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Abstract

The article reviews past accomplishments and recent advances in conceptual
understanding, numerical simulation, and physical interpretation of the wind shear
phenomena in the atmospheric convective boundary layer.
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1. INTRODUCTION

In this article, past accomplishments and recent advances in conceptual understanding
of the wind shear phenomena in the atmospheric convective boundary layer (CBL),
originating from observations and numerical simulations, will be reviewed.

The CBL is a particular case of the atmospheric planetary boundary layer — an in-
terfacial region between the free atmosphere and the Earth surface. The subject of our
consideration is the dry (or clear) CBL (Holtslag and Duynkerke 1998) which is pri-
marily forced by the buoyancy production at the underlying surface of the Earth. How-
ever, a purely buoyancy-driven CBL rarely exists in nature. Usually in addition to the
dominant buoyancy forcing, the CBL flow is affected by wind shears which modify
both its internal structure and integral behavior to the extent that these effects cannot
be generally ignored. To date, many studies of CBL flows have focused on the shear-
free CBL which has been reasonably well studied in laboratory conditions, through
atmospheric measurements, and by numerical simulations. Far fewer studies have
been performed on sheared CBLs, and most of the theories and parameterizations re-
sulting from those studies have not been sufficiently tested over a wide range of exter-
nal atmospheric conditions associated with sheared CBL cases.
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Within the traditional conceptual framework employed in the meteorological
studies of the CBL, the boundary layer is considered as a horizontally (quasi-) homo-
geneous entity, where horizontal averages are taken as substitutes for ensemble aver-
ages, and the horizontally averaged flow variables are considered as functions of time
and height only. A different perspective is used in the wind tunnel studies of the CBL,
where the case of (quasi-)stationary, spatially evolving flow is considered (see, e.g.,
Fedorovich et al. 1996). Adopting the former framework, one may consider three
(sub-)layers within the CBL (Stull 1988): the surface layer (comprising approxi-
mately 10% of the total CBL depth), where the underlying surface inhibits vertical
convective motions; the mixed layer, often referred to as the main portion of CBL,
where mixing by convective motions typically keeps the vertical gradients of mete-
orological fields relatively small; and entrainment zone (or layer) at the CBL top,
where the vertical gradients once again become large because of the suppression of
vertical mixing by stable stratification. In each of these layers, the meteorological
quantities are regarded horizontally averaged. Above the CBL is the stably stratified
free atmosphere.

Among diverse physical processes that determine the CBL evolution, the princi-
pal one is convective entrainment, the process by which more buoyant air from the
free atmosphere is engulfed by the CBL air and, as a result, becomes part of the CBL
air (Randall and Schubert 2004). Among other important processes that control CBL
development, in conjunction with entrainment, are horizontal divergence/convergence
of the CBL flow (Stull 1988, Fedorovich and Théater 2001) associated with subsi-
dence/lifting at the CBL top, and differential temperature advection, which is a mani-
festation of baroclinicity of the CBL flow (Sorbjan 2004).

Atmospheric experiments, laboratory models, and numerical methods constitute a
triad of approaches used to investigate the structure and evolution of the CBL under
conditions of significant wind shear. Atmospheric data come from balloon-borne ver-
tical soundings, near-surface measurements, and aircraft, tethersonde, and radar ob-
servations (Lenschow 1970, 1974, Lemone 1973, Pennel and Lemone 1974, Hoxit
1974, Arya and Wyngaard 1975, Mahrt and Lenschow 1976, Kaimal et al. 1976, Stull
1976a, b, ¢, Zeman and Tennekes 1977, Caughey and Palmer 1979, Lenschow et al.
1980, Tennekes and Driedonks 1981, Driedonks 1982, Garratt and Wyngaard 1982,
Brost et al. 1982a, b, Boers et al. 1984, Chou et al. 1986, Batchvarova and Gryning
1991, Grossman 1992, Betts ef al. 1992, Betts and Ball 1994, Batchvarova and Gryn-
ing 1994, Betts and Barr 1996, Barr and Strong 1996, Davis et al. 1997, Flamant et al.
1997, Lemone et al. 1999, Angevine 1999, Schneider and Lilly 1999, Angevine et al.
2001, Pino et al. 2003, and Margulis and Entekhabi 2004). See Conzemius and Fe-
dorovich (2006a) for a more detailed overview of these studies.

Two main difficulties undermine the utility of atmospheric data for the quantifi-
cation of shear effects in the CBL: (7) the near impossibility of isolating the influence
of shear from the effects of other processes determining the CBL structure and (i7) in-
sufficient length of atmospheric data samples and time series for a reliable evaluation
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of momentum, heat, and turbulence kinetic energy (TKE) budgets. Observational stud-
ies of shear effects in atmospheric CBLs are reviewed in Section 2 of this paper.

Laboratory studies of a horizontally evolving sheared CBL conducted by Fedo-
rovich et al. (1996, 2001a, b), Fedorovich and Kaiser (1998), and Kaiser and Fedo-
rovich (1998) in the stratified wind tunnel of the University of Karlsruhe, Germany,
have revealed significant variability of the CBL turbulence structure and modification
of the heat flux at the CBL top due to the influence of various types of imposed shear.
Those experiments, however, did not allow direct quantification of the effects of shear
on the CBL growth due to the modified entrainment since the flow contrac-
tion/expansion effects in the wind tunnel CBL flow ultimately dominated the entrain-
ment. We are not aware of experiments in convective water tanks — successfully used
to model the shear-free CBL in Deardorff e al. (1969) and numerous succeeding stud-
ies — designed to investigate the CBL with shear and buoyancy forcings acting simul-
taneously.

The dynamics of sheared CBLs has been investigated numerically. After Dear-
dorff (1970a) pioneered the use of large eddy simulation (LES; Pope 2000) to study
the atmospheric CBL, a number of LES studies have been conducted that focused on
a variety of sheared CBL features: turbulence structure (Deardorff 1972; Sykes and
Henn 1989; Khanna and Brasseur 1998; Kim and Park 2003), turbulence dynamics
(Moeng and Sullivan 1994), velocity field statistics (Brown 1996), turbulence struc-
ture of the entrainment layer (Otte and Wyngaard 2001), mean flow evolution (Pino
et al. 2003), temperature advection and baroclinicity (Sorbjan 2004), reproducibility
of sheared CBLs by different LES codes (Fedorovich et al. 2004a), and entrainment
dynamics (Kim et al. 2003, Conzemius and Fedorovich 2006a).

Another popular approach to study CBL and parameterize it in atmospheric mod-
els is based on the so-called bulk model concept. The bulk model equations for the
CBL are obtained by vertical integration of Reynolds-averaged equations of boundary
layer dynamics and thermodynamics over the whole CBL or its individual regions
(sublayers), as outlined in Deardorff (1979), Fedorovich and Mironov (1995), and Fe-
dorovich (1998). Over the last several decades, bulk models of the CBL were em-
ployed to predict mixing height for air quality applications, to parameterize boundary
layer processes in numerical weather prediction, general circulation, and climate
models, and — most importantly — to develop a conceptual understanding of processes
underlying the evolution of the CBL. The bulk CBL models proposed to-date differ in
their degree of complexity in representation of the CBL structure. The simplest bulk
model is the zero order model (ZOM; Lilly 1968, Zilitinkevich 1991, and Fedorovich
1995), in which the whole CBL is represented by a single layer (sometimes called
the convectively mixed layer) of height-constant buoyancy and velocity. Stull (1976a,
b, ¢), Zeman and Tennekes (1977), Tennekes and Driedonks (1981), Driedonks
(1982), Boers et al. (1984), Batchvarova and Gryning (1991, 1994), Fedorovich
(1995), and Pino et al. (2003) used the ZOM framework to derive expressions for
integral budgets of momentum and heat and construct entrainment parameterizations
for the sheared CBL.
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An alternative bulk model type extensively applied in CBL studies is the first or-
der model (FOM) suggested by Betts (1974). In the FOM, a capping inversion layer
with linear velocity and buoyancy changes in the vertical is added atop the convec-
tively mixed layer of height-constant buoyancy and velocity. Mahrt and Lenschow
(1976), Kim et al. (2006), Pino et al. (2006), and Conzemius and Fedorovich (2007)
employed the FOM approach in their studies of sheared CBLs. Sorbjan (2004) pro-
posed a parameterization of entrainment in sheared baroclinic CBLs that requires at
least a first-order representation of the meteorological profiles throughout the entrain-
ment zone. Conzemius and Fedorovich (2006b) tested and analyzed the capabilities of
the zero-order and first-order bulk models, which have been proposed to-date, to pre-
dict the entrainment flux in sheared CBLs.

In the present review, the emphasis will be placed on the knowledge about
sheared CBLs gained primarily from LES studies since those are the main sources of
our current understanding of the structure and dynamics of the considered atmospheric
boundary layer type. A review of LES results will constitute the scope of Section 3.
Data from LES of the barotropic, equivalent-barotropic, and baroclinic CBL cases will
be discussed, and shear effects associated with each of these CBL types will be ana-
lyzed. Finally in Section 4, the modern conceptual understanding of the role that wind
shears play in modification of the CBL structure and evolution will be overviewed.

2. OBSERVATIONAL STUDIES OF SHEARED ATMOSPHERIC CBL

Some of the earliest observational studies of the atmospheric CBL were already deal-
ing with effects of wind shear on the development of the CBL and turbulence structure
within it. Lenschow (1970) studied the CBL turbulence structure and TKE budgets
and identified shear production of turbulence in the surface layer. Lemone (1973) in-
vestigated the structure of CBL rolls using aircraft and instrumented tower data. Pen-
nell and Lemone (1974) extended these studies into experimental analyses of
turbulence structure and vertical profiles of the components of the TKE budget in a
trade wind boundary layer, finding significant input by shear throughout the CBL be-
low cloud base. Lenschow (1974) looked further into the TKE budgets affected by
surface wind shears and developed a model for the CBL depth variation under the in-
fluence of shear. These studies provided some quantification of the shear generation of
TKE in the surface layer but not at the CBL top. Nonetheless, the performed analyses
indicated a significant shear contribution to the TKE budget in the lower CBL for
rather typical atmospheric wind speeds on the order of 10 ms”. The obtained esti-
mates of dissipation, however, showed that most of the shear generation near the sur-
face was probably balanced by dissipation. Measurements at the CBL top in the
considered studies were not sufficient to address shear generation of TKE in the en-
trainment zone.

Some evidence for shear effects on CBL structure has been documented with ra-
diosonde data. Hoxit (1974) conducted a study analyzing radiosonde data over four
consecutive cold seasons (November through March), finding evidence for a down-
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ward turbulent transport of horizontal momentum associated with the vertical shear of
the geostrophic wind. The velocity profiles were found to be dependent on the orienta-
tion of the thermal wind vector (shear in the geostrophic wind) relative to the surface
geostrophic wind vector. The collected data were not presented in a format that would
allow the boundary layer top to be precisely identified, but the vertical profiles pointed
to the mixing of momentum in a turbulent boundary layer between morning and eve-
ning hours. Arya and Wyngaard (1975) developed a physical model of the sheared
baroclinic CBL and used it to predict wind profiles in the CBL. The predicted profiles
agreed reasonably well with profiles from atmospheric measurements. Kaimal et al.
(1976) analyzed data from a field experiment in northwestern Minnesota and found
unexpectedly large turbulent stress in the upper portion of the CBL, which was taken
as evidence of heat and momentum entrainment into the CBL. The data in the upper
40% of the CBL were fairly sparse, so the entrainment fluxes had to be inferred from
extrapolation of the lower level measurements. In order to better estimate turbulent
fluxes in the upper CBL, an experiment at Ashchurch, Worcestershire, was conducted
a couple years later, and the data, presented by Caughey and Palmer (1979), comple-
mented the Minnesota data fairly well, confirming the effects of entrainment revealed
by heat and momentum flux profiles in the CBL. Some entrainment flux ratios higher
than the shear-free predictions of 0.2 were observed, indicating a possible enhance-
ment of entrainment beyond what would theoretically be found in a shear-free case.
Unfortunately, there was some uncertainty in the estimate of the entrainment flux ratio
since the surface heat flux was not directly measured (however, it could be inferred by
extrapolating the mixed layer heat flux profile to the surface). The considered studies
were focused on the second moments of turbulence and did not present much data on
mean wind profiles which would have been helpful in relating the entrainment of mo-
mentum and heat to shear in the CBL.

Price et al. (1978) performed a study of oceanic mixed layer deepening, with the
intention of finding a relevant velocity scale for shear-induced mixed layer deepening.
Their data indicated that the observed deepening rate scaled best with velocity change
across the bottom of the mixed layer. This result has particular relevance to the quanti-
fication of the relative contributions of surface and entrainment zone shear to modifi-
cation of the CBL structure and entrainment.

Observational studies of the CBL in the 1980s provided evidence (though, with-
out or with very little formal quantification) of the enhancement of entrainment by
shear. Lenschow et al. (1980) analyzed the mean field and second order turbulence
statistics budgets in a baroclinic CBL. They discovered strong effects of the larger-
scale horizontal temperature gradients in the mean momentum and temperature budg-
ets, but only little influence of those on the second moments of turbulence. Garratt and
Wyngaard (1982) analyzed data from three atmospheric experiments and conducted an
analysis of wind profiles similar to that of Hoxit (1974), observing strong effects of
entrainment on the profiles which, in many instances, were not indicative of profound
vertical mixing of momentum in the sheared CBL. The latter finding was supported in
a later study by Lemone et al. (1999), who observed significantly non-mixed momen-
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tum profiles in the CBL when rapid entrainment occurred on a day with strong winds.
Brost et al. (1982a,b) studied marine, stratocumulus-topped CBLs, some of which de-
veloped in the presence of strong wind shears. With shear magnitudes in both the
measured and geostrophic winds on the order of 0.01 s, they found substantial shear
production of TKE at the top of the CBL. Boers et al. (1984) used six atmospheric
case studies of daytime CBL growth from sunrise to quantify effects of shear on the
entrainment rate. Batchvarova and Gryning (1991) employed a tethersonde (tempera-
ture and humidity sensors tied to a retractable balloon) to measure the CBL tempera-
ture profile and to estimate its depth for seven atmospheric CBL growth cases. They
evaluated effects of surface shear on the CBL development in terms of friction veloc-
ity retrieved from sonic anemometer data. However, their strongest sheared CBL case
only had surface winds of about 5 m s™'. Chou ez al. (1986) measured the turbulence in
a horizontally evolving CBL during a cold air outbreak over the Atlantic Ocean off the
east coast of the United States. Their analysis of the TKE budgets derived from the
aircraft data showed that shear was a significant term in the turbulence production in
the CBL, not only near the surface, where it was largest, but at the CBL top as well.
However, there were only two points in the momentum profile, and the authors ac-
knowledged some uncertainty in the estimate of the local shear at the CBL top since
the vertical spacing of flight legs was large. Nevertheless, the data provided evidence
that shear production was a significant contributor to the TKE production in that par-
ticular CBL.

The First International Satellite Land Surface Climatology Project Field Experi-
ment that took place in 1987 provided plenty of data for the estimation of entrainment
flux ratios in sheared CBLs (Grossman 1992, Betts et al. 1992, Betts and Ball 1994,
Betts and Barr 1996, Margulis and Entekhabi 2004). In most of those studies, some
rather large entrainment flux ratios were observed, suggesting that shear enhancement
of entrainment might have occurred during the experiment. However, the direct corre-
lation between shear and entrainment flux ratios was relatively weak overall, indicat-
ing that factors other than the shear itself (e.g., buoyancy and stratification) contributed
to the enhancement of entrainment at least to the same extent as wind shears. Barr and
Strong (1996) used heat budget methods to analyze data from soundings released from
Kenaston and Saskatoon, Canada, in June and July 1991 and found relatively large en-
trainment flux ratios on the order of 0.5 (the commonly accepted value for the shear-
free entrainment is 0.2). Similar methodology was used by Angevine (1999), who also
found some rather high entrainment flux ratios in the sheared CBL, where larger en-
trainment ratio values corresponded to smaller values of the entrainment-zone
Richardson number. Davis et al. (1997) associated high entrainment flux ratios in
CBL with large velocity jumps across the entrainment zone in their field study of CBL
over a boreal forest.

Flamant et al. (1997) measured the CBL depth and entrainment zone thickness
south of the Pyrenees with an aircraft-mounted, downward-looking lidar and made
turbulent heat flux measurements at three levels in the CBL using aircraft-mounted
sensors. Assuming a linear heat flux profile from the surface to the CBL top, the three-
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point heat flux profile was extrapolated to the lidar-estimated height of the CBL top.
With this extrapolation, the surface heat flux and the entrainment zone heat flux were
estimated. They found the entrainment flux ratio varied from 0.1 in shear-free condi-
tions to about 0.3 when the entrainment zone shear was stronger. Since it is not known
exactly how the CBL top, retrieved from lidar data, compares to the level of the heat
flux minimum traditionally taken as the CBL top, and because of the fact that most es-
timates of the entrainment parameters and surface heat flux were extrapolated from
measurements within the CBL, the actual values of the entrainment flux ratio might
have considerable error. The authors of op. cit. were sure, nevertheless, that their ex-
perimental results provided clear support for the entrainment enhancement by shear.
Plotting their entrainment flux ratios as functions of entrainment zone velocity jumps,
however, does not reveal an obvious association between shear and entrainment flux
ratio. Angevine ef al. (2001) analyzed observations of the morning development of the
CBL during a series of field campaigns in different geographical locations, including a
field experiment at the Cabauw tower in the Netherlands. Wind and temperature read-
ings at several heights up to 200 meters on the tower were used along with surface
heat flux measurements. In addition, a 1290-MHz radar profiler was used to detect the
onset of turbulence at 200 meters above ground level. These combined measurements
showed that heat flux of entrainment may constitute a considerable fraction of the sur-
face heat flux during the morning transition. It was concluded that shear-generated
TKE was an apparent cause of relatively strong downward heat flux observed during
the morning transition. The experimental data of Angevine (1999) and Angevine et al.
(2001) provide the most solid atmospheric evidence of enhancement of the CBL en-
trainment by wind shears.

3. LES OF ATMOSPHERIC CBL WITH WIND SHEARS

Most of the LES studies of the dry CBL carried out to date have concentrated on the
effects of the principal CBL forcing, which is the convective heat transfer from the
warm, underlying surface. Only a few studies have investigated, with the same degree
of detail, the effects produced by additional non-buoyant forcings that contribute to
the CBL turbulence regime. Wind shear across the CBL is an example of such an ex-
ternal non-buoyant forcing. In LES of sheared CBLs, the shear forcing is introduced
through prescribing components of the background (initial) flow field. In simulations
of the atmospheric CBL, this initial wind field is either set in geostrophic balance
(constant or varying with height) or allowed to have an ageostrophic component as
well (Pino et al. 2003, Sorbjan 2004, Fedorovich et al. 2004a, Conzemius and Fe-
dorovich 2006a). With either setting, horizontal flow velocity field in the free atmos-
phere far above the CBL is assumed to be in geostrophic balance.

In the case of height-constant geostrophic wind, which is the barotropic CBL
case, wind shear is initially concentrated in the near-surface portion of the layer where
vertical gradients of the flow components result from no-slip conditions at the surface.
As the CBL evolves and the vertical mixing of momentum is maintained throughout
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the main portion of the CBL, the surface drag leads to an overall decrease of momen-
tum in the CBL and the development of a secondary shear region at the CBL top
(Moeng and Sullivan 1994, Conzemius and Fedorovich 2006a). The barotropic CBL is
a rather special CBL case. In a more general case of the baroclinic CBL, the geostro-
phic wind components u, (x-component) and v, (y-component) vary with height, and
their vertical gradients may be approximately expressed in terms of horizontal changes
of the potential temperature @ as in Sorbjan (2004):

du, |0z =—(B/1)(001dy), v, ldz=—(BIf)(@0/ex),

where f=g/0, is the buoyancy parameter (g is the gravitational acceleration,
O, = const is the reference temperature), and f is the Coriolis parameter. If only one
component of the geostrophic wind is assumed to change with height, while the other
one is taken zero, there will be no geostrophic advection of heat (potential tempera-
ture) in the direction represented by the latter component. This special case of the so-
called equivalent barotropic CBL was the subject of several LES studies starting
with Brown (1996). Sorbjan (2004) was apparently the first to accurately incorporate
the temperature advection as a baroclinicity feature in the LES framework for the
sheared atmospheric CBL.

3.1 Barotropic CBL

Moeng and Sullivan (1994) numerically investigated two barotropic CBL cases with
relatively large contributions of (surface) shear to the CBL dynamics. They observed a
reorganization of the turbulence structure of CBL as the relative contribution of shear
to the turbulence production increased. Under conditions of slight buoyancy and
strong shear, the irregular polygonal updraft/downdraft structures (cells) characteristic
of the shear-free CBL was replaced by a series of roll-like structures especially visible
in the center of the layer. Those rolls were rather similar to the structures observed by
Lemone (1973) in the atmospheric CBL under analogous conditions.

The results of Moeng and Sullivan (1994) supported the previous analysis of
Holtslag and Nieuwstadt (1986) and the LES findings of Sykes and Henn (1989), who
had identified the ratio of the friction velocity to the Deardorff (1970b) convective ve-
locity, u./w,, as a parameter that controls the cells-to-rolls transition in the CBL flow.
Another parameter used to relate shear and buoyancy forcings in the CBL is the ratio
of the Monin—Obukhov length scale L to the CBL depth scale z; connected to wu./w. as

—L/z, = (u./w.)’ /k , where k = 0.4 is the von K4rman constant.

With very small u./w, values, the structure of CBL flow is essentially cellular.
With increasing u. / w, , rolls start to form in the CBL, and the turbulence structure of

the layer becomes qualitatively distinctively different from that of the shear-free
CBL. The turbulence statistics, which are a more quantitative measure, change corre-
spondingly. The specific value of u./w. that separates the regimes of shear-free and

sheared convection apparently depends on particular features of the analyzed CBL flow.
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According to Holtslag and Nieuwstadt (1986), this threshold u./w, value is about

0.35. In the CBL simulated by Moeng and Sullivan (1994), the transitional value of
u./w, was about 0.65 (—L/z; ~ 0.69), apparently due to the joint effect of strong cap-

ping inversion and Coriolis force.

In a comprehensive LES study of the three-dimensional structure of buoyancy-
and shear-induced turbulence in the atmospheric boundary layer, Khanna and
Brasseur (1998) spanned a vast range of CBL cases starting from a nearly shear-free
CBL (-L/z;=0.0014, u./w.,=0.082) to an essentially shear-driven boundary layer

(-L/z;=2.3, u./w,=0.97). This study supported earlier findings by Moeng and Sulli-

van (1994) regarding the modification of the CBL turbulence structure by surface
wind shear and provided additional insights into the individual properties of convec-
tive thermals and rolls. An interaction between outer eddies that scale with the
CBL depth and near-ground streaks has been identified, with a tendency towards
strengthening at larger u./w. . It was concluded that the shear-dominated structure of

the unstable near-surface flow region directly influences the global structure of the
sheared CBL.

Kim et al. (2003) performed an LES study examining the effects of Kelvin—
Helmholtz (K-H) type instabilities at the top of the CBL under strong wind conditions,
examining the shear-driven processes that might enhance CBL entrainment. They
found that the K-H instabilities developed along the top of horizontal CBL rolls as the
Richardson number approached the critical value of 0.25 for the onset of K-H instabil-
ity. They also concluded that any theory of entrainment must take into account the
shear across the CBL top since the considered studies were conducted under atmos-
pheric conditions rather typical with respect to wind speeds and shear. Their study
made a rather thorough analysis of the entrainment mechanism at the CBL top but did
not quantify what the shear enhancement might be or what the relative effects of sur-
face shear versus entrainment zone shear might be.

Pino et al. (2003) looked at the effects of shear on the entrainment rate in three
CBL evolution cases using LES in conjunction with atmospheric data. According to
the authors, their primary goal was not to compare each observed profile with the LES
results, but to show that the LES could simulate the main characteristics of the ob-
served convective boundary layer when the shear contribution could play a key role.
The simulations were initiated with atmospheric temperature profile observed in the
morning of the day when CBL evolution was studied. The LES runs were conducted
with three initial wind field configurations that corresponded, respectively, to a shear-
free CBL case, a case with height-constant wind, and a case with height-dependent
wind. The wind profile prescribed for the last of these cases was the closest to the ac-
tual wind distribution observed on the simulated day. In the simulation with height-
constant wind, the developed CBL was deeper than the shear-free CBL after the same
time in the simulation (Fig. 1). The inclusion of surface shear led to the decrease of the
buoyancy production term in the TKE budget near the surface and at the inversion
level, but it did not noticeably change this production term in the middle of the layer.
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As in the LES study of Moeng and Sullivan (1994), with initial wind shear prescribed
only at the surface, an elevated shear developed at the inversion level as the CBL grew
with time. However, wind shear remained relatively small in the middle of the CBL
due to the effective convective mixing throughout the layer. In the presence of surface
shear, higher values at greater heights were found for the entrainment fluxes as com-
pared to the shear-free CBL simulation. From that, the authors concluded that surface
shear enhances the entrainment flux.
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Fig. 1. Vertical profiles of individual terms (buoyancy B, dissipation D, pressure P, transport T,
and shear S) of the TKE budget in LES of shear-free CBL (a), CBL with surface shear forcing (b),
and CBL with geostrophic shear forcing (c). Profiles represent averages between 7 and 8 h into
simulations. From Pino et al. (2003).

Conzemius and Fedorovich (2006a) used a modified version of LES code from
Fedorovich et al. (2001a) to elucidate CBL surface shear effects versus the effects of
shear across the boundary layer top. A subset of the investigated barotropic CBL
cases with a height-constant geostrophic wind, denoted as GC cases in Conzemius and
Fedorovich (2006a), all had the initial shear concentrated at the surface. Simulation results
for those cases were compared against LES data for shear-free CBL cases, designated
as the NS cases. Schematics of CBL cases simulated in Conzemius and Fedorovich
(2006a) are shown in Fig. 2.
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Fig. 2. Initial profiles of the potential temperature 6 (left plot) and the x-component of the
geostrophic wind velocity u, (right plot) for CBL cases simulated in Conzemius and Fedorovich
(2006a). In the right plot, the solid line represents the NS-case simulation, the dotted line the
GC-case simulation (Section 3.1), and the dashed line the GS-case simulation (Section 3.2).

Three gradations of outer (free-atmosphere) flow stratification were studied:
06/6z=10.001, 0.003, and 0.010 Km™ (in terms of the Brunt—Viisili frequency:
N=0.006, 0.010, and 0.018 s™). The adopted values of surface kinematic heat flux Q,
were 0.03, 0.1, and 0.3 K m s™'. The chosen value of 20 m s for initial momentum in
the flow provided a strong surface shear that is, albeit strong, is not unrealistic for at-
mospheric CBLs.

The effects of shear on the CBL growth rate in the conducted simulations turned
out to be heavily dependent on the combination of stratification and surface buoyancy
flux. In general, the effects of shear stood out the most when the surface buoyancy
flux was weakest, but they also appeared to be stronger when the free atmospheric
stratification was weak. A strong enhancement of CBL growth in the GC versus the
NS case is seen in Figs. 3d and 3g, and a weaker enhancement is observed in Figs. 3b
and 3e. On the other hand, Figs. 3c, 3f, and 3h show no enhancement, and Fig. 3i even
points to the decreased growth rate of sheared CBL compared to the shear-free CBL.

Conzemius and Fedorovich (2006a) came to the following two general conclu-
sions regarding the enhancement of CBL growth by shear in the barotropic case. First,
the elevated shear, which fast develops with time at the CBL top, is a primary factor of
the CBL growth acceleration in this case. Second, this elevated shear build-up is char-
acteristic of relatively slowly growing CBL cases with either weaker heat flux or
stronger outer stratification, when the surface friction has the longest time to reduce
the momentum in the mixed layer.

The cases with 86/6z=0.003 K m™ and 0,=0.003 Km s! were chosen in op.
cit. for a more detailed analysis of the shear influence on the barotropic CBL structure
and evolution. At earlier stages in the simulations, the TKE production terms and ve-
locity profiles in Fig. 4 indeed show the elevated shear to be making the bulk of the
contribution to the enhanced entrainment in the GC case. In the velocity profiles, the
value of u in the interior of the CBL decreases very quickly early in the simulation and
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Fig. 3. Depth of the CBL, z; (m), as a function of time (s) for the CBL cases with different
00/0z and Q; (the values are indicated in the upper left corners of the plots) numerically stud-
ied in Conzemius and Fedorovich (2006a).

the entrainment zone shear is rather large already at this stage of the CBL develop-
ment. The overall increment of u across the entrainment zone then changes very little
between ¢ = 2500 s and ¢ = 20,000 s, maintaining a value of about 4 m s Meanwhile,
the v profiles show a substantial increase in the v increment across the entrainment
zone, from roughly 4 ms"' at =2500s to about 6ms™ at #=20,000s. Since the
shear production of TKE is roughly proportional to the product of the square of veloc-
ity increment and the CBL growth rate dz;/d¢, the shear contribution to the integral
TKE budget is cut in half over the considered period of time.
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Fig. 4. Evolution of the x and y mean wind components (# and v; two upper plots), vertical
momentum flux components (-7, and —7,; two middle plots), and normalized TKE budget
shear S and buoyancy B production terms for the GC-case CBL with 660/ dz = 0.003 K m™ and
0,=0.03 Kms™ (two bottom plots). Profiles correspond to four times in the simulation. From
Conzemius and Fedorovich (2006a).

From the evolution of the vertical momentum flux profiles in Fig. 4, one can see
that the x component of momentum flux is a fair bit larger than the y component. Both
flux components exhibit a substantial change across the entrainment zone, approach-
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ing zero near the top of the entrainment zone, as turbulence diminishes. In general, the
magnitude of the momentum flux in the entrainment zone shows a gradual decrease
with time, and this decrease is directly related to the decreasing CBL growth rate
dz;/dt during the simulations. The decreasing momentum entrainment leads to a
weaker shear production of turbulence as further shown in Fig. 4.

The profiles of shear production term in the TKE budget are plotted with the
z-normalized vertical coordinate in order to show the location of the production rela-
tive to z;. The surface shear generation of TKE, which does not change considerably
during the simulation, is truncated in the plot in order to highlight the TKE production
by entrainment-zone shear. The buoyancy production of TKE in the lower CBL por-
tion does not considerably change in the course of simulation, but the consumption of
TKE in the entrainment zone noticeably decreases with time. At no stage of the simu-
lation did any of the TKE transport profiles (not shown) indicate enhanced transport
from the surface into the entrainment zone. Those observations allowed to conclude
that the enhancement of the entrainment flux ratio in the barotropic sheared CBL is
most directly tied to the entrainment-zone shear production of turbulence — not to the
upward transport of surface shear-generated TKE.

It was additionally found that fraction of the shear-produced TKE spent on en-
trainment is no higher than 0.5 once the entrainment reaches a relatively steady state.
This suggests that fractions of 0.7 or higher, suggested in Price et al. (1978), and used
in model studies of Tennekes and Driedonks (1981), Driedonks (1982), Boers (1984),
and Pino et al. (2003), are probably overestimates.

Numerical investigation by Conzemius and Fedorovich (2006a) of the behavior
of the gradient and flux Richardson numbers in the entrainment zone of the barotropic
CBL revealed sublayers of nearly constant Ri over much of the entrainment zone in
those CBL cases where the shear contribution to the TKE budget at the entrainment
zone was relatively large, see also gradient Ri profiles in Kim et a/. (2003) and Ri-
number considerations in Sorbjan (2004). The GC-case simulation featured a layer of
constant Ri inside the entrainment zone, with both gradient and flux Ri number having
values about 0.25 and staying approximately constant in the face of changing shear
and temperature stratification. The constancy of Ri within the entrainment zone mani-
fested a local balance between the turbulence generation by shear and the turbulence
destruction associated with negative buoyancy flux, dissipation, or energy drain out of
the entrainment zone.

Fedorovich et al. (2004a) brought together six representative LES codes with an
aim to investigate main characteristics of turbulence structure and growth dynamics of
sheared CBLs as reproduced by LES of different architecture, with different numerical
algorithms, different spatial and temporal resolution, and featuring different subgrid-
turbulence and surface-layer parameterizations. The participating LES codes repre-
sented University of Oklahoma (OU; Fedorovich et al. 2001a, 2004b), National Center
for Atmospheric Research (NCAR; Moeng 1984 and Sullivan et al. 1998), West Vir-
ginia University (WVU; Sykes and Henn 1989; Lewellen and Lewellen 1998), Nansen
Environmental and Remote Sensing Center, Norway (NERSC; Esau 2004), Center for



128 E. FEDOROVICH and R. CONZEMIUS

Analysis and Prediction of Storms, OU (ARPS; Xue et al. 2000, 2001), and Institute
for Space Studies of Catalonia, Spain/ Wageningen University, the Netherlands
(BUW; Cuijpers and Duynkerke 1993, Cuijpers and Holtslag 1998, and Pino et al.
2003). All codes were run in a simulation domain of Xx¥xZ = 10x10x2 km® (slight
deviations from these basic dimensions were allowed) with periodic lateral boundary
conditions. Three atmospheric CBL cases were reproduced — all with the same surface
virtual potential temperature flux (0.1 Km s™) and the same thermal stratification
in the free atmosphere above the CBL (0.003 K m™), but with three different shear
forcings.

For the case of the barotropic CBL, the prescribed shear forcing was the same as
in Conzemius and Fedorovich (2006a), see the GC case data in Fig. 2. All participated
codes predicted evolution of the mean CBL temperature field in a rather close manner.
The codes also fairly agreed in prediction of the increase of the entrainment-zone
depth and the magnitude of the entrainment heat flux in the sheared CBL. As can be
expected, the horizontal velocity variance was found to be significantly larger
throughout the depth of the CBL in the presence of the mean wind shear. The vertical
velocity (w) component variance was found to be larger throughout most of the CBL
compared to its values in the shear-free CBL. Additionally, vertical velocity variance
retained much higher values throughout the entrainment zone in the sheared CBL than
in the shear-free entrainment layer, so that the rapid decay of variance towards the
CBL top, characteristic of the shear-free case, was replaced in the sheared CBL by a
secondary maximum. However, the enhancement of vertical velocity fluctuations in
the interior of the sheared CBL appeared to be heavily code-dependent, so it was diffi-
cult to make any definitive conclusion regarding the modification of the turbulence re-
gime there.

The third-order moments of vertical velocity and virtual potential temperature
fluctuations also exhibited a considerable code-to-code variability. Despite that, all
codes captured certain features of the higher-order CBL turbulence structure under the
influence of shear in a common manner. For example, all the codes agreed on the
change of sign of 6'6'6"' in the middle of the entrainment zone, pointing to the posi-
tively skewed temperature fluctuations in the lower portion of the entrainment zone,
just beneath the capping inversion, and strongly negatively skewed fluctuations in the
upper portion of the entrainment zone, where the magnitude of 6'6'0' was several
times larger than in the layer just below the inversion. The amplitude of the 6'9'0"
variations across the entrainment layer was larger in the sheared CBL (GC) case,
while in the absence of mean wind shear, these variations were comparatively small.
Over the main portion of the sheared CBL, the positive w'w'w' was an active con-
tributor to the transport of the surface shear-generated turbulence upward, into the
bulk of the layer. Throughout the entrainment layer of the sheared CBL, all codes pre-
dicted essentially negative values of w'w'w'. This could possibly be an indication of
narrow sweeping downward motions associated with the breaking of Kelvin-
Helmholtz billows at the sheared density interface (temperature inversion). Contribu-
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tion of these motions to the entrainment could be a reason for larger entrainment heat
flux values observed in the sheared CBL cases.

All codes consistently predicted deeper CBLs when the CBL depth z; was deter-
mined from the elevation of the strongest temperature gradient (maximum inversion)
than when z; was estimated from the height of the kinematic heat flux minimum
within the entrainment layer. The fact that the temperature-gradient method yields lar-
ger CBL depth values than the heat flux minimum approach, at least for the shear-free
CBL, is rather well known. It has been discussed, e.g., in Sullivan et al. (1998) and
Fedorovich et al. (2004b). On the other hand, the temperature-gradient method pro-
vided a smoother dependence of z; on ¢ as compared to z; determined from the statisti-
cally less steady heat-flux data. In the presence of shear, the CBL grew considerably
faster than its shear-free counterpart with the same buoyancy forcings, and differences
between the CBL depths, determined by the temperature-gradient and heat-flux meth-
ods, were generally larger.

3.2 Equivalent barotropic CBL

Compared to the effects of surface shear, the influence of elevated wind shears on the
CBL dynamics is much less studied numerically and experimentally. Such shears are
typically observed in the atmospheric CBL under baroclinic and equivalent barotropic
conditions (Stull 1988) with magnitudes of wind velocity increments across the CBL
being dependent on the rate of geostrophic wind change with height.

Brown (1996) performed LES of the equivalent barotropic sheared CBL and
compared the resulting velocity variance profiles with predictions from one-
dimensional CBL models. In this study, which was primarily focused on the behavior
of turbulence statistics in the CBL interior, the effects of entrainment were eliminated
by imposing rigid-lid boundary conditions at the top of the domain. The author ac-
knowledged that entrainment effects would need to be considered before the results
could be generalized for the atmospheric CBL, and that coupling between shear across
the CBL top and the entrainment could modify the CBL dynamics.

The simulated CBL case with the height-dependent geostrophic wind in the study
of Pino et al. (2003), (see Section 3.1), had the largest CBL growth rate and showed
the best agreement, among the three investigated cases, with the observed atmospheric
CBL growth rate. According to data from their simulation with geostrophic shear (de-
noted as BGS in Fig. 1), the shear at the inversion level leads to the decrease of the
buoyancy term in the TKE budget (which is equivalent to the increase of its absolute
value) at this level compared to the CBL with the surface shear only. The dissipation
term also increases in order to compensate the increased shear term, which was the
largest in the case with geostrophic shear (among three CBL cases considered in op.
cit). Pressure and transport terms in this regime appear to be rather small in magnitude
and mutually compensating (see Fig. 1¢). One may notice also that with increasing
contribution of the elevated shear to the TKE production at the CBL top, the
heat/buoyancy entrainment region identified by negative values of the buoyancy flux
is expanding vertically. Based on these LES results, Pino ez al. (2003) concluded that
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it is advisable to include the contribution of shear in a parameterization of the en-
trainment flux.

Conzemius and Fedorovich (2006a) arrived at a similar conclusion. They found,
however, that it is the elevated shear that has to be parameterized in models of
entrainment in order to improve their performance. The CBLs in the GC cases from
Conzemius and Fedorovich (2006a) consistently had strong surface layer shear but
never exhibited more rapid growth than in the GS cases (schematically shown in Fig. 2),
except when the entrainment zone shear was stronger. This suggests that surface shear
does not play a direct role in increasing the CBL growth rate, but indirectly, the slower
CBL flow, in general, causes shear to develop at the CBL top.

The increment of u, across the entrainment zone in the GS-case CBL, increases
dramatically during the simulation (see Fig. 5). Shear in the v profile also increases
with time. The corresponding momentum-flux profiles in Fig. 5 show that the
x-component flux is the dominant one, and its magnitude increases throughout the
simulation as the growing CBL encounters ever-greater momentum at its top. Accord-
ingly, the shear generation of TKE increases during the simulation as long as the shear
magnitude at the CBL top increases. This increase in TKE production by shear is ac-
companied by the increase of the buoyancy consumption of TKE (see two bottom
plots in Fig. 5) — the effect that was earlier pointed out by Pino et al. (2003).

The above considerations indicate that the entrainment flux ratio in the GS-case
CBL, like in the previously analyzed GC-case CBL (Section 3.1), appears to be di-
rectly related to the shear across the entrainment zone. In the equivalently barotropic
CBL (GS case), the entrainment-zone shear is initially zero and increases during the
simulation. This increase, accompanied by increasing momentum flux, results in the
intensive generation of TKE at the inversion level and increase in the entrainment-flux
ratio. In the GC-case CBL (barotropic CBL), on the other hand, the entrainment-zone
shear is significant only when the CBL first becomes established. Thereafter, due to
the slowing CBL growth, the entrainment-zone shear production of turbulence de-
creases, which results in a smaller entrainment flux ratio with time.

The analysis by Conzemius and Fedorovich (2006a) clearly showed that it is the
shear production of TKE resulting from entrainment zone shear, not the upward trans-
port of surface shear-generated TKE, which drives the enhanced entrainment in
sheared CBLs. As one may conclude from comparison of the CBL depth evolution
plots (see Fig. 3), in the equivalent barotropic GS-case CBLs, which feature the back-
ground shear, larger shear accumulation takes place at the CBL top, and the GS CBL
growth is generally faster than the GC CBL growth. This relationship between the en-
trainment rates of GS and GC cases is not always the same, however. In Fig. 3b, for
instance, the growth of the GC-case CBL outpaces that of the GS-case CBL, high-
lighting the following Conzemius and Fedorovich (2006a) findings regarding the role
of shear across the entrainment zone: (i) the entrainment zone shear plays a more di-
rect role in enhancing CBL growth as compared to the surface shear, and (i7) that the
effects of surface shear on the CBL growth are only felt indirectly through the reduc-
tion of the mixed layer velocity and resulting increase of shear at the CBL top.
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Fig. 5. Evolution of the x and y mean wind velocity components (z and v; two upper plots),
vertical momentum flux components (-z, and —7,; two middle plots), and normalized TKE
budget shear S and buoyancy B production terms for the GS-case CBL with 06/ 0z
=0.003 Km™ and 0,=0.03 Kms™ (two bottom plots). Profiles correspond to four times in
the simulation. From Conzemius and Fedorovich (2006a).

Additionally, Conzemius and Fedorovich (2006a) found that, for CBL cases in
which the shear contribution to the entrainment zone TKE budget was relatively large,
the gradient and flux Richardson numbers are nearly constant over most of the en-
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trainment zone in the equivalent barotropic CBL (GS case), much as they are in the
GC-case CBL (Section 3.1).

In the sheared CBL LES comparison study of Fedorovich et al. (2004a), all par-
ticipating codes generally agreed on the enhanced growth rate of the equivalent baro-
tropic CBL (GS case) as compared to the purely barotropic CBL (GC case). That
study also revealed some distinctive features of the CBL structure in the GS case.
While shear and shear production of TKE in the GS-case CBL were concentrated pre-

dominantly at the CBL top, the vertical transport of TKE (represented by w'w'w') ap-
peared to be close to zero in this region, so that the shear-generated turbulence
remained locked in the upper portion of the CBL.

3.3 Baroclinic CBL

Sorbjan (2004) accounted for effects of baroclinicity and temperature advection in the
LES of sheared CBL by including in the governing LES equations additional terms as-
sociated with horizontal gradients of the reference (background) potential temperature
field. This allowed periodic boundary conditions for the deviation of the potential
temperature from its reference value to be kept. By means of such modified LES,
Sorbjan (2004) investigated four CBL flow cases characterized by different contribu-
tions of shear and temperature advection to the CBL dynamics and evaluated results
against a barotropic CBL case with a height-constant geostrophic wind. Depending on
the prescribed values of the angle between the horizontal gradients of pressure and po-
tential temperature and vertical gradients of the geostrophic wind components, these
four studied cases were denoted, respectively, as positive-shear case, warm-advection
case, negative-shear case, and cold-advection case.

The main object of the study was the CBL turbulence structure and, particularly,
the fine features of this structure within the inversion layer (entrainment zone). The
outer (free-atmosphere) stratification was set to be very strong and the surface buoy-
ancy flux was taken constant, so CBL growth rates did not differ drastically among the
cases. Moreover, the data used for comparison of different CBL cases were collected
at the CBL evolution stages characterized by very close values of integral parameters
of the layer, such as friction velocity u., convective velocity w,, inversion height z;,
and —L/z; ratio.

Mean flow parameters and turbulence statistics from the conducted runs were
presented in the normalized form using the Deardorff (1970b) convective scales: z; for
height, w, =(30,z,)"” for velocity, and 6, =Q,/w. for potential temperature, where
Qs is the surface kinematic heat flux (and Qs is the surface buoyancy flux).

With the chosen thermal advection forcing, the strongest effects of different shear
configurations were found in the mean profiles of velocity components and potential
temperature. The manner of profile changes caused by geostrophic shear was, how-

ever, different for velocity component and temperature profiles. The velocity profiles
were affected with respect to both magnitude and shape (Fig. 6), while the temperature
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profile shapes exhibited only slight modification over the main portion of the CBL,
and the principal effect of temperature advection was in shifting profiles laterally with
respect to each other (Fig. 7).

One may observe a remarkable correlation between profiles of momentum flux
components (lower plots in Fig. 6) and vertical gradients of the corresponding mean
velocity components (upper plots of Fig. 6). Turbulent warming rates associated with
convective heating from the ground were close to each other for all considered cases,
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Fig. 6. Profiles of the mean wind components (upper plot; « is on the right, v is on the left;
components of the geostrophic wind are indicated by dotted lines) and components of the
kinematic turbulent momentum flux (lower plot) from five LES runs of Sorbjan (2004, with
kind permission of Springer Science and Business Media): B — barotropic, W — with warm ad-
vection, C — with cold advection, P — with positive shear, and N — with negative shear.
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Fig. 7. Profiles of the mean potential temperature (upper plot) and turbulent kinematic heat
(temperature) flux (lower plot) from five LES runs of Sorbjan (2004, with kind permission of
Springer Science and Business Media). Explanations as in Fig. 6.

so kinematic heat flux profiles for different cases did not differ much over the main
portion of the CBL. The effects of thermal advection were more noticeable in the en-
trainment-zone region, shown in Fig. 9 of Sorbjan (2004), as the interval of heights
with negative heat flux values.

The profiles of turbulence variances of vertical velocity and potential tempera-
ture from the Sorbjan (2004) study display similar tendencies: the variances for differ-
ent CBL cases do not deviate considerably from each other within the main portion of
the CBL, but in the entrainment zone, they start to show consistent dependence on the
shear/thermal advection forcing.

Such tendencies are clearly seen in the profiles of vertical velocity and potential
temperature variances shown in Fig. 8. Remarkably, almost all vertical velocity vari-
ance profiles in this plot show secondary maxima throughout the interfacial layer that
have also been predicted by different LES codes in the comparison study described in
Section 3.1.

In the profiles of horizontal velocity variance (not shown) from Sorbjan (2004),
these interfacial-layer effects were somewhat obscured because of the strong influence
of the simulated shear forcings on the horizontal velocity fields. These behavioral fea-
tures of turbulence statistics led Sorbjan (2004) to a conclusion that flow in the baro-
clinic CBL under the effect of shear is split vertically in two regions. In the lower one
— that is within the core part of the layer — the flow is controlled by heating from the
surface. The Deardorff (1970b) convective scales are appropriate for description of
this part of the CBL flow. On the other hand, in the upper region — that is within the
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interfacial (entrainment) layer — the flow is controlled by stratification and shear. For
the flow in this region, Sorbjan (2004) proposed a special Richardson-number based
scaling, which has been evaluated for the entraining sheared CBL by Conzemius and
Fedorovich (2006b, 2007) and found to agree relatively well with LES data. Appar-
ently, the two-layer concept for barotropic and equivalent barotropic sheared CBLs
was first suggested by Lewellen and Lewellen (2000), who indicated that a sheared
CBL can be considered as two separate turbulent layers: a buoyancy-driven mixed
layer topped by a shear-driven layer.
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4. SUMMARY

Below, we summarize main elements of modern conceptual understanding of the role
that wind shears play in modification of the CBL structure and evolution.

a First, the presence of wind shears may essentially modify the structure of
mean flow and turbulence in the CBL. As the contribution of wind shear to the turbu-
lence production increases, the coherent turbulence structure in the CBL changes from
quasi-hexagonal cells to horizontal convective rolls, which are oriented parallel to the
mean flow vector. Also, increased shear is associated with larger velocity component
and potential temperature variances and with enhanced vertical momentum transport
throughout the CBL. The vertical distribution of second- and third-order order turbu-
lence statistics of the flow parameters in the upper portion of sheared CBL often show
peculiar features that are presumably associated with interaction between the buoy-
ancy (stratification) and shear forcings in the capping inversion layer. In the bulk of
the layer, third-order moments of vertical velocity and potential temperature are af-
fected by shear much less, in a relative sense, than their second-order counterparts
(variances), which leads to reduced skewness of vertical velocity and potential tem-
perature in sheared CBLs compared to shear-free CBLs.

O Second, it is wind shear across the entrainment zone (elevated shear) that di-
rectly contributes to the intensification of the entrainment and CBL growth rate. The
surface layer shear plays little, if any, direct role in the enhancement of entrainment in
sheared CBLs. This conclusion supports findings from previous studies, which have
suggested that most of the surface shear-generated TKE dissipates locally. On the
other hand, the surface shear has an indirect effect on entrainment by slowing the flow
in the CBL interior and causing the development of shear at the top of the CBL, and it
is this entrainment zone shear that enhances the entrainment.

a Third, the atmospheric CBL may be considered as a single-layer entity in the
shear-free case. When wind shear is present, the CBL acquires a two-layer structure,
composed of a layer of height-constant buoyancy and velocity, which is similar to the
shear-free CBL, topped by a shear-driven layer whose turbulence is maintained by a
balance among shear generation of TKE, buoyancy consumption of TKE, and dissipa-
tion.

O Fourth, when shear makes a substantial contribution to the TKE generation in
the entrainment zone, sheared CBLs exhibit a layer of nearly constant gradient
Richardson number, as well as flux Richardson number, within the entrainment zone
(interfacial layer). The gradient Richardson number of about 0.25 can be taken as a
characteristic value under conditions when the shear production of TKE in the en-
trainment zone is significant compared to the buoyancy production of turbulence. The
value of flux Richardson number is typically within the range from 0.2 to 0.4 when-
ever shear enhancement of CBL growth is observed. The local constancy of flux
Richardson number within the entrainment manifests a balance between the turbulence
generation by shear and the turbulence destruction associated with negative buoyancy
flux, dissipation, or energy drain out of the entrainment zone. When the shear contri-
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bution to the TKE production is less dominant, the Richardson number in the entrain-
ment zone becomes variable. It grows as the shear decreases, increasing to infinity
when the shear approaches zero.

a Fifth, the fraction of the shear-produced TKE used for entrainment in sheared
CBLs is no higher than 0.5 once the entrainment reaches a relatively steady state. This
indicates that previously suggested fractions of 0.7 or higher are probably overestimates.
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