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COMMENTS ON CERTAIN BOUNDARY LAYER PARAMETERIZATION
SCHEMES USED IN ATMOSPHERIC CIRCULATION MODELS

‘
I I . I NTRODUCT I ON

The structure of the atmospheric boundary layer is characterized by

two dist inct sublayers. Immediately above the surface up to approximately

30 m height the vertical variation of eddy stress and other fluxes can

be neg lected , and the wind direction is essentially constant. This

la yer i s ca l le d the surface layer , or alternativel y the constant flux

l ayer. The height of the constant flux layer is quite variab le. At

night , when fluxes are weak and the stra t fcat ion strong , the stress

may be constant for onl y a few meters near the surface. At the other

extreme , during the daytime convective periods , there is strong tur-

bulent mixing. Thus the surface laye r may extend to a considerable

height above the surface. Above the constant flux layer is the Ekman

layer , or the outer layer. In this l ayer , the earth’ s rotation and

the large scale pressure grad i ents in addition to the eddy stresses

are important in controlling the wind and temperature profiles. The

turbulent fluxes typically decrease upward within the outer layer.

The interaction between the boundary layer and the free atmosphere

occurs through the vertica l fluxes of momentum , mass , hea t and moisture ,

and the frictional dissipation within the boundary l ayer. The essentia l

purpose of boundary layer parameteriza tion is to generate simple

models for the computation of the boundary la yer fluxes. The first

part of this paper discusses the parameterizat ions based on the surface

layer similarity theory. This theory is applicable whenever the first

Note: Manuscript submitted June 23, 1977 .
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grid l evel of a genera l circulation model can be placed within the

constant flux (or surface) layer. In particular , we shall examine the

effect of vary ing the constant flux layer height on the computation of

the boundary layer fluxes. The second part of this paper concerns

1’ parameterization of the whole p lanetary boundary layer. This is

neccessitated by the fact tha t many large scale models have such poor

~ vertica l resolution that the first interior grid point l evel is well

above the top of the surface layer . The boundary layer fluxes in this

case are calculated by the so—called Rossby number similarity theory or

generalized similarity theory with emp irically determined similarity

functions. Accord i ng to the similarity theories , these empirica l

functions depend on the surface Monin-Obukhov length which is imprac tical

to determine. However , a bulk Richardson number which is closel y re-

lated to the Monin-Obukhov l ength can be explicitl y determined . Thus ,

we shall specificall y discuss how the similar i ty functions can be

determined by the bulk Richardson number approach. Moreover , we s ha l l

compare the computed boundary layer fluxes of the generalized similarity

theory and the Rossby similarity theory.

2. PARAMETERIZAT I ON BASED ON THE SURFACE LAYER SIMILARITY THEORY

A. Constant Flux Layer Theory

In this section , we shall discuss computation of surface fluxes

of heat and momentum based on flux-profile relationships as established

throug h the Monin-Obukh ov similarity theory. The most complete cha r-

acterization of fluxes ~nd profiles comes from the Kansas experiments ,

as published by Businger et a l . (1971).

Following Businger et a l . (1971), we define the following dimen sion-

less quantities:

2
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R — q~O/~Z Richardson number , a
stability parameter

= ~~~~~ 
.
~~~~
. A dimensionless wind shearm u,~ ~Z

= 
kZ~~O A dimen sionless temperature

S O .k. ~Z gradient

Z kgw IS I Z .
= —1 - 

- 3 A dimens ionless height

where

g acceleration due to gravity

k von Kárma~ s constant = (0.35)

u , v , w = l ong i tudinal , latera l and vertica l components of the wind

magnitude of the mean horizontal wind vector

Z vertica l coordinate

e potential temperature

~~ friction velocity ~~(~r / o) r }

scaling temperature ~—~~~“/(ku .)}

L Obukhov length

— air density

= surface shearing stress
0

C~ — specific heat of air at constant pressure

Based on the experimental results of Businger et al. (1971). the

3
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universal functions 
~m 

and can be written as:

(1 — l5~)~~ , < 0 (unstable)

I + 4 .7ç , > 0 (stable)

0.74(1 — 

~~~~ ‘
~~ 

< 0 (unstable)

=

0.7k + k.7~ , > 0 (stable)

The procedure involves the computation of the surface shearing stress

T and heat flux , p C u ~,,S ,, for a g iven set of wind and temperature pro-

files between Z and surface roug hness height Z .  The hei ght of the

surface or constant flux layer Z is quite variable as it was pointed

out previousl y. As a result , an assumed height of the surface layer

can have great effects on the computation of the surface shearing stress

and heat fluxes. Here we attempt to assess the effects on the surface

fluxes of momentum and heat based on experimental data when differen t

constant flux layer hei ghts are assumed .

B. Analysis Procedure

Data used for the anal yses are based on the Wangara (Clarke

et al . , 1971), and the Kansas (Izum i , 1 968) field experiments. From

the Wangara data , 1,0 days of wind and temperature measurements at four

lev els , i.e. 50 rn , 4 m , 2 rn , and 1.2 m were chosen . From the Kansas

data , hourl y values of wind and temperature at five levels , i.e. 32 m ,

16 n , 8 rn , 4 m , and 1 m were selected .

Onl y a brief account of the computation procedure of the surface

fluxes wi l l  be g iven here. For details the reader is referred to
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Barker and Baxter (1975). First , the bulk Richardson number was cal-

culated from the wind and temperature profile data . Next , the surface

Obukhov l ength was deduced on the assumption that an individual ver-

tica l flux and its associated vertica l grad i ent strictl y obey the

empirical relationships of Businger et al . (1971). Then , the surface

friction velocity, and thu s surface shearing stress , were calculated

from the integrated form of the empiri ca l diabatic wind shear relation-

ship, using observed wind speeds at selected hei ghts. It should be

noted that no assumption was made on the value of the surface roughness

l ength. L~~ :he heat flux , and thus the kinematic heat flux , are

obtai ne~ dlux gradient relationshi p of Businger et al. (1971)

using th1.. ~~~culated values of frIctron ve l ocity.

C. Anal ysis Results

Fig. 1 shows the results of the anal yses based on the Wangara

data. Eight day ’s results are presented . These are typica l of the 40

day ’s results of the Wangara data. The most striking features occur

during the convective hours , i.e., 1200 and 1 500. The shearing stress

(top) and heat fluxes (bottom) calculated using wind and temperature

profiles at Z
1 

= 1 .2 m and Z
2 

= 50 m show great discrepancies when

compared to those ca l culated with profiles taken from Z
1 

1.2 m and

— 2 rn . We speculate that if wind and temperature profiles at a

hei ght of 50 rn (or greater) were used , the very super-adiabatic layer

existing near the ground durin g the convective hours may not be re-

flected in the calculation of a bulk Richardson number. As a consequence ,

the Obukhov lengths are calculated to be of nearl y neutral values , and

thus the fluxes calculated are much too small in magnitude. However ,

5 
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if wind and temperature at a height l ower than 2 m are used , then

measurement errors in the data will probabl y l ead to inaccurate flux

ca l culations. Note that both shea r stress and heat fluxes calculated

with Z
1 

= 1.2 m and Z
2 

4 m compare well with those of Melgarejo and

Deardorff (1975).

The 1 968 Kansas surface layer data include independent measurement s

of both surface friction ve l oc i ty and heat fluxes. Thus , the calculated

results can be easil y compared with the measured values. Four cases are

considered . Case A: the hei ght of the constant flux layer (CFL) is set

to be 4 m with wind and temperature profiles taken at two l evels i.e.,

Z = 1 m , and Z 4 m. Case B: CFL 8 m , Z = 1 and Z = 8 m.
2 1 m 2

Case C: CFL = 16 m , Z1 
= I , Z

2 
= 16 m. Case 0: CFL = 32 m , Z1 

= 1 m

and Z
2 

= 32 m . The calculation of surface friction velocity and kinematic

heat flux are done in the same way as for the Wangara data described

prev i ousl y.

The calculated values for these four cases for the Kansas experiment

are tabulated in Appendix I . The RMSE values (Root Mean Squares Errors)

of the calculated surface friction velocity and kinematic heat flux with

respect to the measured values are g iven in Table 1 . It can be seen

from a comparison of the RMSE values given in Table 1 that the poorest

results were obtained when wind and temperature profiles were taken with

— I m and Z
2 

— 14 m (Case A). On the othe r hand , the best results in —

the ca l culation of surface friction ve l ocity and kinematic heat flux

come from Case D where wind and temperature data at Z1 
= I m and Z

2 
—

32 rn were taken. These results again suggest tha t if the hei ght of a

constant flux layer is assumed to be very shallow such as less than 1, 

m6
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depth , then any small measurement errors in wind and temperature profiles

wi l l  lead to great inaccuracies in the calculation of surface shearing

stress and heat fluxes.

The results of the above ana l yses are oa -5eJ on an assumption that

the data taker~ from the Wangara and Kansas field experiments strictl y

followed the flux—profile relationships of Businger et al. (1971). A

more stringent assumption was tha t all the data taken at any two l evels

would behave according to the surface similarit y theory. These two

assumptions mi ght be responsible for the fact that grea t variability

was exhibited in the surface flux ca l culation s with differen t constant

flux layer hei ghts assumed in the anal yses. For the purpose of para-

meterizing the atmospheric boundary l ayer for use in general circulati on

models , a fixed height of 10-30 m for the constant flux layer may be

practica l and reliable. However , for model ing detailed structures of

the atmospheric boundary l ayer , a sensitivity anal ysis of the effect

of differen t CFL hei ghts is a necessity.

3. PARAMETERIZAT ION BASED ON THE MATCHI NG OF SURFACE AND OUTER

LAYER SI M I LARITY THEORIES

As pointed out previousl y, when a GCM has such a poor vertica l

resolution that the first interior grid l evel is well above the top

of the surface layer , one must parameterize the whole boundary layer.

The best forms of parametric relationship for this have been derived

by the matching of mean profiles predicted by surface and outer layer

similarity theories (Blackadar and Tennekes , 1 968; Zi li tinkevich , 1975).

The general form of the drag (or surface shear Stress) and heat transfer

(or heat fluxes) relation s obtained from similarity ma tching arguments
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is ,

ku /u , = - (2.nZ + A)
h o

kv Iu , = — B sign .fh ’ .

k(O
h 

- S~ )/ S , = - (~nZ + C)

k(q~ 
- q

0
)/q. = - (~nZ + D)

where u and v are the horizontal components (in the direction of surf’ -e

shea r and perpendicular to it , respectivel y) of mean veloc i ty vector

(the subscript h refers to the variables at the top of the boundary

layer), Z is the roughness parameter normalized by the scale hei ght

(h or u ,/f) of the boundary layer , and A , B , and C and D are some

similarity functions.

A. Determination of the Similarity Functions

The purpose of this section is to describe how the similarity

functions A , B and C can be determined by the bulk Richardson number.

In theory , the similarity functions A , B and C are functions of at-

mospheric stability .i, where h is height of the p lanetary boundary -

- 2layer and L is the surface Mon in-Obukhov length def ined as , L = ~u .

It is apparent tha t L is related to the interna l parameters U (~ and e~,
which are to be determined . Thu s, it is not practical to determine

similarity functions A , B and C in terms of L. Deardorff (1972) dis-

cussed the relationship between the geostrophic drag or heat transfer

coefficients and the bulk stability (bulk R~chardson number). Recentl y,

Yamada (1976) reexamined the similarity functions based on the Wangara

8



data. Both in the stable and unstable conditions , his proposed

universal functions A(~.i), B(~j) and C(~) show substantial improvement

when compared with the observed data over the previous work by

Deardorff and Mel garejo (1975) and Arya (1974). We shall thus re-

formulate the similarity functions in terms of bulk Richardson number

based on Yamada ’s (1976) work.

The bulk Richardson number R .B is related to similarity functions

by

R — 0 74 h 
i~n(h/Z ) 

- C

iB 
— 

L {Ln(h/Z ) - AZ} + BL

where functions A , B and C are defined as in Yamada (1976) . It follows

that for a g iven set of values of = h/L and roughness parameter Z ,

the correspond i ng values of A , B, and C , and Ri B are readily determined .

Now, for a given values of R.8 and Z , we like to determine h/L and

hence A , B , and C. For this purpose , the Newton-Ralphson method is

useful ,

= 

~ 
+ {R i~ 

—

where

f (~) = O.7k;(c~ - c)/{ (ct - A) 2 + B2)

and

f I ( ~~ ) = f(. ){1/ç C h/(O~ — c) — 2(AA ’ - ctA ’ + BB ’ ) /

2 2( c t — A )  + B  }

~~~~~
-

9 
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where ~ E h/L and JLn(h/Z ) E ct. The subscript i denotes the intera tion

index , and ( ) ‘  the derivates with respect to ;.

The Newton-Ra l phson method was tested both for stable and unstable

cases of similarity functions A , B , and C based on Yamada (1976). We

found for stable cases , i .e. h/L > o , the Newton-Ralphson method

converges within five iterations. Following Yamada (1976) , the sim—

ilarity functions for stable cases are :

( i )  l 8 > ~~~> O

A = 1.855 - .38O~ , A’ - .380

B = 3.020 + .3OO~ , B’ = .300

-
. 

C = 3.665 - .8l9~ , C’ = - .819

(ii) 35 > > 18

A = 1.855 - .380~ , A’ = - .380

B = 3.020 + .3OO~ , B’ = .300

C = - k.32 (ç - l1.2 l )~~, C’  = - 4.32(~ 
- ll.2l)~~

(iii ) ~ > 35

A = - 2.94(ç - l9.94)~~, A’ = l.47(; - l9.94)~~

B = 2.85(~ 
- 12.47)~~, B’ = l.k25 (~ - 12.47)~~

C = - 4.32( ;  - I l . 2 l ) ~~, C’ = 2.l6(; - ll. 2 l )~~

For unstable cases , a simple linea r relationship occurs between

the bulk Richardson number and ;, i.e.,

ç = Ri B f (C N)

where CN 
.
~~
. 
~n(h/Z0), where k is von Kárman constant , and f(CN

) — .75

- I. Table 2 shows the values of A , B , and C based on these two

10
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differen t methods. The values denoted with ( ) are those caluclated

with g iven bulk Richardson numbers , and those without ( ) are ca l—

culated based on g i ven h/L. The agreemen t between these two method s

are remarkable.

The geostrophic drag C
0 

and heat transfer coefficients C
H 

are

defined as , (see Yamada , 1976)

C
0 

k{(R~n(h/Z ) - A)2 +

CH 
= 1.35 k{Zn(h/Z ) - C} 1

The calculated values of C
0 
and C

H based on the two different methods

are shown in Fi g. 2. Very close agreement in the values of C
D 

and C
H

between the two methods are ind i cated .

B. Surface Fluxes Calculated ~~, the Generalized Similarity

and Rossb y Number Similarity Theo ri es

The difference between the generalized similarity and the

Rossby number similarity theory is that the former assumes that the

boundary layer hei ght is uniquel y determined by u/f and L (Obukhov

• l ength) . In the generalized version h is considered as an independen t

var iable (Zili tinkevic h and Deardorff , 19714), ther efore , in the latter

the effects of complicated factors such as nonstat ionarity, ~~“rnal

heating , large-scale advection of heat and moisture , large-scale

subsidence , etc. on which h depends in the rea l atmosphere , can be

considered ind i rectl y by specif ying h throug h a rate equation (Deardorff .

1 974).

In this section , we shall examine the surface fluxes calculation

1 1
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I

based on these two theories. For this purpose , we shall use the

-
- 

observed data set taken from the Wangara experiment. In particular ,

those days of the Wangara experimen t chosen by Mel garejo and Deardorff

(1975) will  be selected for ana l yses. The observed boundary l ayer

height h5, defined as the hei ght to which significant cooling had

extended as jud ged both from individua l profiles and their evolution

in time , will be used to compute the surface fluxes of heat and momentum

by generalized similarity theory . For the Rossby number similarity

theory , two fixed values of h wil l  be examined , i.e. h = 1 000 m and

h = 500 m. Determ i nation of the various similarity functions are done

by the emp irica l formulations of Yamada (1976). Specifically, the

similarity functions are determined by the bulk Richardson number

approach as described in Section 3A.

The calculated surface friction velocity and kinematic hea t flux

are listed in Appendix II .  The Root Mean Square Errors (RMSE) of the

calculated surface friction veloc i ty u,,. and kinematic heat flux H
0/oC~

with respect to the va l ues calculated in Me l garejo and Deardorff (1975)

are shown in Table 3. It should be noted that the surface friction

veloc i ty and kinematic heat flux calculated in Mel garejo and Deardorff

(1975) are based on the flux—profile relationship of Busin ger et al.

(1971). As noted in Melgarejo and Deardorff (1975) , the fluxes thu s

calculated were obtained from the observed wind and temperature gradients

between 1 and 1i m. The fact that the surface similarity theory is well

established and the profile—flux relationships of Busin ger et a l . (1971)

are well deduced from a carefull y gathered field experiment justifies

the use of the results of Mel garejo and Deardorff (1975) as the

- --~~~~~~~~~~~~~ •-~~~~~~- - .,~~~~~~~~~~~~~~
_ ~~~~~~~~~~ 

_ I _
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comparison standard. From Table 3 and 14, we see that during the unstable

period , the RMSE values for the generalized similarity theory are not

much different from those for the Rossby similarity theories. This

suggests tha t during the unstable period , the Rossby number similarity

approach is equally valid as the generalized similarity theory. During

the unstable period , wind and temperature profiles are typ i c a l l y well

mixed throughout the top of the boundary layer (near 1 500 m). As a

consequence , little difference in the prediction by the three similarity

theories may be expected . During the stable period , it is evident from

Table 3 that the Rossby number similarity theory (especially with h =

1 000 m) performs better than the generalized similarity theory . This

effect may be due to the fact that the boundary layer heig hts are some-

what indeterminate at the stable hours so that the computation of boundary

l ayer fluxes based on the generalized similarity theory may be subject

to large errors. Based on this ana l ysis , we must conclude that the

Rossby similarity theory is useful and practical. Although the

generalized similarity theory has more of a physical basis and is highl y

advocated by many researchers (see e.g. Deardorff , 1 974, Arya , 1977,

and many others), the advantages of the theory are not well reflected

in these surface fluxes ca l culat ion . On the other hand , the Rossby

similarity has certain practica l advantages in the atmospheric cir-

cula tion models. The main advantage is to use a fixed scale hei ght as

the top of the boundary layer from which the boundary layer fluxes may

be computed .

1.
~ 

SUMMARY AND CONCLUS I ONS

This paper concludes that the heig ht of the constant flux layer should

_ _  

-~~~~~~~~~~~~--- ~~~~~~~~~~~~~~~ - _
~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



not be assumed to be greater than 50 m in a numerical model. This

is because during the convective periods , the very super-adiabatic

lapse rate normall y existing near the ground may not be reflected in

the ca l culation of a bulk Richardson number. As a result , the fluxes

tend to be underestimated . On the other hand , if the heig ht of a

constant flux layer is assumed to be very shallow , i.e. less than

four meters , then any small measurement errors in the wind and

temperature profiles wil l  lead to grea t inaccuracies in the ca l culation

of surface shearing stress and heat fluxes. For numerica l models of

the atmospheric circulation , we recomend a constant flux layer of

about 10—30 meters depths to be practical and reliable.

We describe how the similarity functions A , B , C , and 0 can be

determined based on the bulk Richardson number and have demonstrated
*

that the similarity functions based on a recent ana l yses of Yaniada

(1976) can be computed using a Newton-Ralphson iterative scheme during

the stable period . During the unstable period , a linea r relation is

found between the bulk Richardson number and Obukhov length. The

relationship is derived and the results of drag and heat transfer

coefficients are found to be satisfactory. Anal ysis based on the

Wangara data ind i cates that the Rossby number similarity theory is

useful and practicable. Although the generalized similarity theory

• has a more physical basis , this anal ysis shows tha t parameterization

of the boundary layer fluxes through the Rossby number theory is

equall y valid as is the gener alized theory during the unstable

period . During the stable period , the Rossby number similarity theory

performs better than the generalized theory in the computation of the

1 1 +



bou nda ry  la yer f l uxes. However , it should be pointed out that the

Rossby similarity theory may not be valid near the trop ics where

the determination of the boundary layer hei ght by u~./f is no longer

• va lid. For this reason , the generalized similarity theory should be

recomended for modeling the g lobal circulations. For mid—latitude

• general circulation studies , the Rossb y number similarity theory may

be adequate.
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Table 1 : RMSE (Root Mean Square Errors) of the Ca l culated Surface
Friction Velocity Cm s~~) and Kinematic Heat Flux (m ~~l °K)
for the Kansas Experiment Data

Case A (constant Case B Case C Case 0
f l ux la yer he i ght , (CFL — 8 rn , (CFL — 16 m , (CFL — 32 m
i.e., CFL — 1s m; Z1 

— 1 m , Z1 
— 1 m , — 1 m ,

and Z1 
— 1 m , Z2 z2 — 8 rn) Z

2 16 m) 22 32 m)
4m) -

Friction
Velocity 0.054 0.024 0.020 0.018
(in ~~l )

Kinematic
Heat Fl ux 0.033 0.024 0.022 0.020
(m s~ °K)

I
_ _ _ _ _ _ _ _  L _ _ _  _ _ _ _  L _ _ _ _ _
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Table 2: Similarity functions A , B and C

h/Zo = lO~

h/L A B C RiB (h/L) (A) (B) (C)

-2 1.90 1.54 3.83 -.12 -2.4 1.91 1.45 3.87

-10 2.07 0.93 4.38 -.59 - 1J .~ 2. 11 0.88 4.50

-18 2.23 0.77 4.82 -1.03 —21.0 2.28 0.73 4.95

-26 2.37 0.68 5.16 -1.46 —29.7 2.44 0.65 5.30

-38 2.57 0.60 5.57 -2.08 —42.4 2.64 0.58 5.70

-60 2.89 0.52 6.13 -3.20 -65.3 2.96 0.50 6.24

-1 00 3.35 0.44 6.79 -5.22 -106.5 3.41 0.43 6.88

-140 3.71 0.39 7.23 -7.27 — 148.1 3.78 0.38 7.31

-180 4.00 0.36 7.55 -9.33 —190.2 4.07 0.35 7.62

-250 4.41 0.32 7.96 -13.01 -265.2 4.48 0.32 8.03

-340 4.80 0.29 8.31 -17.84 -363.6 4.89 0.28 8.39

-51 0 5.32 0.75 8.75 —27.16 -553.6 5.42 0.25 8.83

Va l ues with ( ) are ca l culated from bulk Richardson number.
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Table 3: RMSE (Root Mean Square Errors) of the Calculated Surface
Fric tion Veloc i ty u* (cm ~~l )  and Kinematic Heat Flux
Ho/pC (cm s~~ °K) wi th Respect to the Values Calculated
i n Me~

’garejo and Deardorff (1975) for the Wangara Experiment
Data.

Generalized Si milar i t Y l Rossby wi th h — 1 000 m Rossby with h 500 m~

u ,~ Ho/oC~ u~ Ho/pCp u~, Ho/pC

Unstable 
I

Period 14 .1 23.55 6.3 22.64 14.5 23.37

Stable
Period 21.1 36.96 9.8 5.141 14.6 19.52i i  _ _  _ _ _  _ _  _ _ _  _ _ _ _ _
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Ta ble k: Calculated Means and Standard Errors of Surface Frict i on
Veloci t y u~ (cm s— i) and Kinematic Heat Flux Ho/cC

- 1 0  p
(cm s K) for the Wangara Experiment Data

Melgarejo and -
Generalized S i m i l a r i t y  Rossby with h l000 m Rossby w i th h—500 Dea rdorff (1975)~

u.~ Ho/~ C~ u~ 1H0~C p u~ Ho/pC u~ Ho/p C

Unstable
Perio d 24 .1 27.95 23.3 23.89 23.5 28. 11 25.2 9.9

- 

N 1 7  (1 .65) (4.70) (1.92) (5.28) (1.94) (4 .55) (2.28) (1 .30)

Stable
Perio d 24.0 -24.98 - 5.8 -1.64 13.6 -8.9 10.2 - .89

N.61 (2.42) (3.64) (1 .43) (.73) (2.24)j (2.32) (.08)

_ _ _  ~~~~~~~~~—~~~-~~~~~~
—_ - _ -—-—~~~~~~~~~~~~~ _ ~
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9 21 3 1 2 1 8 0 6 21  0 6 0 63 12 18 0 6 1 5 21

1 0AY 124—OAY 13___4..OAY T4_4.0AY 30.!.OAY 31..J,DIP 32t__0Ay13 I
o : indicates values calculated by assuming a Constant Flux

Layer(CFL) of 2 in and using wind and temperatures at two lev.ts
Z1 = l .2 m a n d Z 2 = 2 ~~ .~~~~~: C L 4 .m , Z 1 .1.2 m and Z~~.~ 4 m .
o : CPL — 50 in, Z1 — 1.2 in end Z2— 50 n. a Melgarejo and Deardorff
(1975).

Fig. 1 — Surface shearing stress (top) and kinematic heat flux (bottom) calculated
with three different wind and temperature profiles for eight selected days of the

‘ Wangara Experiment
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Bulk Richardson Number (R. )
LB

Fig. 2 — Geostrophic drag coefficient CD (top ) and geostrophic heat transfer co-
efficient CH (bottom) calculated by given h/ L  values (solid lines) and by the Bulk
Richardson number approach (dashed lines)
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APPENDIX I: Maasur .d and Calculated Kinematic H,at Flux Cm s~~ 
°K)

and Sur fac e Fr ic t ion Ve loc i t y  (a s ) f or the Kansas Expe r im ent Oar .

Surface Frict ion Ve l ocity (a ~~t ) K inematic Heat Flux (m s~~ °k)

Run Case Case Case Case Case Case Case Case
No. Mc4,ured A B C 0 Measured A B C 0

8 0.40 .455 .433 .425 .424 .182 .241 .204 . 3 96 .203
0.43 .475 .467 .459 .450 .212 .251 .233 .2 18 .215

14 0.39 .465 .436 .433 .427 .237 .3.69 .342 .333. .299
17 0.20 .203 .186 .389 .399 -.020 - .037 - .037 - .037 - .017
38 0.34 .341 .330 .332 .344 — .0 33 — .02 5 - .024 — .02 6 — .02 7
19 0.29 .332 .308 .315 .313 .202 .244 .203 .382 .192
20 0.36 .421 .400 .395 .393 .262 .293 .244 .242 .248
23 0.44 .473 .471 .473 .472 .146 .172 .155 .15 1 . 155
22 0 .37 .164 .163 .375 .174 — .017 — .039 — .037 - .019 — .017
23 0.08 .11 8 .086 .307 .149 - .006 -.035 -.008 -.03 2 - .02 2
24 0.38 .181 .168 .383 .180 -.019 -.01 9 -.03 6 -.03 8 -.037— 25 0.24 .235 .230 .246 .259 — .023 — .020 — .020 — .024 — .026
26 0.23 .226 .2 16 .240 .25 2 — .039 — .018 — .037 — .022 — .026
28 0.32 .317 .315 .332 .339 .263 .300 .273 .260 .256
29 0.36 .362 .366 .369 .362 .166 .208 .188 .387 .180
30 0.33 .325 .334 .329 .332 .337 .14 1 .134 .130 .332
31 0.36 .366 .372 .363 .356 .052 .055 .03.8 .047 .046
32 0.42 .376 .395 .389 .365 

- 
— .015 — .02 3 - . 020 - .0 1 8 — .01 5

33 0.36 .297 .318 .323 .324 -.024 — .021 -.020 -.020 - .019
34 0.36 .305 . i 4  .323 .325 -.020 - .020 — .020 - .020 -.020

37 0.29 .258 .253 .253 .268 - .029 — .023 — .022 — .023 — .024
38 0.26 .240 .225 .229 .229 -.025 — .021 -.oi8 - .01 9 -.o18
40 0.43 .442 .423 .419 .404 .19 1 .234 .492 .3 93 .397
42 0.48 .488 .467 .479 .478 .288 .332 .284 .296 .289
43 0.48 .489 .468 .470 .478 .206 .28! .233 .223 .228
45 0.33 .342 .327 .324 .324 .221 .243 .205 .212 .209
46 0.31 .327 .33 2 .31 1 .306 .246 .264 .249 .238 .232
47 0.33 .351 .335 .329 .334 .173 .173 .162 .356 .3 53
48 0 .43 .438 .424 .425 .4i 4 .13 1 .370 .353 .357 .355
49 0.45 .498 .486 .466 .454 .033 .007 .012 .012 .015

0.46 .489 .473 .474 .485 .123 .390 .343 .147 .348
54 0.52 .528 .532 .509 .53 9 .070 .107 .067 .073 .071

_ _  
_ _ _  _ _ _ _ _ _  ~ - .- -~~-- - -



APPENDIX II: Surface Friction Veloc i ty u4 (cm ~~I ) and Kinematic

~~~~ Flu* Ho/PC (cm ,-l °K) Calculated by the Generalized

Similarity and Rossby Number Si m i lar i ty Theories for the
Wangara Experiment Data

Generali zed S imilari ty Rossby. h l000 m Rossby, h.500 m M el garajo S Delr dorff
_____________________ ________________ ______________ 

(1975)
Day Hour u~, Ho/p C U k Ho/pC 

~~ 
Ho /p C U . Ho/cC

STABLE PERIOD

I 6 14.5 —7.49 1.0 -.06 1.6 -.16 5.5 -.35
- 18 31 .1 —26.65 6.5 — .80 3 4.1 —3.42 13 .0 - 3 . 2 4

23 38.0 —42.57 11. 8 -2.62 22.3 -9.29 3 2 . 4  - 1 . 10
24 47.5 —61.66 8.6 -3 .75  44.2 -55.5 36.5 -3 . 42

‘e 3 46.7 —41 .88 11 .4 —2.42 45.5 — 42 .l 14.2 -3 .24
6 41.5 —39.48 10.0 — 3 .97 41.8 —39 .7 15.8 -1.77

6 1$ 6.4 —3 .39 0.2 -.00 0.8 - .03 5.8 - .52
21 10.1 — 4 .12 0.4 — .02 3 .4 - .33 3.8 — .25

7 3 7.5 -2.95 3.9 -.7 1 5.7 -1 .63 3.9 - .23
6 9.3 — 3 .91 2.1 - .25 3.6 - .73 5.0 — .27
18 5.6 — 1.12 1.5 — .09 3.0 — .3 3  4.7 - .59
23 3.2 — .69 2.7 — .38 2.3 -.36 11 .4 -2.52
24 8.3 -3.01 2.3 -.28 3.9 - .78 10.4 -1 .36

10 24 6.4 — .62 0.3 -.00 0.7 -.02 0.8 - .00
II 24 39.8 —60.19 1.7 - .16 7.7 -‘ .94 12.9 -1.05
12 6 10.9 —4.28 1.5 — .14 8.9 -2.79 15 .4 -1 .18

9 33.7 — 26.39 4.2 — .53 7.8 —3 .47 21.6 - .14
21 6.7 —3 .64 3.4 — .46 6.3 -3.38 i 2 .~ - 3 .04 —24 18.3 —10.68 4.6 — .82 7.9 -2.29 10.6 — .76

13 3 41.3 —53.69 2.7 — .37 50.0 —84.80 4.3 - .23
6 50.3 —305.80 1.6 — .17 6.8 —2.33 9.8 — .90
18 31.7 —30.96 5.0 -.61 30.9 -2.53 4.4 - .34
21 41.2 —64.05 5.7 — 3 .03 8.8 -2.47 1 .4 - .03
24 45.4 —86.96 2.8 — .41 12.8 -5.54 6.7 - .61

14 3 43 .4 —79.30 1.4 - .14 8.1 -2.70 7.8 — .66
6 41.7 -67.10 0.7 - .05 5.3 -1.23 13 .1 -3.49

21 13.4 —6.05 4.S -.73 4.2 -.77 5.0 - .43
24 16.3 -9.19 4.3 -.80 6.6 -1.92 8.0 -.97

16 24 4.9 —1. 19 3. 3 — .39 1.6 - .14 10.6 -1.3 8
$8 24 37.9 —38.07 2.9 — .29 12.6 -3.47 13.5 -3 .25
19 3 16.2 -8.41 2.3 — .23 4.4 -.78 11.4 - .92

6 9.7 —3.43 1.6 — .33 2.5 -.33 10.0 - .68
25 21 11.4 — 3 .41 0.9 - .04 3.0 -.3 1 3.4 — .16
26 6 4.2 - .65 1.4 -.08 1.6 — .32 3.8 — .33

23 14.3 —4 .8? il .6 -2.17 30.8 -2.35 6.4 -.39
30 21 45.6 -39.00 10.0 -3.80 48.0 —42.00 14 .1 -1.26

L 
24 50.4 — 53. 11 11 .2 -2.42 47.0 -53.27 19.3 -3 .65

24
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AP PENDIX I I  Cont ’d

General ized Similarity Rossby . h l000 m Rossby, h SOO m Melgar ejo S D.ardorff
________________ ____________ ___________ (‘975)

Day Hour u,,, l4o/cC~ u,~ ho/PC~ ut,, Ho/~ C~ u~ Hof~C~

3 1 3 45.9 — 55 .30 7 .0 — 3 . 3 2  17 .9 — 6.7 9 12 .5  — .92
6 44.8 -66.10 4.4 -.70 23.8 —30.86 13.4 -1.00

21 32.0 —5.20 3.5 — .45 4.7 — .87 9.0 -.96
23. 32.8 —58.34 4.3 — .69 7.5 — 2.03 30.7 - .83

32 3 4.1 -.88 1.6 — .15 3.2 -.55 7.2 — .40
6 3.8 -.81 0.7 — .04 2.7 -.45 4.6 -.28

24 10.0 -4.88 0.8 -.04 2.4 -.33 4.8 - .33
. 33 3 1.1 -.13 0.3 — .00 0.4 -.02 6.9 -.50

lB 5.9 — .99 1.5 — .08 3.0 -.26 8.1 -.91
21 $4.1 —7.62 2.8 — .34 5.1 — 1.07 4.6 — .34
2’. 8.1 -2.94 3.5 — .56 6.4 -1.90 4.9 -.30

34 3 8.0 -2.95 2.4 -.34 5.9 — 1.75 7.3 -.57
6 2.2 -.32 2.1 -.27 2.8 -.48 11. 7 -.74
38 36.2 —27.52 13.7 —2.06 35.1 -22.35 35.2 — 1 .35
21 38.5 —72.90 6.0 —1.1 9 30.5 -3.55 11.2 —1.00

35 6 60.3 -74.45 7.3 —1. 5 1 54.3 —67.14 19.5 —2. 35
39 3 38.1. -35.01 3.8 -.14 20.6 -7.43 23.9 -.98

24 0.7 -.00 0.6 -.00 .00 -.00 2.0 — .06
3.0 3 0.3 - 00 0.1 -.00 0.1 -.00 7.7 -.47
3.2 21 6.1 —3 .45 1.1 — .06 1.9 - .18 15.1 —1.73

24 34.0 -7.06 2.3 — .25 2.6 - .34 34.7 —3. 61
43 3 44.7 —64.83 4.2 — .67 12.8 —4.32 14.7 -3 .88
3.’. 3 62.0 — 19.19 61.2 —35.44 64.7 -25.16 26.6 —2.42

6 69.1 -38.93 65.8 —28.41 69.0 -36.93 27.0 —2.73

UNSTABLE PERIOD

I 15 25 .7  12 .5 3 25.9 10.38 24.3 21 .93 24.8 3.39
6 15 10. 5 24. 37 7 . 1  23.65 9.9 25.80 7.2 4.43
7 12 27.7 19.95 27.4 10.47 29.9 16.08 24.6 7.04

15 20.3 15.65 23 .7 14.12 20.0 16.67 18.8 4.58
12 12 26.6 12.03 25.7 9.38 28.5 17.09 27.1 7.97
13 12 24.6 17.77 15.4 8.24 24.8 18.87 35.5 11 .75

15 27.3 22.10 28.3 19.45 25.0 25.40 32.7 10.80
14 15 39.2 27.35 24.3 22.28 16.4 25.56 37.5 7.30
25 15 29.3 28.96 30.1 33.50 28.8 35.36 34.2 31 .79
26 12 28.3 8.66 20.8 -.85 29.4 10.26 27.2 3.73

35 27.6 7.36 28.5 7.03 28.4 7.77 24.9 3.55
33 9 12.7 16.64 8.6 — 1 .40 9.1 1.05 14.8 8.86

12 37.5 76.71 17.5 76.71 14.5 74.45 14 .0 15.86
35 17 .4 55.37 38.5 55.86 14.6 49.68 36.5 13.59

34 12 29.2 48.27 28.8 42.36 30.2 48.85 33. 1 1 9.48
15 28.6 53.80 30. 1 52.93 29.5 50. 41 3 1 . 5  17 . 9 1

35 32 37.2 27.64 36.9 22.02 36.9 32.59 1.3.2 36.93

25
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