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Abstract. The Florida peninsula has the highest annual number of days with thunderstorms in the
United States, partly due to sea breeze convergence. A three-dimensional mesoscale planetary boun-
dary layer (PBL) model with the E-e turbulence closure is used to investigate the relationship between
sea breeze convergence and convection over the peninsula for two ambient wind cases during typical
summer days.

It is found that the spatial and temporal variation of the sea breeze convergence zones and the
associated convective activities depend to a large extent on the direction and magnitude of the ambient
wind. For the case of southeasterly ambient winds, a strong convergence zone and hence significant
rainfall occur primarily along the west coast of the peninsula. The convergence zone and the associated
rainfall shift towards the east coast for the case of southwesterly ambient winds. These are in agreement
with the observations. In contrast to the southeasterly and southwesterly ambient winds, an intense
convergence zone and rainfall occur near both coastlines of the peninsula under light ambient winds.

It is also found that lake Okeechobee has a substantial influence on south Florida’s mesoscale
weather. A cloudless region is always present over the lake at least until late afternoon due to its own
lake breeze circulation. Finally, increased roughness of the land surface appears to influence the
temporal and spatial variation of the convection by determining the intensity of the vertical turbulent
transport of heat and momentum.

1. Introduction

Mesoscale circulations associated with sea breezes have been investigated by both
observational and modeling studies in the past (Fisher, 1961; Estoque, 1962;
Neumann and Mahrer, 1971; Cotton et al., 1976; Mahrer and Pielke, 1977).
These studies have emphasized the effect of sea breeze convergence patterns on
convection. A better understanding of the dynamics of the sea breeze and its
relation to deep convection is thus important to improve mesoscale weather fore-
casting in coastal areas.

Due to its unique peninsular geography, Florida provides an excellent oppor-
tunity to investigate the relationship between sea breeze convergence and convec-
tive activities. The peninsula has the highest annual number of days with thunder-
storms in the United States during summer days because of sea breeze convergence
caused by differential heating between the peninsula and the ocean. The prevailing
large-scale flow is generally from the southeast or the southwest depending on
synoptic weather. Light winds are also often observed over the peninsula. These
three significant wind patterns provide case studies for numerical simulations.

There have been several observational and modeling studies concerning the sea
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breeze over south Florida (Byers and Rodebush, 1948; Frank et al., 1967; Pielke,
1974, Pielke and Cotton, 1977; Pielke and Mahrer: 1978) and central Florida
(Neumann, 1971; Foote, 1991). Generally, these studies have concluded that
mesoscale processes play an important role in determining the intensity and organi-
zation of cumulus convection in conjunction with the sea breezes on summer
days. For example, Pielke (1974) examined the influence of two different wind
directions on the development and movement of the predicted sea breeze conver-
gence zones over south Florida by using a three-dimensional numerical mesoscale
model. He concluded that dry sea breeze circulations have significant influence on
the locations of thunderstorm complexes over south Florida on undisturbed
summer days. The latter research (Cotton er al., 1976) involved linkage of the
mesoscale model developed by Pielke (1974) with the one-dimensional time-depen-
dent cumulus cloud model developed by Cotton (1975) to examine the influence
of the mesoscale circulation on the cumulus scale over south Florida. In this
experiment, the one-dimensional cloud model was initiated with the theoretical
soundings predicted by the mesoscale model.

The purpose of this study is to focus on the question of where and when a sea
breeze convergence zone will develop and to determine whether it has the potential
to produce strong convection and rainfall over the Florida peninsula for different
ambient flows. It was felt that in order to address these questions, a mesoscale
model capable of forecasting parameters related to convective activities is needed.
Therefore, a numerical sensitivity study using a higher order turbulence closure
three-dimensional mesoscale cloud model was conducted. The model used in this
study has the required detailed moisture information to examine the complex
interaction between the clouds and mesoscale air motions. It includes prognostic
equations for water vapor, cloud water and rain water as well as boundary-layer
and cumulus parameterizations. Also this work differs from previous studies in
that the numerical study is conducted over the entire Florida peninsula. The
numerical experiments are therefore designed to provide further insight into the
complex interactions between deep precipitating cumulus clouds and mesoscale
circulations over the entire Florida peninsula by examining the influence of the
various synoptic environments on sea breezes.

2. Model Description

The mesoscale numerical model used in this study is identical to that used by
Huang and Raman (1991a,b). Since a description of the model has been given by
Huang (1990), only the forms of the equations are presented here. The model is
hydrostatic and anelastic in a terrain-following coordinate system. The governing
equations are given by
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where the terrain-following coordinate is defined by

z-E
H-E

o=
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with the model maximum height H and the terrain height £. Equations (1) and
(2) are the horizontal momentum equations for the east-west and north-south
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wind components (1 and v), respectively. Equation (3) is the thermodynamic
equation for the potential temperature (6). Equations (4), (5) and (6) are the
conservation equations for water vapor (gq), cloud water (g.) and rain water (g,),
respectively. Equation (7) is the anelastic equation for fluid continuity. Equation
(8) is the hydrostatic equation. In the prognostic equations (1) to (6), terms
involving K,; are for horizontal diffusion and terms with primed variables are for
subgrid turbulence flux divergence.

The PBL is treated in two parts as the surface layer and the transition layer.
The similarity stability functions given by Businger ez a/. (1971) are used to account
for surface-layer turbulent transport. Above the surface layer, a turbulence closure
scheme using the turbulent kinetic energy (TKE) and dissipation (€) is incorpor-
ated with the level 2.5 scheme of Mellor and Yamada (1982) to determine the
eddy diffusivities in the transition layer.

To account for advection effects, a modified Warming—Kutler-Lomax (WKL)
advection scheme (Warming er al., 1973; Huang and Raman, 1990) is used in the
horizontal and a quadratic upstream interpolation in the vertical. In order to obtain
initial conditions, an Ekman-layer type balance equation is used to determine an
initial velocity profile, while the potential temperature and relative humidity pro-
files are specified at the initial time. At the lower boundary, a no-slip condition
is imposed for the wind. The sea surface temperature is fixed and the ground
temperature is computed using the surface energy budget equation in which the
longwave and shortwave radiation, the soil heat flux and the turbulent mixing of
sensible and latent heat fluxes are used to calculate equilibrium surface tempera-
tures. The relative humidity on the ground is held constant. The hydrostatic
equation is used to obtain the surface pressure with the known upper level pres-
sure. At the upper boundary, a radiation boundary condition (Kilemp and Durran,
1983) is used to determine the upper perturbation pressure. For the prognostic
variables, Orlanski’s radiation condition (Orlanski, 1976) with forward-upstream
scheme (Miller and Thorpe, 1981) is applied to the lateral inflow boundary grids,
while the prediction equations are used at the lateral outflow boundary grids.

3. Numerical Experiments

The primary objective is to examine the influence of ambient wind direction and
magnitude on the sea breeze patterns and associated convective activities. Six
numerical sensitivity studies were conducted for a typical summer day with the
assumption that neither tropical nor frontal systems were present for the period
of simulation. Variations in topography were ignored as the peninsula is essentially
flat.

Numerical experiments on Cases C1 and C2 are conducted to examine the
influence of southeasterly and southwesterly ambient wind directions, respectively.
The wind speed was assumed constant, its magnitude being a climatological aver-
age. Both wind directions are frequently observed over the Florida peninsula
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TABLE 1

Description of the numerical experiments

Cases Geostrophic wind (m s”') Direction Notes

C1. The influence of Ug=-25 Vg=25 135°
a southeasterly wind

C2. The influence of  Ug=2.5 Vg=25 225°
a southwesterly wind
C3. The influence of Ug=-25 Vg=25 135° The lake is removed

lake Okeechobee for
a southeasterly wind

C4. The influence of Ug=25 Vg=25 22%° The lake is removed
lake Okeechobee for
a southwesterly wind

C5. The influence of Ug=25 Vg=25 225° Charnock’s relationship is used
surface roughness over both land and water

C6. The influence of  Ug=0.1 Vg=0.1 225°

light wind

during summer days. Since lake Okeechobee is one of the prominent geographical
features in the Florida peninsula, it was felt that a study of the influence of the
lake on south Florida’s mesoscale weather would be of interest. Therefore, the
influence of lake Okeechobee is examined for the two dominant ambient wind
directions in Cases C3 and C4 by removing the lake from the model domain. Case
C3 is for a southeasterly ambient wind direction, while Case C4 is for a southwes-
terly ambient wind direction without the lake. The differential heating and the
surface roughness change between land and water are two important factors in
causing mesoscale convergence. The relative importance of differential surface
roughness on the mesoscale circulation is examined in Case C5 for a southwesterly
ambient wind direction. Finally, Case C6 assumes light winds. A full description
of all the cases is given in Table I.

Values of the other prescribed parameters and large-scale variables used in the
model for all cases are identical and are given below. The model domain contains
22 grids in the vertical with the model top at 8 km. The horizontal domain includes
60 grids east-west and 70 grids north-south with a uniform grid interval of 10 km.
Outline of the Florida peninsula and lake Okeechobee used in the model are
shown in Figure 1 along with the non-staggered grid mesh. The model is integrated
for 14 h to include the sea breeze heating cycle with an integration time interval
of 30s. The initial surface temperatures over both land and water are set at 25 °C
consistent with the climatological observations; the variation of soil temperatures
is then determined using diurnal heating. Relative humidity is assumed 80% below
2km and then decreases linearly to zero at 5Skm height. The surface roughness
length is assumed to be 4 cm over land, while Charnock’s relationship is used over
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Fig. 1. Outline of the Florida peninsula and model grid.

water. The vertical gradient of the initial potential temperature is assumed to be
4°C/km.

4. Discussion of Results

4.1. SouTHEASTERLY AMBIENT WIND (Case C1)

A southeasterly flow of 3.5ms™" (U, = —2.5ms™ " and V, =2.5ms™") is used in
this simulation. The wind speed value selected is consistent with climatological
observations.

Vectors indicating the predicted horizontal winds (U and V') at 50 m after 3, 7,
11 and 13 h of simulation for the southeasterly ambient wind case are shown in
Figure 2. By the third hour after sunrise, the continuous differential heating
between land and water and the resulting vertical thermal mixing in the PBL
creates a lower pressure region at the surface. For the first few hours of the model
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Vectors indicating the predicted horizontal winds U and V (ms™') at 50 m after 3, 7, 11 and
13 h of simulation for the southeasterly ambient wind case.

simulation, the offshore winds near the west coast advect warmer air over the
water, causing weak temperature gradients along the west coast, while the onshore
winds advect cooler marine air over the land creating strong temperature gradients
along the east coast. Therefore, the pressure falls more rapidly along the east
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coast and hence the southeasterly winds begin to back earlier along the east coast
and later veer along the west coast in response to the pressure fails. By the seventh
hour, the winds turn inland along both coasts and increase in speed due to the
acceleration of the air towards the lower pressure region. The southeasterly flow
becomes nearly westerly along the west coast and easterly along the east coast.
Note that the flow is strongly modified by coastal irregularities at this time. The
winds propagate inland almost in a direction normal to the coasts. For example,
they veer completely from southeasterly to northwesterly at points located
northnorthwest of Tampa Bay due to the sharply curved coastline. Thus, mesoscale
westerly flow opposing the southeasterly ambient flow causes a well defined and
stationary sea breeze primary convergence zone along the west coast. There is
also a weaker secondary convergence zone along the east coast caused by the
horizontal temperature gradient between the land and the Atlantic ocean. This
convergence is not as intense as the one near the west coast because the ambient
wind is in the same direction as the local sea breeze. This secondary convergence
zone forms earlier than the primary convergence zone, since the pressure gradient
caused by the horizontal temperature gradient is largest along the east coast, at
least for the first few hours of the simulation.

By the eleventh hour, onshore winds along both the west and the east coasts
advect relatively cooler marine air over land. This results in advection of the
temperature gradient and hence a convergence zone inland. Inland penetration of
the convergence zones are generally controlled by the intensity of the total heat
input to the air (Pearson, 1973) and the magnitude of the ambient wind. Wind
speeds at the two coasts continue to increase due to the acceleration of the air
toward the lower pressure region. By the thirteenth hour, the convergence zone
along the east coast moves inland farther as compared to the one along the
west coast, since there is no opposing flow along the east coast. The secondary
convergence zone obviously moves inland as a function of the magnitude of the
ambient wind. However the convergence zone along the west coast shows very
little movement due to the opposing ambient flow. The model results also show
a landward distortion of the convergence zone produced by Tampa Bay and the
sharply curved coastline located to its immediate northnorthwest. Similar results
on the modification of sea breeze circulations for irregular coastlines was obtained
by McPherson (1970). He concluded that the presence of a bay or other large
indéntation of a coastline produces a landward distortion of the sea breeze conver-
gence zone.

As shown in Figure 2, lake Okeechobee in south Florida appears to cause its
own mesoscale circulation because of its large size. A divergent region over lake
Okeechobee is predicted during the integration at least until the end of the
eleventh hour of simulation as a result of the lake breeze circulation. For example,
the divergent flow over the lake begins to form by the third hour of model
integration due to differential heating between the lake and land. A well defined
divergent area forms by the seventh and eleventh hours of simulation causing a
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cloudless region over the lake during the day and local convergences over south
Florida. For example, two local convergence regions caused by the divergent flow
of the lake are located north and northwest of the lake by the eleventh and the
thirteenth hour of simulation. These local convergences accentuate convective
activities at these locations as will be discussed.

Contours of the predicted vertical velocities (W) at 1500 m after 3, 7, 11 and
13 h of simulation for the southeasterly ambient wind case are shown in Figure 3.
The results are presented at a typical altitude where maximum vertical velocities
had generally their largest values. By the third hour, vertical velocities are pre-
dicted along both the coasts, while a subsidence region is apparent over lake
Okeechobee. By the seventh hour, a primary and a secondary convergence zone
form along the west and the east coast, respectively. In the later stages, the
secondary convergence zone which forms earlier than the primary convergence
zone along the east coast moves inland, while the primary convergence zone near
the west coast over land remains almost stationary. As shown in Figure 3, positive
vertical motions occur in the sea breeze convergence zones, while largest vertical
velocities occur where the curvature of the coastline is prominent, causing sharp
changes in flow direction. For example, the largest upward motion develops over
Tampa Bay in response to the effect of distortion of the sea breeze convergence
zone caused by coastal irregularities. The local convergence caused by the diver-
gent flow over lake Okeechobee may also have contributed to this maximum
upward motion. This process will be examined and presented in detail in Case
C3. Another maximum in vertical velocity occurs over the southwestern corner of
the peninsula as a result of the mesoscale convergence generated by the sharply
curved coastline. During the integration, these two largest maximums are advected
northnorthwestward in the general direction of the southeasterly ambient flow and
continue to intensify. For example, the one over Tampa Bay reaches a magnitude
of about 180 cm s™' by the thirteenth hour, while the corresponding magnitude of
the vertical velocity for the other maximum reaches a value of about 85cms™!.
These regions of strong vertical motion would therefore be the preferred locations
for maximum convergence and consequent rainfall and will be discussed later. In
contrast, the intensities of the upward motions along the east coast are substantially
weaker as compared to those along the west coast. This is due to the fact that the
onshore ambient flow is in the same direction as the direction of local acceleration
caused by mesoscale convergence with no sharp sea breeze front near the east
coast. '

To understand the vertical structure of the coastal flow better, a cross-section
of wind vectors (u-w) and potential temperatures (6) across a typical region of
strong convection located over Tampa Bay is examined in Figure 4 after 13 h of
simulation. The cross-section is a vertical plane (x-z) from west to east. The
horizontal gradient of potential temperature shows a well-defined sea-breeze circu-
lation as it moves inland after 13 h of simulation. As can be seen from the figure,
there is a strong convergence of the wind over Tampa Bay. These significant
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Fig. 3. Contours of the predicted vertical velocity W (cms™?) at 1500 m after 3, 7, 11 and 13h of
simulation for the southeasterly ambient wind case. The extremes are indicated by letters H (High)
and L (Low). Updrafts are represented by solid contours and downdrafts by long dashed contours.
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Fig. 4. The vertical cross-section (x-z) of potential temperature (8) and wind fields (u-w) at grid point

J =37 after 13h of simulation for the southeasterly ambient wind case. Maximum along-x wind

component and vertical velocity are plotted at the right-hand side of the figure. The contour lines

represent the potential temperature, while vectors represent the vertical velocity (w) and the wind
component (u) in the x-direction.

updrafts develop over Tampa Bay in response to the effect of distortion of the
sea breeze convergence zone caused by coastal irregularities.

The contours of the predicted cloud water (g.) at 1500 m after 11 and 13 h of
simulation for the southeasterly wind case are shown in Figure 5. The results show
that there is a good correlation between the development of the sea breeze
convergence zones and the formation of the cumulus clouds, as one would expect.
In the early morning, cumulus clouds begin to form along both convergence
zones (not shown). During the afternoon as the convergence increases, the clouds
increase in depth and cloud water content increases. For example, the predicted
cloud water reaches its largest magnitude of 68 gkg™'at 2500 m after 11h of
simulation (not shown), while it reaches a value of 102 gkg™" at 5000 m after 13 h
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CLOUD WATER (Cl,HR=13)
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Fig. 6. 3-D plot of the predicted cloud water amount g, after 13 h of simulation for the southeasterly
ambient wind case.

of simulation over Tampa Bay (e.g., see 3-D plot of cloud water after 13 h of
simulation for the southeasterly ambient wind in Figure 6) indicating fast growth
of the clouds in the afternoons. Most of the deep clouds generally develop along
the west coast associated with the strong primary convergence zone, while a
weaker cloud band forms along the east coast along the secondary convergence
zone. However, not all of the convergence regions lead to precipitation. Deep
clouds tend to occur in regions where the curvature of the coastline is prominent,
causing sharp turns in the flow direction. For example, maximum values in cloud
water at the 1500 m level after 11 and 13 h of simulation are obtained over Tampa
Bay due to the curvature of the coastline and over the southwestern corner of the
peninsula due to a sharp turn of the flow as shown in Figure 5. Another maximum
is also predicted by the model northnorthwest of the lake. This relatively weak
maximum is believed to be due to local convergence caused by differential heating
between lake and land.

Figure 7 shows predicted cumulative rain water (q,) at the surface associated
with the precipitating clouds after 11 and 13h of simulation. Significant rain
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develops over the peninsula only in the afternoon following substantial sea breeze-
induced convergence. By the eleventh hour, rainfall that occurs over Tampa Bay
and the southwestern corner of the peninsula are consistent with the predicted
locations of the intense convection (Figure S5). By the thirteenth hour, heavy
rainfall occurs along the primary convergence zone near the west coast of the
peninsula. However, heaviest rainfalls occur only over the Tampa Bay area and
the southwestern corner of the peninsula with values of about 230 and 38 mm,
respectively, by the thirteenth hour. It can also be seen from Figure 7 that weaker
cumulus clouds along the secondary convergence zone near the east coast do not
produce rain. The rainfall located northnorthwest of the lake must be due to the
combined effect of the local convergence caused by the lake breeze and the
secondary convergence zone. This will be examined and presented in detail in
Case C3.

These results show that most of the intense convection and large rainfall occur
in the primary sea breeze convergence zone along the west coast, while weaker
cumulus clouds and very little rainfall occur in the secondary sea breeze conver-
gence zone along the east coast under a southeasterly ambient wind. This indicates
that sea breeze convergence has a strong influence on convective activities over
the Florida peninsula on typical summer days. However, the location and intensity
of the convective activities are also affected by local terrain inhomogeneities (such
as coastal irregularities).

4.2. SOUTHWESTERLY AMBIENT WIND (Case C2)

A southwesterly flow of 3.5ms™ (U, =2.5ms™! and V,=2.5ms"") was used
to study the influence of the other dominant wind direction on the sea breeze
convergence zone and the convection over the Florida peninsula. All prescribed
model parameters were the same as those in Case C1 except wind direction.
Vectors indicating the predicted horizontal winds at 50 m after 3, 7, 11 and 13h
of simulation for the southwesterly ambient wind case are shown in Figure 8. The
predicted results appear to have a pattern similar to that found in the earlier case
study for a southeasterly ambient wind. The differences are mainly caused by the
change in wind direction. In contrast to Case C1, the primary convergence zone
is predicted along the east coast rather than along the west coast in response to
the southwesterly ambient wind. A weaker secondary convergence zone forms
near the west coast earlier than the primary convergence zone. In the later stages
of the model integration, the secondary convergence zone moves inland and tends
to merge with the stationary primary convergence zone along the east coast. A
divergent area over lake Okeechobee is also present for the southwesterly ambient
wind case. _
Contours of the predicted vertical velocities for the southwesterly ambient wind
given in Figure 9 are consistent with the convergence patterns indicated by the
horizontal velocities in Figure 8. Early in the morning by the third hour, positive
vertical velocity regions along both coasts and a subsidence region over lake
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Fig. 8. Vectors indicating the predicted horizontal winds U and V (ms™!) at 50 m after 3, 7, 11 and
13 h of simulation for the southwesterly ambient wind case.

Okeechobee are apparent. In the afternoon by the seventh hour, intense upward
motions develop only along the east coast associated with the primary convergence
zone. The subsidence region over the lake also becomes more obvious at this
time. Five vertical velocity maxima develop along the east coast at the locations
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and L (Low). Updrafts are represented by solid contours and downdrafts by long dashed contours
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over Miami, east of lake Okeechobee, northeast of the lake and two maxima
along the northeastern coast of the peninsula. Note that the largest maximum
occurs east of lake Okeechobee. By the eleventh hour, the largest maximum
located east of the lake is separated from the one located northeast of the lake.
The other maxima along the northeastern coast of the peninsula remain essentially
stationary, while the one that developed over Miami moves north in the general
direction of the ambient wind. Separation of the two maxima could be due to the
influence of the lake breeze; as the lake breeze circulation becomes stronger in
the afternoon, the divergent flow over the lake may suppress the convergence
zone in this region. By the thirteenth hour, the largest maximum of the predicted
vertical velocity located east of the lake reaches a value of 80cms™!, while the
maximum that formed over Miami moves farther north. The other maxima stay
stationary. Obviously, the presence of lake Okeechobee plays an important role
on south Florida’s mesoscale weather influencing low-level convergence. The lake
also contributes to the development of the largest upward motion east of the lake
in the southwesterly ambient wind case This largest maximum seems to be due to
the combined effect of both the lake breeze and the sea breeze circulations. In
order to isolate the effect of the lake under a southwesterly ambient wind, it was
decided to conduct a numerical experiment with the lake removed in Case C4.

A comparison of the results from Case C2 with those in Case C1 emphasizes the
importance of the influence of coastal irregularities on both sea breeze convergence
patterns and the development of convection. The irregular coastline along the west
coast appears to influence the magnitudes of the upward motions. For exaniple, the
largest magnitude of the predicted maximum vertical velocity in Case C2 is smaller
than that found in Case C1. Because irregular coastal shapes along the west coast
cause distortion of the sea breezes, they contribute to the development of the
largest maximum over Tampa Bay under a southeasterly ambient wind. This
indicates that coastal irregularities have an important control mechanism in the
development of intense vertical motions and hence convection.

Contours of the predicted cloud water at 1500 m after 11 and 13 h of simulation
for the southwesterly wind case are shown in Figure 10. By the eleventh hour, a
well developed cloud band associated with the primary convergence zone along
the east coast and a weaker cloud band associated with the secondary sea breeze
convergence zone near the west coast are prominent. The predicted cloud patterns
are consistent with the predicted vertical velocity patterns (Figure 9). As the
convergence zone intensifies by the thirteenth hour, deep convection occurs along
the east coast. For example, the largest magnitude of cloud water is predicted as
80gkg™" at 2500m by this hour (see 3-D plot of cloud water after 13h of
simulation for a southwesterly ambient wind in Figure 11), while it is predicted as
60 gkg™' at 2000 m by the eleventh hour (not shown). Comparison of the results
for Case C2 (southwesterly wind) with those for Case C1 (southeasterly wind)
indicates that the development of convection in the southeasterly ambient wind
case is larger and stronger than that in southwesterly wind case. As discussed
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CLOUD WATER (C2,HR=13)

X

Fig. 11. 3-D plot of the predicted cloud water amount g, after 13 h of simulation for the southwesterly
ambient wind case.

before, the largest amount of cloud water had been predicted to be 102 gkg™!at
5000 m by the thirteenth hour in Case C1. This maximum is due to the combined
effect of the quasi-stationary sea breeze front along the west coast, the lake breeze
and the coastal irregularities of the west coast.

Figure 12 shows the predicted cumulative rain water at the surface after 11 and
13 h of simulation. By the eleventh hour, rainfall occurs only at a location east of
he lake associated with the strong upward motion shown in Figure 9. However,
oy the thirteenth hour, significant rain develops after the intensification of the
orimary sea breeze convergence zone along the east coast. No rain is predicted
oy the model along the secondary convergence zone. Comparison of the results
or Case C2 with those for Case C1 shows that the magnitudes and the number
f maximums of the predicted rainfalls are less than those predicted for Case C2
lue to a smoother coastline along the east coast.

It is clear from a comparison between the two case studies that the spatial and
emporal variations of the predicted sea breeze patterns and hence the convective
ctivities are strongly influenced by the ambient wind direction over the Florida
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peninsula on typical summer days. Under a southeasterly ambient wind, the
primary convergence zone forms along the west coast resulting in the development
of cumulus clouds early in the day. In the afternoon, continuous hea: ng of the
land and the strength of the sea breeze aid in the development of deep ¢ “:vection,
causing heavy rain along the west coast. Under a southwesterly ambien: -vind, the
primary convergence zone forms along the east coast of the peninsula resulting in
the development of strong convection and heavy rain along the east coast late in
the afternoon. Results for both cases have also suggested that the presence of lake
Okeechobee is an important geographical feature. Lake Okeechobee appears to
play an important role on the mesoscale weather of southern Florida. Predicted
features in these two case studies are consistent with observations over the Florida
peninsula (e.g., see Pielke, 1974; Pielke and Mahrer, 1978; Frank et al., 1967).

4.3. INFLUENCE OF LAKE OKEECHOBEE UNDER SOUTHEASTERLY WIND (CASE C3)

The previous case studies indicate that lake Okeechobee is an important feature
affecting mesoscale weather in south Florida. In order to examine the influence
of the lake on south Florida’s mesoscale weather under southeasterly ambient
winds, the prescribed parameters in the model are kept identical to those in Case
C1 except for the removal of the lake from the model domain.

Figure 13 shows the predicted vertical velocities at 1500 m after 3, 7, 11 and
13h of simulation for the southeasterly ambient wind case without the lake.
Although the predicted sea breeze patterns are generally the same as in Case C1,
substantial differences occur in the predicted vertical velocities between the results
of Case C1 and Case C3 in the vicinity of the lake. For example, the vertical
motion that occurs over Tampa Bay is smaller in Case C3 than that found in Case
C1. The maximum value of the vertical velocity in this region is about 120 cm s~
by the thlrteenth hour, while for Case C1 the corresponding maximum value was
about 180 cm s™'. Obviously, when the lake effect is included, the presence of the
lake breeze generates greater convergence in this region. Another major difference
between the two cases occurs east of the lake. In Case C1, a maximum in vertical
motion forms east of the lake by the seventh hour (Figure 3). This cell splits into
two by the eleventh hour. By the thirteenth hour, one of these maxima moves to
a location northwest of the lake in the general direction of the ambient wind,
while the other shows little movement. Although a maximum vertical velocity at
a location east of where the lake would have been is still predicted in Case C3,
the magnitude of this maximum is now smaller than that found in Case C1. And
also during the integration, the maximum maintains its identity and does not split.
This is not quite apparent in Figure 13 because of the coarse contour intervals. It
therefore appears that the cooling effect of the lake breeze in Case C1 causes
separation of this cell in this region.

Comparison of the predicted rain water between Case C1 (Figure 7) and Case
C3 (Figure 14) for a southeasterly ambient wind also shows the influence of
lake Okeechobee on south Florida’s mesoscale weather. The magnitudes of the
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Fig. 13. Contours of the predicted vertical velocity W (cms™!) at 1500 m after 3, 7, 11 and 13 h of

simulation for the southeasterly ambient wind case, but lake Okeechobee is removed. The extremes

are indicated by letters H (High) and L (Low). Updrafts are represented by solid contours and
downdrafts by long dashed contours.
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predicted rainfall located over Tampa Bay is smaller in Case C3 than that in Case
C1, while the rainfall located northnorthwestward of the lake in Case C1 is not
present in Case C3. Presence of the lake breeze in Case C1 obviously generates
more convergence in these regions and hence produces larger rainfalls. The magni-
tude of other maxima are essentially the same.

4.4. INFLUENCE OF LAKE OKEECHOBEE UNDER SOUTHWESTERLY WIND (Case C4)

The influence of lake Okeechobee on south Florida’s mesoscale weather under
the other dominant ambient wind direction is examined in this case. All the
prescribed parameters are kept identical to those in Case C2 except that the lake
is removed from the model domain. Figure 15 shows the predicted vertical veloci-
ties at 1500 m after 3, 7, 11 and 13 h of simulation for a southwesterly ambient
wind without the lake. Although the predicted sea breeze patterns (Figure 15) are
generally the same as those in Case C2, differences occur in the predicted vertical
velocities between the two cases. The largest vertical motion that was east of the
lake for Case C2 is not present. Nevertheless, a relative maximum in vertical
velocity still forms east of where the lake was. However, the magnitude of this
maximum is smaller than that predicted in Case C2. For example, by the thirteenth
hour, the magnitude of the vertical velocity in this region is predicted to be about
25cm s, while in Case C2 the maximum value was about 80 cm s~ ! at equivalent
time. Existence of the maximum vertical motion in this location even without the
lake shows the importance of sharp turns of the flow due to the curvature of the
coast in this region. When the lake is included, a larger vertical motion is generated
(Case C2). Obviously, the intense convection that formed east of the lake in Case
C2 is due to the combined effect of the lake breeze and sea breeze circulations.
Another difference that occurs between the two cases is that separation of the
two maximums located east and northeast of the lake after hour 11 in Case C2
does not occur in this case. This is believed to be due to the fact that the cooling
nature of the lake breeze is not present in this case to suppress convergence.
Magnitudes and the locations of the other maximums located along the northeast-
ern coast of the peninsula remain essentially the same. The differences between
the two cases occur only in the region adjacent to the lake. This indicates that the
influence of lake Okeechobee is felt only in south Florida’s mesoscale weather.
The predicted rainfall amount at the surface after 11 and 13h of simulation
shown in Figure 16 also emphasizes the importance of the lake for south Florida.
The results show that temporal and spatial variations of the rainfall associated
with the predicted cumulus clouds are strongly modified by the presence of lake
Okeechobee. In contrast to Case C2, rain is not produced at least until the end
of the eleventh hour of simulation in the absence of the lake. By the thirteenth
hour, the predicted rainfall pattern in south Florida is obviously different from
that predicted in Case C2. For example, the largest rainfall predicted east of the
lake in Case C2 was about 57 mm by the thirteenth hour. Although this maximum
is still predicted in approximately the same location, the rainfall amount is now
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Fig. 15. Contours of the predicted vertical velocity W (cms™') at 1500 m after 3, 7, 11 and 13 h of

simulation for the southwesterly ambient wind case, but lake Okeechobee is removed. The extremes

are indicated by letters H (High) and L (Low). Updrafts are represented by solid contours and
downdrafts by long dashed contours.
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much smaller (2 mm) than that found in Case C2. On the other hand, two more
shower areas are created in south Florida by the removal of the lake in Case C4.
Magnitude and location of the other two predicted maximums located near the
northeastern coast of the peninsula remain essentially the same in both cases. It
therefore appears that temporal and spatial variations in convection in south
Florida are highly influenced by the presence of the lake.

4.5. INFLUENCE OF SURFACE RoucGHNEss (Case C5)

The relative importance of differential surface roughness on mesoscale circulations
over the peninsula is examined in this case. Values of all the prescribed model
parameters are set identical to those in Case C2 (southwesterly ambient wind case)
except that the surface roughness lengths over land and water are assumed initially
to be equal to 0.0015 cm. Then, their values are calculated both over the land and
the water by using the Charnock’s relationship given by

2
20 = 0.018 2
g

where uy is friction velocity and g is gravity. Hence, spatial variation of surface
roughness between land and water is ignored. Note that surface roughness values
were assumed to be 4 cm over land, while Charnock’s relationship given above
was used over the water in Case C2.

The predicted vertical velocities at 1500 m after 3, 7, 11 and 13 h of simulation
for Case CS are given in Figure 17. A comparison of the results between Cases
C2 and C5 shows significant differences in the magnitudes of vertical motions.
The magnitudes in Case CS are predicted to be smaller than those in Case C2 at
least until the end of the seventh hour of simulation (Figure 17). For example,
magnitude of the vertical velocity reaches a value of about 2 cm s™' by the seventh
hour of simulation in Case C5, while it has a value of 4cms™ ! at equivalent time
in Case C2. This must be due to the larger surface roughness values over land in
Case C2. The larger surface roughness values generate more intense vertical
mixing of heat early in the day as compared to Case C5 as surface heating
increases. Turbulent transfer and vertical convection caused by the vertical mixing
of heat now carry a larger amount of heat upward with the consequence that the
air over the rough land is warmer than over a smoother land surface. This causes
the temperature difference between the land and the water to intensify, causing
the pressure to fall more rapidly over the peninsula. Therefore, the vertical veloci-
ties in Case C2 at least for the first seven hours of simulation are larger than those
in Case C5 in response to the rapid pressure fall caused by larger surface roughness
values. However, the predicted vertical velocity values in Case C5 generally be-
come larger than those in Case C2 later in the day (afternoon). For example, the
magnitude of the vertical velocity reaches a value of about 95cms™! at the
thirteenth hour of simulation in Case C5, while it has a value of 80cms™! at
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equivalent time in Case C2. This must be due to the fact that the larger surface
roughness values in Case C2 retard the low level winds in the afternoon as surface
heating decreases. This causes less intense convergence in Case C2 and hence
generates smaller vertical velocities in Case C2 as compared to Case C5 in the
afternoon.

Contours of the predicted rain water for Case C5 at the surface after 11 and
13 h of simulation are shown in Figure 18. Location and magnitude of the rainfalls
associated with the convergence patterns indicated by vertical velocities shown in
Figure 17 are different than those predicted in Case C2. Also, the magnitudes of
the predicted rainfall are generally larger in Case CS than those in Case C2
afternoon at equivalent times. On the other hand, location of the largest rainfall
maximum shifts towards Miami in Case C5 by the eleventh hour and the number
of maximums increases by the thirteenth hour. The results presented here indicate
that surface roughness values over land appear to influence the location and the
magnitude of the convective activities by determining the intensity of the vertical
turbulent transport of heat and momentum.

4.6. LicHT AMBIENT WIND (Case C6)

Convective activity associated with a sea breeze convergence zone under light
ambient wind conditions is examined in this case using a light southwesterly
ambient wind. (Light winds are also often observed over the Florida peninsula in
addition to southeasterly and southwesterly wind conditions.) All of the model
parameters are set equal to those in Case C2 except that calm winds are assumed
(U;=0.1ms " and V,=0.1ms™%).

The predicted horizontal wind (U and V) at 50m, vertical velocity (W) at
1500 m, cloud water (g.) at 1500 m and rain water (g,) at the surface after 11 h
of simulation are shown in Figure 19. The results are presented only for the
eleventh hour of simulation for brevity. In contrast to the southeasterly and
southwesterly ambient wind cases, the results show that the predicted patterns on
both the west and the east coasts are about the same, and remain almost stationary
during the day. This is in agreement with observations (Frank et al., 1967). Figure
19a shows that the sea breeze convergence zone occurs along the entire coastline
of the peninsula. In addition, a subsidence region is present over lake Okeechobee.
The winds propagate inland in a direction normal to the coasts and increase in
speed due to the acceleration of the air toward lower pressure. Note that the wind
speed is larger along the coastlines than anywhere else. The convergence zones
and the subsidence region remain almost stationary and show little movement
during the day (not shown). The strongest convergence occurs over the southern
tip of the peninsula, because the winds converge from offshore directions. Model
results reveal upward motions (Figure 19b) almost parallel to the coasts, with
maximums where coastal irregularities are greatest and where sharp turns of the
flow occur. For example, the largest upward motions are predicted near the
southern tip of the peninsula due to the sharp turn of the flow, and east of lake
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Okeechobee due to the combined effect of the sea and lake breezes. The predicted
cloud pattern associated with the convergence zones shows similar behavior align-
ing parallel to the coasts (Figure 19c). Huge cumulus clouds (reaching almost to
the top of the model) develop over the southern tip of the peninsula east of the
lake and over Tampa Bay in the afternoon associated with intense upward motions
producing the largest rainfalls in these regions (Figure 19d). The cloud bands
aligned parallel to the coasts also produce rain close to the coastlines of the
peninsula (Figure 19d) during the afternoons. The largest rainfalls occur over the
southern tip of the peninsula and east of the lake.

A comparison of the results for the predicted variables (u, v, w, q., and g,) in
Figure 19 with those for Cases C1 and C2 at equivalent times shows that the
magnitudes of all the predicted variables in Case C6 are larger than those found
in Cases C1 and C2. This is due to the fact that stronger ambient winds in Cases
C1 and C2 produce less vigorous sea breezes as observations indicated (Frank et
al., 1967). One of the reasons could be that the convergence zone is advected
faster during stronger ambient wind conditions. However, the convergence zone
remains nearly stationary under light ambient winds and thus has more time to
develop in its original environments. These results show that the magnitude of the
. ambient wind is also an important factor in the formation of sea breeze conver-
gence zones and the associated convection.

5. Conclusions

The relationship between sea breeze and convection was investigated over the
Florida peninsula for typical summer days by using a higher order turbulence
closure mesoscale boundary-layer model. The numerical sensitivity experiments
reported in this study were based on the observational fact that an important
factor controlling convective activities over the Florida peninsula is the formation
of the sea breezes. Therefore, the influence of the two dominant wind directions
was examined. In addition, the influence of the magnitude of the ambient wind,
surface roughness and lake Okeechobee were also investigated.

It was concluded that spatial and temporal variations of the sea breeze conver-
gence zones and hence convective activities are controlled by the characteristics
of the ambient flow. Under a southeasterly ambient wind, a secondary convergence
zone forms first along the east coast and moves inland with a speed dependent on
the magnitude of the ambient wind, while a primary convergence zone develops
along the west coast and remains almost stationary during the day. Under a
southwesterly ambient wind, the secondary convergence zone forms along the
west coast and moves inland, while a stationary primary convergence zone occurs
along the east coast. Most of the intense convection and large rainfall occur for
both the southeasterly and the southwesterly cases in the primary sea breeze
convergence zone, while somewhat weaker cumulus clouds and very little rainfall
occur in the secondary sea breeze convergence zone. This indicates that an impor-
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tant factor controlling convective activities over the Florida peninsula is the forma-
tion of sea breezes. However, the location and intensity of the convection are also
controlled by local terrain inhomogeneities (such as coastal irregularities). In
contrast to the southeasterly and southwesterly ambient wind cases, under light
ambient winds, the predicted features are almost equally prevalent on both the
west and the east coasts of the peninsula and show little movement during the
day. Maximum vertical motions and associated rainfall occur in regions where the
curvature of the coastline is greatest and where sharp turns of the flow occur.
Southeasterly ambient winds produce more intense convection as compared to
southwesterly ambient winds because of the coastal irregularities along the west
coast. Maximum magnitudes in both cases were smaller than those predicted under
light ambient winds.

Experiments conducted to examine the effect of lake Okeechobee have shown
that the lake has its own mesoscale circulation because of its large size. The
resultant divergent flow due to differential heating between the lake and the land
causes a persistent cloudless region over the lake during the day in all cases. This
cloud-free region is well observed by satellite pictures. The results also indicate
that temporal and spatial variations of convection in south Florida are highly
correlated with the presence of the lake. Finally, increased land surface roughness
appears to influence the location and magnitude of the convective activities by
increasing the intensity of the vertical turbulent transport of heat and momentum.
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