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Summary

A three-dimensional mesoscale planetary boundary layer
mode! with the E-¢ turbulence closure is used to simulate
airflow over a lake of circular shape. A series of model sensi-
tivity studies are performed to examine the effects of lake-land
temperature difference, ambient wind magnitude and direc-
tion, lake size, surface roughness, the Coriolis force and
baroclinic ambient wind conditions on mesoscale lake circu-
lations.

The lake-land temperature difference is essentially the basic
energy source driving the mesoscale circulations over the lake
on synoptically undisturbed days. A lake-breeze convergence
zone is predicted by the model due to the differential heating
between the land and the water. It is found that spatial and
temporal variations of this convergence zone and associated
convection are strongly controlled by the direction and the
magnitude of the ambient wind. Under southeasterly and
southwesterly ambient winds, the lake-breeze convergence
zone and the associated convection occur primarily along
upwind and lateral sides of the lake with reference to the
general direction of the ambient flow. In contrast to the
southeasterly and southwesterly ambient winds, the lake-
breeze convergence zone and the convection are predicted
all around the coastline of the lake under calm wind.

The model also predicts a cloudless region over the lake
in all the case studies due to divergent nature of the lake-
breeze circulation. The lake size is found to have a significant
effect in intensifying convection. Surface roughness over the
land surface is found to be important in determining the
intensity of the convection. The combined effect of the Coriolis
force and the differential surface roughness between land and
water appear to be the responsible mechanism for producing
the asymmetric shape of the lake-breeze convergence zone

around the symmetric circular lake. Finally, it was found that
an initial baroclinic flow has different mesoscale lake-breeze
circulation patterns as compared to an initial barotropic flow.

1. Introduction

Lake-breeze circulations (especially the Great
lakes of the United States) have been the subject
of several observational and numerical investiga-
tions (e.g., Briggs and Graves, 1962; Lavoie, 1972;
Walsh, 1974; Neumann and Mabhrer, 1975; Estoque,
1981; Estoque and Gross, 1981; Hjelmfelt and
Braham, 1983; Hjelmfelt, 1990). Observational
studies of lake-breezes (and other similar mesoscale
circulations) have demonstrated that poor resolu-
tion in weather-observing network systems creates
problems in developing routine forecasts of this
phenomenon. Numerical studies suggest that a
more complete picture requires an examination of
the effect of the environment on the lake-breeze
circulation in order to obtain a better under-
standing of mesoscale lake-breeze circulations.
For example, Lovaie (1972) has found that
changes in the ambient flow across lake Erie pro-
duced changes in the storm pattern and precipita-
tion. The lake-land surface temperature difference
was found to be the major driving force in his
simulations. Lake and land-breeze circulations
over circular lakes for two different lake sizes have
been investigated by Neumann and Mahrer (1975).
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They found that the small lake is more strongly
divergent. A three-dimensional structure of the
lake-land breeze circulation induced by lake
Ontario has been studied by Estoque and Gross
(1981). A series of numerical simulations were made
to examine the effects of topography and the
ambient flow (calm and southerly) on the lake
induced circulation. They found that both the
magnitude of ambient wind and the topography
can have important influence on the lake induced
circulation. Although their numerical simulations
have been successful. they concluded that further
extension of numerical studies such as the effect
of vertical wind shear and time variations of the
large-scale ambient flow pattern would be desir-
able. Recently, a more comprehensive numerical
study was made by Hjelmfelt (1990). A series of
model studies were performed to examine the effects
of lake-land temperature difference, atmospheric
boundary layer stability, humidity and wind speed
and direction on the pattern of lake effect snow-
storms downwind of lake Michigan. Their results
confirmed the strong effects of lake-land tempera-
ture difference, wind speed and temperature lapse
rate on lake induced circulation.

These studies clearly indicate importance of
environmental factors on the lake-breeze circula-
tions. The purpose of this study is to investigate
the modification of airflow over a circular lake for
different environmental conditions. A series of
basic sensitivity studies are performed to under-
stand the physical processes associated with the
lake-breezes using a three-dimensional mesoscale
planetary boundary layer model. The model
physics include explicit moisture information. An
application of this model to the case of circular
lake will not only provide a more complete picture
of the effect of the environment on the lake-breeze
circulation but also will allow us to investigate the
complex interaction between cloud scale and
mesoscale air motions. The sensitivity studies in-
clude influences of lake-land temperature difference,
wind speed and direction, lake size, surface rough-
ness, the Coriolis force and baroclinic ambient
wind conditions on mesoscale lake-breeze circula-
tion and associated convection.

2. Model Description and Numerical
Experiments

The mesoscale numerical model used in this study
is the one described by Huang and Raman (1991)

and Huang (1990). The model is hydrostatic and
anelastic in a terrain-following coordinate system.
The prognostic model equations include the hori-
zontal momentum equations, the thermodynamic
equation for the potential temperature, and the
conservation equations for water vapor. cloud
water and rain water. The atmospheric planetary
boundary layer (PBL) is treated in two parts as
the surface layer and the transition layer. The
similarity stability functions given by Businger
et al. (1971) are used to account for the surface
layer turbulent transport. Above the surface layer,
a turbulence closure scheme based on prognostic
equation of the turbulent kinetic energy (TKE)
and dissipation (¢) is incorporated with the level
2.5 scheme of Mellor and Yamada (1982) to deter-
mine eddy diffusivities in the transition layer.

To account for advection effects, a modified
version of Warming-Kutler-Lomax advection
scheme (Warming et al., 1973) is used in the hori-
zontal and the quadratic upstream interpolation
in the vertical. The radiation scheme incorporates
the longwave and shortwave radiative transfer. It
is essentially similar to the one used by Mahrer
and Pielke (1977). This scheme takes into account
the absorption of shortwave radiation by water
vapor and the longwave energy emitted by water
vapor and carbon dioxide. The mesoscale model
is initialized based on a 1-D PBL model solving
the Ekman-gradient wind equations (for more in-
formation see Huang and Raman, 1988). 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 the equilibrium
surface temperatures. For the land surface, relative
humidity remains unchanged, but the air in contact
with the water surface is assumed to be saturated.
At the upper boundary, a radiation boundary
condition (Klemp 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.

Seven numerical sensitivity studies are performed
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to investigate the effects of different environmental
parameters on mesoscale lake-breeze circulations.
In the numerical simulations two different ambient
wind directions are considered: southeasterly and
southwesterly. Case C1 is designed to investigate
the influence of southeasterly ambient wind direc-
tion on the lake-breezes, while Case C2 1s for the
influence of southwesterly ambient wind direction.
The selected wind speed (6ms™!) and lake size
(60 km radius) are kept identical in these two case
studies for direct comparison of the results. Case
C3 examines the influence of the lake size by re-
ducing the lake radius to 44km. All the other
prescribed parameters in the model for Case C3
are kept the same as those in Case C2. The influence
of ambient wind speed is examined in Case C4 by
assuming calm southwesterly winds. Since the dif-
ferential surface roughness between land and water
is one of the important factors in causing mesoscale
convergence, it was decided to investigate the rela-
tive importance of the differential surface rough-
ness on lake-breeze circulation in Case C5. Case
C6 is designed to investigate the influence of the
Coriolis force on mesoscale lake-breeze circulation.
Finally, Case C7 is designed to examine the in-
fluence of baroclinic ambient wind conditions on
the lake-breeze circulations. A complete descrip-
tion of all the cases is given in Table 1.
Barotropic ambient wind conditions are assumed
initially for all the simulations except for Case
C7, with a constant vertical potential temperature

Table 1. Description of the Numerical Experiments
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gradient of 4 C km and 80", relative humidity
below 2 km. The relative humidity is then assumed
to decrease linearly to zero at Skm height. The
value of Coriolis parameter used in the model is
for 25 latitude. The model domain contains 20
levels in the vertical with the model top at 7km.
The horizontal domain includes a matrix of 51 x 51
points with a uniform grid interval of 8 km. The
model is integrated for 14 hours for the considera-
tion of the lake-breeze heating cycle with an inte-
gration time interval of 30s. The initial surface
temperatures over both the land and the water
were set to be 25 C with the variation of soil
temperatures determined by diurnal heating. The
surface roughness is assumed to be 4 cm over land,
while Charnock’s relationship is used over the
water.

3. Discussion of Results
3.1 Case C1. Southeasterly Wind

In order to examine the influence of ambient wind
direction on lake-breeze patterns and associated
convection a southeasterly flow of about 6.0ms ™'

(U,=—42ms 'and ¥,=42ms™')isused over
a circular lake with a radius of 60 km in this case
study.

The low-level horizontal pressure field (P), poten-
tial temperature field () and horizontal winds
(U and V)at 50 m after 3, 6,9 and 12 hours of simu-
lation are shown in Figs. 1, 2 and 3, respectively.

Cases Geostrophic wind (ms™') Direction Remarks

C1. The influence of U,=—-42 V=42 135° The lake radius is 60km
southeasterly wind

C2. The influence of U,=42 V=42 225° The lake radius is 60 km
southwesterly wind

C3. The influence of U,=42 V,=42 225° The lake radius is 44 km
the lake size

C4. The influence of U,=01 ¥,=0.1 225° The lake radius is 60 km
calm wind

C5. The influence of U,=42 V,=42 225° The lake radius is 60 km
surface roughness

C6. The influence of U,=—42 V=42 135° The lake radius is 60 km
the Coriolis force The Coriolis force is ignored

C7. The influence of Uy=—-42 V=42 135° The lake radius is 60 km
baroclinity
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Fig. 1. The low-level pressure field P (mb) at 50 m after 3, 6,9 and 12 hours of simulation for the southeasterly wind Case C1.

The extreme is indicated by letter H (High)

The lake-land temperature difference is essentially
the basic energy source driving meso-scale circu-
lations on synoptically undisturbed days. The con-
tinuous differential heating between land and water
results in vertical thermal mixing in the planetary

boundary layer. This creates a lower pressure
region at the surface over land causing the winds
to turn towards this region. For example, during
the early morning hours the pressure surfaces be-
come uniform (not shown). By the third hour after
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Fig. 2. The low-level potential temperature field 6 (°K) at 50 m after 3, 6, 9 and 12 hours of simulation for the southeasterly
wind Case C1. The extremes are indicated by letters H (High) and L (Low)

sunrise, a horizontal pressure gradient (Fig. 1a)
and horizontal potential temperature gradient
(Fig. 2a) begin to form as a result of continuous
differential heating between the land and the water.
Hence, the corresponding predicted low-level winds

(Fig. 3a) become easterly over the lake in response
to the large pressure fall over land on the west side
of the lake.

By the sixth hour, a high pressure region along

the downwind (northwest) side of the lake and a
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Fig. 3. The low-level horizontal winds U and V (ms™!) at 50m after 3, 6, 9 and 12 hours of simulation for the southeasterly

wind Case C1

strong pressure gradient along the upwind (south-
east) and the lateral (southwest and northeast)
sides of the lake are obvious in Fig. 1b. By this
time, the southeasterly ambient winds advect
warmer land air over relatively cooler lake along

the upwind side of the lake creating a well defined
horizontal temperature gradient. In contrast, cooler
lake air is advected over relatively warmer land
along the downwind side of the lake diminishing
the horizontal temperature gradient (Fig. 2b).
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Subsequently. low-level horizontal winds (Fig. 3b)
turn inland in all directions almost normal to the
coastlines over the lake in response to the pressure
fall over the land thus opposing the southeasterly
ambient wind along the upwind and the lateral
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sides of the lake. This results in a well defined
divergence region over the lake and a lake-breeze
convergence zone along the upwind and the lateral
sides of the lake. The convergence zone doesn't
form along the downwind side of the lake due to
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Fig. 4. The vertical velocity W (cm s~ !y at 1000 m after 3, 6, 9 and 12 hours of simulation for the southeasterly wind Case C1.

The extremes are indicated by letters H (High) and L (Low)
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the local lake-breeze being in the same direction
as the ambient flow. The winds increase in speed
due to the acceleration of the air towards the
region of lower pressure by this hour. The size of
the arrows is proportional to the wind speed.
The strongest horizontal winds form over the
southwest lateral side of the lake due to the large
horizontal pressure gradients and potential tem-
perature gradients over this area.

By the ninth and twelfth hours, strong on-shore
winds of the lake-breeze along the southwest
lateral side of the lake advect relatively cooler lake
air over the land resulting in the advection of both
the horizontal pressure gradients (Figs. 1¢,d) and
the potential temperature gradients (Figs. 2c.d).
This causes the lake-breeze convergence zone
(Figs. 3c,d) to advect further inland along this
region, while the convergence zone remains essen-
tially stationary along the other lateral side (north-
east) of the lake. The inland penetration of the
lake-breeze convergence zone mainly depends on
the intensity of the total heat input to the atmos-
phere (e.g., see Pearson, 1973). The horizontal
pressure gradients and potential temperature gra-
dients along the upwind and the downwind sides
of the lake and hence the lake-breeze convergence
zone along the upwind side of the lake are also
advected by the southeasterly ambient winds.
These processes cause the lake-breeze convergence
zone to have an asymmetric shape in the later
afternoon. This asymmetric shape could be due to
two factors: 1) the differential surface roughness
between the land and the water and 2) the Coriolis
force. The influence of the differential surface
roughness and the Coriolis force will be examined
in detail separately in Case C5 and Case C6,
respectively.

The predicted vertical velocities (W) at 1000 m
after 3,6,9 and 12hours of simulation for the
southeasterly ambient wind case are shown in
Fig. 4. The results are presented at the average
height where largest vertical velocities occur. In
Fig. 4, upward motions are represented by solid
contours, while downward motions are represented
by long dashed contours and their extremes by
letters, H (High) or L (Low). By the third hour,
upward motions are first predicted at both the
north and the south coasts of the lake, while down-
ward motions are apparent over the lake. By the
sixth hour, a well-defined positive vertical velocity
region (lake-breeze convergence zone) along the

upwind and the lateral sides of the lake becomes
obvious. Two major vertical velocity maxima are
predicted by the model along the convergence
zone at both the lateral sides. The vertical velocity
cell that forms over the southwest lateral side of
the lake is larger compared to the cell that forms
northeast of the lake. This is believed to be due to
the backing of the wind caused by cold air advec-
tion from the lake to the warmer land. By the ninth
and twelfth hours, this area of large vertical motion
along the southwest lateral side of the lake moves
inland, while the other cell northeast of the lake
remains essentially stationary. The lake-breeze
convergence zone is also advected northwestward
in the general direction of the mean flow by the
southeasterly ambient wind. In the late afternoon,
magnitudes of the vertical velocities increase. For
example, the maximum upward motion reaches a
magnitude of about 17cms ™! by twelfth hour for
the southwestern cell, while the corresponding
magnitude of the vertical velocity for the north-
eastern cell is about 9cms™ 1.

These regions of strong vertical motions would
therefore be preferred locations for maximum
convergence and consequently convective pre-
cipitation. In contrast, intensities of the upward
motions along the upwind side of the lake are
relatively weaker as compared to those along both
the lateral sides. This must be due to the fact that
when southeasterly ambient flow advects the con-
vergence zone over relatively smoother and cooler
lake surface, cooling effect of the lake-breeze
suppresses upward motions in this region as com-
pared to those over the land along the lateral sides
of the lake. Since the lake has a symmetric circular
shape, one would except symmetric lake-breeze
convergence zone around the lake. However, an
asymmetric lake-breeze convergence zone forms
in the late afternoon. This is believed to be due to
the combined effect of the Coriolis force and the
differential surface roughness between the land
and the water.

As shown in Fig. 4, a well-defined subsidence
region is also predicted by the model over the lake
during the integration. This is of course due to
horizontally divergent nature of the lake-breeze
circulation. The subsidence region occurs over the
lake ahead of the lake-breeze convergence zone in
the general direction of the ambient flow. In the
latter stages this downward motion region is
advected northwestward along with the lake-
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breeze convergence zone by the ambient wind.
Existence of the subsidence region would lead to
a cloud free region over the lake.

Cross sections after 3 and 12 hours of simulation
at Grid #25 in the y-direction provides additional
information about the movement and the devel-
opment of updrafts and downdrafts as well as
the thermal structure of the atmosphere (Fig. 5).
As can be seen in the figure, weak downdrafts over
the lake and weak updrafts at both the lateral sides
of the lake begin to develop early in the morning.
The surface temperature discontinuities at the
land-water interface (Grid #18 and 34) caused by
the continuous differential heating between the
land and the water during the day is a major factor
in the formation of the updrafts and downdrafts.
Once the convective low-level structure forms, the
associated updrafts penetrate increasingly upward.
In the late afternoon, the updrafts are advected to
Grids 6-7 and 28-30, while the downdrafts stay
almost stationary over the lake. The magnitude of
both the updrafts and the downdrafts increase
significantly between 3-12 hours of simulation.

The associated thermodynamic structure of the
cross sections provides further information about
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the characteristics of the mesoscale circulations
induced by a circular lake on a synoptically
undisturbed day. The cross section of potential
temperatures shows that a symmetric thermal
structure begins to develop near the land-water
interfaces at low-levels by the third hour. In the
later stage. a highly convective PBL is fully devel-
oped by the twelfth hour. The height of the PBL
can be clearly identified from the simulated sound-
ing of the potential temperature (Fig. 6). Figure 6
shows simulated profiles of the potential tem-
perature after 12 hours of simulation at Grids #10
and 25 of Fig. 5. Solid line shows the vertical
profile over the lake and dashed line the vertical
profile over the land. The temperature profile over
the lake indicates a transition layer between the
underlying layer of lower stability and the stable
layer of the free atmosphere, while the vertical pro-
file of potential temperature over the land shows a
well-developed convective mixed layer. The po-
tential temperature remains more or less uniform
in the mixed layer. This layer is dominated by
buoyancy generated turbulance, except during
evening transition hours when shear effects become
important. Just before sunset (12 hours of simu-
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left corner of the figure
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(C1,HR=12) largest magnitude of about 7gkg ! at 1500m
after 6 hours of simulation, while it reaches a value
A0 %90 | 310 | 8Z0 | 590 7 of about 54 gkg™ ! at 2000m after 12 hours of
3 simulation indicating significant growth of the
64 L6 clouds by late afternoon. The convective clouds
. develop only along the lake-breeze convergence
57 LS zone. while a persistent cloudless region is always
: present over the lake during the integration.
= 41 L 4 Cloudless region over lakes is well documented by
. 1 other investigators (c.g. Frank et al.. 1967: Pielke.
N E ] 1974).
3 Two major deep convective cloud regions are
2 ¥ predicted by the model along the lateral sides of
3 the lake associated with intense convergence in
74 P these regions, while deeper and stronger clouds
3 develop only over the southwest lateral side of the
0 T ey 0 lake associated with stronger vertical motions.
290 300 310 320 330

8(K)

Fig. 6. Simulated potential temperature profiles () at
Grid #10 and #25 of Fig. 5 after 12 hour of simulation for
the southeasterly wind Case C1. Solid line shows the vertical
profile over lake, while dashed line shows the profile over
land

lation), there is a net radiative loss of energy from
the surface and, consequently, an inversion begins
to form at the surface. The surface heating over
land during the day leads to an upward exchange
of sensible heat and subsequent warming of the
lowest layer due to heat flux convergence. This
process progressively causes development of a
convective boundary layer over the land whose
depth grows higher with time as compared to the
boundary layer height over the lake (Fig. 6).
Distributions of the predicted cloud water (q,)
at the height of their largest values after 3, 6,9 and
12 hours of simulation for the southeasterly wind
case are presented in Fig. 7. The results show that
the formation of the convective clouds is highly cor-
related with the development of the lake-breeze
convergence zone (Fig. 4), as one would expect. In
the early morning (third hour of model integration),
the clouds do not form, because upward motions
are not strong enough at this time. During the
afternoon as the low-level convergence increases,
the clouds begin to form along the upwind and
the lateral sides of the lake and increase in depth
in conjunction with the lake-breeze convergence.
Forexample, the predicted cloud water reaches its

Thus convective precipitation would develop only
along the lateral sides of the lake. By the twelfth
hour, very little precipitation (about 0.01 mm) occurs
over the southwest lateral side ¢i the lake (not
shown). However, significant precipitation devel-
ops in the late afternoon after the development
of substantial lake-breeze induced convergence.
For example, predicted cumulative rain water (q,)
at the surface associated with the precipitating
clouds after 14 hours of simulation is shown in
Fig. 8. Relatively larger precipitation (about 7 mm)
occurs over the southwest lateral side of the lake
associated with strong convection over this area,
while very little precipitation (0.001 mm) develops
northeast of the lake.

The results presented above indicate that the
lake-breeze circulation is essentially a horizontally
divergent phenomena over the lake but has a
strong influence on the formation of both the
convergence zone and consequent convection
around the lake. Strong upward motions and
associated convection develop along the lateral
sides of the lake for the southeasterly mean flow.
Also largest convection occurs over land south-
west of the lake for this mean wind direction in
response to the backing of the winds caused by
cold air advection over a warmer surface.

3.2 Case C2. Southwesterly Wind

A southwesterly flow of about 6.0ms™! (U, =
42ms” ' and V,=4.2ms™ ') was used to study
the influence of another ambient wind direction
on the lake-breeze circulations and associated
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Fig. 7. Thecloud water g, (gkg™ ') at the heights where they had their largest values after 3, 6,9 and 12 hours of simulation for the
southeasterly wind Case C1. The extremes are indicated by letters H (High) and L (Low)

convection in this case study. All prescribed model
parameters are the same as those in Case C1 except
wind direction. The ambient wind direction is now
different by 90°. Under southwesterly ambient
wind, the predicted variables (u, v, w, ¢, and gq,)

appear to have a pattern similar to those found in
the earlier case study under southeasterly ambient
wind. This is to be expected due to the symmetric
shape of the circular lake. The differences that
occur between the two cases must exclusively be
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Fig. 8. The rain water g, (mm/total hour) at the surface after
14 hours of simulation for the southeasterly wind Case C1.
The extreme is indicated by letter H (High)

caused by the orientation of the wind with respect
to the lake. Therefore, only the vertical velocity

- and precipitation distributions will be presented
here for brevity.

The predicted vertical velocities for the south-
westerly ambient wind are given in Fig. 9. In con-
trast to Case C1, early in the morning by the third
hour, upward motions are predicted only along
east and west coasts of the lake. By the sixth hour,
the lake-breeze convergence zone forms along the
lateral and the upwind sides of the lake oriented
in the general direction of the mean flow. Two
vertical velocity maxima form along both the
lateral sides (northwest and southeast) of the lake,
while largest vertical motion occurs northwest of
the lake. Later in the afternoon, by the ninth and
twelfth hours of simulation, this largest cell moves
inland, while the other cell southeast of the lake
remains almost stationary. A subsidence region is
always present over the lake. The convergence
zone and the subsidence region are advected
northeastward in the general direction of the
ambient flow. Figure 10 shows predicted cumula-
tive rain water associated with the upward motions
presented in Fig. 9 at the surface after 14 hours of:
simulation for the southwesterly ambient wind.

Z. Boybeyi and S. Raman

Meager precipitation (about 0.01 mm) occurs by
the twelfth hour (not shown) only at a location
northwest of the lake. Relatively larger precipita-
tion develops only after the intensification of the
lake-breeze convergence zone by the fourteenth
hour at the same location, while little precipitation
1s produced east of the lake associated with the
second largest upward motion area in Fig. 9.

A comparison of the results from Case C2 with
those in Case C1 emphasizes the importance of the
influence of ambient wind direction on the lake-
breeze convergence patterns and hence convection.
Magnitudes of the predicted variables are generally
the same in both the cases due to the symmetric
shape of the lake. Differences between the two case
studies generally occur mainly due to the orienta-
tion of the lake with respect to the wind direction.
Spatial and temporal variations of the predicted
lake-breeze convergence zone and hence the con-
vection are found to be basically controlled by the
ambient wind direction. For both the wind direc-
tions the lake-breeze convergence zone and the
convection develop along the upwind and the
lateral sides of the lake with respect to the direction
of the ambient flow. However, for a noncircular
lake, changes in wind direction could cause dif-
ferences not only in the magnitude of the predicted
variables but also in the location of the predicted
variables between the two cases. Coastal irregul-
arities generally cause local regions of enhanced
low-level convergence and consequent large up-
ward motions (e.g., McPherson, 1970; Boybeyi
and Raman, 1992).

3.3 Case C3. Influence of Lake Size

This case study is designed to determine the effect
of lake size on lake-breeze patterns and associated
convection. For Case C3, a southwesterly ambient
wind is prescribed, but with a reduced lake size. All
model parameters are the same as those in Case C2
except the lake size. The radius of the lake is
reduced from 60 to 44 km.

Since the patterns of predicted variables are
essentially the same as in Case C2, only the pre-
dicted vertical velocities are presentd here for
Case C3 (Fig. 11). Although the patterns are the
same, significant differences occur in the magnitude
of the vertical velocities between the two case
studies. For example, by the twelfth hour, largest
value of vertical velocity is predicted to be about
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Fig. 9. The vertical velocity W (cms™!) at 1000m after 3, 6, 9 and 12 hours of simulation for the southwesterly wind Case C2.
The extremes are indicated by letters H (High) and L (Low)

7cms ™ !in Case C3, while it had a value of about lakes and circular islands. Neumann and Mahrer
15cms ™! in Case C2 at the equivalent time. The (1975) found that the lake-breeze front of a large
difference is believed to be due to the reduced lake lake is much better developed than that of a small
size. Two similar studies were conducted by lake. However, they concluded, based on their
Neumann and Mahrer (1974, 1975) on circular previous study on a circular island (Neumann
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Fig. 10. The rain water g, (mm/total hour)at the surface after
14 hours of simulation for the southwesterly wind Case C2.
The extreme is indicated by letter H (High)

and Mabhrer, 1974), that the differences in mag-
nititudes between the two lake sizes is a nonlinear
function and hence, cannot be linearly extrapolated
by the difference in size. Nonlinearity is due to the
fact that the smaller lake is more divergent than
the larger lake because of its small size. In a similar
manner, strong horizontal divergence of the
lake-breeze of a small lake Case C3 prevents the
lake-breeze convergence zone from growing as
fully as that found in Case C2 for large lake case.
Consequently, the vertical velocities are smaller in
Case C3 than those in Case C2. Also convections
are not as strong as those predicted in Case C2 for
the large lake case (not shown). For example, in
this case study precipitation does not occur during
the integration in contrast to the Case C2, because
the magnitude of the vertical motions are smaller.
This indicates that the lake size plays an important
role in determining the strength of lake-breeze
convergence zones and associated convection.

3.4 Case C4. Calm Wind

Sensitivity of the convection to the wind speed is
investigated in this case study using a nearly calm
southwesterly ambient wind. All the model param-
eters are the same as those in Case C2 except

that calm winds arc assumed (U, = 0.1 ms™ ' and
b,=0.1ms ")

The predicted horizontal winds (U and 1) at
S0m. vertical velocity (Wyat 1000 m. cloud water
(¢.) at the height where it had its largest value and
rainwater (¢,) at the surface after 10 hours of simu-
lation for this case are shown in Fig. 12. The results
are presented only at the tenth hour of simulation.
In contrast to the southeasterly and southwesterly
ambient winds, all the predicted variables are
almost equally prevalent around the entire coast
of the lake and they remain almost stationary
during the day. Figure 12a shows that under calm
wind conditions the lake-breeze is a well-defined
horizontally divergent phenomena resulting in a
well-defined lake-breeze convergence zone around
the entire coastline of the lake. The winds prop-
agate inland in a direction normal to the coasts
and increase in speed. Note that the wind speed is
larger along the coastlines than anywhere else.
During the integration, the convergence zone
remains almost stationary and shows little move-
ment during the day (not shown). Thus it appears
that the distance that the lake breeze convergence
zones and the associated variables penetrate inland
is also a function of the magnitude of the ambient
wind. In other words, the lake breeze convergence
zone appears to move inland at a fraction of the
ambient wind speed. The predicted vertical motions
(Fig. 12b)are almost parallel to the coast. The pre-
dicted cloud pattern associated with the conver-
gence zone also shows similar behavior aligning
parallel to the coast (Fig. 12c). Deep convective
clouds develop to the northwest of the lake asso-
ciated with the intense upward motions producing
precipitation close to the coastline (Fig. 12d) over
this region. Later in the afternoon (12 hours of
integration), precipitation occurs all around the
coastline of the lake (not shown).

A comparison of the results for the predicted
variables (w, q,, and g,) in Fig. 12 with those for
both Case C1 and Case 2 shows that the mag-
nitudes of the predicted variables in Case C4 after
10 hours of simulation are larger than those found
in Case C1 and Case C2 even after 12 hours of
simulation. For example, 1.5mm precipitation is
produced in Case C4 after 10 hours of simulation,
while precipitation is not produced in Case C1 and
Case C2 by this hour. A precipitation of 0.01 mm
occurs in Case C1 and Case C2 only after 12 hours
of simulation. This is due to the fact that stronger
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Fig. 11. The vertical velocity W (cms~ ') at 1000 m after 3, 6, 9 and 12 hours of simulation for the southwesterly wind Case C3,
but the lake size is reduced. The extremes are indicated by letters H (High) and L (Low)

ambient winds in Case C1 and Case C2 produce a
less vigorous lake-breeze as observations indicate
(Frank et al., 1967). One of the reasons could be
that the convergence zone is advected faster with
stronger ambient wind conditions. However, the

convergence zone remains nearly stationary under
calm ambient wind condition and thus has more
time to develop in its original environment. These
results indicate that the magnitude of the ambient
wind is also an important factor in the formation
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of lake-breeze convergence zone and associated
convection.

3.5 Case C5. Influence of Surfuce Roughness

The relative importance of differential surface
roughness on mesoscale circulations over the lake

W (C5.HR=3,Z=1000 M)

Y-GRID

N

50

CONTCUR MIN = ~0.80000 wax = 0.20000
INTERVAL = 0.20000

W (C5,HR=9,Z=1000 M)

40 50

Fr50
L 40
=
— F 30
~
LIJ o
> Fr20
10 A 10
p 1
7} YT7
7 50
X-GRID
CONTCUR WMiN = -4.0000 wax = 12.000
INTERVAL = 4.0000

is examined in this case study. The intent here is
o ignore spatial variation of the surface rough-
ness. Therefore, 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 1niually to be equal to 0.0015cm.
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Fig. 13. The vertical velocity W (cms™!) at 1000 m after 3, 6, 9 and i2 hours of simulation for the southwesterly wind Case C5,
but no differential surface roughness. The extremes are indicated by letters H (High) and L (Low)
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Then. their values are calculated over the water
by using the Charnock’s relationship given by

u:
2o =0018—*

)
where surface roughness length (z,) is determined
by friction velocity (i1,) and gravitational accel-
eration (y). The basic assumptions implied in
Charnock’s relationship are that the winds are
blowing steadily and long enough for the wave field
to be in equilibrium with the wind field and that
the surface is aerodynamically rough. The surface
roughness over water surface is thus related to
both the wind and the wave fields. Although this
relation is inappropriate over land, same values
of z, determined by Charnock’s relationship over
water at each time step are assumed to be valid
over land. Thus the spatial variation of the surface
roughness between the land and the water is ignored.
Hence this case study will investigate the influence
of differential surface roughness between the land
and water on mesoscale lake-breeze circulations.
Note that surface roughness values were assumed
to be constant as 4 cm over land, while Charnock’s
relationship was used over the water in Case C2
so that there was significant spatial variation of
the surface roughness.

The predicted vertical velocities for Case C5
are given in Fig. 13. A comparison of the results
between Case C2 and Case C5 shows large dif-
ferences in the magnitudes of vertical motions
between the two cases, although the predicted
patterns are the same. The magnitudes in Case C5
are predicted to be smaller than those in Case C2
at least until the end of the ninth hour of simulation
(Fig. 13). For example, the magnitude of the verti-
cal velocity reaches a value of about 13cms ™! at
the ninth hour of the simulation in Case C5, while
it has a value of about 15cms ™! at the equivalent
time in Case C2. This must be due to the larger
surface roughness values over land in Case C2. As
one would anticipate, the larger surface roughness
values increase the vertical turbulent transfer of
heat from the ground early in the day in Case C2
as the surface heating increases. The vertical con-
vective mixing carries a larger amount of heat
upward with the result that the air over the rougher
land is warmer. This leads to the increase in land-
lake temperature difference causing pressure to

fall more rapidly over the land. Therefore, the '

vertical velocities in Case C2 at least for the first

nine hours of simulation are larger than those in
Case C5 1n response to the rapid pressure fall.
However, the predicted vertical velocity values in
Case C5 become larger than those in Case C2
later in the afternoon. For example. the magnitude
of the vertical velocity reaches a value of about
35cms ! at the twelfth hour of the simulation in
Case C5, while it has a value of 15cms ™! at the
equivalent time in Case C2. This is probably due
to the fact that the larger surface roughness values
increase the vertical transfer of momentum in the
afternoon as the surface heating decreases resulting
in more rapidly slowed down low-level horizontal
winds by the surface friction in Case C2 as com-
pared to Case CS5. This causes less intense low-
level convergence and hence generates smaller
vertical velocities in Case C2 as compared to
Case C5 later in the day. Therefore, the surface
friction plays an important role in determining the
distance that the lake-breeze convergence zone is
advected by the ambient flow. For example, the
convergence zone is advected further northeast-
ward in Case C5 than in Case C2 due to smaller
surface roughness values in Case C5 (Figs. 9d and
13d).

A comparison of the results of both the case
studies also shows that differential surface rough-
ness between the land and the lake seems to play
an important role in the formation of the asym-
metric shape of the convergence zone. For example,
by the twelfth hour of the simulation, the lake-
breeze convergence zone in Case C5 (Fig. 13d) is
more symmetrical than that found in Case C2
(Fig. 9d). The other important factor for the for-
mation of an asymmetric shape of the conver-
gence zone could be the Coriolis force and its effect
will be investigated in the next section.

3.6 Case C6. Influence of the Coriolis Force

The results presented in the previous case studies
have suggested that the predicted asymmetrically-
shaped lake-breeze convergence zone around the
circular lake may be also due to the Coriolis force.
Therefore, it was decided to investigate the influence
of the Coriolis force on the formation of the lake-
breeze convergence zone in this case study by
ignoring the effect of the Coriolis force. All the
other prescribed model parameters were the same
as those in Case Cl.

The predicted vertical velocities for Case C6 are
presented in Fig. 14. A comparison of the results
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Fig. 14. The vertical velocity W (cms™!) at 1000 m after 3, 6,9 and 12 hours of simulation for the southeasterly wind Case C6,
but no Coriolis force. The extremes are indicated by letters H (High) and L (Low)

between Case C1 and Case C6 shows significant
differences in the patterns of the lake-breeze con-
vergence zone. For example, by the ninth and
twelfth hours of the simulation, a symmetric lake-
breeze convergence zone in Case C6 (Fig. 14) forms

around the lake compared to the one in Case Cl1
(Fig. 4). This clearly shows that the presence of the
Coriolis force is one of the responsible mechanisms
in producing asymmetric lake-breeze convergence
zone around the circular lake. The other major
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difference occurs in the magnitudes of the predicted
vertical velocities. For example, in Case C1 two
maximum vertical velocity cells are predicted at
both the lateral sides of the lake with the largest
one located southwest of the lake (Fig. 4). Also the
magnitude of these cells are larger than that
predicted along the upwind side of the lake in
Case C1. However, in Case C6 in the absence of the
Coriolis force, the magnitude of the predicted
vertical velocities are distributed almost uniformly
along the lake-breeze convergence zone. In the
absence of the Coriolis force, the pressure gradient
force is balanced only by friction force so that the
friction force becomes larger in Case C6 as com-
pared to Case C1. Therefore, the convergence zone
is advected less in Case C6 toward the northwest
which is the general direction of the mean flow for
the southeasterly ambient wind.

3.7 Case C7. Influence of Baroclinic Ambient
Wind

The influence of baroclinic ambient wind condition
on lake-breeze patterns is examined in this case
study. All prescribed model parameters are the
same as those in Case C1 except that geostrophic
vertical wind shear is used to initialize the model.
The values of the geostrophic wind and the geo-
strophic vertical wind shear are assumed as follows;

U,= —4.2ms_1,%={2ms_lkm_l,z<5km}
oz (0, Z>5km
—1ms™'km™!,Z <5k
Vg=4.2ms'1,él/g={ ms = km m}
6z (0, Z>5km

which corresponds to a southeasterly geostrophic
wind of about 6ms™! at the surface with both
speed and directional geostrophic wind shear up
to Skm. The geostrophic wind shear is assumed
zero above the 5km height.

The predicted vertical velocities for this case
study are shown in Fig. 15. A comparison of the
results from Case C7 with those in Case C1 for
barotropic initial conditions (Fig. 4) emphasizes
the importance of the influence of baroclinity on
the lake-breeze convergence patterns. By the sixth
hour, a lake-breeze convergence zone forms along
the lateral and the upwind sides of the lake oriented
in the general direction of the mean flow with two
vertical maxima along both the lateral sides (north-
west and southeast) of the lake. The pattern of the

convergenge zone by this time is similar to that
found in Case C1 (Fig. 4). However, when the baro-
clinity becomes sufficiently large in the afternoon
the pattern of the lake-breeze convergence zone
differs from in Case C1. By the ninth and twelfth
hours. the lake-breeze convergence zone along the
northeast lateral side of the lake shifts almost to
south of the lake, while the lake-breeze convergence
zone along the southwest lateral side of the lake
moves toward the north due to the directional
geostrophic wind shear component. Note that at
the equivalent time (12 hours of simulation) as in
Case C1, the lake-breeze convergence zone along
the northeast lateral side of the lake remains essen-
tially stationary, while the convergence zone along
the southwest lateral side of the lake moves toward
the southwest of the lake. Also the advection of the
lake-breeze convergence zone is siower in Case C7
than in Case C1 due to the geostrophic shear
component. For example, by the twelfth hour, the
convergence zone moves further in the general
direction of the mean flow in Case C1 as compared
to Case C7. This is due to the fact that the mag-
nitude of the ambient wind is weaker in Case C7
due to the assumed geostrophic speed shear
component.

Another major difference between the two cases
occurs in the magnitude of the predicted vertical
velocities. Magnitudes of the vertical velocities are
larger in Case C7 than those in Case C1 at all
equivalent times. This is believed to be due to
vertical wind shear which produces more turbu-
lence and hence stronger vertical eddy fluxes of
heat within the boundary layer.

Cross sections of potential temperature and
east-west and vertical wind components provide
more information about development of updrafts
(Fig. 16). A comparison of cross sections of baro-
clinic (Fig. 16) to nonbaroclinic (Fig. 5)simulations
shows significant differences between the two cases.
The vertical variation of velocity divergence result-

- ing from the vertical wind shear is important in

modifying the vertical atmospheric structure. The
magnitudes of both the updrafts and the down-
drafts are stronger in Case C7. Consequently the
PBL height over land is slightly larger than that
foundin Case C1, while the PBL height over water
is slightly lower. By the third hour, southeasterly
ambient flow changes its direction at upper levels
resulting in an asymmetric thermal structure in
low-levels as compared to that found in Case C1
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(Fig. 5). By the twelfth hour, the low-level winds
also change their directions. This leads a more
symmetric thermal structure. These results indicate
that the baroclinity of the atmosphere has a pro-
found influence in mesoscale atmospheric circu-
lations.

4. Conclusions

The relationship between mesoscale lake-breeze
circulation and convection is investigated over a
circular lake for typical undisturbed summer days
by using a higher order turbulence closure meso-
scale boundary layer model under different
environmental control mechanisms. The numerical
sensitivity experiments conducted in this study
included the influence of lake-land temperature
difference, two different ambient wind directions,
the ambient wind speed, lake size, surface rough-
ness, the Coriolis force, and vertical wind shear on
the formation of the lake-breeze convergence zone
and associated convection.

It was concluded that the lake-breezes are es-
sentially divergent phenomena over the lake. The
divergent flow of the lake-breezes causes a well
defined lake-breeze convergence zone around the

lake. The spatial and the temporal variations of
this lake-breeze convergence zone and hence, con-
vection are generally controlled by the characteris-
tics of the ambient flow. Under southeasterly and
southwesterly ambient winds, the lake-breeze
convergence zone forms along the lateral and up-
wind sides of the lake with respect to the general
direction of the ambient wind. Intense convection
occurs for both the southeasterly and the south-
westerly winds along the lateral sides of the lake
in conjunction with the convergence zone in the
late afternoon. Somewhat weaker convective
clouds and no precipitation occur over the up-
wind side of the lake. This indicates that an impor-
tant factor controlling the development and evo-
lution of convection over a circular lake is the
formation of the lake-breeze. In contrast to the
southeasterly and southwesterly wind cases, under
a calm ambient wind condition the predicted
features are prevalent almost equally around the
coastline of the lake and show little movement
during the day. Southeasterly ambient winds pro-
duced almost the same intense convection as com-
pared to southwesterly ambient winds because
of the symmetric shape of the lake. The maxi-
mum values under both the wind directions were
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generally smaller than those predicted under calm
ambient winds due to the fact that stronger ambient
winds produce less vigorous lake-breezes.
Experiments conducted to examine the effect of
lake size have shown that the lake size has an
important effect in intensifying convection. Since
the small lake is more divergent than the large lake,
the strong horizontal divergence of the breeze
associated with a smaller lake prevents the for-
mation of a well defined convergence zone. This

prevents the convection from growing as fully as’

those found for larger lakes. Also a persistent
cloudless region over the lake during the day is
predicted in all cases. Surface roughness values
over land appears to influence the location and
the magnitude of the convection by determining
the intensity of the vertical transfer of heat and
momentum. It is found that the combined effect
of the differential surface roughness and the Coriolis
force is the responsible mechanism for producing
asymmetric lake-breeze convergence zone around
a circular lake. Finally, it is also found that the
initial baroclinic flow modifies mesoscale lake-
breeze circulation patterns. When the baroclinity
becomes sufficiently large in the afternoon the
pattern of the lake-breeze convergence zone and
the magnitude of the predicted variables consider-
ably differ from those predicted under barotropic
initial conditions.

Our future research will address mesoscale dif-
fusion processes coupling a Lagrangian particle
model with the mesoscale PBL model.
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