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ABSTRACT 

The increasing pressure on our water r esources, for 

irrigation in particular, has resulted in a growing 

awareness of the importance of water balance studies. 

In this thesis three aspects of the field \>later balance 

are investigated� evapotranspiration (ET) from well-watered 

crops, the upper l imit of soil water storage in the field, 

and drainage. 

Daily ET values, measured by the Bowen ratio-energy 
balance method, are presented for an oats crop grown in 

winter and also for a number of e.urruner crops, all of 

which were \\1ell-watered. ET measurements w ere also made 

over longer periods using a drainage lysimeter. It was 

found that the Penman, and Priestley and Taylor ET 

estimation procedures predicted ET with an accuracy of 

15-20% and 8% for daily and weekly periods, respectively6 

The Priestley and Taylor method is simpler to use but 

requires an empirical constant ·to relate the 1 equilibriura 

ET' to ET. This constant was found to be 1.21 for winter, 

spring and summer over a range of crops in the Hanawatu. 
Net radiation data on a dayl ight basis were used to 

evaluate th is constant, as seasonal variations in the 

constant were introduced when 24-hour data were used .. 
Also it is easier to empirically estimate daylight than 

24-hour net radiation. Long term E'I' estimates using the 

Priestley and Taylor method with net radiation calculated 

from incoming solar radiation, were in reasonable agree

ment with the drainage l ysimeter measurements of ET 

for the oats crop. 

A theoretical development is presented that describes 

water retention in soils underlain by a coarse-textured 

stratum. rrhis development accounts for the physical 

character of the overlying soil, the depth to the coarse 

layer, and the coarseness of the underlay. F'ield data 

are presented for the Manawatu fine sandy loam, a soil 

with a coarse-textured layer at ·90 cm. For this soil 
the layering resulted in an additional 55 mm of water 



storage at the ces sation of drait-lage, an increa se of 

31% over a similar hypothetical soil with the coarse 

stratum absent. 

iii 

Drainage from a permeable soil underlain by a coarse

textured layer is investigated. Simplified theory is 

used to develop a model relating the drainage flux at 

the base of the soil to the water stored in the over

lying soil. Despite sign ificant hysteresis in both 

the water retentivity curve of the overlying soil and 

the hydraulic conductivity-pre ssure potential relation

ship of the coarse layer, hystere sis had little effect 

on the storage-flux relation. The model simulated 

both the field drainage in the Manawatu fine s andy loa1n 

measured by a lysimeter, and field profile water storage 

found by neutron probe moi sture measurements. The model 

indicates that only simple field measurements are 

needed to find the storage-flux relationship. 

The components of the water balance of an autumn

so'Ym oats crop grown in the Hanawatu are resolved .. 

Drainage lo s s  was found to con stitute 60% of the rainfall, 

with the remaining amount being lost as ET. 
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CHAPTER 1 

WATER BALANCE STUDIES 



1.1 INTRODUCTION 

Late last century the soil physicist F.H.· King 
stated that "It is doubtful if there are agricultural 
soils to be found anywhere under existing climatic 
conditions where, in the majority of seasons, deficiency 
of available moisture must not become a marked limiting 
factor in yield" (I{ing, 1896). Since existing climatic 
conditions have not chang�d signif.icantly over the 
last 80 years, this statement is probably just as 
applicable to present day dryland farming. However, 
as 14% of the world's farmland is now irrigated (Rawlins 
and Raats, 19 76 ) , the deficiency of available moisture 
can be reduced, if not overcome, in such soils. 

Improvement of both dryland and irrigated agricul
tural production systems must be based on an understanding 
of both the size and seasonal changes in the components 
of the soil water balance. Under irrigation, water 
balance information can be used to develop schedules by 
which water can be applied. Efficient use of water is 
important particularly where supplies are limited, and 
where application costs are significant. Also fertilizer 
leaching losses that may result from over-watering can 
in the case of nitrogen, transform an expensive 
agricultural input into a potentially dangerous 
pollutant. �'later balance information can be used in 
dryland farming management strategies so that maximum 
use.can be made of the soil water reserves. 

1.2 THE FIELD vll\TER BALANCE EQUATION 

The water balance of a soil growing a crop can be 
expressed simply in terms of the conservation of water 
mass, and written per unit surface area for a soil 
profile of depth d belO\v the root. zone and over the time 
interval t = 0 to � , as 

_ (1.1 ) 
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In Eq . ( 1. 1} RF is the rai nfa ll or irrigation (mm), ET 

t he evap otra nsp irat ion rate (mm/day ), J t he dra inag e 

rate (mm/day ), and V?'t a nd w0 th e wat er s torag e i n  th e 
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s oi l  prof ile t o  depth d (rnrn) at t i mes 't a nd 0 r es pec tively ,  

with \'I
t 

= fdet d-:r. wh er e et i s  th e volumetric wat er c onte nt 
. 0 

a t  t i me t ,  AD i s  th e c hange in surfac e  detent i on (mm), 

RO the sur fac e r unoff (mm ), a nd z t he depth from the 

s oi l  s urfac e. In most r elat ively f l at a gricultural 

areas with permea bl e soi ls RO a nd LlD may be a ssumed 

zer o with littl e err or .  

Eq. (l.l ) may be sol ved t o  f i nd th e soi l  wat er 

st or ag e (W
t

) a nd inf er wh en c r op growth is li kel y  t o  be 

a f f ected by root zone water sh ortag e. 'I'her ef or e, the 

qua nt ity of irr igat ion water that sh ou l d  be app lied t o  

r epl enish this deficit wit hou t ca us ing drai nag e, c a n  be 

esti mated. 

Rai nfa l l  data f or a particu lar sit e ar e g enera lly 

a va il a bl e, or may be ea sily mea sur ed. However evapo

trans pirat ion a nd dra inag e  dat a  a re mor e dif f icul t  t o  

measure or esti mat e. T hi s  th esi s examines the m easu r e

ment and est i mat i on of t he evap ot ranspirati on a nd 

dra i nage c omp onents of t he \va t er balanc e, plus t he 

rela t ed pr obl em of t he re tent i on of wat er i n  t he s oi l  

pr ofil e. 

lo2. 1 EVl�POTRANSPIRP.TION ( ET )  

None of th e va riou s dir ec t  or i ndir ect methods f or 

mea su ring ET have c omplete pref er enc e a s  th ey dif fer i n  

both short - and l ong -t er m a ccur acy, a nd i n  conveni enc e 

a nd c ost . The selecti on of the meth od of mea su r ement 

depe nds on th e way i n  which th e results ar e t o  be 

ap pl ied. As ET is an import ant component i n  th e wat er 

bal anc e the r e  i s  a ne ed f or mea ns of pr edict i ng i t .  

In thi s  s ecti on i t  is pr oposed t o  review th e methods 

pr esently ava il abl e f or both ET measu rement a nd 

est i mat i on. 



For direct measurement of ET a weighing lysimeter 
may be used to provide ET information, or to check 
indirect methods of ET measurement or estimation. 
Ho'tlever the expense involved, and the n·eed to ensure 
that a representative soil volt�e and crop is used, 
can limit the applicability of this approach. 
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In principle the eddy-flux technique ( Swinbank, 195 1} 
could be used to provide accurate measurements of ET, 
however until a reliable fast-response humidity sensor 
is developed, application of this approach will be 
limited to specific micrometeorological research problems. 
Even given such a technological developmen·t, it. is 
unlikely that routine measurement of ET over long 
periods of time, such as during crop growing seasors, 
will eventuate. Current micrometeorological methods of 
measuring or estimating ET are often less direct and 
involve an assessment of the surface energy budget, as 
a large amount of latent heat is involved in the change 
of sta·te that takes place during evaporation of water. 
In fact unless the crop is under severe water stress, 
ET is likely to be energy-limited rather than limited 
by the supply of water. 

'l'he energy balance for a crop may be written 
( Tanner, 196 0 )  

Rn = H + L. ET + G + Ph +AS - ( 1.2} 

where Rn is the net radiation at the crop surface, H the 
sensible heat flux, L the latent heat of vapourization 
. T -3 . 1 n � , G the so1l heat flux, Ph the energy used in the 

fixation of co2 in photosynthesis,and�S the heat storage changE 
in the crop canopy. GenerallyPh anddS are less than 
about 2% Rn' and so can be ignored. The units of the 
terms in Eq.l.2 are Wm-2, or alternatively if the 
equation is divided through by L, in units of equivalent 
depth of water ( m, or rrm1 as is u.sual ) . 



The Bowen ratio-energy balance method (Tanner, 

1 960} used in this study involves measuring (R -�G) . n 
and determination of the Bowen rat:io ( f1 = H/ET) 

from measurements of the tempera·ture and vapour pressure 

gradient above the crop. This procedure is discussed 

in more detail in Appendix I. The use of on-line 

mini-computers has made this method more tractable for 

research studies conducted over many da.ys, however it 

is still unsuitable for routine use. 

Because of the presect intractability of direct 

or indirect ET measurement over long time periods,means 

of empirical ET estimation are often used in water 

balance studies. The starting point for any such 

procedure is to consider the ET from a well-watered 

surface. Since in this case ET is dominantly controlled 

by ·the available energy at the surface and the state of 

the i��ediately overlying air, estimates of ET may be 

based on meteorological information. The character of 

the evaporating surface limits the accuracy of all ET 

estimation procedures based solely on meteorological 

data because of variations in the resistance offered by 

the crop to the transport of water vapour. However the 

methods of ET estimation based on the 'Vlork of Pemnan 

(1 948, 1 956) and Priestley and Taylor (1 972) have been 

shown to provide reasonable estimates of well-watered 

crop ET (Tanner and Pelton, 1 960� Tanner and Jury, 1 97 6). 

Thornthwaite's (1948) method of ET estimation is not 

based on sound physical principles and employs empirical 

constants found in the continental climate of the lJ.S.A. 

Rickard and Fitzgerald in 1970 stated that 'there 

have been no published references to the measurement of 

evapotranspiration in New Zealand, and the majority of 

workers have relied on the Thornthwaite estimates' • 

. Since 1 97 0  there appears to have been only one New Zealand 

publication presenting measured daily water use by 

crops (Kerr et al� 1 973). 



C l ot hier et al . (197 5) showed t hat f or Pal mer st on 

North,ET est imat es ba sed on Pen man 's (1956} met hod and 

t hat of Pr iestl ey and Ta yl or (197 2) were in r ea sona ble 

agreement (Fig . l . l ). T his is t o  be expec ted becau se of 

t he dom inanc e of the rad iat ion t er m  in bot h eq uat ion s. 

However t he est imates ba sed on T hornt hwa it e's (194 8) 

f or mu lat ion d id not cor r elate well and wer e l ower t han 

t hose ba sed on t he ot her two met hod s. 

Numerou s over sea s s·tud ies ha ve shown T horn t hwa it e 

est imates t o  oft en be seriou sly in error (van Wijk and 

d e  Vr ies, 1954: C hang , 1968), and in New Zealand C oult er 

(197 3a )found T hornt h'v'la it e valu es to be sign ificantly 

l ower t han Penman values or pan evaporat ion est imat es, 

part icularl y in su mmer .  For mid -Canter bury , Fitzgera.ld 

and Ric kard (1960) f ound Thornt hwa it e valu es t o  c ompar e  

well wit h E T  est imat ed from soil pr of il e  wat er st orag e 

c han ges. They worked on a shall ow Lismore st on y  silt 

l oam, wher e some plant wa ter u pt a ke may have occ ur r ed 

bel m.,r t he 30 cm pr of il e dept h, l eadin g t o  an u nd er 

est imate of t he wat er bal anc e value of ET . This 

p ossibil ity of water up t.ake is sup port ed by the unu sually 

l ow values f or th e 11c r op fact or11 f in t he 1948 Penman 

equation , in ferred from their wat er bal anc e ET data e 

T he ma in rea son f or it s widespread appl icat ion is 

proba bly t hat Thornt hwa it e' s met hod req ... :lires only 

t emp eratur e d ata . Becau se of it s wea k p hysical ba sis 

Thornt hwa it e's met hod will not be c on sidered fu rt her. 

In Ch apt er 2 ET from well -water ed ful l -c over cr ops 

is c onsider ed. Sin ce this c on stra int is g en erall y  

fulf ill ed in irr igat ion studies, suc h  inf or mat ion is 

p ert in ent . T he diverg enc e of ET a way from t he wel l 

wat er ed rat e f or ms t he ba sis of many cr op yield-·wa ter 

u se mod el s (Han ks, 197 4). The acc uracy of t he Penma n 

and Priestley-'l'ayl or estimat es of ET is examin ed by 

c ompar ison wit h ET measured u sing t he Bowen rat io-energy 

bal anc e met hod over a r ang e of cl imat ic c ondit ion s and 

f or a variet y  of well -wat er ed c rops. 
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1 . 2 . 2  MAXH1UM PROFILE WATER STOR.l1GE (\'lmax} 

The decline in W due to evapotranspiration is 
a continuous process, its replenishment by rainfall or 
irrigation is intermittent, thus the ability of the soil 
to store plant available water is important. The upper 
limit of available water storage capacity in the root 
zone is conventionally considered as some· maximum 
profile water storage, Wmax (traditionally termed the 
'field capacity'} which may occur after heavy rain or 

irrigation. The lower limit of this storage capacity, 
W . , is the profile water storage when the crop is m1n 
unable to extract further soil water by root uptake 
(termed the 'permanent wilting point') . -The available 
water storage is found as the difference between \'l max 
and Wfl1in· In this section it is proposed to review the 
concept of field capacity and outline its subsequent 
misuse. The inapplicability of laboratory estimates of 
W is also discussed. max 

Viehmeyer and Hendrickson (1949} defined field 
capacity as " the amount of water held in the soil after 
excess water has drained away and the rate of downward 
movement of water has materially decreased • • • • • •  as 
compared to the rate of extraction of water by plants". 
They realised however that soil texture, unifortnity, 
soil depth and other factors affected the value of the 
field capacity. In 1931 they conducted field flooded
plot experiments and found the measured field capacity 
moisture content to be effectively the same as the 
moisture equivalent, in fine textured uniform soils. 
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The moisture equivalent is the water content after 
centrifuging a soil sample for 30 minutes at 1000 times 
the acceleration due to gravity. Viehmeyer and 
Hendrickson (1931) concluded "that the moisture equivalent 
can be used to indicate the field capacities of deep, 
well-drained soils with no decided changes in texture 
or structure • • • • • • •  at least for the fine textured soils". 



9 

They found that an impermeable plough sole impeded water 
movement in one of their soils and mentioned the work 
of Jl.lway and HcDole ( 1 917 ), which showed that coar se 
layering results in an increase in field capacity . They 
also cited the problems found by Harding (1 919 ) using 
laboratory estimates to infer field capacity in a study 
involving 1 0,000 soil samples .  Subsequently the use of 
the moisture equivalent was replaced by use of the water 
content at -1 /3 bar pre ssure potential, which is usually 
similar to the former {Richards and Weaver , 1 944 � 

Colman , 1 94 7). 

However because of the desire to obtain easily an 
e stimate of maximum profile water storage , many workers 
have e stimated W solely on the ba sis of a laboratory max 
measurement of the water content at an arbitrary pressure 
potentialo This useage frequently ignores Viehmeyer 
and Hendrickson's carefully worded definition of field 
capacity , and their qualifications a s  to the applicability 
of laboratory estimates. 

Because of this flagrant misapplication , Richards 
(1 960) suggested a moratorium on the use of the term 
'field capacity' and considered that , 11 although it is 
the author's prejudice the concept of field capacity ha s 
done more harm than good11• Richards {1 960) however 
recognised that retentivity value s over a certain range 
of potentials are usefully correlated with the uppe r  
limit of soil water storage in the field {i . e. W ). . max 
It is the dynamics of the soil-water system that are 
responsible for determining the retentivity values at 
which water redistribution ha s for all practical purposes 
ceased. The reduction in the drainage flux and hence 
the reduced decline in N when ET::::::: 0, is a continuous 
process ,  generally occurring a s  a result of the marked 
reduction in the hydraulic conductivity {K) with 
decreasing pressure potential {�� ). Hence the selection 
o f  Wmax is somewhat arbitrary, and is often considered 
to occur when the drainage flux is less than about 
1 mm/day ( Miller , 1969). 



Thus such co�nonly used e�1ilibrium values as the 
moisture equivalent , the -1/10 , -1/5 or the - 1/3 bar 
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pressure potential are related to W only to the extent max 
that they are related to the unsaturated hydraulic 
conductivity of the soil. The K ( 1/J" )  relationship varies 
markedly within the soil profile and from soil to soil . 
Al so, the rate at vvh ich the drainage flux becomes 
negligible at any given depth in the soil depends also 
on the character of the soil above and below it, a fact 
tha·t cannot be easily taken into account in laboratory 
measurements. 

For soils underlain by coarse layers Miller (1 969) 

found that the availabl e water storage found from 
a conventional field capacity estimate of the - 1/ 3  bar 
water content, can in some cases be 5 5% lower than the 
value measured in a field plot several days after 
irrigation (Table 1 . 1). In view of such po ssibl e errors, 
Richards' (1 960) suggestion that the determination of 
maximum water storage in soil profiles should be based 
on theory involving both the retentivity and unsaturated 
conductivity functions along with appropriate initial 
and boundary conditions, warrants consideration. 

In Chapter 3·  a theory is derived that incorporates 
the factors involved in determining the water storage 
in soils with a coarse-textured l ayer underneath . 
Such soils are important as most of the irrigation 
schemes presently u�der consideration in New Zealand are 
on soils underlain by a coarse layer. Similar soils 
are common overseas. Soil s underlain by a coarse layer 
display quite a clear cut Hmax value, (Miller, 1 969) 

because after wetting the pre ssure pot.ential profile 
fairly rapidly approaches a quasi-static equilibrium. 
The val ue of \·'l can be influenced markedly by the max 
coarse-textured layer. 



Table 1 . 1  Estimates of the available water storage 

ba sed on w at a pressure potential of  max 
-340 cm , in relation to that observed in 

the fiel d ,  for 4 soils underlain by 

a coarse layer· ( Miller , 1969 ) . 

11 

Estimated available water based on :-

Soil Soil observed field the -340cm water Rat io 
depth value minus content minus 

( cm )  the -15,000 cm the -15 , 00 0  cm 
water content water content 

( cm )  ( cm )  

Ephrata 0-60 14 . 6  6 . 4  2 . 28 

Timrnerrnan 0-75 1 5 . 3  6 . 6  2 . 3 2 

Rupert 0-7 5 9 . 2  4 . 5 2 . 04 

Scooteney 0-90 2 6 . 6  2 1 . 0  1 . 27 



1 . 2 . 3  PROFILE DRAINAGE (J ) 

In most field . water balance studies when 'Y� exceeds 

W , drainage i s  often a ssumed to be ( RF-ET ) and occur max 
instantaneously so that always W' � W • However f ield max 
drainage i s  never insta ntaneous ,  often occurring over 

a number of day s .  A s  the downward movement of water 

throu9h the soil has important impl ications in both 

water and fertilizer balance studies ,  it i s  often 

necessary to account for it more real i stically than a s  

outl ined above . Profile drainage i s  difficult to 
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mea sure and presently there i s  no direct method for 

reliable and representative measurement of J. Consequently 

in water balance studies J is often solved for a s  the 

unknown in Eq . l . l .  In thi s  section methods of describing 

the decl ine in J with t ime since wetting are discussed . 

Also the numerical techn iques and s implified analytical 

methods u sed to predict drainage are discus sed . 

Much of the early drainage work was c a rried out 

in covered plot s ,  and the result s analysed qualitatively 

a s  the experiments were designed solely to find the 

" field c apacity 11 • Some worker s however have sought to 

exoress  J as a funct ion of time . Richards et al . { 19 5 6 ) L - -

u sed an expression of  the form 
-b W -· at - ( 1 . 3 ) 

or  J = dW/dt =- abt- ( b+l ) 
- (1 . 4 }  

with a and b being found by regression . Later Gardner 

et al . ( 19 7 0 ) showed that an equation of the form of 1 . 3  

could be derived analytically by specific solution of  

the one-dimensional unsaturated f low equ ation . 

Mil ler and. Aarstad (197 4) . rearranged Eq . l . 4 to g ive 

J == ab { vv/a ) ( b- l ) /b 
- ( 1 . 5 )  

a nd found that the value of W in 100 cm long soil 

columns , which were initially saturated and subj ected 

to known evaporation rates , could be predicted . 



Wi lc ox ( 1 959) pre sent e d  values f or a and b f or 

a rang� of s oi l s  and f ound stat i s t ical c orre lat i ons 

between the textu re of the s oil ( as typifie d  by the 

bulk dens ity and the value of a )  and J at va ri ou s  

t imes .  Howe ve r  such an app roach i s  applica bl e  only t o  

deep unif orm s oil s ,  becau se .Hil le r • s ( 1 969) data 

( F ig . l . 2) show that laye ring in t he p rof ile ha s 
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a marked effect on the W ( t )  re la t i onship f or the 

ove rly ing s oi l . In addition e mp i rica l  drainage e st i mat i on 

using thi s  app roach requi re s  tha t  e ve ry dra inage e vent 

begin at W = a .  Consequently thi s  procedu re ha s 
• 

limited applicat ion • 

A gene ral ana lytical s oluti on desc ribing the 

redist ribut ion of water withi� the soil fol lowing 

inf i l t ra t ion d oes n ot exist . The ref ore it i s  imp os si bl e  

t o  analyt ical ly p redict dra inage f rom s oil wate r 

properties g iven the boun dary and init i al c on di t i ons . 

Usua lly the pr obl e m  is furthe r  c onfounded by l1yste re s is 

( Ph il ip , 1957 � Dane and Wie renga ,  1 97 5). B ecau se of 

the i mp ortance of the p rocess app roxi mate ways of 

pre d icting d ra inage ha ve been p rop osed .  

Nume ric a l  techn ique s  of s ol ving the unsatu rat. e d  

fl ow equat ion have been deve loped ( Hanks and B owe rs, 

1962 ) and a pp lied { de �·lit and van Keulen , 1 97 2 )  .. 

These s olut ion s  requ ire accu rate retent ivity and 

unsatu rated c onduct ivity data, and a l a rge c ompute r. 

S ome success in the e st i ma t i on of field d ra inage 

has been achieved using s i mpl if i e d  ana lytica l  s oluti ons . 

Black et al. ( 1 969) assumed that d�/dz=O, which h olds 

app roxiina·tely f or a deep unif orm s oil, and showed that 

the one-d imens ional f low equat ion cou ld be s i mplif ied 

so that the f lux at depth z � ou ld be e xpre s s e d  as s ome 

functi on of the \'later st ored a bove th at depth .. They 

foun d thi s  proc e du re� to be successful in p red ic t ing 

dra inage from the unifo::cm Plain f i eld sand.  Extending 

thi s, by assuming an exp onent i al r elat i on sh ip between 
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K and e I Davidson et al . ( 1969 ) showed that 

J = K I ( 1  + mK t/d ) s s - ( 1 . 6 )  
where Ks is the saturated conductivity , d the soil 

depth and m the slope of the IZ- loge (S ) funct ion . It can 

be seen in Fig . l . 3  that Davidson et al . ( 1969 ) found 

Eq . l . 6  to successful ly predict drainage in the relatively 

uni form Yolo loam and Miller silty clay . The poorer 

agreement in the Cobb loamy sand wa s attributed to the 

non-homogeniety of the soil pro f ile . This physically

based relation ship of drainage to storage is an 

improvement on the empirically ' calibrated ' relationship 

( Eq . l . S )  arrived at from the drainage time recession 

curve , but neither approach i s  appl icable to layered 

soils . In Chapter 4 the relationship between J and W 

i s  investigated for layered soi l s .  

1 . 2 . 4  SUMMARY . 

15 

Much remains to be done in the area of water balance 

research so that the field soil water status as a function 

of time can be predicted . In this thesis  three aspects 

of the f ield v;ater balance of  a soil with a coarse 

underlay are inve st igated ; wel l-watered crop evapotrcn s

pirat ion , maximum field profile ·water storage and 

drainage . 

The accuracy of the Penman and Priestley-Taylor 

estimates of ET is examined by compari son with ET 
measured using the Bowen ratio-energy balance method 

over a range of cl imatic conditions and for a variety 

of well-watered crops . 

A theory i s  derived to determine the maximum field 

water storage in soil s  underlain by a coarse-textured 

l ayer . Al so the relationship between the dra inage flux 

and the profil e water storage i s  invest.ignted for such 

l ayered soi l s .  

The main part of  the study wa s conduc'cecl ove r the 

winter-spring-early summer periods of 19 7 4  and 1.9 7 5  so 
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tha t  maximum water storage and drainage could be 

effectively studied , and so that it would be pos s ible 

to determine the accuracy of 0npirical means of  e stimat ing 

well-watered ET rates over a range of clima tic condition s .  

Oat s  were sel ected for this study because they grow 

wel l  during the cool sea son in tl).e Nanawatu .  The use 

o f  an annual crop , rather than a perennial pa sture 

sub j ected to defoliat ion made long�term mea surement of  

the physical and biological environment easier . Oat s may 

have value a s  a cool season complementary forage crop to 

summer gro\m maize thus giving high annual yields per 

hectare ( Kerr and Menalda , 1 9 7 6 } .  

In te sting empirical ET estimation procedures for 

well-watered full-cover crops it is useful to obtain 

data over a wide range of climatic conditions and surface 

roughnes s  to form a wide empirical bas e .  By p.si ng an oats 

crop sovm in autumn it i s  po ssible to measure the ET 

from a well-watered full-cover crop , f rom the middle 

1 7  

of \._.inter through into early summer .  Soil water ten siometer 

pre s sure potential s at 40 cm depth riever fel l below 

-250 cm so the crop v:as not water-limited . 

1 . 3  MATERIALS AND METHODS 

The soil of the 1 hectare plot on which the study 

wa s conducted i s  a Manawatu f ine sandy loam and i s  

situated o n  the No . l  Dairy Uni t ,  Mas sey University. 

The soil  prof ile de script ion i s  given in detail in 

Appendix I I I . The profile can be broadly subdivided 

into 0--50 cm of fine sandy loam , underlain by 40 cm o f  

f ine sand , v.rith gravelly coarse sand below 9 0  cm . 

In 1 9 7 4  a crop of  oats ( Avena sativa L .  cv . Mapua ) 

wa s planted on 2 6  April , a nd ha.rvested on 2 1 November 

yielding 1 3 , 200 kg/ha of dry ma·tt er . In 1 9 7 5  the oats 

( cv .  Achilles ) were planted on 7 r1ay and harvested on 

15 November yielding 1 2 , 400 lg/ha ., A description of  

the crop development and management for the 19 7 4  oat s 

crop , on which ET mea surements were Inade , i s  given in 

Appendix IV . 



Spec i f ic deta il s on so i l , s ite and c rop factors are 

given in the material s and methods section of each 

chapter . Detailed error analysis of the Bmven ratio 

method i s  g iven in �ppendix I .  The calibrat ion of 

the neutron probe i s  discussed in Appendix I I. 
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CHAPTER 2 

MEASURED AND PREDICTED EVAPOTR.fu"'JSP I RATI ON 

FR0�1 WELL-WATERED CRO P S  



2 . 1  INTRODUCTION 

Evapotranspiration data are impor tant in many 

agricul tural studie s .  The quant ity o f  water lost by 

20 

a surface is useful in the interpretat ion of crop yields , 

in the understanding of  watershed hydrology , in the 

planning of irr igation schemes ,  a.nd in the development o f  

schedules tha.t attempt to optimize the amount of  

irrigation water applied . Continual direct mea surement 

of ET i s  not easy , thu s empirical means of estimat ion 

are often used . P resently the two main method s of ET 

estimation are ba sed on the work of  Penman ( 1948 ) and 

Priestley and Taylor ( 19 7 2 ) .  

Penman ' s  formula ha s been both studied and applied 

extensively . It may be written 

ET = [s/( S+ �> J(Rn- G) + [�/<s+ �>] f(u) VPD - ( 2 . 1 } 

where s is the slooe of the saturation vapour pre s sure

temperature function , � the psychrometric constant , R the n 
net radiation , G the soil heat flux ( usually a ssumed zero ) , 

VPD the average daily vapour pressure deficit and f ( u )  

an empirically determined v,rind function . The radiation � 

based first term i s  the " equilibrium evaporation rate " 

( Slatyer and Mc i l roy , 1961 ) and the second term , for 

which several forms of the function f have been proposed , 

may be termed the convective term since it attempt s  to 

account for the turbulent transfer o f  vapour .  Equation 2 . 1  

ha s been found to give rea sonable e stimates of ET from 

vegetation in ma ny situations ( Tanner and Pelton , 19 60 ) . 

However Penman ' s  ( 19 5 6 ) comment that the method . ' ha s  been 

used ,  rather than tested is particularly applicable in 

New Zealand , so in thi s  chapter measured ET is compared 

with Penman predictions . 

In recent years the ET estima t ion method of Prie stley 

and Taylor ( 19 7 2 ) ,  where ET is cons idered to be proport ional 

to the equ i l ibrium evaporation rate ( ET .) , has been - E�q 
used because of  its simplicity and accuracy . I t  may be 



written 

- ( 2 . 2 ) 
where 0( i s  a n  empirically determined constant , which for 

well-watered surfaces in non-advective situations i s  

constrained by 

- ( 2 . 3 )  
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From data obtained over land and open water surface s  

Priestley and Taylor found « t o  have a mean value of  1 � 2 6 .  

Subsequent research over crops has returned values of « 
from 1 to 1 . 4  ( Tanner and Jury , 197 6 ) .  Equation 2 . 2  ha s 

been empirically modified further to account for non 

energy-limited ET ( Davies and Allen , 19 7 3 ) , a dvect ive 

enhancement ( Jury and Tanner , 1 97 5 ) and changes in leaf 

area ( Tanner and Jury , 197 6 ) . Although somewhat 

conservative , � i s  not a universal constant and may vary 

wi th period of integration , location , season or crop . 

Davies and Allen ( 197 3 )  stated that " the value of  0( 
at low temperature s could not be examined due to the 

dearth of spring and fal l  da ta 11 hence the applicability 

of overseas data to the lower temperature and Rn conditions 

often experienced in New Zealand is not known . The ma jority 

of studi e s  presenting data have been conducted in U . S .A .  

or Canada . 

Thu s the use of mea sured ET data to evaluate � 
and determine its  value for a range of sea sons and crops 

would be worthwhile and enable assessment of the useful

ness of the Prie stley and Taylor method in such climates 

a s  experienced in New Zealand . 

Thi s  study examines value s of « for oat s  ( Avena 

sativa L.  cv . Mapua ) over a wide range of  conditions :  

from winter days with � as low a s  0 . 47 mm/day ( water 

equivalent ) and average temperatures as low a s  5 c ,.  
through to early summer with Rn as high as 6 . 6  mm/day 

and average temperatures up to 1 9  c .  Few data have been 

presented showing the stabil ity of o< on a day-to-day or 

seasona l  basis , which determinE�s  the accuracy of short 



and long term ET predictions by thi s  method . 

I t  i s  important to remember that the cha racter o f  

the evaporat ing surface l imit s  the accuracy o f  all 

purely meteorologically-based ET estimation procedures ,  

because o f  variations in the resi stance o ffered by the 

crop to the transport o f  water vapour . Thi s  present 

study is concerned only with ET estimation f rom well

watered c rops . Such a procedure i s  useful because in 

most irrigated situat ion s , where ET estimates are most 

commonly used , thi s constraint i s  fulfilled . Also, most 

current crop yield-water use models are based on the 

divergence of Err away from the well-watered rate 

( Hank s , 19 7 4 ) • 

2 . 2  EXPERIMENTAL METHODS AND MATERIALS 

The Bowen ratio apparatus used to measure ET has 
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been described by Kerr et al . ( 197 3 ) .  The unit was placed 

. abo.ve the oat crop so that the wet and dry bulb gradients 

were mea sured over 60 to 75 cm , with the bottom sensor 

less than 20 cm above the crop canopy . The unit wa s 

shifted slightly in late September to avoid lodged area s 

that occurred upwind from the sensors . The siting o f  

the instrument enabled the fetch-height rat io t o  be 7 0  

i n  the dominant westerly wind direc�ion . The lowest 

ratio wa s to the south-east , being 2 2 . The crop po sses sed 

a leaf a rea index ( LAI ) of at ·least four and so was 

considered full-covered ( Tanner and Jury , 1 9 7 6 ) ,  and 

wa s 40 cm high when ET measurements began . I t  reached 

a final height of 1 2 2  cm , with a final LF.I of 1 2  

(Appendix IV) . 

Net radiation wa s mea sured 7 5  cm above the crop 

with a polythene- shielded net radiometer . Incoming 

sola r radiation wa s mea sured using a thermopile 

pyra nometer . Calibration of both instruments in the 

field against a Linke-Feu ssner pyrhel iometer wa s carried 

out at the conclus ion of the study . 
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Three soi l  heat flux plates were placed in the so il 

at a depth of 5 cm , whilst heat storage in the 0 to 5 cm 

layer was c alculated calorimetrically from the temperature 

change measured at 1 . 5  cm by 3 diodes . A constant soi l  
- 3  - 1  

heat capac i ty o f  1 . 7  J cm C was a s sumed a s  var i a t ion 

in the surface soil water content was small . Total 

soil heat flux wa s obtained by s1�mming the flux and the 

storage change . 

Half�hourly Bowen ratio-energy balance data were 

collected on 105 days between 4 July and 11 November 

1974 , with 70 days data be ing suffic iently complete to 

enable daily ET tota l s  to be c omputed . Data were 

gathered part o f  the time ( 24 days ) with a Hewlett 

Packard 2 0 1 2  B data logger , scann ing every minute from 

dawn to dusk and punching directl y  t� paper tape . 

Subsequently a PDP 11/10 mini-computer was u sed to compute 

the half hour averages which were punched to paper tape . 

Inconsi stent data and data when the Bowen ratio ( /3 )  fell I 
below -0 . 5 ,  were edited out . Linear interpolation was 

used to estimate values for mi ssing points between data , 

provided the gap did riot exceed two half-hour means .  

Integrated values o f  the measured variables and energy 

balance computations were found for both 24-hour and 

dayl ight ( when incoming short wave radiation exceeded 

1 \\"'rn-2 ) period s .  The error in the Bowen ratio-energy 

balance measurements of ET is considered , on the ba s i s  

of a n  error analysis ( Appendix I )  to b e  less than 1 1%, 

thi s  being similar to that found by. Frit schen ( 19 6 5 ) , 

Tanner ( 19 6 0 ) and Blad and Ro senberg ( 19 74 ) Q The error 

in R
n 

wa s estimated , by compari son of two radiometers ,  

to be 5%. 

The 24 hour ET total was con sidered to be the same 

a s  the dayl ight ET total , tha t  i s  nocturna l ET was 

as sumed to be zero . Dewfal l ,  mea sured as negative ET 
on two n ight s wH:h positive value s of (3 ,  was found to 

be 0 . 11 and 0 . 2 3 nun . The latter was one of the heavier 

dew fal l s  observed . Consequently dewfall wa s e s t imated 

to be l e s s  than about 0 . 1  mm/night and so ignored . 



Nocturnal evaporation wa s considered negligible al so ,
, 

a s  positive vapour pressure gradients observed on 

several night s were an order of magnitude l e s s  than 

typical daylight value s .  Monteith ( 195 6 , 196 3 )  
suggested that the nocturnal latent heat flux above 

a crop is usual ly small (< 0 . 2-0 . 4  mm/night ) . 
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In the applicat ion and test ing o f  the E T  e stimat ion 

procedure s ,  it wa s necessary to u se standard meteorol

ogical data . For thi s  purpo se mean temperature , 

saturation vapour pressure deficit ( VPD ) , windspeed 

and rainfall data from the Gra s slands Divi sion , D . S . I . R . , 

meteorological site about 1 km away were used . The 

da ily mean temperature {T ) wa s e stimated as 

( T  + T . ) /2 .  As suming the vapour pressure to be max m1n 
diurnally constant , the wet ( T

W
) and dry bulb ( Td )  

temperaturcs recorded in the Stevenson screen a t  0 9 0 0  hours 

were used to compute the mean daily VPD from 

- ( 2 . 4 ) 

where es ( T )  i s  the saturation vapour pressure at 

temperature r.r . The p sychrometer ·constant was taken as 

the fully ventilated value of 0 .  66 mb c-1 • Although 'I i s  

often assumed to be 0 . 8  for Stevenson screen measurement s ,  

it i s  of l ittle consequence i n  Eq . 2 . 4 since usually 

( Td
-T

w
) < 2·. s c .  

ET mea surement s for extended periods \vere found 

from the drainage lysimeter using the water balance 

equation for the period 0 to � , 
- ( 2 .. 5 )  

where RF i s  rainfal l , J drainage and w0 -w� the change 

in soil  water storage . Data ove r  five periods of a month 

or longer were obtained in this way . The lysimeter 

covered an area of 2 m2 and was 1 metre deep . Da ily 

drainage from the lysimeter was measured by monitoring 

the outflow of  water as detailed in Chapter 4 .  Thi s  

to a rea sonable approximation simulatE:�s the drainage 

occurring i n  the field . If the periods selected for 

determination of  E'.r by Eq . 2 e 5  begin and end at the 



cessation of a drainage event , vv0 -l�l"t: can be ignored . 

So for four o f  the periods it wa s possiblE• to find ET 
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·a s  RF-J . The end of the period September-October 1 9 7 5  did 

no� coincide with the cessation of a drainage event , 

so w0 -li-71: was estimated using n eutron probe data from 

an ad jacent area . The absolute error in the mea surement 

of ET by Eq .. 2 .. 5 wa s estimated a s + 0 . 0 5 ( RF ) . Thi s  

value includes error due to both measurement and the u se 

of RF data from a s ite 1 km away . Compari son of 47 daily 

RF values mea sured . above the crop with ·those mea sured 

at the meteorological site showed a mean difference of 

1 . 8%. In the computation of ET the surface wa s assumed 

to always be well-watered . The high frequency of rainfal l , 

it  i s  considered , ensured that the soil surface was suf fic ient

ly wet ,  all the time , before full crop cover wa s atta ined . 

•rhe form of Penman ' s  equation u sed wa s es sentially 

that which he gave in 19 5 6  

ETp = [s!Cs-t-¥)J(Rn- G)+ [�/(s+�)][0·2bb VPDCO·S�0-0052\A)] -< 2 .  6 > 
whe::re the VPD is in  mb ,  and u i s  the average wind speed 

in km/day at a height of 5 . 5  m. Thi s equation i s  one 

of the commonly u sed Penman formulations , and no 

s ignificant improvement ba sed on single height meteorol

ogical data ha s since been developed . The values of s 

and � were evaluated at the mean daily temperature , a s  

i s  usual when applying Penman ' s  equation . 

Wind speed was measured 7 5  cm above the crop . The 

wind speed gradient required in van Bavel's ( 1966 ) 

formulation of Penrnan ' s  convective term was computed 

u sing the fact that the wind speed is zero at height z0 , 

the surface roughness . The surface roughness wa s 

estimated on the ba sis  of a regression establi shed 

between z0 and crop height by periodic wind profile 

measurements during adiabatic profile conditions .  

In determining the Priestley and Taylor estimate s 

for the oats ·the 24-hou:c or daylight value of ET wa s eq 



computed by sum1ning the appropri ate hal f hour ETeq 
values .  The e stimates were not signif icantly different 
from tho se found using s/ ( S + ){ )  computed from the 
da ily mean temperature and the ( R  -G ) for the respective n 
periods , as  the function s/ ( s + }f ) is a slowly varying 
function of temperature . The soil heat flux was 
included in the wr term for the oat s data . On eq 
a 24 hour and dayl ight ba si s the average fG/Rn } was 
4 . 6% and 6 . 8% respectively .  Therefore G can b e  ignored 
if  an equation of the form 

ET = «[s/(c:.i-¥)] Rn -( 2 . 7 )  

i s  used with ( s/ ( s + 't )  ) calculated at the mean 
daily temperature . Since Eq . 2 . 7  i s  appl icable only to 
full-cover crops G is usually small so can be ignored . 
The summer data ( J . P .  Kerr and J . S .  Talbot , unpubli shed 
data : I<err et a l . 197 3 ) . for pa spalum ,  pasture , and 
lucerne used ETeq e st imates ba sed on Eq . 2 . 7 . 

2 . 3  RESULTS 

The regre ssion of ET estimates using Eq . 2 . 6 ,  aga inst 
the mea sured ET is shown in Fig . 2 . 1 . Penman ' s  equation 
provides reasonable daily ET estimates ,  although somewhat 
underestimat ing ET under low radiation conditions . �!e 
accuracy wa s 1 5 -20% on a daily ba sis , and i s  similar to 
that obtained by Tanner and Pelton ( 19 60 ) .  However 
from Fig . 2 . 2  it can be seen that the measured ET i s  
just as strongly correlated with 24  hour ET data , eq 
suggesting that the considerable effort in measuring 
wind speed and VPD to determine Penman ' s  convective 
term is not warranted . The convective term ( C )  can 
be found from mea surements of ( ET-ET ) .  However eq 
measurement errors in ET ( + 1 1%) and ET {_+ 5%) - eq 
result in an error i n  C of , say � ,  which can be shown 
to be J ( 0 . 11 E'r ) 2  + ( 0 . 0 5 ET ) 2  .' In fact the Perunan eq 
convective term fell within the range c ± � on only 
21 of the 61 days for ·v;hich thi s  comparison was 
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carried out . Little improvement resulted from the u s e  
o f  the more complex convective t e m 1  ba sed on turbulent: 
transfer along an adiabatic wind pro file using t.he wind 
speed gradient measured above the crop , as suggested by 
van Bavel ( 19 66 ) . It appears that in general attempt ing 
to model the compl icated convective process i s  not 
warranted for E'r est imation purpo ses � use of the 
correlat ion between ET and ET i s  simpler and just a s  eq 
effective . 

From the regression of ET on ET 1 ex is found a s  the eq 
slope of the regression constrained through the origin . 
Davies and Allen ( 197 3 )  state tha t  in the determination 
of 0( 1 the period of integration i s  not important , whereas 
Tanner and Jury { 19 7 6 ) found that for crops the daylight 
and 24�hour values of � can differ by up to 1 5%, the 
latter being larger . Comparison of Fig s . 2 . 2  and 2 . 3  
show the daylight value of 0( to be 8% less than the 
24 hour value in the present study . For a sha1low arctic 
l ake however , Stewart and Rouse ( 19 7 6 )  found there to be 
no difference between half hourly values of � and the 
2 4  hour value .  

The regress ion of ET aga inst the 24 hour ET , eq 
constrained through the origin produced a relatively 
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high standard error of the e stimate. ( Syx ) of 0 . 5 8 mm/day , 
compared to a normal linear regression which sign i f icantly 
reduced it to 0 . 36 mm/day . The relative error ( SyxfET )  
in estimating the da ily value o f  ET from the regre ssion 
in Fig . 2 . 3  is 1 7%.  Equat ion 2 . 2  can be expanded to g ive 

E'l' = 0( ET - ( 2 . 8 )  eq 
\ 

+ O< ET \\ - ( 2 . 9 ) = ex ET eq eq 
where the singl e  and double prime s refer to the dayl ight 
and nocturnal period s ,  respec'c ivel y . As ind icated above , 
dewfall is  l ikely to be relatively sma ll and would not 
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account for the deviation o f  the regression l ine through 
the origin at low Rn in Fig . 2 .  2 .  V'·1hen Rn i s  low, 
24-hour Rn is significantly less than the dayl ight Rn ' 
a s  will be the respective ET value s .  The dayl ight eq -
and 24-hour ET values are considered to be equal . 
Consequently Priestley and Taylor '  s model o-f ET being 
proport ional to ETeq may not hold over 24 hour s  in such 
circumstance s ,  since the nocturnal value of 0( may not 
be the same a s  the dayl ight va lue '{ c . f .  Eq . 2 . 9 ) . Under 
high Rn conditions the proport ionality will t end to 
hold a s  ET" will be relatively less significant . The eq -
dayl ight regression i s  virtually unchanged \vhen a normal 
linear regre s sion is f i tted , verifying that thi s  
proportional ity holds . 

For mo st long term ET estimation purpose s ,  mea sure
ment of Rn is impractical . It i s  better to use the 
regres sion ba sed on dayl ight values of ET a s  i t  i s  eq 
easier to model the dayl ight values of Rn if  u sing 
a previously established regres s ion of Rn on the more 
eas ily mea sured or computed incoming short wave 
radiation ( K�) . Fig . 2 . 4  shows the dayl ight and 2 4-hour 
regres sions o f  Rn on K� • The value of S i s  reduced yx 
from 0 . 48 to 0 . 29 mm/day i f  the dayl ight , rather than 
the 24 hour regression i s  used . 

The dayl ight value of � can be seen in Fig . 2 . 5  to 
be effectively constant throughout winter , spring and 
early summer .  For reasons di scus sed above the 24-hour 
value of 0( was found to vary from 1 . 80 in winter to 
1 . 24 in early sununer . As expected , for a well-watered 
surfac e  in the absence o f  advection , the value of � 
tends to remain within the interval Cl,(s+�)/<&] , a s  
shovm in Fig . 2 .  5 ,  although there i s  a reasonable amount 
o f  scatter . Part of thi s  scatter can be attributed to 
mea surement errors in ET and ET resulting in an eq 
error in <X of approximately .:!: 1 2%. 
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Another cause of  the variation in � may be the 
presence or absence of free water on the leaves .  In 
Fig . 2 . 5  tho se days · on which free water was observed to 
have rema ined on the l eaves for at least 3 hours during 
dayl ight are indicated . The � values tend to be higher 
on such days . Modifying Monteith ' s  { 19 6 5 ) empirical 
expres sion gives . 
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'I� ex =- ET/ETe'l. = [( c;,+�)/s . fo�10(25/r�) J - ( 2 . 10 )  

'I'h i s  equation gives some indication of  the l ikely 
magnitude of the effect of the crop resistance ( rs ) on 

o( .  Kerr and Beardsell ( 19 7 5 ) showed that for 
a paspalum pasture the presence of dew lm·1ered r from s 
about 1 . �  to approximately 0 . 5  sec/cm . Applying thi s  
result i n  Eq . 2 . 10 ,  a t  a temperature of  1 0  C suggests 
that free water on the leaves would ,  in thi s  case , raise 

0{ from 1 . 2 6 to 1 . 5 3 .  Thi s  re sult i s  in general 
agreement with the rang e  of CX found for the oats ( Fig .. 2 . 5 ) . 
However other factors wil l  also influence OC , such a s  
the varying interact ion between the radiant heating o f  
the crop and the a i r  temperature , resulting in varying 
convective transfer . Albeit , to a rea sonable approxima tion 
� may be considered constant ( � = 1 . 2 2 )  over the study 

per iod . 

Figure 2 . 6  shows that the ET data obtained 
i ndependently from the lysimeter and that predicted by 
1 . 2 2 ETeq are in reasonable agreement , allowing for the 
uncertainty of the measured values .  

Calculations of monthly ET by Penman ' s  equation for 
May through October for both 1974 and 1975 ( J . D .  Coulter 
pers . comm . ) are given in Table 2 . 1  with the e stimate s 
based on 1 . 2 2 ET • As Rn data were unavailable , Coulter eq 
used sunshine hour data with de Li sle ' s  { 19 6 6 ) constant 
to - find K.J, and as sumed an a lbedo of 0 , 2 5 ,  and used 
Brunt ' s  ( 19 3 2 ) longwave rad iation formula to calculate Rn . 
The two e stimates are in quite reasonable agreement , 
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Table 2 . 1  Compari son o f  monthly values of 1 . 2 2 ET 
eq 

and Penman estimate s of evapotranspiration 

( E'r ) for Pa lmerston North 
p 

1974 

* 
1 . 2 2 ET ET 

eq p 
Month 

May 35 . 3  34 . 4  

June 27 . 0  2 1 . 4  

July 2 2 . 4  2 3 . 5  

Augu s·t 41 . 3  3 4 . 7 

September 57 . 3  5 8 . 3  

October 89 . 6  86 . 0  

-

TOTAL 2 7 2 . 9  25 8 . 3 

* J . D .  Coulter , pers . cornm. 

• 

1 9 7 5  

* 
1 . 2 2 ET :OT eq p 

33 . 4  35 . 4  

2 5 . 3 18  .. 0 

27 . 5  2 2 . 2  

36 . 9  3 6 . 2 

5 8 . 3 57 . 7  

97 . 0  101 . 6  

27 8. 4 27 1 . 1  
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especially under higher radiation conditions when errors 

in estimating long vvave radiat ion would be relatively 

less important . 

However ,  Coulter ' s  { 197 3a )  Palmer ston North data 

for the ratio ET to E'r imply o< to be 4 . 0  in July , p eq 
dropping to 1 . 41 in October . As some of these va lue s 

are beyond the range indicated by Eq . 2 . 3  he considers 

. . . thi s  as 1 1confirming the important role of advect ion 

generally in winter " .  However the measured data 

presented in Fig . 2 . 5  show in general far lower value s  

o f  o( , and very few 11 advective days 11 • It is l ikely that 

the high o< value s  inferred by Coulter ( 19 7 3a )  are 

an artifact , perhaps due in part to the undere stimat ion 

of R by Brunt ' s  ( 19 3 2 ) equation under low radiation n 
conditions . 
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This far only data for � relating to oats from 

winter through to early summer have been presented , and 

it is neces sary to verify that thi s  method of ET 

estimat ion ha s value for other crop s  in other season s .  

Data from Bowen ratio-energy balance mea surements 

previously obtained over well-watered paspalum , pasture 

and lucerne during s1..1.rnmer near Palmerston North , combined 

with the oat s  data for winter , are shown in Fig . 2 . 7 .  

The resulting value of 0( { 1 .  2 1 ) i s  s imilar to the va lue 

previously found , thus suggest ing that rea sonable 

estimates of da ily ET { Sy� ET = 19%) may be obta ined 

for well-watered crops using such a procedure unles s  

severe advection occurs . A s  most ET estimation 

procedure s are used to compute water requirements for 

irrigation schedul ing, ET total s  for approximately 

weekly periods are of more importance than daily value s .  

Grouping the da·ta into 7 day tota l s  reduces the error 

from 19% to a more acceptable level of 8%. Although i t  

i n  to be eh�ected that a s  the fetch becomes very large , 

<X will tend to approach unity ( 1'-'lcNaughton , 197 6 } , 

in most situations , particularly in New Zealand , thi s  

condition will not b e  reached and s o  � i s  generally 

greater than unity and probably about 1 . 2 .  
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2 . 4  CONCLUS IONS AND SU�WARY 

Penman ' s  equation wa s found to provide reasonable 

estimate s of daily ET under the climatic conditions 

experienced during the growth of an oat s crop in winter . 

However a closer analysis revealed that this was 

a lmost ent i re ly due to the signif icant correlation 

between ET and the ET term in the Penman equation . 
eq 

�1e convective term tended to be small and positive 

and the substantial effort involved in its computation 

did l ittle or nothing to improve the eff icacy of the 

method . 

3 9  

The ET estbnat ion procedure of Priestley and Taylor , 

based on the correlation between ET and ETeq ' was simpler 

and just as accurate . Values of the daylight Priestley

Taylor coefficient (�)  over oat s  were found to be 

constant throughout the season , although possessing 

a day-to-day variability of 17%. Summer data over 

paspalum , pasture and lucerne in combination with the 

winter data over oats gave a similar overall value for � .  

Nocturnal evaporation or dewfall was considered 

negl igible . Calculation of ET from the regression on 

ET from dayl ight rather than 24 hour data result ed in eq 
a lower standard error and removed seasonal va riation in 

� • Under low R conditions when nocturnal re-radiation n 
i s  more signi ficant , no fixed proportiona.lity between 

ET and ET was found when 24-hour ET data was u s ed .  eq . eq 
Also in applying such an ET e stimat ion procedure value s 

of Rn will be generally ba sed on a relationship with 

solar radiation or sunshine hours ( de Lisle , 19 66 ) , and 

the accuracy of such estimates i s  greater when only the 

daylight period i s  considered . Becau se only temperature 

and solar radiation data are required , Priestley and 

Taylor estimat e s  of ET could be applied to well-watered 

crops more eas i ly and in a greater number of locations 

within New Zealand than Penman est.irnate s .  



CHAPTER 3 

WATER RETENriON IN SOIL UNDERLAIN 
BY A COARSE-TEXTUP£D LAYER 



3 . 1  INTRODUCTION 

Storage of water in the root zone o f  field soil s  

i s  of  importance t o  both dryland and irrigated 

agriculture . As discus sed in Chapter 1 ,  the upper 

bound o f  available water storage , usua l l y  termed 

" field c apac ity " , is  an elus ive quan tity . The concept 

is more tenable for coarse than fine-textured soi l s , 

because in such soi l s  the hydraulic conductivity drops 

more rapidly with decreas ing pres sure potential , causing 

the water flux to decrease more rapidly . Miller ( 19 6 9 ) 

showed that permeable soi l s  underlain by a coar se layer 

exhibit a di stinc t  f ield capac ity , in that , after 

wetting the , water content profile fairly rapidly 

approache s a quasi-static equil ibrium , a s  i s  evident 
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in  Fig . l . 2 .  

The fact that soils underlain by a coar se-textured 

stratum , such as coar se sand or gravel s ,  store more 

water at field capac ity than the ir uniform counterpart s  

ha s long been knovm ( Alway and McDole , 1 9 17 ) . Later 

the experiments of t-1oore ( 1939 ) explained thi s  

phenomenon on the ba sis of the relative shape o f  the 

hydraul ic conductivity-pres sure potential curve s . Much 

experimental work ha s subsequently been carried out into 

the effect s of coarse layers on water s torage at field 

capaci ty ( Robins , 1 9 59 � Eaglernan and Jarnison , 19 6 2 ;  

Miller , 19 6 3 , 1 9 6 9 , 197 3 ;  Miller and Bunger , 1963 � 

Unger , 19 7 1 ; Pou lov� ssilis et al . 1 9 7 4 �  Brown and Duble , 

1975 ) .  Using the observation that the pres sure potential 

within the soil above the coarse layer decreased by 1 cm 

for each centirneter increase in elevation,  Miller 

and Bunger ( 19 6 3 ) were able to u se water retent ivity 

curves to predict succes s fully field capacity in layered 

soil s ituations . Subsequently Miller ( 1969 , 197 3 )  
mea sured the ef fect of the soil depth and coarseness of 

the underlay on water retention . He concluded that 



11 the amount of wa ter held by a layered soil increases a s  
the underlying par t icles become coarser • • • •  ( and ) it 
decrea se s with elevation above the layer 11 ( Mi ller , 19 69 , 
p . 2 8 ) . 

In the l iterature , only limited reference appears 
to have been made about the effect of the shape of the 
water retentivity curve of the overlying soi l  on the 
amount of '•vater retained . Although Poulovassilis et al . 
( 19 7 4 )  hinted at such a relationship by stating that 
1 1  • • • • • the water lost by Layer 1 ( i . e .  the upper layer ) 
depends on the difference beb-Jeen the layers ,  a s  far a s  
their . moisture characteri st ics and conductivities are 
concerned • • • • 1 1  ( p . 21 3 ) , they did not com.11ent on i t s  
form. Also the observat ions o f  Alway and McDole ( 1917 ) 
and Hiller ( 19 7 3 )  indicated that enhanced water retention 
depGnded- on the soil type as wel l  as its height above 
the coarse-textured laye r . 

Thus there exists a need for a theory to describe 
wate r  retention in layered soi l s .  The only atten�t at 
a theoretical treatment of the sub j ect has been by 
Miller ( 19 69 ) based on the similarity theory of Mil ler 
and Miller ( 19 5 6 ) . The ba sis of the similari ty theory 
is the scal ing of the pre s sure potential function <f> by 

-( 3 . 1 )  

and the diffu sivity function ( D )  by 

= - ( 3 . 2 ) 

where L1 and L2 are the characteri stic lengths . Thu s  
Miller ( 1969 ) could calculate the functions n2 and �2 
for a hypothetical underlay relative to a r eference 
coarse underlay ( D1 , J� , L1 ) by varying the characteristic 
l ength ( L2 ) .  Use of a f inite difference numerical scheme 
for simulating drainage thus enabled him to calculate 
the effect o f  th e coar seness of the underlay ( L2 ) on 
the water storage in the prof ile , relative to the soil 
underl a in by the reference underlay . rl'his approach , 
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although illustrative , is o f  l ittle practical use 

because o f  the difficulty in mea suring the character

istic lengths . 
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In thi s  chapter , a theory is derived that incorporates 

the factors involved in determining the water storage 

and permit s  analysi s of their relative effects . The 

theory i s  applied to predict the retention of water 

in � by a Manawatu fine sandy l�am , which consists 

of finer textured soil overlying a coarse layer . 

Similar coarse layers underlie a number of other 

important agricultural soi l s  in New Zealand , such a s  

the aeol ian or alluvial deposits o f  fine material on 

coarse Quaternary outwash gravel s  or volcanic lapilli . 

3 . 2  THEORY 

The water retentivity curve of a soil can be 

described by modifying the expression developed by 

Brooks and Corey ( 19 6 6 ) to yield 

l 9sC'l/le/"rjt) 
9(1/r) = 

-�( 3 . 3a )  

-( 3 . 3b )  

where 9 i s  the volumetric water content , e the porosity ,  s '\jl' the pres sure potential and 1/le is the air entry 

pressure potential . To simpl ify the subsequent analysis 

� is expressed in units of energy per unit weight e 

'rhe parameter A , termed by Brooks and Corey ( 19 6 6 ) the 

pore size distribution index , describes the shape of 

the unsaturated portion of the water retent ivity curve 

{ Fig . 3 . 1 )  and depends upon the soil texture and structure . 

In the following analysis only the unsaturated ca se 

( i . e . 'f/r� 1J!e ) is considered as the sa·t.urated case (Vf>)le > 
is the sarn.e as the simple unsaturated case of 1Jr� 1/re · when 

A. = o . 

Cons ider first the case of a uniform non-layered 

soil . Following saturation permeable soils tend to 
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drain to a uniform pressure potential ( Gardner , 1960 � 

Davidson et al . 1969 ) . Let 1/lc be the pressure potential 

at which K, the hydraul ic conductivity becomes very 

small , and hence drainage e f fectively cease s .  Then in 

a uniform soil of depth z .  when drainage has ceased J. 

consequently by Eq . 3 . 3, 

l 8(z) = es ( 1/re 11/lc ) 

-( 3 . 4 ) 

-{ 3 . 5 )  

that i s  the water content i s  uniform with depth . S ince 

the water stored in the profile is given by 

w = j2'S(z) dz. -{ 3 . 6 )  

0 
then the water s tored in a uniform profile { H

u ) i s  

given by . . A 
Vlu = es ( 11te/1frc) z� - { 3 . 7 )  

However , should the same soi l  be underlain at 

depth· zi by a 

will cease at 

coarse-textured stratum, then drainage 

a wet:ter pres sure potential , "''" ·  a t  z .  � J.  J. 
{ Fig . 3 . 2 ) . Immediately above thi s  interface , since 

there is negligible flux it follows that 2rt/J/2Jz = 1 

(Miller , 1969 , 197 3 ) .  Thi s  unity pressure potential 

gradient is considered to apply only until the 

pressure potential reache s  Vt at some depth , z * .  
* 

Above z the e ffect of the layering is negligible 

becau se the K (1/J) relationship is steep . Therefore , 
* 

for z < z the pressure potential profile becomes that 
* 

of a uniform soil , namely (Jt/dz= 0 .  The depth z can 

be defined by 

45 

* 
0 - ( 3 . 8a )  

z = 

_;_ { 3 . 8b )  
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so , in the layered case 

1/ti.- Z;. + Z * z � z. 
* 

Z < Z 

Consequently the water content profile . .A 
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-( 3 . 9a ) 

-{ 3 . 9b )  

i s  given by 

9s['Vre/(1/Jt -Zt.+Z)] * 
z � z -� 3 . 10a ) 

9(z) = A es[1/re j'ljlc] * 
z < z  - ( 3 . 10b ) 

The water s·::ored in a layered profile (WL ) is found 

using Eqs . 3 . 6  and 3 . 10 as 

wL �es[f�11/'cfdz + .{}fe!C-ift-z,+zldz] -( 3 . 1 1 )  

It is now possible to calculate the increa se in 

water storage due to layering (Llw ) . · since 

6w = w -w L U - ( 3 . 1 2 ) 

use of Eqs . 3 . 7  and 3 . 11 in Eq . 3 . 1 2 g ives after integrat ion 

).:;..1 - ( 3 . 1 3 a ) 

AW= 

">t = 1  --{ 3 . 1 3b )  

It can be shown that /!,. W  i s  cont inuous and positive for 

all A� 0 .  Thi s  function predic t s the increase in water 

retained at the cessation of drainage , due to layering , 

and incorporates the parameters that serve to control 

thi s  increase : the character of the overlying soil , 
the depth to the layer and the coarseness of the 

underlay . 

In some ca ses however ,  such a simple si t.uat ion of uniform 

soil overlying a coarse underlay doe s  not occur , rather ,  

textural and structural changes occur within the soil . 
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These changes ,  whilst not significantly affecting water 

flow , do alter the storage c apacity of the soi l . 

These situations can be analysed s imilarly � I f  

secondary layering occurs a t  z L ,  i t  i s  �ossible to 

define the water content profile as follows 

- { 3 . 14a ) 

9(z)= 
-( 3 .. 14b )  

where the subscrip_ts 1 and 2 refer to the different 

soi l  layers . This enables an a lmost identical derivation 

leading to an - expression for WL . The resulting equation 

for �W i s  just a sin�le extension of Eq . 3 . 1 3 . 

Consider AI'/ as a function of the shape o f  the water 

retentivity curve of the overlying soil descr ibed by A , 

the underlying coarse strata characterised by ., /,., and the . �1 
depth to the interface z . . The elements 9 and "�/,. are 1 s V'e 
a ssumed constant , and values for use in Eq . 3 . 1 3 were 

taken from the Manawatu fine sandy loam data described 

later . Fig s . 3 . 3  and 3 . 4  show the interrelat ions of il.vl , 
A •  �� . and z .  predicted by Eq . 3 . 13 .  Any textural or ') 1 1 
structu ral variations in the overlying soil , which alter 

A ,  can be seen in Figs . 3 . 3  and 3 . 4  to have a marked 

effect on AW. Poorly structured clayey soils (lSO ) and 

very coarse-textured (�>5 . 0 )  soi l s  gain little extra 

water storage in layered situations , whereas the greatest 

increase occurs for sandy soils (A� l ) . It is possible 

to determine the maximal value of A. numerically . The 

resulting A values are sho\� in Figs . 3 . 3  and 3 . 4 , rnax 
and indicate that , g iven the fixed parameterS e 1 �ff I s )lie 
... J,. and z .  � 2 5  cm , then 0 .  7< A < 1 .  4 for -lOO -' 'l/r. � 'P c 1 rnax ri ' 
-30 cm . That is sandy soi l s  in layered situations , tend 

to have larger values of Aw. 
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The effect of varying �b: , the cut- off pressure y� 
potential in the coarse underla y  at which drainage 

effectively cease s �  is also depict.ed in Fig . 3 . 3  where 

llw c�·lr. } i s  shmvn for A= A • The sensitivity of V'i · max 
AVl to sl ight changes in 1/ri for high values of "'j/i is 

striking . c:ha nging ?.J;
i from -30  to .-50 cm halves �w. 

As the soil profile becomes more . uniform, i o e . Y.,i 
approaches )Vc ' the effect of layering on the amount o f  

water reta ined become s very small ; 

From Fig . 3 . 4  it can be seen that deep soi l  profiles 

( i . e .  large z . ) enable the textural and structural � 
variations de scribed by A to express their influence 

more than for shal low profile s .  Also , the graph of �W 

( z .  ) for A = A shows that only small increases in � max 

5 1  

AW occur for zi > 5 0  cm. In fact , doubling the soil depth 

from 50  cm to lOO cm increa ses AW by only 16%.. Thi s  

de.rnonstrates the known fact tha t most of the increased 

storage in l ayered soils is in the region immediately 

above the interface . 

In the case where secondary lgyering occurs at zL ' 

Fig . 3 . 5  shows that the main contribution to AW, a s  

expected from Fig . 3 . 4 ,  comes from the zone immediately 

above the interface at z . •  In fact in this case it � 
matters l i ttle what value � a ssume s .  

The theorel:ical expressions derived for w0 , NL 
and AW show that the shape o f  the water retentivity curve 

of the soil overlying the coarse stratum is a ma jor 

factor controlling the field c apacity of layered soil s .  

Further , the theory clarifies the role that soil depth 

and coarsene ss of the underl ay play in water retention 

in such soils . It serves a s  a useful basis for the 

analysis and interpretation of field data , s ince Eqs . 3 . 7 ,  

3 . 11 and 3 . 13 can be applied easily to field situations . 
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3 .  3 EXPERIHENTAL HETI!ODS AND MATERIALS 

Most of the work to date has involved experimental 

studies of the effect of varying the depth and coarsenes s  

o f  the underlay i n  artificially constructed soil profiles . 

Th� pauc ity of research on naturally occurring layered 

soils in �� is in part due to the inapplicability of 

" flooded-plot " experiments ( Ro se � al . ,  1965 ) because 

of significant horizontal flow of water that occurs in 

such soils during these experiments ( Miller , 1 9 6 3 ) . 

As di scussed in Appendix I I I  the profile of the 

Manawatu f ine sandy loam may be subdivided into three 

element s .  The f irst 50 cm con sists of a fine sandy loam ,  

which i s  underlain to a depth o f  90 cm by a fine sand , 

and beyond 90 cm by a gravelly coarse sand . The physical 

characteristics of these profile elements are g iven in 

Table 3 . 1 .  The soils of the Manawatu series typically 

are made up of these three elements ,  although there i s  

variation in - the depth of the layers ( Cowie , 1972 ) .  

To a first approximation spatial variation in water 

storage can be accounted for by variations in zi and zL 
( Appendix II I ) . 

Haines ' method ( Vomocil , 1965 ) was used to obtain 

the water retentivity 

greater than -150 cm. 

Eq . 3 . 3  were fitted to 

data for pressure potentials 

Equations of the form given in 

the data in thi s  range , and are 

shown in Fig . 3 .  6 .  'I'he functions can be seen to fit the 

data reasonably well , particularly in the portion of 

the curve required in the subsequent analysis ( i . e .  

'ljr ' Vri � -35 cm) . The - 10 0 0  cm water contents given in 

Table 3 . 1  were determined using the pressure plate 

apparatus . Linear interpolation o f  log (y) vs log (e ) 
was u sed to obtain water contents in the -1000 cm to 

...:150 cm range . 

The laboratory hydraulic conductivity data shown 

in Fig . 3 .  7 were obtained u s ing th<.� long-colu.lllil method of 

Childs ( 1945 ) . Conductivity data at low pressure 
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potentials were obtained using the theory o f  Brooks and 

Corey ( 19 66 ) a s  the basis for extrapolation . From 

Eq . 3 . 3  Brooks and Corey ( 19 6 6 ) predict that the 

conductivity function is given by 

- ( 3 . 15a ) 

l<('ljr) = 

- ( 3 . 15b )  

where K i s  the saturated hydraulic conductivity and s 
"/ is given by ( 2 + 3 'A  ) • In thi s  present study "( was 

e stimated by a least squares regression , constra ined 

through ( K5 , 1/1' e ) .  However the value s of "'( found thi s  

way did not vary significantly from ( 2  + 3 A  ) .  

Tensiometer pre ssure potential was measured in the 

long-column and at two sites in the field with mercury

manometer tensiometers with 10 mm diameter ceramic tips . 

The pressure potential data were corrected by 8 cm to 

account for the capillary suppres sion of the mercury in 

the manometer tubing ( internal diameter 1 . 2  mm ) .  Water 

content profiles in the field were measured by a Troxler 

1265 neutron probe , in 2 access holes . A field 

calibration curve was e stablished following the 

technique of Rawls and Asmussen ( 197 3 )  ( Appendix I I ) . 

3 . 4  RESULTS 

Miller ( 1969 ) considered that drainage becomes 

negligible when K falls below 0 . 1  to 0 . 01 cm/day . 

Because of the steepness of the K <t> relationship a t  

these conductivity value s ,  i t  i s  o f  little consequence 

which value is selected . On thi s  basis it is e stimated 

that the gravelly coar se sand effectively cea sed to 

conduct water once the potential fell to -30 to -40 cm ( Fig 3 . 7 

Fig . 3 .  8 shows five days after heavy winter rainfall that the 
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pressure potential i n  the gravelly coarse sand was 

-26 cm, and i t  eventually attained a steady state value 

of -35 cm , which is in good agreement with the predicted 

cut-off potential . Thus the cut-of f  potential 1ft'i may 

be deter.mined in the field by following the decline in 

the tensiometer pressure potential following heavy rain 

or irrigation . It can be shO\m that in general WL and 

.tlW are fairly insensitive to changes in 1/lc • Thus , ?/t' c 
can be set equal to one of the c ommonly accepted 

approximations for � at field capacity in a uniform 

soil , namely -100 to -350 cm . Having e stimated 1/fi and 

lVc 
and establ i shed the parameters in the Brooks and 

Corey expres sion for the water r etentivity curve of the 

soil , it i s  pos s ible to establi sh G ( z )  and hence WL 
a�d AW for a layered soil . 

With the ex·tension to account for secondary layer

ing above the coarse stratum , Eq . 3 . 10 may be used to 

describe field capacity in the Manawatu fine sandy loam . 

The calculated water content profile is shown in Fig . 3 . 9a 

together with the profile calculated for a soil with 

the gravelly coarse sand layer absent , but otherwise 

identical . The increased water storage due to layering 

i s  5 . 5  cm which is a 3 1% increase over the storage of 175  cm 

without the coarse stratum . Thi s  i s  water enough for 

10-30 days of transpiration . In Fig . 3 . 9b the calculated 

water content profile is compared with four individual 

field moisture profiles determined using the neutron probe 

10-15 days after he�vy winter rain . Considering the 

smoothing that is inherent in the use of. a neutron 

probe ( Cannell and Asbell , 1974 ) , this agreement is 

very satisfactory. The formation of iron accumulations 

and mottling immediately above the discontinuity at 

90 cm provides evidence that the soil i s  near saturated 

there for s igni ficant periods of t ime (Veneman et �. ,  

1976 ) ( Table A3 . 1 ) . 

It is interesting to note that secondary l ayering 

in a Nanawatu f ine sandy loam results ,  fortuitously , 
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in near-maximal additional water storage . In this 

soil , the important region immediately above the 

coarse layer is occupied by a fine sand with A = 0 . 94 ,  

which is very close to A
max ( Fig . 3 .o 3 ) . For thi s  

reason 4 .4 cm (so %) o f  the extra storage occurs in 

the 40 cm of fine sand above the coarse gravelly sand , 

a s  expected from Fig . 3 . 5 .  Were the secondary layering 

inverted so that the fine sandy loam ( A = 0 . 0 6 << Amax
> 

was immediately above the coarse layer , a value for 

�W of 2 . 0  cm for the whole prof ile is predicted . 

This illustrates the importance of A in the determination 

of �vl. 

Miller ( 19 69 ) presented data on the magnitude of 

the error in the estimat ion of WL if the water content 

at a pre ssure potential of -340 cm is used, a s  shown in 

Table 1 . 1 .  Had the - 340 cm water content been used to 

compute WL for the Manawatu fine sandy loam , the estimate 

would be 9 . 5  cm less than actual field capacity . In thi s  

chapter , .it  is shown that WL may be found u sing Eq . 3 •. 11 

without reference to hydraulic conductivity data . 

3 . 5  S�MARY AND CONCLUS IONS 

Coarse-layered soils are free draining in the 

saturated state yet impede water transmission in the 

unsaturated state , making them particularly valuable 

for agriculture . A theoretical framework has been 

e stablished enabling the analysis of the " f ield 

capacity " water retention in coarse-layered soils .  

61  

I t  has been shown that the shape of the water retentivity 

curve of the soil overlying the coarse stratum is 

a Ina jor factor controlling the water stored in the 

soil prof ile . 

Further , the theory clarifies the roles which 

soil depth and coarsenes s  of the underlay play in 



increa sing water retention in l ayered soils . Field 

data from a layered soil are presented and application 

of theory to the f ield situation is illustrated . 
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The theory can be applied without reference to hydraulic 

conductivity data . 



CHAPTER 4 

DRAINAGE FLUX IN PERMEABLE SOIL 

Ul�ERLAIN BY A COARSE-TEXTURED LAYER 



4 . 1 ·  INTRODUCTION 

Although the drainage flux as a term in the water 

balance equation is often a ssmned negl igible ,  or found 

a s  the residual when the other terms are evaluated , it 

can be a s ignificant part of the water balance in 

permeable soils . Further , a knmyledge of thi s  flux i s  

of relevance in leaching studies i n  asses sing the losses 

of ions from the root zone or their accumulation in 

groundwater ( Jury et al . 197 6 ) . 

64 

Presently , much remains to be achieved in the 

development of readily appl icable ways of mea suring or 

calculating the drainage flux . Attempts to measure 

drainage in the field directly with flux meters ( Cary , 

197 3 )  have met with qualified succ
_
ess , but their practical 

value ha s yet to be demonstrated . If the hydraulic 

conductivity-pressure potential relation is known and 

the gradient in pressure potential measured , the drainage 

flux may be calculated ( La Rue et al . 19 6 8 �  van Bavel 

et al . 1 9 68 ) . However spatial variability in soil water 

properties means that extensive replication is usually 

nece ssary ( Nielsen � al . 197 3 ) . Also the requirement of 

frequent pressure potential readings makes thi s  method 

unsuitable for most long term water balance or leaching 

studies . 

Alternatively , finite-di fference or finite-element 

solutions o f  the flow equat ion have been used to predict 

changes in soil water content during infiltration or 

drainage in both laboratory soil columns ( Hanks and 

Bowers ,  196 2 ) and in the field ( Wang and Lakshrninarayana , 

19 68 ) . Subsequertt.ly these solutions have been developed 

so as to include effects due to layering in the profile , 

hysteres i s , root uptake and salt movement . However such 

solutions need detailed and accurate soil physical data 

as well a s  a large computer . They are often di fficult 

and co stly to obtain especially if flux data for 

an extended period are to be corr�uted . 



The rea sonable succe s s  in the estimation of field 

drainage that has been achieved by using simplified 

analytical solutions was discus sed in Chapter 1 .  

6 5  

In a permeable , uniform soil profile Black et al . { l9 69 ) , 
. - -

by as surning . zero pressure potential g radient during 

drainage , showed the flux of water at the base of the 

profile to be a function of the storage of water in the 

soil above . However Davidson � al . { 1969 ) using this 

approach found for the less uniform Cobb loamy sand the 

agreement was poorer as  shown in Fig . l . 3 . They suggested 

that rel iable e stimates of drainage in such heterogeneous 

soils require detailed conductivity and retent-:ivity data 

so u.s to enable numerical simulation . Black et al . ( 19 6 9 ) 

are more optimi stic stating that although 11 the drainage 

situation will be quite different in layered soi l s  • • • • • •  

the general approach may apply • • • • • •  "That is , it may 

be possible to describe drainage � s  a simple function of 

profile storage 11 • 

In this chapter drainage from a Manawatu fine sandy 

loam is investigated . The soil has a moderate saturated 

conductivity throughout and is underla in by a coarse

textured layer ( Table 3 . 1 ) . Field data , and theory 

coupled with basic physical data. for such a pro file , are 

used to test a simple model that relates the drainage 

flux to the water storage in the soil above the coarse

textured layer . 

4. 2 THEORY 

The vertical flux o f  water through a soil may be 

described by 

- { 4 . 1 )  

where J is the water flux , K the hydraulic conductivity , 

1/r the pressure potential and z the soil depth . For 

a soil underla in by a deep homogeneous coarse layer it 

is  reasonable to assume that 2J1{/2J z = 0 and so , J =-KCVr) 
below the interface ( Eagleman and Jamison , 1962 ) .  Dur ing 



drainage , the flux in the overlying soil must be les s  
than o r  equal to K . , where the subscript ' i '  refers to � 
the coarse underlay below the interface . Further , i f  
wate:r i s  moving downward the pressure potential gradient 
will be less than unity . Thus in the overlying soil it  
follows that 

- ( 4 . 2 ) 
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where the subscript ' f 1  refers t o  the finer textured soil 
above . For soil underlain by an unsaturated coarse layer 
it is expected that Ki/I<f is small , and so by Eq . 4 . 2 ,  

2rf/ dZ � 1 above the interface . Though the a ssumption that 
?J1jrj dZ = 1 ( i . e .  the no-flux condition ) in  the overlying 

soil during drainage i s  obviously impossible in the 
l imit , i t  can be used to predict the pressure potential 
in the soil above the coarse underlay .during drainage . 

Now for any value of the pressure potential in the 
coarse underlay (�i ) it i s  possible to find a wetting and 
drying drainage flux [Ji = Ki <1/ti >J and al so a wate r  
content profile in the soil above the.  interface a t  depth 
zi using an equation s imilar to Eq . 3 . 9 ,  namely 

- ( 4 . 3 )  

and the appropriate wetting or drying water retentivity 
curve . By integrating the water stored above the coarse
textured layer at each pressure potential , two relation
ships between the flux ( Ji ) and the profile water storage 
o·n  can be found , . one for wetting and one for drying . 
So it follows that in soils o f  moderate saturated 
hydraul ic conductivity underlain by a coar se-textured 
stratum a relationship between Ji and W exists . If the 
e ffect s  of hystere sis are small ,  a unique relation between 
J . and W can be expected . � 

4 . 3 MATERIALS AND HETHODS 

The soil used for this study was a Mana\.,atu fine 
sandy loam as described in Chapt:er 3 and in more detail 
in Appendix I I I . Hysteretic wat(�r retentivity data for 
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the two lower pro file elements ,  and draining retentivity 
data for the f ine sandy loam, were measured ·using Haine s ' 
apparatus ( Vomocil , 196.5 ) , and are presented in Fig . 4 . 1 .  
These data are different to th e drying curve data presented 
in F;ig . 3 . 6  _as the main wetting and drying envelopes 
are included . Undisturbed core samples were used for 
the top two layers ,  but repacked loose 1naterial had to 
be used for the gravelly coarse sand . Scanning curves 
within the main hysteresis loops were calculated using 
the procedure described by Mualem ( 1974 ). .  F ield water 
retentivity data for the f ine sand and f ine sandy loam 
were obtained using simultaneous tensiometer and 
water content mea surements . These are shown a l so and 
are in rea sonable agreement with the laboratory data . · 
Field data could not be obtained for the gravelly coarse 
sand underlay because of the difficulty of inserting 
neutron probe access tubes to· suffic ient depth in the 
underlay . 

Hydraulic conductivity data are . shown in Fig . 4 . 2 .  
The fine sand and gravelly coarse sand data are the same 
as in Fig . 3 . 7 .  The saturated conductivity of the f ine 
sandy loam was found by maintaining a shallow free water 
surface over two undisturbed cores 140 cm3 in volume and 
monitoring the steady- state e fflux . Conductivity data at 
low pressure potential s on the main drying curve from 
saturation for the fine sandy loam were obta ined u sing 
the theory of Brooks and Corey ( 19 66 ) as ·the ba sis for 
extrapolation ( Eq . 3 . 15 )  from the measured values of K s 
and �e ( Table 3 . 1 ) . Water content prof iles in the field 
were measured at 10 cm depth increment s by the neutron 
probe at two sites .  Comparison with gravimetric sampling 
showed that the water content mea sured by . the neutron 
probe at 10 cm depth provided a reasonable e stimate of 
the mean water content of  the 0 to 15  ern zone ( Appendix I I ) .  

Drainage was found by monitoring the outflow of 
water f rom the lysimeter described in Chapter 2 .  For 
selected periods the dra inage wa s also calculated from 
the water balance equation us ing neutron probe , rainfall 



- 20 

E - 40 
(.J 

I 
� <x: 
i= 2 LU 
b - 60 Cl-

LU 0:: :::> Cl) Cl) LU 
g: - 80 

-100 

GRAVEllY 
COARSE 
SAND 

F INE  
SAND 

- · - SCANNING CURVES 

FINE 
SANDY 
LOAM 

• 

• 
• 

• 
• 

• 
• 

• 

• 

6 8  

• 

- 120..._ ___ .,..._ __ ---�... ___ ....__ __ .....J 
0 ·1 0·2 0 ·3 0 ·4 

VvATER CONTENT . 8  

The water retentivity curves for the three 
profile elements of a Manawatu fine sandy 
loam. Measured hystere si s loops ( � )  and 
computed scanning curves (·+· ) are shown for 
the gravelly coarse sand and f ine sand . 
�be scanning loops for var ious soil profile 
depths are shov-1.1 fo:c t.he fine sand . Field 
data for the fine sand (ef) and fine sandy 

'e 
loam (a ) are also pre sented . 



>-
t-
> 
t-u :::> Cl 
2 0 u 
u 
::J ::> <t a= Cl >-:I: 

Fig . 4 . 2 

1 01 

10° 

1CJ1 

·: l LABORATORY
• DATA 

GR AVELLY 
CO ARSE 
s AND 

1 0 °  
TEN S IOMETE R PRESSURE POTENT IAL - c m  

69 

Hydraulic conductivity curves for all three 
profile elements of a Manawatu f ine sandy 
loam. 



and evaporation data . The layering found in the f ield 
was replicated in the 1 m soil profile in the lysimeter 
when it was filled f ive years prior to _this study . 

7 0  

Nine ceramic plates , each 46 cm2 in area and of a i r  entry 
value approximately -20 cm of water were situated in 
the gravelly coarse sand about 8 cm below the f ine sand 
interface , and the daily drainage was considered to be 
the amount o f  water removed by these plates following 
the application of a suction of -40 cm of water for 
2 hours.  A potential of about -20 cm at the base of the 
lysimeter is within the range of the pressure potentials 
measured in the gravel ly coarse sand outside the lysimeter , 
a s  sho\ffi in Figs . 3 . 8  and 4 . 4 .  Tensiometer pressure 
potential data within the lysimeter were found to be in 
fairly close agreement ( 5  to 10 cm) with those measured 
in the field nearby . Consequently lysimeter drainage 
measurements are thought to be reasonably representative 
of dra inage in the ad j acent field . 1�e lysimeter would 
tend to underestimate drainage at lower pressure 
potentials , but as the flux at thi s  stage is small it 
is of little consequence . 

The drainage model described later is appl ied over 
two 6 month periods to the Manawatu fine sandy loam . 
To enable computation of the profile water storage , 
evapotranspiration and rainfall data are also required . 
Evapotranspiration ( ET )  was e stimated following the 
method of Priestley and Taylor ( 197 2 ) .  The value of � 
used in thi s  chapter was based on the data presented 
in Fig . 2 . 2 .  It was a s sumed that the surface wa s always 
well-watered , an assumption discussed in Chapter 5 .  
To obtain ET in 1974 R was measured above the crop , eq n 
however in 1 9 7 5  it was e stimated from the regression 
of R11 on solar radiation found from the 1974 data ( Fig . 2 . 4 ) 
and us ing solar radiation data f rom the meteorological 
site . RF was al so measured at the meteorological site . 
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4 . 4  RESULTS AND DISCUSSION 

In the Manawatu fine sandy loam the gravelly coarse 
sand underl ay is homogeneous and deep , therefore it is  
rea sonable to assume that "d1/J/2n. = 0,  and so J = K (ljr) 
below the interface at 90 cm . The expected maximum daily 
rainfall is of  the order of  20 mm� Figs . 4 . 1  and 4 . 2 
show that a flux of 20 mm/day would cause the gravelly 
coarse sand to wet up to a pressur� potential of -15 cm , 
approximating the maximum m'ean daily potential e>..'Pected 
there . The steepness of the K (y) relationship in the 
gravelly coarse sand means this potential i s  f airly 
insensit ive to the value of the maximum flux chosen . 

For all pres sure potentials in the underlay drier 
than -15 cm it  can be seen f rom Fig . 4 . 2 that for the 
fine sand Ki/Kf < 10-2  and hence by Eq . 4 . 2 ,  2J1jr/ 2Jz � 1 .  
An exception i s  in the wettest case for the f ine sandy 
loam when Ki/Kf i s  not small , and 2Jy/2Jz probably tends 
to be smaller in this zone � However a s  the expected 
pres sure potential , at thi s  stage , at the base of the 
fine sandy loam is  -55 cm , Ki/Kf rapidly becomes 
negligible a s  the gravelly coarse sand and f ine sand 
drain . On a daily time scal e the wettest pres sure 
potential profile to be expected in this soil thus 
corresponds to an interface pre s sure potential of -15 cm 
with 2J1(/2JZ = 1 in the soil above . 

The conductivity of the gravelly coarse sand falls 
steeply with decrea sing pre s sure potential , and if i t  
i s  assumed that the flux of  water is  negligible when I< . � {1/r) i s  less than about 10-l cm/day ( Miller , 1969 ) , 
Fig . 4 . 2 shows drainage becomes negligible when a pres sure 
potential of -30 to -40 cm i s  attained at the interface 
as already noted in Chapter 3 .  Again , from Eq . 4 . 2 ,  it 
can be expected that 2J'l/r/ 2Jz = 1 in the soil above . 
In F'ig . 3 .  8 is shown thr� tens iometer pressure potential 
measured in the field following a winter rainfall even t .  
The data shm'l this distinct w .. �tte st and driest envelope . 
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The pre ssure potentials at lOO cm depth , in the gravelly 
coarse sand , are within the expected values and d�/dz 
in the soil above approaches one . An exception occurs 
on the day o f  the rain in the fine sandy loam , but 
thi s is expected since Ki/Kf is not yet sufficiently 
small . Thi s  is of little consequence as the steep 
retentivity curve in the fine sandy loam means that 
only relatively small amount s  of water are lost from it 
during drainage , the ma j or contr ibution being from the 
fine sand layer . 

In computing the water content profile from 
pressure potential data it is necessary to account for 
the effect o f  hysteresis in the fine sand . As water 
initial ly enters the fine sand it is wet up along the 
wetting curve indicated in Fig . 4 . 1 ,  until the potential 
reaches approximately 

'J/r(z) = -15 - (<JO - z) 
Due to the steepness of the retentivity curve 
is ignored in the fine sandy loam ( Fig . 4 . 1 ) . 
appropriate moisture characteristic data with 

- ( 4 . 4 ) . 

hysteresis 
Using the 
Eq . 4 . 4  it 

is possible to predict the wette st expected water content 
profile . '.rhis is shown in Fig . 4 . 3  with the two wettest 
water content profiles mea sured during winter . When the 
inability of the neutron probe to resolve di scontinuities 
in the water cont.ent profile ( Cannell and A sbel l , 1974)  
is  considered , the predicted and measured values are in 
reasonable agreement . 

The driest expected profile corresponds to 
a pressure potential profile approximated by 

1j!Cz) = - 35 - ('10- z) - ( 4 . 5 ) 

and in the f ine sandy loam corre sponding water contents 
are easily found from the non-hysteretic retentivity 
curve . However in the hysteretic fine sand , the moi s ture 
content corresponding to 'ljr( z )  i s  found using the 
appropriate drying scanning curve beginning on the 



20 

40 
E t.) .. 

:J: ...... a.. LU 
c 

60 

80 

F IELD DATA : WINTER 1975 
o - o DRIEST } PROFILES 
m - a  WETTEST 

fine sandy 
loam 

I 
f 

fine sand 

gravel� 
coarse 

-
\ 

m • 

·�\ I D D  a a 
' 

n� I 
o D iill 

sand 
100�--��0�i��--0�·2��--0�·3��� 

Fig ., 4 . 3 

WATER CONTENT , 8 

Predicted wettest and driest profiles 
( ignoring evapotranspiration ) of water 
content in a Manawa·tu fine sandy loam . 
The two wettcs·t a nd dries·t neutron probe 
water content prof j les recorded between 
May and September 19 7 5  are also shown . 

7 3  



7 4  

wetting curve a t  [-15- ( 90-z )] , a s  shown i n  Fig . 4 .1 

for 5 depths in the soi l . The predicted driest pro f i l e  

( in the absence o f  evaporation ) i s  a l so shown in Fig . 4 . 3 
and again there i s  rea sonable agreement with the two 

driest profi le s measured by the neutron probe in winter 

when ET was sma l l . Upon rewett ing the fine sand wil l  

wet up along the wetting scanning curve beginning a t  

(-35- ( 90-z )] back to [ -15- ( 90-z )] , completing the loop . 

That the pre s sure potent ial in the gravelly coarse s and , 

in the absence o f  signif i cant ET1 tends to be bounded by 

-15 cm in the wettest c a s e  and - 3 5  cm in the driest 

ca se i s  shown in Fig . 4 . 4 .  

I n  Fig . 4 . 4 ,  Eq . 4 . 3 c an be seen to quite succe s s fully 

predict the pre s sure potential at two depths in the 

overlying soil , g i ven the pressure potent ial in the 

gravelly coarse sand . As already di scussed on days o f  

heavy rain the pre ssure potent ial in the fine sandy loam 

tends to be greater than predic t ed . Since in the Manawatu 

fin,e sandy loam ,  for any 1/"i both 1/t< z )  in the soi l  and 

Ki <1Vi > in the underlay are known , it is pos s ibl e to 

determine Ji ( W ) . The wetting and drying storage-flux 

relation ships r e so lved in this way are sho'vn in F ig � 4 . 5 .  

As there is l ittle difference between the t.wo curve s 

a unique relationship for J ( W )  c a n  be a s sumed with 

little error . Thi s  is a result of the relat ively smal l  

var i ation i n  1/J' in the f ine sand ( Fig . 4 . 4 )  g iving a narrow 
envelope betwee n  the wetting and drying curve s , despite 

the wide envelope between the ma in wetting and drying 

curve s ( Fig . 4 . 1 ) . Further the scanning loop between 

-15 and -35 cm in the gravelly coarse sand is narrow, 

so that hyster e s i s  in i t s  hydraul i c  c onduct ivity-

pres sure potent ia l  relat ionship i s  quite small . In the 

applicat ion of thi s  relat ionship the drying curve wa s 

used . 

I f  only drai nage contr ibutes to the change in w 
then 

dW/dt = Ji = f ( W )  - ( 4 . 6 )  

where t i s  t ime and f ( W )  i s  the solid line in F ig . 4 . 5 .  
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I t  is pos sible t o  solve Eq . 4 . 6  numerically u sing a finite 

difference approximation of dvl/dt , \<Tith f ( W) evaluated 

at the midpoint of the interval in w .  Thus it i s  possible 

to obta in the decl ine in W and J with time , from the 

previously discussed maximum value of w. The predicted 

decline in W with time is shown in Fig . 4 . 6  to be in 

agreement with the water storage decline measured by 

the neutron probe during two rain free periods following 

days with heavy rain (>17 mm ) . Changes in storage due 

to water losses by evapotranspiration were accounted 

for in the f ield data . The variability in the field 

measured storage data is to be expected since W is 

a function of the depth to the coarse laye r ,  and for 

a Manawatu f ine sandy loam a 5 cm variation in thi s  

results i n  a 1 0  mm change in W ( see Fig . A3 . 2 ) . 

However the change s  in storage with time are s imilar 

at each site . 

�1e predicted flux-time relationship is compared in 

Fig . 4 . 7 with that calculated from the field neutron 

probe data and also the mean curve established for four 

winter drainage events from the lysimeter . As expected 

the agreement with the lysimete r  is better over the f irst 

6 days when the pressure potent ial i s  still quite high . 

Also within the accuracy pos s ible for fluxes calculated 

from neutron probe data , the recession curve found thi s  

way is compatible with that predicted . The predicted 

amount of water lost between days 1 and 9 is 20 . 3  mm which 

i s  comparable to the 24 . 6  (± 3 .. 7 )  nun drained from the 

lysimeter and the 25 . 8  mm measured by the neutron probe . 

\Vhile the J ( W) relationsh ip derived assumes only 

the drainage flux to be responsible for decreasing the 

soil water storage , evapotranspiration also removes 

water from the soil profile . If the soil is bare the 

water extracted by evapotranspiration will come from 

near the sur face and so deep drainage will be little 

affected , as demonstrated by Davidson � al . ( 19 69 ) . 

This water loss must subsequently be replaced by rainfall 
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or irrigation before drainage is affected. During the 

present study however an oats crop was actively growing . 

In thi s  case , a s  the hydraulic conductivity of the 

soil above the coarse underlay remains ·relatively high 

during and after dra inage , equilibrium conditions 

should be approached during simultaneou s ET and drainage . 

Consequently ET and drainage are treated a s  additive 

in their influence on W, and so J .  Hence the storage 

in the profile on any given day ( Wd } is computed a s  

where Jd-l = f 

previous day . 

rainfall , and 

- ( 4 . 7 }  

( Wd-l } and RFd-l i s  the rainfall of the 

Drainage was generally about 7 0% of the 

so it matters little which way ET i s  

treated . Thus the J (W}  relationship e stabli shed was 

used a s  a basis for a drainage model for the Manawatu 

fine sandy loam . It is a ssumed that on any day the 

storage exceeds 2 6 5  mm, the drainage on that day i s  the 

storage excess ( W-2 6 5 ) plus the drainage predicted for 

a storage of 265 mm, namely 8 . 6  mm. This i s  reasonable 

a s  J (W} i s  nearly vertical when W > 265 . Drainage 

below 0 . 2  mm/day i s  ignored . 

The predicted drainage for May to November 19 7 4  and 

a similar period in 1975 can be seen in Figs . 4 . 8  and 

4 . 9  to be in reasonable agreement with that measured 

from the lysimeter , _ in terms of both the timing and 

amount of drainage . Within the bounds of variability 

in the data , the changes in profile water storage 

mea sured by the neutron probe al so can be seen to verify 

the applicability of the model ( Fig . 4 . 8 ) . The model can 

be expected to work in any soil with a coarse-textured 

stratum at some depth , and a saturated hydraulic 

conductivity of at least say 50 nw/day throughout the 

profile above . In such situations the unsaturated 

hydraul ic conductivity of the coarse-textured stratum 

control s  the rate of drainage at all times , except 

possibly during and immediately after very heavy ra in . 

During drainage and in the qua si-equilibrium condition 
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follo•..,ing , the hydraulic conductivity of the soil above 

the coarse stratum remains relatively high . Thus , 

unless the profile has been dried out by evapotranspiration , 

the time lag between a rainfall input and the correspond

ing . ad justment of the drainage rate will be small , 

usually less than a day . Thi s  contrasts with the 

situation in a uniform profile , where a much longer 

response time i s  usual . In the uniform Plainfield 

sand , Black et al . ( 1969 ) found it took about 2 days 

for an increase in storage to a ffect the drainage rate 

at 1 . 5 m depth . 

Thi s  simple model can a l so be used as an analytical 

tool , when applied to a soil that satisfies all the 

necessary conditions outl ined . In the Manawatu fine sandy 

loam , with both fine sandy loam and fine sand layers 

. above the gravelly coarse sand , the model predicts that 

it takes 6 . 7  days for the drainage flux to drop to 1 mm/ 
day , following wetting of the profile . Over thi s  period 

the soil loses 2 0 . 3  mm of water . Hypothetically however ,  

if the gravelly coarse sand was still at 9 0  cm depth l:;>ut 

overlain by only f ine sand , it i s  predicted that to 

attain a drainage rate of 1 mn1/day would take 1 5  days and 

50 mm of water would have been removed during drainage . 

Although drainage persists for longer from fine sand it 

is thi s  type of soil that undergoes the greatest increase 

in water storage due to the layering , by virtue of the 

shape of its retentivity curve a s  shown in Figs . 3 . 3  and 

3 . 4  and di scussed in Chapter 3 .  

Alternatively if the gravel ly coarse sand were at 

a depth of 20 cm under fi.ne sand it would only take 

4 . 3 days for the drainage rate to drop to 1 mm/day , with 

a drainage loss of only 13 mm .  The existence of 

a coarse-textured stratum in a permeable profile does not 

necessarily mean a rapid ces sation of drainage , but 

rather the t ime course of the dra inage reces sion depends 

on the nature of both the overlying soil and the 

underlay , and the depth to the interface . 
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The model of Black et al . ( 1969 ) was applied to 

a 90 cm deep soil of uni form fine sand . The initial 

condition chosen was the soil wet to 1fr = -15 at 90 cm 

with cf/cz = o .  The decl ine in profile water storage 

is shmm in Fig . 4 . 10 in comparison to that predicted by 

Eq . 4 . 6 for 90 cm of fine sand wet up to 'JY = -15 a t  

90  cm with ct/c2 = 1 ,  but underlain by gravel ly coarse 

sand . It can be seen layering results in more water 

being stored in the profile when quasi-equilibrium i s  

reached ( c . f .  Figs . 3 . 3  and 3 . 4 ) and causes the drainage 

recession curve to be much flatter , with the flux becoming 

< 1 mm/day more quickly . 

4 . 5  CONCLUSION 

The theory proposed by Black � al . ( 19 69 ) , that the 

drainage flux can be treated simply a s  a function of soil 

water storage , would appear to work even better in 

permeabl e  soils with a coarse-textured stratum at depth 

than in the uniform permeable soils for which it was 

first proposed . In such layered soils the hydraulic 

conduct ivity of the coar se-textured underlay usually 

contro l s  the drainage flux at all times ensuring 

et I cz � 1 ,  whi l st the soil above maintains a high 

hydraul ic conductivity . Thus , firstly , the total 

potential gradient in the overlying soil will approach 

zero during drainage , in contrast to the unit gradient 

of a uniform profile and secondly , the response in 

the drainage flux to an input of water at the soi l  

surface wil l  usually be more rapid than in a uniform 

soil . While the drainage flux is controlled by the 

conductivity of the coarse stratum , the drainage-

storage relation i s  determined by the depth and the water 

retentivity of the soil above the stratum , as  wel l  

a s  the pressure potential-conductivity relation o f  

the underlay. 
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If the relationship between pressure .potential and 

water content in the overlying soil and the relation 

between the hydraulic conductivity and pressure potential 

in the coarse underlay are known , simple theory may be 

u sed to derive a relation between the drainage flux and 

the water storage for a permeable soil underlain by 

a coarse stratum. Hysteresis effects in the water reten-

t ivity curve of the soil and in the hydraulic 

conductivity curve of the underlay would be expected 

to cause some hysteresis in the drainage-storage 

relation . However in the soil profile studied thi s  wa s 

small enough to ignore , despite a pronounced hysteresic 

envelope between the main wetting and drying retentivity 

curves of the soil immediately above the coarse layer . 

. I 



CHAPTER 5 

CONCLUSIONS AND S��RY 



5 . 1  THE OVERALL WATER BALANCE 
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An analysis of daily ET , soil water retention , and 

drainage for a crop of oats grown in winter on a layered 

soil in the Hanawatu ha s been presented in the preceding 

chapters . In this final chapter the overall water 

balances during the 1974 and 19 7 5  growing seasons are 

considered , and the results of the inve stigation are 

summarized . 

Table 5 . 1  shows the components of the water balance 

for monthly periods . During crop e stablishment in the 

May-June period E'r was assumed to be equivalent to that 

of a well-watered surface .  The high number of rain days 

that occurred ( > 10 per month ) would ensure that the 

soil surface was sufficiently wet all the time , and that 

this assumption was valid . The wat er balance data are 

ba sed on an initial storage ( vl0 ) measured by the neutron 

probe . The average rainfall data show that both the 

1974 and 1 9 7 5  seasons were wetter than normal .  �ne 

monthly rainfall total s  between years have a mean 

difference of 61 mm . For ET between the years there was 

a mean monthly difference of only 5 mm .  Year to year 

variation in ET is much less than for rainfal l ( Tanner , 

19 67 ) . Because of this consistency , year to year 

variation is often ignored in the monthly ET value s used 

in approximate water balance studies ( Coulter , l97 3b ) . 

The strong dependence of J on RF causes monthly total s 

of drainage to vary markedly between years . Over the 

May-October periods. outlined , approximately 60% of the 

rainfall wa s lost as drainage , and about 40% a s  ET . 

Drainage during the summer period i s  unlikely. As the 

mean annual rainfall i s  1000 mm ,  the annual dra inage 

loss will be about 30-35% of the rainfall input . ET 

will account for the remaining 65-70%. 
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Table 5 . 1  Estimates of the component s  of the water 

balance of oats grown in the Manawatu during 

1974 and 197 5 . The f igures in brackets are 

the values of the components in terms o f  

% rainfall . Al so shown i s  the mean rainfall 

( 19 41-1970 ) .  All values in mm .  

1974 Measured Predicted Predicted Predicted Mean 

RF ET J 

* 
May 1 19 36  71 

June 47 21 24 

July 2 37 27 218 

August 72 47 32 

September 118 62 45 

October 1 26 9 2  39 

TOTAL 7 2 0 285 { 40% ) 428 { 59%) 

* Period 5 May - 31 May only 

1975 

t.· 
May 101 22 94 

June 7 7  29 49 

July 1 30 3 3  85 

August 143 47 101 

September 5 1  64 19 

October 8 3  91 1 

TOTAL 585  2 85 ( 49%) 348 { 60%) 

* Period 1 2  May - 31 May only 

w0 - \'l� RE' 

1 3  86 

2 99 

-7 91 
-7 84 

12 69 

-6 89 

7 ( 1%)  5 1 8  

-15  

0 

1 2  

- 5  

- 3 2  

-9 

-49 ( 9% )  



As has been shown , the daily drainage flux from 

a soil i s  intimately related to the physical properties 

of the entire soi l  profile .  But onc e  the soil profile 

is  fully rewetted ( \-'1 = W ) , overal l  during winter max J 

90 

.if the profile saturated hydraul ic conductivity i s  high , 

since W tends to W , J � RF-ET . That the layer-ed max 
Manawatu fine sandy loam possesses a sufficiently high 

value of K i s  evidenced in July 1974 when a massive s 
218 mm ( 9 2% RF }  was lost as drainage .  

Whether a soil i s  underlain by a coarse-layer below 

the root zone or not makes no difference to the value 

of W . , the minimum profile wa·ter content that occurs m�n 
during a dry summer . However the value of Wm ax for 

a coarse-layered soil i s  greater by �W than that of 

a uniform soi l . Consequently when the soi l  is  rewet in 

autumn or early winter the storage in a uniform soil 

will reach W and begin draining before a slinilar soil max 
underlain by a coarse layer . Thi s  re sults in the drainage 

component of a layered soil being A W  less than that 

of the uniform soil . During a dry spring-summer period 

under dryland conditions , s ince in a layered soil 

Wmax -wmin is Aw greater than for a uniform soi l , ET will 

be approximately AH greater in the water balance of 

the layered soi l . 

Under irr igation the increa se in v� caused by the max 
coar se-textured layer means· that irrigation need be 

applied less frequently . In the Manawatu fine sandy 

loam .AW was found to be 5 5  mm ,  which is water enough 

for an additional 10-30 days plant use during the growing 

season . Because of the size of W the soil may be 
· max 

irrigated to a value of less than \'l without fear of max . 
a shortage of soil water and so allowing for the chance 

of recharge by rainfall , thus minimis ing the risk of 

drainage lo ss . 
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Applied water balance studies require good estimates 

of both \'v • and W as well a s  es.timates of ET for m�n max 
a well-watered crop . The results presented in Chapter 2 

confirm tha t  simple , yet accurate methods of calculating 

ET for well-watered crop s ,  based on physical princ iples , 

and re�1iring only meteorological data , are availabl e . 

Conversely , in Chapter 3 ,  it was shown that simple 

estimates o f  W ba sed on standard laboratory measurements max 
may be quite inaccurate , particularly in non-uni form soil 

profiles . A theory that predicts W in layered soils max 
was presented and successful ly applied to the Manawatu 

silt loam . 

Often in water balance studies when \'1 � W it i s  max 
assumed that J = RF-ET on a daily bas i s . However it is 

sometimes necessary to account for drainage more 

reali stically . In Chapter 4 it was shown that a simple 

relationship could be developed , and used to predict 

the drainage in the coarse-layered Manawatu fine sandy 

loam . Thi s  wa s not significantly. affected by hysteresis . 

The highly variable components of soil water movement 

and storage are important in app lied water balance studie s .  

This work provides relatively s imple model s for estimating 

W and drainage fluxes in permeable soil s underlain max 
by a coarse-textured stratum. 

5 . 2  SUMMARY OF RESULTS 

1 .  ET est imates from meteorological data u s ing either 

Penman ' s  equation or Priestley and Taylor • s  procedure 

were found to be 15 -20% accurate on a daily ba s i s  

i n  comparison t o  Bowen ratio-energy balance ET 

measurements ,  and about 10% accurate over weekly 

periods . 

2 .  If on ly the daylight period was considered , the 

empirical coefficient in Pr�estley and Taylor • s  

procedure wa s found to be constant («= 1 . 2 1 )  over 

a range of crops and climatic conditions . Under 
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low net radiation conditions ,  significant nocturnal 

long-wave radiation los s  not a s sociated with 

a vapour flux was considered to be the rea son for 

the lesser success of Priestley arid Taylor ' s  

method over the 24 hour period . Fair agreement · 

was found between the daylight Priestley and 

Taylor est�ates and ET measured using the water 

balance of a drainage lysimeter over periods 

greater than a month . 

3 .  A theoretical framework was established to enable 

analysi s  of the maximum profile water retention 

in soil underlain by a coarse layer . As well a s  

the depth of the overlying s o i l  and the coarseness 

of the underlay , the shape of the water retention 

curve of the overlying soil plays a ma jor part in 

control ling the quantity of water stored in the 

soil profile . Water storage in sandy soils i s  

more a ffected by the occurrence o f  a coarse-textured 

underlay , than finer- or coarser-textured soi ls .  

4 .  In the Manawatu fine sandy loam , coarse layering 

at 90 cm depth was found to increase the profile 

water storage 55 mm above that of a hypothetically 

s imilar soi l  without the coarse layer . Good 

agreement wa s obtained between the qua si

equilibrium prof ile of water content predicted by 

the theory and profiles of water content mea sured 

in the f ield by neutron probing after drainage 

s .  

had ceased . 

It was shown that for certain layered soils it 

is pos s ible to develop simple theory relating the 

drainage flux to the water stored in the overlying 

soil . Thi s  theory also enable s  the pressure 

potential profile in the soil to be predicted 

during dra inage . Significant hysteresi s ,  in both 

the \'later retentivity curve of the overlying soil 

and to a les ser extent in the hydraulic conductivity-



pres sure potential curve of the coarse 

was shown to be of l ittle consequence . 

relationship bet\veen the drainage flux 

prof ile storage could be a ssumed . 

layer , 

A unique 

and 

6 .  The dra inage theory was shown to be app licable 

to the Manawatu fine sandy loam. Drainage 

predicted by the model was in agreement with that 

mea sured by the lysimeter , an? the predicted soil 

water storage was found to be similar to that 

mea sured by neutron probing . The theory was also 

used to show that soils underlain by a coarse 

layer have a much flatter drainage recession 

curve compared to that of a similar uniform 

soil . This results in the greater water storage 

capacity of layered soils .  

9 3  



APPENDIX I 

ERROR ANALYS IS OF THE BOWEN RATIO-ENERGY 

BALANCE METHOD OF ET ESTIMATION 
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Al . l  INTRODUCTION 

In the Bowen ratio-energy balance method evapo

transpiration ( ET )  i s  calculated from the energy balance 

equation 

ET = (�-G ) I ( 1 + f3)  -(Al . l )  

where the Bowen ratio j1 =  H/ET , where Rn is the net radia tion , 

G the soil heat flux , and H the sensible heat flux . Rn ' 

G ,  H and ET are in units of equivalent depth of water ( mm ) ,  
having divided through by .the latent heat of vapourization 

of water . Using the aerodynamic equations for heat and 

mas s  transfer , and a ssuming similarity of the diffusivities 

of H and ET it can be shown that 

(J = ��Tit.e -(Al . 2 )  

where (( i s  the psychrometric constant , and AT and Ae are 

the temperature and humidity differences be·tween two levels 

above the evaporating sur face . It  is pos sible to mea sure 

�T by use of temperature sensors and �e by wet bulb 

p sychrometers . Following Fuchs and 'l'anner ( 1970 ) Eq. Al . 2 

can be rewritten to g ive 

- ( Al . 3 )  

where s is the slope of the saturated vapour pressure-
• 

temperature curve , � the psychrometer constant ( as distinct 

from the thermodynamically defined psychrometric constant ) ,  

and ATW the difference in the wet bulb temperature between 

the two levels . 

Eq . Al . 3  relates to a psychrometer a s sembly where the 

value of ..6·rw is measured at the same dry bulb temperature 

( Slatyer and Bierhuizin , 1964 ) . A similar i sothermal 

block arrangement was used in thi s  study and has been 

previously described by Kerr � al . ( 19 7 3 ) .  

Error s i n  the mea surement of �T and ATW cc;n be seen 

to affect (3 via Eq . Al . 3 .  Similarly error in � can result 

in error in the value of f3 . Errors in the measurement 

of (3 and Rn-G affects the value of ET computed by Eq . Al . l .  
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I n  thi s  Appendix the magnitude o f  these errors i s  examined 

and their effect on ET determined . 

Al . 2  THEORY 

r�chs and Tanner ( 1970 ) analysed the effect of errors 

in the measurement of �T ATW' R -G , and s on the 
' n 

accuracy of determination of ET , on the basis of  maximum 

error calculations .  Hence , using the symbol · � · to 

denote the error in a quantity , they wrote the relative 

error in ET from Eq . Al . l  as 

. 
GET/ET = (&R, + bG)/IRn-GI + �/11 j131 - ( Al . 4 )  

Determination of the probable error however is more 

realistic , whereby the error in a quantity i s  given a s  

the square root of the sum of squares of the maximum error 

in each variable ( Topping , 1966 ) . Hence ,  as Sinclair ( 19 7 2 )  

has suggested the relative error in ET can be found a s  

- ( Al . S )  

' � 
On this ba sis considering the error in AT,  ATw and '! the 

relative error �f/C1 +f) can be found from Eq . Al . 3  a s  

The quantity �AT repre sents the error i n  measurement of 

the temperature gradient which can be given as 

- ( Al . 7 )  

where &Td is the maximum error involved in the measured 

temperature Td . Similarly for wet bulb psychrorneters 

- ( Al . 8 )  

Equations Al . S  and Al . 6  provide a basis for analys ing 

the errors in ET due to the contribution of measurement 

errors from the various sources .  Thi s  measurement error 

analysis procedure does not account for the inadequacy of 

the steady-state and one -dimensional as sumptions inherent 
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i n  the determination of ET by Eq . Al . l .  As shown by Rose 

� al . { 19 7 2 ) this a ssumption can introduce errors up 

to 18% in daily ET under very non-steady state conditions . 

Under steady-state conditions the accuracy wa s less than 

5%. Similarly errors due to the failure of the a ssumption 

of similarity between the diffusivities of heat and mas s  

are ignored . The se Campbell { 19 7 3 )  concluded could l ead 

to errors of up to 10%. 

Al . 3  RESULTS 

Al . 3 . 1  ERROR CONTRIBUTION DUE TO THE PSYCHROMETER 

CONSTANT 

In a perfect psychrometer the change in latent heat 

content per unit volume when the vapour pressure rises 

from e to saturation at TW [es { Tw)] is equal to the 

amount of heat lost as the air cools from Td to TW . Hence 

it can be shown that 

- { Al . 9 )  

or 

-( Al . lO )  

where P i s  the pressure , c the specific heat capacity p 
of the air , L the . latent heat of vapourization and � the 

ratio of the molecular weight of water to air . A good 

empirical expression for � i s  given by the Ferrel ' s  equation 

{ List , 195 8 ) , namely 

-4 ¥ = ( &·bl x lO )[1 +0·0Dl15Tw]P - { Al . ll )  

where TW i s  in units of C and P in mbar . 

However in practice psychrometers may not fulfil  the 

adiabatic or other constraints necessary to arrive at 

Eq . Al . lO .  I t  was necessary then to test the accuracy of 

the psychrometer a ssembly used in thi s  study . 

From consideration of the energy balance of a wick 

psychrometer i t  is possible to show that 

- ( Al . l2 )  
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.... 
where }{ = �(i 1-.A) and A can be shown to be related to the 

thermal conductivity of the wick and the diffusion 

resistance to heat and vapour leaving the wick . Hence 

Jl i s  a funct ion of air veloc ity ( u )  over the wick for 
ljl: 

a given psychrometer . Consequently � is also a function 

of u ,  unless the psychrometer is fully ventilated and 

adiabatic conditions apply . 

The psychrometer unit used in the field in this study 

wa s set up in the laboratory in a way similar to that 
.. 

used in the f ield , so the · form o f  'a' ( u )  could be determined . 

A flow meter was placed in the a spiration line to mea sure 

the air flow ,  as direct measurement of the air velocity 

over the wet bulb was not pos sibl e .  The mea surement 

accuracy of the flow meter was 0 . 1  1/min .  Rearrangement 

of Eq . Al . l 2 gives 

- ( Al • .l 3 )  

The value of e was that o f  the ambient vapour pressure 

in the laboratory , measured with an Assman psychrometer 

and found to be effectively constant during the experimental 

run < < ±  1 rob ) . The temperature s Td and TW were mea sured 

on a chart recorder so as to ensure that suf ficient 

equilibration time was allowed for, following changing of 

the flow rate . 

The results are shown in Fig .Al . l  and it can be seen 

that the a spiration plateau does not begin until a flow 

rate of about 5 1/min is achieved . A flow of thi s  rate i s  

estimated t o  produce · an air speed o f  2 . 5  m/sec i n  the 

chamber just before the wick , which i s  close to the 

recommended ventilation rate for psychrometer s  ( Bindon , 

1965 ) .  The use of different wick and water level 

configurations in the wet bulb results in a different 

value of .A.. for each run causing some of the scatter in 

the data , e specially at low flow rates .  As in the field 

the unit wa s operated in the range 1-2 1/min it can be 

seen that x· = 1 .  75 <± 0 . 3 ) � , and �¥lit= 0 . 2  as " = 0 . 66 ,  

in mb/C . 
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Al . 3 . 2  TEMPERATURE MEASUREMENT ERROR 

To determine � it i s  necessary that both the wet

bulb and the dry-bulb temperature gradients can be 

mea sured . Paired diodes with matching calibration curve 

slope s were used to estimate both AT and 6T
w

· In order 

to el £minate the errors due to inaccurately determined 

offsets in the diodes used for the gradient measurement ,  
0 the sensors were rotated through 180 every 1 5  minutes 

so that error cancellation would occur when the 30 minute 

average was formed . Thus errors in llT and �T
W 

will be 

similar and arise through recorder resolution , the slopes 

of calibration curves of the paired diodes not being 

identical , and short term sampling and scanning rate 

problems . Since it i s  not possible to determine 

accurately the magnitude o f  such errors it was considered 

that � Td and �T
w

were of the order 0 . 05 c .  Thi s  i s  of 

similar magnitude reported by Fuchs and Tanner ( 1970 ) 

using . similar diode sensors ( iTd = 0 . 01 c ,  � T
W 

= 0 . 1  C )  

and Sinclair { 197 2 )  ( 0 . 0 2 and 0 . 04 C respectively ) .  

Al . 3 . 3  NET RADIATION MEASUREMENT ERROR 

The form of Eq . Al . l  means that measurement error in 

the determination of Rn ; can be seen , by Eq . Al . 5  to have 

an effect on the accuracy of resolution of ET by the Bowen 

ratio-energy balance method . Comparing two net radiometers 

Fuchs and Tanner ( 1970 ) e stimated the accuracy in 

mea surement of Rn to be 3%. For estimation of �Rn in 

thi s  study , a comparison \<Jas performed over 45 daily 

total s of � from two separate , but identical polythene

shielded radiometers ( Funk , 1959 ) , the output of one was 

recorded on a data logger and the other on an analogue 

integrator ( Fig .Al . 2 ) . The value of the standard error 

of the estimate of the regression between them was 0 . 2  mm/ 

day,. with the mean Rn, 3 . 4  mm/day , . corresponding to an 

accuracy of 6%. As thi s  will be in part due to the 

different modes of integration it i s  as sumed that - � �  i s  

5%. Since G<< R , in fact G � 5% R , even though �G � � R it_ n n n 
i s  rea sonable in Eq . Al . 4  to ignore the effect of bG . 
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2 4 6 8 

NET RADIATION ( I NTEGRATOR ) ,  mm/day 

Comparison of daily net radiation mea sured 

by two different net radiometers .  The daily 

total o f  one found by integration of 1 minute 

sampling on a data logger and the other by 

analogue integration . 



Al . 4  DETERMINATION OF THE ERROR IN ET 

Having . established the errors in Td , TW and �* i t  

i s  possible to determine the relative error �fo/(1 +�) 
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by Eq .Al . 6 .  Given ;hat hTd = �TW = 0 . 05 C ,  AT = 0 . 5  C ,  

Mw = 0 . 3 C and f �  = 0 . 2  it can be shown by Eq . Al . 6  that 

errors emanating from the psychrometer system are in the 

main due to mea surement errors in Td and Tw · Errors due 
lk 

to variation in the flow rate which alter � are mino r . 

In Eq .Al . 6  

- ( Al . l4)  

S ince throughout thi s  study generallyj3< 1 thi s  reduce s  to 

- ( Al . l5 )  

The size of thi s  error term i s  much larger than that 

predicted by Sinclair ( 19 7 2 ) who suggested it coul d ,  in 

most circumstances , be ignored . However it is of s imilar 

order to the error that Fuchs and Tanner ( 19 7 0 ) calculated 

using Pasquill ' s  ( 1949 ) measurements over wet pa sture . 

As �Rn is 5% from Eqs .Al . l5 and Al . 5 , it follows 

that the error due to measurement in the Bowen ratio

energy balance estimate of ET i s  

�ET/ET < 11 % - ( Al . l6 )  

Thi s  is of s imilar magnitude to the differences found 

between Bowen ratio estimates and lysimeter measurement s  

under non-advective conditions ( Fritschen , 1965 ; Denrnead 

and Mcilroy , 1970 and Blad and Rosenberg , 1974 ) . 



APPENDIX I I  

NEUTRON PROBE CALIBRATION 
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A2 . 1. INTRODUCTION 

The neutron probe used in thi s  study was a Troxler 

1265 annular source model . The fa st neutron source 

comprises o f  3 . 7  x 109 Bq ( lOO m Ci ) Americium�Be ryllium, 

and the slow neutron detector i s  a 10BF3 filled proportional 

counter . The slow neutron count was monitored by 

a Troxler G-200 ratemeter . Polythene i s  employed in the 

radiation shield and reference standard . Seamless 

aluminium i rrigation tubing 5 . 08 cm ( 2 . 0 " ) O . D . , 4 . 8 3 cm 

( 1 . 9 " ) I . D .  was used for the access tube s .  The voltage 

detector plateau wa s establ ished at 1 350 volts prior to 

use of the probe . 

In thi s  Appendix i s  discus sed the procedure by which 

this probe was calibrated . 

A2 . 2  THEORY 

The response of a neutron probe depends on the bulk 

density o f  the soil body , i t s  chemical composition , and 

the constitutional hydrogen content , as wel l  a s  the 

volumetric water content found by oven-drying . Calibration 

may be carried out in the laboratory using soil or 

artificial media in containers . Alternatively a f ield 

technique can be used . 

Laboratory results and the use of theoretical models 

have resolved the effect of the various parameters on 

the response of neutron probes .  

It i s  possible to show that the energy transfer 

resulting from a fast neutron ( 2-11 MeV ) coll iding with 

a nucleu s ,  called scattering , i s  inversely proportional 

to the relative atomic weight of the nucleus , which i s  

approximately the mass number ( IAEA , 1970 ) . Thus hydrogen 

·arid - low ma s s  number elements are most effic ient in the 

neutron slowing down process . Also the absorption of 

epithennal neutrons ( 0 . 2- 2  MeV ) into the nucleii of soil 
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atoms can occur , resulting in a lower thermal neutron flux. 

Consequently the count rate of therrnalized neutrons is 

greatest for \'later and hydrogen followed , an order of 

magnitude lower by the group of elements ( B ,  C ,  N, 0 ,  
Mg , Al , Si , K ,  ea , Fe ) .  Burn ( 1965 ) attributed the 

di sagreement he found between a calibration e stablished 

in artificial soil and the f ield calibration , to the 

significant amounts of potassium and iron in the latter . 

Also the pre sence o f  constitutional hydrogen affects 

the response of a neutron · probe ( Holmes , 1966 ) . 

Constitutional hydrogen i s  primarily due to bound water 

not removed by oven-drying , or to organic matter in the 

soil . However in sandy or silty soils ,  low in organic 

matter , the volumetric content of such hydrogen will be 

small . 

The nature o f  the effect of bulk density � on the 

calibration of the neutron probe is disputed . Holmes 

( 1966 ) found a tendency for the thermal neutron count rate 

to decrease with an increase in�b ' whereas �lgaard and 

Haahr ( 1968 ) sugge sted the rate should increa-se . Bulk 

density can affect the count rate in three ways ( �lgaard 

and Haahr , 1968 ) . Firstly with an increase in (lb there 

tends to be an increase in the volumetric content of 

bound water . Secondly greater scattering due to the 

greater number of soil atoms near the detector with 

increa sing f>'o occurs , even though ·their effect on slowing 

down the neutrons is relatively small . Thirdly an 

increa se in ;ob increases the concentration of absorbing 

element s .  The effect of (\ on the count rate of an 

oven-dry soil will depend on the combined effect of these 

three processes . Greacen and Schrale {�976 ) suggest 

that Holmes ' ( 1966 ) data i s  suspect because of his 

overestimation of the bound water content of hi s soil 

and variability in his f'o data . Greacen and Schrale 
* 

( 19 7 6 )  found that the plot of count ratio against total 

water content was l inear with a residual variability due 

·* Count ratio ( C . R . ) = thermal neutron cps/cps in 

radiation shield 



to scattering and absorption effect s with changing ito . 

This residual scatter they could reduce by using 

an empirical relationship based on � • Variability 

and measurement error in field data however makes thi s  

correction not worthwhile , in most c ircumstances . 

A field technique wa s chosen for calibrating the 

present instrument , as the calibration established wil l  

implicitly account for the effects outl ined above . 

However this approach requires sufficient replication to 

provide the desired resolution , in order to overcome 

mea surement error s .  

A2 . 3  EXPERIMENTAL 
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At each calibration s ite an access hole was instal led 

using a 4 . 4  cm auger , removing 5-10 ern long samples for 

bulk density <fu >  and oven-dry gravimetric water content 

measurements . The hole was reamed out to the correct 

size with a length of old access tube , and an access tube 

installed .  The neutron probe was then used to establi sh 

the count ratio at 5 cm depth interval s  down the profile . 

Surface calibration data for the 0-1 5 cm depth were 

obtained by measuring the count ratio at 10 cm depth at 

two sites and finding the 0-15 cm depth volumetric water 

content (6 ) of two cores , removed within 50-100 cm of 

the tube s ,  for a range of water contents ( van Bavel and 

Stirk ,  1967 ) .  

The bulk density of the soil , a Manawatu f ine sandy 

loam was found to be 1 . 39 ( +  0 . 10 )  grn/cm
3

from 103 samples 

obtained over the 0-110 cm profile . Applying the 

empirical model of Greacen and Schrale ( 1976 )  suggests 

this 7% variation in bulk density wil l  result in only 

a 3 . 5% change in the count ratio due to scattering and 

absorption effects . S ince the soil on which this study 

wa s conducted is o f  medium texture and low in organic 

matter ignoring the constitutional. hydrogen content by 

using oven-dry water contents is considered of little 

consequence . The value of rb found for each core was 



used to change the gravimetric water content into 

volumetric units (e) . Much o f  the measurement error in 

establi shing e wil l  be due to measurement error in the 

determination of the length of the core . S ince the 

mea surement error in the length i s  considered to be 
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less than 10% it follows that the error in e f rom thi s  

i s  also less  than 10%. The compari son o f  G and C . R .  i s  

presented i n  Fig . A2 . 1  and an error of 10% in the 

measurement of e can be seen to account for much o f  

the variation . 

A l inear regression through the data yielded the 

equation 

a = 

R = 

syx 
= 

n = 

0 . 3 86 C . R .  -
* * * *  

0 . 90 

0 . 0 34 
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3 3 cm /cm 

0 . 0 2 5  

- ( A2 . 1 )  

where R i s  the correlation coefficient , Syx the standard 

error of the estimate and n the number of observation s .  

Thi s  line i s  significantly higher ( 0 . 0 2 5  cm3/cm3 ) than 

�he factory calibration curve . The values of R and Syx 
are of the same order of magnitude as found in other 

f ield cal ibrations ( Rose , 1966 � Rawitz , 1969 � Rawl s and 

Asmussen , 197 3 �  Paultineau and Apostol , 1974 ) . 

The surface cal ibration data are s imilar to the depth 

data and hence Eq . A2 . 1  was also used to determine the 

water content in the 0-15 cm zone using the 10 cm C . R .  data . 

The upward translation of the field calibration 

curve in relation to the Troxler supplied curve is at 

variance with the downward translation found by Rawitz 

( 1969 ) and the rotation of Rawls and Asmussen ( 19 7 3 ) , 

both using s imilar Troxler probe s .  Thi s  emphasises the 

need to establ i sh independent calibration curves ,  and 

this can be achieved using field procedures . 
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SOIL PROFILE DESCRIPTION 
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A3 . 1  SPATIAL VARIATION ( J . D .  Cowie , 197 1 ,  per s . comm . ) 

The one hectare plot on which the study was carried 

out was found to contain 5 different phases of Manawatu 

fine sandy loam , a s  resolved by auger bores made on 

a 30 . 5  m grid . For most o f  the area the overal l  soil 

profile was found to be similar , i . e .  a brown to yellowish 

brown fine sandy loam overlying an olive to olive grey 

medium to fine sand on gravelly coarse sand . Although 

in fine detail the pattern i s  very variable , due to the 

presence o f  complex alluvial banding , and varying depths 

to the gravelly coarse sand . Many of the bands are of 

only small lateral extent . Allowing for thi s  variation 

the soils were grouped , on the basis of the depth to the 

gravelly coarse sand , and depth of the respective layers . 

Thus to a first approximat ion the ma jor var iation is due 

to depth variations rather than textural or structural 

changes .  

A3 . 2  PROFILE DESCRIPTION ( J . D .  Cowie , R . H .  Wilde , 

1974 , pers . comm . ) 

The soil pit to enable the description was dug near 

the lysimeter , and is shown in Fig . A3 . 1 .  Profile 

description follows Taylor and Pohlen ( 1970 ) ( Table A3 . 1 ) . 

In order to model water retention and flow o f  water in 

this soil it was necessary to s implify this description . 

For such purposes the profile was subdivided a s  follows : 

0-50 cm f ine sandy loam, underlain by 40 cm of fine sand 

with gravelly coarse sand beyond 90 cm . The physical 

characteri stics of these profile elements are g iven in 

Table 3 . 1 .  As can be seen in F ig . A3 . 2  the gravelly 

coarse sand interface varies in terms of its depth a.nd 

the texture of the underlay im"llediately under the interface . 



Table A3 . 1  

Horizon 

A 

{ B )  

D 

111 

Profile description of the Manawatu 

fine sandy . loam 

Depth 

0-23  cm 

23-51 cm 

51-74 cm 

74- 87 cm 

87-10 2 cm 

10 2 cm ( + )  

Description 

dark greyish brown ( 2 . 5 YR 4/2 ) 

fine sandy loam to s ilt loam :  

friable , moderately developed 

medium and fine nutty structure : 

very few faint grey and reddish 

brown mottles in lower part o f  

hori zon , many root s ,  distinct 

wavy boundary . 

dark greyish brown ( 2 . 5  Y 4 . 2 )  

fine sandy loam: friable : weakly 

developed nutty structure : few 

roots : distinct wavy boundary . 

olive grey ( 5  Y 4/2 )  fine sand : 

very friable : weakly developed 

blocky structure : 'no root s : 

di stinct wavy boundary . 

olive ( 5  YR 4/3 )  f ine loamy sand : 

very friable : weakly developed 

medium blocky structure : many 

di stinct fine reddish brown 

mottl e s :  thin sand layers 

throughout and thin iron staining 

at base : sharp wavy boundary . 

olive ( 5  YR 4/3 ) medium sand : 

loose ; s ingle grained : very 

wavy distinct boundary . 

g ravelly coarse sand ( 5  Y 3/2 ) .  
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Fig . A3 . 1  The profile of Manawatu fine sandy loam 



Fig . A3 . 2  

1 1 3  

The interface between the f ine sand and 

gravelly coa r se sand of Manawatu f ine sandy 

loam . The range in height of the interface 

in thi s  photo is 10 cm . 
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A4 . 1  INTRODUCTION 

In this Appendix are given details o f  t.he development 

and management of the oats crop over which the Bowen-ratio 

energy balance ET measurements were made in 197 4 .  

A4 . 2  CROP AGRONOMY 

The experimental area was �loughed out of a ryegras s

clover pa sture in early autumn 1974 and given a final 

cultivation to prepare a good seedbed . On the day prior 

to planting , urea and Rustica Blue { N : P : K 1 2 : 5 : 14 )  were 

both applied at a rate of 250 kg/ha and the paddock was 

then harrowed . The oats { cv .  Mapua 70 ) were sown on 

the 2 6  April at 112  kg/ha with 15 cm row spacing . On 

August 6 an additional 250 kg/ha of urea ( 46% nitrogen ) 

was applied by air . 

The development of dry matter production .of the crop 

over the growing season is shown in Fig . A4 . 1  and the height 

and LAI in Fig . A4 . 2 .  These data were obtained by sampling 

at 4 sites within the crop every 14 days . The sample area 

was 1 m long and 4 rows wide . By mid-June the Grop had 

achieved a stable plant population of 8 x 106 tillers/ha . 

Evapotranspiration wa s measured over the period 

4 July-11 November 1974.  Throughout thi s  period LAI > 6 

and a s  the leaves covered the inter-row space the crop was 

at full-cover . Seedhead emergence began in early November 

with an as soc iated increase in the dry matter %. 

The crop suffered slight barley yellow dwarf virus and 

lodged in parts during September and contracted Dreschlera 

( Helminthsporium ) and crown rust in October . 1be areas 

i.n which these were severe was limited and it is considered 

that they had no significant affect on transpiration . 
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ADDENDUM 

Samples of about 140 cm
3 

volume removed from the soi l  

pit were used to determine the water retentivity curves 

o f  the upper two layers . For the fine sandy loam · 

three undisturbed cores were selected between 20 and 40 cm 

depth to determine the draining retentivity curve ( Fig . 3 . 6 ) . 

Four und i sturbed cores o f  f ine sand were taken from between 
60 and 80 cm depth ; two o f  which were used to determine 

the draining retentivity curve ( Fig . 3 . 6 )  and the other two 

for the hysteretic loop between the -15 am and -80 cm 

potential ( Fig . 4 . 1 ) . 

Large volumes o f  both fine sand , removed between 

60 and 80 cm, and gravelly coarse sand taken below lOO cm 

were brought back to the laboratory . Five samples of 
3 . 

gravelly coarse sand of about 140 cm volume were repacked 

and the draining retentivity found on four of them ( Fig . 3 . 6 ) . 

The other was used to determine the hysteretic loop between 

0 and -35 cm potentia l  ( Fig .  4 . 1 ) . The remainder o f  the 

gravelly coarse sand , and also the fine sand was used for 

the long column determination of conductivity . Two runs ,  

with new repacked material , were made with the gravelly 

coarse sand . 



ADDENDUM 

ET ETeq ETeq T 

day�ight 24 hour 
Date 197 4  mm/day nun/day nun/day 0 c 

July 4 1 . 1 2 0 . 5 9 0 . 44 6 . 2  

5 1 . 33 1 . 10 0 . 37 5 . 4 

6 0 . 2 8 0 . 3 2 0 . 2 3 5 . 7  
7 1 . 09 0 . 65 0 . 3 1 6 . 4  

8 1 . 15 0 . 9 4 0 . 63 7 . 8  

1 2  1 . 1 2 0 . 83 . 0 . 2 5 . 4  

13  1 . 6 3 1 . 0 3 0 . 5 3 8 . 0  

14 1 . 1 2 0 . 85 0 . 59 8 . 7  

15 1 . 85 · 0 . 89 0 . 42 10 . 7  

August 1 1 . 7 6 1 . 29 1 . 13 7 . 9  

4 1 . 39 0 . 7 7 0 . 65 9 . 2  

8 1 . 5 5 1 . 18 0 . 3 3 6 . 5  

9 1 . 31 1 . 03  0 . 5 1 10 . 1  

10 1 . 5 5 1 . 10 0 . 9 2 10 . 4  

.11 1 . 7 3 1 . 45 1 . 0 5  9 . 8  

1 2  1 . 30 0 . 88 0 . 62 10 . 4  

1 3  1 . 98 1 . 62 1 . 04 12'. 0  

14 0 . 59 0 . 27 0 . 13 10 . 9  

15 1 . 85 1 . 7 1 1 . 43 12 . 0  

16 1 . 07 0 . 87 0 . 5 5 11 . 0  

24  1 . 21 0 . 79 0 . 67 9 . 0  

2 5  2 . 45 1 . 95 1 . 68 9 . 7  

2 7  2 . 07 1 . 26 1 . 11 7 . 5  

2 8  3 . 2 2 2 . 20 1 . 88 8 . 8  

29 1 . 04 0 . 79 0 . 5 7 7 . 8  

30 2 . 34 1 . 83 1 . 49 8 . 5  

3 1  2 . 40 1 . 09 0 . 9 1  9 . 5  

September 4 0 . 57 0 . 57 0 . 33 11 . 5  

5 2 . 61 1 . 87 1 . 48 14 . 9  

6 2 . 30 1 . 87 1 . 7 6 12 . 9  
' f  7 2 . 78 2 . 24 2 . 10 13 . 1  



8 2 . 61 1 . 7 1 1 . 45 13 . 9  

9 1 . 44 1 . 12 0 . 95 12 . 1  

10 1 . 58 1 . 0 8 0 . 9 6 13 . 6  

14 2 . 66 2 . 1 2 1 . 5 8 . 13 . 7  

15 2 . 98 2 . 2 8 1 . 90 11 . 7  

17 3 . 43 2 . 15 . 1 . 95 12 . 3  

19 1 . 84 1 . 5 3 1 . 49 10 . 4  

21 2 . 99 2 . 07  1 . 97 i.3 . a  
2 2  2 . 80 2 . 15 2 . 15 12 . 5  
2 3  2 . 47 2 . 00 1 . 75 13 . 8  

24  1 . 95 1 . 46 1 . 41 11 . 2  
2 6  1 . 11 0 . 84 0 . 7 8 14 . 3  

2 9  3 . 5 3  2 . 86 2 . 5 9� 8 . 9  

30 3 . 86 3 . 20 2 . 98 10 . 2 

October 6 3 . 49 3 . 67 3 . 5 8 13 . 6  
8 1 . 48 0 . 84 0 . 7 7 16 . 1  

10 3 . 12 2 . 6 3 2 . 5 5 12 . 8  

1 1  4 . 29 2 . 94 2 . 80 12 . 9  
1 2  3 . 94 2 . 34 2 . 26 13 . 8  

14 2 . 3 3 1 . 88 1 . 65 12 . 8  
15 4 . 00 3 . 00 2 . 9 1 13 . 8  
16 4 . 07 2 . 63 2 . 44 13 . 6  
18  1 . 60 0 . 83 0 . 74 1 2 . 9  
20 4 . 26 4 . 2 2  3 . 84 16 . 3  
2 1 ' 4 . 53  4 . 09 3 . 93 15 . 5  
2 2  3 . 5 2 2 . 60 2 . 35 13 . 6  
2 3  4 . 10 3 . 41 3 . 13 1 2 . 1  
2 5  2 . 37 1 . 50 1 . 35 10 . 2  

•' , 

2 6  2 . 48 1 . 7 3 1 . 5 8 12 . 6  
2 7  3 . 27 2 . 5 8 2 . 45 1 3 . 2  
29 3 . 9 2 3 . 0.6 3 . 00 12 . 6  
30 3 . 9 3 3 . 9 3  3 . 7 8 10 . 6  
3 1  3 . 21 3 . 0 3  2 . 70 10 . 3  

November 1 3 . 39 3 . 19 2 . 90 12 . 2  
6 5 . 37 4 . 89 4 . 6 2 18 . 6  
7 5 . 38 4 . 34 4 . 2 3  17 . 7  
8 4 . 13 3 . 85 3 . 7 1 17 . 4  
9 4 . 24 3 . 97 3 . 7 3  16 . 8  

10 3 . 30 2 . 48 2 . 3 2 1 6 . 3  

Table Data on which Figs . 2 . 2  and 2 . 3  are ba sed 
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