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ABSTRACT 

The ratio of geos trophic drag coefficients C/Ca under 

various stability conditions is obtained as a function of 

Richardson numbe r. A drap coefficient Cf is defined in 

relation to t h e mechanical mixing length, and its r atio to 

the nctual drag coefficient C is related to t r'e Richardson 

number. By using observational recent data on the normal­

ized lor aritbmic wind shear of Monin-Obukhov one can obtain 

Cf /Ca. 

The writer is deeply indebted to Dr. F. L. Martin 

(Prof essor of ~eteorolory) for his suggestion of the topic 

and his continued help throughout the investiga tion and 

durinr t he preparation of this paper. 
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1. Introduction . 

One of the i mport an t problems i n me teorolo[ y is to 

est a. blish relationsh.ips be t ween the t v. r bu lent charact eris­

tics of t h e l owe r atmospli ere and t h e l a.rc e-scale synoptic 

parame t ers. A significant turbul ent charact eristic is the 

r round draf, which enables one to s pecify the wind profile, 

the ed dy diffusivity and t he local energy dissipation in 

the su rfac e lay er, by knowing tbe to porraphical characteris­

tics i.e., t h e rour hness raraweter of a particu l ar p l aceo 

Lett au [7] had mad e an attempt t o rel ete t~e drar 

co effici ents with t he s tatic stability represent ed by a 

dimensionless pararr:. eter called Richa rdson numbero His 

investi ations we r e based on 1953 O'Neill, Nebraska, datao 

It is t he main purpose of t h is rape r to veri fy and extend 

his i nv estifa tions usin[ 1956 O'Neill data. It is important 

to note that t h is V\0 rk deals with a relatively smooth 

surface, t Lerefore the "zero-pla.ne displacement" which is 

sometime s us ed in tbe ad iacatic-v;ind profile has been 

ne r lected, a proced ure whi ch great ly simplifies the com­

putations. 
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2. The Nature of the Data. 

The da ta u s ed in this study we re obtained by the 

Project Prairie G-ra ss [1] conduct ed n ea r O'Neill, Ne braska 

du ri np t b e summer 1956. Since t h is study r-. akes use of so me 

of the published data, i.e., wind speed, temp era ture a nd 

surf ace rr1aps, it is neces s ary to des cri l' e some a spects of 

t h e instrument at ion. The instrur:Jer-taticn employed was t h at 

of t he mobi l e rnicrorn e t eorolorical station of the Texas A&M 

g roup . The station l1as a slender a luminum mast supportinp· 

six anemometers a t heights of 8, 4, 2, 1, 0.5 and 0.25 meters. 

A similar mast support ed seven temperatu re-measuring, radi a­

tion-shi e ld e d copper-constantan t h ennocouple j unctions at 

h eights 8, 4, 2 , 1, 0.5, Oo25 and 0.125 meters. In additi on 

th e published report o f Project Prairie Grass includ es 

sectional sea level pressure maps at times nearly synoptic 

with t h e rnicrometeorolo @' ical data.. These map s rev e aled some 

small-scale featu res of t he r i rcu lation n ea r O'Neill which 

did not app e ar on t h e Jar g er-scale facsimile map so Th e micro= 

meteorolor ical data periods were selected to be ne a rly simul­

taneous with t he avai lable maps. At times, linear interpola= 

tion between t he avai lab le charts was used for computat i ons 

of [ eostrophic wind speedso 

Re gardinr t be errors of measurement, t\\'O ··types of tern= 

pera ture error occur: i.e., calib ration and radiation error o 

An estimate for calibration error was 0.050C. The estimated 

radiation error was O.l°C with the unde rstanding t ta t, in 

daytime with c leor skies, and low windspeed, all measured 
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air tempera tures overestimate the true temperatureo At night 

with clea r skies the measured temperatures would be lower 

than the ambient temperature. For windspeed, measurements 

were dependent upo n different technicues of calibra tions 

accordine to tJ:.,e windforc e . All measur ements used in this. 

paper were twenty-minute means. The reader is referred to 

~] for more details concerning the instrwnentation. 

3. Packrround Theory. 

Extensive use will be made of Prandtl's turbulence 

model, becau.se of its re l at ive s implicity.. This model is 

described in many standard texts. Accordiner to this tbeory, 

th e followin~ major results emerfe: 

(1) 

(2) 

where u.' , rur', are tr·e turbulent velocity fluctuations in 

the direction of t he mean wind and in the vertical~ respec­

tively. t 1 

is the eddy mixin.r· leniJ t h, while X., is the ro ot~ 
mean-s ouar e mixin[ len~ th . The eddy stress~ · is t hen 

consid er·ed to be very nearly a constant 't
0 

within a layer 

called t he surface layer. 

In t he case of t be fully-rough, neutral svrface Ja yer, 

~{os s by h as shown tl1a t.l = k~, so t hat (2) may te inte~·r at ed 

to r ive 

(3) 



where U.,..c. :V'T:~/P is t he friction veloc ity in a neutral 

surface laye r, Z0 is t b e ro ,;g·hness parar:,e ter and k = 0. 38 

is t h e Von Kar'man cons tant. 

In the non-neutral surface layer, numerous theoretical 

profiles h av e been derived. However Deacon has proposed the 

semi-empirical relationship 

oii - u.... ( zzo)-~ ( 4 ) 
az - kZ.a \ 

where the fri cti 0n ve locity u.,.. :l.J't~/? i s constant in t h e 

non-neut ra l surface lay er. The par·ameter B is a decreasinf 

function of Richard son numcer. Actvally Davidson Hnd 

I arad [4] have shown t:tat \B -1\ increases somewhAt v;i th 

b eif h t. Howe v er (4) st i ll af·fords a useful tool a s an 

overall or bu lk-rela tionship . Two useful res t lts rr.ay be 

derived from (4). These are: 

(i) t he lnter rated wind profile: 

i1 [ 
1-f\ ] 

k~:~) ( ~J - I 
(5) 

(i i ) t he value U,. by t b e limitin process indicated 

in equat io n (7) below 

.U.~ ::: 

so t h at 

~~/8(~ !) 
(2/Zc)'-B (6) 

(7) 

Actually t he lowest level at which wind data were available 

was Z = 25 em and Z0 is the rour hness ra rameter deterr.t ined 

under the time-nearest neutral conditionso ~. ~ay therefore 

be approximated ty t he finite-difference expression 
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o. 38 illS' 
(8) 

Following a procedure similar to that employed by David-

son G.nd ? arad ~] in neut[al cases, it may be shown that 

..k .. 0 :::. :?. .t... ' ; 
6 (9) 

6-t. u. I i u.,. 
i cl 

8 

whBre 

(10) 

and 

for mean-wind ~easurements at 25, 50, 100, 200 , 400 , 800 cmso 

4. Geostrophic Dra g Coefficients .. 

Lettau [7] "as defined the veostrophic drat: coefficient 

as 
(12) 

For neutral stability, the corresponding drag coefficient 

is defined as 

(13) 

Neutral ~ind profiles at O'Neill may be obtained by findinr 

those cases for which the potential temperature profiles 

we characterized byaejoz:.O in the layer 25 em - 2CO cmo 

Al toretr.er 15 such profiles were found. AsstJ.m ing a lo r::; ari th-

mic wi nd p r ofile can be fitted to t h e wind data, U~~ of 

equation ( 3 ) may be attained as 

(14) 



By ana1 o@'Y with flow in circular condui ts, Lettau [7) 

h as surrested a drar-coeffict~nt Ca for neutral c a s es of 

the form 

CG. = 1 o.lo4 ( 15) 
os (CQ.Ro}- 2..14 

where do may be called the "surfa ce Ross by number" defined 

as the non-d imensional expression 

o(. AP Va ---
' ;.} - ~ 6M. 

(16) 

The con~tants of equation (15) were obtatned by Lettau by 

least-squa r e methods applied to a wide variety of neutral-

wind prof iles for different sites ~ 

Lettau (7] goes on to five va l ues of C/Ca for different 

values 1~ 100, the Richardson number at 100 em, for th e 1953 

O'Neill data. He obtains a curve as shown in fifo lo 
1,3 ,--------~-~---------. 

1.2. 

••• 

a.o 1---------+----------4 
o.g 

o.8 

0} C:~/~ 
c '!0 - ClQ.~ l!Jo\e.IL ns 

:}~c.- GTo~t~> m~n' 
c,o; '---.&..-:--~~~-:--~-t--~-:-----_.,_~~~ -"·"S' ·•o.o"' _o.oj ...,.o.t -o.ol u o.o; o.oa o.o1 o.o" O·O$" 

"RI'aooc.-
Fi[. 1. 

Ratio of ~eostrophic dra[ coefficient for non-adiabatic and 
adiabatic conditions as a function of lllchardson number at 
Z = 100 em, a t O'Neill, Nebraska 1953 (After Lettau [7]) o 

It must be pointed out tr·a t Ca here represe nts the geost ro= 

ph ic drar coefficient for any surface layer of drar coeffi= 

cient C, if this layer were suddenly to be convert ed into 



a neutral layer wl thout chane-ln£ Vg/fz 0 g 

A prima ry objective of this paper was to test eouation 

(15) as a means of detenjining Ca based on the 1956 O'Neill 

datae Also application of non-neutral profile ~ a ta to eoua-
... 

tions (7) and (12) afforded values of C under identica l 

:rour~ness conditions. The coT.parison of Lettau's 1953 graph 

of C/C 8 versus Hi100 wl t h that obtained by the writer c.t 

H1140 (to be more exact, the Richardson number a t 14lo4cm) 

based on the 1956 O'Neill data is shown in fi[o 3o 

If one knOvVS a value of rlo = Vp/fz 0 , it is possible to 

solve equation (15) for C8 by numerical methodso It is 

shown in the Appendix that a numerical solution C8 of eoua­

tion (1 5 ) may be obtained iteratively from the eouation 

.,1 
'\..1 ::: .I! -Ji~l • + '/i 

(17) 

v1here Yi ::: i-th i terant to Oo 2395/C 8 o The first est imate 

for Ca was obtained from Lettau's curve [7], fi[Q 2o 
Ca. o.o~o 

o. 03S' 

c.olo 

o.ols 

o.c.,~ ;-..-~-..,.J-..,.-+--~-~-~~-::--~~--:~--:f 4S s:o ~·.:;· 6o s· 7.o 7.s- e.o f!,fi J.o 9..; 
Figo 2.. ~~·Ro 

Geostroph i c drae coefficient under neutral condition as a 
function of surface Hossby numbe r (After Lettau [7]) o 
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The chief inaccuracy in this approach appears to be uncer~ 

tair .. ty ln the numerical constants appearing· in equat ion ( 15) a 

especially at low geostrophic wind speeds~ Another source 

of error is the necessity in some cases, of interpolatinr 

Vg between two maps 6 or 12 hours apart in order to g et the 

esti~ated value of Vg at the time of micrometeorological 

data-run. 

A second approach to determine the relationship between 

C and Ca was used. Based on 15 neutral cases a t O'Neil l, 

Nebraska, values of Ca were computed using equations (13) 

and (14). Values of Ca were t h en plotted versus loe Ro~ 

and the resultinr b est-fittin£ curve compa red to Lettau's, 

which is replotted on the same r raph. The comparison will 

be discussed in l a t e r sectionG 

The llichardson number has been used very ex tensi vely 

as a measur e of stability in the ~icro-meteorolofy~ Its 

definition is 

'0 .. -"" -
_g ae I 'CJl. 

e (aU../ C)~)~ (18) 

This number is proportional to the ratio of work done afainst 

static stability to the work done by eddy s tress. 

For instru:nents a rranred at eoual lo r arit!."mic spacin~~ 

as in the 1953 a nd 1956 O'Neill da ta, a convenient fi nit e= 

d lfference form of Ri at Z: Z1. 2 has been p ropos ed by 

Lettau [6] 

(19) 

This vnlue is understood to be a pplicabl e at the &eometric 

meg,n of Z1 a nd Z2, namely Z1., 2 = ~ Z1Z2'. G 2 and ll2 in the 
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1956 data are the 20-minu t e mea n potential t emperature nnd 

wi ndspe ed at level 2, and an analofous meaninf applies for 

symbols with subs c ript oneo 

Finally, )~onin and Obukhov [2Jhave introduced a use­

ful non-dimenslonal parameter S defined by 

kz oU. I ?:rc. 
u..,. 

Note that the numerator of S has the form 

wh icb, accordinr to the Prandtl mode~ may be re~a rded a s 

{20) 

{21) 

r epresent inF Q~f as here d efined represents that 

part of ~. due to turbulent fluctuations asso c iated with 

t h e me chanica l turbulent mixin ~~· l enrth .lf~kz. The expression 

for S may t hen be written 

s _ u~f' /v5 
u.,. I~ 

c~ 
c {22) 

Th e d ra r coe f fic ien t defined by Cf = u.~r/V9 i s not one 

t hat can be measured directly, but is one whose value can be 

i nfe rred ty empirical information regardinr So This is 

d ea lt with in more detail in section So This interpretation 

of U*f as kzcfG./'lJl. . appears to have bee n ri ven first by 

Businp- er [ 3] • 

5 . Comparison of C/Ca for 1953 gnd 1956 datao 

In computin~ Ca, Lettau's empirical formula, eauation 

(17) was first us ed "Nith the 1956 datao It was necess~n-y 

t o . compute 20 , usinr" eouation (9) from the time-nearest 

neutral wind profiles and Vf from inte rpolated surface 

9 



charts. In co~rutlng u.and C, eouat ion (8) and (1 2 ) were 

used. The value of Rl140 is also included usin.f2' equation 

(1 9 ). The results for a ll data-d ays employed are given in 

tnble 1, and the gro upings of B11~0 in clgsses are given in 

table 2. The rraph of C/Ca versus Ri140 is given in fi go 3, 

with Lett au 's curve ~7) superimpos ed . The agreement with 

Lettau's results is not as good as migt~t have been expected 3 

For instance the value C/Ca::. 1 .. 75 was four.cJ at Ri140-: 0 

cont-rc.s ted with Lettau's value C/Ca:loOO at Riloo:Oo More­

over the maximum velv_e of C/Ca found in this paper exceeds 

Lettau's maximum by a comparable factor cut with Ri140 = 

-0.055, compared with Ri100= ~0.007, accordin~ to Lettauo 

Possible sources of error lie in the values of Vgg 

which affect the values of C and Ca given by equations (12) 

and (15) respectively, as well as in the value of Z0 o The 

values of Z0 determined here ranged from 0~35cm to 3ol cmg 

as contrasted with values quoted by Blackadar et al [2] of 

Zo= 0.6 em for profiles ln approximately the same data= 

period. 

10 



TABLE I - Valu es of C/Ca by equations ( 3) , ( 12)' (15). 

Date CST 20 (ems) U.A0m/ sec) Vr (k ts) c Ca C/Ca R:il40 

10 J u 1 1956 

1305 1.10 24.67 13 .60 0.036 0. 034 1"08 -Oo46 
1405 1.10 35.85 12.80 0.055 0. 034 1o65 -O ol7 
1505 1. 10 31.24 12.00 0 .052 0. 034 1.52 =0.,28 
1530 1.10 30.99 15.64 0.040 C .. 033 1.20 =0o25 
1 605 1.10 35 .7 5 11. 60 0.053 0.034 l o54 =0o20 
17 05 1.10 35.00 10.80 0.065 Oo035 1o87 ~0.05 
18 05 1.10 44.00 10.52 0.08 4 Oo035 2o4l ~Co 02 
2105 1.10 21.03 l2 .. Cu 0 .. 0 35 Oo034. 1o02 Oo06 

23 Jul l 95G 

0930 3.14 49 .26 19 .. 44 0.051 0.037 lo38 =0o15 
1105 3.14 42. 85 19.00 0.04:5 Oo037 1o22 =0 o21 
1205 3.14 46.69 18 . 00 Oo052 Oo037 1.39 -Ool6 
1305 3.14 52. 92 17.00 0.062 Oo038 lo66 -Oo09 
1605 3.14 52.55 16.20 Oo065 Oo038 lo 72 =0.14 
1705 3.14 59. 69 16.00 0 ., 075 Oo038 1 o97 -0 0 06 
1805 3.14 67.38 15.80 0.085 0 .. 038 2.25 =0o02 
21 30 3.14 31.03 9.52 Oo059 0.040 lo47 Oo04 
230 5 3.14 31.86 7.52 0.085 0 .. 0 42 2.Cl Oo03 

25 Jul 1956 

0205 1.49 2. 15 4o80 0.009 0 .. 040 0.22 Oo10 
0405 1.49 12 .. ()6 9o 60 Oo0 26 Oo 037 Oo 72 0 ., 05 
0805 1.49 50 .. 49 24 o00 0.042 Oo034 lo22 =0.10 
0 905 1.49 52.24 26.00 Oo040 Oo032 1o24 =OoOl 
1230 0.70 58. 87 32.00 Oo038 Oo029 lo27 -Oo02 
1405 0.70 65 . 24 4 6.0C Oo028 Oo028 1.02 =0.02 
1 605 0.70 62 .80 54o00 Oo023 Oo027 0.85 =0.,01 
2330 0.70 48.72 44.80 0 .. 02 2 Oo028 o. 78 OoOO 

6 AU[ 1956 

1805 0.35 29.53 10.60 0 .. 056 0 .. 030 1.84 OoOO 
2105 0.35 11 .. 65 10 .. 8 0 Oo022 Oo030 Oo 71 0.07 
2205 0.35 25.00 11.00 Oo04:5 Oo030 1.50 Oo01 

11 



TABLB 1 - (Cont'd) 

Dat e CST Z0 (ems) LL111Cm/ SeC) Vr (k ts) c Ca C/C 8 Ri140 

7 AUf 1956 

0405 3.06 57.7 2 11 .88 Oo 097 Oo039 2o47 Oo01 
0805 3.06 63.14 12 o88 Oo098 Oo039 2.52 -Oo04 
0905 3.06 109.10 13. 08 0.1'37 Oo039 4 .. 30 =0o02 
110 5 3. 06 1)9. 66 13.48 0.103 0.039 2. 57 -Oo08 
1330 0.62 59.79 15.84 Oo075 Oo031 2o44 =0 o04 
1 605 0.62 64.83 15.00 Oo086 Oo031 2o77 =OoOl 
1805 0.62 36.02 15.76 Oo046 0.031 lo 47 =0o01 
2205 0.62 23.S7 14.00 0. 034 Oo031 1 ., 0~ Oo05 
2205 0 . 62 9.47 12.40 0.015 0.032 Oo4 8 Ool3 

27 AUf 1956 

1230 0.55 4 2.96 26.48 0 .. 032 0.029 lol2 -Oo07 
1505 0.55 38.09 24.80 0.031 0.029 lo06 -Oo02 
1705 0.55 40 . 08 25.20 0 .. 032 Oo029 lolO =0o02 
1930 0.55 1,79 15 .92 0.,002 0 .. 031 0.07 Ool5 
2205 0.55 2.98 26.60 0.002 Oo029 Oo07 Oo04 

29 Aug 1956 

2135 1.53 24.09 7.20 Oo067 Oo038 lo 75 Oo03 

TABLE 2 - Class means of Ri140 vs C/Ca 

40 -0.43 -0.37 -0.31 -0. 25 -0.19 -0.12 -0.06 OoOO 0.06 Oo l3 

·-- >.-. -
C/C a 1.08 - lo52 lo 20 lo45 lo44 2o04 lo 72 loll Oo26 

- ·· 
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1 ....i . 

I nH lhtl TT+Irrtd TTd lrH·d;, HI Ill ;-' 

lj 

Class means of Ri140 vs C/?a 

----- Author's 1956 data 

,, ' I 1...1 It 

IJ.-

:± ----. Lettau 1s 1953 data. 
t-.' 

..!... 

I+ -1-

. ' 

.O.L 

Fig. 3 
... 

Ratio of geostrophic drag coefficient for non-adiabatic 5nd 
adiabatic cond~tions as a function of Richardson number 
at Z = 140 em, at 0 1Neill, Nebraska 1956. 
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6o Revised formula for Ca 

Hi.therto Ca has been computed by using Lettau 9 s empirical 

function for Ca, eauation (15)~ Since Lettau himself re8lized 

that t h e n urn e r.:. c a 1 constant s in ( 15 ) \'Jere not very e xa c t [ 7] » 

an attempt is made here to obtain an improv 8d relationship 

between Ca nnd Ro by usin ;- only 1956 0 'Neill datao The first 

step arain consists in computine Z0 for the time-nearest 

reutral wind profile accordinr to eauation (9)o As before , 

\.l,.Q.. results from equation (14) with k: Oo38» so that 

u. 6 (23) 
~~ =. 0.0 I AU.~ 

Eauation (13) is then applied to determine Ca o The results 

of the computations are shown in table 3o 

An empirical function for C8 was then obtained by the 

followin~ procedure: 

Let log rlo: x and Ca ~ y and suppose the desired function ha s 

the form 

(24) 

where y means the desired function, Vihile b and @ are cop= 

s tants to b e determined o Takinr the lor· of ( 24) one obtains 

~j :: ~h +c.)!. (25) 

To simplify the notation, let ~Y= Y and .k.b:::o.. j) and there= 

fore t he desired function become s 

y = 0- +C. X.. (26) 

Usinf the least-squares me thod, the normal ecuations are 

Y-o..-c.~-=0 
I'A 1\lV 

a.. 1 xi - c. .L x~ = o 
(27) 

.... I·~Q ~:I 

Substltutinr the values of observations (table 3) in the 
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normal equations one obtains 

-3.51- a- 7 o2lc =0 

-381.90-lOBo 28a - 785 .lee=. 0 

from which, it f ol lows that 

a:-0. 8 5 or b=.Oo427 

C=-0.369 

Substitutinr these constants ln (24)~ and further by chanr-

inf y to Ca, x to lor Ro, the expression for Ca C'='!1 be 

obto.lned 

(28) 

The rraph of equation (28) is shown ln fifo 4 o compared wit~'1 

Lettau's rraph. From fifo 4 it is evid e nt that the revised 

l'orrnula for Ca tends to underestimate the drn[ 2t larrer 

values of Hossby number, and overestimat e it at smaller .do 

(lor Ho( 7.1). It should be noted, howeverl' that trere was 

considerable scatter of the observations relative to the line 

of best fit. 

If one assumes tha t ecuntion ( 28) is a universal formula 

for eostrophic drar coefficient in niddle and hi?her latitudes 

under neutral conditions, one can then write 

u. _ u."'a. o z _ c~~ o_z. (29 )· 
a.. - k. NY\, Ta - ~ .W., Zo 

with Ca r iven by (28) o Hence , adiabatic wi nd speed at le·:el 

Z ls obtainable a s a function of Vr, Z0 ~ Z and latitude. 

15 



TABLE 3. -Results of computations for Ca 

Adiabatic hours Zo em ~em/sec) Vg (kts) Yi-: Ca Xi ::.log R0 Yi = lr ::--1 Yi Xi x ·2 
l. 

10 July 1956 
1905 CST 1.10 36.66 11.00 0.067 6. 707 -2. 703 -18.1 44.89 

23 July 1956 
1905 CST 3.14 3l.t8 14. 00 o.o45 6.355 -3.101 -19.1 4o.l6 

25 July 1956 
0605 CST 1.49 29.59 16.80 0.035 6. 759 -J.352 -22.6 45.70 
1805 CST o. 70 57.34 64.00 o.o1P. 7.670 -4.017 -30.7 58.83 

(; Aug 1956 
1905 0.35 24.79 10.80 0.046 7.192 -3.079 -22.1 51.70 

7 Aug 1956 
n6o5 CST 3 .. 06 36 . 1~2 12~?0 o.,o58 6.313 -2~847 -17.9 39.82 
1905 CST 0.62 32 .94 14.oo o.ohL 7.084 -3.124 -22.1 50.13 

6 27 Aug 1956 
1705 CST o.ss 40.69 25'.,20 0.032 7.368 -3.h42 -25. It 54.32 

29 Aug 1956 
1930 CST l.S3 36.72 32.00 0.032 8.025 -3.e17 -30.6 64.h8 

11 July 1956 
0605 CST 0.,11 14.64 14.00 0.,020 7 0 8!J8 -3.912 -30.6 61 .. 62 

?4 July 1956 
o6o5 csr o.h9 27.57 20~00 0 .. 028 7 .!~31 -3.576 -26.,5 55.,20 
1905 CST 0.81 23o79 21.,?0 0.,022 7ol24 -3.817 -27el 50.69 

26 July 1956 
1805 CST 0.81. 37.52 Lo.oo 0.019 7o)98 -3.963 -29.3 5L.76 

E Aug 1956 
1905 CST Oc37 32.6h )2,00 0 .. 020 7.6~5 -3 .912 -29<8 58cC::2 

2c Aug 195'6 
lf05 CST o. 71 27.57 32.00 0.,017 7~360 ~4.075 =JO.,O 5Wol7 

Sw.s 108 .. 279 =52.737 =381.9 785 .::.E 
Average 7.?10 -3.51 



• Observations 

Authors's 1956 data 

---Lettau's 1953 data. 

Fig. 4 

Geostrophic drag co efficient under neutral conditions as 
a f~nction of surface Rossby number. 
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7. A revised formula for C/Ca 

The revised formula for Ca will be used in this section 

to compute C/Ca, still usinr the previously tatulated values 

of r eostroph ic winds and C (table 3)o The results are shown 

in table 4 and tte resultin[ V3lues cf C/Ca then plotted 

versus Ri14 G a s shown ~n fi[o 5o The proc ed ure of fittinr 

t~e curve t s shown be low. 

Af t er pl ottin[ t~e values of C/C 8 , a furtber restriction 

is p laced on the em, irical f unction C/Ca: namely t ha t C/Ca=l 

at Rb:O. 1\. oreover, s ir_ce the shapes of the curves for C/Ca 

in unstab l e a nd stable cond : tions are different laccordin£ 

to the scatte r of roints), it is asswned that in stable condi­

tions t 1l6 desir ed function has the form y-:. e ax where y-.::.. C/Ca 

k2, are constants to te deterr inedo 

(i) For stable conditions (table 5), witb Ri140= x and 

C/c - - y ·i f t he EJSSU..'!le d function ta s the f 0rm a- . , 

then 

and if~~= Y 

0..1l 

Y= e 

y ::: Cl,.)(. 

(30) 

nv t l•e ne thoJ of l0ast-scuares, tl-:- nor:nal eauation will ce "-'.; 

tV\ M. 

2_ Y; ~ .. - a.l 
l "= ' i ·d 

(31) 

Solvlnt for a , 



Sutstitutlnt this cons tant in (30) and chan inr y to C/C 8 

x to Ri140, the exp:cession for C/Ca ls obtained as 

(32) 
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TABLE u. - Computa t i ons of C/ Ca using equation ( 28) for Ca 
P= ., 

Date CS1' log Ro - o.16~~~ e Ca c C/Ca Ri1 uo 

10 July 1956 
1305 6. 799 -2 .51 0.081 o.o3h8 0.0363 1.0~5 -o.h6 
lho5 6.773 -2.5'0 0.082 0 .0350 o.o56o 1.600 -0al7 
1~05 6.7h5 -2 .!l9 0.083 0.0360 0.0521 lo Lh5 -0.28 
1530 6.r6o -2.53 o.oeo 0.03h2 0.0396 1.16o -0.25 
16oc; 6.730 -2. i_,f o.osu 0.0359 0.0530 l. h75 -0.?.0 
1705 6.699 -2 0 Lt 7 o.oe5 0.0363 o.o6h8 1.785 -o.o5 
1805 6.687 -2.u6 0.085 0. 0363 0. 0838 2. 320 ~o .r.2 

2105 6. 745 -2.h9 0.083 0. 0360 0. 0350 0.975 o. o6 

23 July 1956 
0930 6.5'00 -2.40 0. 091 o.o3f8 0. 0507 1.305 -0.15 
1105 6.L87 -2.39 0.092 0.0393 o.oL51 1.1h5 -0 . 21 
1205 6.h6h - 2.38 0.093 0. 0397 0.0519 1.305 ~0.16 
1305 6. 1.39 -2.37 0.093 0.0397 0. 0623 1.570 ~0~ 09 

1605 6.hl8 -2.36 o.o9h o.ohol 0. 0649 1.615 -0 .14 
1705 6.hl3 -2.36 0.094 0. 0401 0.0746 1.860 -o.o6 
1805 6.Lo7 -2.36 0. 094 0.0401 0.0853 2.150 -0.02 
2130 6. 230 -2.30 0.100 0. 0427 0.0591 1.3Pc 0.04 
2305 6. oeu -2.22 0.109 o.ou65 o. o85o 1.830 0.0.3 

25 July 1956 
0205 6. 215 -2.29 0.101 0. 0431 0.0090 0.209 0.,10 
ouo5 6.516 -2.LO 0.091 0.0388 o.o26u o.68o 0.05 
o8o5 6.721 -2.h7 o. of:5 0.0363 O.Ou21 1.160 =0.10 
0905 6. 948 - 2.56 0.077 0.0329 0.0402 1.220 -0 .. 01 
1230 7. 366 -2.72 o.o66 0.0282 0.0368 1. 305 =0.02 
luo5 7.523 - 2.77 0.063 0.0269 o.028u 1.055 -0.0? 
1605 7.593 -2.80 0.061 0.0260 0.0233 0.895 -O., Cl 
2330 7.512 -2 . 77 0 .063 0 .0269 0.0218 0.810 OoOO 

6 Aug 1956 
1805 7.188 -2 . 65 0.0 71 0.0303 o.o557 1.-835 o.oo 
2105 7.196 -2.66 0.070 0.0299 0.0216 o. 722 0. 07 
2205 1. 2ou -2. 66 0.070 0. 0299 o.oh54 1. 515 0.01 

7 Aug 1956 
Ou05 6. 295 -2. 32 0.098 O.Oul8 0.0970 2. 320 0.01 
0805 6. 330 -2o33 0. 097 O.Oul5 0.0979 2.160 -o.oh 
0905 6. 337 -2.3u 0. 096 O.OulO 0.1666 u.o6o -0.02 
1105 6.350 -2.3u 0.096 O.Ou10 0.1032 2.510 -0~08 
1330 7.111 -2.62 0.073 0.0312 0.0755 2.h20 -0.04 
1605 7. 08 7 -2.61 0.074 0.0316 o .. of6u 2. 730 -0.01 
1~05 7 .lOB -2.65 0.071 0.0306 O.Ou37 1.c::uo -0.,01 
2005 7.057 -2.60 0. 074 0. 0316 0.03hl 1.069 0.05 
2205 7.000 -2.56 0.074 0.0329 0.0153 o.L65 0.13 
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TABLE 4 • (Cont'd) 

.,:: 
Date CST log Ro -o.l&,g~~ e' Ca c C/Ca RiJ40 

27 Aug 19.56 
1230 7.390 -2.73 ooo6.5 Oo0278 Oo032.5 lol70 -Oo07 
1.50.5 7.361 -2o72 ooo66 Oo0282 0 .. 0307 1 .. 090 -Oo02 
170.5 7o368 -2o72 o .. o66 Oo0282 Oo 0318 lol2.5 ~Oo02 

1930 7.168 -2 .6!~ Oo071 Oo0303 Oo0023 Oo076 Oo1S 
220.5 7.392 -2.72 ooo66 Oo0282 0.0022 Oe078 o.o4 

29 Aug 19.56 
213.5 6.3 77 -2.3.5 0.09.5 0.0406 ooo669 lo64o Oo03 

TABLE .5o - C/Ca in stable conditions 

. 
R'•Lt'"'-= x. i l. C/Co.:~ Yi ~y,:: Y: Y: ltj ){•' 

1 0 .0.57 0 0 97.5 -o on2S -OoOOl OoOC.3 
2 0 .036 l.JfS Oo326 Oo012 OoOOl 
3. 0.03.5 1.830 Oo6o4 Oo021 OoOOl 
4. Oo099 0.209 -lo.56.5 ~Ool.5 .5 OoOlO 
.5. 0.0.51 oo68o -0.386 -Oo020 Oo003 
6, Oo067 Oo722 -Oo326 -Oo022 o.oo4 
7. 0.014 lo.515 0.415 oooo6 o.ooo 
f. o.oos 2o320 Oo842 Oo007 0.000 
9 . 0.054 1.069 ooo68 oooo4 0.003 

10. 0.127 o.h6.5 -0.766 -OoOlO Oo016 
11. 0 .1~3 0.076 -Oo274 -Oo042 Oo023 
12o ooo4o 0.078 -Oo248 -OoOlO 0.002 
13o 0.031 lo64o Oo49.5 OoOlS 0.001 

Swns -0.283 ooo68 
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(11) For unstable conditions (table 6), the scatter 

of points of C/Ca versus Ri140 sug~ests a curve of the 

fonn 

(Z3) 

where - Hil4C: x and C/Ca: Yo Again C/Ca has been forced 

to approach unity as Ri approaches zeroo If we let y=l-.:;.'f 

and then take natural logs 

~~ : ~k. + ..tx.. + k,_x. 

~f = ..t., k, + k ~ 
X. 2 

Let .k ~-:: Y and ..k k, :Cl., and substitute in (34) 

y = A. -+ ktx, 
The normal equations are 

y - a. - k1 i :: 0 

Solvinf for k1 and k2 

k1= 30.364 1 k2 = -13o324 

Substituting these constants in (~3) and replacinr x by 

-Ri140, y by C/Ca, gives 

C/Ctl. = t - ?>O. ~6 4 .R; 140 e~p [ 13.32 ~ "Rr,~o] 

(34) 

(35) 

(36) 

Note that C/Ca of equation (36) may te maximized for R1140 

~ = -Oo075, for which (C/Ca)max is lo83~o This is 
l. 

close to the maxirr.um of the fitted curve of fifo 5o Lettau's 

rraph of C/Ca has teen included in fi[. 5 and it may 'oe noted 

tba.t the computations of t'·ta ~Pper are in general agreem ent 
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"'!ith those of Lettau, although his data did not span !lS large 

a ranre of Ri values. The results indica.te that C/C 3 ) l in un­

sta'.Jlc conditions, whereas C/Ca < l in stable cond itionso 
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TABLE 6 - C/Ca in Unstable Conditions 

. 
L "-; =-~i,4o 'Yi :C/Co.. 'f.·: ~--' '9, I x.,· ,2., lfl, _ v~ 

~.- . x, t y, ){' 
1 o.h63 1.045 0.045 0.097 -2.333 o. 2llt -1 .. 080 
2 0.165 1.600 o.6oo 3.630 1.289 0 .. 027 0.213 
3 0.280 1.445 0.445 1.590 o. L~64 o.o7f 0 .. 130 
4 0.251 1.160 0.160 0.638 -0 . ),)+9 0.063 -0.113 
5 0.199 1.475 o.L75 2.390 0.871 o.o4o 0 .. 173 
6 0.053 1. 785 0.785 14.700 2.688 0.003 0 .. 142 
7 0.017 2.320 1.320 77.600 4.352 0 0 .. 074 
f 0.147 1.305 0.305 2.080 0.737 0 .. 022 0 .. 108 
9 0.210 1.145 0.145 0.690 -o. 371 o .. o44 -0 .078 

10 O.Jt;7 1.305 0.305 1.9LO 0.661 0.025 0.104 
)1 0.091 1,570 0.570 62.600 4.137 0.008 0.376 
12 0.1L1 1.615 0.615 4.360 1. L!72 0.020 0.208 
13 0.058 1.860 o.e6o 14. 800 2.695 0.003 0.156 
14 0.022 2.150 1.150 52.3 )0 3.957 0 o .. oE7 
15 0.103 1.160 0.160 1.550 0.438 0 .. 011 o.o45 
16 0.011 1.220 0.220 20.000 2.996 0 0.033 
17 0.017 1.305 0.305 17.950 2.E88 0 0.049 
18 0.019 1.055 o.o55 2.890 1.061 0 0.020 
19 0.042 2.360 1.360 32.400 3.478 0. 002 0.146 
20 0.077 2.510 1.510 19.600 2.976 o.oo6 0 .. 229 
21 O.Ou3 2 .1~20 1.420 33.000 3.500 0.002 0.151 
22 0.011 2.730 1. 730 151300 5.056 0 o .. o56 
23 C.010 1.540 0.540 54.000 3.989 0 o.o4o 
24 0.075 1.170 0.170 22.700 3.122 o.oo6 0.234 
25 0.024 1.090 0.090 3. 750 1.322 0.001 0.032 
26 0.024 1.125 0.125 5.200 1.649 0 .. 001 o.o4o 

5u.ln 2. 710 52.649 0.576 1.575 
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Observations · 

--Author's 19.56 data 

---- Lettau's 19.53 data 

·o .~ . 

Fig. 5. 

Ratio C/Ca as a function of Richardson number at Z = 140 em, 
at O'Neill, Nebraska 1956 with Ca given by equation (28). 
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So The normalized-lornrithmi c wind sheai S 

It was explained in section 4 t ha t if one knows 

s"' k~ ()~~()c , one may obtain directly Cr/C, or u..f;u. ... 

Ellison [2] has riven a prediction equation for S in unstable 

cases 

4 '1 1l c..:\ 
S+L'J-=' ( 37) 

where Z is heifht and ~ is the rradient length defined as 

(38) 

·.vitb a-' d efined as 

l(; o-· = ~ r ( 39 ) 
Krt'l 

h ere o is a cons tan t , and \(·~ and i< t'b\ are eddy d i f fu s i vi t y 

coefficients for heat and momentum respectivelyo Dividin[ 

coth sides of (37) ty s4 

+ ~:; = s -4 
"f2 Sucstltutinr (20) and (18) in the expression for i~~s; n:1d 

solving for S 

(40) 

Blackadar et al [2] suggest the value '?rb= 18 for Ut'staL1e 

conditions. However in stable conditions, they find t~at 

equation (40) [ives no tetter approximation than the Lonin= 

Obukh cv 11 lOf+ linear" wind profile defined by 

(41) 

which is ordinarily valid for Richardson numbers near cneo 

Apain, it may be verified that (41) is equiva lent to an 
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ecuation 

S-::. l+ o<.'~· (42) 

Blackadar et al (2] have tabule ted values of c<' at 0 11 eill 

for various layers. For the la ye r 1-2 m under stable con­

ditions, the best-fitting value of the constant was ~'= ~ 

which will be used for t h e statle cases l n t h is papero 

The computations for S are shown in table 7o The values 

of S are presumed applicable at the he i r ht assiFned to Rijl 

t h a t i s at Z -=. 11m o r Z -== 141 o 4 em o The curve of S i s 

shown in fir. 6. The result indicates that S < l in unstable 

cases, and S) l in statle caseso Whether S in stable condi= 

tions levels off with a further increase of Ri, is not cer= 

tain yet, si nc e the value chosen for ~' may not te valid for 

la rc e positive value s of Ri. 
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TABLE 7. - Results of computations for s .. 

Date CST Ril40 Vg(kts) S(l40) 

10 July 1956 
1305 -0.46 13 .. 60 0.572 
1405 -0 .. 17 12.80 0 .. 708 
1505 -0.28 12 .. 00 0 .. 638 
1530 -0.25 15.64 0.652 
1605 -0.20 11 .. 60 Oo683 
1705 -0.05 10 .. 80 0 .. 850 
1805 -0.02 10.52 0 .. 935 
21C5 0.06 12.00 1 .. 515 

23 July 1956 
0930 -0.15 19.44 0 .. 724 
1105 -0.21 19 .. 00 o .. 676 
1~05 -0.16 18.00 0 .. 715 
130 5 -0.09 17o00 0 784 
1 605 -0.14 16 .. 20 0 .. 729 
1705 -0.06 16 .. 00 0 .. 836 
1805 -0.02 15. 80 0.918 
2130 0.04 9 .. 52 1 .. 326 
~305 0.03 7 .. 52 lo313 

25 July 1956 
0205 0 .. 10 4.80 1 .. 888 
0405 0.05 9 .. e.o 1 .. 457 
0805 -0 .. 10 24. 00 0.7 69 
0905 -0.01 2F;.OO Oo958 
1230 -0.02 32 .. 00 Oo936 
1405 -0.02 4 6 .00 0 .. 929 
l f0 5 -0.01 54.00 0 .. 9~0 
2 3~)0 0.00 44 .. 8 0 1.033 

6 Aue· 1956 
1805 o.oo 10 .. €0 0 .. 994 
2105 0.07 10, 8 0 1 .. !305 
220 5 0 .. 01 11.00 10 12:-5 

7 AUf 1956 
0 40 5 0.01 11.88 1 .. 076 
0805 -0,04. 1 2 . 88 0.8 68 
0905 -0.02 13. G8 0 .. 939 
1105 -0 .. 08 13 .. 48 0. 804 
1330 -0. 0 4 15 .2 4 Oo 867 
l f,0 5 -0.01 15 .. 00 0 .. 958 
18 0 5 -0.01 15 . 7 6 Oo9h0 
2005 0.05 14 . 00 1. 490 
2205 0 .12· 12 .. 40 2 .. 147 
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TABLE 7. (Cont'd) 

Date CST Ri140 VF (kts) S(140) 

27 AUf 1956 
1230 -0.07 26 .. 4.8 0.808 
1505 -0.02 24.80 0.915 
1705 -0.02 25o20 Oo914 
1930 0.15 15.92 2 .. :::75 
2205 0.04 26.,60 1o362 

29 Au~,. 1956 
21~5 0.03 7.20 1o 278 
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+-W • Observations 

~. t" 
_J ' 

H 

Fig. 6. 

The normalized logarithmic wind shear S as a function of 
Richardson number at Z = 140 em based on 1956 0 'Neill, 
Nebraska data. · 
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9o An al ternnti v e method of ceterminntlon of U. .... 

In section 7, C/Ca was co~put ed by eouatlons (8), (12)~ 

a n d (28). 'Nhile there may ce co n siderab le error in assuminr 

u functional form for C8 of the type d eriv ed in sect ion S, 

t here is also a possibility of erro r in tte computation of 

Ll .-, by equation (8 ) . Hence an alternative computation of 0_""' 

was employed, one which employs t he expressions for S of the 

se c tion 8. This approach essentially leads to a value of U...~ 

in t enns of the wir.d-profile \A(~) and t re ir.terral=rr:ean valu e 

of S in a sut-layer of tl1e surface lay er o Thus for example 

c. h: aU.. k du. 
._) ':: u... 0 z = Ul !It 0 ,t,. ~ 

and interrntinf f r om Z = Z0 to Z ~ Z)l assumi nf U..~ is cor.star:.t 

i n t~e surface layer leads to 

ll-= ~S~.!.. 
l't 'i!o 

(4Z) 

where g is the interral-rnean value of S up to level Zo 

As in t h e previous section S ·was taken i n accordance 

with 

5= 

AlthOU[h Priestly (~ 

unstable cases 

(44) 

' + 9 ~(it) stable cases 

has raised a question retardinr the 

t h e va l idity of a constant U..~ with he ir·ht in stable condi= 

t i ons, it was assumed that a surface la yer at the dept'b of 

a t least 2m exists for toth stable and unstatle caseso 

Values of S accordinr to ecuation (44) were plotted 

usinr Hi (Z) for values of Z= 5, ~5.~~ 70~ 140.9 280Cr.JS_, rrhe 

low est v a l ue of reirht corresponds to D. level at tre eor1etric 
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mean of t h e roupbness parameter 20 and Z = 25 em~ usir..r t he 

~nown values of oU-/C>r. and ?JG/oz for this la y ero The 

rraphs of S versus~ :z: was plotted and the i n te~rra l ~rn e an 

value g extracted. Fip. 7 shows an example of an unstable 

and stable case which occurred at 1905 and 2105 CST~ res pe c~ 

ti vely on 10 July 1956.. This perrr:i ts one to solve f o r u, " b:.' 

means of 

u. .. ::: ~ ~(200 ) ( 45 ) 
S. (rtoo/zo) 

The va l ues 'of LL .. computed by equation (45) are displayed i n 

table 8 alon[ with the values of U,*'.\1 listed ea r lier in 

table 1~ The absolute avera£ e error is approximately 10%, 

a lthourh t he a l r ebraic error is 3%. 

Note that the ratio Cf/Ca may te obtained as the pr oduc t 

S£ Cf s_ 
C C\. C Ca. 

S ll11s I Vs ( 4 6) 
c.cl.. 

Th e v a 1 u e of S a s a function of Ri ( Z) rna y be obta i ned from 

eau a t io n ( 44 ) . Values of u.., may be obtained from equat i on 

(45 ) ; and Ca may be determined from eouaticn ( 28 ) o 

The main purpose of this last discussion i s to emph a-

size that Cf is not equal to Cao Listed below i n tat l e 8 

are some computed values of Cf/C 8 o 
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Fig. 7 

The normalized logarithmic wind shear S as a 
~z for unstable and stable conditions for 

33 

function of 
10 July 1956. 



TJ,BLE B. Cr/Ca in unsta b le and stable cas es 

Da te CST Hi1 40 s UF,:1 /sec) (Cr/C 9 ) usro/sec)f'ro:n(3) 
l'tc 

10 Ju ly 1 95G 
1305 -0 . 4 6 Oo 572 25ol OoE0 5 24o? 
1405 -0.17 Oo9CO ~5 .. 0 lol06 35oS 
~ 505 - 0 . 28 Ooc85 3lo3 Oo825 3lo2 

1 60 5 - 0 . 20 0.900 3lo6 leOZB :35o8 
1705 -0 .05 Oo850 34o8 lo515 35o0 
1805 -0. 0 2 0 .. 97C 4Z·o 0 2ol00 44 o0 
2 J05 0.06 l ol 50 20o5 lo4Z5 2l o0 

23 July 1 9•56 
1105 -0.21 Oo850 35 .. 7 Oo648 42 o9 
120 5 -0.1 6 Oo88 0 38o7 Oo 77 3 46o7 
130 5 -0.09 Oo885 4 4 o3 1o025 52o9 
1 605 -0.24 Oo885 42oG Oo956 t::: r) ·"' v ..... .,'J 

1705 -Oe 06 0.950 46o 7 lo215 59o7 
2305 0. 0 4 1 oll5 27 01 2o030 3lo8 

25 J u l y 1 95 5 
0 40 5 0.05 1.100 16o9 l o325 12o7 

5 Au~r 1 956 
2 105 0.07 l o2CO 12 .. 1 1 .. 210 llo7 

7 AUf 1 9 5 6 
2005 Oo0 5 1.100 22 .. 6 lo 517 2~o9 

27 Aur 1956 
2205 0.04 l oOO 10.., 6 0 .. 386 ?o98 
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10. Summary and conclusionso 

A functional relationship between C/Ca and Ri was 

obtained by usinp an expression for Ca surr ested by Lettauo 

Retter ag reement was obtained after makinp some revisions 

in Lettau's formula for Cao An expression for Ca has the 

practical significance that one can get directly the ratio 

of a windspeed at some anemometer heipht to a surface reo­

strophic wind by knowintr the rou?hness parametero 

By usinr tte revised expression for Ca9 a new functional 

relationship between C/Ca and rli was obtainedo This function 

has different analytical forms in unstable and stable cond:1= 

tions. 

Another way of obtaininf C/Ca was based upon computa­

tion of ~ usine Blackadar' s resultso By this means a 

wind-profile expression was obtained which varies with 

stability. From this new procedure )ne can ~ et the value 

of Cf/Ca without usine C/C 8 o 

.. . 
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APPENDIX 

CoPlputation fo r Ca u sinr· Let t au ' s fo rmul a. 

nl e ori[inal equation i s 

o. 'o Lt 
C.a,. ::: ~------­

~05 (Cl\. Re,) - !1 . 2-4 

By c r oss mu l t i p lyin[ 

or 

t h en 

Le t 0 ., 2395/Ca :: y 

F ('J ) 

S i nce 

~o3 ( Ca..Ro) -::: 

(1.14 +o,ao4/C4) 
C"'" Ro - 10 

0.\0A/Cu. 

= '73. 8 .,.. \ 0 

Cn.Ro exp ( 
o. 1c ~ l\ .'t.3o3) 

' 73. 8 - CQ, 
' - e.~~") ( o~~·~g ·:r I cf.l.) -

and substitutinr in the atove 

::= ~ ( o • .t39:>.) - e y :-= 0 
'] .3.2 y 

o. :l395'/173· 8 'Ro - Y e.Y- 0 

y 

Ta kinr t h e l or s to the b ase 10 

eot:ation 

( 4?) 

0 ( o. ~ 3 9 ~· R . ) _ L, y· + o. i! J 4 3 v· ( 4 8) 
,u:,~ lJ J. t." Cl - ,J ../ 

Let l o r (0 ~~~l? ~)= I< _ con s tantll and rep l ac e lor y by 

OQ 42'4 :3.ky and s ubst i t u t e i n (4 8 ) 

f(~)-::: o, 434 3 E..... j + o. ~ 3L& 3j- \( = o (49) 

To E:'e t t h e root of ecuatio n (49), we 'Nill use t he 
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Newton- ~phson method 

v. Y·· .7, H = I -
(50) fc Y.·) 

f'( Y::) 
Sine e f~Cy):= 0 .. 4Z43/y + Oo 4343, therefore by substi tut inp this 

in (50) we obtain 

Y 'J·. _ o.4343~Yi + 0·4343Y;- I< 
t"+l = 1 

0• 4lLIJ /y\· + O·.lt 34 ~ 

Substi tuti nrr lor (0 • 13'l~~Ro). for K and div ide the fraction 
c t: •p.'& 

by 0 .4Z43 , 
0.4Z43 

Chanrinr k,-y .. to 2o3026 lor Yi 

= y_, -
I 

~. 3o 16 .to~ ·~k + y, + 6.:) 917 - .t. 301S .e~ l~o 
'/Yi + ' 

3? 

(51) 
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