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Table 6-1. Sl

statistical moments pf.momentum, demonsirating the closure problem for turbulent flow. The
full set ot equations aven more unknowns,

exampie showing & tally of equations and unknowns for various

Prognostic Moment Equation Number MNumber of

—_ T du.'u’'
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Table 6-2. Corralasion triangles indicating the unknowns for various levels of turbulence
closure, for the momentem equations only. Notice the patter in these trianglas, with tha u, v,
and w statistics at their respective vertices, and the cross comelations in between.
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Local Closure — First Order
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T MR UUG bBoundary Layer 1 an Uastable Suuauoa

The verical distribution of the surface fluxes within the Jowest
tropospheric levels requires an estimation of the height of the planetary
boundary layer.'The stable and unstable planetary boundary lavers are
treated differently, and the definition of the stabulity is based on the bulk
Richardson’'s numbar.

Relevant references .for this section may be found in Deardorff
1i972). Smeda (1977} and the various reports on the planewary boundary
layer published by the European Center for Medium Range Weather
Forecast (ECMWF). In the unstable case. the Monin-Obukhov length, L,
the bulk Richardson number. R/B. and the modified bulk Richardson
number arc negative. The surface heat flux 1s upward, 1e. —w'@ > 0 and
* > 0. Let b denote the herght of the planetary boundary laver. Air 15
unstable below h and is stable above 1t. Across the interface 1z = h), (wo
infinitesimal layers are defined. The upper and lower infinitesimal lavers
potential temperatures are denoted by 6% and 6. respectivelv. Let AG =
8% — 6~ and require that a~3—? = 0. This assures the finiteness of the

interfacial gradient. ic..

3—79: = g—?-_- (8.46)

In the well-mixed layer the goverming equation for the change of
potenuzl temperature is

QU

e—

t

2] (8.47)

g
£

It is assumed that the flux w’' 8’ decreases linearly awav from the
surface. zj, and vanishes at z = h. Thus.

w'ﬂ'(1}=W’8’]11 1h_}h

/ (8.48)

In the stable laver 1z 2 h) the change of 6% anses due to the large scale

convection and the changes in the interfacial height h. If w* 15 the Jarge
scale verucal velocuy. then

o8+t . 08t dh ggh

W — — —

= 8.4
ot az Jt ez (8.49)

dh . . i
where T the rate of change of the height of the interface. Equating

(8.47) and (8,491 and using (5.4h Vieidy

dh W 9"2"

TN e P 8.500
T,

s z

It should be noted that the heat fux at the lower boundarv 1s obtained
trom the surtace tlux calculauons tor the unstable straufication tthis was

. i . a ‘
the simulanity <olution discussed earijer: o 1< the stabiiits above the
) = A

planetary  boundary user und 15w wnown quanuiy  snge 1L can be

o

determined from larce scale data. W+ ¢ the large scale vernical velocin
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at the top of the planetary boundary layer and is again defined over the
large scale gnd. Thus._‘thc onty unknown in the above equaton is h as a
funcuon of time 1, for a given height z. Since the horizontat advection of

b is smaal, g—l: can be replaced by its local variation.

§II-=W‘_+W 0 \Zl (851)
a8+
har

It can be shown that (8.51) has a solution of the form

h=tw*+mlnh+M+Cw* (8.52)

where C is aa integration constant. However. this solution 15
transcendental in h and has a limited value in this form. Since the effect
of the large scale verucal velocity is smalier than that of the verucal heat

flux in unstabie conditions, a stmplified solution for (8.51) may be
obtained as

t+C (8.53)

ar

h=y 2at + hl (8.54)

where o = 1w 8 v, 1 (30521 and ho s an imual heicht of the
planetary boundarv laver. Thus. h increases slowlv as the heat flux
femairs upward, and larger stability of the air above levei h siows s
growth. Separaung the growth of h due 10 large scale verucal velocity

from that due to the eddy heat flux. an approximate solunon may be
written 1n the form.

h=wte 22t + hg (8.55)

In practical application this requires a knowledge of ha(x.y) at each time
step.



5. Height of the Planetary Boundary Layer in 2 Stable
Situation

The formulation of the stable case is a difficult probiem since the
rate of change of the height of the planetary boundary layer is not casily
definable. No theories on the behavior of the so-called nocturnal
boundary layer exist for large scale numerical weather prediction.

the timme rate of change of the height of the piznetary boundary laver
may be expressed by

i

Zu, 2
é = 1~ 10 _fﬁ - Cu.h (8.56)
at ﬁh2T2+7u2 Ue | I.

where [ is the buovancy parameter and L denotes the Monin Obukhov
length. The parameter f is the Coriolis parameter and T represents the

L. o8y .
stabiliey P of a laver immediately above the planetary boundary laver

he O is an emnirical constant whase value i< arpund < © 10=3 That i<
best fit value based on WANGARA ficid expeniment. The principai idea
here 15 that the growth of the planetary boundary iaver depends on the
suess induced by the near surface wind. The last term provides a

somewhat reasonable ransiion from an unstable 1o & stable planetary
boundary laver.

] b



Tete 6-4. Exampres of paramelenizations mmww.x.mwwm.

Neutral Suriace Layer:

K = constant , not the best parameterization

K=u?T, where u. is the friction velocity

KU T, where T, & & timescaie

Kemk2zu. whare k is von Kammaen's constant

Kaik?z2 [03z)2 + (Siraz)?)"2 from mixing-length theory

K = 12 30r3z)2 Where /e k(z+zol{14[k(z+2oWAl), A=lengah scale

Disbatic Surtace Layer (generatly, Kstatically unstable > Kngutrai > K“ﬂmm’ stable)

Kekzu./dy(z) whonouldtmmdomushur(saeappendix A},
uuLisunOtlkaWh(mndixA)

K= k222 ((URz) + {(g 18 1198 _r2))* ) tor statically unstable conditions

K= k22 (@30/z) - (Lsz)18((15g /0—V1-|ae_v/azn"21 for statically stable conditions, whers
Lo -0u(15kga.)

Meutral or Stabie Boumdsry Layer
K = constant $ee Ekman Spiral denvation in next subsection
K= K(h) + j(h-z)ih-zg )R (Kizgy) - K + (z-zs._xanszL + 2K(2gy )-K(MMN-2g )]}
this is known as the O'Brien cubic polynomial
approximation (O'Brien, 1970}, see Fig 6-2, whare
Zg), represents the surtace tayer depth.

Unstabie {Convective) Boundary Lsyer:

K= 13 [(Re - Ri) 12 1 Ri | 19Uaz| 10090 B2>0  where /«ke for z < 200 m and

Ke  (1-18R)"? 12 giay tos 90 13z < 0 /=70m forz>200m

Numericai Moge: Approximation tor Anelastic 3-O Flow:

K=(0.254)2 105 1, 3 (alyax, « d/ax, - 38T (M3 117 whare a=grid size

Ty,

; S o 4
2 Kih) ¥ K

Fig. 6.2 Typical vanabon of
VIBCOBIty, K, with height in
the bounadary layer. Aner
O'Brien (1970).
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