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A Turbulence Kinetic Energy — Scalar Variance

Turbulence Parameterization Scheme

Dmitrii V. Mironov' and Ekaterina E. Machulskaya

German Weather Service, Offenbach am Main, Germany

Abstract

A turbulence kinetic energy — scalar variance [TKESV) closure model (parameteriza-
tion scheme) for moist atmosphere is developed. The scheme is formulated in terms
of variables that are approximately conserved for phase changes in the ahsence of pre-
cipitation. These are the total water specific humidity and the liguid water potential
temperature (or, if clond ice is present, the ice-liquid water potential temperature). The
scheme carries prognostic equations for the turbulence kinetic energy and for the vari-
ances and covariance of sealar quantities. The other second-moment equations, namely,
the equations for the Reynolds stress and for the scalar fluxes, are reduced to the diag-
nostic algebraic expressions. In the present report, the set of governing equations of the
TKESV scheme and parameterizations (closure assumptions) for the pressure-serambling
terms, the third-order transport (diffusion) terms, and the molecular destruction (dis-
sipation) terms are discussed. Particular attention is paid to the pressure-scrambling
terms in the Reynolds-stress and scalar-flux equations. The other issues that receive
careful consideration are the effect of clouds on mixing (treated with the aid of statisti-
eal eloud schemes) and the interaction of the boundary layer with the underlying surface.
Estimates of disposable parameters of the TKESV scheme are given,
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1 Introduction

A turbulence parameterization scheme is an integral part of a physical parameterization
package of any model of atmospheric circulation, including numerical weather prediction
(NWP) and climate models. The importance of turbulence parameterization schemes will
likely further increase as the resolution of the atmospheric models is refined. As the mesh
size becomes small, quasi-organized flow structures, such as deep convective plumes that
are chiefly responsible for non-local convective transport of momentum and scalars, are
increasingly resolved. The focus of parameterizations of the sub-grid scale processes is then
shifted towards motions at smaller scales and towards other issues, as e.g. the anisotropy of
turbulence near the surface and in stably-stratified regions of the flow, and the interaction
between boundary-layer turbulence and shallow clouds. Turbulence closure schemes based
on truncated second-order moment equations are viable tools for describing these features.

There are many quite sophisticated and physically sound turbulence models (parameteriza-
tion schemes) which proved to be very useful research tools. There is little chance, however,
to use them in operational NWP and related applications for those schemes are computation-
ally prohibitively expensive and are often specific to a particular mixing regime. A turbulence
parameterization scheme should no doubt account for the essential physics of atmospheric
turbulence. On the other hand, a usable scheme should be computationally efficient and
should give a reasonably accurate solution for all mixing regimes (stably-stratified bound-
ary layer, dry convective boundary layer, convective boundary layers capped by cumulus or
stratus clouds, ete.) around the clock and at any point on the globe. Therefore, the key
issue in developing turbulence parameterization schemes for NWP and related applications
is to find the best compromise between physical realism and computational economy.

The so-called one-equation turbulence parameterizations schemes have been very popular in
geophysical applications over several decades. Those schemes carry the turbulence kinetic
energy (TKE) equation, including the time-rate-of-change (or substantial derivative if the
TKE advection is included) and the third-order turbulent transport (diffusion) terms. All
other second-moment equations, viz., the equations for the Reynolds stress, for the fluxes
of scalar quantities (e.g. temperature and humidity), and for the scalar variances and scalar
covariance, are reduced to diagnostic algebraic expressions. In spite of their numerous short-
comings (see a discussion in Mironov, 2009), one-equation TKE schemes (and even simpler
algebraic schemes) have been and still are the draft horses of atmospheric turbulence mod-
elling in NWP, climate studies, and related applications.

The present report describes a TKE — Scalar Variance (TKESV) turbulence parameterization
scheme that is a natural step beyond one-equation TKE schemes. Apart from the TKE
equation, the TKESV scheme carries prognostic transport equations for the scalar variances
and covariance (see section 2 for the definition of quasi-conservative scalars utilized by the
TKESV scheme). It is the authors’ opinion that the level of complexity of the TKESV scheme
is likely the minimum level of complexity that is required for NWP, climate modelling and
related applications in terms of essential physics. A justification of this opinion is almost
trivial. The key issue in modelling of any turbulent flow is an adequate description of the
flow energy. In neutrally stratified flows, the kinetic energy of turbulence is a major concern.
This explains why the one-equation schemes have been successfully used in modelling neutral
flows. The situation is very different in flows where the buoyancy stratification is not neutral.
In such flows, the turbulence potential energy (TPE) plays an important part along with
the TKE. The TKE is spent to work against the gravity and is eonverted into the TPE
in stably stratified flows. In convective Hows, the TKE grows at the expense of the TPE.
Since the atmospheric flows are virtually never hydrostatically neutral, and the TKE and the
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TPE in stratified flows are equally important, it is difficult to adduce plausible arguments in
favour of one form of energy over the other. Both energies possess equal rights and should be
treated in a similar way. In the atmosphere, the TPE is characterized by the variances and
covariance of the scalar quantities (see Appendix C). Hence, the scalar (co)variances should
be treated as accurately as the TKE. An improved treatment of scalar (co)variances helps to
improve the performance of atmospheric models in several respects. These are, for example,
a consistent treatment of counter-gradient fluxes of scalars (which is not possible with the
one-equation TKE schemes) and an improved representation of the fractional cloudiness.
Furthermore, the TRKESY scheme provides a framework for a consistent unified treatment
of boundary-laver turbulence and shallow convection.

Examples of turbulence parameterization schemes that carry transport equations for both the
TKE and the scalar variances are given in Kenjeres and Hanjali¢ (2002) (for the temperature-
stratified atmosphere) and Nakanishi and Niino (2004) (for the moist atmosphere). Worthy
of mention is a more complex scheme termed CLUBB (Cloud Layers Unified By Binormals),
an assumed-PDF (probability distribution function) unified parameterization of turbulence
and cloud processes in the Earth’s atmosphere (numerous references and further information
about CLUBB can be found at https://people.uwm.edu/vlarson/clubb/).

Interestingly enough, it was stated already by Mellor and Yamada in their popular 1974
paper (Mellor and Yamada, 1974) that the scheme (level 3 in their nomenclature) that carries
transport equations for the TKE and for the potential-temperature variance is particularly
attractive. The level 3 scheme outperforms an algebraic closure scheme, and little is gained
if & more complex scheme that carries transport equations for all second-order moments
involved is used. Thus the level 3 scheme represents an optimal choice. Mention should
also be made of the analysis of the second-moment budgets in the cloud-topped boundary
layers performed by Heinze et al. (2015) using large-eddy simulation (LES) data. It was
found (among other things) that the third-order transport is of secondary importance in the
Reynolds-stress and scalar-flux budgets but it plays a key role in maintaining the TKE and
the scalar (co)variance budgets. These results support the design of the TKESV scheme.

In the present report, governing equations and closure assumptions (parameterizations) of
the TKE-Scalar Variance scheme are formulated, and estimates of disposable parameters
are given. In the remainder of this section, an outline of the report is given.

The TKESV scheme is formulated in terms of variables that are approximately conserved for
phase changes in the absence of precipitation. These are the total water specific humidity
and the liquid water potential temperature. If cloud ice is present, the ice-liquid water
potential temperature is used. Quasi-conservative thermodynamic variables are introduced
in section 2. Transport equations for the second-order moments of fluctuating velocity and
scalar fields are given in section 3. The TKESV scheme carries “full” prognostic equations,
i.e. the equations including the substantial derivative {that reduces to the time-rate-of-change
in one-dimensional case, where the flow variables depend on the vertical coordinate only) and
the third-order turbulent transport terms, for the TKE and for the variances and covariance
of the scalar quantities. The equations for the Reynolds stress and for the scalar fluxes
are reduced (truncated) to the diagnostic algebraic expressions by neglecting the substantial
derivative and the third-order transport terms. The truncated Reynolds-stress and scalar-
flux equations are presented in section 4.

The system of governing second-moment equations is not closed. There are four groups
of terms that require parameterizations (closure assumptions). These are the pressure-
scrambling terms in the Reynolds-stress and the scalar-flux equations, the third-order turbu-
lent transport terms in the equations for the TIKE and for the scalar variances and covariance,
the dissipation rates of the TKE and of the scalar variances and covariance, and the buoy-
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ancy terms (incorporating correlations of the velocity and scalars with the virtual potential
temperature) in the Reynolds-stress, scalar-flux and TKE equations. Parameterizations of
these terms are presented in sections 5 and 7. Particular attention is paid to the pressure-
scrambling terms. Although parameterization of the pressure-scrambling effects is probably
the most crucial issue in modelling atmospheric turbulence, this issue receives unduly little
attention in the atmospheric modelling community. Formulations of the turbulence time
and length scales are presented in section 6. An algebraic interpolation formula for the
turbulence length scale that accounts for the limiting effect of stable density stratification
is presented. A more advanced non-local length-scale formulation is also discussed. In sec-
tion 7, we consider the effect of clouds on mixing intensity. The second-moment equations
are coupled to a statistical cloud scheme, and parameterizations of the buoyancy terms in
the Reynolds-stress, scalar-flux and TKE equations are developed with due regard for the
presence of cloud condensate.

In section 8, the so-called boundary-layer approximation is invoked to obtain a one-dimen-
sional version of the TKESV scheme. Note that in the majority of NWP models, including
ICON and COSMO, one-dimensional schemes are used to parameterize turbulent mixing
(unless these models are used in the LES mode). The so-called stability functions that appear
in the algebraic formulations for the Reynolds stress and scalar fluxes (see e.g. Mellor and
Yamada, 1974) are discussed in section 9 in much detail. The stability functions, resulting
from the truncated Reynolds-stress and scalar-flux equations (where the third-order and the
time-rate-of-change terms are neglected) with the linear parameterizations of the pressure-
scrambling terms (linear in the second-order moments involved), are ill-behaved over a certain
range of governing parameters (e.g. mean velocity shear and mean temperature gradient).
Using rather plausible physical arguments, we develop regularized stability functions that are
well-behaved in the entire range of governing parameters. The interaction of the boundary-
layer flow with the underlying surface is discussed in section 10, where the focus is on the
lower boundary conditions for the scalar variances and covariance.

The emphasis in sections 5 through 10 is on the baseline version of the TKESV scheme
(TKESV-Bas). This somewhat simplified version of the scheme is based on the linear pa-
rameterizations of the pressure-scrambling terms, the simplest isotropic down-gradient pa-
rameterizations of the third-order transport terms, and the algebraic interpolation formula
for the turbulence length scale. It utilizes an ad hoe correction to the Gaussian statisti-
cal cloud scheme to account for shallow cumuli (enhanced mixing due to clouds in spite
of low fractional cloud cover). The lower boundary conditions for the scalar variances and
covariance do not account for the heterogeneity of the underlying surface. It is the baseline
version of the TKESV scheme in the boundary-layer approximation (i.e. the one-dimensional
TKESV-Bas) that is intended for use within NWP models ICON and COSMO in the near
future.

In the medium-term prospective, an extended version of the scheme (TKESV-Ext) can be
used. TRKESV-Ext incorporates advanced formulations of the pressure-scrambling terms and
of the third-order transport terms, non-local formulation of the turbulence length scale, lower
boundary conditions for the scalar (co)variances that are consistent with the tile approach
to compute the surface fluxes over heterogeneous surfaces, and a statistical cloud scheme
capable of describing cumulus regimes. These formulations are discussed in the respective
sections under the heading Advanced Features. The use of an advanced statistical cloud
scheme, e.g. the scheme proposed by Naumann et al. (2013), requires knowledge of the
triple correlations (skewness) of scalar quantities (more specifically, of linearized saturation
deficit /excess). The scalar-skewness prognostic equation is developed in section 11.

Conclusions are given in section 12. The present report contains several Appendices. The aim
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of the report is not only to present the governing equations and parameterization assumptions
of the TKESV scheme, but also to elucidate their physical meaning and, importantly, their
limitations. To this end, detailed derivations of at least some parameterizations should be
presented (most notably, of the pressure-scrambling terms). Since the derivations are rather
lengthy, they are given in Appendices. This allows to keep the main body of the text more
concise.

2  Quasi-Conservative Variables

In order to account for the presence of cloud condensate, turbulence and shallow-convection
models are formulated in terms of variables that are approximately conserved for phase
changes in the absence of precipitation (Betts, 1973; Deardorfl, 1976; Betts, 1986). One pair
of moist quasi-conservative variables consists of the total water specific humidity ¢ and the
liquid water potential temperature 6 defined as

gt =g+ qi, (1)
il

T b, iy g 2

! T cpfﬂ ( }

Here, g is the water vapour specific humidity (the mass of water vapour per unit mass of moist
air), ¢ is the liquid water specific humidity (the mass of cloud water per unit mass of moist
air), e, is the specific heat of air at constant pressure, L, is the heat of vapourization, @ is the
potential temperature related to the absolute temperature T through @ = T(FPy/P)%/<, P
and ) being the atmospheric pressure and its reference value, respectively, and Ry being the
gas constant for dry air. No supersaturation is assumed, so that q — ¢ — qs if g¢ > ¢, where
s is the saturation specific humidity, and ¢ = 0 otherwise. Clearly, ¢ and € reduce to the
dry variables g and #, respectively, in unsaturated conditions. For the sake of simplicity the
total water specific humidity and the liquid water potential temperature will also be referred
to as simply humidity and temperature, respectively.

Advanced Features

The ¢ —8; system outlined above can be extended to the case of three phases including cloud
ice (Deardorff, 1976). To this end, the total water specific humidity is generalized to account
for the presence of ice, and the ice-liquid water (i.e. total water) potential temperature is
introduced:

@ =q+q+q, (3)

9 L]_.- \9 Lg
=B D R 4
i T ¢ i Te i, (4)

where g; is the solid water specific humidity (the mass of cloud ice per unit mass ol moist
air), and L; is the heat of sublimation.

3 Transport Equations for Second-Order Moments

The basis for the development of second-order closure schemes is the set of transport equa-
tions for the second-order moments of fluctuating fields (e.g. Monin and Yaglom, 1971;
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Mironov, 2009). For the moist atmosphere characterized by quasi-conservative variables €,
and ¢, these are the equations for the Reynolds stress (uﬁu}}, u; being the velocity compo-
nents', for the scalar fluxes (u}f}) and (ulg}), for the scalar variances (6/?) and (¢?), and
for the scalar covariance (f)g;). The angle brackets denote mean quantities, and a prime
denotes a turbulent fluctuation. Using the Boussinesq approximation and assuming that the
Reynolds number is sufficiently high to neglect the molecular diffusion terms in the second-
moment budget equations (a good approximation for the atmospheric flows), the equations

read
(71 + () dfk) (ulaty) =
— (o) 22 + gy ) — (3 ) + 8, )
2 (camkSm (Uatd) + €5k (htil)) + < (ﬁ:; + 223»

a - - =
~ e ((uiiug) + 0y (Puz) + i (p'w)) — €ij (5)
7] 5} & {us) a () r
(a + (k) m) ity = — () 5=~ (ufug) i (616,
‘ AN :
_zf_{_nu‘ E!,” (ﬂi,.ﬁ%} =— HEF’;!> —_— H <'”.i'“-i€i> — €84, (6}

(ﬁ + () %) (uige) = — (upap) ddf:;:) - Q“-E“i) ( = B {di6y)

o
” ap' 7]
=26kl (U3 7) — <fi’§‘aT:> ~ Bz (“‘iﬂiqn = €qi, (7)
1(0 AT o) 10
2 (at +{ue) 53,1,) () = — (uiby) Bz 20wy - (w07 ) — oo, (8)
L (o d gy 10 ,,
2 ( dt + () fi:.‘.’!;‘.) {ff ) - < } Ozp 2 Ory gty > Caqs (9)

i ) ¢ ¢ ¢
(7 + (w0) ) ) = = () oo — o) 0 — 2 (et —2ea. (10
Here, t is the time, x; are the space coordinates, 5; = g;op is the buoyancy parameter, g; is
the acceleration due to gravity, ap = —p~'9p/9T is the thermal expansion coefficient, p is
the density, £2; is the angular velocity of the reference frame rotation, and p is the kinematic
pressure (deviation of pressure from the hydrostatically balanced pressure divided by the
reference density p.). The Einstein summation convention for repeated indices is adopted.
The last terms on the right-hand sides (r.h.s.) of Eqs. (5)-(10) are the molecular destruction
(dissipation) rates of the Reynolds stress, of the scalar fluxes, and of the scalar variances
and covariance. The quantity 6, is the virtual potential temperature that is defined with
due regard for the water loading effect. (Lilly, 1968; Bannon, 2007),

91:9[1 + (ﬁ; l)q—q;], (11)

"The term “Reynolds stress” is used here in a somewhat loose way. Strictly speaking, the Reynolds stress
tensor is —p (uju}), where p is the fluid density. See e.g. Pope (2000).
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where R, is the gas constant for water vapour.

Setting 7 = i in Eq. (5) yields the budget equation for the TKE, e = -é {(ul?),
1/ d i) r)( 3
5 (ﬁ (ug) H) (ul?y = — (ulul,) P Bi (uid,)
-2 (2 (uj 1:-’-2> + (upp') ) —¢ (12)
er.Tk 2 ke 'k )

where the last term on the r.h.s. is the TKE dissipation rate, € = Je;;.

The pressure gradient-velocity covariance (u}dp'/dx;) + (uj0p' [Ox;) describes the combined
effect of pressure transport and pressure scrambling in the Reynolds-stress equation. These
are different physical processes that should be modelled in a different way. To this end,
the pressure gradient-velocity covariance is decomposed to separate out the traceless part
which does not alter the TKE but acts to redistribute the energy between the components,
thus driving turbulence towards the isotropic state (hence the term “pressure scrambling” ).
The rest of the pressure gradient-velocity covariance describes the transport of the Reynolds
stress in space by the fluctuating velocity and pressure fields. It should be mentioned that
the decomposition of the pressure gradient-velocity covariance is not unique. Along with a
somewhat more traditional decomposition into pressure-strain and pressure transport that
is used in Eq. (5),

! dpi fi.”’ o F % % J At -
< O ‘J'> 1 <u‘fa'i‘,’i —\F i?.’r:j ! i ('3' (,U H aﬁ‘,‘g J ! {]3}

a decomposition into deviatoric and isotropic parts,

, opf » ap’
<E ‘O > ’ <u'jrf'}'ﬂr,: a

, o' , dp 2v B o 2 Q' g
el Rt g 1% 50— (upp ), 4
(< *Ox; > ) <u3 E)mi> 30 T 0wy, (k') ) + 35'?.'?3:;3 (') W)
has also been advocated (e.g. Speziale, 1985). The difference,
d 2
ot
- T i 15
2 () + o (1)~ S (), (19

is both a transport term and a traceless term. Any fraction of this dillference may be added
to the pressure-strain and subtracted from the pressure transport, thus producing a new
decomposition (Lumley, 1975).

The non-uniqueness of decomposition of the pressure gradient-velocity covariance does not
matter much if a truncated equation for the Reynolds stress is used, where the third-order
transport and pressure transport terms are neglected. No matter which approach is taken,
the pressure-strain and the deviatoric part of the pressure gradient-velocity covariance are
both traceless tensors that are modelled in the same way. Therefore, there is no general dif-
ference between the decompositions (13) and (14), or any other decomposition separating the
traceless and the transport parts, as regards the pressure redistribution (the inter-component
energy transfer)?. The two decompositions are essentially different as regards the pressure
transport (Speziale, 1985). The pressure transport of the Reynolds stress is, however, ne-
glected within the framework of the scheme considered here.

*Notice, however, that the way the traceless part of the pressure term is separated out does matter
when data, e.g. large-eddy simulation or direct numerical simulation data, are used to evaluate disposable
parameters in models (parameterizations) of the pressure redistribution terms.
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Advanced Features

If cloud ice is considered, the virtual potential temperature is defined as

R, .
91,—9[“ (E_J)q_m_q‘]' (16)

4 Truncated Reynolds-Stress and Scalar-Flux Equations

Within the framework of the TKESV scheme, the equations for the Reynolds stress and for
the scalar fluxes are reduced (truncated) to the diagnostic algebraic expressions by neglecting
the substantial derivatives, the third-order transport of (uju}), (u/0]) and (u}q;), and the
pressure transport of {u{-uj- . The resulting algebraic equations are conveniently recast in
terms of the departure-from-isotropy tensor defined as

i il am™w

Subtracting Eq. (12) times %.'53-:,- from Eq. (5) and neglecting the time-rate-of-change, advec-
tion by the mean flow, the third-order transport and the pressure transport, we obtain

4 - 1 2 = .l - >
= [E"-‘-’-bij + (l’i’-ik Sik + @jeSik — Ef}ijﬂ'km-‘-’km) + (au Wik + ﬂ-jku’ik}J

== (,ﬁi (’“3“;) ‘I’ ﬁ_jl ('uigi,) = :j‘fsﬂ._ﬂfi!\ ('“‘i-"?:,)) = (ﬁg’!uk Qﬂl”'kj + ﬁjrukf-zn;a-ki)

—H—jj = Ff_, =0, {18}
1 {u; A (5 1/ {u; i} :
where 5;; = — ﬂ ﬂ and Wy = = M - M are the symmetric and
2\ Oy s 2\ Ox; ox; '

the antisymmetric parts, respectively, of the mean-velocity gradient tensor, rfj = €45 — %Eg;jr_-.
is the deviatoric part of the Reynolds-stress dissipation tensor, and II;; is the traceless part
of the pressure gradient-velocity covariance in the Reynolds-stress equation, see Eq. (13).

Neglecting the substantial derivative and the third-order transport terms in Eqs. (6) and
(7). we obtain algebraic equations for the scalar fluxes (u}0]) and (ulg;). They read

= (éefsﬁn y a.z-,i.) % — (St + W) (b)) — B (818 — 2eima Ol (010
v H ,-*.

—Ilg; — €9i = 0, (19)

2 a{q , . p )
— (G + ) Fo2h — (S + i) (ue) — s (102D — 2 (el
Iy — €qi = 0, (20)

where I1g; and Il ; denote the pressure gradient-scalar covariances (0)9p /dx;) and {(q,dp’ /Oz;),
respectively.
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5 Parameterization of Pressure Scrambling, Third-Order Trans-
port and Dissipation Effects

The second-moment equations (8), (9), (10}, (12), (18), (19) and (20) are not closed. There
are four groups of terms that should be parameterized. These are the pressure-scrambling
terms, the third-order transport (diffusion) terms, the molecular destruction (dissipation)
terms, and the buoyancy terms (incorporating correlations of the velocity and scalars with
the virtnal potential temperature). Parameterizations (closure assumptions) for the pressure-
scrambling, third-order transport and dissipation terms are developed in sections 5.1, 5.2 and
5.3, respectively. The buoyaney terms are considered in section 7.

5.1 Pressure Scrambling

A common approach nowadays is to decompose the pressure-scrambling terms in the Reynolds-
stress and scalar-lux equations into the contributions due to the non-linear turbulence in-
teractions (that stem from the advection term in the equation of motion), mean velocity
shear, buoyancy and the Coriolis effects, and to model (parameterize) these contributions
separately (see e.g. Zeman, 1981; Mironov, 2001, 2009). Following this approach, we apply
the return-to-isotropy parameterizations (Rotta, 1951; Monin, 1965) to the non-linear turbu-
lence contributions to Il;;, Ig; Il (often referred to as slow parts of the pressure-scrambling
terms) and utilize the simplest linear parameterizations of the mean velocity shear, buoyancy
and Coriolis contributions (referred to as rapid parts of the pressure-scrambling terms). The
following parameterizations of the pressure-scrambling terms are used in the TKESV-Bas
scheme:

ol
II;; - C;_"i

Tru

W y UL T 2 v 03
— ;‘1-.5”{’ (:;2 (‘Sikn.;‘.j } .S'jka;ci = Edijbkfﬂki) - “;_{Hr?i,e,ﬂ}‘j- W ;‘(J;ﬂ)

c (m (505 + B (ul) — 26560 @;a;,))

- 2(1“ ({iﬂlks.?ﬂla'f{‘j + fjmkﬂ:nu-ki:} s {2”'
/A
[ = C? (‘j_“ v ( 08 Sii + r,qzmj,) (ui0]) — CLBi (010, — 2C% €5 iU (W87),  (22)
ri
g (uiqs) q o G 7N Lo o / q ;
Mg = G20 — (C1 Sy + CHWi) (i) — Gl (a4)) — 20%eimiQm (i), (23)
ri

where ("“ =1.K C:‘l =4/5, C% = —ba &% = 5(2 + Trr ) (“'** =310, G2 = %(2 + Tas),
0 =6 =50,0% =€), =85 & =0% =1, 60 =07 = [/8and c**” =C¢=1/2
are d'nnen.smnles.ﬁ constants. An estimate of the yet undetermined disposable constant o is
obtained below. The return-to-isotropy time scales Ty, 7rg and 7, in Eqs. (21)-(23) are taken
to be proportional to the TKE dissipation time seale, 7., = Trg = Ty = Te, Where 7. = e/¢
and proportionality constants are set to one as they always occur in combination with the
other constants. Parameterizations of the various time and length scales are discussed in
section 6. A detailed derivation of Eqgs. (21)-(23) is given in Appendix A. The properties
of linear parameterizations of the pressure-scrambling terms, most notably their limitations,
should be discussed in some detail.
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It is readily seen that the linear parameterizations of the mean-velocity shear, buoyancy and
Coriolis contributions to Il;;, 1lg; and Il have the same form as the mean-velocity shear,
buoyancy and Coriolis terms in the Reynolds-stress and scalar-flux equations (5)-(7) [or their
truncated counterparts (18)—(20)]. Therefore, the effect of linear rapid parts of the pressure-
scrambling terms, sometimes referred to as the implicit mean-velocity shear, buoyancy and
Coriolis terms, is simply to partially offset the respective explicit terms already present in
the Reynolds-stress and scalar-flux equations.

In the linear parameterizations of the pressure-scrambling terms, Eqs. (21)-(23), the nu-
merical values of most dimensionless coefficients are fixed by mathematical constraints. In
practice, however, those coefficients are often treated as disposable parameters whose values
are adjusted to improve the overall performance of a turbulence model (parameterization
scheme) in a particular flow regime. Although this approach may be considered legitimate
in practical applications, caution must be exercised. Consider, for example, the coefficient
C?¢ in the buoyancy contribution to the pressure gradient-temperature covariance. As shown
in Appendix A, the symmetry (A.11) and the normalization (A.13) constraints require that
(L’f be equal to 1/3. This value corresponds to the isotropic limit and is consistent with the
fact that the linear parameterizations of the pressure-scrambling terms are only valid for the
flows where turbulence is not far from the isotropic state. The use of an empirical estimate
of Cf = 0.5 advocated by a number of authors would improve the overall turbulence-scheme
performance in the convective boundary layer driven by the surface buoyancy flux, but it
would violate the isotropic constraint. One more important situation where the linear param-
eterizations fail is the so-called two-component limit (TCL). This is the limit that turbulence
approaches when the velocity component in one direction vanishes. This occurs, for example,
near the rigid boundary or in stably stratified layers, where the velocity component (both
mean velocity and turbulent fluctuations) normal to the boundary or aligned with the vec-
tor of gravity, respectively, is suppressed. In order to satisfy the TCL constraint, C{ should
tend to one as the velocity component in one direction tends to zero (see Craft et al., 1996;
Mironov, 2001, for details). Clearly, it is impossible to satisfy both the isotropic and the
TCL constraints with one and the same value of C{. This shows a fundamental limitation
of the linear parameterizations of the pressure-scrambling terms.

A consistent way out is to leave the coefficients of the linear terms intact, so that the isotropic
limit is satisfied, and to include the non-linear terms, e.g. the terms non-linear in a,; (e.g.
Ristoreelli et al., 1995; Craft et al., 1996: Mironov, 2001). This would make the resulting
turbulence model more flexible (capable of describing various flow regimes) and more suitable
for strongly anisotropic flows. Non-linear parameterizations of the pressure-scrambling terms
are inevitably complex, however. They are often inconvenient to use and are computationally
expensive. It is therefore common in geophysical applications, including NWP, to put up
with the shortcomings of linear parameterizations and apply Egs. (21)-(23) without non-
linear extensions. Another practically useful {albeit mathematically inconsistent) approach
is to keep the functional form of Eqs. (21)-(23) but to replace some dimensionless constants
with dimensionless functions of the flow governing parameters. Those functions should be
constructed in such a way as to satisfy a number of limits. An approximation of (l-’f(!i;ﬂ'.}, i
being the gradient Richardson number, that satisfies that TCL constraint (a large positive
Ri) and yields C{ = 0.5 at Ri < 0 (best-fit value for convective boundary layer) was proposed
by Wyngaard (1975).

The TKESV-Bas scheme utilizes Eqs. {21)-(23) with the estimates of dimensionless constants
given above. The estimates of the coefficients Cf*, Cf and €} in the slow (return-to-isotropy)
parts of the pressure-scrambling terms may require some fine tuning in order to improve the
overall performance of the TRKESV scheme. Most other dimensionless coefficients are fixed
by mathematical constraints. We utilize their values given above, keeping in mind that these
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values are actually suitable for nearly isotropic turbulence and may not be the best estimates
for other flow regimes. The only remaining disposable coefficient as should be determined
by satisfying an additional constraint deemed important in terms of essential physics and/or
practical significance. We determine a5 so that the resulting equations of the TKESV scheme
yield the classical logarithmic velocity profile in the vicinity of the underlying surface. The
way this constraint is applied is deseribed in Appendix A. The following expression for as is
obtained:

! k3 1/2 i 9(_:‘;‘ 4 » 0 cr;: 2 .
as=o [1-(+1CNY|, Ci=14+4=5(3-Ch)-3 Ce) (24)

where C, is the dimensionless constant in the expression [third member of Eq. (A.30)| that
relates the values of the TKE and of the friction velocity in the near-surface log-layer. Using
CY =4/5, Cf = 1.8 and C, = 3.33, we obtain an estimate of as = —0.164. Optionally, the
value of as = —1/10 can be used [see Eq. (26) and the subsequent text at the end of this
section and Appendix B|.

Advanced Features

Craft et al. (1996) proposed advanced parameterizations of the pressure-scrambling terms
that satisfy both the isotropic limit and the strongly anisotropic two-component limit. Those
parameterizations are rather complex and can hardly be used in NWP and related appli-
cations, at least in the short-term prospects. However, the TCL parameterizations of the
buoyaney contributions I15, and ngi to the pressure gradient-scalar covariances can be utilized
within the framework of the TKESV scheme without making the scheme unduly complex
and computationally expensive. Extending the formulation presented in Craft et al. (1996)
to the case of moist air, we obtain

[15; = —B; (%5@:‘ = ﬂ«'j) (00,), Mg =—B; (%5& - ﬂ-:'j) (@i, - (25)
In the isotropic limit, a;; = 0 and the expressions (25) coincide with the third terms on
the r.h.s. of Eqgs. (22) and (23), respectively, where (;'f = Cf = 1/3. In the two-component
limit, the buoyancy contributions to the pressure-scrambling terms given by (23) cancel the
buoyancy terms in the scalar-flux equations (19) and (20). The use of Eq. (25) helps to
avoid spurious generation of scalar fluxes by the buoyancy forces in stably stratified regions
of the low, where the vertical velocity is suppressed and turbulence is driven towards the
two-component state.

One point should be stressed in relation to Eq. (25). As discussed in section 7, the covariances
(870,) and {g;¢",) involving virtual potential temperature are parameterized in terms of linear
combinations of (6}%), (q{z> and (#]q;}. Since the TKESV scheme carries prognostic transport
equations for the variances and covariance of scalar quantities, diagnostic equations (18)-
(20) with due regard for the parameterizations (21)—(23), where the third terms on the r.h.s.
of Egs. (22) and (23) are replaced with the TCL formulations (25), remain linear in ag;
(and hence in (wju})), (u}f]) and (ulg;). Then, the system of linear equations is readily
solved, resulting in explicit diagnostic formulations for the Reynolds-stress and scalar-flux
components (see section 9). This is not the case for one-equation TKE schemes, where
diagnostic equations for the scalar variances and covariance are used [these are obtained
from Egs. (8)-(10) by neglecting the substantial derivative and the third-order transport
terms|. Then, the use of Eq. (25) results in non-linear equations for ag;, (u}#). (ulq}), (07%),
(g/%) and (8]g).

As mentioned above, TKESV-Bas utilizes a constant value of dimensionless parameter as.
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A more sophisticated approximation was proposed by Shih and Lumley (1985),

1 4 172 :
oy = 1{)(1|3 i )f (26)

where F; = 1 — %(Ag — Ajz) is the so-called flatness parameter, and As = a;;a;; and
Az = aijajpag; are the second and the third invariants, respectively, of the dimension-
less departure-from-isotropy tensor a;; = e~ 'a;;. Although the use of Eq. (26) results in
non-linear equations for a;;, (wif) and (uiq;). the non-linearity can be treated in an ap-
proximate way, e.g. by evaluating F; at the previous time step(s) during the integration
of turbulence-moment equations in time. It should be mentioned that a constant value of
a5 = —1/10 was adopted in a number of studies (e.g. Shih, 1996; Hanjali¢, 1999). The value
of a5 = —1/10 corresponds to F} = 0, i.e. to the one-component or two-component limit of
strongly anisotropic turbulence.

5.2 Third-Order Transport

The second group of terms that require closure assumptions includes turbulent transport
(diffusion) terms. These terms enter the equations for the turbulence moments in the di-
vergence form. They describe the transport of the quantity in question by the fluctuating
velocity and the fluctuating pressure. Numerous formulations for the third-order turbulent
transport have been proposed, ranging from the simplest down-gradient approximations to
very complex formulations based on a sophisticated treatment of transport equations for
the high-order turbulence moments. Simple isotropic down-gradient formulations have been
very popular in various applications.

In the TKESV-Bas scheme, the simplest isotropic down-gradient parameterizations for the
third-order transport terms in the TKE, scalar-variance and scalar-covariance equations are
used. They read

. . ae ;
— {1; g ) - {ugp') = —C,fneawi, (27)
a(07) o 0d?)
(Tﬁr!glm) — IEETF{JW° (“:(E;2> = ngFPTR'Z_?
(i) = —Cl ree 2{0,9:) (2%)

ox; '

where €4, C4 C';iq and ng are dimensionless coefficients set equal to 0.1. Somewhat higher

values of these coefficients may be used as needed. For example, an estimate of (.:5{9 = 0.3
was advocated by Otié et al. (2005).

Advanced Features

The isotropic down-gradient diffusion formulations often perform poorly in strongly anisotropic
flows, e.g. in the flows dominated by the effects of stratification and/or rotation. Generalized
down-gradient diffusion approximations (Daly and Harlow, 1970) are somewhat more appro-
priate for such flows. The formulations for the diffusion terms in the TKE, scalar-variance
and scalar-covariance equations read

- {u uZ) + (ulp'y = —C¥7 {wul, 0‘:1.;,..’ (29)
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. 3 {6 . 5
(it = ~Come i) B2, utqp) = o iy ZEL,
ary
{0
(uifgy) = — Jﬂqn{r s, ) j}“’:':), (30)

where C29, Gﬁg . ng and €, ‘dq are dimensionless coefficients set equal to 0.15. Higher values

|Id\{‘ also been proposed, e.g. € 'gg = 0.22 (Jones and Musogne, 1988; Hanjali¢, 1999; Oti¢

al., 2005). Equations (29) and (30) reduce to Eqs. (27) and (28), respectively, if the
Reynolds-si.ress anisotropy is neglected, ie. ai; is set to zero in the expression (ulfu))
@ik + ;'2'_;;{5-“,,{3.

5.3 Dissipation

Molecular destruction (dissipation) rates of the TKE and of the scalar variances and covari-
ance can be determined from their own transport equations. The dissipation-rate equations
are very complex, however. They contain a number of terms whose physical nature is poorly
understood. In fact, all terms in the dissipation-rate equations that describe production,
destruction and turbulent transport of the dissipation rates should be parameterized, and
the validity of those parameterizations is uncertain. It has often been questioned whether
prognostic transport equations for the dissipation rates are really necessary, or diagnostic ex-
pressions are sufficient, at least for flows in relatively simple geometries. The latter viewpoint
is commonly held in geophysical applications.
In the TKESV scheme, the TKE dissipation rate is parameterized in terms of the TKE
dissipation time scale 7. through the following algebraic expression:
e, (31)
Te

The dissipation rates of the scalar variances and the scalar covariance are parameterized as

(9;2> <‘-7£2> (3:'5?1) ’
Egg — E? ‘(—rjq — 2qu fi Cog = Equ {32:}

where 7pg, T4q and T, are the dissipation times scales of the scalar variances and the scalar
covariance. These time scales are taken to be proportional to the TKE dissipation time scale
(see the next section).

The deviatoric part c“ of the Reynolds-stress dissipation tensor is either neglected (on the
assumption of local lH(}t['()IJY at small scales) or incorporated into a parameterization of the
slow part llfj of the pressure redistribution term. Likewise, the temperature-flux and the
humidity-flux dissipation rates, ep; and €4, are incorporated into parameterizations of 115,
and IT,;, respectively.

6 Time and Length Scales

The return-to-isotropy time scales in Egs. (21)-(23) are taken to be proportional to the TKE
dissipation time scale:

Tru = Trf = Trg = Te {33}

where proportionality constants between the various time scales are set to one as they always
oceur in combination with the other constants. Likewise, the dissipation time scales of the
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scalar variances and the scalar covariance, Eq. (32), are taken to be proportional to the TKE
dissipation time scale:

Tog — Tyg — Tag — R’TTﬂl {34}

where R; is the ratio of the scalar-variance/scalar-covariance dissipation time scale to the
TKE dissipation time scale [e.g. R = 7g9/7c = {(0]%) €/ (2e€gg) for the temperature variance|.
The same value of R~ is used for 79, 74 and 79,. The estimates of R, given in the literature
range from 0.3 to 1.0 (e.g. Dol et al., 1997). Following Kenjeres and Hanjalié¢ (1995, 2000)
and Hanjali¢ (2002), the value of R, = 0.5 is utilized.
The TKE dissipation time scale is expressed in terms of the turbulence length scale (:

1

Te = C. m: (35)

where (', = C,_.__”", 2, and (. is a constant in the expression that relates the TKE and the
friction velocity in the neutrally-stratified near-surface layer characterized by the logarithmic
mean-velocity profile [see Eq. (A.30) in Appendix A|. We utilize an estimate of C. = 3.33
(Umlauf and Burchard, 2003; Umlauf et al., 2003). The following interpolation formula is
used in the TKESV-Bas scheme to compute the turbulence length scale:

§ g 1 o N
— N3 e
+ — + H(N?) Gl /2

I kpe  lag

where & is the von Kérmén constant, x,, is the distance normal to the surface, I is the
length scale characteristic of the flow far away from the underlying surface, N is the buoyancy
frequency, H (¢) is the Heaviside step function (equal to 1if ¢ > 0, and to 0 if ¢ < 0), and Cy
is a dimensionless constant. If the last term on the r.h.s. is neglected, Eq. (36) reduces to the
well-known Blackadar’s formula (Blackadar, 1962) that yields the logarithmic velocity profile
close to the underlying surface and prevents [ from growing without bound far away from
the surface. A conventional value of K — 0.4 is utilized, and the l is set to a constant value
of 200 m. The last term on the r.h.s. of Eq. (36) limits the length scale in stably stratified
layers (where N? is positive) by the buoyancy length scale , — CpN—1el/2 (e.g. Stull, 1973;
Zeman and Tennekes, 1977; Brost and Wyngaard, 1978; Zilitinkevich and Mironov, 1992).
An estimate of C, = 1.0 is used. The buoyancy frequency N is computed with due regard
for the effect of cloud condensate on the static stability (see section 9).

(36)

Advanced Features

As an alternative to setting the time-scale ratio in Eq. (34) to a constant value, R: can be
computed as a function of the scalar-flux correlation coefficient. The following expression
was proposed by Craft et al. (1996):
o = 2 £ o (i) (ui')
TR+ Aw) YT T e(0?)
where A,g is the heat-flux correlation coefficient. In the case of moist air, the time-scale
ratio for the temperature variance, ."[‘,f.w, and for the humidity variance, R, can be computed
from Eq. (37) where # is replaced with &; and g, respectively. The time scale ratio for the
temperature-humidity covariance is then computed as R,g“’ = % (!{,99 + 39 )

(37)

Following Bougeault and André (1986), Bougeault and Lacarrére (1989), Bechtold et al.
(1992), Lappen and Randall (2001) and Golaz et al. (2002), an advanced non-local formula-
tion for the turbulence length scale can be used instead of Eq. (36). The turbulence length
scale is computed from the following relations:

@i+l
e(x;) = / ¢ Bi [68%7 (x4, %) — 057 (a})] dur, (38)
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e(w) = [ mil (o) - o ()] o (39)
Ti—lds
1 1 & K32
I B Kl * (‘iweptdn) ‘ (40)

The physical meaning of Egs. (38)-(40) can be elucidates as follows. Consider a flat hori-
zontal surface. The x3-axis is aligned with the vector of gravity (0,0, —gs) and is positive
upward. The quantity l,, (l4) is an estimate of the distance that an air pareel originating
at the level xy travels upward (downward) until its energy e (r3) is spent working against
gravity (lg, is limited by the distance to the surface). The virtual potential temperature
" (x3,2%) of an ascending/descending air parcel is computed with due regard for the con-
densation/evaporation. As an air parcel is displaced from the level 23 to the level a4, the
liquid water potential temperature " (24) and the total water specific humidity ¢i" (2) of
the parcel are conserved, i.e. they remain equal to the values HE’W (xa) and q}‘_w (r3), respec-
tively. However, the potential temperature 47", the specific humidity ¢?*" and the liquid
water specific humidity ¢/, and hence the virtual potential temperature 8", are not con-
served (because of phase changes) and are therefore re-computed at each level 2%, during the
parcel ascend/descent. Note that the quantity 2-1/2 (IWEL;,U)U 2, where [, and Iy, are com-
puted from Eqs.(38) and (39), respectively, yields the buoyancy length scale {,, = Cip N~ 'el/2
with Cy — 1.0 in stably stratified fluid characterized by a constant buoyancy frequency
N. The first term on the r.h.s. of the interpolation formula (40) is required to recover the
logarithmic velocity profile close to the underlying surface.

7 Effect of Clouds on Mixing

The thermodynamic structure of the atmosphere is heavily complicated by the presence
of clouds. Clouds produce precipitation and interact with atmospheric radiation, strongly
affecting the atmosphere energy budget. They also change the buoyancy of air parcels. As
far as the parameterization of turbulence is concerned, the primary goal is to account for
the effect of latent heat release/consumption on the buovancy production/destruction of
the Reynolds stress (including its trace, the TKE) and of the scalar fluxes. To this end, the
buoyancy terms (the terms with 3;) in Eqs. (12), (18), (19) and (20) should be parameterized
with due regard for the presence of cloud condensate. The problem essentially amounts
to modelling the virtual potential temperature flux (uf),) and the scalar-virtual potential
temperature covariances (6)¢,) and (g}¢,) in terms of other moments that include fluctuations
of u;, O and q;.

Using the definition of the virtual potential temperature (11}, the covariances incorporating
@, are represented as

(f0) = [14+(R—=1){a)— R{a)] {f'0}) + (R—1)(0) (f'd})

A B @y @ - R - RO} D), (41)

where R = R,/Ry, and a generic variable f stands for w;, ¢ or ¢,. In order to obtain

Fq. (41), the third-order covariances and the pressure fluctuations are neglected. The latter

: : &) L, - e ’ '
assumption yields ¢, = ¢ — %-—”q‘:. In the “dry” limit, where a given atmospheric-model
f,-;;
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grid box is cloud free (but the water vapour may be present), Eq. (41) reduces to

(F100)q = L+ (R=1){g)] (/'6h) + (R— 1) (6) (S'qz) (42)

where ¢ and g coincide with # and g, respectively, as ¢ = 0. In the “wet” limit, the entire
atmospheric-model grid box is saturated, i.e. gt = g+ — g5 > 0 at each point of the grid box.
Then, (f'#,) can be expressed, to a good approximation, in terms of (f'0]) and (f'q;) as
follows:

(1o, = [+ (R=1){a)— R{@)] (S'0))+ (R —1)(0) (f'q})
v+ 5 ) (43
{0) L.
(T) ¢

TR
T

L+ (R—1) {g) — R{a)]— R{8), P = i"}’ (@) @ = 1422 (g 1), and

&l

Here, A =

, Tp being the liquid water absolute temperature, is computed from the
T={T)

ga,r) =

::'ﬂ'j‘q ~ Lygs

ar R,T?"
specific humidity g.(7) about T" = (1) is used to express {f'g;} in terms of (f'8h) and (f'q;)

[the last terms in brackets on the r.h.s. of Eq. (43)]. An expression is needed that is valid
not only in the dry and wet limits, but also in the general case of fractional cloudiness. To
this end, the following interpolation formula is used:

Clausius-Clapeyron equation,

A first-order Taylor expansion of the saturation

(fley = [1+( R-l){m)—.’f a)] (f'01) + (R—1)(0) (f'ar)
AP

L H = (f'o;) + {_,f D] - (44)

where R is the interpolation variable satisfying 0 < R < 1. Equation (44) reduces to Eq. (42)
and to Eq. (43) in the dry (R = 0) and wet (R = 1) limits, respectively.

The simplest way to determine R is to set it equal to the fractional cloud cover C. This
parameterization is used within the framework of one-equation TKE turbulence scheme of
COSMO and ICON (see Raschendorfer, 1999, 2001; Baldauf et al., 2011). In order to compute
the fractional cloud cover, a Gaussian statistical cloud scheme is used that is very similar to
the scheme proposed by Sommeria and Deardorff (1977) (see also Mellor, 1977). Recall that
statistical cloud schemes make use ol probability distribution functions of the sub-grid scale
(SGS) humidity and temperature (and possibly velocity) fluctuations. Onee the PDF is spec-
ified, the fractional cloud cover is simply the integral over a saturated part of the PDF. The
COSMO/ICON statistical cloud scheme is formulated in terms of s variable (Mellor, 1977)
defined as s = Q=1 ((q:) — (qu) + ¢} — PO)), where (gu) = q«((I3)). The variable s accounts
for the combined effect of humidity and temperature fluctuations (the latter ones change the
local saturation vapour pressure). It is a measure of local oversaturation/undersaturation.
A positive s is nothing but a local value of the liquid water specific humidity ¢; computed
with respect to the linearized saturation specific humidity (.‘111‘\!%::. Assuming that no super-

saturation occurs, the fractional cloud cover is given by C = [ ((s)ds, where (G(s) is the
Jo

(=-=]
PDF of s. The grid-box mean liquid water specific humidity is given by (g) = f sG(s)ds.

0
Partial or full PDF moments of higher order can be computed in a similar manner. Following

*In fact, the quantity s has already been used above to express {f'q}) through (f'qt) and (f'8}) in Eq. (41),
leading to Eq. {43)
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Sommeria and Deardorff (1977) and Mellor (1977), a Gaussian PDF is utilized within the
framework of the COSMO/ICON TKE turbulence scheme. The following relations hold:

s _ L[ o f (8) 3 o (s)° G
C_g[l-l-f.:f(ﬁas)], {q) =C(s) + 2ﬂ_exp(—26§), (45)

where erf is the error function, (s) = Q7' ({q:}) — {gu)) is the mean value of s, and o, =
(s’%”g = Q-1 ((¢*) + P2 (6%) — 2P {qﬁﬂﬁ))uz is its standard deviation. Note that o, de-
pends on the variances ol q; and @ and on their covariance, providing an important link
between the cloud cover and the dynamics of SGS motions. Within the framework of the
one-equation TKE turbulence scheme, {g;?), (#/*) and (g;6}), and hence g, are computed
diagnostically through the down-gradient algebraic formulations. This is different from the
TKESV scheme that carries prognostic equations for the scalar variances and covariance
with due regard for the third-order transport. It is also worth noting that approxima-
tions of Eqgs. (45) through piecewise polynomial (linear and quadratic) funetions are used in
COSMO/ICON to compute C and (g) [see Eqgs. (22) and (25) in Sommeria and Deardorff
(1977) and Egs. (47) below].

The use of R = C in Eq. (44) along with the Gaussian formulations for € and {g) may
restlt in large errors in the determination of the buovancy terms in the Reynolds-stress and
scalar-flux equations. A prominent example is the convective boundary layer with shallow
cumuli, where the PDFs of cloud-related variables are highly skewed. In the shallow cumulus
regime, the atmospheric-model grid box is undersaturated in the mean and the fractional
cloud cover is typically small (certainly, this holds if the horizontal model resolution is not
too high and shallow cumulus clouds remain unresolved). However, these highly localized
cumulus clouds account for much of the buoyancy terms in the Reynolds-stress, scalar-flux
and TKE equations, and (f'¢",) is closer to (f'¢.),, than to {(f'¢),. Then, R in Eq. (44) is
(considerably) larger than C (see e.g. Lewellen and Lewellen, 2004).

In order to account for the skewed nature of convective motions associated with shallow
cumuli, the following parameterization that interpolates between the Gaussian and the ex-
ponential formulations (Bougeault, 1981; Bechtold et al., 1995) is used within the framework
of the TKESV-Bas scheme:

f(.-'muw at s = 1]
f o U:’ [{2 1 5') quuss — Qfez';n‘ at —2 E 8 E U {’16}
fr.':i:p at 8 < —2,

where § = (s) /o, and f stands either for the fractional cloud cover C or for the grid-box
mean liquid water specific humidity {g). The Gaussian formulations are given by

1 at 5> 1.6
Coouss = 05(1+3/16) at -16<5<16
0 at §<-—1.46,
i 3 ) at 5> 1.6
Lilauss (5+16)°/64 at —16<5<16 (47)
Ts 0 at  §<—16.

Equations (47) are the piecewise polynomial approximations of Eqs. (45). The exponential
formulations are given by

Coop =exp(8=1),  (Q)exp = osexp(5—1). (48)
At large negative §, the Gaussian relations (45) give a very small [ractional cloud cover,
and the approximations (47) give no clouds at all. A relatively thick exponential tail (as
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compared to a Gaussian tail) is introduced to account, in an approximate way, for non-zero
fractional eloud cover in the shallow cumulus regime. The buoyancy terms in the Reynolds-
stress and scalar-flux equations are computed from Eq. (44), where the interpolation variable
R is given by

- 1 at >0
R : :
T=n 115 st =2Eiel (49)
c 23 at §< -2

Note that Eq. (49) may underestimate R (perhaps quite considerably) at large negative §.
Thus the above formulations with the exponential tail can only be considered as the first-
order corrections to the Gaussian formulations. Note further that C, {g), and R given by
Fqgs. (46)-(49) depend on the mean and the variance of s but do not explicitly depend on
higher-order moments such as skewness. That is, the skewed nature of shallow cumulus
clouds is accounted for implicitly in a rather ad hoc manner.

It should be recognized that the use of the interpolation formula (44) to determine the buoy-
ancy terms in the Reynolds-stress and the scalar-flux equations can be avoided. If a cloud
scheme employs a joint PDF for the scalars ¢ and ¢; and for the vertical velocity us, all quan-
tities (f'q)) including the liquid water specific humidity are determined in a straightforward
way by means of integration over the saturated part of the PDF. In other words, the problem
reduces to the determination of a number of partial moments using an assumed PDF. This
approach is taken within the framework of CLUBB (Cloud Layers Unified By Binormals),
an assumed-PDF unified parameterization of turbulence and cloud processes in the Earth’s
atmosphere (see references at https://people.uwm.edu/vlarson/papers/). Apart from its nu-
merous advantages, the approach has shorteomings. For example, the eloud schemes based
on a joint PDF require a large number of statistical moments of fluctuating scalar and ve-
locity fields as an input. Furthermore, the joint-PDF schemes may place rather stringent
requirements upon the input quality, i.e. a large number of irreducible moments of second,
third and possibly higher order should be determined aceurately. Comprehensive discussions
of various issues related to the parameterization of clouds and cloud-turbulence interaction
in atmospheric models are given in Tompkins (2003, 2005) and Machulskaya (2015). A cloud
parameterization based on a joint scalar-velocity PDF may be incorporated into the TKESV
scheme in the future. The TKESV-Bas scheme employs an interpolation formula (44) with
C. {q), and R determined through the approximations (46)-(49).

Advanced Features

Following Larson et al. (2001), Naumann et al. (2013} developed a statistical cloud scheme
based on a double-Gaunssian PDF of s,

G(s) = aGi(s)+ (1 —a)Ga(s)

B f - _l 5 — 8 : 1l —ua a5 _l §— 59 (50)
v 2?“}—31 2 T4] y/ 2?’1’(}'52 . 2 T 42 ’

Here, a and 1 —a are the relative weights of the two Gaussian curves (1 and (75, respectively,
and s; and s; and g, and g4 are, respectively, their means and standard deviations. The
PDF given by Eq. (50) is a five-parameter PDF. That is, five irreducible moments of s, e.g.
five first moments, should be provided as input arguments to specify a, s1, s2, 7 and ..
In order to reduce the number of input arguments, Naumann et al. (2013} used observational
and numerical LES data to express g5 and g through the standard deviation g, and the

skewness S, = (5"

32 s ; .
) /()77 of s. The following relations are proposed by Naumann et al.
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(2013) (cf. Larson et al., 2001):

S,
L fp———— at S,<0
Ol _ (o + 52)1/2 )
7 1+ N—7 at  S,>0,
1 =7 —'5”, 7z at S <0
T 52 - [:{.'If + -L_f_;_g] {51}
e l—p—————  at 8,20,
(a+ 82)'/*

where a0 = 2.0, 7 = 0.73, 72 = 046, 73 = 0.78 and vy = 0.73 are dimensionless constants
(the notation used in Naumann et al., 2013, is retained).

With due regard for (51), only three irreducible moments of s should be provided, viz., (s},
ag. and Ss. The mean value of s is provided by the host atmospheric model. The variances
and the covariance of the scalar quantities required to compute o, are determined within
the framework of the TKESV scheme from the scalar (co)variance transport equations. The
skewness of s is required to close the problem. The way to determine S; is discussed in
section 11. A cloud scheme based on Egs. (50) and (51) represents a good compromise
between physical realism and computational economy and is a viable choice for the extended
version of the TKESV scheme. On the one hand. a double-Gaussian distribution (50) is
very flexible and is capable of deseribing both symmetric and skewed PDFs, the latter one
is required to describe the cumulus regime. On the other hand, the use of Eqs. (51) reduces
the number of PDF input arguments to three {mean, variance, and skewness), making the
cloud scheme reasonably inexpensive from the computational viewpoint.

Given the estimates of (s), o, and S, the weighting factor a is determined as a solution to
the following equation:

oy 7o)\’ ke
sl 52
S, —<da(l—a)|1—-a sy espy f A8
5. {u( ﬂ)[ a(m) ( a)(gﬂ)]}
2 2 2 2
Tsl 042 1-2a Tsl T2
3|l— ] -3 —— |1l —a —(1- =0, (52
x{ (as) (os) ll{l-l:l—ﬂj{ H(as) ( a)(ns)]} 3
where o4/, are g43/05 are given by Eqs. (51). The mean values s; and s, are computed
from
£ a2 G\ 2 2\ 7]
si—{s) _ (_Ei) l_ﬂ_(,_,__,) (=) (f_:‘i)
Ty a O 8

o /2 [ 2 2]
2T {s) = ( 4 ) 1—a (Gﬂ> —(1—a) (%)
Js ]. — i Js O-R

1/2

1/2

(53)

Then, the fractional cloud cover and the grid-box mean liquid water specific humidity are
computed from the following relations:

) a l—a
C = [ +i=rf( )J = ['H'“'"f( )} ’
2 V/_(le .2 V"_"-TSZ
= a® [Letf rm L ent [ 2
{qr) 312 [l i erf (\/‘Et‘m) I 50 5 [J | erf(ﬁasg)}
s 3 & ex ( -2)“:: ]_GE)\.)( i)
S\ o P B o 202,/

(54)
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The buoyancy terms in the Reynolds-stress and scalar-flux equations are computed from
Eq. (44), where the interpolation variable R is given by

(55)

W W
1A IV
&

E —Ji I at
C 14 1.558%exp(0.255,)  at

It is significant that R depends on the skewness of s in an explicit manner. This is different
from Eq. (19), where R explicitly depends on (s} and o5 (via § = (s) /o) but there is no
explicit dependence on Ss.

In order to obtain the weighting factor a, Eq. (52) with due regard for Egs. (51) should be
solved numerically at each atmospheric-model time step. Since the left-hand side (L.h.s.) of
Eq. (52) is the seventh-order polynomial in a, in general no analytical solution a (Ss) exists.
In order to save computational resources, an approximate solution is used that interpolates
between analytical asymptotic solutions valid at S. — £oc and S — =£0. The asymptotic
solutions are

Cowe ,

Qeng = 1— ? at Dy = =00

a_g = 14+C_pS; al S — —0 (56)

yn = C.|..DS.¢ at Se — +0 .
' )

Opoo = L:;’o al  S; — oo,

=

where C_oo =13 (2 —3)® = 0.862, C_¢ = 8a—3/243 =~ 1.342, Oy = 8a~%/243 =~ 0.275, and
'y = 0.570 are dimensionless constants. The value of '« is a root of the cubic equation

4,...{3 . 3 2 ; ) ) i
ﬁ';_l Cloo+ |1 = %'}‘f (2 —72)?| Coo — '}} (2 —)* = 0. Using (56), the weighting factor
is computed from the following interpolation formulae:
1 1 1
—— | at S; <0
(1—a)® gﬁl —a-0)" (1 =a-c)"
4 =5 it S.=0 (57)
1 1 1
S ey gt at 5;>0,
am aly af d '

where the exponents n and m are tuning parameters estimated at 0.52 and 0.75, respectively.

As seen from Fig. 1, Eqs. (56) and (57) approximate the exact solution of Eqgs. (51) and (52)
very accurately at S, > 0. A positive (and possibly large) skewness of s is characteristic
of shallow eumulus regime that presents major difficulties in terms of modelling the effect
of clonds on turbulent mixing. The agreement between the approximation and the exact
solution is less favourable in the range of S5 from ca. —1 to ca. —4. This is not crucial,
however. A negative S, is characteristic of the stratus or stratocumulus clouds, but large
negative values of S, are rarely encountered. In the stratus (stratocumulus) regime, the
atmospheric-model grid box is oversaturated in the mean ({s) > 0), the fractional cloud
cover is typically large, and the effect of clouds on mixing can be accounted for with the
aid of relatively simple parameterization schemes. For example, assuming R = C, as in
Eq. (55), does not lead to large uncertainties in the determination of the buoyancy terms in
the Reynolds-stress and scalar-flux equations. Note that the error in a caused by the use of
Eqs. (56) and (57) instead of the exact solution to Eqgs. (51) and (52) does not exceed a few
percent. This error is tolerable in the stratus regime.
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Figure 1: The weighting factor a as funetion of skewness S,. Black dashed curves
and black dot show numerical solution of Eqs. (51) and (52). Solid curves show the
interpolation formulation given by Egs. (56) and (57) — red, and the asymptotes
a—p and ap — blue, and a_4 and ayo — green.

In order to account for the presence of cloud ice, a generalized total water specific humidity
g1 and the ice-liquid (total) water potential temperature #; defined through Eqgs. (3) and (4),
respectively, should be utilized. The use of the ¢; — 6 system raises various tricky issues. A
comprehensive discussion of those issues is beyvond the scope of the present report. Here, a
way to account for the eloud ice in a very approximate manner is briefly outlined.

Local saturation adjustment is performed in terms of the total cloud condensate g. = ¢ + g
computed as g. = q¢ — ¢ I g > gs, and g. = 0if ¢ < .. The saturation specific humidity is
specified with respect to the water-ice mixed phase. The following parameterization of the
mixed-phase g, is used:

Usc = (] - ‘h:&') Qs + qu;:i.- {58}

where F; = ¢;/ (@ + ¢;) is the cloud-ice fraction of the total cloud condensate, and gy and
(s are the saturation specific humidity for the vapour-liquid equilibrium and for the vapour-
ice equilibrium, respectively. If cloud ice and cloud water are allowed to co-exist over a
certain temperature range, a simple (e.g. polynomial) function of temperature can be used
to determine F;. A more attractive alternative is to employ a rate equation for F; (see e.g.
Deardorff, 1976):

dF; (Fi—1) F

=-H(T;-T =B — ) =, 59
g = BT —T) == —H(T ~Ty) (59)

where H is the Heaviside step function, 7; and 1 are the e-folding time seales of the liquid
water to ice and ice to liquid water conversion, respectively, Tj; is a threshold temperature,
below which the conversion of liguid water to ice is assumed to occur, and Ty a threshold
temperature, above which the cloud ice melting takes place (T; may be set equal to the
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fresh-water freezing point}). In the quantities A, P and Q that enter Eqgs. (43) and (44), (g}
should be replaced with {(q.}) = (@) + {g:), g« should be replaced with g, and L, should
be replaced with the effective heat of vapourization-sublimation L.. The latter quantity
may be approximated through an interpolation formula similar to Eq. (58), that is L. =
(1-F)L, + F;L;.

A method to account for the effect of eloud ice described above is rather erude and can
only be considered as a zero-order approximation. [t should still be advantageous within a
parameterization scheme of shallow clouds.

8 Boundary-Layer Approximation

A simplification typically made in geophysical applications, including NWP, is the so-called
boundary-layer approximation. This approximation is fairly accurate for large-scale and
meso-scale atmospheric models whose grid-box aspect ratio (the ratio of the horizontal grid
size to the vertical grid size) is large. Within the framework of the boundary-layer approxi-
mation, all derivatives in the 2y and xs horizontal directions in the second-moment equations
are neglected and the grid-box mean vertical velocity (us) is zero in the second-moment equa-
tions (but not in the equations for the mean fields). The equations become one-dimensional,
i.e. the flow variables depend on the 23 vertical coordinate only.

Equations (60)-(67) presented below are obtained using the baseline parameterizations of
the third-order transport, dissipation and pressure-scrambling terms in the second-moment
equations. The incorporation of more advanced formulations, given in the preceeding sections
under the heading Advanced Features, is fairly straightforward.

With due regard for the (baseline) parameterizations of the third-order transport and the
dissipation terms given in sections 5.2, 5.3 and 6, the equations for the TKE and for the
scalar variances and covariance in the boundary-layer approximation are

de Hl ) A (uz) r
% _ (( AR IA 2 ) g (utl)
il e e
o (“d x: il
* s ( Te :')‘.1?3) Te (60)
10(67) 00) 10 (4 (R _ (0P
L = b Cdyre— - .
2 ot (43%) B T e L 2R, 7.’ i
10 (q? 3 {q? 2
_{ {qr } _{ ':;q!> (} .( *<q’- ) . (Eh- ) : {62}
2 it ('1'! r'?r 3 99" ds 2RTe
A A () n O (fh & {0\ (O
o (uaaz) drs H‘» I3 r‘lr ()'9"' i3 dxs /| Rer.’ L

where the vertical xs axis is aligned with the vector of gravity so that the only non-zero
component of the buoyancy parameter is 33. The virtual potential temperature flux {u.6)
is expressed through the fluxes of liquid water potential temperature, (ul#]), and the total
water specific humidity, (u}g;), using Eq. (44), and the interpolation variable R is computed
from Eqs. (46)—(49). The TKE dissipation time scale 7, is computed from

1 1 1 N

—+—-|-H(A %)

oL - L G4
(:"( E’“JQ IE -"lf{ l":;.c (-’“{31"12 { ) }

TE—
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In the atmospheric flows, the Coriolis terms in the Reynolds-stress and scalar-flux equa-
tions are typically small and can safely be neglected. With due regard for the (baseline)
parameterizations of pressure-scrambling terms given in section 5.1 {the deviatorie part of
the Reynolds-stress dissipation rate and the dissipation rates of temperature and humid-
ity fluxes are incorporated into the slow parts of the respective pressure-scrambling terms),
the algebraic equations for the departure-from-isotropy tensor (and hence for the Reynolds
stress) and for the scalar fluxes in the boundary-layer approximation are

2
c‘:ﬁﬂ-@j | (l = (}:;2) (”1.& r’_;& } ik hstk 'jd:'jﬂ'k'ms.k‘m)
F {1~ Tc{ ik w;k + a‘jk'H’}ik)
2.
+{1 - Cy) e (Oﬁ;jfg {’U, f) } + E)ﬂd (:H } - qd:‘jﬁﬂ (1!3(»’1))

= (5 = C_Z'“I) Te€Sis; (65)
RN . a (61) e RS _ 7 ’
CF ultl) + ausrey - 4 7 [(1 c,“) B (1 c)sg) 'i»hk} (u, )
= Lo 2O (1 ) ebist (01, (66)
3 3
i) (g
Cf (uiqy) + a7 0('1' T [(1 — Sik + (1 — CL) Wig] (uiql)
2 f:} <(I£> b1 "y
= —ETcB(?ia B [:] - ( 4 Tr-bi:f.ﬁg {qiﬁi,} i (67)

where the covariances (uj#,), (6,0,) and (g, H’} incorporating the virtual potential temper-
ature are expressed lhmllgh {u:ﬂf} and (ulg)), (6?) and (fq}), and (g;*) and (6q}), re-
spectively, using Eq. (44). Within the framework of the boundary-layer approximation,
313 = S;;] = H”]g = —H’rql — 2(3(1!1 ff)’r,'n. 32*-; = :54.2 = W 23 = —H-’gg = %:’3 ('u.g}ﬁ_):ﬂg._ and
other components of S;; and W;; are zero. Estimates of disposable constants and parameters
of TKESV-Bas are summarized in Appendix B.

Jquations (65)-(67) constitute a system of 12 linear equations for a;; (six independent
components), (u;f) (three independent components), and (uig;) (three independent com-
ponents). This system is readily solved, yielding explicit expressions for the Reynolds stress
and scalar fluxes. Unfortunately, the solution to Egs. (65)-(67) is non-realizable. That is,
it yields physically meaningless values of a;; (and hence of (uju})), (ulf}) and (ulqg}), such
as infinite scalar fluxes or negative velocity variances, over a certain range of governing pa-
rameters (e.g. mean velocity shear and mean temperature gradient). A plausible way to
circumvent these difficulties is considered in the next section.

9 The (So-Called) Stability Functions

The system of linear equations (65)(67) yields explicit expressions for the Reynolds-stress
and scalar-flux components. The expressions for (u4u}) and {(u4ub) (components of the
vertical flux of horizontal momentum) have the following down-gradient form:

i o (u; -
(uguy) = —Fure ):1,;:)’ (usuy) = —Futee {,jm_‘:)- (68)
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The expressions for the vertical scalar fluxes contain both the down-gradient terms and the
non-gradient terms that describe the generation of scalar fluxes by buoyvaney:

&

alf :
(u30]) = —Fnree [-}(.Ff — Fuatefs (016,) , (69)

aq)
!5}.’1‘.'3

(usgl) = —Friree——— — FuareBs (ai)) , (70)
where the covariances (#)6/,} and {(¢/#}) are expressed through (6}?) and (#/g/) and (g}*) and
(07q;), respectively, using Eq. (44). The quantities Fy, Fii and Fy are referred to as the
“stability functions” (Mellor and Yamada, 1974). It should be emphasized at once that the
stability functions are merely the notation introduced to represent the formulations of Huxes
in a compact from. Basically, Fy, Fup and Fyo reflect the parameterization assumptions
invoked to arrive at the algebraic Reynolds-siress and scalar-flux equations, first of all, the
parameterizations of the pressure-scrambling terms.

The functions Fy and Fyyy that appear in the down-gradient terms in Egs. (68)-(70) are
functions of three dimensionless parameters. These are the squared dimensionless shear
(7.8)?, the squared dimensionless buoyancy frequency (7.N)?, and the potential to kinetic
energy ratio P/e. Here, S%, N? and P are given by

2 9{u1) 2 & (us) ”
i ( dug ) % ( g ) ! (71)
B e 8 H(H,} 3(51;} :
N2 = _f, (Is e ) ; (72)
P =765 [To (Zo (0) + Ty CO1ai)) + T (Za (a®) + Zo {01))] (73)
AP _ A

Ty=1+(R-1)(g)— Rim) - R I, =(R—1){6)+R (74)

Q' Q’
where A, P, Q and R are defined in seetion 7. The quantity P characterizes potential energy
of the turbulent flow and may be referred to as the turbulence potential energy?. Note that
the buoyancy frequency and the TPE appear to depend on the interpolation variable R and
hence on the fractional cloud cover. As discussed in section 7, the covariances incorporating
fluctnation of the virtual potential temperature cannot be computed exactly in the general
case of fractional cloudiness. It is the use of the interpolation formula (44) to determine
(uld), (000 and (¢},) that leads to the interpolation formulae (72) and (73) for N? and P,
respectively. Instead of {'rt-S]2 and (7! -T)'z, Ju and JFyp can be presented in terms of (T(-S:F
lor (7.N)?| and the gradient Richardson number Ri — N2/82. The stability funetion Fy
that appears in the non-gradient terms in Eqgs. (69) and (70) depends on (7.8)* and (. N)?,
or, alternatively, on (7.8)? [or (r.V)?] and Ri, but does not depend on P/e.

The stability functions resulting from Egs. (68)-(70) are ill-behaved over a certain range
of governing parameters. Figure 2 shows Fy and Fy; as dependent on Ri and (7.5)*
at a fixed value of P/e. As seen from the figure, the stability functions have physically
meaningless values, i.e. they tend to infinity or become negative over a part of their parameter

10ther definitions of TPE have also been used in the analyses of atmospheric turbulence, see Appendix C
for a brief discussion.
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space. The scalar-flux stability function Fy (not shown) is well-behaved and poses no
complications. The expressions of Fyy, Fip and Fyyz are rather lengthy and are not presented
in this section. However, those expressions are drastically simplified in the case of shear-
free (and rotation-free) flow, and the ill-behaviour of the stability functions can be easily
demonstrated analytically. The analysis is presented in Appendix D.

Faeie=40 Fyyy. Ple =40

5 4

4 3
e 3

:::., 2
-2

1 1

i 0

-2 -1.5 =1 0.5 ] 0.5 1 -2 -1.5 -1 0.5 L] 0.5 1
Ri Ri

Figure 2: The momentum-flux Fy (left panel) and the scalar-flux Fy; (right panel} stability
functions of the TKESV scheme as dependent on Ri and (7.5)? at a fixed value of P/e = 40.
The functions are computed with the estimates of dimensionless constants given in Table 1
(Appendix B), where the estimates of C% = 3/5 and Cy = 13/15 are used. The values of
Fu and Fyy are indicated by the colour scale. The white area is a part of the parameter
space where the stability functions are ill-behaved.

In order to obtain the Reynolds-stress and scalar-flux formulations that remain in force over
the entire parameter space, the stability functions should be modified (regularized) in one
way or the other. A straightforward approach is to simply impose the upper and lower
bounds on the stability functions themselves. Alternatively, realizability constraints may
be imposed on the arguments, e.g. on (*n-S)2 and (TCN)Q, so that the stability functions
cannot become infinite or negative (see e.g. Mellor and Yamada, 1982; Hassid and Galperin,
1994). These methods applied within the framework a one-equation TKE scheme may lead
to either the model blow-up or to physically implausible solutions (Helfand and Labraga,
198%8). One more method is to replace the ill-hehaved stability funetions with more simple
functions that reveal no pathological behaviour. For example, the stability funetions of the
algebraic turbulence parameterization scheme, where all second-moment equations (including
the TKE equation) are reduced to the diagnostic algebraic formulations, are well-behaved
over their entire parameter space. The use of the algebraic-scheme stability functions within
the one-equation TKE scheme yields regular solutions. However, the adjustment of the TKE
towards the production-dissipation equilibrium state oceurs on a too short time scale. In
other words, turbulence responds too quickly to changes in the shear and buoyancy forcing,.
A more detailed discussion of the above (and some other) regularization methods is given
in Helfand and Labraga (1988) (see also Hanjali¢ and Launder, 2011; Lazeroms et al., 2013,
2015, 2016).

An appealing way to tackle the problem was proposed by Helfand and Labraga (1988) (see
also du Vachat, 1989; Helfand and Labraga, 1989). These authors analyzed the stability
functions of the one-equation TKE scheme. Using rather plausible physical arguments,
they developed regularized funetions that reveal no pathological behaviour over their entire
parameter space. In what follows, we extend the approach of Helfand and Labraga to the
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TKESV scheme®. Following Helfand and Labraga (1988), we adhere to the Mellor and
Yamada terminology (Mellor and Yamada, 1974, 1982; Yamada, 1977). The level 3 refers
to the TKESV-like schemes that carry transport equations for the TKE and for the scalar
variances and covariance, and the level 2 refers to the schemes, where all second-moment
equations are reduced to the diagnostic algebraic formulations. One-equation TKE schemes
are referred to as the level 2.5 schemes.

Within the framework of the level 2.5 scheme, the scalar-variance and scalar-covariance
transport equations are truncated to the diagnostic expressions reflecting the steady-state
balance between the mean-gradient production and the dissipation. The vertical scalar fluxes
are given by the lollowing down-gradient formulations:

a(0) A {qy)

(uafl) = —.FEI""’?"(-E——'E}ES , (upgl) = —Fi°re s " (75)

where F§® is the level 2.5 scalar-flux stability function. The momentum-flux components

(uhuy) and (ubul) are given by Eqs. (68), where Fy is replaced with the level 2.5 stability
function F2°. The level 2.5 stability functions depend on (7 $)? and (7.N)?, or, alternatively,
on (7.8)? [or (7.N)?| and Ri. The level 2.5 functions suffer from the same deficiencies as the

level 3 functions, i.e. they are ill-behaved over a part of their parameter space.

Helfand and Labraga (1988) recast the functions F5° (Ri, 725%) and F5° ( Ri. 725%) in terms
of Ri and the ratio e/e. of the actual TKE e = es5 of the level 2.5 scheme (hence the
subseript} to the equilibrium value of the TKE e, = es of the level 2 scheme. Within the
framework of the level 2 scheme, all second-moment transport equations, including the TKE
equation, are truncated to the diagnostic expressions by neglecting the time-rate-of-change,
advection and third-order transport terms. That is, all second-order moments, including
the TKE, are in the state of local production-destruction equilibrium. In order to change
the variables (Ri,725?%) to the variables (Ri,e/e.), the equality 725% = (7 [Tee) T282% =
(ec/€) 72.5? is used, where 7. is the equilibrium TKE dissipation time scale, i.e. 7. computed
with e.. The value of e., and hence of 7282, for a given Ri is found by solving the equilibrium
TKE equation of the level 2 scheme, which is a quadratic equation in e, (in 72.5%). Since the
stability functions F3; and F5 are well-behaved over their entire parameter space (any value
of Ri), a physically meaningful solution e, = e3 can always be found. Helfand and Labraga
(1988) noticed that F&” and F§® become pathological in the case of growing turbulence,
e/ee < 1, where the TKE production (locally) dominates over the TKE dissipation. Figure 3
illustrates the pathological behaviour of the level 2.5 stability functions on the Ri x e/e.
plane. Note that Ff{ﬁ and .Fﬁ’ are computed with the estimates of dimensionless constants
of TKESV-Bas (where C% = 3/5 and C¥% = 13/15), which are somewhat different from
the estimates used by Helfand and Labraga (1988). As seen from the figure, 75" and F§°
are well-behaved in the case of equilibrium or decaying turbulence, e/e. > 1, but become
pathological at e/e. < 1.

The failure of the level 2.5 scheme is attributed to the closure assumptions used to develop
the scheme, namely, (i) the neglect of the substantial derivative and the third order transport
of the Reynolds stress, scalar fluxes and scalar variances and covariance, and (ii} the use of
linear formulations of the pressure-scrambling terms in the Reynolds-stress and scalar-flux
equations (see further discussion at the end of the present section). These closure assump-
tions are valid for the flows where turbulence is not far from the stationary, homogeneous,
and isotropic state. Helfand and Labraga (1988) argue that it is precisely in the regime
of growing TKE, where e/e. < 1, that the turbulence becomes strongly anisotropic (also

“Helfand and Labraga (1988) considered dry atmasphere, where # is the anly thermodynamic variable that
affects buovancy. Our analysis deals with the moist atmosphere, using thermodynamic variables & and g,.
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non-stationary and possibly non-homogeneous) and the above assumptions are too erude,
leading to the ill-behaviour of the stability functions and to non-realizability of the turbu-
lence closure scheme. In order to remedy the situation, Helfand and Labraga proposed to
account, in an approximate way, for the effects of time-rate-of-change, advection and diffu-
sion in those truncated second-moment equations in which these effects have been neglected.
In other words, the idea is to restore to the second-moment equations some information that
has been lost because of truncation. The following approximation was proposed:

dM/dt + Dy defdt + D,
g‘\/f B g.o .

Here, M stands for the Reynolds stress, scalar fluxes, and (within the framework of the
level 2.5 scheme) scalar variances and covariance, d/dt is the substantial derivative that
coincides with 9/dt within the framework of the boundary-layer approximation, D is the
diffusion rate of the respective second-order moment, and G is its production (generation)
rate. The production rate Gy includes the terms due to mean velocity shear and buoyvancy
(in the Reynolds-stress and scalar-flux equations), and due to mean scalar gradients (in the
scalar-flux, sealar-variance and scalar-covariance equations). It should be mentioned that
within the framework of the Helfand and Labraga approach the production rate is defined
with due regard for the rapid parts of the pressure-scrambling terms. Equation (76) states
that the ratio of the tendency of the second-order moment M due to d/dt and D to the
production rate of M is the same as the respective ratio for the TKE.

(76)

v

Figure 3: The stability functions of the level 2.5 scheme as dependent on Ri and e/e. =

ea5/es. The values of .Ff.,‘ﬁ and Fﬁ'ﬁ are indicated by the colour scale. The white area is a

part of the parameter space where the stability functions are ill-behaved.

Some comments on the validity of Eq. (T6) are in order. Equation (76) is obviously exact
in the regime of production-destruction equilibrium. In this regime, the production rate
of any moment M, including the TKE, is balanced by the destruction rate of M due to
return-to-isotropy (M stands for the Reynolds stress or scalar flux) or viscous dissipation
(M stands for the scalar variance, scalar covariance, or TKE). In the regime of production-
destruction equilibrium, both the r.h.s. and the Lh.s. of Eq. (76) are zero. Equation (76) is
also valid asymptotically if the production rate of the moment M strongly dominates over
its destruction rate. A transport equation for M can be written in the following form:

dM/dt + Dap | _ M
Gm G’

(77)
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where €54 denotes the destruction rate of the moment M. The r.h.s. of Eq. (77) approaches
one as the ratio e /G aq tends to zero. If the ratio ¢/G. for the TKE also tends to zero, both
the r.h.s. and the Lh.s. of Eq. (76) approach one. In the real-world flows, this never holds
exactly. However, /G < 1 may hold approximately following a rapid increase of forcing
(by mean scalar gradient, mean velocity shear, or buoyancy), i.e. precisely in the regime of
growing turbulence.

Using Eq. (76), the truncated, algebraic equations of the level 2.5 scheme can be modified
to approximately account for (mimic) the effects of the time-rate-of-change and turbulent
diffusion. To this end, approximations dM/dt + Dy = aeGaq, where . = (de/dt + D) /G
is known from the solution of the TKE equation, are added to the Reynolds-stress, scalar-
flux and scalar-variance equations (recall that d/dt = d/éi within the framework of the
boundary-layer approximation). In substance, these modifications amount to multiplying
the production terms in the algebraic equations by a factor 1 — a,.. The resulting system of
the Reynolds-stress, scalar-flux and scalar-variance equations remains algebraic and linear. It
is readily solved (see Helfand and Labraga, 1988, for details), giving the following expressions
for the stability functions of the level 2.5 scheme:

e <\ 12 e e\ 1/2
- r - sy (22) 0, Ao - m(22) (78)
L) 2
where the subscript “r" indicates the modified (regularized) stability functions. The reg-
ularized functions given by Eq. (78) are used in the case of growing turbulence, when the
actual value of TKE es 5 of the level 2.5 scheme is less than the equilibrium TKE e of the
level 2 scheme. In the case of equilibrium or decaying turbulence, the original, non-modified
stability functions of the level 2.5 scheme are used that are well-behaved at e25/e2 > 1 and
pose no problem. Recall that the stability functions Fg and F§ of the level 2 algebraic
scheme are well-behaved over their entire parameter space, and eg is found by solving the
equilibrium TKE equation (a quadratic equation in e; that always has a physically meaning-
ful solution). Figure 4 illustrates the regularized stability functions of the level 2.5 scheme
that reveal no pathological behaviour.
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Figure 4: The regularized stability functions of the level 2.5 scheme as dependent on Ri and
e/e. = eas/ea. The values of .?-'f,"“‘ and Fﬁ'“ are indicated hy the colour scale. In the case of
growing turbulence, es5/es < 1, the stability funetions are computed from Eq. (78).

The regularization method of Helfand and Labraga (1988) is now applied to the TKESV
(level 3) scheme. Using Eq. (76), the Reynolds-stress and scalar-flux equations are modi-
fied, and the resulting system of algebraic equations for a;;, (ul0)) and (ulq;) is solved (the
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derivations are rather cumbersome and are omitted here}. The following expressions of the
stability functions Fy = .Fﬁ and Fyy = Fj}; in Egs. (68)—(70) are obtained (index “3” refers
to the level 3, i.e. to the TKESV, scheme):

2 €3 L2 2 €3 N2
3 3 2p : 3 3 2 5
Fg=-Fpe = Fypt ( ) i Fhr=Fe = Fay ( ) , (79)

C2.p €ap

where the subseript “r” indicates the regularized stability functions. In Eq. (79), the index
“2.p" refers to the scheme that utilizes the equilibrium TKE equation but carries transport
equations for the scalar variances and scalar covariance. That is, the TKE is determined
diagnostically using the steady-state production-dissipation balance, whereas the scalar vari-
ances and covariance (and hence the TPE) are determined prognostically with due regard for
the third-order turbulent transport®. The stability functions Fui” and F7 of the level 2.p
scheme are well-behaved over their entire parameter space. The equilibrium TKE e, = e,
is found by solving the equilibrium TKE equation of the level 2.p scheme, which is a cubic
equation in e.. The regularized stability functions given by Eq. (79) are used in the case of
growing turbulence, when esz/es, < 1. In the case of equilibrium or decaying turbulence, the
original, non-modified stability functions of the level 3 (TKESV) scheme are used which are
well-behaved at es/ez2, = 1 and pose no problem.

Figure 5 shows the original, non-maodified stability functions of the TKESV (level 3) scheme
on the Rix es/es, plane at a fixed value of P/es. The stability functions are well-behaved in
the case of equilibrium or decaying turbulence, ez/ea, > 1, but become pathological in the
case of growing turbulence, es/es, < 1. Figure 6 shows the regularized stability functions
of the TKESV (level 3} scheme. As seen from the figure, the stability functions reveal no
pathological behaviour.

Fyp. Pley =40 Fyy. Ple3 =40
2 3 — 33
5 2.5 3
g " 23
o 2
& 1 1.5
] 1 15
0.3 1
0.5 0.5
0 L 0 4 0
=2 =1.5 =1 0.5 0 0.5 1 =2 =1.5 =1 =.5 1] 0.5 1

Ri Ri

Figure 5: The original, non-regularized momentum-flux Fyy = F; (left panel) and scalar-flux
Fin = Fiy; (right panel) stability functions of the TKESV (level 3) scheme as dependent on
Ri and es/ey, at a fixed value of P/es = 40. The values of stability functions are indicated
by the colour scale. The white area is a part of the parameter space where the stability
functions are ill-behaved.

It is interesting to draw analogies between Eq. (78) and Eq. (79). As Eq. (78) shows,
the regularized level 2.5 stability functions are expressed in terms of the level 2 stability

“The letter “p” in the label “2.p" is used to indicate potential energy. In a similar spirit, the level 2.5
scheme may be referred to as the “level 2.k* scheme, where “k” indicates kinetic energy, or, alternatively, the
“level 2.e" scheme, where “e” is a conventional notation for the TRE.
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functions. For the level 2.5 scheme, the level 2 scheme is the nearest lower-level realizable
scheme whose stability functions are well-behaved over the entire parameter space. Likewise,
for the level 3 scheme, the level 2.p scheme is the nearest lower-level realizable scheme. The
level 2 and the level 2.p schemes differ significantly in the way they treat the scalar variances
and covariance. However, both the level 2 and the level 2.p schemes utilize a steady-state
equilibrium TKE equation, suggesting that it is the use of the TKE transport equation in
combination with the algebraic formulations of the Reynolds stress and scalar fluxes that
causes non-realizability of truncated turbulence closure schemes.

Note an important factor (-‘33,"62_39}” % in the expressions of the regularized level 3 stability
functions, Eq. (79). It is this factor that takes care of a gradual transition of the TKE towards
the production-dissipation equilibrium. Dropping the factor (es/ezp) 172 in Eq. (79) would
result in a too quick response of turbulence to changes in the forcing and in overestimation
of momentum and scalar fluxes in the regime of growing TKE. The factor (62_5/62}” *in
%(. (78) has a similar effect on the behaviour of the level 2.5 scheme.
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Figure 6: The regularized momentum-flux Fy = F3, (left panel) and scalar-flux Fyy = F;,.
(right panel) stability functions of the TKESV (level 3) scheme as dependent on Ri and
e/e. = eafes, at a fixed value of P/eg = 40. The values of stability functions are indicated
by the colour scale. In the case of growing turbulence, ez/es, < 1, the stability functions
are computed from Eq. (79).

The idea of the regularization method of Helfand and Labraga (1988) is to restore to the
second-moment equations some information that has been lost because of truncation. Equa-
tion (76) is used to approximately account for {mimic) the effects of the time-rate-of-change
and turbulent diffusion in the Reynolds-stress and scalar-flux (and, in the case of level 2.5
scheme, in the scalar-variance and scalar-covariance) equations. An alternative interpretation
can be suggested, however. As discussed above, the use Eq. (76) amounts to multiplying the
production terms in the truncated equations by a factor 1 —a., where a, = (de/dt + D.) /G.
depends on time ¢ and vertical coordinate x3. Consider, for example, the buovancy produe-
tion term in the liquid water potential temperature flux equation (66),

-(1- (;,‘;’) Tfs (60,) | (80)
where C‘f is a constant that stems from a linear model of the buoyancy contribution to the

pressure-scrambling term in the temperature-flux equation. Reeall that the use of linear
parameterizations of the pressure-scrambling terms is identified as one reason for the failure
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of truncated second-order schemes. If Eq. (76) is utilized, the buoyancy production term in
the temperature-flux equation becomes

—[1 — e (¢, 23)] (1 _ c;'f) TP (661 = — [1 ) {:t,.'lf:a)} 7eBs (010 . (81)

where Cf, = C? + a. (1 = C?) is no longer a constant, but a function of ¢ and x3. Note that
Cf = Cf if o, = 0, and the original, non-regularized formulation is recovered. If o, = 1,
then Cf, = 1, which effectively satisfies the two-component limit constraint of strongly
anisotropic turbulence. As discussed in section 5.1, it is not possible to satisfy the TCL
constraint within the framework of a linear model of the pressure-scrambling terms if the
value of C-f is chosen so that to satisfy the isotropic limit. If Eq. (76) is utilized to modify
the truncated temperature-flux equation, both the isotropic and the TCL constraints can be
satisfied. Then, the Helfand and Labraga regularization procedure can be viewed as being
conceptually similar to the use of non-linear parameterizations of the pressure-scrambling
effects.

To conclude this section, we note that the regularized expressions have been obtained for all
components of the Reynolds stress and scalar fluxes, not only for (ufu}), (uiub), (uhd]), and
(u4hqf). Those regularized formulations are not presented here.

10 Interaction with the Underlying Surface

In order to describe the interaction of the boundary-layer turbulence with the underlying
surface, the surface fluxes of momentum, heat and moisture should be specified and the
boundary conditions for the TKE, scalar variances and scalar covariance should be imposed.
The surface fluxes are assumed to be provided by the host atmospheric model (e.g. COSMO
or ICON). A consideration of the surface flux calculation procedures is beyond the scope of
the present report.

For the TKE, scalar-variance and scalar-covariance, the following boundary conditions at
the underlying surface are used in the TKESV-Bas scheme:

e
—C%re— =0, 82
e il (82)
a8 a(qp*) PR (/17
wl i vl [ wil {4t s
—Cre =p, wokpe g olae VIR g 83
CooTee B 0, 7q TeC o 0. g TeC T 0 (83)

Equations (82) and (83} state that the fluxes of TKE, scalar variances and scalar covariance
at the underlying surface are zero. That is, e, (0/%), (gf*} and (#]q;) are height-constant
within the layer immediately adjacent to the underlying surface. This is consistent with the
surface-layer similarity (cf. the log-layer relationships given in Appendix A). Notice, however,
that the surface-layer relationships (the Monin-Obukhov similarity theory) are applicable to
continuous turbulence over a homogeneous surface, and it is, strictly speaking, incorrect
to apply the surface-layer similarity relationships over heterogeneous surfaces. Then, the
boundary conditions (82) and (83) become inaccurate if a tile approach is used to compute
the grid-box mean surface fluxes.

Advanced Features

In order to develop the surface boundary conditions for the scalar variances and covari-
ance that are consistent with the tiled surface schemes, we make use of the following triple
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decomposition:

- —ir

=Y+ F + (84)
where [ is a generic variable. The angle brackets denote the quantity averaged horizontally
over a grid box of a host model. An overbar denotes a mean over a tile, and a double
prime denotes a fluctuation of a tile mean quantity about a grid-box mean quantity. The

g gt g : s — i 2

superscript “s” denotes a sub-tile fluctuation. By definition, <f > = 0. To simplify the
discussion, we take f5 = 0, although this assumption is not necessary (cf. Mironov and
Sullivan, 2016).

Using Eq. (84), we obtain the following expression for the triple-correlation of the vertical
velocity, us, and the two scalars, #; and ¢

(ubtiar) = < (@ +u3) (0" +6;) @ + q§}>
= <-'11?5“”.£T;”'q,:"> < "5 qs > (6‘; uig; >+ (ﬁ.-f"-u-gﬁi";‘?> + (u3fiq) . (85)

The first two terms on the r.h.s. of Eq. (85) are zero at the surface because of zero vertical
velocity 3. The last term on the r.h.s. cannot be estimated unless a high-order closure model
is applied to individual tiles. This is usually not the case. The third and the fourth terms on
the r.h.s. of Eq. (85) are zero if the grid box of the host model is horizontally homogeneous.
If the grid box is heterogeneous, the temperature #; and humidity 7; differ between the
tiles and so do the temperature and humidity fluxes, EH’_;:HT and uiq;. Then, the third-
order velocity-scalar covariance (u30)q;), i.e. the flux of temperature-humidity covariance, is
generally non-zero at the surface. The expressions for (u46/?) and (u}g}?) are obtained from
Eq. (85) by replacing g, with & and # with g, respectively.

Notice a close analogy between the above analysis and the analysis of Mironov and Sullivan
(2016). These authors used large-eddy simulation to explore the second-moment budgets
in the stably stratified planetary boundary layer (PBL) over thermally homogeneous and
thermally heterogeneous surfaces. Importantly, the LES-based second-moment budgets were
estimated with due regard for the sub-grid scale contributions. Taking account of the SGS
contributions revealed that the third-order velocity-scalar covariances are non-zero at the
heterogeneous surfaces and are crucial for the maintenance of second-moment budgets in
the heterogeneous PBL. That finding helped explain the enhanced vertical mixing in the
stably-stratified PBL over thermally heterogeneous surfaces.

Based upon the above considerations, we propose the following surface boundary condi-
tions for the scalar variances and scalar covariance that are consistent with the tiled surface
schemes:

E‘)(H”) — i —— ( 2) =
(an‘ da?i;g <t9; usz by >, (""WTJ’ Ds <q£ usq; ”> ’
i {0 — )
(%{I € i}f} = <H_g”u§qf F> <q, u3d;f > (86)

Note that the surface boundary condition (82) for the TKE remains in force, even though the
tile approach may be used. This is readily shown by setting # = u; and g, = u; in Eq. (85)
(summation over repeated indices) and invoking the no-slip boundary condition for the flow
velocity, 7 = 0, at the underlying surface. Note that the term {W) is not necessarily
zero at the surface. It cannot be estimated, however, unless a high-order closure model is
applied to individual tiles.
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The surface boundary conditions given by Eqs. (86) provide an intimate coupling of the scalar
variances and covariance with many other quantities characterizing the atmosphere and the
soil. In order to illustrate this coupling, consider the moisture and heat balance equations
at the underlying surface for individual tiles. The moisture balance equation reads

PP + puiq; = Gy, (87)

where (i is the ground moisture flux at the surface, and PP denotes the sum of all forms
of precipitation, including (relatively slow) sedimentation of water droplets and ice crystals.
Subtracting from Eq. (87) its horizontal mean, multiplying the result with 7" and averaging
horizontally, we obtain

() - (@) - () 8

The first term in brackets on the r.h.s. of Eq. (88) is generally non-zero since over heteroge-
neous surfaces both the total water content and the ground moisture flux vary between the
tiles and are likely correlated. There is no good reason to assume that rain, snow, or hail
falls differently onto some tiles than onto the others. However, if PP includes sedimentation
of water droplets and ice erystals, then the difference between the tiles may be substantial

. 55" : . .
and the covariance <q_¢”PP > may appear to be different from zero. For example, if there is

M i =T p |
fog over some tiles but not over the other tiles, P/ # 0. Rain or snow falling through the
fog layers may amplify the influence of fog via seeder-feeder effect.

Consideration of the heat balance of the underlying surface yields the following expression:
<—ﬁ;n~———-—ws l‘;"f”> _

{ p cp)-i [ <EH(‘TSJI> _ <E”Eﬁ> . <EHEH> ws fig ( <FEHEH> _ <F{Hﬁu>)j| ' {89}

Here, (g is the ground heat flux at the surface, Iy is the solar radiation balance at the

surface, and H; is the net long-wave radiation at the surface. All terms on the rhs. of

Eq. (89) are generally non-zero. The solar radiation balance varies between the tiles because

of the difference in the tile albedo, and the long-wave radiation balance varies because of the
difference in the tile temperature.

For the flux of temperature-humidity covariance, the following expression holds:
) () - (1)~ ()
(ber)™ [(@Ca") - (@R") - (@R") - L. ((@C") - (@ PP"))] . (00)

where all terms on the r.h.s. of Eq. (90) are generally non-zero over heterogeneous surfaces.
If ice is taken into account, a generalized formulation of g; should be used, @& should be
replaced with the total water potential temperature, and L. should be replaced with an
effective heat of vapourization-sublimation (see sections 2 and 7).

11 Equation for Scalar Skewness

In this section, a transport equation for the skewness (triple correlation) of the scalar variable
s is developed. The s-skewness is required to utilize the double-Gaussian statistical cloud
scheme proposed by Naumann et al. (2013) and is only used within the framework of the
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extended version of the TKESV scheme. Thus this section discusses Advanced Features
that are not used within the framework of TKESV-Bas.

Recall that the s variable defined as s = Q' ({q:) — (gu) + ¢} — P#) accounts for the com-
bined effect of humidity and temperature fluctuations, and is a measure of local oversatu-
ration/undersaturation (see section 7 for details). A positive s is merely a local value of g
computed with respect to the linearized saturation specific humidity curve. In order to deter-
mine the s skewness, S, = (s") / (.'s'zf‘uf the variance of s, (s™), and its triple correlation,
(5’3), should be computed. The variance of s is given by

(%) = @7 (&) — 2P (a:0r) + P* (")) - (91)

It can be computed in a straightforward way using the values of (clr;'?), (q07) and {GP} deter-
mined within the framework of the TKESV scheme from the scalar (co)variance equations.
The triple correlation of s is given by

{S,,-_-;> _ Q—H ((ﬁfi) - 3P (Q;zf}f} 3 3p? (fiéf?;E} —ps ((}}'3)) X (92)

As Eq. (92) suggests, the determination of (5’3) requires knowledge of the four third-order
scalar correlations. These correlations can be computed from their transport equations,
where closure assumptions are required for a number of terms (third-order and fourth-order
velocity-scalar correlations and molecular destruction terms). This would make the TKESV
scheme unduly complex and computationally expensive. We therefore take a different, more
simple approach. We combine the transport equations for (g/*), (g/*6f), (q}0}?) and (0}*)
with due regard for Eq. (92) to formulate a single transport equation for (3’3>. To this end,
we neglect the derivatives of P and @ with respect to time and space. Although an exact
equation for the s-variable triple correlation can easily be derived, this is not required. The
exact equation for (s), including time and space derivatives of P and Q, is cumbersome.
Since P and @ depend on the grid-box mean quantities only, the uncertainties associated
with neglect of the derivatives of P and @ are typically small unless the mean quantities
change faster in space and time than higher-order moments (an unlikely situation). Note
also that the skewness of s only serves to help determine the fractional cloud cover and its
effect on the buoyancy production of the Reynolds stress and scalar fluxes. Then, (s") is
in a sense an auxiliary quantity, and it is legitimate to keep the (3"3} equation reasonably
simple at the expense of slightly reduced accuracy.

Combining transport equations for the four third-order moments on the r.h.s. of Eq. (92)
and neglecting the derivatives of P and @ with respect to £ and x;, we obtain the following
equation for the s-variable triple correlation:

i 9 ; {_} SRV pod a2 d(s) 2 J
3 (ar, +<“*>ﬁmi)<"’ P} g, )

where (s} = Q7' ({g) — (qu)). The terms on the r.hs. of Eq. (93) represent produc-
tion/destruction due to the mean scalar gradient and due to the scalar-flux divergence,
fourth-order turbulent transport, and molecular destruction (dissipation}, respectively. Inor-
der to close Eq. (93), parameterizations of the third-order, (u}s"?), and fourth-order, (u{s™),

velocity-scalar correlations and of the dissipation term, c.3, should be developed.

() 10 (ufs")
ar; 3 dr;

—caa,  (93)

The dissipation rate of (") is parameterized through the following algebraic expression:

()
b

T alt 94
s I\%RTST( { }
where Rrs = 7a/7e = (8'*) ¢/ (3eeqs) is the ratio of the (s'*) dissipation time scale to the
TKE dissipation time scale.
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We adopt the following parameterization of the third-order velocity-scalar correlation:
r2
i 1/2
( TS!Z} — d-gQTn"? < } 55{ !2} / ( >= (’95'}

where C¢, is a dimensionless constant. In the case of nearly isotropic turbulence, the
skewness S, is small and Eq. (95) reduces to the down-gradient diffusion formulation. In
the limiting case of strongly skewed PDF of s, the second term on the r.h.s of Eq. (95)
becomes dominant. Then, Eq. (95) reduces to the form suggested by the top-hat represen-
tation of fluetuating quantities that is fundamental to the mass-flux approach widely used
to parameterize cumulus convection in numerical models of the atmosphere. The simplest
top-hat mass-flux model is formulated in terms of fractional areas of updraughts, a,, and
downdraughts, ag = 1 — @,. Alternatively, a PDF can be used which consists of only two
Dirac delta functions, i.e. the probabilities of motions to be either updraughts or down-
draughts are P, and P, respectively, and P, + P; — 1. The second term on the r.h.s. of
Eq. (95) is basically the mass-flux formulation recast in terms of the quantities used w;t]lm
the second-order closure framework (see Mironov, 2009, for a detailed discussion of the analo-
gies between the mass-flux and the ensemble-mean second-order modelling frameworks). A
skewness-dependent parameterization for the flux of potential-temperature variance [given
by the second term on the r.h.s. of Eq. (95), where s is replaced with #] was formulated in
Mironov et al. (1999), Abdella and McFarlane (1999) and Abdella and Petersen (2000). An
interpolation iorm ula that incorporates both the down-gradient and the skewness-dependent
terms was presented in Gryanik and Hartmann (2002). As different from previous studies, we
apply these parameterization ideas to the scalar quantity s that accounts for the combined
effect of temperature and humidity fluctuations.

The following parameterization of the fourth-order velocity-scalar correlation is adopted:

2] 13
(ujs™) =3 (1 + =52 ) (™) (u}s') — ;uqi're.v( fi; ) (96)
Ty

where C¢,, is a dimensionless constant. The first term on the r.h.s. of Eq. (96) represents
a generalization of the Millionshchikov hypothesis formulated in Gryanik and Hartmann
(2002) and Gryanik et al. (2005) for convective boundary-layer turbulence. In the case of
isotropic turbulence, S vanishes and the first term on the r.h.s. reduces to the classical Mil-
lionshchikov (1941) formulation. It states that the fourth-order moments can be considered
as Gaussian, even though the third-order moments are nonzera. In the limiting case of very
skewed turbulence, S, is large and the first term on the r.h.s. of Eq. (96) takes on the form
suggested by the top-hat mass-flux approach (cf. the formulation of (-u.;s’z)). The expression

3 (l f —;bf — 3+ 52 amounts to the simplest linear interpolation between the two limiting

cases, where dimensionless coefficients 3 and 1 are chosen so that the limiting cases are satis-
fied exactly. The down-gradient diffusion term, the last term on the r.h.s. of Eq. (96), can be
viewed as the smoothing operator that is added to the parameterization of the fourth-order
turbulent transport term for numerical reasons. The use of the diffusion term can also be
justified on physical grounds. To this end, one needs to consider the transport equation for
the fourt h-mrler term (u}s™) and invoke a number of simplifying assumptions (e.g. use the
Rotta-type closure for the pressure-scrambling terms and neglect turbulence anisotropy in
the formulations of the mean-gradient terms).

Substituting Eqgs. (94), (95) and (96) into Eq. (93) and using the boundary-layer approxi-
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mation, we obtain the following equation for the s-variable triple correlation:

10 <SM> g. (72 L/2 pcp g vd < !2> 7] (‘3} r ol d (S’2>

3 o )" (uas’) — Clugmee drs | das =8
1o d ,"J(‘*‘,q> 02 f 2N fod o () 5
| 355 C8 sTee — 8% (8") (uys) | - Y. (97)

The following (tentative) estimates of disposable parameters are utilized: C2_, = 0.1, €%, =
0.1, and Ry = 0.1.

The surface boundary condition for (S"a) should be specified that is applicable over both
homogeneous and heterogeneous surfaces and is consistent with the tiled surface schemes.
To this end, we make use of the triple decomposition (84) and express the fourth-order
velocity-scalar covariance as follows:

{uhs™) = <(ﬁ‘-§” + uf) (3" + 3*”)3>
<—H—m> t 6<—H !!3<‘2> + <m”§ﬁ”>
F3(3") (uds®) 4 3<§“”2u;}3"”> | .3<“""u*’s-*2”> | <u§'3"3>. (98)

The first three terms on the r.h.s. of Eq. (98) are zero at the surface because of zero vertical
velocity Tz, The last two terms on the r.h.s. cannot be estimated unless a high-order closure
model is applied to individual tiles. The remaining two terms are generally non-zero over
heterogeneous surfaces.

Using Eq. (98), we propose the following surface boundary condition for ( 3’3}:

F 1 P a(«gIS) i ; 1t
3 (1+3 2)(f2) (1) — Clgre oL =3 (") (W) +3 (55

Note that Eq. (99) represents the so-called Robin boundary condition, also referred to as
the impedance boundary condition, or convective boundary condition. It is a weighted
combination of Dirichlet and Neumann boundary conditions that relates the quantity in
question ({(s'*) in our case) and its derivative normal to the domain boundary.

> ‘ (99)

12 Conclusions

A turbulence kinetic energy — scalar variance (TKESV) turbulence parameterization scheme
is developed. The scheme is formulated in terms of two scalars that are approximately con-
served for phase changes in the absence ol precipitation. These are the total water specific
humidity and the liquid water potential temperature. The TKIESY scheme carries prognostic
transport equations (ineluding the time-rate-of-change and the third-order turbulent trans-
port terms) for the TKE, for the variances of scalar quantities, and for the scalar covariance.
The other second-order moments, namely, the Reynolds stress and the scalar fluxes, are
determined through the diagnostic algebraic expressions obtained by neglecting the time-
rate-of-change and the triple correlations terms in the respective transport equations.

The focus of the present report is on the baseline version of the TKESV scheme (TKESV-
Bas). TKESV-Bas is based on the linear (in the second-order moments involved) parameter-
izations of the pressure-scrambling terms in the Reynolds-stress and scalar-flux equations,
the isotropic down-gradient parameterizations of the third-order transport terms in the TKE
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and scalar (co)variance equations, and the algebraic interpolation formula for the turbulence
length scale that incorporates a correction term due to stable density stratification. The var-
ious time scales, namely, the dissipation time scales in the TKE and the scalar (co)variance
equations and the return-to-isotropy time scales in the Reynolds-stress and scalar-flux equa-
tions, are set proportional to each other and are expressed in terms of turbulence length scale
and the TKE. The simplified boundary conditions for the scalar variances and covariance
at the underlying surface are used that do not account for the surface heterogeneity within
a grid box of a host atmospheric model. The effect of latent heat release/consumption on
the buoyancy production/destruction of the Reynolds stress (including half of its trace, the
TKE) and of the scalar fluxes is taken into account through the use of a statistical cloud
scheme. The cloud scheme makes use of a combination of Gaussian and exponential PDFs
of linearized saturation deficit/excess (s variable). The exponential PDF is used at strong
grid-box mean undersaturation and is designed to account, in a rather approximate way, for
the shallow cumulus regime. In that regime, mixing is known to be dominated by convective
plumes although the fractional cloud cover is typically low. The so-called stability functions
that appear in the algebraic formulations for the Reynolds stress and scalar fluxes are con-
sidered in much detail. The stability functions resulting from the truncated Reynolds-stress
and scalar-flux equations (where the third-order and the time-rate-of-change terms are ne-
glected) with the linear parameterizations of the pressure-scrambling terms are ill-behaved
over a certain range of governing parameters (e.g. mean velocity shear and mean buoyvancy
gradient}. Using plausible physical arguments, regularized stability functions are developed
that are well-behaved over their entire parameter space and cause no pathological behaviour
of the Reynolds stress and scalar fluxes.

It is the baseline version of the TKESV scheme in the boundary-layer approximation (i.e. the
one-dimensional TKESV-Bas) that is intended for use in NWP models ICON and COSMO
in the near future. In the medium-term prospective, an extended version of the scheme
(TKESV-Ext) can be used. TKESV-Ext incorporates a number of advanced features dis-
cussed in the respective sections of the present report. These include improved formulations
of the pressure-scrambling terms and of the third-order transport terms, non-local formula-
tion of the turbulence length scale, lower boundary conditions for the scalar (co)variances
that account for the surface heterogeneity and are consistent with the tile approach to com-
pute surface fluxes, allowance for cloud ice through the use of the ice-liquid water potential
temperature, and a statistical cloud scheme capable of describing cumulus regimes. The
utilization of an advanced statistical cloud scheme, e.g. the scheme proposed by Naumann
el al. (2013), requires knowledge of the scalar skewness. A prognostic transport equation for
the skewness (triple correlation) of the s variable that accounts for the combined effect of
humidity and temperature fluctuations is derived in section 11.

The TKESV-Bas scheme is implemented into the NWP models ICON and COSMO. Testing
of TKESV-Bas is underway. Details of the implementation and results from numerical
experiments will he reported in subsequent publications. Results of testing of an earlier
version of the TKESV scheme through off-line single-column numerical experiments and
through parallel experiments with the full-fledged COSMO model (including the entire data
assimilation cycle) are reported in Machulskaya and Mironov (2013).
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13 Appendices

Appendix A. Modelling Pressure-Scrambling Terms in the Reynolds-Stress
and Scalar-Flux Equations

In this section, we demonstrate how models (parameterizations) of the pressure-scramb-
ling terms in the Reynolds-stress and the scalar-flux equations are developed. By way of
illustration, the formulation for the potential temperature ¢ is considered. Other scalar
quantities, e.g. #; and g;, are treated in the same way. We restrict our consideration to the
parameterizations of Il;; and 1lg; which are linear in terms of the second-order moments of
fluctuating fields. Some non-linear parameterizations of the pressure-scrambling terms are
briefly discussed in section 5.1.

Decomposition

Taking the divergence of the transport equation for the fluctuating velocity, a Poisson equa-
tion for the fluctuating pressure is obtained. It reads

>’ 2 . 0 oy 3w Bl
a2 T Bredr; (upr — (uput)) — Mw”mf)‘yk -2 B2 Dtk (A.1)

The fluctuating pressure is decomposed into the contributions due to the non-linear turbu-
lence interactions (denoted by the subsecript t), buovancy (subseript b), the Coriolis effects
(subscript ¢), and mean-velocity shear (subscript s),

v =, +p, + 0.+ 0, (A.2)

which are found by solving the following set of Poisson equations:

9%, & ai i Pp, o0

— = —— Uply — (Upitly) ), — = —fp—

o3 EJ:Ltkd:u( et = (i) o3 K oy
6‘2-)’ ol a2y A (uy) Ou; )
- Pe zfgmgﬂm—x, - ;; =y ( } - i. (A.S.r}
drd i ar g dxy duwg

The (formal) solutions to Eqgs. (A.3) read (Chou, 1945; Ristorcelli et al., 1995; Shih, 1996)

1 FPugu) 0 (wan)"\  dVol . f 20" dVol
P = ax day Oy dxloxl! ) |x—x"’ b= Vol Pk {'}1 lx — x|
1 vy dvol 1 auy ouy' dVol
e = 2 crrn s-m G oS Ps = —7— : 3 A4
Pe = m Vol il xy |x —x"|’ Ps =T [,ﬂ oyl rh, | — x| k)

where double-primed quantities are evaluated as functions of the integration variable. Small
letters denote turbulent fluctuations, and capital letters denote mean quantities (this nota-
tion is used temporarily to avoid confusion between primed and double-primed quantities).

Using (A.2), the pressure-scrambling terms I1;; and lly; are decomposed into the contribu-
tions due to the non-linear turbulence interactions (superseript t), buoyancy (superscript b},
the Coriolis effects (superseript ¢), and mean-velocity shear (superseript s),

I;; = I + I02; + 105 + I3, Mg = ITy; + 118, + IIS, + I15;. (A.5)
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With due regard for Egs. (A.4) these contributions are given by

m - — O ; e 1 /’ A% (uful'u;) I O (ululu;)\  dVol
¢ & dzr; O AT Jyo \ OxlOx{0x) * OxiOx]Ox! | |x —x"|’
b Su; - Ouy 1 o [ 020"y 9% (0"u;)\  dVol
[[ij_"' Do | = +,_1" == ’ﬁ'k e o Ik
dr; Oz A Jyvar Owjox] dxyox! | |x —x"|
P Top - 52 lu"y . 92 (0o _
ng R <Fc (f}_u + !:.-hi)> = L[ 26 it i - (:;f:' “H) + {,. {:,[:' ”i,} gi ot ;

dr; Oy 47 Jvar dxy 0y o)z | |x —x"|

— du; ; du\\ 1 ] -zan 9% (uf'u;) }ﬁi(-u.fuj} dVol (A.6)
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where quantities without double primes are evaluated at the point where I1;; and Ilp; are
determined. The ITf; and ITj; contributions are often referred to as slow parts and I, I

i T
b : ; ; i i i e i .
I35, g, 1T, and T3, as rapid parts, respectively, of the pressure-scrambling terms.

The integrals in Eqs. (A.6) and (A.7) are taken over the entire flow domain. In practice,
however, the two-point correlations are assumed to diminish rapidly with distance from the
point where the pressure terms are evaluated. Then, the volume of integration is reduced

to a small region in the immediate vieinity of that point, and II;; and Ilg; are modelled in
terms of local quantities.

Slow Parts of II;; and 1ly;

We utilize the return-to-isotropy parameterizations (Rotta, 1951; Monin, 1965) for the slow
(return-to-isotropy} contributions to the pressure-scrambling terms. They read
2 ¢
¢ pllity) — $0i5e ij b o (u0) -
Hij —_ (.r;iu‘__“"'—'—‘ - ;Lu 4 l—Ifh — (’E G —s 1 (AS}

Tru Tru Tre

where 7., and 7,9 are the relaxation return-to-isotropy time scales, and C} and Cf are
dimensionless constants.
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It is customary in geophysical and engineering applications to take the relaxation time scales
Tru and Thg to be proportional to the TKE dissipation time scale 7. = ¢/¢, that is 7 =
Tro — Te, Where dimensionless proportionality constants are set to one as they always occur
in combination with the other constants. Estimates of C}* and C? vary over a wide range.
Values of €% from 1 to 3 and of ¢ from 2 to 10 have been proposed (see e.g. Launder
et al., 1975; Zeman and Tennekes, 1975; Zeman and Lumley, 1976; Dakos and Gibson, 1987;
Speziale et al., 1991; Kenjere§s and Hanjalié, 1995; Hanjali¢ et al., 1996; Craft et al., 1996;
Dol et al., 1997; Hanjali¢, 1999; Girimaji, 2000; Mironov, 2001; Hanjali¢, 2002; Umlauf and
Burchard, 2005). We adopt the estimates of C = 1.8 and €f = 5.0, keeping in mind that
some tuning may appear to be necessary. In particular, the estimate of Cf = 3.0 is found
by a number of anthors to be more appropriate for (mostly) buoyancy-driven flows.

Buoyancy Contributions to 11;; and Ilg;

The formal expressions for the buoyancy, the Coriolis and the mean-velocity shear contribu-
tions (the so-called rapid contributions) to the pressure-scrambling terms are given by the sec-
ond, the third and the fourth members of Eqs. (A.6) and (A.7), respectively. Assuming that
the mean fields are approximately homogeneous over a distance of the order of the integral
turbulence length scale, Jx can be taken outside the integrals (the same is true for 20U} /day
in the expressions for the mean-velocity shear contributions to the pressure-scrambling terms
considered below). Then, the buoyancy contributions to the pressure-scrambling terms can
be represented in the form (see e.g. Shih, 1996)

I35 = — B (Xﬂ["}ii +4 ﬁji) ) Ilg; = —BeYss. (A.9)

where, in view of the second members of Eqs. (A.6) and (A.7),

oo L 9 (0"u;) dVol v _ L J2(8"8) dVol  (A10)
kig A Vol E’)T;‘ffjaﬂ;f |x o x.H'| ¥ ki A Vol aﬂ:gtﬂ)ﬂ:? |X _ -x.H'|
The tensors Xy;; and Y}, satisfy the following constraints:
symmetry X:?;‘j = X_,JE,-’:-,‘,? V;:; =¥3, (A.11)
continuity Xgﬂ- =0, (A.12)
normalization Xp = (w:8), Y =(6%. (A.13)

Within the limits of linear approximations (in the second-order moments of fluctuating fields,
ie. in (uguy), (u;0) and (%)), the most general forms of .Xf;ij and Y7 that satisfy the
symmetry constraints (A.11) are the following tensor polynomials:

Xpi = b (wil) + a (Ogs (us0) + 853 (ui)) o = 18k (67) . (A.14)

Satisfying the continuity (A.12) and the normalization (A.13) constraints, we obtain oy =
2/5, ap = —=1/10 and v = 1/3. With these estimates, Egs. (A.9) and (A.14) yield the
following formulations:

3 2. 1
b ; b r s
Ha'j = _E (ﬁl {11‘_;9:) + ﬁj <'H.gff9> = Eﬁiﬁak {'il.;.ﬁ}) s 1—[9,-’ = _Eﬂi (92) 3 (f‘!..l()}
Note that Eq. (A.15) contains no free parameters; the numerical values of all dimensionless
coefficients in the expressions for I1Y; and TIj; are fixed by mathematical constraints.
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Coriolis Contributions to II;; and Ilg;

Parameterizations of the Coriolis contributions to the pressure-scrambling terms are devel-
oped analogously to parameterizations of the buoyancy contributions. The Coriolis contri-
butions are represented as

where
! 1 72 (u! % Vol ; 1 2oy dVol
“Yi*fij = __f r-. '{fi 'lfrf> £ On 3 Y!':ii = __/ . ,j:rlff !? i T (A“]T}
A Jya Oxiox] |x — x| dw Sy Oxjox] |x —x"|

The tensor Y}, is exactly the same tensor as X,ffl-j that appears in the parameterization of
llgj, see Fqs. (A.9)-(A.14). The tensor X[, satisfies the following constraints:

symmetry r.;:ﬁj - Xf«ﬂj: rﬁn:j = r;h'k: (A.18)
continuity Cesi = 0, (A.19)
normalization Xiie = (wqug) (A.20)

Within the limits of a linear approximation, the most general form of X, that satisfies the
symmetry constraints (A.18) is

Ciig = 2e[0n03dk + o2 (0055 + 010k:)]

+ (l';g,(ﬁgﬂl-;ci + vy ﬁ-kj'ﬂ-:g + a5 (dﬁjﬂ-k[ + ﬁjjﬂ-}.-,,; + tJJ-'Mﬂ.;j + 5”‘-1’1-];1':1 . (I-'l.‘ll.}

Satisfying the continuity (A.19) and the normalization (A.20) constraints, we obtain oy =
2/15, ag = —1/30, az = —1/3 — 11as/3 and ay = 1/3 — 4a5/3. Using Eqgs. (A.16), (A.14)
and (A.21) along with these estimates, we obtain

: 2 )
Il:j = _'g {2 1 7‘15) (Ehnk”mﬂk‘-j t f—jr:-zia:ﬂmﬂki}; Hrg, — -E-p;mkﬂm ('UA-G) o (1’\.22}

with only one free coefficient as. An estimate of as = —1/10 was adopted in a number of
studies (e.g Shih, 1996; Hanjali¢, 1999).

Mean-Velocity Shear Contributions to Il;; and Il

The contributions to the pressure-scrambling terms due to the mean-velocity shear are pa-
rameterized in the same way as the contributions due to the Coriolis effects. The mean-
veloeity shear contributions are represented as

& ¢ (){J-I- - 4 G BUL £ BE
35 = ‘-3(-}—,““( ki + Xiuge) Iy; = “3E}’m= (A.23)
where
P (W) dVol 92 (u!'0 4
XJ?NJ - _i/ (;fz Tj “H> Aol ’ I:H - _i] (, E.'T:’t r,? Aol ¢ (A.24)
Ar Jya Oxpdaf |x —x'| im Jya Ovpoz! |x —x"|

&

5§ is easy to see, the tensors ~oand Y. are exactly the same tensors as X[, anc
A y t . the t iy and Y, tly tl 1 Xy and
Y respectively, that appear in the parameterization of the Coriolis contributions to the
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pressure-scrambling terms. Using the results of the previous sub-section, we obtain

4 2.
H:—} = - 35‘,]!” F Gy (kaﬂ-g-j F Skl — Eégjﬁ'kgtlkg)
2
T3 (2 + Tas) {H"rikﬂ-k._;' + H’Fﬂ.ﬂ:‘lk:’):
;= — (gn‘i‘k + W;a) (upd') (A.25)
]

where S;; and Wy; are the symmetric and the antisymmetric parts, respectively, of the mean-
velocity gradient tensor.

Resulting Expressions for 1l;; and Il

Combining Eqs. (A.8) with 1, = 79 = 7, (A.15), (A.22) and (A.25) and returning to the
notation with primes, we obtain the following parameterizations of the pressure-scrambling
terms in the Reynolds-stress and the temperature-flux equations that are linear in the second-
order moments of fluetuating fields:

o gd
U
By = B

Te

S . 3. ¥ 2 ' )
- C58ie—Cy (‘Sikﬂ-ﬂ‘j b Sikar: — Ed&'j'sk.’ﬂﬂ) = C% (Wikaks + Wikag:)

c (;5, (40) + B Gty — 26138 Maf})

2C% (EamkQmag; + ¢ jmkgmﬂ-ki} ; (A.26)

f
Ty, (*9(“:’}} (CSis + CHWes ) (it} — CLBi (02) — 208 eimm (48'),  (A.27)
€

where C} = 1.8, C¥ = 4/5, C% = —6as, C% = 2 (2 + Tas), CF = 3/10, C* = 1 (2 + Tas),
Cy =50, 0% =3/5 C% =1, C} = 1/3 and C? = 1/2 are dimensionless coefficients.
The only yet undetermined coefficient a5 can be estimated by satisfying one or the other
additional constraint. One way to determine as is to require that the second-moment equa-
tions of the TKESY scheme subject to the surface-layer approximation vield the classical
logarithmic velocity profile. Details are given in next sub-section.

Logarithmic Velocity Profile Constraints

Consider a fluid layer just above a flat rigid surface where (i) turbulence is stationary and
horizontally homogeneous, and (ii) the effects of buoyancy, reference frame rotation, advee-
tion and third-order transport are negligible. It is further assumed that (iii) the surface layer
is a small portion of the PBL, so that the directional wind shear is negligible, and turbulent
fluxes can be considered approximately height-constant, equal to their surface values (in
other words, changes of fluxes over the surface layer are small compared to their changes
over the entire PBL). Under the assumptions (i)-(iii), the TKE equation (12) reduces to a
balance between the shear production and the dissipation,

i (rj <'i.'..i> s .
— (ujuy) Drr e =0, (A.28)
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and the Reynolds-stress equation (18) with due regard for the parameterization (21) of the
pressure-scrambling term reduces to a balance between the shear production and pressure
redistribution,

(i 4 " 5l :
= f?f - (g - C-fﬁ) eSij — (1 —Cgy) (”t’ksjk + ajkSik — §¢ijﬂ-k}5k!)
€ «

— (1 = C%) (aa Wik + auWik) = 0, (A.29)

where the deviatoric part egﬂ,- of the Reynolds-stress dissipation tensor is incorporated into
the parameterization of the slow part ng of the pressure redistribution term.

In the near-surface layer subject to the above assumptions (i)—(iii), the mean-velocity profile
is logarithmic, and the following well-known relations hold true:

s w1} uy
*1 -

{ = kry, — {1:.’1-11::; = u.f, e=0_.u

, . (A.30)
s Ks
Here, & is the von Karman constant whose conventional value is 0.4, (. is a dimensionless
constants, and u, is the surface friction velocity. The x; horizontal axis is taken to be aligned
with the surface stress so that (ubuf) = 0 and (uz) = 0 (in the horizontally-homogeneous
layer over a rigid surface, (u3) = 0 by virtue of continuity).

It is straightforward to verify by substituting (A.30} into (A.28), where ¢ is expressed in
terms of e and { through (31) and (35), that the logarithmic-layer TKE budget, Eq. (A.28),
is satisfied if

C.= %%, (A.31)

Using the estimate of C. = 3.33 (e.g. Umlauf and Burchard, 2003; Umlauf et al., 2003), we
obtain ', = 0.165.

With the x-axis aligned with (ujuj), the only non-zero components of S;; and Wy; are

Sis = Sy = Wis = —Ws1. Then, Eq. (A.29) yields the following expressions for the
Reynolds-stress components in the near-surface log-layer:
u].z — a.-zg — U: [:.P!. ..32}
8 [0\ q ] = 0%N* )
i El - S13)% + 53 W .
{] 3 ( cr ) (TeS13)" ’1< o (7eWis)” p aas
I (4 . ;
l WL (E - C".‘J]) T(nslﬂ'f.': — U: (ﬂg-}}
J£ *
Te -2 it ¥ [ il r
an cn _g(l —-C)S1s+2(1— (*.ga)”‘m} arz = 0,
Te -4 U ¥
fiag — v |3 (1-C%) .5[3] i1z = 0,
< L
Te _2 ¥ * r P
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Substituting Eqs. (17), (35), (A.30) and (A.31) along with the expressions S;3 = Wis =
10 (u)
2 dra
quadratic equation for the disposable coefficient os:

. vy 2
; 9cy (4 9 (CY
4402 — das — [l | 4" (5 - t’_.-‘;‘,) - = ((—f) ] = 0. (A.35)
[y e

T

, C% = —6as and CY = %{‘2 | Tas) into Eq. (A.33), we obtain the following
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The physically meaningful negative root of Eq. (A.35) is given by

1 1,’2} - CE (4 .\ 9(CH?
— (1 —(1+11C 5 C=1 —— %] —= i 3
29 [ { + " {r} 1 o + 4 3 sl 9 (;c (A G}

g =

Using CY = 4/5, C}' = 1.8 and C, = 3.33, we obtain a5 = —0.164.

With due regard for Eqs. (17), (35), (A.30), (A.31) and (A.33) and the expressions for
Sz = Wia, C% and C% given above, Eqs. (A.34) yield the following estimates of the velocity
variances in the near-surface log-layer:

2C, das
% £ L
<'l£] > 3 (1 B (_;-;u) Uy
20, 1+ Gag .
08 = (1)

, 20 1+ 10as\ .
(w’f} =3 : (1 + %) u?. (A.37)
t

It should be pointed out that with the above estimates of C}', €. and a5 the velocity variances
are always non-negative, i.e. the realizability requirements are satisfied.
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Appendix B. Disposable Constants and Parameters of TKESV-Bas

Estimates of disposable constants and parameters of the baseline version of the TKESV
scheme are summarized in Table 1. The values of C% = 3/5 and CY = 13/15 correspond
to as = —1,/10 [Eq. (26) with I} = Uf._ i.e. to the one-component or two-component limit of
anisotropic turbulence. These optional estimates are given in parentheses.

Table 1: Disposable Constants and Parameters of TRESV-Bas

Constant/ Estimate FEquation Equation Comments
Parameter for Nos.
& 0.1 (60)
e 0.1 (6’3) (61)
(“gq 0.1 (g (62)
(e 0 0.1 (01q:) (63)
R, 0.5 (072, (¢f*), (61)-(63)
('9;{?{)
C. 0.165 T. (64) — AR
K 0.4 l (64)
Chy 1.0 l (64)
I 200 m l (64)
Ct 1.8 (ugu; (65)
on 4/5 (ugu (65)
o 0.986 (3/5) (ula;) (65) — —6ors
L 0.567 (13/15) (-u.;ui-} (65) = 2(2+ Tas)
cy 3/10 (uju; (65)
4 5.0 (uld]) (66)
Y 3/5 (0] (66)
Co% 1 (6] (66)
Cy 1/3 (w;07) (66)
cy 5.0 (u;qp) (67)
6.8 3/5 {(ulgy) (67)
Va2 1 (i) (67)
Cy 1/3 (uigh) (67)
Ce 3.33 (A.30) Required to estimate

C', through (A.31) and
a5 through (A.36)
x5 —0.164 (—1/10) (A.36), Required to estimate
or (26) % and C%
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Appendix C. Turbulence Potential Energy

The quantity P defined by Eqgs. (73) and (74) naturally appears in the equations for the
Reynolds stress and scalar fluxes. It is characteristic of the potential energy of turbulent
flow and can therefore be referred to as the turbulence potential energy (TPE). By way of
illustration, consider the temperature-stratified fluid where potential temperature € is the
only thermodynamic variable that affects buoyancy. Then, g = 0, ¢ = 0, 6 = 0, Iy — 1,
N? = —(330 (#) /Ox3, and Eq. (73) is simplified to give

P =142 (07%). (C.1)

The definition of TPE is not unique, however. For example, the following definition of TPE
has been used in the analyses of atmospheric turbulence (see e.g. Zilitinkevich et al., 2007;
Mauritsen et al., 2007):

Py = %N—"*ﬁg (0). (C.2)

A transport equation for Py can be readily derived using the transport equation for buoyancy
(potential temperature) variance. Assuming that N2 varies slowly in space and time and
using the boundary-layer approximation, we obtain

aPy 1.8 (BE o B3
T = 5 (00) — 5 (R (060 - Lan (©3)

In the boundary-layer approximation, the transport equation for the TKE, e = % {uiz}, reads

de d (uy) J (ua)
O o forgy £t i
o Bs (uat)) ((1t.lu.3) Haa + (uzus) s
i {1 j .
o (5 () + ut)) e ©

The term — G5 (uh0') on the r.h.s. of Eq. (C.4) (the buoyaney flux) appears with the opposite
sign on the r.h.s. of Eq. (C.3). It describes the conversion of the TPE into the TKE that
occurs in unstable density (buoyancy) stratification, and vice versa where the stratification
is stable. The use of TPE defined through Eq. (C.2) is advantageous as it makes the TPE
transport equation particularly convenient and facilitates the analysis of turbulence ener-
getics. For example, Eqs. (C.3) and (C.4) can be added, leading to the total (TPE+TKE)
turbulence energy equation that has been used by some researchers in the analyses of stably-
stratified turbulent flows {e.g. Zilitinkevich et al., 2007; Mauritsen et al., 2007; Zilitinkevich
et al., 2009, 2013).

Note, however, that the TPE defined through Eq. (C.2) is a well-defined quantity {non-
negative and finite) only if the flow is stably stratified (N2 > 0). The quantity Py bears a
close analogy to the available potential energy defined as a part of the total potential energy
of the stratified flow that can be converted into kinetic energy (see e.g. Vallis, 2006, for a
comprehensive discussion). Where the buoyancy stratification is neutral (N2 = 0) or unstable
(N? < 0), Py is infinite or negative and is not really convenient to use. For the Earth’s
atmosphere, where the buoyancy stratification is due to both temperature and humidity and
the thermodynamics is strongly complicated by phase changes, a TPE transport equation
as simple and elegant as Eq. (C.3) is difficult to derive. It is therefore advantageous to work
with the variance and covariance equations for the scalar quantities that can be derived from
the first principles in a fairly straightforward way. The quantity P defined by Eqgs. (73)
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and (74}, or by Eq. (C.1) in the case of temperature-stratified flow, is merely a diagnostic
quantity that naturally appears in the equations for the Reynolds stress and scalar fluxes. It
has the physical meaning or turbulence potential energy but a separate transport equation
for PP is actually not needed.
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Appendix D. Stability Functions in Shear-Free Flow

Consider a simple case of shear-free flow. With S;; = Wj; = 0 (no mean velocity shear), the
Reynolds-stress and scalar-flux equations (65)-(67) are considerably simplified (recall that
the reference frame rotation is also neglected, ©; — 0). The off-diagonal components of the
Reynolds stress tensor are zero, (uwjub) — (ujul) = (uhuly) = 0, and so are the horizontal
components of the scalar fluxes, (u}6)) = (u50) = 0 and (u)q;) = {ubq;) = 0. The diagonal
components of the Reynolds stress tensor (i.e. the velocity variances) are given by

2 g—=cy)

(u) = (u) = R To T (—Bs (uhtl,)), (C.1)
. 2 4(1 -C¢ ;
(W) = Ze+ #n (=83 (u0.)) (C.2)
3 acy
and the vertical scalar fluxes are given by
ale i
(usl]) = —Fui7ee r']'{'z.‘i} — Fuarefs (010,,) , (C.3)
{. ron 9 {q) 8. (d' ¢ “
Ty —f}|1Tr6—am3 — FH2Te3 (th 1-)9 (C.4)
41-C" .17 2  4Q-eH(1-=C))P
Fu1= |14 %rﬁ;\”} —5+ ( . (e = 5) P : (C.5)
3CHC 30 3Cr (C?) €
1-Cf
Fin = —= . (C.6)
t

where N? and P are given by Eqs. (72)-(74), and C} = Cf and C} = C} are used to obtain
Eq. (C.4). In the shear-free limit, Fy, is merely a constant and Fy; is a function of 72N?
and P/e. There is no problem with the stability function Fy; in the case of stable buoyancy
stratification, where N? is positive (with the xs-axis directed vertically upward, 83 < 0).
If the stratification is unstable, N? < 0 and the expression in the denominator (first set
of square brackets) on the the r.h.s. of Eq. (C.5) may approach zero or become negative,
leading to physically meaningless values of Fyy.

A similar problem with the stability functions is encountered within the framework of a one-
equation closure scheme that carries prognostic transport equation for the TKE whereas all
other second-moment equations, including the scalar-variance and scalar-covariance equa-
tions, are reduced to diagnostic algebraic expressions. By way of illustration, we further
simplify the discussion and consider a temperature-stratified flow, where moisture effects are
neglected and 6 = @. Within the framework of the one-equation TKE scheme, the following
down-gradient formulation for the vertical potential-temperature flux holds:

i {d
() = ~Furee 50, ()
Ju = 2 1<k M F IR ! _(;‘g 2 {\;’2}_1 (C.8)
e 3C3f ;g(}tugf Cf et . .8

As Eq. (C.8) suggests, i may become infinite or negative in convective conditions, where
N? <.
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Issues of the COSMO Technical Reports series are published by the COnsortium for Small-
seale MOdelling at non-regular intervals. COSMO is a European group for numerical weather
prediction with participating meteorological services from Germany (DWD, AWGeophys),
Greece (HNMS), Italy (USAM, ARPA-SIMC, ARPA Piemonte), Switzerland (MeteoSwiss),
Poland (IMGW), Romania (NMA) and Russia (RHM). The general goal is to develop, im-
prove and maintain a non-hydrostatic limited area modelling system to be used for both
operational and research applications by the members of COSMO. This system is initially
based on the COSMO-Maodel (previously known as LM) of DWD with its corresponding data
assimilation system.

The Technical Reports are intended

e for scientific contributions and a documentation of research activities,
e to present and discuss results obtained from the model system,
e to present and discuss verification results and interpretation methods,
e for a documentation of technical changes to the model system,

e {0 give an overview of new components of the model system.

The purpose of these reports is to communicate results, changes and progress related to the
LM model system relatively fast within the COSMO consortium, and also to inform other
NWP groups on our current research activities. In this way the discussion on a specific
topic can be stimulated at an early stage. In order to publish a report very soon after the
completion of the manuscript, we have decided to omit a thorough reviewing procedure and
only a rough check is done by the editors and a third reviewer. We apologize for typographical
and other errors or inconsistencies which may still be present.

At present, the Technical Reports are available for download from the COSMO web site
(www.cosmo-model.org). If required, the member meteorological centres can produce hard-
copies by their own for distribution within their service. All members of the consortium will
be informed about new issues by email.

For any comments and questions, please contact the editor:

Massimo Milelli
Massimo. Milelli@arpa.piemonte.it
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