
~ ~~ ~~~ ~~ 

~~ ~~~: 

-€ ~~

u 

~~ 

‘- 

3‘“ a t“ m2; ,7 3‘ M ~ 

RESEARCH ' 

"r'.'

~ 

'JIL " H. v 

‘I

~ 

~~ 
~ ~~~~~~~~ 

~~~ ,‘.\.' 

' 

' 

'-.‘-E 
.

'

~ 
> F .,.‘ 

> n 
‘V ‘ ~

~ 

H
- 

" 

xATMD'SPHE;Haws;2,, 1 

' *

~
~



Report - ARQL - 77/9 August 1977' 

Experiments with a oneedimensional time—dependent 

planetary boundary layer model 

GUILLERMD BERRI 

National Meteoroloical Service 
Buenos Aires - Argentina 

This is one of a series of internal reports prepared-by the Atmospheric 
Research Directorate. ' 

The views_expressed in this document reflect the opinion of the in- 
dividual contributor and do not necessarily represent the official position 
of the Atmospheric Environment Service. 

It should not be referenced or quoted without the written permission 
of the author. I

' 

This study was carried out while the author was a visiting WMO Fellow. 

Air Quality and Inter-Environmental Research Branch ‘ 

Atmospheric Environment Service - 

h905 Dufferin Street 
‘Downsview, Ontario 

' M3H STh;



-II 

III 

Iv 

TABLE OF CONTENTS 

ABSTRACT 

ACKNdWEEDGEMENTS“ 

INTRODUCTION 

THE‘MODEL 

2.1 Governing equations 

2.2 Boundary layer formulations 

2.2.1 The constant flux layer 

2.2.2 The PBL above the_surface layer 

.2.3 'Numerical techniques 

2.4 Initialization and boundary conditions 

TEST OF THE MoDEL 

CONCLUSIONS AND COMMENTS 

APPENDIX 

List of symbols 

REFERENCES 

-11- 

iv 

10 

11 

12 

22 

23

25



ABSTRACT 

A one-dimensional time-dependent PBL model is investigated. The 

model is based on the primitive equations with an eddy diffusivity 
closure for the turbulent fluxes of heat and momentum. Within the 

surface layer the constraints of Monin—Obukhov similarity theory are 
imposed. Surface heat flux is specified as the positive half cycle of 
a diurnal sinusoid. At the upper boundary, a strong inversion, a down- 

ward heat flux with 20% of the surface value is imposed. Predictions 

of the model are compared with observations from the Great Plains 

Experiment, O‘Neill, Nebraska, 25 August 1953. The comparison shows 

good general agreement. 
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1. 
' 

INTRODUCTION 

The author was granted a nine month WM05UNEP fellowship for Air 

' 

Pollution Meteorology Studies at the Atmospheric Environment Service 
i 

K 

(A.E.S.) Downsview, Ontario, CANADA. The last six months of that 

period were dedicated to a research project on numerical modeling of 
.{-. - 

the Planetary Boundary Layer for use in Air Pollution Meteorology 

studies. 

The main purpose is to experiment with a simple one-dimensional 

time—dependent Planetary Boundary Layer mode1,suitab1e for Air Pollution 

Meteorology studies. 

Most of the sources of air pollutants are confined in the first 

tens of meters just above the earth's surface. Once the pollutants 

are emitted to the air, their diffusion and tranSport is determined by 

the atmospheric characteristics inSide the PBL. 

The a priori limitations imposed by the asSumption of horizontal 

homogeneity restrict the field of application of such models, although 

a good resolution of the vertical structure of the PBL can give a 

good estimation of the atmospheric diffusion capacity. 

The author interprets that this is a necessary first step toward 

more elaborate models capable of studying specific cases like local 
/“ 

. _. circulations induced by horizontal inhomogeneity. 
'..._,.4;1 

.1...



II THE MODEL 

2.1 Governing Equations 

Basically, the model consists of the solution of the two 

, 

horizontal momentum equations and the thermodynamic equation:

~ ~

~ ~ 
a u au. 3p 2 

1 1 3 u. 
+ 

uj =1— “_ - g 631 + v a x 
1 - eijk fj uk (2.1.1) 

3 t axj p 3x j 

ae 
I 2 ' 

39 a e 
_+ 

uj := xT 2 
(2.1.2) 

-3t 3x. 3x. 
J J 

where the-explanation of the symbols can be found in the appendix. 
- 

Equation (2.1.1) are the three components of the Navier-Stokes 

equations, expressed as one equation in tensor form, showing respectively the 

net force applied to an element of fluid equal to the pressure and gravity 

forces, the molecular diffusivity of momentum and the coriolis force, 

all per unit of mass.Equation (2.1.2), the thermodynamic equation, shows 

the total variation of the potential temperature equal to the molecular 

thermal diffusivity.
. 

Already neglected in the last equation is the term involving the 

latent heat release, of the form<Lv9/cpT)q/dt,becausethis model does
_ 

not include humidity. Also neglected is the divergence of the radiative 

flux, of the form(l/pcp)8R3/3Xj, because the behavioUr of this term 

is not well known yet and according to Busch (1973) can be neglected for 

heights greater than 2 meters above the earth's surface. pThis.can be



~ 

one of the sources of inaccuracy in dealing with the thermodynamic

Z 
3' 

because it is important only in the laminar sublayer (thickness W 1mm) 

. . 

' 2 ,equation. In equation (2.1.1) the term v 3 ui/ax will be neglected 

and negligible in the rest of the PBL compared with the eddy diffusion 

that will appear later in the equations. The same argument is applied' 

in the thermodynamic equation to neglect the term xTaze/ ax? 

Then, the set of equations takes the form:

~~
~ 

Bu. Bu. 1 3p 1 +u. '1‘ 
f (213) 3 

=='-—— - g 5 . — 9.. _. u . . 

8t 
’ ax.' p 8x. 31 '13k J 'k 

, J 1 

39 + u. 36 == 0 "—“‘ 
J (2.1.4) 

at axj l, .n , 

To introduce the eddy diffusivities it is necessary to develop the 

Reynolds equations. This will not be done in detail here (see Busch 

1973), but the basic concepts are the following: 

Any time dependant variable, say a, can be divided into two parts, one 

mean value, a, averaged in a time interval, plus a deviation, 3“, from 

that mean value 

a = a + a' 

-where a represents any instantaneous value and, by definition, 53.: 0, 

provided 5'15 constant in a time interval at least equal to the time 

interval in which it is defined, 

Applying this to ui, 9, p and p in equations (2.1.3) and (2;l.4) 

for the total flow, and averaging both equations leads to:
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~~ 

au. —- Bu 1 8p ‘ 

' _1_1 _w‘ --L'+ “j 1 ='— ‘ g 631 ‘. Eij'k fj “k - 9—— (uiuj) (2.1.5) 
-'3t 3x. - 3x. 3x. _ 

, J . p J . 

.36— + 33- 
as = .53 (uée') ‘ ’ ' '. (2.1.6) 

t. 
‘ 8x. 3x. - 

a 
J J 

The additional terms in the right hand side of both equations represent 

the eddy transport of momentum and heat, respectively. To get (2.1.5), - _/\ 

fluctuations in density have been neglected, compared with its mean}
7 

value. ‘Also, the incompressibility hypothesis has. been applied. 

The next stage is the closure of the Reynolds equations. In the present 

model first—order closure K theory, is applied. This assumes that:~ ~
~ ~ 
uiu'. = Km 3‘11 

J 3x. 
J _ 

_ (2.1.7) 
we, = Kfi 

ae 

MBX. 
-J 

As this is a one-dimensional model, dependent on 2, horizontal 

homogeneity of the fluid Will be assumed._ The term li/b”3fii5i; ’ 

will be replaced by eijk fang; ‘, by inVOking the geostrophic approximation. 

Rearranging (2.1.5) and (2.1.6), using (2.1.7)v the final h 

r
‘ 

expressions for the equations, writing separately both horizontalr 

momentum equations, are obtained:‘

~~ ~ 
an 

__ f(v¥v ) + 3 
(Km 

Bu )' 
at g 32 82 

3v - 3 3v 
.= -f(u-u ) + 

, 

(K . ) 
at g 32 m 32' (2'1'8) 

38 3 (K 36 ) 
3t =fi 32 h 32
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_where the bar over the single variables has been dropped but it is under-‘ 

‘stood that these are the mean values. The horizontal advection terms, 

do not appear in (2.1.8) because of the horizontal homogeneity. .The 

vertical advection term also vanishes because w must be zero at all 

levels to satisfy the incompressibility of_the fluid, since w = 0 

necessarily at surface. ihus the term 2 via cos ($3 3% £5; u equation 

also vanishes; ii" 7,The vertical momentum equation is not necessary 

because, with the assumptions involved; fit leads to the hydrostatic; 

approximation.



2.2 i”Bcfindsiy"tayér formulations 

Two different layers will be considered in the PBL. The first is the 

surface layer where the fluxes_of heat and momentum are constant with height 

Vand equal to their values at surface, and where the wind does not change 

direction with height. The second is the Ekman layer where the fluxes of 

heat and momentum decrease with height, reaching 2ero values (by assumption)
I 

at the top of the PBL. The wind shifts with height due to decrease of the 

friction force,. and reaches the direction of the geostrophic wind at the. 

top of the PBL. 

2.2.1 'The conStant flux layer 

The structure of this layer is relatively well known nowadays, and 

different researchers have found good agreement between the observations 

and the formulations of the Monin—Obukhov similarity theory. The theory 

establishes that the wind shear and temperature gradient can be expressed. 

respectively, as: 

55_ §g_= ¢m (2.2.1.1) 
u* 82 

L fi= ¢h v (2.2.1.2) 
6* 32 

where 9* la -w-'T’ /u* 

The non-dimensional wind shear, ¢m,'and the non—dimensional temperature 

gradient. ¢h, introduce the dependence of u andre 6h stability conditions 

within the surface layer. These are universal functions and have been 

evaluated by Businger et a1. (1971): 

a—r’



¢m = (145;)J5 for ;<o 

¢m‘= 1+4.7; for §>O 

_% (2:2.1.3) 
¢h = 0.74 (1—9;) for §<0 

¢h = 0.74 4 4.7; 
' 

for c>0 

where c=z/L, and L, the Monin—Obukhov length is defined by ' 

L=To u *0 
kg w'T' 

Equations (2.2.1.1) and (2.2.1.2) may be integrated.using the 

expressions (2.2.1.3), (see Paulson, 1970), obtaining the following: 

u=;g* 
Ff (1n 5,- $1) for c<0 

20 

u = 3* (£n_5_‘+ 4.7:) for c>0 (2.2.1.4) 
k» zo 

6—60 = 0.74 6* (in E__— $2) for c <0 
20 

6—60 = 0.74%(Zn E__+ 4.7;) for c >0 
zo ’

, 

where 

. . 
. 

' 

2. , 
-1’ n 

pl 
- 2 £nI(1+x)/2] + £n[(1+x )/2] -2 tan x+§ 

$2 = 2n[(1+y)/2] 

x = (1%15C)% 

_y' = (1-9c);’ 

According to the Monin—Obukhov similarity theory the integrated expressions 

for u and e are valid when 20, the roughness parameter, is much less than 

2. In the present model 20 is .01 m and the expressions are integrated up



, 
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to the height of the surface layer which is set equal to 40 m, as will 

be explained later. 

2_2.2 "Th 'PBL above'the Surface layer 

In the present model mixing length theory will be invoked, and the
A formulation for the eddy exchangecoefficient of momentum (following Walmsley, 

1972) will be: ' 

I

A 

Km= £Ex— (2.2.2.1) 
¢m 

where 2, is the mixing length, is 

2 = k(z+zo) exp (-z/B) 
V 

‘ (2.2.2.2) 

and B, the height of the maxima in the coefficients, is specified as .30 

_ 

the height of the PBL. 

The turbulent transfer at all levels in the PBL depends on the surface 

layer characteristics and these are introduced by u* and by the factor ¢m 
in the formulation of the eddy exchange coefficient. This formulation-of Km 
is in close agreement with the polynomial proposed by O'Brien (1970),'in- 

creasing rapidly with height until its maximum and then decreasing slowly 

and approaching zero as 2 tends to infinity. The thermal eddy diffusivity 

is proposed in.a similar manner: 

K = ——Jt - 

g 

. (2.2.2.3) 

These formulations for the eddy exchange coefficients will allow the 

heat transfer to be more efficient than the momentum transfer sincezr 

lL€h=¢_m>1 
g; ¢h 

The inclusion of ¢m and ¢h in RE and Kh, reSpectively will allow them to 

change as the stability changes. .It should be mentioned that in both cases 

om and ¢h are evaluated in the surface layer.



‘The fluxes of-momentum for the u and v wind components and sensible 

heat are represented, respectively, by: 

-u'w‘ = 
- m 82 

-v'w‘ '= K 91’- (2.2.2.4) m az 

-W' = '- Y'c) 

where the presence of the term yc permits a counter-gradient heat flux 

as explained below. 

In a we11~mixed planetary boundary layer, for example in the early 

afternoon, the vertical profile of potential temperature shows an 

unstable layer in the lowest levels up to a height about 200 m , induced 

by the heating from the ground, and a neutral to slightly stable layer above, 

The sensible heat flux is positive (upward) throughout the PBL. ‘The 

formulation of a turbulent heat flux proportional, through Kh, to the 

potential temperature gradient will predict a zero or downward heat_f1ux' 
'in the upper part of the PBL in the above described situation. To allow . 

the K-theory to work, it is necessary to introduce a factor yc that will 

allow an upward heat flux throughout the PBL even through layers which are 
. _ - —1 slightly stable. Deardorff (1966) suggested yc= 6.5x10 4 K m .
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2.3 Numerical Technigues 

The model is oriented with its x axis pointing toward the east. 

The grid consiSts of 18 points in the vertical. The grid spacing was chosen 

following the suggestions made by Taylor and Delage [1971) who proposed a 

log-linear spacing of the vertical coordinate. The grid points are 10Cated 

rat the following levels (in m.): _0.1, 11.8, 40, 99, 186, 291, 408, 531, 660, 

792, 926, 1062, 1200, 1340, 1480, 1620, 1760 and 1900. In the lower levels 

the grid spacing follows a logarithmic increment and tends to a constant 

increment in the upper levels. The first level was chosen as 26. Also 

Taylor and'Delage proposed the use of a "wall layer" where the flux of. 

momentum is constant. This "wall.layer" avoids errors in the wind profile 

which occur when the finite difference scheme is carried right down to the 

ground, particularly when the mixing length is proPortional to i, as in
i 

this model.‘ The height of the "wall layer" is kept constant and equal to 

40 m. during the integration and represents the height of the constant 

flux layer. This is somewhat arbitrary since the height of the constant 

flux layer changes during the day proportionally to the growing of the' 

planetary boundary layer. This constant height of the "wall layer" may 

affect the solution. 
2 I 

A forward-inetime and centered-in—space finite difference scheme is 

used to integrate the model, which is expressed by 

at k g (Zk+1—Zk) (Zk+1'Zk—1) 
. a 

i 

- » (2.3.1) 
2 Kk_1/2 (uk-uk_1) 
‘(zkfzk-l) (Zk+1’zk—1) 

following Estoque and Bhumralkar (1970). A similar expression is used for 

v and e. The time step was set equal to 20 seconds acCording to the com—
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2 putational stability criterion K At/Az < .25, where K represents the 

maximum of the eddy exchange coefficients. 

The values of u, v and e are defined at the grid points, while the 

eddy diffusivities, wind shear and temperature gradients are defined at levels 

halfway between the levels where the temperature and wind components are defined. 

2.4 Initialization and Boundary Conditions 

The initial potential temperature profile is specified as neutral in the 

lower levels and an inversion is set in the upper levels. Barotropy is assumed 

and the geostrophic wind is kept constant during the whole integration period. 

The surface heat flux is a specified sinusoidal function of the time, with the 
'positive half of the cycle starting at sunrise and with amplitude about 15% 

the solar constant. The downward heat flux at the top of the PBL is set equal 

to e.2 of the surface heat flux. This value is Somewhat arbitrary; although of 

the accepted order of magnitude (Deardorff, 1974). _With the specified teme 

perature profile constant and no heat flux, the model is integrated until a 

quasi-steady state for the u and v wind components is reached setting ¢m = 1" 
according to the neutral conditions. Then, the surface heat flux is introduced 

and the surface layer is adjusted to the new unstable situation. The surface 7 

heat flux and the former u* defines-L and 9* which are introduced in equations 

(2.2.1.4) to obtain the new u and 66, which in turn define the new u*. This 

process marches forward until the solution converges. The temperature-profiley 
above the surface layer is kept constant. The new value of ¢m defines the new_ 
eddy exchange coefficients of momentum which are used to.reach the final quasi— 

the integration.of the model steady state for the wind profile. After this, 
starts .
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III -'TEST OF "THE MODEL 

The initial conditions for potential temperature is the profile 

observed at OtNeill, Nebraska, during the Great Plains Experiment, at 

0835 CST 25 August 1953 (See Stull, 19731, as shown in Figure 1,“ The 

geostrophic wind is assumed to be eastward (pg = 10 m 5.1, vg = 01. The 

amplitude of the surface heat flux_that gave the best general agreement 

with the observations was .20 [K m 5-1], which corresponds to 14.4% of It; 

the solar constant. Busth, Chang and Anthes (1976), usingFthe same data, 

found the best agreement with an amplitude of .25 [K m 5‘1]. The potential 

Itemperature profiles at 1035, 1235 and 1435 CST, obtained by integrating the 

model are shown in Figure 2. In general, calculated temperatures differed 

-from observed values (Figure l) by less than one degree Kelvin. The cal; 

culated profiles Show (Figure 2) an unstable layer in the low levels, 

changing to neutral and slightly stable with'height.1 The slightly stable 

Ilayer produced by the model at 1035 CST just below the inversion, which 

does not appear later, suggests that the initialization procedure applied 

must be revised since a neutral temperature profile is not in good agree4l 

ment with an upward heat flux throughout the PBL and a downward heat just 

on the top. Obviously, when the integration starts, the levels closer 

to the upper and lower boundary are heated faster than the levels half wayr 

between.Figure 3 shows the observed potential temperature profile comparedv 

with the calculated by Busch, Chang and Anthes (1976), and by this model 

at 1235 CST. 
I 

' 

I

' 

The model fails tetreatadequately the cooling above the base of the 

inversion. The reason may be-the somewhataibitfaip upper baufiaafy condition“ 

for the thermodynamic equation. In earlier-experiments with the model, K ~~~
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theory was employed throughout the vertical domain ubproducing an unrealistic 

cooling in levels just above the base of the inversion. Hence an unrealistic 

warming resulted inside the PBL where temperatures deviated from the 

observations aboUt +4 degrees Kelvin at 1435 CST. This situation probably 

resulted from the combination of the strong stable lapse rate and slightly 

excessive Kh values above the_PBL, which have almoSt the same magnitude of 

those values inside the convective layer, as-can be seen in Figure 4b. To. 

overcome this, a downward heat flux was imposed just above the top of the 

'PBL and set equal, in magnitude, to 20% of the surface heat flux while 

in the rest of the levels above, the heat flux was set equal to zero. 

Under these assumptions the vertical profiles in Figure 2 were obtained. 

This assumption is equivalent,from the point of view of the K—theory, 

to having vertical profiles of the eddy exchange coefficients as those extra— 

polated by dashed lines in Figure 4b, approachingfiémalllvaluesV above the PBL. 

This should produce smaller downward heat flux inside the inversion, but this 

has not be tested.
I 

The vertical heat flux profiles shown in Figure 5 are, as expected,' 

decreasing and almost linear functions of height. The imposed downward 

heat flux just above the PBL represents entrainment of warmer air from the 

inversion causing local cooling and a warming of the PBL just below the 

inversion. In Figures 4a and 4b are plotted the vertical profiles of Km 
and Kh respectively. The best agreement between the calculated and observed 

potential temperature profiles was found with B = .5h in equation (2.2.2.2) 

(i.e., the maxima in the eddy exchange coefficients are at half the height 

of the PBL). 

The height of the PBL was defined at every timestep as the height of 

the inversion base. In Figure 6 has been plotted the time variation of the 

height of the PBL (dashed line)while dots represent the observed values
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Figure 4b. Vertical_profiles of the eddy exchange coefficient 
of sensible heat bredicted by the model. The dashed lines 
represent the idealized profiles approaching small values 

just above the top of the PBL. 
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Figure 5. Vertical profiles of sensible heat flux predicted 
by the model.
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(see.Stu11, 1973). The rate of growing of the PBL is slower specially 

after 1235 CST and may be due to the smaller cooling predicted just above 
the PBL. The decaying of the PBL after 1635 CST is not represented by the 

model; moreover, it predicts_a constant increasing PBL at a very slow rate 

after 1700 CST that is not possible to represent in Figure 6. The reason 

for that may be the constant coolinggpredicted by the model above the 

PBL, while the observed profiles in Figure 1 show heating above 900 m and 

after 1235 CST, probably due to large scale atmospheric motion. 

In Figure 7 are plotted the time variation of the cross isobar flow 
angle and the magnitude of the wind,_both at 11.8 m. Also Shown ‘are 

the results obtained by Busch, Chang and Anthes for the wind at 10 m. As 

the instability increases the downward momentum flux increases and the wind 

accelerates and reduces its cross isobar flaw angle. 'In the late afternoon 
and towards sunset, the instability decreases and the wind decelerates 

and veers toward larger cross isobar flow angle due to decreased downward 

momentum flux from the upper levels.



heighg 

1600-; 

1400- 

1200- 

1000'- 

300 -- 

600" 

400‘- 

200‘” 

-20- 

'(m-) 

-r 

9 10 11 12 13 14 
’ 15 16 17 18 19' 

‘ 

‘ 

TIME CST 

I n A I I 
u u I! I ' I 

Figure 6. Time variation of the height of the PBL piedicted 
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IV CONCLUSIONS AND COMMENTS 

The model reproduces reasonably well the vertical profiles of 

potential temperature observed during the Great Plains Experiment on 

25 August 1953. Predicted temperatures differed from the observed values 

by less than one degree Kelvin. The imposed downward heat flux at the base. 

of the inversion causes the model to reproduce qualitatively well the 

growing of the PBL, although it fails to reproduce the-decaying. There is 

no explicit formulation for the height of the PBL, although this is easily 

overcome when, as in the present case, the height of thePBL is physically 

determined by an inversion. The model has not been tested in neutral or 

slightly stable situations since in this caSe it would be necessary to 

specify the height of the PBL,§;g. through RichardSon's number considerations 

or through more elaborated formulations as in Deardorff (l974).' 

The formulation of the eddy exchange coefficient, and especially Rh, 

will work better in neutral or slightly stable situations; as discuSSed in 

III); In this sense the O'Brien‘s formulation reproduces better.the
H 

decaying of Kh close to the'upper boundary, moreover, its value at the top 

of the PBL is specified beforehand and its_introduction in the present 

model is straightforward. 

The behaviour of the u and v wind components was not studied in detail, 

although their behaviour in the surface layer is qualitatively in agreement 

with the observations.
V 

Finally, it should be mentioned that due to limitations of time 

available for this project no sensitivity test was made of the numerical 

techniques and assumptions (g;g. the imposed constant height of the 

surface layer).



(i 

,, 7 7r;925_,::17v4fw a so . ,; ,._t;i 

APPENDIX 

LIST OF SYMBOLS_ 

arbitrary variable 

specific heat for the air; at constant pressure 

each of thecoriolis parameters (j = 2,3) 

gravitational acceleration 

-height of the PBL 

Von Karman's constant =.35 

degrees Kelvin 

eddy exchange coefficient of sensible heat 

eddy exchange coefficient of momentum 

Monin-Obukhov length 

latent heat of evaporation 

atmospheric pressure 

saturated specific humidity 

radiative heat flux 

time 

atmospheric temperature 

temperature of the reference state 

wind component in the x-direction 

each of the wind components (i, j, k = 1,2,3) 

geostrophic wind component in the x—direction 

friction velocity (square root of the friction force per_ 
unit mass) , 

-
v 

friction velocity in the constant flux layer 

wind component in the y-direction
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vg geostrophic wind component in the y-direction 

v wind velocity vector 

IV] . 

modulus of the wind velocity vector 

w wind component in the z—direction 
r 

: § 

xi each of the rectangular coordinates
’ 

2 vertical coordinate 

zo roughness parameter 

a cross isobar flew angle 

3 parameter proportional to the height of the PBL 

yc 
' 

magnitude of the counter-gradient sensible heat flux 

631 Kronnecker's delta (Gij=0 if ifj and =1 if i=j) 

Eijk alternating tensor =1 if (i,j-,k) = (123), (312) or (231) 

=-1 ifv(i,j,k) =‘ (321), (213) or (132) 

=0 if i=j or j=k or k=i 

9 potential temperature 

60 potential temperature at 20 

0* temperature scale for-the surface layer 

XT molecular exchange coefficient of-sensible heat 

2 turbulent mixing length 

v 
I 

molecular exchange coefficient of momentum 

0 density 

¢ latitude 

¢ non—dimensional wind shear 

;: non-dimensional lapse rate 

a - stability parameter, defined as z/L 

$1 $2 stability functions 

Q angular velocity of the earth's rotation

be
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