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TECHNICAL NOTE’S AIM

The aim of this technical note is to describe the Turbulent Kinetic Energy (TKE) budget equation in Mellor-
Yamada-Nakanishi-Niino (MYNN) PBL scheme of WRF model and how they are outputted. The MYNN scheme
is an improved version of classic Mellor-Yamada scheme (Mellor and Yamada 1982) and it is able to output the
TKE budget equation terms on the default WRF history file. These outputs were unbalanced with the equivalent
terms used on MYNN to integrate the TKE budget equation. It was fixed on WRF 4.2.2 version code for tests
released on WRF 4.5 (CCPP version).

Besides the TKE output fix, a new set of similarity relationship equations was implemented in the MYNN

scheme to provide the lower boundary conditions for TKE budget equation terms.
1 MYNN-EDMEF’S TKE BUDGET EQUATION

In MYNN-EDMEF, the Q Budget equation is given by (Nakanishi and Niino 2009; Olson et al. 2019):

2Y

WzTrq"’Psq"i‘qu"‘Dq (11)

where Q = q2 = 2e is twice the TKE e, and Ty, Py, Py, and D, are the vertical transport, shear production,

buoyancy production/destruction, and dissipation rates of Q respectively. As Q = 2e, therefore:

de 1 1 1 1

o~ 2t Bt 3Rt 50
de
=T+ R+ P+D (12)

where the right side of equation 1.2 has the analogous terms of 1.1 related to TKE.

Equation 1.1 is solved using an implicit time-integration method and it is discretized as follows:
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TKE tendency TKE turbulent Dissipation rate

Production
Destruction

Eddy difusivity Mass-flux transport

TKE transport

where n denotes the time index and k denotes the vertical level index. As the WRF grid is staggered, the full levels
(cell faces) are represented by the integer k index, while the half levels are represented by k4 1/2 index levels (for
further details see appendix A). In equation 1.3, Q is a half level variable, while K, and M are full level variables.
Furthermore, the first and second terms of the right side are the eddy diffusion and mass-flux Q transport terms,
P is the sum of shear and buoyancy terms, and the last term FQ is the dissipation rate. The time-integration of

equation 1.3 is solved by the following relationship:

aQZfll/z + bQZill/z + CQZE/Z =d (1.4)

n+1

where a, b, and ¢ are the matrix elements to solve the implicit system for ;™ s



13 To output all TKE budget equation terms in wrfout_d<domain>_AAAA-MM-DD_HH:mm files, it is necessary
4 to use the bl_mynn_tkebudget(maxdom) variable in &physics block of namelist.input file:

0, not outputted (default)
bl_mynn_tkebudget(maxdom) =

1, outputted

15 The output variables associated to TKE budget equation are:

Table 1.1 — Summary of TKE budget equation variables outputted in wrfout_d<domain>_AAAA-MM-
DD_HH:mm files.

TKE Budget term Variable name Description
Mechanical production QSHEAR TKE Production - shear
Buoyancy production/destruction QBUOY TKE Production - buoyancy
TKE vertical transport QWT TKE vertical transport
TKE dissipation rate QDISS TKE dissipation
TKE tendency DTKE TKE tendency
16 In this WREF version, all outputted TKE budget variables are obtained as a “mass” grid point variable (see

J

appendix A for more details).

18 1.1 Production terms

The TKE production' terms are given by:

P :—<u’w’>§Z—<v'w’>gZ (1.5)

P, :950 (W6, (1.6)

since g = 9,81 m s~ 2 is the gravity acceleration and 6y = 300 K is the reference potential temperature.

©

The turbulent fluxes are evaluated from local-gradient and counter-gradient terms (Nakanishi and Niino 2009;
Olson et al. 2019):

99
0" = —K, —_— = 1.7
(w'o') h,m<8z y) (1.7)
For the momentum fluxes, ¥ = 0 and K,,, = £¢S,, were considered, while for scalar fluxes K;, = ¢¢S) was employed.

Also, <w’ 9é> is divided in two terms, local (L) and a non-local (NL) (Olson et al. 2019):

<w'9v'> = <w’9‘ﬁ>L + <w'9{,>NL (1.8)

20

'p,is a production or destruction term depending on the static stability.



In equation 1.3, P, | /2 is given by:

l?+1/2 = PS’:H/Z +Pl;li+1/2 (19)
1
P =5 (PitrL) (1.10)
1
P =5 ( by +P£’H1) (1.11)
21
22 For k > O:
Psk = EkaSmkgmk (1.12)
2 2
_ (”k+1/2 — ”kfl/Z) - (Vk+1/2 - kal/Z) (L13)
my AZ%_]/Z .
o = =i (Sngm, = Yo) + Poni, (1.14)
<6Vk+l/2 B evk 1/2)
- 8
- o 1.15
S Azi_1)2 6o (1.15)
(1.16)

23 where Py, is the non-local TKE buoyancy production/destruction. Since ¢ is a half-level variable, g is obtained
2+ by a linear interpolation of g;_;/, and g /2. Furthermore, the vertical grid spacing between full and half levels

25 are given by:

AZk = Zp+1 — %% (1.17a)
1
Azpy1p = §<Azk +Aziy 1) (1.17b)
26 where z; = 0 since kK = 0.
27 Similarity relationships are used as lower boundary condition to obtain these terms for k = 0:
ui
Rﬁ‘k == 2 Kzl/z ‘Pm _PS]H,] (118)
P
P, =2 - —Fh 1.19
by < KZ1/2> ¢ bit1 ( )

28

b4
29 where u, is the friction velocity, { = 17/2 is the stability parameter, L is the Monin-Obukhov length, ¢,, is a stability

(]
o

. 1 .
function, z; 2= (2> Az1, and K = 0.4 is the von Karman constant.

31 The MYNN has used a Kansas-type similarity gradient function to prescribe the TKE production at the first
> vertical half level, given by (Arya 2001):

W



_ —1/4
Pk = (1= aned) 5, ife <0 (1.20)

where a, = 16, b, =5, and { has it value updated inside MYNN with the surface heat flux obtained from LSM
(land-surface model), as follows:

8

Ko (6,
=— 1.21
$=-ap max(u3,1 x 1079) (121)
33
34 A new stability function was implemented in WRF 4.2.2 as a testing option and it is described in section 2. This

35 new option is based on Jiménez et al. (2012) stability functions for profile relationships. This new set of equations
s working in the same { domain that ones used on MMS5 revised and MYNN surface layer (SFCLAY) modules,
37 which are compatible with MYNN PBL scheme.

ss 1.2 Vertical transport term

The vertical transport term is divided in an eddy diffusivity (ED, local) and a mass-flux (MF, non-local) terms:

Tf’ZH/2 EDZH/z + ’YMFMFker/Z (1.22a)
1 ngH n+1 n+1 ng n+1 n+1
EDi = 2z { A1) (Qk+3/2 -0 /2) T A (Qk+1 n= 5 /2> (1.22b)

! Mics ! M — M 1 My 1
MFkﬁl/z:Asz ) Qispt +7 Q=5 ) Qi +MiQ — MO, | (1.220)

ss  where yyr =0or 1 is a activation parameter that controls the MF term. It is changed in the namelist file trough

40 the variable bl_mynn_edmf_tke(maxdom), as follows:

0, 7Yumr = 0: MF term is turned off (default)
bl_mynn_edmf_tke(maxdom) =

—

,  Yur = 1: MF term is activated

421 1.3 TKE dissipation rate

The TKE dissipation rate is given by:

&1 = 5P Qi (1.23)



qn
where F', | )= [712:71/2, by =24 (Nakanishi and Niino 2009). The mixing length is a full-level variable. At half

k+1/2
levels, it is given by:

n 1 n n
b =5 (G+ ) (1.24)

42

43 Furthermore, for k = 0: ¢} =0.

2 NEW STABILITY FUNCTIONS FOR MYNN

44 The new gradient relationship is given by
d
Pag=1-C (;I/gg7 if <0
0o = b bae\ bt —1 (2.1)
+ oc 1 + oc
(Pac:l"i‘a(xcg C ( C ) ) lfCZO

—1
C+(1+ wa>bm>
45 where o0 = m, h identify the function for momentum (m) and heat (h), @q, is the gradient similarity obtained from
46 Grachev et al. (2000) expression for Yq,. The constants aq. and b, are presented in table 2.1 (Cheng and Brutsaert
a7 2005):

Table 2.1 — Constants used in the new gradient relationship for neutral/stable regimes.

o Agc bac
m 6.1 2.5
h 53 1.1

For both stability conditions, the similarity relationship profiles used by Jiménez et al. (2012) are related to

gradient functions as follows:

¢
Va($) 2/1(2“@61@ (2.2)
0

48
The relationship between gradient and profile stability functions is used to obtain the first one for unstable

regime (§ < 0). In this case, the profile relationship is given by (Grachev et al. 2000; Jiménez et al. 2012):

ak + 87V
Ve () = "/KH{’;;’“” 23)

49 where Yy is the Kansas-type profile relationship (Arya 2001),



1 1+x°
2In X +1n R —2arctan(x)+£, o=m
2 2 2
Yok = 1 4x (2.4)
21n ( ) , o=h
2
where x = (1 — aaK)1/4, gk = amg = apx = 16, and fog is given by the following expression:
3 2 1 3 3
Ve(8) = Eln <y“+§a+> —V/3arctan [\3[ 2ya+1)| + \/;n (2.5)
so  where yq = (1 — raC)l/3, with r,,, = 10 and r;, = 34.
51 From equation 2.3:
O (ar) + Wy (14 8) — (Ve + 0W) 5 (1407)
Ao, d¢ og %87 dL
¢ (1+¢2)°
1~ fax ;2 3Voy
+2 +
dye T TVt (2.6)
dg (1+82)

52 where ¢k the Kansas-type gradient similarity relationship (equation 1.20).

3
— (2ya +1) in g, it is possible to obtain the

1
Substituting the functions fy = 3 (y(zx +ya+ 1) and g4 = 3

following relationships:

Wl = %m (fo) — v/3arctan (ga) + */3” (2.7a)
o anae e o e
‘ifg - ;iyg (2a+1) (2.7¢)
cilgg _ 2\3@ cgyca (2.7d)
TR (R IN @.7e)

53 In this way, the gradient similarity relationship for { < 0 is obtained by substituting equations 2.5, 2.6, and 2.7 in
54 equation 2.1.

55 Figure 2.1 exhibits a comparison between the Kansas-type and the new gradient similarity relationships. An
ss advantage of the new functions is the { domain for which ¢4 (&) is properly defined. In general, The Kansas-type
57 functions were obtained from experimental data interpolated in —2 > { > 1. Thus, the new functions can be used

ss in larger stability domain values.
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The stability function option bl_mynn_stfunc is hard-coded in WRF. It must be changed near the top of the

module_bl_mynn.F before compiling, as follows:

bl_mynn_stfunc =

The default option is bl_mynn_stfunc = 1.

A  WRF STAGGERED GRID

0, Kansas-type (default)

1,

new option (for testing)

The WREF grid is an Arakawa C grid where the center-cell grid points are called “mass points”. The face grid

points staggered at one-half grid length from the mass points are called U, V, and W points. These faces are normal

to these wind speed components (Skamarock et al. 2019). Figure A.1 shows a 3D view of a WRF grid cell where

1
the mass and wind points are identified. The center and face points are staggered for EAxi’ where Ax; is the mesh

1
resolution in i direction, the index o + 1/2 and @ — 1/2 denotes points that are at j:EAxi from «.
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67 In a vertical column of WREF grid, the TKE budget equation terms obtained on grid cell vertical faces (W points)

es are converted to centred point values by an average procedure. For any variable Ay and Ay, the center grid point

so value Agyy ), is given as follows:

_ A +Ait1

Ay == (A.1)
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