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ABSTRACT

This paper presents an efficient two-d i mensiona l time-dependent

one-layer boundary layer model designed specificall y for use i n genera l

circula tion models. Two fundamental problems associated with the

boundary layer pararneterization are examined using the one-dimensiona l

version of the model. These are the effects of different PBL para-

- meterizat ion schemes and different flux profi les on the model wind

and temperatures. This paper conc l udes that the effect of differen t

PBL parameterization is very significant on temperature calculation

but l ess important on the wind speed . In general , the use of linea r

flux profiles for the vert ical diver gence of momentum , heat and moisture

is found to be satisfactory. We conclude this stud y by test ing the

va l idi ty of our two-dimensiona l model by compari.ng it with multi-level

boundary layer model resul ts. For this purpose , a numerical in tegration

was done to simulate a stabl y strat ifi ed air flow passing from smooth
.;-

~~~to rough sur faces.
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I. INTRODUCT ION

There are two general approaches to develop numerical models of

the atmospheric boundary layer. The most common approach has been the

construction of a multi-level boundary layer model (e.g. Estoque , 1 963,

Sasamori , 1971) , when detailed structures of the planetary boundary

layer (PBL) wi nd and temperature are required . For g loba l circulatio n

• studies , however , the multi-leve l PBL models may not be practica l in

view of the computati onal demands. The al ternat ive is to develo p more ‘
~~~~ ‘

• efficien t models with one or two levels in the vertica l specifica lly

designed for parameterizing the bulk properties of the PBL for use in

large scale atmospheric circulat ions , (Randall , 1976; Beno it , 1976;

Stu ll , 1977). This paper will describe an efficient two-dimensiona l ,

time-dependent , one-level boundary layer model suitable for g loba l

circula tion studies.

Two fundamental problems associated with the PBL parameterizat ion

are determinations of the surface fluxes and the effect of flux pro-

f iles in the interior of the PBL. Severa l different schemes are ~~~~~~

being used for parameterizing the boundary layer fluxes (see e.g.

Bhumralkar , 1976). The si mplest ones emp loy the usual bulk transfer

rela tions with all the transfer coefficients for drag C
D 

and heat C
H

assumed equa l and prescribed a pr (ori. In some cases different values

are assi gned for land and ocean surfaces and als o some allo wance is
- 

made for different stabili ty conditions. But by and large , these

parameterization schemes are very crude.

Better schemes have been formulated from similarity considerations

of the boundary layer. The basic assumptions underl y in g a ll si m i l ari ty — -
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theories are tha t the boundary la yer flow is hori zontall y homogeneous

and quasi-stationary, a very rest ri ctive assumption for many rea l

atmospheric situations. As pointed out by Arya (1977), i n a GCM , how-

ever , the variables are considered to be averaged hori zontall y over a

fairl y large grid area , and thus the assumption of horizon tal homo-

gene it y is proba b l y well justified . Anothe r altern ative form of the

sim il arity parametric relation ori g inally proposed by Deardorff (1972)

uses the layer-averaged wind , temperature and humid ity. Accordin g to

this approach , the drag and hea t transfer coefficie nt s C
D 

and C
H 

are

calc ulated based on some nomograms. Numerical results based on this

ap~ roach wi l l  be compared wi th those generated by the Rossby similarity

theory.

Determination of the shapes of the turbulent flux profiles in the

in terior of the PBL is needed when the interface between the GCM grid

l ayers li e within the PBL. The most common approach has been to pre-

scribe the flux profiles as a line ar funct ion of hei gh t. This approach

perhaps is adequate durin g the daytime convective hours when temperature ‘~~~~~~ 
.

stra tifications are nearly adiabatic. However , during other stability

condi t ions , the linear flux profile assumption may not be vali d. Thus ,

another pur pose of this paper is to inves ti gate the effec t of d iffe rent

ver tica l profiles of turbu l ent fluxes on model wind s and temperatures.

Finally, we shall conclude thi s study by testing the validity of

• our model by comparing it with multi-level boundary laye r model results. (
For this purpose , we shall simulate a stabl y stratified air flow pass-

ing from smooth to rough surfaces.
~5 •

s f

2

F
.

____________________________ • . - - - - ‘5-—— -• — 

5
—

- 5 .  . - . 5 . .- . . -• - - ..-  - .‘ ..-•?~~~:.- 
5

- .
. .

• . .• 
... .—

- -
. ~. -• .5

’.’. .

• 
- . • S ~~~• . • . • ‘ . .. - • . ~~:. . .. .  .~~ ~~~~~~~~~~~~~

— -  - • - • - — - -~~~~ -- - - -- —

• • ~~~~ 0 • • • • - - ~~ 5~~~~~~~~~ 5~~~~~~~~~~~~~~~~~~~~~~~~~~ • -- • -. -. -- ——-~~~~~ •___ 5-—-- 5-..-- --



2. THE GOVERN I NG EQUAT I ONS

• The model configuration is shown in Fi g. I. At the top of the

boundary layer , i.e. , z — H , the following boundary layer character-

is tics are assumed : (I) the wind speed is in geostrophic balance

and the atmospheric pressure is constant in time and along the x-

direc tion . (2) The temperature and humidity fields rema i n unchanged

throughou t the whole integration period .

At the level z H/2, the boundary l ayer mean wind , temperature ,

and humidity are gpverned by the following equations:

• ~~~+ u ~~~~+ w
i s L

~~~~+fv Lu I w ’ (1)

+ U + w U
g 

- fu - v c-i- (2)

I .
30 30 39 3

• 
‘~

— + u
~~~

- - + w—
~~~~~

- . .— .w 9  • (3)

(14)

3x 3z

3 
(~~~k = - 

, where k R/C . (6)

All the symbols listed in Appendix I carry their usual physical

- 
meanings. In deriving this set of equations , we have assumed tha t

the atmosphere is in hydrostatic equilibrium.
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A t the ground surface Z = 0, the wi nd speed is required to be

zero . The surface temperature I is determ i ned by the surface energy

budge t equat ion which gives rise to the following predictive equation

(Bh urma l kar , 1975),

+1 S-R-H-LE- (~~-~)~~(T - 

~ ) n
T~~ = T

n
+ 2 (7)g g C dq_L + ~~ + C (1 + .L~ OW .—

~
-) + r~~.A t g H C~ dl 2

Here C
1 

= C + (Ac/2w)z and C is the vol umetric heat capacity, A is the

therma l conductivity, I the average dail y surface temperature , w is

the frequency of oscillatIon , At the time step, o is the Stefan—Bo ltzmann

• 
- constant , C

R 
is the geostrophic heat transfer coefficient , ~~ is the

specific heat capacity at constant pressure , and L is the la tent hea t

of evapora ti on.

3. THE CLOSURE PROBLEMS

A. PBL Parameter ization Schemes

To close the system of equations described in Section 2, the ; - -

fl ux terms in equations (1) - (4) have to be parameterized . The gen-

era ) form of the drag and other transfer relations obtained from ~~
.

similarity arguments is ,

kU
h
/u... - (LnZ + A)

kV h/u... 
- B si gn f

k(Oh 
- 0~)/o~ 

= - (ZnZ + C)

k(q - q )/q~. 
- (2~nZ + D)

_ _  _ _ _  • .
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• i n which A , B , C and 0 are some s im ilarity functions depend ing on

atmospheric stability . Recentl y, Yamada (1976) reexamined the similar-
: -~~

ity functions based on the Wangara data (Clarke et al., 1971). Under ;‘~.“ .

5 — ..

both the stable and unstable cond itions, his proposed similari ty

functions show substantial impr ovement over the previou s work of

Deardo rff and Me l garejo (1975) and Arya (1975). For this study, we

shall use (8) to compute the surface fluxes based on Yamada ’s (1976)

similari ty func ti ons. ~~~~~~ 
-

It should be pointed out that the hei ght of the atmospheric

boundary lay er h may affect the similarity functions. In fact , this

-
- is •the factor differentiating the Rossby number similarity theory

from the generalized similarit y theory. In the Rossby number similar-

ity theory, the boundary layer height is uni quel y de term i ned by a .— 
-

scale hei ght u ../f. In the generalized similarit y theory , h is con- S

sidered as an variable depend i ng on such factors as diurnal heating,

la rge-scale subsidence , lar ge-scale advection of heat and moisture

etc.. Recently, Vu (1977) compared these two similari ty theories and

conc l uded that for mid-latitude boundary layer flow , the Rossby number

si mi l arity theory is just as valid as in the generalized similarity

- 

- theory. In this paper , we adopt the Rossby number similarity theory.

We shall compare our model results with those based on the Deardorff

(1972) scheme accord i ng to which the drag and heat transfer coefficients

C
D 
and C

H are calcu la ted by some nomograms as shown i n F i g. 2.

B. Effects of PBL Parametcriz at ion on Model Winds and

Temperatures

In this section , we shall test the schemes described in 

~~~~~— 
- 
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Section 3A with our simp le mode ) and stud y their ef fec ts on the model

winds and temperatures. For this purpose , it is suffici ent to use the

one-d imensional version of the model , i. e., all the advective terms

in equations (1) - (6) are set to zero. The model was integrated for

21+ hours with the following in i t i a l  and bounc~a ry cond it ions : ~~5~

Boundary conditions: At Z = H = 500 m

u U
q 

= 10 m/s, v a v = 0 rn/s

0 — = 308° K, q = = 10 g/kg ;

A t z 0 , u v = 0 and the surface temperature is predicted by (7).

Initial conditions: At Z = H/2 = 250 m ,

• u = 8 mIs , v = 2m/s p.

0 305° K, q = 12 g/kg;

At Z — 0, 0 = 300° K, q = 1-4 g/kg

Numerical methods and finite difference equation s are described p.

in the Appendix II.  The Crank Nico l son method is used to integrate

the model with a 30 minute time step.

Fig. 3 shows model temperature s cal culated by the Rossby number ..~~~ .. -

si milarity theory and Deardorff (1972) schemes for two selected

hei ghts , i.e. Z a 0 and Z = 2 m. We see that a difference as large

as 140 
K may result when different PBL parameterization schemes are r ~used . For the model win d speed , a maximum of 2.5 rn/s difference is

found at Z 2 m between results calculated with the Rossby number

si milarity theory and the Deardorff (1972) schemes. This is shown in p..

Fi g. 14. The difference in wind speed becomes smaller , being less than

1 rn/s at z a 250 m. However , the effect on the model temperature at

Z = 250 m is st i l l  si gnif i ca nt ly large , be ing on the or der of 3~~5
0 

K.

6

p.
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This is illustrate a in Fig. 5.

F ig. 6 shows the wind speed hodograph at Z = 250 m for the Rossby

number similarity theory and Deardorff (1972) scheme . The veering of

the crossisobar ic ang les for both cases ar~ si m i la r , but the speed for

the Rossby number similarity theory is relative l y la rger than tha t for

the Deardorff  sc hemes. Th i s may be exp la i ned by the d i f f erence in

calc ulated surface fluxes of momentum and heat as shown in Table I .

We can see from Table i that momentum fluxes ca l culated by the Deardorff

(1972) scheme are much larger than those calculate d by the similarity

theory. A s a res u l t , the wind speed at Z 250 m is much reduced with

more momentum transmitted downward . Thus , the wind speed s at the

two-meter l evels are larger in Deardorff (1972) scheme than pred i ced by

the similarity theory (see Fin . Li ) .

The kinematic heat flux calculated by both method s shown in Table ‘V

I deserves mention. During the daytime hours , i.e. 1200 - 1500 ,

the kinematic heat fluxes calculated by Deardorff (1972) scheme show

negative values indicating upward transfer of heat flux from the ground. 
_____

On the onther hand , the hea t fluxes calculated by the similarity theory

are positive imp l ying a downward transfer of heat flux to the ground .

This difference may be attributable to that Deardorff (1972) scheme

uses the boundary layer mean potential temperature to ca l culate the

heat fluxes whereas the similarity theory uses sing le layer val ues of

potential temperature. This difference in the method of heat flux

calculation produces the temperature discrepancy illustrated in Fi gs.

3 and 5. Fbr temperature prediction in 0CM , an error of 10 K may be

acceptable. However , from the above results , we see a d i f f e r ence of

7
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3 to 1+
0 

K in temperature prediction occurs when different PBL para— 
•

meterization schemes are used . This points out the need for improved

atmospheric boundary layer parame terizat ion schemes in genera l
1.-S.’-.

..

circu latio n models. Unfortunately there is not sufficient data to

selec t which scheme is best in this study.

1~ EFFECT OF DIFFERENT VERT ICAL PROFI LES OF FLUXES ON 
S

MODEL WINDS AND TEMPERATURES

We shall assume the followin g profile relationships , i.e. ,

- C ’
~
;’ = ~ ‘w ’ exp (- rn(z/H)2} (9)

where c = (u ’ , v ’ , 0’ , q ’), the subscript o indicates the surface

values , and the parameter m prescribes the shapes of exponential

pro f i les  as shown in Fi g. 7. From (9) , it foflows tha t at Z = H/2,

= - (rn/H) exp (- rn/Li) u ’w ’
0 - -

,

For flnear prof iles ,

= - u ’w ’ /H- 3z o

Thu s, the ra t io of the ver t ical grad i ent of fluxes between exponential

profiles and linear profiles is m exp (- rn/Li ). From Table 2, it can

be seen tha t changing the value of m leads to the modification of

vertica l flux gradient of the linear pr ofile. For example , with m = I ,

the fluxes calculated by (9) w i l l  be 78 percent of tha t calculated by

linear profiles , and wi th m = 1+ , the fluxes calculated by (9) will  be

about 1-1+ 7 percent of that calculated by linear profiles. It should

be noted that with m = 1 .14 and m = 8.6 the fluxes ca l culated by (~~~)

8
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is nearl y equal to tha t. o the linear profile. We integrated the

one-di mensional version of the model for 214 hours wi th three different

val ues of m i.e., m I , m Li and m a 8.6 for the exponentia l flux
I ••5-’

profile relationshi p (9).  It should be noted that the governing 
-

equations for a l l the cases are the same except the Flux divergence

terms in equations (1) through (Li) are -~ifferent due to differen t

val ues of m.

F ig. 8 shows potential temperatures at Z = 250 m calculated with -

three different values of rn. We see the difference in potential temp-

erature between the linear flux profile (m = 8.6) and exponential flux

profiles with m 1 and m = Li is about 2° K. The difference in wind 
‘5

speed is neg lig ib ly sma l l , being less than I rn/s with the three

differe nt values of m. This suggests that the shapes of turbu l ent

flux profiles is not cri tica l in a PBL parameterization scheme . In I p. .

genera l , the use of l i nea r fl ux p rof i les may be su f f i cient for genera l

circula tion studies.

5. CHANGES IN SURFACE ROUGHNESS ~~~~~~~

The pu rpose of th i s sec t ion is to de term ine if a si mp le model can

reproduce some of the important features of more sophisticated multi-

l evel boundary layer models. Vu and Wagner (1975) in a numerica l 
p. .

stud y concluded tha t when stabl y-stratified air flow passes over a

rougher su r fa ce , the increased turbulent fluxes of heat induced by the

increased surface drag can cause a heat island formation . The model 
p.

described in Section 2 emp l oys similar governing equations and

numerica l schemes as those of Yu and Wagner (1975). The onl y diffe r- I
ence between these two model s is the number-of levels in the vertical. ~5 .T

9

p.
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While our model has onl y one level , the model of Yu and Wagner (1975)

had 21 levels. We shall thus simulate a strati fied flow passing over

a cha nge in su rface roughness as show n in Table 3. The boundary
I ..-.. -

conditions are:

At Z = H = 500 m; u ’~ ,H) = U = 10 mis ;

v(x , H)= V
9 

= 0; 0(x , H) 0H 308° K;

w(x, H) = 0; and p(x , H)= P = 900 mb
S 

H r~~ .: -
At z = 0; u(x , 0) = v(x , 0) w(x , 0) = 0;

0(x, o )= predicted by equation (7 ) .

At the upw i nd lateral boundary, the var iab les  ii , v, 0 are assumed

to be uni form along the x-d irection , and are obtained from the one-

.iimensiona l time-dependent version of the model. At the outflow lateral 
_____

boundury, the upstream differ encing scheme does not requ i re boundary
p.

val ues. The initial conditions are:

- At 2 = 14/2 = 250 m; u(x , z) = 8 m/s;

- 

v(x , z) = 2 m/s; 0(x, z) = 305° K

- At Z = 0; 0(x , o) = 300° K

The f i n i t e  difference equations are given in Appendix II.  An

implicit backward-time , upstream space f i n i t e  difference scheme with 
‘

a 30 minute time step is used to integrate the model.

Fi g. 9 shows the calculated diurna l temperature variation at

two locations , i.e. X = I and X 5. Referring to Table 3, we see at

X = I, the roughness length is 0.001 m , while at X = 5, the roughness

length is 2m . From Fi g. 9, it is evident -that over the rougher
r —

surface , due to increased turbu l ent drag and heat flux transfer , the

10
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air is well mixed near the surface durin g both day and ni gh t . Thu s

the difference in temperature between z 0 and Z = 2 m is very small

at 1 — 5. At the upstream boundar y, i.e. Z = 1 , temperature difference

between Z = 0 and Z = 2 m is large especially during the ni ghttime .

The most interesting feature is tha t during the stable hours , (18 - 06) ,

the temperature at X = 5 is much warmer than that at X = 1. This is

attributable to the fact that when a stably—stratified air passes over

a rougher su r face , the energy is redistributed due to increased tur—

bulence mixing. This redistribution of heat results in the formation S

of a heat island. During the most unstable hours (12 - 16) , we not ice

tha~t the temperature near the surface up to 2 m over the rougher sur- p.

face (X = 5) is cooler than tha t at X = I . This is due to tha t inten - -~~~

sive upward energy transfer occur ing over the rougher surface results

in less energy ava i l ab l e  for hea tin g the ai r neac the su rfac e. These 
p.

conclusions in general are in good agreement with the numerical results

of Vu and Wagner (1975).

6. SUMMARY AND CONCLUS IONS

This paper presents an efficient two-d i mensional time dependen t I 
-

one-layer boundary layer model especiall y designed for use in general

circulation models. The one-dimensional version of the model was

employed to examine the effect of different PBL parameterizat ion

schemes on the model winds and temperatures. Two PBL para rneterization -

schemes considered to be more su i table for use in GCM studies were 
p.

tested , namely, the Rossby number similarity theory and Deardorff

(1972) schemes. The effect of using different PBL parameterization

schemes is fo und to be very s i gnificant on temperature prediction but :~

I )

_ _  
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differe nce of 1+ K in the temperature prediction . This differenc e is
1~

a ttr ibu table to the large d i f ference in the de term ina t ion of su rface

momentum and hea t fluxes. The fluxes of momentum and heat calculated S

by the similarity theory are much smaller than those of Deardorff (1972)

scheme . In particular , during the unstable hours , the hea t fluxes ~r7

calcula ted by the Deardorff (1972) scheme are negative implyin g a upward

transfer of hea t energy. By the similarity theory, the heat fluxes

are calc ulated to be positive during the unstable hours Indi cating a

downward transfer of heat energy. This fundamental discrepanc y has to

be resolv ed by comparing results with observations. Clarke (1971+) did

a comparison between these two parameterization schemes usin g the

Wangara experiment data and conc l uded tha t the simi l ari ty theory was 
p.

more reliabl e.

The effec t of different vertica l profiles in turbu l ent fluxes on

model wind and temperature was determined using the one-dimensiona l

ve rsion of the model. It was concluded tha t the effec t was less

i mportant and for general circulation studies , a linear prof i l e m igh t

be adequately sufficient.

The two-d i mensional model was used to simulate a stably-stratified

air flow passing over from a smooth to a rougher surface. This was

done to see i f our mode l was ca pabl e of produc i ng the same physical

results as those by more sophi sticatcd multi- l eve l boundary layer

models. It was conc l uded tha t our numer ical results agree essentially

wi th those of Vu and Wagner (1975) in that when stabl y s t ra t i f ied

12
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flow passing over a roug her surface , the incr eas ed surfac e drag and

thus the increased turbu l ent mixing can cause a heat island formation . 
- .

.5
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APPEND IX !
List of Symbols

s._. —

C
D 

geostrophic drag coefficient

C14 geostrophic heat transfer coefficient

C specific heat capacity at constant pressure

f Corio lis parameter
.5

- -

g gravi tat ional accelera t ion ‘

Ii heigh t of the model upper boundary

H hei ght of the model upper boundary, or sensib l e hea t fl ux

I space index for the x-d i rection

k space index for the 2-direction

n time index for the finite differ ence equations

p a tmospheric press u re

P
0 

atmos pheric pressure of 1000 mb

q speci f ic  hum idi ty of ai r

q
0 

specific humidity of air at surface 
_____

saturated specific humidity of air

q., su rfac e f r i c t ion humidi ty ~~~
-

t t ime

T surface temperature
q

u ,v ,w veloc i ty components in the x- , y- , and z-direc tions ,
respec t ive ly

U h . Vh ve l oc i ty components in the x- , y-directions respectively
at Z — h

u~ surface fric tion velocity
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x , y, z coord ina tes In the downwind , Cross-wind , and ver t ica l
direc tions respectivel y

surface roughness parameter

Z normalized surface roughness parameter ( Z /h)
o 0

o potential temperature

potential temperature at Z — h

0
~ 

fric tion potential temperature

p air dens i t y

la test available values in the iteration schemes

— mean values

/ deviations from the mean values

I-

I
I. —

.
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APPENDIX II

Fi nite Difference Equations
-.5

I. The Model Equations

~~~+ u ~~~~+ w L.- !~~~~~+fv

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ f.v’w ’

+ u + w = - i— w ’ 0’at az 3z 
-

.~2. + u + w = - w ’ q ’

3u aw
— + — —  0ax az 

______

~~~~~‘ 

~~~~~~~~ 

k 
= - where k = R/C - 

-

2. Fi nite Difference Equations

A. At the lateral inflow boundary, i.e. X(l), the advec t ive 
_____

terms and ver tica l motion are zero. The finite difference equations

may be written for the Crank-Nicolson schemes.

= ‘
~~
. (fv’~~

1 
— fv

9
”
~

1 
+ fv~ - fV

g~~) - (~~~~u
T
~1)” 

S

~
n+I - n 1 n+l - fU

n+l 
+ fu - fun) - (i_ V ’ W ’J~~~~

1

- 

g az

e~~
’ - 0n = - ~~. W 1O 1 ) n l  .5
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n+l n
- g - ~~~~~ ,

~~~~~~ ~~

B. At the interio r grid points . i.e. X(2) to X(N), the upstream

fi nite difference scheme wi l l  be used , i.e. ,

u 
~~~~~~~ 

u(I .k) ,~
’
(~~ : ~:;~ 

k) ir u > 0

u~~-9-~ u(1 k) 
u(I+~ , : ~~ 

u < 0

Note tha t using the upstream finite difference scheme requires no

outflow boundary conditions.

The fi n ite difference equations for u 0 may be written as,

u~~~ (l, k) - u~ (I, k) - ~n+l I ) 
u~~

t (I, k) - u~~~ (I-l , k)
u , k XC I ) - X ( I - l )  -

- ~n+1 I k u~~
1 (I , k+l) - u~~~ (l, k- l) 

+ 
n+l

W , z(k+I) — z (k-1 )  v ) I...

a • • ) fl+1 
- 

~n+l (1 k) - pfl+l (1~~1 k)
- az U W x ( I )  - * ( i - l)

~~~ (I , k) — 
, k) ~n+l v~~

1 (I , k) — 
n+l 

(I-I , k) - ‘
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  — u (I , k x(l) — x (l—l )

n+1~~1 k~~~~~~~~2~~~~)j~~~~j 
k-l ) 

- fu~~
1 (I , k)

- (
l~~~ )

fl+l 
- ( ~Lw ’v ’) ’”~ 

-

p
~~

y
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k) - 0n (1 k) — n+l 
)
O ( l  k) - e~~~(I-l , k)

At 
u (i , k x ( I)  — x ( I — l )

- ~n+l 0n+l (1 k+l) - 0
n+l

(1 k+l) 
- L~~~9~ 

n+1w (I , k) z(k+l) — z(k-I) 3z

g~~
1 (l , k) - q

n (, k) = - ~n+l q~~~~~~~(I , k) - q~~~(l- l , k)
x ( I)  — x ( I - l )

- ~n+l (~ ~~~ (I , k+~) - q  (I, k-I) 
- (L i -~

-
~-)

n+1

at z = H/2, P( I , k) [P
k
(l , k+l) + 

kgP
0 

~~O(l , k) 
+ 

e(I , k+l)~ J 

1 /k

at z = 0, P (i , k-l) {P
k(I , k) + 

kgp0
k 

~e ( I ,  k1~~ 9(1 , k-l) )

3. Stability of the Finite Difference Equations

The f i n i te  dif ference equations described previously have been

proved to be numericall y stab le wi th large time steps (see e.g. Vu

(1972)).
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Tab le 2: The rat io between exponential f lux prof i le  and
linea r flux profile for differen t values of m

_____________________________________________________ k5.5’ ~in mexp (-m/4) m mexp(-m/k)

0 5 1.1+3

1 0.73 6 1.33

1.4 0.99 7 1.22

1.5 1.03 8 1.08

2 1.21 8.6 1.001

3 1 .42 9 0.95

4 1.47 1 0 0.88

Table 3: Assumed variation in x-d i rection for roughness
l ength

I x( ksn) Z ( m )

0 0.001
C-

2 5 0.001

3 10 1.00 P .

1+ 15 1.00

5 20 2.00

6 25 1.00

7 30 1.00

8 35 - 0.00 1

- 
9 40 0.001

tO 0.001
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Figure 8: Effect of different shapes of turbulent flux profiles on

poten tial temperature at Z = 250 m. 
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Figure 9: Diurna l variation of the surface and two-meter potential

tempera ture at two selec ted loca t ions x = 1 and x — 5.
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