8. Planatary boundary layer*

8.1 Introduction

The layer adjacent to the earth’s surface is called the planefary boundary layer (PBL),
where turbulent motions are dominant in redistributing sensible heat, moisture and
momentum in the vertical direction. The atmosphere above the PBL is called the free
atmosphere. We idealize in modeling the PBL that turbulent fluxes are completely absent in
the free atmosphere except in the cumulus ensembles. This simplification introduces the
- exsistence of gaps in physical variables at the top of the PBL.

Variety of informations of the earth’s surface is conveyed to the free atmosphere through
the PBL. Therefore the depth and the structure of the PBL, and thus the turbulent fluxes of
energy and momentum in it are greatly controlled by the surface conditions as well as by
synoptic conditions in the free atmosphere.

The PBL model of the MRI-GCM-I is based on the model by Randall and Arakawa
described in AM and by Randall (1976) with minor changes in several respects. The model
predicts the depth and the mean structure of the PBL by taking account of the interactions
with large-scale circulations as well as with the surface conditions. It also interacts with a
sophisticated parameterization of cumulus convection described in Chapter 7, which is based
on the theory of Arakawa and Schubert (1974). The possible existence of stratus or
stratocumulus clouds within the PBL is also taken account of in the diagnostic determination
of the turbulent fluxes.

Governing equations for the large-scale circulation are described in 8.2. The diagnostic
determination of turbulent fluxes and the entrainment rate at the top of the PBL is given in
8.3. The treatment of the stratus layer is given in 8.4 and the vertical interpolation scheme
and numerical procedures are given in 8.5 and 8.6, respectively. Some examples of the model

performance are shown in the Appendix 8.1.

8.2 Governing equations for the large-scale circulation
The conservation of mass in the o-coordinate system is given by (0.14). Let oz and don

(=1—o03) be the top and the depth of the PBL in &-space respectively. Vertical integration of

% This chapter is prepared by T. Tokioka.
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Fig. 8.1 Schematical figure of the PBL model in the GCM. The PBL interacts with the free
atmosphere, with the ensemble of cumulus and with the lower surface of the

atmosphere. White arrows show mass flows related to the mass budget of the
PBL.

(0.14) from o =03 to 1 results in the following equation:

%(msamHv + (200 V)—g(E—Mjy)=0 ®.1)
where
E-My=—23% 4 v, « Vo,— o) (8.2)
B g at B B B . '
and
1
vm—m O_Bvdo‘

The right hand side of (8.2) indicates the net downward mass flux across the PBL top, and
the term is decomposed into two parts, 7. e. E and My, for the later convenience. E is the rate
at which mass is entrained into the PBL from the free atmosphere, and My is the rate at
which mass is lost from the PBL into the cumulus cloud ensembles (see Fig. 8.1). If we
integrate (0.14) from the level just above the PBL 6=6y, to 6= 03, then we get

ZAV+V o5 —0)=0 (8.3)
where Ay indicates a gap in the quantity v -at the PBL top.

The diabatic term zQ in the thermodynamic equation (0.26) is expressed as
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Q=g 2 (Fs+R)+n(LC+Qs) 8.

where Fs is the upward turbulent flux of sensible heat; R, the net upward flux of radiation;
and C is the net condensation rate due to processes other than cumulus convection. The
heating due to a possible ensemble of cumulus clouds is expressed as Qs. If we integrate (0.

28) from o=o0%; to o=o0s, we get

O+

(Fs)B—AR+lg’ " LC do+Ec,AT=0 (8.5)
where use has been made of (8.2) and (8.3), and the following assumption
O O a
7 [" Qudo=—g [ M22do=gMyc,AT

Mj; is the cumulus ensemble mass flux at o=o03, and s indicates dry static energy, ¢, T+ ¢.
The second and the third terms of (8.5) are zero except when the upper portion of the PBL
is filled with stratus (cloud-topped PBL).

In a non-precipitable moist process, both moist static energy h (=s+Lq) and total water
substance qw (=q+ /), where [ is the mixing ratio of liquid water, are conserved. By analogy
with (8.5), we have

(Fu)s —AR+EAh=0 (8.6)

and k

(Faw)s +EAqw=0 (8.7
where (F,)s and (Fq.)s are the vertical turbulent fluxes of h and gy at the PBL top. From (8.
5), (8.6) and (8.7), we get

—g f :LCda:L[(Fz)B—Elg] 8.8)

where (F,)s is the vertical turbulent flux of / at o= os.

In a similar way, we obtain
z f ::LCdo*=LFm+ 8.9)

where oc; indicate the positions immediately above and below the stratus cloud base.
From the momentum equations, we obtain
(Fu)s +EAv=0 (8.10)
where (F,)s indicates vertical flux vector of horizontal momentum at ¢ =cs.

Here we introduce a new coordinate ¢’ =o¢—os. The PBL top is just ¢'=0 in this
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coordinate. With use of the relation

oy _ 90, D | |
(2)=(Z)—322 (8.11)

where & is either time or horizontal coordinate, we can rewrite thermodynamic equation (0.
26), conservation equation of total water substance (0.28) and momentum equation (0.23).

From those equations, we can derive following jump equations:

szagtT _Cp[Ml+g(E MB)A( Y]+ A[(apuv.va)a]

+g[A ‘a—o-")— ]+7ZA(LC+Q5) (8.12)
2220 Ay, )~ gE—Mo)A (F2) — [ (ZL) +g (8qu) )] 613)
—a%_ —V[2v-Vov] —gE—Msp)A ('g—;_,) —zAaVps

— [ fkxAv+

(8.14)

where r is the downward flux of water substance due to precipitation.

In deriving (8.12), use has been made of

apB

@p +VB-VpB+g(E M ) &JBt_AV'VpB

It is pointed out that the balance between the term zA« V ps and zfkxAv in (8.14) may be
understood as an extention of Margules’ relation to the wind and density discontinuities at

the PBL top.

8.3 Diagnostic determination of the entrainment rate at the top of the PBL and of

turbulent fluxes

Turbulent kinetic energy equation in the planetary boundary layer may be written as

dg® , @ _,,p ov
A () =gyt e (8.15)

where @ is turbulent kinetic energy density, w is vertical velocity, 7 is stress (=pVW), p is
density, ¢ is the dissipation rate of turbulent kinetic energy, and s, is the virtual dry static
energy (=s+ €L (0.6lq—{), € =¢,T/L). Dash is an indicator of turbulent quantity and a
superior bar is an average operation. In deriving (8.15), turbulence is assumed to be

homogeneous in the horizontal direction.
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We integrate (8.15) from the surface (z=0) to the top of the PBL (z=2z). Then the left
hand side of (8.15) may be approximated as

Dan?
PZe St +pEqn® v (8.16)

where

D_»o
ﬁ—*a—t-l- Vm*V
The subscript “m” indicates that the value is a representative value in the PBL.

The first term on the r.h.s. of (8.15) is the generation of turbulent kinetic energy by the
vertical wind shear, which is considered to be large both near the surface and the PBL top
where the vertical wind shear is usually large. Therefore we introduce the following

approximation,
f:po}—j-%dz=a1pu*3+azp | Av |3 8.17)

where ux is the friction velocity. a, and a, are constants yet undetermined.
The second term on the r.h.s. of (8.15) is the generation of the turbulent kinetic energy
due to buoyancy flux. The buoyancy flux, based on its definition, is related to the turbulent

flux of h and qy as follows: ,
{(1+0.61c'1)w’h’—(1—0.61%-|—0.61(1)Lw’qw’ : outside clouds

0.61g—7
(a+7735

w'sy = — ——
v Ywh' —elw'qy : inside clouds

where
h=s+Lq
Qw=q+!
sy=s+ € L(0.61q—) (8.18)
a=(1+1.61ye)/(1+y)

L /aq*
r=c (5T
e=c, To/L

q* : saturation mixing ratio of water vapour

Here, we introduce the following aSsumption:
Turbulent fluxes within the PBL tend to mix moist static energy h and the mixing
ratio of total water substance qu, i.e. the turbulent flux profile of both h and qy is

linear with height in the PBL.
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Then we have a similar result to the one obtained by Deardorff (1976),

f pEws dz= (% ® (A—pEB) (8.19)

where
A=p(Fy)s AR — s L(Fa)s
B :ﬂzAh_mLA(lw

1 1, 06lg—I ]

=51 +0.610) + e+ 1fy L_1_061g)1— &)
1 1, 061q—T ]

e =L+ 0.610) + glar+22 fy L1 0619)1—&?

,‘3:%(11;0.61@—0.61@)%(@— 1—0.61+0.618)(1— &)

" :%(1+0.61c‘1—0.61&)—|-%(é—1~0.61q+0.613)(1— £2)

§=12c/2s

z. . height of the strafus cloud base
(F.)s and (Fqw)s mean F,, and Fq, at the surface. From (8.16), (8.17), (8.18) and (8.19), we obtain
the following budget equation of turbulent kinetic energy in the PBL,

pEqun?=apusl+a,p | Av | 3+%(A—pBE)~p (6—{—qu )ZB (8.20)

Fig. 8.2 schematically summarizes the above relation. The last term in (8.20) may be

proportional to the energy generation terms. Thus we assume

P (cH—D )zg—aspu* +a.p | Av | 3+a5gz‘3Max(A, 0)+pdozs (8.21)

with adding possible background dissipation rate J, as suggested by Kim (1976). The term A
may be negative, especially at night. As negative A means the destruction of turbulent kinetic
energy, we set the term zero in that case. We introduce the representative turbulent kinetic
energy 4m? within the PBL in deriving (8.20). We assume, following Randall (1976), that qn?
is a linear combination of u «?, the representative value of the purely dynamical boundary

layer, and w2, the representative value of the thermodynamical boundary layer defined by
3 _ g Zn 7 7
wi=max (0, §vf0 w’s,’dz), (8.22)

ie.,
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Fig. 8.2 Schematical figure of turbulent kinetic energy budget of the PBL. See text for

details.

Table 8.1 Entrainment velocity experimentary determined under different situations.

Case

Entrainment Velocity

Investigator

Very Unstable PBL

With Strong Inversion

E=0.2F,(0)/pAsy

Betts (1973) and others

Very Unstable PBL
With Weak Inversion

Deardorff (1974)

Stable PBL o7

E=25u+*/285As, Kato and Phillips (1969)
With Strong Inversion Sy
Stable PBL

E=0.28ux Lundgren and Wang (1973)
With Weak Inversion
Stable PBL

With Strong Wind Gap

and Strong Inversion

E=0.001| AV | 3/%Z£Asv

Stull (1976)
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Om®=bW2+byus?. (8.23)
where b, and b, are yet undetermined constants. In the daytime, wi? is usually larger than
us? i.e.qn’=b,w4*.While in the night time,qn*=b,u«? because usually w«?=0. If we substitute
the assumptions (8.21) and (8.23) into (8.20), the resultant equation has five constants yet
undetermined, a, —as;, a,—a,, as, b, and b,. These constants can be determined based on
observations and laboratory and numerical experiments. Table 8.1 summarizes studies,
adopted for determining those constants. The resulting equation is expressed as

2BZBA 2w, ?+2.5u.°+0.001 | AV | °—28,2s

g=P% (8.24)

2%B+1.85w*2+8.92u*2
Currently the terms proportional to | Av | ® and the background dissipation are dropped,

because both terms still include some numerical uncertainties.

Turbulent fluxes at the surface are given by the bulk method based on similarity theory
of turbulence in the surface layer. Many workers (Businger et al., 1971 ; Yamada, 1976, efc.)
have now shown that the bulk method is extended to include outer boundary layer. In the
latter bulk method, the surface fluxes may be written,

(F)s=5 | ¥m | CuColsg—sm) .

(Fo)s=8p | v | CuCola*(Te) —qwm) (8.25)

| 7| =pCo® | Vm | 2=pus?
sg is the dry static energy of the earth’s surface, 8 is én efficiency factor of evaporation and
is a function of ground wetness (see Chapter 10), Cy and C; are transfer coefficients of heat
and momentum. s, and Qun are the representativé values of s and q, within the PBL, and not
the values at the surface. As for Cy and C,, Deardorff’s value (1972) shown in Fig. 8.3 is
adopted. They depend both on the bulk Richardson’s number Rig and the depth of the PBL

normalized by the surface roughness length z, (see (10.1)). Rip is given by

. 828(Sve—Svm)e
RIB'_ Cst ‘ Vi | 2 (826)

(svg—Svm)e indicates effective difference of virtual static energy to estimate buoyancy flux

Fs+ e L (0.61Fq—F,) : outside clouds
Fs, = _ (8.27)
(1+y)aFs—eL Fq, : within clouds
and is given by
(s¢—sm)+0.61e8 L(q*s—Qwm) : outside clouds
(Svg—Svm)e = . (8.28)
(I+7) (s¢—sm)—e€f L(q*s—qwm)  : inside clouds

When the depth of the PBL increases, there may be more than one GCM layers in the
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Fig. 8.3 Transfer coefficients C, and Cy currently adopted. (Deardorff, 1972) Abscissa is
the bulk Richardson number given by (8.26). Parameters are the depth of the PBL
normalized with roughness length z,.

PBL. In order to assure the fluxes of h, q, and v to be in the down-gradient direction,

additional fluxes are added besides the linear vertical profile terms, i. e.,

Fuo =(Fn)s+((Fn)s— (Fu)s) 66_563 L glo—a)l-0)oh

oo’ op
— —05)(1—0)3qw
Faw=(Fau)a-+ (Fan)e— Fanls) S5 2+ KT =) =100 (829)
_ oc— 08 (6—0s) 1—0) OV
Fy=F)s+(Fy)s—(Fv)a) =51 Knm So? ap

K=Km=18 kg?m3s~? is currently adopted.
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8.4 Stratus layer

We describe here a diagnostic determination of the stratus layer and its stability.
Vertical profiles of the mixing ratio of total water substance qy is determined in a similar
manner as is described in 8.5. At first, saturation condition is checked at o=os. If qu(os)>
q*(os, Th), then stratus is assumed within the PBL. The mixing ratio of liquid water at o=
ag, I, is then determined. Secondly, the cloud base is determined based on the known
distribution of T(¢) and qw(0).

When the PBL is capped with stratus, thé stability of the stratus layer against the
entrainment should be checked, because very dry air parcel entrained from above into the
stratus may suffer negative buoyancy due to cooling and moistening through evaporation
from the stratus.

When the PBL is cloud-free, the buoyancy gap at the top of the PBL, As,, and the
buoyancy flux there are »

As,=Ah—(1—-0.61¢)LAqgy : (8.30)
(Fsy)s=—EAs, ’ (8.31)
If As, is negative, (Fsy)s is positive and the rapid' growth of the PBL depth may result. If
As, <0 happens in the model, the PBL is renewed, currently, to the shallowest possible
condition with no gaps in physical variables at its top. bmb is assigned as the shallowest
possible depth of the PBL.

For a cloud-topped PBL, the stability condition becomes complicated because the
evaporation of cloud must be considered in the stability analysis. As, and (Fs,)s in a cloud-
topped case are

As,=Ah—(1—16le)LAg—eLAqy - ~ (8.32)
(Fsy)s=a(Fu)s —eL(Fqu)s = —E(aeAh—eLAgw)+aAR (8.33)
where use has been made of (8.6) and (8.7). (8.33) is transformed into
(Fsv)s=—E(Asy —(Asy)erit) + @ AR
} (8.33)*

. 1-1.61
(B o= T3 L (07— )

where use has been made of the relation
N 1
Lag=LAq"~L(as —as) =7 [yAh—L(g§ —qs)]

(8.33)* shows that (Asy)eric is positive and is a measure of the relative humidity of the air
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above the stratus layer. When As, <(As, ), entrainment tends to make (Fs,)s positive. This
helps to supply turbulent energy to the entrained air, causing.large entrainment, rapid
vertical mixing and evaporation of the layer cloud. This type of stability was pointed out first
by Arakawa (1975) as the cause of transition from the stratus regime into the cumulus regime,
and the criterion explained above was derived by Randall (19805 and Deardorff (1980).
Currently, when As, <(Asy)u: occurs in the model, the PBL is renewed to the shallowest
possible condition with no gaps in physical variables at its top.

AR is a gap in the net upward radiative flux at the PBL top. When cloud is free, AR=
0. While stratus clouds occupy the upper portion of the PBL,

AR =55+Min (1., Dstratus/12.5) (W/m?)

is assumed. SPgraws 18 the depth of the stratus layer in mb.

8.5 Vertical structure of the PBL model and the interpolation scheme

Fig. 8.4 illustrates the vertical

structure of the discrete model. Let KB be ka1
Pe——————- Soe, E layer
the vertical index of the GCM layer which Ks ~TTTTh o
. .Bo» P layer
~ contains the PBL top at each grid point, at Pe Joat+]’

each time step. The layer KB is divided y,4p——____ ‘z/ , PBL
into two sublayers; layer P lies between

oc=03 and o=ockss:, while layer E lies

) Fig. 8.4 Vertical indices related to the PBL.
between ¢=o0xs_; and o=cs-. The depths &

of these layers are do, and dog, respectively.

Let ¢ be u, v, T or q,. We define a(k: odd), ¥» and vy as;

Ok+1 1 OkB+1 1 Oh+
=g [ wdo, o= [T o, =g [ wdo 839
Then it follows that
66KB'¢]{B: 66'510‘E+(5\0‘p¢‘p (835)
and
K
= 3.36
0Gn ¥m 66p10p+k:%3+266k1/4( ) (8.36)

¥e, ¥» and Yxe may be significantly different from each other as A+ is not equal to zero in
general. There may be three candidates for a prognostic variable of the PBL, i.e., ¥, (or ¥x),

¥ and Ay However, y, is not suitable as a direct prognostic variable because the PBL top
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may move from one GCM layer to the other from one time to the next. The prediction of yYm
might cause numerical troubles in determining ¢, when do,—0 (see (8.36)). Thus we have
chosen Ay as a prognostic variable.
In the following, we derive a méthod of determining ¥, and ¢ from Ay and yx. First
we let ¥ be
Yo =IaA ¢ + 2Lt (8.37)
(8.37) is transformed, with use of (8.35), into

Yo —yYs=Levp+Leve+ 2 Lith
: k+KB
where

L= _Il[lm(i— £)—1]

A

(8.38)
LE = —lIKBg
Ia
L= ——15 (k#KB)
I ,
g: 66}3/60‘}(3

In order to determine L, we have to specify extrapolation form for - and ¥s. We introduce
here a new variable

V=1yph (8.39)
so that the variation of ¥ with respect to pressure is much less than that of . ¥g- may be
extrapolated as

Vg =W + (Ve —¥ke_2)00% / (S0t + Ooks-2) (8.40)
and g+ is given by

Yo = {14 002/ (80: + 00xa-2)} (2%) B+ Y — 005/ (60 + Otic-a)- (52) foros (B41)

Bz is determined by
Br-=| B+ Bs | %. sign(Be") (8.42)

where

Be+ = 10(Yxs-2/Yxs)/1n(Ds_2/Dxs) (8.43)

and B is a standard value currently specified as
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0.16 for v=T
Bs= 3 3.20 for Y =qw (8.44)
0.0 for Y=uorv
sign (Bs+) is an operation to take the same sign as Jg-.
V¥ may be extrapolated as
Ve {(‘Ifxs+z—‘Pp)c?ap/(66KB+2+aop) KB<K 6.45)
0 KB=K
thus
- { [1+ 03/ (86icss+803)] (D) A4hp — 00/ (Gkcass +900) (2%) s KB<K

T (Re)ay, KB=K
()" (8.46)

When KB<K, 8; in (8.46) is determined by (8.42) but with s+ replaced by
B =1n(Yxa/ Yxe+2)/1n(Dxs/Dker2) (8.47)
When KB=K, and the PBL is thermally stable ((F,)s<0), we assume gz=/S. When KB=K
and (Fun)s>0, ,
R/co for ¢ =T, unsaturated

Bs={ R/co/(1+y) for =T, saturated (8.48)
0 for %:q, u v

The comparison of (8.38) with (8.41) and (8.46) gives us:

L ={1+60;/(d0% + 00ka-2)} (%) BB
LKB—Z =1- LE
0 KB=K (8.49)
Lp = — (%) Be —
P DPs
(g) 80p/(80kp+2 + 00y) KB<K
Lkpse=—1-L;

As I, Ikg and I, (k#KB) are
la=—&/(Le(l—8)—L,4)
Ixg=Le/(Le(1—&)—Ls&) ' (8.50)
L=&L«/(Le1—&)—Ly8)
¥ is determined with the help of (8.37) and (8.49). ¥ is now obtained from (8.41), or
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Ye=erA Y+ e

where .
ea=(1-8)/(Le(1—§)—L:8)

s =—Lp/(Le(1—&)—L,8)
a=—L(1-8)/(Le(l—§)—L,4)

8.6 Numerical procedures

(8.51)

Numerical procedures of the PBL processes are summarized in this section. The depth
of the PBL is predicted with (8.1), where E is given by (8.24) and Mj is given by the cumulus
model described in Chapter 7. The discretized form of the horizontal mass flux convergence
within the PBL is identical to the one described in Chapter 6 (see Eq.(6.29)) with q replaced
by dom and with the interpolation (6.30) and (6.31) for am,;,j replaced by

(85ia16s =3[ (BN + (B0} ] (852)

Gaps at the PBL top of temperature, total water substance and momentum are predicted
by (8.12), (8.13) and (8.14), respectively. Currently underlined terms in those equations are
neglected for simplicity. The time change of the momentum gap is calculated at the z-point
where thermodynamic variables are defined (see Fig. 4.1). As u and v are defined on the
staggered grids, the time change of the momentum gap at the u and v points are

interpolated simply as

(aAU) i+%.i— 2[(8Au)n aAu l+1,j:|

(29AV)”+/2 2[(8Av)“ 8Av)“+1]

In evaluating a gap in the vertical gradient of v, 7. e., A (g—'ﬁ ), the extrapolation scheme

introduced in 8.5 is followed, 7. e.,
ov 1
Wy =z[a (S5 +3069)] (8.53)

where 0¥ /9p is given by (8.40) and (8.45).
The vertical gradient of the vertical flux of ¢ at the PBL top, i.e. (9F v/90)s is
evaluated by (8.29) where 2y-/9p is estimated in the way stated in section 8.5 and the fluxes
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both at the surface and the PBL top are determined as described in the last part of this

section.

In determining the entrainment rate E,
turbulent flux profiles are required. While,
the profiles of the turbulent fluxes depend
on E. Therefore both E and turbulent flux
profiles are determined by iteration. The
process is schematically shown in Fig. 8.5.
After determining transfer coefficients C,
and C, in terms of Riz and the normalized
depth of the PBL, the turbulent fluxes at
the surface are given by (8.25). By giving
the first guess of turbulent fluxes at the
PBL top, the entrainment velocity is
determined by (8.24). After this, turbulent
fluxes at the PBL top are evaluated with
the use of (8.6), (8.7) and (8.10). w* defined
by (8.22) is calculated with the new profiles
of turbulent fluxes given by (8.29).
Convergence of the iteration is checked
with the value of w*. Currently the number
of iteration is allowed up to 10.

In the following, numerical procedure

of determining turbulent fluxes are given

l

i CHECK STRATUS l

IJ)ETERMlNE Co, C'Ll

GUESS TURBULENT
FLUXES (F)

ITER=ITER + |

ENTRAINMENT
VELOCITY (E)

y

LR ECALCULATE F l

CONVERGENCE NO

OF Ww¥*

-

RENEW F BY BACKWARD
IMPLICIT DIFFERENCING

PREDICT GAPS

Fig. 85 Flow diagram of predicting gaps at

the PBL top.

based on backward implicit differencing (Randall, 1976). The need for this is to avoid linear

computational instability in the course of rapid growth of gaps. Thermal energy fluxes are

given by (8.6), (8.7) and (8.25). The first relation of (8.25) may be rewritten in terms of

turbulent energy flux of moist static energy as follows;

(Fu)s= Ms (Fo)s+ Ms L(Faw)s

= s V(8¢ —Sm) + s LBV (Qs — Qum) (8.54)

where

—111—



Tech. Rep. Meteorol. Res. Inst. No. 13 1984

(1+ s : saturated (fog)
/_l =
? 1 : otherwise
0 : saturated (fog)
He= :
° : otherwise

and V=5 |vy |Co Cu. 7 is yzc% (%l,f) » at the surface. Let 7 be the time step with the time

interval Aty (see Fig. 5.1). Then (8.54), (8.25), (8.6) and (8.7) may be expressed as follows:
Fo)i'=Fn) & +Vims[co(T;' =T ;)= (s —s2)]

+usBL(qg "~z ) — (@ — Qi) ]} (8.55)
(Faw)i"'=(Faw) { +8V[(ay " —a; ") (a5 — a5m)] (8.56)
(Fu);*'= —EAh*+1+ AR =(F,) § —E(Ah*+!—Ah7)+(AR**1—AR") (8.57)
(Faw)i"' =(Faqw) § —E(Aqi"' —Aq ) (8.58)

(8.55) ~ (8.58) are closed by introducing

cl_r —_ EAL
si—sh -Tiym—)"m[(Fs)é“—(Fs 5]

_ 8At
*m*;m[i{ (Fu): ™ — ss(Fau)T ' b — s (Fu)5  + s L(F Q)5+ | (8.59)

e(T7H =T [ )=~ (F); "' ~R,~4o(T [ (T;" T )45 +HT] (860

gAtd

bt Abr= = —h )= — s Sl F) - FDET (8.61)
A 1+1_A T __( 7+l __ 7 y— _g_AtL_ 7+1 7+1
Qyw qQw = Qwm q“'m) - n(d\o-m)'ﬂrl ]:(qu)s - (qu)B ] (8.62)

where

1

T : saturated (stratus)

M7=
1 : otherwise
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_ 0 ‘ : saturated (stratus)
o : otherwise

mdon is the depth of the PBL. (8.60) is derived from (10.10) and (10.11). C is the bulk heat
capacity of the ground surface, R, is the net upward flux of terrestrial radiation, S, is the
solar radiation absorbed at the ground surface, and H; is the upward heat conduction within
the ground. With the help of (8.59)~(8.62), (8.55)~(8.58) are solved for (F)7*!, (Fy)5™!,(Fqu):"!
and (qu)g“.» These fluxes are used for the prediction of gaps.

Momentum fluxes are renewed in a similar way. From the third equation of (8.25) and

(8.10), we get

. . Aty o
FOF™=(F0) § =SSV ) — ()5 (8.63)
and
. ., gAL
(FOE=(F) § + g SB[ — (F)5] (8.64)

where V=5 | vm | C3. (F,)7*! and (F,)5*! are obtained from (8.63) and (8.64).

A 8.1 Some examples of the PBL model performance

Some examples of time evolutions of the planetary boundary layer are shown in this
appendix. All the examples are taken from the January simulation with the 5 layer
tropospheric model. Data are sampled at four locations for two days. The locations are:

o, 22°N)---(This point is identified as “Sahara”),

(45°E, 80°S)---(This point is identified as “Mizuho”),

(180°, 6°N)---(This point is identified as “Equatorial Pacific”),

(95°E, 34°N)---(This point is identified as “Himalaya”).

Fig. A8.1.1 (a) and (b) show time evolutions of the PBL at Sahafa. (dp)s indicates the
depth of the PBL in mb, us; the friction velocity in m/s, | v | ; the mean wind speed within
the PBL in m/s, (Fy)s; the turbulent moist static energy flux at the surface in W/m?, T;
surface air temperature in K, T; ground surface temperature in K, S,; the net downward flux

of the solar radiation at the surface in W/m?, Ry; the net upward flux of the terrestrial
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Fig. A81.1 Time change of variables related to the PBL at the grid point (0°, 22°N)
identified as “Sahara”. Data are taken from a January simulation with 5L
-GCM.
(a) (op)s is the depth of the PBL in mb ; (Fy)s, upward turbulent flux of moist
static energy at the surface ; u«, friction velocity ; | v |, mean wind
velocity in the PBL.

(b) S¢ is the solar flux absorbed at the surface ; R, the net upward flux

of terrestrial radiation at the surface ; T, the surface air temperature ;
T, the ground surface temperature.
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Fig. A8.1.2 Same as in Fig. A8.1.1 but for the grid point (45°E, 80°S) identified as
“Mizuho”. White circles in the upper part of the figure show the
incidence of stratus, snow and large-scale clouds at each level. CLD5,
for example, indicates clouds in the lowest (5th) level. Hatched area

(b)

show the stratus layer.
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radiation at the surface in W/m?2. A simple diurnal variation is seen in every field in Fig. A8.
1.1. About 2 hours after sunrise, (F,)s changes its sign from negative to positive. The rapid
deepening of the PBL immediately follows the change. There is a sudden decrease of the PBL
depth at the sunset. This is caused by the change of the sign of A in (8.19). It is interesting
to note that the maximum T occurs immediately before the sunset at this point.

Mizuho point is located in the Antarctica. The elevation is 1840m and the surface is
covered with snow. Fig. A8.1.2 (a) and (b) show the time evolutions. Notations are the same
as those used in Fig. A8.1.1. At the third (middle) and the fifth (lowest) levels exist clouds due
to large scale condensation (see Chapter 9 and 13) most of the time. We can confirm that the
increase in the net upward flux of the terrestrial radiation at the surface closely follows the
disappearance of the lowest cloud. Around t=10hr of the first day, the surface air
temperature starts to decrease probably due to large scale advection. The depth of the PBL
starts to increase with the decrease of Ts, and the stratus is diagnosed within the PBL.
Towards the end of the second day, the PBL depth decreases with the increase of Ts.

Fig. A8.1.3 (a) and (b) show the evolution at Equatorial Pacific. As the sea surface
temperature (T,) is almost constant and as no clouds appear during this period, Re is almost
constant. It is commented that the variations of R and S do not directly influence the PBL
over the ocean, because the sea surface temperature is given as external data in the present
model. Roughly constant (F,)s maintains the quasi-steady PBL. The positive (Fh)s' is
exclusively due to the upward water vapor flux as T, is less than T..

Fig. A8.1.4 (a) and (b) show the PBL evolution at Himalaya. This point is characterized
with the high elevation (4329m). The surface is covered with snow. Therefore the maximum
Se is only as much as 100 W/m?. R, exceeds S, even during the daytime on the first day. The
energy loss of the ground surface through radiation is compensated by negative (F)s.
Although friction velocity is relatively large, probably reflecting the high elevation, it is not
enough to maintain thick PBL. During the last 9 hours of this period, the lowest level is
covered with cloud. Corresponding to this change, Ry decreases and changes its sign. There
is also a net downward flux of solar radiation. Thus a rapid increase of the ground surface
temperature occurs, causing the sign change of (Fy)s.

. Fig. A8.15 and A81.6 show global distributions of the PBL depth and the stratus
incidence averaged over July. Shaded area in Fig. A8.1.5 shows the area where the depth is
over 150 mb. Deep PBL exists over oceans, especially in the southern hemisphere around 30°

S-60°S zone. It is difficult to verify present results against observations. Global features are
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Fig. A8.1.3 Same as in Fig. A8.1.1 but for the grid point (180°, 6°N) identified as
“Equatorial Pacific”.
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Fig. A8.1.4 Same as in Fig. A8.1.1 and Fig. A8.1.2 but for the grid point (95°E, 34°
N) identified as “Himalaya”.
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5-LAYER ELGBAL MODEL.
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Fig. A8.1.5: : Global distribution of monthly mean depth of the PBL for July (unit:
mb). The area where the depth is over 150mb is shaded.
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Fig. A8.1.6 : Global distribution of monthly mean stratus incidence for July in %.
The area over 60% is shaded.
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similar to the simulated results by Suarez, Arakawa and Randall (1983), although the PBL
depth of the present model is almost twice as thick. as that reported by Suarez ef al.(1983).

Frequency of stratus incidence shown in Fig. A8.1.6 is high off the west coast of North
America, South America, South Africa and North Africa. Shades indicate the acea where
stratus occurs with the chance of 60% or more. Stratus incidence is-also high over the Arctic
Ocean as well as over the Antarctic Ocean. These areas correspond to the observed maxima
of stratocumulﬁs clouds, although further qualitative comparison has not been made. High
stratus incidence over southern Africa has no counterpart in the observation. It is mentioned

that this high incidence has a close connection to the wet ground surface condition there.

— 120 —



