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Abstract. The effects of baroclinicity, imposed on the dry mixed layer by the presence of large-scale,
horizontal temperature gradients, have been investigated based on a large-eddy simulation model.
The purpose of this investigation is to examine simultaneous impacts of thermal stratification and
shear in the atmospheric boundary layer. For this purpose, five cases are considered — one barotropic,
and four baroclinic. Based on the performed simulations, a new parametrization of the interfacial
layer is proposed. The parameterization employs new interfacial scaling, which is valid at the top of
the mixed layer. In terms of new scales, dimensionless moments characterizing turbulence at the top
of the shearless mixed layer are universal constants. In the sheared case, dimensionless statistics of
turbulence are shown to be functions of the interfacial Richardson number.

Keywords: Atmospheric mixed layer, Baroclinicity, Convection, Entrainment, Large-eddy simula-
tions, Shear.

1. Introduction

The present understanding of the atmospheric boundary layer (ABL) has been
largely achieved as a result of large-eddy simulations (LES). The technique was
introduced in the 1970s by Deardorff (1970, 1972, 1973a, b, 1974a, b). Most LES
have focused on the convective mixed layer, driven by both surface heating and
wind shear (Schemm and Lipps, 1976; Moeng, 1984; Nieuwstadt and Brost, 1986;
Schmidt and Schumann, 1989; Mason, 1989; Moeng and Sullivan, 1994). The LES
technique was also employed to simulate the stably stratified flows in the ABL
(Mason and Derbyshire, 1990; Andren, 1995; Kosovic and Curry, 1999; Cedeval
and Street, 1999; Saiki et al., 1999). Other LES simulations considered the impacts
of stratocumuli and cumuli clouds (Deardorff, 1976; Sommeria, 1976; Moeng,
1986; Cuijpers and Duynkerke, 1993; Brown, 1999; Chlond and Wolkau, 2000;
Stevens et al., 1999, 2001), and the effects of the transition from free convection
to the stable regime (Nieuwstadt and Brost, 1986; Sorbjan, 1997; Acevedo and
Fitzjarrald, 1999, 2001).

One ABL aspect that has not been fully investigated in terms of the LES tech-
nique relates to the effects of baroclinicity. Baroclinicity takes place when isobaric
and isopycnic (constant density) surfaces intersect (e.g., Brunt, 1934). In the at-
mosphere, baroclinicity is caused by the presence of horizontal density gradients,
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arising because of climatological contrasts in the north-south direction, and also
because of thermal differences — evolving during the development of mesoscale
weather systems, fronts, sea breezes — and due to slope and valley winds. The
effects of baroclinicity can be demonstrated for the flow that is steady, geostrophic,
and is in hydrostatic balance (Cushman-Roisin, 1994):

~fv=—(1/po) dp/x, (1a)
fu=—(1/po) 3p/dy, (1b)
dp/dz = —pg, (1c)

where f is the Coriolis parameter (f > 0 in the Northern Hemisphere), p is the
pressure, and p is the air density. By taking the z-derivative and eliminating the
pressure we obtain:

du/dz = [g/(pof)19p/3y, (2a)
dv/8z = —g/(pof)3p/3x]. (2b)

The obtained relations indicate that due to the Coriolis force, the system is main-
tained in equilibrium without the tendency toward levelling the density surfaces.
The velocity field is not specified, only its vertical shear.

In the troposphere, an equatorial density gradient (80/dy > 0) is expected to be
accompanied by a positive geostrophic shear of the zonal flow (du/dz > 0). As a
result, motion becomes increasingly westerly with elevation. The density gradient,
equivalent to a horizontal temperature gradient of 1 K per 100 kilometre, gives
rise to a geostrophic wind shear as large as 3.5 m s~! per kilometre. Therefore,
westerlies, which intensify upward, can form subtropical jets (Salby, 1996). In the
ABL, baroclinicity can significantly modify the thermal structure due to advection
of cold or warm air, and also turbulence and mixing, due to baroclinic shear.

The thermal wind equations (2) are usually expressed in terms of the potential
temperature © (Sorbjan, 1989):

du,/dz = —B/f 0©/dy, (3a)
dv,/dz = B/f 3O /ox, (3b)

where u, andv, are the components of the geostrophic wind, 8 = g/®o is the
buoyancy parameter.

In the barotropic case, in which the temperature and geopotential surfaces are
parallel and also horizontal, the horizontal temperature gradient is zero (Holton,
1972). Consequently, the geostrophic wind is independent of height. In the baro-
clinic case, the contours and isotherms intersect, and the horizontal temperature
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Figure 1. The baroclinic effects (in the Northern Hemisphere): the x-axis is oriented along the surface
geostrophic wind vector Gg, G is the geostrophic wind above the surface, The geostrophic wind
turns with height to the right during warm advection, and to the left during cold advection. The termal
wind Vr = G1 — Gy is parallel to isotherms, © is the angle between the horizontal pressure and
temperature gradients.

gradient is non-zero (see Figure 1). When 9@ /dx > 0, the geostrophic wind in the
Northern Hemisphere turns with height to the left (so called backing,). This case
will be referred here to as ‘cold geostrophic advection’ (C). When 0©/0x < 0,
the geostrophic wind turns with height to the right (so called veering). This case is
referred here to as ‘warm geostrophic advection’ (W). When 90 /dx = 0, and
00 /3y < 0, the geostrophic wind increases with height without changing its
direction. We will refer to this case as the ‘positive geostrophic shear’ (PS). When
90 /dx = 0, and 3@ /dy > 0, the geostrophic wind decreases with height without
changing its direction. We will refer to this case as the ‘negative geostrophic shear’
(N). It should be stressed, that in the last two cases (P and N) there is no geostrophic
advection of temperature, because contours and isotherms are parallel.

Baroclinic effects in the ABL were studied in the 1970s, based on empirical data
and simple, one-dimensional models (Mahrt and Schwerdtfeger, 1970; Yordanov
and Wippermann, 1972; Wippermann and Yordanov,1972; Wippermann, 1972;
Wyngaard et al., 1974; Venkatesh and Csanady, 1974; Arya and Wyngaard, 1975).
Such research was mostly performed in the context of the Rossby number similarity
theory, or mixed layer modelling (Tennekes, 1980). There were a few attempts in
the past to use LES in order to simulate the effects of geostrophic shear on the
structure of the boundary layer (Brown, 1999). These were performed by imposing
a vertical variation on the x-component of the geostrophic wind, and setting its y-
component to zero. The isobaric and isopycnic surfaces in this case intersect in such
a way that contours and isopycnics are parallel. This is equivalent to assuming pos-
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itive or negative geostrophic shear with no heat advection. This special case is the
simplest form of baroclinicity. It does not modify the thermal structure of the ABL,
and therefore does not require modification of the LES equations. Other forms of
baroclinicity require the adaptation of model equations in order to incorporate the
thermal advection, with adjustment for the effects of buoyancy.

Despite much effort over a long period of time, baroclinic effects in the ABL
have not been sufficiently understood, especially with respect to the turbulent
structure of the mixed layer. Therefore, the purpose of this paper is to fully in-
vestigate the thermal and dynamical effects of baroclinicity in the dry, convective
mixed layer, based on the large-eddy simulation model. Since statistical moments
involving temperature are strongly sensitive in the mixed layer to thermal strat-
ification in the free atmosphere (Sorbjan 1996b, c), it seems to be particularly
interesting to examine a similar dependence on shear.

The paper is structured as follows. The LES model and the procedure required
to include baroclinic effects are described in Section 2. The performed simulations
are explained in Section 3, together with the results and the parameterization of the
interfacial layer. Conclusions are given in Section 4.

2. The LES Model

The LES model developed by Sorbjan (1995, 2001) has been employed in this
study. The model is based on a system of differential equations, consisting of
conservation laws for momentum, mass, subgrid turbulent energy, and the first law
of thermodynamics. The unknown quantities include three components of velocity,
the virtual potential temperature, the specific humidity, the subgrid turbulent kinetic
energy, and the pressure perturbations. The adopted sub-grid parametrization is
based on the kinetic energy equation. The model applies a non-linear parametriza-
tion of the Reynolds stress (Kosovic and Curry, 1999), and a linear parametrization
of scalar fluxes, with different eddy diffusivities in horizontal and vertical direc-
tions under stable conditions (Schumann, 1991). The multi-stage Runge-Kutta
scheme is used for the time integration of all model equations. The time incre-
ment is adjusted on each time step based on the Courant-Friedrichs-Levy stability
condition. The monotonic advection scheme is applied for scalar equations (Beets
and Koren, 1996). The upper boundary conditions are assumed to be stress-free for
horizontal velocity components, the vertical velocity is set to zero, and the potential
temperature lapse rate is constant. The Monin-Obukhov similarity formulation is
employed to calculate surface momentum fluxes on the first computational level.

In order to incorporate baroclinic effects into the model, the temperature and
vertical velocity equations have been modified. The resolvable potential temper-
ature © has been decomposed into the reference temperature ®,, and the local
perturbation ©”’:

O,y,2) =06,(x,y,2) +0"(x,y,2). )
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Figure 2. The isotherms in the baroclinic boundary layer during cold advection. The pressure gradient
is assumed to be along the y-axis, which is perpendicular to the surface of the figure (dp/dx = 0,
dp/8y < 0). The effects of local perturbation 6" are indicated by broken lines. The dotted line
marked by z; indicates the top of the mixed layer. The values of the reference temperature at the
beginning and at the end of the domain 8, and ©,, differ by [L 0O, /dx].

The reference temperature ®, is specified in the model. It varies along horizontal
and vertical directions in the following way: ©, = 0, + [A® +I'(z — z;)11 (z;) +
[x 00,/9x + y 80O, /dy], where ©, is a constant, /(z;) = 0 in the mixed layer
(where z < z;), and 1 above it, z; is a specified depth of the mixed layer, A©® is the
temperature jump at the top of the mixed layer, I" is the temperature gradient in the
free atmosphere. The components of the horizontal gradient ®,/0x and 9©, /3y
are assumed to be known constants. ,

The vertical structure of the baroclinic atmosphere, characterized by (4), is de-
picted in Figure 2. In the figure, the surfaces of constant potential temperature © are
inclined in the free atmosphere, due to the presence of the horizontal temperature
gradient. Heating and vigorous mixing in the mixed layer cause the temperature
isosurfaces to turn toward the surface. The effects of the local perturbations ©”
are marked by dotted lines. Note that the potential temperature ® decreases with
height in the surface layer, is constant with height in the mixed layer, and increases
with height in the interfacial layer and in the free atmosphere.

It is convenient to rewrite (4) as

O,y,2) =0(x,y,2) +[x 00,/0x + y 00, /dy], &)

where 0 = @"+0,+[A®+T (z—z;)11(z;) is the homogeneous contribution to the
potential temperature, which obeys the periodic horizontal boundary conditions. It
is treated as an unknown quantity in the described LES model. Based on Equation

(5) the temperature equation in the model can be written in terms of € (instead of
O

360/dt + u 360/3x + v 30/dy + w dwd/dz + [u 9©,/3x + v 3©,/dy]
= —diV H, (6)
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TABLE 1
Parameters of the simulated cases.

Run Type 0] dug/dz dvg/dz W Use zi —zi/L T
(1073571 (1073571 [ms!] [ms~1] [m] [s]

B  Barotropic - 0 0 1.18 0.60 650 3.04 14718

P  Positive shear 0° 5 0 1.17 0.61 632 2.83 10293

C Coldadvection 90° O 5 1.17 0.69 635 1.95 14467

N  Negative shear 180° —5 0 1.17 0.60 637 3.03 16168

W Warm advection 270° 0 -5 1.18 0.54 644 4.17 14660

where u, v, w are the components of the wind velocity, the term on the right-
hand-side is the heat flux vector divergence, H = —k;, grad 6, and k;, is the eddy
diffusivity. The contributions of 8©,/dx and 3©, /3y on the right-hand side of (6)
are neglected. Based on (3), the last term on the left-hand side of (6) is prescribed
as geostrophic advection:

[u30,/3x + v 30, /3y] =~ —(f/B)ug dvg/dz — v, du,g/dz]. @)
The buoyancy term in the third momentum equation is expressed in terms of 6:

BlO® — ©,] ~ B[6 — (0)]. ®

3. The Results

3.1. THE LES EXPERIMENTS

The characteristics of the performed simulations are summarized in Table I. Here,
u, and v, are the components of the geostrophic wind, z; is the mixed layer height,
w, = (BH,z;)'/? is the convective velocity scale, H, is the surface temperature
flux, B is the buoyancy parameter, u, is the friction velocity, L is the Obukhov
length, —z; /L is the stability parameter, and T; is the time length of a simulation.
Five runs of the model are presented: one barotropic (B), and four baroclinic — for
four different values of the angle ® between the isobars and isotherms, as depicted
in Figure 1. The simulated cases are: the negative and the positive geostrophic shear
cases (P, and N), for which ® = 0° and 180° respectively, and also the cold and
warm advection cases (C and W), with ® = 90° and 270°.

It should be noted that similar cases of geostrophic shear were considered by
Brown (1996). His simulations, however, cannot be considered baroclinic, because
as applied by him geostrophic shear is not related to the temperature field. The
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temperature in his LES model is assumed periodic in horizontal directions (for all
combinations of geostrophic shear). Consequently, there is no temperature advec-
tion. Moreover, his mixed layer is capped by a solid lid, so there is no entainment,
and the heat flux at the top is set to zero. Such a turbulent flow does not seem to
have an analogue in the atmospheric boundary layer.

All five simulations considered in this paper employed a mesh with 64 x 64 x 60
grid points, and with grid increments of Ax = Ay = 40 m, and Az = 30 m. The
geostrophic wind at the earth’s surface was the same in all runs, equal to Gy = 15
m s~ 1. The components of the geostrophic wind in the baroclinic cases varied by 5
m s~! per kilometre. The roughness parameter was set to z, = 0.01 m, the surface
kinematic heat flux H, = 0.075 m K s~', and the Coriolis parameter f = 10~*
s~!. The model was initialised assuming that the initial mixed layer height equals
z; = 600 m, with a potential temperature of 299 K. The interfacial layer above
the mixed layer was 150 m thick, with the vertical temperature gradient y = 30K
km~!. In the free atmosphere the vertical temperature gradient was assumed to be
I'=3Kkm™.

All simulations were run for 10,200 time steps. Because the time increments
during all simulations were automatically adjusted on each time step (based on
the Courant—Friedrichs—Levy stability condition), the simulation time 7 in Table
1 is different for each run. This fact did not introduce any difficulties in the in-
terpretation of the final results. Due to the strong temperature gradient at the top
of the mixed layer, and a constant heat flux at the surface, all characteristics of
turbulence, including the mixed layer height z;, differed little from each other. The
statistics presented in this paper were obtained through the horizontal and temporal
averaging during the last 1200 time steps of each simulation, which is equivalent
to about 1000-1200 sec, or approximately to two overturning time scales, defined
as T, = Z;/W. :

Figure 3 shows the time history of the mixed layer height z;, and the ratio of the
heat fluxes R = H;/H, at the top and bottom of the mixed layer during the baro-
tropic simulation (B). The oscillations that appear in the first part of the simulation
are numerical in origin, and disappear after about 10,000 sec. The short oscillations
have a period comparable with the convective time scale 1. = z;/w. ~ 600 sec,
which can be associated with the frequency of rising thermals.

3.2. THE VELOCITY MOMENTS

The u and v wind components are shown in Figure 4, which indicates that there is
a sharp increase of velocity in the surface layer, from zero at the earth’s surface, to
the mixed layer values, reached at about z/z; = 0.25. In the mixed layer, the wind
velocity is approximately constant, up to about z/z; = 0.75. From this level, up to
about z/z; = 1.25, where the free atmosphere values of the geostrophic wind are
attained, there is a strong variation in wind speed.
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Figure 3. The time history (plotted every 20 time steps) of the mixed-layer height z; (the right scale)
and the ratio of the heat flux values H;/H, at the top and the bottom .of the mixed layer (the left
scale) during the barotropic simulation (B).
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Figure 4. Profiles of the u (on the right) and v (on the left) components of wind velocity, obtained
for five runs: B — barotropic case, W — warm advection, C — cold advection, P — positive shear, N —
negative shear. The components of the geostrophic wind are indicated by dotted lines.
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During both warm and cold geostrophic advection (W, C), the u component of
wind coincides with those during the barotropic advection (B). Note that the x-
component of the geostrophic wind in these three cases is constant with height,
and equal to 15 m s~!. The u component of wind increases from zero at the
earth’s surface to about 12.5 m s~! in the mixed layer, which is about 83% of the
geostrophic wind velocity. For comparison, Moeng and Sullivan (1994) obtained a
75% reduction of wind in the mixed layer, when the geostrophic wind was 10 m
s~L. There is a sharp increase of u above the mixed layer, equal to about 2.5 m s7L,

In the case of a positive geostrophic shear (PS), the u component of the geo-
strophic wind (u) increases by 5 m s~! per kilometre. In the mixed layer, the u
component of the wind velocity is equal to 14.3 m s, which is about 85% of the
mean geostrophic wind velocity in the mixed layer (i.e., 16.7 m s~latz = z;/2).
The sharp increase of u above the mixed layer is equal to about 5 m s~! (from
about 14.3 m s™! to about 19.3 ms~1).

In the case of a negative geostrophic shear (N), u, decreases by 5 m s~ per
kilometre. The u component of wind velocity in the mixed layer is equal to about
11 m s™!, which is about 81% of the mean geostrophic wind velocity in the mixed
layer (equal to 13.5 m s™!). There is a small increase of u above the mixed layer,
equal to about 1 m s~!. The interfacial layer seems to be thinner than in all the
cases discussed above.

During cold geostrophic advection (C), the v component of wind is positive
and increases with height, following the increase of v, (which is 5 m s~ per
kilometre). During warm geostrophic advection (W), the v component of wind
velocity is negative and decreases with height, following v, which decreases with
height. '

The v components of wind velocity in both cases, C and W, are of different
signs. They are not symmetrical, due to the effects of the Coriolis force. In the
Northern Hemisphere, the Coriolis force causes a small (in convective conditions),
positive (left) cross-isobar angle. As a result, the v component is slightly larger
during cold advection than during warm advection. In the barotropic case, and also
during positive and negative shear cases (P and N), the v components of wind
velocity are positive.

The profiles of the momentum fluxes are shown in Figure 5. The fluxes are
scaled in terms of w2. In the mixed layer, all the x components of the momentum
flux are linear. Near the earth’s surface, they are negative, because the momentum
fluxes in this region are expected to have opposite signs to gradients of du/dz,
which are positive in the surface layer. The same rule applies at the top of the
mixed layer, where all the x components of the momentum flux are also negative,
as du/dz > 0 at this level.

All of the y components of the momentum flux near the earth’s surface are
negative, except in the W case (this is because in this case dv/dz < O in the
surface layer, see Figure 4). At the top of the mixed layer, the y components of
the momentum flux have different signs. They are positive during B, W and N
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Figure 5. Profiles of the dimensionless momentum flux (scaled by w,%) for five runs: B — barotropic
case, W — warm advection, C — cold advection, P - positive shear, N — negative shear.

cases, as dv/dz > 0 near z = z; in these cases. The y component for C is negative
at z = z;, because dv/dz > 0 at this height. In the P case, the y component of the
momentum flux is near zero at the top of the mixed layer, because dv/dz is small
in this region, as seen in Figure 4.

The profiles of the dimensionless horizontal velocity variance o,2/w? are shown
in Figure 6. The variances sharply decrease with height in the lower half of the
mixed layer, and are nearly constant or slightly increasing functions of height in
the upper half. At z = z;, pronounced differences can be seen among variance
values. The largest value of o> /w? is obtained for the P curve, and the smallest for
the N curve. It could be noted that profiles of the dimensionless horizontal velocity
variance o;2/w? (not shown) are almost the same for all cases, and similar to profile
B in Figure 6.

The profiles of the dimensionless vertical velocity variance o2 /w? are shown
in Figure 7. In the mixed layer, the variances are nearly the same for all cases.
They increase in the lower half of the mixed layer, reach maxima, and gradually
decrease with height. More pronounced differences can be seen in the interfacial
layer. These differences are induced by the effects of shear on the top of the mixed
layer, and will be further discussed in Section 4.



LARGE-EDDY SIMULATIONS OF THE BAROCLINIC MIXED LAYER 67

15

zx’zi 1

B35

Dimensioniess horizontal velocity variance

Figure 6. Profiles of the dimensionless horizontal velocity variance (scaled by w,%) for five runs: B —
barotropic case, W — warm advection, C - cold advection, P — positive shear, N — negative shear.
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Figure 7. Profiles of the dimensionless vertical velocity variance (scaled by wi) for five runs: B —
barotropic case, W — warm advection, C —cold advection, P — positive shear, N — negative shear.
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Figure 8. Profiles of the potential temperature for five runs: B — barotropic case, W —warm advection,
C - cold advection, P — positive shear, N — negative shear.

3.3. THE TEMPERATURE MOMENTS

The potential temperature profiles obtained for all five simulations are shown in
Figure 8. Since the initial potential temperature in the mixed layer was equal to
290 K, the advective effects, or their lack, are quite obvious. In the B, P, and N
simulations with no geostrophic advection, the turbulent warming is exclusively
due to the positive heat flux at the surface and due to entrainment. This causes the
mixed layer temperature to increase less than 1 K during each simulation. Small
differences in heating rates in the mixed layer among the runs B, P, N can be
explained by different time lengths 7 in each simulation, depicted in Table I (7
is the largest for N, and the smallest for P). Larger heating and cooling during the
W and C runs are due to advective effects. The obtained profiles of the potential
temperature in these cases are similar to those observed in the atmosphere (Sorbjan,
1996a; LeMone et al., 2000).

The profiles of the dimensionless temperature flux are shown in Figure 9. All
the flux profiles are linear, but have different values of H; at the top of the mixed
layer. The flux H; is the largest in the P run, and the smallest in the N run. This
result is explained in the next Section.

The dimensionless temperature variances are shown in Figure 10. The variances
are scaled in terms of the convective temperature scale ®, = H,/w,, and are large
at the earth’s surface, reaching minimum values at roughly z/z; = 0.7. Above the
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W — warm advection, C — cold advection, P — positive shear, N — negative shear.
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Figure 10. Profiles of the dimensionless potentjal temperature variance (scaled by w,%) for five runs:
B - barotropic case, W — warm advection, C — cold advection, P — positive shear, N ~ negative shear.
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TABLE I
Characteristics of the interfacial layer in the simulated cases

Run dug/dz dvg/dz du/dz dv/dz d©/dz Ri h

(10735711 11035717 10-3sly (1035711 (03 KmY [m]
BT O 0 115 -19 24.5 591 163
PS 5 0 17.7 1.0 252 2.64 159
NS -5 0 1.9 -1.9 24.8 109.15 161
WA 0 -5 15.7 -126 25.2 2.05 159
CA 0 5 9.9 5.9 25.3 6.29 158

mixed layer, the profiles reach maxima, at about z/z; = 1.1. The maximum values
are the largest in the P run and the smallest in the N run. The differences are caused
by the impact of shear and entrainment, and will be explained in the next Section.

3.4. THE INTERFACIAL LAYER

In this section, the focus will be directed to the structure of the interfacial layer,
where turbulence, controlled by wind shear and buoyancy, gradually vanishes with
height. Three characteristics of turbulence of the interfacial layer will be con-
sidered, i.e., the vertical velocity variance o2, the temperature variance o, and the
temperature flux H. The selected moments, evaluated at the top of the simulated
mixed layer, will be related to vertical gradients of velocity and temperature in the
interfacial layer.

The characteristics of the simulated interfacial layer are displayed in Table II.
In the Table, du,/dz and dvg/dz are the components of the vertical geostrophic
shear, du/dz and dv/dz are the gradients of velocity components in the interfacial
layer, d®/dz is the potential temperature gradient in the interfacial layer, Ri is the
interfacial layer Richardson number, defined as Ri = (8 d®/dz)/[(dv/dz)* +
(dv/dz)?], and A is the height of the interfacial layer. The values of A, depicted in
the Table, were evaluated from the potential temperature profiles, by approximating
the profiles as three straight lines (in the mixed layer, in the interfacial layer and in
the free atmosphere). The values obtained in this way coincide with the values of
calculated based on profiles of the heat flux, as a difference between points, where
the heat flux decreases to zero and where the heat flux is minimum.

First to be discussed is the simplified budget of the turbulent kinetic energy at
the top of the mixed layer. It includes a steady-state balance of the dissipation rate,
turbulent transport, shear production, and buoyant production terms (the pressure
term has been neglected):

EX? /1 = TT; + kmil(du/d2)? + (dv/d2)?); + BH;, ©)



LARGE-EDDY SIMULATIONS OF THE BAROCLINIC MIXED LAYER 71

where the term on the left-hand side expresses the dissipation rate, 7T is the turbu-
lent transport term, the last two terms are shear production and buoyant production,
respectively. In the above equation, E is the turbulent kinetic energy, [ is a mixing
length, k,, is the eddy viscosity, 8 is the buoyancy parameter, H is the temperature
flux, and the index ‘i’ indicates that all values are calculated at z = z;.

Assuming that at the top of the mixed layer the turbulent transport and shear
production terms are proportional (see e.g., Figure 1 in Sorbjan, 2001), and that
also ky; ~ LE?, E; m~ o2, ~ w2, I; ~ h, where h is the height of the interfacial
layer, and H; ~ — H,, we obtain:

03),. = cwwf -+ chhz(s,%i + sii), (109

where c,, and c;, are constants, and s, = du/dz, s, = dv/dz. The height of the
interfacial layer in (10) can be evaluated by assuming that the turbulent kinetic
energy of a thermal is lost within this layer as work against the buoyancy force,
ie., w? ~ By?, where y; is the temperature gradient in the interfacial layer. From
this we have:

b~ w,/(By)'2. (11)

Note that the obtained formula can be expressed in terms of the bulk Richardson
number, defined as Riz = BA® z;/w?, where A® is the temperature jump at the
top of the mixed layer. Since y; ~ A®/h ~ B A®? /w2, (By)'/? ~ BAO [,
therefore h/z; ~ w,/[z:(BY:)/?] ~ Riz'. This coincides with Deardorff et al.
(1980), who suggested that h/z; ~ a; + a»/Rip, where a; and a, are constants.

Based on (11), Equation (10) can be rewritten in the following form:

o = cwwlll + ¢5(s%; +55,)/ (B (12)

The constant ¢, can be interpreted as the value of the dimensionless vertical ve-
locity variance during shearless convection. For the specific values ¢, = 0.05 and
cs = 1.8, and the values of the gradients s,;, sy; and y; from Table II, Equation (12)
is examined in Figure 11. This indicates that Equation (12) approximates the LES
results quite well.

In order to relate the temperature flux and the temperature variance to the char-
acteristics of the interfacial layer, we employ the local similarity theory of type
II, proposed by Sorbjan (2001). The theory uses scales based on the local values
of scalar gradients at the top of the mixed layer, instead of scales based on fluxes
(which were applied by Nieuwstadt (1984), and also by Sorbjan (1995), within
local similarity theory, referred to here as type I).

According to Sorbjan (2001), when the effects of wind shear dominate, turbu-
lence is expected to be characterized by the following set of local scales for vertical
velocity, length and potential temperature respectively:

Ur = ow, (13a)
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Figure 11. Comparison of the vertical velocity variance at the top-of the mixed layer obtained from
the LES model with its estimated value based on Equation (12). B — barotropic case, W — warm
advection, C — cold advection, P — positive shear, N — negative shear.

At =0y/(s2+ ), (13b)
Or = Ary, : (13¢)
where y and s, s, are the vertical gradients of the potential temperature and wind
velocity components, and o2 is the vertical velocity variance. Based on these local

scales, the following predictions for the heat flux H and temperature variance o
can be obtained within the interfacial layer:

H ~ Ur®r ~ agy /(s +s)'/?, (14)
oy ~ OF ~ony?/(s2 +50). (15)

In the shearless case (when there is no mean wind), local similarity implies the
following local scales (Sorbjan, 2001):

Up = 0y, (16a)
A = 0,/ (BY)', (16b)

®B = AB')/. (160)
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Figure 12. Comparison of the temperature flux ratio —H; / H,, obtained from the LES model, with
its estimation based on Equation (19), B — barotropic case, W — warm advection, C — cold advection,
P — positive shear, N — negative shear.

From this, the following predictions for the temperature flux H, and temperature
variance o are obtained within the interfacial layer:

H ~Up®p ~ oy /(By)', 17)
g ~ ®F ~ony?/(By). (18)

When both the wind and temperature stratifications are equally significant, one
might propose expressions that asymptotically coincide with Equations (14), (15)
and (17), (18):

H; = Clo’,%iyi/(szi +S§i + ﬂyi)llza (19)
O = Co0 v /(5% + 8% + BV, (20)

where the index ‘i’ indicates the level at z = z;. Note that the temperature variance
o2, is not calculated at z = z;, but at the level of its peak, which appears at z/z; =
1.1 (see Figure 8). The expressions (19) and (20) are valid for all values of s,; and
sy; and for y; > 0.

Inspection of Equations (19) and (20) indicates that both moments are de-
pendent on the temperature gradient y; in the interfacial layer. As pointed out
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by (Sorbjan, 1996b, c) this dependence is expected and especially evident during
an early morning transition, called ‘free encroachment’. Free encroachment takes
place when the mixed layer begins to grow into a neutrally stratified layer (y; = 0)
— the residual of the previous day’s well-mixed layer. This growth occurs approx-
imately with the speed of rising updrafts. As a result, the entrained air does not
differ thermally from the air in the mixed layer, which causes the heat flux and the
temperature variance at the top of the mixed layer to vanish.

Based on the performed simulations, we found that C; = —0.15 and C; = L.5.
For these values and for the velocity variance calculated based on (12), Equations
(19) and (20) are compared in Figures 12 and 13 with the LES results. The Figures
indicate that the performance of Equation (19) is good, but that of Equation (20)
seems to be poorer.

Equation (19) should be compared with the relation for the heat flux ratio: R =
—H;/H, = [0.2 + A(u./w,)], which has been commonly used in models to
express the effects of shear within the mixed layer. According to Tennekes (1973),
Driedronks (1982), and Moeng and Sullivan (1994), the constant A is about 5. It
can be noted, that contrary to (19), the above formula does not reflect the impact
of thermal stratification in the free atmosphere. For the LES values of u, and w,
shown in Table I, the above formula gives values of the heat flux ratio R in the
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range 0.68-1.23. These values overestimate the LES values of R, which according
to Figure 11, are in the range 0.17-0.3.
In the shearless ABL, Equations (12), (19), and (20) can be rewritten as:

o2 = cyu?, 212)
H; = cy wNi/B, (21b)
02, = cp WIN?/B%, (21¢)

where N; = [B¥;]1% is the Brunt-Viisila frequency in the interfacial layer, cy =
¢yCi, and ¢ = ¢, C,. It is worth mentioning that Equation (21b) can also be
derived based on the simplified equations for temperature flux and temperature
variance (in which only the production and dissipation terms are retained, and the
time scale is assumed to be inversely proportional to the Brunt—Viiséla frequency
N — see Equation (2) by Sorbjan (1996c¢). The vertical velocity variance auz,,. in (21)
is independent of N, which agrees with a similar conclusions of Sorbjan (1996¢).
In the free-encroachment case, when N = 0, the correct asymptotes are obtained:
H; =0, and 0y, = 0.

The forms of Equation (21) indicate that the following expressions can be
adopted as interfacial scales:

So = w.N;/B, (222)
for temperature,

Sy = ws, (22b)
for vertical velocity,

S = wa/ Ny, (22¢)
for height,

S, = 1/N;, (22d)
for time.

The above scales are related to values of the surface heat flux through the con-
vective scale w, = (8H,z;)'/?, and to the interfacial layer stratification through
the Brunt—Viisila frequency N; = [8y;1%°. For H, = 0.05 K ms~!, z; = 700 m,
v =30Kkm™!, wehave S, ¥ w, ~ 1ms™ !, Sy~ 1K, S, ~30m, S, ~30s.

In terms of interfacial scales, dimensionless moments at the top of the shearless
mixed layer are expected to be universal constants. For this reason, the interfacial
scaling is expected to perform better in the interfacial region than convective scal-
ing, proposed by Deardorff (1970a, b). Convective scaling (z;, w., and ®, as the
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height, velocity, and temperature scales) have been known to yield a substantial
scatter of dimensionless quantities at the top of the mixed layer (Sorbjan, 1991,
1999). This fact was explained by Sorbjan (1996b, c), who found that the statist-
ical moments involving temperature are strongly sensitive to the variation of the
potential temperature gradient in the free atmosphere.

In order to apply (21) in practice, one might rewrite (11) in the form y; ~
A®/h ~ B A®*/w?, where A® is the temperature jump at the top of the mixed
layer, and use the time rate equation to calculate A©®: d(A®)/dt = I' dz;/dt —
(H; — H,)/z;, where T is the vertical temperature gradient in the free atmosphere.
The growth of the mixed layer could be additionally evaluated by assuming that
dz;/dt ~ h/t., where the mixed-layer time scale t, = z;/w,. This yields: dz;/dt
~ H,/A®, which agrees with the laboratory result of Deardorff et al. (1980),
and also with LES experiments. Rewritting this expression in the form: A® dz;/dt
~ H,, and comparing it with the expression derived by Lilly (1968), according
to which A® dz;/dt= —H;, we see that Lilly’s formula is inconsistent with the
presented parameterization, because it leads to a conclusion H;/H, ~ constant,
which is contradictory to Equation (21).

Finally, when shear is present in the atmosphere, Equations (12), (19), and (20)
can be rewrittten in the following form:

02, = c,wi(1 + c2/Ri), (23a)
H; = cyw?(Ni/B)(1 + c2/Ri)/(1 + 1/Ri)'/2, (23b)
02, = cow2(N?/BH(1 + c2/Ri)/(1 + 1/Ri), (23¢)

where Ri is the interfacial Richardson number, Ri = By;/(S% + 52).

The obtained result suggests that the dimensionless moments at the top of the
mixed layer, with shear, are not universal constants, as in the shearless case, but are
functions of the Richardson number. This conclusion agrees with the analysis by
Sorbjan (2001). Note that, when Ri — oo (the shearless case), Ri~! — 0, and the
dependence on Ri vanishes in (23).

4. Concluasions

The simultaneous effects of shear and buoyancy in the dry and baroclinic mixed
layer have been examined based on the large-eddy simulations. The obtained
results show that baroclinicity modifies not only the vertical distribution of tem-
perature and wind in the boundary layer, but also affects the second-order statistics
of turbulence.

Based on the performed simulations, a new parametrization of the interfacial
layer has been developed. It employs the interfacial scaling, based on the Brunt-
Viisila frequency N in the interfacial layer, convective scale w,, and the buoyancy
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parameter S. In terms of this scaling, the dimensionless statistical moments at the
top of the shearless mixed layer are expected to be universal constants. In the mixed
layer with shear, the dimensionless statistical moments at the top of the mixed layer
are expected to be functions of the interfacial Richardson number.

The interfacial scaling differs from the convective scaling introduced by Dear-
dorff. This fact implies the presence of two different regimes in the mixed layer.
The first, in the core part of the mixed layer, is controlled by surface heating, and
can be described by Deardorff’s scales. The second one is controlled by thermal
stratification and shear in the interfacial layer, and requires the interfacial scaling.

The presence of these two different regimes makes formulating a general sim-
ilarity theory for the mixed layer difficult. Nevertheless, one might expect that
similarity functions should be written as a sum of two components. The first one
should be expressed in terms of Deardorff’s scaling, and should coincide with
the Monin—Obukhov predictions in the surface layer. The second one should be
expressed in terms of the interfacial scales, and the interfacial Richardson number
Ri in the sheared case.
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