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Crop water use efficiency nay be defined aa the 

ratio o f total dyy matter produced to total evaporation 

from the orop and the ao il. In Bast Africa, the areas 

o f high photosynthetic potential (highest number o f  

sunshine hours) are also the driest* Success in grow

ing annual food orops like maise and beans in these 

areas is  therefore heavily dependent on the date o f 

planting and the a b ility  o f the crop to complete a l l  its  

stages o f growth within the short rain fa ll seasons*

While breeding o f short term and high yielding varieties 

has been emphasised, l i t t le  has been done in finding out 

the water use patterns o f the varieties.

Experiments were therefore designed to provide 

information on the water use patterns o f one hybrid o f  

maize (H 511) with a medium maturity period (4 months) 

and one popular variety o f fie ld  bean (Phaseolue 

vulgaris var. Canadian Wonder), in a ll  stages o f growth, 

and to observe the e ffe ct o f reduced so il moisture on 

the water use and rate o f growth o f  these two crops* 

Ratios o f  orop water use (St) to Penman estimate of 

open water evaporation (Bo) gave values as high as

-  (x v ll) -
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1*4 -  1*5 for  u i i t  and 1*3 -  1*4 for beans under vet* •*
conditions. It  is  shown that the excess water use* at least 

in the maize crop* may be due to the combination of large 

net interception o f rain and low aerodynamio resistance. 

There was a reduction o f /v  20* in water use and r\j 40* in 

yield in the dry treatment o f the maise experiment.

Measurement o f  so il moisture in situ by the neutron 

scattering technique was studied with the intention of 

using the method for routine determination o f crop water 

use in the fie ld . Although reliable calibrations were 

obtained for two makes of neutron moisture meters* B.A.L. 

and B.I.V .-I* the method was shown to be successful only 

in the absence o f drainage. Because o f  errors in calib

ration and spatial variations in moisture contents* the 

precision o f  so il moisture determination by the neutron 

moieture meter le  not adequate fo r  small differences and 

the interval between meaeuremente should be at leaet 

7-10 days. In irrigated fielde* the inherent poor d ie - 

trlbution o f  irrigation  water ie a major limitation.

Attempts to derive drainage correction data from tens

iometer readings were not successful.



Theoretical estimates o f  gross photosynthesis hare
# •*

been successfully correlated with measured dry natter 

production in anise and beans* The correlations suggest 

that in the local environment respiration loss for  the 

two crops is a constant proportion o f gross photo

synthesis in a l l  stages o f growth. This result enables 

the prediction o f the maximum yields o f these crops 

from meteorological data, mainly solar radiation.

Studies o f  partition o f energy in fie ld  crops of 

maize and beans have shown that in the loca l environ

ment, when the crops are supplied with adequate water, 

a l l  net radiation may be converted into latent heat, and 

for periods o f 1-2  hours during the day, latent heat may 

greatly exceed net radiation, the extra energy being 

derived from the a ir .

Finally the implications o f the above findings on 

plant breeding and agronomic techniques for 

water use effic iency  are discussed.
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C H A M E I  i 

I H T R O D U C T I O M

T h »  C l i m a t e  o f  E a s t  A f r i c a

T h ®  t h r e e  t e r r i t o r i a l  w h i c h  c o m p r i s e  B a s t  A f r i c a  

l i e  b e t w e e n  l a t i t u d e s  5 °  H o r t h  a n d  1 2 °  S o u t h .  T h e  

c l i m a t e  o f  B a s t  A f r i c a  i s  t h e r e f o r e  t r o p i c a l  w i t h  1 1 - 1 2  

h o u r s  o f  d a y l i g h t  t h r o u g h o u t  t h e  y e a r .  H o w e v e r ,  b e c a u s e  

o f  t h e  t r e m e n d o u s  v a r i a t i o n  i n  a l t i t u d e ,  a i r  temperatures 

a n d  a v e r a g e  r a i n f a l l  v a r y  o v e r  w i d e  l i m i t s  f r o m  p l a c e  to 

p l a c e .  M e a n  a i r  t e m p e r a t u r e s  d e c r e a s e  f r o m  2 5 - 2 8 °  C . a t  

the c o a s t  to 1 3 - 1 5 °  0  a t  2 , 5 0 0  m e t r e s  a n d  l e s s  t h a n  0 °  C 

o n  t o p  o f  m o u n t a i n s  r i s i n g  a b o v e  5 , 0 0 0  m e t r e s .  B z o e p t  

f o r  t h e  c o a s t  a n d  t h e  a r e a  a r o u n d  l a k e  V i c t o r i a  w h e r e  

t o t a l  r a i n f a l l  i s  h i g h e r ,  a v e r a g e  r a i n f a l l  i n  E a s t  

A f r i c a  i n c r e a s e s  w i t h  a l t i t u d e  a n d  i s  b i m o d a l ,  f a l l i n g  

i n  two d i s t i n c t  s e a s o n s  w i t h  p e r i o d s  o f  v a r y i n g  l e n g t h  

a n d  d e g r e e  o f  d r o u g h t  i n  b e t w e e n .  U g a n d a  i s  m u c h  w e t t e r  

t h a n  B e n y a  a n d  T a n a a n l a ,  b u t  a s  a  r e g i o n ,  o n l y  a b o u t  3 

p e r  c e n t  o f  t h e  E a s t  A f r i c a n  l a n d  s u r f a c e  h a s  a v e r a g e
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r a i n f a l l  g r e a t e r  t h a n  t h e  p o t e n t i a l  o p e n  w a t e r  # v a p o r -* **
a t l o n  i n  f o u r  y e a r s  c u t  o f  f i v e  ( D a g g ,  W o o d h e a d  a n d  

X i j k s , 1 9 7 0 ) •

O v e r  a o a t  o f  E a s t  A f r i c a , t h e r e f o r e , o n e  o f  t h e  

m a j o r  f a c t o r s  l i m i t i n g  a g r i c u l t u r a l  p r o d u c t i v i t y  i s  

i n a d e q u a t e  a o i l  m o i s t u r e  d u r i n g  c r i t i c a l  s t a g e s  o f  

p l a n t  g r o w t h .  W i t h  v a l u a b l e  p e r e n n i a l  c r o p s  l i k e  

c o f f e e  a n d  t e a ,  s u p p l e m e n t a r y  i r r i g a t i o n  d u r i n g  t h e  

d r y  s e a s o n  h a s  p r o v e d  e c o n o m i c a l  b u t  f o r  c r o p s

o f  l e s s  e o o n o m i o  v a l u e ,  t h e  a n s w e r  s e e m s  to b e  i n  

m a t c h i n g  t h e  c r o p s  t o  r a i n f a l l  r e g i m e s  e n d  t h e  b r e e d i n g  

o f  d r o u g h t  r e s i s t a n t  a n d  d r o u g h t  e s c a p i n g  v a r i e t i e s .

S e e d  lo r  research in orop w a t e r  u s e

M a i z e ,  Z e a  m a y s , i s  o n e  o f  t h e  m o s t  i m p o r t a n t  f o o d  

o r o p s  i n  E a s t  A f r i c a .  T h i s  i s  o b v i o u s  f r o m  t h e  t r e m e n d 

o u s  e f f o r t s  m a d e  b y  l o c a l  p e o p l e ,  p a r t i c u l a r l y  i n  K e n y a  

a n d  T a n z a n i a ,  w h o  i n s i s t  o n  g r o w i n g  m a i z e  e v e n  u n d e r  

v e r y  u n f a v o u r a b l e  e n v i r o n m e n t a l  c o n d i t i o n s .  T h i s  r e s u l t s  

i n  u n n e c e s s a x y  w a s t a g e  o f  s e e d  a n d  l a b o u r .  T h e  l o g i c a l  

s o l u t i o n  to t h i s  p r o b l e m  m a y  b e  t h e  i n t e n s i f i c a t i o n  o f



a a i M  p r o d u c t i o n  i n  h i g h  p o t e n t i a l  a r e a s , b u t  f o r  a
# •*

v a r i e t y  o f  r e a s o n s ,  m o s t l y  c o n n e c t e d  w i t h  m a r k e t i n g ,  i t  

s e e m s  t h a t  t h i s  w i l l  t a k e  s o m e  t i m e  t o  o p e r a t e  s u c c e s s 

f u l l y .  f a r m s r s  i n  t h e  l o w  p o t e n t i a l  a r e a s  w i l l  t h e r e 

f o r e  c o n t i n u e  t o  g r o w  m a i s e  a n d  t h e  b e s t  t h a t  c a n  be 

d o n e  t o  h e l p  t h e m  a t  p r e s e n t  i s  t o  p r o v i d e  t h e m  w i t h  

h i g h  y i e l d i n g  v a r i e t i e s  a n d  d e v i s e  a g r i c u l t u r a l  m e t h o d s  

w h i c h  w o u l d  m i n i m i s e  i n p u t  c o s t s  a n d  c h a n p e s  o f  orop 

f a i l u r e .

T h e r e  i s  a n o t h e r  i m p o r t a n t  r e a s o n  w h y  t h e  p r o b l e m

o f  g r o w i n g  m a i s e  -  a n d  o t h e r  g r a i n  c r o p s  -  i n  t h e  l o w  

p o t e n t i a l  a r e a s  o f  E a s t  A f r i c a  s h o u l d  b e  g i v e n  s u f f 

i c i e n t  a t t e n t i o n .  T h e  r a n g e l a n d s  o f  l a s t  A f r i c a  a r e  

i d e a l  f o r  a n i m a l  p r o d u c t i o n ,  p a r t i c u l a r l y  b e e f  c a t t l e j  

b u t  o n e  o f  t h e  p r o b l e m s  w h i c h  m u s t  b e  s o l v e d  b e f o r e  

t h e s e  a r e a s  c a n  b e  f u l l y  u t i l i s e d  i e  h o w  t h e  a n i m a l s  

c a n  b e  s u p p l i e d  w i t h  s u f f i c i e n t  f e e d  d u r i n g  t h e  d r y  

s e a s o n s .  C e r e a l s  s u c h  a s  m a i s e ,  e o r g h u m  a n d  m i l l e t  

w o u l d  f u l f i l  t h i s  n e e d  p r o v i d e d  t h e y  c a n  b e  g r o w n  

u n d e r  s u o h  c o n d i t i o n s  o f  l o w  a n d  e r r a t i o  r a i n f a l l .
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national approach to matching crops to environment
» •*

Unlike the sorghums and m illets which have over the 

years evolved several varieties naturally adapted to 

the different loca l oliaatio regimes, maize is  not 

indigenous to Bast Africa and was only introduced in 

the 19th century. However, because o f  its  greater res

istance to bird damage, maize has achieved such popul

arity that i t  has become necessary to produce seed 

suited to different rainfall regimes.

Significant progress has been achieved in breeding

high yielding and drought escaping varieties o f  maize 

for areas with short, medium and long rainfall seasons. 

Much breeding work has also been carried out with sorghum 

and m illet which are more drought resistant than maize.

In his paper entitled "A rational approach to the 

selection  of crops for areas o f  marginal ra in fa ll in East 

A frica", Dagg (l9o5) showed how success or failure in 

growing a crop o f maize requiring 210 days to reach 

maturity at Muguga was governed not by the heavy long 

rains concentrated in the months c f  April and May, but 

by the small amounts o f rain received in June, July and



A u g u a t .  T h s  v a l i d i t y  o f  t h e  a b o v e  p r e d i c t i o n  i s  b o r n #
* •*

o u t  b y  t h e  f r e q u e n t  f a i l u r e  o f  t h e  l o c a l  l o n g  m a t u r i t y  

v a r i e t i e s  o f  m a i z e  a n d  t h e  r e l i a b l e  p e r f o r m a n c e  o f  t h e  

f a t u m a n i  n h c r t — t e r n  (3  m o n t h s )  v a r i e t y *  T h i s  a p p r o a c h  

w o u l d  t h e r e f o r e  b e  v e r y  h e l p f u l  i n  l a n d — u s e  p l a n n i n g  

p r o v i d e d  t h e r e  a r e  s u f f i c i e n t  d a t a  o n  r a i n f a l l  r e l 

i a b i l i t y !  c r o p  w a t e r  u s e  i n  a l l  s t a g e s  o f  g r o w t h  a n d  

s o i l  m o i s t u r e  s t o r a g e  c a p a c i t y .  S i g n i f i c a n t  p r o g r e s s  

h a s  b e e n  a c h i e v e d  i n  c a l c u l a t i n g  r a i n f a l l  v a r i a b i l i t y  

( M a n n i n g  1 9 6 5 »  W a l k e r  a n d  R i j k g  1 9 6 7 | H u x l e y *  l u r k  a n d  

M i t c h e l l *  1 9 6 9 ) *  a n d  w h e r e  s o i l  d a t a  a r e  n o t  a v a i l a b l e *  

i t  i s  a  r e l a t i v e l y  s i m p l e  j o b  to t a k e  s o i l  s a m p l e s  a n d  

w o r k  o u t  s o i l  m o i s t u r e  s t o r a g e  c a p a c i t y .  F e w  d a t a  a r e  

h o w e v e r  a v a i l a b l e  o n  t h e  w a t e r  u s e  o f  o r o p e  i n  a l l  

s t a g e s  o f  g r o w t h .  I t  i s  t h e r e f o r e  o n e  o f  the m a i n  

o b j e c t i v e s  i n  i n i s  t h e s i s  t o  e x a m i n e  t h e  w a t e r  u s e  p a t 

t e r n s  o b t a i n e d  f o r  m a i z e  i n  d i f f e r e n t  e x p e r i m e n t s  a n d  

t o  f i n d  c u t  w h a t  a d d i t i o n a l  i n f o r m a t i o n *  i f  a n y *  i s  

r e q u i r e d  f o r  t h e  v a l i d  a p p l i c a t i o n  o f  t h e s e  r e s u l t s .

* a t e r  u s e  o f  m a l s e

N u m e r o u s  s t u d i e s  h a v e  b e e n  c a r r i e d  o u t  o n  t h e  

w a t e r  u s e  o f  m a i z e  ( Z e a  m a y s ). H s s u l t s  f r o m  t h s s s

-  5 -



experiment© have n ot, however, alwaye been comparable
»•*

because o f  varying and often  unspecified  experimental 

con d ition s, e .g . f e r t i l i s e r s  ap p lied , plant population 

and clim atio  con d ition s.

Haynes (1946) concluded from h is  experiments that 

ava ilab le  s o i l  moisture a ffe cted  vegetative growth, 

but did not a f fe c t  transpiration  rate per unit o f  

plant dry weight* This resu lt suggests that trans

p ira tion  rate is  reduced in  the same proportion as the 

loee  o f  dry matter produotion due to water streee . From 

th e ir  etudiee on supplementary ir r ig a t io n  fo r  maize,

Letey and Peter* (1957) concluded that while maintenance 

o f  s o i l  moisture tension w ell above 15 atmospheres 

tension was d es irab le , adequate water reserve in  the 

e o i l  p r o f i le  e t planting was aleo  important* Supplement

ary irr ig a tio n  fo r  deep rooted crops was then required 

only when weather conditions favoured a serious dep

le t io n  o f  water in  the upp^r two fe e t  o f  s o i l .

Denmead and Shaw (1962), however, showed that when 

potentia l transpiration  was about 6-6  ma/ta,y and s o i l  

water potentia l was greater than .. atmosphere, maize was 

unable to maintain e ith er  fu l l  transpiration  rate or 

f u l l  turgor. Fushring s t  a l . ( l 9bb) a lso  showed that

• 6 •
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increasing s o i l  moisture stress  within the upper h a lf
»•*

o f  "a v a ila b le  water" decreased transpiration . In th e ir  

experiments, crop water use in  the f i r s t  week a fte r  

ir r ig a t io n  was greater than in  the seoond week, and 

y ie ld s  were depressed by 4■# when a weekly ir r ig a t io n  

in terval was increased to two weeks.

Evaporation from bare s o i l  is  a lso an important 

fa ctor  in  the water use o f  a maize crop . Peters and 

Bussell (1959) found that in  a crop o f  maize evapor

ation  from bare s o i l  accounted fo r  5 0 - 7 0 # o f  to ta l 

water use. They used polyethylene p la s t ic  covers to 

separate transpiration  from bare s o i l  evaporation in  

f ie ld  crops cf s e iz e . Sim ilar resu lts  were obtained 

by Harrold et a l . (1959) in lysim eters covered with 

p la s t ic . In studiea on the influence o f  s o i l  moisture, 

nitrogen fe r t i l iz a t io n  and plant density on evapo- 

transpiratlon  end y ie ld  o f  maise, Carlson et a l . (1959) 

also found that because o f  the e f fe c t  o f surface wet

ness on evaporation from bare s o i l ,  evapotranspiration 

from irr ig a te d  p lots  was considerably greater than 

water use in  the non -irrigated  p lo ts .
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Bare s o i l  evaporation aleo In terferes  with met-
i  •*

eoro log loa l estimates o f  crop water use* Garber and 

Oeoicer ( 1 9 6 1 ) compared water balance from a ten-acre 

maise f i e ld  with heat budget estimate o f  evapo- 

tranapiration by the method o f  Penman (1956). The two 

estim ates were in  agreement when the s o i l  surface was 

wet| but not when the s o i l  surface was dry even though there 

was s u ff ic ie n t  water available  in  the s o i l  p ro file *  These 

workers suggested that under dry surface con d ition sf sur

face temperature and hence sensib le heat were 

underestimated.

In sp ite  o f  the uncertain ties in  the experiments 

described above there seems to be a general pattern o f  

water use fo r  maise which shows a gradual increase in  

the early  part o f  the crop , a plateau o f  varying dur

ation  a fte r  ta sse llin g  and a decline as the crop matures. 

Such a pattern is  shown by Denmead and Shaw (l959) in  

their analysis o f  water use data covering 5 seasons at 1 1  

s it e s  in  Iowa* host o f  these data, based on State S o il 

Moisture Survey, were n ecessarily  o f  low accuracy, and 

assumptions on runoff and deep drainage may be in  error .

The resu ltin g  pattern o f  the ra tio  o f  water use (Et) to



pan evaporation (e^) should, however, be represent

ative* Et/Ep ra tios  Increased In sigmoid manner from 

a value o f  0.36 at planting to C.81 at s ilk in g . The 

value 0.81 remained constant fo r  16 days and then 

decreased, apparently due to declin ing p h ysio log ica l 

a c t iv ity  o f  the crop.

Sim ilar patterns o f  water use fo r  maize, showing 

a maximum during p o llin a t io n , have been observed by 

Iritsch en  and Shaw (1961), England (l9t>3), and in  studies 

conducted over two seasons by Caekett and Metelerkamp 

(1964). In the la t t e r  study, water use was estimated 

from s o i l  moisture sampling, but excluded 3 days a fte r  

each ir r ig a t io n  to minimise errors due to drainage.

The recorded maximum ra t io  o f  Et to Penman Bo was never

theless 1 .10. This fig u re  would be an underestimate i f  

there was water ex tra ction  by maize roots beyond the 

48 inches depth o f  s e l l  p r o f i le  sampled. These data 

were a lso  used to formulate seasonal trends in  Et/Bo 

as quadratic functions o f  the age o f  the crop in  

weeks (x )  in  equations o f  the form

U  "  ax -  bx2  -  c .

I t  i s ,  however, d i f f i c u l t  to  find any physical basis
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fo r  such an equation, ancL deuce I t s  usefulness in  pre

d ictin g  water use o f  anise in  a d iffe re n t  environment

is  lim ited .

.^ t e f  use o f  deans (Phaseolus vu lgaris)

F ield  beans are a popular and common food crop 

in  East A fr ica . The seed has a high protein  content 

and is  a useful supplement to the aaise d ie t . Research 

work on f i e ld  beans has, however, lagged fa r  behind 

that on maise and r e la t iv e ly  l i t t l e  is  known about the 

water requirements o f  beans.

Cackett and Metelerkamp (1963) working in  8abi 

T a lley , Bhodesia, and using a technique sim ila r  to that 

used fo r  the maise crop as diseussed e a r l ie r , found that 

the water use pattern fo r  variety  Bed Canadian Wonder 

beans was sim ilar to that o f  maise, except fo r  a much 

f la t t e r  peak| maximum consumption occurred during the 

period from 9 to 12 weeks a fte r  plading. The highest 

Et/Eo was approximately 0 .90 , average fo r  the season 

was 0 .72 . These data are subject to  the same lim it 

ations observed fo r  the maise data.
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Extension o f  evaporation  formulae to
# •*

estimate o f  crop water use

Vater use by crops is  prim arily an energy dependent 

prooess. The rate o f  vapour transfer away from the s it e  

o f  evaporation, and in  some cases, the rate o f  supply o f  

liq u id  water to such s i t e s ,  serve to  modify the energy 

dependence o f  evaporation from the s o i l  and le a f  euriaoe.

Since the pioneering work o f  Dalton (1834), Hohwer (l9 3 l)y  

Briggs and Shants (1914-1917)y and oth ers , good progress 

has been made in  the understanding o f  the evaporation 

processy especially evaporation at an open water surface.

The methods o f  Thornthwaite (1948), Penman (1948), Blaney 

and Criddle (1950), and O liv ie r  ( l9 b l )  have a l l  been tr ied  

in  Bust A fr ica , but Penman's formula has provided the 

best co rre la tion  with data from pan eve po rime te r  s in  the 

tro p ica l clim ate o f  East A fr ica .

T̂ te basic Penman equation combines energy balance 

with the e ff ic ie n c y  o f  vapour transfer (sink strength) 

and can be w ritten  as

8 -  ........ (1 ,1 )

where B ■ evaporation rate  (mm/day),
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Rn »  net radiation  (equ iv . mat w ater/day)f 

A  * elope o f  saturation vapour preseure- 

temperature curve (mo ° 0 “ 1) ,

Y  • psychrometric constant lmb °C*’1 ) f 

and £a is  the equivalent o f  

C.55 (ee -  e d ) ( l  ♦

with eg replaced by ea , the saturation vapour pressure 

at the a ir  temperature.

u is  windepeed (m iles /d ay ).

With the above approach, i t  is  possib le  to e s t 

imate with an error  lees  than 2 0  per oeut fo r  periods 

longer than 1 C days, the evaporative lo s s  from a free 

water surface through a r e la t iv e ly  simple in tegration  

c f  simple m eteorologica l observations (McCulloch, 1969). 

Kaps o f  'loathly and annual p oten tia l open water evapor

ation  based on Pennants formula have been prepared fo r  

Kenya and Tansania by Woodhead ( l 9 6&) and fo r  Uganda by 

R ijns and Owen (1965). k e iiab le  estimates o f  open 

water evaporation can a lso  be made fo r  periods le ss  

than a day, but proper measurement and in tegration  o f  

m eteorological parameters become mucn more complex.
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A pplication  o f  Penman1* formula to evaporating
»•*

surface*, other than open water, ha* met with d i f f -  

ic u lt ie a . Penman ( 1 9 4 8 ) found that h i* m eteorological 

estimate* o f  open water evaporation Bo were w ell 

correla ted  with evaporation from w ell watered, short 

homogeneous graee at Bothameted. The normal f i e ld  

crop i s ,  however, neither short nor w ell watered, nor 

does i t  oom pletely cover the ground. Fortunately there 

is  general agreement on the shape o f  the evaporation- 

time curve fo r  bare sail surface drying from in i t ia l  

thorough w etting (Penman 1941| P h ilip , 1956| Veihmeyer 

and Brooks, 1954)* Thee* curves are based la rg e ly  on 

experimental data and although the ro le  o f  s o i l  ca p illa ry  

conductivity  in evaporation from bare e c i l  ha* been 

recognised and attempts have been made to include th is  

fa c to r  as an additional resistance in  the evaporation 

or transpiration  process (van den Honert, 1946) Cowan, 

19651 Wangati, 1966), i t  has not been p ossib le  to find  

representative values o f  th is  fa c to r  fo r  incorporation  

in the evaporation formula*

tion  f; ant cove t  o f
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Peman and Schofield  ( l9 5 l )  estimated the ra tio
i  •*

o f  evaporation from plant cover to that o f  open water 

by assuming that the crop canopy could be regarded as 

part o f  a large f la t  lea fy  with the stomata fu l ly  open 

during the day and fu l ly  closed  at nigtit. The e ffe c t iv e  

"length" over each cm2 o f  surfaoet a parameter defin ing the 

e ff ic ie n c y  o f  vapour transfer by turbulent mixing, was 

therefore assumed to be the same fo r  open water as fo rO
continuous crop oover and had the same e f fe c t  on trans

p ira tion  as w ell as carbon diox ide assim ilation . The 

additional stomatal resistance was therefore calcu lated  

on the basis  o f  stomatal dimensions and th e ir  population.

The f in a l  equations arrived at predicted that 

evaporation from w ell watered tu r f was ls s s  than opsn 

water evaporation. This p red iction  was supported by 

experimental data and energy balance estim ates, and the 

in fluence o f day length on Et/feo indicated that where 

the above assumptions applied St/So was equal to  a 

co n sta n t ,!, which varied between 0 . 6  and 0 . 6  according 

to seasons (Penman, 1956). Penman calculated ir r ig a t io n  

requirements in  B rita in  on the basis o f  the above Bt/Eo 

ra t io s . The approach was su ccess fu lly  applied by Pereira 

(1957) in  estim ating requirements fo r  supplementary
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ir r ig a t io n  in  nature ra in  grown coii.ee in  Ketya, 

b a i l i s  (l5 o3 ) iouna tne sane procedure applicable in  

predicting s o i l  moisture d e f ic i t s  under irr ig a ted  

c o iie e . M itchell (1963) however iouna that c o ffe e  

f ie ld s  in  northern lenaania could vary in  th e ir  ir r ig »  

ation  requirements, suggesting that there was no simple 

formula fo r  estimating the frequency and quantity o f  

ir r ig a t io n  water. Evaporation data estimated from 

catchment area water balance in  East A frica  (filaok ie , 

19t>4) hagg ana B laokie, 1963) suggest that in  high 

r a in fa l l  areas where evaporation is  not lim ited  by s o i l  

moisture d e f io i t s ,  Et/Eo values fo r  perennial vegetation  

lik e  high montane fo re s t  and tea plantation  at f u l l  cover 

are r e la t iv e ly  constant, varying between 0 . 7  and 0 . 9 .

Complications a r is e , however, when the fra o t io n  o f  

ground covered by the crop changes with crop development 

and where ava ilab le  e o i l  moisture ie  not s u ff ic ie n t  to 

meet potentia l evaporative demanue on the crop , The 

resu ltin g  changes in  Bt/Eo-time curves can be very large 

but there is  no method as y e t which can be used to  make 

the necessary quantitative allowance in  the fa c to r  f .  

There i s  a fu rther problem, th is  time aris in g  from Bt/Bo



ra tios  greater than unity. Values o f  Et/Bo ranging
i •*

from 1 .0  to 1 .8  were reported by Prescott (1936), 

Stanhlll (1958), Mather (1954), McCloud and Dunavin 

(1954), and Hutchison, Manning and Parbrother (1938). 

Although there ia  some doubt on the procedures used 

f o r  estim ating open water eraporation , Bo, i t  is  

evident that some crops can be more e f f ic ie n t  than open 

water surfaces in  the conversion o f  net energy in to 

la ten t heat.

A review o f  the re la tiv e  importance o f  various 

constants in  the Bo formula ( 8 ibbons, 1962), in d icates 

that Et/Eo ra tio s  greeter than 1 . 0 , and the obvious 

d ifferen ces  between crops, might be more related  to the 

physloal properties o f  the crop canopy, e sp e c ia lly  the 

aerodynamic resistance referred  to e a r lie r . The deriv

ation  o f  Penman formula in  a somewhat d iffe re n t  way by 

Monteith (1963) emphasised the ro le  o f  the aerodynamic 

resistance ( r &) and the additional etomatal resistance 

( r  ) introduced in  a crop when the le a f  surfaces are not
w

wet. Measurement o f  aerodynamic resistance f o r  crop 

canopies has, however, proved d i f f i c u l t ,  requiring large 

representative areas fo r  proper determination o f wind-
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speed p r o f i le * .  Numerous measurements with d iffu s io n
» •*

porometere are also required fo r  determination o f  rg .

However, in  sp ite  o f the d i f f i c u l t i e s  c ite d  above, th is  

approach provides the best method to  date o f  defin ing 

expressions fo r  crop water use in  terms o f  crop parameters 

and could be extended in  the future to inolude other 

fa ctors  connected with s o i l  moisture a v a ila b il ity .

In conclusion  to the above review o f  present status 

on the ap p lica tion  o f  evaporation formulae tecrop water use, 

i t  i s  perhaps a fa ir  observation  that in terpretations o f  many 

resu lts  o f  crop water use measurements have been biased by 

the underestimation o f  the part played by the roughness o f  

crop canopies in  the extraction  o f  sensib le  heat from the 

a ir ,  and the conversion o f  th is  energy in to  la ten t heat.

Values o f  Et/fco which turned out to be greater than unity 

were th ere fore  in some eases too read ily  explained in  terms 

o f  adveetion o l heat from surrounding areas, with a suggest

ion  that actual water use in  the middle o f  very la rg e , uni

form f ie ld  crop would always be le s s  than p oten tia l evaporation 

from open water in the same environment • Sven a fte r  the 

d iffe ren ce  in  rg between crop and water surfaces was 

recognised, i t  was s t i l l  maintained that the probable 

increase in  St would at most ju st balance the decrease due
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to surface alb*do (0.25 fo r  crop , 0*09 fo r  water)* 

Advection la , however, a fa cto r  to ba considered ser

iou sly  in  designing experiments fo r  crop water use 

measurements. The experiments o f  Pritsohen and 

Van Bavel (1964)* w ith lysin e  te r  crops o f  Sudan grass 

protruding w ell shore the surrounding crop , hare pro

vided a good demonstration o f  the importance o f  a 

uniform crop in  water use experiments*

Other methods o f  estimating crop 

jLater use -  neutron moisture meters

D irect measurement o f  s o i l  moisture under f i e ld  

crops is  not only necessary fo r  checking the v a lid ity  o f  

m eteorological estim ates o f  crop water use, but a lso  

such measurements provide useful inform ation on the s o i l  

moisture p r o f i le  a t a l l  stages o f  crop growth. These 

data should therefore  lead to a better  understanding o f  

roo t a c t iv ity  and hence the optimum frequency o f  i r r ig 

ation  and depth o l placement o f  f e r t i l i s e r s  fo r  maximum 

uptake by the plants*



The conventional method o f  s o i l  moisture measure— 

ment requires s o i l  s a p l in g  in  the f i e l d ,  weighing, drying 

fo r  s  standard period , usually 46 hours, in  an- oven at 

105°C, follow ed by ooolln g  in  a desiooator and re-w eighing. 

This technique i s  tedious because heterogeneity o f  s o i l  

moisture conditions in  the f ie ld  requires large numbers o f  

samples fo r  a reasonable degree o f  accuracy to  be achieved. 

S o il sampling a lso  tends to  destroy the s o i l  p r o f i le  to  the 

extent that in  time, sampling s ite s  beooae channels o f  

p re fe ren tia l drainage. A further source o f  error in  th ia  

method i s  the neoessity  to determine s o i l  bulk density or  

ex tra ction  o f  oore samples o f  known rolume fo r  the con

version  o f  gravim etric to volum etric moisture contents.

S p ecia lly  made nylon resietanee un its can be used to 

measure s o i l  m oisture. C alibration  o f  these unite i s ,  however 

d i f f i c u l t  and i s  usually not possib le  to cheek e ith er  during 

or a fte r  lengthy f i e ld  experiments. This lim ita tion  app lies 

e sp e c ia lly  to the oheaper gypsum blooks available commercially

Considerable and fa s t  development o f  an a ltern ative  

method o f  measuring s o i l  moisture oontent in  s itu  by the 

neutron scattering  technique has taken p lace in  the la s t  

18 years. Gardner and Kirkham ( 1 9 5 2 ) considered that 

hydrogen present in the s o i l ,  mainly as water, was the
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only material which would alow down fa s t  neutrons.
9 **

They developed a theory and a method o f  measuring s o i l  

moisture content based on th is  property and tests  

indicated that the method was app licab le  in  the range 

o f  s o i l  moisture eontente between oven-dryness and 

water saturation . Holmes (1953) presented resu lts  o f  

sim ilar te s ts  carried  out in  A ustralia  and among these 

early  experiments the work o f  van Bavel, Hood and 

Underwood (1994) was d irected  on methods o f  increasing 

v e r t ic a l  reso lu tion  o f  the equipment.

Most o f  the early  work on the use o f  neutron and 

games radiation  fo r  th is  purpose i s  extensively  reviewed 

in  the Commonwealth Bureau o f  S o ils  B ibliography, "The 

Determination o f  S o il  Moisture Using Heutron Probes 

(1963-1951) n. The la te r  developments are mainly in  

instrument design fo r  both b e tte r  reso lu tion  and r e l 

ia b i l i t y  in  f i e ld  operations (B e ll and McCulloch, 1966), 

methods o f  minimising errors in  ca lib ra tio n  and measure

ments (B e ll and I s l e s ,  1967), and operational precautions 

fo r  accurate evaporation measurement (Van Bavel and S tirk , 

1967).



As a resu lt o f  successfu l ca lib ra tion  and f ie ld  tests  

o f  the neutron moisture meters, a meeting o f  a panel o f  

experts on radiation  techniques in  s o i l  physics and i r r ig 

ation  stu d ies , held in  Vienna in  Cotols r  1964, considered 

that the neutron moisture meter represented a considerable 

advance in  technique over any previous s o i l  moisture 

measuring d ev ice , and held promise o f  being able to y ie ld  

useful quantitative measurements o f  crop water use* 

A ccordingly, i t  was decided to  set up a co-ordinated 

experiment in  which the water balances o f  the same crop 

under ir r ig a t io n  in  d iffe re n t countries would be compared, 

the crop water use measurements with neutron moisture 

meters reported here were part o f  th is  co-ordinated 

experiment.

,*> c r ?p ..a m

Crop water use e ff ic ie n c y  may be defined as the 

weight o f  dry matter produced per unit o f  water lo s t  by 

evaporation in  a unit area o f  f i e ld  crop (Hals# and 

V iets , 1957)* Since in  most cases only a fra c t io n  o f  

to ta l dry matter is  o f  economic in terest in  ag ricu ltu re , 

a more p ra c t ica l d e fin itio n  would be in  terms o f  market-

-  21 -
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able crop produced fo r  a unit depth o f water uaed in
* •*

evapotranspiration . Both evaporation and dry aa tter  

proauction are dependent on energy derived iron  aolar 

rad iation . Crop water uee e f f ic ie n c y  can therefore also 

be defined in  terms o f  the p a rtit io n  o f  net energy bet

ween la ten t heat and cheaieal energy e to red in  the fon t 

o f  dry aa tter . Several accounts o f  th is  approach have 

appeared in  lite ra tu re s  A llen , Yocum and Lemon (1964) 

obtained photosynthetic e ff ic ie n c y  o f  6 . 6 # in  the 

u t il is a t io n  o f rad ia tion  in  the 0 . 4 - 0 . 7  wavelength range. 

Using B eer 's  Law fo r  l ig h t  absorption , they ca lcu lated  

poten tia l photosynthesis and compared th is  value with 

p oten tia l evapotranspiration St ca lcu lated  from net 

radiation  data. The resu lt was that 16 timas more 

energy wms used in  evaporation than in  photosynthesis.

Amongst the more in teresting  data, Yao and Shaw 

(1964) found that water use e f f ic ie n c y  in  maise was 

also sen sitive  to plant population, being highest 

(571 lb s /in ch ) in  maise planted two seeds per h i l l  in  

rows 21 inohes apart, and fa ll in g  to 414 lb s /in ch  when 

inter-row  spaces were increased to 42 inches. The same 

workers (l964b) found that net rad iation  1 metre above
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the crop was higher in  42 inch row crops than la  21 

inch row crop s» implying greatsr storage o f  radiant 

energy in  the denser crop.

The sub ject o f  energy conversion in photosynthesis 

and evaporation i s  reviewed by Lemon (1966). I t  turns 

out that the better  the understanding o f  the phyeiee 

o f  energy exchange and the morphology and physiology 

o f  p lan tsf the le e s  can be sa id  about water use e f f 

ic ien cy  in  such general terns as the "tran sp iration  

r a t io " .  Each crop , on each s it e  at a p articu lar tim st 

fo llow s the laws governing the in teraction  crop and 

environmental fa c to r . The study o f crop water use 

e ff ic ie n c y  described here i s  therefore not meant to 

provide more data on the weight o f  dry matter produced 

per unit o f  water used, but to find  lo g ie a l and con

venient means o f  estimating both optimum crop product

iv i ty  and crop water requirements under f ie ld  conditions 

from measurable environmental and crop fa cto rs . The 

task o f  combining crop produ ctiv ity  with crop water use 

fo r  maximum water use e ffio ie n o y  w il l  be l e f t  to  the 

agronomist to wort out according to circumstances -  

environments, s o c ia l and economic -  prevailin g  at each

location .
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While a better  understanding o f  Hie pattern o f  crop 

water use can be used to minimise wastage o f  water in  

ir r ig a t io n  and would, o f  eouree( be very usefu l in  the 

extension o f  orop agricu lture to d r ier  areas, the scope 

fo r  con tro l o f  I t  i s  l in ite d  by the n ecessity  to keep 

stomata open as long as p ossib le  fo r  0 0 £ assim ilation* 

Studies ca rried  out on chemical an ti-tran sp iran ts are 

reviewed by Waggoner (1966)* I t  appears that although 

there are chemical sprays which would con tro l stonatal 

opening and in  a few oases these have been found to  

decrease transpiration  r e la t iv e ly  more than photo

synthesis, l i t t l e  i s  known about the fe a s ib i l i t y  o f  

using these techniques under f i e ld  conditions* Exper

ience w il l  therefore in d icate  that at preeent, the 

most promising approach to evaporation reduction  in  

f ie ld  orops l i e s  in  finding out the crop water require

ment at a l l  stages o f  growth and the most eoonomio 

methods o f  sa tis fy in g  th is  require meat*

i •*
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feitaaiLtoa a t k t q m  paotoByntoewie in H eld crops

B o ie n tiflo  studies o f  crop y ie ld s  date as fa r  back 

ae the e a r lie s t  f e r t i l i s e r  t r ia ls  la  B rita in  and America 

in  the 19th century, These studies were ooaflaed to 

f in a l y ie ld s  o f  the econom ically important components, 

v ia . gra in , tubers o r  hay. In terest in  the re la tion *  

ships between plant populations and y ie ld s  subsequently 

developed, follow ed by studies o f  growth ra tes , whieh 

led  to the in troduction  o f  le a f  Area Index by Vstson 

(1947)• P a ra lle l stu d ies o f  carbon dioxide assim ilation  

in  leaves were being carried  out in  con tro lled  environ* 

aente, pioneered by the work o f  Blackman (1695), Brown 

and Eeeombe (1905), Haskell (1928), and fo llow ing exper

iments by Heath ( l9 5 l )  and Gaaetra (1959) and eth ers , 

there has been a welcome but gradual extension o f  labor*
l

s tory  methods to  f i e ld  orope by workers such ae Heaketh 

and Hose ( 1 9 6 3 ) .

Carbon dioxide concentration  and l ig h t  in ten sity  

are the two aaior lim itin g  fa cto rs  to  photosynthesis 

under f i e ld  con d ition s. There i s  l i t t l e  one can do to 

increase e ith er  the OQg concentration in  the free



atmosphere or C0g a v a ila b il ity  to the leaves, tha la tter  

being dependent on windapeed and aerodynamic properties 

o f  the crop. Much f i e ld  worksites therefore beau d irected  

at the d escrip tion  o f  the pattern o f  l ig h t  in tercep tion  

In the crop canopy and attempts to ca lcu la te  gross photo

synthesis iron  taeae p r o f i le s  uaxog photoeyndhaeie-ligh t 

curves fo r  s in g le  leaves as determined in  the laboratory .

Soae o f  the original work (Davidson and Philip) 19561 

Saeki, I960) assumed ligh t p rofiles  based oa Beers' haw

o f ligh t extinction in a homogeneous mediums
- v .

h  ■  > /  ...... d .a )

where I le  the incident ligh t intensity

IL is  the light intensity nt depth L in the medium 

k is  the ligh t extinction coefficien t In the medium.

In the case o f  crop canopies* k i s  dependent on 

transmission through single  leaves and on th e ir  geom- 

strxo arrangement on the p lan t. The changing spectral 

com position o f  rad iation  due to  absorption) transmission 

and r e f le c t io n  by leaves in  the canopy was neglected , 

de V it (1999) based h ie  ca lcu la tion s on a model assuming 

random d istr ib u tion  o f  le a f  angles w ith in  a canopy which
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Absorbed a l l  rad iation  fa l l in g  on i t .  This approach
# **

was m odified la te r  (do W it, 1965) by d iv id in g  19  the 

canopy in to  an in f in it e  number o f  section s oriented at 

a l l  angles to  d ire c t  so la r  rad ia tion , with a secondary 

rad ia tion  component based on con tribution  from d iffu se  

siiy ra d ia tion . She to ta l area o f  canopy receiv in g  lig h t  

was obtained by a se r ie s  o f  Integrations based on the 

above fa c to r s . Success o f  de W it 's  method has been 

demonstrated fo r  complete oanopies o f  a l fa l fa  (S ta n h ill, 

1962), pasture (A lberts and Slbma, 1962), kale (Watson 

and W itts , 1959), subterranean c lo v e r  (Davidson and 

Donald, 1956| Black, 1965) and r ice  (Takeda, 1961), but 

serious discrepancies have also been observed with corn 

(W illiam s, Loomis and Lepley, 1965), mimed pasture 

(Brougham, 1956) and sugar beets (Watson, 1956).

Montelth (1965) e r it ie is e d  the use o f  mean lig h t  

in te n s it ie s  in  estimates o f  photosynthetic rates in  crop 

canopies and the nagleot o f  the changing sp ectra l com

p o s it io n  o f  l ig h t  as a re su lt  o f  r e f le c t io n  and trans

mission in  the osnopy. In order to  minimise such errors , 

Montelth, in  the same paper, proposed a new model fo r  

lig h t  in tercep tion  in  f i e ld  crops. In th is  modal, the



canopy la  divided Into layers  o f  unit le a f  araa index,
t •*

L, and the light distribution is  given by the binomial 

expansion o f  the equation

Ij. -  Io (e ♦ ( l  -  a )r)1 ........ (l»5 )

where s i s  a parameter ch a ra cte r is t ic  o f  the average 

arrangement and or ien ta tion  o f  leaves, and i s  equal to 

the fra c t io n  o f  incident rad iation  that passes through a 

layer without in tercep tion . T  i s  the average transmission 

c o e f f ic ie n t  o f  the leaves over the speotra l range o f  the 

incident so la r  rad iation .

The model has been critlo ised  on the basis that i t  

stops at fractional areas o f sunfleoks which are not as 

accurate in predicting photosynthesis as are the fract

ional areas o f leaves in each layer receiving light at 

various angles of inclination to their surfaces.

Other models, e .g . Duncan et a l . (l967X heve been 

proposed, but the main d iffe re n ce s  are in  the degree o f  

d e ta il the authors consider necessary fo r  proper eval

uation o f  rl.i l ig h t  and carbon dioxide functions and 

e ffe c t s  on overa ll estim ates o f  gross photosynthesis.

The work described here placed eaphasis on M onteith's

• 26 -
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uracy, to r  e o t le o t le g  potentia l produ ctiv ity  o f  f i o ld  

crops in  tho lo c a l environment.
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The experiment was situated  on the Mwea Irr ig a tio n  

Settlement (la t itu d e  0°38*S, longitude 37°22'B, a ltitu d e  

1 ,3 0 0  m etres), some 1 1 0  km from the home base o f  

I.A .A .F .B .O . Although th is  distance raised  many prob

lems in  day-to-day supervision , the s ite  i t s e l f  wae 

ex ce llen t f o r  the purposes o f  the study*

With some 3*000 hectares under furrow r lo e  ir r ig a t io n , 

the s it e  was s u ff ic ie n t ly  large to give uniform conditions 

o f  fetoh  over a considerable distance*

The p o s it io n  o f  the experimental p lo ts  with respect 

to the irr ig a ted  area la  shown in Figures la  and lb* Fig

ure 2 shows a comparison between Penman Bo and evaporation 

from a raised  gridded pan in  the m eteorological enclosure. 

Over the period A pril to Vovember when the r loe  f ie ld s  

were flood ed , Penman Bo wae con sisten tly  higher than pan
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evaporation but when the flalda dr lad out inDeocmber, 

pan evaporation waa more than Penman Bo, indicating 

that there night v a il be an appreciable adveoted eom- 

ponent o f  evaporation during the period when the rice  

fie ld e  are not flooded* There nap be a residual adveot- 

ion component alec when the fie lds  are flooded, but this 

i s  lik e ly  to be less than 10jt*

The Uvea Irrigation Settlement has twc main s o il  

types both derived from massive volcanic lava flows from 

Mount Kenya. On well drained sites highly permeable red 

kaolin itic clays have been foraed and in areas with 

impeded drainage, heavy black nontnorlllonitio days are 

found. The experimental s ite  is  on an area o f  level red 

so il underlain at depths varying from 1*8 to 2.3 metres 

by tu ff rook* Ohenioal analyses of the experimental 

so ils  (Appendix l )  showed no sign o f  sa lin ity  problems. 

The experimental area had been levelled  in  the past and 

i t  is  evident that some 13 cm o f so il had been moved from 

the p ro file  In fie ld  B on to that in fie ld  A* Results of 

a physical analysi s o f pore space and water holding cap

acity are ehown in Table 1* The so il is extrenely pern-
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cable  down to the rook base with a moderately high* •*
water holding capacity*

She average r a in fa l l  i s  800 am fa l l in g  in two 

seasons, Apr 11-hay and Hovember-Deeamber* She annual 

evaporative demand (Penman Bo) la  about 1,800 am.

,<¥*4 Prooeav^re

She experimental f i e ld  was divided in to  2 one- 

hectare p lo ts  ( f ig *  la )*  A hydraulic weighing lysim - 

e te r  was set in the middle o f  each p lot and a centra l 

p lo t  12 metres square was marked around e&oh lysim - 

eter* Pour sub-p lots 2  m x  2  m were marked at the 

com ers o f  each cen tra l p lo t  and neutron moisture 

meter access pipes were in sta lled  to a depth o f  180 cm 

in  the sub-plots and 1 7 0  om in  the lysim eters* 

Tensiometers were in s ta lle d  at 170 cmt 150 om and 

70 cm depths in  the cen tra l p lo t  and at 1 7 0  cm and 

150 om in  the lysim eters*

The lysim eters used in  th is  experiment were 2 m x 

2  m x 2  m deep, the design, construction  and operation
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LYSIMETER

0 °
FIELD SCREEN

B
LYSI METER

6 MILES

4 MILES

METEOROLOGICAL
SITE

Fig, l a i Lcsjrout o f  the experimental f i e ld  showing d ire ct ion  o f  
prevailing  wind. The arrows indicate extent o f  fe tch  
over flooded pcddy f ie ld s .
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Pig. lb. Position of experimental plot within 
tile irrigation scheme
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Pig. 2. Comparison between Penman Eo and evaporation 
j.rom raised gridded pan in the meteorological 
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Depth

Q ravinetrie
■oiature
content

W ilting
point

sun
flow er
*

T o l. o f  
100 gn 
s o i l  
ml

Equivalent 
depth o f  
water

Depth
o f
a v a il
able
water

Perme
a b i l i t y  
era/ sec.

P erco l
a tion
rate
cn /h r .pF

2.5
%

P*
4.2
|

pF
2.5

pF
4.2

0-15 38.4 23.1 93.8 61.4 36.9 24.5 0.039 140
15-30 38.2 23.4 23.1 97.5 58.8 36.0 22.8 0.040 144
30-45 39.4 24.0 24.2 98.6 59.9 36.5 23.4 0.035 126
45-75 39.7 24.4 24.6 96.3 123.7 76.0 47.7 0.027 97
75-105 41.0 25.0 25.5 99.4 123.7 75.5 48.2 0.029 104

105-135 43.7 25.4 25.7 101.9 128.7 74.8 53.9 0.024 86
135-150 45.3 25.3 26.4 100.9 67.3 37.6 29.7 0.028 101
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o f  th is  typo o f  ly s la e te r  being described by Forsgate,
$ •*

Hooogood and McCulloch (1965).

A tank o f  s o i l  containing the crop planted to 

aateh that in  the f i e ld  ie  supported on f l a t  f le x ib le  

metal b o lsters  that are f i l l e d  with water. The pressure 

o f  the tank and s o i l  i s  supported by a balancing column 

o f  water connected to  the b o lste rs . Changes in  the 

water oonteut o f  the tank are re fle c te d  by changes in 

the height o f  the ualanoix^ column which i s  z-ead d a ily .

Several weeks a fte r  the lysim eters were f i r s t  

in s ta l le d , i t  beoame apparent that the lysim eters were 

not performing properly and the le v e ls  o f  water in  the 

balancing columns were r is in g  s te a d ily , implying a 

reduction  in  the bearing surface area between the ly s 

ine te r  tank and the bolsters.

I t  was suspected that th is  trouble wae caused by 

stretch ing the b o lste rs  beyond the e la s t io  lim it  o f  the 

m aterial during in s ta lla t io n , and th is  was p a rt ia lly  

confirmed by prelim inary tee ts  on speoiaen b o lste rs . A 

test  r ig  ss t  up at ttuguga was used to sub ject the 

bo lsters  to oyolss o f  pressure up to h a lf  an atmosphere 

to check f o r  leaks and fo r  consistency in  performance.
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She teat r ig  was made o f  two concrete slabs Z m s t  1*2 a
» •*

z  13 cm oast round f l a t  hoops o f  s tea l bar suoh that 

one slab was suspended 5.7  cm above the other, b o ls te rs  

could then be pushed in to the s lo t  and considerable 

pressures laposed without any danger o f  the b o lster  

sw elling excessive ly . On in i t ia l  sub jection  to 

pressure o f  h a lf  an atmosphere, the b o lste r  took acme 

days to s e tt le  down but leas  tin s  was required on 

subsequent recyclin g . A ll the new bo lsters  fo r  the 

experimental ly s iaetere  were tasted in  th is  r ig  before 

they were used to replace the fau lty  b o ls te rs . She 

trouble did not recur and has not bean observed in  other 

lyeim etere with b o lsters  treated in  the same way.

A fter  a few months o f  sa t is fa cto ry  performance, the 

ly a ia e ta rs  showed signs o f  leakage in  the measuring 

system and were once more excavated. She hard p lea tie  

connecting pipes between the bo lsters  were found to 

have developed fin e  cracks at sharp bends. A ll  pipee 

were replaced with more p lia b le  but durable p la s t ic  

hosepipe which subsequently proved s a t is fa cto ry , the 

lyeim etere were b e a k -f ille d  with fresh  e o i l  excavated
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from p ita  a t  the edge o f  the f i e l d .  The in i t ia l  test  

period under a waterproof tarpaulin  waa shortened by 

tha necessity  to plant the s e ise  crop on tins , but 

t ills  and la te r  tea ts  a fte r  harvest indicated a reason

ably sa tis fa ctory  le v e l o f  performance.

Both lysim eters were function ing properly when 

the bean crop waa planted a t the end o f  February 1968, 

but a fte r  three weeks one o f  the ly s ia e te re  developed 

a leak in  the weighing syeteu and had to  be excavated

and l i f t e d  ou t. Tha leak waa tc&eed to  pin holes on 

one b o ls te r , apparently caused by e le c t r o ly t ic  corrosion  

in the natal. Shis b o lster  was replaced and the lyslm - 

e te r  tank r e f i l l e d  with s o i l  but although performance 

waa good a t the beginning, sudden drops in  column height 

continued to occur at random, aaking estimates o f  erop 

water use from th ie  lysim eter u n re liab le .

The lysim eter measuring systems ware ca libra ted  

using f i e ld  ass istan ts  as weights. Figure 3 shows 

sample ca lib ra tio n  lin e s  fo r  the two lysim eters. The 

ca lib ra tion s  were always lin ea r  with 1 mm change in
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column oorrespending to nearly 1 mm o f  water on the
»•*

ly  s loe  ter .

A tension drainage system was Insta lled  In each 

ly  B laster. This consisted  o f  two sets  o f  4 ceramic 

candles, 16 cm long and 4*5 cm In diameter, connected 

to  two p la s t lo  tubes dipping in  water 100 cm below the 

le v e l o f  the bottom o f  the lyslm eter. These candles 

performed s a t is fa c to r i ly  throughout.

Neutron moisture raetero

Two d iffe re n t  makes o f  neutron moisture meter, the 

S lectron lc  A ssociates Limited (L .A .L .) model and the 

RIV-I, a Russian make, were tested  m  th is experiment 

(Figure 4 ) .

C alibration  was obtained by digging volum etric 

s o i l  samples from sets  o f  three p r o fi le s  15 cm from 

neutron probe access pipes placad in  dry, m oist and wst 

ground fe the oame p lo t . The volum etric moisture con

tents thus obtained ware p lo tted  against neutron count 

rates in the same s o i l  horlaon.



Prom February 1968, I t  was p ossib le  to use one o f
* •*

the B.A.1 .  neutron moleture meters made A vailable by 

the In stitu te  o f  Hydrology, W allingford, U .A., f o r  

catchment research Work la  East A fr ica . C alibration  o f  

th is  Instrument la  the s o i l  moisture range 0.23 to 0.38 

moisture volume fra c tio n  i s  shown in  Figure 3a. The 

specia l ba tter ies  required fo r  the HIT-I moisture 

meters could only bs obtained overseas and th is  led  to 

considerable lo s s  o f  time. C alibration  fo r  th is  

instrument over the same range o f  s e l l  moisture contents 

Is shown in  Figure 5b.

The range o f  s e l l  moisture contents used in  the 

above ca lib ra tio n s  i s  comparable with the range o f  

av a ila b le  s o i l  moisture in  the top 30 om (eee Table l ) .  

F ield capacity  figu res  in  Table 1 were obtained by 

draining core samples under & atmosphere tension in  

the laboratory end although these figures agree with 

f i e ld  observations fo r  the top 30 cm, there i s  no rea l 

evidence that the higher values Indiestsd fo r  lower 

depths were aohieved under f i e ld  conditions.

-  41 -
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ienaicm etere wore made by sea ling  a email ceramic

tensiometer cup em Ion*, 2 om diameter, on to  one 

and o i  a 15 mm diameter hard p la s t ic  p ipe. A g lass  

reservo ir  with a narrow aide tuba was fined to the 

other end o f  the p la s tic  p ip e . The aide tube was 

connected to a mercury manometer comprising a g lass  

ca p illa ry  tubing, 2 mm bore, dipping in to a mercury 

reserv o ir . This use o f  narrow g lass  tubing fo r  the 

manometer reduced response time and the quantity o f  

exchange water between tensiom eter cup and the s o i l .

The mercury nanometers were mounted lnexde two wooden 

sh ields painted whits to reduce heating, and were read 

only once a day at a time (0900 hours) when day-to-day 

temperatures were nearly the same, by using fresh ly  

boiled  water throughout the system, formation o f  a ir  

bubbles was g rsa tly  reduced and flushing o f  the con

necting tucon was usually necessary only once every two 

weeks. A ll tensiometers were tested  in  the laboratory 

to a suction  o f  47 cm Hg before in s ta lla t io n , atmos

pheric pressure at the s it e  being only 58 om Mercury.
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The tensiom eter arrangement to  shown in  figu re  6. 

The f i r s t  attempt to use these tensiometers in the 

f i e ld  fa ile d  due to the unexpected fla tten in g  o f  the 

strong p la s t ic  tubing where i t  was exposed to the sun, 

and la te r  the development o f  leaks a t  the jo in ts  bet

ween the g la ss  reservo irs  and the p la s tic  pipe a* The 

leaks were subsequently stopped by s lid in g  d o s e  

f i t t in g  rubber sleevee over the jo in ts  and applying 

grease. The fla tten in g  o f  the p la s tic  tubing p ers isted , 

though to  a le s se r  exten t, a fte r  burying the tube in  the 

s e l l  over as much o f  i t s  length as p oss io le . In 1968, 

i t  was p oss ib le  to replace the flattened  connecting 

tubes with tough translucent P.V.C. tubing. This tub

ing proved mere beat resista n t but was apparently more 

a ttra ctiv e  to rodents which b it  holes in  the tubing 

eeuumg frequent lo sses  o f  data.

When a th ird  treatment was included in  tho 1963 

experiment, additional tensiometers could not be 

constructed in  time and commercial lrrom eters with 

vacuum gauges were used. The depths o f measurement 

were, however, re str ic te d  to 120, 100 and 50 cm, these 

being the lengths o f  the available  lrrom eters. These 

lrrom eters had the advantage o f  reg isterin g  actual
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• o il moisture tension without the necessity  to correct
* •*

fo r  a hanging; column o f  water* but the vacuum gauges 

oould only be read to  1 cm lig and they deteriorated 

quickly under continuous exposure in  the fie ld *  the 

in d ica tor  mechanism became unreliable due to  etiok lng.

Meteorological site

Measurements o f  maximum* minimum* wet and dry 

bulb temperatures* hours o f  sunshine* run o f  wind* 

ra in fa ll  and radiation  (Ounn-bellanl radiometer) were 

made in  an enclosure established immediately upwina o f  

the experimental s it e  ( f i g .  7 ) .

Open water evaporation was recorded in  the enc

losure from a raised Kenya type evaporation pan 122 cm 

in  diameter and 43 cm deep covered with ohioken wire 

to  keep birds o f f .

1 second m eteorological screen was mounted on a 

strong v e r t ic a l  metal pipe in  the f i e ld  near lyeim eter 

A eo that screen height could be adjusted to 30 cm 

above the crop. Maximum* minimum* wet and dry bulb 

temperatures in  th is  screen were recorded at the same 

time as the m eteorological s it e  screen temperatures 

at the edge o f  the f i e ld .
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Comparison between temperature and humidity r e c -
»**

orde from the two screens (Table X) over a period o f  

4 months didmnot reres l any appreciable d iffe ren ces  

and the d i f f i c u l t  operation  o f  the f i e ld  soreen was 

discontinued.

Data recorded at the m eteorologica l s it e  were 

used to  ca lcu la te  the Penman estimate o f  open water 

evaporation, Bo, using tao les  published by MoGullooh 

(1*65). Monthly means o f  the above weather parameters 

are presented in  Appendix 2.

I g l& a t io n

I n it ia l ly  water was pumpsd from an ir r ig a t io n  

canal at the edge o f  the f i e ld  into an overhead spray 

system con sistin g  o f  a sin g le  lin e  o f  seven sprinkler 

heads covering a s tr ip  10 a  x  100 a . The pump was not 

lsrg s  and took 1 hour to apply 6 as on a s tr ip . 

Uniformity o f  ap p lica tion  over the oentral area as 

assessed by 8 m a ll  rain  gauges was reasonably good, 

but va ria tion s  o f  up to 15# wars observed.



C
H

A
N

G
E

 
IN

 
C

O
LU

M
N

 
H

E
IG

H
T 

(M
M

.)

4 b

LYSI METER B

Pig* 3* Sample calibration lines for the two lysimeters
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7. lrieteorolo&ical unclceure at the eastern
edge o f  the experinental p lo t .  Paddy f ie ld s  
can be seen In the he eJr ground.



between temperature and humidity records from the m eteorologica l s it e
screen (M .S .) and tbe screen 30 cap above the u l » t  crop (P .S . )

A ir temperature ^ i .  Saturation
d . I l c l t  nean o f  ______ ^ B ela tire

humidity
1500 bra

Period Xax. Kin. Kean
0900 and 
1500 hra

mean oj.
0900 and 
1500 bra

1967 •<0. oC. ° C. 0C. am. o f  
mercury

—
*

M.5. P .3. M.S. P.S. K.S. P.S. H.S. P.S. K.S.
—
P.S. K.S. P .S.

8ept. 28.2 31.3
‘

14.3 14.7 21.3 22.2 13.4 14.5 7.47 8.68 40 40

Oct. 28.0 27.7 19.8 16.5 21.9 22.1 15.6 17.1 6 .42 5.32 48 55

Sot. 26.3 26.6 15.4 16.0 20.9 21.5 17.9 18.3 3.15 3.22 66 66

Dec. 27.2 27.4 12.5 13 .2 19.9 20.5 16.2 16.3 ex 3.97 56 55
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Although the oapaoity o f  th is  equipment was' 

s u ff ic ie n t  to  supply routine ir r ig a t io n  requirements, 

i t  soon proved completely Inadequate to water the 2 

hectares o f  land w ithin the prescribed experimental 

schedule and was replaced with a new system. A more 

powerful motor and more appropriate pumpy lin e  pipes 

and sprink lers were in s ta lle d . In the new system, two 

l in e s  o f  6 sprink lers covered a s tr ip  25 m x 100 a 

and applied water a t  the rate o f  10 mm per hour in  

each s t r ip .  She uniform ity o f  water ap p lica tion  was 

reasonable (Sable 3) but there was a la rge  discrepancy 

(approximately 23$) between the amount o f  water c o l l 

ected  in  raingaugee and the estimated ir r ig a t io n  from 

the metered ap p lica tion . She flow  meter had been 

oa librated  by a commercial firm p r io r  to  in s ta lla t io n  

but a check carried  out in  aitu  by pumping water into 

a 4 9 0 -litre  tank revealed that the flow  meter over

estimated the quantity o f  water flow ing through i t  by 

approximately $£• Shie l e f t  19# to be aooounted fo r  

by d ire c t  evaporation o f  the fin e  sprink ler droplets 

before they reached the ground. In order to minimise 

th is  e r ro r , most o f  the ir r ig a t io n  was therefore
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m u :  i

o* water ap p lica tion

(a ) Typical catches (in ch es) in  nine raingauges d is t r ib 
uted in  an area 20 f t .  x 20 f t .  receiv ing  water from four 
sprinklers spaced 40 f t .  x 40 f t .  and with spray diameter 
o f  80 f t .|  bare ground.

Gauge Vo.
Irr ig a tion  pipe settings

2 ! 3 4 5 6

1 3.79 5.75 4.39 5.66 4.38 7.34
2 4.39 4.38 9.51 4.42 4.57 5.28
3 3.74 4.39 4.84 3.46 4.14 4.26
4 3*89 3.78 5.55 5.23 4.21 4.04
5 3.68 4.27 4.68 4.93 4.94 5.16
6 3.84 4.32 9.58 4.31 4.88 4.44
7 3.35 3.71 4.98 5.12 5.10 3.79
8 3.65 3.87 5.50 4.52 4.94 5.42
9 4.19 2.81 5.06 4.34 4.85 4.24

Total 34.72 37.26 50.11 41.99 42.01 43.97
Mean 3.86 4.14 5.57 4.67 4.67 4.89

Estimate from 
flow  meter 5.85 5.85 5.85 5.85 5.85 5.85

(b ) Catches (aa) in  raingauges plaoed at the subplots in  
each oentral p lo t . Height o f  maise approximately 30 cm.

«d A
Gauge in  subplot Estimate

from
flow meter

f ie ld
1 2 3 4

w tabiil

A
B

26.4
20.6

27.7
19.8

29.5
19.8

47.8
21.3

31.0
23.1

57.6
27.5
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carried  out at night whan evaporation ia  vary low.

8u itable exposure fo r  raingeugee proved d i f f i c u l t  whan 

the Blaise grew higher than 50 cm, the height o f  the 

gauge rim from the ground in  normal raingaugo exposure.

The f i r s t  ir r ig a t io n  was applied ju s t  before p lant

ing and was designed to  provide uniform s o i l  moisture 

con d ition s throughout the experimental area. A fter 

sampling both f ie ld s  to  determine the s o i l  moisture 

oontent a t a l l  depths up to 180 cm, the p r o f i le  was 

brought up to f ie ld  capacity by Irr ig a tio n .

She various treatments were Intended to be i r r ig 

ated on the same day each time, applying 1 .1  and 0.7 

times as much water as had bean evaporated in  the wet 

and dry treatments resp ectiv e ly  as recorded by the c o rr 

esponding lyslm eter. the above figu res  were however 

changed in  1968 from 1 .1  and 0 .7  to 1 .2  and 0.6  to inc

rease the d ifferen ce  in  available  water in  the two 

treatments. I t  was not found fe a s ib le  to Irr ig a te  the 

two f i e ld s  on the same day, but by s h ift in g  the p ipes 

from one f i e ld  to the oth er , i t  was p ossib le  to i r r ig 

ate a t le a s t  a l l  o f  the oentral s tr ip s  on the same day. 

The ir r ig a t io n  Interval was set at two weeks but varied
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somewhat because o f  minor breakdowns in  equipment. The
»**

sprink ler heads had to be ra ised  on extension pipes as 

the crop height increased*

Because o f  heavy ra in , no ir r ig a t io n  was necessary 

during the bean crop*

SfflJTOASg Maeofle

The f i r s t  crop o f  aaiae was planted in  September 

1967* The maise hybrid B 511, maturing in  four months 

and recommended fo r  a ltitu d es  around 5,000 fe e t ,  waa 

chosen in  an e f fo r t  to  keep the growing season w ithin  

the period  when the surrounding r ic e  f i e ld s  were flood ed , 

and hence to  avoid p oss ib le  adveotion e f f e c t s .  A ll  

measurements proceeded normally but unusually heavy rain  

in  October removed ir r ig a t io n  treatment e f fe c t s  and the 

two f ie ld s  beoame re p lica te s  o f  the wet treatment. In 

the fo llow in g  long rains season starting  in  March 1968, 

the en tire  f i e ld  was planted with beane (Phaaeolua 

vu laaris  var. Canadian Wonder).

The bean orop was harvested in  May and a second 

aaiae crop , hybrid H 511, was planted in  July 1968.



With the exception  o f  one ly s in e  te r , the equipment
i •*

did not g lee  trouble end e l l  measurements were made 

regu larly  throughout the season* There was very l i t t l e  

re in  during the a a jor  part o f  the growing season up to 

a e tu r ity  end the ir r ig a t io n  treatments were applied 

throughout.

Before each p lanting, the lend was ploughed end 

single superphosphate was broadcast at the rate o f  

382 kg/ha before harrowing. Two aaise seeds were 

planted per h i l l  a t  20 ea spaaing in  rows 1 metre apart. 

Thinning took p lace one week a fte r  emergence, leaving 

only one seedling per h i l l .  360 kg/ha o f  sulphate o f  

ammonia was applied by hand in  two lo t s  • one th ird  as 

a side dressing on both sides o f  each aa ise  row a t 

p lanting and the remaining two th irds along the lin e  

hallway between the rows when the aa ise was 30 ea high. 

Beans were planted s in g ly  at 13 cm spacing in  rows 

30 cm apart. Mo f e r t i l i s e r  was applied to  the bean 

crop . The f ie ld s  were weeded by hand at le a s t  twice in  

the season.



-  57 -

flan t measurements

For each crop o f  males» three plants were se lected  

at random in  each su b -p lot and the ly e  has te r . Plant 

heights were measured twice a week and the averages fo r  

each p lo t  were ca lcu la ted .

Crop Derfnraimqft

The 1967 maiae crop was adequately supplied with 

watery germination was 100# and the orop grew uniform ly. 

I t  was necessary to  spray twice with 1# D.D.T. to con tro l 

sta lk borers . The y ie ld  from th is  crop was 5.6 ton /ha.

The 1966 malse crop was equally good in  germination, 

uniform ity o f  growth and in  y ie ld  In the wet and medium 

treatments. The dry treatment had a good sta rt but 

growth rate and uniform ity o f  cover were a ffeoted  a fte r  

the ir r ig a t io n  treatment was imposed. There was con

siderab le  lo se  o f  gra in  due to  bird damage and ro ttin g  

caused by heavy ra in  a t  harvest. The bean orop was 

healthy and grew uniform ly. The low y ie ld  (1 .5  toV h a ) 

was caused by ro ttin g  as a resu lt o f  heavy rain at

harvest time
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Reoulta

Crop water u»» -  lysim etere

Results from the 1967 ra ise  crop are shown In 

F ig. 8 where Bt/Eo Is  p lo tted  in  running averages o f  

two 5-day periods* Iysim eter A received the higher 

water treatment at the beginning! but the d ifferen ce  was 

removed by heavy ra in  la te r . There was a high peak 

B t/E o  o f  up to  1*6 la s t in g  from tasse l l in g  to grain 

form ation. A sim ilar presentation ( f i g .  9) shows the 

water use pattern o f  the bean orop. A broad peak 

Bt/B o  o f  1*3 was recorded*

The water use pattern o f  the 1968 males orop is  

shown in  F ig. 10* The high peak Bt/Eo observed in  the 

1967 males crop did not ooour) Instead there was a grad

ual in crease! with email peaks corresponding to i r r ig 

a tion . I t  i s  in terestin g  that the maximum Et/Eo o f  1*2 

was obtained la te  in  the season when most o f  the leaves 

had dried  o f f  and hence there was l i t t l e  transp iration ! 

and that th is  maximum corresponded with the onset o f  

hesry ra in  (see diseuseion  on evaporation from "web" and 

"dry" leaves on page )•

0 **
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The v a lid ity  o f  the above measurements i s  discussed 

la te r . In gen era l, the pattern o f  water use follow ed 

the development o f  le a f  area, but the aotual r e la t io n 

ship between Bt/So and ground oover was d iffe re n t  with 

each erop. D eta ils  o f  lyalm eter data and computation o f  

Bt/Eo are contained in  Appendices 5, 4 and 5* A neutron 

moisture meter was not ava ilab le  during the 1967 maize 

crop. The water use data derived from gravim etric s o i l  

sampling are aho n in  Appendix 6.

The neutron moisture meters used in  the 1968 bean 

crop were the B.A. L. 104 and the ITIV-l/90.

D eta ils  o f  estimates o f  moisture content a t  d i f f 

erent depths in  each p r o f i le  are tabulated in  Appendices 

7a to 7e*

Taking the NIY-l/yO data f i r s t  and comparing the 

data in  the la s t  four oolumns o f  Table 4 , there i s  

l i t t l e  agreement between eetim stee o f  Et f o r  both 

f ie ld s  and the lyalm eter e ith e r  in  individual periods 

or in  to ta ls  fo r  the period l e t  March to 27th March.
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RAINFALL & IRRIGATION

Pig. 8. Water use of maize (1967-68 crop) 
in Lysimeter A and
Lysimeter B (x---- y)
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5 -  DAY PERIODS 1968

Fig* \̂ . Water use of beans (i960 crop) Lysimeter A
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A (W«t) •

Pig. 10. Water use of maize (1968 crop). Data from
Lysimeter A and E.A.L. 104- neutron moisture meter



63

The ca lib ra tion  obtained fo r  th is instrument was not very
»•*

good in  that the range o f neutron count rates was s n a il , 

in d icatin g  low s e n s it iv ity . In most cases , decrease in  

p r o f i le  wafer oontent resu lted  in  overestim ation o f  water 

use suggesting that the slope o f  the ca lib ra tio n  lin e  was 

too low.

Measurements with the l .A .L . moisture meter were 

taken over longer time in terv a ls . Istim ates o f  Et by 

weighing systems and the neutron meter in  the lysin e  ter 

are in  most oases quite c lose  and the d ifferen ce  between 

to ta ls  fo r  the period 23rd February to 2yth May i s  dess 

than 2$. A s im ilar agreeasnt can be seen in  the t o ta ls  

fo r  f ie ld s  A and B, but there are variab le  d iffe ren ces  

( 3 —35$) in  water use fo r  individual period s. The 

d iffe ren ce  between estim ates o f  to ta l water use in  the 

lysim eter and in  the f i e ld  i s  small ( le s s  than 5%)t and 

i s  accounted fo r  by the errors  in  estim ating mean pro

f i l e  water content from the four access pipes in  the 

f i e ld  (Table 3 ) .

KIV-l/yO developed an interm ittent fa u lt  in  one 

o f  the switches (see data fo r  f i e ld  A, 1 /3 /6 8 , Appendix 

7 b ). S IT -I/96 and E.A.L. 104 were therefore used during
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the 1968 maise crop. Detailed data for each p ro file
i  •*

are shown in Appendix 7e. She equivalent S V f - l /9 0  read

ings were obtained from toe equation

J f-(lIV -l/90 ) «  1.042 *5-(llIV-l/96) ♦ 0.033 
r e r.

derived froa an earlier  comparison. is  the ratio o f  

count rate in s o il  to count rate in shield. The moisture 

volume fraction was then read o f f  the tfT -l/90  

calibration.

Estimates of water use froa VIV-l/90 readings 

proved unsatisfactory and were not comparable with 

parallel estimates with the S.A.L. moisture meter (Table

*)•

The data obtained with E.A.L. 104 are summarised 

in Tabls 7* which includes Penman estimate o f open 

water evaporation Eo, so il moisture tension and tension 

gradients near the bottom of the s o il  p ro file .

A comparison between estimates o f St by neutron 

moisture meter and lyslmeter weighing system (Table 6) 

shows large differences in  individual periods. The

I



TABLE 4

Comparison between e s t im a te s  o f  Et by w e i g h i n g  ly s im e te r  and n eu tron  m oistu re  m eters -  bean crop  1966

Date
1968

Mean w ater 
con ten t o f  s o i l  
p r o f i l e
mm (n eu tron  p rob e )

Mean w. c . 
in
L ysim eter
A
mm (p ro b e )

D ecrease in  
w ater con ten

t o t a l  
t mm. R a in fa l l

mm.
Lys i c e t e r  
dra inage 

mm.

Et mm. Et L ysim eter A 
cm.

F ie ld  A F ie ld  B A B Lys.A F ie ld  A F ie ld  B W eighing
system

xN'eutron
m eter

NIV-90 NEUTRON MOISTURE METER

1 /3 647 644 . 555* -5 3 +18 -25 39-1 _ 92 .1 5 7 .1 34 .6 6 4 .1
9 /3 594 626 530 -2 0 +76 -45 9 .1 - - 1 0 .9 85 .1 1 7 .1 -3 5 -9

13 /3 614 550 575 -13 -6 6 +17 0 . 0 - 1 3 .0 -6 6 .0 10 .5 1 7 .0
1 6 /3 - 601 616 558 + 24 -2 +7 5 2 .1 - 7 6 .1 50 .1 2 1 .2 5 5 .1
2 0 /3 577 618 551 - i i -1 5 +11 2 2 .9 - 3 3 .9 7 .9 2 8 .9 3 3 .9
2 7 /3 566 633 540

T o ta l 1 2 3 .2 20 4 .2 1 3 4 .2 112.3 1 3 8 .2

EAL 104 NEUTRON MOISTURE METER

2 3 /2 513 566 509 -118 -1 22 -1 3 0 139.5 _ 21 .5 17 .5 4 0 .6 9 .5
6 /3 636 668 6 39 -2 8 -69 +13 2 1 1 .6 - 1 8 3 .6 1 4 2 .0 231-9 22 4 .6

1 7 /4 664 757 626 -114 -6 6 -89 1 9 8 .1 1 9 .8 8 4 .1 1 1 2 .1 10 6 .7 89 -3
2 /5 77S 843 715 +35 -35 +24 55 -9 5 0 .3 90 -9 9 0 .9 33-4 2 9 - i
8 /5 743 808 691 -67 +76 +36 3 1 .3 8 .5 9 8 .8 1 0 9 .3 73 -1 59 -5

29 /5 676 730 655

T o ta l 6 3 6 .9 7 9 .1 4 7 8 .9 4 7 2 .9 4 8 5 .9 4 1 1 .8

estim a ted  from  L ysim eter B
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T A B L E  &

Errors due to sp a tia l variation  in the estimates

1968 Beat! Crop

Bate
1968

S o il moisture content 1 
Average o f 4 p ro file s  
in  Field A

Decrease in  
to ta l water 
content

Et

mm.
Standard 
Error 

± mm, j
iilAt*

Standard | 
Error i
4. * him*

Standard 
Error 
1 mm.

IT.I.V. 90

T

1 /5  
9 /3  

13/3  
16/3  
20 /3  
27/3  

___ ._________

647
594
614
601
577
566

7 ! 

7
12

8 i
r*57H 
( -20  
I +13 
; +24 

♦u
L

9.9
9 .9

13 .9  
16.3
21 .9  ij

92.1
-1 0 .9

13 .0
76 .1
33 .9

9 .9
9 .9

13 .9  
16 .3
21 .9

Total _ _ _ _ I K 2 0 .5  jj204 .2 20 .3

J-i • A • Ij# 104
J

23 /2
6 /3

17 /4
2 /5
8 /5

29 /5

518
636
664
770
743
676

— —  -  . . .

9 • i 
12 

9
1515
14

-118
-2 8

-114
+35
+67

15.0
15 .0
17.5  
21 .2
20.5

21.5
183.6

84 .1
90 .9
98 .3

15 .0
15 .0
17.5  
21.2
20 .5

Total
, - - f - f m t M ,

-158 16.6 470.9 16 .6
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2M Lc f

i>* K*
Li_ neutron aolatare » t » r i

Period
1968

Field A Yield B f ie ld  0

FAX ■IT FAX ■IT FAX • ■IT

7 /8  -  21/8 18.6 200.8 18.1 -2 7 .8 25.0 -

21/8 -  28/8 22.6 13.2 47.5 33.3 19.6 5 6 . 0

28/8 -  11/9 61.1 113.3 37.5 190.4 82.8 73.9

Total 102.3 329.5 103.1 195.9 127.4

'



table; t

CROP WATER USE ESTIMATED PROM NEUTRON MOISTURE METER READINGS

Et (mm)
E erman 

Eo(raa)

•Et/Eo
P eriod 

1968
]

i
LLeld 1 Pield 

A j B
j J

Pield
C

1 1 ! t
Pield ! P ield ! 

A ! b ;

J j

23 /7  -  31 /7  131 .0  ; 29 .1  
31/7  -  7 /8  28 .0  j 25 .9

37 .3
29 .1

30 .3
27 .2

} J
1 .02  j 0 .9 6  ;
1 .03  ! 0 .9 5  !

(EAL 104, MAIZE CROP)

7 /6  -  21 /5  118 18 .1  2 5 .0 !  49 .7

P ield |

liEAIT s o i l  moisture tension  
T end Tension gradient 

dl at 150 cm. depth*
"els

P ield A1 rl'?v * S i x * ds

i P ield  B 
dT■ I 2 ♦as ;

---- -----r

P ield  C
dT 
as

0 .5 7  ] 0 .3 6  ;

1 .25  J -  j -  
1 .0 7  ! 146 j 0 .4  
0 .5 0  j 155 | 0 .5

I -  I -
] 151 S - 0 .
‘ ‘ “ -0 .

21 /8  - 2 8 /3  |22.6 1 4 7.5 19 .6 35 .2 0 .6 4  ] 1 .3 5  j 0 .5 6 ! 156 0 .9  j 163 -1 .5 312 3 .9
28 /3  - 11 /9  51 .1  } 3 7 .5 )a . c 81 .8 0 .7 5  : 0.4 6  ; ) | 160 0 .7  145 -6 .5
11 /9  - 19 /9  0 8 .5  j 17 .1

5 84 . 5
53 .4 0 .7 2  j' 0 .3 2  j )0 .b 3

1 153 0 .9  1 120 - 7 .7
)315 4*1

19 /9  - 25 /9  J33•3 I 12 .7 37 .5 5 0 .1 0 .5 6  ; 0 .2 5  j 0 .7 5 ! 161 1 .0  j 115 - 7 .5 420 - 3 . 1
26 /9  - 3 /10 343.0 I 47 .8 38 .4 54 .1 0 .7 9  1 0 «SO | 0 .7 1 ! 163 1 .3  | 135 - 5 .1 416 - 0 .1
3 /1 0  - 15 /10 51 .6  ! 27 .3 42 .8 86 .6 6 • G> 0 0 .3 2 0 .49 | 170 2 .0  j 143 - 5 .9 510 - 0 .7
15 /10  -- 3 l /lO j3 4 .1  j 59.5 70 .7 96 .9 0 .8 7  j 0 .6 1 1 0 .73 ; 179 3 .5  ! 196 2 .5 563 - 1 .2
31 /10  -- 19 /1 1 }7 1 .6  | 65.5 82 .7 106.3 0 .67  | 0 .6 2  j 0 .7 8 I - -  j 163 4 .7 4207 1 2 .8

_ J _____ L _____ —  ----- u-----------L i ____ i _____

J 242 i 
! 251 i
* 0 * 7 0  I

5 .0
4 .4
4 .4

<S\a>

*110 cm. in  P ield  C
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TABLE 8

Comparison between estimates o f  hX by neutron method 
( g,A .L .104) and the weighin* system la  the ly  aims ter

Period
1968

Xt (Lysixaeter A) Xt (Y ield  A)

weighlag 
system

neutron
meter neutron meter

23/7 -  31/7 24.9 1.8 31.0
31/7 -  7 /8 9.4 7.1 28.0
7 /8  -  21/8 25.8 26.5 16.6

21/8 -  28/8 19.0 33.7 22.6
28/8 -  11/9 61.5 55.7 61.1
11/9 -  19/9 40.1 26.1 38.5
19/9 -  26/9 50.2 62.7 33.3
26/9 -  3/10 52.4 27.8 43.0
3/10 -  15/10 81.5 73.7 51.6

15/10 -  3 1 /1 0 118.6 80.4 84.1
31/10 -  19/11 101.9 79.4 71.6

Total 585.1 474.9 483.4
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to ta ls  fo r  tbs season d i f fe r  by 2O/o, As observed» **
e a r lie r , p recis ion  in  estim ating St in  the f i e ld  by the 

neutron aoisture meter i s  reduced considerably by sp a tia l 

v a r ia b il ity  o f  s e l l  moisture p r o f i le s  (see Appendix 7 ) .  

This v a r ia b il ity  was increased by the uneven d is tr ib u tio n  

o f  ir r ig a t io n  water.

Another souroe o f  error  i s  the gravim etric determ

in a tion  o f  s e l l  moisture content in  the top 20 cm, where 

the lo s s  o f  neutrons imposes a lim ita tion  to the use o f  

the neutron moisture meter. In the early stages o f  

growth and whenever the s o i l  surfaoe is  wet, evaporation 

from th is  layer o f  s o i l  may constitu te  as much as SO% o f  

to ta l Et. An experiment was carried  out to determine the 

error Introduced in  th is  way. Ten s o i l  saoples at 5 cm 

and ten samples at 15 cm were taken a t  the same time 

w ith in  an area o f  100 on radius centred on one o f  the 

access p ipe*. The standard error  o f  the mean aoisture 

volume fra c t io n  was 0 .0 1 , i . e .  2 am in  20 cm o f  s o i l  and 

the standard error o f  d ifferen ce  between tw< such estim 

ates  would be 0 .014 , i . e .  2 .8  am in  20 cm o f  s o i l .  A 

time in terval o f  at lea st  10 days at 6 mu/dey evaporation 

is  therefore required i f  error due to  th is  source alone 

i s  to be redueed below 5%,
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A check waa aleo made on the p rec is ion  with which
* ' \

moisture content could be determined at a particu lar 

le v e l in  the soxl* Sen readings were taken in  succession 

with HIV-X and E.A.L, moieture watere both at 30 cm depth 

in  s o i l  and in  th e ir  resp ective  shields* From these 

readings, means o f  two successive readings were ca lcu la ted , 

th is  being the normal procedure in  the fie ld *

The re  m ilts summarised In fa b le  9 suggest that 

greater preo ie ion  was achieved with fi.A .L. than with HIV-X 

moisture meters* Since there was no system atic change in  

sh ie ld  count ra te , ca lib ra t io n  o f  E.A.L* moisture mater 

was based on count rats in  s o i l ,  and moisture contents in  

the f i e ld  were obtained from th is  ca lib ra tion  without 

re i’erenoe to  sh ield  count* The shield count was never* 

tnelest recorded twice on each day o f  f i e ld  mesfurementa 

as a ei.tok on the performance o f  the equipment.
• . , . • I ’ ; • i ‘

The data obtained with tensiometers are contained 

in  Appendix Q. Average gradients o f  a c i l  moisture 

t+majfir, have been ca lcu lated  but, fo r  reasons discussed
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TABLE

P recis ion  In estimates o f  p r o f i le  water content 

by the neutron moisture meter

D escription  o f  error HIT 96 BAL 104

Vo* o f  readings taken 10

Vo* o f  means o f  2 aueceeaiTo readings 9 9

C oe ffic ien ts  o f  varia tion
(a ) counts in  s o i l  (V)
(b ) counts in  sh ie ld  ( l B)
(c )  B

*s

0.84* 
1-85*  
2.03*

0.65*
0.67*
0.935*

Mean § -  
kb

0.978 0.466

Standard error ( 8 .£ . ) i

*«
0.0066 0.0044

Moisture volume fra ction 0.006 0.003
n o /20 cm s o i l  
m a/soll p r o f i le
mm/perlod, i .e *  d iffe ren ce  between 

2 p r o fi le s

1.6
12.8

18.1

0.6
4.6

6.8
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la  the previous section , no attempt has bssa made to 

ca lcu late  drainage from these data,

l i s M

Grain y ie ld s  obtained In the sub p lo ts  and the 

ly s in eters  are shown in  Tables 10 and 11*

&jga»ABaj>£ Roja^s

ft* . W f l f £9

The v a lid ity  o f  the crop water use data and the 

assessment o f  the performance o f  the neutron moisture 

asters  depend on the r e l ia b i l i t y  o f  the operation  o f  

the lysim eter system which i s  therefore  discussed f ir s t*  

There are three main faotors involved i

1 . The accuracy and s e n s it iv ity  o f  the 

measuring system;

2* The s ta b il it y  o f  the balancing column 

over long period s;
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TABLE W

Y ield  o f  experimental p lots  -  1967 «* !»•  crop

Treatments
and p lo ts

Weight o f  
d r / grain 

kg
Y ield
ton/ha

Weight o f  
d r / sta lk  

kg

fysim eter A 1.56 3.9 3*4

A-subplotst
A 1.42 2.4
B 2.19 2 .8
0 1.57 4.3
D 1.37 3.4

Average 1.64 4.1 3.2
(1 .45 )* (3 .7 )*

I/s im eter B 1.58
• i

3.9 5.5

B-nubplotsi
K 1.27 3.7
F 1.42 3.4
0 1.55 2.4
H 1.62 3.6

Average 1.46
______________

........1

3.7 3.3

Total gra in  / l e l d  from both f la ld s  ■ 10.6 m etric ton 
Weight o f  1,000 grain  at me. ■ 3.27 kg.
♦Excluding the high value o f  2.19
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5. The degree to  whloh the crop la  the

ly s in e  te r  represents the f i e ld  crop la

ontogeny, behaviour and constra in ts.

The f i r s t  fa o tor  Is  discussed by Foregate, Hosegood 

and McCulloch (l^65) fo r  the lyslm eters used la  th is  

experiment. The balancing column could usually be read 

e a s ily  to 0*5 bob, but flu ctu ation s due to  wind sonstlase 

increased th is  to 1 urn. This can be serious in  d a lly  

readings but le s s  so in  5-day or 10-day to ta ls . There 

was l i t t l e  change In s e n s it iv ity  and error  from th is  

source was reduoed by using monthly ca lib ra tion s  In the 

conversion o f  column readings to  water use.

k much more serious source o f  error  Wjss the zero 

d r i f t ,  l . e .  systematic changes in  column height unrelated 

to changes In the weight o f  the tank. This could be 

oheoked ea s ily  before planting by covering the ly s in e te r  

with tarpaulin  and observing any movement In the balancing 

water column. This check was carried  out In 1967 but the 

period was out short by planting date fo r  the maise crop , 

and no conclusion  can be drawn froa  data obtained. The 

only check that could be applied with a crop on the l y e -

* 76 -

i •*
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iM t« r  was by assuming that the tank and sontents would
0 •*

return to  the sans weight each tine the s o i l  was wetted 

to f i e ld  cap acity . The main d i f f i c u l t y  was to decide 

when th is  con d ition  was achieve* and the s ta rt  and end 

o f  drainage were chosen as the most r e lia b le  o r it c r ia  in  

th is  experiment. These checks fa c i l it a te d  c r i t i c a l  

evaluation o f  ly s in e te r  data as shown in  Table 12 belowt

TABLE 12

U M  ...teafe.U&M, JA .mft-kr.SAft.SUSf

Bate Lysimeter A Date Igrsimeter B

5.9.67 35.2 14.9.67 79.1
1.10.67 24.3* 22.9.67 75.0
9.11.67 26.6 28.10.67 75.2
1.12.67 26.5 10.11.67 71.2

30.11.67 52.5

♦possibly underestimated

The data in  Table 12 show a f a l l  in  column in  ly s i»>

sta r  A in  Septemberv but the lysim eter was sta b le  from
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1st October to the end o f  the season. hyeimeter B was 

lese  s a t is fa c to ry , s ta rtin g  o f f  with a rapid drop in  

eolunn. The ly s in c ts r  data arc reasonable between 22nd 

September and 28th October, doubtful between 28th October 

and 24th Moranber, and r e lia b le  from November 26th to the 

end o f  the season. 1 sudden column drop o f  21.6 cm 

occurred on 25th November in sp ite  o f  39.4 am o f  ra in  on 

th is  day. She fire -d a y  period fo licw in g  th is  day has been 

removed from Bt/Bo ca lcu la t io n s . She ca lib ra t io n  fa c to r  

changed from 0.88 to 0*98 am on lysiaeter/mm change in  

column. Shis reduction  in  s e n s it iv ity  im plies an increase 

in  the bearing area on the b o lsters  possib ly  caused by a 

s lig h t s h i f t  o f  the ly s ia e te r .

Both ly s ia e te rs  were covered with tarpaulin  a fte r  

harvesting the crop in  January 1 ;68 . She data obtained 

over a period  o f  38 days are p lotted  in  f i g .  11 together 

with mean and maxima a ir  temperatures. These data show 

f a l l  in  column equivalent to  about 0 .5  mm/day in  lysim - 

e te r  A. I t  i s  possib le  that th is  much evaporation man

aged to esoape through im perfections in  the tarpaulin  

cover. Bata from lyeim eter B show large  varia tion s app

arently  correla ted  with temperature. Although an attempt
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F ig . 11 Lysimeter column height and m ean.air 
temperature. Lysim eter covered with 
tarpau lin  and no drainage recorded .
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has bean made to study temperature response o f  the
»•*

hydraulic ly s in e  ter  ( ta i^ a t i ,  1965), the study vas 

lim ited to magnitude and e f fe e ts  o f  density changes in 

the water* There was usually an increase o f  10 am on the 

ooluan between 0900 and 1500 hours but there are c le a r ly  

other temperature e f fe c t s  which are not y e t  understood, 

possib ly  acting  through d i f fe r e n t ia l  expansion o f  the 

tank and the b o lste rs . In th is  ease ly B la ster  £ was 

a ffe c te d  to a greater extent than lye  la s te r  A.

From the a bore comments, i t  can be concluded that 

there was no systematic column change during the periods 

sp e c ifie d  fo r  each ly s ia e te r .

Only ly s ia e te r  A was operational during the 1966 

bean crop* B ain fa ll ju st about balanced water use most 

o f  the time during the crop , and ly s ia e te r  column height 

at f i e ld  oapaoity (62*0 cm on 26th A pril and 60*0 cm on 

14th Hay) was s u ff ic ie n t ly  consistent* Column height 

with the ly s ia e te r  under tarpaulin oonrer a t  the end o f  

the season showed s a t is fa cto ry  s ta b il it y  (72*6 cm on 

11th June, 73*5 cm on 25th June).
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Although the check with tarpaulin cover a fte r  the 

bean crop had been harvested did not she tv any d r i f t  In 

the lysim eter columnf column height a t  estimated f i e ld  

capacity cond itions during the 1 9 ^  anise crop showed a 

decrease from 7b.O cm on 26th July to  70.0 cm on 21st 

lovem&er. The means a p ossib le  error o f  0 .5  mm/day in  

the lysim eter estimate o f  crop water use.

Another souroe o f  e rro r  ooourred a fte r  heavy i r r ig 

ation . The column took a long and variab le  time to reach 

maximum height and then f e l l  suddenly. The data recorded 

on days o f  ir r ig a t io n  have therefore had to be discarded 

and the average fo r  the fiv e -d a y  period used.

The degree to  which the lysim eter orop is  represented 

ra ises  problems o f  a more fundamental nature. When 

functioning properly , the lysim eter glvee an accurate 

pattern o f  water use fo r  the orop in the lysim eter. The 

extent to  which th is  pattern represents the behaviour o f  

a rea l f i e ld  orop depends en tire ly  on the d iffe ren ces  in  

s o i l  p r o f i le  and energy balance between the f ie ld  and the 

lysim eter. The resu lts  from growth measurements in  th is 

experiment (T igs . 12 and 13) are a good demonstration o f
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(b ) The rad iation  abaerbad by the p ro jectin g  

aidaa o f  the ly e ls e te r  crop oan g iv e  r is e  to 

overestimate o f  water use compared with an 

extended aurfaoe. I t  la  d i f f i c u l t  to ca lcu late  

the extra energy acquired th la  way, but a rough 

estim ate la  o ffe re d  fo r  a crop a tending h ern 

a Move the our rc  unding f i e ld  o coupyxng an

area 2 m square, the aiae o f  the lyeim eter.

AT9A of. pro,ieotin« aides _ 4 x 2QQ x U 
Area o f  lyeim eter (A) 200 * 200 0.02 h

Assuming sty rad iation  to be 0 .1  Ly/mLn, extra 

energy absorbed from shy rad iation  in a 12 hour 

day is  0*1 x .02 hA x 12 x 60 ca lor iee /d a y . 

Taking an average o f  1 .2  Ly/min at an angle o f  

incidence o f  45° fa l l in g  on i  o f  tha to ta l area 

o f  the p ro jectin g  aidaa, tha extra  energy from 

d ire c t  radiation  ia  i  x C.C2 hA x  1 .2  Ooa 45° x 

12 x 60 o a lo r la ^ d a y . Therefore, i f  the to ta l 

rad iation  on tha horlaontal aurfaoe o f  the ly s -  

imeter crop le  1.1A x  12 x 60 oa l/d ^ r , than the 

extra  energy absorbed by the crop ia  given by

0.0042 hA x 12 x 60 
1 .1A x 12 x 60 0.36h£.



TABLE 13

Suaaary presentation o f  errors duo to aero d r i f t  in  nanometer and d iffe ren ces  
between the h tigh t o f  ly a ia e ter  mod f i e ld  crops

Crops 1967 aa ice  crop 1968 maize crop

Igrsiaeters A B A B A B A

Months Oct, Oct. j Oct. Oct. Oct. Oct. October loveaber

10-dajr periods I 1 II II I l l I l l I I
. . ...

III I
IT1

II I I I

% error in  I t  
due tos
*a. aero d r i f t  
**b. p ro je ct
ing 1 /s ia e te r

0 0 0 0 0 0 7 6

*
10 * 22

crop 4 7 13 10 19 7 8 8 8 6 8

Total 4 7 13 10 19 7 15 14 18 16
.

30

Average Et/Eo 0.80 0.80 1.30 1.40 1.40 1.60 1.20 1. 20 1.10 1.10
. i

o.eo
Corrected

Kt/Bo 0.77 0.74 1.13 1.39 1.14 1.49 1.02 
;______

1.03 0.90 0.92 0.56

^Assuming that aero d r i f t  was conetant with tin e  
♦♦Assuming that a l l  the extra energy was converted to  la ten t heat
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Froa the above ca lcu lation* the extra energy
»**

absorbed by the 1967 aaiee crop (h -  35 cm) was 13#, and 

fo r  the 1968 aaise crop (h ■ SO cm), In the wet trea t

ment and 30^ in  the dry treatment (h ■ 80 cm).

The above analysis ah owe that the d iffe ren ces  between

the height o f  ly s ia e ter  and f i e ld  crop could have resu lted  

in  considerable extra energy fa l l in g  on the ly s ia e te r  orop. 

She p a rt it io n  o f  th is  extra energy into sen sib le  and 

la te n t heat is  however uncertain , and the actual increase 

in  evaporation i s  l ik e ly  to  be le s s  than the increases in  

energy shown above. She e f fe c t s  o f  these sources o f  

error on El/Bo are summarised in  Zable 13.

ifrfei&miOfi from wet and dry leaves

The high E t/E c  values obtained in  these experiments 

cannot therefore be explained en tire ly  in terns o f  ly s -  

ia e ts r  performance, adveotion and d iffe ren ces  in  the 

height o f  the ly s ia e te r  and f ie ld  crops. One fa cto r  

which has not been considered so fa r  i s  the evaporation 

o f  in tercepted water. Peak Et/Ec occurred in periods 

o f  heavy ra in  which, fo r  the 1967 aaise orop , ooinoided

-  04 -



I

with ta e se llin g , s ilk in g  and maximum ground oover. fo r* •*
the 1966 sa lse  crop , this peak was absent at the t a s s e l l -  

in g -e lik in g  stage o f  development, but occurred with the 

onset o f  heavy rain when the leaves ware drying o f f ,  

i . e .  when the expected transpiration  rate would be very 

low and decreasing. This observation c a lls  fo r  a d is 

cussion o f  the ro le  o f  aerodynamic and in ternal r e s is t 

ances in  crop water use*

The process o f  evaporation le  the same whether th is 

takes plaee at an opan water surface or the surfaoe o f  

a le a f  o f  a transpiring plant. The rate o f  evaporation 

la  in  a l l  easoa governed by the rate  o f  energy input and 

the resistance to flow  o f  water vapour fro*  the evapor

ating surface to the surrounding a ir .

fo r  a surface where the vapour pressure Is  equal to 

the saturation  vapour prescure at surface temperature, 

i t  can be shown (Monteith, 1965b) that

K n  6H.  * e^ * a ( l )  -  , j / r »  ......... (2 ,1 )
W A + ■»

where Ew ■ evaporation rate (ga.cm" sco )

-  85 •
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A ■ la ten t beat o f  evaporation (cal.gnT 1 )
# •*

A * elope o f  eaturatlon vapour pressure/temperature 

curve (mb.0^ 1) at. the mean of wet bulb temp, 

o f  the a ir  and the surface temp.

Hw m net radiation  (c a l .c a -2 sec” 1 )

C -  density o f  a ir  (gm.om” ^) 

c m s p e c if ic  heat o f  a i r  at constant pressure 

(ea l.gn *1 °<T1)

s s (* ) *  saturation vapour pressure (mb) at temp. 9 

e ■ vapour pressure o f  the atmosphere (mb)

X m pay chrome tr ie  constant (mb.0^ 1 ) given by

where Op ■ s p e c if lo  heat o f  dry a ir  (per 

un it volume) a t  oonstant pressure, P ■ atmos

pheric pressure, and € is  ra t io  o f  density o f  

water vapour to that o f  dry a ir  at the same 

temperature and preseure (0 .6 6 2 ). 

rft m aerodynamic resistance (sec.cnT 1) .  ~  is

defined as the rate in  which 1 cm5 o f  a ir
 ̂ _  2exchanges heat, vapour o r  momentum with 1 om 

o f  the evaporating surface.

Xhe subscript w in d ica tes  fr s s  water on the evapor

ating surface.
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F o r  a d r y  l e a f  surface, M r n t e i t h  ( 1 9 6 5 b )  a lso  showed
t •*

that
»  e o {es (T ) -  e } / r Q

A + «r(l ♦ )
(2*2)

where the subscript d in d icates a surface where vapour 

pressure i s  le s s  than saturation vapour pressure a t sur

face temperature and r # i s  resistance to d iffu s io n  o f  

water vapour through the stomata, to be known simply as 

in terna l resista n ce .

I f  the r e f le c t io n  c o e ff ie le n to  fo r  the two surfaces 

arethe same, the only s ig n ifica n t  d ifferen ce  between

end Hw would be due to d iffe ren ces  in  surface rad iative  

temperature, the wet surface being coo ler  than the dry. 

However, as long as there i s  adequate s o i l  m oisture, the 

"dry" le a f  surfaces are u n likely  to  attain a temperature 

s u ff ic ie n t ly  higher than the "wet" le a f  surfaces fo r  th is  

fa c to r  to be s ig n ifica n t .

Monteith (ly65b) argued that since the degree o f  

wetness on the le a f  during most o f  the day had very
4

l i t t l e  e f f e c t  on th e ir  r e f le c t io n  c o e f f ic ie n t  f o r  so la r  

rad ia tion , could be equated with and hence



66

J Z m & + 1 + r 1) (2 i3a )

& ♦
£

The rallies o f  ^  would therefore depend on mean a ir  temp-
d

erature ( fo r  a ) ,  mean a ir  temperature and a ltitu d e  ( fo r  * ) ,
r_

Hon te l th* a method can he extended to (fire whexe 

So la  the open water evaporation, provided aerodynamic 

resistance fo r  open water surface ( r ^ )  la  known. I t  la , 

however, now necessary to maintain the Iden tity  o f  and

H , since the albedo fo r  the two surfaces may be quiteo
d iffe r e n t .

Following from equations ( 2 i l )  and (2 i2 ) above,

6 ♦ V

and combining (2»2) end (2t3b), we have

(2»3b)

t rA H

i o  " d B

Ahd + fee(T) -  e}go/ra a  ♦ d
hH ♦ { e s ( f )  -  e }e e /r a

*  + * ( l  ♦

(2«4 )



The components c f  to ta l not radiation  H are given

by

H -  (1 -oO * ♦  tp -  fca ....... (?»$)

where £ and U represent downwaru and upward iluxee o f  

long wave radiation.

Monteith and azalea (1961) obtained the equation
/

\  - i-u - 1  -  ......... <*■*>

where the constant /? could be regarded as a heating 

c o e f f ic ie n t ,  and i f  l  «  I q when R ■» 0 , then

»d  ■ ♦ l o .(2»e)

She fa c to r  -  Lg a t mean a ir  temperature I fe

may be ca lcu lated  from

ho » (1 - C)I^ + C<̂ (Ta - 2)4 - ̂ Tft4 (2 »9 )

On cloudy daye (C * ± ) ,  _o  ueoomee very muoh smaller than
1 - *  8* "7 - "  and oan be neglected .
1 *  P

A comparison o f  published values o f  /3  by Ideo, Baker 

#nd Blad (1969) eugg68te an average value o f  c lo se  to
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0.096 fo r  several crops. Therefore, f o r  °< -  0 .20 , the
# •*

o o o ff le lo n t  o f  H la  equation (2*8) becomes 0.79.

In the case o f  an open water surface , the ra t io  o f  

da ily  back radiation  component to  the net abort ware 

rad ia tion  in  the Beaman formula waa approximately 0 .12 at 

Mwea| hence

H =2= (1 -o< )B -  G.12B ......... (2*10)o o

and fo r  o< ■ 0 .0 9 , h =2=- O.ttfk. o o

I f ,  however, the assumption is  made that the main 

d iffe ren ce  between H. and H i s  in  the albedo (°<. ■ 0 .2 0 ,
G O  CL

ô . »  0 .0 9 ) , equation (2 id ) becomesi

f 0*6 0 * 1 ♦ ? « {• » (? )  -  2 /  a  + y~ 7 •
Bo * / 0.99 A1 ♦ e e {e s (v )  -  e } / /  \ / * (

l  L (  A ♦ r - d  ♦ j )  3

......... ( 2 » l l )

where £ ia  now the inooming rad iation  (cal.cm - ‘‘ Bee- 1 ) ,  and

E B E r 0.80 AH ♦ e c [e a (* )  -  « } / r  ?

Bo “  [  0.95 AH ♦ ec^es(T ) -  e j / r ^  ^ ......... (2 »W )

The correction s  contained in  (2 i6 )  and (2 t l0 ) ,  i f  

applied to  ( 2 t l l )  and (2 t l2 )  would resu lt in  10-15A
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K  hincrease la  ~  and - J ,  but because o f  the u n certa in ties
» •*

in  almost a l l  the long ware rad iation  fa c to r s , these 

correction s are omitted In the fo llow in g  treatment.

Tallies o f  r  .  r  and r  
------------------- Su__ fl*______ £

Bepresentative values o f  r  , r  and r  are required 

before  proceeding with ( 2 i l l )  and (2*12). These measure

ments are rare and an attempt wae made in  th is  experiment 

to  derive r^ from wind p r o f i le s , assuming neutral s ta b ility *  

above a mature Deist* croD. The d e ta ils  o f  these measure

ments can be found in  Appendix 9* The re su lt  was that 

during the four days o f  in vestiga tion , the value o f  r^ 

ohanged with diurnal varia tion  in  windspeed. r& was 

h ighest (0 .12  -  0 .1 5 ) in  the morning before 1100 hre. and 

decreased to  0.09 in  the afternoon. These values oan only 

be approximate and an average o f  0 .10 would presumably be 

v a lid  fo r  a large part o f  the dcy. Bo measurements are 

ava ilab le  fo r  the bean crop (90 cm h igh) but a value near 

0.19 may be representative.
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Sim ilar wlndspeed p r o fi le  measurements over open
i •*

water ware not poaaib le and i t  la  necessary to estim ate

value o f  r  from the Penman equation.
*1

She expression used by McCulloch (1965) fo r  the 

computation o f  Penman Bo (open water evaporation) is

*o *  *  r N °*29 ®oe </ ♦ 0.52 *  j

-  a T T  ^ T ft4( ° . l °  -  0.90 *J)(0.56 -  0.06s/e)}

♦ a ^ - ? [ b - 26(1 ♦ -  • ) }

......... (2«13)

h »  a ltitu d e  (m etres) 

u -  windepeed (m iles per day).

Comparing (2«15) with (2 i3b )»  and reoognising that 

the term has to be m odified to  take account o fA t  O
a lt itu d e (

• ) }  ■d/day

........ (2 «U)



S3

*■* M P * * •*

t m  T j i 'l  V ) owa « » « r .fo r »  b . replaced by ^ J

giv ing  0 .26(1  ♦ y j f e H o d )  -  e )  an/day

-  (••(*) • •) o V se o .
*1 • ■ • ■ ■ ' .i . .. ■ . • v: s: •• • • • .

and r  -  3aS<X> ^ 4 * 1 0  (s e c .cn "1 )
*1 P x  0 .26(1  ♦ -jg -)

Equation (2 116) can now bo used to  determine values
.

o f  r  in  tem o o f  wind speed fo r  a given  lo ca t io n , the 

only other variab les being a ir  density ^ and atmospheric 

pressure P.

▼slues o f  r  f o r  various wlndspssds have been o a l -  
*1

ouleted fo r  a few sta tion s  (see Appendix 10 ). The sens

i t i v i t y  o f  r ^  to the "Dalton" fa o to r  ( l  ♦ i s  h ighest 

(> 2 .0 ) at windspeeds below 60 utiles per day, and decreases 

rapid ly  to le s s  than 0*3 at windspeeds above 160 a .p .d .

At Mesa, the average windspeed during the 1967 anise

crop and 1968 bean crop was 68 m iles per dayi r  was
*1

therefore 1 .45 . Average windspeed during the 1968 a  alas 

crop was 64 a .p .d . ,  and r  had the value 1 .48 .
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®here ere relatively  few measurements o f ra reported
* •*

la  literature and the data compiled by Monte 1th ( 1969b) 

■how wide variations in rg» Monteith showedf however, 

that the empirical relationship

gave very good f i t  for  the data for  O.2$^r0<lOt and 

suggested that although the constants in the equation 

may show sons variation fo r  different orops9 the equation 

could be used to estimate internal resistance o f  oloeed 

crop canopies*

By rearranging (2 tl? )»  Bselos and BndrOdi (1969) 

used the equation

to calculate values o f  r# for d ifferent vegetation.

o f  the order o f  0.9 -  1.9 for pine forest, 0.9 -  1*9 for 

potatoes and 0.9 -  0.7 for luoerne were similar fo r  

south-east England and California.

(2H7)

(2«lfi)

They found a marked seasonal variation in r#, but values



TABLi l4 -
Talues o f  in ternal resista n ce  r g ca lcu lated  from hourly energy balanct 

(Bowen*a R atio) measurepenta over aaise and bean crops

Local
time

Value* o f  r s (s e c . ca"^)

1967 aailso crop 1968 aa ise  crop 1968 bean crop

20.12.67 21.12.67 12.10.68 13.10.68 14.10.66 6 .5 .6 8 7 .5 .68

0700-0800 a* 0.35 1.38 a*
0800-0900 - 0.25 0.07 2.40 0.44 - -
H900-1000 0.35 0.22 1.10 1.10 2.51 0.32 0.38
1000-1100 0.21 0.19 0.01 0.72 0.18 0.24 0.26
1100-1200 0.19 0.19 1.10 0.35 0.21 0.25 0.23
1200-1500 0.17 0.21 0.74 0.01 0.22 0.35 0.23
1500-1400 0.17 0.29 0.10 0.01 0.36 0.36 0.17
1400-1500 0.24 0.23 1.00 0.42 0.32 0.48 0.36
1500-1600 0.24 0.29 1.32 0.83 0.35 0.22 0.35
1600-1700 0.23 0.30 0.42 0.17 0.42 0.29 0.52
1700-1800 0.32 0.38 0.33 0.24 0.60 0.33 0.38
1800-1900 — • _ * "• 0.35

Moan
days fr o *  
germin
ation

0.24 0.26 0.62 0.60 0.64 0.52 0.32



Valuta o f  r # in  Saul# 14 have been oaloulatad from
$ •*

energy balance measureaanta (sea Chapter IV) over 

nature crops c f  aalaa and beans at Uvea* Ground cover 

was ooaplats In the bean crop but was a t  s e s t  805? in  

the aalaa crops.

Average values o f  r^ fo r  the 1968 aalaa orop (0 .6 ) 

are higher than the values fo r  the 1967 aalaa crop (0 .2 5 ) . 

The average value o f  r g fo r  the baan orop was 0 .32.

-  96 -

JS s
C alculation  o f  -jp and ~

Values o f  r  * r  and r  derived above can now beCi ci -i 0
used In equations (2»3 )» ( 2 « l l )  and (2»12 ) ,  to  obtain 

th eoretica l o r  the expected values o f  the above ra t io s .

E
Vlg. 12 shows values o f  r p  fo r  d iffe re n t  values o f

d
r
~  and fo r  d iffe re n t  asan a ir  temperatures (a lt itu d e

I f 500 m etres). She a ltitu d e  dependence o f  these values

is  higher fo r  the lower teaperatures and higher values 
r

o f —* . The oorreotlon  fo r  a ltitu d e  iS f however, at aost 
. a r
-3# at •£* ■ 6 .Of T m 10°Cf fo r  the a ltitu d e  range

0-2,000 metres.
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O  i ■ ■ i i « i i______ i________ i______i— i— i— i— i— i— i— ■— 1— >

IO 12 14 16 18 2 0  22 24 26 28 3 0

F ig 1 4 :

mean air temperature °c
T?

Changes i n  computed v a lu es  o f  w ith  mean a i r  tem perature  
fo r  d i f f e r e n t  v a lu e s  o f  r s/ r a d
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B B
The expeoted values o f  ~  and ~~ (P igs. 14 fluid 19)

d
fo r  the three crops a t Hwea during peak B1/B o are 

therefore*

Crop Month *a
oc

t m

re
Jtz
Ed

( " W  - ' ) Bo

1967 maize Oct. 22 2.5* 1 .4 .015 1 .7

1968 maize Uov. 21 6.2* 2.6 .012 1 .5

1968 beans Apr. 21 2.0** 1 .5 .008 1 .3

*ra =£fcr 0.10

**ra ^  0.15

Estimates o f  *nteiMMptgji,mta£

(a ) Maize crop*

Maine plants o f  d iffe re n t  s in e s , representing d i f f 

erent le a f  Area In d ices , were used in a supplementary 

experiment to  obtain on estimate o f  the maximum quant

i t i e s  o f  water held by the oamopy a fte r  ra in . D eta ils  

o f  th is  experiment are in  Appendix 11. Although the 

plants were tapped a l i t t l e  to remove transitionary 

storage, a lin e a r  re la tion sh ip  was obtained
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Fifl. 1 5 ! T h e  r e s p o n s e  o f  c a l c u l a t e d  v a l u e s  o f  E,v to a e r o d y n a m i c  
r e s i s t a n c e  r c a t  d i f f e r e n t  E o£t
a l t i t u d e s
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1 ■ 0.12 L .A .l . ♦ 0 .07, ■ 0.89

between net in tercep tion  ( i )  and the Leaf Area Index 

(L .A .I .)

A maise crop o f  L .A .I . 4 .0  could therefore hold  

5.5 mm o f  water, a figu re  oloae to the average 5 .8  mm 

found by Stotteaburg and Wilson (1950). This la  a la rge  

amount o f  water and l t ia  l ik e ly  that nest o f  i t  is  held 

in  the sheaths, p a rticu la r ly  at the top o f  the plant 

before taaa e llin g .

(b ) Bean crop*

A second supplementary experiment was performed with 

potted bean {Sants. In th is case In terception  was estiaated  

as the ov era ll d iffe ren ce  in  evapotranspiration between 

plants with "wet" and others w ith "dry" le a f  surfaces.

The method le  sim ilar to that used by Paul and Burgy ( l9 6 l)  

and sim ilar re su lts  were obtained by p lo ttin g  cumulative 

I t  against time. D eta ils  o f  the bean experiment are shown 

in  Appendix 12. The quantity o f  net in teroeptlon  varied 

w idely  between p lan ts , the maximum value reoorded being 

about 50 gnu Taking as average 25 gm per p lant, net
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in terception  in  the ly s ia e te r  crop fo r  row spacing 50 cm,
# •*

seed spacing 15 cm w ithin the row, would be approximately 

0 .4  mm.

The net in tercep tion  by the bean plant i s  therefore  

small and does not expla in  the high S t/5o  figu res  unless*

( i )  the in tercepted  water was evaporated w ithin 

1-lfr hours under f i e ld  cond itions (compare 

Appendix 11 f o r  iso la ted  bean p la n ts ),

( i i )  there were frequent periods o f  rain  during 

the day, end

( i l l )  the Bo fo r  the day was low, so that net 

in terception  constitu ted  a la rg e  percentage o f

da ily  Bt.

I t  i s ,  however, more l ik e ly  that the f i e ld  bean crop , at 

f u l l  ground cover and with overlapping leaves, retained 

much more water than the above ca lcu la tion s  in d ica te .

The e f fe c t  o f  intercepted water on orop water use has 

been investigated  by several workers, but in  most cases



the experimental conditions sere fa r from representative
»**

o f  a f i e ld  crop j the experimental plants usually stood

in  is o la t io n . Burgy and Pomeroy (1956) in  nutrient

so lu tion  studies found that in  v igorou sly  growing grass,

the evaporation o f  intercepted water caused an equal

reduction  in  transpiration  from the p lants, hence to ta l

moisture lo s s  was approximatsly the same in  p lo ts  with

"wet" and "dry" le a f  surfaoes. Sim ilar resu lts  were

obtained by M cSillsn and Jfcirgy (i9 6 0 ) and Mcllroy and

Angus (1964) fo r  grass under f i e ld  conditions* Monte1th

(1965) suggested that such resu lts  with w all watered

grass art due to low r  , the r e la t iv e ly  high r  making 
r  E B
—»  d o s e  to un ity , and c lose  to  1 .0  (see P ig. 1 4 ).

* «

SUMMIT f t  Hlacuwaon on BtAo ratios

The v a lid ity  o f crop water use data obtained with 

ly s la e te rs  has been established. Errors associated  with 

these measurements have fa ile d  to accoimt fo r  a l l  the 

apparent excess crop water use ahich caused high It/X o  

ra t io  under wet con d ition s. The theory re la tin g  excess

ive  Et to aerodynamic resistance fa cto rs  f o r  the two 

crops has been discussed and advanced as a l ik e ly  explan-

- 102 -
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a tlon . I t  haa a lso  beau shown, a t  lea st  fo r  the Baize
# •*

crop , that the extra water would be available  on the 

plant. She source o f  energy fo r  the extra evaporation 

w i l l  be discussed in  Chapter IV which deals with 

p a rt it io n  o f  energy in  the crop .

H&?. W f**™

One o f  the main o b je ct iv e s  o f  th is  experlaant was 

to  evaluate the chances o f  obtain ing a fa ir ly  good e s t -  

iaate  o f  actual evaporation under w ell-defin ed  conditions 

through s o i l  noieture measurements w ith a neutron moisture 

meter, supplemented by gravim etric s o i l  moisture measure

ments In the top s o i l  layer. With E.A.L. 104 moisture 

meter, agreement w ith lydmeter estim ates was good during 

the bean crop , and the 100 mm d iffe ren ce  during the 1966 

maize crop (see Sable 9) is  accounted fo r  by the p oss ib le  

error due to system atic zero d r i f t  in  the lyaim eter.

I t  is  now necternary to apeoify the "w ell-defin ed  

conditions" re ferred  t o  in  the preceding paragraph. Any 

attempt to deduce crop water uae from d iffe ren ces  in  s o i l  

moisture input through ir r ig a t io n , r a in fa l l  or upward flow



from deeper la yers  In the n o il p r o f i le  and lo se  through
i  •*

drainage. The poor d ietrlbu tlon  o f  water during I r r ig 

ation  a t once sets  a lim it  to the r e l ia b i l i t y  o f  th is  

method In ir r ig a te d  crop s, but eventtf th is  source o f  

error could be elim inated, the drainage component is  

d i f f i c u l t  to determine accurately . Suggestions hare been 

made that i t  may be p ossib le  to  ca lcu la te  drainage co rr 

ection  from records o f  s o i l  moisture tension s t  s  su itab le 

le v e l in  the s o i l  p r o f i le .  This correction  depends on 

obtain ing representative unaaturated conductivity data 

but, ae demonstrated by van Bavel, St irk  and J^ruet (1968), 

the v a r ia b il ity  o f  euch measurements i s  such that they 

are unreliab le  fo r  ca lcu la tin g  euch correction s . A more 

serious ob jection  to  th is  procedure a rises  from the 

presence o f  ro o te . Unless the water poten tia l gradient 

i s  measured tru ly  below the root range, any attempts to 

ca lcu late  drainage co rrection  would be Invalid . She 

roo t system o f maize i s  capable o f  penetrating and drov

ing water from more than 200 em depth. Although obser

vations indicate that the average maximum s o i l  depth in  

the experimental p lo t  was about 200 cm, tne underlying 

la y er  o f  tu f f  rook was usually saturated with seepage



water from Irr ig a tion  canals and could be a source o f  

water fo r  any roots  reaching I t .



SULLA .£ fi fl , I J U

m .  M 'M  JgQWWIOl in  M U *  A¥J LBl*S

The successfu l app lication  o f  apy photosynthesis 

nodal in  predicting p oten tia l agricu ltu ra l crop product

ion  in a given area depends on the a b il i ty  o f  the nodal 

to fo llow  increase in  to ta l dry natter in  a l l  stages o f  

growth* Since grain  i s  the most important end product 

o f  maiae, several attempts have been node to re la te  dry 

natter production and grain  y ie ld*

Hanway (1962) found that dry weight o i  the whole 

p lant and o f  the grain  were d ire o t ly  related  to and 

h igh ly  correla ted  w ith the weight o f  leaves on the plants* 

Thus at maturity, the weight o f  grain  constitu ted  about 

ons h a lf  o f  the toted  dry weight o f  the p lant. Accord

ing to Hale and Shaw (U 6 5 ) , the number o f  days in  the per

iod  from s ix  weeks before to three weeks a fte r  s ilk in g , 

on which aaise was under no moisture s tre s s , were highl y 

re la ted  to grain  y ie ld .  She e f fe c t  o f plant density on 

the re lation sh ip  was only apparent when there were more 

than 40 days o f  moisture stress in  th is  period . Bagland

-  106 -
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JtiJUl* (lsK>5), nowever, soiaco. that the lu te  o f  dry matter
# •*

accumulation uy maise was roughly lin ea r  la  the period 

between three and fou r  weeks a lte r  emergence to  the onset 

o l  senescence.

Kalju Rik and Haonay (1966) have found that Leaf 

Area Index a t s ilk in g  time and Leaf Area Index days oxer 

grain  foanation period are lin e a r ly  related  to grain  

y ie ld . The maxima Leaf Area Index fo r  th is  lin e a r ity  

was fou r .

Maximum o r  p oten tia l y ie ld  o f  oa lse  has therefore 

proved d i f f i c u l t  to  d e fin e , and Earley (1965) suggested 

the use o f  "re la t iv e  maximum y ie ld "  o f  maise expressed as

jag, jft if i j .  per .vjn it.le^f ,^re^_________
Maximum weight o f  maise per unit le a f  area

o f  the top three leaves.

Shis d e fin it io n  was based on the observation  that the top 

three leaves were the most s f f l o i s n t  photosynthetica lly  

during grain form ation. To complicate the s itu a tion  even 

fu rth ert Ragland et a l . (1965) found that the rate o f  

growth dt maise was a lso  correla ted  with a ir  temperature 

at 150 om and s o i l  temperature at 5 cm depth.
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The usefu l ness o f  the transp iration  ra tio  has
9 •*

already been discussed in  Chapter I f and i t  has been 

shown that only in  very specie] conditions could such a 

re la tion sh ip  be reproduced (de W it, 1956| Monteith, 1965| 

Leaon, 1966). The asthods c ite d  abore su ffer  from one 

d e fe c t « they are a l l  em pirical and therefore strongly  

influenced by the behaviour o f  a given crop growing under 

p a rticu lar environmental con d ition s.

However, p o ten tia l photosynthesis, lik e  p oten tia l 

evaporation, i s  governed by m eteorologica l and plant 

fa c to r s . A more lo g ic a l  approach to estimating p oten tia l 

crop produ ctiv ity  could therefore be the measurement and 

in teg ra tion  o f  these fa cto rs  assuming that s e l l  f e r t i l i t y  

i e  not l im it i i^ . There are three basio steps in  th is  

p rocess*

(a ) Determination o f  the l ig h t  photosynthesis 

function  -  that i s  the rate o f  photosynthesis 

fo r  d iffe ren t temperatures, l ig h t  in te n s it ie s  

and caroon d ioxide concentrations. This i s  

usually dons with sin g le  leaves or whole plants 

in  con tro lled  environment chambers.
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(b ) Determination c f  l ig h t  ln ten a ity  and
»•*

carbon dioxide concentrations w ithin the 

canopy o f  the f i e ld  cropi

(o )  C alculation  o f  poten tia l dry natter pro

duction by eoabining (a ) and (b )«

The work described in  th is  chapter wae not designed 

to  produos e ith er  o r ig in a l inform ation on the above para

m eters, or a new photosynthesis formula, but to te s t  

the usefulness o f  ex is tin g  photosynthesis formulae in  

pred ictin g  y ie ld s  o f  f i e ld  erops.

Between the low est (com pletely lim itin g ) and h ighest 

(com pletely saturating) l ig h t  In te n s it ie s , there is  a wide 

range o f  values in  which photodynthesis o f  leaves in  

normal a ir  is  a ffe cted  by va ria tion  o f  both l ig h t  intens

it y  and carbon d ioxide concentration (Oeastra, 1959I 

Chapman and Loomis, 1953)*
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The l ig h t  and carbon d ioxide response curves are
i  •*

usually ch a ra cter is t ic  o f  p lant sp ec ies , but aotual v a l

ues on these curves depend a lso  on the health and age o f  

the le a f  being studied . Two o f  the more reoent fo m s  o f  

the photosynthesis functions are considered here.

1 . f  ■ ( l  ♦ ......... (3 »1 )

At a given atmospheric concentration  o f  OCg, where 1  i s  

the gross photosynthesis, a and b are eonetante which nay
V

be regarded as proportional to resistances in  the d iffu s io n  

o f  carbon d iox id e , and in  photochemical reactions res 

p e c t iv e ly . I  i s  the l ig h t  in ten s ity  a t  le a f  surfaoe.

2. A -  H(B ♦ HH^Aaax. ......... (5 »2 )

at a given concentration  o f  COg. A i s  the gross photo

synthesis, H i s  the absorbed l ig h t  in te n s ity , and HH is  

the lig h t  in ten sity  at which h a lf  o f  the maximum photo

synthesis (Anax) occurs.

HAfr* Wtow jawtfAaat

In using (3 * l)  o r  (3*2) to ca lcu la te  photosynthesis 

o f  a f i e ld  crop , i t  i s  necessary to  know the pattern o f
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l ig h t  in terception  at various le v e ls  w ithin the oanopy. 

The photosynthesis function  o f  a plant in  the middle o f  

a f i e ld  crop w il l  depend on such functions fo r  individual 

leaves which may vary widely because o f  d iffe ren ces  in  

le a f  age and p os it ion  within the canopy. The s itu ation  

i s  complicated fu rther by the fa c t  that the e f f e c t  o f  

reduced l ig h t  In ten sity  due to shading o f  lower leaves 

i s  a lso p a rt ia lly  compensated fo r  by a higher e f f ic ie n c y  

o f  energy conversion.

Monteith (1965) examined e a r lie r  attempts to  des

c r ib e  the mean in ten s ity  o f  so lar  rad iation , I L, below 

a canopy o f  Leaf Area Index, L. He found that the ass

umptions o f  a constant l ig h t  e x tin c tio n  fa cto r  fo llow 

ing B eer 's  Law,

and the negleot o f  the changes in  sp ectra l composition 

o f  rad iation  as i t  f i l t e r s  in to  the oanopy, led  to  ser

ious errors . Monteith therefore suggested a new formula 

f o r  radiation  extinction*

-IcL (3*3)

(3«4)



-  112 -

where 1^ ie  the rad iation  in ten sity  a fte r  L layers o f

unit Leaf Area Index hare been penetrated)

8 i s  the fra c t io n  o f  incident rad iation  passing

through unit la y e r  o f  le a f  without in terception )

X  i s  a mean lig h t  transmission c o e f f ic ie n t  fo r

leaves o f  the given p lants)

I i s  the in cident rad iation  a t the top o f  the o
canopy*

Since ' t  i s  smelly the e f fe c t iv e  rad iation  fo r  photosyn

th esis  i s  that in tercepted  by the leaves which are d ir 

e c t ly  su n lit , and that intercepted by "once shaded” 

lea ves , 1*0* the lig h t  reaohlng a lower le a f  a fte r  only 

one t  ran m is s io n  through an upper lea f*

The area o f  su n lit  leaves can therefore  be shown

to be

and that o f  "once shaded" leaves

1 -  SL 
1 - 8

l  T - s

(5*5)

(3i6)

Monteith used equation (3 » l )  to  derive instantaneous 

photosynthesis o f  su n lit  leavest
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t o -  (1 -  B)Ao{ . ( l  -  8) ♦ ............. (3*7)
o

and fo r  "one# shaded" leaves

Px -  (1 -  •)A1[m(l -  8) ........ (3*8)
o

so that the to ta l P i s  given by

Pm - » 0 * P X ......... (3*9)

Daily to ta ls  nay be found by Integrating (3*9) over 

tiie daylight hours. Assuming that so la r  rad iation  va ries  

s in u so id a lly  between sunrise and sunsett the d a ily  to ta l  

o f  so la r  radiation  S is  then given by

o

where B i s  the to ta l so la r  rad iation  measured by 

a solarim etert 

h i s  the daylength (min) 

and X# i s  the apparent midday in ten sity  

( o a l . onT^min"1 ) .

(3*10)

Therefore the f in a l equation derived by Monteith 

takes the form

? -  ^  m a A0[l  -  *<“0^  ♦ (3*11)
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where { l  -  t(n )\  I s  a funotion  o f  I* and nay bo regarded 

hero as a saturation e ff ic ie n c y .

The above d eriva tion  o f  (3 t i l )  i s  nly meant to 

h igh ligh t the major step s) the reader i s  referred  to the 

or ig in a l paper by Monteith fo r  the deta iled  analysis and, 

more important, fo r  the assumptions and conditions 

implied at each stage*

ft*# .?.r.ogedurg

The measurements desorlbed in  th is  chapter were 

made on the same s i t e  and crops described in  Chapter II*

9?  ,Am  taftw

D estructive sampling mas necessary fo r  the determ

ination  o f  Leaf Area Index* The same samples were, how

ever, used fo r  estim ating to ta l  dry matter production 

and because o f  the large plant population no s ig n ifica n t 

gaps were caused by these samplings.

Measurement o f  t o ta l  le a f  area was a very laborious 

task and only two malse and four bean samples were taken
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at random from aaoh p lo t  on each sampling data* Samples 

consisted  o f  a l l  p lants In an area o f  1 square metre 

fo r  aa lse  (i*e*  5 p lants) ,  or i  square metre fo r  beans. 

I t  was not possib le  fo r  measurements to be mads on the 

day o f  sampling. The plants were therefore preserved 

by dipping the roots  in  water overnight and a l l  measure

ments were carried  out on the fo llow in g day. There was 

therefore  a gap o f  24 hours between f i e ld  sampling and 

actual measurements.

There were three components fo r  the aalse L .A .I. i

complete leaves, h a lf  leaves and sta lics. A good e^ th i 

«a*±oa-was obtained between le a f  area (measured by plan- 

las te r )  and the produots o f  maximum length o f  the a id -r ib  

and aaximua width (Appendix 1 3 ). Leaf area was therefore 

ca lcu lated  from the lin e a r  measurements whioh were sim pler 

to make. The h a lf-le a v e s  were treated simply as tr ia n g les . 

I t  was assumed that only h a lf  the aalse stem area con

tributed  to in terception  o f  d ire c t  lig h t  at any time, the 

contribution  being v ir tu a lly  n il  a t  midday when the sun 

was overhead. Stem area fo r  beans was considered 

in s ig n lfio a n t . The sampling Interval was 1-2 weeks and 

covered a l l  stages o f  growth.
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Lj&ht in terception  l o  the eroci 

determination o f  the fa c to r  8 In (3 i4 )

Two simple n cln rioetere  (Monteith, 1939) were used 

to  measure the fra c tio n  o f  short ware rad iation  reaching 

various le v e ls  in  the canopy* One solarim eter was 

mounted above the crop w hile the seoond solarim eter was 

pl&oed on ho risen tad r a i l s  ( f i g .  16) at the required 

height in  the crop. Both instruments were connected, v ia  

a changeover sw itch, to a m il l iv o lt  meter. By reading 

the top and bottom sclarlm eters a ltern a te ly , the fra c t io n  

o f  rad iation  intercepted by the orop could be calculated* 

Spatial averaging w ithin  the orop was achieved by placing 

the bottom solarim eter at twenty-one d iffe re n t  p os ition s  

on the r a i l s  a t  each se ttin g .

The Leaf Area Index associated with each lig h t  in te r 

ception  was obtained by sampling the crop in  layers and 

measuring L.A.I* fo r  each la y er. Ihis method was 

su ccessfu l with the maise crop , but only one settin g  was 

p oss ib le  in  the bean orop and the measurements may not be 

represen tative•



-  )I7 —

Fig. 1 6 ; S o la r im e te r  on r a i l s  as used to e s t im a te  
r a d ia t io n  in t e r c e p t io n  in  the maize crop



She transmission c o e f f ic ie n t  T  in  (3*4) was taken
»•*

aa 5 . 5 #  (Yocum and Lemon, 1 9 6 4 )  fo r  a a ise . She same 

value o f  't  was assumed fo r  beans in  the absence o f  

published data. Su lly  t o ta ls  o f  e c la r  rad iation  were 

obtained from a Ounn-Bellani radiation  in tegrator (see 

Chapter I I )•

fo llow in g  M onteith 's (1963) ca lcu la tion s based on 

published photosynthesis data, values o f  a -  0 .23, 

b *  0.03 were assumed fo r  malse and a -  1 .0 , b ■ 0.03 

fo r  beans.

A sample ca lcu la tion  o f  ?a  is  shown in  Appendix 14. 

Daily values o f  L .A .I . were obtained by in terp ola tion  on 

the L .A .I . curves.

Measurement of total dry matter

She dry weight o f  above-ground parts o f  the crop was 

obtained by cutting up and drying separately the leaves, 

stems, oobs, ta sse ls , pods and grain  in  a ven tila ted  oven 

at 70°C to constant weight. She optimum drying time was 

found to  be 36 hours fo r  leaves and 48 hours fo r  s ta lk s ,



F i*. 171 Fraction o f  s o la r  rad iation  I / I  penetrating tne canopy o f  a mane 
crop a t  d iffe re n t  Leaf Area Ind ices.

119



TABLE /  S'

Comparison between measured (M) and c a lc u la te d  ( ? m) 
t o t a l  dry m atter p ro d u c t io n  from  p la n t in g  to  m atu rity

(a )  MAIZE CHOP 1967 (b )  BEAN CEQP 1966

Ho. o f  days P M Ho. o f  days P M
from from
germ in ation ga/m2 gm/m germ in ation gm/m2 gm/m2

17 38 15 5 2 11
32 324 106 9 7 15
38 560 323 12 14 18
46 965 536 16 31 41
52 1,271 657 20 57 43
59 1,714 889 23 86 49
67 2,254 1 ,4 8 4 27 137 63
73 2,677 1 ,4 2 6 43 351 225
81 3,200 1 ,5 6 0 48 419 285
94 3,917 1 ,896 54 459 305

102 4,414 2,112 58 496 321
111 4 ,759 2 ,248 65 638 406

( c )  MAIZE CHOP 1968

I r r ig a t io n  treatm ents

Ho. o f  days Wet Medium Dry
from

Pm M Pm M Pm Mgerm in ation

gm/m2 gm/m2 gm/m2 , 2 gm/m gm/m2 gm/m2

24 60 12 17 6 50 12
29 92 32 35 13 74 20
36 183 98 111 65 144 40
44 467 165 361 126 350 129
50 718 453 604 382 548 261
58 1 ,152 512 1,035 491 902 376
65 1 ,585 818 1 ,454 605 1 ,2 5 8 425
72 2 ,060 1 ,198 1,906 947 1 ,6 4 9 900
84 2,856 1 ,2 9 0 2,664 1 ,219 2,271 1 ,0 2 0

100 3,876 1 ,786 3 ,642 1 ,6 8 4 3 ,154 1 ,6 3 6
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BEAN CROP I960 MAIZE CROP 1967

Fig. 18: Relationships between measured (m ) and calculated (P ) dry 
matter in the Mwea experiments



TABLE l(y

Y ie ld  o f  g ra in  (s a le a b le  p ro d u ct)  compared w ith  t o t a l  dry m atter ( m) in  maize and beans

A l l  f ig u r e s  a re  in  gm/m?.

( a )  Maize Crop 1967 ( b )  Bean Crop 1968

No. o f  day8 
from
germ in ation

M Seed M -  Seed

27 63 0 63
43 225 ■# 225*
48 285 69 216
54 305 109 196
58 321 137 184
65 406 200 206

Seed 
—  ' 0 .4 9

*Young seed  co u ld  n o t  be 
separated  from  pods.

Nc o f  days
from M G rain M -  Grain
germ in ation

67 1,484 0 1,484
73 1,426 0 1,426
81 1 ,560 148 1 ,4 1 2
94 1,896 314 1,582

102 2,112 406 1,706
111 2 ,248 583 1,665

M : 0 .2 6

( c )  Maize Crop 1968

No. o f  days
I r r ig a t io n  treatm ents

from Wet Medium Dry
germ in ation

M G rain M -  Grain M Grain M -  Grain M G rain M -  G rain

65 818 0 818 605 0 605 425 0 425
72 1 ,198 0 1 ,198 947 0 947 900 0 900
84 1 ,290 26 1,264 1 ,219 11 1 ,2 0 8 1 ,020 31 989

100 1,786 248 1 ,538 1,684 196 1 ,488 1,636 268 1 ,3 6 8
119 2,459 757 1,702 2,005 589 1,416 1,837 662 1,175
130 2,426 798 1,637 2,310 784 1 ,5 2 6 2,191 781 1 ,4 1 0

G rain 
M ' 0 .3 3 0 .3 4 0 .3 6
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cobs and grain . The root oeopSMBt oould not,.be measured 

but fo r  M i n  a correction  was applied to  the above 

measurement by assuming that the roo t oomponent was 20$ 

fo r  young plants up to ta ssa ilin g  and 16$ a fte r  teas

e l l in g . These are approximate values from roo t/top  

ra t io s  obtained a t Muguga with c lo se ly  related  v a r ie t ie s  

o f  naise (Gwynne* 1966).

Results o f  lig h t  In terception  studies in  the anise 

crop are shown In F ig. 17* Most values o f  8 were 

between 0.6  and 0 .8 V and 8 -  0 .7  was used In a l l  ca lcu l

ation s o f  fo r  the aaise crop . Measurements in  the 

bean crop indicated  a value o f  8 e loee  to  0 .8 . The 

ca lcu lated  values (P^) are compared with measured dry 

matter ( m) in  Table 15. The relationeh ip  between the 

predicted and measured to ta l dry matter production 

(F ig . 18) can be expressed c lo s e ly  by lin ea r  equations*
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For the beans the equation is

M -  (0 .64  t  0 .02 )Fb  ♦ (5 .7  -  5 .2 ) ,  r 2 .  0 .9 9 , n -  12. 

For the 1968 aaiae crop the equation i s

which i s  very sim ila r  to that fo r  the 1967 aaise cropi

The d iffe re n ce  between the slope fo r  aaiae and that 

fo r  beans nay be due e ith er  to  the Taiuee assigned to the 

fa ctor  'a '  (proportional to carbon dioxide a s s la lla t lo n ) 

fo r  which there are few f i e ld  data, or to d iffe re n ce s  

in  the fr a c t io n  used in  resp ira tion .

Assuming the only d iffe ren ce  between Fn and M i s  

the resp ira tion  lo s s  R, and that R i s  a oonetant fra c t io n

K o f  PB,

M -  (0 .48  -  0 .0 l)P a -  (5 -  2 1 ), r 2 -  0 .9 8 , n -  30,

■ .  (o .4 8  t  0 .03 )f ♦ (34 i  6 8 ), r 2 -  0 .9 7 , n -  12

*
F -  M

F

The value o f  X in th is experiment was therefore 

0.52 -  0.03 fo r  nalse and 0.36 -  0 .02 fo r  beans. The
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magnitude o f  the resp ira tion  lo s s  i s  not known with 

certa in ty  except that i t  increases iron  about 25^ in  

cold to 50$( in  hot o lin ates  (Oaastra, 1^63). She values 

o f  K obtained above are therefore o f  the r igh t order and 

could probably be improved by adjustments based on exper

imental determination o f  a number o f  fa ctors*  e sp e c ia lly  

the fa otor  *a*.

.JMfr.ftlfl.ft P S ttW , mfitter

Although to ta l  dxy n atter i s  eoonoaioally  important 

where the whole crop i s  turned in to  silage* the aost 

important part o f  naise or beans in  Bask A fr ica  is  the 

grain* and in  ore as e in grain y ie ld  i s  a major aim in  

the cerea ls  breeding programme. I t  would th erefore  be 

o f  in terest to look in to the ra t io  o f  grain to to ta l dry 

matter fo r  the v a r ie t ie s  o f  naise and beans used in  

these experiments.

She data in  fa b le  16 show that during the la s t  30 

days fo r  na ise and 20 days fo r  beans* almost a l l  net 

photosynthesis was channelled into grain form ation.
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The fin a l grain  y ie ld s  con stitu ted  approximately 25-36$ 

to ta l dry matter in  aaise and about 50$ fo r  beans.

D iscussion o f  Results

In s p ite  o f  the numerous assumptions made in  c a l

cu lations ( the estimates o f  p oten tia l photosynthesis 

(equation ( 3 t l l ) )  were very c lo se ly  correla ted  with the 

aotual dry matter production in  the f i e l d  crops o f  maise 

( r 2 «* 0 . i;7t 0 .98) and beans ( r 2 ■ 0 .99) in  a l l  stages o f  

growth. The sucoess o f  th is  approach in  the warm clim ate 

o f  the Mwea experiments may be partly  due to removal o f  

temperature as a major variab le  in  growth and th is  

resu lt needs to be tested  in  the co o le r  clim ates o f  the 

East A frioan  highlands. The corre la tion  o f  dry matter 

production and le a f  Area Index in  these experiments was 

also qu ite high ( r 2 rJ 0 .80 ) and i t  may be argued that i t  

is  not necessary to perform the laborious task o f  f o l l 

owing equation ( 3 i l l )  to account fo r  an additional 17$ 

o f  varlanoe. The L.A.X. approach i s  hcwever em pirical



127

•nd oan only bo oxpectod to  y lo ld  comparable resu lts  

where l ig h t  in ten sity  i s  not lim itin g .

de Wit*8 method

0 . T. ds * i t  (1965) published another method o f  

oa leu lating  lig h t  d is tr ib u tio n  functions fo r  d iffe ren t 

le a f  d is tr ib u tio n  functions (canopy s tru ctu res ). The 

incident l ig h t  in ten sity  on a le a f  due to  d ire c t  l ig h t  

i s  proportion a l to  the sine o f  the angle (18) between 

the le a f  and the ray o f  the sun. In t ills  method, the 

l ig h t  d is tr ib u tion  function  i s  expressed in  terms o f  

s in e  (16) f o r  10° increments o f  the sun and le a f  angles 

in  a l l  combinations. The le a f  d is tr ib u tion  function ,

i . s .  the frequency d istr ib u tion  o f  l e a f  angles in  the 

canopy» i s  f i r s t  oaleulated from d lreo t measurements, 

and then used to ca lcu la te  lig h t  d is tr ib u tio n  functions.

In oa leu la ting  photosynthesis, equation (5 i2 ) is  

used and Instead o f  using ty p ica l Taluss fo r  rarious fa c

tors  to  minimise laborious ca lcu la tion s , the method 

assumes a computer i s  fr e e ly  STallable and the best



128

f i t t in g  values are found em pirica lly , de t l t d o e e ,  

however, g ive a table  o l  light and photosynthesis values 

fo r  a canopy under standardised con d ition s, from which 

photosynthesis at any place and time o f  year can be

ca lcu la ted . The ohosen standard conditions arei

Leaves!

Scattering o o e ff io ie n t  0.50

0.56 o a l.o a -2 ain“’1 

Ama* 20 KgCH20 haThuT1
Canopy!

Spherioal le a f  d is tr ib u tio n

Canopy density 0.1

Leaf Area Index 5.0

Light!

C lear aky • . • V  •

In c lin a tion  o f  the sun 45°

D irect l ig h t I•o

c a l .  esT2m.l n_1

D iffuse l i g i t 0.092 c a l . cm*“^min“ 1
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COf »

Aerodynamio d iffu s iv e

resistance r# 0,5  seo.om” 1

de Wit suggested that l ik e ly  varia tion s from most 

o f  the above values would have l i t t l e  e f f e c t  on the 

ca lcu lated  photosynthesis, but the choice o f  L.A.I* o f  

5 .0  im plies complete canopy* The ap p lica tion  o f  th is  

table o f  standard values has already been discussed in  

the introductory chapter*

An attempt was made to  determine the l ig h t  d is t 

r ibu tion  fu nction  in  the oa ise  crop by the aystem o f  two 

spheres suggested by de Wit (1965, lo c .  o i t . ) .  Results 

wars in conclusive and fa ile d  to  confirm whether the males 

canopy was "sp h erica l" as suggested by JJichiporovioh 

(1361) or  p lag iop u ile , as found by da Wit (1965 lo c .  o i t * ) .  

I t  is  therefore  not surprising that photosynthesis 

ca lcu lated  on the basis o f  the table o f  standard values 

did not y ie ld  values comparable to  observed dry matter 

production at the beginning and towards the end o f  the
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growing N taon . The method should, however, be app

lica b le  to  canopies o f  perennial crops lik e  tea  and 

co ffe e  provided a l l  the relevant parameters can be 

determined in  s itu .
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C H A P T E R  I V

THE PARTITION OP SC&AR EHEROY

IM TIBID CHOPS OF MA. IWB ARB BEARS

Evaporation and photo eyntheale are both dependent 

on energy, the p rin cip a l source o f  which is  the Incoming 

so la r  rad iation . The p a rt it io n  o f  so la r  energy in  the 

f i e ld  crop le  therefore an important fa c to r  in studies 

o f  or op water use e f f ic ie n c y . The eaqperiments described 

in  th is  section  had two main ainst

1. To obtain  some in d ication  o f  the hourly 

d istr ib u tion  o f  the major energy components 

in  f i e ld  orops o f  maise and beans)

2. To compare the la ten t heat component on a 

da ily  basis with lysim eter observations o f  

crop water use.
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fha basic equations fo r  the transfer o f  heat, water 

vapour and momentum arei

S e a s id e  heati Q - *  f V h  £ ......... ( 4 » l )

Water vapourt E a ......... (4»2)

Momenturni M - -  —a dz .........(4«3)

where q «  s p e c if ic  humidity (gm. water vapour/ga. moist a ir )
2 t

Ky , * eddy transfer c o e f f ic ie n ts  (cm seo. ) ,  

and a l l  other terms reta in  th e ir  meaning in  Chapter 3*

owen'a r a t io  i s  definsd  as

0 r  £
. - a  Ji-JL2_

A* * AB X  Ky d£ U$4)
as

I f  q Is  expressed in  terms o f  dry a ir , i t  becomes the 

mixing ra tio  x  where

DC « t  • e (4*5)
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• -  vapour pressure (mb)

P • atmospheric pressure (mb) 

and f o r  e <£-P

(4*6)

(4t7)

The values o f  ^  and have been shown to be 

id e n tica l under stable and neutral conditions (P a sq u lll, 

1949| Swinbank, 1935| fa y lo r , 1960| Crawford, 1965).

Under unstable con d ition s, va ria tion s in  the ra t io  ^  

are not s ig n ifica n t  (Rider and Robinson, 1951| Suom^and 

fanner, 1958), and there is  evidence to show that the ra t io  

i s  d o s e  to un ity . Iq u a lity  o f  1^ and Ky i s  therefore 

assumed in  the an a lysis  o f  data from the follow ing 

measurements.

She two qu antities  -JJ and - j j  should be measured at 

the same point above the evaporating surface .

Apparatus

The system used was sim ilar to that o f  Prltsohen

(1965),  and the equip ment was designed and constructed by
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K. A, Ripley a t Uuguga. F igs. 19 and 20 show the com

ponent a, constru ction  and operation o f  th is  equipment.

To improve sp a tia l averaging o f  the measurements, a 

hydraulic syatem was used to swing the en tire  apparatus

to  and fro  hori son ta l ly  over an angle o f  160 degrees.
* « • • .

The period o f  each swing was sometimes a ffeoted  by the wind 

but was on the average two minutes. This system o f  spatia l 

averaging was only p ossib le  over the low bean crop and 

eould not be operated 3 m above the ground over the t a l l  

maise crop .

A ir was sueked in to  the equipment continuously from 

the twe nozzles with a vacuum pump. The two a ir  streams 

were kept separate as they passed through chambers A and 

B fo r  measurements o f  humidity and temperature d iffe ren ces . 

The d iffe ren ce  in  dewpoint was measured by a d i f fe r e n t ia l  

thermocouple system attached to  lithium  ch loride dewcels 

(Tanner and Suomi* 1936). Two thermocouples, soldered on 

to  copper tubes to  increase time constant, were used to 

measure the temperature d iffe re n ce , d l .  The two a ir  

streams were then mixed in  a f in a l  ohamber containing 

the th ird  dewcel fo r  the determination o f  mean dewpoint,



FIG- f  ° [

D iagram  Of- Bowens Ratio Equipment —  n o t to  scale

To
Pump

N In take Nozzles

T Therm ocouples

D ' Dewcels

V A d ju s ta b le  Flow R egu la tors
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Fig. 20: Operation of Bowen's Ratio equipment. (a) rotating 
boom above bean crop, (b) details of tripod support, vacuum 
cleaner for sucking air, and hydraulic system for rotating boom.
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*d. She vapour p re e sure d iffe re n ce , da, was obtained 

from Td and the d iffe ren ce  in  dewcel element temper

ature a, D.E.T. (aee Appendix 13)* T h e  reaponae tinea 

fo r  the dewcela and thermocouple a were 4 and l-lj|  

minutee resp ectiv e ly .

Continuous recording

Beoauae o f  the rather long time taken by the dewcela 

to  reach equilibrium , the time in terva l between flow 

changes waa fix e d  a t 10 minutea. She d iffe r e n t ia l thermo

couple outputs were f i r a t  passed through a L.C. am plifier 

which changed the range o f  a 12 channel Leede and 

tforthrup centre sero recorder to  -  30, 100, 200, 300 and 

1,000 as required. Unfortunately there waa no pro

v is io n  in  the am p lifier  fo r  separate am plifications fo r  

d iffe re n t  inputs. She maximum am plifica tion  ohosen was 

therefore  d ictated  by the rather large absolute temper

ature d ifferen ces  between the two dewcela.

Tig. 21 shows a ty p ica l record o f  these parameters 

f o r  a chart speed o f  6 inchea/hour. She output from



•aeh sensor was recorded once every minute* There were 

therefore  10 readings o f  each parameter fo r  each 10 

minute period* Avoiding the f i r s t  four readings, c o rr 

esponding with eq u ilib ra tion  period , and the la s t  

reading before a ir  Interchange, the average reading fo r  

each 10 minute period was ca lcu lated  from the remaining 

f iv e  readings.

Mean dewpoint Id  was recorded d ire c t ly  on a separ

ate ca librated  Leeds and Horthrup 16 channel recorder. 

A ll recorders, timer and power s ta b il is e r  were located  

In a mobile m eteorologica l laboratory* Power supply was 

from a portable 1 .5  KW generator*

-  13 8  -

o f  errors  by

The vapour pressure and temperature d iffe ren ces  over 

50 on are quite small (^ 0*01  mb and 0.05°0 r e sp e ct iv e ly ), 

and errors Introduced by d ifferen ces  between sensors can 

therefore be very Important. To overoome th is  source o f  

e r ro r , cue can e ith e r  interchange the sensors regu larly  

o r  Interchange the a irflow  between fix e d  sensors. The
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Fig;. 21 A part of chart record (actual size) of measurements with Bowen's Ratio 
equipment above maize u m p  on 13/10/68.
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la t t e r  method was used In th is  experiment and'"the two 

s itu ation s are la b e lle d  r  and g.

Let the re a l teaperature d iffe ren ce  as reoorded by 

the thexaooouples be equivalent to  x ( / j ) .  The eenaors 

are assumed to hare an absolute temperature d ifferen ce  

equivalent to and the recorder zero error  i s

equivalent to  ( / j ) .

The reading ) obtained in  one aetting would

therefore be

v  -  ♦ p  ♦ x . . . . . ( 4 * 8 )

low i f  the flow s are interchanged, only x should ohange 

s ign , and the reading obtained would be

g • <*♦ p  • x •••••(4*9)

The true d iffe ren ces  dT o r  d (l> .I .T .) can therefore be 

obtained as § ( r  -  g ) .

The above analysis i s  only true when the error  «  

remains constant over the flow  interchange. I t  was , 

however, observed that on seas day a there was a la rge  

diurnal va ria tion  in  <*, Increasing in  the morning up 

to aldday and decreasing in  the afternoon (Appendix 16a).
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Thlc could hear* been due to s o la r  rad iation  a ffe c t in g  

one chamber more than the other, in  epite o f  the 

rad ia tion  sh ie ld . The analysis in  Appendix 16b shows 

how th is  error  has been reduced by averaging readings 

uwer two rather theja one stream interchange.

JEKftaU ~ it MfW*tfSi4?ntf  g f

j g l p r  rad iation . net radiation  and s o i l  heat flu x

Total abort wave so lar rad iation  and net rad iation  

were measured with an Xppley pyrhel ions te r  and Punk net 

radiometers re sp e ct iv e ly . C alibrations o f  these instrum

ents were obtained by comparing the v e r t ica l component o f  

d ire c t  radiation  with the Xppley model o f  the ingstrBm 

e le c t r ic a l  compensation pyrheliom eter. The s e n s it iv ity  

o f  the Xppley pyrheliom eter Xo. 4264 varied s lig h t ly  w ith 

so la r  angle, being lowest in  the morning before 9 a.m. and 

in  the evening a fte r  5 p.m. but r e la t iv e ly  constant fo r  

the hours in  between. The average fo r  the day was 6.62 

av .a in .Iy ~ 1. C alibration  o f  the Punk net radiometer 

l e .  470 was 8.69 Mv.min.ly~1.
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Solar radiation  and not rad ia tion  wart recorded
9 **

separately on two Kent M illiv o lt  recorders with a range 

-5  to  +19 nv. The reoordera were f i t t e d  with meehanioal 

in tegrators  and the to ta l rad iation  fo r  a given period  

could be read o f f  the to ta lis in g  counter o r  on the 

automatic hourly prin tout on EMM counters. Badiation 

values obtained th is  way agreed w ell with pianimator 

In tegration  o f  chart records.

S o il  heat flu x  was recorded by three g lass s o i l  

heat flu x  p la tes  (Beacon, 1950) buried h orison ta lly  

1 cm below the s o i l  surface and arranged so that one 

p late  was halfway betoreen the rows, the second p late  

was $ o f  the distanoe between 2 rows, and the th ird  

p late  wae between plants in  the row. The p lates were 

in s ta lle d  one week before measurements commenced and 

they were connected in  series  to  improve spatia l aver

aging. The average s e n s it iv ity  o f  the p lates in  se r ie s  

was 11.5 mv.min.Z4r” 1 . The output was continuously 

recorded on the same chart as the temperature and humidity 

gradients discussed in  the previous section , but without 

am plifica tion . S o il heat f lu x  was ca lcu lated  from the 

average chart reading fo r  each 10 minute period .
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MlkaUfi ana Procedure -  3»

Energy s torm s la  photosynthesis

Tb« energy used in  photosynthesis la only a sna il 

fra ction  o f  d a lly  nadiaticnj the fra c tio n  o f  energy 

stored In dry n atter la  area sm aller, and though almost 

in sign ifica n t  in  comparison with other components o f  

surface energy balance. I t  la  the basis o f  crop pro

duction . An estimate o f  stored  energy can be made by 

converting dry matter increments to  energy equivalent 

per unit land area. In accurate work, I t  would be 

necessary to s p l i t  up the to ta l dry matter in to  the 

major chemical components, i . e .  carbohydrates, f ib r e ,  

protein  and fa t ,  and then ca lcu la te  energy equivalent 

from the data reported by Maynard (1947) ae fo llow ei

Fibre and caroonydratee 4.13 K cal/gm

Fata 9.40 K cal/gm

P rotein  9.63 K cal/gm .

The mala# data in  Sable 17* compiled from Morrlseon 

(1996), show that about 77% o f  dxy matter comprises
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fib re  and carbohydrates. The figu re? fo r  beahs were 

obtained at Muguga. The energy equivalent o f  dry natter 

fo r  the beans was found to  be 4.25 K c a l /s »• In view o f  

the rather large v a r ia b il ity  in  f i e ld  samplee and the 

attendant errors in  the measured dry matter, the value 

4 .2  1 cal/gm was used fo r  both melee and beans in  the 

conversion o f  dry matter to  energy equivalent.

TABLE 17

Ch._si.ai composition o f  m iw  «na bean.

i M -

Ualse Carbohydrates Crude
fib re

Crude
P rotein fa t

Stover
(stem ♦ leavee) 46.5 30.8 5 .9 1.6

Grain 69.2 2.0 e .7 4.0

Cobe 54.0 32.1 2.3 0 .4

Complete eare 
(grain  ♦ husice 
♦ eoba) 65.3 10.5 7 .8 5 .0

Beans 49.1 19.3 14.5 19.5



XAHLB 16a

—2
. ncz't ,y balance ; c a i . enT ) over ieaa crop at 1ft-oa

6 .5 .66

Period
( lo c a l
time)

Solar Ret
V

S o il
heat
flu x

S
V -  S 1 ♦/* As Ret

Solar Albedo
r

0700-0800 10.1 7 .1 -0 .7 7 .8 0.70 0.30
0800-0900 17.8 12.7 0.6 12.1 - - - 0.71 0.29
0900-1000 31.4 23.5 1 .3 22.2 0.05 1.05 21.1 1 .1 0.75 0.25
1000-1100 65.5 48.5 2.3 46.2 -0 .0 1 0.99 46.6 -0 .4 0.74 0.26
1100-1200 77.0 67.6 3.7 64.1 0.00 1.00 64.1 0 .0 0.86 0.12
1200-1500 82.9 72.0 5.1 66.9 0.07 1.07 52.5 4 .4 0.87 0.13
1300-1400 86.4 74.9 4 .0 70.9 0.09 1.09 65.1 5 .8 C .87 0.13
1400-1500 74.8 66.7 2.5 64.2 0.16 1.16 55 5 8 .9 0.85 0.11
1500-1600 35.6 30.5 -0 .2 30.7 -0 .0 3 0.97 31.7 -1 .0 0.86 0.14
1600-1700 39.3 32.8 —0 .1 32-9 0.03 1.03 31.9 1 .0 0.83 0.17
1700-1800 3.0 0.7 -1 .2 1 .9 0.06 1.06 1 .8 0 .1 0.23 0.77*

Total 523.8 437.2 17.3 419.9
B qulT .

380.2 19.9

(mm)i 6.5 Means . 0.19

♦excluded from the mean



TABLE 18b

mux y : a„a;.e? ( ca l, eta ) over bean crop at Men*
7 .5 ,66

Period
(lo ca l
t ic e ) Solar Set

I

SoU
heat
flu x

S
.. _ -...

tol

>> • 1 ♦/? /Nb Q Solar
Albedo

r

oyoo-iooo 27.8 17.3 0 .7 16.6 0.10 1.10 15.1 1.5 0.62 0.38
1000^1100 37.6 26.9 1 .2 25.7 0.01 1.01 25.5 0 .2 0.72 0.26
1100-1200 65.7 51.6 2 .4 49.2 -0 .0 2 0.98 50.2 -1 . ') 0 .79 0.21
1200-1300 73-7 60.5 4.3 56.2 -0 .0 2 0.98 57.3 -1 .1 0.62 0.16
1300-1400 61.1 67.0 4 .3 62.7 -0 .0 8 0.92 68.1 -5 .4 0.83 0.17
1400-1500 70.5 52.9 3 .0 49.9 0.09 1.09 45.8 4.1 0.75 0.25
1500-1600 57.1 45.5 1 .4 44.1 0.08 1.08 40.8 3.3 0.80 0.20
1600-1700 33.4 25.3 0 .0 25.3 0.19 1.19 21.3 4 .0 0.76 0.24
1700-1800 16.9 4.3 -1 .0 5 .3 0.10 1.10 4.8 0.5 0.25 0.75*
1800—1900 0.6 -3 .5 -1*2 -2 .3 0.07 1.07 -2 .1 -0 .2 - -

Total* 464.4 347.8 15.1 332.7 326.8 5 .9
SqulT.

( - » ) ' 5 .6 Meant 0.21

♦excluded f r o m  th e



TABU ly e

20.12.67

Period
(lo c a l
time)

S olar Vet
1

S o il
heat
flu x

8

■ -  S # • 1 * 1 +/ S /M Q a t
Solar

Albedo
r

0900-1000 67.9 49.1 0 .8 48.3 0.07 1.07 45.2 3.1 0.72 0.28
1000-1100 76.6 63.2 1 .1 62.1 -0 .0 4 0.96 64.7 -2 .6 0.82 0.18
1100-1200 87.9 72.3 1 .2 71.1 -0 .06 0.94 75.6 -4 .5 0.82 0.18
1200-1300 87.0 74.4 1 .2 73.2 -0 .0 7 0.93 76.8 —5.6 0.86 0.14
1300-1400 83.4 71.2 2 .0 69.2 -0 .0 7 0.93 74.5 -5 .3 0.85 0.15
1400-1500 66.4 58.3 1 .1 57.2 -0 .0 1 0.99 57.7 -0 .5 0.88 0.12
1500-1600 47.8 40.9 0.5 40.4 -0 .01 0.99 40-8 -0 .4 0.66 0.14
1600-1700 29.8 22.0 0 .2 21.8 -0 .0 2 0.98 22.2 -0 .4 0.74 0 . 26
1700-1800 9.2 -2 .2 -0 .1 -2 .1 0.05 1.05 -1 .9 -0 .2 0.23 0.77*

T ota l! 556.0 449.2 8 .0 441.2
EquiT.
7 - ) «

457.6

7 .8

-1 6 .4 Meant
;*

0.18

*excluded from the mean



TAJJLE 19b

Energy balance (ca l.cm "2) over maize crop at Meea

Period
(lo c a l
t in e )

Solar Bet
V

S o il
heat
flu x
S

H -  8 / m JL
*  AE 1 ♦/? AX Q Solar

Aloedo
r

0830-0*30 52.5 44.5 0.6 43.9 0.00 1.00 43.9 0 .0 0.65 0.15
1 0930-1030 69.4 60.1 1 .0 59.1 - 0 . 0 3 0 . 9 7 60.9 -1 .8 0.87 0.13

1030-1130 75.4 66.6 1 .3 65.5 -0 .06 0.94 69.6 •4 e l 0.89 0.11
1130-1230 96.5 67.8 1 .2 86.6 -0 .06 0.94 92.2 -5 .6 0.91 0.09*
1230-1330 82.0 76.9 1 .7 75.2 -0 .0 4 0.96 78.3 -3 .1 0.94 0.06*
1330-1430 63.0 61.8 1 .7 60.1 0.03 1.03 58.3 1 .8 0.98 0.02*
1430-1530 56.7 45.5 0 .7 44.8 -0 .0 2 0.96 45.7 -0 .9 0.60 0.20
1530-1630 39.1 31.1 0 .4 30.7 0.03 1.03 29.8 0 .9 0.80 0.20
1630-1730 18.1 9.3 0.1 9 .2 0.04 1.04 8 .9 0 .3 0.51 0.49
1730-1800 - -2 .3 -0 .1 -2 .2 0.10 1.10 -2 .0 -0 .2 - -

Totals i 552.7 481.5 8.6 472.9
Bquiy.

485.6 -1 2 .7 t
U » )« 8 .3 Means 0.21

♦excluded from the aean



TABLE 20a

S w a r . ,qw , ”»*•■«« crop a t Mwea
11. 10.66

No record o f  s o i l  heat f lu x . }\E therefore  overestim ated by a t le a s t  2?£.

Period
(lo ca l
time)

Solar Net
N 1 Xb Q Net

S olar
Albedo

r

0730-0800 16.5 11.1 _ 0.67 0 . 5 2
0800—0-^00 26.1 20.4 0.10 1.00 20.4 0 .0 0.78 0.22
0^00-1000 56.2 43.6 -0 .16 0.84 52.1 -8 .3 0.78 0.22
1000-1100 84.3 72.5 0.06 1.06 68.4 4.1 0.86 0.14
1100-1200 8_ .8 78.1 0.42 1.42 55.0 3.1 0.87 0.13
1200—1300 88 .5 77.3 -0 .2 2 0.78 99.1 -2 1 .8 0.87 0.13
1300-1400 67.5 76.5 0.31 1.31 58.4 18.1 0.87 0.13
1400-1500 62.2 53.5 0.87 1.87 28.6 24.9 0.66 0.14
1500-1600 46.4 37.1 1.80 2.80 13.3 23.8 0.80 0.20

| 1600-1700 21.6 16.2 -0 .2 0 0.80 20.3 -4 .1 0.75 0.25
170 -OBOO 26.1 5.5 0.30 1.30 4 .2 1 .3 0.21 0.79*

T ota l! 606.0 492.0
E^uiv.

419.8

7 .2

41.1

Meant
'*

0.18

•excluded from the Bean



SABLE 20b

i-nrr^y ia.ance (c a l .c iT  ) over ruaa.ae 

crop at Kwea -  12.10.68

•2

Period
(lo c a l
tin e )

Solar Bet
1

S o il
heat
flu x

8
H -  S 1 A* Q ijg j , ,-

Solar
Albedo

r

oeoo-oyoo 19.5 0 .9 18.6 -0 .2 2 0 .78 25.8 -5 .2
0900-1000 69.0 55.8 2 .0 51.8 0.47 1.47 55.2 16.6 0.78 0.22
1000-1100 69.8 60.0 2.1 57.9 -0 .4 2 0.58 99.8 -4 1 .9 0.86 0.14
1100-1200 82.9 72.1 2.5 69.6 0.46 1.46 47.7 21.9 0.87 0.15
1200-1500 91.8 79.9 4.1 75.8 0.52 1.52 57.4 18.4 0.87 0.15
1500-1400 86.2 75.0 5 .0 70.0 -0 .1 7 0.85 84.5 -1 4 .5 0.87 0.15
1400-1500 60.1 51.7 2 .0 49.7 0.45 1.45 54.8 14.9 0.86 0.14
1500-1600 58.7 51.0 1.4 29.6 0.57 1.57 18.9 10.7 0.80 0.20
1600-1700 21.9 16.4 1 .1 15.5 0.15 1.15 15.5 1 .8 0.75 0.25
1700-1800 7.1 1.5 0 .7 0 .8 0.06 1.06 0.6 0 .0 0.21 0.79* |

So ta ll 527.5 460.9 21.8 459.1
EquiT.

416.2

7.1

22.9 "t

Meant 0.17

•excluded from the

190
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SABLE 20d

aiyrar ovfy
14.10.66

P e r i o d
( l o c a l
t ia e )

S o l a r
Met
I

S o i l
h e a t
f lu x

S

K -  8 o  „  iL_
r  AS 1 + / 3 As 0 S o l a r

A l b e d o
T

0700-0800 e .9 aa 0 .4 0.58 1.58 m
oeoo-oyo^ 26.7 20.0 1.0 19.0 0.14 1.14 16 .7 2.3 0.75 0.25
0900-1000 26.6 21.6 0 .8 20.8 1 .01 2.01 10.3 10.5 0.81 0.19
1000-1100 53.0 47.8 1 .6 46.2 -0 .0 7 0.93 49.6 -3 .4 0.89 0.11
1100-1200 52.4 47.6 1 .8 45.8 -0 .0 4 0.96 47.7 -1 .9 0.91 0.09
1200-1500 63.0 56.2 2 .4 53.8 -0 .0 3 0.97 55.5 -1 .7 0.69 0.11
1300-1400 77.3 69.2 3.3 65.9 0.09 1.09 60.5 5 .4 0 .90 0.10
1400-1500 59.0 51.2 1 .8 49.4 0.05 1.05 47.0 2.4 0.87 0.13
1500-1600 51.2 42.6 1 .6 41.0 0.07 1.07 36.3 2.7 0.83 0.17
1600-1700 36.2 27.3 1 .2 26.1 0.12 1.12 23.3 2.8 0.75 0.25
1700-1800 11.8 I 2.7 0 .7 2 .0 0.24 1.24 1 .6 0.4 0.23'< 0.77* |

fo t a l i 466.9 306.2 16.6 370.0
Equir.

350.5

i 6 .0

19.5

Mean* 0.16

•excluded from the



TABLE 2 1

C <etweer>. eradoration  d erir

g a s a s e m e n t ^ . J- ii  * t . 3 * “ . *  .ttft*.. - i i sa c m  ja r t is jt fy

£t -------------------------M ---------------------------------
Date Crop Iy s ia e te r  A Energy balance Period

6 .5 .68 Beane 5.4 6 .5 0900-1800
7 .5 .68 4.3 5.6 0900-1>00

Total 9.7 12.1

JLl^l.0.68 6 .9 7 .2 0000-1800
12.10.68 Raise 7.5 7.1 0800-1800
13.10.68 b .o 8 .7 0700-1800
14.10.66 6 .9 6 .0 0800—1800

T otal 31.3 29.0
1---------------------

20.12.67 Kalae 7.5 7 .6 0900-1800
21.12.67 9.7 8.3 0830-1800

Total 17.2 16.1

i
v~!

I
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—^ ‘ hou rly  components o f  the energy balance  
over bean crop a t  Mwea

• - *



O 12
Maize C rop  1967 Bean Crop I960

days from  germ mation

KEY •  WET
x MEDIUM 

o  DRY

FIG. 24i Fraction  o f  so la r  rad iation  (0 .4  -  
various stages o f  crop growth

I

I

0.7  ) stored in  dry natter at

9S
T



157

B ^ t s

A sample ca lcu la tion  o f  Bowen*e ra tio  from the data rec

orded i s  shown in  Appendix 17* The components o f  the hourly 

energy balance are p lotted  in  T igs. 22 and 25 and the aotual 

values are presented in  Tables 18, 19 and 20.

The comparison between daily  evaporation derived from 

energy balance measurements and aatlastea  o f  orop water use 

from lysine  te r  A nearby (Table 21) shows good agreement fo r  

the maise crops, the small i. d ifferen ce  a being due to  the d i f f 

erence a in  periods covered b7 the two measurements. The d i f f 

erences in  Et during the bean orop are bigger and cannot be 

explained in terms o f  time d ifferen cea . Because o f  the errors 

in  ly s ia e te r  estimates o f  da ily  evaporation, the ly a ia e te r  f i g 

ures used in  Table 21 are averages f o r  3 days oentred on the 

date o f  energy balance measurements.

One important feature in  the energy balance diagrams is  

that in a l l  oases the la ten t heat oomponent was very dose to 

and fo r  short periods exceeded net rad ia tion . The s ig n if 

icance o f  th is  feature in  re la tion  to  the unusually high evap

oration  rates recorded (Chapter I I ) w i l l  be dlseuased la te r .

Conversion o f  to ta l dry matter increments (AM) into the 

equivalent energy, and the comparison o f  these values with 

the fra c t io n  o f  to ta l short wave rad ia tion  in  the photo- 

synthetic (0 .4  -  0 .7 * ) wavelength (approximately 0 .4 7 ), are



shown In Appendix 18. The resu lts  ( f i g .  24) show that tho 

fra c t io n  o f  l ig h t  energy stored in  dry natter per unit area 

was higher in  naise (0 -  8$, seasonal average ^  A%) than in 

beans (0  -  2$, seasonal averaged  1$ ). The corresponding 

fra ction s  o f  to ta l short ware rad iation  are 1 .9 % and 0.5^ 

f o r  naise and beans resp ectiv e ly .

I i causal on o f results

The maximum error in  the measurement o f  so la r  and net 

radiation  was a l l  o f  which was in. the ca lib ra tio n  and 

in tegration . B oil heat flu x  measurements were le s s  p recise  

and although errors in  ca lib ra tio n  and Integration  were no 

more than 5#, the representativeness o f  the measurements could 

not be assessed and the sp a tia l averaging by the use o f  three 

flu x  plates in  series  may not have been s u ff ic ie n t ly  e f f e c t 

ive  in  smoothing out e f fe c t s  o f  d i f fe r e n t ia l  shading by 

plants and by surface o lod s . I t  has been shown (Tanner, 

Petersen and Love, I960) that fo r  short periods during the 

day s o i l  heat flu x  can be a la rge  proportion  o f  net rad iation . 

The values o f  s o i l  heat flu x  recorded in  these measurements 

(highest 5 -  8jC o f  net rad ia tion ) are therefore no more than 

rough estim ates, but i t  i s  considered that with evapo- 

transpiration  rates near p o te n tia l, the errors inXF from 

th is souroe were le s s  than 10)6.

• 156 •



159

The major scurce of error in the oa leu la tlon  o f  Xb was 

in  the Bowen*a Hatio where even without com id erin g  errors 

due to inadequate spatia l averaging, the temperature and 

humidity d iffe ren ces  were ao email that i t  was necessary to  

use a rather elaborate system o f  flow  interchanges. D if fe r 

ences o f  more than iOOjt between successive 10-iainute estim

ates o f  were common, but probably genuine va ria tion s .

The agreement obtained between energy balance and lysim - 

eter estim ates o f  orop water use in  these experiments is  

therefore remarkably good and con sisten t, increasing con fid 

ence in  the working o f  the lyeim eter and the high Et/feo 

values recorded (Chapter I I ) .

f i g .  24 shows two large  drops in  photosynthetic e f f 

ic ien cy  o f  the two noise crops. The dips are le s s  in  the 

1967 orop but ooeur at the same stages o f  crop growth, 55 and 

75 days a fte r  germination, in  both crops Irresp ective  o f  water 

treatments. In the absence o f  adverse s o i l  conditions there 

cure at le a s t  two p ossib le  causesi

(a ) that these changes are e n t ire ly  due to  experimental 

error in  dry matter determination! in which ease the 

occurrence at s im ilar stages o f  growth was purely a 

co incid ence .

(b ) that these drops represent genuine reduction o f
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photosynthetio e ff ic ie n c y  due to crop ph ysio log ica l

fa c to r s .

Sinoe a l l  plant samples were randomly se leoted  and treated in  

a sim ilar manner, i t  i s  un likely  that the experimental error 

exceeded 20$. This i s  much le s s  than the 50-90$ drops in  

Fig. 24, but could eerre to explain  the rather high peaks 

o f  energy reoovery whioh approach the th eore tica l lim it  o f  

(Xonteith, 1 j65c ) .  The seasonal averages are however 

la rger than the usual 1-2$ quoted fo r  agricu ltu ra l production 

(Mcnteith, l965d| Huxley, 1965). A lternative (b ) above is  

therefore a p o s s ib i l i t y .  The two periods coinoide with 

ta sse llin g  and the sta rt o f  the grain  f i l l i n g  resp ectiv e ly , 

but apart from p ossib le  reduction o f  lig h t  penetration by the 

in florescen ce , the cause o f  th is  phenomenon, whioh i s  not re f

lected  in  the lin e a r  growth curves (F igs. 12 and 1 3 ), iss not 

immediately obvious.

In the case o f  the bean crop , the drop between 30 and 60 

days a fte r  germination (F ig . 24) coincides with 212 mm o f  ra in  

in  10 days and 60 mm in the fo llow in g  5 days. Sinoe maximum 

available water in  the depth 0-130 cm is  230 mm (Table l )  the 

addition  o f  the 212 mm to  an already wet p r o f i le  could have 

led  to s o i l  saturation! anaerobic cond itions, however temporary, 

eould have resu lted  in  reduced rate  o f  dry matter formation.

The oanopy was already fu lly  developed f o r  th is  e f fe c t  to  show 

on the le a f  area index curve.
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J2. J . A ,2 ,1  g R ., .1

CONCUISIONS AMP 8P0<BSSTI0NS FOR PUB THE H WORK 

1. Crop Water Use

The hydraulic weighing lyeim eter ©f the type described 

by Foregatet Hosegood and McCulloch (1965), i f  properly 

e ited  and operated, can provide r e lia b le  estimates o f  orop 

water use in  a l l  stages o f  erop growth. The accuracy o f  

these estim ates, however, diminishes rapidly  as the time 

in terva l i s  reduoed below 5 days. Che main cause o f  th is  

seems to be a variable response time apparently dependent 

on both the magnitude and sp a tia l d istr ib u tion  o f  the 

change in  load  on the lysim eter. The exact mechanism 

resu lting  in  e rra tic  movement o f  the water le v e l  in  the 

balancing column remains to be investigated . S en sitiv ity  

o f  the weighing system can be increased but the ben efit 

would be minimal unless the d r i f t  in  column height can

be eliminated
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Shv patterns o f  crop water use presented' in  Chapter 

l l f and the subsequent d iscu ssion , hare however revealed 

two major considerations much more important than the 

proper operation  and r e l ia b i l i t y  o f  ly s in e te rs i

(a ) the d i f f i c u l t y  in  growing, in  a ly  e lse  te r , 

a crop tru ly  representative o f  the surround

ing f i e ld  crop , and the proper correction s  to 

bs applied i f  th ie  con d ition  ie  not e a t is fie d i

and (b ) the importance o f  the frequency o f  ra in fa ll 

or  ir r ig a t io n , f o r  a v a lid  extension o f  orop 

water use data to environmental and agronomic 

cond itions d iffe re n t  from thoee obtaining at 

the experimental p lo t  where the measurements 

were o r ig in a lly  made*

lo  proven answer hae been found f o r  ( a ) ,  but fo r  (b)  

comparison between the patterns o f  orop wetsr use fo r  

the 1967 and 1968 maise crop8 suggeeta strongly that the 

occurrence o f  high TSt/Bo values when r a in fa l l  ie  frequent 

i s  due to d ire c t  evaporation o f  water in tercepted by the 

orop. She magnitude o f  th ie  e f fe c t  ie  governed mainly



by the ra t io  o f  crop surface resistance r g to aerodynamic 

resistance rft. There are very few published values o f  

these resista n ces  and nor© work ia  required to determine 

representative values c f  these fa cto rs . Various methods 

o f  determining rg are discussed by Szeios and Long (1969) 

whose p red iction  o f  large seasonal ohanges in  r g fo r  the 

fo r e s t  canopy in  Kericho, Kenya, appears to be w e ll supp

orted by the bioodal r a in fa l l  pattern. U ntil these 

fa cto rs  can be determined with oerta in ty , extrapolation  

o f  crop water use measurements between d iffe re n t  environ

ments should bs carried  out with eaution and with fu l l  

rea lisa tion  that in  the abaenoe o f  supporting meteor

o lo g ica l data , the predietlona o f  Bt/*o may be en tire ly  

u n re a lis t io .

fo rtu n a te ly , agricu ltu re and land use planning do 

not have to w ait u n til the above correction s  can bs 

applied rigorou sly  In every ease. Results o f  th is  work 

suggest strongly  that in  ir r ig a te d  crops substantial 

watsr use e ff ic ie n c y  can bo achieved by applying fewer 

but reasonably heavy ir r ig a t io n s  d ire ct  to the e o i l  

surface , notwithstanding the d i f f i c u l t i e s  o f  uniform ity

-  163 -
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o f  water ap p lica tion , and the water storage capacity 

o f  the s o i l  p r o f i le  within root range.

A sim pler but interim  ap p lica tion  o f  these resu lts

ia  i s  the incorporation  o f  the number o f  rain days in  

the p red iction  o f  orop water use. Promising resu lts  o f  

th is approach hare bean obtained by Bagg ( l„7 0 ) in  the 

eaae o f  tea where an equation o f  the form

£  * v  ♦ v (x -*>*
where a. -  a -  0 . 9 0  4^

^  cA 4 ^  i t *  /
and f t  -  fra c t io n a l number o f  as in  days per month, 

has given values o f  Bt/Eo c lo s e ly  corre la ted  with meas

urements o f  E t/E o  with a lysim eter. The main response to

rain  days in  the ease o f  young tea i s  in  evaporation from
r

bare s o i l ,  suggesting that fo r  tea has a value c lose  

to  unity. This may not be the oase with other crops and 

the presence o f  em pirical fa c to rs  lik e  a  ̂ and i s  s t i l l  

u n satisfactory . The general usefulness o f  th is  formula 

should however be checked where accurate measurements o f  

crop water use and percentage ground oover are av a ila b le .
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1-,. i fa i  .M l

Of the two makes o f  neutron moisture meter teeted ,

the E.A.L. and the IT IV -1, the former has proved more 

accurate and better suited to detection  o f  small changes 

In moisture content in  s o i l  with large water bolding 

capacity* Under the r ig h t  con d ition s, these changes in  

moisture content can rea d ily  be used to ealeu late  a 

reasonable estimate o f  orop water use In the f l e ld t but 

in  irr ig a ted  f ie ld s ,  uniform ity o f  water ap p lioatlon  Is  

an important source o f  error* Another lim itin g  fa otor  

i s  the lack  o f  r e lia b le  methods o f  estim ating the upward 

and downward flu x  o f  s o i l  water* This i s  more serious 

in  annual crops where the maximum root depth at a given 

time is  variab le  and o fte n  unknown, and where sub-surfaoe 

cracks in  the s o i l  p r o f i le  may be dominant in  downward 

drainage*

The e f fe o t  o f  moisture oontent on the sphere o f  

in flu ence o f  neutron moieture meters beoomes c r i t i c a l  

near the s o i l  surface and th is  can resu lt  in  serious 

errors in  water use measurements whma most o f  the water
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fo r  evaporation comoo from th is  la y er. I t  ls -p o s s lb le  

to  apply a aoparate ca lib ra tio n  fo r  the f i r s t  3 0  oa 

(ran fiarol and S tirk , 1967) where a re la t iv e ly  email 

area such as a ly s in e  te r  i s  cones rnedf but Hie ap p lic

a b i l i t y  o f  th is  procedure in  the open f i e ld  i s  U n ited  

by the sp a tia l v a r ia b il ity  o f  s o i l  density  and organic 

natter content in  th is  la y er . The use o f  standardised 

neutron r e f le c to r s  fo r  attachment to  normal depth probee 

has been tr ie d  elsewhere without much su ccess t partly 

because o f  the e f f e c t  o f euch r e fle c to r s  on the spherical 

symmetry o f  the slow neutron oloud around the d eteotor. 

She a ltern a tive  method o f  s o i l  sampling in  th is  layer 

was tr ie d  in  the Mwea experiments. She resu lts  and 

subsequent examination o f  the method suggest that i t  is  

un satisfactory  since many samples are required in  order 

to  achieve sp a tia l average moisture content. Shis pro

cedure could  also change s o i l  conditions near the 

neutron probe access p ips to  the extent that the entire 

s o i l  p r o f i le  water content may not be representative. 

Development o f  a staple but re lia b le  and rapid method 

o f  s o i l  moisture determination in  the top la y er  o f  s o i l  

i s  therefore  ca lled  fo r .
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13*1 .Pgr Hants;

A high degree o f  corre la tion  (y8# o f  rarlanoe accounted 

fo r )  has been obtained between aeaeured dry s e tte r  pro

duction  in  a l l  atagee o f  growth and th eore tica l eatisatea  

o f  groee photosynthesis baaed on the aethod o f  Montelth 

(1965a). The only measurements required are d a ily  to ta le  

o f  e c la r  rad iation , le a f  area index, and the re la tion sh ip  

between l ig h t  ex tin ction  in  the oanopy and le a f  area index. 

The fra c t io n  o f  gross photosynthesis used in  resp ira tion  

under f i e ld  conditions w il l  be d i f f i c u l t  to measure but 

re su lts  o f  Mwea experiments indicate that th is fTaetion 

is  r e la t iv e ly  constant in  a given clim ate and values o f  

0.5 fo r  aaise and 0 .4  fo r  beans would be applioable in  

a warm clim ate sim ilar to  that o f  Mwea.

Those findings should be tested  over a wide range 

o f  environments. The p o s s ib i l i ty  o f  pred ictin g  maximum 

y ie ld s , not only o f  stover but a lso  o f  gra in , in  orops 

o f  sa ise  and beans w i l l  be a valuable aid not only in  

lend use planning, but a lso to plant breeders who would 

welcome the p o s s ib il i ty  o f  assessing the p o te n t ia lit ie s
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o f  genetic m aterial before f in a l y ie ld s  are obtained. I t  ie  

erident that a good variety  o f  anise w il l  be one whioh dev. 

elops f u l l  le a f  area qu ick ly ,m in ta in s  th is  condition  fo r  

the la rger fra c t io n  o f  the growing season, and in  whioh a l l  

net photosynthesis a fte r  s ilk in g  is  stored  in  the gra in .

4 . p a r t it io n  p f energy in  crops aaise and Deans

Results fro a  the Ueea experiments have shown that i f  

s o i l  moisture i s  av a ila b le , a lm os^ a ll net radiation  in  

aaise and bean crops may be oonverted in to  la ten t heat and 

that fo r  short periods la ten t heat in  the maise crop can 

exceed net rad iation  with consequential cooling  o f  the a ir .

The method o f  Fritsehen (1965) fo r  the datermina tion o f  

hourly values o f  Bowen's R atio , f t  , has y ie lded  consisten t 

re su lts . Analysis o f  chart records proved cumbersome and 

development o f  a simple data handling system is  very d e s ir .  

ab le . The main obstacle  w i l l  be the sub jeotive  quality  con . 

t r o l  found necessary before in tegration  o f  chart records.

The fra c t io n  o f  to ta l rad iation  stored in  the form o f  to ta l 

dry matter is  very small compared with the la ten t and sen s, 

ib le  heat components. This component does not appear to be 

correla ted  with the three s o i l  moisture treatments in  the ly68 

aa ise  crop and does not th erefors seem to be a su itab le  para, 

meter fo r  defin ing water use e f f ic ie n c y  o f  aa ise.
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The drop In ra te  o f  dry matter form ation at oerta in  

stages o f  growth In  both malse and beans could , however, be 

a valuable in d ica tor  o f  the e ffe o ts  o f  p h ysio log ica l ( in  the 

case o f  malse) and / o r  excessive s o i l  moisture ( in  the ease 

o f  beans) conditions on the e ff ic ie n c y  o f  so lar  energy u t i l 

isa t io n  fo r  photosynthesis in  f ie ld  crops. These aspeots are 

described in  greater d e ta il  in  Chapter IT, but further det

a ile d  experiments are required to check the rep rod u o ib ility  o f  

such e f fe c t s  and, i f  confirmed, to work out the mechanism o f  

these phenomena.

5. Water Use E ffic ien cy

The experiments oarried out at Mwea have therefore  shown 

that water use e f f ic ie n c y  o f  maise and beans cannot be def

ined in  quantitative terms without reference to the environ

ment. Crop management is  a s ig n ifica n t  fa cto r  which cannot 

be qu an tified , but optimum plant populations and d ire c t  

ap p lica tion  o f  ir r ig a t io n  water to  the s e l l  beneath the veg

eta tion  should resu lt  in  increased water use e f f ic ie n c y . 

Provided s o i l  moisture storage capacity  i s  good, heavy doses 

o f  ir r ig a t io n  applied le s s  frequently  would be more econ

omical than frequent ap p lication s o f  small amounts o f  water.
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APPENDIX 1

Chemical Analysis cf Soils frca '"he Exce rimer. t al Fields

F ie ld Depth
cm

pH
( s o i l  

p a s t e }

Organic
m atter
\7a CDS)

Excr
(
ar.geacle C ations 
q . eq .  %  CDS)

C o n d u c t iv i t y  
E d  x 1C3 
mhcs at
2 5 0  c  
( 1 : 1
s u sp e n s io n )

Sodium 
a d s o r t t io r .  
r a t i o  SAR

Exchangeable
sodium
percentage
ESP

j'ecna.
(p i i

i l e a l  a n a ly s i s  
: e t t e  method) 

( *  COS)

jr Ca V -i • Mn Sand C lay S i l t

0 -15 Cel 3 .5 6 2.95 1 0 .5 4 7 .1 0 .194 0.113 2 5 . 6 56 .6 3 4 . 2

15 -50 6 .2 3 .5 3 2 .6 ’ 10 .33 7 . C 0 . 1 6 ' 0 .0 72 2 9 . 0 36.6 3 0 . 8

50-45 5-9 3 -08 2.4-5 8 .1 9 S- P 0 .452 0 .1 10 2 5 . 6 4 2 .0 2 9 . 3ness -^ess
A 4 5 - 7 5 5.5 2 .04 Q  C . 5 .93 4 .9 0 .647 0 .130 than than 2 1 . 2 5 4 .0 22 .6

75-105 5.6 1 .3 6 C. 36 4 .5 0 4 .2 0 .139 0 .062 1 -2 1 - 2 19.7 5 7 .5 21.1
105-135 5 .8 1 .5 0 O . l 7 3.36 4 .2 0 .141 0 .160 20 .1 53 .6 1 9 .1
155-150 5 .9 1 .2 6 0.17 2 .5 6 4 .2 0 .066 0 .140 20 .4 5 5 -9 22 .4

0-15 5.6 3-44 1.95 8 .  ?6 5. C 0 .4 52 0 .1 80 28.3 38 .5 29-8
15 -50 5 .6 2 .46 1 .2 9 7 .5 0 4 .6 C. 450 0 .3 00 26 .0 4 4 .0 27.5
30-45 5.6 1 .8 3 0 .7 6 6 .4 9 4 .2 0 .551 0 .172 Less Less 23-3 4 9 . 7 25-1 ■

3 45-75 5 .6 1 .6 0 0 . 4 j 5 • 06 4.1 0 .227 0 .1 44 than than 24 .4 5 4 . 0 20.f0
75-105 5 .7 1 .2 6 0 .3 0 4 .3 0 4 .1 0.14C 0 .164 1 -2 1 - 2

2 1 . 7 5 5 . 6 21 .2
105-135 5 .7 1 .1 0 0.17 3.67 4 .8 C. 108 0 .1 70 2 0 . c 5 7 . 2 21.6
135-150 5 .6 1 .0 4 0 .2 2 3-35 4.5 0 .1 08 0 .258 2 3 . 3 5 5 . 1 20.6



APPENDIX 2

Summary o f  X e t e o r c l o g i c a l  O b serv a tion s  at Mwea I r r i g a t i o n  Scheme

R a in fa ll Air temperature A ir humidity Wind specs Radiation Sunshine Open water 
evaporation

P eriod
Monthly 
to ta ls

Xo
o f
va

ith ly  means 
da ily  

.ues

Dewpoint 
mean o f  
0900 tad 
1500 hrs

Saturation 
d e f ic i t  
mean c f  
0900 and 
15CC hrs

R elative 
hum! tity 
at
1500 hrs

Kean wind 
speed at 
6 f t
acove ground

Gucr.
B e lla s !

Kean
daily  
suns nine 
hours

Rais ed 
pan
w ith gr id  
cover

ma '.'ax Mia
cC

Hear
GC °C nm o f 

mercury
* mph Ly/day hrs ms

1967

Ju l. 21.1 24.3 15.0 19.9 14.4 5.12 53 2.1 420 4.3 121.7
Aug. 20.6 25.5 14.2 19.9 13.3 5.Q7 43 2.6 462 5.0 141.5
Sep. 15.5 23.2 14.3 21.3 13.4 7.47 40 3.3 568 7.2 182.1
Oct. 236.5 23.0 15.8 21.9 15.6 6.42 48 3-4 556 6.7 183-1
Nov. 2C6.0 26.3 15.4 20.9 17. 3 3.15 66 2.5 515 6.7 139.2
Dec. 0 27.2 12.5 19.9 16.2 3.61 56 3 .1 630 10.1 178.8

1963

Jar.. 0 29.2 11.1 2C.2 13-1 6.45 39 3 .8 695 11.1 225.0
Fee. 149.6 23.6 14.7 21.7 15.3 6.43 43 3.5 574 7.1 176.3
Xa r . 123.2 27.6 15.4 21.5 17.2 4.5 2 59 3.1 544 6.7 160.8
Apr. 305.6 26. e 15.4 21. C 17.6 3.56 62 2.6 491 5.3 136.9
Kay 92.5 26.0 16.3 21.1 1 6 .e 4.42 61 2.3 491 6.C 128.8
Jun. 17.0 25.2 15.0 20.1 15.1 4.77 59 1 .8 435 4.6 112. C
J u l. 19.8 23.4 15.0 19.2 13.9 4.77 59 *i.e 341 2.4 87.6
Aug. 8 .9 23.5 14.7 19.1 13.4 5.06 55 1 .9 353 2.4 1C2.4
Sep. 2.5 23.5 14.7 21.6 13.1 8.04 39 3.2 603 7 .1 189.7
Oct. 168.4 2e .6 17.1 22.3 15.3 j i *»g 45 3 .2 562 6 .4 179.6
Nov. 334.5 25.8 16.9 21.4 16.9 4 .6e 62 3 .0 468 5.7 126.7
Dec. 136.1 26.7 ie .O 20.4 16.3 4 .OS 58 2.3 591

-

153-9



APFENDIX 3 *

l y s im e t e r  A and 3 read in gs  and c a l c u l a t i o n  o f  Et f o r  the 1967 maize c r o p

S E P T E M B E R 1 9  6 7

L y s im e te r  A L y s im e te r  B

Date Column
h e ig h t

cm.

Column 
change 
x  1 .03  

am.

D ra inage
mm.

R a i n f a l l
mm.

E t
mm.

5 -day
t o t a l

mm.

Column
h e i g h t

cm.

Column 
change 
x 0 .o8

D ra in ag e R a i n f a l l
rr.m .

E t 5-d ay  
t o t a l

1 34.1 5 .2 2 .1 0 . 3 .1
2 53.6 - 1 . 0 2 .1 0 - 3 . 1
3 33.7 5 .2 1 .1 0 4 .1
4 3 3 .2 0 0 .7 0 - 0 . 7
5 3 3 .2 17-5 0 .6 2 .0 1 6 .9

22.3
6 31.5 - 2 3 . 7 0 .3 8 .1 - 1 5 .9
7 33 .8 25.8 0 .2 5.1 30.7
8 31.3 4.1 0 0 4 .1
9 30 .9 5 .2 0 0 .3 5 .5

10 30.4 - 4 .1 0 0 - 4 . 1
20.3

11 30 .8 6 .2 0 0 6 .2
12 30 .2 - 0 0 4 .4 *
13 » 31.7 - 3 .9 0 4 . 4 *
14 32-9 17.5 3 .8 0 13.7 79 .1 9.7 1 .2 0 8 .5
15 3 1 .2 0 6 .8 0 —6 .8

21.9
7 8 .0 2 .6 2 .8 0 - 0 . 2

16 3 1 .2 5 .2 4 .0 0 1 .2 77 • 7 4 .4 2 .8 0 1 .6
17 30.7 - 2 . 1 2 .8 0 - 4 . 9 7 7 .2 0 .9 1 .9 0 - 1 . 0
18 30 .9 9 .3 1 .7 0 7 .6 77.1 5 .3 1 .2 0 4 .1
19 3 0 .0 14 .4 1 .4 0 1 3 .0 76.5 4 .4 1 .0 0 3 .4
20 28.6 8 .2 0 .6 0 7 .6

24.5
76 .0 5 .3 0 .6 0 4.7

1 2 .8
21 27.8 5 .2 0 .5 0 4 .7 75 .4 3.5 0 .4 0 3 .1
22 27.3 11.3 0 .4 0 10 .9 75 .0 3 .5 0 .2 0 3 .3
23 26 .2 - 3 .1 0 .2 0 - 3 . 3 74 .6 2 .6 0 .1 0 2.5
24 26.5 - 2 .1 0 .1 0 - 2 . 2 74 .3 0 .9 0 0 0 -9
25 26.7 0 0 2 .5 ' '

12 .6
7 4 .2 " 0 0 2 .5 *

12.3
26 *  26.5 - 3 .2 0 e . 4 * *  73 .7 - 0 .1 0 6 . 4 *
27 28.2 10.3 1 .8 0 8 .5 75 .4 4 .4 0 0 4 .4
28 27.2 16.5 2 .9 0 13.6 7 4 .9 7 .9 0 0 7 .9
29 25.6 9 .3 1 .2 0 6 .1 7 4 .0 6 .2 0 0 6 .2
30 24.7 4 .1 0 .9 0 3 .2

4 1 .8
73.3 7 .0 0 0 7 -0

3 1-9

*  5 -da y  average

♦ Days w i t h  i r r i g a t i o n



APPENDIX

L y s in e t e r  A and B rea d in gs  and c a l c u l a t i o n  o f  Et f o r  the 1967 maize crop

O C T 0 B E fl 1 9  6 7

Date

L y s im e te r  A L y s im e te r  B

Column
h e i g h t

cm.

Column 
change 
x  1 .0 3

nun.

D ra inage
mm.

R a i n f a l l
hud.

E t
mm.

5-d a y  
t o t a l

Trim ,

Column
h e ig h t

cm.

Column 
change 
x  0 .6 8  

mm.

D ra inage
mm.

R a i n f a l l
mm.

E t
□m.

5-d a y
to  t a l  

mm.

1 24.3 1 .0 0 .2 0 0 .8 72.5 1 .6 0 0 1 .8
2 24.2 0 0 .5 0 - 0 .5 72 .3 2 .6 0 0 2 .6
3 24.2 0 0 .3 0 ' - 0 . 3 7 2 .0 4 .4 0 0 4 .4
4 24.2 2.1 0 .2 0 1 .9 71 .5 2 .6 0 0 2 .6
5 24.0 5 .2 0 .1 0 5 .1 7 1 .2 5 .3 0 0 5 .3

7 - 0 16 .7
6 23.5 2.1 0 .1 0 2 .0 70 .6 4 .4 0 0 4 .4
7 23.3 1 .0 0 0 .3 1-3 70 .1 3 .5 0 0 .3 3 -8
8 23.2 0 0 1 9 .1 19.1 69.7 -1 0 .6 0 19.1 8 .5
9 23.2 7 .2 0 0 7 .2 7 0 .9 1 0 .6 0 0 1 0 .6

10 22.5 - 0 0 7 - 4 * 69.7 - 0 0 6 . 8 *
3 7 .0 34.1

11 *  23.7 - 0 0 9 . 2 * *  69.5 - 0 0 8 . 1 *
12 26.0 5 -2 0 0 5 .2 7 2 .0 12.3 0 0 12 .3
13 25.5 15.5 0 1 .5 1 7 .0 70 .6 7 -9 0 1 .5 9 .4
14 24.0 1 1 .3 0 0 11.3 69.7 7 -0 0 0 7 -0

-15 22 .9 3 .1 0 0 3 .1 66 .9 3.5 0 0 3 .5
4 5 .8 40.3

16 22.6 - 2 1 . 6 0 4 4 .2 22.6 68.5 - 2 2 .9 0 44.2 21.3
17 24.7 1 .0 0 0 1 .0 7 1 .1 16 .7 0 0 16.7
18 24.6 4 .1 0 0 4 .1 69 .2 - 6 . 2 0 0 - 6 . 2
19 24.2 4 .1 0 6 .4 10.5 69 .9 16 .7 0 6 .4 23.1
20 23.8 4 .1 0 4 .3 8 .4 68 .0 2 .6 0 4 .3 6 .9

46.6 6 1 .8
21 23.1 7 .2 0 1 .3 8 .5 67.7 - 7 . 0 0 1 .3 - 5 . 7
22 22.7 - 3 . 1 0 8 .9 5 .8 68.5 7 .0 0 3 .9  • 1 5 .9
23 23.0 - 8 . 2 0 16.5 8 .3 67.7 - 1 2 .3 0 16.5 4 .2
24 2 3 .8 - 1 0 . 3 0 1 1 .9 1 .6 69.1 - 7 . 0 0 11 .9 4 .9
25 24.8 6 .2 0 0 .5 6 .7 69 .9 6 .2 0 0 .5 6 .7

3 0 .9 2 6 .0
26 24.2 1 .0 0 5 .6 6 .6 69 .2 0 .9 0 5 .6 6 .5
27 24.1 - 5 1 . 5 0 70 .1 18 .6 69.1 - 5 3 .7 0 7 0 .1 16.4
28 29.1 7 .2 13.6 3 .8 - 2 . 6 7 5 .2 9-7 0 3 .3 13.5
29 28.4 17 .5 7 .0 9.7 20.2 7 4 .1 4.4 3 .5 9 .7 10 .6
30 26.7 - 1 4 . 4 6 .8 2 6 .2 5 .0 73 .6 - 1 2 .3 7 .4 26.2 6 .5
31 28.1 6 .2 13.6 6 .4 - 1 . 0 7 5 .0 6 .2 7 .5 6 .4 5 .1

4 6 .8 58.6

*  5-d a y  average

# Days w i t h  i r r i g a t i o n



APPENDIX 5
lysjLmeter A and B readings ai:d c a l c u l a t i o n  o f  Et f o r  the l?t-7 crop

N O V E M B E R  1 9 6 7

Date

L y s in e te r  A L y s im e te r  B

Column
h e ig h t

cm.

Column 
change 
x 1.03 

mm.

Drainage R a i n f a l l
mm.

Et 5-day
t o t a l

mm.

Column
h e ig h t

cm.

Coxumn 
change 
x 0 .63  

mm.

Drainage R a i n f a l l
mm.

Et
mm.

5-day
t o t a l
mm.

1 27.5 22.7 10.4 1 .8 14.1 74.3 17.6 6 .4 1 .8 13.0
2 25.3 -3 8 .1 2-5 41.7 1 .1 72.3 -2 9 -0 6.3 41.7 6 .4
3 29.0 10.3 13.6 4 .8 1 .5 75.6 11.4 6.3 4 .8 9 .9
4 28.0 13-4 11.3 4.1 6 .2 74.3 11.4 6.3 4.1 9.2
5 26.7 4.1 5 .8 5.3 3 .6 73 .0 5.3 6 .3 5.3 4.3

26.5 42.8
6 2 b .3 -1 5 .5 3.7 24.1 4 .9 72.4 -1 6 .7 5 .1 • 24.1 2.3
7 27.3 7 .2 6.3 2 .0 2 .9 74.3 7 .9 6 .1 2 .0 3 .8
6 27.1 5 .2 4 .7 4.3 4 .6 73.4 7 .9 5 .6 4.3 6 .6
9 26.6 9.3 3.3 0 6 .0 72.5 11.4 3.5 0 7-9

10 25.7 4.1 1 .2 0 2.9 71.2 5.3 1 .9 0 3 .4
21.5 24.0

11 25.3 9.3 0.4 0 6 .9 70.6 7-9 0.7 0 7 .2
12 24.4 0 0 6.6 6.6 69.7 1 .8 0 .1 6 .6 6 .3
13 24.4 0 0 l . S 1 .8 69.5 4.4 0 1 .8 6 .2
14 24.4 1 .0 0 0 l . C 69-0 1 .6 0 0 1 .8
15 24.3 - 6 .2 0 16.5 10.3 68.3 - 0 .9 0 16.5 15.6

26.6 39.1
16 24.9 - 6 .2 0 11 .9 5.7 o3. 9 0.9 0 11.9 12.8
17 25-5 - 2 .1 0 3-8 1.7 68.6 0 0 3 .8 3 .8
16 25.7 - 3 .1 0 1.3 - 1 .8 68.8 - 3 .5 0 1 .3 - 2 . 2
19 26.0 4.1 0 0 4.1 69.2 3.5 0 0 3.5
20 25.6 4.1 0 0 4.1 68.8 3.5 0 0 3-5

13.8 21.4
21 25.2 -1 2 .4 0 12.7 0 .3 68.4 -1 2 .3 0 12.7 0 .4
22 f 26.4 1.1 0 0 .8 1 .9 t  69.8 2.0 0 0 .8 2 .8
23 26.3 5.4 0 0 5.4 69-6 6 .8 0 0 6 .8
24 25.8 - 1 .1 0 5.6 4.5 68.7 1 .0 0 5.6 6 .6
25 25-9 -3 5 .3 0 39.4 4.1 68.6 211.7 0 39.4 4 .7 *

16.2 23.3
26 29.2 -1 0 .7 0 9.7 - 1 . 0 47.0 -3 6 .3 0 9.7 _

27 30.2 11.8 7 .2 7 .9 12.5 50.4 - 5 . 9 0 7 .9 _
28 29.1 12 .8 6.4 0 6.4 51.0 -1 1 .8 0.7 0 -
29 27.9 10.7 4.5 0 6.2 52.2 - 2 .9 3.5 c _
30 26.9 4.3 2 .0 0 2.3 52.5 - 9 .8 2.3 0 _

26.4

*  5-day average

+ C a l i b r a t i o n  f a c t o r  changed to 1 .07  

+ C a l i b r a t i o n  f a c t o r  changed to  0 .96
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APPENDIX 3  4

L ysim eter  A and B read ings  and c a l c u l a t i o n  o f  Et f o r  the 1967 n a iz e  crop

D E C E M B E R 1 9  6 7

Date

L y s im eter  A L ysim eter  B

Column
height

cm.

Column 
change 
x 1 .03 

mm.

Drainage
mm.

Et
mm.

5-day  
t o t a l
mm.

Column
heigh t

cm.

Column 
change 
x 0 .9 8  

mm.

Drainage 
mm.

Et 
mm •

5-day
t o t a l
mm.

1 26.5 i . i i . i 0 53 .5 4 .9 1 .3 3 .6
‘  2 25.4 8 .6 0 8 .6 5 3 .0 8 .8 0 8 . 8

3 24.6 ■ 8 .6 0 8 .6 52.1 2 .9 0 2.9
4 23 .8 3 .2 0 3 .2 51 .8 10 .8 0 10 .8
5 23.5 7 .5 0 7 .5 50.7 14.7 0 14 .7

27 .9 4 0 .8
6 22.8 - 4 .3 0 - 4 . 3 49 .2 - 4 .9 0 - 4 . 9
7 23.2 - 7 - 5 0 - 7 . 5 49.7 - 4 . 9 0 - 4 . 9
8 23.9 - 6 . 4 0 - 6 . 4 5 0 .2 - 1 . 0 0 - 1 . 0
9 24.5 8 .6 0 8 .6 50 .3 14.7 0 14 .7

10 23.7 - 1 .1 0 - 1 . 1 48 .8 - 2 . 0 0 - 2 . 0
-1 0 .7 1 .9

n 2 3 . 8 - 1 . 1 0 - 1 . 1 49 .0 2 .0 0 2 .0
12 23 .9 3 .2 0 3 .2 18 .8 3 .9 0 3 .9
13 23 .6 1 3 .9 0 13 .9 48.4 13.7 0 13 .7
14 22.3 - 3 .2 0 - 3 . 2 47 .0 - 4 . 9 0 - 4 . 9
15 22.6 5 .4 0 5 .4 47.5 4 .9 0 4 .9

18 .2 19.6
16 22.1 10.7 0 10.7 47.0 3 .9 0 3 -9
17 21.1 4 .3 0 4.3 46.6 7 .8 0 7 .8
18 20 .7 - 4 .3 0 - 4 .3 45 .8 - 2 . 9 0 - 2 . 9
19 21.1 - 1 .1 0 - 1 .1 46.1 - 1 . 0 0 - 1 . 0
20 21 .2 4.3 0 4.3 46 .2 3 .9 0 3 .9

13 .9 11 .7
21 20 .8 19 .3 0 19-3 45 .8 15.7 0 15.7
22 19-0 5-4 0 5 .4 44 .2 3 .9 0 3 .9
23 18.5 7 .5 0 7 .5 43 .8 5 .9 0 5 .9
24 17 .8 - 1 . 1 0 - 1 .1 43 .2 0 0 0
25 17 .9 5 .4 0 5.4 43 .2 4 .9 0 4 .9

36.5 30 .4
26 17 .4 5 .4 0 5 .4 42.7 5 .9 0 5 .9  .
27 16 .9 1 3 .9 0 13 .9 I 42.1 2 .0 0 2.0
28 15.6 6 .4 0 6 .4 40 .9 6 .9 0 6 .9
29 1 5 .0 - 4 . 3 0 - 4 .3 i 40 .2 - 1 . 0 0 - 1 .0
30 15.4 8 .6 0 8 .6 40.3 5 .9 0 5 .9
31 14 .6 - 5 . 4 0 - 5 . 4 39.7 2 .9 0 2.9

24 .6 22.6

There was no r a i n f a l l  in  December,
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APPENDIX 3e

■gfiBft fit , frya  ly e la e te r  poayared iftjh
evaporatloa. Ef  t _apd Penmtgt eetlaate  So

■Ufe.? crop

Per
I t

iod Eo Jp
Lye. A ly e . B

Sep. 1-5 22.5 26.4 29.0
6-10 20.5 - 26.3 19.6

11-15 21.9 — 27.1 24.4
16-20 24.5 12.8 33.8 36.0
21-25 12.6 12.3 34.3 31.5
26-30 41.8 31.9 34.3 35.5

Oct. 1-5 7 .0 16.7 35.8 38.0
6-10 37.0 34.1 35.9 32.5

11-15 45.8 40.3 33.3 32.0
16-20 46.6 61.8 33.4 30.0
21-25 30.9 26.0 25.3 19.6
26-31 46.8 58.6 30.4 30.7

Bor. 1-5 26.5 42.8 27.0 24.6
6-10 21.5 24.0 27.0 25.5

11-15 28.6 39.1 29.2 26.0
16-20 13.7 21.4 29.1 25.5
21-25 16.2 23.3 21.9 20.9
26-30 26.4 • 21.9 17.0

Deo. 1-5 27.9 40.8 28.4 27.0
6-10 -10 .7 1 .9 28.3 27.0

11-15 18.2 19.6 30.3 24.0
16-20 ' 13.9 11.7 30.4 29.0
21-25 36.5 30.4 30.4 30.5
26-31 24.6 22.6 36.5 36.1



APPENDIX

y g i n ^ t r r  A rea d in g s  ar.c c a l c u l a t i o n  o f  Et l o r  m e  l- ? t6  sea n  c r c t

MARCH APRIL MAY

Late Column
h e ig h t

cm.

Column 
change 
x  0 .6 6

R a in fa l l Et 5-da.v
t o t a l

Column
h e ig h t

cm.

Column 
change 
x 0 .8 6

D rainage R a in fa l l
mm.

' Et 5-day
to ta l

mm.

Colunn 
h e ig h t 

cm.

Column 
change 
x 0 .7 6

D rainage
mm.

R a in fa l l Et 5 -d a y
t o t a l

1 76 .3 0 4 .3 4 .3 7 4 .9 -1 1 .4 0 1 9 .0 7 .6 6 7 .C lto.4 1 2 .6 to .9 10 .5
2 76 .3 1 .6 4.1 5 .9 7 6 .2 -1 0 .6 0 1 6 .6 8 .2 6 4 .9 -9 -4 1 0 .6 21.2 7 .0
3 76 .1 4 .4 0 4 .4 77 .4 2 .6 0 7 .1 9-7 66 .1 1 7 .9 1 2 .6 0 5.1
4 77 .6 - 6 .2 9 .4 3 .2 77 .1 2 .6 0 1 .6 4 .4 6 3 -6 - 7 .0 6 .4 20 .5 5 .1
5 76 .3 - 1 .8 7 .6 5 .8 7 6 .8 5 .3 0 0 5 . 3 6 4 .7 11 .7 6 .4 3 .1 o .4

25 .6 3 5 .2 5 4 . i
6 76 .5 - 4 .4 9 .4 5 .0 7 6 .2 7 .0 c 0 .5 7-5 8 3 .2 1 0 .9 6 . 4 0 4 .5
7 7 9 .C - 0 .9 l .C 0 .1 75 .4 - 0 .9 0 6 .4 7 .5 6 1 .6 to .2 4 .0 3.1 5.5
6 79 .1 2 .6 3 .3 5 .9 7 5 .5 5 .3 0 0 5 3 6 1 .0 5. 5 2 .4 c 3-1
0 7 6 .6 5 .^ 1 .0 6 .5 7 4 .9 6 .6 0 0 6 .6 bO.3 t .  2 1 .5 0 .6 5-5

10 7 6 .2 2 .6 0 2. to 7 3 .9 1 .8 0 4 .1 5 .9 79 .5 6 .2 0 .9 o . j 5 .6
19 .9 35 .0 2 4 .2

11 7 7 -9 3.5 1 .3 4 .8 73-7 0 0 7 .6 7.6 76 .7 1 . 0 0 .6 4.3 5 .3
12 7 7 .5 - 3 .5 6 .9 3.4 73-7 0 0 4 .3 4 .3 76 .5 3 .9 O .b 0 3 .3
13 7 7 .9 4.4 0 4 .4 73-7 10 .6 0 2.5 1 5 - i 7 6 .0 3 .9 0.7 0 3-2
14 7 7 .4 3 .5 0 3 .5 72 .5 0 .9 0 1 .0 1 .9 77 .5 4 .7 0 .4 0 4 . 3

15 7 7 .0 2.6 c 2.6 72 .4 -1 7 .6 0 20 .6 3-2 70.5 2 .3 0» 4 C.5 2 .4
16 .7 30.1 l o .5

16 7 6 .7 5 .3 0 5-3 74 .4 -1 6 .7 0 1S .0 1-3 7 to .  6 4 .7 0 .3 0 4 .4
17 76 .1 0 .9 0 C. 9 76 .3 7 .0 0 0 7 • C 7 6 .0 3 .1 0 .2 0 .6 3 .7
16 7 6 .C -2 1 .2 30 .2 9 .0 75 .5 4 .4 0 1 .6 6 .2 75 .6 2 .3 0 .2 0 .6 2 .9
19 76 .4 - 1 5 .8 21 .6 6 .0 7 5 .0 7 .9 0 0 7 .9 75 .3 3.1 0 .1 0 3 .0
20 8 0 .2 3 .5 1 .0 4 .5 74 .1 2 .6 0 5 .3 7 .9 7 4 .9 1 .6 0 .1 0 .6 2.3

25 .7 30 .3 l o .3
21 7 9 .6 -1 1 .4 1 3 .7 2 .3 7 3 .6 4 .4 0 0 .5 4 .9 74 .7 3 .1 0 .1 0 .3 3-3
22 81 .1 2 .6 0 2 .6 73 .3 - 5 1 .9 0 57 .0 5.1 74 .3 5 .9 0 0 .3 4 .2
25 60 . b 7 .0 C 7 .0 "9 .2 -1 9 .4 0 23 .6 4 .4 7 3 .6 - 0 .6 0 0 -O .b
24 6 0 .0 4 .4 0 .5 4 .9 61 . 4 7 .0 c 0 .5 7 .5 7 5 .9 C .6 0 2 .3 3 . i
25 79-5 - 5 .3 7 .6 2.3 80 .6 0 0 4 .3 4 .3 73 .6 -1 2 .5 0 lto .o 4 .3

19 .1 2o. 2 14 .1
26 8C.1 5-3 0 5.3 6 0 .6 - 7 .6 0 11 .7 3 .9 75 .4 3.1 c 0 .3 3 .4
27 79 .5 6 .2 0 6 .2 8 1 .6 4 .7 0 0 4 .7 7 5 .0 3 .9 0 0 3 .9
2S 7 6 .S 1 0 .6 0 10 . o 6 1 .0 -2 7 .3 0 40.5 13 -2 74 .5 - o . e 0 3.3 2 .5
29 7 7 .6 7 .9 0 7 .9 64 .5 3 .9 0 1 .1 5 .0 7 4 .6 2.3 0 0 .3 2.0
30 76 .7 9 .7 0 9 .7 6 4 .0 -2 3 .4 7 .0 44 .7 14 .3 74 .3 2.3 0 0 2 .3
31 75 .6 6 .2 0 6 .2 I 7 4 .0 3.1 0 0 3 .1

45 .9 41.1 17 .6

N.B. No dra in age was re cord ed  in  March.

m



APFBIPII Ab
Water use o f  beans (Canadian Wonder). Ewea Raparinent 1966

Month 5 -d a /
periods

igra.A
Et

I /s .B
Et
Uxlix

E.Pan Eo Ft/feo
Zqts. a

Et/Bo 
1 /8 .4  
10 day R ain fa ll I*. A. I .

March 1 23.6 26.0 25.4 25.7 0.92 25.4 0 .0
11 19.9 18.6 22.6 25.6 0.77 0.65 14,7 0.02

I I I 18.7 8 .3 32.0 31.8 0.59 0.66 8 .2 0.10
IT 25.7 IEJJL 29.3 29.0 0.89 0.74 42.0 0.36
T 19.1 EZCA- 15.8 23.5 0.81 0.85 21.8 0.80

TI 45.9 TAfED 35.3 37.0 1.24 1.02 0.0 1.75
April I 35.2 24.9 27.8 1.27 1.25 46.7 3.00

II 35.0 21.6 25.4 1.38 1.33 13.0 3.70
I I I 30.1 22.6 24.8 1.21 1.30 36.2 4.1

IT 30.3 19.1 21.9 1.43 1.32 25.1 4.25T 26.2 18.5 22.2 1.18 1.31 105.1 4 .0
TI 41.1 17.3 24.8 1.66 1.42 106.9 3 .1

*ay I 34.1 21.6 30.3 1.13 1.40 57.7 2 .0
II 24.2 23.6 27.8 0.87 1.00 4.4 1 .0

I I I 18.5 22.1 27.4 0.68 0.78 4.8 0 .0
IT 16.3 22.1 25.6 0.64 0.66 2.4 0 .0
T 14.1 la 18.0 22.6 0.63 0.63 19.7 0 .0

TI 17.8
_______

20.5 28.2 0.63 0.63 3.9 0 .0

Germination in both lysim eters  on 6th March. Harvest in  
'A ' 23rd May. Leaves dried o f f  from 13th May.

192
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APPENDIX ^ > ^ £ c o n t in u e d )

L y s ia e t e r  A rea d in g s  and c a lc u la t io n  o f  St fo r‘ tne I9t:-s s a ic e  crop

Date

SEPTEMBER OCTOBER NOVEMBER

Column
height

cm.

Column 
change 
x 0.89

am.

R ain fall St
as.

5-day 
to ta l

Column
height

cm.

Column 
change 
x 0.89 

za.

R a in fa ll St 5-day 
tota l 
am.

Column
neight

ca.

Column 
cnange 
x 0.89

Drainage Raunf a ll 
am.

Et 5-day
tota l
am.

71.5 4.5 0 4.5 62.1 6.2 2.2 3.4 5o.7 -1 7 .9 0 20.0 2.1
2 71.0 1.3 0 1.3 61.4 5.3 1 .2 6.5 58.7 1.3 0 7.9 9.7
3 70.6 3.6 0 3.6 60.8 6.2 0 6.2 58.5 6.2 0 1.5 7.7
4 70.4 6.2 0 6.2 60.1 6.2 0 6.2 57.8 5.3 0 1.0 6.3
5 69.7 4.5 0 4.5 59.4 3.6 0 3.6 57.2 -4 .5 0 9.6 5.1

20.6 30.9 30.9
6 69.2 6.2 0 6.2 59.C 7.1 0 7.1 57.7 1.6 0 0 1.8
7 :  68.5 - c 5.3* 56.2 6.2 0 6.2 57.5 3.6 0 1.3 4.9
8 71.6 - 0 5.3* 57.5 7.1 0 7.1 57.1 -2 .7 0 6.9 4.2
9 71.1 3.6 0 3.6 56.7 7.1 0 7.1 57-4 -3 .6 0 3.3 -0 .3

10 70.7 6.2 0 6.2 55.9 4.5 0 4.5 57.3 3 .9 0 2.3 11.2
26.6 32.0 21.6

11 70.0 7.1 0 7.1 55.4 8 .0 1.2 9.2 5 6 .8 3-6 0 0 3.6
12 69.2 1.8 0 1.8 54.5 7.1 0 7.1 5o. 4 -C .9 0 13.5 12.o
13 69-0 5.3 0 5.3 53.7 6.2 0 6.2 56.5 . -7 .1 0 5.3 - i . e
14 68.4 8.0 0 8.0 53.0 -18 .7 29.5 10.8 57-3 5.3 • 0 0 5.3
19 67.5 4.5 0 4.5 55.1 3.9 0 .8 9.7 5o.7 6 .2 0 C.5 0.7

26.7 43.0 26.4
16 67.0 3.o 0 3.6 54.1 -1 7 .5 26.0 10.2 5o.C 4.5 0 0.6 5.3
17 66.C 6.2 0 6.2 56.1 0 7.x 7.1 55.5 -10 .7 0 16.7 6.0
ia 65.9 3.6 0 3.6 56.1 -5 .3 7.1 1.8 56.7 -4 .5 0 14.2 9.7
19 65.5 - 0 4.5* 56.7 3.6 0 3.6 57.2 -2 4 .9 0 27-6 2.9
20 * 65.0 - 0 4. 5* 56.3 7.1 0 7.1 60.0 -44.5 0 56.0 11.5

22.4 29.6 35.4
21 70.9 8 .0 0 8.0 55.5 9.6 0 9-3 65.0 -41 .0 0 47.5 6.5
22 70.0 10.7 0.3 11.0 54.4 6.2 0 6.2 69.6 -2 .7 6.9 18.3 6.7
23 .0 7.1 0 7.1 53.7 1 .8 0 1.3 69-9 -6 .2 14.1 19.6 -0 .7
24 66.0- 7.1 0 7.1 53.5 6.9 o .e 9.7 73.6 -3 .6 15.6 27.0 7-6
25 67.2 e . c 0 3.0 52.5 7.1 1.2 8.3 71.0 -7 .1 19.0 17.0 -9 .1

41.2 35.8 13.0
26 6o.3 4.5 0 4.5 51.7 -7 1 .2 80.0 8 .3 70.2 16.9 13.2 4.3 ; . o
27 65.8 8 .0 0 8 .0 59.7 9.6 0 9.8 63.3 10.7 10.9 3.1 2.9
28 04.9 3.6 0 3.0 56.6 1C.7 0 10.7 67.1 6.9 6.3 1.5 4.1
29 64.5 13.4 0 13.4 57.4 8 .0 0.5 a.5 66.1 7.1 3.9 2.3 5.5

. 30 63.0 8 .0 0 8 .0 56.5 -3 .6 9.1 5.5 65.3 1.3 2.5 5 .6 4.9
31 5o.5 1.8 0 l .a

37.5 45.1 20.4

*^7dt«y average 
* Day8 with  i r r i g a t i o n

No dr aina ge  re c o rd e d  i n  S e p t e a o e r  and O cto b e r .

194
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appkxdu  5b

Month 5-day 
period*

Et(mn) 
Lys. A

Penmen
Ko

( - 0
Et/*o R ain fa ll

(na)
.I r r ig 
ation

(a »)

S
o

l
A* 

’

I 8 .1 26.2 0.31 3.6 20.3
II 5 .4 16.7 0.32 1 .8 11.9

Ju l. 111 8 .8 19.4 0.45 2.5 15.2
rr - 22.7 • 0.8 152 18.0
Y 19.5 17.4 1.12 1.5 11.2

YI 15.4 19.9 0.77 6.9 13.0

V 5.4 22.0 0.25 0.3 20.1
II 7 .0 13.0 0.54 4.6 25 8.6

Aug. I II 9.1 22.1 0.41 0 .0 18.3
I f 12.1 15.2 0.30 3.5 10.2
V 14.0 22.9 0.61 0.5 16.8

YI 19.3 33.8 0.57 0 .0 36 28.4

I 20.6 36.7 0.56 0 .0 34.5
II 26.6 27.4 0.97 0 .0 42 26.0

Sep. I I I 26.7 33.9 0.79 0 .0 30.5
IY 22.4 32.8 0.68 0.0 71 31.0
V 41.2 35.6 1.16 0.3 31.0

« 37.5 39.5 0.95 0 .0 34.0

I 30.9 37.5 0.82 3.4 30.0
II 32.0 36.6 0.87 0 .0 31.7

Oot. I I I 43.0 34.3 1.25 31.5 32.6
I t 29.8 27.4 1.09 42.2 24.9
Y 35.8 31.7 1.13 2.0 27.6

YI 45.1 37.0 1.22 69.6 30.6

I 30.9 30.2 1.02 40.0 22.4
II 21.8 24.7 0.88 13.8 19.3

Mot. I I I 26.4 23.5 0.89 19.3 24.9
IY 35.4 26.5 1.34 115.5 24.9
Y 13.0 19.1 0.68 ! 129.4 15.5

YI 20.4 24.5 0.83 1 8 .9 11.4



A ??E !3 IX  6

C om p arison  b etw ec .' S t  e s t im a te d  from  s o i l  sa m p lin g  and from  l v s i r e t e r s  A.& B

196? r .a i :°  crop

P e r io d  1967

D e p th
in 1 2 /9 -  1 5 /9 2 6 /9 -  1 0 /1 0 1 0 /1 0 -  2 4 /1 0 2 4 /1 0 -  8 /1 1 8 /1 1 2 2 /1 1 2 2 /1 1 -  5 .'12 5 /1 2  - 2 1 /1 2

f t . A B A B A B A B A B A A 3
in s i n s in s in s in s in s in s in s in s in s in s .‘.3 in s in s

i .0 7 .3 1 .0 4 .1 0 - . 5 3 - . 8 4 .0 6 .0 0 - . 1 2 •09 .5 0 .1 6 .3 3 .6 3
1 - . 0 1 .1 9 .1 1 .2 1 - . 2 4 - . 2 8 - . 1 3 - . 2 7 .1 4 .0 6 .0 8 .0 6 .5 6 .5 9
2 - . 0 8 .1 7 .3 1 .2 2 - . 0 5 - . 2 6 - .2 5 - . 7 2 .5 2 • 46 - . 1 0 .0 9 .5 6 .5 9
3 - . 2 1 - . 1 0 .0 0 .3 0 .0 1 - . 2 6 - . 4 9 - . 4 0 • 56 .0 1 - . 2 7 .4 3 .5 1 .2 5
4 .0 6 .0 0 - . 2 1 .1 0 .0 6 - . 1 5 - . 2 1 - . 3 7 .4 9 .3 0 - . 5 4 -3 8 • 43 .1 3
5 —  13 .1 5 - . 0 6 .1 4 .0 3 - . 1 4 - . 4 3 - . 4 2 .2 6 .5 0 .0 2 - . 0 1 . 66 .2 5
6 “ - . 1 4 - . 0 3 .0 6 - . 1 5 - . 4 6 - . 1 2 .4 9 -5 5 - . 2 0 - . 3 9 .4 7 .1 7

T o t a l  w a te r
Y em oved  ( i n s ) - . 3 0 .7 3 -0 5 1 .0 4 - 1 . 1 1 - 2 .0 6 . 1  , ’ ■ ' . ’0 2 .3 4 1 .9 9 - . 5 1 .7 4 3 .3 1 2 .5 1
T o t a l  w a te r  
rem ov ed  (mm) - 7 . 6 1 8 .5 1 .3 2 6 .4 - 2 8 .2 - 5 2 .8 -  1 .5 - 5 3 .4 5 9 .4 5 0 .5 - 1 3 .0 i e . e e 4 .1 6 3 .8

I r r i g a t i o n
(mm) 6 8 .8 4 3 .8 5 7 .6 2 7 .5 7 9 -9 5 1 .7 0 0 0 0 0 0 0 0

R a l n f a l l (mm) 0 0 1 9 .4 1 9 .4 6 3 .1 8 3 .1 2 1 8 .0 2 1 8 .0 5 8 .9 5 8 .9 6 3 .4 6 3 .4 0 0
E t (mm) 6 1 .2 6 2 .3 7 8 .3 7 3 .3 1 3 4 .8 8 2 .0 1 8 9 .8 1 5 9 .6 1 1 8 .3 1 0 9 -4 5 0 .4 8 2 .2 8 4 .1 6 3 .8
Et ( l y s i m e t e r )

(mm) 5 7 .1 4 3 .6 7 9 .0 7 1 .3 1 0 9 .5 1 1 7 .7 9 2 .6 1 2 5 .7 5 3 .4 7 5 .0 6 8 .3 8 5 .9 * 4 0 .7 4 8 .9

E s t im a te
*  6 0 .9  + 5 d a y s  0 5 mm/day

I
I-*
VCO'
I
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APPENDIX 7a

K a tl.na t ea o f  n o l i  m o is tu r e  v.-ltli TAL 104 u o l a t u r c  aic t c r

d ca i. c r o p  1960

_2ji_.2_.jbb
• W ater c o .i t o n t  ( . u i . )

D epth
cm. P io lU  A P ic lc l  ii

AA AD AC AD r̂ y :<k UK DO dll Dya.U

5 0 4 0 .0 5 1 .0 CO.O 4 0 .0 5 5 .5 5 5 .5 0 0 .0 CC.O 6 6 .0 CC.O
60 CC.O 7 3 .0 9 0 .0 7 0 .0 IOC. 5 7 0 . 0 7 5 .0 7 9 .5 U l.O 7 5 .0
DO 9 0 . 0 9 3 .0 9 3 .0 9 3 .0 9 9 .0 9C .0 9 0 .0 9 9 .0 9 9 .0 7 0 .0

120 9 3 .0 9 6 .0 9 5 .0 9 o . 0 1 1 1 .0 9 9 .0 IOC. 5 1 0 2 .0 1 0 6 .5 U l.O
150 IOC. 5 IOC. 5 9 3 .0 9 0 .0 1 3 0 .5 1 0 o .5 1 0 b .5 1 0 2 .0 1 1 1 .0 9 3 .0
100 1 0 6 .3 1 0 b . 5 1 0 0 .5 ' A ) . 0 1 2 1 .5 11 3 .5 1 1 7 .0 1 1 7 .0

T o t a l 5 1 0 .0 5 3 1 .0 5 5 5 .5 4 9 5 . 0 5 0 O. 5 5 5 o .9 9612.9 5 6 5 .5 5 0 0 .5 3 9 3 .0
Kean 510 5 oo

r _ —,

o* 3« o J
n

30 1 1 4 .0 1 1 3 .5 1 1 0 .5 1 0 3 . 5 9 0 . 0 1< 6 . t '-2 0 .0 1 2 9 . 0 1 2 9 .0 1 2 9 .0
CO 1 1 4 .0 1 2 0 .0 1 2 9 .0 1 1 0 . 5 1 3 9 . 5 I.’ 1 .5 1 2 0 .0 1 2 9 . 0 12C . 0 1 0 3 .5
90 1 0 3 .5 iO u , 1 1 1 .0 1 0 c .  5 n o .  5 9 9 .0 1 1 1 .0 1 2 1 . 5 1 1 4 .0 9 6 .0

120 9 b .0 9 3 .0 1 0 0 .5 9 9 . 0 1 2 b .0 9 9 .0 1 0 3 .5 1 0 3 . 5 1 0 6 .5 0 5 .5
150 1 0 3 .5 1 0 3 .5 9 0 .0 9 0 . 0 1 5 9 .0 IOC. 5 1 0 3 .5 1 0 3 . 5 1 1 1 .0 0 0 .5
100 1 0 3 .5 loo.u 1 1 1 .0 0 5 . 5 1 2 1 .5 1 1 4 .0 1 2 1 . 5 1 1 0 .5

T o ta l C 34.5 6 4 7 .5 0 6 0 .0 C0 3 . 0 <■39.0 6 5 4 .0 CU4.0 7 0 0 . 0 7 0 5 .0 5 0 2 .5
1.10011 636

>5 .

1 7 .4 .6
_______ J

J
■“  '1

30 139 137 133 1 2 1 1 1 5 120 152 1 5 4 154
CO 90 114 110 1 0 2 1 1 5 121 115 1 3 5 121
90 102 105 1 0 9 1 1 3 1 0 7 117 11C 125 121

120 100 104 104 1 0 7 1 3 0 113 117 119 122
150 111 113 99 9 9 i u l 120 117 110 122
100 112 107 115___ 97.. __ 135 127 133 130

T o ta l 6C2 COO C73 039 62 j 732 744 702 770
Mean 004 L... 757



APPENDIX 7a  (c o n t in u e d )

(

D e p t h
ecu

W a t e r  c o n t e n t  (am .)

F i e l d  A F i e l d  B

A A A 3 A 0 S A M j L y e . A BE B P BG B H

—
2 . 5 . 6 8

—

30
60
90

1 2 0
1 5 0
1 8 0

130
1 2 7
127
119
1 2 0  
127

1 3 0
1 4 0
1 3 0
1 3 7
1 4 2
1 2 5

136
139
140 
125 
1 1 9  
134

1 2 1
133
1 4 0
126
115
1 1 3

1 1 0
1 5 3
1 2 0
1 4 6
1 7 0

1 1 4
1 4 1
1 4 3
1 3 1
1 4 0
1 5 2

1 3 6  
135 
1 4 3
1 3 7  
1 3 4  
1 3 9

146
1 4 6
145
139
136
155

1 4 3
143
1 4 2
141
143
147

T o t a l
M e a n

7 5 0 0 1 2
7

7 9 3
78

7 4 0 715 8 2 1 0 2 4
84

8 6 7
3

0 5 9

8 . 5 . 6 0
r  r '

50
60
90

120
150
180

1 1 2
114
124
1 1 9
1 2 9
136

1 1 7
1 3 4
130
129
1 1 4
1 3 1

119 
1 3 4
1 3 2
122
1 2 0  
139

107
121
132
1 2 6
113
1 1 9

95
145
1 2 1
145
1 0 1

111
10!
129
1 3 1
1 3 1
137
152

125
131
135
133
135
141

129
138
139 
134 
1 3 3  
1 5 2

1 3 2
132
131
1 3 7
142
1 4 6

T o t a l
M e a n

7 5 4 7 5 5
7

7 6 6
43........

7 1 0 6 9 1 787 8 0 0
80

0 2 5
8 .

8 2 0

. . . .
2 9 . 5 . 6 0

30
60
90

1 2 0
150
1 8 0

04
100
1 1 0
1 1 0
125
1 2 6

93
1 0 4
1 2 4  
1 2 2  
1 2 7
1 2 5

1 0 1
119
120 
1 1 3  
1 1 6  
1 3 6

07
1 0 3
119
117
105
112

83
130
119
144
1 7 9

80
113
121
1 2 0
129
1 4 0

104
114
1 2 2
1 2 3
125
134

1 0 9
117
125
123
1 2 3
1 4 4

1 0 9
117
1 2 2
1 2 4
131
1 4 1

T o t a l
M e a n

655 695
6

705
76

6 4 0 655 711 7 2 2
73

741
0

7 4 4
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AJ'PKNDI X 7b

E dtliiiiitca ol* tjoil m o i r m . / e  y/ltL  I.’I Y CJ0 m o i s tu r e  m u t e r 

.lean c r o p  I 9 6 0

D e p t h
CCi«

W a t e r  c o n t e n t  (, ..mi.)

i-'ield A y i e l d  1)

A A Ai! A C
__ i i T  2 . L j f

8 0 Bii Lye. 8

h  i
1 . 3 . 6 3

1 1

30
60
90

120
190
100

49
53
49
42
53
71

1 0 0
1 1 1
9e

105
109
1 0 0

129
119
109
105 
99

1 0 6

45
45
30
35
36 
35

32
4 6
45
4 8
53

1 1 3
96
9 6
96

105
1 1 0

1 2 0
117
9u
99

102
105

1 1 3
114
99

105
105
1 1 3

125
117
99

105
1 0 8
1 1 3

119
122
117
90

1 0 8

T o t a l  
tie fin

309
a

6 3 3  
,7 e x c

6 6 1  i 2 2 6
l u d i n c  A A

2 2 6  
■c All

6 1 6 647 649
64

667
4

556

r 1

_  J

* *
9 . 3 . 6 8
_______

~  1“  1
30
60
90

1 2 0
1 9 0
1 0 0

93
lie
90
99

102
102

93
99

122
102
90
93

107
105
105
1 0 2
96
67

96
107
1 0 2
87
90
90

9 0
1 1 1
107
1 1 1
111

9 9
1 0 2
90
99
99

105

107
102
111
99
67

102

1 1 3
1 1 3
107
105
107
107

1 1 C
113
102
99

105
113

107
lib
96
82

105

T o t a l  
I icon

6 0 2 5 9 9
5

6 0 2
94

572 5 3 0 5 9 4 600 652
6

6 4 8
26

506

r —
____

1

.....
1 3 . 3 . 0 8

r
30
60
90

120
190
130

109
111
99
90
93
99

1 0 7
1 0 2
93

1 1 1
1 1 1
102

107
1 1 1
99
99

105
105

107
107
99
96
90

102

05
1 1 3
1 0 5
1 1 9
1 5 3

77
93
87
65
82
93

96
93
85
02
79
96

93
105
9t>
99
96
99

96
87
93
90

102
96

102
107
96
82
82

T o t a l
M e a n

6 0 3 6 2 6
6

626
14

601 575 517 5 3 1 5 3 3
5

564
50

469
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APPENDIX 7b ( c o n t i n u e d )

D e p t h
cm.

filter c o n t e n t  ( m u . )

F i e l u  A F i e l d  D

A A “ ‘ 0
Al) Ly e .  A B E B F B G B H Lye. B

r  1
1 6 . 3 . 6 8

r  *
—

30
60
90

120
150
180

90
90
96
96
96
99

96
107
105
1 0 5
9 6

1 0 4

105
111
102
102
105
1 0 2

87
102
105
96
96

111

73
1 0 2
116
1 2 2
145

93
105
96
99
93

1 0 2

96
122
105
93
99
99

107
107
105
105
1 0 2
102

105
105
99
99

1 1 3
1 1 3

102
1 1 3
105
8 7

102

T o t a l
M e a n

5 6 7 6 1 3
6(

6 2 7
)1

597 5 5 8 5 8 8 6 1 4
6

6 2 8
16

634 5 0 9

!
« 2 0 . 5 . 6 8

. .

30
60
90

120
1 5 0
1 8 0

90
90
90
96
93
96

102
9 6
87
93
90
96

1 1 3
107
105
90
93
9G

96
99

1 0 2
96
96
96

87
1 0 7
1 0 2
1 1 9
1 3 6

96
102
1 0 2
96
99

102

102
99
99
96
99

102

116
105
105
107
111
107

1 1 3
99
96

107
105
107

1 0 2
99
99
96
99

T o t a l
M o a n

5 5 5 564
5'

6 0 4
n

585 5 5 1 597 597
6

6 5 1
18

627 495

2 7 . 3 . 6 8

—

30
60
90

1 2 0
1 5 0
1 8 0

85
90
87
85
05
85

96
1 0 2
102
93

105
92

1 0 2
1 0 5
93
9 9
99

1 0 2

87
99
96
93
93
90

79
107
99

107
1 4 8

87
107
111
99

105
113

1 0 2
105
105
1 0 2
99
99

105
105
105
111
130
1 1 6

113
105
96
96

111
105

T o t a l
M e a n

5 1 7 5 9 0
5(

600
>6

5 5 8 5 4 0 622 612
6

6 7 2
33

626
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A P P E N D I X  7c

SlBtlAltY OP  8 0 1 1  iIQIfiTUIffi CItAltfjl'lfj (min) AT D I PFEfdDfT 

DEPTHS Ii! 'i'H E  SOI L  P KOPlJiK, i3iAf-iU)tKU-;ifPD W I T H 

E.A.l. NEUTRON h O I S T U H E  IUIi’EN

Negative figures indicate increase i n  eoil iiioioture.

2 3 .7.68 - 31.7.68

Soil
depth
(cm.)

Field A F ield B Field C

AA AD AC AD BE UF BC HI 01 CJ CK 01

5
15
30
50
70
90

110
130
150
170

0.6
-0.3
3.6
3.0
3.0 
0.0
2.6 
1.6

-0.2
0.6

- 1.0
1.6
4.6
0.6
2.6 
2.4 
2.0 
6.0 
1.6

-5.4

-0.5
0.2
2.0
3.4 
2.6
3.4 
2.0 
1.2 
2.0

-1.6

-3.7
-2.6
1.2
1.4
2.2
0.0

26.0
26.0
-3.0
-5.2

-oi'3
-1.2
2.4
5.0
2.0 
1.0 
2.6 
3.2 
2.6
2.4

-1.2
3.8
3.4 
3.6
3.4 
2.0
3.0 
4.2 
0, 6
1.0

-1.2
-0.6
2.0
3.0
3.4
3.4
3.0
1.0
4.4 
2.6

0.6
-1.1
2.6
3.0
3.0
3.0 
1.6
2.0 
0,6 
0.0

4.6
1.1
4.0 

13.0
6.0
4.4
3.4 
3.2
2.4 
0.0

0.6
6.6
1.0
3.4
3.0 
3.6

-15.0
2.0 
0.0 
1.0

3.7
2.6
0.2
4.6
4.0 
3.2
4.0 
5.e 
0.0

-1.6

4.2 
-0.7
3.6
6.0
5.0 

15.2
4.0
1.2 

-2.2 
-4.0

Total 15.3 10.0 14.7 42.3 20.3 23.0 21.8— ---- 42.9
—

7.8 34.5 32.3

liain 0.4 6.4 0.4 0.4 8.4 0.4 0.4 8.4 0.4 0.4 0.4 8.4

I rrig 
at ion

Et 23.7 26.4 23.1 50.7 20.7 32.2 30.2 25.3 51.3 16.2 42.9 40.7

M e a n
Et 31.0 29.1 37.0

31.7 68 - 7.0.C;8

5
15
30
50
70
90

110
130
150
170

1.2
-0.3
2.0
2.0
1.4
3.2 
3.0
1.2 
3.6
2.4

1.3 
2.5
2.4 

- 1.0 
12.4
1.4 
0.6

-0.6
2.4 
2.0

5.6 
-4.1
2.4 
2.0
2.4
3.0
4.0 
0.6
1.6
4.0

4.0 
-2.6
3.6
5.0 

-1.0
5.6
4.0 
1.4
0.0
0.6

-0.2
1.2
2.6

-0.2
2.0
5.0

10.4
0.6
0.4
1.6

3.3
-3.0
4.0
1.0
3.0 
3.6 
2.2 
1.8 
0.4
2.0

3.3
1.5
3.0
2.4 
0.4
2.4
2.6
3.0
4.4 
2.6

3.5 
0.5
2.6
4.0
5.0 
2.6 
2.6 
3.2 
1.4 
1.6

4.2 
6.0

—0.6
-4.0
4.4
2.4
3.4
1.2 
1.2
3.4

0.5
6.9
2.0
2.0
2.0
3.0
2.6
0.0
3.2
2.2

2.6 
4.7 

■ 3.4
1.4 
4.0
3.2
2.4 
1.6
2.2 
2.2

6.1
7.5
1.6 
2.2 
1.0

-6.8
2.4
2.8
4.0
1.2

Total 19.7 23.4 21.7 35.0 23.6 18.3 25.6 25.0 20.8 34.0 27.7 22.3

Rain 2.6 2.8 2.8 2.8 2.8 2.0 2.8 2.0 2.8 2.8 2,0 2.8

Irrig
ation

Et 22.5 26.2 24.5 3 0 . 6 26.4 21.1 28.4 27.8 23.6 36.6 50.5 25.6

Ilean
Et

2 e . o 25.9 29.1
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A P P E N D I X  7c (continued)

7.8.60 - 2 1.8.60

Soil 
D e p t h  
(cm . )

Field A Field B F i e l d  C

AA A D AC AD HE BF DO 1IH Cl Oj' OK CD

5
15
30
50
70
90

110
130
150
170

-3.3
-2.0
0.4
0.6

-0.8
-1.2
-0.2
-1.6
-3.2
-0.8

-3.0
-5.8
-0.8
0.2

-11.6
-0.4
-0.0
2.2

-0.4
-0.2

-4.6
-0.8
-1.4
-1.0
0.2

-0.8
-1.8
1.4

-0.6
-0.8

-4.1
2.8

-0.8
-3.0
3.2

-0.2
-0.8
0.0

-0.6
0.2

0.3
-1.3
0.4
2.0
0.6

-0.6
-7.6
1.2
0.2

-0.6

2.6
0.8

-0.2
1.2
0.6
0.6
1.4

-0.2
3.0
0.4

4.5
1.2
2.2
1.4
1.0
0.6
0.6
0.2

-1.4
0.2

-7.3
1.1
1.8

-0.8
-0.2
0.6
1.0

-0.8
2.0
2.2

-3.6
-1.1
5.4

-1.2
-1.4
0.4
0.0
3.2
1.8
0.0

-5.3
-5.2
0.2
1.4
1.0

-1.0
0.6
2.0
1.6
3.2

-3.6
-3.4
0.4
1.4

-1.8
0.2
2.6
0.4

-0.6
-0.2

-2.1
— 4*6
1.2

-0.2
1.8
0.4
3.0
1.6

-0.2
3.6

Total -12.1 -20.6 -10.2 -4.1 -5.4 10.4 10.5 -0.4 4.3 -0.7 -4.6 4.5

R a i n 5.3 5.3 5.3 5.3 1.8 1.8 i.e 1.0 5.3 5.3 5.3 5.3

I rrlg 
at ion 25.0 25.0 25.0 25.0 12.5 12.5 12.5 12.5 18.C 18.6 18.6 18.8

Et 18.2 9.7 20.1 26.2 8.9 24.7 24.0 13.9 28.4 23.4 19.5 28.6

M e a n
Et 18.6 10.1 25.0

>1.8.<SO - lO.O.^
,

5
15
30
50
70
90

110
130
150
170

1.4
-1.8
-3.2
-1.2
2.0
2.2
2.0
3.8
3.8 
1.2

-4.5
-4.2
-1.4
2.4
2.2
0.0
3.2
1.8
0.8
5.1

-9.9 
-3.2 
-8.6 
-8.2 
-8.0 
-9.0 
-7.4 
— 6.6 
-1.8 
-3.4

-5.6
-1.4
0.0
1.4
1.8

-0.8
0.4

-1.2
1.0

-0.8

0.3
3.5

20.2
3 0 . 0
7.8 
0.0 
0.2 
2.2 
2.0
3.8

-7.5
-0.7
24.2
4.8 
2.0 
0.0 
1.2 
0.2 
0.6
2.8

0.6
1.5
0.8
O.G
1.2
0.4

-0.0
0.0
0.6
0.2

0.5
1.8
0.8
0.2
0.4
0.2

-0.2
1.0
0.2

-0.6

-8.6
-5.1
1.8
2.4
0.6
0.2
0.4

-0.4
0.0

-0.4

-6.9
-7.2
0.0
0.6

-0.6
2.0

-1.0
0.6
0.0

-1.0

-5.1
-1.6
-0.2
-2.0
0.0
0.4
0.4
1.2
0.6

-0.4

-7.9
3.3

-2.2
1.2

-1.0
1.2
1.0
1.2
1.6

-0.6

Total 10.2 . 5.4 -66* 1 -5.2 70.0 28.4 13.1 4.3 -9.1 -13.5 -6.7 -2.2

Rain 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Irrig
ation 36.0 36.0 36.0 36.0 18.0 18.0 18.0 18.0 27.0 27.0 27.0 27.0

Et 46.7 41.9 -29.6 31.3 88.5 46.9 31.6 22.8 18.4 14.0 20.8 25.3

Me tin 
Et 22,6 47.5 19.6
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APPENDIX 7 c ( c o n t in u e d )

28.6.60 - U . 9 . 6 0

Soil Field A Field B
r

F i e l d  C
depth
(cm) AA AB AC AD BE EF BG HU CI CJ CK CL

5 -0.5 4.8 7.7 5.1 7.7 0. 2 6.0 7.6 5.2 3.3 6.8 4.8
15 3.1 7.3 4.9 -0.9 3.4 4. 0 -1.7 1.1 -0.9 6.0 4.7 1.7
30 7.2 7.0 10.0 -6.2 -11.0 -11. 6 10.4 5. -14.2 -39.0 -22.4 -28.8
50 3.0 2.6 17.4 -9.2 -6.4 2. 2 6« 6 4 4 9.0 6 -5. 0 -6.0
70 0.6 0.0 11.0 -7.2 -5.4 3. 2 3.2 2.6 13.6 -3.6 -0.6 0.4
90 0.4 2.2 0.4 -1.6 1.0 2. 6 2.0 2.2 10.4 -6.4 7.4 5.0

110 -0.0 -1.2 5.4 1.0 1.0 1. 0 3.0 1.6 10.8 5.2 14.6 6.0
130 -1.2 0.4 7.0 -1.2 -0.2 3. 0 1.4 1.8 12.4 11.4 14.8 13.6
150 -1.4 0.8 b. 6 -6.2 -0.2 1. 0 3.0 1.4 21.0 12.4 21.6 19.6
170 -0.6 -5.3 10.6 -7.6 -2.0 -1. 0 2.0 0.0 26.0 23.4 30.4 27.0

Total 9.0 18.6 97.0 -34.0 -12.1 15. 0 37.5 29.7 94.7 - 4 .1 71.5 44.9

R a i n 51.0 60.6 139.8 -0.0 — «. " - ?
Irrig
ation 4 2 . 0 4 2 . 0 4 2 . 0 42.0 20.0 20. 0 20.0 20.0 31.0 31.0 31.0' 31.0 •

Et 7.9 35. 0 57.5 49.7 125.9 26.3 102.5 75.9
M e a n
Et 61.1 37.5 62.7

2 1 . 0 . 6 8  - 11 s|
 

1 
®
 1

96.4 01. 9 8 9 . 1 j 72.5

9.60l11.9.60 - 19

5 9.4 9.8 0.7 0.6 7.0 J* 9 6.0 0.:. 13.7 13.2 11.6 11.0
15 5.5 4.4 6.0 10.4 3.2 5. 5 9.o 7.3 12.6 4.0 6.7 6.3
30 6.4 6.0 -2.2 10.2 3.0 1. 0 1.4 2.6 26.0 51.2 35.6 42.6
50 5.2 5.6 -5.2 16.4 4.0 4. 6 3.6 2.2 -1.2 24*b 10.2 14.6
70 2.0 5.4 -2.4 10.2 1.0 0. 6 -0.4 4.4 -10.2 8.4 5.6 3.2
90 1.0 1.0 1.4 3.0 -2.0 0. 4 -1.0 -0.2 -6.0 6# 6 -7.0 -5.2

110 1.6 2.0 1.0 -1.2 0.4 0. 0 -1.6 1.0 -9.4 -3.0 -15.4 -7.2
130 0.0 0.0 -0.8 2.0 -0.2 -1. 6 -0.4 -0.6 -14.2 -12.4 -15.4 -13.6
150 1.2 0.6 -2.0 4.4 -0.6 0. 0 -2.0 -2.4 -22.0 -12.2 -21.6 -21.4
170 1.6 2.2 -7.2 8.2 -1.2 -1. 0 0.0 -1.2 -20.4 -23.41-29.2 -31.0

Total 34.7 39.4 -1.1 01.0 17.0 14. 2 16.0 21.3 -39.9 57.0 -10.9 -0.7

R a i n  
I trig

- - - - - - - - - -

ationl
Et 34.7 39.4 -1.1 81.0 - - mm mm —

M e a n
Et 30.5 17.1 - - - -

Total 55.6 53.1 60.6 44.6
Irrig a t i o n 31.0 31.0 31.0 31.0

Et 06.6 04.1 91.6 75.6
M e a n  Et 04.5



APPENDIX 7 c  ( c o n t in u e d )

1 9.9.68 - 26.9.60

Soil Field A Field B F ield 0
depth

AA AD AC AD BE DP JIG BH 0 1 CJ CK C L( c m )

5 -4.2 -5.7 -12.1 -11.2 -10.5 -1.2 -4.0 -0.2 -11.2 -0.7 -9.6 -11.0
15 -6.7 -6.9 -8.5 -9.6 -7.7 -3.4 1-3.9 -4.4 -7.7 -6.7 -5.3 -3.3
30 -9.6 -5.6 -11.0 -13.4 1.4 -0.0 0.6 -4.0 -16.4 1 . 0 0.2 1 . 0
50 -0.8 -0.2 -7.4 -0.0 4.0 1.8 2.4 -5.0 -9.0 1.6 0.2 3.6
70 3.4 1 . 0 -4.2 -1.4 4.0 5.4 2.6 -6.0 -2.2 2.6 2.6 3.0
90 0.6 2.2 -6.2 0.3 4.0 2.0 1.2 -1.8 -2.6 2.0 1 . 0 0.0

110 1.8 0.2 -2.4 1 . 0 0.6 0.4 0.6 -2.6 -0.0 1.4 1.2 2.6
130 1.4 0.6 -2.0 0.2 1 . 0 1 . 0 0.2 -5.4 0.2 3.6 0.4 2.2
150 1 . 0 1.8 -5.6 1.4 0.4 - 1 . 0 -0.2 -2.2 -1.6 -0.6 1 . 0 7.0
170 0.2 0 . 0 -4.2 0.4 1 . 0 0.6 -0.2 -6.2 0.4 2.2 0.4 8.4

Total -12.9 -12.6 -65.2 -40.6 - 1 . 0 5.6 -1.5 -46.6 -51.7 -1.6 -7.1 13.5

Iialn 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

I  Trig 
at ion 57.2 36.6 120.7 4 0 . 0 27.9 25.7 15.7 23.9 30.2 36.0 30.5 39.4

Et 44.6 24.3 55.8 0.5 27.2 31.6 14.5 -22.4

CJ.—
I 

CM 1 35.5 23.7 53.2

M e a n
lit 33.3 excl uding B H

L L______
24.4 exc! .udirv Cl 37.5

26.
r
9.68 - 3 . 1 0 ,60

5 4.0 5.3 9.1 9.7 1 . 0 1.4 7.1 7.4 9.4 8.0 12.0
15 5.0 5.0 4.5 6.2 9.0 2 . 2 2.4 2 . 1 6*6 0 . 0 5.3 0.0
30 6.2 6.0 8*6 0.2 2.2 2.2 2.4 9.0 8# 8 2.0 1.2 2.0
50 4.0 2.B u 8« o 3.2 2.0 2.0 11.6 7.4 2.0 2.2 4-4
70 3.0 2.0 4.8 3.0 7.2 4.6 5.0 10.4 3.4 4 4.4 7.0
90 4.2 2.6 6.2 1.2 4.4 6.0 3.6 7.4 2.4 4.0 3.2 6.0

110 1.4 3.0 3.0 2.2 3.4 6.4 2.0 5.4 1.4 3.6 0.0 2.0
130 0.4 0.6 2.0 2.4 2.4 3.2 2.6 9.0 1 . 0 9.0 2.2 0.6
150 -0.6 0.4 3.6 1 . 0 1.2 2.6 1.4 6.2 0.8 3.6 0.6 -3.6
170 0.6 4.4 1.4 1.6 3.4 2.0 1.6 0.2 0.2 0.0 0.6 -5.0

Total 29.0 33.7 50.6 44.1 39 i0 35.0 27.2 76.4 39.4 46.6 20.5 25.4

Halil 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4

I rrlg
ation - - - - - - - - - - - -

lit 33.2 37.1 54.0 47.5 42.4 38.4 30.6 79.8 4 2 . 8 50.0 31.9 20.6

M e a n
jit

43.0 47.8 38.4
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3. 10,60 -  15. 10.60
r.D o ll F ie ld  A H o l d  .. F ie ld  C
•'lepth ”1 * ~1 ———
■ ( cm) A/i An AC AD Ml OF DO Hi Cl CJ CK CL

5 - 1 4 .5 -1 0 .1 - 1 3 .6 - 1 4 .2 - 1 5 .9 - 1 0 .0 - 1 0 .3 - 2 0 .3 - 1 4 .3 -1 7 .1 - 1 9 .4 i lG .O
15 - 2 . 5 - 4 .1 - 3 . 7 - 2 .6 - 9 .4 - 3 . o —V« 6 - 0 .7 —0* 4 - 5 . 2 - 0 .9 2 .2
30 5 .4 4 .2 2 5 .0 —2 . I - 0 . 0 - 0 . 4 0 .0 5 .2 - 1 .0 - 0 . 4 0*6
50 1 .2 4 .2 1 5 .2 5 .0 0 .6 0 .0 l .O 3 .0 5 .0 - 0 . 8 - 2 . 0 1 .2
70 3 .6 5 .0 5 . ; 6* 6 2 .0 0 .6 4 .2 5 .2 6 .0 2 .0 1 .4 3 .4
90 4 .0 5 .2 4 .0 (>•0 0 .0 2 .0 4 .6 3 .4 7 .4 6 .2 7 .o 0 .6

•110 7 .2 9 .6 4 .0 3 .4 5 .0 4 . I 2 .0 4 .o 5 .2 9 .3 2 .0 1 0 .2
130 5 .6 9 .0 3 .4 1 .0 .4 # p O.L 1 .0 0 .0 3 . : 1 .0 - 0 . 4 5 .2
150 3 .8 6 .0 3 .0 1 .2 3 .e 3.1. 2 .0 2 .0 4 .6 6# 6 0 .0 5 .6
170 1 .2 3 .6 4 .0 0 .0 1 .0 2 .2 0 .2 0 .8 3 . " o - 0 . 6 5 .0

T o ta l 1 5 .0 2 7 .4 2 7 .5 1 2 .0 - 2 . 3 - 2 . 4 —3 .6 —0 • 4 2 o .5 6 .9 - 1 1 .9 2 6 .0

lia in 3 0 .7 3 0 .7 3 0 .7
-

3 0 .7 3 0 .7 3 0 .7 3 0 .7 3 0 .7 3 0 .7 3 0 .7 3 0 .7 3 0 .7
I e r i c  
a t io n - - - - - - _ _ - - - -
jit 4 6 .5 5 0 . 1 5 0 .2 4 3 .5 2 0 .4 2 8 .3 2 2 .1 3 0 .3 5 7 .2 3 7 .6 i o . e 5 7 .5
fleoii
lit 5 1 .6 7 .3 42 .B

15 . 1 0 .6 3 -  31 .1 0 .6 0

5 - 1 . 0 0 .2 0 .0 - 0 .9 0 .5
r

- 0 . 5 1 .4 - 1 . 4 - 2 . 0 - 0 .5 0 .7 - 2 . 9
15 - 1 0 .9 - 9 .1 - 5 . 0 - 7 . 0 - 9 .5 - 1 1 .0 - 6 . 5 -1 2 .1 - 1 2 .1 - 7 .7 - 1 2 .6 - 1 3 .2
30 - 1 7 .4 - 2 0 .6 - 1 3 .0 - 1 5 .0 - 1 7 .0 - 1 9 .4 - 2 1 .6 - 2 0 .2 - 2 1 .2 -1 6 .4 - 2 1 .0 - 2 3 .4
50 - 1 5 .0 - 1 9 .4 - 2 2 .2 - 1 5 .6 - 2 0 .6 -2 0 .4 - 2 2 .8 -iiO . 4 - 1 7 .0 -1 7 .4 - 1 6 .0 - 2 0 .0
70 - 1 8 .4 - 1 7 .0 - 1 0 .0 - 1 1 .0 - 1 0 .4 - 1 5 .6 - 1 9 ,2 -1 0 .6 - 1 4 .4 - 1 1 .0 - 1 3 .8 - 1 4 .2
90 - 0 . 6 - 1 . 6 - 6 . 0 - 1 . 0 - 1 5 .0 - 4 . 0 - 1 1 . . , - 9 . 6 —0# 6 - 2 . 2 - 4 . 2 - 2 . 0

110 - 3 . 0 3 .4 - 4 . 2 1 .4 - 3 .6 2 .0 - 2 . 0 - 5 . 4 - 0 . 4 - 1 . 6 1 .2 - 0 . 4
130 2 .4 4 .0 0 .0 3 .4 - 0 . 0 - 0 . 0 1 .0 —U. o 3 .6 - 0 . 0 1 .0 lo b
150 2 .4 6 .8 3 .0 3 .0 4 .4 2 .4 1 .6 2 .0 2 .0 0 .0 1 .6 2 .2
170 5 .6 9 .0 5 .0 4 .6 4 .6 3 .6 2 .4 3 .0 5 .4 0 .0 2 .4 2 .6

T o ta l - 6 5 .5 - 4 3 .5 - 5 3 .2 -3 9 .7 - 7 6 .2 - 6 3 .7 - 7 0 .1 - 8 2 .5 - 6 7 .5 - 5 7 .6 - 6 0 .7 - 7 0 .5
linin' 13 4 7 6 ' 1 3 4 .6 T 3 7 7 T 1 3 4 .6 ‘1 3 7 7 7 r j ‘ r .  (> 1 3 4 .6 T 5  4 7T 1 3 7 .o T 377 T 11 7 7 7 7 1 3 4 . C

I r r i c
a t io n - - - - - - - - - - - -

lit 6 9 .1 9 1 .1 0 1 .4 9 4 .9 5 0 .4 7 0 . 9 5 6 .5 5 2 .1 6 7 .1 7 7 .0 7 3 .9 6 4 .1
llean
lit 0 4 .1 5 9 .5 7 0 .6
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31.10.C8 -  19.ll.C0
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APPENDIX 7d

S o i l  m oisture changes in  Lysim eters A and B

EAL 104 Neutron Moisture Meter

Depth 23/7 - 31/7 31/7 - 7 /8 7 /8  - 1/8

(cm) Lye. A lys . B Lys. A Lys. B Lys. A Lys. B

15 1.0 ) —0 • 4 2 ' ° ) 2. 4 0 .2 ) 2.8
30 1.0 ) 2.0) 0 .2 )
50 1.6 4.0 2.4 0.0 1.0 2.4
70 1.6 0 . 4 3.0 3.0 -1 .2 -7 .8
90 0 .8 0 . 8 0.4 3.8 -0 .8 -1 .4

110 -0 .2 0.0 -2 .0 2.0 1.0 0 .2
130 -2 .6 - 0 . 2 0.0 0 .8 0.4 -3 .2
150 -3 .0 0.0 -2 .0 0.6 1.0 -0 .4

To tel 0 .2 4.6 5.8 11.4 1.8 -7 .4
Bain 8.4 8i 4 2.8 2.8 1.8 1.8
Irrigation - - - - 25.0 12.5
Drainage 6.8 12.7 1.5 14. 2 2.1 4.5
Et 1.8 0.3 7.1 3.8 26.5 2.4
E t column 25.3 9.4 28.6

21/8 - 28/8 28/8 - 11/9 11/9 - 19/9

15
30

-4 .0 )
-4 .0 ) 3-2 -1 .3 )

7 .8 ) 2I.g 13.9)
4.8) -7 -4

50 -1 .6 1.4 4.6 t.4 4.8 . 2.6
70 -C.6 6.8 1.2 4.8 6.2 0 .8
90 1.6 1.4 -0 .6 2.6 0 .8 -2 .4

110 0.0 -0 .2 1.0 2.6 1.2 -0 .8
130 1.8 0.6 0 .8 4.8 -3 .0 —0 • 4
150 4.0 0.2 0 .2 4.2 -2 .6 - 4 . 2

Total -2 .8 13.4 13.7 45.2 26.1 - 1 1 . 8
Bain 0.5 0.5 - - —

Irrigation 36.0 16.0 42.0 20.0 — -

Drainage - 0.5 - - - -
Et 33.7 31.4 55.7 65.2 26.1 - 1 1 . 8
Et column 17. i 44.0 60.4 41.6 40.1 34.4
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APPENDIX 7d (continued)

EAL 104 Neutron Moisture Meter

Depth 19/9 - 26/9 26/9 - 3/10 3/10 -  15/10
(cm) Lye. A lys. B Lys. A Lys. B Lys. A Lys. B

15 -7 .8 ) 6 .6 ) 4.2) 1.030 -7 .8 ) 4.4 6.6) 4.2)
50 -1 .6 4. 2 1.6 5.6 3.4 1 .8
70 0 .2 4.0 2. 2 5.8 4.0 2.2
90 1.8 3 .6 2.4 7.6 3.8 3.8

1 1 c 1.0 2.4 1 .8 4.8 4.0 14.2
130 3.4 - 0 . 6 2.6 4.0 7.4 21.2
150 2.2 3 . 2 0 .6 -2 .2 12.0 14.6

Total -8 .6 2 1 . 2 24.4 30.6 43.0 58.8
Rain 0.3 0 . 3 3.4 3.4 30.7 30.7
Irrigation 71.0 22.4 - - - -
Drainage - - - - - -
Et 62.7 43.9 27.8 34.0 73.7 89.5
Et column 50.2 52.4 81.3

15/10 -  31/10 31/10 -  19/11

15
30

-16 .2)  
-16 .2 ) - 32.0 -7 .8 )

-7 .8 ) ~2 ‘, . 0
50 -17 .0 - 1 7 . 8 -1 .0 -7 .0
70 -15 .4 - 1 1 . 6 -0 .6 -1 .0
90 -7 .0 0 .6 0 .2 -7 .8

110 1.8 —0 • 2 -0 .6 -3 .8
130 6.2 3.8 -4 .4 -2 .2
150 9.6 1 2 . 4 -3 .4 0 .2

Total -54 .2 - 44.8 -25 .4 -46 .4
Rain 134.6 134 .6 104.8 104.8 *
Irrigation - _ _

Drainage - - , —
Et 8O.4 89.8 79.4 58.4
Et column 118.6 101.9 -



APPKNICA 7e

S ummary o f  s o i l  m o i s t u r e  c h a n g e s  (nun) 

a t  d i f f e r e n t  d e p t h s  i n  t h e  s o i l  p r o f i l e

NIV 96 Neutron M oistu re Meter

7 . 8 .6 8  -  21 . 8 .6 8

S o i l F ie ld  A F ie ld  B F ie ld  C
depth

AA Al! AC AD BE BE BO BH Cl CJ CK CL(cm )

5 -3 .3 -3 .0 -4 .6 -4 .1 0 .3 2 . 6 4 .5 -7 .3
15 - 2 . 0 - 5 .8 - 0 . 8 2 . 8 - 1 .3 0 . 8 1 . 2 1 . 1
30 18 .6 24.4 27.0 2 2 . 0 - 1 0 . 2 -1 5 .6 -1 3 .0 3 .6
50 14 .6 2 5 .8 13 .0 25.0 - 2 . 6 - 8 . 2 - 7 .0 - 2 . 0
70 16.4 1 9 .0 1 5 .2 16 .0 - 0 . 8 - 4 .6 - 1 0 . 2 -7 .4
90 2 0 . 6 25.6 16. 2 24 .8 - 1 . 0 - 2 0 . 6 - 0 . 8 - 5 .6
116 30 .2 23 .2 1 4 .4 28.2 -1 4 .4 -5 .2 - 8 . 2 - 6 . 2
130 24.0 1 7 .8 1 9 . 0 25.4 - 0 . 2 -7 .4 - 0 . 2 - 1 1 . 2
1 5 0 34.0 3 .0 3 8 . 2 26 .8 - 1 . 6 - 5 .2 2 . 8 -O .o
1 7 0 26 .2 28.4 2 5 .e 13 .2 - 3 .0 - 1 . 6 5 .2 1 .4

T ota l 179.3 157 .8 16 3 .2 181.7 - 3 6 . 6 - 6 5 . 0 -3 2 .5 -3 4 .2

Rain 5 .3 5 .3 5 .3 5 .3 i . e 1 . 8 1 .0 1 . 6

Jr r ig  
a t ion 25.0 25 .0 25 .0 25.0 12 .5 12 .5 12 .5 12 .5

Et 2 0 9 . 6 18 8 .1 193.5 2 1 2 . 0 -2 2 .3 -5 0 .7 -1 8 .2 -1 9 .9
Kean
Et 2 1 0 . 0 - 2 7 .0

>1.8.613 - 2 0 0 .6 0

5 1 .4 -4 .5 -9 .9 -5 .6 0 .3 -7 .5 - 8 . 6 0 .5 - 0 . 6 -6 .9 -5 .1 -7 -9
15 -1 .0 -4 .2 -3 .2 -1 .4 3 .5 -0 .7 1 .5 1 . 8 -5 .1 -7 .2 - 1 . 6 3 .3
30 -4 .6 - 4 .0 -1 9 .2 - 1 1 . 0 8 .4 17 .4 - 6 . 8 - 1 . 0 7 .0 - 6 . 0 6 . 0 - 0 . 6
50 - 0 . 6 - 6 . 0 - 1 . 2 -1 .0 0 . 6 8 . 2 5 .0 0 . 2 2 . 0 13 .4 3 .8 1 . 2
70 9.4 3.C -3 .2 -3 .0 -7 .0 -3 .4 8 .4 5 .4 16.4 13 .0 13 .0 2 . 0
90 - 1 0 . 6 - 1 . 2 -1 2 .4 - 2 . 8 0 . 0 18 .6 -1 .0 - 0 . 2 3 .0 8 . 2 1 4 .8 - 2 . 0

1 1 0 3 .8 1 0 . 8 5 .4 - 0 . 2 1 0 . 6 -O.G 4 .2 2 .4 8 . 0 -4 .4 9 .2 -7 .6
130 0 .0 0 .4 1 .0 -5 .6 4 .2 5 .4 4.4 1 . 2 5 .0 1 2 . 2 1 1 . 6 0 .0
1 5 0 - 2 . 2 15.0 -8 .4 - 6 . 8 *■1 2 . 2 1 . 2 - 2 . 8 0 . 6 1.0 -4 .0 1 .4 8 . 0
n o 1 . 6 8̂ . 6 - 6 . 0 4.6 1 . 6 3 .8 -5 .2 -3 .4 9 .8 5 .0 4 .0 4 .2

T ota l -3 .6 0 .1 -5 7 .1 -3 2 .0 1 0 . 0 42.4 - 0 . 1 6 .7 39 '. 3 24.1 5 7 .9 -7 -4

Rain 6 .5 0 .5 0 .5 0 .5 0 .5 0 .5 0 .5 0 .5 0 .5 0 .5 0 .5 0 .5
l r r i g  
at Ion 36.0 36 .0 36 .0 3 6 . 0 18 .0 18 .0 1 0 . 0 18 .0 27.0 27 .0 27.0 2 7 . 0

Et 32 .9 3 6 . 6 - 2 0 . 6 3 .7 28 .5 6 0 .9 10.4 2 5 .2 6 6 . 0 5 1 . 6 0 5 .4 2 0 . 1

Mean
Et 13 .2 33 .3 5 6 . 0
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NIV 96 N eutron M oisture M eter 

2 8 .8 .6 0  -  5 .9 .6 0

S o i l F ie ld  A F ie ld  b F ie ld  C
d e p th

AA Ab AC Ab BE BF BO EH Cl CJ CK CL(cm. )

5 2 . 2 1 4 . 9 18.4 6 . 4 0 . 2 K  .5 9 .6 4 .0 1 6 .6 9 . 0 15 .1 17 .2
15 6 . 7 1 3 .b 1 6 .9 9 . 1 0 .0 3 .9 8 .4 5 .8 16 .3 10 .5 9 .3 3 . 9
30 20.0 16 .0 2 b .0 18 .0 0 .0 -8 .0 9 .8 -6 .0 4 .0 8 .0 2 .2 7 . 8
50 1 2 . 2 12 .0 8 . 0 - 2 .2 -1 4 .0 0 .0 - 7 .8 -1 0 .2 0 .2 - 4 . 0 2 .2 - 4 . 0

70 0 . 2 5 .8 14 .0 2 .0 0 .0 6 .0 -1 2 .2 -1 5 .8 -1 8 .0 - 5 . 8 - 6 .2 - 8 . 0
90 J4.0 12 .0 2 2 . 0 0 .0 -2 .0 -1 2 .0 -6 .2 -1 2 .0 2 .2 c . o - 1 .8 4 . 0

110 3 .8 2 .0 0 .0 -4 .2 -1 2 .2 -1 2 .2 - 1 0 . 0 - 1 2 . 2 - 2 . 2 - 8 .0 -6 .2 - 2 . 2
130 11 .0 -0 .2 8 .0 -2 .0 -7 .8 -1 4 .0 - 1 2 . 2 - 8 . 0 - 2 . 0 -1 0 .0 -1 2 .2 - 1 . 0

150 10 .2 - 2 . 0 2 .0 12 .0 4 .0 -1 6 .6 - 1 0 . 0 - 6 . 0 - 8 . 2 - 1 .8 -2 .0 -1 4 .0
170 8 .0 8 . 0 6 .0 2 .2 -1 1 .8 -1 2 .2 - 4 . 0 - 4 . 0 - 6 .0 -1 2 .0 2 .2 - 9 . 8

T ota l 69 .1 8 2 .1 131.3 4 1 .3 -3 5 .6 - 5 3 . 8 -3 6 .6 -6 4 .4 0 . 9 -1 4 .1 0 .6 - 6 . 1

Bain - - - - - - - - - - - -
I r r ig
a t io n - - - - - - - - - - - -

Et 89 .1 8 2 .1 131.3 41.3 - 3 5 . b - 5 3 . 8 -3 b . -6 4 .4 0 . 9 -1 4 .1 0 .6 - 6 . 1

Wean
Et 06 .0 -  7 .6 - 4 . 7

5 .9 .6 8 • 1 1 . 9 GO

5 -2 .7 -1 0 .1 -1 0 .7 - 1 . 3 -0 .5 - 2 . 3 - 2 .8 3 .6 - 1 1 . 4 -5 .7 -8 .3 - 1 2 . 4

15 -3 .6 -6 .3 -1 2 .0 4 . 6 3.4 0 . 1 -1 0 .1 -4 .1 - 1 7 . 2 -4 .5 4 .6 - 2 . 2
90 -6 .0 4.0 -1 1 .6 -4 .0 3 .8 0 .0 6 .0 1 0 . 0 6.6 18 .0 1 5 . 8 6 . 0
50 -6 .2 2.0 6 . 0 6 . 0 16 .0 16 .0 21 .0 16.0 14 .0 6 .0 - 4 . 0 1 3 .8
7n - 0 .2 -1 .6 - 4 . 0 1 2 .0 1 3 .8 4 . 0 18 .0 19 .8 1 5 . 8 7 .8 4 . 0 8 .0
90 o .c - 7 . 8 - 5 . 8 1 0 .0 6 .0 16.6 0 .2 16.0 14 .0 4 .0 - 6 . 2 3 . 6 1

110 -2 .0 - 9 . 8 0 .0 6 .6 1 2 .2 ie.o 8 .2 16.0 2 . 2 6 .2 10 .0 8 .0
1 >0 -2 .0 -4 - 1 . 8 14.6 6 .0 14.0 10 .2 10 .2 1 6 .2 1 0 . 0 6 . 0 7 .2
150 -2 .2 3 .8 0 .0 - 1 .8 12 .0 10.0 14 .0 12 .0 10 .6 11 .6 0 .0 1 5 .8
1 7 0 -4 .0 -5 .8 6 .2 3 .8 14 .' 18.6 12 .2 12 .2 4 .0 14.0 0 .0 1 4 .0

T ota l -2 8 .9 -3 5 .6 - 3 3 . 9 48 .7 86 .7 1 0 3 . 6 91 .7 111.7 48 .2 67 .6 12.7 6 2 .0

Rain - - - - - - - - - - - -
I r r ig
a tion 42 .0 42 .0 42 .0 42 .0 20.0 20 .0 20.0 20.0 31 .0 31.0 3 1 . 0 31 .0

Et 13 .1 6 .2 e . i 90 .7 108.7 1 2 3 . 8 111.7 1 3 1 . 7 7 9 .2 98 .6 4 3 . 7 9 3 .0

Mean
Et 29 .5 1 1 9 . 0 7 8 .6



A P P E N D I X  8
Record o f  te n s io m e te r  re a d in g s  a t  0900 h r s .  S eptem ber -  Decem ber, 1967

♦ N eg a tive  v a lu e s ,  l . e .  te n s io m e te r  re a d in g  le s s  th a n  th e  c o n t r ib u t io n  
f r c a  th e  h a n g in g  co lum n o f  w a te r  as measured fro m  m ercury  r e s e r v o i r  to  
th e  d ep th  o f  te n s io m e te r  cu p .

L *  a d d i t io n a l  lo w e r  te n s io m e te r  i n  ly s im e te r  A : 160 cm.
L = Lower te n s io m e te r :  17C cm in  f i e l d

150 cm i n  ly s im e te r
U ** Upper te n s io m e te r :  120 cm i n  f i e l d

100 cm in  lysim eter
IPR *  f i e ld s  i r r i g a t e d .

F ie ld  A ly s im e te r ** F ie ld  B L y s im e te r E
T a te L u (L -U  . ) L U ( £ = = , ) L U ( I ' - O . J 0 (M J  . )

cm cm 0 5 * * ) cm CD ( T T - ) cm cm ( 5 o ^ x $ cm cm=
w a te r w a te r cs /cm w a te r w a te r Cs/CTL w a te r w a te r cm /ca w a te r w a te r extern

Sep. 1 119.7 1 45 .6 .4 ° 24.5 1 29 .2 -1 .0 9 194 .5 2 40 .2 - . 0 3 4 3 . 5 1 4 4 .2 - 1 . 0 1
2 1 15 .6 1 45 .5 .40 36.7 1 25 .1 - .7 6 1 00 .9 190.4 .81 4 2 .2 1 2 7 .8 - .7 1
3 1 12 .9 149 .6 .2 6 21 .6 6 1 .5 - .1 9 lo o .  6 1 59 .1 i . 1 9 3 5 . 4 9 5 . 2 - . 1 9
4 1 1 4 .2 152 .3 . 2 3 27 .2 e s .4 - .2 2 1 61 .8 1 51 .0 1 .2 1 3 6 .1 5 5 . 2 - .1 4
5 1 17 .0 1 57 .3 .1 6 34 .0 1 07 .4 - .4 6 1 61 .8 1 4 0 .5 1 .2 9 5 9 .8 1 2 9 .2 - .3 6
6 1 1 4 .2 155 .0 .16 2 3 .1 6 1 .6 - .1 7 1 5 3 . 7 1 3 1 .9 1 .0 3 3 5 .4 6 9 .8 - .0 6
7 1 17 .0 155 .1 . 1 5 29-9 1 00 .6 •  41 1 5 3 . 7 1 44 .2 1 .1 9 3 9 .4 1 07 .4 - . 3 0

3 1 22 .4 1 64 .6 .15 32.6 8 5 .7 - .0 6 1 63 .2 1 7 6 .2 .70 3 5 .1 107.4 - .3 8
9 1 2 2 .4 163 .2 .1 6 1 6 .3 7 6 .9 - .0 5 1 61 .3 1 79 .5 .64 3 2 .6 100 . 0 - .3 6

10 122 .4 1 61 .6 .21 20 .4 7 3 .4 - .0 6 1 5 3 . 7 1 7 5 .4 .56 1 7 .7 8 1 .6 - .2 7

11 1 29 .2 1 61 .8 . 3 4 23 .1 8 1 .6 - .1 7 1 63 .2 1 75 .4 .75 2 7 .2 1 1 9 . 7 - . c 5
12 1 29 .2 1 63 .2 . 3 2 20.4 7 7 . 5 - .1 4 1 60 .5 1 79 .5 .6 2 2 9 .9 1 06 .1 - .5 2

ISR 13 1 2 9 .2 1 72 .7 . 1 3 2 5 . 8 e o .2 w.C8 1 5 5 . 0 1 74 .1 .61 35 .4 1 0 7 . 4 - .4 4
14 1 29 .2 1 67 .3 . 2 3 1 5 .3 7 3 . 4 - .1 4 1 56 .4 1 6 2 .2 .48 3 2 .6 9 7 . 9 - . 3 0

15 1 26 .5 155.0 .43 2 4 .5 70 .7 + . 0 7 159 .1 1 6 4 .9 .48 36.7 1 0 7 .4 —  .41
16 121 .0 138 .7 .64 3 2 .6 0 0 .? ♦ .04 152 .3 1 7 5 .4 . 5 3 3 1 .3 1 1 1 . 5 - .6 0
17 1 1 8 .3 1 41 .4 . 5 3 29 .9 8 4 .3 - .0 8 1 52 .3 17*7.1 .56 31 .3 1 1 1 . 5 - .6 0
16 122 .4 1 49 .6 . 4 5 27.2 6 6 .4 - .2 2 1 49 .6 - - 2 7 .2 1 16 .9 - .7 9
19 1 15 .5 151 .0 .2 9 2 3 .6 84 .3 - .1 1 1 49 .6 - - 2 7 .2 1 0 3 . 4 - .5 2
20 1 19 .7 1 37 .4 .6 4 2 4 .5 1 33 .3 -1 .1 7 1 64 .6 1 67 .3 .94 5 3 . 0 1 41 .4 -1 .1 6
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APPENDIX 3 (co n t in u e d )

F ie ld  A L y s im e te r A F i e l d  B ly s im e t e r B
D ate
1967 L

cm
w a te r

U
cm

w a ter
P s H

c n /c n

L
cm

w a t t r

u
cm

w a te r
(5C T *1 )

c a / c a

L
cm

w a ttr

u
cm

wat c r

( M j
( s o - 1 )

cm / cm

L

w a te r

u
cm

w a ter
f e u )(5 0  ; 

c t /c m

S e p . 21 1 1 3 .3 1 5 1 .0 .3 4 2 7 .2 1 1 1 .5 66 1 6 7 .3 1 7 9 .5 .7 5 4 6 . 2 1 2 3 .6 - . 5 5
22 1 1 9 .7 1 5 6 .4 • 26 2 7 .2 1 0 7 .4 - . 6 0 1 8 5 .9 1 8 3 .6 .o 4 4 0 .6 1 1 7 .0 —  52
23 1 1 3 .3 15 5 -0 .2 6 2 4 .5 1 1 0 .2 - . 7 1 1 6 8 .6 1 6 1 .6 1 .1 3 3 o .7 1 1 0 .2 - . 4 7
24 1 1 7 .0 146*9 .4 0 2 1 .8 IC O . 6 - . 5 7 1 6 7 .3 1 6 0 .5 1 .1 3 3 5 .4 1 0 7 .4 - . 4 4
25 1 2 1 . C 1 5 7 .6 .2 6 2 1 .8 1 2 2 .4 - 1 .0 1 1 5 9 .1 1 1 6 .3 1 .8 1 4C .S 1 2 3 .3 - . 6 6

IH3 26 1 1 5 .6 1 5 5 .0 .4 7 1 9 .C 1 C 8 .6 - . 5 9 1 5 6 .4 1 2 1 .0 1 .7 0 4 3 .5 1 1 6 .3 - . 4 9
2 7 1 2 3 .3 161*6 .2 4 2 0 .4 1 1 3 .7 - . 9 8 1 7 6 .8 1 1 5 .6 2 .2 2 5 0 .3 1 1 7 .0 - . 3 3
c - 1 2 7 .0 1 6 4 .6 .2 6 2 0 .4 1 1 8 .3 - • 9 / 1 9 3 -1 1 9 1 .8 1 .0 2 5 7 .1 1 1 7 .0 - . 1 9
23 1 2 3 -8 — '->0.5 .2 6 2 3 -1 1 1 1 .5 -•  76 1 7 6 .8 1 5 5 .0 1 .4 3 5 3 .0 1 0 7 .4 - . 0 6
30 1 2 5 .1 1 6 3 .2 .2 3 2 1 .7 9 7 .9 —  .5 2 1 6 7 .3 1 5 7 .6 1 .1 9 5 5 .3 I C o . l .0 0

. 1 2 1 .0 16C .5 .2 1 1 9 .0 1 0 0 .6 - . 6 3 j .6 1 .8 1 4 1 .4 1 .4 0 4 2 .3 1 0 2 .0 - . 1 9
2 1 2 5 .1 1 6 1 .8 .2 6 1 9 .0 1 0 0 .6 - . 6 3 1 6 0 .5 1 3 3 .3 1 .5 4 47 • o 9 6 .6 4-.02
3 1 2 5 .1 1 6 1 .8 .2 6 1 9 .0 1 1 2 .9 - . 8 7 1 5 9 .1 1 2 5 .1 1 .6 8 4 7 .6 1 0 0 .6 - . 0 6
4 1 2 5 .1 1 7 0 .0 .10 1 9 . 0 9 7 .9 - . 5 7 1 5 9 .1 1 3 1 .9 1 .5 4 4 4 .9 9 6 .6 - . 0 3
5 1 2 5 .1 1 5 4 .6 .21 1 6 .3 1 1 4 .2 - . 9 5 1 4 8 .2 1 7 4 .1 * 48 5 0 .3 1 0 0 .6 .0 0
5 1 2 5 .1 1 6 5 .9 .1 8 1 0 .9 9 9 .3 - . 7 6 3 4 1 .4 1 3 1 . S 1 .1 9 4 6 .2 9 7 .9 - . 0 3
7 1 2 5 .1 1 6 3 .2 .2 3 1 0 .9 10 3 .4 - . 8 5 1 4 2 .8 1 3 1 .9 1 .2 1 5 0 .3 1 0 2 .0 — 03
S 1 2 5 .5 1 6 3 .2 .2 5 8 .2 9 9 .3 - . 8 2 1 3 8 .7 1 1 8 .3 1 .4 0 4 7 .6 9 9 -3 - . 0 3
9 1 2 2 . t 1 6 0 .5 .2 3 4 .1 9 5 .2 - . 8 2 1 3 3 .3 9 3 .8 1 .7 9 4 7 .6 9 5 .2 + .0 4

10 1 2 6 .5 1 7 2 .7 .0 7 5 .4 9 2 .5 - . 7 4 1 4 2 .8 1 1 8 .3 1 .4 9 4 6 .2 9 7 .9 - . 0 3
ISR 11 1 4 6 .9 1 9 5 .S .0 2 8 .2 9 6 .6 - . 7 5 1 6 7 .3 1 0 3 .4 2 .2 7 3 9 .8 1 5 1 .0 - . 8 2

12 1 4 4 .2 1 9 6 .6 — •06 8 .2 96*6 - . 7 6 1 7 4 .1 9 9 .3 2 .4 9 6 2 .6 1 3 o .O - . 4 6
13 1 4 2 .8 1 8 3 .0 .1 8 2 .7 9 1 .1 - . 7 6 1 6 3 .2 6 9 -8 2 .4 6 5 7 .1 1 3 4 .6 - . 5 5
14 1 4 1 .4 1 8 5 .0 .1 2 2 .7 9 5 .2 - . 8 5 1 6 3 .2 6 5 .7 2 .5 5 4 0 .8 1 1 7 .0 -- ,5 1
15 1 4 1 .4 1 8 6 .3 .10 5 .4 9 7 .9 - . 8 5 1 6 3 .2 4 2 .2 3 .4 2 5 7 .1 1 2 1 .0 - 2 7
16 1 4 1 .4 1 8 6 .3 .1 0 4 .1 9 2 .5 - . 7 6 1 7 0 .0 1 0 4 .7 2 .3 0 5 8 .5 1 1 4 .2 - . 1 1
17 1 4 1 .4 1 8 7 .7 .0 7 4 .1 10 2 .0 - . 9 5 1 6 0 .5 3 6 .1 3 .4 4 5 9 -8 1 1 9 .6 - . 1 9
13 1 5 2 .3 1 7 9 .5 .4 5 5 .4 9 3 .8 - . 7 6 1 5 3 .7 1 6 .3 3 .7 4 5 9 .8 1 1 6 .3 - . 1 7
19 1 4 6 .9 1 7 6 .8 .4 0 5 ,4 1 0 4 .7 - . 9 8 1 6 3 .2 2 0 .4 3 .6 5 6 3 .9 1 1 9 .7 - . 1 1
20 1 5 0 .9 1 7 5 .4 .51 1 .4 1 0 7 .4 - 1 .1 2 1 6 5 .9 1 7 .7 3 .9 6 6 3 .9 H T .0 o - . 0 6
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APPSirail 8 (co n t in u e d )

y i e ld A L ya im eter A P ie ld B L y s io e t e r  B

Date
1967 L

cm
D
cm o r * 1 )

L
cm

L»
cm

U
cm

( 7 )
0 o * 1 )

( L '- L )  
( 30 )

L
cm

U
cm

( H , , )
O c * 1 )

L
cm

a
cm ^ 1!

c w )
water water c a /c a w ater w ater w ater c n /c a cu/cn w ater w ater cm/cm w ater w ater c s /c a

O ct .  21 150 .5 179 .5 .4 2 4 .1 1 6 .3 100 .6 - 9 3 1 .40 165 .9 3 5 .4 3 .6 1 58 .5 117.0 - .1 7
22 149 .6 174 .1 .51 1 .4 1 5 .C 115 .6 - 1 .2 6 1 .4 5 163 .2 4 6 .2 3 .34 6 1 .2 121 .0 - .1 9
23 1 4 o . 'i 179 .5 • 34 1 .4 16 .3 107 .4 - 1 .1 2 1 .4 9 17 1 .4 55. a 3 .31 6 5 .3 123*6 - .1 7
24 149 .6 1 6 2 .2 -34 1 .4 19 .0 104 .7 - 1 .0 6 1 .5 6 1 6 6 .6 7 2 .1 2 .9 3 63 .9 122 .4 - .1 7
25 150 .a 133 .6 . 34 2 .7 16 .3 114 .2 -1 .2 3 1 .4 5 1 6 6 .6 46 .2 3 .44 6 5 .3 12 2 .4 - .1 4
26 145-5 ~2 .7 •45 1 .4 16.3 9 3 .6 - .3 4 1*49 166 .6 29 .9 3 .77 65 .3 119 .7 - .0 6
2? 146 .9 i-'O.O •53 0 0 9 5 .2 - .9 0 J CO 170 .0 6 9 .4 3 .01 6 3 .9 117 .0 - .0 6
26 145.5 lr>o.6 .5 3 • 15.0 8 9 .e - - 175 .4 5 7 .1 3 .36 59.3 1 1 4 .2 - .0 8
29 119 .7 125 .1 .8 9 * 2 .7 57 .1 - - 12 6 .5 6 3 .9 2. 25 32.6 70 .7 . . 2 3
30 117 . C 106 .6 1 .16 * •4.1 6 8 .0 - - 122 .4 4 2 .2 2.6C 23.1 6 9 .4 + .07
31 115 .6 112 .9 1 .0 5 * 4.1 7 3 .4 - - 113 .3 46 .2 2 .44 23.1 7 3 .4 .00

" o r .  1 ce.4 99 .3 . 76 4 .1 62 .6 - - 104 .7 7 4 .5 1 .5 9 19 .0 65 .3 .0 7
2 6 9 .6 103.4 .73 4.1 7 0 .7 - - 104 .7 47 .6 2 .14 20 .4 69 .4 .0 2
3 67 .0 110 .2 .53 4 .1 5 7 .1 - - 106 .1 65 .3 1 .61 2 3 .1 7 4 .6 .0 3
4 7 4 .e 9 5 .2 .5 9 3 5 .4 1 .4 57 .6 .55 - .1 3 9 3 .6 54 .4 1 .7 6 1 7 .7 62 .6 .10
5 fc}0.2 10 2 .C -56 40. e 5 .4 7 2 .1 .37 - .1 6 91 .1 56 .5 1 .65 19 .0 66 .0 .0 2
6 e c .2 102 .0 .56 4 0 .b 1 .4 72 .1 .3 7 - .3 1 95 .2 5 9 .6 1.70 2 0 .4 7 2 .1 -.03
7 6 7 .0 112 .9 .4 8 36 .7 2 .7 73 .5 .26 - .1 3 97.9 49.0 1.97 21 .7 7 4 .6 - .0 6
e 67 .0 110 .2 .5 3 34. c 9 .5 49 .0 .70 + .1 8 96.7 7 6 .2 1 .4 1 2 0 .4 7 3 .4 - .0 6
9 3 9 .c 125 .1 .2 9 4 0 .8 8 .2 77 .5 .26 - .0 6 10 6 .1 6 .8 2 .9 6 21 .7 7 4 .8 - .0 6

10 S3.6 123 .6 .40 40 .6 5 .4 7 6 .9 .23 - .1 6 107 .4 0 .2 2 .9 6 21 .7 7 6 .2 - .0 9

11 9 5 .2 13*0.6 .2 9 33.4 5 .4 6 0 .2 .10 0 10 6 .6 56 .5 2.00 21 .7 7 7 .5 -.11
12 10 0 .6 138 .7 .2 3 35- 4 8 .2 84 .3 .10 - .0 4 111 .5 53.0 2 .17 23.1 6 0 .2 - .1 4
13 100 .6 14 2 .8 .1 5 39 .4 5 .4 6 4 .3 .10 - .1 3 116 .3 57.1 2 .2 2 23.1 6 4 .3 - .2 2
14 1 0 6 .1 146 .9 .1 6 36 .7 5.4 83 .0 .07 - .0 4 121 .0 5 5 .6 2 .30 23.1 6 3 .0 - .1 9  •
15 112 .6 160 .5 .04 - 1 6 .3 1 2 1 .C - - 14C .1 9 .5 3 .61 58 .5 117 .0 - .1 7
16 121 .0 160 .5 .21 39 .4 9-5 107 .4 - .3 6 0 13 6 .7 6 3 .0 2 .1 1 44 .9 1 0 * .7 -.19
17 121 .0 165 .9 .10 32.6 10 .9 93 -6 - .2 2 + .27 137 .4 8 1 .6 2 .1 1 40 .0 9 9 .3 - .1 7
16 125 .1 172 .7 .0 4 39 .4 1 0 .9 10 0 .6 - .2 2 +.05 145 .5 35.4 3 .1 8 47 .6 1 0 6 .1 - .1 7
19 12 5 .1 174 .1 .0 2 3..0 9 .5 97.9 - .2 7 + .1 6 149 .6 1 5 .0 3 .6 9 48 .9 1 1 0 .2 - . 2 2
20 1 2 7 .6 172 .7 .10 35 .4 9.5 107 • 4 - .4 4 +.13 15 2 .3 1 6 .3 3 .52 51.7 112 .9 - .2 2



APPEHDIX 8 (c o n t in u e d )
F i e l d  A l y s i m e t e r  A F i e l d B L y s i a e t e r  B

D a te
1967 1 D f e i ) L 1 ’ U ( L ’ - L ) L 0 f e l | 1 0 f e l |cm cm (5 0  ) cm cm cm ( 50 ) 30 cm cm ( 50 ) cm cm ( 50 )

w a t e r w a te r c m / cm w ater w a ter w a te r c n / c a c n /c n w a te r w a te r c a /c m w a te r w a te r c m /c a

N ov .
21 1 2 9 .2 1 7 6 .8 .0 4 3 4 .0 1 0 .9 1 0 4 .7 - . 4 1 .2 3 1 5 2 .3 3 6 .7  • 3 -3 1 5 1 .7 1 1 4 .2 - . 2 5
22 1 2 9 . 2 1 " 8 .  2 .0 2 4.C 9 .5 1 0 3 .4 - . 3 8 .1 8 1 5 5 .0 8 4 .3 2 .4 1 5 3 .1 1 1 5 .6 —  25

i 23 1 3 1 .9 1 8 3 .6 — C l 3 5 .4 9 .5 1 0 4 .8 - . 3 8 .1 3 1 5 2 .3 7 0 .7 2 .6 3 5 0 .3 1 1 0 .2 - . 1 9
. 24 1 3 0 .6 1 7 9 .5 .0 2 3 4 .0 9 .5 9 5 .2 - . 2 2 .1 6 1 5 1 .0 2 7 .2 3 .4 7 4 7 .6 1 0 6 .1 - . 1 7

25 1 3 0 .6 1 7 9 -5 .0 2 3 2 .6 9 -5 9 1 .1 - 1 7 .2 3 1 5 1 .0 2 9 .9 3 .4 2 4 8 .9 1 0 4 .7 - . 1 1
26 1 2 9 .2 1 7 9 .5 - . 0 0 3 4 .0 9 .5 6 9 .8 —  11 .1 8 1 5 1 .0 1 5 .0 3 .7 2 4 7 -6 1 0 4 .7 - . 1 4
27 i :  .6 1 7 2 .7 - . 1 5 2 8 .6 6 .8 6 5 -3 +  • 26 ■Z7 1 5 3 .7 1 6 .3 3 .7 4 4 4 .9 9 3 -8 +  .0 2
C 1 2 9 . 2 1 5 1 .0 56 2 7 -2 5 .4 6 9 .4 + .1 5 ■Z7 1 4 4 .2 1 0 .9 3 .6 6 3 2 .6 8 1 .6 +  .0 2
2f 1 1 4 .2 1 4 0 .1 .4 8 2 4 .5 5 -4 7 2 .1 + .0 4 •36 1 2 5 .1 1 0 .9 3 .2 6 2 9 .9 6 0 .2 0
■7 1 0 7 .4 1 3 3 .3 .4 8 2 5 .9 5 .4 7 6 .2 0 .3 1 1 2 9 .2 8 8 .4 1 .8 1 2 9 -9 8 1 .6 - . 0 3

D e c .
1 1 2 6 .5 1 3 7 .4 .7 8 3 1 .3 9 .5 9 1 .1 - . 1 9 .2 7 1 2 7 .8 7 7 .5 2 .0 0 3 8 .1 9 1 .1 —•06

' 2 1 0 7 .4 1 4 1 .4 .3 2 2 8 .6 1 2 .2 9 1 .1 - . 2 5 .4 5 1 2 9 .2 1 2 .2 3 -3 4 3 9 .4 8 5 .7 + .0 7
, 3 1 0 6 .1 1 4 5 .5 .2 1 2 5 .8 9 .5 9 5 .2 - . 3 8 .4 5 1 3 0 .6 0 3 .6 0 3 6 .1 9 7 .9 - . 1 9

4 1 1 1 .5 1 4 3 .7 .1 5 2 5 .8 6 .8 1 0 0 .6 —  49 .3 6 1 3 1 -9 1 7 .7 3 .2 6 3 6 .1 5 1 .1 - . 0 6
5 1 1 2 .9 1 5 5 .0 .1 5 2 3 .6 1 3 .6 6 9 .8 - . 2 2 .5 0 1 3 1 .9 6 6 .6 2 . 3 0 4 0 . S 9 6 .6 - . 1 1

1 6 1 1 5 .6 1 6 1 .8 .0 7 2 8 .6 8 .2 8 9 .8 - . 2 2 .3 2 1 3 7 .4 4 2 .2 2 .9 0 3 6 .7 9 2 .5 - . 1 1
1 1 8 .3 1 6 5 .9 .0 4 2 9 .9 1 5 .0 9 2 .5 —  25 .5 0 1 3 6 .7 4 9 .0 2 .7 9 4 4 .9 9 9 .3 - . 0 8
1 2 2 .4 1 7 4 . - - 0 3 3 2 .6 1 5 .3 9 6 .6 —  23 .4 5 1 4 1 .4 1 6 .3 3 -5 0 4 8 .9 1 0 2 .0 - 1 . 0 6
1 2 5 .1 1 7 6 .8 — 03 3 4 .0 2 4 .5 1 0 0 .6 —  33 .6 6 1 4 4 .2 1 5 .0 3 -5 8 5 4 .4 1CJ?.4 - . 0 6
1 2 6 .1 1 7 3 .2 — 03 3 4 .0 2 3 .1 1 0 0 .6 —  33 .8 3 1 4 5 .5 9 .5 3 .7 2 5 3 .0 1 0 7 .4 - . 0 8
1 2 7 .6 1 8 3 .6 - . 1 - 3 5 .4 2 3 .1 1 0 2 .0 - . 3 3 .5 9 1 4 8 .2 7 6 .2 2 .4 4 5 5 .6 1 1 0 .2 - . 0 8

±2 1 3 0 .6 1 6 6 .3 - 1 1 3 5 .4 2 4 .5 1 C 3 .4 - . 3 6 .6 3 1 4 9 .6 1 0 .9 3 -7 7 5 9 .8 1 1 4 .2 - . 0 8
; 13 1 3 4 .6 1 9 1 .6 - . 1 4 3 6 .7 2 5 .8 1 0 4 .7 - . 3 6 .6 3 1 5 2 .3 5 .4 3 .9 3 6 2 .6 1 1 7 .0 - . 0 8

14 1 3 1 .9 1 9 4 .5 - . 2 5 3 6 .7 2 7 .2 1 0 2 .0 - . 2 6 .6 8 1 5 3 .7 9 .5 3 .8 8 6 5 -3 1 1 8 .3 -v 0 6
I 15 1 3 7 .4 1 9 3 .1 - . 1 1 3 9 .4 2 9 .9 1 0 7 .4 —  36 .6 6 1 5 7 .8 2 7 .2 3 .6 1 7 2 .1 1 2 3 -8 - . 0 3

16 1 4 0 .1 2 0 1 .3 —  17 4 2 .2 3 2 .6 1 1 0 .2 - . 3 6 .5 8 1 6 0 .5 8 .2 4 .0 4 7 4 .8 1 2 7 .6 - . 0 6
17 1 4 2 .8 2 0 9 .4 - . 3 3 4 3 .5 3 4 .0 1 1 2 .9 - . 3 8 .6 8 1 6 0 .5 4 3 .5 3 .3 4 8 0 .2 1 3 3 .3 - . 0 6
18 1 4 4 .4 2 1 3 -5 - . 4 4 4 3 .5 3 2 .6 1 1 4 .2 - . 4 1 .6 3 1 6 0 .5 1 9 .0 3 -8 3 6 4 .3 1 3 6 .7 - . 0 8
19 1 4 4 .2 2 2 3 .0 —  57 4 7 .6 3 9 .4 1 1 8 .3 - . 4 1 .7 2 1 6 3 .2 2 3 -1 3 .8 0 9 1 .1 1 4 5 .5 - . 0 8
20 1 5 1 .0 2 2 8 .5 - 5 5 5 0 .3 4 2 .2 1 2 1 .0 - . 4 1 .7 3 1 6 4 .6 2 8 .6 3 .7 2 9 6 .6 1 5 2 .3

I

I

tw
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APPENDIX 8 (c o n t in u e d .)

. VfATFB) EFCOEDSD WITH TFasiOKZTEP.S PL ACL J AT DIFFEHSST ESPIES IS THS SOIL PROFILE

Date
F ie ld  A L ysim eter A F ie ld  3 L ytim eter 3 F ie ld  C

170 cm. 150cm. 7r cm. 17r- cm. 130cm. 17r cm. 150cm. 70 cm. 170 CD. 150 cm. 120 cm. 100 cm. 5r- o n .

AUG •
1968

1 137 l i e 203 22 146 170 212 47 . 286 266
2 115 157 240 134 163 195 34 264 264
3 111 155 226 134 '.69 217 45 264
4 137 119 206 127 . ob 219 48 297 198
5 137 169 226 136 lt>9 226 44 286 220

6 140 151 217 132 166 229 42 297 165 242
7 n o 151 212 137 168 235 47 308 242 264
8 119 161 226 40 60 139 171 235 44 308 253 264
9 119 160 224 39 132 164 239 43 3CS 253 286

10 150 163 235 40 64 132 163 237 43 308 264 286

11 151 163 235 56 _ 129 144 239 40 297 253 264
12 150 156 224 56 115 131 220 28 286 242 253
13 15r 161 221 46 88 124 237 46 308 264 297
l i 151 16r 219 47 120 239 48 320 264 297
15 153 160 217 39 60 137 184 253 50 331 264 308

16 153 160 221 39 66 132 139 249 45 308 297
17 153 150 22^ 35 55 137 164 253 50 331 132 331
18 153 159 225 37 60 136 193 249 44 320 275 331
19 151 159 229 42 54 135 190 244 47 331 275 308
2' 151 160 229 4r 58 141 169 243 49 331 286 331
21 155 160 230 37 55 143 192 235 52 331 286 331
22 151 157 229 39 58 121 190 216 49 331 286 331
23 155 157 229 44 62 137 188 202 50 331 303 331
21 151 157 227 42 63 141 188 197 49 331 331.
25 156 157 229 62 140 188 197 47 331 30 8 '
26 168 157 230 62 140 185 200 52 331 220 253
27 115 160 235 58 146 189 211 58 353 286 209
28 158 159 235 52 146 169 215 52 331 286 264
29 116 164 231 63 129 179 182 297 253 242
30 159 155 221 57 77 183 216 - 331 264 323
31 153 152 219 59 73 183 215 52 331 198 331

I

t

51
3



APPEKDIX 8 ( c o n t in u e d )

F ie ld  A L y sim eter  A F ie ld  B Lysime t e r  B F ie ld  C

170cm. 150cm. 70 on. 17002.. 150021. 170 cm. 130 cm. 70 cm. 170cm. 150 cm. 120 cm. 100 cm. 50 cm.

SEP.
1968

1 154 155 217 20 183 216 54 308 3 3 1
2 154 155 221 166 235 52 331 275 342
3 148 151 216 xeo 2C7 53 331 220 320
4 149 155 217 165 212 58 , 342 242 331
5 151 154 229 1 .̂3 215 54 342 220 342
6 164 169 240 49 165 3 1 237 56 342 253 331
7 161 174 254 39 61 A! 9 270 51 353 286 364
8 151 17' 246 38 39 2 0 4 264 49 364 320 375
j 165 174 249 47 33 210 260 54 3 5 3 331 3861C 169 175 241 61 11 2 1 5 226 62 3 3 1 286 331

11 166 171 239 48 30 205 243 56 3 5 3 320 375
12 163 166 236 46 59 202 26C 56 3 5 3 264 397
13 161 165 229 54 35 197 251 59 3 3 1 266 364
14 l o l 165 241 51 28 157 251 . 61 342 275 364
15 164 164 256 47 25 199 260 32 364 286 397
16 161 161 260 44 32 199 2S7 56 - 364 353 408
17 160 163 268 47 49 199 312 58 364 353 406
18 159 16C 274 47 59 199 331 57 264 264 408
19 160 159 274 49 61 198 347 353 353 375
2C 165 163 287 62 18 204 380 73 375 331 441
21 161 175 283 59 . 205 345 76 386 463 441
22 161 161 255 53 18 200 319 71 353 463 430
23 160 161 255 49 6 199 375 67 366 4 7 4 452
24 161 157 243 54 37 198 403 71 375 441 463
25 160 159 246 53 29 198 434 72 397 463 463
26 161 16C 253 80 66 195 459 74 386 452 441
27 164 153 263 61 57 171 482 78 397 441 3 9 7
28 165 159 274 59 74 195 517 81 397 496 366
29 161 157 277 61 73 200 534 83 375 518 375
30 166 160 308 63 148

____________
200 554 68 397 331 364

9X
Z



APPENDIX 8  ( c o n t i n u e d )

F ie ld  A L ysine t e r  A F ie ld  E L y s ln e te r  E F ie ld  C
D el k6

1 7 0  cm. 15r cm. 70 c o . 170-c o . 15Cco. 170 CD. 150cn. 7 0  cn . 17r-cn . 1 5 0 cm. 1 2 0 cn. 10 0  cn . 50 cm.

OCT.
1963

1 165 159 333 64 64 1 ; 6 203 588 9 2 266 406 275 507
2 156 160 369 • 66 e z 27 204 502 96 30C 419 551 529
? 169 156 392 68 86 46 205 5-+0 103 318 419 333 529
4 172 1 C1 429 72 92 42 205 561 1 1 1 331 419 *65 540
5 173 155 474 77 96 72 21C 575 1 2 2 349 441 3 7 5 5c2
6 168 50 2 77 93 40 21C 563 129 352 397 5 7 3 573
7 175 156 505 62 100 47 209 568 143 357 452 386 584
8 177 161 464 66 103 67 209 5SS 155 360 463 672 419
c 176 168 500 86 106 77 209 497 170 359 463 397 364

10 162 17C 566 92 66 212 552 1B9 244 496 573 496

u 180 151 565 97 111 205 564 196 194 465 683 551
12 165 169 618 103 111 206 575 242 485 397 573
13 169 163 623 110 145 69 212 568 330 507 639 617
14 190 155 629 119 152 90 210 590 364 518 397 f l 7
15 194 160 559 124 155 59 215 596 368 551 661 650

16 198 155 588 130 160 155 213 598 140 3 9 7 529 617 661
17 199 149 595 135 153 167 20-9 598 172 4 0 7 551 650 650
ie 2r 3 142 599 140 166 200 20 4 598 185 408 529 716 661
19 2^4 154 599 144 173 208 20 3 598 195 409 465 606 465
2C 197 146 594 146 170 206 193 598 200 398 485 639 50 7
21 2C7 146 595 153 179 212 169 59B 208 407 47 4 663 485
22 211 147 59'" 16C • 184 213 185 596 211 40 2 551 738 455
23 212 147 487 169 169 182 183 463 214 403 551 573 672
24 209 142 522 169 190 217 178 527 217 399 551 661 661
25 215 156 544 180 199 224 174 550 218 399 573 7 0 5 6S£

26 216 161 554 187 204 231 170 556 221 398 573 5 5 1 633
27 206 169 474 20-8 163 235 160 459 223 394 573 3 3 1 617
28 217 165 512 197 205 233 165 510 226 396 573 633 639
29 206 169 474 208 163 235 160 459 223 394 573 331 617
3C 187 165 437 2C6 126 237 159 419 1C 2 328 562 353 5 55
31 178 151 4C3 200 117 233 154 362 150 3 7 4 551 364

■ ■ 1
5 7 3



APPENDIX S ( c o n t in u e d )

F ie ld  A L ysim eter A F ie ld  B Lysime t e r  B F ie ld  C

170 cm. 150 cm. 70cm. 170cm. 150cm. 170cn. 150cm. 70 cm. 170cm. 150 cm. 120 cm. 100 cm. 50 cm.

NOV.
1968

1 159 155 376 130 117 233 154 356 180 382 551 364 661
2 172 146 356 182 120 227 147 331 199 375 551 375 529
3 168 141 333 173 118 226 146 312 207 370 551 375 507
4 lo 8 136 318 168 108 221 139 285 223 358 562 364 485
5 168 132 300 164 101 217 135 265 233 348 573 353 463
6 163 132 288 153 96 218 127 253 245 344 584 331 452
7 126 275 140 93 213 1 3 0 234 247 333 463 331 441
? 266 134 93 208 116 222 243 325 551 308 419

166 125 91 207 126 214 12C 313 562 308 419
10 161 205 112 83 199 122 200 lb 8 305 551 286 397

11 160 240 114 86 195 117 197 192 296 551 26o 397
12 170 244 82 197 120 198 211 296 551 266 397
13 188 259 146 88 193 117 200 221 291 551 286 397
14 180 245 143 87 188 115 193 232 287 529 286 375
15 165 245 144 88 168 112 196 240 283 516 275 364

16 160 254 146 91 185 112 198 240 281 518 264 353
17 1*9 260 148 91 182 i c e 202 242 276 518 253 353
18 156 261 146 88 180 108 206 246 277 507 253 342
19 155 265 146 92 184 110 217 252 278 518 242 353
20 166 j.46 156 154 145 127 135 342 425 507 220 331

21 161 34 146 97 136 136 71 384 262 507 331
22 160 b i 44 45 140 126 65 387 10 375 44 320
23 156 109 33 45 111 118 105 367 24 242 77 320
24 146 35 35 46 116 130 111 67 25 242 88 .236
25 142 72 39 55 122 136 111 51 28 242 88 S66

26 140 108 34 47 112 123 101 42 23 242 88 286
27 135 125 34 50 117 131 117 40 30 264 68 264
28 132 139 34 52 117 132 132 34 34 220 99 275
29
30
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U i *i*P F»»W
MAIZJL^RQ? AT MfEA A1TD THF DETERMUAT ION 

OF AEROPY!U!TIC RESISTANCE r

Skua.

C») C haracteristics o t  wind pro f i l e

Sine* the atmosphere i s  v iscou s , the mean wind- 

speed U i s  not constant, but increases with height as

a resu lt o f  the surface shearing s t r e s s T  dynes/cm2,o
which i s  the foroe  o f  retardation  per unit surfaoe area.

The magnitude o f ^ Q depends on geostrophio wind- 

speed, surface roughnese and buoyancy| and fo r  laminar 

flow  in  which shearing stresses  are due e n tire ly  to  

moleoular v ib ra tio n s , the re lation sh ip  between shear

ing etress and windspeed gradient i s  lin e a r  (Sutton, 

1953).
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la  the abaenee o f  buoyancy,

.... u >

w h e re /^ ia  tht dynamic r la c o e ity  (gm.cm"1*#®"1) and la  

ralatad to  kiaamatie v io co e ity  y  (cm ^aeo*1) by

y  u r  ......... <*>

the f r io t ie n a l  T e lo c ity  U# la  henea daflned by

(3)

and introducing momentum eddy d i f fu o iv ity  X v

Thie ap p lies  s t r ic t ly  in  the aurfaoa boundary layar 

defined aa the region ah era "X does no t  vary by sore 

than I t  aa now deflna tha rata o f  Tlaeoua d la e ip - 

a tion  par unit mass o f  a ir  (cm2aec“ 3) ,

where k la  Ton Xanana'a constant.

Taylor (1952) obeerred that the shear-flow  energy

production 1  ia  related  to  U by
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(6 )1  *  D* )  •- ••

and balancing production (6 ) with d issip ation  ( » )  

g i r t s

°* " * ““jf .....(7)

I f  v c  now sake -U ■  0  a t i  ■  zq, the winds peed 

p r o f i le  over a uniform and extensire surface may be 

represented bj  a logaritm aic function  o f  the form

°  “  lT  1X1 s  (•)

where * i s  roughness lengthy a ch a ra cte r is t ic  o f  the o
surface*

Over t a l l  vegeta tion t a s im ilar equation i s  app

l i c a b le  but in  a m odified f o n t

• ® * f   (9 )^ o

where d i s  sero plane displacement.
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L J  D erivation p f aerodynamic resistance

The aerodynamic resistance r^ Is defined as the

time In  which 1 cm* o f  a ir  exchangee heat or water
«

vapour with 1 cm o f  surface* I t  oan therefore be

shown (M onteith, 1963) that i f  1 i s  the evaporation

ra te t Y  the paychrometrie con sta n t,C c s p e c if ic  heat

o f  a ir  and a and e are vapour pressures a t  height so
fluid at the evaporating surface.

I f  ad so the p r o f i le s  o f  e and U are the same shape above

a uniform crop, the graph o f  e p lo tted  against U Is  a

stra igh t lin o  in tercepting  the a x is  V ■ 0 a t • ■ • •o
Penman and Long (i960 ) showed that under these con

d ition s  the la ten t heat o f  evaporation i s  given by

l % ( . „  -  « )n  
^ * T a n l»  -  i y

(xi)
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Equations ( l o )  and ( l l )  then g iro

( 12)

mSL,.S& w g arat^a

She measurements v ert  made over a maize crop at 

MMa Irr ig a tio n  Scheme, a ltitu d e  1,260 m etres, two weeks 

a fte r  s ilk in g . S ix small sen s it iv e  cup anemometers 

(0 . Y. O assslla A O o.) mounted at 173, 273, 347, 402 

and 487 om above the ground were set up on a mast at 

a point 20 a  from the downwind edge o f  the f i e ld .

She maize was planted 20 cm apart on north-south 

rows 100 cm apart. She d ire c t io n  o f  the wLnd was B 

to SB, l . e .  mostly at righ t angles to the aa ise  rows. 

Anemometer cup rota tion s were recorded as e le c t r ic a l  

pulses from which hourly averages o f  windspeeds were 

obtained, using ca lib ra tio n  curves supplied by the 

manufacture r e . A fter the experiment, a l l  the anem-
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o M t « n  were mounted on a horizon ta l bar and compared 

against ona another. They a l l  yielded the ease 

windspeed -2^ and th is  wae taken Into account when 

constructing the actual wind p r o f i le s .

Requite

The representative hourly wind p r o f i le s t some o f  

which are shown In T ig. S i l  fo r  c la r it y ,  resemble 

those obtained by S to lle r  and Lemon (1963)• above and 

w ithin  a maize crop , but as In the wheat crop (Penman 

and Lang, I960) there i s  no evidmnoe o f  Increase in  

wlndepeed above the crop , and the canopy tends to sea l 

up. This explains the large value o f  sero plane d ie -  

placement (209 cm) found necessary in  ad justing the 

wladspeed p r o f i le s  to  f i t  the logarithm ic function  o f  

equation ( 9 ) (F ig . 9 i2 ). The roughness length sq was 

determined from the adjusted logarithm ic wlndepeed 

p r o f i le s  above the crop in  P ig. 9 i3 l sQ was v ir tu a lly  

constant at 24.0 -  0 .3  cm on 11th and 12th October, 

but decreased occasion a lly  on 13th and 14th October,



to ft minimum o f  15.7 cm. The maximum value o f  s  lao
eXoftt to 10%  o f  average crop height (S latyer and 

M cllroy, 1961| Hurmv 1966).

Hourly values o f  rft showed a sim ilar trend each 

day| decreasing gradually from 0.12 -  0 .16 at 0900- 

1000 hours to 0.03 -  0.03 a t 1700-1800 hours. Those 

values o f  rft are however much sm aller than the minimum 

values 0 .2  -  0 .5  quoted by Monte1th (1965)» and app

roach 0.03 fo r  a pine fo r e s t  (B seios( Endr6di and 

Tajehman, 1969).
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APPENDIX 9 -  Fig. 9 -1  Windspeed p r o f i l e s  above maize crop a t  Mwea



226

. I
x Z -  40  

1 o Z — 140
A Z — 200  
l  Z - 2 IO  
o Z - 2 5 0

1 7 0 0 -1 8 0 0  Hrs x 1 0 0 0 -1 1 0 0  Hrs
11-10-68 • 1700 -1 8 0 0  Hrs

Wind speed U cm/sec-

APPENDIX 9 -  Pip:- 9s 2 P i t t i n g  lo g a r ith m ic  fu n c tio n  on windspeed
p r o f i l e s  above maize crop a t  Mwea
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A P P E N D I X  9 - Fig. 9 : 3  L o g a r i t h m i c  w i n d s p e e d  p r o f i l e s  a n d  d e t e r m i n a t i o n  
o f  r a  a b o v e  m a i z e  c r o p  a t  H w e a
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m m M . Jg

Taluss o f  ra^ fo r  d lfX srsat wind epesds

&  x 3600 x  24 x  10 
P x  0 .26(1  ♦ j f o )

•6 0 . cm- 1

Station i Mombasa Mwea Kedong Muguga

A ltitude (a ) 55 1,280 1,900 2,100
Atm. pressure
* (*b ) 1,004 867 803 78>

A ir density 
(«a . oa -3 ) 0.001163 0.001021 0.009961 0.000952

6 0.622 0.622 0.622 0.622
e € 0.000723 0.000635 0.000598 0.000592

£6 .3600134 
0.26P 2.392 2.434 2.475 2.512

"(l
Windspeed

1* w >u ral “ 1 ral ralm .p.d.

0 1.00 2.39 2.43 2.48 2.51
20 1.20 1.99 2.03 2.06 2.09
40 1.40 1.71 1.74 1.77 1.79
60 1.60 1.50 1.52 1.55 1.57
SO 1.80 1.33 1.35 1.38 1.40

100 2.00 1.20 1.22 1.24 1.26
120 2.20 1.09 1.11 1.12 1.14
140 2.40 1.00 1.01 1.05 1.05
160 2.60 0.92 0.94 0.95 0.97
180 2.80 0.85 0.87 0.88 0.90
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APPENDIX 11

jm iuns/m ap ai weliwxs

Seventeen noise plants r f  d iffe re n t  s ls s s  were 

uprooted from a f i e ld  crop and quickly transferred to 

the laboratory* She roots  and f i r s t  13 on o f  the stem 

fo r  eaoh plant were then inserted in  a f l a t  bottoaed 

container and dry s o i l  added to keep the plants 

upright. An open ended p la s tic  tubs vas slipped over 

the container and tied  t ig h tly  around the stem to 

prevent eater  entry in to  the container.

Eaoh plant was then weighedf sprayed thoroughly 

with water, and shaken to  renove excess water before 

being reweighed. This procedure was repeated u n til 

a constant aaxinun weight was achieved.
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Be su its

lha raaulta are p lo tted  in  f i g .  l l i l  will oh a lso  

features the etra ight iin ea  o f  beet f i t  oaloulated from 

lin e a r  regression  e f  in terception  on e ith e r  le a f  area 

Index or height (h ) o f  the p lants. The twe equations

obtained are

1 . Interception  (cm) ■ 0.12 L .A .I . ♦ 0 .07 , r 2 • 0.89

2. in tercep tion  (cm) -  C.OOJII (am) ♦ 0 .06 , r2 «  0 .62 .

Comment

The y -in teroep ta  shown in  the shore equations hare 

no meaning other than that L .A .I . and H were

underestimated.
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L E A F  AREA INDEX

O 5 0 0  IOO 150 2 0 0

P L A N T  HEIGHT (CM)

APPENDIX 11 -  Fig;. 1 1 :1  Net in t e r c e p t io n  o f  water by maize 
p la n ts  o f  d i f f e r e n t  s i z e s  as fu n c t io n s  o f  l e a f  
area  index and p la n t  h eigh t
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AFPBNDIZ 12 

E attune ,.ql

«•* in tercepU oa far oean plant*

Method

F ifty  bean plants were grown singly in  pots in  a 

greenhouse frost gem ination  to the 4 - le a f  stage. The 

plants were then removed from the greenhouse and allowed 

t o  grow fo r  another 2 weeks before  the experiment started. 

Twenty-four sim ilar plants were then sclented fo r  d i f f e r 

en tia l ir r ig a t io n  treatment. H alf the plants (Z ) were 

ir r ig a te d  d ire c t  on the s o i l  surface without wetting the 

leaves} the other h a lf  (Y) had th e ir  leaves thoroughly 

wetted by overhead ir r ig a t io n . A ll the plants were 

numbered s e r ia l ly  and then arranged at random in  a row 

pointing North-South a t Muguga, Kenya.

The plants were weighed immediately a fte r  ir r ig a t io n  

at OyOO hours lo c a l  time and again a t 1800 hours. Two 

more plants were plaoed on sea ls  balances. The two 

ir r ig a t io n  treatments were applied and the change in  

weight o f  each plant was reeorded once every hour.
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Results

Results o f  these experiments are shown in  Appendices 

12* and 12b* The experiment w ith two bean plants was 

repeated several times, interchanging the p lants betwesn 

the two ir r ig a t io n  treatments, but the re su lts  were 

sim ilar*

Evaporation from the plants with wetted leaves was 

s ig n ifica n t ly  higher than water lo s s  from plants ir r ig 

ated d ire c t  on the s o i l  surfaee, but the d iffe ren ce  wss 

not s ig n ifica n t  when to ta l water lo s s  exceeded 50 g V  

plant/day.

Almost a l l  the d iffe ren ces  in  water lo s s  occurred 

in  the f i r s t  1-2 hours.

f h r A ,



APPENDIX 12a

E va p o ra tio n  (g n /d ay) from  p o tte d  bean p la n ts  i r r ig a te d  on s o i l  (X) and on

P la n t No.
2 6 /8 /6 8 2 8 /8 /6 8 2 9 /8 /6 8 30 /8 /6 8 2/ 9/68 3 /9 /6 8

X Y X Y X Y X Y I  X Y X

1 33.3 34.5 68.9 76.6 9 1 . 6 86.8
2 31.2 33.4 55.2 57.8 82.9 78.3
3 42.5 33.6 51.2 A3.8 65.0 58.6
4 32.6 22.9 61.1 46.1 91.8 85 .2
5 43.4 26.7 50.2 48.1 91.1 89.4
6 46.8 OD 7 2 .2 59.6 82.7 89.7
7 37.0 23.0 55.6 46.5 79.5 7 9 . 5
8 32.1 23.5 60.6 48.6 62.1 92.6

10 43.3 35.5 55.5 •5 9 . 3 58.2 78.0
11 56.6 40.8 66.8 69.0 78.8 80.9
12 36.5 29.1 53.8 5 1 . 6 9 1 . 5 90.8
13 35.1 26.9 46.2 5 1 . 6 84.2 64.1
14 45.0 32.2 51.2 55.4 5 7 . 1 7 9 . 5
15 30.5 25.9 42.0 46.9 84.6 80.9
16 28.7 26.7 58.8 40.8 63.6 78.3
17 39-7 33.0 50.5 45.2 82.5 77.8
18 33.5 26. 2 54.2 42.4 70.0 80.7
19 40.4 28.9 64.0 46.4 84.1 78.5
20 29.2 24.0 70.8 45.0 85.9 64 .0
21 35.1 24.6 49.6 48.6 70.3 5 1 . 1
22 42.8 22.5 76.7 48.9 69.4 66.6
23 43.9 25.5 49.8 40:2 68.6 77.3
24 32.3 34.7 82.5 49.9 66.0 86.0

Mean o f  1 s t 6 32.7  44.2 25.2  35.2 57.0  58.7 52.4  57.5 81 .8  70 .8 84.9  77.5
"  "  2nd 6 34.6  36.7 25.6 29 .0 59.3 57.2 47.8  45 .2 77.5  74.3 7 5 .8  80.2

Mean Y-X
1 s t 6 11.5 10.0 1 .7 5 . 1 11.0 7 . 4
2nd 6 2.1 3.4 -2 .1 -2 .6 3 . 2 4 .4

13.6 13.4 -0 .4 2 . 5 1 4 .2 3 .0
S ig n if ic a n c e s s N.S. N.S. S a t  7% N.S.
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m s r o n  m
• •*

Evaporation from two bean Plantei 
m ia rcd  on tbo e o i l  (x ) and on the ieaves (Y)

•Tim*
bra

Evaporation (gp/hr  

X T

6 - 9 14.5 63.8
9 - 1 0 15.7 25.2

XO -  XX 5.8 12.3
XX -  X2 5.0 7.7
12 -  13 11.2 8 .7
X3 -  14 9.5 12.6
14 -  15 12.4 10.4
15 -  16 11.9 12.5
16 -  17 9.3 11.4
17 -  18 5.1 4.5

Total 100.4 169.1
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Sample '•alculation o f  d a ily  photpsyutli^ai8 ( f  )

C alculation  o f  Fpt and hence f m Maize Crop 1967

. .  Rh . I* = —  cal 2n
a = 0 .2 5  

T  = 0.055

+ P, » T « 0[ l  - f< V ] <• A, [ l -  f ( V ] j

Date h R I*
1 -  f t t o ) -  '(%>] h po

i  -  f H i )
-

min. Ly/day Ly/min. Ao a x 60 gm.m“  ?day-1 'll *1 pi
p0 ♦ *1

OCTOBER

1 726 573.8 1.24 0.32 0.51 1.00 0.510 48.4 <4.68 0.07 -0 .80 0.07 -0.019 -0.001 -0 .0 6 24.62726 680.0 1.47 0.37 0.54 1.10 0.594 48.4 28.75 0.08 -0 .7 8 0.08 0.029 0.002 0.11 28.86656.4 1.42 0.36 0.53 1.20 0.636 48.4 50.78 0.08 -0 .7 8 0.08 0.067 0.005 0.22 31-00726 591.5 1.28 0.32 0.51 1.27 0.648 48.4 51.35 0.07 -0 .8 0 0.07 0.071 0.005 0.24 31.595 727 1.49 0.39 0.54 1.33 0.718 48.5 34.76 0.08 -0 .7 8 0.08 0.090 0.007 0.35 35.11

6 727 508.9 1.10 0.27 0.48 1.40 0.672 48.5 32-52 0.06 -0.83 0.06 0.114 0.007 0.33 32.85727 612.1 1.32 0.34 0.52 1.50 0.780 48.5 37.75 0.07 -0 .8 0 0.07 0.162 0.011 0.55 38.30-727 668.2 1.44 0.36 0.53 1.57 0.832 48.5 40.27 0.08 -0 .78 0.08 0.205 0.016 0.79 41.06 '727 615.1 1.33 0.34 0.52 1.67 0.868 48.5 42.03 0.07 -0 .8 0 0.07 0.295 0.021 1.00 43.03727 638.7 1.38 0.3b 0.53 1.73 0.917 48.5 44-38 0.08 -0 .78 0.08 0.329 0.026 1.27 45.65
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Computation o f vapour pressure gradient (da), 

froa aaan dewpoint (T^) and the differences in  deweel 

element temperatureb  ( D B T ) i

Bp entering P igs. 15t l  and 15t2 with the mean 

dewpoing temp. values o f  and were

obtained. A table o f  values o f

AMT *or  d iffe re n t  values o f  was then constructed.
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Appendix 15i F ig . 1 5 i l  The ra t io  o f  vapour pressure to
dewpoint gradients at d iffe ren t dewpoint 
temperatures. D
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Appendix 151 f ia ,  15»2t Dewcsl characteristics -  dewcel 
element temperatures (DET) corresponding to rarious 
despoint temperatures (l^ ).



APPENDIX 16a

APPEKPIX 16a; Variation of absolute temperature differenced
between the two thermocouple champers in B o w e n U  
ttatio equipment
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APEEHDII 16b

I f the true

two air streams ,

between the two

table below:

Qhaiauer Air at;

A A*

B B»

A B«

B A*

A A*

B 8*

f f l W T f f *  <y mm .a 

mivp marim
( s e e  C h a p t e r  I T )

}
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For the three s itu a tion s ,

r «  + tf ♦ ?c

g -  (> ♦ 7L •••••(2)

*lm f* *tLr1 *  (3)

from which i t  ean be shown that

* ^ - § - * ♦ - ^ 5 ^ 1 .......... ( 4 )

and the same argument applies in  the case o f  humidity 

measured aa d ifference in  dewcel element temperature

(D.E.S.).

I f  c< changeo lin ea r ly  with time (see Appendix

16*)*

<X. - X _  mo( - 0 (
r  rl  g

giv ing

&(* ♦ *•_ ) -  2 *  
v  r i  «

(5 )

(6 )
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and therefore

n i ls  procedure doe* therefore considerably reduce 

the error  in  the determination o f  t the error

increasing slowly as the increase in  with time 

departs from lin e a r ity .

I K
j \



APPENDIX 17

Samcle calculation of Bowen's Ratio A

STAIION 
SURFACE 

SURPACE CONDITION

Mwea
Bean c ro p
P ods f i l l i n g ,  c o m p le te  grou n d  c o v e r

DATE: 7 th  May, 19 63
NOZZLE HEIGHT ABOVE CROP: U p per: 70 cm.

L ow er: 20 cm.

r  = 0 .6 0

Plow
s e t t i n g

1 0 -m in u te  
p e r io d  
s t a r t i n g  
h r s .

d(D.E.T.) oc.
de

d ( D .E .T . ) de 
mb •

dT °C .
dT
de V  dT 

°  de
1c h a r t

r e a d in g i ( g - r ) A c h a r t
r e a d in g i ( r - g ) A1=dT

g 0900 4 . 3 5 - 0 .0 1 0 .1 3 0 .3 9 2 0 . 1 2 - 0 .1 5 0 .0 1 0 .0 3 0 . 2 5 0 .1 5 1 . 1 5
r 0910 4 . 3 7 0 .2 8 0 .2 7 0 .8 9 2 0 .2 4 - 0 .1 4 0 .0 4 0 .0 5 0 . 2 1 0 .1 3 1 .1 3
g 0920 4 . 9 2 0 .2 7 0 .3 2 0 .9 0 2 0 .2 9 - 0 .2 1 0 .0 5 0 .0 6 0 . 2 1 0 .1 3 1 .1 3
r 0930 4 .3 8 0 .3 6 0 .2 9 0 .8 8 8 0 .2 6 - 0 .1 2 0 .0 7 0 .0 4 0 . 1 5 0 .0 9 1 .0 9
g 0940 5 .0 9 0 .2 1 0 .2 5 0 .8 8 8 0 .2 2 - 0 .2 5 0 .0 1 0 .0 2 0 .0 9 0 .0 5 1 .0 5
r 0950 4 .6 7 0 .2 8 0 .2 9 0 .8 8 8 0 .2 6 - 0 .2 4 0 .0 2 0 .0 2 0 .0 8 0 .0 5 1 .0 5

h o u r ly  mean: 1 .1 0

g 1000 5 .2 2 0 .2 9 0 .3 1 0 .8 6 8 0 .2 8 - 0 .2 7 0 .0 2 0 .0 2 0 .0 7 0 .0 4 1 .0 4
r 1010 4 .6 5 0 .3 2 0 .2 9 0 .8 9 7 0 .2 6 - 0 .2 4 0 .0 2 0 .0 1 0 .0 4 0 .0 2 1 .0 2
g 1020 5 .2 8 0 .2 5 0 .2 7 0 .8 9 2 0 .2 4 - 0 .2 4 0 .0 0 0 .0 1 0 .0 4 0 .0 2 1 .0 2
r 1030 4 .7 8 0 .2 9 0 .3 0 0 .8 9 2 0 .2 7 - 0 .2 3 0 .0 1 0 .0 2 0 .0 7 0 .0 4 , 1 .0 4
g 1040 5 .3 5 0 .3 0 0 .2 9 0 .9 0 2 0 .2 6 - 0 .  20 0 .0 2 - 0 .0 1 - 0 .0 4 - 0 .0 2 ’ 0 .9 8
r 1050 4 .7 5 0 .2 7 0 .2 8 0 .8 9 2 0 .2 5 - 0 .1 6 - 0 .0 3 - 0 .0 1 - 0 .0 4 - 0 .0 2 0 .9 8

h o u r ly  m ean: 1 .0 1

g 1100 5 .2 8 0 .2 9 - 0 .1 0 0.01
r 1110 4 .7 0 - - 0 .0 8



A F F E B D I X  1%

E n e r g y  s t o r a g e  i n  p h o t o s y n t h e s i s

( a )  t a j g e  c r o p  1 9 6 7

P e r i o d I n c r e a s e  i n A
I n e r g y
e q u i v a l e n t
K . c a l . / m 2

T o t a l  
a h o r t w a v e  
r a d i a t i o n  
K . c a l . / m 2

B
T o t a l  
r a d i a t i o n  
0 . 4  -  0.7. 
K . c a i . / m 2

A
B

i

( d a y  8 
f r o m
g e r m i n a t i o n )

d r y  m a t t e r
A M

g » A 2

0 - 1 7 1 5 6 2 9 0 , 0 8 0 4 2 , 3 3 8 0 . 0 0 2
1 7 - 5 2 91 3 7 4 9 2 , 8 2 0 4 3 , 6 2 5 0 . 0 0 8
3 2 - 4 6 2 3 0 9 5 5 8 3 , 8 3 0 3 9 , 4 0 0 0 . 0 2 4
4 6 - 5 2 3 2 1 1 , 3 3 2 2 6 , 7 0 0 1 2 , 5 4 9 0 . 1 0 6
5 2 - 5 9 2 3 2 9 6 3 3 6 , 6 5 0 1 7 , 2 2 6 0 . 0 5 6

5 9 - 7 3 5 3 7 2 , 2 2 9 7 1 , 3 2 0 3 3 , 5 2 0 0 . 0 6 7
7 3 - 8 1 1 3 4 5 5 6 * 7 , 7 8 0 2 2 , 4 5 7 0 . 0 2 5
8 1 - 9 4 3 3 6 1 , 3 9 4 6 4 , 3 1 0 3 0 , 2 2 6 0 . 0 4 6
9 4 - 1 0 2 2 1 6 8 9 6 5 0 , 4 9 0 2 3 , 7 3 0 0 . 0 3 8

1 0 2 - 1 1 1 1 3 6 5 6 4 5 6 , 8 0 0 2 6 , 6 9 6 0 . 0 2 1

(b) B e a n  c r o p  1 9 6 8

1

5 - 9 4 1 7 2 4 , 3 7 0 1 1 , 4 5 4 0 . 0 0 1
9 - 1 2 3 1 2 2 0 , 1 3 0 9 , 4 6 1 0 . 0 0 1

1 2 - 1 6 23 95 1 8 , 7 8 0 8 , 8 2 7 0 . 0 1 1
1 6 - 2 3 8 3 3 3 4 , 6 4 0 1 6 , 2 6 1 0 . 0 0 2
2 3 - 2 7 1 4 58 2 4 , 9 3 0 1 1 , 7 1 7 0 . 0 0 5
2 7 - 4 3 1 6 2 6 7 2 7 7 , 4 1 0 3 6 , 3 8 3 0 . 0 1 8
4 3 - 4 8 6 0 2 4 9 2 4 , 4 3 0 1 1 , 4 8 2 0 . 0 2 2
4 8 - 5 4 2 0 8 3 2 7 , 3 2 0 1 2 , 8 4 0 0 . 0 0 6
5 4 - 5 8 1 6 6 6 2 1 , 8 6 0 1 0 , 2 7 4 0 . 0 0 6
5 8 - 6 5 8 5 3 5 3 3 9 , 1 7 0 1 8 , 4 1 0 0 . 0 1 9

2
5
0



APPEIDIX /$ (continued)

Y-t ) — 
£d___

P e r i o d  
( d a y s  
f r o m  
g e r m i n 
a t i o n )

T
I u

r
(c) M a i a e  c r o p  1 9 6 8

- 'l
V O  I n c r e a s e  i n  di 
►■^matterA

W e t

«  gm/n

—
Dry

E n e r g y  e q u i v a l e n t  
(a ) K . c a l . / m 2

T o t a l
s h o r t w a v e
r a d i a t i o n
K . c a l . / m 2

B
T o t a l  
r a d i a t i o n  
0 . 4  -  0.7*4 
K . c a l . / m 2

A
B

W e t M e d i u m D r y W e t M e d i u m D r y

8 3 2 9 3 3 1 1 , 9 9 0 5 , 6 3 5 0 . 0 1 5 0 . 0 0 5 0 . 0 0 6
2 7 4 2 1 6 8 3 2 4 , 7 1 0 1 1 , 6 1 4 0 . 0 2 4 0 . 0 1 9 0 . 0 0 7
2 7 8 2 5 3 3 5 9 5 1 , 2 0 0 2 4 , 0 6 4 0 . 0 1 2 0 . 0 1 1 0 . 0 1 5

1 , 1 9 5 1 , 0 6 2 5 4 8 3 1 , 7 4 0 1 4 , 9 1 8 0 . 0 8 0 0 . 0 7 1 0 . 0 3 7
2 4 5 4 5 2 4 7 7 4 3 , 7 5 0 2 0 . 5 6 3 0 . 0 1 2 0 . 0 2 2 0 . 0 2 3

1 , 2 7 0 4 7 3 2 0 3 4 4 , 6 6 0 2 0 , 9 9 0 0 . 0 6 1 0 . 0 2 3 0 . 0 1 0
1 , 5 7 7 1 , 4 1 9 1 , 9 7 1 4 5 , 3 1 0 2 1 , 2 9 6 0 . 0 7 4 0 . 0 6 7 0 . 0 9 3

3 8 2 1 , 1 2 9 4 9 8 7 5 , 4 5 0 3 5 , 4 6 2 0 . 0 1 1 0 . 0 3 2 0 . 0 1 4
2 , 0 5 8 1 , 9 3 0 2 , 5 5 6 8 1 , 1 8 0 3 8 , 1 5 5 0 . 0 5 4 0 . 0 5 1 0 . 0 6 7

1 , 3 3 2 8 3 4 9 7 , 2 7 0 4 5 , 7 1 7 / n n m 0 . 0 2 9 0 . 0 1 8
\ u p o

1 , 2 6 6 1 , 4 6 9 3 8 , 8 8 0 1 8 , 2 7 4 0 . 0 6 9 0 . 0 8 0

2 4 - 2 9
2 9 - 3 6

336-44
4 4 - 5 0
5 0 - 5 8

5 8 - 6 5
6 5 - 7 2
7 2 - 8 4
8 4 - 1 0 0

1 0 0 - 1 1 9
1 1 9 - 1 3 0

20
66
6 7

2 8 8

5 9
3 0 6
380
9 2

4 9 6

v640

7
5 2
61

2 5 6

1 0 9
1 1 4
3 4 2
2 7 2

4 6 5
321
3 0 5

8
20
8 9

1 3 2

1 1 5
4 9

4 7 5
120
6 1 6
201
3 5 4


