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ABSTRACT

This study presents a new approach to the eddy diffusivity/mass flux (EDMF) framework for the modeling
of convective boundary layers. At the root of EDMF lies a decomposition of turbulent transport mechanisms
into strong ascending updrafts and smaller-scale turbulent motions. The turbulent fluxes can be therefore
described using two conventional approaches: mass flux (MF) for the organized thermals and eddy diffusivity
(ED) for the remaining turbulent field. Since the intensities of both MF and ED transports depend on the
kinetic energy of the turbulent motions, it seems reasonable to formulate an EDMF framework based on
turbulent kinetic energy (TKE). Such an approach allows for more physical and less arbitrary formulations of
parameters in the model. In this study the EDMF-TKE coupling is achieved through the use of (i) a new
parameterization for the lateral entrainment coefficient € and (ii) the MF contribution to the buoyancy source
of TKE. Some other important features of the EDMF parameterization presented here include a revised
mixing length formulation and Monin—Obukhov stability scaling for the surface layer. The scheme is im-
plemented in a one-dimensional (1D) model. Several cases of dry convective boundary layers (CBL) with
different surface sensible heat fluxes in the free-convection limit are investigated. Results are compared to
large-eddy simulation (LES). Good agreement between LES and the 1D model is achieved with respect
to mean profiles, boundary layer evolution, and updraft characteristics. Some disagreements between the
models are found to most likely relate to deficiencies in the TKE simulation in the 1D model. Comparison
with other previously established & parameterizations shows that the new TKE-based formulation leads to
equally accurate, and in many respects better, simulation of the CBL. The encouraging results obtained with
the proposed EDMF framework indicate that full integration of EDMF with higher-order closures is possible
and can further improve boundary layer simulations.
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An Integrated TKE-Based Eddy Diffusivity/Mass Flux Boundary Layer Closure

1. Introduction

Turbulent transport in the boundary layer (BL) con-
trols the exchange of heat, moisture, and pollutants
between the surface and the free troposphere. The im-
portance of turbulent mixing to the BL structure and
evolution is well recognized (Wyngaard 1992). The sto-
chastic nature of turbulence and the various scales of
motions involved, however, make the problem particu-
larly difficult to address analytically or numerically. The
eddy diffusivity (ED) method used to represent vertical
turbulent fluxes has been fairly successful in a number of
atmospheric conditions. Also referred to as a small-eddy
closure, ED has important physical limitations related
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to its locality (e.g., Stull 1988). It transports quantities
locally down their mean gradient and fails to represent
upward fluxes in situations where there are well mixed
(zero gradient) or slightly stable average profiles. Such
conditions are commonly observed in the convective
boundary layer (CBL) where a large part of turbulent
transport is carried out by strong thermals or convective
plumes (Schumann and Moeng 1991a; Randall et al.
1992; Moeng and Sullivan 1994; Cheinet 2003). At-
tempts to take these nonlocal transport effects into ac-
count have been twofold: by extending an ED approach
with a nonlocal countergradient term (Deardorff 1966;
Holtslag and Moeng 1991; Stevens 2000) or using solely
a mass flux (MF) scheme instead of ED (Wang and
Albrecht 1990; Randall et al. 1992; Lappen and Randall
2001; Cheinet 2003). The bulk MF approach has been
mainly used for the parameterization of shallow and
deep moist convection (e.g., Ooyama 1971; Betts 1973;
Arakawa and Schubert 1974). Lately both ED and MF
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approaches have been combined to address local and
nonlocal turbulent transport in a single eddy diffusivity/
mass flux (EDMF) parameterization.

The EDMF framework has been in use in boundary
layer modeling for almost a decade. It was introduced by
Siebesma and Teixeira (2000) and since then many au-
thors have successfully incorporated this approach to
study dry and cloudy boundary layers (Soares et al. 2004;
Angevine 2005; Hurley 2007; Siebesma et al. 2007;
Soares et al. 2007; Neggers et al. 2009; Neggers 2009). A
detailed description of the scheme along with a concep-
tual evaluation can be found in Siebesma et al. (2007). In
short, turbulence in the convective boundary layer is con-
ceptually divided into strong thermals and the remaining
turbulent field consisting of smaller-sized eddies. Accord-
ingly, vertical turbulent fluxes of a conserved scalar variable
¢ are decomposed into two terms (Siebesma et al. 2007):

W = wig T M, — ), (1)

where the first term on the right-hand side represents tur-
bulent transport by small-size eddies and the second
transport term is associated with strong updrafts. The first
term is often denoted environmental flux (hence the sub-
script e) and is parameterized with an ED approach,
whereas the other is the mass flux transport. In Eq. (1) M =
ow,, in which w, is the updraft velocity, ¢,, is the scalar
value in the updrafts, and o the area fraction occupied by
updrafts. An important approximation embedded in Eq.
(1) is that ¢ < 1 and ¢° = ¢. In previous EDMF formu-
lations the area fraction o is fixed, usually chosen to be 0.1
(Soares et al. 2004; Neggers et al. 2009) or a similar value
(Siebesma et al. 2007; Soares et al. 2007). Variable o is
often assumed in MF closures of shallow cumulus or well-
mixed layers (e.g., Arakawa and Schubert 1974; Randall
et al. 1992; Lappen and Randall 2001), where there is no
ED transport included. Such approach could be also
employed in EDMF, as was partially demonstrated by
Neggers et al. (2009) who used two updrafts (dry and
wet) for shallow moist convection with a variable area
fraction between them. Setting o to a constant value
reduces the problem of determining mass flux M to
finding the w, profile. The area fraction represents the
percentage of the w, distribution (regardless of the
distribution’s width and skewness) that is associated
with the MF component.

Most of the EDMF schemes developed so far use vari-
ous combinations of first-order and 1.5-order closure BL
parameterizations (Stull 1988). Siebesma et al. (2007) use
a prescribed ED coefficient profile and a prescribed ver-
tical velocity variance profile to close the EDMF param-
eterization. Neggers et al. (2009) use a prescribed ED
profile method and a diagnostic equation for the updraft
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vertical velocity (Simpson and Wiggert 1969). Soares et al.
(2004) and Angevine (2005) parameterize the ED co-
efficient based on a turbulent kinetic energy (TKE) clo-
sure. An original extension of the TKE-based scheme is
proposed by Soares et al. (2007). They parameterize the
MF term based on the vertical velocity variance, which is
assumed to be a simple function of TKE. Since in their
scheme the MF term is directly related to TKE, derivation
of w,, is no longer necessary to close the parameterization.
A recent development of the EDMF framework was
presented by Angevine et al. (2010). Some novel aspects of
their work include using the total turbulent energy to close
the parameterizations and applying the EDMF approach
to the total turbulent energy vertical transport term.

An important parameter of the EDMF scheme—the
lateral entrainment coefficient & that controls the ex-
changes between the updrafts and the environment and
hence the updraft evolution—is typically parameterized
based on two approaches. Authors use either a prescribed
¢ profile depending on the inversion height or a function
proportional to the inverse of the updraft velocity.

In this study we introduce a fully coupled EDMF
scheme based on a TKE closure. To allow for a closer
EDMF-TKE integration we propose a new lateral en-
trainment parameterization based on TKE. Through the
use of this new approach, TKE is linked to both the ED
transport and MF transport mechanisms. The feedback of
EDMEF to TKE is realized through the buoyancy source
term in the TKE prognostic equation. The proposed
EDMF scheme also includes a surface stability scaling
based on the Monin—Obukhov (1954) similarity theory
that allows for more realistic representation of the surface
layer. The scheme is implemented in a 1D model and
validated against large-eddy simulation (LES) results for
a variety of different conditions. As a testing framework
we use variants of the well-established Nieuwstadt et al.
(1992) dry convective boundary layer case.

In section 2 the details of the EDMF parameterizations
used in the 1D model are described. Different lateral
entrainment parameterizations that are used for in-
tercomparison studies are also reviewed. Section 3 in-
troduces the LES setup and simulation results for the dry
CBL cases investigated in the present study. Results of
1D simulations and comparison with LES are presented
in section 4. In section 5 different & formulations and their
influence on the 1D simulations are studied. Finally, con-
clusions and closing remarks are presented in section 6.

2. One-dimensional model

The one-dimensional model used in this study is
a vertical transport model based on the TKE prognostic
equation (e.g., Stull 1988). Full coupling with the TKE



FIG. 1. Schematic of the new approach showing coupling between
TKE and EDMF, embedded in a sample velocity field cross section
from a LES simulation of a dry CBL. Symbols are described in the text.

allows for a more physical formulation of the turbulent
mixing process as well as a less arbitrary specification of
other key parameters of the model. A general schematic
of the approach is presented in Fig. 1, which also shows
a cross section of the velocity field from a LES simulation
of a dry CBL. The scheme distinguishes two turbulent
transport mechanisms: mass flux and eddy diffusivity.
Both processes affect the 6 and g profiles as well as the
buoyancy source term of the TKE prognostic equation.
TKE influences mass exchange between the updrafts and
environment (via the & coefficient, described later in the
text) and therefore the updraft properties and evolution.
The updrafts, in turn, affect the MF transport and buoy-
ancy, which closes the coupling cycle between TKE and
EDMF. The important impact of TKE in the lateral en-
trainment coefficient is a good reminder that the TKE
represents not only small-scale mixing but also a signifi-
cant part of the large-scale transport. All features of the
new 1D model are described below.

a. General equations

The prognostic equation for a scalar ¢ € (6, q) can be
written as

ad

<

a/’
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D

where w is the vertical velocity and F, is a source term.
The prime denotes perturbations from the horizontal
mean. In this study we investigate the free convection
limit without any large-scale wind components. We
therefore neglect prognostic equations for horizontal
wind components and simplify the TKE prognostic equa-
tion. Vertical turbulent fluxes are parameterized in terms
of the EDMF approach (Siebesma and Teixeira 2000;
Siebesma et al. 2007)

e g 99
w'eo' =2 —K b3z
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where K, is the ED coefficient for a variable ¢, ¢,, is the
updraft value of ¢; and M = ow,, is the mass flux divided
by air density, o representing the area fraction of up-
drafts, and w, the updraft vertical velocity. Here we
assume a fixed updraft fraction o = 0.1 (Soares et al.
2004; Neggers et al. 2009). The MF closure therefore
relies mainly on an accurate derivation of updraft
properties w, and ¢,,.

After simplifications, the TKE prognostic equation
takes the form (e.g., Stull 1988)

de d de g
—=——(-K,—)+=w'6 - D, 4

where e is TKE, K, is the ED coefficient of e, g is the
acceleration of gravity, 6, = 60(1 + 0.61q) is the virtual
potential temperature, w’6] is the buoyancy flux, and D
is the dissipation term. Note that the w’—Glj term in
the TKE equation is parameterized using Eq. (3). This
assures a proper buoyancy profile, which is strongly
influenced by the MF term, especially in the slightly
stable parts of the BL and at the inversion (Soares et al.
2007).

b. Parameterizations

To solve the prognostic Egs. (2) and (4), additional
equations and parameterizations need to be introduced.
These include parameterizations of the ED coefficients
(K,.K,), the TKE dissipation term D, and diagnostic
equations for ¢, and w,,, which describes M.

The ED coefficients are described by

Ky, =Cy e, )

where C, =0.25 and C, = 0.425 are coefficients and / is
the mixing length. Coefficients Cy and C, are different
because ¢ turbulent mixing is resolved separately by ED
and MF. So far there is no equivalent MF term for the
TKE transport; therefore, a larger C, coefficient is re-
quired. A more detailed discussion will be presented in
the following sections.

The mixing length is a key parameter that highly in-
fluences the potential temperature profiles as well as the
entrainment at the CBL inversion. In the case of CBLs
the 6 profile is often characterized by a highly unstable
surface layer, a well-mixed interior, and a capping in-
version. The surface layer profile is a consequence of the
strong surface heating and the reduced diffusivity due to
proximity to the fixed boundary. This profile is often not
well represented in numerical models. However, in the
EDMEF approach, which includes nonlocal mixing, re-
solving the surface profile is important for obtaining re-
alistic updraft characteristics. Updraft properties, in turn,
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affect the entrainment and evolution of the boundary
layer. The mixing length used here is a combination of
formulations by Nakanishi (2001) for the surface layer
and Teixeira and Cheinet (2004) for the well-mixed layer
and is expressed as

L=1ve, L=kaa+b0)F, (6)

where /; is the mixing length adopted after Teixeira and
Cheinet (2004) and Teixeira et al. (2004), whereas /; is
the mixing length introduced by Nakanishi (2001). In /;,
7 is the characteristic eddy-turnover time scale speci-
fied by

In Eq. (7) z, is the boundary layer height and w,, is the
free-convection velocity scale [definition given below in
Eq. (10)]. The coefficient 0.5 has been incorporated af-
ter Teixeira and Cheinet (2004), who also propose the
possibility of using a constant 7, for example, 600 s. We
found that such simplification has a negative impact on
the quality of simulations. An equivalent to the /; mixing
length formulation has also shown good results in cloudy
boundary layers (Cheinet and Teixeira 2003). In I, k is
the von Karman constant, z is the height above the
surface, { = z/L is the nondimensional surface stability
parameter, L is the Obukhov length [Eq. (8)], and a, b,
and c are empirical constants. Incorporating the stability
parameter ¢ in [, accounts for deviations from the mixing
length at neutral conditions, given simply by kz (e.g.,
Blackadar 1962; Stull 1988). For unstable conditions the
constants were determined to be a = 1, b = —100, and
¢ = 0.2 (Nakanishi 2001). Recent studies by Suselj and
Sood (2010) on the wind profile in the unstable surface
layer confirmed the credibility of such /, formulation.

The stability parameter { is a function of the Obukhov
length, defined as

uz.0
L=_ >x<’ V,S . (8)
gw'o,
where i, = (/w’? + v'w'?)""* is the friction velocity and

w'6,"is the surface buoyancy flux. In the limit of negli-
gible large-scale wind velocity considered here, finding
u, is a more complicated process. For that the Monin
and Obukhov (1954) similarity theory with the free-
convection correction proposed by Beljaars (1995) is
employed. Below we describe a procedure for finding u.,
based on w, and nondimensional stability functions. A
broader overview of the method adopted here can be
found in Abdella and McFarlane (1996).
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In the limit of zero mean horizontal wind speed we can
write, following Abdella and McFarlane,

kaw,,

=

©)

Us

where « is a coefficient on the order of unity, w, is the
free-convection velocity scale, and ¢, is the stability func-
tion for momentum. In Eq. (9) w,. and ¢, are given by

Zeg NI

Wy = ( Tgw'el;‘> , (10)
1l -, (22 o0

o=t(2) = ou() ron(). v

where z; = 10 m and zo = 0.001 m. The function ¢,
is given after Paulson (1970) as

@4, (x) =2In(1 + x) + In(1 + x?) — 2arctan(x),

x=(1-160)". (12)

The set of Egs. (9)-(12) is solved iteratively to obtain
u, and L with a required accuracy. Having L allows the
computation of /,, which closes the mixing length pa-
rameterization given by Eq. (6). The values of u,, and w,,
are also used in the TKE prognostic equation, allowing
the derivation of the TKE equation surface boundary
condition. After Potty et al. (2001) we use the following
formulation for TKE at the surface:

e, = 3.75u% + 0.2w3. (13)

TKE at the upper boundary is set to zero. The TKE dis-
sipation term is parameterized by D = c,e*?/l, with ¢, =
0.304 and /, = . This formulation of the mixing length for
dissipation /, is different from that used by Teixeira and
Cheinet (2004), which includes an additional scaling factor
1/2.5. Using this additional scaling is equivalent to chang-
ing the ¢, coefficient. We found that setting ¢, to 0.304
gives better agreement with LES simulations.

Finally, the updraft variables ¢, and w, are de-
termined by following Soares et al. (2004):

dep _
= e, ~ B (14)
awt 2
w, GZL = —eb,w, + b,B, (15)

where ¢ is the lateral entrainment rate of the surrounding
air into the updrafts, by = 1 and b, = 2 are coefficients,
and B=g(0 /0 —1) represents the buoyancy source

vu' v
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term. The entrainment coefficient parameterizations will
be discussed in more detail below. Solving the updraft
equation for ¢, requires specification of the surface
boundary condition, which is done using (Soares et al.
2004):

Wy
=

d)u,s = as + B (16)

Here subscript s denotes the surface or close to the sur-
face values, and B = 0.3 is a coefficient; w,, values at the
surface are set to zero.

c. Entrainment coefficient formulations

Lateral entrainment of environmental air into updrafts
affects the updraft evolution and dynamics. Highly
entraining updrafts quickly lose their buoyancy before
reaching the inversion. They transport surface layer
properties into the middle of the boundary layer without a
significant impact on the boundary layer growth. Weakly
entraining updrafts preserve their buoyancy throughout
the BL and penetrate the inversion, contributing to the
mass and energy exchange at the interface, thus invigo-
rating the BL growth. Accordingly, an adequate descrip-
tion of the updraft lateral entrainment is crucial to the
EDMF parameterization.

The lateral entrainment coefficient has been used for
along time in MF cumulus parameterizations. However,
theoretical descriptions of this mixing process are far
from being conclusive. Experimental investigations are
rare owing to measurement difficulties. Even with the
aid of modern computational tools such as LES it is not
straightforward to analyze lateral entrainment and for-
mulate physically based & parameterizations.

In this study we propose a new & parameterization
based on the inverse of the mixing length /:

&1 = a7 17)
where a; = 0.7 is a coefficient. Since the mixing length is
described mainly in terms of TKE [see Eq. (6), definition
of 1], the new & formulation is coupled to the TKE
closure. This formulation is inspired by a remark in
Siebesma et al. (2007) that entrainment is determined by
the dominant eddy size at height z, which can be also
represented by /. This formulation is also similar to a
parameterization based on the inverse of w, proposed
by Neggers et al. (2002, 2009). The square root of TKE
can be interpreted as the velocity of the dominant
eddies; the more kinetic energy those eddies have, the
less time they have to dilute with the environment.

To investigate performance of the new ¢ formulation
we compare results with two other typically used &
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parameterizations. The first uses a prescribed profile
that depends on the boundary layer height

1 1
27T AT (e 2) t AL

7<zy4,  (18)

where a, = 0.55 is a coefficient and Az (vertical grid
spacing) is added to reduce sensitivity to the vertical
resolution close to the inversion. This formulation of ¢ is
based on LES results and was previously used in Soares
et al. (2004, 2007), Siebesma et al. (2007), and Hurley
(2007). One disadvantage of this method is that it is
sensitive to the boundary layer height, which is ambigu-
ously defined. As a result, entrainment of dry air from
above the inversion can be inaccurate because the en-
trainment coefficient is fixed with respect to the inversion
height. The other reference & parameterization used here
has the form
1

Ey =aAy— .
3 3
TWu

(19)
In Eq. (19) a3 = 2 is a coefficient, 7 [given by Eq. (7)] is
a time scale associated with the strongest eddies, and w,
is derived from Eq. (15). This parameterization, but with
a constant 7, was proposed by Neggers et al. (2002) and
later used by Neggers et al. (2009).

d. Numerical implementation

The integration of the model prognostic Egs. (2)—(4) is
achieved using a semi-implicit Crank—Nicholson scheme.
The time discretization follows the scheme originally pro-
posed by Teixeira and Siebesma (2000):

¢t+At _ d)t :a<bea¢t+At)

At 0z 0z

9

az (20)

[Mt(d’z _ $1+At)] +F<tb'
The TKE prognostic equation is discretized in a similar
manner with the ED coefficient and the source terms
treated explicitly. All equations are solved on a staggered
grid with the scalars (¢, ¢, ) being defined on full levels
and the variables (e, w,) on half levels. The first half-level
corresponds to the ground. Whenever it is required, a lin-
ear interpolation between levels is performed. In space,
the prognostic equations are discretized using central
differencing, whereas the diagnostic Egs. (14) and (15) for
the updraft properties are discretized using an upstream
scheme. This quasi-implicit numerical implementation
does not guarantee unconditional stability of the scheme.
In fact, some stability issues were observed in simulations
with large Courant numbers (e.g., when time steps are
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FIG. 2. Vertical profiles of (a) potential temperature and (b) total water mixing ratio at the sixth simulation hour
obtained from LES experiments with different SHF,.

large and vertical resolutions relatively high). This might
impose additional numerical constraints when the scheme
is implemented in a global or mesoscale model. Never-
theless, numerical stability has been a common and open
problem in mesoscale and global models since they often
contain such semi-implicit numerical solvers that are not
stable under all circumstances.

3. LES experiments

The LES code used in this study is a modified ver-
sion of the University of California, Los Angeles LES
(Stevens et al. 2005; Stevens and Seifert 2008). The
Favre-filtered (density weighted) Navier-Stokes equa-
tions, written in the anelastic form (Ogura and Phillips
1962; Vallis 2006), are numerically integrated. The
constant-coefficient Smagorinsky LES—subgrid-scale
(SGS) model (Smagorinsky 1963; Lesieur and Metais
1996) with Lilly’s (1962) stability correction is used for
turbulent momentum, temperature, and humidity trans-
port. The Smagorinsky coefficient is set to Cs = 0.23.
Scalar eddy diffusivities are assumed proportional to the
momentum eddy diffusivity with a turbulent Prandtl
number Pr, = /3. The discrete equations are integrated on
a staggered mesh using fully conservative second-order
accurate centered differences (Harlow and Welch 1965;
Morinishi et al. 1998). Time integration is accomplished
by a low-storage third-order Runge-Kutta method (Spalart
et al. 1991). The time step is variable and is adjusted to
maintain a constant CFL number of 0.3.

A series of four LES runs is performed with various
surface sensible heat fluxes (SHF,) w'6, equal to 0.03,
0.06, 0.09, and 0.12 K m s~ '. Initial profiles were based

on the profiles established by Nieuwstadt et al. (1992)
and further used by Soares et al. (2004), which can be
summarized by

6=300K, dgloz=-3.7x10"%km !,
0 <z <1350m,

960/0z =2Kkm ™' 9g/oz=—9.4x10*km !,

z >1350m.

The initial surface water vapor mixing ratio is 0.005 g g~ ".
The surface humidity flux is kept constant: wq =
2.5x1075 ms L The surface pressure is set to p, =
1000 hPa. The free convection conditions are assured by
setting initial mean wind speed profile as (u,,v,) =
(0.01, 0)m s~ '. The LES simulations were performed on
a domain with a uniform grid spacing of Ax = Ay = Az =
20 m. The number of horizontal grid points were 400 X
400, whereas in the vertical 200 and 250 grid points were
used for the simulations with surface heat fluxes of (0.03,
0.06) and (0.09, 0.12) K m s~ ', respectively. Model results
were output every 10 min. Figure 2 shows the initial pro-
files as well as the LES results from the four simulations at
the sixth simulation hour. In all cases three typical regions
of the dry convective boundary layer can be identified: (i)
the unstable surface layer, stretching from the ground to
approximately 100 m, (ii) the well-mixed layer with neu-
tral stratification, and (iii) the capping inversion, also de-
noted as the entrainment layer, covering the top 10% of
the boundary layer. An important test for a 1D model is
whether it is able to accurately represent all these char-
acteristic features.
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FI1G. 3. Vertical structure of TKE and TKE horizontal and ver-
tical components at the sixth simulation hour based on LES runs
with SHF, = 0.06 (black lines) and 0.12 (gray lines) (K m s ): total
TKE (solid lines), vertical component of TKE (dashed lines), and
the sum of horizontal components of TKE (dotted lines).

Because most parameterizations used in this study
are based on TKE, it is valuable to examine the TKE
structure simulated by the LES. Figure 3 presents in-
stantaneous vertical profiles of TKE and both vertical
and horizontal components of TKE at the sixth hour
from simulations with two different surface heat fluxes.
In the present discussion, TKE contains only the con-
tribution from the LES-resolved motions because the
subgrid TKE is not available from the Smagorinsky
model (the isotropic part of the SGS tensor is fused with
the dynamic pressure). However, this is an accurate
approximation to the total (resolved scale plus subgrid)
TKE since the SGS-TKE is only a very small fraction of
the total TKE away from the surface (e.g., Schmidt and
Schumann 1989). Turbulent kinetic energy (solid lines)
is roughly constant with height in most parts of the
boundary layer and decreases sharply close to the inver-
sion. The vertical velocity variance profile (dashed lines)
has a typical parabolic shape (Schmidt and Schumann
1989; Moeng and Sullivan 1994) with a maximum at
around 0.4-0.5 of the boundary layer height (Stull 1988).
The constant TKE profile would not be possible without
horizontal components of TKE, which dominate in the
surface and entrainment layers. They also contribute
substantially in the well-mixed layer. In general, hori-
zontal components constitute a large portion of the total
TKE even without any large-scale wind forcing.

4. Results

In this section the performance of the 1D model in-
troduced in section 2 is analyzed. The model equations
are solved on a 20-m staggered grid with an integration
time step set to 60 s. All simulations are initialized with
the same conditions as in the LES experiments. Moreover,
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we performed reference simulations with the ED param-
eterization in order to assess the relative importance of the
MF term versus the ED term. We will proceed by in-
vestigating basic CBL characteristics, followed by a more
detailed examination of various model features.

a. General profiles and BL height evolution

Figure 4 presents instantaneous profiles of potential
temperature (left panel) and total water mixing ratio
(right panel) at hour 6 of simulations from LES, EDMF,
and ED-only simulations. A clearly good agreement
between the EDMF model and the LES results is ob-
served. The surface layer profiles are resolved particu-
larly accurately and the well-mixed layer resembles the
LES results closely. The ED simulations, on the other
hand, produce slightly unstable profiles in the mid-CBL
and a surface layer that is too warm compared to LES.
The boundary layer is also higher in the EDMF simu-
lations, following closely the LES results.

To highlight the differences between the models,
computations of the boundary layer height z, and the 0
lapse rate in the middle of the well-mixed layer are also
shown (Fig. 5). We employ a definition of the inversion
height z, based on the maximum local potential tem-
perature gradient method (Sullivan et al. 1998), following
the approach used by Siebesma et al. (2007). For the 6
lapse rate computations we consider a layer between 15%
and 75% of z,. and fit a linear polynomial to the potential
temperature data. Time evolutions of z.. and 6 lapse rate
from LES, EDMF, and ED simulations are presented in
Fig. 5. The results confirm that the EDMF model matches
LES well. It preserves the neutrally stratified well-mixed
layer at all times and provides the adequate entrainment
rate to keep the inversion height close to the LES values.
Initial disagreement between models (first 100 min) is
due to a spinup effect.

The EDMF model results, however, are not in a perfect
match to LES. Some differences are apparent in the in-
version layer structure (Fig. 4) and in slight deviations in
the inversion height (Fig. 5a), especially for the strong
surface heating scenarios. Also, the entire boundary layer
gets a slight negative temperature bias as the surface heat
flux increases. Furthermore, there are disagreements in
the humidity profiles: g is somewhat underestimated and
not sufficiently well mixed in the CBL. These indicate
that the 1D model has still some difficulties in producing
a precise representation of CBL mixing and top en-
trainment. We investigate in detail other characteristics
of the model in order to understand these deficiencies.

b. Updraft characteristics

We start by examining the MF component, a crucial
term in the new model. Figure 6 presents the difference
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FIG. 4. Vertical profiles of (a) 6 and (b) ¢ obtained with the LES, EDMF, and ED-only simulations:
SHF, = 0.03 K m s~ (black lines) and 0.09 K m s~ ' (gray lines).

between the updraft temperature and the environment
(left panel) and the updraft vertical velocity (right
panel) derived from the 1D model and LES simulations.
Results are averaged *+30 min around the sixth hour of
the LES runs. The LES updraft values are obtained by
averaging over the 10% largest values of the vertical
velocity distribution at each model level. There is fairly
good agreement in the updraft temperature excess (Fig.
6a) as well as in w, (Fig. 6b) between the EDMF and
LES models. In particular, the 1D model is quite accu-
rate in resolving the updraft velocity and general struc-
ture of the updraft temperature excess. However, the
temperature excess is mostly overestimated in the EDMF,
especially in the middle of the boundary layer. Moreover,
the discrepancies seem to depend on surface fluxes, which
becomes evident when the temperature excess structure at
the inversion is compared. Some disagreements are also
found in the surface layer.

The 1D model underestimates the updraft tempera-
ture excess in the surface layer. This is directly related to
the initialization method, given by Eq. (16). We set B8 to
0.3, which is a value established in previous studies
(Soares et al. 2004). However, when this coefficient is
increased to a much larger value, for instance 2.5,
a much better agreement with the LES results in the
surface layer is obtained (results not shown here).
Moreover, setting 8 to 2.5 does not impair good agree-
ment in the middle of the CBL and has a negligible ef-
fect on the inversion structure. These findings are similar

to the results obtained by Siebesma et al. (2007), who
also noticed low sensitivity of the boundary layer height
evolution on the updraft initialization procedure. Given
that B8 has a limited influence on the upper parts of the
boundary layer, the previously established value 0.3 is
retained. We leave possible changes to future research.

More important, from the model performance point
of view, are the differences in the inversion layer. The
1D model underestimates updraft overshooting, espe-
cially in the simulations with higher surface heat fluxes.
The vertical velocity inside updrafts (Fig. 6b) quickly
goes to zero at the top of CBL and the updrafts are not
able to penetrate deeper into the inversion. This results
in a lower entrainment rate and steepening of average
profiles at the top of CBL (see also Fig. 4). The rapid
slowdown of w, is mostly related to the sharp lateral
entrainment increase at the inversion, Eq. (15). In this
study we use a formulation where the entrainment co-
efficient € is an inverse function of the mixing length,
and de facto of the TKE [Eq. (17)]. Investigating the
TKE structure from the 1D and LES models might
provide an insight into the sources of disagreement be-
tween the models.

c. TKE structure

In Fig. 7a the normalized and averaged TKE profiles
derived from the LES and 1D models are compared.
There is general agreement between the TKE profiles,
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but the 1D model is clearly missing some important
features. It cannot reproduce the fairly constant TKE
values throughout the boundary layer found in LES and
underestimates turbulence in the upper parts of the
CBL. This last shortcoming is especially relevant for the
representation of top entrainment, making it too weak
compared to LES (Fig. 6a).

Possible reasons behind the TKE differences are in-
vestigated in Fig. 7b. Black and gray lines represent budget
terms of TKE from LES and EDMF, respectively. Only

the normalized buoyancy source term w’—Gv’g/gv (solid
lines) and the transport term (dashed lines) are presented.
The transport term is given by d(K,de/dz)/dz in the 1D
model, whereas in the LES is calculated according to

10

w'e’  ow'p’
9z a9z

trans = —

. eay

where p’ stands for the pressure fluctuations. Assuming
that TKE dissipation scales only with TKE itself, the
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FIG. 6. Updraft characteristics obtained from the LES and EDMF simulations with different SHF,: (a) updraft 6
excess and (b) updraft vertical velocity. Results are averaged over the sixth simulation hour (6 h * 30 min).
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profile of this sum should determine the profile of TKE.
This seems to be the case in the LES simulations, where
the two budget terms add up to a profile that is roughly
constant with height (black dotted—dashed line). In the
1D model the sum of both budget terms (gray dotted-
dashed line) has a steep increase close to the surface and
in the middle of CBL decreases linearly with height. The
similar pattern is only partially observed in the TKE
profile obtained from the 1D model. That is because of
the lower boundary conditions imposed in the TKE
prognostic equation; see Eq. (13). Those conditions limit
the growth of TKE close to the surface and are re-
sponsible for the parabolic-like shape of the TKE profile
in the 1D model simulations.

Another apparent difference in the budget terms of
TKE that can be seen in Fig. 7b is in the transport terms.
The transport mechanisms are much less efficient in the
1D simulations, leading to substantial underestimation
of TKE at the inversion. This could be due to K, being
too small or having an improper vertical profile. To in-
vestigate if this is the case a number of sensitivity studies
were performed. These involved increasing K., and
modifying its profile in an attempt to get much closer
correspondence of the 1D and LES transport terms.
Results (not shown) suggest that, although by changing
K, a better agreement close to the surface can be ob-
tained, the 1D transport always remains underestimated
in the upper parts of the CBL and close to the inversion.
Furthermore, by modifying K, to improve this one as-
pect of the LES-EDMF comparison the overall accu-
racy of the simulations is substantially reduced. These
results suggest that the ED parameterization is not

sufficiently accurate to represent the TKE transport in
the dry CBL. It was already mentioned by Schumann
and Moeng (1991b) that updrafts themselves, through
transport and lateral mixing, are important sources of
TKE in the upper parts of the CBL. Updrafts that reach
the inversion lose their vertical momentum and change
direction, thus creating dynamical instabilities. This
mechanism is expected to contribute to the TKE near
the inversion. It can be also argued that updrafts could
transport TKE in the same manner as they transport
scalar variables. Such an idea, however, faces several
conceptual difficulties. It is not clear at this stage how to
calculate ¢, and how it should be initialized. One pos-
sible approach, adopted by Angevine et al. (2010), is to
treat TKE as a scalar and initialize it in a manner similar
to 6,. Moreover, updrafts themselves are part of TKE
and in order to include the MF transport one should
model separately a small-scale and a large-scale TKE.
Such splitting poses further uncertainties and difficul-
ties. Regardless of these problems it seems justified that
some other TKE transport mechanisms are necessary to
properly simulate TKE in the CBL. The ideas proposed
above, or some other concepts, should be further in-
vestigated to address this topic.

d. Resolution and time step sensitivity

Potential implementations of the EDMF approach
proposed here in weather and climate models would
require different vertical and temporal resolutions than
those used in the present simulations. Twenty-meter
resolution is often used close to the surface in large-scale
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simulations with different vertical and temporal resolutions; sim-

ulations performed with SHF; = 0.09 K m s L

models, but higher in the BL, or in the free troposphere
grid resolution typically degrades, easily exceeding 100 m.
Also, the integration time step in forecast models is set
to different values, often depending on the vertical res-
olution and stability constraints related to the Courant
number. To test the sensitivity of the new 1D model, the
impact of decreased vertical and temporal resolutions
on the evolution of the boundary layer height is in-
vestigated. Figure 8 presents results of the simulations
with surface heat flux 0.09 K m s~ for various resolution
setups. For the range of investigated cases (20-100 m, 1—
5 min) the 1D model proves very robust in terms of its
sensitivity to resolution. The CBL height dynamics is
captured well in all situations. Further increase of the
time step at 100-m grid spacing leads to stability issues.
For even coarser vertical resolution (over 200 m) results
diverge from LES, with a tendency to overestimate the
CBL height. These issues require further study.

5. Entrainment coefficient comparison

A crucial parameter of the EDMF parameterization is
e. In this study a new formulation based on an inverse of
the mixing length, and de facto of the TKE, is used. Two
other approaches have been previously employed by in-
vestigators, as described in section 2. One uses a pre-
scribed profile based on the boundary layer height and
the other is based on the inverse of the updraft velocity.
In this section we compare these different formulations
and assess their usefulness in 1D simulations. We also use
LES-derived lateral entrainment values to validate &
parameterizations.

The lateral entrainment coefficient can be diagnosed
from LES results using Eq. (14). Results are typically
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FIG. 9. Entrainment coefficient diagnosed from LES and obtained
from three different ¢ parameterizations.

noisy, and below the inversion there is additional diffi-
culty when 6, — 0 crosses zero and the solution becomes
ill defined. Given that sufficiently large statistics is pro-
vided, an averaging procedure can be applied to get a
consistent & profile. We use four LES simulations with
different surface heat fluxes, but at a time when all have
the same CBL height. We chose z,. =1900 £ 50 m,
which gives a sample of 22 ¢ profiles diagnosed from
LES. Figure 9 presents individual ¢ results (gray dots)
along with averaged values (black circles). Lateral en-
trainment profiles obtained with different & parameter-
izations are presented in solid lines.

There is good agreement between the diagnosed and
simulated lateral entrainment profiles (Fig. 9), given the
spread of LES values. Lateral entrainment values in the
well-mixed layer are O(102), a value often assumed in
cumulus clouds, diagnosed from other LES studies (e.g.,
Siebesma and Cuijpers 1995) and consistent with a CBL
depth O(10°) m. Different & parameterizations give quite
similar results, despite distinct formulations. This justifies
the use of different approaches by previous investigators
and gives confidence in the TKE-based parameterization
proposed in this study. All parameterizations seem to cre-
ate too sharp of an increase of ¢ at the top of the boundary
layer, compared to LES. This influences updraft evolution
and impacts boundary-layer-top entrainment of air from
the free troposphere into the CBL.

Figure 10a shows that all three & parameterizations
produce almost exactly the same 6 profiles. Evolution of
the boundary layer height and the 6 lapse rate in the
well-mixed layer are also analogous. However, there are
some structural differences that become apparent when
other model parameters are examined. These differ-
ences influence parameterization consistency and pros-
pects for further development. First, the robustness of
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each parameterization by performing a sensitivity study
of the formulations to the used parameters is examined.
In each case the parameters a4, a,, and a3 from Egs. (17),
(18), and (19) are modified by +30%. Results are pre-
sented in Figs. 10b and 10c. By increasing the parame-
ters by 30% the lateral entrainment is increased and thus
the mass flux component is reduced. This results in lower
CBL heights and slightly unstable 6 profiles in the
middle of the CBL. Simulations with &; and &, produce
the same results, whereas €3 is clearly worse than the
other two with lower boundary layer height and greater
instability in the well-mixed layer. A decrease in the
parameters by 30% (Fig. 10c) results in stronger updrafts
that can more vigorously penetrate the inversion. The
CBL top is higher and the simulated profiles become
excessively stable due to entrainment of warmer air from
above the inversion. The &; parameterization agrees best
with LES results in this case. In general, the TKE-based
lateral entrainment parameterization proves to be the
most robust with respect to its sensitivity to changes in the
parameter space.

There is an additional feature of the parameteriza-
tions &, and &3 that makes these schemes less consistent
with a CBL closure based on TKE. In the case of a de-
crease in a, and a; parameters, a region forms at the
inversion where there are still penetrating updrafts
(nonzero w,) but the TKE is already zero. Such behavior
seems to be not physically justified and is in contradic-
tion to LES results. In numerical realization this de-
coupling of the MF transport and TKE often results in
“wiggles” in the 6 and g profiles at the interface. This is

because there is no local ED transport that would assure
smooth behavior. In Fig. 10 the results are smoothed out
by averaging over 1 h. This decoupling could be possibly
tackled by introducing a MF transport of TKE. A short
discussion on this issue has been presented in a previous
section.

The lateral entrainment parameterization affects up-
draft characteristics. It is therefore useful to examine the
updraft properties simulated with the three different &
formulations. Figure 11 shows (6, — 6)/6,. (left panel,
6. =w'6] Iw,) and w_/w, (right panel), normalized and
averaged over last 6 h of the simulations. Simulations
with the three e parameterizations (a4, a,, and a5 are not
modified) along with LES results are presented. All
parameterizations produce comparable updraft charac-
teristics, being in general agreement with the LES re-
sults. Most important differences occur at the inversion
in the 6, structure and in the middle of the boundary
layer in the w,, profile. All parameterizations produce an
inversion that is too shallow in its vertical extent, com-
pared to LES. The prescribed &, parameterization pro-
duces too strong 6,, overshooting, whereas &3 has slightly
underestimated 6, — 6 values at the inversion. The w,,
values from all & parameterizations are overestimated
by less than 20% in the middle of the boundary layer,
with the maxima varying with height among various
formulations. Updraft velocities are in good agreement
with LES in the surface layer and below the inversion,
but decrease sharply at z/z, — 1. In general, the &
parameterization produces the most reasonable 6,, and
w, profiles when compared to LES.
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Results presented above indicate that the lateral en-
trainment parameterization based on TKE provides
results similar to the results obtained with the use of two
other previously established parameterizations. More-
over, the new parameterization proves more robust to
changes of the coefficients used and also gives better
characteristics of the updraft properties compared to the
LES results.

6. Summary and conclusions

Modeling of dry convective boundary layers remains
a significant challenge in weather and climate projection
simulations. The realistic representation of subgrid-
scale processes such as turbulent countergradient fluxes
or the boundary-layer-top entrainment have for long
been a major problem in the modeling community. The
recent emergence of the EDMF framework, backed by
LES simulations, improves our understanding of con-
vective processes and our ability to parameterize differ-
ent scales of the transport mechanisms. EDMF has
proved to be a useful approach not only in the dry con-
vection case, but also as a potential candidate to unify all
boundary layer parameterizations in a single method.

In this study we extend the concept of EDMF to a
scheme that is coupled with a TKE prognostic equation.
Such coupling exerts feedback mechanisms between TKE
and MF through the buoyancy source term and the lateral
entrainment coefficient. This leads to a closer relation
between the updraft velocity and TKE, and an increased
robustness compared to other approaches. The proposed
scheme is a significant step toward merging EDMF with

higher-order closures and taking direct advantage of the
capabilities of using TKE in weather and climate fore-
casting.

In section 2 we introduce the governing prognostic
equations and the parameterizations used to close these
equations. Important parts include the mixing length
formulation, surface layer scaling, and lateral entrain-
ment parameterization. The Monin and Obukhov (1954)
free-convection similarity scaling is essential to realisti-
cally resolve the profiles close to the surface. It is also
used to provide boundary conditions for the TKE prog-
nostic equation. The lateral entrainment coefficient &
influences updraft characteristics and is responsible for
the exchange of properties between the updrafts and
environment. Along with the new ¢ parameterization we
describe two other e formulations that have been pre-
viously used by investigators. All three approaches are
further compared in section 5.

The EDMF framework embedded in a 1D model is
evaluated against LES simulations. Several dry convec-
tion cases with different surface heat fluxes are used. As
an initial condition we use the Nieuwstadt et al. (1992)
and Soares et al. (2004) profiles of potential temperature
and total water mixing ratio. In section 4 we present re-
sults of 1D and LES simulations and evaluate different
model characteristics. The new scheme is very accurate in
representing the structure and evolution of the mean
model variables. It is able to properly capture the CBL
height dynamics and the well-mixed neutral profile in the
middle of the CBL. Moreover, the new 1D model is quite
robust in respect to its sensitivity to vertical and tem-
poral resolution changes. The updraft characteristics are
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in good agreement with LES. Some disagreements are
observed in the surface layer and at the inversion. Those
have been found to depend on the updraft initialization
procedure and the TKE discrepancies between the 1D
and LES models. The analysis of the TKE budget terms
in the 1D model revealed underestimation of the TKE
transport from close to the surface to the upper parts of
CBL. This prevents the simulated TKE to have a roughly
constant value in a CBL and leads to disagreements with
the profiles derived from LES. It is possible that including
mass-flux transport of TKE would improve the 1D pre-
dictions and overall performance of the EDMF parame-
terization. In their recent study, Angevine et al. (2010)
introduce such a MF term for vertical transport of the
total turbulent energy, although they do not elaborate
on the specifics of their formulation. They conclude that
their parameterization gives more realistic profiles for
shallow cumulus conditions than more traditional bound-
ary layer schemes. However, it remains uncertain how the
MF transport of total turbulence contributes to the per-
formance of their scheme. This topic should be inves-
tigated in further research.

Finally, different lateral entrainment parameterizations
are compared in section 5. To our knowledge it is the first
attempt to compare and evaluate various formulations
of this important parameter of the EDMF framework.
The parameterizations produce similar e profiles that
match the LES diagnosed values relatively well. Some
differences are still evident and have consequences in
simulated updraft characteristics. The parameterization
based on the vertical velocity underestimates updraft
overshooting at the inversion. The parameterization
based on the prescribed profile, on the other hand, sub-
stantially overestimates 6, excess at the inversion. The
new parameterization based on TKE produces updraft
characteristics that are in best agreement with the LES
results. Sensitivity study results show that increasing or
decreasing ¢ by 30% also favors the new parameteriza-
tion over other approaches. The TKE-based parameter-
ization proves the most robust with respect to changes in
the scaling coefficient. Additionally, it does not allow for
an unphysical decoupling of updrafts and TKE at the top
of CBL. The previous & parameterizations permit up-
drafts to penetrate inside the inversion where the simu-
lated TKE is close to zero. This creates an inconsistency
since updrafts are obviously a part of turbulent motions.
The new e parameterization does not suffer from this
deficiency.
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