and fine mesh models with different resolutions.
Initial data of sea surface temperature for the model
were provided by satellite pictureu).

2.1. Meteorological model

The model called LASV-5 is originally devised by
JMRI, JMA and consists of a three-dimensional hy-
drostatic and non-hydrostatic models with a terrain-
tendency coordinate system (x, y, z*) based upon
Boussinesq and anelastic approximations™'?. The
equations of motion, where z' is the terrain-following
vertical coordinate was defined as 6, 8, T, Po, Ny, T,
T, z, zr, zc and Ky imply potential temperature (K),
mean potential temperature of the model domain, air
temperature at a given height, atmospheric pressure at
reference (=1000 mb), Exner function of the model
atmosphere, Exner function of isentropic atmosphere
(6=8), deviation of m, height of upper boundary with
its change. for.-time and place in a model domain,
height of topography and vertical diffusion coefficient
for turbulent momentum (m’s™), respectively. £, g, u,
v, w and W, P, Pg, Ry and C, are Coriolis param-
eter, gravity (ms?), velocity components in the x, y,
z and in the z' coordinate, atmospheric pressure, atmo-
spheric pressure at reference level, gas constant for
dry air and specific heat at constant pressure.

Radiative heating of air was evaluated from ther-
modynamic equation and conservation of water vapor
on potential temperature and specific humidity of
water vapor. Assuming that horizontal scale of the
phenomena is one order greater than vertical scale,
the equation for hydrostatic equilibrium case can be
converted into hydrostatic pressure deviation with a
non-hydrostatic calculation and in the similar way,
non-hydrostatic pressure equation is given with a
non-hydrostatic calculation. For the time integration
and the vertical direction in the z coordinate were
calculated by adopting Euler-backward scheme and
Crank-Nicholson scheme. The atmospheric pressure
changes at the top of model atmosphere with a ma-
terial surface were controlled by wave radiation

condition suggested by Klemp and Durran'”, in order
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to avoid reflections of gravity waves generated in the
lower layers. Periodic lateral boundary condition de-
veloped by Orlanski'® was applied to the calculation
of u, v, 8 and q in this model domain. In our
numerical simulation, time interval, At=30 sec in the
coarse-mesh model and At=10 sec in the fine- mesh
are determined to effectively reduce external gravity
waves appeared in the equations, especially for the
non-hydrostatic model.

The vertical diffusion coefficients, K, and Ky for
momentum and heat in the surface boundary layer
were evaluated from the turbulent closure level-2
model'™'®. For evaluating total net flux of long wave
radiation absorbed by water vapor and carbon dioxide
and flux from the ground surface toward the upper
levels, H,O and CO, transmission functions, effective
vapor amount, specific humidity (gem”), pressure
(mb) at the surface and arbitrary levels were con-
sidered. Total net solar radiation at the ground with a
function of solar zenith angle, latitude, declination
and time angle is calculated by Katayama'””
plified scheme for computing radiative transfer in the
troposphere.

Newtonian cooling due to long wave radiation and
radiative heating rate for air and soil temperatures
near the surface were consider in detail. For energy
budget near the surface, the surface boundary layer
was assumed to be a constant flux layer for esti-
mating sensible and latent heat fluxes and the
similarity theory is adoptedzo’m). On the time variation
of soil temperature and specific humidity at the ground
surface, a force restore method suggested by Dear-
dorff® was employed.

s sim-

2.2. Random walk mode!
Random walk model'” can be given by

Ax=udt
ay=vAt 0)]
Az=wAt

and advection term is carried out by (& 7 ¢)
coordinate as

u*=—a£u+—a—lv+—ag-w
ox 0x

ox
V*=giyu+—g—yﬂ-v+—gé-w 2)
~_ 0 | Oy irle
W= W VT W

For the conservation of mass during the advection
of particulate matters, the transformation of three
dimensional wind fields calculated from z coordinate
system of LASV-5 model into zH= z—z;) coordinate
of random walk model is necessary.

«_ 2z°—h{ Ozeu | dzgv h
W= h—zG( x oy )+ h—zg ¥
(3)
+_ Ozgu  dzgv
W T x ay W

The increase of dispersion distribution by diffusion
processes of particles with the occurrence probability
of each particle as Fickian diffusion is given by

dd?/dt =2k 1G]

and occurrence probability of particle in uniform
random numbers with the same dispersion has

ax=(24k at)"? - RND &)

where Ax and Az are in the similar to ax and
RND is uniform number of (0.5, + 0.5). If particle
undergoes random walk with a small at, particle
distribution can be as Gaussian distribution. In z
coordinate,

7" =AUk o)L

— - RND ©)
o

For the treatment of deposition process below the
reference level ( z= Az), deposition probability of

particle on the ground level can be given as

o oM
M ™

vebt
AZ

where vq is deposition velocity of particle. In no
deposition of particle, a reflection condition is given.
A fine-mesh domain in the particle model consists of
50x50 grid points with a uniform horizontal interval
of 5km as the same as in the meteorological model.
Particles in the model were emitted from the surface
level of Kangnung city at the rate of four particles
per two minutes. After sunset, the number of released
particles was reduced like two particles per two
minutes, due to the reduced number of vehicles on
the street. Numerically calculated results on suspended
particulate concentration were compared with mea-
sured TSP concentrations at Kangnung Environmental

Observatory24).
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3. Results and Discussion

3.1. Dispersion of suspended particulate
(day)

At 1200 LST, as prevailing synoptic-scale westerly
wind blows over Mt. Taeguallyung toward the coastal
sea and ecasterly sea-breeze associated with upslope
wind (valley wind) also comes from the sea up to
the top of the mountain, two different kinds of wind
regimes confront each other along the eastern slope
of the mountain and then onshore wind goes up to
1400 m height, being finally a return flow toward
the East Sea (Figs. 1 and 2). Convective boundary
layer (CBL) is developed with a thickness of about
Ikm over the ground in the upwind side of the
mountain, while the thickness of thermal internal
boundary layer (TIBL), due to the differences of
surface roughness and thermal heating at the interface
of land and sea is only confined to less than 100m
along the eastern slope of the mountain below an
easterly sea-breeze circulation. At 1500 LST, atmo-
spheric circulation and thermal and convective bound-
ary layers have similar patterns as ones at 1200 LST.

At this time, suspended particulate matters also are
floated by thermal convection of air from the ground
surface of Kangnung city, being away from the TIBL

and are uplifted by sea-breeze toward the top of the
mountain. As daytime goes on, the floated par-
ticulates up to the 1400 m height are dispersed
eastward below the height of sea-breeze circulation
and then, widely spread out over the coastal sea
surface (Fig. 3a). At 1500 LST, the floating par-
ticulates are further dispersed over the coastal sea
(Fig. 3b).

3.2. Dispersion of suspended particulate

(sunset and night)

Near sunset, at 1800 LST, the thickness of the
TIBL due to the decrease of solar radiation become
shallower and sea-breeze regime become smaller than
daytime one at 1200 LST. The floating heights of
particulates are much lower than those at 1500 LST
and TSP concentration inside the shrunken TIBL near
Kangnung city became higher. Shortly after sunset,
2100 LST, as internal gravity waves begin to be
developed along the eastern slope of the mountain,
relatively- strong downslope wind (katabatic or
mountain wind) blows toward the city, but sea-breeze
circulation still exists in the offshore side (Fig. 4).
Thus, the particulates move down along the eastern
slope of the mountain toward the coast and the con-
centration of particulates at the city becomes higher
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Fig. 1. (a) Wind fields (ms") in a coarse-mesh domain adjacent to Korean peninsula at 1200 LST, August 14.
Thin dash line and circle o denote topography and Kangnung city. (b) A box indicates a fine-mesh
domain adjacent Kangnung city with 50x50 grids of 5km each interval.
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Fig. 2. (a) Vertical profiles of wind (ms") on a straight cutting line A-B (Mt. Taeguallyung-Kangnung city-East
Sea) in a fine mesh domain of Fig. 1b at 1200 LST. Dash line and Kan denote sea-breeze front and
Kangnung city. (b) Vertical diffusion coefficient for turbulent heat (mzs'l). CBL and TIBL denote
convective boundary layer and thermal internal boundary layer. Sea (----) indicates the East Sea.
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Fig. 3. (a) Transportation of particulates in the coastal region near Kangnung city (Kan) under the influence of
thermal internal boundary layer (TIBL) and upslope wind combined with sea-valley breeze at 1200 LST
and (b) 1500 LST on August 13, 1995. CBL denotes convective boundary layer.

than at 1800 LST (Fig. 5). near sunset, the CBL with a 300 m depth due to the

Fig. 6 shows the hourly concentration of total decrease of solar radiation became much shallower
suspended particulate (ugm'3) at Kangnung city from than that at 1200 LST and the TSP concentration
14 August through 15 August, 1995. At 1700 LST inside the shrunken CBL became higher. Vehicle
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Fig. 4. (a) Vertical profiles of wind vector (ms') on a straight cutting line (Mt. Taeguallyung-Kangnung
city-East Sea) under different sea breeze circulations at 1800 LST and (b) 2100 LST, August 14, 1995.
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Fig. 5. (a) Transportation of particulates in the coastal region near Kangnung city (Kan) at 1800 LST and (b)
2100 LST on August 14, 1995. CBL denotes convective boundary layer.

numbers on the roads increased greatly at the end of
the working day and a large amount of gases and
particulates were emitted, so the TSP concentration
became very high (Figs. 7 and 8). After sunset, 1800
LST, the number of vehicles gradually deécreased and
the emission amounts of particulates also decreased,

hence lowering the TSP concentration.

As cooling of the ground surface, shortly after
sunset was not big, nocturnal surface inversion layer
was not much shallower than convective boundary
layer near sunset. Under this condition, easterly moun-
tain wind toward the basin was not generated and
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Fig. 6. Hourly concentration of total suspended par-
ticulate (ugm™) at a monitoring site of Kangnung
city from August 14 through 15, 1995.

westerly wind still drove the floating particles toward
the mountain until 2000 LST. The tendency of low
concentration of particles in the model result well
matched the measured TSP concentration by MOE>".
After sunset, the number of released particles in the
model was reduced like two particles per two minutes
rather than four particles per two minutes in the
daytime, due to the reduced number of vehicles on
the street.

On the other hand, at 0000 LST, nighttime radiative
cooling of the ground surface produces a shallow
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nocturnal surface inversion layer (NSIL) with a
thickness of about 200 m in the basin surface, but
relatively thin thickness of 100 m near the mountain
surface (Figs. 7, 8 and 9). Westerly downward wind
is associated with eastward land-breeze from the coast
toward the sea, becoming stronger and stronger. Since
the downward wind could penetrate into the city,
uplifted particulate matters during the day also move
down along the eastern slope of the mountain toward
the downtown of the city.

Those particulates combine with the particulates
released from the ground surface of the city (vehicle
and house) and generated by strong surface wind,
and then eastward land-breeze transports them toward
the coastal sea, resulting in a maximum concentration
of TSP on the ground level of the city at 0000 LST.
The fallen down particulates into the coastal NSIL, in
general, are dispersed toward the propagation area of
internal gravity waves. At 0300 LST and 0600 LST,
the particulates move into further the East Sea under
the strong mountain-land breeze and some of them
could be deposited on the sea surface (Figs. 10 and 11).

On the next day at 0900 LST, some of dispersed
particulates over the sea surface for the nighttime
hours return to the coastal inland by westward sea-
breeze. Recycled particulates combine with emitted
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Fig. 7. (a) Surface wind (ms") in a coarse-mesh domain adjacent to Korean peninsula at 0000 LST, August 15.
Thin dash line and circle o denote topography and Kangnung city. (b) A box indicates a fine-mesh

domain near Kangnung city.
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the coastal region (Kan) at 0000 LST and (b) maximum concentration of total suspended particulates
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following the propagation of internal gravity waves and the others are deposited on the sea surface.

particulates from the downtown ground surface of the
city in the moring and float again from the ground
surface toward the top of the mountain by upslope
wind (valley wind). TSP concentration at 0900 LST

is relatively higher than one in the previous day. The

tendency of low concentration of particles in the

model result well matched the measured TSP con-
24)

centration by MOE™,
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Fig. 10. (a) Vertical profiles of wind (ms') on a straight cutting line (Mt. Taeguallyung-Kangnung city-East
Sea) with maximum developments of internal gravity waves at 0600 LST, August 15, 1995. (b) Three
different kinds of wind regimes such as westerly downslope wind, internal gravity and sea-breeze at

0900 LST.
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Fig. 11. (a) Transportation of particulates under strong downslope wind and land breeze into Kangnung city in
the coastal region (Kan) at 0600 LST. (b) At 0900 LST, some of particulates are recycled from the
sea into the city by easterly sea-breeze and combined particulates with recycled one from the sea and
emitted one from the ground surface of the city in the moming float again toward the mountain top.

4. Conclusions 1 km over the ground in the west of the mountain,
while a thickness of TIBL is only confined to less
Convective boundary layer under synoptic scale than 200m along the eastern slope of the mountain,

westerly wind is developed with a thickness of about below an easterly sea breeze circulation. At the mid
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of the eastern slop of the mountain, westerly wind
confronts easterly sea breeze, which goes to the
height of 1700 m above sea level and is finally
eastward return flow toward the sea. Particulates
floated from the ground surface of the city to the top
of TIBL go along the eastern slope of the mountain
in the passage of sea breeze, being away the TIBL
and reach near the top of the mountain. Then those
particulates disperse eastward below the height of
sea-breeze circulation and widely spread out over the
coastal sea. Total suspended particulate concentration
near the ground surface of the city is very low.

On the other hand, nighttime radiative cooling
produces a shallow nocturnal surface inversion layer
with a thickness of about 200 m over the inland
surface, but relatively thin thickness of less than
100m is found near the mountain surface. As synoptic
scale westerly wind should be intensified under the
association of mountain wind along the eastern slope
of mountain to inland plain and further combine with
land-breeze from inland plain toward sea, resulting in
strong wind as internal gravity waves with a hy-
draulic jump motion bounding up to about lkm
upper level in the atmosphere in the west side of the
downtown of the city and becoming a eastward return
flow.

Simultaneously, wind near the eastern coastal side
of the city was moderate. Since the downward strong
wind penetrated into the city, the particulate matters
floated near the top of the mountain in the day also
moved down along the eastern slope of the mountain,
reaching the downtown and merging in the ground
surface inside the NSIL with a maximum ground
level concentration of total suspended particulates
(TSP) at 0300 LST. Some of them were bounded up
from the ground surface to the 1 km upper level and
the others were forward to the coastal sea surface,
showing their dispersions from the coastal NSIL
toward the propagation area of internal gravity waves.

On the next day at 0600 LST and 0900 LST, the
dispersed particulates into the coastal sea could return
to.;the coastal inland area under the influence of sea
breeze and the recycled particulates combine with
emitted ones from the ground surface, resulting in
relatively high TSP concentration. Later, they float
again up to the thermal internal boundary layer, fol-
lowing sea breeze circulation.
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