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ABSTRACT

Various parameterizations of the planetary boundary layer (PBL) currently used in three-dimensional (3D)
mesoscale models are compared with a more complex scheme including a turbulent kinetic energy (TKE)
equation. In the first set of simulations made with a 1D model against the classical Wangara data, the mean
wind, temperature and moisture calculated in the PBL are nearly insensitive to the choice of the parameterization.
In the second set of simulations, the TKE parameterization is used in a 3D mesoscale model to simulate sea
breeze flows over south Florida. A comparison is presented with previous simulations of Pielke, and Pielke and
Mahrer, for the mean flow, and with the third-order turbulence closure model of Briére for the turbulent
variables, including a discussion of the turbulent energy budget. The analysis of the results obtained with the
TKE scheme shows that the predicted turbulent fields are qualitatively realistic and interact significantly with
the sea breeze circulation. Finally, a comparison is made between the TKE scheme and the simpler parame-
terization of Pielke and Mahrer. It shows only slight differences as far as the mesoscale structure of the mean

variables is concerned.

1. Introduction

Most mesoscale flows are more or less modified by
the diurnal variations of the heat, moisture and mo-
mentum fluxes occurring within the planetary bound-
ary layer (PBL) and at the soil surface. For instance,
Anthes (1984) and Pielke (1984) emphasized the meso-
8 scale (20-200 km; Orlanski, 1975) generated by land-
surface inhomogeneities. An accurate parameterization
of the planetary boundary layer and of the changes in
the thermal and moisture of the soil properties is,
therefore, essential if the lower atmosphere is to be
simulated properly in a $-mesoscale model. During
the past 10 yr, the simulation of the planetary boundary
layer has received much attention and a wide set of
models is now available. It is difficult, however, to make
an optimal choice between all these models which are
broadly different and sometimes contradictory in na-
ture. A first class of models treats the PBL as a single
mixed layer, as done for example by Lavoie (1972) and
Keyser and Anthes (1977). This simple and compu-
tationally efficient technique is extreme, however, in
that it allows no structure in the vertical. A possible
improvement is to partition the PBL in a few sublayers
over which the governing equations are integrated, after
specifying the profile shapes according to the turbulent
regime. This approach was used by Zeman (1979) for
the nocturnal PBL and is recommended by Wyngaard
(1984) for scalars in the convective PBL.

An alternative is to use a multilevel PBL model hav-
ing many grid points in the vertical. The major advan-
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tages of using a multilevel PBL parameterization in a
B-mesoscale model were discussed by Anthes et al.
(1980, 1982). These authors showed that detailed
boundary layer resolution is essential when differential
heating along complex terrain and across land-water
boundaries is being represented, since significant ver-
tical gradients of the meteorological variables occur
within the PBL. However, many of these high resolu-
tion PBL models use very simple turbulence closure
schemes—for instance, prescribed eddy exchange coef-
ficients—which have serious deficiencies such as the
inability to reproduce fluxes in convective layers
(Wyngaard, 1984). A second possibility is therefore to
resort to higher-order turbulence closures which are
much less restrictive and were successfully used in 1D
models, for example, to simulate the 24-h evolution of
the PBL (Yamada and Mellor, 1975; André et al., 1978)
and subsequently applied to cloudy PBL (Mellor, 1977,
Bougeault, 1981). In spite of the cost and complexity
of these techniques, multidimensional mesoscale sim-
ulations were performed by Sun and Ogura (1979),
using a second-order closure, and Briére (1987) using
a third-order closure.

Finally, a third interesting new possibility of mul-
tilevel parameterization is emerging with nonlocal clo-
sures, such as the integral closure of Fiedler (1984) and
the transilient turbulent theory of Stull (1984) and Stull
and Hasegawa (1984). In these theories, a different
mixing parameter is used for each eddy size, leading
to a nonlocal first-order technique to determine the
turbulent fluxes. As shown by Stull (1986), a simplified
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scheme of this type was proposed by Blackadar (1978)
gind tested by Zhang and Anthes (1982). This scheme
1s used by Zhang and Fritsch (1986) to model the heat

and momentum turbulent transports in the three-di-

mensional NCAR-PSU mesoscale model.

In this paper, we consider a multilevel PBL param-
eterization of intermediate complexity, based on the
improved turbulent kinetic energy (TKE) model of
Therry and Lacarrére (1983). The advantage of this
TKE model is that it accounts for some improvements
inferred from second-order closure models, while
keeping most of the computational efficiency of simpler
K-models (implicit numerical schemes). The turbulent
fluxes and the mean structure of the PBL predicted by
this parameterization are compared with those ob-
tained using two other multilevel parameterizations
currently used in 3D mesoscale models in order to
study whether the TKE scheme provides a significantly
improved atmospheric response in two different phys-
ical situations. In section 2 we consider the simple sit-
uation of horizontal homogeneity to compare the TKE

‘method with the Zhang and Anthes (1982) and the
Pielke and Mahrer (1975) models, all three models
being used in conjunction with the same radiation and
soil package. Checking a reasonable agreement against
this simple situation was regarded as a prerequisite for
further use under more complex conditions and where
a comprehensive set of observations is not available.
In section 3 a second set of comparisons is made under
horizontally inhomogeneous surface forcing using the
three-dimensional mesoscale model of Nickerson et al.
(1986) to simulate a sea breeze flow over south Florida.
First, the results obtained using the Therry and Lacar-
rére TKE parameterization are presented and the con-
nections between the predicted TKE field and the sea
breeze flow are discussed by examining each term of
the TKE budget. Due to the lack of mesoscale statistics
of the turbulence structure over Florida, a comparison
with observed data is not attempted. However, a com-
parison is made with the very detailed sea breeze sim-
ulation of Briére (1987), who uses a third-order tur-
bulence closure model, and a good qualitative agree-
ment is obtained for the broad features of the TKE
budget within the different regions of the sea breeze
circulation. Finally, the circulations predicted using the
TKE scheme and those obtained with the Pielke and
Mahrer (1975) parameterization are compared and
only minor differences are found in the mean flow
(nonturbulent) characteristics.

2. Comparisons under horizontally homogeneous con-
ditions

In this section, a one-dimensional PBL model is -

considered to compare the solutions obtained using
the TKE parameterization and two different tech-
niques. To make this comparison, the well-known day
33 of the Wangara Experiment (Clarke et al., 1971) is
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used. Checking quantitatively, the consistency of the
parameterizations under identical forcing conditions
is a mandatory step before any discussion of more
complex three-dimensional simulations is undertaken.

a. Basic equations

The rate equations for the mean wind components
u, v, potential temperature # and water vapor mixing
ratio g above the surface layer are given by

X 2 )+ 00y, M)
® -2 ) - S, @
aEG @
X2, @

where u, and v, are the components of the geostrophlc
wind, and f the Coriolis parameter (—8.26 X 1075 s7!
for Wangara). The radiational effects are included only
at the ground since the present comparison is mainly
limited to daytime. The last term in (3) accounts for
the large-scale changes of temperature, as estimated
from the Wangara handbook. The formulations used
for the momentum, heat and moisture fluxes in (1)-
(4) are given later.

The lower boundary conditions for the atmospheric
model are provided by computing the fluxes within the
surface layer, using the surface layer similarity theory
as formulated by Businger (1973) and Nickerson and
Smiley (1975). The required values for the ground
temperature and moisture are obtained from a mul-
tilevel soil model coupled to the surface layer through
budget equations for heat and moisture. The techniques
used for this soil package are identical to the bare soil
model of McCumber and Pielke (1981). The incoming
solar radiation and the net longwave radiation are
computed from the simple scheme of Zhang and
Anthes (1982), which seemed sufficient for the present
purpose, using a constant ground albedo of 0.2 and an
atmospheric transmittivity of 0.9.

b. Turbulent fluxes

As previously stated, three different parameterization
schemes are compared. They are referred to as for-
mulations A, B and C in Table 1. -

Formulation A, proposed by Therry and Lacarrére
(1983), expresses the turbulent fluxes through an eddy
diffusivity assumption,

a_u
iz’

>

5)

wu'= _KM
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TABLE 1. The PBL characteristics in the 1D experiments.

Turbulent energy

Formulation Vertical diffusion Mixed layer depth equation References
A Exchange coefficients Diagnosed from the heat Prognostic Eq. (9) Therry and Lacarrére (1983)
K =0.5lke'”? fluxes profiles
B Exchange coefficients Prognostic equation None Pielke and Mahrer (1975)
(O’Brien, 1970) (Deardorff, 1974)
C Mixed layer model Computed from the None Zhang and Anthes (1982)

(Blackadar, 1978)

mixed layer model

w'v' = —KMQP-, (6)
0z
— a6
W0 =_KH(&—’ch); (7)
0
wq'= —Kya—q, t))
z

where the exchange coefficients, K, = 0.5/xe'/? and
Ky = 1.35K),, are related to the TKE, e, being calcu-
lated from its rate equation,

de_ 9

de du\?*  [(9v\?
o0~ ae e+ k(52 + (3]
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In order to minimize the systematic shortcomings re-
sulting from the use of exchange coeflicients, the model
includes three improvements derived by Therry and
Lacarrére (1983) from a systematic order-of-magnitude
analysis of the rate equations for the second-order mo-
ments computed in the third-order model of André et
al. (1978). First, a distinction is made in (9) between
mixing length, /x, and dissipation length, /,, the ratio
of which is proportional to w'*/e (with Ix > L) and
parameterized in terms of altitude and stability. This
refinement minimizes a well-known deficiency of TKE
models, which tends to underestimate the mixing and
therefore the convective PBL growth rate. Second, the
dissipation length (which can be estimated using TKE
and its dissipation rate) is parameterized in terms of
surface layer regime, altitude and local stability using
the large eddy simulation results of Deardorff (1974).
Third, a temperature countergradient, v.,, proportional
to §"2/w” is derived from a simplified analysis of the
heat flux rate equation inferred from André et al.
(1978), and parameterized as 5Qp/w, Z;. A similar im-
provement is possible for the TKE fluxes in (9), but is
not included in the present version of our model. One
interesting feature with the above formulation is that
it is neither very expensive in computation time nor
difficult to implement in a 3D model because it involves

only one extra prognostic equation for e and also uses
the exchange coefficient formalism, which easily allows
an implicit treatment of the diffusion terms in (5)-(9).

Formulation B was proposed by Pielke and Mahrer
(1975) and McNider and Pielke (1981). This param-
eterization involves two modules corresponding re-
spectively to stable and unstable turbulence regimes
for the surface layer. Both modules employ the ex-
change coefficient formalism. For stable conditions, the
exchange coefficients are related to the local gradient
Richardson number, after Blackadar (1976). For the
growing convective boundary layer, the model employs
the cubic polynomial formulation suggested by O’Brien
(1970) for the vertical exchange coefficients. The depth
of the PBL, Z;, required to calculate the O’Brien poly-
nomials, is computed from the rate equation of Dear-
dorff (1974). The thickness of surface layer is estimated
from Z,, after Pielke and Mahrer (1975), as h = 0.04Z,.

Formulation C was taken from Zhang and Anthes
(1982). This model is also subdivided into two modules
for stable and unstable conditions. The nighttime (sta-
ble) module is nearly identical to model B. The daytime
(unstable) module is a mixed layer model proposed by
Blackadar (1978), in which the heat exchange between
the surface and the PBL is schematically operated by
thermals ascending from the surface layer. The mixing
intensity in the neutral layer is related to a constant
mass exchange rate between any level and the surface,
the temperature of which is calculated from the free
convective equation of Priestley (1957).

¢. Preliminary discussion of the selected formulations

Out of the wide range of choices summarized in the
Introduction, formulations A, B and C were selected
with the main rationale being that they were of inter-
mediate complexity and affordable in a multidimen-
sional mesoscale model. In this section, we present a
brief discussion of the main physical properties of the
above-mentioned formulations, with the help of Table
2. The purpose of this discussion is to emphasize their
respective similarities or differences in order to antic-
ipate how they could respond to meteorological forc-
ings. We realize, however, that the choice of the criteria
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TABLE 2. Tentative comparison 6f formulations A, B and C in terms of their overall properties.
Property Modet A Model B Model C

Turbulence production

Buoyancy yes 'yes yes

Shear explicit no no
Advective effects yes PBL depth only no
Fluxes in convective layers .

Heat corrected gradient transport local gradient transport nonlocal mixing parameter

Turbulent energy local gradient transport

Other variables local gradient transport local gradient transport nonlocal mixing parameter
Turbulence extinction in Ri. > 0.4 Ri= 0.6 Ri= 0.6

stable layers (Az # 100 m)

(Az # 100 m)

listed in Table 2 is largely subjective and not compre-
hensive.

First, we consider the -contributions to turbulence
generation. All three models allow for mixing induced
by buoyancy. However, the techniques used are very
different, and this might imply specific deficiencies
which are subsequently discussed. Regarding the tur-
bulence production by the shear of the mean wind pro-
file, only model A includes this effect explicitly. In
model B, the wind shear is very indirectly present in
the rate equation for the PBL depth, which contains
the friction velocity. Different responses might there-
fore be expected in strongly sheared boundary layer
situations such as, for example, surface fronts, sea
breezes and orographic flows. Another potentially im-
portant source of differences could arise from advection
effects. In model A, advection directly modifies the
turbulence kinetic energy (9). In model B, the PBL
depth is modified by advection under convective con-
ditions.

A very important point for all the models relates to
their response in the convective case. This case is of
great meteorological significance since it corresponds
to large heat fluxes and is closely related to the triggering
of convection. As shown, for example, by Wyngaard
(1984), gradient transport formalism used in model B
for all variables predicts inaccurately the vertical gra-
dients in convective layers, with potentially larger errors
for humidity. Model C, which uses a nonlocal scheme
is, in principle, free of these shortcomings. However,
the weighting function prescribed to parameterize the
vertical mixing is quite arbitrary and prone to sub-
stantial errors near the top of the mixed layer (Zhang
and Fritsch, 1986). Model A includes a specific cor-
rection, 7y,,, for the heat flux, which should improve
the vertical gradient of the temperature in convective
layers. However, this correction is absent for other
variables. It is, therefore, interesting to check the con-
sistency of the models under strongly convective con-
ditions.

Finally, it is known that in stable conditions the tur-
bulence should die out when the Richardson number
becomes larger than a critical value. All three models

include this effect, either explicitly (model A), or
through the use of a specific module for stable condi-
tions (the same for models B and C). The values of the
critical Richardson numbers are somewhat different,
but this is not highly significant in the present practical
context. .
Thus, the conclusion of our preliminary examination
of A, B and C schemes is that 1) their consistency is
to be examined under strongly convective conditions,
and 2) model A might provide improved results when
both the vertical wind shear and the buoyancy are si-
multaneously contributing to the turbulence. The first
point is addressed in the present section and consid-
eration of the second one is postponed until section 3.

d. Initial conditions and numerical procedures

The initial conditions for all simulations were taken
from Wangara day 33 at 0900 LST following the pro-
cedure used by Yamada and Mellor (1975) except for
the synoptic vertical motion, which was set equal to
zero. With respect to the soil layer, Clarke et al. (1971)
describe it as a dry layer of loam overlying a deeper
layer of clay. Vegetation is nearly negligible. Accord-
ingly, we initialized the model’s soil layer using the soil
parameter table of Clapp and Hornberger (1978) for
a homogeneous layer of loamy clay with a volumetric
moisture content close to the wilting point.

The vertical grid used in the atmosphere is vertically
staggered with 30 levels between 0 and 2 km. The mesh
size is 10 m near the surface and slowly increasing up-
wards, its average value being 30 m. The vertical grid
in the soil layer is logarithmic with 13 levels in the first
meter. The mesh size has to be very small near the
surface, of the order of 1 mm, with the average being
15 cm. The finite difference scheme used for both the
atmosphere and soil is implicit. The budget equations
at the surface are solved by an iterative procedure with
a time step of 180 s.

e. Results

In Fig. 1, the curves of time evolution of the com-
puted surface temperature (dashed lines) and screen
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FIG. 1. Time variation during day 33 of the observed (solid lines)
and computed (dotted lines) temperature at screen height (1.2 m)
and of the computed ground temperature (dashed lines).

level temperature (dotted lines) obtained during a 24-
h simulation with models A, B and C are compared.
The observed screen level temperature (solid lines) is
also shown in these diagrams. The screen level tem-
perature (1.2 m above the ground) is calculated from
surface and 10 m values through the surface layer sim-
ilarity. This temperature was used as a driving param-
eter for the surface heat flux computations in several
previous works (Yamada and Mellor, 1975; André et
al., 1978). A quite similar behavior is found during
daytime for the three models. Subsequently, during
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nighttime, between 0100 and 0900 LST, models B and
C underestimate the screen level temperature, whereas
a better agreement is found with model A. These dif-
ferences in the early morning of day 34 are probably
related to the absence of the atmospheric radiative
cooling. '

In Fig. 2, the evolution of the mean potential tem-
perature computed with models A, B and C is com-
pared with the observed data. The well-known devel-
opment of the mixed layer is recovered and the results
are nearly identical for the three models. Only minor
differences appear in the “overshoot” region near the
PBL top, more noticeable in model A. The mixed layer
depth as predicted by the three models and the one
observed (open squares) are shown in Fig. 3 but it is
worth noting that the PBL depth definitions are not
exactly the same in the three models. With the TKE
model (A), this depth is defined as the level where the
sensible heat flux is minimum (Deardorff, 1974)
whereas, in models B and C, the mixed layer depth is
an explicit component of the daytime package, com-
puted from a rate equation for model B, and from a
given partition of the buoyant energy for model C. As
seen in Fig. 3, similar growth of the mixed layer is
predicted by all three models between 0900 LST and
1700 LST and is in good agreement with the obser-
vations. For most of the time, the scatter is less than
100 m between any predicted value and the observed
average depth (taken from Fig. 6 of Deardorff, 1974),
with model A giving systematically smaller depths. Af-
ter 1700 LST, the prediction of model A significantly
differs from both models B and C. The sharp decrease
in PBL depth in model A is directly related to the tur-
bulent intensity in the PBL. As the surface sensible
heat flux becomes negative a few minutes before the
sunset (at about 1730 LST), the model switches
abruptly from the depth of the mixed layer to the depth
of the stable layer near the ground. With models B and
C, a switch between the convective and stable packages
also occurs at about 1730 LST but the PBL depth, not
used by the stable package, is not updated. The differ-
ence seen in Fig. 3 at 1800 LST is therefore an artifact
of the computation.

The predicted and observed mean horizontal wind
speeds are presented in Fig. 4. All the profiles show a
nearly constant wind speed in the mixed layer. After
a decrease during morning hours, the wind speed
strengthens significantly between 1200 and 1800 LST.
As can be seen above the mixed layer, where the tur-
bulent fluxes are negligible, this trend is mainly due to
large scales. A reasonable agreement is found between
the computed and observed profiles, the scatter being
of the order of 1 m s™!, but systematic differences ap-
pear between the three models. Model C overestimates
the wind speed maximum near the ground by about 2
ms~!at 1800 LST, whereas model B severely smooths
the profile near the top of the PBL. As seen in Fig. 5,
the comparison between the eddy exchange coefficients
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FiG. 2. Vertical profiles of the potential temperature (°C) computed by models A, B, C and observed data at 0900 LST (solid lines),
1200 LST (dotted lines), 1500 LST (dashed lines) and 1800 LST (dot-dashed lines).

used in models A and B indicates that this latter dif-
ference results from the shape of the O’Brien polyno-
mial used in model B. In the upper part of the mixed
layer the O’Brien polynomial decreases smoothly from
its maximum near Z;/3 to zero around the inversion
level, whereas the exchange coefficient used in the
Therry-Lacarrére model is nearly constant up to the
top of the mixed layer and sharply vanishes above.

f. Effect of the vertical resolution

Up to this point, we have presented results obtained
using 30 levels in the lowest 2.5 km, while the three-
dimensional mesoscale model considered in section 3

makes use of a 15-level vertical grid, nine elements of
which are located within the lowest 2.5 km. The final
experiment in this section, therefore, evaluates the ef-
fect of decreasing the vertical resolution on the accuracy
of the TKE model predictions. A similar experiment
has been conducted by Pielke and Mahrer (1975) with
model B. With the 9-level coarser grid, the vertical
resolution ranges from 17 m near the ground to 600
m at a height of 2 km. The curves of time evolution
of the PBL obtained for two 36-h simulations using
exactly the same initial and surface conditions are
shown in Fig. 6 for the 30-level grid (bottom diagram)
and the 9-level grid (top diagram). The diurnal growth
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2.

FiG. 3. Calculated depth of the mixed layer in models A (solid
line), B (dotted line) and C (dashed line) and observed values (taken
from Deardorff, 1974) denoted by open squares.

of the PBL is clearly smoother with the higher reso-
lution grid, as the mixed layer depth is computed with-
out interpolation between grid levels. However, a good
agreement is obtained on the whole, with maximum
values underestimated on the coarser grid by 120 m
on the first day and by 240 m on the second day. At
night, there is no difference between the two runs be-
cause the depth of the PBL is calculated as a function
of the friction velocity when the PBL is stable. In Fig.
7, the same comparison is made for the daytime profiles
of the sensible heat flux. The agreement between the
9-level and the 30-level profiles is good, the nearly
linear variation of the flux with height in the mixed
layer being recovered in both simulations.

g Conclusion of the 1D tests

The conclusion of the tests presented in this section
is therefore that the three techniques considered are
able to simulate accurately the daytime evolution of
the PBL over homogeneous surface conditions. For
the PBL depth and temperature, the results of the three
models are very similar. For the wind profiles, larger
differences are found, the scatter between the solutions
being 2-3 m 5™, with slightly better results given by
the TKE model. Another important point is that the
behavior of the TKE model seems rather insensitive
to decreasing the vertical resolution from 30 to 9 levels
in the lowest 2.5 km of the troposphere.

MAHFOUF ET AL.
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3. Comparison under horizontally inhomogeneous
forcing

In this section, a second set of comparisons is per-
formed under horizontally inhomogeneous surface
forcing using a 3D mesoscale model to simulate the
sea breeze flow over south Florida. As suggested by the
preliminary discussion in subsection 2c, and following
the conclusions of Anthes et al. (1980), the analysis of
this type of flow would provide better insight into the
TKE model’s behavior, since sheared flow, surface
heating and large-scale forcing are simultaneously
acting.

However, as far as the description of the mesoscale
structure of the turbulent variables over the Florida
peninsula is concerned, very few experimental data are
presently available. Moreover, most of these experi-
mental studies are restricted to small domains, often
near the southern edge of Lake Okeechobee (see Fig.
8). On the other hand, Pielke (1974) has made extensive
numerical studies over Florida and performed a vali-
dation of his model using the existing empirical data
(Pielke and Mabhrer, 1978). Thus, our approach will be
to use Pielke’s results as a reference for the mean vari-
ables, and simultaneously compare qualitatively the
turbulent structure with the detailed results of the third-
order, turbulence closure two-dimensional (2D) sea
breeze model of Briére (1987).

a. Model description

The three-dimensional numerical model is a dry
version of the meso-8 model of Nickerson et al. (1986),
which was originally developed to study flows over
complex terrain. Since the equations have been dis-
cussed elsewhere in detail, only the main features and
modifications are given herein.

The vertical coordinate » is a stretched o pressure
coordinate chosen to increase the vertical resolution
in the PBL. Table 3 gives a comparison between the »
and o coordinates, together with the corresponding al-
titudes. The main change made to the original model
discussed in Nickerson et al. (1986) is a simplification
of the equations for moist thermodynamics, which do
not include here the phase changes of water. This as-
sumption was found adequate in most earlier studies
of sea breezes. With this simplification, the thermo-
dynamical and moisture equations, written for the
variables S = I1§ and W = Ilg, respectively, read,

S 9 3 140,
a—t-—a(uS)—a(vS)~;67(UVS)+Fs, (10)
ow 9 3 1o ..
= _—&(uI/V) a—y(vW)—ya(a vW)+ Fw, (11)

where 6 is the potential temperature, ¢ the water vapor
mixing ratio, and Fgand Fy are eddy exchange terms
discussed in subsection 3b. Symbols referred to are
listed in the Appendix.
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FIG. 4. Vertical profiles of the wind (m s™!) computed by models A, B, C and observed data at 0900 LST (solid lines),
1200 LST (dotted lines), 1500 LST (dashed lines) and 1800 LST (dot-dashed lines).

The surface layer fluxes of momentum, heat and
moisture are based on the work of Businger (1973)
using the formulation of Louis (1979).

The computational domain is the 24 X 27 central
subdomain with constant mesh size used in Pielke’s
south Florida simulations. This domain is shown in
Fig. 8. The uniform grid length is 11 km and the time
step is 10 s. At the lateral boundaries, radiation bound-
ary conditions are used (Nickerson et al., 1986). The
initial température, moisture and wind soundings are
listed in Table 3, and the surface level conditions are

given in Table 4. These surface and initial conditions
are identical to those of Pielke (1974) and very similar
to the ones for the south Florida simulation over dry
sandy soil of Pielke and Mahrer (1978). A direct com-
parison is thereby possible with these previous studies.

b. Turbulent flux parameterizations

In order to test the effect of differences in PBL for-
mulations on sea breeze circulations, a set of four sim-
ulations was performed where everything was identical
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FIG. 5. Vertical profiles of the exchange coefficient K, (m? s™")
in models A (dashed line) and B (solid line) at 1500 LST.
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FI1G. 6. Comparison of the time variations of the PBL depth (km)
predicted by the TKE model using different vertical grid resolutions.
Upper portion: 9 levels; lower portion: 30 levels in the lowest 2.5
km.
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FI1G. 7. Comparison of the time variations of the vertical profiles

of heat flux (K m s™') predicted by the TKE model using different

vertical grid resolutions. Upper portion: 9 levels; lower portion: 30
levels. Time given in LST.

except for the parameterizations of the turbulent fluxes.
The first two simulations will receive most of the at-
tention hereafter and were respectively made using the
TKE parameterization (experiment A) and the Pielke
and Mahrer (1975) parameterization (experiment B).
Additionally, two other simulations of more technical
interest were made using very simple schemes (exper-
iments D and E).

Implementation of the TKE parameterization in the
three-dimensional model requires only few modifica-
tions to the original Therry-Lacarrére (1983) formu-
lation given in subsection 2b. The turbulent fluxes are
written in the » coordinate system according to the
following general expression:

FX=A2(AK "—X)

o X gy (12
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Y
south-north

west - east

FiG. 8. Model grid for the 3D tests over south Florida. The
smoothed coastline is taken from Pielke (1974). The line AA' (along
the 15th west~east line) and points B-F are used for the cross-section
analysis.

where x is any arbitrary variable, K, the associated
exchange coefficient and A4 a scaling factor related to
the v system,

gp
A=——,
RT,Ilo’
As explained in subsection 2b, the heat flux expression
involves an additional countergradient term, namely,
d i)
FS=A—[KH(A 57 H'ycg)] ,
v

o (13)
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and the turbulent energy equation (9) is written as

OE @ 9 1o
E-———a‘); Eu)—a—y(Ev)~-;5;(auE)
r a2 (135, BN+ mr [ 425 + (4 22)
w\ M oy M gy 1
8 s, e3?
00KH[A > nycg] 012515, (14)

where E = Ile and Sy = I16,. Other symbols are defined
in the Appendix.

The second simulation has been made using for-
mulation B of subsection 2b. The turbulent fluxes
are estimated using the vertical exchange coefficient of
O’Brien, and the required depth Z; of the planetary
boundary layer is computed from the prognostic equa-
tion of Deardorff (1974) used by Pielke and Mahrer
(1975). Allowance is made for advective terms and
vertical motion at level Z;. At the lateral walls, the
horizontal gradients of Z; are set equal to zero. Initial
values of Z; are set equal to 200 m.

In simulation D, the PBL depth is evaluated diag-
nostically, Z; = 0.25u,f !, and the exchange coeffi-
cients of O’Brien are used, as before. Pielke and Mahrer
(1975) found this scheme inaccurate; it is used here
solely to allow a direct comparison with results of Pielke
(1974) and trace back potential differences to their
sources. In simulation E, Z; is simply kept constant
throughout the integration, with a value of 1 km. This
was the crude procedure formerly used in our model
(Nickerson et al., 1986); an overall estimate of the im-
provement obtained with respect to our original model
is therefore provided by this simulation.

TaBLE 3. Comparison of the » and ¢ coordinate systems to corresponding geometric altitudes, and initial conditions
in the south Florida 3D simulations. Winds shown after Ekman adjustment for run E.

v - 4 Z (m) T(°0) q(gkg™") u(ms™) v(ms™)
0.0333 0.0444 14816 —44.7 0.0 —4.2 42
0.1000 0.1333 11752 —44.7 0.0 —4.2 _ 4.2
0.1667 0.2220 9604 -31.0 0.0 —4.2 42
0.2333 0.3101 7891 -19.8 0.0 -4.2 42
0.3000 0.3973 6464 -10.5 0.0 —-4.2 42
0.3667 0.4829 5244 -2.6 L5 -4.2 42
0.4333 0.5660 4191 3.1 3.6 -42 42
0.5000 0.6458 3277 7.2 5.4 -4.2 42
0.5667 0.7212 2488 1.1 7.1 -4 42
0.6333 0.7908 1810 14.8 9.0 —-42 .42
0.7000 0.8533 1238 18.3 11.3 —4.2 42
0.7667 0.9071 768 21.3 13.5 -4.7 4.1
0.8333 0.9504 404 23.6 15.7 —-4.7 3.6
0.9000 0.9813 150 25.2 17.5 -44 3.0
0.9667 0.9978 17 26.2 18.0 -2.9 1.8
1.0000 1.0000 0 26.4 18.0 0.0 0.0
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TABLE 4. Surface level conditions and model parameters for the
south Florida simulations.

Value

Model parameter Over land Over the sea

Roughness length 4
(cm)

Surface level
temperature (K)

00322 g™

208 + 10 sin («’—_—6)
(tin LST) 13

298

Surface level 18
moisture (g kg™)

Synoptic surface
pressure (mb)

Large-scale
geostrophic wind
(ms™)

Coriolis parameter
™)

Model initialization
time (LST)

20, 1

1018
Uy=—42
v,= 4.2

6.38 X 107

0600 (sunrise)

c¢. Results obtained with the TKE parameterization

We first consider the results from experiment A
which includes the TKE parameterization. The surface
layer winds at 50 m and the vertical velocity fields at
1.2 km predicted at 3-h intervals from 0900 to 1800
LST are shown, respectively, in Figs. 9 and 10. The
winds at 50 m were interpolated from the computed
values at 150 m (level 14) and 17 m (level 15). The 1.2
km level is close to the maximum of the vertical motion
field, as seen in Fig. 19A.

By 0900 LST, 3 h after the beginning of the simu-
lation (i.e., sunrise), the wind field (Fig. 9) is only
slightly modified. The most noticeable perturbation is
a weak divergence over Lake Okeechobee. The vertical
motion field (Fig. 10) is much more organized, with
upward cells around the eastern coast of the lake and
along the west coast of the peninsula. These ascending
cells are stronger where the curvature of the coast is
convex, with maximum values for w of about 2 cm
s~'. By 1200 LST, the rotation of the winds (Fig. 9) is
obvious on the west coast, and the sea breeze front has
moved about 20 km inland. Over Lake Okeechobee,
a well-defined divergent flow is seen, and a significant

flow acceleration is predicted along the east coast over

land. The vertical motion field (Fig. 10) is closely re-
lated to the horizontal wind convergence field, with
the main line of ascending motion located along the
west coast inland. The main subsidence areas are lo-
cated over the sea along the west coast and over the
western shore of the lake. By 1500 LST, the configu-
rations of the horizontal and vertical wind fields are
almost unchanged. Over the lake, the divergence of the
winds (Fig. 9) begins to decrease, and vanishes later in
the day. Along the west coast, the vertical motions (Fig.
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10) are getting stronger. By 1800 LST, the penetration
of the sea breeze front reaches about 50 km inland
(Fig. 9), and the sea breeze circulations concentrate
over the western half of the peninsula (Fig. 10). By the
same time, the winds accelerate over the southeastern
part of the peninsula and the main breeze cell along
the western coast strengthens to a maximum vertical
velocity of 21 cm s~ (Fig. 10).

These features qualitatively agree in most respects
with the results of Pielke although differences are found
regarding the intensity and structure of the sea breeze
front. We obtain a sharper front with maximum ver-
tical velocities from about 11.8 cm s™! at 1200 LST to
about 22 cm s™! at 1800 LST. By contrast, larger values
were obtained in many previous studies: 50 cm s™! at
1600 LST (Pielke, 1974), 25 cm s™! at 1800 LST with
a nonhydrostatic model (Tapp and White, 1976), and
35 cm s~! at 1800 LST (Pielke and Mabhrer, 1978). A
more detailed comparison with Fig. 5 of Pielke (1974)
suggests that the onset of the sea breeze flow is more
gradual in the present study since experiment A predicts
a maximum velocity of only 1.8 cm s™! at 0900 LST
whereas Pielke obtained values larger than 4 cm s~ by
that time. Another difference appears by comparing
the wind fields predicted at 1500 LST, shown in Fig,
9, with Fig,. 6 of Pielke (1974). In both simulations, the
inland penetration of the sea breeze front is compa-
rable, but the strongly divergent flow which forms
downstream from Okeechobee Lake in Pielke’s Fig. 6
does not appear in Fig. 11, which is more similar to
Fig. 10 of Pielke and Mahrer (1978) or to Fig. 10 of
Tapp and White (1976).

The vertical structure of the potential temperature
field is illustrated in Fig. 11 where the vertical cross
sections computed along the line AA’ of Fig. 8 are pre-
sented at 3-h intervals. Early in the morning, a shallow
mixed layer forms over land in response to ground
heating, whereas nearly undisturbed stable layers are
predicted over the sea along both coasts. By 0900 LST,
this mixed layer is less than 1 km deep. It deepens to
slightly more than 1 km by noon, reaching its maxi-
mum development of about 2 km after 1400 LST.
Comparing Fig. 10 and Fig. 11, it can be seen that the
depth of the mixed layer in Fig. 11 is related to the
vertical velocity field, with a rise of the isentropes and
a deeper mixed layer near the sea breeze front, within
the main ascending cell of the breeze (e.g., see near 60
km in Fig. 10 at 1200 LST). The mixed layer also seems
to be slightly shallower near both coasts where down-
ward motions are predicted near the 1 km level. Later
in the day, near sunset at 1800 LST in Fig. 11, the
mixed layer is progressively destroyed, from the bot-
tom, as a result of cold advection of marine air at low
level at both coasts. This results in a horizontally in-
homogeneous layer in the lowest kilometer, whereas a
more homogeneous layer persists aloft. Similar tran-
sient features of the potential temperature field near

Unauthenticated | Downloaded 12/03/21 07:44 AM UTC



1682

100 km

100 km

JOURNAL OF CLIMATE AND APPLIED METEOROLOGY

LSS S AN R NSNS NN SNEELXNNY
NAARNARCRNAUR R AN AR NS Y
WA AR R AR AL AORNARANN A s
YU ARR AN SARNR SRR AN SN S
\\\\\\\\\\\\\\\\\\\\N\\
NES G R E A RN TR T AKX KN
\ﬁ\\\\\\\\\\sssx\\\kx:t
oA \\\\\\\'\\\\\NKL\\\\‘\\
\\\\\\\\\\x\\\\\\\\\\\\
U NS AN NARRARN RN AN ARRRNGS
HU AN L ARNARRN AR RN A RRARNNRNS
YR O AR AN RAR RN AARSRSRNNSNN
HRA U R GARNRR R RN AR NN,
ANARR N AARR A RNCRNARRANRNRRNN
ARRR R AN AR R AR RRNK ®
AR RN A VAR NS AN NS N
P\\\\\\\\\\\\\\\\\\\k\
AN RANR ARG A RN AR AR -
\\\\\\\\\\\\\\\\\\\k\\
\\\\\\\\\\&\\\\\\\xxs\
AN NN N RAN I SSX S R RS
AR RARN RN RAR A R L
NN AR AR RO WARN A N R R e w w
KECKTEEEEE R P LT RY
NS AN ANANA RN RN RNANCAN RN NS S -

0900

le‘llltll‘tttt

—_
50 km

:\\\\ AN N
s AR IR S e s
N ERC R R R R R s N
\\\\NNVQQ\\&R“QQQQ\\
-\ \\\\qu \\‘\'\'\\\\
\\\\\\\\ NN \ N
i1/ \\\\\\53;5\:Q3:Q\;
R AR R ;
" /; \\\\\\5555\:¢<\\

N

\

AN
b \\\\\\\\
™ Qs¢\‘\ SN
\\\
\\\'\'\\\

\\\\\\\\
\\\\\\\\\\ ‘Q<stu¢\

R R R N R A

\
}\\\\\\\
{

22 P L Ll L L L PL Lt il

| B |
50km

ISC RN E K RN T NI N N

1500

100 km

100 km

tftlez/rf11111‘,-A‘:111L;

]

VOLUME 26

\\\ \t\\\@\\\f\\\m\“a
can N e s s

LR NN NN R AN ey
L N O N R N N O S
\\\\\\\NNN\*Q.\Q“QQ\\\
i \\\\\\\N\Nh,‘QQQQQQ\W
AR AN AR R i S NSNS o
VRN A AR RS RN -
\N\AN\AN \\\\\'\\\‘\\\\\ -
AN ANAR LR AN W
r1\\\\\\\\\\ww<<<\u
AR S SE S ECE U NN
\I LRI AN

N

\

Y

\
\\\\\\\

\
AN LY
}}\\\\\\\VQQQ\\N
g
L8
\\\
\\K\\\\\\\\\\\\\
oaaonan A LAY

-

ANRANNNRNNR . Y
NN
VAN NGRS S S Y
R EENES SRRy

'\\\\\\ -“n N

'\\\\k\ N
AR

'\\‘.«\\\

'J \\‘\\\\\'\\\\\\\\«sgus\\;

1200
I
50kn1

\\\‘\\'\‘\‘\‘\\\\'\'\'\'\‘\’\\\\\ N
i '\'\'\N‘\'\\‘\\'\\\ ‘\‘\‘\'\\'\ “-N
RS LS SN
‘\‘\\\\ ~

ﬁt’:""*w“l:

wWRR LR AR R AR L L NN - e Y
BRAR LA AR R RN AR R NSRS, o

50 km
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FIG. 10. Time evolution of the vertical velocity (cm s™') at 1.2 km in experiment A (TKE parameterization). Contour interval is
6 cm s~', except for the —3 cm s™' contour. All times are given in LST. The coastline is denoted by a dotted curve. Distances along
ordinate and abscissa in km.
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FIG. 11. Time evolution of the potential temperature (°C) along the vertical cross section AA’ of Fig. 8.
Contours drawn at 2° intervals. All times are given in LST. Vertical coordinate and abscissa in km.



DECEMBER 1987

sunset were obtained by Mizzi and Pielke (1984) in a
simulation of sea breeze along the Oregon coast.

The structure of the predicted turbulence fields is
now examined. Figures 12 and 13 respectively display
at 1400 LST the vertical profiles of the sensible heat
flux and of the turbulent energy at five selected loca-
tions (B, C, D, E and F) along line AA’ in Fig. 8. At
points B and F, located over the sea near the western
and eastern coasts of the peninsula, respectively, the
surface layer is stably stratified and the turbulence is
weak, leading to negligible turbulent energy and fluxes.
At point D, located in the central part of the peninsula,
the profiles of turbulent energy and heat flux are very
similar to the profiles obtained in section 2d over ho-
mogeneous terrain. The turbulent energy is larger than
1 m? s2 up to the 1 km level with a maximum greater
than 2 m? s72 near 500 m (Fig. 13D). The heat flux
profile exhibits the classical linear shape in the mixed
layer with small negative values near the mixed layer
top (Fig. 12D). More interesting features appear at lo-
cations C and E. By 1400 LST, point C is located within
the ascending cell associated with the sea breeze front
along the western coast. The profile of the turbulent
energy (Fig. 13C) shows a turbulent layer displaying a
maximum of about the same value and at about the
same level as at location D. However, this turbulent
layer is much more active in the upper levels, with a
turbulent energy roughly doubled in the second km.
Similar features are observed in the heat flux profiles,
with a ground level value equal to the flux at location
D but larger values above 1 km, and a mixed layer
depth of about 2 km. A significant departure of the
heat flux profile from the linearity is also found, sug-
gesting that, near the sea breeze front, the upward
transport of heat is operated not only by the small-
scale turbulence, but also by the mean vertical motion
associated with the sea breeze circulation. Finally, the
situation is quite different at point E. By 1400 LST,
point E is located within the eastern branch of the
breeze flow where the surface southeast winds are ac-
celerated and advect cold marine air. This region also
displays a weak negative vertical velocity component
aloft. The heat flux and energy profiles in Figs. 12E
and 13E show a shallow mixed layer, with a surface
heat flux nearly doubled with respect to points D or
C, and with nearly the same amount of turbulent en-
ergy. Thus, the advection of cold marine air at very
low levels by the flow along the eastern coast of the
peninsula strongly increases the instability of the sur-
face layer.

As a last point in this section, we present cross sec-
tions taken along line AA’ of Fig. 8 for the turbulent
kinetic energy and examine the four most significative
terms of its budget. Figure 14 shows the turbulence
energy field at 1430 LST along line AA’; this time
roughly corresponds to the maximum development of
the turbulence. Three regions with different character-
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FIG. 12. Vertical profiles of the sensible heat flux (K m s~!) at 1400
LST at five selected points along the line AA’ of Fig. 8. B, over the
sea off the western coast; C, over land along western coast near the
sea breeze front; D, central peninsula; E, over land, eastern coast; F,
over the sea, eastern coast.
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FIG. 13. As in Fig. 12 except for the turbulent kinetic
energy (m? s~2) at 1400 LST.

istics are noticed. Over the sea, on both coasts, only
negligible turbulence is predicted (as expected). Over
land, sharp transitions occur along the shorelines be-
tween the nonturbulent and the turbulent regions. On
both coasts, these transition regions broadly foliow the
surface separating the low-level branch of the breeze
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circulation from the overlying return current. The
boundary is nearly vertical on the downwind side
(west), more gently sloping on the upwind side (east).
Near the center of the peninsula, the TKE is more
homogeneous, with an average value of about 2 m? s~
at 500 m height, and exhibits a broad maximum of
about 2.6 m? s and a deeper depth to the west near
point C, close to the main ascending cell of the breeze.

In order to interpret these features, we now examine
the turbulent energy budget shown in Fig. 15 along the
same Cross section at the same time. Only the TKE
shear production § = —(u'w'du/dz + v'w'dv/dz), the
buoyancy production B = g/6w'd’, the turbulent
transport T = —dw'e’/dz, and the dissipation D are
presented; all other terms (including advection) are
much smaller. It is seen that the turbulence is generated
over land through buoyant production in the lower
half of the convective layer, while the turbulent trans-
port exports energy from the lower half to the upper
half of the convective layer. The shear is small every-
where, except within the transition layers, where it can
be larger than the buoyant production and significantly
modifies the TKE, the turbulent transport and, to some
extent, the dissipation. This last point emphasizes the
necessity.of allowing for wind shear turbulent produc-
tion in sea breeze simulations.

TURBULENT ENERGY 2.2
6 T T T | T
Z
KM
a | J
B c D E F
i { { { {
2 L i
0
0 50 100 150 200 250
wW_e
KM

FiG. 14. Vertical cross section of the turbulent kinetic energy at
1430 LST along the line AA’ of Fig. 8. Contours drawn at 0.5 m*s™2
intervals. Maximum value is 2.6 m?s~2,
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FIG. 15. Turbulent kinetic energy budget at 1430 LST; vertical cross section along the line AA’ of Fig. 8. S, shear production;
*

B, buoyant production; 7, turbulent transport; D, dissipation. Units are cm? s~3. Contours drawn for +5,

cm?s73,

Briére (1987) has recently performed a two-dimen-
sional sea breeze simulation with a very complex third-
order turbulent closure which provides a detailed pic-
ture of the turbulent energy budget (along with many
other second-order quantities). A qualitative compar-
ison of our results is therefore attempted with this ref-
erence simulation. In spite of a coarser horizontal res-
olution (Briére, 2 km) and a much more simplified
physics in the present study, a reasonable agreement
is obtained for the main contributions to the turbulent
energy budget, as discussed later. For example, the
shear production term computed in Briére’s model ex-
hibits a structure similar to the one we obtained, with
a well-defined maximum within the transition region.
Moreover, the predicted magnitudes agree in both
models (Briére, 40 cm? s=3, compared to 30 cm?s~2 in
this work). A similar consistency is found for the overall

10, 20 and +40

structure of the buoyancy production, with the excep-
tion of the very top of the mixed layer where the TKE
scheme underestimates the negative flux (probably as
a result of the poor vertical resolution at this elevation).
Advective terms are also negligible in both simulations.
More important differences are found, however, in the
turbulent transport, which displays the same broad
structure and magnitudes, but changes sign at much
higher level in the TKE model than in Briére’s. This
defect can be ascribed to the gradient transport for-
mulation used in (14). Therry and Lacarrére (1983)
have mentioned this problem in their simulation and
propose a refinement of (14) to cure it.

In summary, the analysis of the results of experiment
A yields the following conclusions:

(i) The comparison with Briére (1987) third-order
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sea breeze model suggests that the TKE model gives a
fair prediction of the turbulent structure at least for
practical use.

(ii) The magnitude of the shear production in the
transition regions near the sea breeze front shows a
localized, but significant, interaction between the tur-
bulence fields and the mesoscale mean flow.

(iii) The comparison of the mesoscale mean circu-
lation with Pielke’s results suggests that the sea breeze
flow is weaker in the present simulation, a point to be
discussed in subsection 3d.

d. Comparison of the TKE scheme with the other pa-'

rameterizations

A more detailed discussion of the latter conclusion
is now attempted using a comparison between the fields
* predicted at 1200 LST in experiments A, B, D and E.
The surface layer winds at 50 m predicted in the four
experiments are shown in Fig. 16. We first note that,
in spite of the large differences in the PBL parameter-
izations, the predicted winds are very similar, Only mi-
nor differences are seen along the sea breeze front and
over the lake, where the flow appears slightly more
divergent in experiments D and E, in agreement with
the results of Pielke (1974). The vertical cross sections
of the potential temperature fields at 1200 LST are
shown in Fig. 17 for the four experiments. These fields
are similar and show a mixed layer forming over land
and stably stratified layers over the sea along both
coasts. Close to the sea breeze front, along the western
coast, some lifting of the isentropes is noticed in all
experiments. By 1200 LST, the four experiments pre-
dict nearly the same PBL thermal structure and depth,
but this is not significant in experiment E because a
comparison made at a later time in the day with this
experiment would show an unstable layer between 1
and 2 km, due to the use of an underestimated PBL
depth. The vertical motion fields at 1200 LST are pre-
sented in the form of horizontal cross sections at the
1.2 km level in Fig. 18 and vertical cross sections along
the line AA’ in Fig. 19. The same features are present
in all four simulations, with regions of ascending mo-
tion confined along the western coast and upstream
from the lake. Weak subsidences are found slightly in-
land over the east coast, off the west coast and down-
stream from the lake. However, substantial differences
in flow strength are found between these four experi-
ments. The regions of maximum ascent are weaker in
experiments A and B than in experiments D and E,
which use crude diagnostic schemes. This difference
reaches a factor of 2 (10 cm s™!) between experiments
B and D in both the vertical and horizontal cross sec-
tions. By contrast, the maximum strength of the sub-
sidences is almost the same for all the experiments, the
differences being always smaller than 2 cm s,

In a quantitative study of sea breeze circulations,
Anthes (1978) has shown that the daytime circulation
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results as a first approximation from an equilibrium
between the solenoid acceleration and the counteract-
ing effect of the vertical turbulent mixing of momen-
tum. Consequently, we have compared the mixed layer
characteristics in the four experiments in an attempt
to explain the weaker circulation found with A and B
parameterizations. The most noticeable difference
found is that the PBL along the western coast is sig-
nificantly deeper in experiments A and B than in ex-
periments D and E. This point is illustrated in Fig. 20
which shows the cross section of the mixed layer depth
predicted at 1200 LST along the line AA’ in experi-
ments A, B and D. The mean depths of the PBL are
similar in experiments A and B (accurate experimental
data are lacking) and about 30% smaller in experiment
D. In this latter case, the mixed layer depth is propor-
tional to the friction velocity alone, which is a maxi-
mum along the east coast in the region where surface
winds are accelerated. By contrast, in experiments A
and B, the mixed layer depth responds both to the sur-
face sensible heat flux and to the vertical velocity field
in the PBL. The vertical velocity is maximum along
the sea breeze front, whereas the surface heat flux is
maximum along the east coast in response to the ac-
celerated winds in this area. By 1200 LST, this results
in a nearly constant (experiment A) or slightly deeper
mixed layer to the west (experiment B). By 1430 LST,
the turbulent energy reaches its maximum intensity
and both models A and B give a deeper mixed layer
to the west, whereas model D gives the opposite result,
as also seen in Fig. 21. The above discussion therefore
suggests that the less intense sea breeze circulations
predicted with models A and B result from the deeper
turbulent vertical mixing near the ascending cell of the

flow.

4. Summary and conclusions

In this paper, various PBL parameterizations cur-
rently used in 3D mesoscale models were compared
with the TKE parameterization of Therry-Lacarrére
(1983). Two sets of sensitivity experiments were per-
formed, corresponding to different physical conditions.

The first set of experiments was made under hori-
zontally homogeneous ground forcing using the clas-
sical observational data of Wangara day 33. The TKE
parameterization predicted values of the winds, tem-
peratures and soil temperatures in good agreement with
the observations, and the comparison made with the
schemes of Zhang and Anthes (1982) and Pielke and
Mahrer (1975) showed a slight improvement of the
simulated wind profiles with the TKE scheme. It was
also shown that the behavior of the Therry-Lacarrére
TKE parameterization is rather insensitive to the effect
of decreasing the vertical resolution from 30 to 9 levels
in the lowest 2.5 km of the troposphere.

The second set of experiments was made under hor-
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FIG. 20. Depth of the mixed layer (km) predicted at 1200 LST along the line AA’ of Fig. 8. Experiment A, TKE prognostic scheme;

experiment B, Pielke and Mahrer (1975) scheme;

izontally inhomogeneous surface forcing using the 3D
mesoscale model of Nickerson et al. (1986) to simulate
the sea breeze flow over south Florida. The results ob-
tained using the Therry-Lacarrére TKE parameteriza-
tion are very encouraging and show the following:

(i) The comparison of the turbulence energy budget
predicted by the TKE model and obtained using the

experiment D, Pielke (1974) diagnostic scheme.

third-order closure model of Briére (1987) reveals a
good qualitative agreement and suggests that the TKE
model gives a fair description of the turbulent structure
for practical purpose;

(i) The magnitude of the shear production in the
transition region near the sea breeze front shows a lo-
calized, but significant, interaction between the tur-
bulence field and the mesoscale breeze circulation.
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FI1G. 21. As in Fig. 20 except at 1500 LST.
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Finally, the comparison between the results obtained
with the TKE parameterization and those using the
scheme of Pielke and Mahrer ( 1975) yield the following
conclusions:

(i) as far as the mean variables are concerned, only
- slight differences are noticed between the two param-
eterizations;

(ii) the weaker Florida sea breeze circulation ob-
tained with the TKE simulation is probably the result
of a deeper turbulent mixing over the western half of
the peninsula. :

It is.emphasized, however, that the weakest point of
the previous discussions is probably the lack of reliable
observation of the mesoscale structure of the turbu-
lence. We plan an empirical test of the TKE scheme,
along with further developments regarding the soil and
vegetation parameterizations, using data from the
HAPEX!' (André et al., 1986) field program aiming at
a better knowledge and parameterization of the mois-
ture budget at mesoscale. Further testing of the TKE
parameterization should also be conducted against
more realistic surface and topographic conditions. It
is suggested that a useful test would be to examine
whether the horizontal and vertical wind shears re-
sulting from topographical forcing can lead to signifi-
cant departures between the TKE parameterization and
simpler prognostic PBL schemes.
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APPENDIX
List of Symbols
__ &
RT,Io' scale factor (12)
e turbulent kinetic energy
E=1Il¢e
f Coriolis parameter
Fg, Fy vertical diffusion terms [(10) and
(11), respectively]
g acceleration of gravity

! Hydrological and Atmospheric Pilot Experiment. .
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h
KH’ KM

Ky

Ik

S=118
SV 119,

T‘
Ty = T(1 + 0.61q)

g = 5Q0/W¢ Zt

0’

6o =280 K

6, =06(1 +0.61q)
v

VOLUME 26

depth of the surface layer

exchange coefficients for heat and
momentum, respectively

exchange coeflicient for variable

X

mixing length scale (Therry and
Lacarrére, 1983)

dissipation length scale (Therry
and Lacarrére, 1983)

pressure

pressure at the top of the 3D
model

water vapor mixing ratio

fluctuation of ¢

surface sensible heat flux

gas constant for air

time

temperature

virtual temperature

zonal component of the wind

fluctuation of u

zonal component of the geo-
strophic wind

friction velocity

meridional component of the
wind

fluctuation of v

meridional component of the
geostrophic wind

vertical velocity -

vertical velocity fluctuations

convective velocity scale

zonal, meridional and vertical
coordinates, respectively

mixed layer depth

temperature countergradient

potential temperature

fluctuation of 6

reference temperature

virtual potential temperature

vertical coordinate in the 3D
mesoscale model

vertical velocity in the v system

|

T

n=p-p

a=%=(4v—y‘)/3
,_do

7 dv

X

unspecified variable (12)
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