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ABSTRACT 

An irrigation scheme has been proposed for the Ngatarawa region 

of the Heretaunga Plains (Hawkes Bay). The method proposed for 

irrigation of these soils is the border-dyke method. It was felt that 

this method could be inefficient in the use of water and considerable 

amounts of water could be lost to drainage from some of the soils in 

this region. Thus experiments were performed on the four major soil 

types of this region - Poporangi sandy loam (Typic Durochrept), Ngatarawa 

sandy loam (Typic Ustorthent), Takapau sandy loam (Andri Ustochrept), 

and Pakowhai silt loam (Aquic Ustifluvent) - to determine their 

hydraulic properties. 

The instantaneous profile method was used to measure the drainage, 

and water storage behaviour of these soils, and their hydra~lic 

conductivity. Hydraulic conductivity could riot be calculit~d for the 

Poporangi sandy loam, due to the duripan causing lateral flow. This 

invalidated the assumption that the movement cf water was only vertical. 

For one other soil, Ngatarawa sandy loam, the hydraulic conductivity 

data obtained were considered to be unreliable. Reliable hydraulic 

conductivity data were obtained for Takapau sandy loam and Pakowhai 

silt loam. From data obtained from "undisturbed cores" and the 

field experiments, the drainage behaviour and water storage properties 

were determined for all four soils. 

Using a numerical technique , vertical movement of water in Takapau 

sandy loam and PakO\vhai silt loam, during and fol lowing ponclcd 

infi 1 tration, was simulated using a CSMP computer model. These 

simulations indicate that the loss of water to through drainage from 

Takapau sandy loam would be at least 50% of that infiltrated, if the 

proposed residence time for ponding of water of 70 minutes is used. For 

Pakowhai silt loam the simulations indicate that little water is likely to 
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be lost to drainage if a residence time of 120 minutes is used. As 

hysteresis in the volumetric water content/pressure potential relation­

ship is likely to affect the validity of these simulations, the extent 

of hysteresis on this relationship in these soils was investigated. 

From all of these data it was concluded that only the Pakowhai 

silt loam would be suitable for irrigation by the border-dyke method. 

If this method was used on the other soils, large amounts of water 

could be lost to drainage . This would not only be a waste of a scarce 

resource, but as the Ngatarawa region lies over the unconfined part 

of the aquifer from which Napier and Hastings cities draw their water, 

it could also be a health hazard, as the drainag~ water from these soils 

could cause the nitrate level in the water in this aquifer to increase. 

Thus it would be better to irrigate the other three soils (Poporangi 

sandy l oam, Ngatarawa sandy loam and Takapau sandy loam) using a 

sprinkl er system. The application rate of the sprinkler system should 

be less than the saturated hydraulic conductivity of the A horizon of 

the soil, otherwise horizontal di stribution of the amount of water 

infiltrating into the soil can be very uneven. 
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INTRODUCTION 

1.1 Aim of the Study 

Water is essential for plants to survive and grow. If plants 

do not obtain sufficient water through their root system to meet the 

transpiration demand of the atmosphere, then they become stressed. 

Though the plant may still survive, its growth .rate compared to when 

it is transpiring freely, will be less (Hsiao, 1973). 

The Heretaunga Plains area of Hawkes Bay has warm dry summers 

and is a region where horticultural crops can be readily produced, 

so long as there is an adequate supply of water. However, it usually 

suffers a summer drought (MOW, 1975), during which water requirements 

of the crop s have to be supplemented by irrigation. 

An irrigation project (MOW, 1975) has been proposed for the 

Ngatarawa region of the Heretaunga Plains, in which the border-dyke 

system of surface irrigation would be used. Following a preliminary 

investigation of the soils in this area (Griffiths, 1975a),it was felt 

that some of the soils in.the scheme would ·be more efficiently irrigated 

by other methods. 

The four major soils of the area - Poporangi sandy loam (Typic 

* Durochrept) , Ngatarawa sandy loam (Typic Ustorthent), Takapau sandy 

loam (Andri Ustochrept), and Pakowhai silt loam (Aquic Ustifluvent) -

have different hydraulic properties. The aim of this study was to measure 

some of these hydraulic properties, and to use the data to predict the 

infiltration and redistribution of water in these soils under border-dyke 

irrigation. 

* Soil clas sification using Soil Taxonomy (Soil Survey Staff, 1975) 
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1. 2 Describing Water Movement in Soil 

The first recorded attempt to describe mathematically water 

movement in soil was Buckingham (1907), who proposed that Darcy's Law 

could be applied to describe one-dimensional movement of water in soils. 

That is: 

q = -k(0)3\/J/,h --- (1) 

where q is the flux density of _water (m s- 1) moving in direction x (m); 

k(0) is the hydraulic conductivity (m s- 1), which is a strong function 

* of the volumetri~ water content, 0; and l/Jt is the total potential (m), 

* which is the sum of the pressure potential, ljJ (0) (m), (which is a 
p 

function of 0) ,. and the gravitational potential, 1/1 (m). 
g 

Little further 

progress was made until Richards (1931) combined the equation of 

continuity (conservation of mass) with Darcy's Law and obtained a partial 

di fferenti al equation describing transi ent water movement. 

dimension this is: 

where t is time (s). 

In one-

---(2) 

Child s and George (1948) recognised that by use of the chain rule, 

equation (2) could be rearranged into a diffusion-type equation for 

** horizontal flow as: 

a0/at = a[D(0)30/azJ/az ---(3) 

where D(0) = k(0) dl/J /d0 and is called the soil water diffusivity (m2 s- 1). 
p 

* Soil wate r potential has length units if expressed in terms of 

energy per unit weight of water 

** For ho rizontal flow oljJ/clx = 0, therefore ol/\/ax 
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The general equation describing transient water movement in 

unsaturated non-swelling soils was presented by Klute (1952), and is: 

ae/at = V(D(0) V0) - ok(0)/az --- (6) 

where z is the vertical co-ordinate (m). For one-dimensional vertical 

flow equation (6) reduces to 

ae/at = a[o(0) ae;azJ/az - ok(0)/az --- (7) 

The second term on the right hand side of equations (6) and (7) arises from 

the gravitational potential,~, which equals minus z, if referenced to the 
g 

surface and depth is taken as positive downwards. This term, and the 

dependence of the hydraulic conductivity on the volumetric water content, 

3 

make analytical solution of equation (7) difficult. Equation (7) has been 

solved for various boundary conditions using two basic approaches, quasi­

analytical and numerical. These will be described in more detail in Chapter 2. 

1.3 Measuring Unsaturated Hydraulic Conductivity 

In order to calculate water movement in soil, it is essential to know 

the relationship between the hydraulic conductivity and the volumetric 

water content. There are many different methods for measuring this 

relationship (Nielsen et al. , 1972), which can be divided into two main 

groups: 

(a) Laboratory methods, where an "undisturbed" core of soil is taken 

and measurement of the relationship between the hydraulic 

conductivity and volumetric water content made in the laboratory. 

(b) Field or in .situ methods, where measurement of the hydraulic 

conductivity/volumetric water content relationship of the soil is 

made in tne field. 

Although very detailed measurements can be made on cores in the 

laboratory, the validity of such measurements is questionable (Davidson 

et al ., 1969), due in part to disturbance to soil structure during sampling, 

whereas in field methods disturbance to soil structure is minimised 
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(Hillel et al .. , 1972). 

A field method, the instantaneous profile method (Rose et al., 1965; 

Wc:.tson, 1966; Hille! et al., 1972) was used in this study, and 

although this method has some limitations (Baker et al., 1974), which 

preclude its use on sloping or forest sites, it is adequate for some of the 

flat sites in this study. Fl uhler et al.,· (1976) in an analysis of 

errors likely to be generated by the instantaneous profile method 

found.that error~ were small in the wet region where water movement 

is important, and that other field methods would generate similar errors. 

The instan taneous profile method not only provides data for obtaining 

the rel ationship between the hydraulic conductivity and the volumetric 

water con tent, but also provides data on the water storage characteristics 

and drain age behaviour of the soil, which are important in determining 

the water requirements of a soil and the most efficient means of 

irriga t ing that soil. 



CHAPTER 2 

2. 1 PROCEDURE 

2.1.1 Plot Layout 

5 

METHODS 

T\vO plots (2 x 2 m) were laid out on flat areas for each of the 

four soils in this study. These duplicate plots were within 20 rn of 

each other. The plots were constructed ·by digging a trench into which· 

planks with a bevelled edge were pushed (Fig.1). These planks were 

bolted together, and soil packed into the trench. Vegetation on the 

plots was ryegrass/white clover pasture, which was less than SO mm long. 

In order to minimise disturbance to the soil surface, duck-boards 

were used when installing and monitoring the instruments in the plots 

(Fig.2). A fence was construct ed around the plots to keep stock out. 

2.1.2 Instrumentation 

An altuninium access tube for the neutron probe was installed in the 

centre of each plot 6 months prior to these experiments. The tubes were 

install ed to a depth of 3 m (Pakowhai silt loam), or until an obstacle 

(gravel, stones) was reached. 

Stainless steel access tubes were installed in an arc 0.5 m from 

the aluminium access tube; these were used for housing the tensiometer 

probes (Fig.2). Two tensiometers were installed at the bottom of each 

soil horizon. Also some t ensiometers were placed within horizons, but 

not duplicated. Pres sure potentials in the tensiDmeters were measured 

usin g mercury manometers . 

T1vo infiltrometer rings were pushed into the surface of the plots 

prior to wetting (Fig.2). Th ese wei'e used to monitor the infiltration 

rat e during wetting and were removed when ponding ceased. 



Angle-iron for bolting 

the planks together 

rench, 100m m. 

deep for planks. 

Cross-section of planks in position 
1,i1:;..._...,lank 

epacked soil 

Fig.1 Sket ch of a plank and the trenches u sed in 

constructing . the plots . A cross- section of 

a pl ank in position is al so sketched. 
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Fig .2 Photograph of a plot showing the neutron probe, 

tensiometers, infi 1 trometer rings, duck-boards 

and fences. · (Photograph credit J.P.C.Watt). 
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2.1.3 Wetting 

WateY •.-:as ponded 0rrt0 thi:, plotc; ; t.n an average depth of O. 03 m, 

and maintained at this depth until the pressure potential measured by 

the deepest tensiometer reached a constant value. In order to minimise 

subsequent lateral movement into the drier surrounding soil during 

drainage, large quantities of water were applied to the soil surrounding 

8 

the plots during wetting. The soils in this study took up to approximately 

24 hours of con·tinuous ponding to wet. 

2. 1.4 Drainqge 

Drainage of the soil was taken as s tarting when no free-standing 

water was present on 90% of the plot's surface. During drainage the 

plot was covered with a plastic sheet to prevent evapotranspiration 

(Fi g. 3). A tent-like cover was pl aced over the plot and f enced surrounds 

(Fig.3) . Thi s prevented any rain entering the plot and rewetting the 

soi l, and a l so shaded the plot, minimising soil temperature fluctuations 

which could induce moisture movement (Philip and de Vries , 1957). Panels 

were pl aced at the ends of this cover to provide further shading of the 

plot. 

Frequent concurrent measurements of pressure potentia l 3-!ld water 

content down the profile were made using the tensiometers and a neutron 

probe . The frequency of monitoring was reduced as drainage proceeded, 

and the rate of wat e r movement through the soil decreased. 

2.1. 5 Sampling for "Undisturbed" So il Cores 

A pit was dug in each plot, except for the Pakowhai silt loam where 

one pit was dug be tween the two plots. The soi l profiles were described 

(Appendix I), and "undis t urbed" cores taken from each horizon i n the 

manner described by Gradwe ll (1971). A further set of "undisturbed" 

cores of t he Takapau sandy loam and Pakowhai silt l oam were t aken from 



Fig. 3 Photograph of a plot showing the plot cove r and 

an end panel (Photograph credit J.P.C.Watt). 
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the same pits 15 months later for use in the experiment described in 

Appendix I I. 

The first set of cores were taken back to the laboratory and 

smaller cores hand carved from them and fitted into brass liners 

(Gradwell, 1971). These hand-carved cores were used for determining 

the relationship between volumetric water content and pressure potential 

for the Oto -10 m range, using methods described by Gradwell (1971). 

Small crumbs of soil produced when carving the cores were used for 

determining the volumetric water content at a pressure potential of 

-154 m ( -15 bars), following Gradwell' s (1971) method. 

The bulk density (Pb) could be measured using the hand-carved 

cores, as the brass liners were of a known volume. 

The particle density (p) was determined using moist samples, 
s 

as some volcanic material was present in these soils, using the method 

described by Gradwell (1971). 

2. 2 CALCULATIONS FOR HYDRAULIC CONDUCTIVITY 

2.2.1 Theory 

Vertical transient movement of water through a soil must obey the 

continuity equation, which may be written: 

cl0/ clt = -clq/clz 

Let W =-= 1~0.dz 
0 

(8) 

W is the equivalent depth of water (m) in the soil profile to a depths· 

If there is no evapotranspiration from the soil, then the downward 

flux-density of water through a horizontal plane at depth s equals the 

rate of change in W with time. Thus integration of equation (8) with 

respect to z gives: 

--- (9) 

Darcy' s Law describing vertical flow of water (equation 1) is: 
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--- (10) 

Equating equations (9) and (10) and rearranging to solve for the hydraulic 

conductivity gives: 

--- (11) 

Thus if aw;at, aljJ/az, and 0 at l;; can be fonnd, the relationship between 

the hydraulic conductivity and the volumetric water content can be 

calculated. 

2.2.2 Flux Density 

From the tensiometers, the pressure potential at various depths was 

calculated using: 

l/Jp = (D-K) + l;; - 12.6(X+K) - C 

where the symbols are defined in Figure 4. 

--- (12) 

At the bottom of each 

horizon, where there were duplicate tensiometers, the mean value of X 

was used in calculating the pressure potential for that depth. The 

duplicat ed tensiometers gave quite close agreement with the difference 

in X usua lly being 1 mm and always less than 5 mm (0. 06 m of water) . To 

overcome problems due to air slowly appearing in the tensiometers, they 

were flushed every 3 days with de-aired water. Using the laboratory 

retentivity data obtained during drainage (i.e . the relationship between 

volumetric water content and pressure potential), volumetric water content 

of each soil horizon at the time of measurement could be obtained from the 

pressure potential and so Wl;; calculated. 

11 

It was initially intended to use the neutron probe data for calculating 

volumetric water content and Wz;, but due to problems with calibration near 

the sur face and the shallowness of some of the soils, these data were not 

used. 

If Wz; is plotted against the 10,garithrn of time, the data often points fall 

approximate ly on a straight line (Fig.5). This behaviour was first 

described by Wilcox (1959), and indicates that the relationship between l\ 



Mercury 
well 

Fig. 4 

, is the mean depth from the datum (ground surface) 

to the ceramic cup (m). 

Dis the height of the top of the mercury well 

above datrnn (m). 

K is the distance between the top of the mercury 

well and the level of mercury in the well (m) 

X is the height of mercury in the manometer tube 

above the top of the mercury we 11 (m) 

C is the capillary depression, which for these 

manometer tubes is 0.175 m of water. 

Cross-sectional sketch of the manometer, tensiometer 

system, used to measure pressure potential. 
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and time (t) can be described by: 

W = a ln t + S 
r; 

where a and Sare empirical constants. 

--- (13) 

Differentiating equation (13) 

with respect to time gives: 

(dW/dt)r; = a/t (14) 

a can be obtained as the slope of a linear regression of Wr;; on ln t. 

The flux density at r; can thus be calculated at any time t> by using 

equation (14), so long as t lies within the regressed range. For the 

regressions obtained in this study the correlation coefficient was 

never less than 0.90. 

2.2.3 Hydraulic Gradient 

Using the symbols l (i) and lp (i) to denote the depth and pressure p 

potential of the tensiometer at the bottom of the ith horizon, then 

~t(i), the total potential at this depth, is given by: 

ljJ (i) = ljJ (i) - i?:(i) 
t p -- - (15) 

The hydraulic gradient in the ith horizon may then be approximated by 

a finit e di fference: 

(cltJi/cl z) 6(i)= (l'il)J/l'iz) = [ljJP(i) - ljJP(i-1)] / [Z-(i)-Z(i-1)]-1 (17) 

Depths i?: (i-1) and Z (i) are known, ant.l at the time of measurement 

so are pressure potentials ljJ (i -1) and ljJ (i). 
p p Thus using equation (17) 

the hydraulic gradient across the horizon at this time can be calculated. 

For water to flow downwards the total potential gradient (clljJt/clz) 

must be negative. Water may also flow laterally in response to a 

hori zontal total potential gradient. In calculating the hydraulic 

conductivity it is assumed that all water movement is vertical i.e. the 

horizontal total potential gradient is negligible or zero. To minimise 

any possible horizontal total pote1rtial gradient, water was applied to 

the soil surrounding the plots and measurements were made only on a 

cylinder of soil 0.5 m in radius in the centre of each plot. Also, as 
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errors due to lateral flow are likely to be most significant when 

la~t/azl is small, the hydraulic conductivity was only calculated when 

la~t/azl was greater than or equal to 0.3. 

2.2.4 Hydraulic Conductivity 

For each horizon, the total potential gradient across it, and the 

flux density of water out of the horizon are known. Thus the hydraulic 

conductivity can be calculated using equations (9) and (11). Due to 

the hydraulic conductivity (k) changing many orders of magnitude for 

small changes in volumetric water content (0), data are presented 

graphically as log10k against 0. Depending on the appearance of the 

data, a linear or quadratic regression of log
1 

O'k on 0 was obtained and 

plotted . 

In these calculations, it ha s been assumed that each of the 

pedologica lly distinct horizons or layers identified, has constant 

physica l properties and a unifo r m tot a l potential gradient. Comparison 

of the r e l ationship between pressure potential and volumetric water 

content fo r each horizon of the duplicate plots is possible for three 

of the soils, giving some indica tion of the degree of uniformity. 

Also, comparison of the r elationshi p between hydraulic conductivity 

15 

and volume tric water content within a horizon or layer, where tensiometers 

were located within a layer, and between duplicate plots is possible. 

2.2.5 Available-water Holding Capacity 

The a vailable -water holding capacity (AWC) is defined as the 

volume of \vater he ld in the roo t i ng zone of a soil between "field 

capacity" (FC) and the "permanent wi lt i ng point" (PWP) (Gradwell, 1971). 

The PIVP is usually t aken a s the volumetric water content when the 

pressure potential i s -154 m (-15 bar). The AWC is thus given by: 

--- (18) 
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where iris the rooting depth (m) (equal to.fl T(i)) 0 is the volumetric 
1=1 ' FC 

water content at "field capacity", 0PWP is the volumetric water content 

at the PWP, i is an index interger referring to finite depth increments 

T(i), and n is the number of increments. The AWC was calculated using 

various values of "field capacity" from the field experiments, and 

estimates obtained from the retentivity data, and these values of AWC 

compared. 

Although 0PWP may approximate the lower limit of available water 

for pasture, production is reduced when the soil pressure potential decreases 

to approximately -10 m (Hagan and Stewart, 1972). The water held at the root 

zone between "field capacity" and the volumetric water content at which 

the pressure potential is -10 m, will be called the readily available-

water holding capacity (RAWC). In an irrigated moisture regime where 

it is hoped plant production can be maximised, irrigation should commence 

as soon as the readily available water in the soil has been used up. 

2.2.6 Macro-porosity 

The macro-porosity is defined as the difference between the total 

porosity and the volumetric water content at a pressure potential of 

-0.5 m (0(0.5)) (Gradwell, 1971). 

porosity (MP) are calculated as : 

The total porosity (TP) and macro-

--- (19) 

where pb is the bulk density and ps is the particle density, and: 

MP = TP - 0(0.5) -- - (20) 

2.3 PREDICTION OF WATER MOVEMENT IN SOIL 

Prediction of water movement in soil was investigated using a 

quasi-analytical method (the flux-concentration relation) and a numerical 

simulation method. The quasi-analytical method is limited to infiltration, 

as the relationship between volumetric water content and pressure potential 



must be monotonic. Also, the prediction of infiltration is restricted 

to the A horizon, as in layered situations a discontinuity in the 

diffusivity/volumetric water content relationship occurs at the interface 

of the layers, and this means that the quasi-analytical solution is no 

longer valid. The numerical simulation method can, however, be used 

for all soil water dynamic processes. 

2.3.1 Quasi-analytical Solutions 

Philip (1957a) was the first to provide a quasi-analytical solution 

to equation (7) for certain boundary and initial conditions related to 

infiltTation (Philip, 1957a,b,d). Thi s is a series solution i.e. 
1 ~ m 

z = vt~ + Bt + y,t
2

+ • •• + f (0)t7z' + •.• 
m 

(21) 

where v,8, y and f (0) are functions of the volumetric water content 
m 

and are solutions of ordinary differential equations. 

A sin~lified approximation of the above solution proposed by 

Philip (1957c) is: 
1: 

I = St 2 
+ At - -- (22) 

-½ where I ls the cumulative infiltration (m), Sis the sorptivity (ms ) 

-1 and A is a parameter (ms ). Solutions obtained using equation (22) 

were compaTed with those obtained using earlieT infiltration equations by 

Philip (195 7c). Other quasi-analytical solutions published before 

1969 are reviewed by Philip (1969). 

Further advances in quasi-analytical solutions were provided by 

Parlangc (1971a, b, c, 1972a, b, c), with the introduction of the flux-

concentration relation F( H ). Fis the dimensionless ratio of the flux 

at any depth to that at the source (surface) i.e. for vertical 

infi 1 tra tion 

and H .in the dimensionless water content given by 

H = (0-0 )/(0 -0) n o n 

--- (23) 

--- (24) 
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In these equations 0 1s the initial volumetric water content, 0 and q n o o 

are the volumetric water content and flux density respectively at the 

source (surface), q is the flux density of water a t some dept h z , where 

the volumetric water content is 0 , and k is the hydraulic conductivity 
n 

corresponding to 0 . Philip (1973) gives a clear explanation of the 
n 

flux-concentration relation . Knight and Philip (19 74) criticised 

Parlange 's earlier work on the grounds of its failure to meet continuity 

r equirements , the f ai lure of his iterative solution to converge, and 

for hi s erroneous cl aim that this method was generally applicable to 

two and three dimensi onal systems. 

Philip and Knight (1974) demonstrated the usefulness of the flux­

concentra tion concept, however, by showing that F( H) is a conservative 

relation, and for constant-concentration (ponded) infiltration a good 

appr oximat i on of Fis : 

F = H = (0-0 ) / (0 -0 ) 
n o n -- - (25). 

Wh i t e et a l. (pe r s. comm. via D. Scat ter) found f or constant flux 

adsorption tha t measured F was onl y s lightly above the F = H l i ne and 

errors i n det ermi ning 0(0) wer e mor e critical than any error i ntroduced by 

assurni ng F = H. For cons t ant- concentration verti cal infiltration the 

necessary equations ar e (Philip and Kni ght 1974) : 

18 

f o (0- 0 ) DF ~k-k ) (q- k ) F J 
t = 0n (k-k:) 2 L<q-k:)F- (k-kn) - ln (q-k:)F-(k-kn~ 

d0 ---(26) 

and 

z 
)

00 . 

= (q-~ )F-(k -k 
0 n n 

d0 --- (27) 

In this study the above integra l s were evaluated us ing trapezodial 

numerica l integr at ion, wi th 0.01 i ncrements of 0 . To use these equations 

the fo llo1ving procedure was foll owed. Values of q wer e chosen and sub­

stitut ed i nto equation (26) to gi ve t he r equired t ime range. Subs titut ing a 

value of q in equation ( 27), various values of 0 wer e chosen and z cal culat ed. 



Thus the soil water content profile at any time during wetting can be 

calculated. 

Similarly, for constant-flux infiltration the equations needed 

are (White et aL : pers. comm. via 0. Scatter): 

r (q -k ) 2 t = o(0-0n) [% no j o n + F(F-n) dG 
0 

--- (28) 

n 

and 

(q -k ) z = f~ no j d0 
o n + F(F-n) 

0 

--- (29) 

0 
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where n = (k-k )/(q -k) and q is the constant flux density at the source. n o ·'n , o 

To solve these equations a value of 0 is chosen and the time and 
0 

water content profile for this value of 8 calculated. . 0 

These equations can only be us ed for homogeneous soils or for 

infilt ration into the homogeneous A horizon. Equations (26) and (27) 

were used in this study to calculate infiltration into the A horizon 

of the Takapau sandy loam for compar ison with the numerical result. 

2.3.2 Numerical Solutions 

For s ituations where quasi- analytical methods cannot be used 

to solve equation (6), a solution can usually be obtained using a 

numerical method. Hanks and Bowers (1962) first solved equation (6) 

numerically using the finite-differ ence method for one-dimensional 

verti cal flow. Rubin (1968) solved equation (6) for two-dimensional 

flow, using nwnerical methods. Many otl1er workers have since used finite-

differcnce methods to solve the fl ow equation for various boundary and 

init ial conditions e.g. Brandt et al . (1971)> van Keulen and van Beek 

(1971), Bhuiyan et a l. (1971), Stroosnijder et al. (1972), Nimah and 

Hanks (1973), and Selim ahd Kirkham (1973). The finite-element method 

has been us ed a lso, (Neuman et al. , 1975, Guymon, 1974) to solve the 

flow equation. 



Significant progress with numerical methods was made by de Wit and 

van Keulen (1972), when they recognised that the Continuous System 

Modelling Program (CSMP) computer language (IBM, 1969) made numerical 

methods easy to use. This computer language was designed to solve 

boundary-value differential equations, thus it is "tailor-made" for 

solving equation (6). The numerical method used in this study is 

based on that presented by Hi+lel (1977) , using CSMP as the programming 

language . 

Vertical movement of water in bare soil can be described by 

equation (7). To allow for root uptake of water a sink term 

S[m3 of water consumed (m3 of soil) - 1 • s - 1 ] must be included in equation 

(7), which can then be written: 

This can be integrated to give: 

0-0
11 

= lt[a(k(0) a41 t/a z)/az-S]dB 
0 

where 0 is the volumetric water cont ent when t = 0. 
n 

--- ( 30) 

--- (31) 

The computer 

simulation model out lined below essentially solves equation (31) using 

finite differences for the differentials . 

2 .3.3 The Computer Simulation Model 

The soil is considered to be a vertical column with a unit cross­

sectional area (Fig.6) which j s ma<le up of a number of compartments. 

Using the index variable I these compartments are numbered I = 1,2, ... n. 

These compartments have finite difference thickness (TCOM(I)), and 

using finite-difference tin~ s t eps (DELT) equation (31) i s solved using 

a semi-parallel procedure . Explana tion of the model will be given using 

the terms and expressions (Fortran notation) used in the computer program 

(Appendix III) . 

The p rocedure for s imulation of water movement by this model can be 

described by considering three adjacent compartments, the (I-l)th, the 

20 



FLUX(1) __ Surface 

TCOM(l) 1st Compartment D1ST(1) 

THETA(1), VOLW(1) DEPTH(1) 
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-
TCOM (l+l) 
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TCOM( THETA(n)., VOLW(n) -DEPTH(n) 
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Fig . 6 The scheme used in the comput e r model to simulat e 

vertical wat e r movement in a soil profile. 
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Ith and the (I+l)th, each with unit cross-sectional area. These 

compartments have volumetric water contents of THETA(I-1), THETA(I) and 

TIIETA(I+l) respectively. The volume of water in each compartment is 

VOLW(I) = THETA(I)*TCOM(I). The pressure potential in each compartment 

(MPOT(I)) is obtained from THETA(I) using a function table for the 

relationship between volumetric water content and pressure potential. 

A linear function generator (AFGEN) was used to interpolate between the 

data point s in the function table. The total potential (HPOT(I)) is 

calculated as: 

HPOT(I) = MPOT(I) - DEPTH(I) 

where DEPTH(!) is the depth from the surface to the midpoint of the 

Ith compartment . 

The hydraulic conductivity (COND(I)) i s calculated as 

COND (I) = EXP(a*THETA(I) **2+b*TI-IETA(I) +c) where a, b, and c are arbitrary 

constant s obtained from the regressions of Ink on 0. Water is considered 

to flow linearly from t he midpoint. of one compartment (I-1) to the mid­

point of the adjacent compartment (Ith). As these compartments may 

have di fferent hydraul ic conductivity values , an average conductivity 

relating to the flow between these compartments must be calculated. 

Various averaging techniques have been used by other workers. De Wit 

and van Kculen (1972) weighted the average in f avour of the hydraulic 

conductivity of the wettest compartment. They argued that this was 

better than an arithmet ic mean, as when a wetting front i s moving i nto 

a dry soi l ·mos t of the energy must be dissipated on the ·wet side o'f the 

wett ing front. Van Keulen and van Beek (1971) used four different 

averaging t echniques an<l found that the simulat ed wetting fronts differed 

only slight ly. They concluded that use of an arithmetic average of the 

hydraulic conductivities does not le'ad to l arge errors. The method used 

in this study to calculate the average hydraulic conductivity is that 
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proposed by Hille! (1977). It is an arithmetic average weighted 

to take account of the respective length of the flow path in each 

compartment i.e. 

AVCOND(I)=[COND(I)*TCOM(I)+COND(I-l)*TCOM(I-l)]/(TCOM(I)+TCOM(I-1)). 

Using Darcy's Law the flux density (FLUX(I)) of water moving 

between the (I-l)th and Ith compartments can be calculated as: 

FLUX(I)=(HPOT(I-1) - HPOT(I))*AVCOND(I)/DIST(I) 

where (DIST(I) is the distance between the midpoints of the (I-l)th 

and Ith compartments. The flux densities at the boundaries, FLUX(l) 

and FLUX(n+l) are calculated as follows. The flux density out of 

the bottom compartment (FLUX(n+l) is assumed to be equal to the 

hydraulic conductivity of the nth compartment i.e. gravity drainage 

is assumed to occur. 

The flux density across the surface is simulated as follows: 

during drainage FLUX(l) = 0. For ponded infiltration FLUX(l) = INCAP 

where: 

INCAP = (0-llPOT(l))*(SATCON+COND(l))*O.S/DIST(l) 

where SATCON is the saturated hydraulic conductivity of the surface. 

For sprinkler irrigation or rainfall FLUX(l) = RAIN if RAIN~ INCAP 

otherwise FLUX(l) = INCAP, where RAIN is the flux density of water 

applied at the surface. 

Evapotranspiration was simulated as follows: two extremes were 

- 1 used in this study, zero, and 5 mm day . The evapotranspiration rate 

(SINK)- was· assumed to ·follow a sine · curve during the day : ari'a to be 

zero at night, i.e.: 

SINK= A*SIN(B·A-TIME) if SINK>O,othenvise SINK=O, where B = lf/43200 (s- 1 ) 

and A is calculated as follows: 
rl•3200 Jo (A SIN Bt)<lt = E 

where Eis amount of water evaporated daily (0 or 0.005 m). 

(32) 
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Evaluating the integral in equation (32) and rearranging to solve 

for A gives: 

A= BE/2 --- (33) 

The rooting depth over which water was extracted by the pasture was 

assumed to be 0.4 m. The rate of extraction was assumed uniform 

with depth so that the amount extracted from each compartment was 

given by SINK*TCOM(I)/0.4. 

Thus the net flux density of water to or from each compartment 

is calculated as: 

NFLUX(I) = FLUX(I) - FLUX (I+l) - SINK*TCOM(I)/0.4 

if DEPTH(I) + TCOM(I)/2 ~0.4 otherwi se NFLUX(I) = FLUX(I)-FLUX(I+l). 

It is assumed during a short time interval (DELT) that flux densities 

are constant. The change in the volume of water in the Ith compartment 

VOLIV(I) <luring DELT is then NFLUX(I):t1DELT. If the Ith compartment 

contained an initial volume of water, IVOLW(I), then at time t, 

VOLW(l) = IVOLW(I) + i·tNFLUX(I) dS 
0 

Equat ion (34) is essentially the same as equation (31). 

(34). 

A number of different integration methods are available with 

CSMP73(Fugazi, 1973). The most commonly used methods are the Runga­

Kutta fourth order method (de Wit and van Keulen, 1972; Hillel , 1977) 

and the Milne fifth order predictor-corrector method (de Wit and 

van Keulen, 1972). These two methods are explained fully by 

Milne (1960), although a brief description is given by Fugazi (1973). 

With these methods the time steps (DELT) used for the integration are 

calculated according to error criteria. These methods use considerable 

computing time, but as the DELT used for each integration step is · 

maximised the overall computing costs compared to simple rectangular 

integration with a fixed time step are similar. With CSMP73 the DELT 

used 1, i th rectangular integration can be varied by use of a CONTIN 



statement in the terminal section. (For a full explanation of this 

see Appendix III.) In this study rectangular integration was used, 

with DELT being adjusted during the simulation to reduce computation 

cost while maintaining stability. The method used to calculate DELT 

is explained in Appendix III. 

The choice of compartment size was a compromise between sensitivity 

and cost. The smaller the compartments, the more sensitive the model, 

but smaller DELTs are then needed to maintain stability, hence the 

cost increases. The flux density near the surface is greatest during 

infiltration, so to maintain sensitivity small compartments are used 

there (Appendix III). The effect of compartment size on sensitivity 

has been investigated by van Keulen and van Beek (1971), and will not 

be di scussed further here. 

25 



3 RESULTS AND DISCUSSION 

The four soils in this study have different layering, textures, 

and rooting depths (Appendix I). These differences affect the move­

ment and storage of water in these soils. For two of the soils, 

Poporangi sandy loam and Ngatarawa sandy loam, data on the relation­

ship between the hydraulic conductivity and the volumetric water 

content were unobtainable,or were considered unreliable. Thus 

simulation of water movement in these soils using the computer model 

(Chapter 2) was not attempted. However, their behaviour during 

drainage , following thorough wetting of the soil, can still be 

predicted from the data obtained in this study. 

3.1 Poporangi Sandy Loam 

Poporangi s andy loam has a dense, cemented l ayer (duripan) 

(Append ix I) at a depth of approximately 0.5 m. This layer is only 

very s l o\d y permeable to water, s o lateral flow in the soil above 

this layer is probably greater than vertical flow through the duripan. 

This meant that no data on the relationships between hydraulic 

conductivity, and volumetr ic wat er content were obtained for this soil 

using the instantaneous profile me thod. 

During the experiment, after the soil in the plots had been 

draining for one day, a stor m occurred which deposited 80 nun of 

precipitation on the soil sur rounding the plots. As the plots were 

covere d, no water f e ll onto them directly, but lateral water movement 

from the sur roundi ng soil caused r ewe tting. The drainage phase for 

the plots was t aken as starting aft er this rewett i ng rather than after 

pondi ng . As the surr oundi ng soil was as we t as the soil in the plots, 

drain age of the plot s was no t affected by any edge effects. 

One tens iorne t er i n the duripan (at a depth of 0.52 m) in one plot 
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gave negative pressure potentials for 3-4 days (Fig.8). The other 

tensiometers above the duripan showed positive pressure potentials. 

This indicates that it took a considerable time for the duripan to 

wet up. The other tensiometers in the duripan did not indicate 

negative pressure potentials, probably due to water moving down 

either the sides of the tensiometer access tube or a soil fissure, 

to the tensiometer tip. 

If the hydraulic conductivity of the soil above the duripan 

is much greater than that of the duripan, then during drainage a 

perched water-table will occur. The pressure potential profile 

(pressure potential related to depth) expected in the soil above the 

perched water-table would have a slope approaching 1 and could be 

described by: 

1j; ( z ) = z - i 
p w 

where Z is the depth of the perched water-table. 
w 

--- (35) 

The pressure 

potentia l profiles measured during drainage have slopes that are equal 

to 1 (Figs. 7,8). This indicates that the pressure potential profile 

that develops during drainage in this soil can be described by 

equation (35). 

The perched water-table, as indicated by tensiometers showing 

zero or positive pressure potentials, lowers with time, indicating 

that drainage of water from this soil does occur. This drainage is 

thought to occur through small areas where the duripan has not formed 

(E. Griffiths, pers. comm.). Thus drainage of this soil is mainly 

via lateral flow in the saturated soil below the perched water-table 

to those areas. When the perched water-table ceases to exist drainage 

will become minimal and the soil is
1 

then at "field capacity". This 

occurred after 10 days of drainage. 

"Field capacity" is often defined as the volumetric water content 
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Fig.7 Pressure potential profiles (pressure potential against 

depth) at various times, t (minutes) during drainage 

of plot 011 of Poporangi sandy l oam. The dashed line 

has a slope of 1 and is for comparison with the slope 

of the experimental pressure potential profiles. 
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of the soil after 2 to 3 days of drainage, following a thorough 

wetting of the soil (Rich, 1971). Also, "field capacity" is often 

estimated by the volumetric water content at specific pressure 

potentials (Gradwell, 1971; Maclean and Yager, 1972), using the 

water retentivity data (volumetric water content/pressure potential 

relationship) (Figs. 9~10). The AWC was calculated using these various 

values of "field capacity" and is compared with AWCE (the AWC calculated 

using the experimentally determined "field capacity" after 10 days 

of drainage) ,in Table l. If "field capacity" had been assumed to 

occur after 2 to 3 days of drainage, the AWC would have been over-

estimated. However, if "field capacity" had been estimated using 

the volumetric water content at a pressure potential of -1 rn or -2 m 

the AWC would have been under-e st imated . For this soil the best 

estimate of AWC compared to AWCE was obtained using "field capacity" 

estimated by the volumetric water content when the pressure potential 

was -0.5 m. 

During the 10 days taken to reach "field capacity", the top 

0.3 m of the soil, where most of the roots are situated, was at a 

pressure potential of greater than, or equal to, - 0.5 m. This, 

coupled with the presence of a perched water-table during drainage, 

indicates that oxygen deficiency problems may arise in this soil, 

which is suppor ted by the presence of iron manganese concretions 

(Appendix I). Though the macro-porosity would appear to be adequate 

* (15-20% by volume), a proportion of this is in "blind pores" 

(Figs. 11,12), so that the "available" macro-porosity might be about 

10% by volume in the soil above the <luripan. Thus, as long as the 

* Blind pores are taken here as the difference between the total 
porosity calcul ated using.the bulk and particle densities and 
the porosity measured at saturation. This difference may, however, 
be due to other factors as well. 
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Table 1: Comparison of available water capacity (AWC) 
calculated using experimental and laboratory 
estimates of "field capacity", for Poporangi 
sandy loam. Also the equivalent depth of 
water held between pressure potentials of 
-10 m and -154 m. 

AWC (nun) calculated using 
"field capacity" as: 

3 days of drainage 

10 days of drain~ge AWCE 

0 at a press ure potential 
of -0. 5 m 

0 at a pr essure pot entia l of 
-1.0 m 

0 at a pl'essure potential o f 
- 2.0 m 

Equival ent depth of wa t e r held 
be t ween pr essure pot ential s of 
- 10 rn and - 154 m (nun) 

* Rooting depth t aken a s 0.4 5 m 

011* 

102 

91 

97 

75 

60 

32 

Plot 

020* 

99 

85 

81 

72 

59 

28 
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perched water-table does not persist for long periods, oxygen 

deficiency problems should not be severe. The proportion of 

"blind pores" (which are possibly non-conducting) in the duripan 

(Figs.11,12) is high, greater than 50%, which explains why the 

duripan appears to have reasonable macro-porosity (10-15%) whilst 

being in fact impermeable. 

Draining this soil by a mole and tile system would speed up 

the lowering of the perched water-table, which would ensure that 

severe oxygen deficiency problems did not occur. If a drainage 

system was used the pressure potential profile at "field capacity" 

would be similar to that found now (Scatter, 1976; Cook, 1976) . 

Thus equation (35) would still hold, but i would be the depth of 
w 

the mole and tile system. 

would sti ll be pertinent. 

Also the value of AWCE given in Table 1 

The amount of the AWCE which was held between pressure 

potentials of -10 m and -154 m was about 30 mm. Thus the RAWC is 

about 58 mm, and would be the amount of water required at each 

irrigation to prevent pasture becoming stressed. This is not a 

large amount of water, and to apply 58 nun using a border-dyke method 

would be difficult, unle ss the l engths of the borders were short. 

Short borders are costly, and a sprinkler irrigation system would 

be a better method for irrigating this soil. 

Al though simulation of infiltrat ion and drainage could not be 

attempted for this soil, the available water data presented could be 

used in a water balance equation to determine when irrigation of 

pasture was necessary. The likely depth that the perched water-

table may rise to if excess water is app l ied, could also be predicted 
I 

usi ng these data, and the likely benefit of a drainage system 

predicted. 
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3.2 Ngatarawa Sandy Loam 

* Ngatarawa sandy loam has a gravelly sandy loam layer 

which occurs at depths varying from about 0.4 m to 0.65 m (Appendix I). 

Clothier et al. (1977) found that a coarse layer in the Manawatu 

sandy loam, caused the water storage of that soil to be greater than that 

if the soil consisted of a homogeneous texture. Whether this behaviour 

occurs in the Ngatarawa sandy loam is of interest,as well as any data on 

the relationship between the hydraulic conductivity and volumetric 

water content of the soil layers. 

Due perhaps to a surface crust, the infiltration rate at the 

surface is less than the saturated hydraulic conductivity of the 

lower layers, so the soil profile did not become saturated when 

wat er was continuously ponded on the surface of the plots (Figs.13, 

14). Thus measurement of the relationship between the hydraulic 

conductivity and the volumetric water content near saturation could 

not be made. During infiltration, the tensiometer in the A layer 

at a depth of 0.10 m recorded a pressure potential of -0.12 m. 

Assuming that the A layer was not saturated due to a surface crust, 

the fina l infiltration rate wa s plotted corresponding to the volumetric 

wat er content (Fig.15) at this pre ssure potential. The pTes sure 

potential profiles at the start of drainage of the duplicate plots 

were very similar (Figs.13,14). 

Data on the relationship be tween the hydraulic conductivity 

and t he volumetric water content for the Band C layers of the 

duplicate plots compared well , but foT the A layer the comparison is 

poor (Fig.15). The slope of log 10 k against 0 relationships for the 

A l aye rs is similar, as the slope of W against ln t for the A layers 
l; 

* Layer s are r eferred to inst ead of horizons, as no horizon 
des i gnation i s given in the profile description (Appendix I). 
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Pressure potential profiles at various times t, 

(minutes ) during drainage of plot 007 of Ngatarawa 
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can be compared with the s lope of the experimental 

pressure potential profiles. 
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Fig.14 

Pressure potential (m) 

-1·0 -·80 ·-·60 ·:-·40 -·20 

Pressure potential profiles at various times t, 

(minutes) during drainage of plot 008 of Ngatarawa 

sandy loam. The dashed line has a slope of 1 and 

can be compared with the slope of the experimental 

pressure potential profiles. 
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of the two plots was similar, but the log 10~ against 0 curves are 

offset from one another (Fig.15). This is due to the difference in 

relationships between the volumetric water content and the pressure 

potential of the A layers of the two plots (Figs. 16,17) . This 

indicates that the assumption of constant physical properties for 

pedological layers may not be valid. (This will be discus~ed in more 

detail later.) Most data on the relationship between hydraulic 

conductivity and volumetric water content for the A layer came from 

plot 008, so that only these data were used to obtain the regressed 

line shown in Figure 15. The regres s ion lines shown for the Band 

C layers were obtained using data from both plots. These regressions, 

and the relationships between volumetric water content and pressure 

potential, were used to obtain the relationships be tween hydraulic 

conduct ivity and pressure potential shown in Figure 18. 

Al though no data on the hydraulic conductivity of the gravelly 

sandy l oam layer were obtained, the t ensiometers at the bottom of the 

layer, overlying the gravelly l ayer, give an indication of the drainage 

behaviour of this layer. After only six hours of drainage the 

pressure potential at the bou11dary between the gravelly sandy loam 

and the overlying soil had decreased to approximately -0.3 m. It 

decreased further only very slowly, reaching -0.5 m after 17 days . 

Thi s indicates tha t the hy<haulic conductivity of the gravelly sandy 

loam layer becomes small at a pressure potential of -0.A m and 

drainage of water from the so.i.1 above then becomes minimal . Similar 

drainnge behaviour to this was described for the Manawatu sru,dy l oam 

by Clothier et aZ. (1977). They found that the pressure potential 

prof ilc at "fie ld capacity" could be described by: 
I 

1µp (z):: "I/Jc - i c 

for z < i 
C 

+ z -- - (36) 
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where i is the depth to the layer controlling the drainage rate, 
C 

and iµ is the pressure potential at which the hydraulic conductivity 
C 

of the controlling layer becomes negligible (-0.4 m). The near zero 

total potential gradient is due to the hydraulic conductivity of the 

soil above the controlling layer being greater than the hydraulic 

conductivity of the controlling layer at the prevailing values of 

pressure potential (a zero total potential gradient corresponds to a 

pressure potential gradient of 1). The pressure potential profiles 

(Figs .12, 13) are approximately parallel to a line with a slope of 1, 

indicating that equation (15) describes the pressure potential 

profile developed in this soil during drainage. 

Though drainage ceases at pressure potentials of more than -0.5 m 

no oxygen deficiency problems are envisaged , as the volume of macro-

pores is 15-20% (Figs. 19,20). Approximately half of the macro-

porosity are in "blind pores", but as most of the drainage has 

occurred in the first 6 hours, there should be sufficient air space in 

the soil for no oxygen deficiency problems to arise. 

The available water capacity , calculated using a pressure potential 

of -0. 5 m, compares most favourably to that calculated using the 

experimental "field capacity" (AWCE) (Table 2). The values of AWCE 

given in Table 2 are possibly under-estimated, as the rooting depth 

was taken as the depth of measurement, whereas roots were observed 

down to between 0.65 rn and 0.70 m (Appendix I). Thus the AWC of 

this soil would be approximately 160 mm, for a rooting depth of 0.7 m. 

Approximately 75 nun of this water is held between pressure potent i.als 

of -10 m to -154 m, so that the RA.WC would be approximately 85 mm. 

If the soil was irrigated to frevent moisture stress in pasture, 

the amount of water at each irrigation would need to be 85 mm . . If 

the border-dyke irrigation method was used for this soil, application 
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Table 2: Comparison of available water capacity (AWC) 
calculated using experimental and laboratory 
estimates of "field capacity11

~ for Ngatarawa 
sandy loam. Also the equivalent depth of 
water held between pressure potential s of 
-10 m and -154 m 

AWC (mm) calculated using 
"field capacity" as: 

1 day of drainage 

8 days of drainage AWCE 

0 a t a pressure pot entia l 
of - 0. 5 rn 

0 a t a pressure pot ential 
of - 1. 0 m 

0 at a pressure potential 
of - 2 . 0 m 

Equival ent dep th of water he l d 
between press ure potent i als of 
- 10 rn and -154 m (mm) 

* Rooting depth tak~~ as 0. 58 m 

** Rooting depth t aken as 0 . 37 m 

007* 

141 

135 

141 

122 

103 

66 

Plot 

008** 

95 

90 

93 

82 

74 

43 
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of this amount to all parts of the border would be difficult without 

over~irrigation at the end of the border nearest the inlet. Any 

excess water would be rapidly lost to drainage, making the border­

dyke method less efficient for this soil than a sprinkler method, 

where the amount of water applied per unit area of soil can be better 

controlled. 

3.3 Takapau Sandy Loam 

Takapau sandy loam, like Ngatarawa sandy loam, has a coarse 

layer (gravelly loamy sand) at 0.45 m to 0.65 m depth (Figs. 21,22) 

and the effect of this coarse layer on the drainage behaviour of 

the soil,compared to the Ngatarawa sandy loam, was of interest . 

This soil was unable to be saturated (Figs. 23,24) even though 

the infiltration rate was rapid (Table 10). Tensiometers at O .4 m 

and 0.5 m in plot 021 indicated pressure potentials greater than 

zero i.e . saturated, but this was possibly due to water moving down 

the sides of the tensiometer access tube , or a soil fissure (caused 

during installation) to the tensiometer tip,as the tensiometers 

abov e and below these depths indicated negative pressure potentials. 

For plot 010 the pressure potential gradient in the B21 and B22 

horizons quickly attained a value near 1 (Fig.23) i.e. zero total 

potential. Thus only limited hydraulic conductivity data for these 

hori zons of this plot could be calcul ated (Fig.25). In plot 021 

the pTessure potential gradient in the A horizon rapidly attained a 

value near 1 (F ig.24) so that no hydraulic conductivity data for · 

thi s horizon of this plot were calculated (Fig. 25). The reasons for 

thi s behaviour are not clear. ! . 

Agreement between the hydraulic conductivity data obtained 

from both plots for the B21 and 822 horizons is quite good (Fig.25). 
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Quadratic regressions of the relationship between log 10 k and 0 were 

obtained for these data and are also plotted in Figure 25. These 

regression equations were used in the computer simulation model. 

The relationship between log 10 k and pressure potential (Fig.26) 

was obtained using the relationship between log 10k and 0 (Fig.25) via 

the volumetric water content/pressure potential curves (Figs.27,28). 

As the hydraulic conductivity data for the A horizon came from plot 010, 

the volumetric water content/pressure potential relationship for this 

horizon (Fig.27) was used in obtaining the log10k/pressure potential 

relationship plotted in Figure 26. However as most of the hydraulic 

conductivity data for the B21 and B22 horizons came from plot 021 

the volumetric water content/pressure potential relationships shown 

for these horizons in Figure 28 we re used in obtaining the log 10 k/0 

relationships plotted in Figure 2'.). The relationship between log
10

k 

and pressure pot ential (Fig.26) were similar for the A, B21 , and B22 

horizons for pres sure potentials greater than -0.8 m, but diverge for 

lower values of pressure potential. 

The drainage behaviour of Takapau sandy loam, with its long drainage 

t ail (Table 3), is different from Ngatarm..a san~y l oam, whi ch has a fairly 

abrupt end to drainage af t er 1 J ay (Table 2). Both of the se soils have a 

coarse layer underlying them but the gravelly loamy sand in Takapau 

s andy loam continues to conduct water at pressure potentials down to 

-1. 2 m. However, the gravelly sandy loam in Ngatarawa sandy loam 

become s only very slowly conducting below a pressure potential of -0. 4 m. 

This i ndicates that the matri x (fine) material in these coarse layers 

have different hydraulic conduct ivity/pressure potential relationships. 

Particle size gradings for the matrix material of these two soils 

show Ngatarawa sandy loam having more clay sized ma terial (J.P.C.Watt, 

pers. comm.) than Takapau sandy loam. Also the matrix material of 
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the Ngatarawa sandy loam coarse layer has less total pore space 

than the matrix material of the Takapau sandy loam coarse layer 

(J.P.C. Watt, pers. comm.). This lesser pore space and possibly 

greater proportion of the pore space in fine pores (as more clay) 

of the matrix material in the coarse layer of Ngatarawa sandy loam, 

is a possible explanation for the different drainage behaviour 

exhibited by these two soils. 

The AWC of the Takapau sandy loam would have been overestimated 

by approxima,tely 20 mm if "field capacity" had been measured after 3 

days of drainage, instead of when the drainage rate from the soil 
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had become small (less than 1 mm day- 1
) (Table 3). It took 10 days of 

drainage for the drainage rate beyond O. SO m to become, small (1 nirn day- 1 ) for 

thi s soil. The bes t estimate of AWC,calculated using "field capacity" 

estirnatc<l by the volumetric water content at a specific pressure 

potenci..a l, compared to AWCE, was when the pressure potential was -1.0 m 

(Table 3) . Thi s value of AWC does overestimate AWCE slightly, but 

not by as much as when "field capacity" is taken as the volumetric water 

content a t a pressure potential of -0 .5 m (Table 3). The amount of 

water hel<l between pressure potentials of - 10 m and -154 m i_s approx-

imately 75 mm. Thus the RAWC for Takapau sandy loam is approximately 

95 mm. This is a similar amount to RAWC of the Ngatarawa sandy loam, 

but the pressure potential at "field capacity" is quite different for 

these two soils. 

In irrigating this soil, because of the rapid infiltration rate . 

(Table 10), it would probably be difficult to apply 95 mm of water 

uni form ly using a border _dyke system, and the rapid drainage of this soil 

(50 mm i n the first 10 hours , after thorough wetting) would also mean that 

any over-irrigation could contr ibute considerably to the amount of water 

entering the groundwater. 



Table 3: Comparison of available water capacity (AWC) 
calculated using experimental and laboratory 
estimates of "field capacity", for Takapau 
sandy loam. Also the equivalent depth of water 
held between pressure potentials of -10 m and 
-154 m 

AWC (mm) calculated using 
"field capacity" as: 

3 days of drainage 

10 days of drainage AWCE 

0 at a pressure potential 
of -0.5 m 

0 at a pressur e potential 
of -1.0 m 

0 at a pressure potential 
of -2.0 m 

Equival ent depth of water 
he ld between pressure potentials 
of -10 m and -154 m (nun) 

* 

** 

Rooting depth taken as O. 68 m 

Rooting depth taken as 0.74 m 

010* 

183 

158 

240 

175 

137 

71 

Plot 

021** 

197 

182 

236 

188 

141 

78 
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3.3.1 Computer Simulations 

To investigate the above predictions, the computer simulation model 

was used to simulate water movement in this soil. Following a 

preliminary investigation of hysteresis (Appendix II), the draining 

volumetric water content/pressure potential relationships were used 

for drainage and the wetting volumetric water content/pressure potential 

relationships used for infiltration .. The soil was considered to 

consist of three horizons A, B21 and B22 each of 0.15 m thickness, and 

any water pa$sing out of the B22 horizon was considered to be lost to 

drainage . 

Dra inage from a similar initial state to that of the experimental 

plots was simulated. Agreement between the simulated and experimental 

pressure potential profiles at various times during drainage is good 

(Fig. 29), as is agreement between cumulative drainage (Fig.30). 

Ponded infiltration (constant - concentration) was simulated using 

the computer model and the flux-concentration relation (equations (26) 

and (27)). The wetting fronts at various times compared quite well 

(Fig.31), as did cumulative infiltration (Fig.32). This comparison 

could only be performed until the we tting front reached the bottom of 

the A horizon, as the solution involving the flux-concentration relation 

can only be used for homogeneous soils. These comparisons indicate 

that the model is able to satisfactorily simulate the hydraulic 

behaviour of this soil. 

An experiment to measure the depth of the wetting front and the 

water content behind the wettin g front during an irrigation using a 

"Big Gun" irrigator was performed (Appendix IV). It was hoped that 

data from this experiment could also be used to check the model 

but as described in Appendix IV this was not possible due to the 

application rate from the "Big Gun" and subsequent non-uniform 

infiltration. 
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The recommended time for water to be available at the surface 

of the soil for infiltration with a border-dyke system for this soil 

is 70 minutes (Couling, pers. comm.). The end of the border nearest 

the intake will receive water for more than 70 minutes, and any high 

spots may receive water for less than 70 minutes. Infiltration was 

thus simulated for 40, 70 and 100 minutes i.e. 70±30 minutes, for 

initial pressure potentials of -10 m (Fig.33) and -154 m (Fig.34). 

Redistribution was then simulated with no evapotranspiration and 

also with a daily evapotranspiration rate of 5 mm day- 1 (Figs.35,36, 

37, 38, 39 and 40). The drainage rate with a constant daily 

evapotranspiration rate of 5 nun day- 1was the same after 3 days as that 

at 10 days with no evapotranspiration (Fig.41). The drainage rate 

in the field would probably lie somewhere between these two extremes . . 

The amount of water being lost to drainage during and following 

infiltration is quit e substantial (Tables 4, 5). If the soil is 

irrigated when the pressure potential reaches -10 m, then by using 

the border-dyke system greater than 50% of the water applied may be lost 

from the root zone of the soil (0.45 m). This value is similar to 

that found experimentally by Couling (pers. comm.) for the same rooting 

depth . If the soil is irrigat ed when the soil has dried out to a 

pressure potential of -154 m, then the amount lost to drainage 

follo wing irrigation is less than 50% (Table 5). 

These simulations indicat e ~hat if this soil is irrigated using 

the border-dyke method about 50% of the water applied would be lost from 

the root zone (top 0.45 m) to drainage. This would not only be a waste-

ful . use of a scarce resource, but could lead to pollution of the 

aquifer under th is area (Burden, 1979) with nitrates and other agricult-

ural chemicals. Thus, a sprinkler system, where the application rate 

is l ess than the saturated hydraulic conductivity of the surface 
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Table 4: Simulated cumulative infiltration (I), drainage (OT) 
and percentage of cumulative infiltration occurring 
as drainage, during simulated ponded infiltration and 
redistribution of water in Takapau sandy loam, when 
the soil had an initial pressure potential of -10 m. 

Infiltration Redistribution 

Duration ET=O, t= 10 days ET=S mm day- 1 , t=3 days 
(minutes) I (mm) DI (mm) D (mm) DT/I (%) D (mm) DT/I (%) 

40 96 0 39 41 25 26 

70 154 19 78 63 64 54 

100 211 76 78 73 64 66 

---

DI i s the cumulative drainage that occurs during infiltration 
D is the cumulative drainage that occurs during redistribution 
DT=Dl+D, and is the total cwnulative drainage (mm) 
ET is the evapotranspiration rate 
t is the time t aken for the drainage rate to become small 
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Table 5: Simulated cumulative infiltration (I), drainage (OT) 
and percentage of cumulative infiltration occurring 
as drainage, during simulated ponded infiltration and 
redistribution of water in Takapau sandy loam, when 
the soil had an initial pressure potential of -154 m 

Infiltration Redistribution 

Duration ET=O, t = 10 days ET=S mm day- 1 , 
(minutes) I (mm) DI (mm) D (mm) DT/I (%) D (mm) DT/I 

40 109 0 4 4 0 

70 167 0 60 36 46 

100 224 40 78 53 64 

DI is the cumulative drainage that occurs during infiltration 
Dis the cumulative drainage that occurs during redistribution 
DT = DI +D, and is the total cumulative drainage (mm) 
ET is the evapotranspiration rate 
t is the t ime taken for the drainage rate to become small 
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(100 mm hr- 1), would be preferable for irrigating this soil. 

3.4 Pakowhai Silt Loam 

Pakowhai silt loam is a soil consisting of many layers* of 

alluvial silt and sand underlain by a thick layer of pumiceous sand 

at approximately 1 m (Appendix I). The effect of this pumice layer 

on the drainage of this soil compared to the coarse layers in the 

Ngatarawa and Takapau s andy loams was of interest, as well as the 

hydraulic conductivity data. 

Pakowhai silt loam has no stones or cemented layers to restrict 

the ins tallation of the tensiometers, so pressure potentials were able 

to be measured down to a depth of 1.95 m (Figs. 42,43). During wetting 

this soil, like the Ngatarawa and Takapau sandy loams, could not be 

saturated. The tensiometers at depths of 1. 36 m and 1. 56 m in plot 017 

indicated saturated conditions (F ig.42), but as the tensiometers above 

and bel ow these, and those in the same horizon of plot 018, recorded 

negative pressure potentials, this may have been due to \vater 

reaching the tensiometer tip by moving down the s ide of the tensiometer 

acc ess ttilie , or a soil fissure created during installation. 

The pressure potential gradient during drainage was usually greater 

than or equal to zero, thus a large number of data points relating 

hydrau lic conductivi ty and volumetric water content were obtained. Data 
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on rela tionships between l og 10 k ':Ind 0 from the duplicate plots for each 

layer agree quite well (Fi gs . 44,45,46,47). No hydra ulic conductivity data 

were obtained for the A l aye r of plot 018 due to no tensiometer being placed 

at t he bottom of the A l ayer . The poorest agr~ement is in th e pumice layers 

(G,H and I), which i s probably .due to the shape of the volume tric water 
! 

cont ent/pressure potential relationship, as 0 has a value of 0.656 for 

pressure potenti a l s from -0.01 m to -0.20 m (Fig . 49b) . 

* Layers are referred to instead of horizons, as horizon designations 
wer e not given in the soil description (Appendix I). 
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This causes quite a bit of scatter in the log 10k/0 data (Fig.47) of these 

layers. The D layer is considered to consist of one homogeneous 

soil material, based on earlier soil sampling, but actually 

consists of many thin bands of sandy loam and medium sand. 

Gardner (1960) ·considered "field capacity" to occur when the 

drainage rate becomes small (1 mm day- 1 , which is approximately 

lxl0- 8m s- 1 ). Using the relationships between the volumetric water 

content and the pressure potential (Fig.49a,49b) and the log 10k/0 

regressions, the relationships between log110 k and pressure potential 

were obtained (Figs.44,45;46,48). From these log 1 ok/pressure potential 

data the pressure potentials when the hydraulic conductivity equalled lxl0- 8 

rn s - i were fo.und and compared with the pressure potentials of the layers 

after 3 days of drainage (Table 6). The comparison is reasonably good 

for the A,B an<l C layers, but not as good for the lower layers where the 

pressure potentials were greater than the pressure potential when the 

hydraulic conductivity is equal to lx10- 8m s- 1 • This indicates that 

these lower layers have not reached "field capacity". This is also 

indicated by the drainage rate from the soil above 1.95 m, which was 

2 to 6 mm day- 1 for the next 10 days, decreasing to 1 mm day- 1 or less 

after this. Thus "field capacity" in this soil is not reached until 

after 14 days of drainage. The pressure potential in the soil decreased 

for up to 34 days after the start of drainage (Figs. 42, 43), but the amount 

of water los t af~er 14 days was small. 

The AWC was calculated using values of "field capacity" after 

3 days an<l 14 days of drainage and estimated using the 

volumetric water cont ent when the pres sure potential equalled - 0.5 m, 

-1 .0 m and -2.0 m (Table 7). The AWC measured, assuming the profile 

was at "field capacity" after 3 days of drainage, would overestimate 

the AWC by 20 to 25 nun, when compared with the AWC calculated when 



A 

B 

C 

D 

E 

F 

G 

H 

I 

Table 6: Pressure potentials (~) at which hydraulic 
- p -1 

conductivity is lxlO 8m s compared with the 
pressure potentials found after 3 days of 
drainage for layers of Pakowhai silt loam 

~ after 3 days of drainage (m) 
P Plot 017 Plot 018 

-0.59 

-0.53 

-0.82 

-1. 24 

less than -1. 50 

less than -2.00 

less than -2.00 

less than -2.00 

less than -2.00 

-0.49 -0.57 

-0.48 - 0.60 

-0.59 -0.72 

-0.62 -0.86 

-0.52 -0.72 

-1.12 -0.85 

-1.31 -0.85 

- J.35 -l.11 

-1.06 -1.17 
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"field capacity" was taken after 14 days of drainage (AWCE). The best 

estimate of AWC compared to AWCE calculated assuming "field capacity" 

occurred at a specific pressure potential, was when the pressure 

potential was -1. 0 m (Table 7). These AWC's were calculated for 

pasture with a rooting dep.th of approximately 1. 1 m. Other crops may 
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have greater or lesser rooting depths which will change the size of the 

AWC. 

Although the AWCE of this soil is large, (260 mm) a large 

proportion of this (170 mm) is held in the pressure potential range 

between -10 m'and -154 m. Thus the RAWC of this soil is only 90 mm, 

simila:r to the Ngatarawa and Takapau sandy loams. For a similar amount 

of evapotranspiration from these three soils, pasture would become 

stressed and production reduced at the same time, but pasture on the 

Pakowhai silt loam would be able to survive for much longer without 

irrigation or rainfall. 

The top 3 layers in this soil have pressure potentials greater than 

-0.5 rn for 1 to 3 days after drainage started . The macro-porosity is 

only about 10 to 15% by volwne (Fig.SO), with only 3-4% by volume blind 

pores. Aeration problems are indicated in this soil by the mottling 

which occurs in these layers (Appendix I). The slow drainage would 

appear to be clue to the small hydraulic conductivity of these layers 

at h igh pressure potentials (Figs.44,45) rather than water perching on 

an imperme able layer. Thus a drainage system (tile and moles) may 

not alleviate the aeration problem, although the cracking caused by the 

mole plough would probably help. 

3.4 .1 Computer Simulations 

The moderately-slow final infiltration rate (Table 10), and the 

depth of soil would appear to make this soil suitable for irrigation using 

the border-dyke method. The computer simulation model was used to 



Table 7: Comparison of available water capacity (AWC) 
calculated using experimental and laboratory 
estimates of "field capacity"~ for Pakowhai 
silt loam. Also the equivalent depth of water 
held between pressure potentials of -10 m and 
-154 m 

AWC (mm) calculated using 
"fi e ld capacity" as: 

3 days of drainage 

14 days of drainage AWCE 

0 at a pres sure potential 
of - 0. 5 m · 

0 at a pressure potentia l 
of - 1.0 m 

0 at a pressure potential 
of -2 . 0 m 

Equiva l ent dep th of water he ld 
between pressure pot ent ials of 
-10 m and - 154 m (mm) 

* Roo t ing depth t aken as 1.0 m 

017 * 

303 

277 

308 

281 

254 

195 

Plot 

018* 

269 

248 

278 

263 

230 

150 
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predict the likely infiltration and redistribution patterns under 

border-dyke irrigation. Drainage from a similar pressure potential 

profile to that found in the plots after wetting was simulated. 

Simulated pressure potential profiles at various times compared well 

with experimental results (Fig.51), as did the simulated cumulative 

draina ge compared to the experimental cumulative drainage (Fig.52). 

These simulations were only for the top metre of soil, as most of the 

water withdrawn by pasture will be from there. 

Infil tration was simulated for durations of 90 minutes, 120 

minutes an d 150 minutes i.e. 120±30 minutes, for initial pressure 

potenti als of -10 m and .-154 m (Fi gs. 53,54). Redistribution 

following i nfiltration with no evapotranspiration and a constant 

daily evapotranspira tion of 5 nun day- 1, is shown in Figures 55,56,57,58, 

59 arnl 60. These dat a indicate that only 120 mi nute and 150 minute 

infilt r ~Lt i ons wet t he so i l to 1 m when the initial pressure potential 

was -1 0 in, and that only the 150 minute infiltration would wet the soil 

to 1 m if t he soil had an init ia l pressure potential of -154 m. The 

amount of the simul at ed irrigation water that went to drainage i s small, 

l ess than 23% (Tables 8, 9) . . This suggests that this soil would be 

very sui tabl e for border-dyke irrigation. If the soil was lrrigated 

when the pre s sure potential reached -10 m, the duration of infiltration 

should be 120 minut es. This s oil allows a more flexible management 

policy in tha t , with its large AWC, if water cannot be supplied when 

the RAWC is exhaus t ed, pastur e would still be able to survive until 

wate r i s avai lable . 
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Table 8: Simulated cumulative infiltration (I), drainage (OT) 
and percentage of cumulative infiltration occurring 
as drainage, during simulated ponded infiltration and 
redistribution of water in Pakowhai silt loam, when 
the soil had an initial pressure potential of - 10 m 

Infiltration Redistribution 

Duration ET=O, t=lO days ET=5 mm day- 1 , t = 5 
(minutes ) I (mm) DI (mm) D (mm) DT/1 (%) D (mm) OT/I 

90 85 0 0 0 0 0 

120 104 0 9 9 9 9 

150 124 0 28 23 22 18 

DI is the clUnulati ve dr ainage tha t occurs dm·ing infiltration 
Dis t he cumulative drainage that occurs during redistribution 
DT = DI + D, and is the total cumulative drainage (mm) 
ET i s th e evapotranspiration r a t e 
t is the time taken f or the drainage rate to beco me small 

dur i ng redis tribution followi ng infiltrat i on for a duration of 
150 minute s 

(%) 

94 

days 



Table 9: Simulated cumulative infiltration (I), drainage (OT) 
and percentage of cumulative infiltration occurring 
as drainage, during simulated ponded infiltration and 
redistribution of water in Pakowhai silt loam, when 
the soil had an initial pressure potential of -154 m 

Infiltration Redistribution 

Duration ET=O, t= S days ET=S mm day- 1 , t=3 days 
(minutes) I (mm) DI (nun) D (nun) DT/I (%) D (mm) DT/I (%) 

90 104 0 0 0 0 0 

120 128 0 0 0 0 0 

150 140 0 0 0 0 0 

DI is the cumulative drainage that occurs during infiltration (mm) 
Dis the cumulative drainage that occurs during redistribution (mm) 
DT =DI+ D, and is the total cumulative drainage (mm) 
ET js the evapo transpiration rate 
t is the time taken for redistribution to be completed 
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4 SUMMARY AND CONCLUSIONS 

4.1 The Instantaneous Profile Method 

Using the instantaneous profile method,some of the hydraulic 

properties of the four soils in this study were measured. Reliable 

hydraulic conductivity data were obtained for only two soils, Takapau 

sandy loam and Pakowhai silt loam. The drainage behaviour of the 

other two soils, Poporangi sandy loam and Ngatarawa sandy loam can be 

described respectively by equations (35) and (36): 

1/J ( z) :: z - 6 Z ~ 6 p w' w 

i + z 
C 

for z ~ Z 
C 

where the t erms used are defined in Chapter 3. 

(35) 

(36) 

Equation (35) gives the pressure potentia l profile for Poporangi sandy 

l oam during drainage a.nd at "field capacity", and equation (36) gives 
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the p1·essure potential profile for Ngatarawa sandy loam at "field capacity". 

The i nstantaneous pr ofile method allowed the wa t er storage character­

i s t ics of the soils in this s t udy t o be measured, as well as hydraulic 

conduct i vity and drainage. The stor age characteristics of these soils 

are s 1.1mHw.ri sed in Table 10. 

A number of limitations of the in stantaneous profile method were 

found during this study. Firstly hydr aulic conductivity near saturation 

could not be obtained for the lower hori zons, as the upper horizon was 

less per meable . This is not a serious problem, as these layers will not 

become sa tur ated in t he field. Secondly, lateral flow restricted the 

r an ge of measurement, as data wer e re j ected if,atjJ /azlwas less than 0.3. . t 

However, s t eps can be taken to avo.id this probl em. Nagpal and de Vries 

(1976 ) s topped hor i zonta l flow by isolating the plot from the surrounding 

soil wi t h plastic sheet s , and were able to extend the range of hydraul i c 

conduct ivi ty dat a . This technique wo uld be a useful modification in many 

situations. 
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Table 10: A summary of some of the soil water properties 
of the soils in this study 

Soil Rooting Time taken Pressure AWC RAWC Final 
depth to reach potential (mm) (mm) infil t-

"field cap- at "field ration 
rate acity" capacity" 

(days) (rn) (rn s - 1x10- 6 ) 

Popor.angi sandy loam 0.45 10 -0.5 88 58 3.3 

Ngatarawa sandy loam 0.70 1 -0.5 160 85 3.3 to 9 

Takapau sandy loam 0. 72 10 -1.0 170 95 10 to 30 

Pakm~hai silt loam 1.10 14 -1.0 260 90 8.5 to 10 

AWC :is the available water capac i ty, which is the equivalent depth of 
wat er held in the root zone of the soil between "field capacity" 
and a pressure potential of -15 4 m 

RAWC is the readily available water capacity, which is the equivalent 
depth of water held in the root zone of the soil between "field 
capacity" and a pressure potential of -10 m 

The final infiltration rate is the fina l steady stat e infiltration 
measur ed for the se s oils durin g wetting. It would approximate 
the saturat ed hydraulic conductivity of the A horizon of the 
Ngatarawa and Takapau sandy loams , but the restriction to 
infilt rat ion in the Pakowhai silt loam and Poporangi sandy loa m 
is deeper in the soil profile, and so this approximation is no 
longer valid. 



4.2 Storage Characteristics 

This study has confirmed that "field capacity" is a dynamic 

soil property, as the time taken to reach "field capacity" and the 

pressure potential which best estimates "field capacity" is 

different for each of these soils (Table 10). Thus, the best method 

for measuring the "field capacity" of a soil is to measure it in the 

field. 

The available water capacity (AWC), which is the amount of 

water held by the soil in the root zone between "field capacity" and 

a pressure potential of -154 rn, of each of these soils was different 

(Tabl e 10). Yet, the readily available water capacity (RAWC), which 

is the amount of water held in the root zone between "field capacity" 

and a p r essure potential of -10 rn, is similar for three of the four 

soil s (Tab l e 10) i.e. Takapau sandy loam, Ngatarawa sandy loam, and 

Pakm•1hai silt loam. Irrigation should be scheduled to occur when 

the RAlvC of a soil is depleted, to pr event moisture stress. RA\'/C is 

often es timated by 50% of AWC (Griffiths, 19751;>), but as the data in 

Tabl e 10 show, the RAWC of one soil would have been overestimated and 

another underestimated .by this approximation. Thus, it is better to 

measure RAWC directly rather than to irr:igate when an arbitrary fraction 

of the AWC has been used. 

4. 3 Hoi:1 zon Homogeneit,x 

The as sumption that each pedologically distinct horizon or layer 

has uni form phys ical properties would seem reasonably justifiable 

from the da ta in this study. Hydr aulic conductivity data from duplicate 

plots compared well, except for the A horizon of the Ngatarawa sandy 

loam. The poor comparison be t ween data of the A horizons of the 

Ngatarawa sandy loam was due to the difference in the retentivity data 

of the A horizon from the two plots. The retentivity data from both 
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plots for the other horizons of this soil, and all horizons of the 

other soils, compared well. Also, the draining volumetric water 

content at a pressure potential of -0 .5 m obtained from the hysteresis 

experiments (Appendix II), compare well with those obtained earlier 

(Table 12, Appendix II). There is a marked variability in the depths 

of the horizons and the thickness of them between the plots e.g. the 

D layer of the Ngatarawa sandy loam was present in one plot but not 

in the other. However, this variability did not appear to affect the 

physical properties of the layers or horizons. 

4.4 i~!.:_'i_9_ation Methods 
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A border-dyke system of irrigation would not be an efficient method 

for i-rr.igating three of the soils in this study (Poporangi sandy loam, 

Ngatara1m sandy loam, and Takapau sandy loam) but would be a suitable 

method to use on Pakowhai silt loam . 

summat"is ed below. 

4.4.1 Poporangi sandy loam 

Reasons for this will be 

Poporangi sandy loam has a restricted rooting depth of 0.45 m, 

due to a duripan occurring at this depth. Thus, any excess water from 

over-irr igation would perch above this duripan, and take sev~ral days 

to drain away . As this soil has an RAWC of only 58 mm, it may be 

difficult to prevent over-irrigation using a border-dyke system. 

Although the final infiltration rate is slow, due to the duripan, 

initial infiltration is rapid as the top horizons are similar to 

Takapau sandy loam, so application of only 58 mm of water would be 

difficult. A drainage system would help to lower the perched water 

table faster, alleviating any water- logging problems, particularly if 

heavy unexpected rainfall should occur following irrigation. 

for Poporangi sandy loam an irrigation system that could apply 

uniforml y 58 mm, such as a sprinkler system, would be best. 

Thus, 



4.4.2 Ngatarawa Sandy Loam 

Ngatarawa sandy loam has a coarse layer at about 0.5 m. This 

layer ceases draining at a pressure potential of about -0.4 m, but 

when it is wet to pressure potentials greater than this, drainage 

water can be conducted through it at a moderate rate. The RAWC for 

this soil is 85 mm, which is a moderate amount. As this soil has 

only a moderate final infiltration rate (Table 1.0) it could possibly 

be irrigated with a border-dyke system. Any excess water infiltrated 

at the intake end of the border will be lost to drainage. Thus, a 

method where 85 mm of water could be applied uniformly to the soil 

would be more efficient, e.g. a sprinkler system. 

4.4.3 Takapau Sandy Loam 

Tak apau sandy loam has a rapid final infiltration rate and a 

mod er ate RA\\'C of 95 mm. It is the least suitable soil for irrigation 

us ing t he border-dyke system because any excess water is rapidly lost 
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to dra in age . If the recommended duration time of infiltration was used, 

the si111ula tion results indicate that about 50% of the applied water 

would be lost to drainage from the top 0.45 m. Another method of 

irrigati ng this soil should be us ed that could apply the water 

uniformly. The rate at which this is applied must be less than the 

saturated hydraulic conductivity of the A horizon of the soil. Other­

wise, a poor horizontal distribution of water within the soil can occur 

(Appendi x N). 

4.4.4 Pakowhai Silt Loam 

Pakowhai s ilt loam, because of its depth, moderate final 

infiltration rate and moderate RAWC, is very suitable for irrigation 

using the border-dyke method. This was confirmed by the simulation 

result s which showed that even wi th an infiltration duration of 150 minutes 



little of the appl i ed water was lost to drainage from the top 1 m of 

soil. 

4.5 Groundwater Quality 
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The Ngatarawa plains lie over the recharge area of the aquifer 

from which water is drawn for Hastings and Napier cities (Burden, 1979). 

This study indicates that if the soils in this area were irrigated 

using the border-dyke method, from three of the four major soil types 

an increased flux of water into the aquifer would result. Thi s could 

lead to an increase in the nitrate levels of water in the aquifer, which 

could be de trimental to the health of people drinking this water. 

4. 6 _!:omputer Simulation Model 

The raode l for soil water dynamics used in this study was able to 

adequately s imulat e the drainage behaviour of Takapau sandy l oam and 

Pakowhai si lt l oam . This model could be used to simulate most soil 

wat er dynamic proble ms and would be a useful tool for predicting 

wha t eff ect changes in management practices might have on the soil 

moisture regime. The model would be useful, as shown here, in the 

planni ng s t age of an irr igation pro ject to predict which soil t ypes 

would be bes t irrigated us ing sprinkl e r or border-dyke methods. 

This mo de l is not envisaged as being used for soil water status studies 

e.g. scheduling i rr igation, as i t is costly to run and simpler water-

ba l ance mode ls are more appropriate. The flux-concentration relation, 

though only briefly used in this study, would appear to have great 

pote ntia l f or us e for describing infi ltration in soil water studies 

where i t is the ma j or concern e . g . catchment studies, moisture 

regimes and irrigation. 
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APPENDIX I : SOIL PROFILE DESCRIPTIONS 

The profile descriptions of the soils in this study were provided by 

Mr E. Griffiths and Mr B.R. Purdie from Soil Bureau, Havelock North. 

To identify which of these two pedologists had provided the description, 

their initials e.g. E.G. or B.R.P., follows the soil description. 

Ngatara Sandy Loam 

Pit 00 7 

Depth (m) 

0- 0.21 

0 . 21 -0 , 28 

0 . 28-0 .45 

0.45- 0.5 3 

0 . 53- 0 , 75 

0.75 -on 

Description 

very dark greyish brown (lOYR 3/2) medium sandy 

loam, friable, very weak nutty structure, many 

roots, few pieces of Taupo pumice at base, 

indistinct boundary; 

dark brown (lOYR 4/3) with many worm casts of 

lOYR 3/2, medium sandy loam with few pieces of 

Taupo pumice , fri able, single grain to massive, 

many roots, indis tinct boundary; 

dark brown (lOYR 4/3) with few worm casts, medium 

s andy loam, fri able, single grain to massive, 

manyroots, indistinct boundary; 

dark ye llowish brown (lOYR 4/4), medium sandy loam, 

friable, massive, many roots, indistinct boundary; 

dark yellowish brown (lOYR 4/4) looks more yellow 

than above, medium s andy loam (heavier than above) 

few gravels, fr i able to firm, very weak nutty 

s t r ucture , many r oots, sharp boundary; 

br own (7.SYR 4/4) , gravels and stones with sand, 

fi r m s lightly cemented sand with pressure faces in 

bet ween stones . 

E.G. 



Pit 008 

Depth (m) 

0-0.20 

0.20-0.27 

0. 27-0. 36 

0 . 36-0 . 50 

O.S0 -0 . 65 

0. 65- 1. 10 

Description 

very dark greyish brown (lOYR 3/2) medium sandy 

loam, friable, very weak nutty to single grain 

structure, many roots, indistinct boundary; 

dark brown (lOYR 4/3) with many worm casts of 

lOYR 3/2, medium sandy loam, friable, single grain 

to massive structure, many roots, indistinct 

boundary; 

dar k brown (lOYR 4/3) medium sandy loam (heavier 

than above), friabl e , massive structure, many roots, 

indistinct bow1dary; 

dark brown (lOYR 4/3) gravelly s andy loam, friable 

with loose gravels , massive , many roots, indistinct 

boundary; 

brown (7.SYR 4/4) grave lly sandy loam (more grave ls 

than above), fr iable, massive , many roots, indistinct 

boundary; 

mixed colours brown (7.SYR 4/2) to dark reddish brown 

(SYR 3/3), with many faint mottles, brown -(lOYR 5/3), 

strong brown (lOYR 5/6) and dark red (2.SYR 3/6), 

gravels and s tones with sand, tightly packed with 

pres s ur e fa ces j n between stones and sand very weakly 

cemented, root s r are ; 

1.10-on gravel s continui ng. 

Notes: Depth to fi rst gravel s variable around pit from O. 27 m to 
0. 45 m. The mottled and weakly cemented gravels continuous 
around pit but highly variable below that. 

E.G. 
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Poporangi Sandy Loam 

Pit 011 

Depth (m) 

0.0.19 

0.19-0.2S 

0.28-0 . '1 4 

0.44-0 . 52 

0.52-0 .7.?. 

0.72-0.98 

Description 

A
1 

lOYR 3/2 fine sandy loam, friable, weak fine nut 

and medium nut structure, many worm casts and borings 

filled with material from layers below, many fine roots, 

indistinct, wavy, worm mixed boundary; 

B2 lOYR 3/3, sandy loam (more silt than horizon above) 

friable, weak fine nut structure, but overall 

"structure" dominated by many worm borings, casts and 

some borings fill ed with soil from layers above and 

below, many fine roots, diffuse boundary; 

B
31 

lOYR 3/3, top to lOYR 5/4 bottom, few iron­

manganese concret i ons to 8 mm diameter, SYR 2 . 5/1 

centre to SYR 4/4 outer edge, fine sandy loam, firm 

structure, few fine pores, few roots, diffuse 

boundary; 

s
32 

2. SY 6/ 4, sandy loam, firm with few iron-manganese 

concretions to 4 mm di ameter, massive structuTe , few 

medium and fin e pore s , very few worms, very few roots, 

distinct wavy boundary; 

B pan, thickness varies over width of pit (0.8 m) from 

0 to 0.20 m. Thi n mas sive platy layers withi n this 

horizon, lOYR 6/3, very hard, remainder lOYR 5/3 very 

firm, massive, f ew medium and fine pores, no roots, 

distinct wavy boundary; 

2c
1 

lOYR 4/4 and IOYR 6/4 along some fractures,. gritty 
I 

sandy loam, very firm, slightly cemented, few medium 

pores, few greywacke grit and pebbl es ( 4 mm to 20 mm), 

gravelly sandy loam from 0.93 m to 0. 98 m, distinct 

wavy boundary; 
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0.98-on 

Pit 020 

Depth (m) 

0-0.15 

0.15-0.25 

0.25-0.32 

0.32-0.:·58 

o. 38-o. :rn1 

0.381 -0 . 42 

0 .42-0 . 421 

0.421 --0 . 49 

2C 2 lOYR 3/3 sandy gravels (with some silt), pebbles 

less than 0.25 m in diameter, loose. 

B.R.P. 

Description 

dark brown (8.75 YR 3/2) medium sandy loam, friable, 

pseudo fine nut to single grain structure; 

dark brown (7 .5YR 4/4) ,vith many lOYR 3/2 worm casts 

and few lOYR 5/4 worm casts, medium sandy loam, few 

Taupo pumice lapillae, friable,single grain structure; 

yellowish brown (lOYR 5/4) with faint lOYR 5/6 and 

7.5YR 5/6 mottles, medium sandy loam, friable, massive 

to single grain structure; 

light olive bro1vn (1. 2Y S/4) with many 7. SY 5/6 mottles, 

friable, massive to single grain structure; 

cutan, wavy hori zontal vein, brown (lOYR 4/3), heavy 

silt loam; 

pale brown lOYR 6/3 with large (5- 8 mm) hard mottles 

lOYR 5/6 and 2.SY 5/6 in colour, heavy sanely loam, firm, 

massive with Fe and Mn concretions and stains; 

cutan, wavy horizonta l vein, very da-rk greyish brown 

(lOYR 3/2), heavy silt loam; 

no single colour, mass of variable yellowish brown 

(lOYR 5/4), pale brown (lOYR 6/3) with cutans of brown 

(lOYR 4/3), hard , massive with brittle fractures; 

fragile in part and appears very hard and cemented in 

portions, others only slightly hard, upper part of pan; 
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0.49-0.495 

0.495-0.57 

0.57-0.63 

0.63-0.87 

0.87-0.89 

0.89-1.02 

1.02-on 

cutan, wavy horizontal vein, 10 mm thick in parts, 

very dark greyish brown (lOYR 3/2) in part and 

yellowish brown (lOYR 4/4) in others, silty clay loam, 

firm, massive structure; 

1st pan extremely hard platy top layer, 5 mm thick, 

pale brown (lOYR 6/3) below pale brown (lOYR 5/3), 

very hard massive structure, one stone found on top; 

2nd pan extremely hard platy top layer, 3 mm thick, 

.very pale brown (lOYR 6/3) below this light yellowish 

brown (lOYR 6/4) very hard, massive, few stones on top 

(texture sandy loam?); 

3rd pan extremely hard platy top layer 3 mm thick, 

very pale brown (lOYR 7/3) below this pale brown 

(lOYR 5/3) very hard massive, many stones on top, 

sandy loam, 2 verti.cal veins 20-30 mm wide 0.18 m 

apart connecting the 3rd and 4th pans; 

4th pan extremely hard platy layer very pale brown 

(lOYR 7/9) (this is the thickest pan and is at 0.8 m 

at tube); 

pale brown (lOYR 6/3) with lOYR 6/2 and lOYR 4/ 4 

mottles, sandy loam, with gravels, hard massive; 

gravels. 

Note: Pans around the pit vaTy in the depth to the top from 0.45 m 
to 0 .52 m. The number of pa11s var.i.es, at the tube 3 pans 
on the west face 2 pans. 

E.G. 
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Takapau Sandy Loam 

Pit 010 

Depth (m) 

0-0.08 

0.08-0 . 14 

0.14 - 0. 30 

0 . 30 - 0.46 

0.46-0 . 68 

Description 

Alp lOYR 3/2, medium sandy loam, friable, very weak 

medium nut structure, few pumice lapillae up to 4 mm, 

many fine roots, very weak positive fluoride reaction,* 

. indistinct wavy boundary; 

A
1 

lOYR 3/2 (looks paler than A1p) medium sandy loam, 

friable, non-sticky, non-piastic, very weak fine nut 

structure, few pumice lapillae, few worm borings filled 

with material from B horizon, many fine roots, very 

weak positive fluoride reaction, distinct worm mixed 

wavy boundary; 

B21 lOYR 3/ 4, fine sandy loam, very friable, non­

sticky, non-plastic, single grain structure, many worm 

borings filled with material from A horizon, many fine 

roots, at 0.20 m fine pumice lapillae up to 10 mm in 

diameter, very weak positive fluoride reaction, diffuse 

boundary; 

B22 lOYR 4/4 fine s andy loam, very friable, single grain 

structure, many fine roots, weak positive fluoride 

reaction, indistinct i r regular boundary; 

B3 lOYR 4/5 grave lly loamy sand, rounded greywacke 

gravels 5 111.1 11 to 140 nun in diameter, with loamy s and 

matrix, many fine root s , negative fluoride reaction, 

indistinct undulating boundary; 

* Indica t es the presence of amorphous clays i.e. allophane. 
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0. 68-1. OS 

Pit 021 

Depth (m) 

0-0.07 

0.07-0.15 

0.15-0 . 35 

0.35-0.47 

0.47-0.74 

O. 75-ll5t 

greywacke gravels with medium sand matrix, colour 

bands lOYR 4/3 and lOYR 4/6, no roots. 

B.R.P. 

Description 

Alp lOYR 3/2, medium sandy loam, very friable, very 

weak medium nut structure, many fine roots, diffuse 

boundary, f ew pumice la.pillae up to 2 mm in diameter, 

few greywacke gravels, weak positive fluoride reaction, 

diffuse boundary; 

A lOYR 3/2 (looks slightly darker than A
1
p)' medium 

sandy loam, friabl e , single grain structure, many 

fine roots, weak positive fluoride reaction, indistinct 

worm mixed wavy boundary; 

B2 lOYR 3/3, light sandy loam, very friab l e, single 

grain structure, many fine roots, many worm burrows and 

casts filled w.ith material from A horizon, moderate 

positive fluoride reaction, diffuse boundary; 

B
31 

lOYR 3/3 to lOYR 4/3, light fine sandy loam, friable, 

many fine pores, single grain structure, few greywacke 

grit pieces (less than or equal to 2 mm diameter), many 

fine roots, weak pos itive fluoride reaction , indistinct 

wavy boundary ; 

B
32 

mixed size greywacke gravels (2 mm to UO mm in 

diametar) with a matrix of lOYR 3/3 to lOYR 4/3, fine 

loamy sand, many fine -roots, weak posi tive fluoride 

reaction, indistinct wavy boundary; 

C mixed size greywacke gravels as above, with a matrix 

of lOYR 4/1 to lOYR 4/ 3 mixed, gritty coarse sand with 
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irregular bands of medium sand (lOYR 3/6), very few 

roots, negative fluoride reaction. 

B.R.P. 

Pakowhai Silt Loam 

The following description is of the soil profile in a pit dug 

between the two plots. 

is shown in Fig. 61. 

The horizons in relation to those in the plots 

Depth (rn) 

0-0.20 

0.20-0. 29 

0.29-0.40 

0 . 40- 0.4 8 

0.48-0.58 

Description 

dark yellowish brown (lOYR 4.5/4), silt loam (very 

silty), friable with few pores, very weak fine nutty 

structure with many worm casts, many roots, indistinct 

boundary; 

yellowish brown (lOYR 5/4) with many distinct mott les 

strong bTown (7 .SYR 5/8), red (2.SYR 5/6), and li ght 

brownish grey (lOYR 6/2), silt loam, friable, very weak 

fine nutty structure, many roots, distinct bow,dary ; 

very dark grey (lOYR 3/1) many prominent root stains 

and red (2. SYR 4/8) mottles, silt loam (heavie r than 

above), friable and ve r y porous, medium nutty structure, 

many roots, distinct boundary; 

greyish brown (lOYR 5/2) with many distinct mottles 

and root stains , strong brown (7 . 5YR 5/6), very fine 

sandy loam, friable, mass ive, many roots, distinct 

boundary; 

greyish brown (2.SYR 5/2) with many distinct mottles, 

strong brown (7.SYR 5/6), light fine sandy loam, very 

friable, massive, few roots indistinct boundary; 
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Fig.61 
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0.58-0.68 

0.68-0.76 

0.076-0.91 

0. 91-1. 04 

1. 04-0 . 41 

1.41-1.45 

1.45-1.70 

1.70-1 . 73 

1. 73- 240 

light brownish grey (2.SY 6/2) many faint mottles 

yellowish brown (lOYR 5/6), medium sand, with pumice 

fragments, loose, single grain structure, few roots, 

disti.nct boundary; 

olive grey (SY 5/2) with many distinct mottles, strong 

brown (7.SYR 5/6), medium sandy loam, friable, massive 

structure, few roots, distinct boundary; 

light bro,mish grey (2.SY 6/2) many faint mottles 

strong brown (7.SYR 5/6) medium sand, loose, single 

grain structure, few roots, distinct boundary; 

olive grey (SY 4/2) many distinct mottles and root 

stains yellowish brown (lOYR 5/6), medium to coarse 

sandy loam with many pumice fragments and charcoal in 

coarse sand size range, friable with many fine pores, 

massive to very weak nutty structure, roots rare, 

sharp boundary; 

light bTownish grey (2.SY 6/2) pumice sand, loose single 

grain structure, distinct boundary; 

light brownish grey (2.SY 6/2) coarse pumice, gravel 

size, loose singl e grain structure; 

light brownish grey (2.SY 6/2) mixed layers of coarse 

and fine pumice, loose, single grain structure; 

light brownish grey (2. SY 6/2) with dusting, mottling 

yellowish brown (lOY 5/6); 

Taupo pumice alluvium, interlayered, fine sand and 

coars e pumice. 

E.G. 
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APPENDIX II HYSTERESIS EXPERIMENTS 

Hysteresis occurs in the relationship between volumetric water 

content and pressure potential i.e. the volumetric water content is not 

a unique function of the pressure potential, but depends to some extent 

on the previous wetting and drying history of the soil. Hysteresis can 

thus affect infiltration, redistribution and drainage of water in soil. 

If draining retentivity curves alone are used in the computer simulations 

of infiltration, the validity of these simulations could be questioned. 

Thus t o determine the extent of hysteresis in the retentivity data of 

Takapau sandy loam and Pakowhai silt loam, "undisturbed" cores were 

t aken and the following experiments performed. 

Two cores wer e taken from each l ayer of the two soils using methods 

descri bed by Cook (1976). Both cores were saturated. One core was then 

dra i ned to a pr es sure potentia l of -10 m on a pressure plate, before being 

t ransferred t o a Haines apparatus (Haines, 1930), where it was r ewetted 

t o a pres sur e potential of -0 . 5 rn , at which point the volwnetric water 

content was det ermined. The second core was drained from saturation on 

a Haines apparatus to a pressure potential of -0.5 m, and the volumetric 

water content det er mined. The dat a obtained from these and the 

volumet r ic water content at a pressure potential of -0.5 m determined 

in the earlier experiments (Chapter 2), are presented in Table 11. 

Agreement between the volumetric w1 ter content at a pressure potential 

of -0. S m for drai ning soil is good for all layers of these two soils 

(Table 11). 

The primary scanning curve (Dane and Wierenga , 1975), the relation­

ship between volumetric water cont ent and pressure potential, for 

wetting was obtained using three poi nts : 

(1) t he volumet r ic water content a t s aturation (pressure potential 

equa l s zero) 
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Table ll.: Comparison of volumetric water content at a pressure 
potential of -0.5 m reached by wetting (0w) or 
draining (0d) the soil i.e. hysteresis. The draining 
volumetric water content from earlier experiments is 
also given (0dl) 

Soil Layer or 0dl 0d 0w Horizon 

Takapau sandy loam Al 0.420 0.450 0.420 0.378 

8
21 

0.484 0.468 0.470 0.407 

8
22 

0.54 0.416 0.486 0.454 

Pakowhai silt loam A 0.442 0.443 0.388 

B 0.383 0.386 0.350 

C 0.404 0.413 0.356 

D 0.361 0.359 0.340 

E 0.383 0.375 0.308 

F 0.399 0.381 0.369 



(2) the volumetric water content at a pressure potential of 

-0.5 m from the wetting retentivity data 

(3) the volumetric water content at a pressure potential of -10 m 

from the draining retentivity data. 

Using these three points a wetting retentivity curve was drawn 

resembling the draining retentivity curve. From this wetting curve 

points of volumetric water content/pressure potential were obtained 

for use in the function tables of the computer model. 

Various models for predicting scanning loops from the primary 

wetting and draining curves have been proposed (Everett, 1955; 

Poulovassi lis,1962; Mualem, 1974). These models all have pressure 

potential as the independent variable, whereas the computer simulation 

model (Chapter 2) has volumetric water content as the independent 

variabl e . Thus without a lot of modification to the computer model, 

these models for predicting scanning curves cannot be used. However, 

an empirical model for predicting scanning loops from the primary 

wetting and draining retentivity curves, which has volumetric water 

content as the independent variable,was proposed by Dane and Wierenga 

(197S) . The ir model was used in this study to simulate hysteresis, and 

the computer program used is given in Table 12. 

The volumetric water content profiles calculated using the draining 

r etentivity curves , wetting ret entivity curves, and hysteresis model 

for simulated infiltration are compared in Fig.62. There is almost no 

difference between the volumetric water content profile obtained using 

the wetting retentivity curves, and the hysteresis model (Fig.62). 

There is a difference between the volumetric water content profiles 

obtained using the draining retentivity curves and the hysteresis model. 

For drainage and redistribution there was little difference found between 

volumetric water content profiles obtained using the draining retentivity 

curves and the hysteresis model. 
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Table 12: 

DO 9 I=l,S 
T(I)=l. 

Hysteresis model computer program 

IF(NF(I).LT.O.) T(I)=-1. 
IF((S(I)-T(I)).EQ.O.) GO TO 10 
WCMN(I)=THETA(I) 
PSW(I)=MPOT(I) 
MPD(I)=-AFGEN(SUTDA,THETA(I)) 
MPW(I)= - AFGEN(SUTWA,THETA(I)) 
C (I) =C (I) +1 
IF(MPD(I) .EQ.MPW(I)) GO TO 10 
RAT(I)=(PSW(I)-MPW(I))/(MPD(I)-MPW(I)) 
IF ( T (I) . LT. 0 . ) RAT (I) = ( P SW (I) - MP D (I) ) / (MP D (I) - MPW (I) ) 
GO TO 11 

10 IF (C(I).EQ.O.) GO TO 13 
RAT (I ) =l. 

11 THETA ( l) 0-= VOLW (I) /TCOM ( I) 
CURVE c-, ( 0. 01 *RAT (I))/ (THETA (I) -WCMN (I) +O. 01) 
IF (T (I) . LT. 0.) CURVE=l. + (0. 01 *RAT (I))/ (THETA(I)-WCMN (I)-0. 01) 
MPOT(I) =CURVE (-AFGEN (SUTDA, Tl-lETA(I)) )+ (1.-CURVE) * (-AFGEN( •.. 

SUTWA,THETA(I))) 
GO TO 12 

13 THETA(I)=VOLlV(I)/TCOM(I) 
MPOT(I)=-AFGEN(SUTWJ\,THETA(I)) 
IF (T (I) . LT. 0. )MPOT (I) =-AFGEN (SUTDA, THETA(!)) 

12 S ( I ) =T (I) 
9 COND (I1 = EXP (-249 .12*THETA(I) **2+277. SS*THETA(I)-87. 32) 

T (I), C (I ), and S (I) are variables used for determining whether 
the process has changed i.e. from water moving into to out of 
the compartment. 

NF(I) is the net flux density. 

WCMN(I) is the water content at which the change in the process occurred. 

PSW( I) is the pressure potential at which the change in the process 
occurred. 

MPD(I) is the pressure potential on the draining :retentivity curve 
corresponding to WCMN(I). 

MPW is the pres sure potential on the wetting retentivity curve 
corresponding to WCMN (I). 

RAT (I) is a ratio neces s ary if WCMN (I) does not occur on a primary 
curve , (see Dane and WieTenga (1975)). 

CURVE is the parameter u sed to det ermine the rate at which the 
pressure potential mov es from one primary retentivity curve to the other. 
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Comparison of the simulated volumetric water content profiles 

at various times, t (minutes), during infiltration of water 

in Takapau sanJy loatl, calculated using the hysteresis model 

(I-I), wetting (Iv) and draining (D) retentivity curves. 



Thus it was concluded that little error would be introduced to 

the simulations if the wetting retentivity curves were used during 

simulated infiltration, and the draining retentivity curves used 

during redistribution and drainage. This procedure was used for the 

simulations described in the text, that is, the wetting retentivity 

curves were used for infiltration and the draining retentivity curves 

used for redistribution and drainage. 
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APPENDIX III COMPUTER PROGRAM FOR SIMULATION OF 
SOIL WATER DYNAMICS 

A listing of the computer program used in this study to simulate 

soil water dynamic behaviour is given in Table 13. 

is written in CSMP73 (Fugazi, 1973). 

This program 

The program consists of three major sections, the initial, 

dynamic and terminal sections. The parameter statements (PARAM) are 

placed before the initial section. This allows the value of these to 

be changed i n the termina l section. These parame t ers, and all other 

quantiti es in the program, are expressed in S .I. units; 

Initi al Sect ion 

The first sta t ement in this sec tion is NOSORT which indicates that 

th e sta t ements will be executed in the order given . The TIMER statement 

which is nex t consists of three parts: (a) the finishing time (FINTIM), 

(b) the integration time step (DELT), and (c) the time· increments for 

printing output (OlITDEL). 

The functio n table s of SUfYX (Y=D, W where D and W represent the 

drying and wet ting r etentivity curves respectively, and X = A,B,C, .... 

for the hori zo n or layer) consist of points on the volumetric wate r 

content pressure potential curves over the r equired range of volumetric 

water content . The function t a bl e for the flux density a t the surface 

is RAINTB, which consists of points relating flux density and time. 

The next three stat ements assign s torage space in the computer's 

memory to the variable arrays. The EQUIVALENCE statement assigns the 

two variab l e names in the brackets to the s a me memory location i .e . the 

two variab l es have the same value. Thi s is necessary as CSMP73 cannot 

integrate arrays , thus non-arra y variables must be used in the integral 

statements. 
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Table 13: CSMP73 Input List 

*CSMP73 INPlIT LIST* 25.003.000 

0001 TITLE TAKAPAU SOIL WATER DYNAMIC SIMULATION 
0002 PARAM SATCON=3.E-5 
0003 PARAM B=7.272E-5 
0004 PARAM A=l.818E-7 
0005 PARAM R=l. 
0006 INITIAL 
0007 NOSORT 
0008 TIMER FINTIM=1800., DELT=l. ,OlITDEL=1800. 
0009 FUNCTION SlITDA=0.145,154.,0.165,100.,0.2,50. ,0.233,25., ... 
0010 0.275,10.,0.31,5.,0. 342 ,2.5,0.386,1.,0.42,0.5, ... 
0011 0.455,0.25,0.488,0.1,0.5 2,0.,l.,-100. 
001 2 FUNCTION SUTDB=0.13,154.,0 . 14,100.,0.165,SD.,0.193,25., ... 
0013 0.24,10.,0.278,5.,0.325, 2.5,0.4,1.,0.468,0.5, ... 
0014 0.517,0.25,0.55,0.l,0.575,0.,1.,-100. 
0()15 FUNCTION SUTDC=0.168, 154. , 0.18, 100. ,0. 2,50., 0. 225, 25., .. . 
0016 0.262,10.,0.296,5.,0.337,2.5,0.41,1.,0.48,0.5, .. . 
0017 0.536,0. 25,0.571,0.l,O.S92,0.,l.,-100. 
0018 FUNCTION RAINTB=O. ,0. ,800000. ,0. 
001 9 STORAG TCOM(ll), ITHETA(l l) ,COND(ll) ,AVCONO(l 1) ,MPOT(ll) 
00 20 / DIMENS ION HPOT ( 11), FLUX (12), THETA (11). VOU'/ ( 11), IVOLIV(l 1) 
00 21 /DIHENS ION NFLU X(ll) ,DEPTH(ll) ,DIST(ll) 
00 22 / EQUIVALENCE (Vl, VOL\V ( 1)) , (V2, VOLIV (2)), (V3, VOLW ( 3)) , (V4, VOL\V ( 4)) 
002 3 /EQUIVALENCE (VS, VOLW (5)), (V6, VOLW(6)), (V7, VOUV (7)), (V8, VOLW (8)) 
002 4 / EQUIVALENCE (V9, VOLW(9)), (VlO, VOLW(lO)), (VI 1, VOLW(ll)) 
00 25 /EQUIVALENCE (NF1,NFLUX(l)),(NF2,NFLUX(2)),(NF3,NFLUX(3)) 
0026 / EQLJIVALENCE(NF4,NFLUX(4)),(NF5 ,NFLUX(S)),(NF6,NFLUX(6)) 
0027 /EQUIVALENCE(NF7, NFLUX(7)),( NF8 , NF LUX(8)),(NF9 ,NFLUX(9)) 
0028 /EQUIVALENCE (NFlO ,NFLUX(lO)), (NFll,NFLUX(ll)) 
0029 FIXED I 
0030 DO 1 I=l,3 
0031 1 TCOM(I)=0.02 
0032 TCOM(4)=0.04 
0033 DO 3 I=S,11 
00 34 3 TCOM(I)=0.05 
0035 ITHETA(l)=0.51966 
0036 ITHETA(2)=0.51926 
0037 ITHETA(3)=0.51877 
0038 ITHETA(4)=0.51771 
0039 ITHETA(S)=0.51528 
00 ·-lO ITHETA(6) =O. 56 
004) ITHETA(7)=0.50934 
0042 ITHETA(8)=0.37702 
0043 ITHETA(9)=0.17493 
0044 ITHETA(l0)=0.168 
0045 ITHETA(ll)=0.168 
0046 DO 7 I=l,11 
0047 NFLUX(I)=O 
0048 7 IVOLW(I)=ITHETA(I) *TCOM(I) 
0049 DEPTH(l)=O.S*TCOM(l) 
0050 DIST (1) =DEPTH(l) 
0051 DO 8 1=2,11 
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Table 13 (contin.) 

0052 DEPTH (I) =DEPTH (I-1) +O. 5 * (TCOM(I) +TCOM(I-1)) 
0053 8 DIST(I)=0.5*(TCOM(I)+TCOM(I-1)) 
0054 IVl=IVOLW(l) 
0055 IV2=IVOLW(2) 
0056 IV3=IVOLW(3) 
0057 IV4=IVOLW(4) 
0058 IV5=IVOLW(5) 
0059 IV6=IVOLW(6) 
0060 IV7=IVOLW(7) 
0061 IV8=IVOLW(8) 
0062 IV9=IVOLW(9) 
0063 lVlO=lVOLW(lO) 
0064 IVll=-=lVOLW(ll) 
0065 NFl=O. 
0066 NF2=0. 
0067 NF3=0 . 
0068 NF4::: 0. 
0069 NF5=0. 
0070 NF6=0. 
0071 NF7= 0. 
0072 NF8=0. 
0073 NF9=0 . 
007 4 NF 10=0. 
0075 NF11=0. 
00 76 DYNAMIC 
0077 Vl=INTGRL(IVl ,NFl) 
0078 V2=INTGRL (IV2 ,NF2) 
0079 V3=INTGRL(IV3,NF3) 
0080 V4=INTGRL(IV4 , NF4) 
0081 V5~lNTGRL(lV5,NF5) 
0082 V6=INTGRL (IV6,NF6) 
0083 V7=INTGRL(lV7,NF7) 
0084 V8= INTGRL (IV8 ,NFS) 
0085 V9=lNTGRL(IV9,NF9) 
0086 VlO=lNTGRL (lVlO,NFlO) 
0087 Vll=lNTGRL(lVll,NFll ) 
0088 NOSORT 
0089 DO 9 I=l,5 
0090 llTHETA(I)=VOLW(I)/TCOM(I) 
0091 MPOT (I) =-AFGEN (SITTDA, THETA (I)) 
0092 9 COND(I)=EXP(-249.12*THETA(I)**2+277.SS*THETA(I)-87.32) 
0093 DO 16 I=6,8 
0094 29THETA(I)=VOLW(I)/TCOM(I) 
0095 MPOT (l) = ·- AFGEN (SUTDB, THETA(.I)) 
0096 16 CONO (I) =EXP ( - 72 .19*THETA (1) 1'*2+ 112. 78*THETA (I)-51. 25) 
0097 DO 20 1=9,11 
0098 31.THETA(I)=VOLW(I)/TCOM(I) 
0099 MPOT (I) =·-AFGEN (SITTDC, THETA (I)) 
0100 20 COND (I) =EXP ( -104. 25*THETA(I) **2+ 14 7. 91 *THETA (I)-61. 23) 
0101 DO 25 I=l,11 
0102 25 IIPOT(I)=MPOT(I)-DEPTH(I) 
0103 FLUX(12)=COND(ll) 
0104 DO 15 1=2,11 
0105 15 AVCOND(I)=(COND(l) *TCOM(I)+COND(I-l)*TCOM(I-1))/(TCOM(I)+TCOM(I - 1)) 
0106 DO 14 1=2,11 
0107 14 FLUX(l) = (HPOT(I-1)--HPOT(l)) *AVCOND(I)/DIST (I) 
0108 SINK=A*SIN(B*TIME) 
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Table 13. (contin.) 

0109 SINK=SINK/0.4 
0110 IF(SINK.LE.O.) SINK=O. 
0111 S=SINK*0.4 
0112 37 RAIN=AFGEN(RAINTB,TIME)*R 
0113 INCAP=(O.-HPOT(1))*.5*(SATCON+COND(l))/DIST(l) 
011 4 IF (RAIN.GT.O.) GO TO 30 
0115 FLUX(l)=O. 
0116 GO TO 40 
0117 30 INFILT=INCAP 
0118 IF (RAIN.LT.INCAP) INFILT=RAIN 
0119 FLUX(l)=INFILT 
01 20 40 DO 41 I=l,10 
0121 41 NFLUX(I)=FLUX(I)-FLUX(I+l)-SINK*TCOM(I) 
0122 NFLUX(ll)=FLUX(ll)-FLUX(12) 
0123 F12=FLUX(12) 
0124 Fl~FLUX(l) 
0125 SORT 
0126 CUMDRN=INTGRL (0., F12) 
Oi27 CUMINF=INTGRL(O . ,Fl) 
01 28 ET~INTGRL (O.,S) 
0129 NOSORT 
0130 CUMWTR=O. 
0131 DO 42 I=l,11 
0132 42 CUMWTR=CUMWTR+VOLW(l) 
OL\3 Tl c::T!lETA(l) 
01.34 T2--==Tl!ETA(2) 
01 35 T3~THETA(3) 
0136 T4=THETA(4) 
013 7 TS=TIIETA(S) 
0138 T6=TIIETA(6) 
0139 T7=THETA(7) 
0140 T8=THETA(8) 
0141 T9=THETA(9) 
0142 TlO=THETA( 10) 
0143 Tll=THETA(ll) 
0144 METHOD RECT 
01 45 PRINT CUMDRN,CUMINF,ClJ~lWTR,Fl2,ET 
01 46 PRINT Tl,T2,T3,T4,T5,T6,T7,T8,T9,Tl0,Tll 
0147 CONTIN 
0148 TIMER FINTIM=86400., DELT==lO . ,Olfl'DEL=21600. 
0149 CONTIN 
01 50 TIMER FINTIM=864000., DELT=lOO. ,OlITDEL=86400. 
0151 END 
0152 END.JOB 



The rest of this section involves assigning values to TCOM, DIST, 

and DEPTH, and assigning initial values to ITHETA (initial volumetric 

water content). 

Dynamic Section 

Integration of the net flux densities to give the volume of water 

(VOLW) in each compartment is the first part of this section. The 

integration method used is rectangular thus: 

f
t* m 

VOLW(I) =.
0 

NFLUX(I)d8+ IVOLW(I) = I: NFLUX(I). L'lt + IVOLW(I) 
i=l 

m 
where t* =, I: ~t , and IVOLW(I) is the initial volume of water in the ith 

i=l 
compartment, and ~t = DELT. The volume of water in the i th compartment 
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after each integration step .. is thus found, and hence THETA(I), _MPOT(I) and 

COND(I) can then be calculated. MPOT(I) is calcul a ted using an 

arbitr;:,.ry :function generator (AFGEN). AFGEN provides linear interpolation 

between the points in the function table. This part of the dynamic 

secti on calculates the value of the parameters needed for calculating 

the flux clensi ties between the compartments. 

The next part of the dynamic section calculates the flux densities 

between the compartments. An explanation of this is given in the text. 

The parameter R used with RAINT3 allows for re- runs (see Terminal section) 

for different surface fluxes, without having to recompile the program 

for new RAINTB values. The cumul ative infiltration, drainage and 

evapotranspiTation, are cal cul ated by integration of FLUX(l), FLUX(n+l) 

and S resp ectively. These and a 11 other integrations must be in a 

sorted part of the program, . hence the SORT statement. 

Arrays cannot be printed in CSMP73, so each array element is 

assigned a variable name. The output required is obtained by using 

the PRINT statement. The statement METHOD RECT refers to the integration 

method which is rectangular. 



Terminal Section 

The use of a CONTIN statement, after the last statement in the 

dynamic section, means that the simulation will continue with the new 

conditions which are in the statements after CONTIN. In particular 

this allows the TIMER variables DELT and OITTDEL to be changed to 

save computer time (as the simulation flux densities change), and to 

avoid printing unwanted output. PARAM statements can also be changed. 

A more detailed description is given by Fugazi (1973). 

If the dynamic section is followed by an END statement with no 

further statements,then the program stops. If the END statement is 

followed by TIMER or PARAM statements, then the simulation will be re­

run using the new TIMER values and/or PARAM values, but ~n this case 

the initial section is also execated, so that the simulation starts 

with the same initial values as the first run. 
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APPENDIX IV IRRIGATION OF TAKAPAU SANDY LOAM USING 
A "BIG GUN" IRRIGATOR 

During irrigation of an area of Takapau sandy loam using a 

"Big Gun" irrigator (Fig.63), measurements of the amount of water 

applied to the surface of the soil and the change in the water content 

of the soil were made. It was then intended tha4 by simulating 

infiltration of water into this soil at the same initial water content . 

and the same application rate, the simulated water content profile 

during wetting could be compared with that found experimentally. 

This could then be used to assess the ability of the computer model 

to predict infiltration, but due to reasons outlined below this was 

not po :=; sible. 

Twe lve containers of known surface area (2.65x10- 3m2
) (Fig.63) 

were w1iformly spread over an area SO m by SO m. Water was applied 

to the soil surface for 45 minutes, and the irrigator then stopped. 

The volume of water in each of the containers was measured and soil 

sampl es taken as follows. The irrigator was then restarted and 

thi s procedure repeated a further three times i.e. the total time of 

irrigat i on was 180 minutes. 

Soil samples were taken at three different locations within the 

area. At each of these locations three samples were taken and bulked. 

The samples were t aken in increments of 50 mm, down to O .45 m. 

The gravimetric water content of these samples was determined 

and th e volumetric water content calculated, using the bulk densities 

dete rmined in earl :i.er experiments. 

Soil samples were taken before irrigation and the initial 

volumetr ic water content (0 ) calculated. 
n 

Using these and the other 

data, the amount of water that had infiltrated into the soil (I) 

to th e time of sampling, was calculated as : 

140 





I =16
w (0-0n) dz ~ r.m (0(i)-0 (i) )tiz 

o i=l n 
--- (37) 

where i is the depth to the wetting front (m), 0 is the volumetric 
w 

water content at some depth z, 0 (i) and 0(i) are initial and current 
n 

volumetric water contents of the ith increment, tiz is the thickness of 

the depth increment (50 mm) and m is the number of increments. 

When the amount of water applied is compared with that infiltrated 

(Fig. 64 ) t he agreement is very poor. A possible explanation for this 

poor agreeme~t is as follows. The topography of this area is undulating 

with elevat i on differ ences of approximately 0.1 m occurring within 

distances of 0.5 m. Water from the "big gun" is applied to a point 

on t he soi l surface for only 20 seconds during each six minute circular 

sweep by t he irri gator. In th is 20 seconds, 3.5 mm of water is applied, 

which is a rat e of approximately l. 8x10- 4 m s- 1 • This is six time s 

gr eat EH' than the i nf iltration r a t e measured for this soil (Table 10), 

so that 1vater wil 1 pond on the surface of the soil during each 20 second 

applicat i on. Some of this ponded water will flow from the high spots 

to the low spots . Thus the high spots will infiltrate less water than 

was app 1 ied to the surface of them , while the low spots will i nfi 1 trate 

more water than was applied to the surface of them. Puddles in the 

low spots of this soil were observed during this experiment. Thus, the 

r easons given above would expl ain the scatter in the data from this 

experiment (F i g.64) . 

Appl i cation of water from t he "bi g gun" at the rate described 

above, caused consider able disturbance to the soil surface. The soil 

surface was pitted b y droplet i mpact and soil was "splashed" up the 

sides of,and into, the containers used to measure the amount of wate r 

appli ed. This dis turbance of the soil surface is likely to cause a 

crus t to be formed, whi ch wil 1 lower the infiltration rate of the soil. 
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This would cause the amow1t of water ponded on the soil surface to 

increase and exacerbate the "patchy" spacial distribution of water 

infiltrated into the soil. 

If the rate of application of water to the soil surface was 

decreased, a more even spatial distribution of water infiltrated into 

the soil could be produced. This would reduce the amount of 

disturbance to the soil surface, reduce the amount of water lost to 

drainage from the low spots, and better utilise the same volume of 

water for pasture production. Thus, in irrigation of soils using a 

sprinkler system, unless the application rate is l es s than the saturated 

hydraulic conductivity of the A hori zon, then the advantage of uniform 

infiltration of water into the soil by using sprinkler irrigation is lost. 
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