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CHAPTER I 

INTRODUCTION 

Evapotranspiration involves a compler. set of processes 

which relate to the loss of water to the atmosphere. It involves 

the uptake of water by the root system of plants, its movement through 

the plant, and its diffusion through the stomata into the atmosphere. 

The term evapotranspir a tion (Er> includes evaporation from the soil 

and transpiration from vegetation. 

Tl.vo of the b.;,sic reasons for studying Pvapotranspirati.on are 

as follm.vs: 

1) Since it is the reverse process of precipitation, 

it has majo r consequences in agriculture th rough its control on plant 

gro1.-1th . 

2) It is one of the important ener gy flu xes from 

the earth's surface and is an integral part of the energy b3l an ce. 

The res earch for this dissertation wa s pnrl o( n project carried 

out durin g the summer months of l9G7 at the Hor t icuJ t nra] Experiment 

Station ncar Simcoe (lat. td , long. 80 ·). One of the main aims of 

this project was to ev<il.uate and compare several methods of estimating 

evApotranspiration . In this thesis the wri ler is concerned with the 

Thornl~hwaite-Holzman (1942) method which has been widely us ed in thf:~ 

past (Penman and Long, 1960; Prui tt, 1963; Blacl~cll and Tyld0sley , 

l965; Mukammal , King, and Cork, 1966). It is based on aerodynamic 



th eory ~..rh i ch is d is cuss ed in Chapt e r II. 

Al s o a s part o f this study compu ter p ro gr ams were written 

to hand le a ll t he d a ta from Simcoe, onl y some of which are us ed 

h ere . Th e programs and descriptions a r e g iven in App end i x (A). 
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THEORY 

A. THORNTHWAITE-HOLZMAN EQUATION FOR ET 

The fol lowing mass transfer equations are fundamental to the 

derivation of the Thornthwaite-Holzman (19Lf2 ~ equation: 

E = - j) Kw ( 6 q/ b Z), (2-1) 
T 

H - - ,P Cp KH (b & / b Z) , (2- 2) 

1 ;;;:; ;:; K ( b U/ 6 Z), (2-3) 
M 

f 2 
= p u*. ( 2 - tr ) 

In the above equations flu xes away from the earth a r e defined ns 

negative. The first three equations rel ate the ver tica l flu xes of 

wnter vnpour, heat , <J nd moment um to their res pective density gradi ents. 

The fourth equation, by definition, relate s the shearing stress to 

a quan tity colled the friction vel oci ty u.. The validity of the 

<Jbove equations is dependent on the foll ow ing assumptions: 

l) a homo geneous surf<Jce, 

2) cons toney of the ene r gy (lu xes with hdght' 

~ ) nnn- c x ist.cnt- hor i?:nntal f lu .'(!'S , 

/f) st: c<1dy stot e condi tions, 

.5) th e transfer mechanisms for turbulent flow 

Jaminar flow are similar. 

By combining Equat ions (2-1) and (2-3) in the following 

mil nner: E 
T o: 

1 
< o q/ 6 n 
( o U/ 6 i: ) 

and 
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the evaporative flux may be found from: 

E = - :1. K ( b q/ 6 Z) 
T w 

K ( b U/ 0 Z) 
M 

2 
E = - ,P u* ~ (b q/b Z) 

T (2-5) 

~ (bU/bZ) 

Integrating (2- 5) between two levels of measurement Z 1 a nd Z ;~ results 

in: 

E = -
T 

nu
2 K ( -q) 

r * w q2 1 __ __;.: __ _ (2- 6) 

K (U -U) 
M 2 1 

Under neu tral conditions the change in the wind spt'ed with h e i ght is 

g iven hy: 

where k is th e proportionality constan t (von Karman ). It has a lso 

been shown that under neutral conditions the wind speed varies 

direc tly with the logar ithem of the height, Int egrating (2-7) then 

gi.ves: 

(U - U ) 
2 1 

ln ( Z /Z ) 
2 J 

(2-8 ) 

Assuming that KW = KM, and substituting ( 2 - 8) into (2 - 6 ) gives the 

Thornthwaitc-Holzman (1 9/12) e quation: 

z 
E TH = - f> k (U 2 - U 1 ) ( q 2 - q 1 ) • (2- 9) 

ln(Z/Z) -
2 l 

'fhe wind speed U at a ny height Z may be found from: 



U = u • ln (Z/ Z ) 
* 0 (2-lOa) 

k 

where Z is the height at which the wind profile ex trapolates to 
0 

zero. Oft en, especially in tall vegetation, the wind speed is not 

zero at height Z but rather at some height (Z -d). This new 
0 0 

7 

parameter, d, is ca ll ed the zero plane displacemen t . Equation (2-lOa) 

then be comes: 

U = u • ln (Z - d) 
~'r 

k 

and a linear relationship exists between U and l n (Z - d). 
0 

(2-lOb) 

The occurrence of a neutral atmosphere is not very common. 

Suitable conditions for neutrality may be found unde r cloudy skies 

with a strong \vind. Hore frequently, however , thermal stratification 

occurs i n t he lowest l ayers of the atmosphere producing daytime 

lapse conditions and a t night inversions. On such days t he heat 

flux passes through zero twic e as conditions change from daytime 

lapse to nightime i nversion and vice vers a. Thus neutral stab il ity 

oc cu rs at least twice daily although only for a short period of time. 

The most common indicator of stability is Rich.:~rd son ' s number: 

Ri -- g ( . ~ & j(; Z) 
(2 -11) 

e ( ~ U/ b Z) 
2 

Under unstnble conditions a correction <f.> = f(Ri) is applied to the 

lo ~arithmic. wind profile in the fol l owi ng mRnncr: 

(2-12) 



B. THE BOl.JEN RATIO SOLUTION TO THE ENERGY BALANCE EQUATION 

I n order to properly examine the Thornthwaite-Holzman 

equation, a standard was needed against which it could be test ed. 

One of the most accurate methods for measuring E us es the energy 
T 

balance e quation in the form as suggested by Bowen (192 6). This 

met hod of estimating E was chosen as the s tandard in this study 
T 

becaus e: 

1) I t is not dependent on a pre-determined form 

of t h e wi nd profile. 

2) The work of others has shown that it gives good 

agreemen t with measured E .* 
T 

8 

The general en e r gy balance equation may be wri t t en as follows: 

Rn + S + H + E + P = 0. 
T 

Since th e energy used i n photosynth esis is small re l at i ve t o the 

other components , i t i s oft en ignored. The equation the reduces t o : 

Rn - S = E + H. (2-13) 
T 

All fluxe s away from the earth are considered negative , a s in the 

cast:' of the mass transfer equa tions. Bowen's (192 6) rat io , J3 , is 

defined by: 

j3 = H/ET. (2-14) 

This ratio of tlw Sf'nsible hea t flux to the latcn l beat f lu may be 

found from Equations (2-2) and (2-1). Combinin ~ (2-1 3) anJ (2-1 4) 

* Lake Hefner Studies (1954), Slatyer & Mcllroy (!9~1), Fritschen 
(196.5), Hukammal, King, and Cork (19 6t:i ), Tanner (1967), Penman, 
Angus, and van H<wel (1967). 
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gives: 

Rn - S = E (1 + H/E ) 
T T 

therefore , 

E = (Rn - S) 
TB 

1 + fl 

Assumin g that K = K and introducing Equatio ns (2-1) and (2-2), 
H W 

Bowen's (1926) equation for evapotranspiration be comes:* 

Rn - s (2-15) 

1 + Cp . (bT/b Z) 

L (bq/OZ) 

c. ASSUMPTIONS 

The validity of both the Bowen (192 6) ratio solut ion and the 

Thornthwaite -Hol zman (1942) equation dep ends on the as s umptions out -

lined br ief ly in Section A of this chapter. 

A homogeneous surface is critical to both techniques. If the 

surface is p atchy , there will be a ho ri zon tal variation of the energy 

fluxes across the vegetation and instruments will not be recording 

a representative sample. A patchy surface may also destroy the 

implicit as sumption thnt K = K = K . 
H w M 

Tanner (1967) has suggest ed 

that for a patchy surface: 

K "* K - K . 
H M vJ 

* Here th e slight differencf'S between potential temperature and 
ambiPnt temperaturP nrC' ignored since at lev0 ls of measurement less 
than on0 m0ter the correction is only of the order nf 0 . 01 degrees 
C'('ntigradc, 



A homogeneous surface is also necessary to ensure an adequate 

boundary layer so that the second and third assumptions will hold. 

As a parcel of air moves from one vegetation surface to anoth e r, it 

gradually adjusts to the new surface from which it acquires new 

characteristics of temperature, humidity, and wind. The depth of 

the boundary layer increases downwind from the point of the dis

continuity. Since the measurements of wind, vapour pressure, and 

temperature must be made within this boundary layer, it is critical 

that the fetch is sufficiently large to ensure a boundary layer deep 

e nough to contain these instruments. It is generally conceded that 

the height to fetch ratio should be a minimum of l :SO with a ratio 

of 1:100 being preferable (Tanner, 1967). Fetch requirements are 

discussed more fully under the site descrip tion in Chapter III. 

St e ady state requires conditions steady in time so that at 

10 

any g iven position there is no chang e with time of the mean p ropert ies 

of the air (Webb, 1965) . In order to ensur e this it i s necessary to 

time -average ove r a period of at le a st J O minutes. 

Under thermally neutral conditions th e ce wil l be neg lig ible 

heat flux in the surface layers of t he a t mosphere; so that , the dynamics 

of the air are controlled by mechanical tu rbulence caused by the 

hori~ontal wind. Only under such conditions ts the lo g arithmic 

wind profile valid. Many attempts h av e bee n m~de to establ ish a 

general wind proflle equat ion for all conditions o f stnbility . 

Most of these gcnrr n l i z ed profil es brPak down p xccpt under very 

r e stricted conditions and are , therefore, of lim iLf'rl appl icRtion . 



In F igure (2-1) King (1967) has plotted E values using 3 different 
T 

wind profile forms. Agreement with lysimeter measurements is poor 

in all cases. 

Recent work by Swinbank and Dyer (1967) has thrown new light 

on the uncertain assumption that K = K = K • They compared three 
H W M 

level profiles of temperature, humidity, and wind, and therefore 

implicitly K , K , and K , using "shape functions" for heat, S 
H W M H' 

water v apour, S , and momentum, S : 
W M 

s 
H 

s 
w 

= (T 
" i. 

T ) 
l 

11 

If the K's are constant, the S functions should be the same irrespective 

of the stability of the air. The s e values were comp a red over a range 

of a tmospheric s tability with Richardson's numb er as an index of 

stability. Their plot of shape functions against Ri is shown in 

Figure (2-2). This shows that the shape functions f or heat and water 

vapour are identical but that of momentum diver ges m<'lrkedly. Thus, 

the assumption that ~-1 = ~ in the Bowen r a tio meth od is valid. 

Prior to this recent work by Swinbank and Dyer (19G7) most 

researchers, having examined the availnble data, concluded that the 

error in assuming~= ~-1 was negligible if jRil <':.. 0.05. Figu re 

(2-2) shows that this conclusion is invalid at least for I Ri l '? 0.005. 

How the S functions behave for I Ri I < 0.005 is unknown. They may 



.8 

.6 

-;::-
..c. 
....... 
E 
E - .4 

1-
UJ 

.2 

XIX I I 

"t ~ xx 
II 

>( 
(/') 

FIGURE 2-1 ET USING VARIOUS 

Lysimeter 

Priestley 

Webb ""-r- ~ 
1 -., ~ys. I I 

/•, I \ 
(· \ I I 

I \ I f 
1
\ 

1 \.--· 1 • Pr. 
I ,' \ 

I I \ 

•- I / W. \ 
I -• • I ~· 

I /\ ! ~~ \ ', 
I I \ / • \ ' .._ 

I / \ I \ 
I _.,. ___ ,' '•' \ 

/ 
---- _. ,.r \ 

,~ / 

/ ~---~' \ 
~/- ~ 
I./ /""'-..../-• .--• 

:V·-·-.~---·-· Th-H. 

Thornthwaite- · 

Holzman 

8 10 12 14 

HOURS 

8-31-62 

FIGURE 2-2 SHAPE FUNCTIONS 

70 

9 SH 

¢ sw 
.65 

} SM 

I S.E.of S x 

.60 

.55 

.50 

12 

WIND PROFILES 

(King ,1967) 

10 12 14 

7-31-62 

(Swinbank & Dyer , 1967) 

.4 5 .___...___._....L-L.L-J....L..L-'-----'-----'-' ....JIL-.L,I .._1 .._1 ul !L.,LI _ ___._..__,__,_, ..._, _._, .L.UI d 
-001 .01 .I 1. 

Ri at 2m 

'---------.. - ------------ ---- · 



13 

become coincident or they may cross and continu~ to diverge. However, 

the assumption that K ::: K in the Thornthwaite-Holzman approach i.s 
M W 

invalid for I Ril "7 0.005. There is some reason to believe that K 
M 

closely approximates K under neutral conditions (Tanner, 1967). 
w 



CHAPTER III 

SITE , INSTRUNENTATION, AND DATA ANALYSIS 

SITE 

The site for the Simcoe project wa s an irrigated plot of 

r ycgr ass, 122 me tres by 102 metres, with the shor t side a ligned in 

a north-south direction (se e Figure 3-1). Th e field was bounded on 

th e north by an orchard, on the west by a road, in the south by a 

r a ilway and sloped gently to a swamp on the east s i de . Ther e were 

a few small build ings alon g t he ro ad bordering the western ed ge of 

the p l ot. The fi e ld i t s e lf was relatively flat. Seedi ng was do ne early 

i n Nay and a wor ka ble cover was obtained by early July. Th e fi e ld 

pro gr am connnenced on July 5 . 

The ass ump tion of zero horizont a l divergenc es requ ires t ha t 

the meas ur-ements of temperatur e , hum id ity and wind ~;peeds he with in 

the boundary layer . Ta nn er (1967) s uggest s thHt for thr wind profile 

a fetch to height of me.'lSuremen t r<'ltio of appro:dmntely 1:100 is 

required for reliable rrsults. 

The s ubject of fetch is a controversial one and rxperimental 

evidence to date is far from conclusive. Fetch ratios vary from as 

high as 1:170 (Dye r , 1963) , through Deacon's suggrsted ratio of 1:80 

over short gr een gr ass (from Taylor, 1962 ) to Panof ky and Townsend's 

(l9G4 ) ratio of J. : 70. van Bavel and Fritschen (in private communication 

14 



FIGURE 3-1 SKETCH OF EXPERIMENTAL SITE SCALE 1"~22m 
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with Tanner, 1967) suggested that leading edge effects over wet bare 

soil were minor within 1 metre of the upwind boundary at low windspeeds 

{1 - 2m/sec.). Webb (1965) points out that the greater the dis-

continuity between the two adjacent surfaces, the greater the degree 

of adjustment required for accurate measurements, hence the fetch 

requirements vary with the nature of the discontinuity. It is suggested, 

therefore, the maximum and minimum fetches of 79m and 42m, although 

inadequate by the standards suggested by most researchers, may be 

quite adequate for the Simcoe project. )Only when the wind came from 

the north over the orchard was the discontinuity great enough to make 

the fetch inadequate for satisfactory adjustment of the boundary 

layer.* 

INSTRUMENTATION 

Measurements of temperature and humidity for the Bowen ratio 

were made using aspirated wet and dry thermocouples of 16 gauge 

copper-constintan placed at 15 and 45 em above the surface (see Plate 

3-1). The wet and dry bulb temperatures were recorded on Thornthwaite 

Thermocouple Temperature Systems.** The sampling times were at 10 

minute intervals and hourly averages were used to approximate steady 

state. 

* Several plots were made of U vs. ln Z under neutral conditions 
the resulting line was as near as possible to a perfect straight 
line fit. 

**C. W. Thornthwaite Associates, New Jersey. 



PLATE 3-1 This is a close-up of the wind mast showing the 

arrangement of the anemometer and the thermocouple housings. The 

water feed to the wet-bulb thermocouple was gravitational. The 

thermocouples were aspirated by a vacuum motor located at the top 

of the mast. 

17 



The wind profile was obtained from measurements made at three 

levels using a TI1ornthwaite Wind Shear System.* The sensitive 

anemometers of this system were mounted at 21 em, 51 em, and 101 em. 

The wind speeds were recorded on digital counters. Wind speeds were 

sampled at 10 minute intervals and averaged over hourly periods. 

DATA ANALYSIS 

All of the data at Simcoe were put onto punched cards and 

were processed by McMaster's IBN 7040 computer. This reduced the 

analysis time and made it feasible to use large amounts of data.** 

~·( c. \.J. Thornthwaite Associates, New Jersey. 

** See Appendix A for sample computer programs. 

18 



CHAPTER IV 

VALUE OF CONSTANTS USED 

981 em/sec 
2 

g = 

k = 0 .lf1 

4 
t = 3.60 X 10 

z = 21 em 
1 

z = 51 em 
2 

'7 
~3 = 15 em 

z = 45 em 
L~ 

.6 z = 30 em 

Cp = y = gamma 0.659 

(. L 
-7 3 2 

fl.!- k ::: 1 .24 X 10 gm/em /mb a t 20 c and 1000 rub 
p 

L ::: 58 . 60 eal/rnm a t 20 c and 1000 mb 

19 
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DATA AND RESULTS 

A. INTRODUCTION 

The data for this study were collected, for the most part, 

under conditions of instability, Ri < 0, although a few hours of 

data were collected under stable conditions, Ri > 0. Neutral stability 

occurred only for a few instantaneous readings. Stability variation 

was augmented by variable cloud conditions. Often the mornings began 

under clear skies, but by early afternoon cumulus clouds had developed. 

Measurements were made over a perennial ryegrass crop. The 

crop was cut at least once a week to a height of 6-8 em. In most 

cases irrigation was carried out several days before a run. Irrigation 

ceased after July 26 and the last cutting was made on August 9. 

DATE OF RUN 

J uly 5 

July 13 

July 18 

July 20 

July 25 

July 27 

August 4 

August 8 

August 11. 

TABLE 1.~ -1 

DAYS AFTER 
LAST IRRIGATION 

l 

6 

1 

2 

G 

9 

DAYS AFTER 
LAST CUTTING 

0 

1 

6 

0 

5 

2 

6 

2 
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B. EQUATIONS USED IN COMPUTATIONS 

Since measurements of vapour pressure and wind speed were 

not made at the same height, Equation (2-9) was ~djusted as re-

commended by Thornthwaite~Holzman (1942): 
2 

k t (U - U ) ( e - e ) 
2 1 2 1 (4-1 ) 

p ln (Z /Z ) ln (Z /Z ) 
2 1 4 3 

where Z and Z a re the heights at which wind speed was measured, 
1 2 

and Z and Z are the height s a t which temperature and humidity were 
3 l1 

measured. E. is a dimensionless constant and t is a time constant 

which converts the readings in gm/cm/sec to mm/hr of water. (e
2 

- e
1

) 

is reversed in this equation to maintain the direction of flu x con-

vention. For a close cropped surface such as ryegrass the eff ect 

of the zero-plane displacement was ignored since Blackwe ll and 

Tyldesley (1965) f ound it to be equal to zero for short grass. 

Richardson' s number was found from: 

Ri = g • ~ Z (T 2 - T l) 
(4 - 2) 

(U - U )
2 

2 1 

where 

To correct for non-adiabatic conditions the corrPction function 

was evaluated from (Penman, Angus, van Bavel, 1967) : 

<P = (1 ~ 10 Ri). (4 - 3 ) 

If Ri < 0 

cp = (1 - 10 Ri) (4-4) 
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and 

E = E 
THR TH 

(4-5) 

If Ri / 0 

¢ = (1 + 10 Ri) (4-6) 

and 

E =E 1¢. 
THR TH 

(4-7) 

Other functions for qp were tried, such as, Blackwell and Tyldesley's 

(1965): 
2 

<l> = (1 - 10 Ri + 30 Ri ) (4-8) 

A genernl form for correction function h as been proposed independently 

by Kazanski and Monin (1956), Ellison (1957), Yamamoto (1959), 

Panofsky (1.961), and Sellers {1962). It is: 
-1 II+ 

¢ = (1 + b Ri) (4 -9) 

An attempt was made to evaluate b, but it wa s found to vary tre-

mendously from hour to hour so as to make an average value meaningless. 

Neither of the above at tempt s were successful in improving the 

Thornth,.raite-Holzman estimate of ET. 

The value of the Bowen r::ttio was determin ed from : 

ETB = (Rn - S)/L (lr -l L) 

+ ) ( (T - T ) I e - e ) ) 
1 2 l 2 

C. RESULTS AND DISCUSSION 

In Figure (4-1) hourly values of E and E are plotted 
TB TH 

for July and Au~ust. The sca tter is clearly around the 1:1 l ine 

but the degree of scatter is considerable. This is indicated by 
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FIGURE 4 -1 v for July & August 
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FIGURE 4-2 for July & August 
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TABLE (4-2) 

List of correlation coefficients and slopes of the regression 

line for daily plots of ETH and ETHR against ETB• 

DATE E E 
TH THR 

r b r b 

July 5 0.47 0.55 0.55 0. 80 

July 13 0.74 0.92 0.74 1.07 

July 18 0.90 0.83 0.90 0.88 

July 20 o. 77 0.70 0.91 1.1 6 

July 25 0. 83 0.93 0.83 0.99 

July 27 0.66 0.76 0. 69 0.83 

August 4 0.46 0. 62 0.50 0. 69 

August 8 o. 94 0.97 0.92 0.98 

August 11 0.86 0.55 0 .90 o. 76 
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the correlation coefficient of 0.75. When the Richardson's number 

correction factor is applied for non-adiabatic conditions, the 

scatter is scarcely improved (r ~ 0.77). The main effect of applying 

r is to bring the slope, b, of the least squares regression line 

closer to the 1:1 line. The value of b is changed form 0.79 to 0.93. 

When daily plots of the data "'ere made (Figure 4-3, 4-4, 4-5) 

there was little improvement on the scatter of points shown in 

Figures (4-1) and (4-2). The correlation and slope values are given 

in Table (4-2). Generally r is higher and b is closer to the 1:1 line 

when ¢ is applied. The effect of ¢ is to increase the value of E 
TH 

and thus raise the slope of the regression line. It must be remembered, 

however, that the smaller the sample size the higher r needs to be to 

indicate a statistically significant relationship and the less accurate 

is the regression line. 

In order to examine the behavior of E under changing con
TH 

ditions of stability, the ratio E /E was plotted against Ri f or 
TB TH 

negative values of Ri since only 5 out of 87 hourly averages had a 

positive Ri. As Figure (4-6) indicated, the scatter of points is 

virtually random and shows no grouping around E /E = 1, even for 
TB TH 

small values of Ri (Ri ~ 0.005).* A plot of F. /E vs. Ri (Figure 
TB THR 

4-7) shows a slight leftward shift of the ratios and a v ery diffuse 

scatter about E /E ~ 1. This was to be expected since 
TB THR 

~'c The value of Ri = 0.005 is significant in that the work of 
S\vinbank and Dyer (1967) did not shovl the relationship of ~ and 
~ for Ri < 0.005 except to indicate that the shape functions may 
converge. 
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FIGURE 4-4 
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FIGURE 4- 5 ETH v ETB AUGUST 8 
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the effect of qp was to increase the value of E • All data that 
TH 

had an error greater than 60% were omitted from Figure (4-6) and 

30 

(4-7). As shown by these two plots the performance of the Thornthwaite-

Holzman (1942) equation is poor. For example, 33% of the uncorrected 

estimates (E ) had an error greater than 
TH 

± 60%; 58% had an error 

grea ter than + 30%; and 72% had an error greater than t 15%, 

\vhich is recognized as the maximum error that is tolerable. When 

the correction function was applied, the percentage of the data 

beyond the 60-30-15% limits of error were 20%, 40%, and 59%. There-

fore, qp did reduce the error by some 13%, but since only 41% of the 

data is within t 15%, it futher confirms that the Thornthwaite-

Holzman equation is inapplicable to the computation of reasonable 

estimates of evapotranspiration under non-adiabatic conditions. 

The Thornthwaite-Holzman equation holds only if the wind 

profile is logarithmic, and the transfer coefficients, ~and~· 

are equal or nearly equal. If, as Tanner (1967) suggests, the error 

in assuming K = K is neglig ible for small valu es of Ri (- 0.05 < 
M W 

Ri < 0.05), then one would expect to see a significant grouping 

about the ratio ETB/ETH= 1 for small Ri. As Figure (4- 6) and 

(4-7) show. this is not the case even for Ri small er than - 0.005. 

If the wind profile is not logarithmic, the change of wind spe ed 

with height is unknown and the quantity u* cannot be evaluated 

correctly. 

Time plots of the three est imates of ET "'ere made for 
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FIGURE 4 - 6 ETB 1ETH v Ri JULY & AUGUST 
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Fl GU RE 4 -7 ETB 1ETHR v Ri JULY & AUGUST 
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selected days, July 5, July 25, and August 8 (see Figure l1-8, 4-9, 

4 -10). The curve for ETB is smoother compared with those for ETH 

and ETHR" An examination of changes in the wind and humidity 

gradi ents showed why this is so (see Figure 4-11, 4-12, 4-13). The 

uneven ess in the ETH and ETHR curves are the result of: 

1) fluctuations in the humidity gradient if the 

wind gradient is constant 

33 

2) fluctuations in the wind gradient if the humidity 

gradient is constant 

3) the combined effect of the humidity and wind 

gr ad ients if both are fluctuating. This is inherent in the very 

na ture of the equation which multiplies 4 q by 6 U. The ETB equation, 

on t he other hand, reduces the effects of f l uctu a ting gradients by 

divid i ng ~ T by 6 q and adding this to 1 before it is divided into 

the avai lable energy, Rn - s. It is suggested, therefore, that the 

Tho r n thwaite-Holzman (1942) equation under non-adiabatic condition 

only ref l ects changes in the humidity and wind gradients rather 

than changes in t he rate of the evaporative f l ux since the a ssumption 

canno t be made tha t \t = ~· 
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FIGURE 4-& ET v TIME JULY 5 
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FIGURE 4-10 ET v Tl ME AUGUST 8 
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FIGURE 4 -12 AERODYNAMIC ~ ENERGY BALANCE JULY 25 
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FIGURE 4 -13 AERODYNAMIC & ENERGY BALANCE AUGUST 8 
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CHAPTER V 

CONCLUSIONS 

From the evaluation of the Thornthwaite-Holzman equation 

for evapotranspiration using microclimatological measurements made 

over irrigated ryegrass at Simcoe, the following conclusions wer e 

reached: 

1) ETH was extremely variable under all conditions 

of stability. This is contrary to the findings of Blackwell and 

Tyldesley (1965); ETH showed no tendency to under estimate ET in lapse 

conditions or to over estimate duri ng inversions . 

2) No relationship wa s found between Ri and ETB/ETH 

which ind i cates that its use in a correction function is of doubt ful 

v a l ue . 

3 ) Even under condit i ons of neutral or near-n eutral 

stabi.lity the assumption cannot be made that ~ = Kw sinc e th e occuracy 

of ETH did not i mprove under thes p ~ond it ions . 

L,.) The fluctuation i n ETH 3nd E-1 IIR are ( t UC to t he 

combin ed effe c ts of fluctu .1t ions in the wind and humid ity grad ien ts , 

;md, th c n •f ore, they are not indica t ive of chan ges i n the rAte of 

the <·vnpora tive flu x . This is attributed to the incqunlity of~ 

and Kw· 

5 ) Fu rther work i s need ed t o exnmin ~ the shap e 

39 



functions of Swinbank and Dyer (1967) over a wider range of 

stability to determine more precisely the relationship between 

K and K • 
M W 

6) The logarithmic aerodynamic equation, dependent 

upon a pre-determined form of the wind profile, is of limited value 

in estimating E • 
T 
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APPENDIX A 

COMPliTE R PROGRAMS 

The first two programs were used to convert the raw data 

collected from the temperature and wind systems into a temperatures 

and wind speeds. The computer then punched these onto cards which, 

along with another card containing the net radiation, soil heat flux, 

wind run, and the barometric pressure, served as input data for the 

third program. This program calculated the evapotranspiration using 

t he Bowen ratio method and the Thornthwaite-Holzman method. 

Program 1 - Wind Profile. 

Program 2 - Temperature Conversion. 

Program 3 - Evapotranspiration. 

43 
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PROGRAM 1 - WIND PROFILE 

(for the calculation of wind speeds, u* and z0 using 3 levels ) 



!Jl JV. ENSI ~N IL(3l 
OP' ENSHHi Ttl51), C(l5l,6t, T~(l51), CNTS(l5l,6), hS(l51,()) 

C VE RY FIRST CAR D C0NTR 0LS THE N0. ~F TIMES WH0LE PR2GRA MS AKE Te SE RUNrl3 
C EACH SET 0F CATA ~UST C0NTAlN THE F~LLHWING 
C FIRST CARD 0F DATA MUST C0NT AI N THE F0Ll0WING, 
C IC(l Tr 3) NH , ~A, JA/ 212,1 4 ,312/ 
C If F 0RG 0T T0 TURN ~ETf R 0N , THEN C(l T0 '>l=O.O 
C IF SKIPT READI NG , THE~ T, Cll TH 5) =0.0 
C T=TI~E 0F READING, C=OIAL REACING, T~= 1/2 WA Y TI~E, 
C C~TS=N e ~ F ~l T E R C0UNf S PER MI ~ UTE, WS=WINC SPEED PEK MINUTE 

REAC(5,1321 LJ 
13? F0RtMT(l3l 

0~ 777 JL=l,lJ 
RE~ 0 (5,1 0 l(l0(K),K=l,3), NH,M~ ,J ~ 

1 0 FeR~~T(2A2,A4,312l 
NA=Nh* f'I- A 
A=lt.S3841925 
B-=2.54941612 
NS=NA+l 
D0 SC J=l, NS 
REA 0 (5,ll T(J), C(J,3), C(J,Z), C(J,L), C(J,4), C(J,5l ,C(J,6) 

l FeR ~ AT(F4. Q ,lX,6F5. 0 ) 
50 CZ t\Tl t-4 Lt 

DZ 9 0 J=l, ' A 
K=Jt-L 
IF (T(Jl.E Q.O.Ol G0 T0 65 
IF(T{KI.E ~ . O .Ol G0 T0 h9 
DElTAT={f{KI-T(Jl) 
T~(J)=(f(KI+T(Jll/2.0 
lFfOELTAT.LT.41.0) u0 Te 11 
T ~~ ={(l(KI/l O O.C)-t.O I *lOO .C+6 0 . 0 
OELTAT = (f MM -T(J I I 
T~(J):(f ~~ •T(J )J/2.0 

71 IF(C(K,l) • EQ. 0. 0 ) G ~ T0 60 
lF(C(J,l).t ~ .O. O l GC T0 61 
00 51 JK=l,JA 
If(C(K,JKI.Lf.C{J,Jkl.ANO.C(K ,JK). NE.O.G ) G0 T0 56 
C1 TSLJ,JKl=(C(K,JK)-C(J,JK) J/ OELTAT 
Ge r e '>1 

56 CNTS{J,JK)={(lCCCOO.O-C(J,JKII+C (K,JK))/ DELTAT 
51 CZN Tl NL t 

G"" TC 62 
6 9 T~{J) .: 0 .0 
60 C0 52 JK=l,JA 

wS(J 1 JK)= 0 . 0 
5? CNTS(J,JKl=C.O 

r.e re 90 
61 ce 53 JK=L,J~ 



WRlTE ( 6 ,1 5) 
15 FlR~AT(lH O , SX ,~~TI ~E ,lh X.2HU•,l9X,2HZ O , B X,lLHPR0Fll E N~ .) 

DZ 25 ~>=l,NH 
NT=C 
lM ti=Q . C 
ut~r.: =c . c 
ue 24 r--=l,M A 
lS=C.C 
US=C.C 
Lw=L'r.+l 
De 3C JK=l,JA 

30 U(JK)=~S(LW,JK) 
lf(Lfl). NE . O.Ol G0 T0 31 
UM=C.C 
l.-1-!= 0 .C 
G0 T£ 32 

31 ,JC .=JA-l 
oe 22 J=t,Jc 
J B=J+l 
C~ 23 K=.JH,JA 
USTAR=VK*(U(J) /AL CG(l(K)/l(J))) 
ZN0T =EX P ((G(K)•AL0G(l(J))-U(J)•AL e Gtl(K)))/(U(K)-U(J))) 
lS-=lS+l N0 T 
US=LS+ US TA R 

23 CZNTit\Ll 
22 C ~NTlN lJE 

l~=lS/fl0ATtJA•(JA-l)/2) 
UM=LS/FLBAT(JA•{JA- l)/2) 

32 WR IT E ( 6, 19) T(L W), UM ,lM, M 
19 F eR~A T(l H ,Fl0. 0 ,5X,2(Fl6.8,5X),[4) 

N T=t-. T·+ l 
lf( L~ . EQ . O .O) NT= NT-1 
ZM ~=lfi r-' f-l />1. 
U fJ f>' = L to' for + U ~l 

24 Cv NTlf'iLE 
TN= NT 
UMU=L~t-1/TN 
l~l=lli , /H~ 
WRlfE(6,l3) UMU,l~l,N 

1 3 F 2Rl'li:\T (l HO ,l OHi"\EA"l U* =, fl6.8,5X,l OH~ E~N LO = ,Fl6.8,8X,6HI 1 :cWR 
1' [ 2) 
WRlTE(6,16) 

1 6 F£R tJA T{U<Q , 
2S C0N TI !\LE 

RffLRJ\ 
END 



JJ=J-1 
IF(CfK,JK).Lf.C(JJ , JK ). AND.C ( K ,J K ).NE. O . ~ ) Gl T ~ 80 
CNfS(J,JK)={~(K,JK)-C(JJ,JKI)/OELTAT 
Ge re 53 

80 CNTS(J,JK)=((lOOOOO.O-C(JJ,J K)I+C(K ,JK) 1/DELTAT 
53 C2N TH\LE 

r;e r 0 n2 
65 JJ=J-l 

OEL TAT=(T ( K)-T(JJ)) 
Tt"(J)={ f(Kltf(JJ) )/ 2 .0 
(f(O EL JAf.LT.41.0) G0 f fi 78 
fM~=((T(KI/100 . 0}-l.O I*l OO . C+60 . 0 
OELTAT=(T M~-T(JJ )) 
T~(J)=(TMM +T (JJ))/2 .0 

1e oe 57 JK=l,JA 
lF(C{K,JK).LT.C(J JtJ KI.ANO .C(K,JK). NE . O. O) ti0 T0 59 
CNTS(J,JK)=(C(K, JK) -C (JJ,JK))/ DELTAT 
Ge TC 57 

~9 CNTS(J,JKI= (L OOCOO.O-C (JJ,JKI)+C(K,JK) 
57 Cf:NT i t\L;t 
62 oe 54 J K=L ,Ja 
54 kS( J,JK) =A+B•CNT S(J,JK) 
9C C2.'\f l NUE 

C0 100 J=l,NA 
wRITE (7,l5) T(J),TM(J),WS(J,l),h$(J,21,WS(J,31,wS(J,4), 

1 f(J),T M(J),WS(J,S), CNfS(J,6) 
15 F0R~AT(2F8.0,4F l2.5/2F 8 . 0 ,2Fl 2. 5) 

10 0 C~ N TIF\LE 
CALL Z ~ ~ U f(NH , ~A,JA , W S,TM,IU,T) 

77 7 cetHfNL;E 
ST 2 P 
E\'\C 
Sl! b R ~ LrPlE z ~iAUT(NI-l,;"'A , JA,WS ,TM ,l D, f) 
'iA=~A~!\H 
O{~ENSIZN U(6 ) 1 l(3), I U(3), WS(L50,b), TM(l50), T(l5 0 ) 

C P~ ~GRA~~E F0R C~MPUTI NG WINO PR0 FfL E PARAMETERS U* AND lO 
C J A~Nl 7F READINGS I ~ A PR0FIL E VK=V ZN KARMANNS C~NSTANT 
C ~ h=Ne ZF PKlFILES U=WI ~C SPE ED Z~Hf lGHT 0F MEASUREMENT 
C f-\~-= ~~0 ZF REAl I NGS I N Z.l[ H0UR 
C NH=Ne ~ F H0UR S 2F CATA 

JA-=3 
VK =C .4l 
Ln=C 
l (l>= 21 . 0 
lU)=5L.O 
Z( 3 )=l Cl . O 
WRITE(b ,ll) (l 0(J ),J =l ,3) 

ll F 0 R ,_.,, A T ( H l 0 , 3 2 H C 1\ L C U L A TI 0 N 0 F l 0 AT S I ~ C 0 E 0 N , A 2 ,1 HI , A 2 , Hl/ 1 A 4 ) 
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PROGRAM 2 - TEMPERATURE CONVERSION 

( for conversion of EMF readings into temperature in degrees celcius ) 



c 
c 
c 
c c 
c c c 
c 
c 

C0NVERSI0N 0F H0WEN RATI0 DATA T0 TEMPERATURE 
C~NTReL CARD N0. 1 - NP/13 = N0 . 0F TIMES PR0GRAM T0 BE RUN 
CeNTReL CAKC N~. 2 - J~. NH. CO, CW/412 
JA=Ne. 0F READINGS /H0UR 
NH=N0. 0F H0URS 
CO CeNTR0LS CALIBRATI0N USED F0~ DRY BULBS ( 1-8) 
Cw C0NTR0LS CALIBRATI0N USED f0R wET BULBS ( 1-8) 
FIRST SET 0F DATA C0NTAINS TI ME, OT, WT/A4,6Xr2F10.5 
SEC0NO SET 0F DATA C0NTAINS TIME, C0MPD, DT1, DT2 , C9MPW, WTl. WT2, RO, RW 
UNDER A4.1X,2(F4.0,1XyF2 .2,lX,F2.2,1Xl,2F6.0 
Ul~ENSIJN lC!3l,OT!25J,~T(25l,ST0{25),Slw{25) 
REAOt5,60J NP 

60 FeR~AT(I3) 
00 9C9 LL=lrNP 
REA0(5,10)(10(JJ,J=l, 3), JA, NH, LCD, LWD 

10 F~R~AT!2A2,A4,412J 
WHITE(6,11) !10(J),J=l 7 3)~ JA, NH, LCD, LWO 

11 F0RMAT!lH0,40HSIMC0E B0WEN RATI0 TEMPERATURE DATA F0R ,A2,1H/,A2, 
1 lH/,A4 1 lOX,7HC0NTR0L,2X,5HJA = ,I3,2X,5HNH = ,I3,5X,5HCW = ,13, 
2 5X,5HCO ~ ,13//) 
w~lTE(6,12) 

12 F0RMAT!1H 1 2X,4HTIME,6X,2HOl,l8X,2H02,18X,2HWl,l8X,2HW2//) 
NS=NH+l 
00 5C JK=l,NS 
REA0{5,30l STO(JKl,STW(JKl 

30 F0 R~A T(10X,2Fl0.5) 
STDIJKJ=!STO(JKl-32.0)•(5.0/9.0) 
SfW(JK)=(STW(JKl-32.0)•(5 .0/q.O) 

50 CaNTlNUE 
DZ lG O J=l,NH 
K=J•L 
OT(J)=(STO(Kl+STO( J))/2.0 
WT{J)=(STW(K)+STW( J)J/2.0 

10 0 C2NTlNLE 
A592 N=4 7.95737219 
6592N=-26.l4l85381 
~3llAN=43.27915478 
03llAN=-25.70C59681 
A385N=44.38041878 
?.385N=-25.93l46586 
A3ll BN~4 ~.21845484 
83118~=-25.86927176 
A3llB0=44~72l93241 
uJttee=-25.16400242 
A311Ae=43.6l~52ll4 
8311~0=-25.22807503 
A385~=44.87165~33 
8J85Z=-25.7130H54l 



A5<J20=45.570768253 
B~<J2e=-25.A4042835 
G0 T0 (101,102,103,104,105,106,107,108), LCD 

101 HO=B311A 0 
AO=A311A 0 
G0 re 150 

102 80=83118 0 
AO=A3llP 0 
G~ re 150 

103 BO=B 38 5 0 
AO=A3850 
G0 T£ 150 

104 80=85920 
AO=A5<J20 
G0 Te 150 

105 B0=8311AN 
AC=A3llAN 
G~ re 150 

1C6 80=83llE3N 
AO=A311BN 
ce TZ 150 

107 BD=8385N 
AO=A385N 
G~ re 150 

108 HO=B5<J2N 
AO=A5<J2N 

150 G0 Hl {201,202,203,204,205,206,207,208), LWD 
201 cl W=831lA Z 

AW=A3llA0 
G0 TZ 160 

20? BW=83118 0 
AW=A311B VJ 
G0 TZ 160 

203 8W=B3850 
Ak=A385~ 
G0 T0 160 

204 BW=B592 e 
Ak=A5920 
G0 T0 160 

205 8W=B311AN 
AW=A311AN 
Ge re 160 

206 BW=83llBN 
AW=A31l f\ N 
Ge re 160 

201 Bw-=638SN 
AW=A3~5N 
G0 re 160 



208 8W=B5 <J2 N 
AW=A592N 
G0 TZ 160 

L6 C oa 99 P~=l.NH 
AJ=JA 
SCl=O.C 
so2~o. o 
SWl=O.C 
SW 2:::;0 .C 
02 90 N=l.JA 
REA0(5tl3) T, C0MPO, OTl• OT2, C0MPW, WTl ,wT2, RO,RW 

13 FeRMA T A4,1X,2(f4.0,1X,F2.2tlX,F2.2,1X),2F6.0) 
Ol=(tC0MPO-OTl•RO)/lOOO.Ol•BO+AO 
02=((C0MPO-CT2•RO)/lOOO.Ol•BO+AO 
Wl=((C0MP~-WTl•RW)/lOOO.O)•BW+AW 
W2=(lC0MPw-WT2•RW)/lOOO.O)•B~+AW 
SOl=SOl+Dl 
S02=S02+02 
SWl=S\oi lHH 
SW2=Sw2+W2 
IF (CTl.NE.O.O) G0 T0 20 
AJ=AJ-1. 0 

20 WRITE(6,14) T, 01, 02, Wl, W2 
14 F0R~AT(lH ,2X,A4,2X 1 4(flO.S,l0X)) 
90 C0NTINUE 

fHf#=SCt/AJ 
02M=SC2/AJ 
WlM=SWl/AJ 
W2M= Sioi2 /I\J 
WRITE(6,15) 

15 FZR~A T(lHO, ) 
WR lTE( 6,16) OlM,02M,WlM,W2M 1 M 

16 FeRMAT(lHO, llHMEAN DTl = ,FlO.S,SX,llHMEAN OT2 = ,FlO.S,SX, 
l llHMEAN WTl = ,FlO.S,SX,llHMEAN WT2 = ,Fl0.5,lOX,9HH0UR N0. ,13) 
WRITE(6,18l OT(M),WTt~ J 

18 F0RMAT[lH0 1 20HMEAN SCREEN REAOINGS 1 10X,9HORY BULB ,FlO.S,lOX, 
l 9HWET BULB ,Fl0.5) 
WRITEI6,15) 
WRITE(7,17) M, OlM 1 02M 1 WlM, W2M 1 OT(M), WT(M) 

l? f0 RM AT(I3,.2X,6Fl0.5) 
99 C0NTI NuE 

WRITEt6,25) 
25 ftlR~AT{l H l, 

909 C0NTINUE 
STZP 
END \.11 

...... 



PROGRAM 3 - EVAPOTRANSPIRATION 

( for calculation of E using the Bowen ratio method, and the 
T 

Thornthwaite-HoJzman aerodynamic method ) 
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C P~0;RAM F?iR THE CALCULATI0N 0F EVAP0TRANSPIRAT10N BY TH E ti0WEN 
C RA TI & METH00 AND BY TH 0 R N TH~AITE-H0LlMAN AER0DYNAMIC M~TH 0D 
c 
C FIRST C 0N T~ B L CARD-ND=N0 0F DAVS 3F DATA/12/ 
C SEC&NO C0N TR 0L CARD-NH=N0 GF HRS IN OAY 7 ZN 0T=ZO F0R THIS DAY/12, 
C Fl6.8/ 
C EACH H0UR 0F DATA C0NSISTS 0F 3 CARDS 
C CA RD l - DAY,M0NTH,TIME ,RN1 1 RN2, RN3 ,G,U,BP/2A2,1X,A4,1X,6Fl0.5/ 
C CA RD 2 = 
C CA RO 2 - DTl,DT2,WT l,WT2, 0T ,WT,/5 X,6Fl0.5/ 
C CARD 3 - U2,Ul/l8X,2(Fl0.5,2X)/ 
C RN = NE T RADIATI0N IN GM-CAL 
C G = SelL HEAT FLUX UN GM-CAL 
C U = WINO RUN IN MI /DAY 
C HP = PRESSURE I N MB 
C TEMPERATURES IN DEGREES CELSIUS 
C U2,Ul IN CM/SEC ,.. 
" C THIS PR0GRA ~ ALS0 CALCULATES ET USING PENMANS METH0D WITH HIS 0W~ 
C ~ I ND FUNCTI0N AND A M0DIFICATI0N BY BUSINGER . 
c 

0 H I C 'S I £l ~ I 0 ( 3 ) , I 0 0 ( 2 4 ) , E T l ( 2 4 ) ., E T l l ( 2 4 ) , E T 2 ( 2 4 ) , E T 2 2 { 2 4 ) , E T 3 ( 2 4 ) , 
l ET33(24), B0W EN(24) , W~TER(24l 
DlkENSI0N BLA(l32) 
OA TA AST /l H•/ 
AKARMA=0.4l 
l=l70.(; 
Zl=2l. C 
l2=5l. G 
Z3=l5. 0 
Z4=45. 0 
Dl=l2-Z1 
DLZ=~L 0G (Z2/Zl)•AL 0G (Z4/l3) 
GAM ti A= 0 . 6">9 
READ{5,40) ND 

40 F;JKMA f(I2) 
03 20R KA=lrl30 

208 f3 U\ l k.A l =AS T 
D0 999 K=l,ND 
REA0(5,30) NH, ZN0T 

30 F0RMAT{I2,Fl6.8) 
00 9 9 J=l, . H 
REA0(5,101) (10(L) 1 L=l,3J, RNl, RNZ, RN3, G, U, BP 

LOl F0 RMA T{2A2,lX,A4rlX,oFl0.5) 
READ (5,L02l DTl, DT2, WTl, WT2, OT, WT 

10 2 F0R~AT(5X 1 6Fl0 .5) 
REA0 (5,1 0 3) Ul, U2 

10 3 F0R HAT(l 8X,2(Fl0.5,2X)) 



c 

IFlJ. NE .l) G0 Te 4 
W~ IT E ( 6 , 20 7) 
WR ITE( 6 , 20 7) 
WR ITE ( 6 , 205 ) K 

205 F0RMAT (l H , 56X,S HTAB LE,l3) 
WR IT E ( 6 ,20 6) ( 8 LA(J P),J P=l 7 8l 

206 ~~~~~ T b ! ~ zJ 5Y~tYt~'f~cz> 
12 F ~RMA T ( l H , 2 7X, 34HE TR A~D ET H DATA FR3 M SI ~ C 0E F0R ,A 2 , 

l l2H OA Y 0 F THE , A2, 14 H M0 NT H BF 1967//) 
wR1 TE ( 6 , 209 ) Zl,ZZ,L3,Z4, Dl,Oll 

209 F3RMA T(l HO ,l OX ,5HZl = ,F8.2,5X, 5H Z2 = ,F8.2,5X,SHZ3 = ,F8.2,5X, 
1 5 HZ4 = FB. Z,SX,SHDZ = ,F 8 .2,5X/LH ,lOX,22HL ~ (Z2/Zl)•LN(Z4/Z3) = , 
2 Fl2. 5 J 

WR ITE(6,20 2 ) 
202 F ~RMAT(l HO ,l4X, 4HTI ~ E,6X 1 2HT1,6X,2 H T2,5X,4HO IFT,5X,2HE1,6X,2HE 2, 

LSX,4H01F E,SX,2HU2,6X,2HUL,SX,4HDIF U,SX,2HAT) 
wR ITE( 6 , 20 7) 

20 -f F 0RM AT ( l HO , 
4 T= ~ T 

SV P = 6 .1 0 797 + T • 0 .441496 + T ••2 • 0.0142871 + T ** 3 * 0 .26 
16 74 • 10 . 0 ** (-3) + T••4• 0 .30696l•l0. 0••(- 5 ) +T••5• C.l789 35•lO. O 
2 ••{-7) 

T=iHl 
SVP l = 6 .1 0797 + T * 0 .443496 + T ••2 * 0.0142871 + T ** 3 * 0.26 

16 74 * LO. G ** (-3) + T••4• 0 .3 0696l•10.0••(-5) +T••S•0.178935•l0.0 
? *il-{-7) 

T= WT2 
SV P 2 = 6 .10797 + T • 0 .443496 + T •• 2 * 0.0142871 + T ** 3 * 0 .26 

L674 • t c . o •• l-3> + T••4• 0 .306961•l0.0•*<-5J +T••5•0.I78935•10.o 
2 ~Ht{-1) 

VP = SVP -( 0 . 0 007 9 ~(l.C+0.00115•WT ))ii-HP•(OT -WT 
VP I =SVP l - ( 0 . 000 6 6•(l.O+ O. CO llS•WTl) l•BP•(DT1-WTl) 
V P2= S V~ 2 -( 0 . 0 0066•(l. O + O . OO llS•WT2) )•B~•(DT2-WT 2 ) 
DIFT= OT1- DT2 

OIFV P=VPl - VP2 
T= DT 
SL e PE =0 .443496+2.0•0. 0 l426 7l•f+(3.0•0.26674•l0.0••(-3))•f••2 

1+1 4 . 0 • 0 . 30 69 61•10.0••(-5) J•T••3+(5.0•0.l789JS•l0.0••(-7))•T••4 
B0fl EN(J)=( DlFT/OIFVP)•GhMMA 
Wl=0.35•(1. 0 +U/l OO . O)•(SVP-VP) 

W 2 = l. 2 • U• ( ( ( l. 0 I AKA~ M II.) * (A U~G ( ( l + l N 0 f l I'- r.J vH) ) ) • • (- 2 ) l • ( S V P-IJ P 
L) 
V~L UES F0R LAT ENT HEAT 0 F VAP BURlZATI0N 
l F t OT . LE . 5 . C l VAP LH=5J.71 
l F ( Df. GT. 5 .0.AND.OT.L c .l0.0) VAPLH=59.45 
1F( Of. GT.L O.O.A ND .DT.L f .t5.0J VAPLH=5~.17 
1Ft OT. GT.t 5 . 0 .A ND .OT.L E.20. 0 t VAPLH=58.89 



tF( DT. GT. ZO . O. AN D. OT.L E.2 5 . 0 ) 
lf( OJ. GT. 25. 0 .ANO. OT .L E.3 0 . 0 ) 
lFt UT. GT. 30 . 0 . AN D. OT.L E.35. 0 } 
IFCOT. GT.3 5 .Q.A NO. OT.L E.40. 0 ) 
IF( OT. GT.4 0 . 0 .ANO.DT.L E.45. Q) 
IF {0 T.Gf .45. 0 ) VAPLH=l OO. O 
I DU ( J l = I D { 3 ) 

VAPL H=5 8 . 60 
VAPL H=5 8 . 32 
\/APL H=5 8 . 0 4 
VAPLH=57.76 
VAPL H=57. 47 

ETl(J) =((RNl -G)/VAPLH)/(l. O+B 0W EN(J)) 
Ef 2 (J} =((Sl 0 PE/G AM MAJ*(( RN l -G)/VAPLH)+Wl)/((Sl 0 PE/ 

l GMH·',A)+l. O l 
ET3(J) =((SL 0 P E /G AM ~AI•(( ~N l -G)/VAPLII)+ W2)/( (SL 0 PE/ 

1 GM4~1 A)+l. O ) 
G = 0 . 05 * RNl 
ETll(Jl =((RNl -Gl/VAPLH)/(l.0+8 0WEN(J)) 
ET22(J) =((SL 0 PE/GA MMA)•((RN1 -G)/VAPLH)+ Wl)/({SL0PE/ 

1 GA MM A)+l. OI 
[ f33{J) =(($L 0 PE/GA MMA)•({RN1 

l GA M?4A l + 1 • tJ ) 
WATER(J) = ( ~N l-Gl/V A PLH 

-G)/VAPLHI+ W2)/{(SL0PE/ 

D I MENS I 0 ~ ~ 1{24), EPISI(24l, ETTH(24) , l TTH R(24l 
<\ Tl =U T1+ 2 7 3 .l6 
AT2 = 0 T2 +2 7 3 .16 
Af= { ~Tl+ A T 2 )/2. 0 
Z[ (J)=( 29 4 30 . 0 •(0T2-DTl))/(AT•({U2-Ull••2)) 
tP l S I(J) ~ (( ( S l ~ PE/GAMM~J•{(RNl-Gl/VAPLHl+W2)/ETll(J))-(Sl0PE/GAMMA 

1 ) 
ETTH{J)= 0 . 0056q•OIFVP•(U2-Ul) 
lf( RI(J).LT.O.OI G0 T0 60 
IF(RI(Jl.Gf.O.Ol G0 T0 61 
IF{ Rl(J). EQ . O. O) G0 T0 62 

60 KC=(l. O-l O.O•RI(JJ) 
E T T!H ( J ) = t T T H ( J ) • R C 
G0 T0 6 3 

61 RC=(l.O+tO.O•RI(J)) 
ETT HR (J}=ETTH(Jl/RC 
G0 T0 63 

6 2 ETTHRtJl =E TTH(JJ 
6.3 OU=U2-Ul 

WR IT E ( &,2 00 ) I U (3),0Tl,OT2,DIFT,VPl,~P2,01FVP,U2,Ul,DU,Af 
2 00 F:.3RM AT(L H ,l4X,A4,2X,l0FB.3) 

9 0 C :t•H I ~IUE 
70 F0RJ'o' AT( tHl, 

WR IT £ ( 6 ,? 0 7) 
W{{ I T E ( 6 , 2 C: -~ ) 

20 ~ F 0R~hT {l H 1 lOX,4HTIMF. 1 lOX,3 HETB,l2X,3H[TH,l2X,2HK1,13X,4HETHR,l0Xr 
l 5 HBZWEN rlLX,4HRN-GJ . 
oa t oo J=t, NH 
WRIT E (6,2 0 l l IDO(J),Efll{J) 1 ETTH(Jt,RI(J),ETTHR{JI 1 BIWEN(J), 

V1 
V1 
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APPENDIX B 

DATA 

The following symbols are used: 

Zl, Z2 = height at which humidity and temperature were measured (ern) 

Z3 , ZiJ =height a t which the wind was recorded 

DZ = 22 - Zl or 24 - Z3 

Tl , T2 

DIFT 

El, E2 

DIFE 

Ul , 

DIFU 

AT 

ETB 

ETH 

RI 

ETHR 

U2 

BOWEN 

RN 

G 

= me an hourly temperature at levels 1 and 2 (de g. c.) 

= temperature gradient (Tl - T2) 

= mean hourly humidity at levels 1 and 2 (rnb.) 

::: humidity gradient (El - E2) 

= wind at levels 1 and 2 (em/sec.) 

= wind gr adient (U2 - Ul) 

= ave rage of Tl and T2 (deg . K.) 

= evapotranspiration using the Bowen ratio (rnm water/hour) 

= evapotranspiration using the Thornthwaite-Holzrnan equation 

= Richards on' s number (dimensionless) 

= ETH us i ng Ri chardson's number in a s t ab i lity cor r ect i on 

fun c tion (mm water /hr.) 

= mean hour l y Bowen r a t i o (d~nens ion les s ) 

= net radiation (mm water/hour) 

= soil heat f l ux (rnrn water/hou r ) 

Measurements were started on t he hour and the time i s given 

in local time ( E.D.S.T . ) . 
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TAI1lt 1 
******* * 

ETR ANC ETH CA TA FR0Y S1 MC2E F0R 05 DA Y ~F THE 07 ~0NTH 0F 1Y 67 

L1 = 21.0 0 l2 ~ 
l~(Z 2 /ll)•L N(l4 /l3) = 

T i i"E 

073 C 

083C 

lC3C 

11 ~ c 

l23 C 

L3 3 C 

TI~ E 

C730 
08 30 
C:'BO 
1C30 
1l30 
1230 
L33 0 
1430 
1530 
1630 
1730 
uno 

14 3C · 

1 53 C 

l 63C 

l 73 C 

un o 

r L 

f. . OLH 
7.689 

ll. C48 
15.06 2 
16.61? 
1'1.561 
l6.543 
l6.3C2 
17.C86 
lCJ.437 
1H.473 
16.113 

c Tf:. 

0 .1733 8 

C.ll7'1 0 

'} .33327 

1J .357 65 

C.31 822 

0 . ?58 ' 9 

C.3 C3 18 

G.27 8<15 

C. 37l69 

0 . 428C5 

C. 2'::i2C9 

r2 

6 .0 8 7 
7. 637 

10 . 6 17 
14.235 
15.b54 
15 .161) 
16.199 
15.9~8 
l6.5 f36 
1 8 . 680 
ltl.232 
16. () 27 

5l . CO l3 = 
0 .974 80 

CIFT 

-0.069 
0.052 
0.431 
C.d27 
0.758 
o. 396 
0.345 
0.345 
c.~oc 
0.758 
0 .241 
0.086 

ETH 

0. 0 630CJ 

0.05438 

0.134 85 

0.26974 

0.2761& 

(1.2319 8 
"' 

0.4132~ 

0.13711 

0 .37574 

(' . 5 306'5 

0.5247 '::} 

0.2'59()1 

f l 

7.982 
8.232 
9. 284 
9.795 
9.661 

10.384 
ll.C79 
LL.517 
ll- 759 
12.504 
12.882 
12.300 

l'5.CO 

E2 

7.7e5 
8. 06 4 
8. 8 95 
9.C84 
8 . 855 
9.700 

1 0.0~7 
10. 2 '>4 
10.467 
10.600 
10. 5 36 
1.1.534 

RI 

0 .002 31 

- G.00 1.67 

- 0 .01207 

-0.01902 

-0.02129 

- 0 . 011.40 

-O.OG720 

-0. 0 1593 

-0. 0 1<J 1t2 

-0. 0 3LHL 

-0.01576 

-0.0025 4 

/4 = 45.00 

DIFE U2 

0.19 8 145.554 
0.168 149.420 
0.390 158.301 
o. lll 182.81 8 
0. 80 7 170.666 
0 .685 159.491 
1.042 181.883 
1.263 130.979 
1.293 123.204 
1.904 130.895 
2.347 103.233 
0.775 139.010 

ETHR 

0.06167 

0.05529 

0.15113 

0.32106 

0 .33496 

0 .2 5844 

0 .44300 

0 .39080 

0 .44 872 

0 .6994.j 

0.60751 

0 .26'561 

Dl = 30.00 

Ul DlFU AT 

89 .466 
92.526 
97.497 

116.150 
110.499 
99.961 

112.156 
84.070 
72. 113 
81.903 
63.929 
80 .246 

56.088 279.212 
56.895 280.823 
60.804 283.<)93 
66.668 287.808 
60.167 289.393 
59.529 288.'523 
69.727 289.531 
46.910 289.290 
51.091 289.996 
48.992 292.218 
39.304 291.512 
58.764 289.230 

B 0 ~o;EN 

-0.22968 

0.20273 

0 .72816 

0.76633 

0 .61923 

0.38125 

0.21799 

0.17978 

0.25472 

0.26240 

0.06773 

0.07328 

R:--J-G 

0.13356 

0.14180 

0.57594 

0.63172 

0.5476o 

0.35759 

0.37000 

0.32910 

0.46637 

o.S40H 

0.26916 

o.090SH \11 
oc 



TA BLE 2 
******** 

ETH AN8 ETH DATA FR0~ SI MCEE FBR 13 DAY eF THE 07 M0N TH CF 1967 

ll = 2l.CO l2 = 
LN(Z2/ZlJ•LN(l4/l3) = 

TI ME 

0 73 0 

0830 

093 0 

LC 3C 

1130 

123 0 

13 30 

l'd C 

L53 C 

16 3C 

l73 C 

18]0 

TI ~E 

C73C 
08 30 
0 930 
1030 
ll30 
1230 
1330 
1430 
15 30 
1630 
1730 
uno 

r t 

15.277 
11. E5 3 
19.28 2 
29.630 
JC.281 
20.'18 8 
22.332 
21 .126 
2 1.36 7 
20.101 
18. 0 98 
17.1 8 1 

ET8 

0 .10250 

0 .23C44 

0 .38 249 

c .5542l 

O.H!8 7 13 

0.596 8 7 

0 .47 8 7 6 

G. 87 22 7 

0 . 2 7S76 

C. 26123 

.l C7t- f. 

O.l C6C9 

T2 

15.157 
17.267 
l8.b28 
28.803 
29.103 
2G.695 
21.643 
2 1. 608 
21 .1 26 
19. 1:J9 4 
18 . C46 
L7. 1(-.8 

51.00 l3 = 15.00 
0.9 7480 

CiFT 

0 .121 
0.586 
0.655 
0. 827 
1.178 
0.293 
0.689 

-0.482 
0.241 
0.207 
0.052 
0.013 

ETH 

o.o -i 101 

0.20952 

0.3 5839 

0.99763 

0.17730 

0.26814 

0.7 U9H5 

0. 5U610 

0.34914 

0.30095 

O. l4A49 

0.18172 

E1 

10.194 
ll. 562 
12.553 
25.118 
25.554 
13.520 
13.933 
14.401 
14.775 
13.322 
12.798 
20.060 

E2 

9. 8 56 
10.729 
11.348 
22.741 
24.935 
12.717 
12.141 
12.751 
13.770 
12.715 
12.380 
19.387 

Rl 

-0.03322 

-0 .. 03030 

-0.02415 

-0.01479 

-0.04516 

-G.O C736 

-0.01418 

0.01237 

-0.00647 

- 0 .00 274 

-0.00 138 

-0.00 0 58 

Z4 :::: 45.00 

DIFE 

0.338 
0.832 
1.205 
2.377 
0.619 
0.803 
1.792 
1.650 
1.005 
0.608 
0.418 
0.673 

U2 

83.900 
180.226 
205.126 
279.484 
195.395 
241.710 
259.344 
233.509 
228.325 
314.326 
220.975 
176.147 

ETHR 

0.04939 

0.27302 

0.44493 

1.14520 

0 .25738 

0.30936 

Q.8l053 

0.521'58 

0.37172 

0 .30919 

0 .14852 

0.18278 

Dl :::: 30.00 

U1 DIFU 

64.652 
135.993 
152.862 
205.720 
145.044 
178.611 
189.744 
171.091 
167.266 
227.306 
159.448 
128.6H5 

19.248 
44.233 
52.263 
73.764 
50.351 
63.099 
69.600 
62.419 
61.059 
87.021 
61.526 
47.462 

B0WEN 

0.23477 

0.46365 

0.35796 

0.22925 

1.25475 

0.24048 

0.25334 

-0.19262 

0.15816 

0.22414 

0.08139 

0.01265 

AT 

28H.377 
290.720 
292.115 
302.377 
302.852 
294.001 
295.147 
294.527 
294.406 
293.157 
291.232 
?90.334 

RN-G 

0.12656 

0.33728 

0.51941 

0.68129 

0.69622 

0.7404 0 

0.60006 

0.70425 

o. -H9H 

0.3l97H 

0.11642 \11 
...c 

0.1074 ~~ 



TA!5LE 3 
******** 

ETB aND ETH CATA FR0r-' SIMCZ!E F3R L8 DAY 0F THE 07 MkHHH ZF 196 7 

ll = 21.00 l2 = 51.00 lJ -= 15 . 00 l~ = 45 . 00 DZ = 30.00 
LN(Zl/Zli•LN(L4/Z3) = 0.97480 

T PH: rl T2 DIFT El E2 DI FE U2 Ul OIFU AT 

C830 1=1.933 19. 700 0.233 1 7. 944 17. 5 4 1 0 .403 173.734 118. 9 21 54.81 3 292. 9 76 
ll3C 23.1C5 24 . 537 0 . 56}) 2 0 .443 19.086 1. 35 7 277.4 0 2 1 91. 996 8 5.406 297.9 8 1 
1230 26.397 25.6 74 0.724 20 .429 19.078 1. 351 312.117 215.23 8 9 6.879 299.195 
1.330 26.604 25 . 949 0 . 655 19 . 73 5 18.6 79 1. 0 56 321.592 2 24.416 97.176 299.437 
l43C 26 . 432 26 . 139 0 . 293 21.157 19 .239 1.918 306.083 215.323 90.760 299.445 
1'530 26.941:1 26 . 363 0.5 86 2 1.306 19. 56 7 1. 74 0 257.7 5 0 184 • . 5 18 73.23 3 299.816 
1630 26 . 845 26.311 0.534 19. 68 7 1 8 . 583 l- 104 274.173 192.888 81.285 299.7 3 8 
1730 26.604 26 . 363 0.241 20 . 8 2 0 19 . 3 13 1.507 250.973 175.510 75.463 2q9.64J 
l8 ~0 33.<}25 33. 485 0 . 439 2 2 . 797 2 1. 8 91 0.905 2 03.97 8 141.177 62.801 306.865 
193C 22.52 1 22.624 -0 .1 03 10 . 6 15 10. 0 48 0 . 566 15 0 .993 103. 6 58 47.335 295.733 

fl r-'[ fTR ETH Rl ETHR B2W EN RN- G 

0830 0 . 24877 0. 12558 - 0 .00 778 0 . 13534 0.38065 0.34346 

1130 0.6 UC 4R 0 . 65 94 3 - 0 .00 770 0.71 0 19 0.27608 0.76626 

1230 0.6 1681 0 .7 4455 - 0 . 00 75 8 0. 80 1 0 1 0.353 0 1 0.83456 

L33C 0 . 55742 0 . 58399 - 0 . 0068 1 0 .62 378 0.40845 0.78510 

14 30 0 . 7415 0 0. 9906-, - 0 . 00349 1.025 2 8 0.10060 0.8161 0 

1530 C.5456'-J 0 . 72492 - 0 . 01072 0. 80264 0.22187 0.66676 

t63C 0 .. 42521 0.5 1G39 -o . oo79't 0 .55089 0.31891 0.56081 

l FiC 0 . 3f>559 0 . 64719 -0. 004 16 0 .67411 0.10544 0.40414 

1830 c.ceecH 0 • .323'54 -O . Ol0 6H 0 .358 10 0.31974 0.1162 5 

1'-J3C c . cL399 0 . 1'5?5 0 0 . 004?9 0 .1458 1 -0.1203 0 0. 0 12.3 0 

0\ 
0 



TABLE 4 
******** 

EfB A"JO ETH DATA FRr1M SIMC0E f0R 20 DAY 0F THE 07 fJ0NTH 0 F 1967 

l1 -= 21.00 l2 = 51.00 13 = 15.00 l4 = 45.0 0 Dl = 30.00 
lN(Z2/Z1)•LN ( l4/l3 ) = 0.97480 

r It-' f fl T2 OlFT f l f2 OifE U2 Ul OIFU AT 

0830 18.972 18 .731 0.241 13.496 12.624 0.872 84.401 67.065 17.336 292.012 
093C 22.297 21.59 1 0.706 20.1011 18 . 32 8 1.78 'J 106.632 82.285 24.347 295.104 
103C 24.140 23 .227 0.913 23.468 21.677 1.791 122.184 92.763 29.420 296.844 
ll30 25.2 77 24.278 0.999 24.219 20.788 3.431 154.113 120.989 33.125 297.938 
1230 26.208 25 .105 1.103 22.675 20.434 2.241 178.951 133.571 45.380 298.816 
l33C 26.518 2 5.364 1.154 21.813 19.'t57 2.355 175.765 129.237 46.527 299.101 
l4 30 26.742 26 .156 0.586 22.512 19.254 3.258 201.896 148.401 53.496 299.609 
1530 26. 759 26.225 0.534 22.658 20.278 2.380 206.273 150.015 56.258 299.652 
1630 26.793 26.'•32 0.362 21.863 19.771 2.092 170.326 125.243 45.083 299.773 
1730 26.742 26.449 0.293 22.285 20.617 1.668 172.875 126.773 46.102 299. 755 
1830 24.106 24.485 -0.379 22.601 20.857 1.744 157.111 112.199 44.913 297.455 
1930 22.245 22.693 -C.44 8 21.371 20.032 1.339 174.787 124~308 50.479 295.629 

ll r-' E ETD ETH Rl ETHR B0~EN RN-G 

OH3C 0.24367 0.08605 -0.08087 0.15564 0.18219 0.28807 

0930 0.]9866 0.24661 -0.11883 0. 53964· 0.26148 0.50290 

l 0 3C 0 .41799 0.29990 -0.1 0458 0.61353 0.33586 0.55838 

l L30 c . 64057 0.64669 -o.oo9q5 1.22838 0.19191 0.76350 

12 30 C. 6382l 0.5787<> -0.05273 0.8tl392 0.32416 0.84509 

133 0 0.65598 0 .62354 -0.05246 0. 95 0 66 0.32294 0.86782 

L43C 0 .75 Cf3 0.99157 -O.O~OLO 1.19091 O.ll849 0.83957 

l 53C C. 658Cl 0 .7 6 1 8 4 -0.01657 0.88809 0.14787 o. "15531 

l 6 J C o . 55C9 9 0 . '53662 -O.Ol747 0 .63039 0.11397 0.61379 

1 7 30 C.35501 0 .4376'\ -0.01353 0 .496A6 0.11568 0.39600 

l 8 3C O .t S 34~ 0 . 4457 8 0.01859 0.37590 -0.14318 0.1">717 0\ .... 
l91C C. C<J59 7 0.38't6 0 0.01750 0 .32732 -0.22044 0.07482 



TABLE 5 
******** 

ETI::I A:m ETH DATA F R.~~ SI MC0E F0R 25 DAY 0F THE 07 Me NTH eF 1967 

l1 = 21. 00 l2 = 51 .00 l3 ::; 15. GO Z4 = 45.00 Dl = 30.00 
l N ( l2/l1 ) ~tl .H l4/l3 ) = 0.97480 

TI ME f1 T2 CIFT El E2 DIFE U2 U1 OIFU AT 

093 0 2 t . 69 lt 21 .350 0.345 18.404 ll.559 0.845 231.895 156.176 75.718 294.682 
l C3C z-1 .796 23.262 0.534 18.805 17.640 1.165 327.371 221.782 105.589 296.689 
1130 25.053 24.606 0.448 19.320 18. 0 26 1.294 318.151 216.088 102.062 297.990 
1230 25.364 24.<!47 0.517 20.382 18.460 1.922 338.419 229.430 108.988 298.265 
1330 24.985 24.623 0.362 19.976 19.067 0.909 348.<)56 236.696 112.260 297.964 
l43C 2 3. 88 2 23.710 C.l72 19.133 18.581 0.552 293.209 197.<)02 95.306 296.956 
1530 24 .313 23.830 0.482 18.989 18.432 0.557 393.826 263.253 130.574 297.232 
163 0 24 . 640 24.278 0.362 17.722 17.375 0.347 409.165 274.215 134.950 297.61<) 
1730 24 . C72 23.796 0.27 6 16.933 16.141 0.792 391.277 262.870 128.407 2<)7.094 
1830 22.745 22.711 0.034 16.668 16.294 0.374 356.0<)5 238.651 117.444 295.888 
l93C 20.867 21.022 -C.l55 16.498 16.009 0.489 275.065 181.798 93.267 2<)4.105 

fiJV[ t= T B ETn RI [THR B0WEN RN-G 

0930 0 .34613 0.36411 -0.00 600 0.385<)6 0.26866 0.43912 

10 3 C 0 .4C)C)42 0.70003 -0.00 475 0.7332<) 0.30205 0.65026 

113 C 0 .59836 0.75134 -0.00425 o.7B.324 0.22814 0.73487 

12 30 0 . '> 8 5 i37 1.19191 -0. 0 0 429 1.24308 0.17720 0.68969 

l33 C C.l)l3'1] 0.58049 -0.0078 4 0.59695 0.26234 0.64825 

143 0 Q. 3 7'i 55 0.29916 -0.00 188 0.30479 0.20~78 0.45042 

l C) 30 c.J53 eo 0.41401 -o.oo2 ao 0.42561 0.57045 0.55562 

16:1 0 0 .35 t C9 0 .26621 - 0 .00 196 0 .27144 0.68766 0.')92'>2 

1 7"5 C C.34332 o .~7 H7t -0.0016A 0 .58R29 0.22933 0.4220~ 

Hl3C 0 . 25 161 o.2'•9C)2 -0.00025 0.25055 0.06072 0.26689 

tcJ.3 0 C. L2 C94 0 . 2'J93 1 0 . 00 1"18 0 .25479 -0.20908 0. 0 9566 
0\ 
1\) 



TA RLE 6 
··iHHHlll-** 

ETH A\l: Eff-• DATA F l ~ ;"-'1 SHiC0E F t.;R '2.7 DA Y eF THE 07 M0i'J TH e F 196 7 

ll -= zt. co l? = 5 t.O G Z3 ~ 15. 00 14 = 45.00 oz = 30.00 
L ~;j { l2 I l 1 ) .. L '•; ( l Ll I l -, l = 0.9 74 BO 

Tl ~t T l r £' CIFT E l E2 C IF E U2 Ul OIFU AT 

0 9~ C 21.9 5 3 , > L • 7 1 t 0.241 2 0 .755 l9 . 9LJ8 0.756 171.414 126.518 44.896 294.(}92 
1CJ C 24 . J64 2. J. t65 c. soc 22 . 634 2 1.4 7't 1.1 60 207.565 150.304 57.260 297.275 
ll3C 25.656 ?.5 .3 8 1 0 . 276 22.116 21.50 7 0.609 277.40 2 198.964 78.438 298.679 
l23C 25 . 63 1 2 C,.3 0 3 0 . 32 7 2?. . 8 98 ?1.784 1.114 31 0 .485 222.734 87.752 298.627 
l -~ .3 c 25.975 25. & 31 0. 34 5 2 3. 83 5 22 . 630 1.206 302.786 214.677 88.109 298.463 
14 ~ c 23 .4 60 23 . <t08 c. osz 21 .389 22 . 9 71 0.418 269.031 193.228 75.803 296.594 

fP f f Ti i E TH RI EfHR H0wEN RN-G 

('1 ) ( C. 42'i95 0 .1 9"32 2 -0.01194 0.21629 0.21013 o.sts4 s 
u: J c G. 4536P 0 .377 8 1 -0 . 0 1508 0 .'t34RO 0.28391 0.':>8248 

ll 3 (.1 0 . 39543 0 . 2 117 8 - C.00 44l C.2c3378 0 . 29828 o.~l33H 

1 2 ] C c. 4 tit:· g t, G.5 ':J62 7 - O. OC•419 0 . 579'>7 0.19361 0.58122 

t 3 3 C G.4 6 43 3 0 . 6043 7 -0.004Jf C.63C77 0.18834 0.55184 

1 4 ·3o G.l44l 8 O.l. b04Y - U.O OO<l 9 O.itj2l0 0 . 08139 0.1'5591 



TA BLE 1 
I!******* 

E TH A~L ETH DA TA F ~?~ SI MC0E F ZK 0 4 DA Y 0 F THE 08 M0N TH e F 1967 

ll -= 21.00 l2 = 'S l.CC Z3 = 15. 00 l4 = 45.00 oz = 30.00 
LN(l2/ll)*L N(l4/Z3l = 0.'174 8 0 

rt i-'E fl u CIFT El f 2 O[FE U2 Ul DIFU AT 

ll1 C 23.43 8 2.} . (4 4 0 .394 1 8 . 814 l 7. U65 0.949 299 .922 209.ROO 90.123 296.401 
123G 24 . 6 21 24. 20 <1 0.411 17.994 17. 22H 0.766 334.637 232 .320 102.317 297.575 
1 3~C 24 .1 C7 23 . 90 1 0.206 18.091 17.125 0.966 335.317 230.153 105.164 297.164 
14 ·1c 23.747 23 . 62 7 0.120 16. 820 16. 0'13 0.726 315.006 216.173 98.833 296.847 
1530 23.<}52 23. 6q5 0 .257 16.245 15.71 5 0.529 299.200 204.573 <}4.627 2<}6.984 

TI t< i ETB ETH RI ETHR B 0 ~EN RN-G 

11 "i c C.£)77 26 C .4 868~ -0. 004112 0 .51 033 0.27352 0.73515 

l2 ~ 0 C. 55 4Ll 0 .4457 'i - 0 . 00 38 8 0 .46306 o. 353<}3 0.75022 

l3 3C 0 .472 C7 0.5770 G - O.OC1 84 o .s aa54 0 .14030 0.53831 

14 3 (. 0 .4 G3C5 0.40tl1 8 - 0 .0 0 122 0 .41335 0.10884 0.44692 

153 C 0 .42C Cl o .2 eso6 -0.00 28 4 0.293 17 0.31991 0.55437 



TA t1 L E 8 ............ 
ETA A~C ETH DATA FR ~M SI ~ CZE FOR OR DAY ~ F THE OR ~eN T H 0F 1967 

l t = 2LCO Z2 = 5 1.00 13 = 1'i. CO l4 = 45. 00 DZ -= 30.00 
LN(l2 /lll•L ~{l4/l3) = 0 .974 80 

T I 1-' E fl f2 OIFT E1 EZ OIF E U2 Ul C lFU AT 

c 13 - ~ 0 t A. 932 18 . 6'}2 0 . 2 4 0 16 .317 L5 . Q42 0 . 375 L08.7Q9 76.2'>2 32.54~ 29}.1.172 
C9 30 z s . ~Jn5 2C • . Hl 0.514 17.477 16. 6 7"1 O. tl04 11 0 .202 79. 906 30.29h 293.788 
10 30 23 . 267 22 . 5!)9 0 . 668 19 .73 6 18. 0811 1.647 150.780 105.910 44.870 296.093 
l uc 22 . 9C7 22 . 667 0 . 2't0 19.726 18.869 0.857 25 R.154 176.190 81.964 295.947 
123 0 25 .392 24. eno 0.531 20.386 1 8 . WH 1.495 242.900 163. 8 25 -,9. 075 298.286 
1 3 -~ o 25 . 649 25 . 066 0 . 583 18 .904 18 . 0 ll 0.893 304.426 20 1.131 1 03 .29~ 298.517 
14 30 25 . 5 11 2 ') . 169 0 • .343 20.123 18. 651 1.472 281.609 184. 8 58 96.751 298.5 00 
153 0 25 .7CC 25 . 2') 4 0.445 17.660 17. 0 14 0 .646 316.578 208.652 107.926 298.637 
l63 C 2'1 . 5 8 (' 2'5 . 3G6 0.274 17.530 16.705 0 . 825 244.472 164.632 79.840 298.603 
l13 C 25.3 C6 25. 203 0 .1 0 "3 LB.59 6 L7. 9S6 O.b40 233.679 1~8.513 75.166 298.414 

r l~'' t E T b ETH Rl ETH R 8 0 1-fEN RN-G 

ctnc C.l Cl1 4 0 . 06937 - 0 . 0228 2 O.O H52l 0.42199 0.14381 

0930 0 . 27024 0 .138 6 6 - 0 . 0'>6 10 0 .21645 0 .42ll2 0.38404 

10 3 C 0 .492C1 0 .4 2054 -0. 0 1299 0 .5592 8 0.26734 0.6235 6 

1l30 0 . 5'l94 tl 0 .3 9964 - 0 . 00 355 0 .41]83 0 .1 8447 0 . 65085 

12 3G C. 5flC6 l 0.6 72 69 - 0 .008 38 0.72.907 0.23412 0.7165't 

133 C c . s nt f. 0 . 5 25 0 7 - 0 • 0 \.; <) 3 8 0 .55334 0.42972 0 . 8 16 5 ' ) 

l't 30 c .70 433 0 . 8 103 0 - 0 .0036 1 0 .83955 0.15342 O.H1239 

1'> 30 0 .49996 0 . 39684 -0.00377 0 .411 80 0.45429 0.7270 8 

16 30 ( . 46987 0 .374 89 - C. OC 424 1) .39 0 1H 0 . 21892 0.'?7274 

1 13 C G. J56 2H 0 .271 65 - 0 .00 179 u.27856 0.105 88 0 . Y1401 

C1' 
\11 



TA!:ilE 9 
**~**ltiH~ 

E T8 A~C EfH OA T' F~~M S I ~C0E F~R 11 CAY ~F THE 08 M0N TH a F 196 7 

l L -= 21_ . 00 l 2 - '5 L. CO l3 = l5. GO l4 = 45.00 Dl = 30.00 
LN (l 2 / ZLl*LNlZ4/l3l -= C.974R.O 

fl i"'E T l f 2 DlF T F l ~ 2 DIFE U2 Ul DIFU AT 

12 3C 1 '3.7 2 7 l {. 97 3 O.JCJ4 ll. 35R q . 934 1.424 223.227 167. 054 56 • . 173 291.51 0 
LH C l 1 .. 1 3:) l u . 4 70 C.668 1 0 . <)42 9.357 1. 5e4 18 0 .77 8 136. 7l6 44. 0 63 2q1. <)64 
i43C 2C.2CC l9.37 R 0 .822 1 0 . 892 '1.937 0.954 182.606 1]9. 6 48 42.958 292.949 
1530 20.645 1q.nz 0 . 874 10.943 tJ. 6 20 1.322 192.123 145. 04 4 47.080 293.369 
1630 U.'515 t o .915 C.oO O 1 0 . '580 q. 6 39 0 .941 161.1 05 125.031 36.075 292.375 
173( l9.17 2 l b . 127 0 . 445 1 0 .5 54 l O. C..-:J5 0 . 458 135.314 1. 04. 6 7 8 3 0 .636 292.109 uno 18 . 38 4 L 8 . V5 0 0 . 01 4 1 0 . ?12 q.9')9 0.253 ll8.785 93.885 24.900 291.527 

r I ;. t: [ft. ETH R I ETHR Bi! WEN RN-G 

l23C c .td252 0.45529 -0. 024 12 ') .565 11 0 .34877 0.5 8 33/ 

l3 3C U.f-. 28 '12 0 . 39 {20 - 0 . 0 3469 0 .5V:>O O 0.27796 0. 8(; 322 

- 14 30 C . 5C~CO o . 2 31 2 P - 0 .04471 0 .3 :H73 0.56787 0.79021 

l 53C C.49 C63 (; .3 5424 - 0.03955 0 .49434 0.43547 0.70 42 8 

l G'Li 0 .. .3Cd2 H u . lQ32-l - O. OLJ6 j8 0 .2 H28 5 0.4l9Rl 0.43170 

ll3 C O.l4 2 d4 O. C79 Hq -0. 04782 G.ll BO<J 0.64057 0.23435 

l '3 1 c o .. t5 2CJY o . CJ5 8 5 -0 . 0 0 558 0 . 0 3785 0.08923 0 .16664 



TAgLE 10 
*****11-t:-11 

E rt! A ··w F: l H D A f A F R 0' S Tft; (, J t r C R 2 4 0 A Y f.l F THE 0 H K 0 :'H H e F UJ 6 7 

ll -- 2l . C'J l2 == '51.0 0 l3 = ts. oo l4 = 45. 00 Dl = 30. 00 
L~{ll / lll ~ l~(J~/l3 ) = 0 .974 110 

l I "' ;,_ r t T2 ClFT fl. E?. CifE U2 Ul DIFU AT 

c -~ ~ c t'1. q"' l l9.'5 f.l') 0 .366 2 . 0 A6 1. d40 0 . ?.25 190.121 L5l.927 38.794 292.928 
l C~ C 2 C . 43'J l 9 . t4h C. S93 6. 7l 0 6. l td c . ~46 209 . 8R'5 162. 247 47.037 293.302 
ll -3 c 20.737 20 . ft0ft 0 .3 8 1 8 . 8 38 8 . 266 0. 5 71 212 .264 160.001 52.263 293.756 

I I J>r: Ef t ETH R I Elt-iR B0r.EN RN-G 

Cl ·L' C.l 2 35 8 0 . 0 4977 -0.0244_3 0 .06193 1.06965 0.25577 

l c 1 · ~ C.l 2b 79 0 .146 20 - 0 . 07 6t57 0 .1 85 49 0.71483 0.22086 

llJ ':: C. 2 ! <:i?G 0 .1699 5 - O. Gl4 C6 0 .19385 0.44213 O.Jl034 


	Trivett_Neil_B_A_1968_05_bachelor0001
	Trivett_Neil_B_A_1968_05_bachelor0002
	Trivett_Neil_B_A_1968_05_bachelor0003
	Trivett_Neil_B_A_1968_05_bachelor0004
	Trivett_Neil_B_A_1968_05_bachelor0005
	Trivett_Neil_B_A_1968_05_bachelor0006
	Trivett_Neil_B_A_1968_05_bachelor0007
	Trivett_Neil_B_A_1968_05_bachelor0008
	Trivett_Neil_B_A_1968_05_bachelor0009
	Trivett_Neil_B_A_1968_05_bachelor0010
	Trivett_Neil_B_A_1968_05_bachelor0011
	Trivett_Neil_B_A_1968_05_bachelor0012
	Trivett_Neil_B_A_1968_05_bachelor0013
	Trivett_Neil_B_A_1968_05_bachelor0014
	Trivett_Neil_B_A_1968_05_bachelor0015
	Trivett_Neil_B_A_1968_05_bachelor0016
	Trivett_Neil_B_A_1968_05_bachelor0017
	Trivett_Neil_B_A_1968_05_bachelor0018
	Trivett_Neil_B_A_1968_05_bachelor0019
	Trivett_Neil_B_A_1968_05_bachelor0020
	Trivett_Neil_B_A_1968_05_bachelor0021
	Trivett_Neil_B_A_1968_05_bachelor0022
	Trivett_Neil_B_A_1968_05_bachelor0023
	Trivett_Neil_B_A_1968_05_bachelor0024
	Trivett_Neil_B_A_1968_05_bachelor0025
	Trivett_Neil_B_A_1968_05_bachelor0026
	Trivett_Neil_B_A_1968_05_bachelor0027
	Trivett_Neil_B_A_1968_05_bachelor0028
	Trivett_Neil_B_A_1968_05_bachelor0029
	Trivett_Neil_B_A_1968_05_bachelor0030
	Trivett_Neil_B_A_1968_05_bachelor0031
	Trivett_Neil_B_A_1968_05_bachelor0032
	Trivett_Neil_B_A_1968_05_bachelor0033
	Trivett_Neil_B_A_1968_05_bachelor0034
	Trivett_Neil_B_A_1968_05_bachelor0035
	Trivett_Neil_B_A_1968_05_bachelor0036
	Trivett_Neil_B_A_1968_05_bachelor0037
	Trivett_Neil_B_A_1968_05_bachelor0038
	Trivett_Neil_B_A_1968_05_bachelor0039
	Trivett_Neil_B_A_1968_05_bachelor0040
	Trivett_Neil_B_A_1968_05_bachelor0041
	Trivett_Neil_B_A_1968_05_bachelor0042
	Trivett_Neil_B_A_1968_05_bachelor0043
	Trivett_Neil_B_A_1968_05_bachelor0044
	Trivett_Neil_B_A_1968_05_bachelor0045
	Trivett_Neil_B_A_1968_05_bachelor0046
	Trivett_Neil_B_A_1968_05_bachelor0047
	Trivett_Neil_B_A_1968_05_bachelor0048
	Trivett_Neil_B_A_1968_05_bachelor0049
	Trivett_Neil_B_A_1968_05_bachelor0050
	Trivett_Neil_B_A_1968_05_bachelor0051
	Trivett_Neil_B_A_1968_05_bachelor0052
	Trivett_Neil_B_A_1968_05_bachelor0053
	Trivett_Neil_B_A_1968_05_bachelor0054
	Trivett_Neil_B_A_1968_05_bachelor0055
	Trivett_Neil_B_A_1968_05_bachelor0056
	Trivett_Neil_B_A_1968_05_bachelor0057
	Trivett_Neil_B_A_1968_05_bachelor0058
	Trivett_Neil_B_A_1968_05_bachelor0059
	Trivett_Neil_B_A_1968_05_bachelor0060
	Trivett_Neil_B_A_1968_05_bachelor0061
	Trivett_Neil_B_A_1968_05_bachelor0062
	Trivett_Neil_B_A_1968_05_bachelor0063
	Trivett_Neil_B_A_1968_05_bachelor0064
	Trivett_Neil_B_A_1968_05_bachelor0065
	Trivett_Neil_B_A_1968_05_bachelor0066
	Trivett_Neil_B_A_1968_05_bachelor0067
	Trivett_Neil_B_A_1968_05_bachelor0068
	Trivett_Neil_B_A_1968_05_bachelor0069
	Trivett_Neil_B_A_1968_05_bachelor0070
	Trivett_Neil_B_A_1968_05_bachelor0071
	Trivett_Neil_B_A_1968_05_bachelor0072
	Trivett_Neil_B_A_1968_05_bachelor0073
	Trivett_Neil_B_A_1968_05_bachelor0074
	Trivett_Neil_B_A_1968_05_bachelor0075



