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AN EFFICIENT NUMERICAL MODEL OF THE
PLANETARY ATMOSPHERIC BOUNDARY LAYER

I. INTRODUCT I ON

There are two genera l approaches to develop numerical models of

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

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

Sasamor i , 1971), when detailed structures of the planetary boundary

lay er (PBL) wind and temperature are required . For g loba l circula t ion

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

v iew of the computational demands. The alternative is to develop more

efficie nt models with one or two l evels in the vertica l specifically

designed for parameter izing the bulk properties of the PBL for use in

large scale atmospheric circulations , (Randall , 1976; Beno i t , 1976;

Stu ll , 1977). This paper will describe an efficient two—d imensional ,

time-dependen t , one-leve l boundary layer model suitable for globa l

circulation studies.

Two fundamenta l problems associated with the PBL parameterization

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

files in the interior of the PBL. Severa l different schemes are

be ing used for parameterizing the boundary lay er fluxes (see e.g.

Bhum ra l kar , 1976). The sim plest ones emp l oy the usua l bulk transfer

relations with all the transfer coefficients for drag C
D 

and heat C
H

assumed equa l and prescribed a pr(’ori. I n some cases d i fferent val ues

are assi gned for land and ocean surfaces and also some allowa nce is

made for differen t stability conditions. But by and large , these

parameterization schemes are very crude.

Note: Manuscript submitted August 30. 1977. 
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Better schemes have been formulated from similarity considerations

of the boundary l ayer. The basic assumptions underlyin g all similarity

theor i es are that the boundary laye r flow is horizontall y homogeneous

and quasi-stationary , a very restr ictive 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 horizontall y over a

fair l y large grid area , and thus the assumption of horizontal homo-

geneity is probably well justified . Another alternative form of the

similarity parametric relation ori g i nall y proposed by Deardorff (1972)

uses the layer-averaged wind , temperature and humidity. Accord i ng to

this approach , the drag and heat transfer coeff ic i ents C
D 

and C
H 

are

calculated based on some nomograms. Numerical result s based on this

approach will be compared with those generated by the Rossby similarity

theory .

Determination of the shapes of the turbu l ent flux profiles i n  the

int erior of the PBL is needed when the interface between the GCM gr id

la yers lie within the PBL. The most common approach has been to pre-

scr ibe the flux profiles as a linear function of height. This approach

perhaps is adequate during the daytime convective hours when temperature

stratifications are nearly adiabatic. However , dur i ng other stabil ity

cond it ions , the linea r flux profile assumption may not be valid. Thus ,

another pu rpose of th i s paper i s to in ves ti gate the effec t of d i f ferent

ver ti cal prof i les of turbu le nt fl uxes on model wi nds and tempera tures.

F i nal ly , we shall concl ude this study by testing the validity of

our model by comparing it with multi-level boundary layer model results.

For this purpose , we shall simulate a stabl y stratified air flow pass-

ing from smooth to rough surfaces.

2



s 2. THE GOVERN I NG EQUATIONS

The model conf i guration is shown in Fig . I. At the top of the

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

istics are assumed : (1) the wind speed is in geostrophic ba l ance

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

d i rection . (2) The temperature and humidity f i elds remain unchanged

throughout the whole integration period .

At the l evel z H/2, the boundary layer mean w i nd , temperature ,

and humid ity are governed by the follow i ng equations:

(1)

+ u .~!. + w = U - fu - f ~ T~~T (2)

ae ae a (3)

a (Q.~)
k 

- ~~~ 
, where k R/C . (6)

All the symbols listed in Appendix I carry their usual physica l

mean ings. In deriving this set of equations , we have assumed that

the atmosphere i s in hydrostat i c equ i libri um.

3

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~ .‘~ ~~~



~ -~~~~~ .~~~~~~~~~~~~~- — -, - ~~~

At the ground surface Z = 0, the wind speed is required to be

zero. The surface temperature T
9 

i5 de termined by the su rface energy

budget equation whic, g ives rise to the following predictive equation

(Bhurma l kar , 1975),

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

~
) n

T~~ 1
n~~ 2 

d
+ L4CT g

3 + CH (l + GW ~~~~~ ) +

Here C
1 

= C + (Xc/2&t )+ and C is the volumetric heat capacity , A is the

therma l conductivity, I the average daily surface temperature , w is

the frequency of oscillation , At the time step, a is the Stefan—Boltzrnann

constant , C
H 

is the geostrophic heat transfer coefficient , C is the

specific heat capacity at constant pressure , and L is the laten t heat

of evaporation .

3. THE CLOSURE PROBLEMS

A. P81. Parameterization Schemes

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

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

eral for m of the drag and other transfer rela ti ons obta in ed f rom

similarity arguments is ,

kU 1.(u~~~ 
- (ZnZ + A)

kV~(u.~ = - B sign F

k (e
h 

- 9 ) IO~. - (LnZ + C)

k(q - q0
)/q~ 

— - (9~.nZ + D)

4
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in which A , B , C and D are some similarity fun cti ons de pend i ng on

atmospheric stability. Recently, Yamada (1976) reexamined the similar-

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

both the stable ~nd uns tabl e cond it ions , his proposed similarity

• functions show substantial improvement over the previous work of

Deardorff and Melgarejo (1975) and Arya (1975) . For this study, we

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

similarity functions.

It should be pointed out that the height of the atmospheric S

boundary l ayer h may affect the similarity functions. In fact, th i s

is the factor differentiating the Rossby number similarity theory

from the generalized similarity theory. In the Rossby number similar-

ory, the boundary layer he ig ht i s uni quel y determ ined by a

o ight ui/f. In the generalized similarity theory , h is con—

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

large-scale subsidence , lar ge—scale advect i on of heat and moisture

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

concluded that for mid-latitude boundary layer flow , the Rossby number

similarity 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

CD 
and C

H 
are calculated by some nomograms as shown in Fig. 2.

B. Effects of PBl Parameterizatfon on Model Winds and

• Temperatures

In this section , we sha l l  tes t the schemes desc ri bed in

5
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Section 3A with our simple model and study their effects on the model

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

one-d i mensiona l version of the model , i.e., al l  the advec ti ve terms

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

24 hours with the following initial and boundary conditions:

Boundary conditions : At Z = H 500 m

u = U = 10 m/s, v = v = 0 rn/s
q g

o 0
H 

= 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 a 8 mIs , v — 2m/s

o 305° K, q 12 g/kg~

At Z 0, 00 300
0 

K, q0 
= 14 g/kg

Numerical method s and finite difference equations are described

in the Appendix II. The Crank Nicolson method is used to integrate

the model with a 30 minute time step.

Fig. 3 shows model temperatures ca l culated by the Rossby number

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

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

as 4
0 

K may result when different PBL parameterizatio n schemes are

used. For the model wind speed , a max imum of 2.5 m/s difference is

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

similarity theory and the Deardorff (1972) schemes. This is shown in

F ig. 4. The difference in wind speed becomes smaller , being less than

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

2 a 250 m is still significantl y lar ge , be in g on the order of 3.5 ° K.

6
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This is illustrated in Fig. 5.

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

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

the crossisobaric ang les for both cases are s imi lar , but the speed for

the Rossby number similarity theory is relativel y larger than tha t for

the Deardor f f  schemes. Th is  may be exp la in ed by the d i f ference in

ca l culated surface fluxes of momentum and heat as shown in Table 1 .

We ~an see from Table 1 that momentum fluxes calculated by the Deardorff

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

theor y. As a res u l t , the wind speed at Z = 250 m is much reduced with

more momentum transmitted downward . Thus , the wind speeds at the

two-meter levels are larger in Deardorff (1972) scheme than predicted by

the similarity theory (see Fig. 4).

• The kinematic heat flux ca l culated by both me thods shown in Ta b l e

I deserves mention. During the daytime hours , i. e. 1200 - 1 500,

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

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

- . On the other hand , the heat fluxes calculated by the similarity theory

are positive implying a downward transfer of heat flux to the ground .

This d ifference 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 values of

potential temperature. This difference in the method of heat flux

calculation produces the temperature discrepancy illustrated in Figs.

• 3 and 5. For temperature prediction in GCM , an er ro r of 10 K may be

acceptable. However , from the above results , we see a di f f e r e nce of

7
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3 to 4° K in temperature prediction occurs when different PBL para-

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

atmospheric boundary layer parameterization schemes in general

circulation models. Unfortunatel y there is not sufficient data to

select which scheme is best in this stud y.

Li. EFFECT OF DIFFERENT VERT I CAL PROFILES OF FLUXES ON

MODEL WINDS AND TEMPERATURES

We shall assume the following profile res~ tionships , i.e.,

exp ~~
- m(z/H)2} (9)

where ;‘ = (u’ , v ’ , 0’ , q ’), the subscript o ind i cates the surface

values , and the parameter m prescribes the shapes of exponential

profiles as shown in Fig. 7. From (9), it follows tha t at Z =

~~I~~~I = - (rn/H) exp (- rn/I.) u ’w ’
0 -

For linea r profiles ,

= - U I
W

I /H
o

Thus , the ratio of the vertica l gradient of fluxes between exponential

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

be seen that chang i ng the va l ue of m l eads to the modification of

vertica l flux gradient of the linear profile. For example , with m = 1 ,

the fluxes ca l culated by (9) wi l l  be 78 percent of tha t calculated by

linear profiles , and with m = Li , the fluxes caLulated by (9) will be

about 147 percent of that calculated by linear profiles . It should

be noted tha t with m = 1.4 and m = 8.6 the fluxes calculated by (9)

8
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is nearly equal to that of the linear profile. We integrated the

one-dimensional version of the model for 24 hours with three differen t

values of m i.e. , m a 1 , m — 4 and m — 8.6 for the exponential flux

profile relationship (9). It should be noted that the governing

equa ti ons fo r al l  the cases are the same exce pt the fl ux d i vergence

terms in equations (I) through (4) are different due to different

values of m .

Fi g. 8 shows potential temperatures at Z = 250 m calculated with

three differen t values of m. 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 = 4 is about 2° K. The d ifference in wind

S speed is neglig i bly sma l l , being less than 1 rn/s with the three

diff erent va l ues of m. This suggests that the shapes of turbu l ent

flux profiles is not critica l in a P81. parameterization scheme. In

genera l , the use of l i near f l ux p r o f i l es ~nay be suff i ci ent for general

circulation studies.

5. CHANGES IN SURFACE ROUGHNESS

The purpose of this section is to determ i ne if a simple model can

• reproduce some of the important features of more sophisticated multi-

lev el boundary layer models. Vu and Wagner (1975) in a numerica l

study concluded that when stabl y—s tratified air flow passes over a

rou gher surface , the i ncreased turbu l en t f l uxes of hea t in d uced by the

i ncreased surface drag can ~ause the formation of a heat island . The

model described in Section 2 employs similar govern i ng equations and

• numerica l schemes as those of Vu and Wagner (1975). The only differ-

ence between these two models is the number of levels in the vertical.

9
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Wh i le our model has on ly one level , the model of Vu and Wagner (1975)

had 21 levels. We shall thu s simulate a stratified flow passing over

a change in surface roughness as shown in Table 3. The boundary

conditions are:

At Z = H = 500 m; u(x ,H) U
g 

= 10 m/s;

- 

- 
v(x , H)— V

g 
— 0; 0(x, H) a 0

H 
— 308° K;

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

At z 0; u (x , 0) = v (x , 0) = w(x , 0) = 0;

8(x, 0) predicted by equation (7) .

At the upw i nd lateral boundary, the var i ables  u , v , 8 ar e assumed

to be un i form along the x-d i rection , and are obtained from the one-

.~imens ional time-dependen t version of the model. At the outflow latera l

boundary, the upstream differenc irig scheme does not requ i re boundary

va l ues . The initial conditio ns are:

-

• 

At Z = H/2 = 250 m; u(x , z) = 8 m/s;

v(x, z) = 2 m/s; ~ (x , z) = 3Q5
0 K

At Z — 0; O(x , 0) a 300
0 

K

The finite difference equations are given in Appendix II. An

inp ’i :it backward-time , upstream space finite difference scheme with

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

Fig. 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 — 1 , the roughness l ength is 0.001 m , while at X 5, the roughness

l ength is 2 m. From Fig. 9, it is evident tha t over the rougher

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

10
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air is well mixed near the surface during both day and ni gh t . Thus

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

at Z — 5. At the upstream boundary , i.e. Z = I , temperature difference

between Z 0 and 2 — 2 m is large especially during the ni ghtt ime .

The most interesting fea ture i s that during the s table hou rs , (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 surface , the energy is redistributed due to increased tur—

bu l ence mixing. This redistribution of heat results in the formation

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

that the temperature near the surface up to 2 m over the rougher sur-

face (X — 5) is cooler than that at X — 1 . This is due to that inten-

sive upward energy transfer occuring over the rougher su rface resu l ts

i n less energy available for heating the air near the surface. These

conclusions in genera l are in good agreement with the numerical results

of Vu and Wagner (1975).

6. SUMMARY AND CONCLUS I ONS

This paper presents an efficient two—dimensional time dependent

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

c i rculation 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 parameterization

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

tested , namely , the Rossby number similarity theory and Deardorff

(.1972) schemes. The effect of using differen t PBL parameterization

schemes is found to be very significant on temperature prediction but

I i
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not so much on the wind speed . Comparison of the numerical results

using these two different PBL parameterization schemes shows a maximum

difference of 4
0 K in the temperature prediction . This difference is

attributable to the large difference in the determination of surface

momentum and heat fluxes. The fluxes of momentum and heat ca l culated

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

scheme. In particular , d u r i n g  the un stab l e  hou rs , the hea t fl uxes

calc ulated by the Deardorff (1972) scheme are negative implying a upward

transfer of heat energy. By the similarity theory, the hea t f l uxes

are calculated to be positive during the unstable hours indicating a

downward transfer of heat energy. This fundamental discrepancy has to

be reso lved by comparing results with observations. Clarke (1974) did

a comparison between these two parameterization schemes using the

Wan gara ~periment data and conc l uded that the similarity theory was

more r€ le. 
-

I cect of different vertica l profiles in turbu l ent fluxes on

model w .4 and temperature was determined using the one-dimensiona l

version of the model. It was concluded that the effect was less

• important and for general circulation studies , a linear profile might

be adequatel y sufficient.

The two—d i mensiona l model was used to simu late a stably-stratified

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

done to see if our model was capable of producing the same physica l

resu l ts as those by more sophisticated multi-level boundary la yer

models. It was concluded that our numerical results agree essentially

with those of Vu and Wagner (1975) in that when stabl y stratified

12
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f l o w pass i ng over a rougher su rface , the i ncreased su rface drag and

thus the increased turbu l ent mixing can cause a heat island formation .
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A P P E N D I X  I

L ist of Symbols

C0 
geos troph i c  drag coef f ic i en t

CH 
geostrophic heat transfer coefficien t

C spec ific heat capac i ty at constant pressure

F Corio lis parameter

g grav it a ti onal accelera ti on

h height of the model upper boundary

H height of the model upper boundary , or sensible heat flux

I space index for the x-d i rection

k space index for the z-d i rection

n time index for the finite difference equations

p a tmosphe r ic pressu re

P
0 

atmospheric pressure of 1 000 mb

• q specific humidity of air

q specif i c hum i d i ty of a i r a t surface

q
5 

saturated specific humidity of air

surface friction humidity

t time

Tq 
su rface tempera tu re

u ,v ,w veloc i ty components in the x— , y- , and z-directions ,
respec ti vel y

Uh~ 
V
h 

veloc i ty components in the x- , y-d i rections respectively
at Z — h

surface f r i c t ion veloc ity

16
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x , y, z coord in a tes i n the downwind , cross-w ind , and vertical
d i rec ti ons res pec t ive l y

Z
0 

surface rough ness para meter -

Z0 
normal i zed surface roughness parameter ( Z0

/h)

0 potential temperature

potential temperature at 2 h

-
. 0.,. friction potential temperature

p a i r dens i ty

la tes t avai labl e va lues in  the itera t ion schemes

- mean val ues

/ dev i a ti ons from the mean val ues
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APPENDIX I I

Finite Difference Equations

F 1. The Model Equa t ions

+ u ~~!. + w - fu - ~~
— 

~~~~~~at ax g Dz

~~~+ u ~~~- + w ~~~~= -  
L~~~-r

ax az az

ax 3z

2. Fini te Difference Equations

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

-

~ 
terms and vertica l motion are zero. The finite difference equations

may be written for the Crank-Nico l son schemes.

= ~~~ (fv~~ - fv
9
hI
~~ + fV

n 
- fV

g~~) 
- (~~~~~ u ’w’)~~~

- ~
n 

— ( fu  
n+l - fU

n4l 
+ f..i

g
n 

- fU
n ) - 

~~~~~ ~
-i-~~)n+l

At 2 g

________ — ( - ~~~~~ ;•r~-I-)n+l

18 ‘

~~~~~~~~~~~~~~~~~~ _____ 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
..~~~ —~~~~~~~

.-
‘

-
~~~~ .~~~~ -- •



r - - - - ,  - . 

~~~~~~~~~~~~~~~~~~~~~~~
--

~

- — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-- ---—-—---—

~~~~~~

-- -

n+I n
q - q 

- ~~

At ~~~~W q /

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

f i n i te d i f f e r e nce scheme w i l l  be used , i.e.,

p-~ U(I ,k) u (1
~~~ 
: ;

~~ 
k) 

if u > 0

u~~-~-~ u(I , k) 
u(l+1, k) : ~~~~~~ if u < 0

Uote that using the upstream finite difference scheme requ i res no

outflow boundary conditions.

The finite difference equations for u > 0 may be written as,

u~
”
~~(l , k) - u~ ( I , k) 

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

At 
U ( I , x(i) — x( I—l)

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

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

+ ~ 
n+l

z(k+l) - z(k-l) v (I , k

( 1... U I W I)n l  
— 

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

— 9z p x(I) — x (I—l)

v~~
1 (I , k) - v~ (I , k) ~n+1 ~

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

(I-i , k)
At ii ( , k) x(I) — x(NI)

- 
n+I

(~ k)
v
~ 

( I , k+ 1 ) - v ~~~ ( J~ k-I) 
- fU n+l ( I , k)

-fU~ 
- (a —r-r)n+1
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0
n+l (, k) - 0

n
(1 k) 

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

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

u x(I) — x( I—l)

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

n+l
(1 k+l) 1 a _.T_I

)n+l— w (I , k) z(k+l) — z(k—l) 
% - ~~~~W

qn+l (I, k) - q
fl
(,~~ k) 

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

n+l 
(I- i, k)

At U x(I) — x (I— l )

- 
n+l 

)
q (I , k+i) q~~~ (i , k-i) 

- 
- 

~~

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

kgp
0
k 

~6~~~~k) + 0 ( I , k+1)~ J 

1 /k

at z = 0, P(I , k-i) — tp
k I k) + 

kgP
0 

~0(i, k) + 0(1 , k-l)~ J

3. Stability of the Finite Difference Equations

The finite difference equations described previousl y have been

proved to be numerically stable with large time steps (see e.g. Vu

( 1 972)) .
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Table 2: The ratio between exponential flux profile and
linear flux profile for different values of m

m mexp(-m/4) m mexp (-m/4)

0 0 5 1.43

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(km) Z(m)

0 0.001

3 IC

4 15 1.00

5 20 2.00

6 25 1.00

7 30 1.00

8 35 0.001

9 40 0.001

1 0 45 0.001
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A V,NO.OIMEN$IONAt. ONE-LAYER PLANETARY
BOUNDARY LAYER MODEL
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— ,4”2km

- - ~ A 1MOSPHfRE~ - -.  3H/4
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Fig. 1 — The model configuration
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Fiq. 3 — Potential temperature at two selected heights. i.e.. Z = 0 and Z 2 m calculated
by the similarity theory and Deardorff (1972) scheme
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Fig. 4 — Two~meter mean wind speed and u-component wind speed at Z 250 m
• calculated by the similarity theory and Deardorff (1972) scheme
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Fig. 5 — Temperature and v-coniponent wind speed at Z a 250 m calculated
by the similarity theory and Deardorff (1972) scheme
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Fig. 6 — Wind hodographs at Z 250 m calculated by the
similarity theory and Deardorff (1972) scheme
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Fig. 7 — Different shapes of turbulent flux profile equation u’w’ u’w~ exp [—m( z/H)2]
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Fig. 8 — Effect of different shapes of turbulent flux profiles
on potential temperature at Z 250 m

27

~~~~~~~~~~~~~~~~~~~~ - 

- - . 

- 

.
~~~~ 

:~~~ 

- 

S~ •~•~~~~



- ----5--’-.. —5.—- - —‘S . - . —-S - - 
~~~~~~~~~~~~~~~~~~~~~~~ --- ‘S _-__ --S . 5S~ ‘SS’S~’S~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~ - . w - -~~~~ • . -~~ -

310 , I I I I  I ’ l ’ I ’ l  1 1 1 1 1  I I I

~~~~~~~~~~~~~~
. 1  • I • I • I • I . I .  1 1 1 1 1 .  1 1 1 1 1

IS ~ ~ 24 06 04 06 05 10 12 14 II t~
TiME (HOURS)

Fig. 9 — Diurnal variation of the surface and two~meter potential
temperature at two selected locations x — 1 and x = 5
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