
nCRNCY FOR INTERNATIONAL DEVELOPMENT FOR AID USE ONLY 
WASHINGTON. 0. C. 20523 

BIBLIOGRAPHIC INPUT SHEET 
A. PRIMARY 

I.SUBJECT Agriculture AFI -0000-G536 
CLASSI-
FICATION B. SECONDARY 

Meteorology and climatolo v--Venezuela 
2. TITLE AND SUBTITLE 

A study of wind velocity profile at Santa Cruz Experiment Station,Venezuela
 

3. AUTHOR(S) 

Gutierrez,Omar
 

4. DOCUMENT DATE 5.S NUMBER OF PAGES 6. ARC NUMBER 

53
p. ARC VE631.7.G984
1970I 

7. REFERENCE ORGANIZATION NAME AND ADDRESS 

Utah State
 

8. SUPPLEMENTARY NOTES (SponsoringOrganization,Publiwhers,Availablity) 

(Thesis M.S.--Utah State)
 

9. ABSTRACT 

10. CONTROL NUMBER II. PRICE OF DOCUMENT 

PN-R:.A- 012. 
12. DESCRIPTORS 13. PROJECT NUMBER 

Evaporation 
Wind velocity 14. CONTRACT NUMBER 

Venezuela CSD-2167 Res. 
15. TYPE OF DOCUMENT 

AID 690-1 (4,74) 



A STUDY OF WIND VELOCITY PROFILE AT SANTA CRUZ 

EXPERIMENT STATION, VENEZUELA 

by 

Omar Gjtierrez 

A thesis submitted in partial fulfillment 
of the requirements for the degree 

of 

MASTER OF SCIENCE
 

in
 

Irrigation Engineering
 

A roved: 

M rProfessor 

Committee Member 

Commteg Member­

4 'ja-' 57 6JAX&.a 
Committee Member 

Dea of Graduate Stadies 

UTAH STATE UNIVERSITY 
Logan, Utah 

1970 



ACKNOWLEDGEMENTS 

I wish to express appreciation and gratitude to 'Professor Jerald 

E. Christiansen, Thesis Director, for his encouragement, suggestions 

and advice given through the period of this study, and to Dr. Larry G. 

King, Professor Wayne S. Willis and Dr. Edwin Olsen III, committee 

members, for their helpful advice. 

Gratitude is also extended to Antonio Redondo, student of Physics, 

for his valuable help in clearing up many difficult points in mathematical 

procedures; the Venezuelan Ministry of Public Works for the data pro­

vided to be analyzed in this study; the AID contract csd-2167 for finan­

cing the computer programs; the Shell Foundation of Venezuela for 

financial support during the period of this study; and Linda Findlay 

for editorial assistance and typing. 

Finally, to my wife, Nulbia, I wish to express appreciation for 

her patience, help, and support in fulfilling this assignment. 

Omar Gutierrez 



TABLE OF CONTENTS
 

Page 

INTRODUCTION . . . . . . . . . . . . . . . . 1
 
Objectives . . 0.. . . . 0 . . . .
. . . 2
 

REVIEW OF LITERATURE ..... 
 .. . .... 3
 

Geigher' s Formula . . . . .
. . . . .. . . 3 

Sutton' sFormula 4
 

Power-law Formula 
 . . . . ........ 5
 

The Shear Velocity and the Roughness Factor . . 6. 

Deacon's Formula . . . . . . . . o 6 

The Logarithmic Formula . . . . .. 8. . . . . 

FORMULAS DEVELOPED AT UTAH STATE UNIVERSITY . 9
 

Stutler-Hardee's Formula. . . * . . . . • 
 . 9
 

Christiansen-Hargreaves, Formula . ..
. .. 10 

PROCEDURE . . . . . . . . . . . . . . . . . . 12
 

Adjustments Made 
on Existing Formulas ..... 13 

RESULTS . .
. . . . . . . . . . . . . . . . 16 

DISCUSSION OF RESULTS ....
 . .. . . . 21 

. . . . . . 24 

LITERATURE CITED . . .. ........ ... 27
 

SUMMARY AND CONCLUSIONS . . .. .
 

APPENDIXES . . . . . * .
. . . .. . a 30 

Appendix A. - Tables 4 to 9 . . . . .. . 30
a .. 


Appendix B. - Computer programs no. 1, 2, 3, 4,
 
5, and 6 . . . .
 . . . .. . . . a .. .. . 37
 

. . .
 .
 VITA . . . . . . . . . . . 6.. .0 44
 



LIST OF TABLES
 

Table Page 

1 UZ Computed from U06 for different formulas .. .. 18 

2 U10 Computed from U06 for different formulas . . . 19 

3 U2 Computed from U2 for different formulas . ... 20 

Appendix Tables 

4 Check on Logarithmic formula for wind adjustment . 31 

5 Check on Sutton's formula for wind adjustment . . . 32 

6 Check on the Power-law formula for wind 

adjustment . . . . . . . . . . . . . . . . . 33 

7 Check on the Stutler-Hardee formula for wind 

adjustment . . . . . . . . a . . . . . . . . 34 

8 Check on Christiansen-Hargreaves' 
adjustment . . . . . . . . 

formula for wind 
. . . . . . . . 35 

9 Check on the Geigher formula for wind adjustment . . 36 



LIST OF FIGURES 

Figure Page 

1 Determination of parameter D to be used in 
Logarithmic formula . .. . . . . . . . . . . 15 



LIST OF COMPUTER PROGRAMS
 

Program No. 
Page 

1 Logarithmic formula .... . ..... 38 

2 Sutton' s formula a........ 39 

3 Power-law formula ....... ... 40 

4 Stutler-Hardee' s formula . . . . . . . . 41 

5 Christiansen-Hargreaves .*. . . ... 42 

6 Geigher' s modified formula . . . . . . . 43 



LIST OF SYMBOLS
 

The following symbols are used in the present work: 

U 
z wind velocity in kilometers per hour (KPH) at the height 

z in meters (m), (zl, zZ, z3 . .) 

Z height of wind measurement in meters, (Z1, Z2, Z3 . . . 

d zero plane displacement in meters 

k von Karman constant = . 42, dimensionless 

U* shear velocity (LT 1 ) in this work KPH 

Zo roughness factor (L) in this work m 

U06, 
U10 

UZ 
mean wind velocity at . 6, 2, 

U2C6 UZ calculated from U06 

U10C6 U10 calculated from U06 

U1OC2 U10 calculated from U2 

E062 absolute 

U06 

E0610 absolute 

U06 

E210 absolute 

UZ 

and 10 meters above ground level 

KPH 

KPH 

KPH 

error of computation of UZ calculated from 

percent 

error of computation of U10 calculated from 

percent 

error of computation of U10 calculated from 

percent 

p12 coefficient for U10 computed from U2 

p16 coefficient for U10 computed from U06 

p2 6 coefficient for U2 computed from U06 



ABSTRACT
 

A Study of Wind Velocity Profile
 

at Santa Cruz Experiment Station, Venezuela
 

by 

Omar Gutierrez, Master of Science 

Utah State University, 1970 

Major Professor: Jerald E. Christiansen 
Department: Agricultural and Irrigation Engineering 

Data from five years of daily records of wind velocity at heights 

.6, 2, and 10 meters above the ground taken at Santa Cruz Experiment 

Station, Venezuelan Ministry of Public Works, were used to study the 

characteristics of wind profile with respect to height above the ground 

level in the lower 10 meters of the atmosphere. 

The information was used to compare formulas for wind velocity 

profile found in the literature, and formulas developed at Utah State 

University with actual data. The formulas that best fit the Santa Cruz 

Experiment Station data are Christiansen-Hargreaves', Power-law and 

Stutler-Hardee' s. All of these formulas were either developed at, or 

modified at, Utah State University. 

The other formulas ranked in the following order: Geigher's as 

modified by Gutierrez, Logarithmic, and Sutton's. 

A simple and practical relation was proposed to correct Geigher's 

formula. Computer programs were developed to process the information. 

(53 pages) 



INTRODUCTION 

The velocity of the wind near the ground is of great importance in 

the plant water needs as well as in the environment surrounding the plant 

habitat. Increased wind movement is usually attended by atmospheric 

turbulence which increases the evaporation from water and soil surface 

and from vegetation. In the study of water demands by crops the influ­

ence of wind cannot be overlooked since the evaporation process is 

part of an energy balance in which the atmospheric factors interact 

as sources of energy which create the water demand of the crops. The
 

advection process, which is 
an important factor in the evaporation 

phenomenon, is also a direct consequence of the wind movement. 

In Venezuela the measurement of wind velocities has been made 

at different (not standardized) heights. There is a need for a rela­

tionship correlating the velocity of the wind at different heights of 

measurement, especially because most of the formulas used to com­

pute evapotranspiration include values of wind velocity at specified 

heights. 

Five years of records of mean daily wind velocities, measured 

by cup-type anemometers at .6, 2 and 10 meters above the ground 

obtained at Santa Cruz Experiment Station (Venezuelan Ministry of 

Public Works) have been used to study the characteristics of the 

wind profile with respect to the height above the ground level in the 

lower 10 meters of the atmosphere. These data have been used to 



2
 

evaluate different formulas found in the literature and formulas developed 

at Utah State University. 

The Santa Cruz Experiment Station is located in the state of 

100 11 N latitude and 670 
Aragua, Venezuela. The courdinates are 


30' W longitude. The altitude is 438 meters above the sea level. The
 

Station was established in 1964 for the purpose of studying water- soil­

plant relationships in the area.
 

Objectives
 

The objectives of this study are:
 

1. To compare formulas for wind velocity found in the litera­

ture with actual data. 

2. To compare formulas developed by researchers at the 

Agricultural and Irrigation Engineering Department at USU with 

actual data. 

3. To determine the best formula for use in Venezuela. 



REVIEW OF LITERATURE 

The problem of converting the wind velocity measured at one height 

above the ground surface to another height has not been adequately solved 

for all conditions. 

Taylor (1918) presented a graph with a of curvesseries showing
 

the wind velocity at any height for a 
given velocity gradient and for a
 

given value of K, K being the transport constant for momentum fre­

quently known as the coefficient of eddy diffusivity. He developed the 

graph from experiments conducted at the Eiffel Tower in Paris. Since
 

the relationships shown on the graph were not given in 
 the form of
 

equations, they could not be used for comparison in 
 this study. 

Geigher's Formula 

Geigher (1965) refers to the increase of wind velocity with 

height as expressed by him in 1927 by the use of the simplified power 

law: 

U U 1Zp 1 

The disadvantages of this equation are: a) the wind velocity at 

a height of one meter must be known, and b) the exponent p has 

daily and seasonal variations (Sutton, 1932; Bakart, 1932). 

Sutton (1932), using data obtained by Heywood (1931), subdivided 

this exponent for summer and winter; from April to September, he 

found that p varied between 0. 07 at noon and 0. 17 at night, and from 



4 

October to March, between 0. 08 and 0. 13. Henning, 1957 (s4e Geigher, 

1965) found seasonal averages deduced from measurements made in 

Lindenberg to be 0. 32, 0. 39, 0.53 and 0. 28 during the day in spring, 

summer, autumn and winter; while by night the values were 0. 38, 0.49, 

0. 59 and 0. 28. Except for the autumn values, which were for the first 

five meters, the values of p were determined for the lowest ten meters 

of the atmosphere. 

The wind velocity gradient has also been related to the tempera­

ture gradient (Heywood, 1931; Sutton, 1936; Frost, 1948; Ieacon, 1949). 

Heywood (1931) stated that for "a given temperature gradient the wind 

gradient increases approximately linearly with the wind velocity." 

(Heywood, 1931, page 447) 

Sutton' s Formula 

Sutton (1936) proposed the equation: 

U U log(aZ1 + l)/log(a+l) . . .2 

where
 

UZ1 is unknown wind velocity at height Zl, 

U Z is known wind velocity at height ZZ, and 

a is a dimensionless number. 

He regarded a as an indicator of turbulence and presented a tabula­

tion relating a with the difference in temperature and the velocity ratio 

UI1 5 0 /U 5 0 . His tabulation is presented on the following page. 



Values of a as presented by Sutton, p. 126. 

Temperature
 
Difference 0F -5 -4 -3 -2 -1 
 0 

U150 /U50 1.01 1.035 1.11 1.11 1.128 1.17 

a 5 x 1047 4x1013 2.2x 104 2.2 x 104 5260 620 

Temperature
 
Difference OF +1 +2 +3 +4 +5 +6 +7
 

U 150/U50 1.21 1.27 1.45 1.55 1.66 1.85 1.98
 

a 174 51 8.1 4.8 3.3 1.7 1.1
 

U 150 and U50 are wind velocities at 150 and 50 feet above the ground level. 

This extreme range in the value of a is difficult to understand. Since a 

is a function of the temperature difference at two specified heights, 50 

and 150 feet, which is not known, the formula as stated is impractical. 

Power-law Formula 

A more generalized power law has been considered by many 

investigators including Scrase 1930 (see Sutton, 1953), and Frost 

(1948). Frost measured wind velocities at heights from 1. 5 to 122 

meters and from 1.2 to 305 meters and stated that the wind profile 

can be represented by the relation: 
u =u Z1~ P . 

Uzl = z2 (-Z2.. 

He considered the exponent p to be a linear function of the differ­

ence in temperatures measured between 1. 5 and 122 meters above the 

ground level. Scrase found p = . 13 to be appropriate in the layer from 

3 to 13 meters. Equation 3 is basically the same equation as proposed 

by Geigher but in a more general form. Many researchers working 
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with evaporation and evapotranspiration have considered the relationship 

a constant ratio as indicatedbetween the velocities at two heights to have 


by a constant value for p (Penman, 1948; Harbeck, 1962).
 

The Shear Velocity and the Roughness Factor 

More complex expressions are given in the literature where new 

elements are introduced. Of these new elements the shear velocity, 
1/2 

U* defined as U* = (7-) , and the roughness factor, Zo, are the 

" = most important, where IT = shear stress (FL ) and 9 density of 

air (FT2 L 4 ) (Calder, 1939; Sheppard, 1947; Deacon, 1949; BJorgum, 

1952; Sutton, 1953; Lettau, 1959; Hagan et. all, 1967; Chang, 1968). 

The introduction of these elements began perhaps with Prandtl's loga­

rithmic law in '1932 -(see Geigher, 1965; Lake, 1952). Prandtl proposed 

the following relationship for neutral or adiabatic conditions: 

U - U In (Z/Zo) .4 

z k 

where the wind profile depends upon U* and Zo, and k is the von Karman 

constant, a dimensionless number with a value of 0.42. 

Deacon' s Formula 

Deacon (1949) presented results of an extensive investigation of 

vertical profiles of mean wind velocity in the lowest 10 meters of the 

atmosphere (mainly carried out at the Chemical Defense Experimental 

Station, Porton, Salisbury Plain, England). He showed that the ratio 

of the wind velocity at height Z, to that at 1 meter plotted against log Z 
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fitted close to straight lines, and concluded that a logarithmic velocity 

profile gave a very good representation in the lowest 10 meters or so 

of the atmosphere when the stability was neutral. From an examination 

of carefully measured profiles between heights of . 5 to 4 meters Deacon 

proposed the general law: 

du Z-Bdz -a. . .5 

in which a is independent of Z, with B = 1 for neutral stability, B> 1 

for unstable conditions, and B< 1 for stable conditions. He presentcd 

the following expression for a: 

a = U*/(k Zo ) ... 5a 

By integrating equation 5, Deacon proposed the following formula: 

U [(Z/Zo) I - B Sb 
z k(1 - B) (-B -1] 

He suggested that B could be evaluated by solving equation 5b by trial 

and error when the velocities at two heights and Zo are known. In this 

same reference, Deacon gave values of the roughness factor (Zo) for 

various surfaces. Several writers have commented on ways of deter­

mining this value of B (Lake, 1952; Davison and Barad, 1956; Martin, 

1960). Later Deacon (1953) related the wind speed gradient, du/dz, 

with the thermal stability. The writer was not successful in evaluating 

B for the Santa Cruz data. 
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The Logarithmic Formula 

Many researchers have mentioned the so-called logarithmic profile 

law (Pasquill, 1950; Inohue et. al., 1953; Sutton, 1953; Hay, 1955; Lettau, 

1959; Lemon, 1963; Hagan et. al., 1967; Chang, 1968). Although there 

are slight differences in its presentation the most generalized expres­

sion is: 

Uz -* ln (.. .6 

Although the constancy of 'r with height (consider that U* = 

(/1/2) has been mentioned by Calder (1939) and Ertel in 1933 (see 

Chang (1968), recent works show disagreement with this criteria 

(Pasquill, 1950; Inohue, 1952; Allen, 1968). 

,The same comment 'can'bemade for the roughness factor Zo, 

which is not constant but varies with the roughness of the ground sur­

face and with the wind velocity (Lemon, 1963; Allen, 1968; Chang, 

1968). With respect to k, or the von Karman constant, Sheppard (1947) 

found the value of 0.42, as developed from laboratory investigations, 

also applied to field conditions. 
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FORMULAS DEVELOPED AT UTAH STATE UNIVERSITY 

Stutler and Hardee, and Hargreaves and Christiansen (personal com­

munication at USU, 1970) working with Venezuelan wind data as related
 

to evapotranspiration have developed two wind profile formulas that can
 

be stated as follows:
 

Stutler -Hardee' s Formula
 

Stutler and Hardee (personal communication 1970) developed 
a
 

formula for converting wind velocities at any height, Z1, to the velo­

city at 10 meters from a study of wind velocity data from the Santa Cruz
 

Experiment Station and other Venezuelan stations. 
 The general formula
 

can be written:
 

U = 	 U CC . 7 

where 

U = unknown wind velocity at height Z,z
 

U z = known wind velocity at height Zl,
 

CZ = coefficient for height,
 

C = coefficient for velocity.
v 

The equation for Cz to convert velocities to U10 is 

Cz = 	 1. 9725 + 0. 0436 (10/Z 1 ) - 2. 0631 (Z1/10) 

+1.047 (Z1/lO) . . .	 7a 
The values of Cz for Z1 = 0.6 and 2 meters are 2.591 and 1.8198. 

They found that to convert U06 to U2, the value of C is given 	by 
2 
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the ratio, 2.591/1.8198 = 1.4172. *The values of CV are given by the 

following equations: 
2C12= 1. 58 - .734 2U/4) + .174 ,u2.4) 7 
2 

C16 = 1.83 - 1.39 (U06/4) + .46 (U06/4) . . . 7c 

C026= 1. 28 -. 37 (U06/4)+ .10 (U06/4) 2 7d 

The units of wind velocity in equations 7b, 7c, and 7d are given in 

kilometers per hour. 

Christiansen-Hargreaves I Formula 

Christiansen, 1969 (personal communication) used a linear equa­

tion of the form Uzi = A + B Uz. Although this seems to hold true, it 

does not generalize the profile and can only be used for specific values 

of Z1 and Z2, since the values of A and B are functions of these heights. 

Hargreaves and Christianoen (personal communication 1970), developed 

the following formula: 

U = U +DU ... 8zi z2 

where 

U unknown wind velocity at height Z 1, 

U known wind velocity at height ZZ, 

DU difference in velocity between U and U in kilometers 

per hour. 

The value of DU is computed from: 

DU= CE [.30+ SL (2/(ZH+ ZL))] . . . 8a 

where 



ZH1 height of higher anemometer in meters,
 

ZL height of lower anemometer in meters,
 

CE = ZH - ZL 

SL = A+ B U2 . e o 8b 

A is a coefficient determined from the expression 

A = .23 - .053 ZZ 

B is an empirical coefficient. 

They found the following values for B to give the best fit for the Santa 

Cruz data: 

B12 = . 130
 

B16 = . 288
 

B26 = .230
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PROCEDURE 

For the Santa Cruz Experiment Station in Venezuela, 1025 values 

of wind velocities, at the heights . 6, 2, and 10 meters above the ground 

level, were selected from a five-year period of daily observations. 

The actual data were used to study formulas 3, 6, 2, 7, 8 and 1; and 

they are presented with the following names: 

1. Loga rithmic formula Equation 6 

2. Sutton's formula Equation 2 

3. Power-law formula Equation 3 

4. Stutler-Hardee' s formula Equation 7 

5. Christiansen-Hargreaves formula Equation 8 

,6. Geigher's dormula-nadified by -Gutierrez Equation 1 

The above formulas were compared with actual data, and when 

there was not agreement, correction factors were developed to improve 

agreement between the formula and the data. The results are presented 

on comparative tables to illustrate their particqlar variations. 

Computer programs shown in Appendix B developed by Professor 

J. E. Christiansen and other graduate students at USU have been used 

to process the information. The programs were run at the Remote 

Computer Terminal Center, Engineering Building, Utah State Univer­

sity, using the Univac computer at the University of Utah, Salt Lake 

City. 
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Adjustments Made On Existing Formulas Are: 

Geigher's Formula has been adjusted by the use of the following 

expressions: 

U16 = .2702+ 1.081 U06 • . .9 

U1Z = .895 U2 - .41 . . . 10 

where
 

U16 = U at height 1 meter computed from U06 

UIZ = U at height 1 meter computed from U2 

The exponent p is proposed to be computed by the use of the expression 

p = In (U /U I)/ in Z a a . 11 

where U is known wind velocity at height Z in meters. All the abovez 

units of velocity are expressed in kilometers per hour. 

Sutton's Formula has been used with value of a = 9, which 

has been determined by trial and error. 

The Power-law Formula has been used with the following 

values for the exponent p: 

p12 = .740 - .48 (U2/4) + . 12 (U2/4)2 . . . 12 

p1 6 = .58 - .40 (U06/4) + . 12 (W06/4)2 . . . 12a 

p26 = .51 - .30 (U06/4) + .08 (U06/4)2 . . 12b 

where p26, p1 6 and p12 are used to compute U2C6, U1OC6, and U1OC2 

respectively, U06, U2,given in kilometers per hour. Equations 12, 

12a, 12b were developed by Professor J. E. Christiansen (personal 

communication, 1970). 
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The Logarithmic Formula has been used with the following 

modifications: 

a) The shear velocity U* was computed by 

U2U, = 1.30-.l U+.015 . . .13 

where 

U* is shear velocity in kilometers per hour 

U known velocity in kilometers per hour 

b) The zero plane displacement d was substituted by: 

d = -D 

D was computed by trial and error, by plotting Z versus U on semi-log 

paper and adjusting the values of Z + D to fit a straight line as shown 

in figure 1. 

c) The roughness factor Zo was then determined from the 

expression:
 

Zo = (Z + D)/ e(k Uz)/U* . . .14 

where
 

k is von Karman' s constant 

U = known wind velocity at height Z 

e base of natural logarithms 

This formula, although it has a strong theoretical base, is rather com­

plex, and at least three wind velocities at three different heights are 

needed in order to find by trial and error a dependable value for the 

parameter D. 



T
 
4.1 

(d
NO Actual values of Z 

Q 
+ 

Corrected values of Z + D 

U , KPH 

Fig. 1 Determination of parameter D 
to be used in Logarithmic formula 
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RESULTS 

Comparative values of actual wind velocities and computed wind 

velocities for tne different formulas studied are presented in Tables 

1, 2 and 3, which also give the mean absolute error for the 1025 daily 

values studied. 

In the Appendix A, for each of the formulas studied the following 

information is given: 

a) Actual values of wind velocities at a given height. 

b) Values of the wind velocities as computed from each formula. 

c) Ratios of the actual velocity to that of the computed velocity 

for each height. 

d) The mean absolute error for the computed values. 

e) Average values of all the above computations are also given. 

The values on each line represent the mean of 41 daily values of 

wind velocity sorted in increasing order. There are, therefore, 25 

groups of 41 values each in each table. The Appendix tables referred 

to above are: 

Table 4, which compares the actual and the computed values for 

the Logarithmic formula. 

Table 5, which compares the actual and the computed values for 

the Sutton formula. 

Table 6, which compares the actual and the computed values for 

the Power-law formula. 
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Table 7, which compares the actual and the computed values for 

Stutler-Hardee' s formula. 

Table 8, which compares the actual and the computed values for 

Christiansen-Hargreaves' formula. 

Table 9, which compares the actual and the computed values for 

the modified Geigher formula. 

In Appendix B, the computer program used for each of the for­

mulas is given so that the procedures can be duplicated; these programs 

are presented as follows: 

Program No. Formula 

1 Logarithmic 

z Sutton' s 

3 Power-law 

4 Stutler -Hardee' s 

5 Christians en-Hargreaves, 

6 Geigher' s modified 



Table 1. U2 Computed from U06 for different formulas - KPH 
Geigher 

Group No. UZ 
Logarith-
mic Sutton 

Power-
lAw 

Stutler-
Hardee 

Christiansen-
Hargreaves 

modified by 
Gutierrez 

1 1.894 2.079 1.693 1.904 1.900 2.050 2.064 
2 2.334 2.358 2.092 2.307 2.308 2.383 2.472 
3, 2.605 2.546 2.404 2.613 2.618 2.644 2.722 
4 
5 

2.892 
3.133 

2.852 
3.203 

2.669 
2.946 

2.866 
3.123 

2.875 
3.137 

2.866 
3.098 

2.928 
3.145 

6 3.441 3.535 3.233 3.383 3.402 3.338 3.370 
7 3.783 3.866 3.687 3.787 3.813 3.718 3.729 

9 
4.060 
4.423 

4.079 
4.323 

4.015 
4.383 

4.071 
4.381 

4.102 
4.417 

3.992 
4.300 

3.989 
4.282 

l0 4.650 4.469 4.604 4.567 4.606 4.486 4.458 
11 5.081 4.872 5.205 5.058 5.104 4.988 4.937 
12 5.332 5.107 5.553 5.341 5.391 5.279 5.216 
13 5.800 5.499 6.125 5.794 5.849 5.757 5.673 
14 5.952 5.680 6.384 5.999 6.055 5.974 5.881 

.15 
16 

6.302 
6.770 

5.977 
6.426 

6.813 
7.448 

6.335 
6.832 

6.394 
6.894 

6.333 
6.864 

6.224 
6.734 

17 7.048 6.684 7.810 7.115 7.178 7.167 7.024 
18 7.294 6.785 7.949 7.225 7.289 7.284 7.136 
19 7.413 7.036 8.293 7.498 7.559 7.572 7.413 
20 7.940 7.447 8.859 7.946 8.014 8.045 7.867 
21 8.174 7.644 9.125 8.162 8.213 8.268 8.081 
22 8.298 7.667 9.159 8.184 8.254 8.296 -8.108 
23 8.698 8.075 9.706 8.633 8.674 8.754 8.548 
24 9.547 8.762 10.614 9.401 9.379 9.513 -9.278 
25 10.290 9.722 11.845 10.480 10.385 10.543 10.268 

Mean 1025 5.726 5.468 6.105 5.720 5.752 5.741 5.662 
Mean 
Error % 6.228 9.325 4.708 4.725 4.931 5.019 



Table 2. Ul 0 Computed from U06 for different formulas - KPH 

Group No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

Mean 1025 

Mean 
Error % 

U10 

4.382 
5.072 
5.575 
5.954 
6.230 
6.563 
7.024 
7.395 
7.701 
8.044 
8.439 
8.809 
9.177 
9.562 
9.941 

10.370 
10.760 
11.078 
11.385 
11.747 
12.115 
12.582 
13.157 
13.901 
15.411 

9.295 

Logarith-
mic 

4.823 
5.096 
5.242 
5.702 
6.255 
6.758 
7.110 
7.310 
7.545 
7.687 
8.090 
8.328 
8.742 
8.938 
9.258 
9.760 
10.053 
10.174 
10.470 
10.958 
11.195 
11.219 
11.723 
12.594 
13.867 

8.756 

7.357 

Sutton 

2.473 
3.056 
3.512 
3.900 
4.305 
4.723 
5.388 
5.866 
6.404 
6.727 
7.604 
8.114 
8.948 
9.327 
9.954 
10.882 
11.411 
11.615 
12.117 
12.943 
13.333 
13.382 
14.181 
15.507 
17.306 

8.919 

17.202 

Pdwer-
law 

4.309 
5.020 
5.517 
5.904 
6.275 
6.628 
7.157 
7.506 
7.868 
8.083 
8.631 
8.944 
9.441 
9.674 

10.044 
10.624 
10.962 
11.109 
11.478 
12.079 
12.394 
12.404 
13.102 
14.326 
16.033 

9.420 

5.339 

Stutler-
Hardee 

4.288 
5.043 
5.573 
5.986 
6.377 
6.747 
7.288 
7.636 
7.982 
8.187 
8.687 
8.970 
9.408 
9.623 
9.946 
10.495 
10.826 
10.987 
11.377 
12.072 
12.340 
12.441 
13.129 
14.215 
15.655 

9.411 

5.435 

Christiansen-
Hargreaves 

4.887 
5.290 
5.607 
5.875 
6.156 
6.446 
6.907 
7.239 
7.612 
7.836 
8.444 
8.797 
9.376 
9.638 

10.073 
10.716 
11.083 
11.224 
11.573 
12.146 
12.416 
12.450 
13.004 
13.924 
15.170 

9.356 

5.140 

Geigher 

modified by 
Gutierrez 

4.351 
5.266 
5.492 
5.660 
5.861 
6.088 
6.464 
6.751 
7.087 
7.289 
7.854 
8.185 
8.740 
8.994 
9.414 
10.042 
10.403 
10.542 
10.887 
11.454 
11.722 
11.755 
12.307 
13.225 
14.475 

8.812 

7.090 



Table 3. U10 Computed from U32 for different formulas - IKPH 

Group No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
-22 
23 
24 
25 

Mean 1025 
Mean 
Error %0 

U10 

4.382 
5.072 
5.575 
5.954 
6.230 
6.563 
7.024 
7.395 
7.761 
8.044 
8.439 
8.809 
9. 177 
9.562 
9.941 
10.370 
10.760 
11.078 
11.385 
11.747 
12.115 
12.582 
13.157 
13.901 
15.411 

9.295 

Logarith-
mic 

4.545 
4.980 
5.218 
5.665 
6.117 
6.610 
7.006 
7.298 
7.695 
7.940 
8.432 
8.716 
9.279 
9.462 
9.893 
10.492 
10.849 
11.182 
11.341 
12.067 
12.398 
12.562 
13.141 
14.418 
15.592 

9.316 

4.985 

Sutton 

3.150 
3.881 
4.331 
4.809 
5.210 
5.722 
6.289 
6.751 
7.354 
7.732 
8.449 
8.866 
9.644 
9.897 
10.478 
11.257 
11.719 
12.128 
12.325 
13.202 
13.501 
13.797 
14.463 
15.874 
17.109 

9.521 

12.005 

Power-
law 

4.505 
5.211 
5.616 
6.012 
6.326 
6.709 
7.117 
7.436 
7.837 
8.090 
8.562 
8.831 
9.355 
9.526 
9.925 

10.600 
10.840 
11.179 
11.339 
12.091 
12.431 
12.612 
13.218 
14.508 
15.636 

9.416 

4.655 

Stutler-
Hardee 

4.374 
5.128 
5.564 
5.989 
6.325 
6. 732 
7.157 
7.483 
7.879 
8.133 
8.579 
8.835 
9.309 
9.463 
9.817 

10.325 
10.616 
10.923 
11.063 
11.751 
12.079 
12.221 
12.864 
14.155 
15.258 

9.281 

4.774 

Christiansen-
Hargreaves 

4.788 
5.304 
5.621 
5.959 
6.242 
6.603 
7.003 
7.329 
7.755 
8.022 
8.527 
8.822 
9. 370 
9.549 
9.959 
10.509 
10.835 
11.123 
11.263 
11.882 
12.156 
12.301 
12.771 
13.767 
14.639 

9.284 

4.501 

Geigher 
modified by 
Gutierrez 

3.767 
4.961 
5.288 
5.591 
'5. 858 
6.210 
6.608 
6.939 
7.381 
7.657 
8.190 
8.500 
9.085 
9.276 
9.716 

10.308 
10.659 
10.971 
11.122 
11.794 
12.092 
12.249 
12.760 
13.846 
14.799 

9.025 

5.952 0 



DISCUSSION OF RESULTS 

Based on the mean absolute error the formulas studied fit the 

actual data in the following rank: 

Mean absolute 
errorpercent 

1. Christiansen-Hargreaves' 4.857 

2. Power-law, as modified by Christiansen 4. 901 

3. Stutler-Hardee' s 4. 978 

4. Geigher's modified by Gutierrez 6.020 

5. Logarithmic, as modified 6.190 

6. Sutton's, constant a as determined 12.844 

,In general, with the -exception of Sutton' s formula, the rest of the for ­

mulas studied gave results that were well within the range of accuracy 

expected as can be observed in Tables 1, 2 and 3. It should be remem­

bered that the Christiansen-Hargreaves I and Stutler-Hardee's formulas 

were developed using wind data from the Santa Cruz Experiment Station, 

whereas Geigher's, Power-law, Logarithmic and Sutton's were developed 

from other data, although they were modified to some extent to produce 

better agreement with the Santa Cruz Experiment Station data. 

The Christiinsen-Hargreaves' formula gave values slightly high 

for low velocities, as shown in the Appendix Table 8 with an absolute 

error up to 11.829 percent for U1OC6 for the first 41 lowest values of 

wind velocity, but for the remainder of the data the agreement was very 
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good. This formula presents the problem that the factor DU is com­

puted by the use of two empirical coefficients A and B, which may 

not apply for other data. 

The Power-law formula gave higher values for UlOC6 and UlOC2 

as can be observed in Table 6, Appendix A, under columns UlO/U1OC6 

and UIO/UlOC2, with values for this ratio as low as . 958 but with an 

absolute error never greater than 8.657 percent. The proposed for­

mulas to compute the exponent p may not apply for other data. Previous 

investigators have considered the exponent p to have seasonal varia­

tions but evidence developed here shows that p is a function of the 

wind velocity. 

,StuIler.-Hardpee!j fprmula gave very good results all the way 

through with an absolute error never greater than 8.348 percent as 

shown in Table 7, Appendix A. The empirical coefficients Cz and Cv 

for height and velocity may not apply for other data. 

Geigher' s formula as modified by Gutierrez did not give good 

results for low wind velocities. This can be observed in Table 9, 

Appendix A, where the mean error for the first 41 values of UOC2 

is of the order of 17.5 percent. The proposed formulas to convert UZ 

and U06 to Ul may not apply to another data. This formula as proposed 

here is a simple one that can be applied to most wind velocity data. 

The Logarithmic formula, for which the results are tabulated 

in Table 4, Appendix A, gave values slightly higher for low velocities 
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with an absolute mean error up to 10. 935 percent for UZC6 for the first 

41 computed lowest values of wind velocity. The shear velocity, U*, 

appears to be a function of wind velocity and not a constant as suggested 

by Calder (1939). The writer agrees with Pasquil's (1950), Inohue (1952), 

Allen (1968) and Lemon (1963) with respect to the non-constancy of 

the shear velocity. The shear velocity, U*, is given in Table 4, Appen­

dix A, under the columns of U*06 and U*2 and variation of this para­

meter with wind velocity is shown. 

Sutton's formula as given in Appendix A, Table 5, gave too ]ow 

values for low velocities and too high values for high velocities. It 

agreed fairly well for UZC6 but not for U10C6 or UlOC2. In the first 

case the highest value of mean absolute error was 16. 3 percent and 

in the second case the highest value was 43. 7 percent for low velocities. 

In general, all the formulas present problems for low velocities. 

This can be explained by the fact that at low velocities the wind profile 

is strongly influenced by the boundary layer of a fluid over a rough 

surface where friction and vegetation are determinant forces capable 

of creating distortion over the general pattern that should exist if a 

smooth surface was considered. 
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SUMMARY AND' CONCLUSIONS" 

1. 	 The objectives of this study were: 

a) To compare -formulas for wind velocity found in the litera­

ture with actual data. 

b) To compare formulas developed by researchers at the 

Agricultural and Irrigation Engineering Department at USU with actual 

data. 

c) To determine the best formula for use in Venezuela. 

2. Five years of daily records of wind velocity at . 6, 2, and 10 

meters above the ground obtained at Santa Cruz Experiment Station 

(Venezuelan Ministry of Public Works) have been used to study the 

characteristics of the wind profile with respect to the height above 

the ground level in the lower 10 meters of the atmosphere. 

studied. Four3. Six existing formulas of wind velocity profile were 

of them found in the literature and two of them developed at USU. 

Based on the absolute mean errors, the studied formulas ranked in 

the following order: 

a) Christiansen-Hargreaves' formula 

b) Power-law formula 

c) Stutler-Hardee's formula 

d) Geigherls formula as modified by Gutierrez 

e) Logarithmic formula 

f) Sutton' s formula 
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4. This study indicates that Christiansen-Hargreaves', Power-law, 

and Stutler-Hardee's formulas best fit the Santa Cruz Experiment 

Station wind data. It must be remembered that Christiansen-Hargreaves, 

and Stutler-Hardee' s formulas were developed using wind velocity data 

from that station. 

5. A simple and practical correction to Geigher's formula is pre­

sented to compute the exponent p by the use of: 

p = ln (U /U )/ ln Z 

when wind velocity at 1 meter above the ground (U1 ) is known or deter­

mined from a dependaLle relationship. 

6. The exponent p of the Power-law formula was shown to be not a 

constant value but a function of wind velocity. 

7. The Logarithmic..formula gave satisfactory results when the following 

considerations were taken into account: 

a) Shear velocity U* is not constant but varies with wind 

velocity. 

b) Zero plane displacement d needs at least three actual 

wind measurements at three different heights to be determined by trial 

and error by plotting on semi-log paper. 

8. Sutton's formula, when constant value of a = 9, was used, did not 

give good results. 

9. More detailed studies should be made including: 

a) More heights of measurement within the range 1 to 10 

meters above the ground level. 
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b) Study of the same heights of measurement at two or more 

different meteorological stations to relate the universality of the 

proposed formulas. 
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APPENDIXES
 

Appendix A
 

Tables 4 to 9
 



TABLE 4- CHECK ON THC LOGARIHMIC FORMULA FOR WIND ADJUSTMENT. SANTA CRUZ STATION* VENEZUELA 

U2 U2Cs U2IUZCG £062 UDS UlOC6 UECIUCG [010 UIO UloC? UoiJUCZ £210 U006 U02 296 

NEAN 41 1.810 2.079 .911 130.935 3.135 4.823 .S0 10.S00 8.382 O.StS .964 5.327 1.206 1.115 2429 

MEAN 1 2.33 2.358 .910 S.2eO 1.40z S.096 .995 ' 3.161 S.o02 .980 1.018 4.801 1.190 1.150 2.159 

HEAN %1 2.605 2.5 i 1.023 6.278 1.612 5.242 1.018 1.898 S.S7S 5.218 1.018 7.109 1.178 1.1%2 2.012 

MEAN 41 2.892 2.85? 1.fll S.592 1.790 5.702 1.04% 10.680 S.9S% S.1S5 1.ASI 8.929 1.170 1.137 1.682 

HEAN 41 3.133 3.203 .978 5.90 1.976 6.255 .996 10.625 1.230 6.117 1.018 8.230 1.162 1.13s 1.317 

%CAN %1 3.,%1 3.S3% .9?3 S.338 2.168 1.758 .971 5.620 .S563 6.610 .93 .SO 1.1SS 1.135 1.017 

"CAN 41 3.753 3.866 .978 4.741 2.73 7.110 .988 2.442 7.02, 7.006 1.003 3.400 1.145 1.138 .AS2 

MEAN 81 8.060 8.079 .95 3.751 2.612 7.310 1.012 2.778 7.395 7.258 1.013 3.905 1.1N1 1.183 .783 

MEAN 81 4.0173 4.323 1.023 $.550 2.939 7.SeS 1.021 3.866 7.701 7.695 1.001 S.112 1.138 1.155 .716 

HEAN 81 %8&s 4.869 1.0%1 S.160 3.087 7.687 1.06 5.229 8.04 7.90 1.013 3.939 1.136 1.161 .?1 

MEAN 1 S.041 8.872 1.083 5.002 3.010 8.090 l.083 1.908 8.,39 8.832 1.001 %.713 1.136 1.183 .5x% 

NEAN 81 5.332 5.107 1.014 5.670 3.72% 8.328 1.058 5.842 8.809 8.711 1.011 3.315 1.137 1.195S .S3s 

MEAN O1 5.800 5.499 1.055 1.281 4.107 8.782 1.050 4.003 9.177 9.279 .989 4.87 1.15S 1.228 .0 

NEAN N1 5.952 5.860 1.08 5.213 8.280 8.938 1.070 8.227 9.562 9.62 1.011 4.257 1.150 1.239 0qI 

MEAN 1 1.30? 5.477 1.058 5.861 q.$G8 9.258 1.078 7.510 2.91 9.893 1.005 3.816 1.158 1.268 .4O4 

MEAN 41 6.770 6.826 1.05, 6259 .998 9.70 1.062 1.832 10.370 10.492 .988 3.992 1.177 1.314 351 

MEAN 41 7.088 6.88 1.0ft 5.68 S.?37 10.053 1.070 7.337 10.760 10.889 .992 3.888 1.190 1.382 .333 

MEAN f1 7.29% 1.785 1.075 6.913 5.330 10.178 1.089 8.818 11.078 11.182 .91 8.812 1.1%1 1.373 .32 

MEAN %1 7.813 7.036 1.058 5.83 $.661 10.070 1.087 9.102 11.385 11.341 1.008 .88 1.212 1.387 .310 

MEAN 81 7.180 7.487 1.066 1.382 5.980 10.958 1.072 7.870 11.787 17.067 .973 5.53 1.239 1.S? .283 

MEAN %1 8.1X7 7.648 1.069 6.396 6.119 11.115 1.082 8.13 12.1IS 12.398 .977 5.618 1.258 1.891 .273 

"EAN 81 8.298 7.667 1.082 7.559 1.181 11.219 1.121 10.836 12.582 12.5G2 1.002 3.389 1.25% 1.501 .270 

"EAN 81 8.118 8.TS 1.077 8.000 6.500 11.723 • 1.122 10.989 13.157 13.141 1.001 3.75 1.288 1.518 .253 

MEAN N1 9.587 8.762 1.090 3.003 7.117 12.58 1.104 9.131 13.901 10.18 .96 1.157 1.353 1.720 .232 

MEAN 91 10.290 9.722 1.058 8.26 7.982 13.467 1.111 10.011 IS.411 15.592 .988 7.915 1.8.8 1.872 .217 to 

ALL MEAN 5.726 5.'88 1.0,7 1.228 4.093 80756 1.062 ?3S? 9.245 1.316 .998 1.985 1.1"5 1.308 .75? 



TABLE 5 CHECK ON SUTTON FORMULA FOR WINi AOJUSTMCNT. SANTA CRUZ STATION. VENE UELA 

U2 UC6 U2/U2CG £02 UGOS UIdCS u10iuocs £0610 UlO UIOC? U100U1OC2 £210 - A C-

MEAN 61 1.894 1.693 1.119 12.433 1.133 2.73 1.772 13.711 4.382 3.150 1.391 28.133 9.000 1.000 
MEAN 61 2.334 2.092 1.116 10.3W0 1.6nZ 3.6% 1.660 39.86 S.072 3.681 1.307 23.563 9.000 1.000 
MEAN 41 2.605 2.60 loo8e 9.606 1.512 3.512 1.587 36.973 5.575 4.331 1.287 22.316 'S.000 1.000 
MEAN 41 2.892 2.669 1.08 7.834 1.790 3.2Z0 1.527 36.ss S.qS6 4.809 1.238 19.335 9.000 1.000 
MEAN 61 3.133 2.946 1.063 7.525 1.376 6.305 1.667 30.900 6.230 5.210 1.196 16.%73 9.000 1.000 
MEAN 41 3.661 3.233 1.06 8.28? 2.158 16.123 1.389 28.019 r-563 5.722 1.147 13.037 9.000 1.000 
MEAN 41 3.783 3.687 1.026 5.526 2.473 S.388 1.306 23.359 7.02 6289 1.117 11.103 9.000 1.000 
"CAN 41 4.060 4.015 1011 40629 2.692 Si;G 1.261 20.807 7.395 5.751 1.095 9.999 9.000 1.000 
MEAN 41 e.,23 6.383 1.009 &.179 2.939 5o6Oe 1.203 17.871 7.701 7.356 1.067 9.3S5 9.000 1.000 
MEAN 41 4.650 4.604 1.010 6.912 3.087 6.727 1.196 16.889 8.106 7.732 1.060 6.729 9.000 1.000 
HEAN %1 5.081 5.205 .976 6.312 3.490 ?.g0 1.110 11.060 8.639 8.69 .999 6.810 9.000 1.000 
MEAN 61 5.332 5.553 .9560 7.209 3.726 8.11e 1.086 9.580 8.809 8.855 .996 6.561 9.000 1.000 
MEAN '41 5.800 6.125 .947 6.968 F.107 8.968 1.025 7.782 9.171 9.666 .552 7.227 9.000 1.000 
MEAN 41 5.952 6.384 .932 7.9so 6.280 9.327 1.025 9.149 9.52 9.897 .956 5.851 9.000 1.0000 
MEAN 41 5.302 6.813 .925 8.85 6.S68 .JSe .9995 6.19 9.961 100.78 .969 6.?36 9.000 1.000" 
MEAN 61 6.770 7.6e8 .909 10.318 6.996 10.682 .953 5.963 10.370 11.257 .921 8.797 9.000 1.000 
MEAN 61 7.048 7.810 .902 10.996 5.237 11.611 .963 6.763 10.760 11.719 .918 8-993 9.000 1.000 
MEAN 61 7.296 7.969 .918 9.25 5.830 11.615 .956 7.323 11.078 12.2z .913 .9563 9.000 1.-000 
MEAN 61 7.413 8.293 .896 11.768 S0561 12.117 .960 8.806 11.385 12.325 .926 9.061 9.000 1.000 
HEAN 61 7.960 8.859 .896 12.725 5.840 120963 .908 10.908 11.767 13.202 .890 12.758 9.000 1.000 
MEAN 61 8.176 9.125 .896 11.S 5.119 13.333 .909 lO.55O 12.115 13.591 .891 12.260 9.000 1.000 
MEAN 61 8.298 9.159 .906 13.616 6.161 13.382 .960 7.$76 12.582 13.797 .912 9.702 9.000 1.000 
MEAR 61 8.698 9.0570 .896 12.530 .508 16.181 .928 8.831 13.157 16.63 .910 10.224 9.000 1.000 
MEAN 41 9.567 10.610 .899 12.S22 7.117 IS.507 .896 12.026 13.901 158"7 .878 16.705 9.000 1.000 
MEAN 61 10.290 11.865 .869 16.340 7.942 17.306 .890 13.411 IS.611 17.109 .901 12.389 9.000 1.000 
ALL NEAN 5.726 6.105 .938 9.325 4.093 8.919 1.0e2 17.202 9.295 9.521 .9576 12.005 9.000 1.000 



TASLE 6 rHECK ON THE POWER-LAM FORMULA FOR MIND £OJUSTMENI, SANTA CRUZ STATION. VENEZUELA 

Uz U2Cr tUZ/U2C6 £06? U06 UIOCs UID/UioCG £0620 UIo ULOC2 UIOIIIOCZ £210 PIZ P16 P26 

EAN4 1 1.894 1.s03 .995 8.243 1.135 4.309 1.017 7.5%8 3.38? O.SOS .973 S.073 .Stu .476 .431 
NEAN 41 2.334 2.30? 1.012 5.%28 1.402 5.020 1.010 5.707 5.072 S.211 .973 5.711 .501 .%55 .#15 
MEAN e1 2.605 2.613 .997 6.838 1.112 5.517 1.011 &.277 S.STS S.616 .993 5.0SS .479 .39 . 402 
MEAN 31 2.8q2 2.866 1.009 3.4e 1.790 S.90% 1008 4.395 S.qs 6.012 .990 %.306 .%S6 .%25 .392 
14EAN l1 3.113 3.123 1.003 5.Z93 1.576 6.275 .953 5.511 9.230 6.126 .985 5.620 .438 .s12 .382 
MEAN 41 3.431 3.383 1.017 6.161 2.168 6.628 .9s0 5.597, 6o563 6.709 .978 %.938 .%t o395 .371 
MEAN 41 3.783 3.7q7 .Sqs 3.378 2.473 7.157 .982 4.647 7.n24 7.117 .97 3o936 .393 .375 .3S5 
MEAN 41 4.060 4.071 .997 %.1 L9 2.692 7.506 .985 3.533 7.3%5 7.%36 .gS 3.958 .37? .366 .34S 
MEAN 31 4.023 1.r1 1.010 5.611 2.939 7.868 .979 5.147 7.701 7.837 .q83 5.Q71 .358 .352 .333 
MEAN 41 4.650 ft. G7 1.018 3.333 3.087 8.03 .995 3.830 9.04e 8.1 0 .993 3.762 .345 .333 .321 
MEAN 31 5.031 S.tr !.nt.05 1ea 3.10 8.631 .q78 5.700 80.39 8.562 .66 %.572 .326 .324 .310 
NEARE 31 S.132 5.341 .998 4.071 3.723 .9411 q 0 83.09sa 831 q597 3.102 .313 .312 .301 
MEAN 31 .400 57q% ..qq 3.csgS .l D7 9.441 .972 4.828 9.177 0.355 .981 4.229 .298 .257 .287 
MEAN 41 5.S%' Soq.9 .992 4.222 4.280 9.97 .98 4.877 9.562 9.526 1.0Oe 3.779 .293 .291 .282 
"CAN %1 6.x02 C.33% .q9S %.531 3.568 13.04 .990 3.873 9.931 9.925 1.002 3.571 .283 .281 .272 
MEAq &1 6.770 S. It'! .?91 e.053 %.994 13.6211 .976 %.241 13.370 ln.S00 .988 3.500 .273 .269 .261 
MEAN 41 7.04 7.115 .991 3.187 5.237 10.962 9ap 3.597 10.7603 10.30 .993 3.390 .268 .263 .255 
MEAN 31 7.2q% 7.22S 1.010 2.947 5.1,10 11.105 .997 %.035 11.078 11.175 .591 3.so .266 .262 .2S3 
MEAN 31 7.313 7.398 .9R9 3.332 5.5 1 11.478 .99? S.932 11.385 11.339 1.004 q621 .263 .258 .245 
MEAN 41 7.930 7.936 qgq 3.039 5.940 12079 .973 6.182 11.747 12.091 .972 5.813 o261 .253 .232 
MlEAN %1 8.173 8.162 1.0112 2.68S 6.119 17.390 .977 5.739 12.115 12. 31 .975 5.921 .261 .251 .280 
"CAN 31 8.298 8.193 1.013 3.534 6131 12.303 1.013 4.896 12.582 17.612 .998 3.376 .260 .250 .233 
MEAR 31 8.698 8.6r33 1.008 %.7€;7 6.508 13.102 1.003 5.682 13.157 13.718 .9S 3.915 .260 .2%9 .235 

EAN 41 9.5s7 9.301 101s 3.963 7.1 17 13 .32. .970 7.001 13.901 13.508 .958 6.385 .260 .249 .231 
MEAN 41 10.?q0 10.480 .982 6.733 7.942 16.031 .961 8.657 15.311 15.636 .986 7.763 .260 .250 .230 
ALL MCAN 5.726 S. 72ri 1.001 4.708 %.093 9.320 .987 5.339 9.295 9.316 .987 .655 .338 .324 .305 



TABLE 7 CHECK ON THE STUTLER-HAREE FORMULA roR WIND ADJUSTMEiT, SANTA CRUZ STATION. VENEZIJELA 

u2 U2C6 92lU2C6 E062 U06 U]OCS U lU Cu OElOG 0 U06 U01010C2 10O/U 2 £210 CVIZ CV16 C126 

MEAN 41 z.894 1.900 .997 8.,8 1.133 4.288 1.022 8.127 4.382 4.374 116002 %.962 1.272 1.474 1.183 
MEAN %1 2.334 2.3n18 1.012 5.470 1.402 S.043 1.00f -6.058 5.072 5.228 .989 6.011 1.212 1.400 1.263 
MEAN 61 

.MEAN 41 

2.605 

2.892 

2.618 

2.47S 

.99S 

1.006 

6.904 

4.487 

1.512 

1.790 

5.573 

5.986 

1-000d 

.995 

1.SGO 

4.781 

S.S7S 

5.956 

S.56 

5.989 

1.002 

.994 

5.271 

4.681 

1.176 

1.141 

1.3%5 

1.301 

1.1%7 

1.135 
MEAN 41 3.133 3.137 .999 5.361 1.976 6.377 .977 S.700 6.230 6.329 .985 S.950 1.113 ]:.257 1.122 
"CAN 41 3.441 3.40? 1.012 6.14r 2.168 6.747 .973 6.170 6.563 6.732 .975 S.308 1.079 1.214 1.109 
MEAN f1 3.783 3.813 .992 4.638 2.473 7.28 .966 5.256 7.024 7.1S7 .981 4.196 1.043 1.148 - 100 
MEAN 41 4.060 4.102 .990 6.26 2.692 7.636 .968 5.077 7.395 7.483 .988 4.015 1.016 1.105 1.017 
MEAN 41 4.423 4.417 1.0111 5.767 2.939 7.982 .965 5.438 7.701 7.879 .977 5.148 .984 1.061 1.093 
MEAN %I 6.650 6.606 1.010 6.263 3.087 80187 .982 4897 8.044 8.133 .989 3.75S .563 1.03S 1.SS 
MEAN 

MEAN 

61 

41 

S.081 

5.332 

5.104 

5.391 

.995 

.. 9a9 

6.958 

5.1 17 

3.490 

3.72 

8.617 

8.970 

.971 

o.982 

5.525 

3.603 

8.439 

8.809 

8.579 

8.835 

.984 

.997 

6.416 

2.899 

.931 

.912 

.972 

.938 

1.034 

1.013 
MEAN 61 5.800 5.849 .992 6.530 4.107 9.408 .975 6.233 9.177 9.309 .986 3.748 .S6o .893 1.007 
MEAN 41 5.9S2 G.OSS .983 4.561 6.280 9.623 .991 4.548 9.562 9.%63 1.010 3.57 .875 .876 1.000 
MEAN 61 6.302 6.391 .986 4.621 6.568 9.916 .994 3.586 9.941 95.817 1.013 3.282 .8S7 .8647 .989 
MEAN 

MEAN 

61 

41 

6.770 

7.068 

6.894 

7.178 

.982 

.982 

.146 

3.399 

6.994 

5.237 

10.495 

10.826 

.988 

.996 

4.090 

3.891 

10.370 

10.760 

10.325 

10ol16 

1.004 

1.014 

3.973 

3.406 

.839 

.828 

.817 

.802 

.ITS 

.se 
MEAN 41 7.294 7.289 1.001 2.823 5.330 10.987 1.008 46615 11.078 10.923 1.014 4.872 .826 .001 .966 
MEAN 41 7.413 7.SS9 .981 3.500 5.561 11.377 1.001 6.635 11.385 11.063 1.029 5.353 .821 .796 .960 
REAN 41 7.90 a .01& .991 6.37 5.9 0 12.072 .973 7.192 11.747 12.751 1.000 5.323 .814 .788 .553 
MEAN 41 

MEAN 41 

8.176 

8.298 

8.213 

8.256 

.995 

1.005 

2.708 

3.499 

6.11.9 

6.141 

12.340 

12.441 

.982 

1.011 

6.190 

5.892 

12.11S 

12.582 

12.079 

12.221 

1.003 

1.030 

6.563 

6.597 

812 

.809 

.782 

.785 

.58l 

.%9 
MEAN 41 8.698 8.674 1.003 6.639 6.508 13.129 1.002 5.713 13.157 12.806 1.023 4.749 .813 .782 .9"1 
MEAN 41 9.567 9.379 1.018 3.650 7.1,f 14.215 .978 S.319 13.901 14155 .982 5.656 .815 .775 .931 
MEAN 41 10.290 10.385 .991 6.176 7.942 15.655 658% 6.783 i5*.61 154258 1.010 7.257 .815 765S .23 
ALL MEAN 5.726 5.752 .995 6.725 4.013 9.411 .988 S.613S 9.29S 9.281 1.002 4.774 .946 .990 1.028 



TABLE 8 CHECK ON CHRISTIANSCN-HARGRCAVES FORMULA FOR WIND AOJUSTIlETl.SANTA CRUZ STATION. VENEZUELA
 

U? U2C6 U2/UC6 EOZ U06 Ul1C6 UIOIUIOC6 E0610 U10 UIOC2 U1O/UIOC2 £210 SL12 SLI 5LZ6 

MEAN 41 1.89% 2.050 .S2 5.93% 1.135 4.887 .897 11 829 9.382 4.788 .915 9.573 .370 52S .4es 

"CAN 41 2.33% 2.383 .979 5.881 1.%02 5.290 .959 4*764 5.072 S.304 .956 5.2S .42? o602 .531 

MCAN W1 2 r .6 .985 .95 .612 5.s07 .99% %.398 s.575 5.621 .992 4.2*11 .W63 .662 .569 

NEAR %1 2.892 2.866 1.009 4.00 1.790 5.875 1.013 3.302 5.95W 5.959 .999 3.7?7 .So0 .714 .610 

MEAN W1 3.133 3.098 1.011 5.115 1.976 6.156 1.012 W6789 6.230 6.242 .998 4.979 531 .767 G53 

MEAN 41 3.91 3.338 1.031 6.246 2.368 6.846 1.018 S&08 6.S63 6.603 .99% 4.30S .571 .822 .697 

MEAN 4t 3.783 3.718 1.017 4.W9 2.473 6.907 1.017 4.406 7.02W 7.003 1.003 3.910 .616 .910 .767 

REAN 41 8.060 3.992 1.017 4 .225 2.692 7.239 1.022 4.610 7.395 7.329 1.009 W.162 652 .974 .817 

MEAN W1 4.W23 4.300 1.028 5.64W 2.939 7.612 1.012 5.51 7.701 7.755 .993 5.314 .699 1.0%5 .3if 

MEAN W1 W.6Sa 4.86 1.037 5.288 3.087 7.836 1.027 5.%4W 8.088 8.022 1.003 3.981 .729 1.087 .05 

M4EANW1 5.081 .988 1.019 5.179 3.W90 8.%%% .999 6.001 8.W39 8.527 .990 W.797 .785 1.203 1.001 

MEAN W1 5.332 5.279 1.010 5.018 3.724 8.797 1.001 W.581 8.809 8.822 .999 3.307 817 1.271 1.055 

MEAN 41 5800 5.757 1.007 W.921 W.107 9.376 .979 5.253 5.177 9.370 .979 W.W35 .878 1.381 1.183 

M4EANW1 5.952 5.97W .996 W.361 8.280 9.638 .992 5.616 9.562 9.5%3 1.001 %.79S .896 1.W31 1.113 

MEAN W1 6.302 6.333 .995 W.676 .SS68 10.073 .987 W.W12 9.981 9.959 .998 3.606 .9W3 1.51W 10.Z9 

MEAN W1 6.770 6.86% .986 8.339 4.99W 10.716 .968 '1.809 10.370 10.509 .987 3.S%% 1.00W 1.636 1.3W7 

MEAN W1 7.088 7.167 .983 3.433 5.23? 11-083 .971 4.080 10.760 10.835 .993 3.094 1.OWO 1.706 1.403 

MEAN WI 7.29 7.288 1.001 2.961 5.330 11.224 .987 4.296 11.076 11-123 .996 3.926 1.072 1.733 1.02W 

MEAN 41 7.%13 7.572 .979 3.709 5.661 11.573 .98W S.6SO 11.385 11.263 ­ 1.011 W.111 1.088 1.800 1.1177 

MEAN 81 7.980 8.0W5 .987 %.592 5.90 12.1W6 067 5.767 11.7W7 11.882 .989 W.960 1.156 1.909 1.56W 

NEAR W1 6.17 8.268 .989 2.892 6.119 12.16 .976 4.938 12.115 12.156 .997 4.912 1.187 1.960 1.606 

"EAN WI 8.298 8.296 1.000 3.630 6.141 12.8150 1.011 %o117 12.582 12.301 1.023 3.71W 1.203 1.967 1.611 

MEAN W1 8.698 8.758 .994 8.308 6.508 13.00W 1.012 4.833 13.157 12.771 1.030 80374 1.255 2.073 1.695 

WEAN W1 9.587 .5S13 1.004 3.865 7.117 13.92% .998 4.788 13.901 13.767 1.010 4.337 1.365 2.28 1.835 w 

MEAN 41 10.240 10.583 .976 6.752 7.942 15.170 1.016 S.7W7 15.W11 14.S39 1.053 6.877 1.462 2.486 2.025 

ALL MAll 5.726 5.7%1 .997 4.931 %.093 9.356 .99% 5.180 9.295 9.28% 1.001 4.501 .868 1.377 1.140 



TASLE 9 CHECK ON INC GEG4R MOO. FORMULA FOR MIND AOJUSTM[NlT tUNA CRUZ STATION* VENEZUELA 

UZ U2C6 U21U2C6 £062 Uns UIOCS U21OU1oCs OG10 U10 UIOCZ UlIO$U18Z E210 P12 PIG UI1 

MEAN 41 1.894 2.063 .918 10.308 1.135 q.35 1.007 105.15 4.382 3.767 1.163 17.501 .Is% .062 1.s7 
MEAN 01 2.330 2.%72 .945 8.039 1.402 5.263 .960 5.899 S.072 4.961 1.022 5.099 .073 .71 1.786 
MEAN 41 2.605 2.721 9S7 7.687 1.612 5.08. 1016 3.SO 5.S75 S.?88 1.0s 5.600 .%2 .0437 2.013 
MEAN 41 2.892 2.927 .988 4.521 1.790 5.657 1.053 f0OO 5.950 5.591 1.065 6.691 .011 .0411 2.205 
MEAN 41 3.133 3.1%4 .997 5.222 1.976 $.858 1.060 6.278 6.230 5.353 1.063 7.148 .391 o388 2.036 
VICAN 41 3.401 3.364 1.021 SS.97 2.168 6.085 1.079 7.So, 6.563 6.210 1057 6.351 .369 .369 2.613 
MEAN 

MEAN 

01 

41 

3.783 

4.060 

3.728 

3.988 

1.015 

1.018 

%.229 

4.1 € 

2.073 

2.692 

6.461 

6.708 

1.087 

1.096 

8.037 

9.0048 

7.020 

7.395 

6.608 

6.93 

1.063 

1.066 

.6043 

7.109 

,358 

.334 

.343 

.328 

2.9113 

3.180 
MEA- 01 11.423 4.281 1.033 5.705 2.939 7.083 1.087 t.123 7.701 7.381 l1.043 7.300 .320 .314 3.0447 
MEAR 01 0.6o 4.57 1.003 5.538 3.087 7.286 1.100 9.952 8.04 7657 1.051 6.225 .311 o307 3.608 
MEAN 1 5.081 .936 1.029 5.270 3.0490 7.851 1.075 7.532 8.0439 8.190 1.030 6.038 .298 .290 .003 
MEAN 01 5.332 5.214 1.023 5.107 3.72% 8.182 1.077 7.698 8.809 8.590 1.036 0.530 .290 .281 40.295 
MIAN 01 5.800_ 5.672 1.023 5.2S8 4.107 8.736 1.051 6.886 9.177 9.085 1.010 0.997 .280 .261 0o710 
MCAN 1 50.52 5.879 1.012 0.142 0.230 8.989 1.06 8.723 9562 9.276 1.031 5.217 .276 .265 0.197 
MEAN 41 6.302 6.223 1.013 4.57 0.SG8 9.009 1o057 6.802 9.901 9.716 1.023 40.233 .269 .257 5.208 
MEAN 41 6.770 6.732 1.006 f0.355 .994 10.038 1.033 S.848 10.370 10.308 1.006 40.07 .262 .209 S.69 
MEAN 01 7.008 7.023 1.000 3.2?5 5.237 10.398 1.035 5.536 10.760 10.659 1.010 3.558 .257 .244 5.931 
MEAN 01 7.294 7.135 1.022 3.365 5.330 10.538 1.051 6.653 11.078 10.971 1.010 50700 .25% .243 6.032 
MEAN 51 7.0413 7.011 1.000 3.590 S5.61 10.882 1.006 7.529 11.385 11.122. 1.02 S.015 .253 .239 6.282 
MEAN 01 7.9040 7.865 1.010 0.006 5.940 110048 1.026 S.810 11.747 11.790 .996 4.850 .206 .234 6.691 
MEAN %1 8.174 8.080 1.012 2.08 6.113 11.716 1.03 6.0452 12.115 12.092 1.002 S.513 .200 .231 F.885 
MEAN 41 8.298 8.116 1.024 3.980 6.143 11.709 1.071 7.062 12.582 12.249 1.027 40.140 .242 .231 6599 
IAN 41 8.698 8.S49 1.018 0.809 608 12.301 1.070 7.221 13.157 12.760 1.031 0.640 .238 .227 7.305 
MEAN I1 9.57 9.276 1.029 3.9q8 7.117 13.219 1.052 6.317 13.901 13.846 1.00 40.712 .231 .220 7.964 w 
MEAN 41 10.240 10.26G 1.002 5.690 7.942 10.468 1.065 6.880 IS.011 10.799 1.041 6.090 .226 .210 8685 
ALL MEAN 5.726 S.661 1.012 5.021 0.093 8.808 1.055 7.116 9.295 9.025 1.030 5.952 .309 .301 40.695 
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Appendix B
 

Computer programs no. 1, 2, 3, 4, 5 and 6
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00300 2. € 
00100 It C 
00100 4. C € 

00100 So C 

00300 . € 

oO0 1. C 
moloa 6. C 
00303 1. 

00103 0. 

00300 tl:
"0o03 3?r 


0ol0s Is-


0001 3. 
ooos 11. 

010100106 i6s
IG-


0030? 31 
00t10 39* 

00333 1'. 


00332 20.: 
00131 

c033? 22.:16.32
0011 23.00323 24. 


0027 ?S-

0032 216 


00137 26. 

010 29. 
00103 30. 
0033. 33: 

00ls 32. 

00316 33.
OCIST I.-

0010 30. 

00363 31. 

00162 3?. 
00353 31. 
O31 M 9. 

0016 So 

00370 *3.0036%? 0?. 
0373 03. 

001? 0. 
0017 01. 
0031 01. 
00311: 47. 

0011 %4* 


So49
003??00200 09. 
00200 SO.0020 13 

0002" 32, 
00103 St. 

002M30 ST. 

0001 SS. 
00201 S&.

001 $?. 

O0230 S. 
00211 Sq0. 
001 60. 


0021 67. 


1 '.
00210 
00233 13.

11.0~1231 

00220 61. 
00273 0?. 
00222 60. 

1 in .0022? 73.00133 

00230 72.:6S1311 

00231 13 03 
0023? 10. 

002 73.
1, .
 
00203 1.:2U(l$60

021212 7?.
IT3I
 
001150 ?ItIf*IN
 
002M300230 

00231
0237 

002610021 
00273 

00217 
00300 

79.63. 

Al3 0252. 30 

00.
00250n 03 

63. 
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iN KM. PI -,U6 

mO&*.1Z.ln. MIANHEIGHTS I *.. a. aN IO NEVNS 
O3ftNsIoN 62.u2?.32&UM2116 

t00 FopNllIIs31.21.ft. ft2.0I 

UIO:VINO VitOC|Iti I30 5(3303 I 

302 f000i3IIe L( I CHICK ON LO'ILIIOINIC FORMULi FO MINO
0014
lAOJUS.i NISI4L ClUE 313130N! VIUttULa0i9
 

III FOMAI140 U2 UICA URPU2C1 9062 Ol UIO
 

36 UlIWU30C6 (310 UlO UIIC2
3 706 */I1
 

A633it53
Inis F 80ill1;$l
 

3
171040i6Ha.40ILL N(lNt 1I.Sf,33
 
123 FON ITmHUK£Nr 3 *,15r,.S3 

0620. 
Is.3 

t* 
22 

:0. 

llSrl&,l1ll
11C601.1051N1N
 

00 30 L:2.0 
O0 23 3:3.23 

3NN
 
00 1 J:3.N 
ReaIS6I(S oINST.WI.N0N.W .06.vZ.v30 
UO: 10124.
 
U2: 212%.
 
UT 1361211.

IKq
 
116- :
 

22:*
 
20:3l3. 
IIUZ.6*.310 To 'A
 
0:3. 
on 10 S3 

00 0:.113 CONt.UC 

11 


..67. 21m 
Corti mam
60. b 

630 SlOP 

i0. (36D 

ENO OF UNIVaC 330 

V616,2*.|*.3U06..03s.unm**2 
V23.1 

! 
l. . ,' l-1 

2P1:126m03l If PlIN1I JIV106 
. p I .I 

25Vl:UAL36l0.*
 
UICC1VWD61IK-LOGlIf6leOIJ 161 
U3C2:v1lIeIh3LOIMIO21:1m 172Il 
(?I0:,1?..I83IIU0-UI2CZIIUII 
U1,010 Go t IOOI M 2l1O l 

£0630:U=30O.*S IIUI I'Ulf6C6I/U30I 

I -: m. 0 . ISI1UU2CSIIU2U
 
.1lU?
 
3621:U2C6
 
2433:U1JU2C6 
t63:f3M2 
II$1:UM
 

1161:UOCf 
il:t,31UoC6 

I nlt:(ro
 

11101!:U11
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iIIlI loll

1363 
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00 00 3I3.31
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00 031 M:.3 
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Ll31323ul3I1623
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00300 
03in0 
00100 

3. 
2 
3. 

C 
c 

C 

POOPIN hiJwSB[ 2. 
SUILON'$ r: MULI 
TH|S PROGRaM €OMPUtES VALUS 09 WINo V(LOCHY AT A GIVEN ELEVATION 

00100 4* C FROm THE VELOCITY it A LOWER ELEVATION. 
00300 
000o 

So 
6 

C 
C 

UG = WIND VELOCITY A? .6 METERS IN MM. PER HOUR. 
U? : WIND VYLOCITY At 2 M(I(RS IN RN. PER HOUR. 

00 7 C U!O : MINO VCL CC1i1 AC 0 MCI'RS IN KM. PC, HOUR. 
00121 
00103 

I. 
dl 

0t" fN'IoN M2 .IU1Zl.AI??ISUMI2Z2IAVI22I 
In0 FORMAIIIS.312,zF .r .l 

00n1 I010rFOn AIIIHI'TABLC 2 CHECK oN SUTTON fORMUL* roR WINO 
0010 IT. 2ADJUST"tNI, SANIA CPUI SIATION. VNCZUCLA/| 
0030 I?- IT3IFoP 14H3 U2 Un1 u2IU2C6 E062 UOS Uloc 
001f15 131. 16 UIvUIOC6 [0631 ulO UIOC2 UIOUIOC? (210 A C 
00201 lII 3 DuMMmy 1 
00106 35: 105 ro1112131 
0010?1 36 12 4 FogmaII3HOALL MrAN'*ISF8.I 

00110 I? 123 FOR"sIIH'NCAN 41 '.ISr1.31
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