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Wind shear induced by the velocity difference has an important effect on the
stably stratified turbulent flow in the atmospheric convective boundary layer (CBL).
Cases with different velocity difference are conducted by Large-eddy simulation

(LES) to reveal the contribution of shear effect to entrainment. The result shows that
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the shear-generated turbulent kinetic energy (TKE) in the entrainment layer is par-
tially consumed by the negative buoyancy, which increases the entrainment flux min-
imum and enhances the entrainment flux ratio in the range of 0.188 - 0.352. Based

on the hypothesis of the independence of the shear-generated TKE and buoyancy-
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generated TKE, an approach for the fraction of the shear-generated TKE available for
entrainment is proposed, and the averaged fraction reaches 38.5%, but the evolution
tends to increase with the enlargement of velocity difference.

1. INTRODUCTION

Due to the velocity difference in the entrainment layer
between the mixed layer and the free atmosphere layer, the
wind shear enhances entrainment processes and plays a key
role in the mater and energy exchange of the stratified flow
in the atmospheric CBL, which makes the CBL’s main char-
acteristics and the turbulence statistics significantly different
from that of the shear-free CBL (Christian and Wakimoto
1989; Nilsson et al. 2012). The study of contribution of shear
effect on CBL is helpful to establish the entrainment velocity
scale and to predict the height and thickness of the entrain-
ment layer, which is of great significance for atmospheric
science and environmental engineering, for example, im-
proving the accuracy of numerical weather prediction, pre-
dicting the distribution of pollutants in the atmosphere.

Most studies on the sheared entrainment in CBL were
carried out in the framework of bulk models, and the first-
order jump model (FOM) was considered more close to the
actual conditions, in which the linear variation of variables
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with height in CBL is assumed to adequately capture the
entrainment process in sheared CBL (Conzemius and Fe-
dorovich 2007; Huang et al. 2011; Gentine et al. 2015). The
idealized vertical profiles of the potential temperature, wind
velocity and buoyancy flux in the FOM are illustrated in
Fig. 1.

Fedorovich et al. (2001a, b) and Pino et al. (2003)
found that the shear effect in the surface layer or entrain-
ment layer promotes the occurrence of entrainment and the
growth of entrainment layer through numerical simulation
and experiments. The presence of horizontal wind in con-
vective situations increases the entrainment flux and modi-
fies the convection pattern. Moreover, the entrainment flux
can be further enhanced. Analysis of TKE budgets indicates
that turbulence in the entrainment layer capping the cloud
is produced locally by wind shear and is dynamically de-
coupled from turbulence driven by convective circulations
across CBL (Kopec et al. 2016; Haghshenas and Mellado
2019).

The essential problem relates to characterization of the
shear effect used for entrainment is to propose an appro-
priate index. Many studies derived a parameterization for
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the entrainment flux ratio in the framework of FOM, stating
that the entrainment flux is enlarged by wind shear (Kim et
al. 2006; Pino and Arellano 2008). Regrettably, as the en-
trainment flux in the FOM is always larger than that derived
from the LES heat flux profiles, they found the parameter-
ization somewhat overestimated the entrainment flux ratio,
as well as the entrainment heat flux. In order to improve the
accuracy of model prediction, Sun and Xu (2009) modified
some coefficients in this scheme suitable for their results
with LES data. The entrainment flux ratio can only reflect
the promotion of entrainment, and cannot separately distin-
guish the effect of shear and buoyancy on entrainment.

Another parameterized method to evaluate the contri-
bution of shear to entrainment is based on the vertical inte-
gration of TKE transport equation (Pino et al. 2003; Kim et
al. 2006; Pino and Arellano 2008). Pino and De Arellano
(2008) used local momentum fluxes and velocity jumps to
represent the shear production rate of TKE to evaluate the
various contributions to the TKE budgets, and the influence
of shear on entrainment was shown in the vertical distribu-
tion of the various terms of the TKE budgets. By the scaling
analysis, this parameterization is an improvement of the one
advanced by Pino et al. (2003) and incorporates the physi-
cal arguments of each TKE term not discussed by Kim et al.
(2006) or Pino and Arellano (2008).

A parameterization method was derived from the
TKE budgets for a well-developed CBL under the con-
dition of linearly sheared velocity with a zero value at
the surface (Liu et al. 2016a, b). Results suggested that
about 43% of the shear-produced TKE in the entrainment
layer is available for entrainment, while the shear-pro-
duced TKE in the mixed layer and surface layer has little

effect on entrainment.

This study takes the stably stratified turbulent flow in
a horizontally homogeneous atmospheric CBL as the object
to study the effect of wind shear caused by different velocity
difference in the entrainment layer on the entrainment pro-
cess. Firstly, we analyze the influence of wind shear on the
entrainment layer thickness of CBL with different boundary
conditions by LES method. Subsequently, the entrainment
flux ratio is analyzed and compared as a quantitative index
of entrainment in the sheared and shear-free CBLs. Finally,
an attempt is made to propose a parametric approach to cal-
culate the fraction of shear-generated TKE in the entrain-
ment layer available for entrainment.

2. LES EXPERIMENTS AND OUTPUT
2.1 Numerical Setup

This study carries out LES codes described by Moeng
(1984) and refined by Moeng and Wyngaard (1988) for
studying the evolution of the CBL, which was also adopted
in the parameterization study of sheared CBL by Moeng and
Sullivan (1994), Kim et al. (2003, 2006), and Botnick and
Fedorovich (2008).

Eight cases with varied boundary conditions (velocity
difference, buoyancy flux and potential temperature gradi-
ent) are performed by LES numerical method in a domain of
6000 m x 6000 m x 2000 m with an aspect ratio of 6 bigger
than the empirical value 4.5 (Hadfield et al. 1992). The grid
intervals take AX = AY =25 m and AZ = 20 m, and in the
vicinity of the surface sublayer and the entrainment layer
with large gradient, the grid intervals vary steadily from 3
to 25 m so as to capture certain features of the turbulence.
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Fig. 1. Schematic of the horizontal velocity U, the potential temperature 6, and buoyancy flux B in the atmospheric CBL. Dashed lines stand for the
realistic horizontally averaged profiles; solid lines represent their counterparts in the “first-order model” (FOM) (Betts 1973). AU and A6 are the
jump value of the horizontal velocity and the potential temperature across the entrainment zone; Az is the thickness of the entrainment zone; B; and
B, are the buoyancy flux at the entrainment layer and the surface, respectively.
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The numerical domain adopts a periodic lateral boundary
conditions and a “rigid-1id” upper boundary where the verti-
cal fluxes of physical parameters such as mass, momentum
and heat are zero. The entrainment layer height z; is initial-
ized to 1000 m, below which the potential temperature 6 is
set to 300 K, and above which with the gradient I'y of 0.003
- 0.006 K-m™. The surface buoyancy flux B, is set to 0.05 -
0.1 K'ms™'. The main data are shown in Table 1.

The unsteady calculation time step of all simulations
is 0.2 s and the quasi-steady calculation time satisfies the
experiential requirement of # > 6¢. (Cai and Chen 1997),
where the time scale ¢ is ¢ = z/w., ensuring the TKE does
not change significantly with time and the flow in a stable
development stage at the end of the calculation.

Three-dimensional data volumes are archived from the
final stage of the simulations to gather statistics and to pres-
ent flow visualization. The ensemble means and turbulence
statistics shown here are the result of spatial averaging, that
is, at a fixed z location averaging over a x-y plane.

2.2 Thickness of the Entrainment Layer

The flow field of this study is simplified based on the
FOM. The height of entrainment layer z; corresponds to the
buoyancy flux minimum (the negative maximum), and the
upper limit of entrainment layer z, takes the corresponding
height at zero of buoyancy flux in the free atmosphere layer.
Specially pointed out that due to the influence of large-scale
eddies in the upper layer, the fluctuation of z, should not be
ignored, and the corresponding height of 10% B, is gener-
ally permitted (Fedorovich et al. 2004); the height of under-
lying surface z, is 90% Bi; the thickness of entrainment layer
iISAz=2-27.

The surficial buoyancy flux is a major turbulence pro-
duction mechanism, and a stronger surficial buoyancy flux
enlarges the temperature difference between the thermals
(some hot air masses in the surface sublayer) and the am-
bience, which determines the depth of the thermals pen-
etrating into the free atmosphere and decisively impacts
the entrainment development. Compared with each row
of profiles in Fig. 2, the enhancement of B from 0.05 to
0.1 Kms' expands Az by 10 - 70 m, and the influence is par-
ticularly greater in weak stratified environment (cases with
smaller I'y), which is consistent with the analytic conclusion
of shear-free CBL. In addition, z; also increases correspond-
ingly under the same conditions of I'y and AU, indicating
the promotion of entrainment.

Due to the thermals behavior in the upper part of the
entrainment zone (z; - z,) dominantly affected by negative
buoyancy, the inhibition of entrainment by the potential
temperature gradient of free atmosphere is significantly
obvious through comparing with column 3 vs 1, 4 vs 2 of
Fig. 2. Az and z; are significantly shrink with increase of Iy,
especially in the cases with weak surficial buoyancy flux.

Kim et al. (2003) and Pino et al. (2003) considered
that the vertical shear stress of horizontal wind destroyed
the stability of Kelvin-Helmholtz wave at the interface and
enhanced entrainment. The thickness of the entrainment
zone is directly related to the strength of velocity difference
under the same B, and I’y conditions, referring to column
2 vs 1 and column 4 vs 3 of Fig. 2, especially in the cases
with weak inversion strength (smaller I'y) where Az increas-
es more remarkably. For example, when AU changes from
1.5 to 3 m s, Az of Al12 raises 79 m over that of All,
while A22 only 18 m over A21, revealing that the turbu-
lence intensity in the entrainment zone with weak inversion
strength is small, and the shear generated TKE consumed by
the negative buoyancy in the entrainment zone increases ac-
cordingly, which makes the thickness increase more.

3. ENTRAINMENT FLUX RATIO
3.1 TKE Transport Equation

In the horizontally homogeneous CBL, TKE transport
equation in the vertical direction can be described as:
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where e is the averaged TKE, p, and 0, are the ambient
density and potential temperature, p is the pressure, £ is
the turbulent viscous dissipation rate, and u , v, and w are
the velocity components, respectively. Overbars denote the
horizontal averages and primes indicate deviations from the
horizontal average.

In order to investigate the contribution of wind shear
to the entrainment process of the stably stratified turbulent
flow, we adopt the process partitioning method (VanZanten
et al. 1999; Conzemius and Fedorovich 2006) to calculate
the TKE budgets, which includes the generation and the dis-
sipation of TKE. Because shear promotes entrainment, and
enlarges the buoyancy flux minimum in the entrainment
layer, the integral change of the net buoyancy flux in the
entrainment layer compared with shear-free CBL is usually
used to quantify the contribution of shear to entrainment. To
integrate TKE transport equation vertically over the depth of
the CBL, we can obtain:
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Where AU, AV, and Ab are the change of the x- , y-com-
ponent velocity and buoyancy force across the entrainment
layer, and T,.; and T ,., are the shear stresses at the surface,
respectively.

It can be inferred from Eq. (2) that TKE generation is
composed of the distribution of the shear stress in the sur-
face sublayer (u,,T,., +v,T,.,) and in the entrainment lay-
er %(A U? + AW)%, and the distribzqtion of the thermal
buoyancy importing from the surface T’BS . The dissipation
of TKE consists of the negative buoyancy contribution in
the entrainment layer _2iAb dzi anq the turbulent viscous
dissipation - foz'é‘dz. The transportation term just influences
the vertical distribution of TKE, and normally so small un-
der typical atmospheric CBL that can be ignored in the here-

after analysis (Fedorovich et al. 2004).

The shear-generated TKE near the surface must pass
upward through the whole lower layer to affect the entrain-
ment process, and the vertical motion of the thermals can ef-
fectively relax the mean wind turbulence in the mixed layer,
making it be dissipated within a short distance. Moreover,
Conzemius and Fedorovich (2006) considered that shear in
the surface had little effect on entrainment compared with
the shear effect in entrainment layer. Hence, the shear-gen-
erated TKE in the surface is not considered in this paper
when studying the effect of shear on the entrainment.

3.2 Entrainment Flux Ratio for Sheared CBL

In the shear-free CBL, the buoyancy flux inputted from
the surface is the only source of the turbulence generation.

Table 1. Dataset of the numerical cases with different veloc-

ity difference AU.

Bg U, U, | AU
Case
K ms! ms! ms! Km! ms?!
All 0.05 3 4.5 0.006 1.5
Al2 0.05 3 6 0.006 3
A21 0.05 3 45 0.015 1.5
A22 0.05 3 6 0.015 3
Bl11 0.10 3 45 0.006 1.5
B12 0.10 3 6 0.006 3
B21 0.10 3 4.5 0.015 1.5
B22 0.10 3 6 0.015 3
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Fig. 2. Evolution of the buoyancy flux profiles for the numerical cases in Table 1. The buoyancy flux is normalized by B,. The limits of the entrain-

ment zone are indicated by dashed lines.
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Some of the buoyancy-generated TKE is dissipated by the
entrainment process and the rest is converted into heat by
dissipation of the viscous. The fraction of the first part to the
inputted surface buoyancy flux is defined as entrainment flux
ratio Ay, ie., 4, =(Ab i’z" B, = g: . A large number of
experiments and observations take the ratio of approximately
0.2 (Stull 1973; Pino et al. 2003; Fedorovich et al. 2004).

However, in the sheared CBL, the shear-generated
TKE cannot be completely dissipated by viscous, and the
remaining is dissipated by a part of the negative buoyancy

Ab% in the entrainment layer, that is, the shear effect
promotes the entrainment process and enlarges the mini-
mum of the buoyancy flux in the entrainment layer, which
results in an increase of the entrainment flux ratio., i.e.,
A, = (Ab ;ti / B,>0.2. The schematic profiles are illus-
trated in Fig. 3. Therefore, A;can be regarded as an indicator
of shear effect on entrainment and can be used to quantita-
tively analyze the fraction of shear-generated 7KE in the
entrainment layer available for entrainment.

In our study, with the increase of the velocity differ-
ence, the shear-generated TKE is partly used to promote en-
trainment, and the value of A;shown in Fig. 2 is in the range
of 0.188 - 0.385 with an average value of 0.252, greater than
the value of shear-free CBL, especially in the cases with big
buoyancy flux, small temperature gradient and great veloc-

ity difference.

4. THE FRACTION OF SHEAR-GENERATED TKE
AVAILABLE FOR ENTRAINMET

The buoyancy flux is partitioned by method developed
by Manins and Turner (1978) and further explained by Van-

Zanten et al. (1999) and Conzemius and Fedorovich (2006),
which assumed that the buoyancy flux changes from 7KE
generation to dissipation at a certain height, below which
the vertical integral of buoyancy flux B is used to calculate
buoyancy-generated TKE, and above which the vertical in-
tegral of B is the TKE dissipated by negative buoyancy.

Based on the FOM of CBL (illustrated in Fig. 1), the
buoyancy flux B reads:

B[(IZL>A/ZL] 0<Z<1
-1
Zj

0 %S?gw

Therefore, TKE budget dissipated by the entrainment pro-
cess is:

/0de2
Z 1
_ [z z z z Zi
—j;) BS[<1—Z)—A_/-Z]dZ—fz’ A_/-Bx 1-2_2—1 dz (4)
Z; B
_ B.VZf 5Z
=L [1-(1+ > )A‘,]
For the shear-free CBL, A;= 0.2, thus,
J*Bdz=0.38B,z (5)

:N“ | / Mﬂﬁm

B, 0

B

Fig. 3. The vertical profiles of the buoyancy flux of CBL. Solid lines represent sheared CBL buoyancy flux, dotted lines represent the shear-free
CBL buoyancy flux, dash-dotted lines indicate the total negative buoyancy dissipation (entrainment consumption), the shaded area indicates the
buoyancy flux of the sheared CBL is more destructed than that of CBL, double-dotted lines represent buoyancy generation, and the skewed area is

shear generated TKE.
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Assuming that the shear-generated TKE doesn’t affect
the buoyancy-generated TKE and vice versa, buoyancy-
generated TKE and its distribution available for entrainment
in the sheared CBL remain unchanged relative to the shear-
free CBL. Therefore, the vertical integral of the buoyancy
flux variation can be used to calculate the amount of TKE
dissipated by entrainment in the presence of shear, and then
the fraction of shear-generated TKE available for entrain-
ment can be calculated.

Therefore, for the sheared CBL, the fraction of shear-
generated TKE available for entrainment 7y, can be written
as:

B j Bdz - 0.38B,z
Te= [ w2 v'_w'al)dz
2, oz oz
%f{p<r+ff}byo383;,
R p— § p—
N S 2 o
(B2 B2y 0388,z
RECE sz
BSZZ
N T[(A f)sch'( /')LBL]
ﬁ 2 _u/w/ aaU v/ 7 aV)dZ
z, Z

Here (A)cp, and (Ap)scp,. are the entrainment flux ratio in the
shear-free CBL and sheared CBL, respectively.

Pino and Arellano (2008) adopted the thickness of the
entrainment layer Az as the characteristic scale, and gave
the shear stresses as following:

QU 9V _ 2
-u'w S VW S CMu*L'(Az

(N

where, Cy, = 1.15, and considering the anisotropy of the
flow, the friction velocity of the entrainment layer is

wel,=@'w [+ VW ) (8)

Thus, with Egs. (7) and (8), Eq. (6) can be written as:

B Zz [(A/)§< "BL (A )CBL]

Cw(uw| + v \)05<AU ]dz

Vo= €))
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In the numerical cases of this study, the result of shear-
free CBL is taken as the comparison criterion, and ¥, =0.
The calculated results through Eq. (9) are shown in Fig. 4.
The shear-generated TKE is dissipated by negative buoy-
ancy, and 7Y, increases with the enhancement of shear. The
average value of Y, is 38.5%, which approximates to that
of Liu et al. (2016a, b) of 43%. The conclusion of Liu et al.
(20164, b) got from the sheared CBL with a greater wind
shear. Therefore, whether ¥, is close to a constant value
needs to be further study in a wider boundary condition.

5. CONCLUSION

By studying the stratified CBL with different velocity
difference, the shear-generated TKE in the entrainment lay-
er, %(AU2 +AV?) ;t" , 1
lar viscous, and the remainder is dissipated by the negative
buoyancy in the entrainment layer, - 2Ab i{[ , which makes
the minimum of the buoyancy flux larger with increase of
the velocity difference, as well as the entrainment flux ratio

A;. With the enhancement of the velocity difference, more

NSO N DN a,
MO A R R AR
case

Fig. 4. The fraction of shear-generated 7KE available for entrainment in the numerical cases. The dashed line denotes the average value.
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upper air is entrained downward, and the averaged A,reaches
0.252 bigger than that of shear-free CBL.

This study assumes that the buoyancy-generated TKE
is independent of the existence of shear, and establishes the
equation for the fraction of shear-generated TKE available
for entrainment, Y, , by separately calculating the generation
and dissipation of TKE. As for eight numerical cases in this
study, Y, increases with the enhancement of wind velocity
difference, which indicates the shear promoting effect on
the entrainment process. The averaged Y, reaches 38.5%,
which approximates to the result of Liu et al. (2016a, b) of
43%. Whether Y, tends to be stable in a wider boundary
condition needs to be further studied.
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