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Abstraet--Estimates of maximum ground-level concentrations of SO 2 due to anthropogenic emissions
have been made for two National Park Service management areas in southern Florida as part of an
interdisciplinary biological effects study for these areas. The nearest major sources of SO 2 are located at
least 60 km away on the southern Florida coast so that mesoscale atmospheric transport must occur for the
receptor areas to be affected by these sources. A mesoscale atmospheric dispersion modeling system
consisting of a three-dimensional mesoscale meteorological model and a three-dimensional Lagrangian
particle dispersion model were employed to make the estimates for a realistic worst-case summer meteorological scenario. The temporal and spatial variations of the meteorological fields resulting from the
interaction of sea and land breezes with the synoptic flow were simulated with the meteorological model for
the southern Florida peninsula. The dispersion characteristics of plumes emitted from four major elevated
point sources were then evaluated using the Lagrangian particle model (i) by means of particle dispersion
plots and (ii) by computing the 3-h-average ground-level SO2 concentrations. A comparison was made
with concentrations estimated using a plume-trapping formulation and the TVA trr curves. The study
results illustrate the complexity of the dispersion patterns which can occur for travel distances on the order
of 100 km in a coastal area due to diurnal effects and mesoscale circulations, and demonstrate the potential
of the mesoscale atmospheric dispersion modeling system for studies of air quality in complex terrain.
Key word index: Mesoscale dispersion modeling, mesoscale meteorological model, Lagrangian particle
model, particle dispersion model, elevated plumes, sea breezes, coastal dispersion.
I. INTRODUCTION
The close proximity of National Park Service (NPS)
management lands in southern Florida (Everglades
National Park, Big Cypress Preserve) to rapidly growing urban areas on southern Florida's east coast
(Miami, Fort Lauderdale West Palm Beach) and west
coast (Fort Myers) has led to concern over the potential impacts of urban air pollutants on these relatively
pristine park areas. An interdisciplinary research project into the biological effects of air pollutants on the
Everglades ecosystem has been initiated by the N P S
with the co-operation and assistance of the Florida
Power and Light Company (FPL). As part of this
effort, estimates of the ground-level concentrations
and dosages of air pollutants, especially sulfur dioxide
(SO2) and sulfate aerosol (SOZ4-), at the project's
biological effects field sites are needed on both an
episodic and seasonal/annual basis.
Among the sources of SO2 and SO ] aerosol in
southern Florida are four large coal-fired power
stations, three on the east coast of the peninsula and
one on the west coast (see Fig. 1). These sources
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generally lie 6(~80 km from the nearest boundary of
Everglades National Park (EVER) or Big Cypress
Preserve (BICY). Therefore, mesoscale (i.e. horizontal
range of tens to hundreds ofkm) transport must occur
in order for pollutants emitted along the coast to reach
the park areas. A knowledge of the mesoscale wind
fields over southern Florida would thus appear to be
needed to realistically evaluate the impact of coastal
pollutant sources on EVER and BICY.
Over the last 15 20 yr, it has become clear from a
number of observational and modeling studies that
the lower atmosphere over the southern Florida peninsula is strongly influenced by local sea- and landbreeze circulations, especially during the summer (e.g.
Frank et al., 1967; Pielke and Mahrer, 1978; Lopez
et al., 1984; McQueen and Pielke, 1985). Therefore,
significant temporal and spatial variations of the
meteorological fields affecting pollutant dispersion
are anticipated.
In the study described in this paper, a numerical
modeling approach has been adopted in order to
examine episodic SO 2 contributions to EVER and
BICY from the four elevated sources shown in Fig. 1.
The numerical modeling system uses a three-dimensional mesoscale meteorological model to provide the input data, especially the wind and turbu-
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Fig. 1. Map of southern Florida indicating the
four elevated sources considered in the present
study (L--Fort Lauderdale, E--Port Everglades,
T--Turkey Point, and M--Fort Myers). The
central area of the simulation domain is shown
(shorelines are based on the numerical model definition for land-water distribution). Tick marks on
the boundary denote model grid intervals. The
dashed horizontal line marks the location of the
vertical cross-section shown in Figs 7-9.
lence fields, needed by a three-dimensional Lagrangian
particle dispersion model. Surface SO 2 concentration
fields can then be estimated from the Lagrangian
particle model results. Use of/in advection-diffusion
model to estimate concentration fields would be inappropriate because of the somewhat coarse resolution of the meteorological model fields (Ax = 11 km)
relative to the plume scale.
These two numerical model tools were used in
order to permit a conceptually more realistic assessment of expected worst-case SO 2 impacts on EVER
and BICY from existing major south Florida sources
than can be obtained using Gaussian dispersion
models or diagnostic wind field models. When considering transport over distances of tens or hundreds
of km, the Gaussian models do not account for the
spatial changes of pollutants which can result from
recirculation, nor the enhanced dispersion which can
result from the sea- and land-breeze circulations (e.g.
Lyons, 1975; Segal et al., 1982). Both of these effects
can be represented using the modeling tools discussed
in this paper. The performance of diagnostic wind
field models is limited when the number of observed
vertical profiles of wind velocity is low, or when the
flow field is complex, as in this study.
An air pollution potential climatology was constructed for southern Florida as part of the interdisciplinary research project in order to identify
synoptic patterns which are likely to be associated
with mesoscale transport from one or more of the
coastal sources to EVER or BICY and which occur at
least once a year. The resulting summer worst-case
meteorological scenario was used to initialize the

mesoscale meteorological model. The Lagrangian
particle model was then run to determine maximum
ground-level SO z concentrations over EVER and
BICY. A similar simulation, not discussed here, was
carried out for a winter worst-case meteorological
scenario (Segal et al., 1986).
The major objective of this paper is to indicate the
complexity of elevated plume dispersion beyond several tens of kilometers as a result of the significant
interaction of sea and land breezes with the synoptic
flow. The use of the mesoscale dispersion modeling
system to achieve improved quantitative evaluations
of atmospheric dispersion over distances of tens to
several hundred km is also discussed. The two numerical models and other computational aspects are described in section 2 and model results for the summer
worst-case scenario are presented in section 3. A discussion of the results and statement of conclusions of
this study in section 4 completes the paper.

2. MODELINGAND COMPUTATIONALASPECTS
2.1. Mesoscale meteorological model
The general characteristics and capabilities of the
three-dimensional mesoscale meteorological model
used in this study are summarized in Table 1. Detailed
discussions of the formulation of the model may be
found in Pielke (1974), Mahrer and Pielke (1977),
McNider and Pielke (1981), McCumber (1980), and
McCumber and Pielke (1981). Model performance
has been validated in a variety of studies concerned
with mesoscale atmospheric processes. Several of
these validations were carried out over southern
Florida and indicated model skill in correctly resolving summer mesoscale features (e.g. Pielke, 1974;
Pielke and Mahrer, 1978; McCumber, 1980; McQueen
and Pielke, 1985; Song, 1986). Validations of the
meteorological model in other geographical locations
are summarized in Pielke (1984).
2.2. Lagrangian particle dispersion model
The procedure used in the Lagrangian particle dispersion model, as formulated by McNider (1981) and
further refined by Arritt (1985) [its formulation is also
available in McNider et al. (1980, 1988)], is to continuously release particles whose subsequent positions
are determined from the relations
x(t + At) = x(t) + (u o + u' + u")At,
V(t + At) = y(t) + (v o + v' + v ") At,
z(t + At) = z(t) + (w o + w' + w")At,

(1)

where
x, y, z
are the spatial co-ordinates of one particle,
Uo, Vo, Wo are the synoptic-scale velocity components
at the particle position,
u', v', w' are the mesoscale velocity components at
the particle position,
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Table 1. Summary of the main characteristics of the mesoscale meteorological model used in this study
Basic assumptions:
Hydrostatic, incompressible
Dry thermodynamics (no liquid water, vapor only)
Terrain-following co-ordinate (Pielke and Martin, 1981)
Atmosphere surface interaction with soil and vegetation (McCumber, 1980; McCumber and Pielke, 198 l)
Boundary-layer turbulent parameterization:
Surface layer
Businger-type similarity formulation (Businger et al., 1971)
Above surface layer
Positive surface heat flux (unstable surface layer)
Prognostic boundary-layer height equation combined with O'Brien profile K (Pielke and Mahrer,
1975)
Negative surface heat flux (stable surface layer)
Local K based on Richardson number (Blackadar, 1978; McNider and Pielke, 1981)
Diabatic heating/cooling:
Surface heat balance equation (Mahrer and Pielke, 1977)
Short-wave and long-wave radiation parameterizations (Mahrer and Pielke, 1977)
Numerical aspects:
Horizontal diffusion represented by highly selective filter to eliminate short-wavelength noise (Mahrer
and Pielke, 1978)
Advection using upstream interpolation on cubic splines (Mahrer and Pielke, 1978)
Vertical diffusion by future-weighted Crank-Nicholson scheme (Paegle et al., 1976; Mahrer and Pielke,
1978)
Initial conditions and boundary conditions:
Barotropic initial state
Zero-gradient lateral boundary conditions
Material surface top boundary condition with absorbing layer (Mahrer and Pielke, 1978)

u", v", w" are the microscale (turbulent) velocity
components at the particle position, and
is the time step.

At

Synoptic-scale flow is defined to be hydrostatic, gradient wind flow above the planetary boundary layer
and gradient wind flow retarded by synoptic-scale
surface friction within the boundary layer. The mesoscale flow is also taken to be hydrostatic; however,
mesoscale winds, even above the boundary layer, are
significantly out of gradient flow balance. The synoptic-scale flow, therefore, is associated with a Rossby
number (i.e. Ro = V / f L, where V is the velocity scale,
f is the Coriolis parameter, and L is the horizontal
scale) much less than unity, while for the mesoscale
flow the Rossby number is of order one or greater.
The microscale flow consists of subgrid-scale turbulence and is a nonhydrostatic feature. Unlike the
synoptic-scale and mesoscale flow fields, which
are explicitly resolved by the mesoscale meteorological model, the microscale flow fields in this study
must be determined indirectly using a turbulence
parameterization.
Equation (1) can be rewritten as

xi(t+At)=xi(t)+[fti(t)+u'i'(t)-lAt

(i= 1, 2, 3), (2)

where
(x 1, x 2, Xa)---(x, y, z) and (u 1, u2, u3) =(u, v, w),
t~ is the explicitly resolvable ith velocity component
as predicted by the mesoscale model (t~i= Uo,+ u'~,
where Uo, is a synoptic wind component and u'~ the
perturbation due to a mesoscale forcing), and

u'i' is the ith microscale velocity component, computed using a Markov process:

u'i'(t + At) = RL, i(At)u'i'(t) + [-1 - R2L, /(At) ] 1/2U'i"(t )
+ ~13[1 --RL, 3(At)]wa,

(3)

in which
RL, ~ is the Lagrangian ith velocity component autocorrelation, which is parameterized here as

RL,/(At) = exp ( - At/TL. i),

(4)

TL i is the Lagrangian integral time scale in the ith
direction, which is given as
TL,,=0.12 2., ,/a,

(5)

u'i"(t ) is a random ith velocity component given by
u'i"(t)=rai,

(6)

r

is a normal random variate with zero mean and
unit variance,
2,,. ~ is the wavelength of the peak in the ith direction
turbulence spectrum,
a~
is the standard deviation of the ith subgrid-scale
(i.e. microscale) velocity component,
6ij is the Kronecker delta operator, and
wd is the drift velocity correction (Legg and
Raupach, 1982) given by the formula
(~

2

w,I= TL, 3 ~ x 3 (ira).

(7)

The values of2m, i are taken from Kaimal et al. (1976)
and Caughey et al. (1979). The value of tr 3 is obtained
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for the convective PBL following Hanna (1968) and
McNider (1981) from the relation:
K,. = A a32,, ' 3,

Numerous formulations for the computation of
effective stack height have been reported in the literature (e.g. Briggs, 1975; Strom, 1976). Most of these
formulations assume uniform environmental conditions, i.e. constant horizontal wind-speed with
height and constant temperature lapse rate with
height. Such assumptions may be invalid in the current study due to the impact of the sea-breeze circulation and its coupling with the synoptic fields. In
order to account for such inhomogeneous environmental features, a generalized approach is considered
for the computation of the effective stack heights.
We adopted Briggs's (1975) set of equations for
bent-over plumes to compute the effective stack
heights in our investigation. Its application in the
current study should be viewed as a gross evaluation
of the effective stack heights, since it was applied
using some prescribed parameters and simplifying
assumptions. The formulation is based on solving
equations for buoyancy conservation, momentum
conservation and a closure equation. The details of
the formulation used in this study are adopted from
Hanna et al. (1982). The bent-over formulation is
generally appropriate for wind speeds /> 1 m s- 5; this
constraint is in general fulfilled in the study environment.
The boundary conditions at the stack exit are the
following:
(i) For volume flux V,
(9a)

where wo represents the stack gas exit velocity and R o
the stack interior radius;
(ii) For buoyancy flux F,

rpo

(9b)

where g is the acceleration due to gravity and T is
temperature;

(9c)

Peo

where p is density.
In these formulae the subscripts p, e and 0 indicate
plume, environment, and initial value (i.e. at the stack
exit), respectively. Utilizing the relations
V=uR 2

and

M=wV,

(10)

Briggs's equations for a bent-over plume can be
written as
dF

-sV

dz

S

,

(11)

where S=2.3, s = 9 / O dO/dz (0 is potential temperature),
dM

2.3. Calculation of effective stack heights

F o = g ~ (Tpo - Teo) Vo,

M0 = Ppo w0 Vo,

(8)

where Km is the vertical exchange coefficient for
momentum and A is a stability related constant. The
value of a3 for the stable boundary layer is derived
following Blackadar (1978).
The values of ol.Z are computed following
Panofsky et al. (1977). TL, i and ai are predicted based
on the mesoscale meteorological model's predictions
of gradient Richardson number, PBL depth, surface
friction velocity, vertical momentum exchange coefficient, and Monin-Obukhov length (Pielke, 1984;
McNider et al., 1988).
Quantitative evaluations of the particle model have
been carried out by McNider (1981) and McNider et
al. (1980, 1988).

Vo = woRo,

(iii) For momentum flux M,

dz
dV

FV

=--,
M

- - = 2fl( V u) 1/2,

dz

(12)
(13)

where fl=0.6; the value which has been adopted
herein is the value suggested by Briggs for a constant
horizontal wind speed (U2"~-/)2)1/2 with height. While
this value of fl is suggested for buoyant plumes, under
the specific typical wind speed and gas exit velocities
in the present study, it also provides a reasonable
approximate value for the jet stage of the plume.
Equations (11)-(13) are solved with the boundary
conditions (9a)-(9c). The height where the buoyancy
flux F equals zero is taken to be the effective stack
height.
Effective stack heights were computed in the
Lagrangian dispersion model for the four power
plants which F P L operates in south Florida. Figure 1
shows the locations of these sites. The pertinent stack
parameters and the daily load curves for summer were
provided by F P L (letter of 9 December 1985 from
R. G. Fisher of F P L to the Air Quality Division,
National Park Service, Denver). Since some of these
sites have multiple units with different characteristics,
the stack data for each site were combined to form
one site-representative source and the emission rates
were summed at each site for the existing units.
Table2 presents the stack data details as provided by F P L and the adjusted stack data used in the
effective stack height computations.
The set of equations described in (11)-(13) was
solved numerically using a vertical grid space interval
of Az= 10m. The potential temperature lapse rate
(~O/Oz) and the wind speed at the iterated heights
were provided from the meteorological model predictions at the four sites. An environmental temperature,
Te, of 300 K was assumed at the physical stack height.
The effective stack heights were recomputed every
10min of simulated time using archived results
from the meteorological model. Particles were then
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Table 2. Stack parameters provided by FPL and the adjusted site stack
parameters used for the model simulations (hs--physical stack height; d,-stack exit interior diameter; Ts--stack gas exit temperature; Ws--stack gas
exit velocity; Q--SO2 emission rate). Based on these data, combined 'model'
units were established for each plant
Unit

h,
(m)

a,
(m)

T,
(K)

Ws
(ms 1)

Q
(g s- 1)

1
2
model
1
2
model
1
2
3
4
model
l
2
model

46
46
46
92.1
124.1
124.l
104.9
104.9
104.6
104.6
104.6
121.9
121.9
121.9

4.3
4.3
4.3
2.9
5.5
5.5
4.3
4.3
5.5
5.5
4.8
5.5
5.5
5.5

422
422
422
408
408
408
416
416
408
408
408
408
408
408

14.8
14.8
14.8
29.9
19.3
19.3
19.3
19.3
19.3
19.3
19.3
19.3
19.3
19.3

193
193
386
193
499
692
284
284
499
499
1566
499
499
998

Plant
Fort Lauderdale
(L)
Fort Myers
(M)
Port Everglades
(P)

Turkey Point
(T)

released from the four sources considered in the
Lagrangian dispersion model at these effective stack
heights; horizontal transport during plume rise was
not considered.

I00
90
80
70

2.4. Calculation of pollutant concentrations
The Lagrangian particle dispersion model described in section 2.2 was modified to permit the
computation of 3-h-average pollutant concentrations
from local sources. The sources considered here
were the F P L power plants at Port Everglades, Fort
Lauderdale, Turkey Point, and Fort Myers discussed
in section 2.3.
The first step in computing pollutant concentrations was to assign a pollutant mass to each virtual
particle represented in the Lagrangian dispersion
scheme. This was accomplished by considering the
emissions for each facility (Table 2) and the daily load
curves for summer (Fig. 2). The number of particles
emitted per source per unit time was scaled by the
relative magnitude of each source in order to provide
a realistic visual perception of the source contributions in the plots of particle dispersion. Diurnal variations in load factor were accommodated by adjusting the mass of each virtual particle as it was emitted.
Concentrations were computed as averages for the
lowest 25 m within each horizontal grid cell. This
layer depth was chosen in order to enclose most of the
vegetative canopy. The averaging area ( l l k m
x 11 km; see Table 5) is felt to be sufficiently small to
permit estimation of concentrations at grid cells well
removed from the source of an advecting, diffusing
plume (and, after a substantial period of time, near the
source if the plume recirculates over the emission site).
Concentrations in the plume shortly after its emission,
however, will be underestimated by this averaging
area. The mass of the particles resident in each cell
was tallied and then divided by the grid cell volume to
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Fig. 2. Florida Power and Light Company daily cycle of
load conditions during the summer (15 July 1976).
obtain concentrations in units of/~gm 3 of air. The
average concentration for the previous 3 h was then
calculated each hour, beginning 3 h after the start of
the simulation. SO2 depletion due to dry deposition
or chemical transformation has not been considered.
Thus, the computed SO 2 concentrations are overestimated to a certain degree. However, this simplification is not as limiting as it would be for longer travel
times.
2.5. Simulation input parameters
As in the case of short-range, short-term dispersion,
prevailing wind direction is the most important
meteorological parameter for mesoscale dispersion.
Dispersion is also influenced by wind speed, atmospheric stability, mixing layer depth, and the daily
variations in these quantities (e.g. McNider et al.,
1988).
A climatological analysis of 5 yr of synoptic patterns for southern Florida (Segal et al., 1986) suggested that the worst-case summertime synoptic scenario
for EVER and BICY would consist of moderate east-
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erly synoptic flow over southern Florida associated
with the Bermuda High over the subtropical North
Atlantic Ocean. Under these conditions, the synopticscale flow would be directed from the east coast
sources towards the receptor areas and would have
sufficient speed to transport pollutants from these
sources to the receptors. This pattern occurs about
15% of the time during the summer months. A representative summertime meteorological situation with
such features was selected from the McQueen and
Pielke (1985) summertime synoptic climatology for
Florida. Figure 3 provides synoptic surface and 500mbar maps typical for such a case.
Table 3 lists the values of the synoptic-scale atmospheric constants needed for the mesoscale meteorological model initialization. The initial vertical profiles of wind (which consists of approximately easterly
flow in the lower atmosphere), potential temperature
and specific humidity used in this simulation are given
in Table 4 along with the model vertical levels. These
profiles were imposed over the entire model domain
(i.e, both land and water areas) at the start of integration. Other input parameters needed for this case
are given in Table 5. Figure 1 illustrates the main
portion of the simulated domain, with the shorelines
based on the meteorological model definition for the
land-water distribution. The initial vertical profiles of
soil temperature and soil moisture perturbations from
the surface values, vegetation root distribution function, information relating to soil type in the simulated
domain, initial soil volumetric wetness at the surface

level, fractional coverage of the grid with vegetation,
and the type of vegetation in the simulated domain
are given in McQueen and Pielke (1985) and Segal et
al. (1986).
3. R E S U L T S

3.1. Meteorological fields
The meteorological fields predicted by the mesoscale meteorological model for this case illustrate a
Table 4. Initial atmospheric vertical profiles for the
summer case. 0 Potential temperature (K); q-specific humidity (gkg 1); DD wind direction C);
VV--wind speed (m s- t). Model levels z arc given in
m. The wind is given at these levels, but 0 and q are
staggered between these levels (i.e. level i for 0 and q is
at height 0.5 (z~+ z~+ j ) except at the model top where
all variables are taken to be at the same height)
Level
1
2
3
4
5
6
7
8
9
10
11
12
13
14

z

0

q

DD

VV

25
50
100
200
500
1000
1500
2000
2500
3000
3500
4000
4500
5000

299.5
299.6
300.0
300.4
301.3
302.8
304.9
307.1
309.5
311.9
314.5
316.4
318.5
319.7

18.1
18.2
18.3
17.8
15.7
12.4
10.7
9.1
7.3
5.7
4.3
3.8
3.1
2.4

100
100
100
100
115
112
99
94
101
95
80
60
37
37

5.8
5.8
5.8
5.8
4.1
3.9
3.0
3.1
2.5
2.2
1.7
1.4
1.5
1.5

19

Fig. 3. Synoptic maps for a sample worst-case summer situation over south Florida: (a) surface and (b) 500 mbar
(50 kPa) (17 June 1978).
Table 3. Atmospheric constants needed for mesoscale meteorological model initialization for the simulated case

Geostrophic
wind speed
(m s-~)
5.8

Geostrophic
wind
direction
(degrees)

Synoptic
surface
pressure
(mbar)

Synoptic
surface
temperature
(K)

Planetary
boundary
layer
height
(m)

Surface
specific
humidity
(g kg 1)

100

1017

298.1

200

17.7
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Table 5. Other constants needed to integrate the
meteorological numerical model for the worstcase summer meteorological scenario
Quantity

Value

Mean latitude
Day of year
Model start time
Model run time
Grid spacing (Ax, Ay)
Grid size (x, y, z)
Time step
Horizontal filter coefficient
Roughness parameter
over bare soil
Sea surface temperature

26°N
17 July
0800 LST
30 h
I1 km
33 x 36 x 14
180 s
0.05
10 cm
26°C

brisk synoptic flow which is substantially perturbed at
low levels by the sea-breeze circulation during the
day, and by the thermodynamic stabilization over the
land at night which occurs in association with a land
breeze. Vigorous vertical mixing occurs during the
daytime as a result of the strong insolation over south
Florida in the summer. At night, in contrast, turbulent
mixing is suppressed because of the stabilization of
the lower levels of the atmosphere by long-wave
radiational cooling. The meteorological model simulation began at 0800 LST (Local Sun Time) and lasted
until 1400 LST of the next day.

!~m

~T

3.1.i. Horizontal cross-sections. The predicted diurnal evolution of the horizontal flow field at 25 m is
presented in Fig. 4. During the daytime it consists of a
coupling of the sea breeze (SB) with the easterly
synoptic flow (Figs 4a~l) which creates a SB-enhanced onshore easterly flow on the east coast and
an onshore westerly flow on the west coast with a
well-defined convergence zone inland close to the west
coast. The decay of the SB towards the evening and
the establishment of a stable surface layer over land
leads to the weakening of the inland surface flow (in
contrast to the over-water flow). During the night, the
land breeze (LB) along the western coast is noticeable
through an acceleration of the flow as it moves offshore (Fig. 4e). The development of the SB during the
second day resembles that of the previous day at the
same hours as can be seen by comparing the midday
flow patterns on the first and second days (Figs 4b
and 4f, respectively).
The predicted horizontal wind at 500 m (which is
close to the typical summer daytime effective stack
height in our study) is almost unaffected by the SB
circulation until around noon (Figs 5a, b). In the
afternoon (Figs 5c, d), the SB interaction with the
synoptic flow is noticeable, generating a convergence
zone along the west coast. In the evening the SB
perturbation of the synoptic flow decays gradually.
The LB effect is not evident at this level as the LB is

.......

~

.

1600 LST
,....

,...-./,-.~'...,,...,-..,,._~

9 w~.
. . . .

~

C

, ~, ~./.),/_/,%-~'---'---,"---"---"---~LZL"-~

OOOLST

~oo

L~T . . . .

.

.

.

.

.

1200 LST

!ii!iiiiiiii
Fig. 4. Simulated horizontal wind velocity field at 25-m height at (a) 0900 LST, (b) 1200 LST, (c) 1600 LST,
(d) 2000 LST, (e) 0400 LST, and (f) 1200 LST (next day) for interior of model domain.
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shallower than the SB (Fig. 5e). Also, for this level as
for the surface, the next day's flow patterns are similar
to those simulated 24 h earlier (Figs 5b, f).
The predicted vertical wind component at 5OOm is
presented in Fig. 6. Pronounced vertical displacements of the plume heights are anticipated in locations of relatively strong vertical velocities, such as
the convergence zone along the west coast
(Figs 6a~d). During the night as the LB regime is
established (Fig. 6e), the vertical velocities at this
height diminish but increase again on the second day
with the reestablishment of the SB (Fig. 6f).
3.l.ii. Vertical cross-sections. Vertical cross-sections of the predicted meteorological fields have also
been chosen to illustrate the horizontal and vertical
wind velocities from another perspective. The orientation of the cross-sections is west to east with their
location in the model domain indicated in Fig. 1.
The predicted change with time of the depth of the
SB and the LB is shown in Fig. 7 (note that the first
vertical level shown is model level 2, which corresponds to 50 m). During the daytime, the near-surface
flow over land veers to the east-southeast due to the
Coriolis effect and the orientation of the coast, while
during the night it backs to the east-northeast
(Figs 7a~e). During the daytime in the eastern section
of the peninsula, the lowest 500 m of the atmosphere
are dominated by easterly flow, which changes to a
southerly direction over the western section of the
peninsula. The SB return circulation is most notice0900 LST

able at the 15OO-m level at 1600 LST (Fig. 7c) due to
its pronounced modification of the synoptic flow.
During the night-time the flow in the first 100m
above the surface turns to the east-northeast, while
above, up to 1000 m, the flow gradually returns to
southeasterly (Fig. 7e). Comparing the daily development of the flow features with those close to the
initiation of the simulation (Fig. 7a, 09OOLST), one
notices the SB circulation effect even at a height
2000 m. This is also evident from the predicted vertical velocity patterns presented in Fig. 8. Of particular note are the relatively strong vertical motions over
the western coastal area (Fig. 8c, 1600 LST), which
diminish during the night.
Corresponding predicted potential temperature
cross-sections are presented in Fig. 9. During the daytime the boundary layer (the layer with a near-neutral
thermal stratification) has a depth by 1600 LST of
about 1750 m in the center of the peninsula (Fig. 9c).
The establishment of a nocturnal surface inversion
with a depth of about 1OOm is also noticeable after
midnight (Fig. 9e).
3.2. Computed effective stack heights
Figure 10 illustrates the diurnal variation of the
computed effective stack heights at the four FPL sites
as based on the 'modeled' emission data given in
Table 2. When the wind speed and thermal stability
increase, the effective stack height tends to decrease
(see Section 2.3). The daily cycle of the computed
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Fig. 6. Vertical wind speed field at 500-m height at the same hours as Fig. 4. Contour interval is 2 cm s-~;
dashed contours denote negative values, i.e. subsidence. Well-defined areas of subsidence are indicated by
stippling.
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effective heights closely follows changes in atmospheric conditions, especially changes in atmospheric
thermal stability. Note that the source at Fort Myers
is further inland than the three east coast sources and
thus experiences a deeper daytime boundary layer.
Accordingly, the Fort Myers source undergoes a
greater diurnal variation in effective stack height.
In the late afternoon and evening as the lower atmosphere gradually stabilizes, a general trend towards
lower effective heights (most pronounced in the early
evening hours) can be seen. The perturbation in this
trend computed for Fort Myers at around 2200 LST
is attributable to the passage of a less stable air mass.
3.3. Lagrangian dispersion evaluation
In the Lagrangian particle dispersion model simulation, virtual particles were released at regular intervals from the four F P L sites at the effective stack
heights described in the previous section. Figure 11
presents features of the particle dispersion simulation
as viewed when the particles are projected onto an xzplane. During the daytime the particles are well mixed
within the growing boundary layer. Following sunset
and the onset of a stable thermal stratification, however, the east coast plumes (T, E, L) are layered at the
effective stack height level (Figs l lc, d). The deep
layer of daytime-mixed pollutants is advected offshore
along the west coast during the night. Fumigation of
the elevated stable plumes then occurs in the late
morning of the second day over land (Fig. 1 le). With
the generation of a relatively deep boundary layer on
the second day, the plume particles are well mixed
within this layer (Fig. 1 If).
The projection of the Lagrangian tracer particles
onto a horizontal plane (Fig. 12) provides the following information: (i) a narrow plume indicates a
plume emitted into and dispersing within a thermally
stable layer (note that this situation does not include
light wind conditions where plume meander can be
important); (ii) a wide plume indicates a plume which
has been emitted into (or at some point has resided in)
a thermally less stable layer. A more spread-out plume

may also be due to variations of wind direction with
height, i.e. to dispersion due to differential advection.
Both narrow and wide plumes are present in Fig. 12.
During the daytime (Figs 12a, b) plumes advected
within the growing boundary layer can be seen to
disperse laterally. The lateral dispersion is partly attributable to veering of the wind (e.g. it is most pronounced at Fort Myers where the daily turning of the
SB is greatest). In the evening and during the night as
the lower atmosphere stabilizes, plumes emitted from
the east coast sources exhibit less lateral dispersion,
except over the western section of the peninsula,
where significant changes in the flow direction resulted after the cessation of the SB (see Figs 12c-e).
During the second day at noon the plume dispersion
is affected by the veering of the SB as well as the
intense turbulence in the convective planetary boundary layer (Fig. 12f).
3.4. Computed surface concentration fields
Figure 13 presents the predicted 3-h-average SO 2
concentration fields for the lowest 25 m. Maximum 3h-average computed values in the areas of the parks
(well removed from the sources) are less than
25 #g m - 3, which is the maximum incremental 24-h
average SO 2 value permitted for new sources to
impact U.S. legislatively designated clean air Class I
areas. As the plumes are advected westward with a
slight northward component, only the Turkey Point
plume affects EVER in its northern section, with a
concentration <10~ugm -3. During the night as
(i) emissions occur within a stable layer, and
(ii) directional wind shear due to frictional decoupling
reduces the daytime concentrations of pollutants
which were advected westward, there is a gradual
reduction of computed surface concentrations to a
very low level (Fig. 13d). Fumigation resulting from
the development of the boundary layer during the
morning hours, however, leads to significant increases in the computed near-surface concentrations
(Fig. 13e). Again, only the Turkey Point plume affects
EVER with peak concentrations about 20 km from
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Fig. 13. Three-h-averaged SO2 concentrations in the lowest 25 m in #gm 3 as computed from the Lagrangian
particle distribution for periods ending at (a) 1315 LST, (b) 1715 LST, (c) 2115 LST, (d) 0515 LST, (e) 0915 LST and
(f) 1115 LST. (The averaged concentrations were computed in the period prior to the stated time.) Contour intervals
are 5 pg m- a.
the source and a second peak in the western coastal
area (in both cases the surface concentration peaks are
about 20 pg m-3). While the first peak results directly
from trapping conditions (i.e. a low-lying capping
inversion), the west coast peak is attributable to
trapping following a fumigation event. The reduction
of wind speed and the change of its direction along the
west coast area during the morning hours contributed
further to an increase of computed pollutant concentration there.
The main focus of this simulation is to estimate the
maximum expected concentrations within EVER and
BICY due to FPL sources. The model simulation
discussed above is intended to be representative of the
worst-case summer impact in these areas. The highest
3-h-average SO 2 concentrations predicted by the
mesoscale meteorological and Lagrangian particle
dispersion models within EVER and BICY are 20 and
l0 #g m 3, respectively. Both peaks were due to emissions from the Turkey Point power plant which were
mixed downwards by fumigation as the elevated
plume entered the sea breeze convergence zones.

adopted in this report. Also, the use of a Gaussian
model is such a common approach that it will provide
many readers with a familiar reference. The order-ofmagnitude estimate for concentrations provided by
the Gaussian model also indicates whether the
Lagrangian model yields reasonable concentrations.
The comparison also permits an assessment of the
discrepancies in concentration estimates due to the
neglect of mesoscale circulations and inhomogeneities in the Gaussian model.
Table 6 provides computed surface concentrations
from a Gaussian model for trapping conditions using
various combinations of mixing depths and wind
speeds within the range obtained in our mesoscale
simulation. Constant meteorology with a neutral
thermal stratification was assumed along with the
ay curves given by Carpenter et al. (1971), which
were derived based on observed Tennessee Valley
Authority (TVA) power plant emissions. The surface
concentration, C(x), at downwind distance x along the
plume axis is given by the formula

(2

3.5. Gaussian evaluation of surface concentrations
Despite the limitations in applying a Gaussian type
of evaluation in this study (e.g. significant temporal
and spatial variations of the meteorological fields), it
is worth comparing the magnitude of the concentrations predicted using a Gaussian dispersion model
with those obtained using the more refined approach

C(x) = . , / 2 ~ ,~ u n '

(14)

where
Q is the emission rate ( = 1 k g s - I for illustration purposes, which corresponds to the
emission rate of Turkey Point as presented
in Table 2),
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Table 6. Computed surface concentration (#g m-3) under plume trapping conditions based on
Equation (14) for various combinations of mixing layer depth (H) and transport wind speed (U)
of interest in the present study. Emission rate is 1 kg s- i
Mixing
layer
depth
(m)

10

20

30

40

50

60

70

80

90

100

3
3
3
3
3
3
3

800
1000
1200
1400
1600
1800
2000

234
187
156
133
117
104
93

137
110
91
78
68
61
55

103
82
68
58
51
45
41

78
62
52
44
39
34
31

66
53
44
38
33
29
26

58
46
39
33
29
26
23

52
41
34
29
26
23
20

46
37
31
26
23
20
18

42
34
28
24
21
18
17

39
31
26
22
19
17
15

5
5
5
5
5
5
5

800
1000
1200
1400
1600
1800
2000

140
112
93
80
70
62
56

82
66
55
47
41
36
33

61
49
41
35
30
27
24

46
37
31
26
23
20
18

40
32
26
22
20
17
16

35
28
23
20
17
15
14

31
25
20
17
15
13
12

28
22
18
16
14
12
11

25
20
17
14
12
1!
10

23
18
15
13
11
10
9

Transport
wind s_peed
(m s- 1)

Distance from stack (km)

trr is the standard deviation of the plume width
in the y direction,
U is the wind speed,
and H is the mixing layer depth.
According to Table 6, surface concentrations in the
range of 15-66/~gm -3 are obtained 50--100 km from
the source for a typical wind speed of 3 m s- x and
mixing depths in the range 800-2000 m. For wind
speeds of 5 m s - 1 the corresponding concentration
range 50-100 km from the source is 9-40 # g m -3.
The concentration values obtained using the
Gaussian approach can provide at most a bulk evaluation as to concentration magnitudes under the
meteorological conditions considered in the present
study. The Gaussian results suggest, however, that the
Lagrangian-model-predicted concentrations given in
Figs 13 a - f are reasonable in magnitude at mesoscale
distances from the sources. Note that the Gaussian
model concentrations must be scaled by the correct
source strength and time averaging before comparing
them with the Lagrangian-particle-model concentrations.
4. DISCUSSION AND CONCLUSIONS
The contributions of large, elevated coastal point
sources via mesoscale transport to the near-surface SO 2 concentrations in EVER and BICY, two
National Park Service management areas in southern
Florida, have been estimated for a worst-case summer
scenario. The estimates of highest expected summer
concentrations in EVER and BICY were made using
a mesoscale dispersion modeling approach to treat
emissions from four large, isolated point sources located 60-80 km away. Application of a Gaussian dispersion model for this purpose is of limited realism
due to (i) substantial spatial and temporal variations
of the meteorological fields relevant to air quality, and

(ii) the relatively large distances between the sources
and receptor areas.
Based on the distance of the emission sources from
these National Park Service lands, the higher source
intensity on the east coast (Fort Lauderdale, Port
Everglades and Turkey Point) as compared with the
west coast source (Fort Myers), and the infrequent
occurrence of northwesterly synoptic winds in the
summer (Segal et al., 1986), it appears that the east
coast sources are more likely to affect EVER and
BICY. Local (i.e. mesoscale) northwesterly flow along
the west coast may be generated by the daily development of the sea breeze, mostly during the summer
season; however, the SB circulation produced in our
simulated fields for the selected summer case study
(Figs 4a-d) leads to only some weak local low-level
northwesterly flow and only during the evening hours
(Fig. 4d). Thus, pollutants emitted from Fort Myers
are unlikely to reach EVER and BICY. On the other
hand, daytime sea-breeze flows, in conjunction with
synoptic easterly or northeasterly winds, are anticipated in general to enhance the flow from the eastcoast sources towards the National Park Service
lands in the first few hundred meters above the
surface.
An additional factor to be considered in the worstcase simulation is the synoptic vertical thermal structure along with spatial and temporal changes in this
thermal structure due to mesoscale flows. The vertical
temperature and wind profiles determine the effective
stack heights of the sources, dispersion patterns, and
the resultant surface concentrations. The simulated
summer case discussed in this paper was associated
with a relatively slight stable stratification in the
morning hours and a well-developed mixed layer during the late morning and afternoon. In the coastal
areas, this pattern is corroborated in the statistical
analysis of upper-air soundings for Miami and Tampa
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during the summer [e.g. Table 2.23 in Segal et al.
(3-h average) of SO2 to the air pollutant burden of
Everglades National Park and Big Cypress Preserve.
(1986)].
Relatively strong synoptic flow is needed in order to The complexity of the atmospheric dynamic, thermoobtain substantial deep transport of pollutants from dynamic, and turbulence fields for this case also demthe coastal sources to the relatively distant receptor onstrates the need for a realistic assessment of mesoareas within EVER and BICY. Furthermore, in the scale dispersion in coastal regimes. The modeling
case of weak synoptic flow, the daily clockwise veering system methodology described in this paper may be a
of the sea-breeze flow along the east coast due to the suitable tool for such assessments, and field experCoriolis effect will be pronounced, leading to plume iments over mesoscale areas are needed to quantitransport in the afternoon towards the north, away tatively assess its ability to predict concentration
from the National Park Service lands. Based on this fields.
discussion, it appears that the worst summertime air
pollution situation for EVER and BICY which also Acknowledgements--The study was supported by National
occurs with a significant frequency is associated with Park ServiceContract NA81RH00001,Amendment 17, Item
brisk easterly synoptic flow, as chosen for the numeri- 15, through a grant from Florida Power and Light Company. The computations were carried out on the CRAY
cal model simulation.
computers at NCAR; NCAR is supported by the National
The method of computing the SO2 surface concen- Science Foundation. J. Bennett and R. G. Fisher provided
trations is based on counting the number of mass- valuable comments relating to various aspects of the study.
weighted virtual particles for each horizontal model The authors wish to thank S. Wittler and L. Jensen for their
grid square (11 k m × 11 km) in the first 25 m above help in preparing the manuscript and J. Sorbic for her help
with the drafting.
the surface. The mass-weighted particles were used to
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