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7. INTRODUCTION

The evaporation of water and the exchange of water
vapour heat and momentum between the étmosphere and the land/ocean
surfaée are among other processes mechanisms of paramount importance
in the planetary boundéry layer (PBL).

Momentum transfer by viscous forces supplies the
turbulent kinectic energy (KE)‘source and creétes vertical wind shear.
Radiative fluxes toward or from surface givés_or removes sensible heat
to or from atmosphere; geﬁeréting ﬁemperature differences between air
and Earth surface. Then, the fluctuation forces act as KE source when
heat fiux is from surface, making unstable the PBL. When the flux is
toward the surface the fluctuation fbrces act as sinks of KE,
inhibiting the turbulence and making stable the PBL. The surface
evaporation also generates fluctuation forces which are KE sources.
These fluxes are very important for the dynamic of the atmosphere in
meso and large scale, because they are the principal sources of
atmospheric motions.

‘As poihted by Smith and Carson (1977) the internal.
structure of PBL in numerical models over land must be determined by
surface fluxes and external parameters.

In despite of their simplicity, unidimensional models
present some essential and commoﬁ aspects with bi and three-dimensional
mdde1s.

In this work, the parameterization of Kuo and Qian
(1981) for radiative heating and cooling is introduced in a simple
mode] for-p1ahetary boundary layer (Franchito and Yamazaki, 1982). This
was made substituting the Brunt's'(1952) and Chang's (1979)
parameterization for Tong and short wave radiation, respectively, in
the model.



2. PLANETARY BOUNDARY LAYER MODEL

The prognostic equations for the planetary boundary
1ayer were only considered in one dimension. Neverthe]ess, the inclusion
of horizontal advective effects could extend the model for two or three
dimensions. The relevant equations of the present formulation are:

au Su :
— = flv-v.) + (=) > (1)
at 9 stm
v v
o fu-uy) + (&, (2)
at g st ™
38 3
- = (—-—-)m . (3)
at 5t
where:
U ... wind speed re1ative to Earth in x direction,
ug ... geostrophic wind speed in x ditection,

t ... time,

f ... Corﬁolis parameter,

v ... wind speed relative to_Earth in y direction,
Vg «+- geostrophic wind speed in y direction,

8 ... potential temperature of air.

The terms with subscript "m", for the levels above the
surface layer, are related with the Richardson's number adjustment
scheme as proposed by Chang (1979); and for the surface layer it
will be adopted the Blackadar's (1976) formulation. Following the
above two authors the prognostic equation for the earth's surface can
be represented by:



aT
9 -

. -1 -
—~ R RN +RT_C(Tm—Tg)+KS(Ga Tg) , (4)

S L

where the effects of insolation absorbed by surface, atmospheric long
wave radiation, surface long wave radiation, heat exchange between the
surface Tayer and the substract, and surface heat flux are included.

In this equation:

T ... ground temperature,

Ig¥... downward short wave flux,

IL+... downward long wave flux,

R upward long wave flux,

C, .-. heat capacity per unit area of slab,

RTC... relaxation time constant,

KS ... thermal diffusivity of soil,
6, ... screen level potential temperature,
Tm ... air surface temperature (usuaily the average of the

ptévious 24 h).



3. RADIATIVE HEATING AND COOLING

3.1 - CHANG's AND BRUNT's PARAMETERIZATION

As suggested by Chang (1979) the short wave radiation
absorbed by surface can be written as:

Ig¢ = S cos 2 (1-A)qseCZ ,- (5)
where:

S ... solar constant,

Z ... zenith angle of the sun,

A ... surface albedo,

q ... atmospheric transmissivity.

The zenith angle of the sun is obtained using:

Z = cos™! (sin ¢y sin & + cos ¥ sin & cos h) , (6)
where
§ = 23.5 sin L em(D-80 } >
365
h=15% (LT - 129) ,
A
LT =t - ——
15°
here:
¢ ... latitude,

§ ... declination of the sun,



h ... hour angle of the sun,
D ... day of year,
X ..- Tongitude,

t ... Greenwich mean Time.

The Tong wave radiation as propoSed by Brunt (1952) is
given by:
IL+ - IL+ = - g0 Tgq {(1-a-b /?;7) s (7)

where a and b are constants. In this formulation the water vapor effect
was neglected (b=0} and a was taken as 0.61.

3.2 - KUO AND QIAN (1981) PARAMETERIZATION

3.2.1 - SOLAR RADIATION

The entire solar energy spectrum is affected differently
by the atmospheric constituents. Then it is convenient to divide the
solar spectrumintobands with respective attenuating physical process
propér to eéch one. One common separation is to take the ultraviolet
(X < 0.3um), visible (0.3 < a < 0.7uym) and jnfrared'(h > 0.7um)
separately as suggested by Kuo and Qian (1981)} The energy content of
thesé three regions are 1.296, 47.834 and 50,870% of the total so]ar
energy flux (S, = 1372 W m~?),respectively.

Because the gquantity of solar energy,which reaches the
ground, in the A < 0.3um region is low, it will be negiected in this
work. To study the attenuation of solar radiation in 0.3 - 0.7 um
region, Kuo and Qian (1981) integrated the scattering transmissivity
function TS(A) given by Kondratyev (1969) and obtained an empirical
formula for albedo a; of clear sky atmosphere, in this spectral range,
using optical path lenght of atmosphere:



a* = 0.0483m - 0.0088m? for 0 < m < 1, (8)
a* = 0.0086 + 0.0328m - 0.0020m® for 1 < m < 16 , (9)
where:
- [ pssec Z 1
1.000 -

The main physical process that attenuates the solar
radiation in this band is the scattering. Then, the solar energy flux
in this band is given by:

s(2) = 0.4783455, cos Z , (10)
or in terms of reflection coefficient:

a*
a, = N (11)
0.478345

OS) s(2), where

at surface. Considering the influence of multiple

The amount of energy that reaches the surface is (l-a

3, is the value of a

scattering by the surface and atmosphere,the solar energy absorbed by
the surface in this region is given by:

s(2) _ o(2) (]-aos) (1-35) , (12)

9 ' -
(T-ags 3)

where 8¢ is the surface albedo.

The combined cloud albedo (RC) and above cloud

atmosphere is given as:

a, = ag+ (1—a0) RC . (13)



To simplify the methodology, the assumptions of no
absorption of solar energy in this region by clouds and the cloud
albedo (RC) of 0.50 are made. Then,'the solar energy absorbed by
surface in cloudy atmosphere is given by:

(2) _ (2 (72 (1-25)

9
(1-a_ a.)

S

. (14)

and

a . =a t+ (1-a0) 0.5

In the region of » » 0.7um the attenuation is mainly
due to absorption and scattering by water vapor. The water vapor
absorption can be calculated using:

A5(3) = B 0-303 , (15)
here

B = 0.186, w =m Sec Z, w 1s the effective water vapor
path Tenght and m is the water vapor content of the atmosphere
in the layer.

If cloud is present, then the absorption of solar
radiation in the layers below the cloud top must be computed
diferently to allow for the influence of reflection by the cloud and
the fact that the solar radiation will become diffuse below the cloud
top. Then, the intensity of the solar radiation in this spectral range
at the cloud top is given by: |

3) . o(3) _,s(3)
0

ta), (16)

st

where AS£3) is the value of as(3) for wp =M, Sec Z, and my is the
water vapor content.of the air column above the cloud. It is assumed
that there is no further absorption of the solar radiation reflected by

the cloud.



- Then, the amount of solar energy reflected by the
cloud to space in this spectral range is a R 5(3). Effective
reflect1V1ty can be defined as:

(3)
+* (3) _ _ /_\.St
R, = ( T AR Sy ma R (1 ) ) (17)
O 0

where a is the fraction of cloud cover.

The effective downward-radiated solar energy in
this spectral range at the top of the atmosphere can be defined by:

s{3) = (1-r%) {3 = (e r) 03w ar_ as{P) (18)

~ The total water vapor path length at height Z below the
cloud top, Zt, is the sum of the direct path lenght above and the
diffuse path length below the cloud top:

w, = My, sec Z + 1.6667 am_ , | (19)

where am., is the water vapor content between Z and Zt‘

The absorpt1on of so]ar energy in this spectral range
from the top of the atmosphere to the level Z is given by:

as(3) = 583 s{3) o303 (20)

0

The solar energy absorbed at any layer can then be
calculated. The part of S(a)whuﬂ1reaches the earth's surface is:

Sgg) = ség) - AS(3)_ = Ség) {] __B wo,aoa} , (21)



whete w,. 18 the effective total water vapor path length at the

es

surface. The patt 3, Seéa), ref]ected'by the surface to space,
constitutes part of the earth's albedo,while the other is absorbed

by the surface and is given by:

/_\.Séa):(]-as) s{3) R 57]33)-w3§303:| . (22)
0

3.2.2 - TERRESTRIAL LONG WAVE RADIATION

Terrestrial infrared radiation acting in the layer Z
to Z + A7 produces a heating rate given by:

[(G(Z+aZ) - G(Z) - F{Z+aZ) + F(Z)]
HR = , (23)
A7

where F and G are the upward and downward- fluxes of long wave
rad{ation, respectively. As made by Kuo (1977}, the long wave radiation
épectrum is divided into four intervals and a representative mean
transmission function T is used fdr the spectral interval AYj to
calculate the infrared heating rate in that interval. The

relationship rj(u-+Au) = rj(u) .rj(Au,u) and mean value theory are

used to evaluate the emissivity of the layer (Z, Z+4AZ). Here, u is

the optical thickness of the layer. |

Then:
Fo(Z+27) = F5(Z) ©5(su,u) + §3 [0 - 7(8u,u)] (24)
Gj(Z) = Gj(z-+a2) rj(Au,u)-+§5 Ij-Tj(Au,u)] , (25)

_ - D-TJ—(AU,U)]
R = {Gj(Z+AZ) + Fi(2) - 2Bj(2)} — , (26)
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where §3 is the mean blackbody emissivity and Tj(au,u) is the slab
transmissivity of the layer.

One can calcuiate HR. from 1ayer to layer consecutively
if it is assumed that Fj(O) =0 Tg and Gj(w)==0. The transmission
function, Tj(Au), depends upon u and should be calculated from:

T,
T.(6u,u) =-lgi:fﬂil , | (27)

J
TJ'(U)_

for the finite spectral interval Avj.

In the interval 0-500cm™! band the mean water vapor
transmissivity rgw) is given by:

{9} = 0.20001 €,(¥,7) - 0.39999 E,(Y,p) + 0.199998 E,(Y,p). (28)

Functions used in the above equation are defined by:

Ei(u) = J u~l e"U du ,
u

56.234 m
Y, = 9_ | Yy = Y .e"l.675

1h y 1h
v mq-FO.OOOl

Yo ™ 1

2h
here m . is the effective absorbing mass of water vapor of the layer.
E,(u) is calculated with a polynomial approximation for 0 susland
a rational approximation for 1 < u = =, These approximations are given
in Kuo (1977).
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The transmissivities 1, 73 and t, are for the
spectral intervals 500-800cm™t, 800-1250cm~! and 1250-2250cm~1,
respectively. Then:

o= (1590) L (2§ . (29)

The water vapor and carbon dioxide transmissivities are defined by:

2§ -{; [E1 (Y1) - Ex(Ysp)] » (30)

——
(@]
—

|

_é.@x4@ﬂn)-n(mam}mxmagﬂzw-zﬂzm]}, (31)

and

= -3.3235 = -3.0
Y Ylh e . YSI Y € s

3h -~

Z=1.5x10"%m, , Zo=12582Z,
0.0041m_

n=o——
vmc'

where m. is the effective absorbing mass of carbon dioxide at normal
pressure and temperature.

The transmissivity for the third spectra] interval, 13,
is given by:

v = 0.6041 {E1(Y,) - E1(Yyp} s (31)

here
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0.5427m
Y, = ——3, v

vh
v I+4mq,

L, = 02107 Y

For ty:

1, = 0.2506 {E1(0.01518Y1h) - E1(0.2291Y1h)} .

The blackbody emissivity, Ej(T), is calculated from:

B;(T) = A {G(Xj_l) - G(Xj)} ,
where:

A= iE% o 1 >

ogg = Stefan-Boltzmann constant

G(X) = X3S,(X} + 3%X% S,(X) + 6 XSa{X) + 6 Su(X) ,

_ hC.v _ 1.43880v

X = 5
kT T
= ~hX
S = j —— for k =1,2,3,4,
h=1 hk
L
6(0) = - .
15

(33)
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4. STABILITY AND MIXING CONBITIONS

The layer that controls the heat flux from surface to the
atmosphere was considefed as haViﬁg twice the screen-Teve] Height. The
heat balance in this 1ayer requires, in the absence of adiabatic heat
sources, that the internaT énergy be modified only by interaction with
surfaceandbytransfertbthe miked layer, i.e. '

P e Ks (T = 8) - o ; (34)
at pde pcpd
where
G, - screen level potencial temperatute,
p = density,
< T specific heat of dry air at constant pressure,
d - two times screen level 1ayer,
Tg - ground temperature,
H0 - total heat flux.

The total heat flux (HO) is the sum of mechanica](Hm)
and convective (HC) fluxes. The convective flux is calculate using
Priestley's aerodynamic method. Under convectively unstable conditions,
for heights above Z_ (height where R. ~0 25), H_ could be estimate by:

, 1/2
e p H L ZyPo, - o) (35)

here:
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h - Priest1eyfs constant,
ZA - screen level height,
Z, - 50m level,
g - acceleration of gravity,
6 - mean potential temperature,
0y - potential temperature at ZN.
The mechanical heat flux generated by vertical wind shear,

which acts over vertical temperature gradient near the ground, is the
cause only of heat exchange mechanism in nonconvective situations

(ea < ON).
simi]arity theory. The relationships given by Businger (1973) are

This flux is calculated using the Monin-Obukhov's

applied to a method proposed by Hoffert and Storch (1979):

- * *
Ho = pCp ur T* , (36)
where:
u* - friction velocity,
T* - frictional temperature scale,
Ku
u* = a s
z z
In .__a_ - !‘Du a
Z0 L
K{T. - T
. (T, = Ty) ’
za Za
ag | In f——§ - o |[——
i Ty



where

and
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Z ‘ Zé
1n (——, "V |
L. OLOUaTg g ZOJ u].)_
T -1)T (z.) (7172
Ul
K LIy N J_
by " stability function for wind,
b1 - stability function for temperature,
k - Von Karmann constant (1.35),
u, - screen level wind speed in x direction,
ZO - aerodynamic roughness 1ength$ca]e,
Ta - screen level temperature,
a, - a constant equal to 0.74.

In the surface layer, 3m in the present model, the wind

direction is supposed constant near the ground as 'suggested by Blackadar
(1976). So that, the stress tensor has the same direction of wind in a
given level. The mixing effects in the 50m layer are obtained by:

BUN

L oat

}uz_ I:Nl’ e
n N N

} I (38)
m Zy vyl
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where:

subscript N denotes values at 50m height and V is the horizontal
velocity vector.

In the layers above 50m the heat and momentum
distribution are made using Richardson's number adjustment scheme as
suggested by Chang (1979):

R = 2z : (40)

Two important mechanism contribute for occurrence of
mixing in layers beTow-the inversion: in cdnvective‘or neéf neutral
conditions the.mixing could be hroduced by static unsfabil{ty; while
in stable conditions the principé] mechanism is the vertical wind
shear. Then, when Richardsdn number between two layeré reaches a
critical value the-mixihg between two layers occurs. This critical
value was taken as 0.25 as suggested by Tay1or (1931), Busiﬁger (1969),
Hines (1971) and other authors. | |

An adjustment js made for two 1ayers with different
potential temperatures ej and oj +1 and Ri <0.25, so that the vertical
temperature rate (yc) is given by:

oy . - 0% =-S (4,

j+1 j "'¢')s (4])



=17 -

where 63_+1‘and 63 are the potential temperatures at levels j+1 and J

gfter the adjustment, and ¢j b® ¢j are geopotential at the same levels.

In this model y_ = 7 x107" km™! as suggested by Deardorff
(1966). The new potential temperature at level j+1 after the
adjustment is obtained considefing.that potential tempefature is
-preserved during adiabatic mixihg: - |

Tc
0, 8z, + 0, 82. + — (4. - $.) 82z,
[J+1 J+1 J J g (¢J+1 (p.]) ZJ]
O 41 | . (82)
(6zj ot azj)

where &8z,

541 e dzj are the 1ayer s thickness.

The new value of temperature at level j is obtained by
equation (41), using 93_+1 from eguation (42). The proportion of mass
(a) transferred fromthe level j to j+1 for temperature adjustment is

given by:

M -6
_ %417 Y (43)
This value of o is. used for momentum adjustment:
¥ =(1-0) V., + oV .. (44)

j+i1 j+1 i
The new value of wind velocity at level j is obtained
from the momentum conservation:

c =¥ ) sz, . 82
v - (YJ +1 VJ +1) 2y, ¥ VJ 82 ' (45)

S6Z.
J
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There are no explicit expression for (au/at}m,(av/at)m
and (ae/at)m terms of equations (1)-(3) above the surface layer,
because they are implicitly evaluated for all layers by adjustment of
equations (41)-(45). |

5. RESULTS

Two different parameterizations of radiative transfer
were implemented for a -PBL model, the first based on Brunt's and
Chéng‘s scheme, and‘the other on Kuo and Qian's method. In both cases,
the model was initialized uSing observed data collected during the
"Great Plain Experiment® held on August, gth 1953 (Lettau and
Davidson, 1957). The initial potential temperature profile,
corresponding to that observed at 4:00h (local time), is presented in
Figdre 1. |

HEIGHT (m)

Fig. 1 - Initial potential temperature profile.

The model response to sensitivity test, conducted using
different initial temperdture profile, revealed that it is not greatly
influenced by initial wind because stroﬁg mixing process occurs in the
morning. So that it was considered reésonable to take wind with
apﬁroximat]y logarithmic profi1é and ug, vg assumed as zero {calm
situation).
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The dry case was first considered taking Brunt's and
Chang's (case A), and Kuo and Qian;s {case B)-parameterizdtiohs
without water vapor. The effect of'humidity was then fnvestigated
taking the Kuo and Qian's parameterization with water vapor (case C)
and comparing the results with the case B.

5.1 - COMPARISON BETWEEN CASE A AND CASE B

In both cases the diurnal variation of some relevant
parameters of the PBL was well simulated. The main differences appear
in the intensities of the incoming radiation flux and in the upward
net Tong wave flux, as presented in Figures 2 and 3, respectively.
During the day, short wave flux absorbed in surface is greater in
case B, which compensates the amount of energy lost to space that is
also greater in case B. So that, the net radiation fluxes are almost
the same in both cases, as showed in Figure 4.

S00

Tss(Wm2)
EENEENNES

* . . . L : : 3 :
4 & €& ®© & 14 16 18 20 22 24 2 4
TIME (H)

Fig. 2 - Diurnal variation of the solar radiation fiux.

Dashed line for case A.
Full line fot case B.
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IL-ILt(WmS)

4 & & © 12 14 ® 1B 220 2 4 2 4
TIME (H)

Fig. 3.- Diurnal variation of the net long wave radiation flux.

Dashed line For case A.
Full 1ine for case B.

Tet+ILe=TLH{Wm 2)
588538485883

)
4 s 8 0 12 ¥4 ® W 20 22 24 2 4
TIME (H}

Fig. 4 - Diurnal variation of the net radiation flux.

Dashed 1ine for case A.
Full Tine for case B,

Because the diurnal variations of the net radiation
fluxes are similar in both cases, the diurnal cycles of the other
characteristic PBL parameters are alsoc similar.
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5.2 - COMPARTSONS BETWEEN CASE B AND C

In this section the influence of the humidity in the Kuo
and Qian's parameterization is investigated. The relative humidity in
~ case C was taken constant (80%) for all levels.

_ The diurnal variations of some PBL parameters for case B.
(dry air) and case C (including humidity) are presented for comparison.

The diurnal ground temperature variation, showed in
Figure 5, is cdrrectly simufated in both cdses,rin despite of some
minor differences. The diurnal values of ground temperature in case C
are higher than in case B due to the water vapor counterradiation
effect. This can be explained analysing the diurnal net radiation
flux showed in Figure 6. '

Tg (K)
u
3

290

280

270

260
a & a 0 2 9 ] 1} 20 22 249 2 4

TIME (H}

Fig. 5 - Diurnal ground temperature variation.

Dashed line for case C.
Full 1ine for case B.
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I ILb-TLeiWmE)

4 & B 10 12 W 16 |\ 20 22 28 2 4
TIME{H}

Fig. & - Diurnal net radiation flux variation.

Dashed 1ine for case C.
Full line for case B.

During the day 1in spite of the short wave radiation
flux in case C, be Tess than in case B because the water vapor
absorption effect as seen in Figure 7, the amount of energy lost to
spacé is less than in case B due to water vapor counterradiation flux.

Thus, the net long wave radiation flux in case C is less than in case
B, as seen in Figure 8.

Ind {Wri2)

—rr——

TIME (H)

Fig. 7 - Diurnal solar radiation flux variation.

Dashed Tine for case C.
Full Tine for case B.
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-150 ¢

-200 -

-250 +

IL-ILb (WS)

-350

_aA00 1 1 L 1 5 5 1 1 ' 1 '
4 [ & 10 12 1% 5 ;-3 20 22 249 2 4

TIME{H)

Fig. 8 - Diurna1 net long wave radiation flux variation.
Dashed line for case C.
Full line for case B.

Another important parameter that should be analysed is
diurnal variation of the screen Tevel potential temperature. Figure 9
shows again higher values of potential temperatures in case C. This
fact is also related to the presence of water vapor as already
explained in the previous analysis. Note that the values decrease
quickly after 18:00h {local time) as the ground temperature becomes
lower than the screen level potential temperature.

Figufe 10 shows the diurnal variation of the
sensible heat flux. During the day the values of H, are higher in case
C. This occurs because the values of T, are smaller in case C (see
Figure 11) implying in higher values of H in case C.

The values of HC are also higher in case C because the
values of b, are higher as a1ready seen in Figure 9.. During the
night the sensible heat flux is null in both cases because there is no
convective flux and the mechanic flux is negligible since Ta ~ T_,and

g
therefore T, is zero, as seen in Figure 11,
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320

310

8g (K)
8

28C

270 |

260 Y ! t 1 1 I 1 1 ! 2
4 [} -] Q 12 K -3 B 2 22 24 2 4

! TIME (H)
5
!
|
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The behaviour of the friction velocity is showed in
Figure 12. During the day the friction velocity is the same for both
cases. In the early night it is zero for both cases, but probably
because the presence of water vapof the values of u*_in case C begin
to raise one hour before the_case B.
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Fig. 12 - Diurnal variation of the friction velocity.

Dashed 1ine for case .C
Full line for case B.
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Finally, the evaluation of the PBL height. and
vertical potential temperature profiles are showed in Figure .13.
The model succesfully simulated the diurnal development of the PBL
and the characteristic of the 1nversioh. There are no significant
differences between 6 profiles in both cases d]though the heights of
PBL are slightly higher in case C. Analyses made with the results
obtained by the model seem to be in a good agreement with real data.
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Fig. 13 - Potential temperature profiles.

Dashed lines for cases C.
Full lines for cases B.

6. CONCLUSIONS AND SUGGESTIONS

In the present study the model was developed for
simulations and not for predictions. The model gave a good simulation
of the diurnal behaviof of several important parameters of the
planetary boundary layér in all cases studied. The case C, with more
physics than case A or B;presented more realistic results. The
developed model can be ea§11y imp1eménted in meso and large scale
models.
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Further experiments and improvement can be made through
inclusion of cumd]usVparaméterization, and extension for two and three
dimensions to produce mdre reé]istic results. Since thié model can
simulate diurnaT variation df ground femperature, it can be used to
support othef frost-prediction techniques. Othér interesting

experiment could be done taking different values of ug and vg.

The CPU time in a CDC 170/750 computer for the three
cases was: 81.167S5 (case C), 80.992S (case B) and 6.25855 (case A).
As the results of case A are similar to case B it is suggested that
experiments considering dry air should be done using the Brunt's and
Chang's parameterization to save CPU time.
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