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ABSTRACT

Planetary boundary layer (PBL ) flows are known to exhibit fundamental differences depending on the relative
combination of wind shear and buoyancy forces. These differences are not unexpected in that shear instabilities
occur locally, while buoyancy force sets up vigorous thermals, which result in nonlocal transport of heat and
momentum. At the same time, these two forces can act together to modify the flow field. In this study, four
large-eddy simulations (LESs) spanning the shear and buoyancy flow regimes were generated; two correspond
to the extreme cases of shear and buoyancy-driven PBLs, while the other two represent intermediate PBLs where
both forces are important. The extreme cases are used to highlight and quantify the basic differences between
shear and convective PBLs in 1) flow structures, 2) overall statistics, and 3) turbulent kinetic energy (TKE)
budget distributions. Results from the two intermediate LES cases are used to develop and verify a velocity
scaling and a TKE budget model, which are proposed for the intermediate PBL. The velocity variances and the
variance fluxes (i.e., third moments) normalized by this velocity scaling are shown to become quantities on
the order of one, and to lie mostly between those of the two extreme PBL cases. The proposed TKE budget
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model is shown to adequately reproduce the profiles of the TKE budget terms and the TKE.

1. Introduction

Turbulence within the planetary boundary layer
(PBL)is generated and maintained by two forces: wind
shear and buoyancy. Wind shear dominates the neutral
and most of the stable PBL, while buoyancy dominates
the convective PBL. Depending on the dominant forc-
ing mechanism, the PBL flow patterns and turbulence
statistics can be quite different, as pointed out by nu-
merous studies (e.g., Deardorff 1972; Wyngaard 1979;
Mason 1992). For example, Deardorff (1972), based
on his large-eddy simulations (LESs), found that, in
the neutral case, eddies identified by the downstream
velocity component are distinctly elongated near the
surface, while in the highly convective case, eddies
have no preferred horizontal orientation. As later
shown by Mason (1989) and Schmidt and Schumann
(1989), eddies in the pure buoyancy-driven PBL ex-
hibit polygonal spoke patterns near the surface and
evolve into large isolated thermals in mid-PBL. These
different patterns are perhaps not surprising since the
elongated streak pattern was observed in laboratory
shear flows (e.g., Kline et al. 1967) and the polygonal

* The National Center for Atmospheric Research is sponsored by
the National Science Foundation.

Corresponding author address: Dr. Chin-Hoh Moeng, MMM Di-
vision, NCAR, P.O. Box 3000, Boulder, CO 80307-3000.

© 1994 American Meteorological Society

pattern was found in Rayleigh—Bénard convection
flows (e.g., Krishnamurti 1968).

Deardorff (1972) also showed that shear and buoy-
ancy PBLs scale differently. It is known that the Ekman
PBL (i.e., pure shear flow with a neutrally stratified
environment) scales with the friction velocity, u,,, and
the height scale, u,/f, where fis the Coriolis param-
eter. Deardorff showed that, in the convective PBL, u,,./
f becomes irrelevant and the friction velocity scale
“‘loses its influence upon the turbulence intensities.”’
As a result of that study, Deardorff developed the now
well-known convective scaling parameters: the con-
vective velocity, wy, and the PBL height, z;, for the
buoyancy-driven PBL.

When both shear and buoyancy are important, the
PBL flow structure and statistics are found to be dif-
ferent from either pure shear or highly convective PBL.
Observations (e.g., LeMone 1973; Grossman 1982;
Christian and Wakimoto 1989) have shown that, in the
intermediate PBL, horizontal convective rolls, which
are spaced about 2—3 z; apart and oriented ~20° from
the PBL layer-average wind direction, are the dominant
structure. So far, no proper scaling exists to describe
the statistics of this intermediate type of PBL.

In this paper, we wish to point out the differences
between the two extreme PBL types—shear- and
buoyancy-driven PBLs, and also discuss the interme-
diate PBL that is driven by both shear and buoyancy
forces. For these purposes, four PBLs were generated
using large-eddy simulations that span the shear and
buoyancy flow regimes (section 2). Two of the PBL
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TaBLE 1. Numerical and external parameters of the simulated cases.

. Lx (Ly) Lz Ttotal Q* Ug
Simulation (km) (km) N.X N, XN, (sec) (m s~'K) (ms™)
B 5 2 96 X 96 X 96 9000 0.24 10
s 3 1 96 X 96 X 96 15225 0. 15
SB1 3 1 96 X 96 X 96 9300 0.05 15
SB2 3 1 96 X 96 X 96. 10 000 0.03 15

simulations correspond to the two extreme types, while
the other two cases are intermediate PBLs. In section
3, the differences between the two extreme PBL types
in 1) eddy structure, 2) overall statistics, and 3) tur-
bulent kinetic energy budgets are reported. In section
4, both the intermediate PBL and the applicability of
the combination of the two extreme cases to this case
are discussed. Section S gives a summary and conclu-
sions.

It is our intention to highlight differences between
the two extreme PBL types, not to present these char-
acteristics as completely new information. Only a few
representative studies are cited here because many of
the characteristics of shear and convective PBLs shown
here are familiar to most readers, and because of the
extensive literature on this subject.

2. The simulated PBL flows

The various PBL flows used in this study were gen-
erated from the LES code described in Moeng (1984 )
and modified somewhat in Moeng and Wyngaard
(1988). This code has been used to simulate flows for
studies of the convective PBL (e.g., Moeng and Wyn-
gaard 1989), stratus-topped PBL (e.g., Moeng et al.
1992), shear-driven PBL with capping inversion
(McWilliams et al. 1993), and shear-driven PBL in a
neutrally stratified environment (Andrén and Moeng
1993). In LES, the Navier—Stokes equations are fil-
tered such that large turbulent eddy (plus mean) fields
of wind and virtual potential temperature are solved
explicitly, while the net effect of subgrid-scale motions
(typically in the inertial subrange) is parameterized
based on inertial subrange theory. In this paper, u, v,
and w are resolved-scale turbulent flow fields, 6, is the
resolved-scale turbulent virtual potential temperature,
and p is the resolved-scale turbulent pressure; U, V,
and 0, are the horizontal means. Such numerically gen-
erated turbulent flows thus provide us with instanta-
neous ‘‘data fields’’ of large eddies, which are energy
containing and responsible for most of the turbulent
transports.

By varying the geostrophic wind speed, U,, and the
surface heat flux, Q,, three types of PBLs were gen-
erated. The first is a buoyancy-dominated flow with a
relatively small shear effect (referred to as simulation
B); the second is a shear-dominated flow with no sur-
face heat flux (referred to as simulation S); and the

third consists of two intermediate flows (simulations
SB1 and SB2) both having strong shear and moderate
convection. The numerical domain, grid size, total sim-
ulation time, surface heat flux, and geostrophic winds
are summarized in Table 1, where L,, L,, and L, are
the numerical domain sizes in x, y, and z; N,, N,, and
N, are the numbers of grid points in each of these di-
rections; and 7, is the total simulation time in sec-
onds. We intentionally used a larger numerical domain
(both horizontal and vertical directions) for simulation
B than for all other simulations in view of the fact that
most daytime PBLs (i.e., highly convective cases) are
much deeper than the early morning or late afternoon
PBLs when the shear effect dominates the buoyancy.
These simulations were made to represent typical cases.
The large Ty, We ran for these simulations is mainly
for the purpose of studying diffusion of scalars which
were introduced after the turbulent field was estab-
lished. We will not present the scalar diffusion study
in this paper. It typically takes only about six large-
eddy turnover times to reach a statistically quasi-steady
state of the dynamic flow field. In these simulations, a
barotropic environment is considered where U, is con-
stant with height and V, = 0. Therefore, the shear forc-
ing considered is primarily concentrated near the sur-
face. Simulations B, SB1, and SB2 all started from lam-
inar flows, with a constant prescribed wind field (i.e.,
the geostrophic wind) throughout the whole numerical
domain. The initial mean virtual potential temperature
profile for these simulations is 300 K below an initial
PBL height, (z;)o; it increases by a total of 8 K across
six Az grid levels, and increases with a lapse rate of 3
K/km above it. For simulation B (z; ), is about 937 m,
and 468 m for the other cases. Simulation B was pre-
viously used not only to study the eddy spectrum
(Moeng and Wyngaard 1988) but also to evaluate clo-
sure assumptions used in second-order PBL modeling
(Moeng and Wyngaard 1989). It should be mentioned
that simulation S was built from simulation SB1 by first
setting the surface heat flux to zero after about 3000 s
of simulation time. This procedure allowed a quick
spinup to steady shear flow without the introduction of
very large initial perturbations as required in Mc-
Williams et al. (1993). Note that our simulation S is
not the classical Ekman PBL since it has a capping
inversion. Consequently, the simulated shear PBL has
a slightly positive stratification in the upper PBL, and
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its height is scaled with the inversion base height (i.e.,
the PBL depth), instead of u,/f as in the Ekman flow
case.

Table 2 provides a summary of the resulting statis-
tics: the friction velocity, u,; the convective velocity,
wy; the PBL height, z;; the large-eddy turnover time,
Ty (=2z;/uy for the S case and z;/w, for B and SB
cases); the stability parameter, —z;/L; the virtual po-
tential temperature fluxes at the PBL top, (w#,);; the
mean wind speed at the first grid level, U, ; the virtual
potential temperature difference between the first grid
level and the surface, A®,;; and a new velocity scale,
w,,. Here the new velocity scale is defined as w3
= wj, + Sul, which is developed in section 4b. L is
the Monin—Obukov length;

where g/T, is the buoyancy coefficient, (wl,); = O,
is the surface 4, flux, and the overbar represents the
ensemble average (or corresponds to combined x — y
planar and time averages in our simulation results).
The PBL top is defined at the level where the buoyancy
flux has its minimum value. All simulations were made
for about 17 large-eddy turnover times, and during the
last five large-eddy turnover time period the simulation
fields were saved at 100-s intervals for further analysis.
Simulation S has the ratio of z;/(u4/f) about 0.1; thus,
its structure should lie in between the classical Ekman
PBL and the shear channel flow, as discussed in Csan-
ady (1974 ) and Wyngaard (1979). According to Dear-
dorff’s (1972) study, PBLs with —z;/L > 4.5 are in
the convective regime, a regime defined as where most
of the statistics profiles can be scaled properly with the
convective scaling, w,, and z;, (except for the entrain-
ment effect). Simulation B is not a pure buoyancy-
driven PBL simulation; however, it is in the highly con-
vective regime and its scaled statistics profiles compare
well with those of the free convection simulations
given by Nieuwstadt et al. (1993). Our last two sim-
ulations have —z;/L ~ 1.5, and thus represent inter-
mediate situations. We will first compare the two ex-
treme PBL cases in section 3, and postpone a discus-
sion of the intermediate cases to section 4.

3. Shear and buoyancy cases
a. Flow structures

The fundamental flow structures and flow patterns
present in simulations B and S vary owing to the dif-
ferent forcing mechanisms present. In order to eluci-
date these differences, and at the same time detect the
presence of coherent structures, a flow visualization
study was carried out for these two simulations.

Visualization of typical instantaneous turbulent flow
fields, namely, horizontal and vertical velocity fluctu-
ations, u, w, virtual potential temperature fluctuations,
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f,, and the local fluxes uw and wé,, are shown in Figs.
1-6. These figures are snapshots of the flow late in the
simulation and are considered typical of the structures
present. Figures 1 and 2 are views of the flow in the x—
y plane at a vertical location z/z; = 0.2. This corre-
sponds to vertical locations of 100 and 200 m, respec-
tively, for simulations S and B, and are just beyond the
expected vertical extent of the surface layer. A se-
quence of snapshots showing the flow structure at ver-
tical locations z/z; = 0.1, 0.2, 0.3, 0.5, and 0.8 for the
shear and convective flows are provided in Figs. 3 and
4, respectively. Figures 5 and 6 are views of the flow
patterns in the x—z plane midway through the compu-
tational domain. In each plot, the contouring and shad-
ing scheme is chosen to highlight the energetic parts of
the flow and those regions with strong correlation be-
tween turbulent quantities. In all figures, dark (light)
shading and solid (dashed) lines are contours of large
positive (negative) quantities. Note that the contour
levels are not equally spaced in order to capture the
most energetic turbulent motions, and the vertical scale
in the x—z views is exaggerated compared to the hori-
zontal scale. In our discussion, we also refer to the
spanwise direction that is perpendicular to the horizon-
tal mean wind at any particular z.

A striking feature of the x—y view shown in Fig. 1
is the appearance of persistent streaky structures in the
shear-dominated PBL. (These streaks are much smaller
in scale than the horizontal convective rolls to be dis-
cussed in section 4, found in the intermediate PBL.)
These streaks are apparent in all of the flow variables
examined, but are especially visible in the plots of the
u horizontal fluctuations. The streaks are roughly
aligned with the mean flow direction (shown later in
Fig. 3) in the lower PBL, and often span the entire x
domain. The streaks in the spanwise direction are thus
alternately composed of low- and high-speed fluid. Fur-
thermore, the streaks are also regions of concentrated
large negative uw, which account for most of the Reyn-
olds stress. These structures resemble the often ob-
served streaks in flat plate boundary layers (Robinson
1991), and are similar to the flow patterns observed in
numerical simulations of channel flow (Moin and Kim
1982; Sykes and Henn 1988).

The streaky structure apparent in simulation S is
largely absent from the buoyancy-dominated flow
(simulation B), displayed in Fig. 2. In the buoyant
case, the primary flow structure is determined by a few
powerful updrafts that are readily visible in the con-
tours of vertical velocity and virtual potential temper-
ature. A strong correlation between these two variables
exists as evidenced from the wé, contours. At the same
time, the bulk of the vertical momentum flux is carried
by these same updrafts—almost all of the large nega-
tive uw regions are found in these few strong updrafts,
with very few elsewhere.

The flow patterns at various heights for simulations
S and B, as well as its wind hodograph, are displayed
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TABLE 2. Internal parameters of the simulated cases.
Uy Wy % Tx (wh,); U AQ, W,
Simulation (ms™) (ms™) (m) (sec) —z/L (m s~'K) (ms™) X) (ms™)
B 0.56 2.02 1030 510 18 —0.040 5.1 2.8 2.09
S 0.50 0 478 956 0 —-0.007 8.7 0 0.85
SB1 0.59 0.94 498 530 1.6 -0.020 8.1 0.5 1.22
SB2 0.56 0.79 493 624 14 -0.016 8.2 0.3 1.11

in Figs. 3 and 4, respectively. In Fig. 3, x—y views of
the u fluctuations show that the streaky structures, so
readily visible in the shear flow at z/z; = 0.2, gradually
disappear with increasing z; and by about z/z; = 0.5
the streaks are no longer distinguishable, having been
replaced with spatially less coherent structures. The
disappearance of low-level streaks at higher levels has
also been observed by prior numerical studies of shear-
driven channel flow (Moin and Kim 1982), and thus
cannot be due to gravity waves aloft. The wind turning
with height in simulation S is less within the PBL in-
terior, but more across the PBL top (between 0.8z and
just above z;), than the classical Ekman spiral, which
is expected for a wind-driven PBL with capping inver-
sion as pointed out by Csanady (1974) and Wyngaard
(1979). An examination of Fig. 4 for the buoyancy-
driven flow reveals that the scale of the w fluctuations
grows from 0.1z; to 0.5z;. The well-defined spoke pat-
terns observed in free convection flows (e.g., Schmidt
and Schumann 1989) are not found here owing to the
surface shear.

Noticeable features of the x—z views (Figs. 5 and 6)
are the presence in the shear case of numerous small
eddy structures, which most often occur in updraft—
downdraft pairs. This contrasts considerably with the
few but very large updrafts present in the buoyancy-
dominated flow. The structures present in simulation B
generally span the entire vertical extent of the domain,

while in simulation S the structures tend to be concen-

trated at scales roughly one-half of the boundary layer
Z; . It is worthwhile to point out that in the shear case a
strong negative correlation between the u and w fields
is observed in both updraft and downdraft regions.
Generally, regions of downward (upward) vertical ve-
locity coincide with regions of positive (negative) u
fluctuations. A consequence of this correlation is that
large negative uw exists in both updraft and downdraft
regions, with only a few patches of large positive uw,
as shown in Figs. 1 and 5. This relationship between
negative (positive) w events and positive (negative) u
events are analogous to the burst events (Shaw and
Businger 1985) or ramp events (Mahrt 1991) readily
observed in the atmosphere, and to the sweep and burst
mechanism present in wind tunnel flows (e.g., Kline et
al. 1967). In the buoyancy-dominated flow, however,
the large negative uw field is concentrated only in the
few strong updraft regions. A strong one-to-one rela-
tionship is observed between vertical velocity and vir-

tual potential temperature (except near the surface and
the top) leading to the predominance of positive w6,
regions throughout the domain.

In order to quantitatively demonstrate the difference
in the uw correlation for the shear and buoyancy PBLs,
the correlation coefficient v, is plotted as a function
of height in Fig. 7. Here the total correlation coefficient
is defined as vy,, = W/(\/Pm), while separate
contributions from updrafts and downdrafts are de-
fined here as vy,,,, = uw(w > 0 only) +/(\/—1;\/;v—2) and
Yuw. = uw(w < 0only) /(Vulw?), where +
and — are averages over updrafts and downdrafts,
respectively. In Fig. 7, the total correlation coefficient
is shown as a solid curve with updraft and downdraft
contributions indicated by dashed and dotted lines, re-
spectively. In the shear-driven PBL, the correlation co-
efficient is about twice as large as in the buoyancy-
driven PBL. Figure 7 also shows that the correlation
coefficient is higher in the updraft regions than in the
downdraft regions in both cases, except near the surface
in the shear flow.

b. Mean winds, fluxes, velocity variances, and third
moments

Figure 8 compares the mean winds and their flux
profiles of the two extreme PBL types, convective and
shear. Only in the convective type of PBL can one ob-
serve the well-mixed feature in the mean profiles. This
feature indicates the effectiveness of turbulent mixing
by the few strong updrafts in the convective PBL,
found previously in the flow visualization. These strong
updrafts are roughly the size of the PBL depth, and thus
can effectively mix the mean fields in a *‘large-scale,”’
nonlocal way. (Here ‘‘large scale’’ refers to plumes
with size on the order of the PBL depth, which is not
to be confused with the large scale that corresponds to
mesoscale or synoptic motions.) Turbulent mixing
within the shear-driven PBL, on the other hand, is car-
ried out mainly by small eddy structures, that is,
through local mixing, and thus a mean vertical gradient
is maintained throughout the resulting flow field. The
momentum flux profiles are similar between the two
cases; that is, the magnitude of the along—geostrophic
wind flux linearly decreases with height and that of the
cross—geostrophic wind flux is relatively small.

The total (resolved scale plus subgrid scale) velocity
variances for the shear and convective types are shown
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in Fig. 9. In this figure, the variances are presented in
dimensional form along the lower axis, and normalized
by either u} or w along the upper axis depending on
the PBL type, that is, neutral or convective. In the neu-
tral flow, the maxima of u*/u%, v®/u%, and w?/u2 oc-
cur near the surface and are about 5-6, 3, and 1-2,
respectively, decreasing with height above the surface
layer. The ratios of v?/u® and w?/v? are about 0.5
throughout the neutral PBL. All these features agree
quite well with observations (e.g., Nicholls and Read-
ings 1979; Grant 1986, 1992).

In the convective PBL (Fig. 9b), both horizontal ve-
locity variances have about the same magnitude. When
normalized by w%, both variances are about 0.5 near
the surface, decrease to approximately 0.2 in the mid-
PBL, and increase to about 0.3 near the capping inver-
sion. The normalized vertical velocity variance is par-
abolic in shape with a peak of about 0.4 near 0.4z;.
These features are quite familiar to us and agree well
with observations (e.g., Lenschow et al. 1980; Hunt et
al. 1988).

The vertical fluxes of the three velocity variances,
normalized by u in the shear case and by w3, in the
convective case, are shown in Fig. 10. Note that only
the resolved scales are used to form the fluxes of the
velocity variances since the subgrid-scale contribution
is not available from LES. In the surface layer, where
subgrid-scale effects are large, the predictions of these
third moments, using solely the resolved scales, are ei- -
ther zero or even negative. This erroneous behavior is
not representative of the actual third moments, as
pointed out by Hunt et al. (1988) and Moeng and Wyn-
gaard (1988). In fact, observations suggest that the
TKE flux, w(u? + v + w?)/2 is about 0.5u3 in the
near-neutral surface layer (Shaw and Businger 1985;
Grant 1992).

In the convective case, the fluxes of the horizontal
velocity variances attain their maximum of ~0.05w3
at ~0.2z;, while the flux of the vertical velocity vari-
ance increases linearly up to about 0.25z;, reaching a
maximum of about 0.2w3 in mid-PBL. The w* com-
ponent is definitely much larger than the other two.
This has also been observed by Lenschow et al. (1980)
and Hunt et al. (1988). Observations have suggested
that, in the convective surface layer, w?/(w?)%? is
about 0.4 (Hunt et al. 1988; LeMone 1990; Lenschow
et al. 1994), which corresponds to w* ~ 0.035w3 near
the surface since our w? is about 0.2w% there. This

2000 7~

y (m) 1500

y (m) 1500 1

¥ (m) 1500

71
A o i 7 FiG. 1. Contours of flow variables in the x—y plane at z/z; = 0.2
R~ ¢ N2 for simulation S: u contours (-2, —1.6, —1.2y, p—o.s, —0.4, —0.2,
—-0.1, 0.1, 0.2, 0.4, 0.8, 1.2), dark (light) shading values larger .
(smaller) than 0.2 (~0.2); w contours (—1.2, —0.9, —0.6, —0.3,
—0.1, 0.1, 0.3, 0.6, 0.9, 1.2), dark (light) shading values larger
: - | (smaller) than 0.3 (—0.3); uw contours (-3, —2.5, -2, —1.5, —1,
0 500 1000 1500 2000 2500 apoo  —0.5, —0.1, 0.1, 0.5, 1, 1.5), dark (light) shading values larger
(smaller) than 0.5 (—0.5). The whole domain covers about 6z; X 6z;.
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(light) shading values larger (smaller) than 0.2 (—0.2).
The whole domain covers about 5z; X 5z;.
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and Wyngaard 1989) to agree well with tank experi-
ments and field measurements. The primary source
term is buoyancy, while the shear contribution is sig-
nificant only near the surface. The sink, that is, the dis-
sipation term, is nearly uniform in height (except very
near the surface). Under quasi-steady-state conditions
and assuming a small shear term, Eq. (3.1) shows that
the sum of buoyancy production and dissipation is bal-
anced by the sum of turbulent and pressure transports.
From field measurements, Lenschow (1974) pointed
out that in the free-convection limit where the shear
production is negligible, ‘‘the rate of dissipation of tur-
bulence energy becomes almost constant, and the trans-
port term increases almost linearly with height to bal-

ance the almost linear decrease of the buoyancy gen-
eration term.”’ All these features are seen in the LES
results shown in Fig. 11b.

The main difference between simulations B and S is
that the two transport terms in the convective case are
large, especially the turbulent transport term, 7. The T
term transports a large amount of TKE from the lower
half to the upper half of the PBL, and is a major local
TKE source for the upper PBL. This provides an effi-
cient nonlocal transport mechanism. As clearly shown
in Fig. 10b, the dominant component of the T term, that
is, —OwE/Qz, comes from the vertical-velocity com-
ponent, —w3/0z. The dominant large updrafts (i.e.,
those with w > () that are of the size of the PBL depth
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10 @ | | \ (b) _
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FiG. 10. Vertical distributions of the velocity variance fluxes of simulations S and B.
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F1G. 11. Vertical distributions of the terms in the TKE budget
computed directly from simulations S and B.

contain larger amounts of energy (w? > 0), and thus
w? is positive. Since these updrafts reach their maxi-
mum strength near mid-PBL, the maximum of w? also
occurs near mid-PBL. Then —8w?3/8z is negative in
the lower half and positive in the upper half of the
PBL, which accounts for most of the T distribution in
Fig. 11b. -

2) MopELING THE TKE BUDGETS

Here we develop two simple models of the TKE
budgets for shear- and buoyancy-driven PBLs, respec-
tively, with the objective of examining the extent to
which a linear combination of these two models is ca-
pable of modeling the TKE budget for an intermediate
PBL (see section 4). Note that these models are only
expected to be applicable for 7 < z;.

In the shear-driven flow, one can model the shear
production term by extending the surface-layer simi-
larity law to the whole PBL, following Wyngaard and
Coté (1974) and Lenschow (1974). If one chooses the
surface friction velocity and local height as velocity
and length scales and incorporates a stability modifi-
cation, the shear term in Eq. (3.1) can be expressed as
[uw | (ugpm/kz), Where ¢, is a stability function for
momentum and « is the von Karmin constant. The
along—geostrophic wind flux, uw, is typically linear in
height and the other component relatively small (e.g.,
Figs. 8c and 8d), that is, |#w| ~ u%(1 — z/z;). Thus,
a simple model for the shear production term is

S=u%X(l —2/2))Pnlxz

(see also Lenschow 1974). Here we applied the em-
pirical stability function for the surface layer, ¢,, = (1
— 15z/L)~ "% (Businger et al. 1971), to the whole PBL.

(3.2)

In that dissipation nearly balances shear production
since the two transport terms are negligible in shear-
dominated flows, Eq. (3.2) gives es ~ —u3(1 — z/
Zi )d’m/ KZ.

A comparison of Eq. (3.2) with the LES shear pro-
duction and dissipation terms is given in Figs. 12a and
12b. These two terms are large near the surface and
decrease sharply with increasing height. In order to
show the whole PBL region, linear scaling is used
along the vertical axis while a transformation of the
terms in the TKE equation is employed along the hor-
izontal axis. The transformation f' = f/|f| In(1
+ |f|/£5) is used here, where f, is a scaling parameter
and f denotes any term in the TKE equation. Agree-
ment between the modeled and LES results is good
except near the surface, where the modeled shear pro-
duction (and hence dissipation) is smaller than the LES
result by about a factor of 2, and at the PBL top where
the across-PBL-top shear is neglected in this simple
TKE budget model. The disagreement in the surface
layer is due, in all likelihood, to the known deficiency
of typical LESs near a surface with inadequate grid
resolution. It has been shown (Mason and Thompson
1992) that the vertical gradient of the mean wind in the
surface layer predicted by most LESs is larger than that
predicted from logarithmic similarity theory. This de-
ficiency of LES is particularly significant in the shear-
dominated PBL, which is typically a factor of 2 differ-
ent as shown by comparing Figs. 12a and 12b.

Our model for the convective PBL is similar in con-
tent to that proposed by Lenschow (1974 ), but its form
is simpler. For the convective PBL, the virtual potential
temperature flux is linear in height under a statistically
quasi-steady state, and the flux profile is determined by
the two boundary fluxes: the virtual potential temper-
ature flux at the surface and that at the PBL top. Ob-
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F1G. 12. Vertical distributions of the terms in the TKE budget obtained from
(a) Egs. (3.2), (3.4), (4.1), and (4.2); and (b) simulation S directly.

servations (e.g., Stull 1988) and LESs (e.g., Moeng
and Wyngaard 1989) have shown that (wé,);
~ —0.2(wb,), in the convective PBL with weak shear.
Thus, a simple model of the buoyancy production term
for the buoyancy-driven PBL is

3
=% (W0,,)O<l -12 5—) == (1 -12 —Z-> .
T, ;

Z; Z; Z;
(3.3)

The dissipation term in the highly convective PBL
is nearly uniform in height as seen from field measure-
ments, tank experiments, and LESs. Its magnitude is
about

-0.4 2 w3 (= —04wi/z)
T,

throughout the bulk of a buoyant PBL (see Fig. 11b).
If one assumes that the vertically integrated dissipation
rate equals the vertically integrated buoyancy produc-
tion rate, as it should, a simple estimate for the dis-
sipation rate in the buoyancy-dominated PBL is €p
= —0.4w3/z;. Simulation B is not a pure convective
case owing to the presence of a prescribed geostrophic
wind. In the surface layer where shear dominates, the
dissipation rate should depend on the shear effect, that
is, es = —u3(1 — z/z;) $n/xz from Eq. (3.2). For the
combined shear and buoyancy cases, the dissipation
rate then becomes

€e=¢€g+ es = —04wk/z — uk(1 — 2/z) nlkz.
(3.4)
Since the sum of the two transport terms must nearly

balance the sum of production and dissipation under
quasi-steady conditions, one can write

3
T+P=—(B+S+e)=—ﬁi(0.6—1.25-),

k4
(3.5)

which predicts a linear variation with height for the
transport terms in agreement with observations (Len-
schow 1974). Equation (3.5) applies to the pure buoy-
ancy-driven case as well, since the shear term and ¢g
cancel each other in this derivation.

The modeled B, €, and T + P for wy = 2.02m s,
Uy = 0.56 m s7!, and z; = 1030 m, parameters of sim-
ulation B (Table 2), are plotted in Fig. 13a, and their
distributions agree well with the simulation B results
shown in Fig. 13b.

4. PBL driven by both buoyancy and shear

In this section, we discuss the flow structures and
statistics of the intermediate PBL, with the intent of
characterizing this type of flow by combining the two
extreme PBL cases studied previously.

a. Flow structures

The flow structures present for a'PBL with varying
shear—buoyancy ratio are anticipated to fall somewhere
between the two limiting cases examined previously.
Interactions between the local generation of turbulence
by shear effects and the nonlocal effect due to buoy-
ancy can, however, result in complex flow patterns. In
order to illuminate some of these features, a flow vi-
sualization study was carried out for simulations SB1
and SB2 using the same techniques as discussed pre-
viously. ,

Typical flow patterns in the x~y plane at z/z; = 0.2
are shown in Fig. 14. Similar to the neutral case, there
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FIG. 13. Same as Fig. 12 except for the buoyancy-driven case.

are streak patterns along the mean wind direction
(shown later in Fig. 15). However, these streaks seem
to coexist with rolls that are spaced about 3 z; apart and
oriented along the x axis. As in the neutral case, the
large negative uw is concentrated in the streaky struc-
tures, as shown in Fig. 14c; similarly for large positive
wé,, as shown in Fig. 14e.

Snapshots of the u flow field at several height levels,
z/z= 0.1, 0.2, 0.3, 0.5, and 0.8, are displayed in Fig.
15, along with its wind hodograph. We see the gradual
merging of streaky wall structures with increasing z,
into very large two-dimensional roll structures at higher
levels. This feature is clearly present in the plots of the
u fluctuations, and is present but less noticeable in the
variation of the other flow variables. These two-dimen-
sional convective rolls have been observed in convec-
tive, strong wind PBL (e.g., LeMone 1973). As sug-
gested by observational studies (e.g., Grossman 1982),
the combined action of buoyancy and strong shear or-
ganizes the smaller scale near wall streaks into larger
structures, which are subsequently carried aloft by
buoyancy and then evolve into roll structures at higher
z levels. This illustrates how buoyancy and shear can
act together to produce large-scale organized roll struc-
tures, which are not present in either of the two limiting
cases studied in section 3.

Unfortunately, this simulation cannot be used to
study the roll orientation because of the limited nu-
merical domain size. For rolls that are larger than L,/2
(or L,/2), the horizontal periodic boundary conditions
only permit rolls to be oriented along the x or y axis.
Our convective rolls in simulation SB1 are nearly
aligned with the x direction, which is in conflict with
prior observations. To study the orientation of the con-
vective rolls, one needs a much larger numerical do-
main in the x and y directions, a project now being
carried out by an LES group at The Pennsylvania State
University.

Sykes and Henn (1988) in their heated channel sim-
ulations found that the shear—buoyancy ratio (u./wy)
determined the onset of organized convective roll for-
mation. They concluded that rolls occur only for ratios
Ug/wy > 0.35 (ie., —z;/L < 9.3). Simulation SB1 has
a uy /wy ratio of about 0.6 and using the above criterion
should be in the roll formation regime. However, sim-
ulation SB2, which has nearly the same u,/w, ratio
(see Table 2) as simulation SB1, does not show clear
roll patterns. By examining several snapshots of the
SB2 flow fields, we found that this simulation typically
contains poorly organized one-roll patterns (not
shown) above mid-PBL; it shows clear streaky struc-
ture in the lower PBL more like the neutral S case. It
seems that the u,/w, criterion for transition for this
flow is around 0.65 (i.e., —z;/L ~ 1.5), instead of 0.35
as found by Sykes and Henn (1988), since our u,/wy
ratio is about 0.63 for simulation SB1 and about 0.7 for
simulation SB2. These different findings are perhaps
attributable to the presence of a strong capping inver-
sion and the Coriolis effect in our LES-PBL flows,
both of which are absent in the channel flow studied
by Sykes and Henn (1988).

Nevertheless, it is interesting (and perhaps surpris-
ing) to see that, without the organized roll structure in
simulation SB2, its vertical distributions of the statistics
are quite similar to those in simulation SB1, as will be
shown in section 4b.

Figure 16 shows the companion views of simulation
SB1 in the x—z plane, which are also typical for sim-
ulation SB2. A good correlation between vertical and
horizontal velocities is observed, leading to predomi-
nant regions of large negative uw in both updrafts and
downdrafts, a feature similar to simulation S. However,
very large negative uw regions (i.e., with magnitude
larger than —1.2) are located only in the updraft areas
like simulation B. The wé, contours, almost exclusively
dominated by positive contributions, indicate a fairly
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strong correlation between vertical velocity and tem-
perature fluctuations, and again agree with most obser-
vations (e.g., LeMone 1973).

Figure 17 shows the uw correlation coefficient with
height, averaged over the whole x—y plane (solid
curves), and separately over updrafts (dashed curves)
and downdrafts (dotted curves). The net correlation
coefficient in the intermediate PBL is as large as in the
shear PBL. However, both intermediate cases show that
u and w fields are much better correlated in the updraft
regions than in the downdraft regions; the former is
about four times larger than the latter. This feature does
not exist in either of the two extreme cases; we are
unable to explain it.

b. Virtual potential temperature flux, velocity
variances, and variance fluxes

The mean wind profiles of the intermediate PBL sim-
ulations (not shown) are quite uniform in the bulk of
the midlayer, even though the buoyancy force is rela-
tively small. This suggests that a small amount of buoy-
ancy forcing is sufficient to create a mixed layer in the
mean field in a barotropic environment where the geo-
strophic wind is constant with height.

Using the entrainment fluxes reported in Table 2,
combining with the Tennekes (1973) and Driedonks

. (1982) suggestions for the buoyancy entrainment flux,
we now develop a velocity scale for the intermediate
PBL. The virtual potential temperature flux profiles
given in Fig. 18 show that the entrainment/surface flux
ratio in simulations SB1 and SB2 is close to —0.5, in-
stead of —0.2 as in the convective case, which agrees
with Mason’s (1992) LES results. Both Tennekes
(1973) and Driedonks (1982) suggested that, to the
first approximation, the buoyancy entrainment flux
(g/Ty) (Wh,); can be expressed as —0.2w),/z;, where
w,, is a velocity scale that includes both buoyancy and
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surface-shear effects. Zeman and Tennekes (1977)
suggested w2 = wk + 4u’ based on laboratory shear
flow data, while Driedonks (1982) found w3, = wj
+ 25u3 based on field measurements. Assuming that
the entrainment flux can be expressed as —(wéd,);
=0.2(w8,)o + A(To/g)(u%/z;), which is a linear
combination of convection and surface shear effects,
Driedonks showed that his scaling led to A = 5. (This
entrainment flux expression neglects the effect of shear
across the PBL top. Therefore, we should not expect it
to work for baroclinic flows where shear across PBL
top may be significant.) Based on our simulated en-
trainment fluxes, u,, and w, given in Table 2, however,
we find w2, = w} + Sul. This result suggests that A
= 1, because

(g/To)_(TVE)_i
= —0.2w3/z; = —0.2(g/To) (Wh,)o — A(ux/z),

which is w), = wi + 5Aul.

If our new velocity scaling (given in Table 2) is used
to normalize velocity variances and their fluxes (i.e.,
the third moments), the results from the intermediate
PBLs are found to lie between the two extreme PBL
cases as shown in Figs. 19 and 20, the only exception
being the profile of the wu? field. The new scale reduces
all nondimensional velocity variances and their fluxes
to quantities between 0 and 1. As the buoyancy force
becomes increasingly important, «* (Fig. 19a) loses its
predominance, while both w? and w? (Figs. 19¢ and
20c) become increasingly dominant with the profile
shape becoming more parabolic similar to the convec-
tive PBL.

¢. TKE budgets

In that turbulent motions are highly nonlinear, an
intermediate PBL driven by both shear and buoyancy

L T V\ T 1 I T
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FiG. 17. Vertical distributions of the correlation coefficients
of u and w for simulations SB1 and SB2.
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FiG. 18. Vertical distributions of the virtual potential temperature fluxes of simulations SB1 and
SB2, respectively; dashed curves are from the resolved-scale eddies, dotted curves are from the
subgrid-scale eddies, and the solid curves are the total.

cannot be simply a linear combination of the extreme
cases of shear and convective PBLs. For example, the
TKE budgets of simulations SB1 and SB2 (Figs. 21b
and 22b) indicate that the shear production term is
nearly zero in mid-PBL, which is quite different from
its counterpart in the shear-dominant PBL shown in
Fig. 11a. A small amount of buoyancy forcing gener-
ates large thermals that can effectively mix the mean
wind U in mid-PBL, thereby reducing 0U/9z and
hence the shear production to near zero. This indicates
a clear feedback between the shear and buoyancy
forces, a mechanism that we will nevertheless neglect
in developing the following model.

As discussed in section 4b, when both shear and
buoyancy dominate, the buoyancy flux at the PBL top
becomes — (wh,); = 0.2(wh,)o + (To/g)(us/z). In-
cluding this modification in the buoyancy production,
and using the same linear-in-height argument as for Eq.

1.2 ¢

(3.3), the B and T + P terms for the intermediate PBL

become
3 3
B=Yi(1—1.zzi>—f‘i5 @4.1)
and
wi z ud z
T+ P= —-—(0.6— 1.2——) +—=—=. (4.2)
Zi i i Zi

The expressions for S and e for the intermediate PBL
remain the same as in Eqs. (3.2) and (3.4).
Substitution of the input parameters from Table 2 for
simulation SB1, namely, w, = 0.94 m s, uy = 0.59
ms™', and z; = 498 m, into Egs. (3.2), (3.4), (4.1),
and (4.2) yields the TKE budget shown in Fig. 21a.
These predictions are compared with the TKE budget
computed directly from the flow field of simulation
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08
N 06
0.4

0.2

0

0 0.2 0.4 06 08
u2/w,

0 0.2 04 06 0.8
v2/wg,

0 02 0.4 0.6 08
w2/wg,

FiG. 19. Vertical distributions of the velocity variances, normalized by the proposed new
velocity scale defined as w2, = w} + Su, for all four simulations.
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normalized by the new velocity scale, for all four simulations.

SB1 in Fig. 21b. Again the linear logarithmic transfor-
mation introduced previously is used to show the re-
sults over the whole PBL more clearly. Similar model
and computational results for the TKE budget for sim-
ulation SB2 are compared in Fig. 22.

The major discrepancy between the modeled results
and the simulations occurs near the surface where T
+ P is more negative in the simulations than from the
simple model. Unfortunately, we have no way of as-
sessing which results are more accurate because 1) no
consensus exists, from observational data, as to how T
and P distribute vertically in the surface layer (Frenzen
and Vogel 1992); and 2) LES results in the surface
layer are not reliable since, for typical meshes, simu-
lations cannot resolve small but dominant eddies in the
surface layer. The T and P terms in the surface layer
are largely determined by these small eddies.

Other discrepancies exist in the interior of PBL and
at the top as well. Near the PBL top, the modeled results
clearly underestimate the shear production because we

neglect the across-PBL-top shear in this model devel-
opment. In mid-PBL, the model overestimates the shear
term where the actual shear term is close to zero. This
is due to the neglect of the shear—buoyancy feedback
interaction mentioned before. The T + P calculated
from LES is more uniform with height above 0.25z;,
instead of the near-linear increase with height as pre-
dicted by the model. Nevertheless, the simple budget
model proposed performs surprisingly well.

The proposed model can also be used to obtain an
estimate of the TKE profile. Inertial range arguments
suggest that the dissipation rate can be written as

_ (2E)3/2
€= Le N

(4.3)

where L. is the integral length scale that characterizes
the dissipation rate. One can combine this expression
with Eq. (3.4) to obtain an explicit relationship for the
turbulent kinetic energy provided an adequate estimate
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HFiG. 21. Vertical distributions of the terms in the TKE budget obtained from
(a) Egs. (3.2),(3.4), (4.1), and (4.2); and (b) simulation SB1 directly.
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FiG. 22. Same as Fig. 21 except for simulation SB2.

for L, is available. A reasonable estimate for the length
scale can be obtained from the simulation results. Fig-
ure 23 shows that in simulation B the length scale is
~2.6z; throughout most of the PBL, which agrees with
the observational results given in Isaka and Guillemet
(1983). In simulation S, the length scale increases from
zero at the surface to about 2.6z; in mid-PBL and de-
creases again in the upper layer. Simulations SB1 and
SB2 meanwhile suggest that the length scale is about
3z; in the bulk of the PBL. From all these results, we
assume that L, ~ 2.8z;. Then using Egs. (3.4) and
(4.3), an estimate of the TKE is

E ~ [0.4w3 +_uf,¢(z,- — )Palkz]*?.  (4.4)

Upon substitution of the appropriate parameters
given in Table 2 into Eq. (4.4), we obtain the TKE
profiles shown in Fig. 24. They are seen to compare
favorably with those calculated directly from simula-
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FiG. 23. Vertical distributions of the integral length scale for
dissipation rate, normalized by z;, for all four simulations.

tions SB1 and SB2, except near the surface where the
model predicts more TKE than the LES.

5. Summary and conclusions

Prior observation and simulation studies have
pointed out certain differences between shear and
buoyancy-driven PBL flows, and have also proposed
different scaling parameters for these two regimes. In
order to further highlight these differences and at the
same time study the intermediate type of PBL (one
where both shear and buoyancy forcings are impor-
tant), we generated four different PBL flow fields using
large-eddy simulation (LES). The LES—PBLs spanned
the buoyancy—shear regime; two of the cases corre-
sponded to extreme situations of shear-driven and
buoyancy-driven PBLs, while the other two cases cor-
responded to intermediate PBLs. All four cases were
capped by a strong inversion layer.

Detailed inspection of the flow structures for the
shear and buoyancy cases indicates that the dominant
feature of the shear flow is the presence of streaky
structures near the wall. The streaks, oriented along the
direction of the mean flow, are regions of alternating
high- and low-speed fluid in the spanwise direction.
Although vigorous near the wall (z/z; < 0.2), these
streaks gradually disappear with increasing z, and by
mid-PBL are no longer detectable. A strong correlation
between u and w fluctuations is observed for this flow
in both updraft and downdraft regions, and the sweep
and burst mechanism often detected in observations
and wind tunnel measurements is readily identified.
The strongly convective flow differs from its shear flow
counterpart in that the dominant structures appear to be
buoyancy-driven updrafts whose size is of the order of
the PBL. depth. Moreover, its # and w fluctuations are
well correlated only in the few strong updraft regions.

The flow structures of the intermediate PBL simu-
lations lie in between the shear-dominated and buoy-
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FiG. 24. Comparison of the modeled TKE computed from Eq. (4.4) and from the LES,
for (a) simulation SB1 and (b) simulation SB2 cases.

ancy-dominated cases with a notable exception. The
combination of slight buoyancy and strong shear tends
to organize the flow into a series of roll-like structures
(spaced about 3z; apart) especially visible in mid-PBL.
These roll structures have been observed (e.g., LeMone
1973) in weakly convective, strong shear PBLs. The
x-axis orientation of our rolls is due to distortion by the
periodic horizontal domain, which is only twice as
large as the roll spacing.

Average flow statistics, such as the vertical distri-
butions of velocity variances, variance fluxes, and TKE
budget terms, are compared for the two extreme cases.
These statistics are found to agree well with available
field observations and laboratory results. Most of the
differences between the two extreme PBL types can be
explained by their flow structures. In the shear case the
velocity variances are large near the surface and dom-
inated by the ¥ component, while in the buoyancy case
they are dominated by the vertical component in the
mid-PBL and by the horizontal components at the bot-
tom and top of the PBL. The most significant difference
in the TKE budget is the third-moment transport term;
it is negligibly small in the shear case, but as large as
its source and sink terms in the buoyancy case. The
transport term provides a measure of the nonlocal trans-
port effect.

The TKE budgets of the shear and convective cases
are used to develop simple TKE budget models for each
flow, and were further linearly combined to form a sim-
ple model for the intermediate PBL. The modeled TKE
budgets compare fairly well with the two intermediate
PBL simulations, except for the transport term near the
surface. We thus conclude that, although the shear—
buoyancy interaction effect is neglected, the proposed
simple TKE model can represent the intermediate PBL
(in a barotropic environment) quite adequately.

A new velocity scaling w,, for the intermediate PBLs
was developed by combining the convective velocity
scale w,, and the surface friction velocity u,. The pro-
posed velocity scale is w3, = w} + Su’. This result is
obtained from the Tennekes (1973) suggestion that, to
the first approximation, the entrainment buoyancy flux
can be written as (w8,); = 0.2(T,/g)(w2/z; ) and from
the buoyancy entrainment fluxes of our four simula-
tions. When normalized using this velocity scale, the
velocity variances and variance fluxes (i.e., third mo-
ments) for the intermediate PBL type lie between the
convective and shear-driven PBL cases, except the
wu? field.
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