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ABSTRACT

This paper presents a study on air pollutant dispersion from an elevated accidental release from the space
shuttle tower at the Kennedy Space Center in Florida under the influsnce of a strarified onshore flow. The
temperature difference between land and ocean can generate a focal sea—lend circunlation and a thermal internal
boundary layer. Both play a significant roie in the coastal dispersion. Results from a Gaussian dispersion model
and those from numerical simulations show that the concentrations obtained from these two distinctly different
methods are of the same order of magnimde and have similar pagems. Numerical simultations were performed
by combining the Advanced Regional Prediction System with an Eulerian poliutant dispersion model. Numerical
sensitivity experiments were conducted to investigate the effects of upwind stability, coastal tapography, and
calm wind condition. Numerical results also show that the dispersion pattern from a continuous release is

significantly different from that of a finite release.

1. Introduction

. Many cities and about half of the population around
the world are located in economically active coastal
regions; hence coastal regions are potential locations
for the release of hazardous materials. Topography in
coastal regions is generally quite complicated. The tem-
perature difference between ocean and land can gen-
erate a local sea—~land breeze circulation, and if rivers
and cities are located in the coastal area, they can pro-
duce complex local thermal circulations. The surface
-temperature contrast between ocean and land initiates
a thermal internal boundary layer (TIBL), which has
a critical effect on shoreline dispersion.

In this paper, dispersion from the launch tower at the
Kennedy Space Center (KSC) in Florida (28.5°N,
B0.5°W) due to0 an accidental release is considered. The
space shuttle launch pads are located at about 0.5 km
inland of the Cape Canaveral coastline. The release is
assumed to happen at the top of the 60-m launch tower
with a strength of 9.887 x 10!! ug s~ for a space shut-
tle. The poilutant release from the explosion of the
space shuttle is considered as an elevated continvous
point source. Coastal dispersion is evaluated using a
Gaussian analytical dispersion model and an Eulerian
dispersion model coupled with a mesoscale meteoro-
logical model.

The simulation domain is 40 km X 40 km with a
horizontal resolution of 1 km X 1 km. KSC is located
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near the center of the simulation domain and is about
25 km from the western boundary and 20 km from the
southern boundary (Fig. 1). The 6-km-wide Indian
River is located to the west of the KSC, about 12 km
away. The release is assumed to occur in the late mom-
ing as the land surface is warming up. The air temper-
ature immediately above the ocean is assumed to be
295 K, about 6 K lower than that over land. Air tem-
perature over the Indian River is assumed to be 297 K.
Easterly onshore flow is stable with a speed of 6.5
ms”~'. These values are consistent with the general
flow pattern over the region (Boybeyi and Raman
1992). Chemical reactions and decays of the pollutants
are not taken into account. The effects of the plume
buoyancy and dry and wet depositions are neglected.
The dispersion is mostly affected by flow advection and
turbulence diffusion processes.

The shoreline fumigation was studied by Deatr-
dorff and Willis (1982), Misra (1980), van Dop et
al. (1979), and Venkatram (1988) using extended
Gaussian models. These models illustrate a general
method of dealing with dispersion in which the
boundary layer undergoes a transition in properties.
Yamada et al. (1992) used a 3D hydrodynamic at-
mospheric model and a random puff dispersion
model to forecast the dispersion of airborne material
along the California coast. A mesoscale modeling
system (Uliasz 1993), which included a 3D meso-
scale model with a Lagrangian particle model and an
Eulerian grid model, was developed to investigate
atmospheric flow and poilution dispersion over com-
plex terrain. In general, Gaussian models are more
suitable for smaller spatial scales. Mesoscale models
that are coupled with dispersion models mentioned
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Fro. 1. Simulation domain (40 km X 40 km) along the Florida
coastline with the Kennedy Space Center (KSC) located near the
center.

above are often hydrostatic and are good for long
range dispersion. So far, there have not been careful
comparisons of results using Gaussian models and
mesoscale dispersion models. A high-resolution,
nonhydrostatic mesoscale model is required to cou-
ple with Eulerian dispersion model to study coastal
dispersion.

An objective of this study is to compare the disper-
sion in a coastal region using two distinctly different
models: a Gaussian model and an Eulerian model. The
Gaussian dispersion modet for the coastal region is dis-
cussed in section 2. Section 3 presents the numerical
simulations using the Advanced Regional Prediction
System (ARPS), a nonhydrostatic mesoscale meteo-
rological model originally developed by the Center for
Analysis and Prediction of Storms {(CAPS), combined
with an Eulerian pollutant dispersion modei. Numerical
sensitivity experiments are conducted to show the ef-
fects of upwind stability, release time, coastal topog-
raphy, and calm wind condition.

2. Gaussian dispersion in the coastal region

Gaussian models are widely used in air quality
studies. They are simple and easy to use, but have
many limitations. A Gaussian model can be devel-
oped from a pollutant mass conservation equation as
below:
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where ¢ is pollutant concentration; u, v, and w are ve-
locities in x. ¥, and z directions, respectively; and K.,
K,, and K, are the turbulence diffusion coefficients in
x. v, and z directions, respectively. To get a Gaussian
solution from the pollutant mass conservation equation,
the following assumptions are generaily made ( Turner
1994): (i) emission from the source is conunuous and
constant; (ii) mass of the pollutant is conserved during
the transport of pollutant—in other words, none of the
material is removed or lost through chemical reaction,
gravitational settling, or turbulent impact; and (iii) me-
teorologicai condition is steady state. The third as-
sumption is not valid under light wind conditions and
at great transport distance. Using the slender-plume ap-
proximation, that is, the diffusion in the mean wind
direction is much less than mean wind advection, Eq.’
{1) can be simplified when the x direction is along the
mean wind:

dc d*c B
u—=K,— -
Ox dy 0z
Gaussian models do not contain the pollutant source
strength in the mass conservation equation. The source
strength is usually obtained from the constant mass fiux
transported by mean wind; that is,

_” ucdydz = (.,

where (), is the mass of the pollutant released per
second.

Under the assumption of constant eddy diffusivity
and uniform wind in vertical and horizontal directions,
4 Gaussian distribution is obtained. Thus, the Gaussian
solutions are for use in simple meteorological back-
ground without wind shear. Theoretically, they are un-
snitable for complex terrain. In real situations, homog-
enous wind and terrain are usually not present, espe-
cially in cities and coastal regions where most of the
poilutants are generated and where local ‘“urban heat
island’’ circulations and sea—land breeze circulations
dominate. However, modified Gaussian models are still
used for air quality evaluations in cities and coastal
regions. Effect of the TIBL is generally considered
when Gaussian models are applied to shoreline disper-
sion {Misra 1980); however, local sea—land breeze cir-
culations have not been included.

+ Kz {2)

(3)

a. TIBL height

Dynamics of the TIBL is an important consideration
to predict the dispersion in coastal regions. When a
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stratified onshore flow occurs over a heated land sur-
face, a mixed layer (or convective TIBL.) forms and its
depth increases with distance downwind of the shore-

line. Venkatram ( 1988 ) derived the TIBL height based -

on thermai energy balance as

s | s @

where £ is TIBL height (m), I/ the mean wind speed
downwind, y the potential temperature gradient over
water, and F an entrainment fraction. If wé, is con-

A(x) = A*(0) +

stant, Eq. (4) can be reduced to the equations sug-.

gested by Weisman (1976) and Plate (1971) with
different values of F. The value of F here is set as
1/4, then the inversion heat flux is one-fifth of the sur-
face fiux. The TIBL height is not sensitive to the value
F (Venkatram 1988). Because the surface heat flux
w6, is driven by temperature differential between the
heated land and onshore flow, it is reasonable to assume

;VTQ = Al (81 — Ow), (3

where the empirical factor 4 is likely to be site specific,
uy the downwind surface frictional velocity, 4, the
downwind land surface potential temperature, 8y the
upwind potential temperature over water, and ¥ the up-
wind vertical potential temperature gradient. For fur-
ther simplification, assuming #(0) equals zero, Ven-
katram (1977) suggested a relation as follows:

_ oy [2(8 — Gw)x]”?
""U[vcl—m] ’ ©

where x is the downwind distance from the coastline.
This equation is similar to the empiricai one suggested
by Raynor et al. (1975). Equation (6) indicates that
the square of the TIBL height is proportional to the
potential temperature difference between the land and
the water, and is inversely proportional to the upwind
vertical potential temperature gradient. The stronger
the stability upwind, the shallower the TIBL. One prob-
lem is that Eq. (6) has singularity as ¥ — 0 in the near-
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Fio. 2. Distribution of TIBL heights in a region
with ocean—land-—river—land interfaces.
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neutrai condition and the TIBL height may be overes-
timated.

For this study the surface friction velocity u, is ob-
tained using the similarity theory in the boundary layer.
The surface roughness over land is assumed to be
0.01 m. Roughness over the ocean is assumed as
0.035u%/g. The stability -y depends on the stability of
upstream flow. When the Brunt—Viisili frequency of
inflow is 0.01 s, the stability y is about 0.003 K m™"
for the ocean, —0.003 K m™" for the river surface, and
0.001 K m™ for the land surface.

The structure of three TIBLs estimated by Eq.(6)is
shown in Fig. 2. TIBL 1 caused by the temperature
difference between ocean and land is the most impor-
tant. The height of TIBL 1 can reach to about 600 m
at 10 km from the coastline. This TIBL. is unstable and
affects a broad area of simulation domain. Above TIBL
1, the atmosphere is still very stable and controlled by
the upstream inflow from the ocean. TIBL 2 that forms
on the Indian River, is stable and very shallow (less
than 200 m) because the Indian River is narrow and its
temperature is cooler than the air above. The dowawind
part of the stable TIBL 2 above the land is destroyed
by a convective TIBL 3 generated at the land-river
boundary. Because of the low y (less stable) over the
Indian River, the height of TIBL 3 increases faster than
that of TIBL 1. The air in the unstable TIBL 3 will mix
with air in TIBL 1. This type of TIBL within a TIBL
pattern can also be seen in numerical simulations in
section 3b.

b. Gaussian dispersion

The TIBL caused by the temperature difference be-
tween ocean and land plays a very important role in the
coastal fumigation. However, the local sea—land breeze
circulation cannot be included since the Gaussian
model is derived for a homogeneous wind condition.
Figure 3 shows a schematic of shoreline fumigation.
Usuaily the plume is initially embedded in the stable
onshore flow. Fumigation is associated with the en-
trainment of the plume from the stable layer into the
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growing TIBL. Within the TIBL, the atmosphere is un-
stable and the pollutant is assumed to be fully mixed
in the vertical. Misra ( 1980) and van Dop et al. ( 1979}
obtained the following equation using slightly different
derivations:

Q. 1
2rh(x) Jo o,V

2 4 2
X exp(-%-) Z:p-,exp(— 22,_ )dx’, (7N
e

clx,y,0)=

where
hix') — hAx’
plx) = %ﬂ (8)
and
o2, = oi(x'}y + o3 (x,x"), &)

where (, is the strength of a continuous point source,
h(x) the height of the TIBL, A.(x) the effective height
of point source, U the wind speed, and o, and o, are
the lateral and vertical diffusions in the stable layer.
Van Dop et al. (1979) assumed that plume spread in
the TIBL is related to particle release at x = 0. This
indicates

ol (x,x") =oj(x)— gi(x"). (10)
Venkatram ( 1988 ) made an assumption that the rate of
growth of o, in the TIBL will not be affected by con-
vective turbulence and hence reduced Eg. (7) to a sim-
pler form:

e{x,y,0)

2. R(x) = h,cx)”
S N e
zEUa,h(x){ e [ o

yZ
x exp(—- —-*20_2) . (1D
;

This may cause overestimation of the concentration
distribution because the o, in the stable condition is
smaller than that in the unstable condition. When the
elevated point source is quite near the TIBL, itis pref-
erable to use ¢, value in the convective TIBL.

Above the TIBL, atmosphere is still very stable and
the dispersion there is not affected by the interface re-
fractivity effects since the entrainment occurs at the top
of the TIBL. Thus, the dispersion above the TIBL sat-
isfies

9,

“003: D) = 2,0,
! y“r

-

2 —h 2
% exp(—— ;?) exp[—(z—zaz—')] . {12)
¥ z
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The stability classification system of the diffusion
coefficients proposed by Pasquill and later modified by
Gifford (known as the PG system) is the most popular
one in air quality evaluation that defines six classes.
Since the stability over the ocean is related to the tem-
perature difference between surface water and air mass
advected over it, it is not closely related to the local
radiation inputs which is used in the PG system. The
Pasquill -Gifford classification cannot charactenize dis-
persion over water aithough the PG system works well
over land where the diurnal radiative forcing plays a
major role. To make use of the modified PG system for
the open country by Briggs (1973), it is assumed that
B class is over land and F class is over the ocean when
the large-scale inflow with a speed of 6.5 ms™' and a
Brunt- Viisili frequency of 0.01 s™' passes over the
heated land.

When the Gaussian dispersion is applied to the ac-
cidental release at KSC with a grid resolution of 1 km
% 1 km in the horizontal and 25 m in the vertical, only
TIBL 1 near the coastline is considered. The TIBLs
caused by the existence of the Indian River are not
important since the Indian River is too narrow and too
far (12 km) from the release source. Using the coastal
fumigation relation Eq. (11) and the stable dispersion
relation equation ( 12), the pollutants are dispersed and
transported in the downwind direction (Fig. 4). The
horizontal extent of the plume (characterized by 2
X 10* ug m~? contour) is about 5 km wide, and the
maximum ground-level concentration is 3.925 x 10°
ug m™ located near the elevated source (Fig. 4a).
From a vertical section of the concentration distribution
through the continuous point source, it is obvious that
the pollutant distribution is uniform in the vertical ex-
cept at the top of TIBL 1 (Fig. 4b). Only few pollutants
are transported above TIBL 1, and the distribution of
the pollutants corresponds to be the shape of TIBL 1.

The sensitivity experiments show that the results
from the Gaussian model are sensitive to the wind di-
rection. If the plume central line is not parallel to the
wind direction, the maximum concentration becomes
much smaller. In the real atmosphere, wind is usually
not in steady state, and it is difficult to detect the peak
of the potlutants. Since the concentration decays ex-
ponentiaily with distance in the Gaussian distribution,
the grid resolution and the position of the source affect
the concentration in the whole domain. Many assump-
tions made in Gaussian dispersions impose limitations
on their applicability. For example, the assumptions of
complete mixing in the TIBL and the neglect of the
local sea—land circulations do not reflect the real dy-
namics and thermodynamics. Numerical simulations
may give more realistic solutions:

3. Numerical simulations

Three-dimensional numerical simulations in the
coastal region are performed using the ARPS model
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FiG. 4. Dispersion in the coastal region: (a) ground-ievel concen-
tration (g m™) and (b) vertical section through the continuous point
source at y = 20 kin. The maximum ground levei concentration is
3925gm™.

coupled with an Eulerian dispersion model. In addition
to the TIBL effects, which are discussed in the previous
Gaussian dispersion, the orientation of the coastline and
shape of the Indian River, and its associated local cir-
culations, are important factors inciuded. The ARPS
model and the initial conditions used in the model are
briefly described in section 3a. Section 3b shows the
comparison between numerical simulations and the
Gaussian dispersion. The numerical sensitivity experi-
ments are discussed in section 3c.

a. A brief description of the ARPS model

The ARPS model is a three-dimensional, nonhy-
drostatic and fully compressible primitive equations
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model (CAPS 1993). The simplified equations in a
Cartesian coordinate system are given below. A poi-
lutant conservation equation for concentration is added
to predict the concentrations for this study. The equa-
tions are

ar 8x By Oz
13(p +p") )
PR +fu+ D, (13)
@—— uéu-+u2+w'@)
-8 ox By 8z}
185 +p’)
————" —fu+D,, 14
Pl fu (14)
LA OO AL S -4
a  \“&T"% 9z
A (R0 1 DN N
P 9z
58 o8 a8 a8
E:-(ua+v5+wa)+na, (16)
o _ (o o
t (“8x+v3y+waz)
_{(,%, 08 0
(“ax+”8y+w3;)
du & Ow
— 2—-— —_— —
pc,(ax+ay+az), (17)
de dc de dc
a——“(ua_z’+ua_y‘+wa_z)+Dc+Scs (18)

where u, v, and w are the Cartesian components of ve-
locity; ¢ the potential temperature; [ the base-state
pressure; p’ the pressure perturbation; p the density; ¢
the air pollutant; f the Coriolis parameter; c, the speed
of sound; and S, the source of pollutants. Terms D,,
D,, and D, indicate the subgrid-scale turbulence mix-
ing terms in the u, v, and w momentum equations, while
Dy and D, are mixing terms in the potential temperature
and the air pollutant equations. These terms are ex-
pressed in terms of Reynolds stress terms Tt

_Ory Oy By

D'-6x+3y+3z’ (19)
_3"’2: Oy Oy

D, = ax+ay+az’ (20)

D-=6T3[+3T32+3f33 (21)

8x  ay 8z '
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a3 a6 a3 a9 a as
(w5 5 (n5) )
(23)
a8 dc a ac 8 dc
o.-2(x5) 5 (05) -z (0 5):
(24)

where K., and X, are the turbulent coefficients for mo-
mentum and heat transfer. Here, K,,/Kn = Pr with Pr
representing the Prandt]l number.

The key to a turbulence closure scheme is determi-
nation of the mixing coefficients. The modified Sma-
gorinsky scheme ( Smagorinsky 1963; Lilly 1962) de-
fines K, as

Ko = (kA)Y[max(|def]? — N*/Pr, 0)1'%, (25)

where N is Brunt— Viisdld frequency, k the von K4rman
constant, and A the minimum grid space. The magni-
tude of deformation |def| is given by
|def)|? = { (D}, + Dk + D)

+ D% + DY + DE — §div:.  (26)

Arakawa C grid with a terrain-following coordinate is
used in ARPS. A technique that separates the acoustic
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waves from other processes is used to soive the fluid
dynamics equations. An explicit leapfrog scheme is
used with larger time steps for the time integration of
the nonacoustic wave terms. The large time step is con-
strained by the linear stability condition for gravity
waves. The forward-in-time scheme is used for the
lreatment of sound waves. Two options (the explicit
a:lld implicit solutions) are given for the time integra-
tion of acoustic waves using small time steps. A con-
straint for the small time steps is required to satisfy the
linear stability for sound waves in the explicit solution;
however, no constraint for the small time step is needed
using the implicit solution. The vertical stretch grid op-
ton is used to increase the resolution in the lower lay-
ers. Klemp and Wilhelmson (1978) scheme is used for
the lateral boundary conditions. The second- and
fourth-order computational mixing with constant mix-

ing coefficient are included to filter the computational
noise. The Asselin time filter is used to damp the com-
putational mode related to the leapfrog scheme. The
divergence damping is used to suppress the acoustic
waves. The Rayleigh sponge layer is used to damp the
gravity waves that can be reflected back from the top
boundary.

The numerical model is initialized using a single
sounding. A simple horizontally homogeneous, strati-
fied fluid with a constant Brunt—Viisili frequency of
0.01 s~! is used as the initial setting for all simulations
except in one sensitivity experiment with N = 0.02 s,
Uniform onshore wind of 6.5 m s™' is assumed as the
base-state wind in all simulations except one with the
calm wind condition. Different from Gaussian disper-
sions, the pollutant concentration. in the numerical
model is obtained as the averaged concentration in the
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0.025 g m™>; and {d) ¢ = 3600 5. maximum 0.024 g m~* and

grid volume. Hence, the concentration depends on the
model resolution. In most of simulations, the horizontal
resolution is 1 km X 1 km. A stretched grid is used in
the vertical with an average resolution of 250 mand a
resolution of 25 m at the lowest level. The dimensions
in the numerical simulations are 41 X 41 X 33. Since
the simulations have a high resolution of 25 m in the
vertical, the model integration is 0.5 s in order to sat-
isfy the requirement of the linear stability for the grav-
ity waves. Simulation results reach quasi-steady state
after 1 h of model integration. One hour is also the
approximate time required for the poilutants to be
transported from the point source to the western
boundary of the domain under an easterly wind.
Therefore, an integration time of 1 h is used for this
study. The release time is the same as the integration

contour 0.0025 g m~>.

time for the continuous source except in one sensitiv-
ity experiment where a release time of only 5 min is
assumed to simulate a finite source with the same
amount of material. Radiating boundary conditions
are used at the boundaries.

b. Comparison with the Gaussian dispersion

To compare with the (Gaussian dispersion, a2 numer-
ical simulation, considered as a control run experiment,
is designed here with 1D terrain distribution, a straight
coastline, and a straight Indian River. This simulation
has the same kind of ocean—land—river pattem as that
in the Gaussian dispersion and also has the same sur-
face temperature distribution (Fig. 5a)- The meteoro-
logical background is similar: the onshore inflow has a
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wind speed of 6.5 ms™' and a Brunt—Viisild fre-
quency of 0.01 s ™ for stability. A major difference be-
tween the Gaussian dispersion and the Enierian disper-
sion are that Gaussian model has a constant diffusiviry
and does not consider local circulations. When the local
circulations are not strong, the basic TIBL structure is
determined by the surface temperamre difference, ap-
wind speed, and inflow stability. The TIBLs can sill
be retrieved in the 3D simulation. Because the Gaussian
dispersion is a steady-state solution, it is imperative that
the quasi-steady-state numerical simuiation is used to
compare with it. ‘

After | h of integration, the model reaches a steady
state. Figure 5¢ shows a vertical structure of the TIBL
through the potential temperature field. Parabolic shape
of the temperature contour indicates the shape of the

TIBL. Two convectve TIBLs forms over land and one
stable shallow TIBL forms over the river. The numer-
ical simulation shows a similar structure of the TIBLs
as that predicted by Eq. (6). The TIBL near the shore-
line reaches about 900 m at 10 km downwind of the
coastal line and is about 50% higher than the TIBL |
in Fig. 2. This increase might have been caused by the
upward branch of the sea-breeze circulation. The TIBL
height above the Indian River (TIBL 2) is about 200
m, same as the one predicated by Eq. (6). The TIBL
caused by the river—land interface is 700 m at western
boundary, about 10% lower than TIBL 3. This is due
to the fact that Eq. (6) is not appropriate for near-neu-
tral- condition. The numerical simulations. produce a
pattern with one TIBL existing within another when a
stratified onshore flow passes over complex topogra-
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phy. These results support the TIBL within TIBL struc-  in width according to the 2 X 10* ug m™ contour line.
This comesponds ta an increase of about 50% in the
Three local circulations form and are caused by three  width of the Gaussian plume. However, it is shorter
interfaces between ocean, land, and river. The circu- than the Gaussian plume because the circulations
lations appear to increase the low-level wind speed by caused by the temperature contrast between the land
about?oo%overthelandsurfaceanddecreasebyabout and river decreases the wind speed over the river and
30% over the river. Since the ocean—land breeze in- hence suppresses the transport downwind. The circu-
creases the wind speed at low leveis, the pollutants are lations disperse the pollutants in the vertical and the
transported more quickly downwind. This locai circu- low concentration is found at the top of the TIBL. The
lation also extends the piume in the vertical direction. maximum concentration in the whole domain is 0.919
X 10% ugm™, as can be seen in a vertical section

The maximum ground level concentration of 0.453
-3 (Fig. 5b) is much smaller than the through the point source (Fig. 5d). This value is two
times as large as the maximum ground level concen-

tare shown in Fig. 2.

x 10° ugm
Gaussian estimation. This reduction is mostly due to
ed concentration in the tration, which indicates that the pollutants are not fully
7Skm mixed in the vertical as was found in the Gaussian dis-

the use of a grid volume averag
numerical simulations. The plume here is about
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persion. The maximum concentration in the Gaussian
dispersion is four times larger than that in the numerical
simulation. If the Gaussian concentration field is con-
verted to grid-averaged concentration by using nine-
point smoothing, the maximum of the averaged con-
centration is 1.102 X 10% xg m™. The difference in
concentration is now less than 20%. Similar dispersion
patterns of the plume and the same order of magnitude
of the maximum concentration show that the resuits
from the Gaussian dispersion model and the Eulerian
dispersion model are similar.

c. Numerical sensitivity experiments

Several numerical sensitivity experiments are con-
ducted to investigate the effects of stability, release

time, rate of release, topography, and the calm wind
condition where the vertical wind shear caused by the
local circulations dominates and Ganssian dispersion
equation is unsuitable. All the numerical simuiations
here include effects of local circulations and the TIBLs
caused by the ocean—land—river-1land interaction. The
numerical results also show that the concentration is
very sensitive to the model resolution. The reduction
in horizontal resolution affects the concentration dis-
tribution much more than the reduction in vertical res-
olution.

1) SENSITIVITY TO DIFFERENT UPWIND
STRATIFICATION

Upwind atmospheric stability is important since it
affects TIBL formation, which in turn influences the
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dispersion characteristics. When the onshore flow is
very stable, the TIBL height is shallow and the volume
over which pollutants diffuse is smaller. The sensitivity
experiment here is the same as the control run except
that N = 0.02 s~*. It has the same surface temperature
distribution (Fig. 6a), but the vertical potential tem-
perature gradient is four times that in the control run
(Fig. 6c). The predicted TIBL height in this case is
about 400 m at 10 km from the point source, about haif
the TIBL height in the control case. This result supports
the relation between the stability y and the TIBL height
in Eq. (6). Local circulations are depressed in both the
u and w fields as compared to the control run case.
Pollutants are mostly found below 400 m, trapped
within the TIBL (Fig. 6d). The plume is wider (about
11 km) and thicker in downwind direction since much

more pollutants are transported there and the diffusion
is low (Figs. 6b,d). For example, the surface concen-
tration at 10 km from the elevated point source is 0.25
% 10° ug m™?, about three times the concentration in
the control run. Since the local circulation is weaker,
its effect is not obvious in the concentration distribu-
tion. The maximum surface concentration is 0.563
X 10° pg m™?, and the maximum concentration in the
whole domain is 1.14 x 10% ug m™, both showing an
increase of about 24% as compared to those in the con-
trol run.

2) EFFECT OF RELEASE PERIOD

Dispersion from a finite source is different from the
dispersion from a continuous source. An experiment
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with 5-min release from the elevated point source with
the same total rejease is designed here to investigate
the differences in the dispersion patterns. To keep the
same total release, the actual release rate for 5 min has
to be 12 times as large. The meteorological parameters
are the same as in the control run.

Most of the pollutants are iocated near the elevated
point source at the time (+ = 300 s) when the source
stops releasing the material (Fig. 7a). During the re-
lease time the pollutants are not trapsported much
dewnwind. The maximum concentration is 11.3 X 10¢
ug ™ as this ime and is almost 13 times larger than
that of the controk ras. This period of dispersion is still
like a continuous release. After that time (the first 5
min), there is no peollutant release and the material is
transported downwind like a puff. At 1 = 900 s, the
puff becomes larger and moves away from the point
source mostly transported by the ambient onshore wind
{Fig. 7b). At the top of the puff, effect of the local
circulation can be seen. The potlutants decay very fast
and have a maximum value of 0.789 X 10° ug m™,
about 14% less than that in control run. The puff moves
farther to the west, and the maximum concentration is
0.177 % 10® ug m~* at 30 min (Fig. 7c). At 1 k, the
puff is at the western boundary of the model domain
and is very weak with a maximum concentration of
0.24 x 10° pg m™? (Fig. 7d). Results thus show that
the release time plays a major role in the dispersion
pattern.

3) EFFECT OF REAL TERRAIN DISTRIBUTION

The topography of the Cape Canaveral coastline in
Florida, including the shape of the Indian River and the
coastline orientation, is considered in this simulation.
The purpose of this simuiation is to investigate the ef-
fects of the real topography. All other conditions are
similar to those in the control run.

Figure 8c shows a sudden change in potential tem-
perature along the Cape Canaveral coastline and around
the Indian River. Unlike the setting in the control run,
variations of the surface temperature in the y direction

are considered. Acceleration of the onshore wind is pre-

dicted over the land and deceleration over the Indian
River (Fig. 8a). The local circulations are more com-
plex (Fig. 8b). A convergence zone occurs near the
coastline and a divergence zone above the Indian River.
The pollutant plume becomes wider (8 km) and shorter
above the divergence zone. The maximum ground-
level concentration is 0.442 X 10° ug m™3, close to the
value in the control run (Fig. 8d).

The structure of the mesoscale circuiations is shown
through a vertical section across KSC (Figs. %a,b). The
overall TIBL pattern represented by the potential tem-
perature field is very similar to that in the control run
(Fig. 9¢). The sea—land breeze circulation is similar to
that in the control run, but the local river—land circu-
lations are stronger (Fig. 9d). The poilutants are not
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advected farther downwind and the plume is shorter.
Most of the pollutants are trapped below 400 m in the
vertical. The dispersion pattern cutlined by the 0.02
%X 10° ug m™ contour is also similar to that in the con-
trol run. The maximum concentration is 0.958 X 10°
pgm~3, 1.04% of that in the control run simulation.
These numerical experiments indicate that the control
run without the real topography can be used to repre-
sent the general dispersion pattern. However, local dif-
ferences in concentrations are caused by the shape of
the Indian River and the coastline.

4) DISPERSION IN CALM INITIAL WIND

The dispersion patter in calm wind conditions couid
be very different from that with initial ambient wind.
To investigate this phenomenaon, the sensitivity exper-
iment is conducted with the same topography (Fig.
10c¢}, but with no ambient wind. In this case, Gaussian
dispersion models become invalid because of strong
circatations.. The slender-plume approximation is no
longer valid under these conditions.

Surface potential temperature is set the same as the
previous case with the land warmer than the ocean and
the river (Fig. 10c). Under this kind of surface forcing,
sea and river breezes dominate (Fig. 10a}. Surface con-
vergence lines associated with the heated land and a
surface divergence line associated with the cool river
surface can be seen. The convergence zones correspond
with upward motion, while the divergence zones cor-
respond with the downward motion (Fig. 10b). Surface
flow is more complicated and the pollutants are mostiy
located near the source, which is totally different from
the dispersion with ambient wind (Fig. 10d). Strong
local circulations prevent the pollutants from being
transported away from the source. The maximum
ground-level concentration is 0.503 X 10° ug m™,
larger than that in the previous case with ambient wind.

The ocean—land and river—land circulations, driven
by the local surface temperature differences, are shown
in Fig. 11a. These three circulations are especially seen
clearly in the vertical cross section of the w field (Fig.
11b). The maxumum vertical velocity reaches 4.4
ms~!, as against 1.2 m s ' for the case with an initial
ambient wind. The TIBL within TIBL structure in the
previous case is not seen, and strong circulations help
the surface effects to be extended to higher levels ( Fig.
11¢). Because of the strong local circulations associ-
ated with the sea-breeze front, most of the pollutants
are located near the source with no downwind transport
(Fig. 11d). Some of the pollutants are transferred to
higher leveis. Domain maximum concentration reaches
1.24 X 10® ug m™*, increasing by 29.4% as compared
to that with uniform wind upstream. This sensitivity
experiment shows that the local circulations are
stronger for calm ambient wind, and they do play an
important rele in the dispersion.
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4, Summary

Dispersion from an elevated release near the Florida
coastline has been estimated using two different mod-
els. One is a Gaussian dispersion model, and the other
is an Eulerian di ion model coupled with a non-
hydrostatic meteorological model. The temperature dif-
ference between land and ocean generates a local sea—
land circulation. A thermal internal boundary layer
(TIBL) also develops. Both play a significant role in
the coastal dispersion.

The Gaussian model is generally used in simple me-
teorclogical conditions. A modified Gaussian model
that includes the effect of TIBL is normally used in the
coastal region. Resuits show that the concentrations ob-
tained from these two distinctly different methods are
the same order of magnitude and the plumes have sim-
ilar dispersion patterns. However, Gaussian dispersion
does not provided detailed structore of the plume. One
shortcoming of the numerical simulation is that the
concentrations are grid averaged. Sensitivity experi-
ments with the numerical model reveal that the coastal
dispersion is affected by magnitude of the ambient
wind, upwind stability, source release time, grid reso-
Jution, and coastal topography.
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