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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
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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






