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:ABSTRACT 

, 
Krlshanlal C. Khatri 

Agl'icul tural 
Engineel"ing 

SIMULATION OF SOIL MO;rSTURE MIGRATI{)N FROM A POINT SOURCE ~ 

.. 
A computer model 'simulating moi.sture migration in soil from a drip 

'source oonsidering root water extraction (RWE) was developed. The mode1 

was formulated uS,ing Continuous System Modeling Program (CSMP). 

A two-dimensional non-linear unsaturated transient flow equation 
" 

was solved ~sing the principle of mass conservation and Darcy' s law' on 

soils of dwprf-apple' orchards located in sp~thwestern Quebec. A finite 

axisymmetrlc 'cylinder with homogeneo'us, ~sotropic ~!:Id nq,n-swelling 50i1 

,W&S considered for the, simulations. No flow conditions acroas the-

b'oundaries of the cylinder were fixed-o The initial soil moisture contents 

in the soil. prqfile observed in the field were input for the simulations. 

The macr.oscopic approach was 'lJ,sed to compute RWE as a function 0 f 
;> 

g., Z and t. The RWE was assumed to be equal to evapotranspiration (ET) 
. 
which was estimated using temperatures and the sorar l'adiation index of 

th\! location. 
, 

, . 

The moisture contents in the soil profile observed at ·the 

termination of emitter discharge were in close agreement with the 
f 

" 

simulated values. The soil moisture distribution was found to depend on 
l 

the "'amount of water remaining in the soil and soil moisture retention 

characteristics. It is independent of the rate of emitter discharge, the 

depth of root zone and method of application. 
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~
" rishanl~l C. Khatr1, 

1\' 
o .. ',. " 

SIMULATION D~ L'ECOULEMENT DE L'EAU DANS LES SOLS 

Ph.D. Gé"n1è Rural 

A ~ARTIR DE SOU~CE PONCTUEL~E. . 

Un logiciel simulant" la migration de l'eau dans le sol ~ partir de 
.' 

J il 
source ponctuelle (irrigation lqcalisée) et prenant en considération 

~-

l 'extraction radiculaire de l'eau a ~té développé p~r le truchement de la . 

programmation en langage CSMP (Co~tinuous Syste~s Modeling Program). 

Une équation non-l1neaire bi-qimentionnelle d'écoulement transitoire 

non saturé a été solutionée en utili;ant -,. 'le principe de conservation de 

masse et la loi -de D~rcy sur les sols à vergers de pommiers nains du 

Sud-Oue,st québéoois. Un cylindre aXisymmétrique de dimensions finies d'un 

sol homogèn~ et is~trope non gonflant fut utiHsé pour fins de slmulatiôn. 

A..ucu'ne condition d'écoulement fut établie à tr),vel"s les. limites' 

di"!ensionnel-J.es du cylindre. Les condi~ions initiales d "humid~té du sol 

telle~ qu'observées dans les pârcelles fufent utilisées pour ~nitier les 

simulations. 
, 

L'approche macroscopique fut 'tttÙisée pour le calcul de l'extraction 1 .. . 
radiculaire de l'eau du sol en fo~ction de Q, ~ et t. Cette extraction 

1 --, 

fut prise c'omme étant égale à l' éVël.potranspiration, laquelle- fut .estimée 

à partir des températures ambiantes et de l'aide du rayonpement solaire 

du site ~xpérimental. 

La teneur en humidité du sol observée au terme des, p€ri?des d'apport' . 
d'eau à l'émetteur fut en accord avec les valeurs simùlées~' La 

distribution de l'eau dans le sol dépend de la quantité d'eau présenté et 

de la c~pacité de retention du sol en question, et est indépendante du 
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débit du gou~~eur, de la profonde';ti" du système radiculaire ou de la 

méthode d ·applica~ion. 
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CHAPTER :E 

-, . 

INTRODUCTION 

" 
1.1 Statement and Nature of the,Problem 

A large prop,ortion, of apple orchards in Quebec are located on 

valley slepes of the seuthwestern part of the Provinçe. The, soi1 of 
, rr 

this area varies from gravelry sand te sandy loam. Available soil 

. dJotsture capacity is lew and drainage is excessive tMailloux and 

Godbout, 1954). P~ecipitation i3 the major source of soil moisture 
i. ,0' ' 

supp.fy for thfl' craps. The ~neven qistributian bf rainfall during the 
-' 

g"Nwing period\ result3 in soil moist~re stress problems especialry-in 

'young orchards (Soomro et ~ü,' 1983). Therefore, supplemental 

irrigation, is necessary 
, . 

~ , 

to provide satisfactory 
~ , soil moisture 

.« ' \ ,J "' 
conditions for', Qptimal t-ree growth'.: 

, , 

Drip ir~igation i'~ beneficlally practiced by Quebec farmers in . , 
young orchards (Jutras et al., 1983). Emitters aÎ'ê usually placed on 

" , 
the sa'i! surface and semetijIles get buried into the sail due te 

erosion. 'tIater from the emitters enters the soil which ls -in immediate 

P contact wi.th the emitter. The ~oil at the discharge point becomes. 

saturated and water flows away into the soil matrix. Thus, this is 'â 
, , 

, ~case of three dill!ensi<?pal, tran~ient water flow into the soil (Br_andt, . 
et al., 1971). 

T,he tree root~ in drip-il"Figated \orchards, under Quebec 
\ 

conditions, are not restricted to tM emitter-wetted sail volume. 
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They grow beyond the wetted soil volume. Under rainfall conditions, 

weeds grow throughout the entire surface area of the young orchards. 

Under drip irrigation weed growth 18 restricted to the em1tter-wetted 

sail volume. Weeds help ta reduce sail and water erosion. Thus, the 

root water extraction in the young apple· orchards is the result of 

the transpiration needs of the trees and the weeds. 

Th~ fut~re of drip irrigation is ~}omising in Quebec (Jutras et 

aL, 1983). Soomro et al. (1983) reported encouraging results on the 

response of semi-dwarf apple trees'to supplementary drip irrigation. 

Irrigation systems in Quebec apple orchards are still designed and 

• • 
installed based on either work done elsewhere or on recommendations ' 

of dealers and equipment. manufac,turers. A properly designed drip 

irrigation system would minimize water and energy requirements. Local 

desi~ers need data on soil moisture distribution with various emitter 

discharge rates and various quantities or water for proper design of 

drip irrigation systems. "". 

Drip irrigation systems usually function continuously. In order 

to achieve lower application rat~s from a drip irrigation system, 
1 
Il 

'sequential cr pulse irrigation ia euggested lKarmeli ,and Peri, 197~). 
/ 

lt i8 based on~eries of pulses, wh~Te each pulse is composed of an .. 

operating, . ph se and a resting ph~se. Mostaghimi et al. (1981b). 
, k ..... J 

compared so 1 moi sture <iistl"ibution from continuoue and pulse 
l 

irrigation applications on heavy soils. They repor~ed that the pulse 

irrigation l"esulted in a significa;t reduction in_~ter 1055 below 

the soi1 pl"ofile in comparieon to the contin~ous treatments. 

2 

" 

., 

" 
1 
\ 

,---



---

( 

--------- ~~ - ~ 

Brandt' et al. t 1971) wel'e the first to investigate the ,problem 

of infiltration from a drip source onto a bare soil. The analysis of 

molsture movement into the soil become~ complex when water extraction , 

by tree roots Ys cpnsidered. Very limited attempts have been made to 

study. moisture movement considering root ,watl';lr uptake 1. Neuman et al. J 

1975; Feddes et al., 1975; PaU et· al., 19b1). No research of this 

type has been carried out in the pa st in Quebec. 

1.2 Objectives 

This research was conducted to study the sail lllQ,isture 
. . 

distribution from. single emitters in newly d,eveloped dwarf apple 

orchards in Quebec with the following objectives:-

1. Ta study the moisture migration at various application rates 

and ~olumes of irrigation water. 
lJ 

~~, Ta develop a computer model to simu1ate the migrat,ion of the 

soil moisture. 

3. Ta estimate the 1055 of ~rrigation water below the l'oot zone 

with various application rates and volumes. 

4. To compare the predicted soil moistur.e distribution obtained 

tram the continuous _ and pulse methods of irrigat'ion 

application. 

" . 
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1.~ Scop'e of the Woc.k 
~~., "-' 

l'he results of the investigation of this researoh are expected 

to be applicable to the design of drip irrigation systems in orchards 

of southern Quebec. By using the appropriate data required by ,the ... 
simulation model one can' predict the lateral and vertical extent of , . 
tnc soil volume wetted by an emitter. A designer can determine the 

number of emitters and their configuration, the rate of discharge, 

the amount of irrigation water to be applied, the method of 
". 

application and the time of irrigation application for a tree. This 

model 15 applicable te homogeneous solls only. The model will not 

give good results in a situation whel"e the moisture migration from 

adjacent emitters overlaps. 
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CHAPTER II 

( 

REVIEW OF LITERATURE 

2.1 General 

~ Drip irrigation is defined as the freQuent application of water 
\ 

to the' so1~ surface as discrete or continuou5 drops, or tlny streams, 

through'emitters. Often the term drip and trickle irrigation are 

---~-considered -synonymous; however,.in ASAE: Engineering Practice (EP) 405 
-1 

(ASAE, 1983), trickle irrigation also includes those systems (bubbler 

and spray irrigation) which' have higher dlscharge rates than most drip 

t - ----- ,'" ' 
sys tems. For drip irrigation, d ischarge rates for point-source 

-1 emitters are general,l.y less than 12 L,h for single-outlet emitters, 

-1 -1 and line' source emitters are generally less than 12 L.h.m of 

la1;eral. 

The usual objective of irrigation 15 to recharge the soil to 
, 

field capacity t~ ughout the zone .. from which roots wi thdraw water 

an d so il su. f.~.. . apo. a UO n ta', s 1 ac. • Then. a rt.. th. .0:' l ha. 

been dried by e apotranspiration ta Some allowable l1mlt, .anotner 

applïcation is needed (Marshall and HOlmes, 1979). 

The upper limit of water availabillty to plants (field cap4city) 

is generally based on wa'ter content after a saturated soil has t'reely 

drained for 2 or 3 days, or by subjecting wetted so11 to pressures in 

the range from 5 to 30 kPa (q.05 to 0.3 bar) in pressure membrane or 
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pressure plate equipment. The lower values are generally applicable 

to sandy soll~ and the higher values ta olay so11s. While,the sail 1s 

draining ta field capacity, growing plants may use some of·the water 

above field capacity. The lower limit (permanent wilting point) is 

estirnated by·determining the water content at which indicator plants 

'growing in the soil wilt and fail to recover turgor when ~subjecteœ ~ 

overnight to a humid atmosphere. It can also 'be estimated by " 
f 

determining the equllibrium content of the wetted soil subjected to 

pressures of 1500 kPa (15 bars) in appropriate equipment (Kramer, 
1 

1969; Peters, 1965). 

The principles of sail water flow due ta irrigation have been 

, \ 

investigated' by man y researchers. According to Miller and Klute • 
~ 

(1967), for standard irrigation practlce, water flow w1thin solI May 

be qlassified in three phases: " f 

l' l' 
(i) infil tration: This process 'starts wi th the applieation 9 f 

water and ends with cessatlbn of irrigation and deplet10n of surface 

storage. 

(11) redistribution: Water movement in the downward and hôrizontal 

d frections does not cease immediately after infiltration, and· May 

persist for a long Urne as so11 water redistributes within the 

profile. The 5011 volume wetted to near saturation duri.ng infiltration 

does,not retain its ~ull ~ater content since some of its water moves 

into the soil matrix under the influence of gravit y and suction 

gradients. ", 
(HO wi thdrawal: This is mainly absorption of water by plant roots 
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to suppl y' t~an5piration' requirements. However, evaporat1on at the 

so11 surface or drainage ta the lower levels may be significant in 

oertain situations. 

Most of the processes involving soil-water interaction in the 
l' 

field, and particularly the flow of water in the rooting'zone of Most 
~ . 

crop plants, oceur while the sail i5 in an unsaturated condition. 

Unsaturated flow processes are in general complicated and difficul t 

to describe quantitatively, sinee they often entail changes in the 

',{~ state and oontent of soil water during flo";. Changes ,involve oomplex. 
~, 

relatiôns such as so11 wetness, suotlon and conductivity, whose /.7' 

interaction may be further complicated by hystere$~.s; The formulation 

{ 
s> 

and solution of unsaturated flow problems very often require the use 

of indireot methods of'>analysis'a based on approximation of numerical 

teq.hniques (HiUel, 1977). 

2.2 Dlstribution of Irrigation Water in Soil 

Bresler et al. (1971) conducted l'aboratory and 'field experiments 

using loamy and sandy soils to study the effect of drip disoharge 

rates on the water content distribution and the location of the 

wetting front. They reported that an increase in the drip discharge 

rate results in an increase in the horizontal wett"ed. a~ea and a. 

deorease in the wetted depth. 

Padmakumari and Sivanappan (1979) studied the wettlng- pattern 

for emitter discharge rates of 5 ta 30 litres per hour with the total 
, ~ Il 

application of 10 liters per day for 6 weeks on bare silty clay Ioam' 1 • 

. 1" . . 
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so11. They round that the depth of wetting was greater for the lower 

appl ication rates and longer times than for the hig'her application 

rates and shorter aI?plication times. They concluded that the water 

,distribution i5 directly dependent on ·the d ischarge rate of dripping 

and duration of ~rr,igation. 

Leven et al. (1979a) investigated soil moisture distrbution from 

a trickle sour,ce on 'a O.6-m-deep heavy basalt soil underlain wlth 

gravel. They found that the soil moisture and root system distl"'1bution 

• -1 
covered a wider area when irr1gated twiqe a week 1011 th 8 L.h em1tters 

-1 than when 1rrigated every day qr once a week with 4 L.h emitters. 

They also found that the higher rate of al?plication gave wider 

distribution. _-.fi ~ 
Gold~erg and Shmueli ('1970) examined the effect of trick1e 

irrigation intervals on distribution and utl1ization of sail moisture 

• 
in J vineyard on s.andy clay so11. They reported that the shorter 

irrigation intervals, with proportionally smaller amounts of water 

appl1ed in a single irrigation 1 decreased the varia~ions of moisture 

content in the root zone and establ1shed a continuously higher 

moisture content regime. 

'" 

Ben-Asher (1979) investigated the effect of trickle irrigation . 

timing on pl,ant and soil water status. Tomato plants on Sinai sand 

dunes were irrigated dally by drip irrigation. The irrigation was 

appl1ed during day time hours on one field and a short time after 

sunset on ~heo second field. The resul ts showed that daytime irrigation 

of so11 with 10101 water holding capac i ty increased the yield 
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signiflcantly. and improved p'lsnt water potential as weli as water use 

efficiency. vihen irrigation was applied at night, about 35-50 percent 

of the water was lost by deep drainage below the l'oot zone between 
/ 

w,a, ter a p pli c a t' ion a t 1 80 O' hou r 8 and the b e gin n in g 0 f 
\ evapotranSPiration\ at' 600 hours. This was due to the day' tim~ 

::::o:::::::::::~n riOh r .. duoed the amo"nt of :ater avaUable for. 

2.3 Simulation of Water Flow into Soils 

In the past, attempts have been made te predict moistul'e 
, t 

distribution into bare soils by analytical and numerical methods. A 

few simulation models have been developed which predict moisture 

distribution from a point source into a bare soil. To estimate root 
ù 

water uptake by plants and trees, ~a -few __ models have been reported in 

the li teratul'é. However, no information ls available about. the 

~moisture distribution from a point source considering root water 

uptake unqer supplementary irrigation conditions in orchards. 

One of the Most widely used approaches to predict soil moisture 

di8tribut\on into 8011s i8 numerical approximation. This approach 

can be applied either by the meth6d of finite differences or by the 

méthod of finite elements. The basic principles of flow and energy 

conservation have also been apR:~~.ed directly for solution pf saturated .. ' ... . " . . 
and unsaturated flow problems l Armstrong and Wilson, 19'83; Hillel, 

, !,.. 

1977; van der Pleog and Benecke, 19.74; Bhuiyan et al., 1971). The 

solution of flow pr.oblems can a150 be obtaiped by ~electrical analogs. 
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With the advancement of high speed digital compu:ters, the electl"ical 

analogs are not considered an- ,effective method of soil water 

simul!i,tion (Pall, 1980).' 

Klute (1952) was perhaps the tirst inv.estlgator to use ,num~rical 

'techniques for simulation of the unsaturated flow processes. The 

appl ication of flnite difference method for the study of soil water 

flow was introduced by Day andVLuthin (1956). They solved the problem 

'of vertical drainage by a Gauss-Seidel type of iteràtive method wi~h 

a no-flow condition at the top surface and constant pressure boundary 

condition at the bottom. 

Hanks and Bowers (1962 -) u'sed the Crank-Nicolson finite 

,difference scheme ta study horizontal and vertical infi~tration into 

uniform and layered soils. The difference'equation in the tridiagonal 

was, solved by Gaussian elimination. Ashcroft et al. (1962) applied 

a backward difference impli'cit scheme for the simulation of horizontal 

flow. Here, Gaussian elimination was used as the solution technique. 

The numerical approach of Hanks and Bowers (1962) l'as lacer used.by 

Jensen and Hanks ~ 1967) ta investigate column drainage. 

Bresier et al: t 1969) used the modified approach of Hanks and 

Bowers ~ 1962) to study the three different sta~es of soil water flow 

in terms of infiltration, redistribution, and evaporatfon. The 

mod ified app!'oach has been outlined by Hanks et al. ( 1969) • The 

effect of hy~'t;eresis was included in this investigation. y'ariou~ 
'-, 

types of boundary conditions were applied at the bottom. The surface 
'--" 

" 
boundary conditions were""~'~,:,ated in ~n iteratiye manne~eping a 
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constant pressure at the surface during iteration. 

Pall et al. (1978, 1979) approached the problem of simulation 

of unsaturated flow ,in a different way by avoiding the use ,of 

differential equations. Directr-statements of Darcy's law and of mass 

conservation were app~_~~t for,~the solution of horizontal and vertical 
1 ., 

flow problems. Theil" resul~ts showed an excel1ent a~reement with the' 

solution of Han~s and Bowers (1962), Scott et al. t 1962) and Philip 

( 1955). 
. 

Rubin (1968) extended the approaoh of numerical simulation te 

two-dimensional uns'teady flow. He studied horizontal infiltration into 
'? 

a partially air dry slab of soi1 and drainage from partia11y satul"ated 
. 

50 il s into a ditch. The in fi! tration prob1em was sol ved with the \ ~ 

alternate direction implicit procedur~ lADI). For drainage, iterat~ve 

alternate direction ~mplicit procedure (ITADI) was used. No-flow 

boundary oondi~ions and uniform initial conditions were used in this 

study. 

,Freeze (1971) was the first researcher te advance the approach 

of finite difference to three-dimensiOnal flow problems. À. very • 

complex problem of transient ,flow into partially $pturated soils was 

solved with the line successive over-relaxation (LSOR) method. 

Brandt et al. (1911) were the first investigators to attack the , 

problem of infiltration from a drip source ;into bare soUs. A 

mathematical model for infil traCion wa~ developed from nqn-hyateNitic, 

, unsaturated fiow theory. The differ'ential equation of unsaturated flow 

in the diffusivity form was solved with noniterative alternate 
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direction implicit (AD!) difference procedure wi th Newton' s iterative' 

method .. 

Bresler et al. (1971) tested the model of Brandt et al.'. (1971) 
1 

in the field. At low trickle discharge, the predicted and experimental 
, . 

results were in good agreement. The disagreement at higher diS'ch'al"ge 

was dùe to an increase in horizontal wet tect arël:l. and" decrease in 

wet ted depth. 

Bresler (1975) developed another model for multidimensional 

simultaneous transfer of noninteracting solute and water into soils. 

This model was also applicable to infiltration, from a trickle source. 

~he equation describing the two-dimensional transient transfer of 

solutes by diffusion and convection into unsaturated, bom,ogeneous 1 

isotropie, and stable porous media was solved by the finite difference 

methpd of Brandt et al. {1971) .. 

Other complex mathematical models have been developed by 

Ben-Asher et al. t 1978), Philip and Forrester (1975), Warrick and 

Lemon t1974), and ~aats (1971). Several of these have been validated' 
" . \ 

for field and laboratory testing in vniform soils tMostaghimi et al. 

1981a,b; Levin et al. 1979b; Merr 11 l, et al. 1978; and Bresler et al. 

" 1971). Theae models) are not readily adaptable when root water uptake 

is considered. Also 1 they require extensive mathematical skills to 

use. 

There are sever al simulation languages avaiJ.able which simplify 

,the task of wrltlng simulation programs for a variety of different 

types of models. A few of these languqges are identified by the 
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following acronyma: SIMSCRIPT, GASP, MIDAS, SIMPAC, MIMIC, DYNAMO, 

SIMULATE, CSMP (aillel, 1977) and ACSL (Morris and· Hill.el, 1963). 

Among these simulation languages Continuous Sysi5'em Simulation Program 
'{'-.., 

(CSMP) developed by Brennan and Silberberg (1968) is considered the 

most versatile and is widely used for simulating phenomena specified 

bya differentïal equation or by a set of differential equations wi~h 

known boundary and initial ~onditions in systems changing with Ume. 

/' 

Curry t 1969) used S/1130 CSMF, an earlier version of S/360 CSMP 

(IBM Corporatipn, 1912) for dynamic modeling qf plant growth. S(360 

CSMP has been used for the solution of complex problems in th; field 

of agronomy, engineering and biology by Armstrong and Wilson t 1983), 

Morris and Hillel t 1983), Carter, et al. ~ 1982), Belmans, et al. 

(1979), Edwards, et al. (1919), de Wit, et al. (1976), Beese, et al. 

(1977), Hillel (1971), Billel, et al. (1975a,b,~), v~4 der Ploe~ 
, " 

(1974), van'der Ploeg and Benecke (1914), 'Beek'and Frissel (1973), de 

Wit and van Keulen t 1972), Bhuiyan et al. (1971), and Wierenga é}nd de 

Wit (1970). .';' 

Armstrong and Wilson (1983) used CSMP to predict soil mo!.sture 

flow from a trickle source in stratified bar-e soils. ,Field tests were 
e 

conducted in a La~eland sand 0 and in two typical Piedmont sail pr-ofiles 

in South Carolina. 0 The app:I.ication rates ranged from 3.6 to 17.1 

li tres pel" hour. The volume of water applied M.nged from 31 to 237 

litres. They concluded that in a11 three of the soils tested, the 

shape and size of' the wetted zone ia more a function of the amount of 
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water applied than of the rate of applicatien, at least within the 

range of rates and volume tested. This was t'rue in both field testa 

and simulations of Lakeland sand and in fiel4 tests of Cécil sandy v. 
loam and Hiwasee sandy loam. However, the application l"ate had a 

'large effect on simulations with Cecil sandy loam, that is, the higher 

application rate resul ting in more lateral movement and less downward 

movement. 
.. 

r 
2.2<;.,4 Simulation' of Water Extraction by Plant Root~ 

The distribution of roots in the soil is unev~n. The root 

system explores a large volume of so11 in search of water and 

nutrients. The developmènt of the t'oot system ls sensitive to the 

method °of' application of irrigation. Water is absorbed ma.i'fily by the 

growing root tip (Weatwood, 1978). Roota will turn and follow water 

in the soil when they are in direct contact or' in very close proximi ty 

to, water (Hunter. and Kelly, 1946). 

Wat.el' influences l'oot systems in three general ways: (1) 

direotion ~f l'oo,t growth; t2) lateral extent and depth of penetration; 
, 

and (3) relative weight of t~ps and roota. ,'Whel;l th~ upper portion of 
, " 

the root zone is kept moiat, most watel' used consumptively by the 

pl.ant will be removed from the so11 near the surface' \Hansen et al. , 

1980). This 111ay be due ta the fact that more ro~ts normally grow near 
", ' 

" 

the surface. ": 

" t 

The effe?t of' fi irrigation treatments, applied for the 

four-year perioq a; root, d stribution and water upt~ke from different 
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depths of the 0 ... 1.& m profile, has been investigted by Levin et al. 

(1972). They~ round ~hat most of the water extraction for 

v _~--. __ ~'t··~~"":-':-"':::''::: ,~: • 1 

':, -, - -', <'each soiJ layer in the sail profile. 

'. , 

, '...:::'-''' wh'~llOughby and Cbckroft (1974) studied the' root pattern of 
1 

• ' ... '1 _; (1 .. 

pea9h,b~~s under trick1e irrigation. At the end of their four-year 
" 0" • ~ )-'~ • .- • 

"" s 
eXIYer:i:ment-,'they fa und the highest concentration of live roota (less 

, 
tha,n 0 .5

r
mm dia.) within 300 mm to 600 mm from the dripper. In this 

zone, water was readily available and aeration was adequat~. POOl" 
'''-, 

ae'ration beneath ,the dripper inhibited root growth therej in t'aet:; 

sorne roots "were killed'. 
- 1 _ .. 

The 0 idea "of using an extraction function to calculate water 

upt~ke by plant r~ots ha~ existe~ sinee-at least the e~rlY 1960's 
b' -:;:, • • ~ 

(Belmans et 'al., 1979; ",àn Bavel et al., 1968a,b; Whisler et al, 1968; -Rose and Stern, '1967; Gardner, 1960, 1964 i Gardner and Ehlig, 1962). 

'l'he modèl developed, by 'Gardner (1960 r oonsidera a root to be an 

'. 

inftnitely long cylinder of uniform radius and water a~sorbing 
~ , 

, properties. The steady state soil wat~r flow equation was then solv'ed 

- analytically' a.ssumi):1g radial 'flow, and various water potential''-

distributions surrounding the idealized root were calculated . 

• Mol'-z and Remson (1970) suggested that it ls not, praetical to 

develop model~ for water flow in soil oontaining roots, if 'flow to 
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'each individual rootlet of a complete root system must be considered. 
r 

The detailed geometry of the root system is practically impossible to 

measure and is time dependent. In additioh, the wat~r permeabiiity 
- \ 

~l)f a root system v&ries with position along the root (Kramer, 1969,). 

" 
Consequently, most of the root extraction functions have been 

developed using a macroscopic as opposed to a microscopie approach 

(Molz, 1981). 

Feddes (1981) after l'eviewing the lite;~ul'e, concluded that:~ 
-the root water uptak~ depends, among others, on a number of factors 

such as 50 il hydraulic conductivity, rooting depth, rooting density, 

l'oot distribution, 1 soil moisture pressure head, demand set by the 

atmosphere (potential transpiration) on the plant system and the 

presence of water table. The enumeration indicates that it is not 

simple ta model water uptake by roots, or to generalize on the effect 

of a single modification of the ro~t zone. 

~Molz and Remson (197'0, _ 1971) derived mathematical- models to 
b 

describe water movement ta the plant roots. They suggested that the 
" ..... 

Richards equation be combiried with a sink term representing water 

extraction by plant roots. The sink term may depend on ,space, time, 

water1otential, water content, or a combination-of these variables. 

Generally, in a uniform sail, greater root development takes 

place in the upper layera of the soil than elsèwhere. This influences 
" 

the pattern of' moisture extraction from the soil profile by the plant. 
~ " ! ~ , 

For irri.gation ragimes, when soil moisture is maintained at high level 
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one can use an empirical rule that 40 percent, 30 percent, 20 pereént 

and 10 percent of the total transp~ration ooeurs from eaeh successive 

quarter of the root zone (Pair et al., 1975; Withers and Vipond 1974). 

Molz and Remson (1970) used the empirical rule to develop a water' 

uptake term as giyen below: 

1.6T 1.8T 
RWE(Z)= av Z av 

0 < Z < L - ---------- + ----------
è - r 

L 
•• ' •• (2.1) 

r r 

where RWE(Z) = rodt water extraction, mm 

Z = vertical distance positive downward, m 

L = vertiealJlength of root system, m r 

T = average transpiration, mm. av 

They usèd the experimental data of Gardner and Ehlig tlg62) to 

show reasonable agreement with the eomputed results. Molz and Remson 

(1971) acoounted for the water ,diUusivity, transpiration and root 

distribution function of Gardner (1964) te develop the following. 

extraction term: ' 

'S(Z,S) 

where RWE(Z,Q) = 
Re{Z) ,-

D(Q) = 

ReCZ') D (9) 

= ----L~----~-------f !\,Z)' D(9) dZ 
a ' 

root water extraction, 

length of roots, ~.m-3 

soil water diffusivity, 

17 , 

T av 

mm 

2 -1 "0 m.d . , 

.... (2.2) 

_.-~- --------- -------
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Feddes et al. \1974) assumed,the rate of water uptake ls 

proportional to the hydraulic conductivity and the potential 

differel'lee between t~e roots, "'r' and the surroundings-, ~. Accol'ding 

to this appl'oach the sink term was expl'essed as 

1 

RWE .... t2.3) 

where RWE = l'oot watel' e~tl'aetionf mm 

K 
, -1 = unsatuarated hydraulic conductivity of so~l, m.d 

1/b = empirical constant, known-as l'oot effectiveness function, 

representing the geometry of flow, and ia directly 

proportional to the specifie area (total area pel' Lnit 

bulk volume) of the soil root interface and inversely 

proportional: to the impedance (the ratio of thicknèss to 
, 

the hydraul1c conductivlty) of the soil root interface, 

-2 m 

Il An alterna te expression ,based on soil moistul'e content was 

developed by Feddes et al. (1976). They as~umed that under dl'iel' than 

wilting point ,( 1500 kPa) and wettel' than 'some anaerobiosis point 

(about 5 kPa) conditions, thel'e was~~ater uptake by the plant. 

Between this anaerobiosis point and some moisture content where the 
, , . 

water becomes limiting to plant growth, the water uptake was constant 

at a maximum rate tPET). It was a1so observed that the1ariaerbiosis 

P?int is very difficult'to define, but the sqil aeration chara~terized 
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by oxygen diffusion rate (OOR) can be used' for the estimation of this 

point. Op thls basis, Feddes .et aL (1976) rep~rted' the values of 
.,j 

\ 
the anaerobiosis point ~or val'iOu~ soils. The sink tel'm with this 

approach ..was gi ven by: 

~ 

RWE(9) = RWE max e < e < 9 

where 

2.5 

RWEtG) 

Q w 

Q 

= RWE max 9d< e < e. - - - an 

.... (2.4) 

= l'oot water extraction, mm 

= moisture content at the wilting point, m3 .m-3 

= moisture content at an the anaerob~osis point, m3.m-3 

Gd = moisture bontent at some point near the anaerobiosis 
',! • 

point whel'e the RWE was maximum, m3 .m-3 

RWEmax = maximum l'oot water extr~ction, mm. 

Lake and Brought~n {1969) investigated the irrigation water 

requirements of crops in southwestern Quebec using .an 

evapotranspiration model and budgeting method. According to the 

evapotranspiràtion model: 

PET = DL ~ (T/18d) 1 25.4 m 
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where PET is the potential evapotranspiration pel" month, mm; 
" , 

DLm is. 'the Mean daylength for the month divided by the 

the Mean ~nnual daylength, and 

a is'the coefficient gependent on geographic and climatic 

region, 

T ls the Mean monthly temperature in'oC. 

The budget model ls expressed as 

SMC
i 

= SMC i _1 - PET tRain 

where SMC, is'the soil moisture content for the ith day. 
~ 

.... t2.6) 

They concluded that the models gave good estimates of deficits. 

The calcu1ations of, the potential evapotrqnspirat.ion using the 

mathematical model are based on the assumption that the rate of 

evapotranspiration is not significantly affected before one-half of 

the water held in the soil between field capacity and permanent 

wilting po~~nt là depleted. This assumption was based on the ~1dingS 
) 

of hàlmes and Robertson {1963) that actual evapotranspiration equals 

the potential rate wh~n soil 15 at or Inear field capacity, and the 

effect of soil moisture dep1etion on the rate of evapotran5piration 

ia dependent on soil type. However, sorne of the researchers have found 

th~t actual evapotranspiration rate varied linear1y.with the amount 

of available moisture (Ayers, 1965). According to Baier and Robertson 

20 

/ 

w' 



-, 

11967) this linea~ relati~nship does not ho Id fo~ the entire raJge of 

.. available moisture and climatic demands. For chis reason the 

so11-w~ter budgeting model, developed by Verma and Whiteley (1901) 

~for the climatic conditions of Southern Ontario, uses the non-linear 

variation for simulating irrigation need. 

Bhat tacharya (191'7) developed a model for estimation of AET 

using PET values estimated from Russelo et al. (1974) and percentage 

of ,available water (AW) before evapotranspiration. The equation ls 

represented at 

AET = - 0!2205 + 0.4753 If PET + 0.01'9 .. AW ., .. l2.7) 

The equation has two limitatiol}s. First, the computed AET 

bec'omes negative when both ,PET and AW' are either zerQ or have very 

low magnitude; secondly, it will esti~ate AET Ln excess of PET, when 

~ the latter is less than 3.5167 mm at AW of 100 percent. The top layer 

of sqil usually contains less than 100 ~ercent of A~.'Therefote, the 
" 

use of this equation to calculate AET during simulation will cause an 

error. 

<_, , Most researchers suggest that the equation given by Penman tef. 
;, .... ,iv 
~ Hansen et al. 1980) fer calculating the evapotranspiration lET) cari 

be used if the,necessary data for its use are available. Since the 

Many detailed climatiQ measurements needed are seldem available- r some 

• less precise means of estimating ET, such as those listed by Baier 

and Robertson (1966)) are frequently used. 
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Saier and Robertson (1965) presented a rechnique for estimating 

latent evaporation from simple meteorological observations and 

astronomical data readily available from tables which include maximum 

and minimum air temperatures, and solar energy at the top of the 

atmosphere. The values of latent evaporation 50 obtained can be 

converted to potential evapotranspiration (PET) using the conversion 

fac tor fol" 'an irrigated fiGild as defined by Holmes aDd Robertson 

( 1957). The values of PET c.alculated to caver a11 parts of Canada 

were published by agriculture Canada (Russelo et al., 1914). 

2.6 ~ethod of Irrigation Aoplicâtion 
1 

Mostaghimi et al. (1981b) investigated the effet' t of pulsed 

tr~ckling on the moisture distribution patterns in heav so11s. They 

conducted experiments on undisturbed samples of a Drum, r silty clay 

loam sail located in Illinois. The discharge rates ranting from 1 to 

8 litres pel" hour with a' total volume ~f 16 litres werelused for both 

the continuous and pulsed irrigation treatments. The Si~ulation model 

proposed by Bresler (1975) was used to evaluate the labo~atory results 

where it was assumed that the sail was a stable, i,sotropic, and 

homogeneous porous medium and Darcy's law was applied ta both 

saturated and unsaturated zones. They found that t'.h'e agreement 

between laboratory results and those calculated ,by the simulation 

model was quite, good. Also, the pulsed irrigation resulted in a 

significant reduction in watel"" loss below the soil profile in 

comparison to continuous treatment. 
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Zur (1976) comp~red Boil wat~r distribution between continuous· 
/) 

and pulse irrigation application in a homogeneous soil column under 

laboratory conditions. He found that the volumetrie soil water content 

distribution and the rate of advance of the wetting front in the soil 

column~ were behaving as if the time averaged water application rate 

was being applied continuously. 

Levin et al., (1979b) worked on the disoharge rate and compared 

the effecta of continuous and intermittent water application from a 

point source on sandy soils. They concluded that a low application 

rate of 1 litre per hour can be replaced by a higher discharge rate 

of 2 litres per hour with application. 

/ 
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CHAPTER III 

DEVELOPME~T AND SOLUTION OF THE MODEL 

3.1 Description of the Problem. 
) .... , 

To~desi8n a drip irrigation system, information on the soil 
'. 
" mOistu~&fdistributien appropriate to the situation ~s necessary. It 

i5 not practical te collect information for each design problem in 

the field. Simulation modela can be employed to generate data for 

meeting the needs of a designer. Some of the problems faced in the 

field are listed below: 

1. Soi1 is neither homogeneous nor isotropie. 

2. Soil moisture planes develop and w~ter table fluctuations cccur 

due ta rairifall, root water extraction (oRWE) 1 evaporation and 

drainage. 

3. Roots an~~ the pore space and interconnecting pores· 

with time. 

4. Due to cultural practices such as the application of herbicides 

and fertilizers, traffic, tillage and irrigation, the infiltration 

characteristics do not remain constant. 

5. The scil-water content with respeot to the depth and the 

distanoe from an emitter or a tree does not remain oonstant due to 

irri~tlon and rainfall. 

6. Timing of irrigation-application, temperature, wind velocity, 

'depth of water table, initial soil moisture content after· rainfall·or 

and presence of stones affect the soi1 moisture 
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distribution in the soi~ matrix. 

Slnce the i~itial and boundary condit'ions are usually not 

constant'and the soi1 properties change with space and time, the 

prediction of sri1 water movement is highly complicated under field 

conditions. 

3.2 Assumptions 

The problem of soil-moisture trom a drip source considering 

water uptake by a crop was studied with the following assumptions:-

\ 1. The soil i5 homogeneous. 

2. Sail properties do not change with ~ime. 

3. Soil does not shrink or swell with a chan~e' in moisture 

content. 

4. Isothermal conditions prevail during the water flow to plant 

roots. 

5: No water is stored by the tree and surrounding vegetation. 

'6. Root water extraction i5 equal ta actual evapotranspiration. 
, 
7., The r~ots are distributed throu$hout the potential root 

volume. 

'8. Hydrauli~ conductivity is a single valued funetion of the 

moi sture content. 

9. There ia no overlap between the wetted area of adjacent , , 

emitters. 

10. Initial sail moisture eont~nt ls evenly distributed in sail 

planes. 
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3.3 Theoretical Deyelopment 

The theory' f~r transient, isothermal flow of, water ,in a 

'non-swel1l.ng soil oan be described by a combinitlon of two equations: 
c _ 

(1) DarcY'$ law,-wh!ch states that the flux of water (q) is 
Q 

proportional to, and i~ the direction of, \he driving force which is 

the effective potential gradient: 

q = - K VQl .... <3.1) 

where 

G is the hydraulic potential, which i5 the sum of the matric 

potential ( 1/1) and the gravitational potential ( Z). 

( K is the hydr'aulic conductivity, which in the unsaturated soil 

can be expressed as a 0 function of water content (Q), or matric 

pot'ential (if;). 

V is the deI operator 

The hydrauliè potentiel can be expressed as 

.... \3.2) 

where 

Z is the. gravitational head expressed as depth below the soil 

surface. 
\ 

(2) The continuity equation, whioh states, that ,the Ume (t) rate 

of change of water content.in a volume element of 50 il must eqùal the 
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divergence of the flux: 

ôeléJt :: - v. q ••.• (3.3) 

By combining Eq'uattons 3.1 and 3.3, the general soil water flow 
, . 

equation 13 obtalned as: 

which in one-dimensional form becomes , 

aD -------at 
a- av; = ----. (K ----) ôx ax 

,- ••. (3.4) 

.... (3.5) 

If the flow system is considered vertical and the Z direction i5 taken 

as positiv7 from the soil surface downward, Equation ~. 4 becomes 

ÔS a a<J/!-Z) 
= (K -----------

.... <3.6) 
ôt az ôZ 

Considering irrigation from a point source (source) and root 

water extraction (RWE), Equation 3.4 can pe presented as: 

10 

a at/; a r-/;-Z) 

( 
ôD - RWE + source -ar = (K ---) + --- (K --0:0---- ) ôX ôX ôZ ôZ' 

.... (3.7) 
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To estimate the RWE 1 the macl"oscopic approach i5 fre"quen~ly 

consider:'ed due to its simplicity (Feddes et aL, 1976', 1974; Nimah 

and Hanks, 1973a,bj Molz and Rtlmson, 1970; Whi"ler et 'l~ll., 1968), 
~ 

According to this approach the RWE depends on the moisture content 

and the depth of roet zone. 

In simulating the soil moisture distribution from a trickle 

source it is necessary to estimate the daily PET. Then AET which i5 

·a:ss~med te be equal 'te RWE, can be calculated based on the moisture 
\ 

~ontent in the soil. The PET is the maximum amount of wâter that will 

leave the soil system by ET when there is.sufficient supply of water. 

The daily PET can be eslimated using Tables published by Agriculture 
..1 

Canada (Rûssel'o et al., 1974). This requires data 'on minimum and 
Q 

maximum temperatures and the radiation indéx of the location. Thi~ 

information ls i$ available for most of the areas of the province of 

Quebec. 
.I.J' 

The PET rate increases from sunrise, reaches a maximum rate at 

about midday and then decreas~fl until sunset. The rate of PET can be 

represented by a sine function lHillel, 1977). However, during cloudy 

periods, thiso function is not applicable. The irrigation system design 
, 

ls usually based on the premise that evapotranspirat~ will ocour 
o 

during the clay time. Thus, the assumption was made that during the 

simulation run, there were no cloude during daylight h9urs; Under 

this assumption PET with respect to t can be presented as . 
\, e 

PETR(t) = PETRmax sin~ ~ i t/LD) ....... <3.8) 
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whe'~~ PItt'iÜ t) is the PET rate wi th respect to the time of, day from 
, 1 

sunrise (mm.s- ), LD i5 the,length of the day (s), and t i8 the time 

.. 1 ' 
from sunrise (s), PETRlIIax is the maximum midday PET rate (mm. s ) • 

d '" 
Upon integration with respect to t, Equation 3.8 becomes 

PET. PETR sine 7r * t / LD)dt .... (3.9) = , max 
" , , a r ( .. ~.#. 0 

" 
When t=LD, Equation" 3.9 becOmes 

PET = (2 LD .. PETR' max 
) / 7r .... U.l0) 

and from Equation 3.10 maximum midday rate of PET can be calculated 

as 
'0 

PETR = (PET * 7r ) / (2 LD) max .... 0.11) 

The amount of moisture depleted from the l'oot zone is a function 

orrts depth. Under supplementary irrigation conditions, the roots of 

- , 

the tree grow into the potential soil volume incl~ding the soil volume 

irl't'fâted by the emittel'. Due to the presence o,r weeds in the 

orchards"P'the so'il surface ia cov,ered with vegetation. Theretore, in • 

these orchards the RWE patterns ,would be similar to those obtained 

under- a crop ·cover. Figur~ '3.1 approxitllates the R~E pattern 

.deve,loped by Shockley (cf. Pair et aL 1975) trom ap examination of 
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Figure 3.1.. Root water ~xtraction as a ~unction of root depth. 
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soil-moisture extraction studies in the western United States. 

The relationship of RWE with respect to the soil water content 

was developed by"Feddes et al. \.1976). They assumed that under 

conditions drier than wilting point (Q ) (1500 kPa) and wetter than 
w 

some anaerobiosi:s point (Q ) labout 5 kPa) there was no water uptake 
an 

b Y the roots. Between this anaerqbiosis point and some moisture 

content (50 percent available soil moisture, Q ) where water becomes . r 

limiting to plant growth, the water uptake was constant at maximum 

rate (PET). However, in this study it was assumed that anaerobiosis 

did not occur due to the occurrence of a temporary saturation under 

the emitter. Based on this assumption the R'WE ls èonsidered to occur 
"' ... / 

a t the rate of the potential evapotranspiration between a (soil 
/ s 

moisture content at, saturation) and Sr' ye-- relationship ·between RWE 

and soil molsture content ls presented ln Figure 3.2. 

3.4 Solution Teçhniaue 

. To con vert the mathematiçal model into a form soulble by a 

digital computer, the differential ·equations of water '. transport in 

the so il. are cast into explicit algebraic equa tions t invol v ing the 

values of the variables as they exiat atldiscret points i sp~ce and 

time .. Under this method t a mesh center grid system selected. A 

f:tnite cylindrical soil volume was divided into small 

of width Rand deptb= Z. This is shown in The center of 

,all rings ia a verticaf _line which passes t rough the center of t'he 
, 

soil cylinder and the emitter on the sail surface. 
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Schematic '1iew of the soil cyl1nder t for simulation. 
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The initial soil moisture content is specified at the nodal 

points. Irrigation i8 applied at the inner ring (1,1) of the finite 

sail cylinder. When the discharge rate exceeds the inril tratlon rate, 

the ex cess water l'uns laterally to the ~ext ring (1,2). Similarly, 

e~cess water available on ring (i,j) after infiltration moves to the 

n'ext ad j acen t ring \ i, j+ 1 ). The index.: i (i= 1 ,2. . •• imax) is measured 

al..9ng the Z-axis whiqh is positive downward. The index J (j=1,2 ..•• 

\ 
o j max) ls measured along the R-axis. The im.a:it and Jmax represent the 

maxJmum number of soil rings along Z-axis an9 R-axis respect~vely. 

where 

The volume of the sail ring is calculatect as 

2 _ R2,) *~Z. • .•. \3.12) v. , = (R j + 1 ~,J J l 

vi ' = Volume of each soil ring, m3 
,J 

= Inl/er and outer radii of a soil ring, m 

= thickness of each sail ring, m. 

calculate RWERi . rate for' each of the sail 
,J 

Z and t as \ 
\ 

RWER i ,= RWEF(Q) x RWEF(Z) x PET.Rt ) x Ai . 
,J 1 tJ 

1 

where RWER i ,i8 the volumetrie rate of R~E rom ring (i, j ), L .'5-
1 ; 

,J , 

RWEF(~) i5 RWE as a function of Q, calclfiate from Q versus AETJPET 
1 

relationship given in Figur'e 3.2, fraceionj RWEF(Z) 18 the RWE as a 
1 
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If 

function o'f depth calculated using Figure 3; 1 and the thiokness of 

the foing, fraction; PETIH t) is the rate of ET at the' tillle of - . 
. -1" ( 

simulation after sunriae, mm.a i Ai . ia the area of ring i,j) as . 
tJ 

viewed trom the soil surface, m2 • 

.. 
The second step i5 te calcul.ate the rate of flow (Q) across each 

boundary of ring (i,j). The schematic view of the ring (i,j) and Hs 

adjoining' l'inga used for simulation presented in Figure 3. ~. the flow 

rate (~3.s-1) across the boundariea betwe,en rings (i,j-1) and (i,j);. 

(i,j) and (i,j+1)i (i-1,j) and ti,j);' and, (i,j) and (i+1,j) la 

respectively presented by the equations: 

Qi . ,= ,J-

Qi,J+'= -

Qi-1 ,t' -

Qi 1 .: 
+ ,J' 

Ki ,J-1 

K i,j+l 

K 1-1, j 

(Hi,j- H
id

_
1 

)IU R.+ R. 1)/2Jt21l'R.HAZi ) .. ·.1.3.14) 
J J- J 

(Hi : j +,- Hi,j)/({ Rj+ Il j+ 1 ) 12 J (.21l' R j ) ( A ~i ) ... (3.'15) 

(Hi .... 
' . ' 2 2 , 

,J -Hi_l, j') /.[ ( Z i + Z1_1) 12]( 11" lH j+ ,-R j)) ' .... <::~ • 16) 

wher,e subscr.ipts i and j refer-ta the position ~f the ring, 

H = the' total potential as a functien of .Q and Z, m 

K = the hydraulic conductlv1ty as a fùnction of·Q, m.~-l . 

Rj = inside radius of ring (j) t m ~ 

, 0 

Zi = oepth from 'sail surface to the top of soil ring (i) , m 

Q = volumetrie moisture content, m3.m-3• 
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Figure 3.4.. Sohematic view of a ring (i ,j) for simulation. 
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(Ki 1" . vi 1 . + Ki . vi") / l y. , j + v. .) - ,J -, J , J , J 1-, l, J • '. ," (3.20) 

. ... U.21) 

= t'law rate across interface of (i,j-1) and (i,j), m3)s-1 

= flow rate across interface of ü,j') and, ti,j+l), m3s-
1 

Qi, j+l 

Qi-1,j = 

Qi+l, j = 

3 -1 flow rate.across interface of (i'-1,J) and ~i,J), m iJ 

flow rate across interface of (i,j) and li+l,j), m3s-
1 

K = average hydraulic conductivity of (i,j-O and li,j), m.s· 1 
i,j-l 

K = average hydraulic' conductivity of (i,j) and (i,J+1), i,j+l 
-1 m.s 

K = average hydraulic conductivity of li-1,j) and (i,j). m.s· 1 
1-1 f j 

K = ·average hydraulic conductivity of Ü,j) and \i+l,J), m.s·'. i+l,j 

~ 

The third step is to calculate net f10w rate per- unit volume of 

soil in each of the rings. The net flow rate into ring li,j), 

according ta its position 1s given balow: 

(1 ) < i < imax, 1 < J, < jmax 

,AQ.i,j = Qi . ,- Qi,j+l+ Q. .- Q - RWER i : 
J J" i-1, J i+ 1 , j , J 
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(2 ) i = 1" j = 1 

(3) < i < imax, j = 1 

dQ .. = Q. 1 .- Qi+l,r Qi . r- RWER
i 

. ~,J 1- ,j ,j+ ,J 
.r 

(4 ) i ,= ,im~, j = jmax 

dQi . 
,j = Qi-l,r Qi,j+l- RWER

i 
. 

,J 

(5) i = 1, 1 < j < jmruc 

dQ. ,= Q' •. ,- Q •. ,- Qi' .- RWER
i 

. 
~,J 1,J- 1,j+~ + ,J ,J 

(6) i = iD1ax, 1 < j < jmax 

dQi,j, = Qi,j-l+ Qi-l,r Qi,j_1-R'd~Ritj 

(7) " i" = 1, j = jmax 

dQi,j = Qi,J-l- Qi-1,r RWERi,j 

(8) < i < imax,' j = jmax 

(9 ) i '= imax 1 j = jmax 

ÂQi,j = Qi,j-l+ Qi-l,F RW Ri,j 

where dQ1-, j = net flow rate into 
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Q' = emitter 'discharge rate, m3s-1 
e 

RWERi,j = root water extraction rate, m3 s - 1
0 

The rate of change ih volumetrie moisture .content per unit 
~ 

~olume of soil in ring (i,j) i8 calculated by the fOllowing equation: 

... 0,<3.31) 

where DELSTO, , ls the rate of Change in volumetrie molsture content , ' ~,J 

3 -3 -1 pel" unit volume of soil in ring li,jl, m .m ,s , 

Sirice the soil moisture migration from a point source is a 
o 

non-steady process, DELST0
1

, j is not constant. 'It is a function of 

time and may charige from one second to the another. When e. i8 known ,n 

the soil moisture content at any time later (~) can be calculated as 

t . 

9in . + ~ DELSTOi,J dt 

t=O 

.... \3.32) 

As wi th ring li, j), any ring in the flow region May be tr~ed 0 ' 

Using 'the 'initial ~ture content tan input to' ~rogram) to 

caloulate hydraulie 

_calcu~d for each 

emitter and ending 

---- " conductivity and total potential, the Q la 
1 

r~ng (i,j), beginnlng with (, ,1) nearest te the 

wlth (imax,jmax). CSMP then finds the updated 

moisture content. The updated moisture content values become 'the new 

ini tial conditions and the 'process continues for a second Ume 
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increment, ~t. This process ls repeated to the time-specified to stdp 

simulation. 

3.5 ,Initial and Boundary Conditions: 

At t = 0 

o < R < R - - max .... \3.33) 

Where i = 1 ta imax . 
\ 

At t > 0 

water i5 a'pplied at higher ràtes when compared with the lower rates - / 

, of application for the same amaunt of ir),iga,tion water. For example:-

. 12.0 L of irrigation water are appUed at the the rate of 2, ,4, and 

6 Llh with irrigation termination occuring 'at 6, 3 and 2 hours 

respectively. If the'comparison for the soil moisture migration is 

made without considering the time period or irrigation applioation, 
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the potential migration to total irrigation water would be, 

inconsistent at different disoharge rates. It ls, therefore, 

necessary to oonsider the migration time of total irrigation water in 

the soil. A concept of actual migration time of total irrigation 

water (AMT)· is proposed. 

Actual Migration Time (AMT) is defined as the time taken by the 

total irrigation wa ter ta migrate in the sail at sorne specified Ume. 

The., AMT ~or drip irrigation at tn9 time of termiriation of emitter 

discharge ~ calculated as ~,~-~ 

(a) for continuous application 

AMT = Tir/2 

(b) for pulse appliéation 

AMT = T, /2 + c/4 l.rr 

where Tirr = time required for irrigation application, h 

C = Ume period of pulse cycle, h. 

..• ' (3.37) 

.... (3.38) 

~onsidering a suffici'ent time of redistribution of soil water 

~the tèrmination of ir~~ati~n, an arbitrary AMT (T ) of 12-hour ~t· , a 

was sele'èted for this study, The time required for simulation or 

observation ~ T~bs) can be calculated s)3' 

'AMT + T irr' .... (,3.39) 

1 The AMT and the simulation time required fol" various irrigation 
1 

periods are given in Table 3.1. Even though this' criterion does not 

o0!lsider the changing mOistur~ conditions during irrigation 

application at various ,rates, this 5eems· to be a better method to 

compare the moisture distributions. 

0" 
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Method of Prip Irrigation Application 

The continuous and pUlse methods ot: drip irrigation application 

were considered for simulation in thi~ study. The pulse irrigation 

consisted of a series of pulse cycles of 1-hour dur·ation. Each cycle 

consisted of 1/2-hour operating phase followed by 1/2-hour resting 

phase. Thus, the pulse irrigation reduced the average rate of water 

application to half the rate of continuous irrigation. The time of 

pulse irrigation termination increased to twice the continuous 

irrigation for the same amount of total irrigation water. This is due 

! to the fa~t that the operating phase of each pulse cycle was provided 

with a square wave function of Ume. The migration of soiI moisture 

with. pulse irrigation application was simulated wit.h the ~ame initial 

and boundary cond'itions and parameters as the continuous i~igation. , 
To compare the performance of ~oth methods and ~pplication rates 

giving sufficient Ume of soil moisture migration after termination 

of discharge, an arbitrary 12-hour actual migration time for the total 

amount of irrigation water (AMT) wâs selected. Therefore, in both 

/ 
methods of applic~~n, the simûlatlon runs w~re continued àftir"r:' 

, r 
irr iga t ion termination, to the Ume equivalent to the 12-hour AMI _ 

• -ol. 

(Table 3. 1 ) ._ 

, , 
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• Table 3. 1. S,imulation time required for 12-hour AMT for var ious 
irrigation applioation periods. 

j Method of Irrigation Application 

Contlnuous Pulse (1-hour cycle) 

Irrigation 
time 

h 

8.0 

6.0 

4.0 

3.0 

2.0 

( 

AMT 

h 

4.0 

3.0 

2.0 

1.5 

1.0 

-, 

Simulation 
t~me 

0. 

h 

16.0 

15.0 

14.0 

13.5 

13.0 

\ 

Irrigation 
Ume 

h 

... 

8.0 

6.0 
Q 

4.0 
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AMT 

h 

4.25 

3.25 

.2.25 

o. 

'J 

Simulatio)1 
Ume 

h 

15.75 

14.75 

> 13.75 

'. , 
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CHAPTER IV 

EXPERIMENTAL PROCEDURE AND DATA COLLEOTION 

4.1 General Description 

The soil water migration studies were conducted in apple 

orchard s located near RQugemont and Rockburn both 'in southern Quebeo 4 

~ 

The existing drip irrigation system was de~ed and installed by Les 

Enterprlses ~arnois, Inc., St. Thomas, Quebeo. The system served as ,-

supplemental irrigation with one emitter for each tree. The emitters 

were placed at the distar)c~ of about' 0.3-0.35 m from ,each tr:ee. 

The Rougemont orchard was two years old as of 1980. The 

" irrigation water for the system in the orchard wàs pumped from a pond 

which was filled with s:epage water and runoff from heavy rainfall. 

The wate~ table remalned within the range of 1.0 to 2.0 metres,from 
. 

the ground surface, and, it fluctuated due to rainfall, drainage and 

evapotranspiratlon. 

The apple orchard near Rockburn wa,s four years old as of 1981. 

The ~rrig~t1on water for the orchard was pumped from ground water 

storage. The water table st this experimental site exceeded 2.0 m 

below ground surface. 

Experimental Procedure 

The experiments were oonducted on1y on sunny days in both apple 

orchards. The irrigation water was applled continu~usly at 

44 



predetermine'd rates and amounts. A soil probe with a diameter of 0.02 

m was used to obtain soil samples for the determination of moisture 

contents. After rainfall the soi1 moisture content was considered 

evenly distributed with respect to the depth from soil surface 
,.; 

throughout thé young orchard. To determine initial moisture content 

in the soil profile, soil samples were taken at the depths of p.û, 

0.05, 0.1, 0.2, 0.3, 0.5, 0.6 and 0.9 m before the st?rt of emitter 

discharge. Theae samples were taken at the distance of 0.6 m from an 

emitter. Thus, the soil volume used for the moist ure migration 

exper iment was not disturbed. The soil samples were also taken 

immediately after the t;.ermination of the emitter discharge at the 

depths of 0.0 ï 0.05, 0.1, 0.2, 0.3, 0.5, 0.6, 0.9 m from the soil 

surface and at the horizontal distances of 0.0, O.1~'O.25 and 0.5 m 

from the emitter. The moisture contents were determined in the 

1aboratory by the oven dry method. 

.. 
4.3 InoÙ't Data 

The basic data required for the solution ot the model developed. 
o 

in this study' are as f~S: 

1. Matric potent'ial ve" soil moisture content, 

2. Hydrau1ic conductivity versus soil moisture content, 

3. Root water extraction patterns with respect to depth and root 

zone depth, 
, 

4. DaYÙngth and time of c the day, 

5. Daily potential evapotranspiration, 
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. 6. Soi1 moisture contents at saturation, 50 percent available 

moisture and wilting point, 

7. Initial soil moisture contents with respect to depth, and 

8. Emitter discharge rate and time of application. 

4.4 Determination of Soil Properties 

The sail texture was determined using hydrometer and sieve 

\ analysis method~ (Lambe, 1951). The sail samples were taken from 

0-0.30, and 0.30-0.60 m depths. The samples from each de~th were air 

dried in the laboratory and mixed weIl for analysis. The bulk density 

was determined using undisturbed sail samples from the orchards. The 

Soil moisture retention curves given in Figûre 4.1 were determined by 

p~essu~e-plate method. 

_ To determine hydraulic ponducti vit Y , undisturbed san'lples for 
C· 

all the so~ls we~e ·obtained in soil cores of 0.1 m diameter and 0.1 
.. 

m . high. The samples were taken at depths of 0-0. 1, 0.2-0.3, and' 
, 

0.5-0.6 m. The saturated hydraul+.Sl- conductivity was measured by the . . 
constant head method and calculations were made using the equation 

(Klute, 1965):-

K =. (Q 1 (A * t» lL / Âl:l) , s - vs. 

-1 where K = ·saturated hydraulic conductivity, m.S s 

Qv = volume of water that passes through the sample, m3 

, 2· 
.A = Cl"oss-sectional area of the sample; m- , 
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Figure 4.1. Soil moisture retent10n ourves of the so118. 
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t = Ume, s 

dH = hydraulic head difference 

L = length of the sampIe, s. s 

,. 

across the sample, 

1 
J 
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The unsaturated hydraulic conductivity versus moisture content 

fUnction for each soil was determlned by uslng the method of Jackson 
1 

( 1972). The soil m~sture characteristic 'function was divided into 

m equal;,moisture content (Q) increments and su~tion he ad ( 1/;) at each 

increment was determined from a·moisture characteristic curve. Then 

at the midpoint of each increment suction head was caleulated and 

value of h'ydraulic conductivity was computed according to the 

. equation: 

where Ki is the hydraulic con4uctivity at Qi; m ls the number of 
o \ 

, increments of Q; ,1f is the su?tion head at thei midpoint of each Q 

incrementj c is equal to 1; a~d,\j ~d i are summatlQn indices. 

~he ?alculated hydraulic oonductivities as a function of volumetrie 

moisture content are given in 4.2. 

4.5 

The daily PET was estimated f om the "Agrometeorological Tables ll 

). 

publi.shed by Agriculture Cana a lRusselo et al., 1974)., The 

parameters required for estimation of daily PÈT for the model are: 

1) maximum temperature, 
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2) minimum temperature, 

3) latitude of the experimental site, 

These were obtained from Ministere de l'Environnme~t, Gouvernement d~ 

" Quebec. Th~ Rockburn orchard is located at 45, Ô2 1 "N latitude and 

73,54 1 longitude and the Rougement orèhard i5 located a~ 45,27 ' 

latitude and 13,04' longitude, 

4.6 Determination of Root Zone Depth 

" '" The roots were unearthed artel' the completion of the experiment. 

;The depth of the roots was determined by visual inspection. 

4.7 Model Testing 

The model was 'cested under 'various soilsf.-and flow conditi9ns. 

The data on inqal soil m.oisture content and sorne other parameters 

used for testing this model are prèsented in Table 4.1! The emitter 

dischar-ge l'ates for each of the sites are give,n in Chapter 6. The 
'01 ; • 

physical properties of the sails are presented in Tables 4.2, 4.3, 

and 4.4. The basic values of of the parameters used in s~nsitivity 

analysis are given in Table 4.5. 

The simulated moisture content data generated by the model were 

_, red into a' computer, and GCO~TOUR procedure of the Statistical 

An~lysis System was used to dr~~ iso-sail moisture content curv~s. 

The figures showing soil moisure content profiles and water input 

along vertical,l and, horizontal directions were drawn using GPLOT 

procetiure of SAS. 
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Table 4.1. initial volumetrie soil moistur€ contents in the soil 
profiles and other input parameters at the research sites 

Loeation Rouge~ont Rougemont, Rougemont .Rockburn Rockourn 
RM1 RM2 'RM3 RB1 RB2 

1 

Root zone, (m)'·· 0.36 0.36 0.48 0.60 0.60 ' 



( Table'4.1 continued •••• ; 

" 
as 

Location RHl RM2 RM3 RBl RB2 

16 liters 

Depth lm) ... 
0.0 0.055 0.098 0.059 0.067 0.130 

0.05 0.0-76 0.123 0.080 0.089 0.151 
. 

0.10 0.078 0.144 0.088 0.094 0.159 ' 

, , 0.20 0.082 0.198 0.097 0.114 0.158 

0.30 0.086 0.201 0.101 0.114 0.166 

0.50 0.088 0.200 O. la 1 0.119 0.172 

(' , 
0.60 0.091 0.224 0.107 0.123 O.,1'r.o l' 

, 

0.90 ' 0.102 0'.226 0.128 . 0.146 0.1 d 1 

Av WRZ 0.080 0.173 0.096 
1 

0.110 0.160 

Av BRZ 0.092 0.223 0.115 
Co 

0.137 0,'171 

"Av ilSQ Q,Q67' . Q.'Q3 Q,1QS Q .1]~ Q .16§ 

Date 19-1-80 1-8-80 16-7-81 ~ 6-7-81 31-7-81 ' 

Timè (Q) 5.08 5.3 5.63 5.78 ' 4.38 

\ Day~ength (h) 15.23 

Daily PET (mm) 5.1 

14.J5 15.32 15.57 14.82 
, ", 

5.1 4:7 4.6 -oi 4.9 

continued next page 
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Table 4.1 continued. -: •.. 

Location 

Depth \.m) 

0.0 

0.05 

0.10 

0.20 

0.30 

. 0.50 

0.60 

0.90 

Av WRZ 

Av 8RZ 

Av WSC 

Date 
J 

Time (h) 

Daylength '(h) 

Daily PET (mm) 

~ M~, 

RM1 

0.067 

0.078 

Q.080 

0.060 

0.082 

0.086 

0.086' 

0".098 

0.079 

0.088 

0.085 

18-7 -80 

5.1Q 

15.27 

5.1 

- - --. -- ........... --~ . , , ., 
,-.;y ·1 

RM2 RM3 RB1 RB2 

24 liters 

0.071 .' 

0.096 

~.,.--,,- 0.099 

,/ 
0.106 . -

c 0.106 

0.106 

~ 0.110 

'l 
b.116 . 

0.101 
~ 

_1 

0.114 

0.105 .. 
2-7-81 

5.07 
l, 

15.62 

5.6 

t 
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Table 4.2. Physical properties of soil s exist ing in the orchards ' 

, 
Location Texture Sand SUt Clay Bulk Density 

~ % ,. Mg.m-3 

RB1 Sandy 90.8 5.9 3.3 1.65 
RB2 Loamy sand 82.9 12.2 4.9 1.52 
HM1 Sandy 94.7 4.9 0.4 1.61 
RM2 Sandy 88.1 6.3 5.6 1.46 
RM3 Sandy . 98.4 1.6 0.0 1.65 

Table 4.3, Saturated hydraulic conducti vit y of the soils 

~ 
, 

Site No. of samples ' K (mean) Std. Dev .. Range, 
s 

m.d -1 . -1 
m.d m.d -1 

( 
\ 

RB1 12 3.6576 0.51li1 3.1511 .. 4. 36~ \ 

RB2 12 2.9520' 0.2257 2.647 - 3.336 
RM1 12 4.31188 0.6178 3.643 - ,5.556 
RM2 12 2,2032 0.3038 1 .814 - 2.650 , 

~} . 
RM3 12 8.0208 0.7214 , 7.013 -.8.917 

, l 

\ 

Table li.4. 60i1 mOis:;re c~tent 
\ 

Volumetrie of the so11s \ 
\ 

Site Satura ... FC WP Available MC '@ 50% 
tion' Moisture . Available 

Moisture 

RBl 0.34 0.112 0.043 0.069 -0.0775 
RS2 0"o1l2 0.149 0.061 0.088 :,0.Q105 
RM1 0.37 0.114 0."051 0.003.--: . ~- - - -0.0'825 
RM2 0.43 0.230 0.041 0.1139 0.1355 

(, RM3 0.36 0.097, 0.022 0.075 0.0-595 

i ., 
) i , 
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Table 4.5. Bas~ parameters and their values used in sensitivit~ 

analysis. 

Parameter 

1. Mesh size R direction 

2. Mesh size Z direction 

3. Hydraulic conductivity 
....... _-.~ .... 

4. Dischar:ge rate 

5. Total irrigation water 

6. Root ~e depth 
1 

" content 7,' Init,~l moisture 
_ J 

8. Daily PET 

9. Volume of sail ring 

10. Time ot start 

11, Daylength 

12. Ratlius of âoil cylinder 

13. Depth of sail 

"" 
cylinder 

L~ 

" 

." 

'.J 

p 

Base Value 

0.06 m 

m. (}.06 

4.35 -1 
m.d • 

2.0 

16.0 1.1 

0.36 m 

0.085 m3 .m-3 

. -1 
5.0 'lmm.d 

" 

variabl~ 

2.0 h 

14:~ h 

O.M m 

(L90 m 

• 

~ 

l t 

, '. 

J'~' 

.. 

, 
P. 

°1 

, 
. 

. . 

r 
- \ 
, J 

i 

J 

i 
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In arder to caloulate irrigation wate~ input'in mm, soil profile 

from s'urface to bot tom ~f the dnite sail cylinder was considered. 

The calculations were done as follows: 

where 
, 

j = 

imax 

IRRj. =~ IRRWl j / Aj 
i= 1 

to jmax 

imax = maximum number of rings in Z-dir~ction, 
'-. 

jmax = maximum number of ri~gs in R-ditectiôh, 

.... (4.3) 

IRR. = irrigation 
J 

water. input in ,sail J'ings (j), -mm 
~, 

IRRWI. = irrigation water input in sail rings t j)', L ;/--
J , /' 

m2 
'A. = sut'lface,area of rings ,(j), 

J 

i~and j are subscripts i~ Z and R directidn repectively. 

,/ 

Fat' the details of c~lculations .regarding ~ater distribution, 

the reader ls açvised ta refer to the computer program given in 
, 

Appendix A. 
.. 

" ' 

, 

, i, /-

.. 
.' 
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CHAPTER 'v 

DESCRIPTION Qf THE COMPUTER PROGRAM i 

" 
5.1 Introductio'n 

the geom~tric'5tructure of the modèl is shown in Figures 3.3 
o 

.. ~ ~ " lJ 

and 3.4 whlch deptct a uniform ~oll profile o~ finite depth Z with , ' 

roô~ z~ne depth RZD and finite radius R. The ~oil profile 15 div1ded 

D .ir ta. IMAX rings eacn of thickness DELTAZ. The f~nite r-ad1us (RL 1s 

divide4 into JMAX rings eaeh of width, DELTAR. 
o 

The rate of water movement between soil rings obeys Darcy' s law 
," ~~ ~ 

1n flnite' dÙference "farm. ''The cmo1sture content of a soil ring at . ., -* 
• 1 

any moment det.ermines, the hydrauli~conductivity and m~tric potential 

bf' ~hel sail ',;j~g. :h,~ ma~r le potent1al 

momént, and :po:;si ttôn- of t"he' 5011 ring 
~' .. 

and time after sunrise at any 

relative :~ the soi], surface 

determlne the root moisturè extraction from the 5011 ring. ~ , 
• ~ \ ;j, .. 1 (> 

, . , 

The computer llrogram was wri,tten using IBM System/360 Continuous 
-,-,,' ,-; .. , " 

System flIodel1ng ~rogram (CSMP). Apart from the formaI S'TORAGE, . . . ~ 

. DIME~ION, ~QUI~A,LENCE, and FIXED sta.tements, ,th'e program éons~sta of 

thr.ee segments:', (1) INITIAL, (2) DYNAMIO an~ (3) TERMINAL. Tbese 

,d ehribe the ~omputations to be perfôrmed berore. during, and after 
"_. . ' 

.. e~ètf~imulation rune The description of the variables ,glnd the details 

.' 

-
, 

" . 

-'-----

t 

of the computer program, are given dn appendix A. The flow c~rt'~"f . 

" 
" . 

" , 

. , 

pomputer simulator la shown ln Figure 5.1. 

57 l 

.. 
, , 

" ~ ~,~~ _ ~ __ ~_ .. _ ~ ...--;~ ... 't"~ ,.,-~ 

" , 
i' '1 \', 't !. l ,~~ 

. 
~, , ' 

.. 

\, 

~ , 

" _l~ '~~,~~"'" 

" 



t ' 

.. 

, 
.. 

UPDATED 0 
" t > 0 

, '" 

• 

CALCULATE .... --~ 
Z 1--------... Z vs. RWE 

0in at t = 0 

o vs. ~ 

CALCULATE~ ___ -, 
-------.., CHANGE IN 

o .. 

Figure 5.1. F~ow~c~art of the computer simulat9r. 
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5.2. The, INITIAL segment 

This segment is interlded excll,lsively for computing initial 

condition values and basic parameters. The segment begins with the 
, 

TABLE statements where the initial soil molsture çontept of the sail 

rings, radial distances from the axis and depths from the soil surface 

ta the, interface between sail rings and the boundaries of the sail 

cylinder are provided. This follows the functions THMPOT, THK, RZDRWE 

and the parameters. 

lhe number of sail rings for this study were set arbitrarl1y at 

155. The thfcknes~ and wldth of the 13011 rings were determined from 

TABLE RADRNG and TABLE Z respectiv~ly. The TABLEs are written to 

f,acilitate the input of variable or constant mesh size of ,the sail 

rln,8s for simulation. For this study the thickness al)d the width of 

each of the~ sail rings were 0.06 m. The total profile depth was, 0.9 

m and the distance R from the vertical axis passing" through emi tter 

was 0.66 m. 

The values of matrlc potential dependent on soil molsture_ 

'content are given as a· tabulated FUNCTION 'THMPOT, in which the first 

0'( eaoh pair of numbers 15 the independent variable (moisture content) 

and the second of each pair the dependent variable (matric potential). 
1 

Slml1arly, the values of hydraulic conductivity dependent on moisture 

content are given as tabulated FUNCTION THK; values of the root water 

extraction term dependent on root depth are tabulated as a FUNCTION 
,,~ 

RZDRWE. Note that the root zone depth must fall on the horizontal 
1 

interface between the soil rings or the bottom of the flnite 5011 

59 

,r 

J 

1 
~. .--



\ 

( 

cylinder. ( 

The following parameters are specified in thi~ segment using 

PARAMETER statements: 
1 

/./' 
PARAMETER .IMAX, JMAX, RZD, tHETAS, TRUN, HBOUND, KSAT, PI, Pl, 

PARAMETER TSTART, EQHR, LDMIN, MCWlL, MC50AV, WRTDEL, PET 

) 

The initial soil moisture content lTHETA given in soalar array 

ia ohanged to lHe, the veotor array us.1ng the following statements: 

10 

DO 10 l=~,IMAX 
~. 

DO la J=l, JMAX 

M:{I-l )*JMAX+J 

IHC(I,J)=ITHETA(H) \ 

The oaloulations for the following variables are done uSing 

NOSORT option and FORTRAN statements: .. 

• JHAX1, IMAX1, l'WOPI, EQMIN, EQMIN1, RWEMDR, P2, IMC(I,J)~ DELTAR(J), 
.... 

RADDIS(J), ARNGJ(J), AVDELR(J), DELTAZ(I), GPOT(I), AVDELZ(I), 

ARNGlJ(I,J), VOLRNG(I,J), RWElf(M), RZDF(I), N, RWEZ(I), MP50AV, 

MPDEN, VWROWI(I), VWCOLI(J), VWWRZI, VWBRZI, VWWSCI. 

( 
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5.3. The DYNAMIC segment 

ntis 'segment ~s the main segment in the mod~l. 
., , 

It Includes the 

complete description of the system dynamics, toget~er with other 

s neflded during the run. The structure statements withln 
1 

are a mixture of 5/360 C5~~P and FORTRAN statements. The 

onsists of SORT and NOSORT sections. The CSMP assumes the 

statements to be sorted by the CSMP unless NOSORT is speeified. In 
, ' 

the NO$ORT section the statement are exeeuted -~s provided in the 

program. 

5.3.1. ,SORT section 

nte integr~tions to ~PQate the volumetrie molsture contents of 

each of the so11 rings ~t eaeh time step are carried out by the CSMP 

functlon 

" \ 

MC1 =INTGRL'(IMC 1, DELST1 f 165) , 

The third argument represent~ the number of soil rings in the 

integrator array to keep traek of their moi sture 9ontents. The 
, -, 

. variables MC1, IMC1 and DELST1 are dum!,lli!!s. These appear. in 

EQUIVALENCE statements eorresponding to the first soil ring (1,1) of 

vector arrays of variables MC, IMC and DELST respecdvely. The 

volumetrie moisture contents are stored ln an array MC. This array 

1 s used ,i~ the beginning of the dynamiç segment to ealeulate the 

moisture content of each sail ring at the cur~ent time. The first 
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argumen~~of the Integr~l function sta es that the initial v~lue of 

the volumetrie moisture content Is give by an array IMC. The second 

argument states that the,net rates of hange,in volumetrie moisture 

content into integra~ is given ~r the a ray DELST. At current time 

a11 'net rates of change in ftJo1s~ure entent in all the rings are 

calculated from the state of the system The'n a11 Integrations are 
o 

performed ~ 

Similarly, the integr~tions to updat the root' water extraction 

from each soil rings (nn) wi thin the root z ne, t~e PET and the volume 

1 

<> of. water applied functions respectlvely: 
! 

RWE1:IN'TGRLCO., RWEZPl ,nn) 
l 

PETCUM=INTGRL(O.,RWET) 1 
1 

lVWAPPL~INTGRL(O.,EQMIN) 1 
1 

At the Ume equal to zero, the root water ext action,~ cumulati ve 

!t 
iii nd the VOl~me o,f water arl1ed ~re equal to z~ro. Therefore, 

fir~t argument in each of (he above three functions is zero. , 

5.3.2. NOSORT section 

PEr 

tl1e 

This section starts with resetting each soil ring withi? the 

lower and upper limits of moisture contents provided in the functions 

THMPOT and THK. This 15 done ta avoid any chance of instability during 
.. 

a simulation run. The upper and lower l imits 0 f MC ln the functions 

are glven at saturation THE TAS and wilting point MCWIL respectively. 
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l' The va-lues of the hydraulic conductivity, matric potential, 

hydrâul1c ,potential at the center of each ring are calculated using 
i 

AFGEN' function which interpolates linearly in the tabulated function 

.definec1 by the first name in the argument, using the second name in 

, the argument as the independen't variable. 

KCI,J)=AFGEN(THK,MCCI,J» 

MPOTC'I, J)=-AFGEN(THMPOT, MC(I, J» \ 

HMPOT=MPOT(I,J)-GPOT(I) -
The average corijUct\Vity for flow through boundary (J) betw-een 

adjoining rings (IjJ-1> and (l,J) and for boundary (1), between 
J 

adjoin1ng rings (1-1,j) and (l,J) 1s weighted according do their 

volume: 
r.,.,r-

""=="-..-= . 
AVKR(I,J)=(K(I,J-1)*VOLRNG(I,J-l)+K(I,J)*VOLRNG(I,J» 

\ (VOLRNGCI,J-1).VOLRNG(!,J» • 

~~Z(~,J)~(K(I-1,J)*VOLRNG(I-1,J)+K(I,J)*YOLRNG(I,J»/ 

'\ (VOLRNG(I-l,J)+VOLRNG(I,J» 
\ 
\ , 

\ 
'\ 

\ 

\ 

tJ-
\ ' The rdot water extraction RWET is assumed to take place ~uring 

thé da! t!me on"y and !s considered as a .ine function from ·.~nris, 
to q)tunset wi th !ts maximum rate at midday. This i5 calculat'ed at 

" , 

current time using the statement: 

, 1 
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" 

R~ET=RWEMDR'SIN(PI'T/LDMIN) 

The root water extraction RWEMP of each soil ~ing ia calculated' 

at current matric potential for each 3011 ring. Then the volumetrie 

root water extraction rate from each sail ring at current cime, 

cons~der'ing the position of the ring and matric potential in the ring, 

ls 'calculated using the followlng statements: 

RWER:RWET-RWEMP-RWEZ(+) 

RWEZPCI, J)=RWER* ARNGJ(J) 

Based 611 the sail mOJstùre content, the position of the sail 

ring (I,J) wlth respect to the emitter and sail surface, the time of 
-=---1 

dayand the V'olume of the ring, RWEZP(I,J) are calculated for each of 

the soil rings. Then control ls transferred to the desired statement 
~: . 

for calculahng DELST(I,J) based on the position of the ring (I,J) in 

\ 

'the poil VOtume considered. 

)' 
4' 

ï 

\ 
j 
a The 

\ 
n,ow of soil moisture between r~ngs is calculated usine 

\ 
\ () 1"( 

Darcy' s law. 'oThe change in storage ls calculated using the law of 
\ 

conservation of mass. 
\ 

,of sail in a soH ring 
\ 

cylinder. DELSÙI,J) 
\ 

calculated as fol~ows: 

\ 
\ 

\ 
'\ 

Tre rate of change ln stora~e per unit volume 

OElLST(I,J) 'depends on its 'position in the sail 
\ ' ... 

\. 
w·th its position 1<I<IMAX anq 1<J<JMAX is 
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DELST(I,J)=(-RWEZP(I,J) ••• 

• AVKZ(I,J)*ARNGIJ(I,J)*(HPOT(I,J-1)-HPOT(I,J»/AVDELR(J) ••• 

. -A VKR (l, J. 1 ) *ARNGIJ (l, J.1 )*(H.POT (l, J)-HPOT (l, J. 1) ) / AVDELR (J.1) ••• 

• AVKZ(I,J)*ARNGJ(J)*(H?OT(I-l,J)~HPOT(I.J»/AVDELZ(I) ••• 

-AVKZ(I+l,J)*ARNGJ(J)*(HPOT(I,J)-HPOT(I.l,J»/AVDELZ(I+1», •• 

/VOLRNG(I, J) 

Similarly, the DELST(I,J) of other soil rings are calculated 

according to their position in' the soil cylinder. It is also taken 

ioto account that water does not move across the circumferential and 
~ 

bot tom boundaries of the soil cylinder. 

Irrigation i15 applied at the ring (1,1). When the irrigation 

application at the soil ring (1,1) exceeds the intake, the excess 

water runs off to the next ring (1,2). If the amount of run off from 

any ring (l,J) exceeds the intake, the ex cess amount of water runs 

off to the next rin~ (1,J+l). .. 

The pulse irrigation is generated by u15ing the combination of 

PULSE and IMPULS functions as follows: 

Y=PULSE(Pl,IMPULS(O.,P2» 

The IMPULS function is used to trigger the PULSE function. The 

IMPULS'function generates a series of impulses having'a value of 1.0 

starting at time equal to zero and continuing at times equal to 

P2*( 1 .2,3', .... ). The input ta the PULSE funct ion is the ~mpul se 
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g~nerator whieh triggers, the pulse of minimum wldth P1 whenever its 

value ls greater than zero, prov1ding a pulse i5 not already being 

generated. When the value of P2 ls twice the value of P1, a 

square-wave ,funetton i5 generated. Thus, the time ot irrigation TRUN 

,~~ 

for pulse irrigation 15 twice that of continuou5 irrigation for the 

same amount of irrigation application. 
" 

The timings fo·r the calculation of the variables in the 

remainder of the program and output of desired variable are controlled 

1 

by the impulse generator. FORTRAN i5 used for these èalculations and 

output of the variables. 
(j 

The calculations are p,erformed for the following variables at 

the interval equal to PRDEL: 

~~ 
v " 

VWCOLTÜ), VWROWT(I), VWWRZT, VWBRZT, DSTROW(I), DSTCOL(J); 

'" RWECUM, VWWSCT, DSTWR~\~STBRZ, DSTWSC, VWSIMU, VWERR, V1~ACCT 

The output of the variables is.obtained at PRDEL 

interval: 

TIMHR, RADDIS(J), GPOT(I), MC(I,J), DELTAZ(I),' DSTROW(I), 

DELTAR(J), DSTCOL(J), VWWRZI, VWWRZT, DSTWRZ, VWBRZI, VWBRZT, DSTBRZ, 
, 

VWWSCI, VWWSCI, WWSCT, 'DSTWSC, RWECUM, VWAPPL, VWSIMU,'" VWERR, VWACeT. 

Calculations for the following variables are performed at the 

.interval equal to_ P2, at and. before sunset: 
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PETC'U. AETCI;J)" AEPE(I,J), AEPEL(I,J), ~ETAR(J), AEPEAIHJ) 

., 
The output of the following vàriables i5 obtained at an interval 

equal to P2, at and before sunset, and at the end of s~latlon run: 

RADRNG(J), ~(I), AETer,J), AEPE(I,J), AEPEL(I,J), AETAR, AEPEAR, 

PETCU, EQHR-

Structure statements are translated and plaQed. 1.nt~ a FORTRAN 

.' , 
subroutine called UPDATE, which 15 executed at each l~eration cycle. 

5.4. ,The TERMINAL segment 

Thi s segment of the .program enters into ~imulat1on at the end 

of a simulation run. The calQulations of the variable which were 

needed at the termination or the run are perfo~med here. AU the 

format statemen~s are given in this segment. The following va~iables. 

, are calculated: 

AETALL, AETPET,~ARRPC, DSRZPC, DSLSPC, DSSCPC, RWEPC 

The' output for the following variables' Is bbtained at the 

t~rmination of the simulation run: 

, 
AETALL, PETCU, AETPET, N, MP50AV, VWACCT, ERRPC, DSRZPC, DSLSPC, 

DSSCPC, RWEPC 
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,~·S.~,5~' Execution control statements 

!hese stateménts are used to specify certain items relatlng to 

aotual simulation rune 

-TIMER is the label which identifies the.card as a timer cardo 

The following system variables are used in the program. 

PRDEL is the i~crement for'printing output. Even though this system 
~ 

. variable has,not been used for output control, it must be specified. 

FINTIM is the maximum ~imulation value for the independent variable, 

time. Its value must be a multiple of PRDEL. 

DELT' 1s ther'integral interv~l or t~e step size for the independent 
t 

variable, tfme. 

,~ 

5.6 •. Method of Integration 

Variou:! methods of Integration ciln be employed using centrallzed 

Integration routine for a simu3.ation. In this 'simulation pr-ogram 

integration 1s performed by th~ Milne firth order predictor-corrector 

method with a variable time step as stated by the statement: 

Q . 
\, 

" METHOD MILNE 

5.7 Output control statements 

The output can be obtained in gr.aphic or numeric form usina 

). PRTPLOT or PRINT statement respectively. The print statement' is 

l~ited to only 5a variables which include TIME. To obtain output of 

more bhan 50 variables one can use impulse generator. The IMfULS 
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, functions are us~d in DYNAMIC segment to control the timIngs tor the 

calculations' and output of variables as specified there1n, usi:'ng

FORTRAN statements: 

.. 

The series of impulses are generated .:st Ume equal to zero and 

lire continued 0 at a time interval equal to WRTDEL., un€U "tl:le end of 

simulation run,' if the FINTrM i5 a mul t1ple or, WRTDEL. The FINT'lM need 

not be' a multiple of "RTDEr. In that case, the step of the impulse 

generator 1s skipped at FINTIM and the rest, of the program i8 
, . ' 

e xec utèd. The output 1011 th the system var iable KEEP equal to 1.0 

r!'p-resents a vaUd inte-gration 8tep. otherwlse 1t 15 a trial 

Integration step. 

" 

, " 
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6.1 
1/ 

Intr,qdyctiOn 

J 
" 

CijAPTER, VI ., 

, 
RESULTS AND DISCUSSION 

, , _. " 
The simulation results obtained from the solution of this model 

't 

~ .. " .~ 

,are d iscussed and compared wi th th~' field' ~data obtain~d' immedii1te~Y, 
• " 0 

afte17" termina~ion of emitter 1 d1schar
o
ge. The 0 soil molsture 

distributions predicted at the, AMT of 12-hours are compar~d with .~ 
r 

o • 

di~ferent discharge rates, amoun,ts of irrig~ÙOn watel" and methOd-s of 

ir~igation application. , -', , . 
( 

, Distanëe, depth, t;'eplenishing front J perceQ.tage, a~ 
. 

• applicati~~ are frequently used in the presentation of., results. ana, 
• 1 

d~squssions. The definitions of the wOr'ds as used in this tex~ are ~ 

't> 

giVen
J 

b,elow:, ',~, ", . 

Di~ta~e: horizontal distance from the vertical axis Pêl'ssing 

through the center or the finite soil cylinder. 

Depth: depth from the sail surface. 
) 

Replenishing front: ~The replenishing frqnt l'ather thoan wetting 
\ 

,fr-ont is used in this study. At tJ'lis point 'th,e depth of', l'oct, water 

'., 

,extraction (RWE) and net water input (inflow..(outflow). qpe exactly 
-- , . ' , 1 . \> , 

equal;, -Thus, 'the change in sail moisture _content aë this point ls 

i 
e<J;ual to zero, . 

This condition in 'radial \ diI"ection (R) is fulfillE!d, wh en the' 

- "\ horizon t'al 

t .. ''; 1 .. ' . 

., 

". 

.', 

I~ 

.. 

". 

j 
~ 

., .j 

" , 

1 , . . ~ 
. ~ 

\ 
~. 
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distanc~~rom the emitter is equal to the RWE or when the change in 

s~orage at that point tends to approach zero. This definition applies 

to 'the vertical direction (Z) when the depth is considered from the 

Boil su,rface in the column (Z,1 ),. 

Throughout the discussion ' i' refers 

number and ' j' refers to the radial distance, 01" ring 

number in radial (R) direction. 

The percentage refers to l irr iga t ion 

water. 

The irrigation application is to be considenedvas the continuous 

application method unless the pulse method is specified. 
<'" 

{ 
Water distribution in the sail profile refers te) the water 

w~ ~ 

distribution for the total wetted radius. 

Water input or distribution along the horizontal distance reters 

to the water input or the distribution for the total wettéd depth. 

Loss of water refers + to the irrigation water ,which is deep 

drained below the root zone. 

Soil moisture content profiles, in figures, are shown as (Z,R) 

where Z ia the depth ~rom soil surface to the bottom of' the finite 

soi1 cylinder and R ia the distaoce, m. 

6.2. Rougemont Qrchard Site 1. 

The experiments were conducted using 12, 16 and 24 t of 

irrigation water applied 'from an emitter. The moisture contents,in 

the soi1 profile were measured and predicted at the distances of 0.0, 
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0.1 and 0.25 m from the emitter. The resul ts are presented and 

discussed in the followlng sections. 

6.2. 1 

When 

Ex eriments and Simulation Results 

the experiments were conducted with an irrigation 
t. 

application of 12 L, water was applied at ~he emit.ter discharge rates 

(Q) of 2, 4, and 6 L.h-1 and the results are presented in Figures 6.1, 

B.l and B.2 respectively. The predicted soU moisture content (Q ) . . pr 

in the soil ring (1,1) ranged from 0.31 m3.m-3 at a Q of 2 L.h-1 to , 
>..,. ~1 

3 -3 -1 0.35 m.m at a Q of 6 L.h • 

The experlments were also conducted with 16. L 6f irrigation 
~1 • 

water applled at the dlscharge rate of 2, 4 and 8 L.h • The moisture 

contents ln the soil profile obtained from the field experiments and 

simulations are presented in Figures B.3, B.4 and B.5 respectively. 

The Q in the sail ring (1,1) ranged from 0.31 m3 .m-3 at a Q of 2 pr 

L.h- 1 to 0.36 m~.m-3 at.a Q of 8 L.h- 1• 
~ ~ 

The moisture contents obtained for t-he total irrigation· 

application of 24 L applied at the' discharge rates of 4, 8 and 12 

L.h- 1 are presented in Figures B.6, B.7 and B.8 respective~y. The 

Q in the soU ring (1,1) ranged from 0.34 m3.m-3 at a Q of 4 L.h- 1 
pr . 

to 0.36 m3.m-3 at the Q of 8 L.h- 1• 

The results show that the field situation gave higher moi sture 

contents and deeper migration of water under the emi t"ter when compared 

to the computed resul ts. One of the reasons is that the mesh ~ze was 

kept constant at'''Q.06 m during aIl simulations. The' soil moisture ia 
~/ 

/' 
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Figure 6.1. Sol1 moisture content f~oflles before and after 12 Lof 
water applied at 2 L.h at Rougemont orchard site 1. , 
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co~sidered uniformly distributed wi.thin a so11 ring, In reality, t~e'--' 

~oil moisture movement is a continuous function of the distance and 
t_ , 
the depth from the emitter. The model considers the moisture movement 

as a step function of the dist.ance and the depth from the emHter, 

the step size ls equal ta the mesh size. 

wnen water is discharged from an emitter, a zone of saturation 
1 

develops up te a certain distance from the - source (Leven et al., 

1974). The satur{tion zone is larger with 'higher rates of emitter 

discharge. Figures B. 9 ~o B.13 show the iso-soil moisture content 

curves for different amounts of irrigation water application at 

different rates. If the zone of saturation ia less than the volume 

of the soil ring (1,1), uniform distribution of moisture wf.thin the 

ring by the model, results ifl a moisture content value less than 

aat~ration. Thi~ i5 evident from the fact that Q values in ring pr . -
(1,1) were higher at the higher Q when ~empared with the low Q. 

When the soi1 moisture content (Q) is near satu~ation in sandy 

soils, gravit y forces dominated ih so11 moisture movement. Thus the 

1085 of water beyond the root zone tends to increase with increase in 

the Q. The higher Q in ring (1,1) re8ulted in' deeper migration of 
pl" .' 

water. Also, the higher moisture contents observed under an emit\er 

\i\'1 .t,t1'6 field re5ulted in faster and deeper moisture migration under 
, , ::f,\\ 
the emitter when ~ompared to the predicted values. The soil lOO-isture 

retention characteristics were used to simu1ate the soil moistur.e 

movement. However, during the wetting period, water moves faster with 

the sarne moisture cont~nts when compared to the redistribution period. 
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, The simulated values are calculated a,t the ce}'lter of a mesh , 

which, in this case, is 0.03 m away from the vertical axis and the 
>, 

horizontal axis passing through th;-emitter. The simulation technique 

dlstributes soil moisture in a mesh 0.06 m deep. The extrapolation 

teohnique is not applicable for the prediction of soil moisture 

content at the vertical axis or horizontal axis passing through the 

emitter. The observ,ed sa.,t~isture content (Qob) at the soil sur(aoe 

were lower as compared to the calculated values at a distance of 0.10 
, 

and 0.25 m from an emitter. The soil surface .. is usually open directly 

to'the atmospheric demande Thus, a'low moisture content May be found 
-, .'~ 

At the emitter wh,ere wa'ter 

ia appl ied, the soil remains saturated during irrigation and 

illInediately after termination of irrigation. At this point one. should 
\. 

expect higher moisture conj:.ent from the field in cornparison tu 

,'calculated values which depend on the extent of the zone of 

saturation. There were stones and heterogeniety in the field. 

.. ~ ~ ...... 

Therefore, at some points, departure from the simulated smooth curve ,. 

was observed. Comparing the so11 moistur~ profiles at the horizontal 

distances of 0.10 and 0.25 m from an emitter, the ag;eement with 

computed results is reasonably good. 

6.2.2 Simulation Results after Redistribution of Water 

The 5011 moisture distributions predicted for 12, 16, 24 L of 

,irrigatio,n water applied at different aischarge rates and methods are 

presented and discussed. 
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6.2.2.1 Irri~ation AEElication of 12 L of Water 

The distributions of water input, along the hor,izontal distance 
r 

\ , 
and in the soil profile obtained with different discharge rates and 

methods are presented in Figures 6.2 and 6.3 respectively. The 

resu~ ts show that tbe Iower discharge rates gave higher input close 

to the emitter when compared ta €he higher d:1scharge rates. The water 

< -1 
input at the emitter ranged between 32.0 mm obtained wi.th 2 L.h , 

and· 30.4' mm obtained with 6 L.h- 1• The difference in wa~~r input 

close to the emitter is caused by the difference in the period of 
~ 

infil tration a'nô red istribution. When water 15 applied at' Iower 

discharge rates the infil tr:€Ition Ume is higher and the redtstribution 

time is !-ower when compared to the higher rates,of emitter discharge 

(Table 6.1). 
.' . -1 

The pulse irrigation application at the rate o~4 L.h 
... ~ .. { 

gave the same ·results as the continuous irrigation application at the 

discharge rate of 2 L.h-1• 

. The simulation results are summarized in Table 6.1. The resul ts 

obtained wl th d ifferent d ischarge rates and methods of irrigation 

appl ic ation are in close agteement with each other. There are very 

3mall differences which occured due to the difference' in time" .cf 
lrÎ(iltration and redistribution. 

The 1035 of water tends to increase wi th an increase in the rate 

of d:1scharge. When the so11 ls close ta saturation the gravit y 

potentia1. dominates resulting in raster movement of wacer downwards. 

However, the d ifferences resul ting from the d ischarge rates are v~l 

small and,can be ignored. ) 
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rates for Rougemont orchard site 1. 

.77 

• 
\ 

. , 

-'\ 1 

~ 

i 
l , 
-' 

~ 
i 
\ 

~ 
.. l 

:à 

1 
i 
t 

. 1 

l 

0' 
1 

\ , 
• l 



1 
. 

~ 

l 

~~~~ 
'-

-: 

( 

, 
'\ 
" 

/ 
(' 

-.-~~-

1 

\ 
1 
1 
: 

.. 1 

" 

'" 

" 

. 

~ 

-. 

\ 
. \~ ". " ;; 

.; ~'I . . 
\ 1 • 

100 
, \ 

~,\ , 

~l, ~. 
80 

~ 
'~70 

1 " 

f. . -~ ~ , 

,. , 
-----~ z 

0 

~ 60 1p 0 

m "'" 
~ 50 

:a 
~ 

{ 

110 
,~ 
:<' 
~. .. 
~ 30 

~ 
.... 

~ 

~ 1 .~~ 
~ ~.~,~.', Il'j'''' 

\. . "~, 
~} '. , " 

'H~ 
.:1 , .. - , 

a" 10 .. 
\~ .. 

.) * 

0.2 .~ O.ll ,0,.8 

OEPTH FROM SOll SURFACE. m 

·LEGENO, TQ-12L -- QCON-2 
--- QCON=S 
---- gPUL::rS 

4 

Figure 6.3." Water input pred ictèd in so11 profile' with an irrigation 
application of 12 L at d ifferent discMrge, rates for 
Rougemont ~rchard si te 1 • 
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The model accounted more than 99 percent of the total 

irrigation water in each s ulation. This shows that the model, 15 

stable. 

The average initial 5011 moisture contents (~) in aU 

simula~lons were close to 50 percent available so il moisture content. 

The irrigation application of 12 L yielded a replenished area of 0'.74 

ri. The amount of water that moved beyond the replenished area ranged 
.. 

between 2.4 and 2.9 percent; it rema1ned w1th1n root zone but did not 

meet the RWE d emand • 

The average water input over the -replen1shed area was 16.2 ~m 

and the RWE"was 3.6 n1m. 'The applicat10n of more than 30 m!11 resuHed 
, 

in a loss'f 9 mm under the emi tter 1 an upward flux of- 0.3 mm and 

mo1s~ure storag,e defic1ts at the outer boundary of the so11 cylinder. 

The r ange of irrigation water input over the replenished 'area 

was wide and the average water input was tao high when compared to 
, • f 

the RWE demand. The large amount of water input close to the emitter 

resul ts' in a 10ss 0 f water beyond 'the root zone, and the low input of 

water far from the emitter resu1ts in a deficit in storage. 

Therefore, tl1e irrigatiq-n application from a point source was not 

uniform and was 1neff1cient'. 

The water input, RWE, change in soil water storage and 10ss of 
\ • water beyond the root zon~ along the horizontal distance are presented 

in Figures B. 14 to B. 23. The water input, RWE and the change in soil 

water storage in the so11 profile are given in Figures B.24 ta B.28. 

The iso-soil moisture curves are presented in Figures 8.29 to B.33. 
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Table 6.1 ~ontinued •••• ! 
( 1 

î 
{ 

-1 
Amount of Irr1satiin Water = 24 L 

aate (L.h ) 4.0 8.0 .0 12.0 12.0 " 
Application Hethod ' Continuous Continuous Pulse Continuous Pulse 
Wetting Time (h) 6.0 3.,0. 6.0 2.0 4.0 i 
Redistribution Time.(h) 9.0 10.5 8.75 11.0 9.75 ~ . 

. Simulation Time (h) 15.0 1~. 5 14.75 13.0 13.75 

Replenished R (m) 0.57 0.58 0.57 0.59 0.58' 
Repleni~hed Z (m) > 0.9b > 0.90 > 0.90 > 0.90 > 0.90 

"'-Area (m) , 1.02 1.05 1.02 1.08 1.06 

RWE (~) 16.5 17.3 16.6 17.7 17 .4 
Storage (~) 47.7 45.7 48.0 45.6 41.0 
Loss ,(~) . 33.3 34.4 32.6 34.1 33.0 

Input WRA (S) 97.6 97.4 97.2 97.5 97.4 

Input BRA (S) t 2.0 
1.8 1.9 1.8 1.8 

Simulated (S) , "99;'6 99.2 99.1 99.3 99.1 
Error (S) 0.4 0.8 0.9 0.7 0.9 

( 
Total (S) 100.0 100.0 100.0 ~ 00.0 100.0 
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1 Comparing the figures showing different d:Î.soharge rates and 
1." 

methoà'$'.--and ignoring minot dlfferenoes in ,their val,ues, it can be 
o 

oonoluded that the so11 moisture distribution ~s not dependent on the 

rate of discharge and the me'thod Of irrigati~n applioation. However, 
, 
\ 

the pulse method of irrigation reduces t))he average 
~' 

application rate and permits low a pPl1'tion' rate. .. 
o ~ 

discharging emitters. 

6.2.2.2,~:Irrigatlon application of 16 L 
op 

'" , 
~ 

irrigation 

from high 

• 

T,ne' distribution of water input along the horizontal distanoe 
1 

and in the soil profile obtained with different disoharge ra,tes aq~ 

presented in Figures 8.311 and 8.35, respectively. 

The soil moisture distribution obtained with pulse irrigation 

15 the same as that obtained with c.ontlnuous irrigation at an average 

rate of pulse irrigation ap~lication. Thusj-,the pulse lrrigatiort 
~ 

method reduc.es the r,ate of irrigation aP'P11cation from high 

discharging emitters. 

The simulation resul ts are summar ized in Table 6.1. The resùl ts 

obtalned with different discharge 'rates and methods of irrigation 

\ 

application are in clo~e agreement wi th each obher. There are a few .:, 

minor differencea wich occurred due to the inconsistency in ç_onditions 
~----

developed with different discha,rge rates at each time step which serve .. " 

-~---~---

as initial conditions fe>xr the sub~sequent time steps. Also, the Ume 
---~--

-~ 

of infiltration la higher -ân~ redistribution time ls lower when water 

. la applied at low rates of application. 
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82 

. 
'-", .... 

1 
:; 
l 
j 
" < 
l 
i 
; 

,~ . 
r 



... 

... 
The input under the emU'ter ranged from 38.3 mm :at the Q of 2 

35.1 mm st the Q of 8 L.h-'. The 10s5 0': water ranged. from 

1 3.' mm 
-1' • ' -l at the Q of 8 L.h to 13.6 mm at the Q of 2 L.h • und el"'. 

, ',,< 
the emitter. However, the amo.unt of water tnat moved beyond the root • 

zone ranged I)etween 23.3 percent at the Q of 2 L.h-1 to 26. 1 pe~cent 

at the Q of 8 L.h- 1 • ~e replenished area. with 6 of 2 L.h-1 was '0.86 

2 2 i -l-
m and it increased to 0.89 m when the Q was increased to 8 L.h • 

. 
Thi s indicates that thé repl,enished prea tends to increase when the 

D , , 

emitter. di5eharge rate 13 lncreased. This is due to the fact that the 

lntake and the zone of saturation increases with increasing rates. 
o 

2 2 The lncrease of al'" ea by 0.03 m <;>ver an area of 0.086 m 1 s v~ry small 

and does not warrant running an irrigation system with high discharge 

rates. 

The average input over the replenish~d area was 18~ mm and RWE 
( 

of 3.5 mm with daily, PET of 5.4 mm. ·The wide range of water input 

over the replenished area and the 105s of water ind ieate that the 

irrigation application from the point souJ;ce is not uniform and it is 

lnefficient in water 'use. 
~ ') 

The total amount of water accounted for at 0.72 m depth was more 

than 100 percent. The d ifference in the simulated amount of water 
-;. " , - "'-

occurred due to upward flux from lower rings 1nto the root zone. The 

bounda~y conditions did not permit the entry or exit of water. 'Thus, 
, ... \,. ~ .. 

there ôccurred a deficit of storage water below 0.72 'm ln the 

simulated amount. The simulation aecounted for more 99 percent of the 

total water appl1ed. 
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6.2.2.3 Irrigation application of 24 L 

The distribution of water input along the horizontal distance 

and 1n the soil profile obtained w1th different diseharge rates are 

presented in Figures B.36 and B. 37. The replen).s~ed area ranged from 

t.02 m2 with 4 1. h-1 to 1.08 m2 with 12 L.h-1 irr'igation application.

-1 The input under the emitter ranged from 47.5 mm at 4 L.h to 44.7 mm, 

-1 at 12 L.h.,,,. The average RWE of 3.9 mm over the replenished area with . , . 
-1 ' , 

" L.h application with a high range· indicates that the irrigation . , 
application was not uniforme The amount of water a~plied was too high 

-
eompared to the dally requirement of '5.4 "mm. Accord1ng te the 

replenished area the max imum daily RWE would have been 5; 5')L or 11.0 
\. 

~ ~ " ~ ... 
L for a two-day period. However, when the volume of irrigÎ!ltion is 

reduced, the replenished area re4uces which in turn reduces the need . 
,If' 

of irrigation water to be applied from a point s~uree. Thus, an 

lrrlgator may need te apply a" smaH volume of water from an emitter 

and use many emltters around a tree to irrigate a required area. 

'f.h.e 1055 of water ranged from 21.9 mm with 4 L.h- 1 ta 20.8 mm 

with 12 L.h-1 under the emitter. The total loss of water was high with 

-1 an émitter d1seharge rate of 8 L.h • This.,.is. due to the faet that 

the hlgher rates of discharge develop larger areas of saturation. The 

lower discharge rates d-evelop smaller areas of saturation and if the 

saturat4.on zone 15 amaner than the mesh size, the averaging reduces 

the moisture content in the ring (1,1) which in turn will reduee the 

moisture movement. 

Pulse irr igat10n behaviour seems to shi ft" from the previous 
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cri terion and i~âse it tends to -l7ehave as continuous 

-1 when water is applied at the rate of 12 L.h • 

irrigation 

The differences in results with different discharge rates and 

methods are very small. The distributions of moisture were also 

cornpared wi th respect to RWE, change in soil water con~ent, and input 

along horizontal distànce, and in the soil ·"profile., The results 

ind icated that the soil moisture distributions were same wi th aIl 

discharge rates ln thls study. The figures show that small 

differences in water input occurred close ta the emitter. The input 

was higher at the emitter with low discharge rates. However, the 

irrigation water 10ss beyond the root zone, considering the 

• replenished area, was higher with higher d ischarge rat~s. The results 

obtained with different discharge rates and methods of application 

are summarized in Table 6.1. Ignoring minor differences 1,n the 

resul ts, 1 t seems that the distribution of soil moisture is not 

dependent on the rate or method of irrigation application. 

The simulation resul ts ac'Counted for more than 99 percent of 

the wa~er appl1ed which indicates' that, the model is stable under these 

conditions also. 

6.3 Rougemont Orchard Site 2 

The experiments were conducted with 12 and 16 L of wa.ter applied 

/ 
from an emi tter. The moisture contents i he soil profile ~ere 

lneasured and predicted at a distance 0 0.0, 0.1 and 0.25 m from the 

emitter.. The results are presented and discussed in the following 
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sections. 

6.3.1 Orchard Experiments and Simulation Results 

The moisture contents in tpe soil profile measured in the field 
o " 

and predicted by the model with discharge rates of 2 L.h - 1 are 

presented in Figures 6.4·and B.38 respectively. The Q in soi1 ring pr 

(1,1) ranged from 0.426 m3.m-3 at a Q of 2 L.h- 1 to 0.427 at a Q of 

-1 4 L.h • 

The moisture contents in the sail profile obtained w{th the 

-1 discharge rates of 4 and 8 L.h with 16 L of irrigation application 

are presented in Figures 6.12 and B.77 respectively. The g in sail pr 

ring (1,1) ranged from 0.426 m3.m-3 at a Q of 4 L.h-1 ta 0.427 at a 

- 1 Q of 8 L.h • Thus, the moisture content in ring (1,1) reached , v " 
saturation. This was also clear from the fa-ct thàt the moisture 

contents were near saturation in the so~l rings close to the source 

of water application. 

!he soil moisture content profiles predicted by the model show 

high moisture contents close to the soil surface. The QOb values were 

higher below 0.1 m depth indicating that the moisture m-cvement was. 

faster in the ~field. It was not possible to find the exact width of 

moisture migration in the field. 

The results indicate that the field situation gave deeper 

moisture migration than the slmulated resul ts. In this case 1t seems 1 
that hysteresis played an important role. The departure of observed 

{ 

. moisture content curves from that of predicted values ls no doubt due , 
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to the hysteresis. There were errors involved in measuring the 

hydraulic conductivity and the moisture characteristic curve because 

these were m~asured in the laboratory. The problem of spatial 

variabilty and heterogeniety in the field could cause the error in 
-~ 

observed values when aS5umptions are made in simulations. Also, 

hydraulic conductivity (K) value~ reduce tremendously with a 5mall 

decre~se in moisture content as shown in Figure 4.2. This caused slow 

movement of water in the soil and the moisture content remained at 

its high value close to an emitter. The problem of saturation thus 

would occur under the emitter in the soils having similar properties. 

6.3.2 Simulation Results after Redistribution of Water 

The soil moisture distribution was predicted with 12 end 16'L 
~ -, 

of water at different discharge rates. The simulation results are 

pre$ented and discussed as, follows: 

~ 6.3.2.1 Irrigation Application of 12 L of water 

The distributions of water input, along the horizontal distance 

and in the soil profile, obtained with different discharge ~ates and 
1 

methods are Pliesented in Figures 6.5 and 6.6 respecti~ely. The 

results,show that the lower discharge rates gave highe~ input close 

to the emitter when compared to the higher discharge rates. The water 

input at the emitter ranged between 76~ 7 mm obtained with 2 L.h- 1 , 

-1 and 71.9 mm,..obtained with-4 L.h • The difference in water. input 

close to the emitter is caused by the difference in the hours of 
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89' 

• 

l' 

> 
( j{ 

1, 

~ 
l 

f 
~ 



( 

( 

'\ 

110 

100 

Ba 

70 

60 
./' 

50 

llO 

30 

20 

la 

... 

.. 

O~~~~~~~~~~~~~~~~~ïT~rr 
.0.0 O.ll 0.6 0.8 

OEPTH FROM SOIL SURFACE.nn 

LEGENO: TQ-12L -..:....- QCON:r2 ------- QCON=1l 
---- QPUL=1l 

r 
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infiltratio,n and redistribution. When water is applied at lower' 

discharge rates the infiltration time is higher and t~e redistribution 
\ 

time 15 lower when compared to' the higher rates of emitter discharge 

{Table 6.2). 

The pulse irrigation at an applicatibn at the rate~ 4 L.h-1 

' ..... L 
"", 

gave the same results as the continuous irrigation at an application 

rate Of 4 L.h- 1• In this case the pulse irrigation behaved as the 

eontinuous irrigation at the same diseharge rate. This is due to very 

'low K values at g less than saturated soil moisture content CQ ). 
s 

The summary of simulation results is given in Table 6.2. The 
"" 

results obtained with different discharge rates and methods of 

irrigation application are in close agreement with each other. There 

are very small differences which occured due to the difference in time 

of infiltration and redistribution. Also the saturation zone developed 

with higher diseharge rates is larger. 

The loss 0 f water tends to" increase wi t;h the decrease in the 
... 

~.. " lJ1 

rates of discharge. This 13 due to t.he faet that the infiltration area 

increase,s with the increase in di~eharge rate. This behavioùr "is 

. '---------o ppo sI 't" to t ha t fo'und ifI, RH 1 so 11 ,\Îkfwev or • t ho d iffor onoo s " 

resulting from the discharge rates are' very small~:~~~;n-e--J.gnOred. , ~ 

1 -----~ ___ 

The model accounted for more than 97 percent of the totâl~~ . ~ 

" -
irrigation water in each simulation. The input beyona· the replenished '. ~~~~ 
area is negative. The predicted values show more deficit than RWE 

beyond the replenished area. This, is evident sinee the model accounts 

for 97 to 98 percent of the water applied. 

. ~ 
: 
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Table 6.2. Summary of re$ults predicted for Rougemont orchard site 2. 

, -1 
Rate (L.h ) 
Application Method 
Wett1ng Time (h) 
Redistribution Time Ch) 

'''. '. ~tmulation Time (h) 

~~0 • 

Replenished R (m) 
Repleni~hed Z Cm) 
Area Cm) 

,. 
RWE C% ) 
Storage C%) 
Loss (%) 

Input WRA ___ 

Input BRA (%) 
Simulated C %) 
Error (% ) 

Total (%) 
"1 

-1 Rate (L.h ) 
Application Method 
Wetting Time Ch) 
Redistribution Time 'Ch) 
Simulation Time (h) 

Replenished R (m) 
Repleni~he~ Z (m) 
Ar..ea (m, ~ 

RWE CS) 
Storage (%) 
Loss C %) 

Input WRA 

Input BRA 
Simulated 

~-~rror (%) 
Total (%) 

o 

C%) 
C% ) 

'--

------~ 
" 

Amount of Irrigation Water = 12 L 

2.0 4.0 
Continuous Continuous 

6.0 3.0 
9.0 10.5 

15.0 13.5 
!l 

0~34 0.36 
0.58 0.55 
0.35 0.40 

8.7 9.8 
86.3 87.2 
2;9 2.1 

97.9 99.1 

-0.5 -1.0 
97.4 98.1 
:2.6 , .. 9 

100.0 100.0 

Amount of Irrigation Water 

4.0 
Continuous ... 

4.0 
10.0 
14.0 

0.37 
0.66 
0.44 

10.2 
"~ 81.4 

""" 7.3 
."" ~' 
98.9 ------~ 

8.0 
Continuous 

2.0 
11 .0 
13.0 

0.39 
0.60 
0.47 

10.6 
83.6 

, 3.8 

98.0 

= 

4.0 
Pulse 
6.0 
8.75 

14.75 

0.36 
0.55 
0.40 

9.8' 
87.9 

1.3 

99.0 

-1.2 
97.8 
2.2 

, 00.0 

16 L 

8.0 
Pulse 
4.0\ 
9.75 

13.75 

0.'39 
0.60 
0.47 

10.6 
84.2 
3.2 

98.0 

, 
) 

~ 

, "-------0.6 ~.6 0.5 1 
98.3 98~ 98.5 l ' 

1.7 1.4 ~ 1.5 " 
100.0 100.0 -t~.O 1 

"----~ 1 

>'-J 
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. The average water lnput over the rèplenished area was 33.5 mm 

and the RWE was 3.0 mm. with daily 'PET of !I.2 mm. The hlgh 
\ 

application of more than 76 mm resulted in a loss of 9.8 mm under the 

emitter, upward flux of 0.5 mm and moisture sto!age deficits at the 

outer boundary of the soil cylinder. 

The range of lrrigation'water input over tne r~plenished area 

was wide and the average water input was too high when compared to 

the RWE demande ~he large amount of ~âter input close to the emitter 

results in a 1055 of wàter below the root zone and the low input of 

water far from the emitter resul ts in a deficit in sjorage. 

Therefore, the irrigation application from a point source was not 

uniform and was inefficient • 

• Comparing the results obtained wlth .different discharge rates 

,and methods; and ignoring minor differences in thelr values, it 15 

concluded that the soil moisture distribution is not depend~nt on the 
, 

rate of discharge and the method of irrigation application. However, 

the pulse ~ethod of irrigation ln this sail behaves as continuous 

irrigation at the sam~ rate of application and demonstrates -no 

advantage over continuous irrigation. 
" 

6.3.2.2 Irrigation Application of 16 L of Water 

The di8tribution of irrigation ~r, alo~g the horizontal 

distanoe and in the soil profile, is presented in Figures 8.41 and 

8.42 respectively. The figures show that the input ranged from 82.2 

mm with 4 L.h- 1 ta 73.3' mm with 8 L.h- 1• This lndloates that with 
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high rate of application, 

. JI 
water moved laterally resulting 1n'a smaller 

, 
increase 1n ,the replenish~d area. Thus, 'the area increases with the 

increase 1n the discharge rate. 

Pulse irrigation behaved 1n a manner similar to continuous 

irrigation with the same rate of application. The loss of water 

tended to increase with a decrease in the discharge rate. The 

irrigation resulted in an average application of 36 mm over the 

replenished area of 0.44 2 
m • The daily PET of 5.1 mm and R~ of 3.7 

lIIIl do nct justify al).'average application of 36 mm of water (over the 

replenished area) whlch eventually gets distributed nonuniformly in 

the soil and possibly becomes available for deep drainage. 

6.4 Rougemont ~:chard Site 3 

The experiments were conducted for 12 and 16 L of irrigation 

water applied at different discharge rates from an emitter. The 

moisture contents in the soil profile measured and predicted at 

distances of 0.1 and 0.25 m from an emit~er are presented and 

d1scussed. 

6.4.1 Orchard Experiments and Simulation Results 

The moisture contents in the 5011 profile obtained at the rate 

-1 of 2 and 4 L.h with a total irrigation application of 12 Lare 

presented in Figures 6.7 and B.43 respectively ( The Qin 1n the 13011 

profile varied between 0.083 and 3 -3 O.126m.m. The Q in pr the 13011 

ring (1,1) ranged from 0.324 ~3.m-3 at a Q of 2 L.h- 1 to 0.345 at a 
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Figure 6.7. Soil moisture content Eïof11es_before and after, 12 L of 
water applied at 2 ~.h- -aL ~ougemont orchard site 3. 
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-1 Q of 4 L.h • 

( 

The results of 16 L of irrigation water application at the 

-1 emitter discharge rates of 4 and 8 L.h are presented ln Figures 8.44 

and B.45 respeatively. The g in the soil ring (1,1) ranged from pr 
3 3 -1 -1 0.344 m .m- at a Q of 4 L.h to 0.~52 at a Q of 8 L.h • The g 

"pr 
~owe~ than 0s indicated that the ring did not reaah saturation. As 

the emitter disaharge rate was increased th~ moisture content in the 

ring (1,1) approached saturation. 

The soil moisture content profiles predicted by the model are 

in close agreement wi th the field data. The c~ose agreement i8 due to 

• the fact that the soil was sandy and homogeneous in nature. This site 

"-
~was developed by fil1ing the low lying area wlth sand. 
~ 

\. The moisture contents observed under the emltter were higher 
; 

than the predlcted ones. Due to the coarse nature of the soil and high 

hydraulic conduativity, the saturation zone dèveloped was not large 

enough and the water migration wa! faster in' the downward vertical 

direc~i_QJT;:The average over 0.06 m mesh size resul ted in the reduced 

5011 molsture content. 

6.4.2 Simulation Results after Redistribution of Water 

The soil moisture distribution was predicted with 12 and 16 L 

]11 

of irrigation water application at different discha~ge rateS. the 

results are presented'and disaussed as follows: 

• 
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6.4.2.'1 Irrigation Application of 12 L of W~ter 

The results are presented in Figures 6.8 and 6.9. The figures . 
show 'that the lower rates of discharge gave higher input under the 

-1 emitter. However 1 the 105s of water was higher wi th 4 L.h when 

-1 compared to 2 L.h irrigation application. 'The input of water under 

the emitter was 34.9 mm with 2 L.h-1 and 32.2 mm with 4 L.h-1 The RWE 

during simulation was l.O mm with a dal1y PET of 4.4 mm.' An average 

2 input over an area of 0.71 m was about 16 mm. 
~ 

The replenlshed area 

tend s ta increase whep emitter discharge rate in increa'sed. But the 

increase in the ar,ea is a very small. The loss of water tends to 

decrease with the increase iri the emitter discharge rate. Pulse 

irrigation behaves similarly to continuous irrigation with its average 

rate ,of discharge. • 

The d,lfferences in the results are very smaH as shown in Table 

6.3. It can therefore be concluded that the distribution of so11 

moistur e is not dependent of the rate or ..,method of irrigation 

application. 

6.4.2.2 !rrigation Application of 16 L of Water 

The results are presented in Figures B.46 and B.47. The water 

input ranged from 40.7 mm with If, L.h -1 to 38.9 mm with 8 L,h -'t 

. irrigation applicat~on. The average input over the replenished area 

of 0.8 m2 was 19.3 mm. The RWE was 3.3 mm with dally PET of 4.7 mm. 

Palse irrigation behaviour starts shift1n~ at 8 L.h-1 from an average 
" 

rate continuous'irrigation to its emitter discharge rate.' 
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Table 6.3. Summary of results predicted for Rougemont orchard site 
Si> 

Amount of Irrisatlon Water = 12 L 

-1 Rate (L.h ) 
Applioation Hethod 
Wetting Time (h) 
Redistribution Time 
Simulation Time (h) 

Replenished R (m) 
Re pleni2hed Z (m) 
Area (m ) 

RWE (%) 
Storage (%) 
L.oss (%) 

Input WRA 

Input BRA ( %') 
Slmulated (%) 
Error (%) • 

Total (%) 

';1 
Rate (L.h ) 
Application Method 
Wetting Time (h) 
Redistribution Time 
Simulation Time (h) 

Replenished R 
Repleni~he~ Z 
Area (m ) 

RWE (%) 
Storage (%) 
Loss (%) 

Input WRA 

Input 1fRA (%) 
Simulated (J) 
Error (%), 

0:::: Total (%) 

, , 

(m) 
( in) 

2.0 
Continuous 

6.0 
( h) 9.0 

15.0 

0.48 
0.90 
0.71 

18.0 
67.3 
11.3 

96.6 

2.8 
99.4 
0.6 

100.0 

Amount of 

4.0 
Continuous 

4.0 
Ch} 10.0 

14.0 

0.50 
> 0.90 

0.80 

16.5 
64.8 
15.0 

96.3 

2.7 
99.0 

1.0 
100.0 

100 

4.0 4.0 
Continuous Pulse 

3.0 6.0 
10.5 8.15 
1 ~. 5 14.15 

O.~B 0.48 
0'.90 0.89 
0.74 0.11 

18.7 18.0 
65.1 61.0 
12.3 11 • 1 

96.0 96.1 

3.0 2.4 
99.0 "- 98.5 

1.0 1.5 

100.0 100.0 

Irri~ation Water :: 16 L 

8.0 8.0 
Continuous Pulse 

2.0 4.0 
11.0 9.75 
13.0 13.75 

0.52 0.51 
0.90 0.90 
0.84 0.81 

17. Li 16.8 
64.3 65.4 
14.7 14.1 

96.4 96.2 

3.0 2.9 
99.4 99.1 
' 0.6 0.9 

100.0 100.0 

3. 

, 

.. 



Table 6.3 indicat~s that the so11 moisture distribution with 

different discharge rates and methods of application Is the same in 

thi! so11. 

6.5 Rockburn Orchard Site' 

The experiments were conducted for 16 and 24 L of irrigation 

water applied at different discharge rates. The mesh size in the 

radial direction was changed from 0.06 to 0.08 m for the simulations 

for this site. The soil moi sture profiles measured in the orchard and 

predicted by the model are presented and discussed. 

6.5.1 Orchard Experiments and Simulation Results 

The results of 16 liters of irrigation application at the rate 

of 4 and 8 L.h-1 are given in Figures 6.10 and B.48 respectively. The 
l \ 

0pr ln the so11 ring (1,1) ranged from 0.305 m3 .m-3 at a Q of .. 4 L.h-
1 

to 0.328 at a Q of 8 L.h-1• 

The moisture contents in the soil profile obtained at irrigation 

-1 application rates of li and 8 L. h for 24 L of water are presented in 

Figures B.49 and B.50. The Qpr in the sail ring (',1) ranged from 

0.305 m3 .m-3 at a Q of 4" L.h- 1 to 0.328 at a Q of 8 L.h- l • 

The sail moisture content profiles predic~ed by the model show 

, low moisture contents below 0.1 ni depth. This indicates that the 

mol sture movement was faster in the. field. 
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"Figure 6.10. Soil moisture oontent Eljofiles before and af'ter 16 L of 
water appl1ed at 4 L.h at Rockburn orchard site 1. 
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6.5.2 Simulation Results after' Redistribution of Water 

Soil moi sture distribution was predicted using 16-and 24 L of 

irrigation water. Water was applied a~ different discharge rates and 

methods of application. The resulta are presented and discussed as 

followa: 

6.5.2.1 Irrigation Application of 16 L 6r Water 

The distributions of water input, along the horizontal dis"tance 
... 

and in the 5011 profile obtained with different discharge rates and 

methods are presented in Figures 6~11 and 6.12 respectively. The 

results show that the lower discharge rates gave higher input close 

to the emitter when eompared to the higher discharge rates. The water 

-1 input at the emitter ranged between 23.8 mm obtained with 4 L.h , 

-1 and 22.8 mm obtained with 8 L.h • Pulse irrigation application at 

. -1 
the rate of 8 L.h gave the same results as the continuous irrigation 

application at the qischarge rate of 4 L.h -1 

A summary of simulat~on results i5 given in Table 6.4. 
.1- 1 
The 1 

/" 
/ 

resul ts obtaine'd with different discharge rates and methods of 
-

irrigation appl~ation are in close agreement with each other. 

The average water input over the replenished area was 11.9 mm 

"-

and the HW[ was 3.2 mm with a dally PET of 4.6 mm. The loss of water 

tends to increase with the increase in the rates of di5charge. When 

the soil i5 close to saturation the gravit y potential dominates 

1 
1 

,1 
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0.0 0.2 o." 0.6 0.8 

DISTANCE FROM EHITTER.rn 

LEGENDa TQ-16L --- PET QCON-" 
------- QCON-e --- QPUL-e 

Figure 6.11. Water input predicted along horizontal distanoe with 
an irrigation application of 16 L at different discharge 
rates for Rockburn orchard site 1. 
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Figure 6.12. Water input predicted in soil profile with an irrigation 
application of 16 L at different discharge rates for 
Rockburn orchard site 1. 
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resulting, in- faster movement of water ~wnwards. However the --
dlfferenoes resulting ~fr()Ul_ the dischage rates are very small and can-

be ignored. 

The -mqdel accounted for more than, 99 p~rcent of the total 

irrigation \ater ~n 

stable in thi~ sail. 

each simulation. This shows that the model i5 

1 
6.5.2.2 ~I~r~ri~~~~~l_i_c~a~t~i~0~n_o~f~2_4~L~o_f_w_a~t_e __ r 

'nle distribution of water, along the horizontal distance and in 

-
the so11 profile, obtained wlth different dlscharge rates and methods 

are presented in ~lgures B.51 and B.52 respectively. 

The water input under the emittel" ranged from 35.7 mm with 4 

-1 8 L. h-1 i i i i L. h to 33.8 mm wi th rrlgat on appl cat ons. The average 

input over the area of 1.28 m2 was 17.7 mm. The RWE was 4.3 mm with 

daily PET of 5.6 mm. 

The distribution of soil moisture with respect to replenished 

ar e~ 113 summarized in Table 6.4. The Table shows that the 'molsture 

di strlbution in the soil 113 not dependent on the rate of emltter 

discharge. The ~imulations with the pulse method were less precise 

than the those using continuous irrigation. However, all the 

simulatidns accounted for more than 98 percent of the irrigation water 

applied. 

Table 6.4 shows that the results obtained with differ.ent 

discharge rates and method of application are not d ifferent from each 

other. Thus, the distribution of soil molsture 15 not dependent on 
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Table 6.4. Summary of reSUlt~pr-eQicted for Rockburn site 1. l " ~ 
~--------

Rate' (L.h- 1 ) 
Àpplication Method 
Wetting Time (h) 
Redistribution Ume (h) 
Simulation Time (h} 

Replenished R Cm) 
Repleni~hed Z (m) 
Area (m ) 

RWE (%) 
Storage (J) 
Loss (S) 

Input WRA 

Input BRA (J) 
Simulated (~) 
Error (%) 

Total (%) 

Rate (L.h- 1 ) 
Application Method 
Wetting Time (h) 
Redistribution Time (h) 
Simulation Time (h) 

Replenished R (m) 
Repleni~hed Z (m) 
Area (m ) 

RWE (~) 
Storage (%) 
'Loss (%) " 

Input WRA 

Input BRA (J) 
Simulated (S) 
ErrQr~'(%) 
Total (%) 

1 

.. 1 

Amount of Irrigation Wàter = 16 L 

4.0 
Continuous 

4.0 
10.0 
14.0 

0.63 
> 0.90 

1.24 

21.1.9 
'42.9 
21.1.0 

91.9 

7.4-
99.3 

0.7 

100.0 

8.0 
Continuous 

2.0 
11.0 
13.0 

0.64 
> 0.90 

1.28 

25.6 
40..4 
25.4 

91.4 

7.7 
99.1 
0.9 

190.0 

8.0 
Pulse 
.4.0 
9.75 

13,.75 

0.63 
> 0.90 

1.24 

24.,9 -
42.5 
24'.0 

91.4 

7.3 
98.7 

1.3 

100.0 

Amount of Irrigation Water = 24 L 

4.0 
Continuous 

6.0 9.0 
15.0 

0.64 
> 0.90 

1.28 

22.8 
50.8 
20.6 

94.2 

5.2 
99.4 
0.6 

'00.0 
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8.0 
Continuous 

3.0 
10.5 
13.5 

, 0.65 

\~:90 
_\32 
23.6 
47.1 . 
22.8 

93.5 

5.7 
99.2 
0.8 

100.0 

8.0 
Pulse 
6.0 
8.75 

14.75 

0.64 
> 0.90 

1.28. 

22.8 
50.4 
20.6 

93.8 

5.0 
98.8 

1.2 
100.0 

\ 
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the rate and method of irrigation application in this soi1. 

6.6 ~~ckburn Orchard Site 2 
" 

--,~ The experiments were oonducted using 12 and 16 L of irrigation 

water. The moisture contents in the so11 profile measured in the field 

an~ predicted by the mode1 are presented and discussed. 
\ 

6.6.1 Orchard Experiments and Simulation Resu1ts 

The results of 12 L irrlgation water application at the rates 

-1 of 2 and 4 L.h are presented in Figures 6.13 and B.53 respectively. 

0.4156 m3.m-3 a~ a Q of 2 

-1 3 -3 -1 L.h 0.4162 m.m at a Q of 4 L.h • 

The ~in the '~oil ring (1,1) ranged from 

The dis'tribution of Q in the soil profile obtained with 

irrlgation application of 16 L at the rates of 2 and 4 L.h- 1 The Q pr 

in the soi1 ring (1,1) ranged from 0.4155 m3 .m-3 at a Q of 2 L.h- 1 to 

-1 0.4162 a t a Q of 4 L. h • 

The figures show that the soi1 maisture migrated deeper in all 

the treatments. The values of Q were lower in a 5011 profile (Z;O.10) 

close to the so11 surface when compared to the generated values. The 

Qob v~lues 1~ a soi1 profilé (Z,0.25) were higher close to the soil 

sur face which indicate that the maisture migration Wc;lS wider in, t,he 

field. The problem ,seems to have occured due ta the soil moisture 

retention curves which were measured in a laboratory. The soil 

moisture distrib~tion patterns are similar in both the simulated and 

field data. The departure of observed' data from generated data ls 
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Figure 6.13. Soil moisture content f,oflles before and after 12 L of' 
water applied at 2 L.h at Rookburn orohard site 2. . 
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due to causes already mentioned in previous sections • ... 
t 

6.6.2 Simulation Results after Redistribution of Water _____ 
li 

The ex per iments were conducted for 12 and 16 L of irrigation 

water applied at different discharge rates from an emitter. The soil 

moisture distribution predicted at the distances of 0.1 and 0.25 m 

from an emi tter are prese~ted and d iscussed • 

6.6.2.1 Irrigation Application of 12 L of Water 

TIle distributions of water input, along the horizontal distance 

and in the~soi1 profile, obtained with differetlt discharge rates and 

methods are presented in Figures 6.14 and 6.15 respectively. The 

resul ts show that the lower discharge rates gave higher input close 

to the emitter when compared to the higher discharge rates. The water 

~ -1 
input at the emitter ranged between 51.4 mm obtained with 2 L.h , 

and 50.0 mm obtained with 1.1 L.h-1• The pulse irr~gation application 
D _ 1 

at the rate of' 1.1 L.h , gave the same results as the continuous 

irrigation application at the discharge rate of 2 L.h -1 

The summary of simulation result-s is given in Tabl,;e 6.5. 

r,esults obtained with different discharge rates 

irrigation application are in close agreement with ~'ach othe.-. There 

was no loss of water beyond the root zone during the simulatio~ tim~. 

-1 • However, the water movement was deeper with 4 L.h when compared to 

2 L.h irrigation appl1éation. The average input over the 
2 J _ 

replenished area of 0.49 m was 23.8 mm. The RWE was 3.0 mm with th..e 
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• DISTANCE FlUSH EKI'TTEA:,rn 

LEGENDl T~12L -- PET -- QCON-2 
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Figure '6,.1 q. \tater input predict:ed along horiz&ntal distance with 
an irrigation application of 12 L at <u-tterent disoharge 
rates for Roalcburn orchard site 2'; 
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daily PET of 4.2 mm. 

The model accounted for more than 97 percent of the total 

irrigation water 1n each simulation. This shows that the model is 

stable. 

6.6.2.2 Irrigation Application of 16 L of Water 

The distributions of water input, along the horizontal distance 

and in the soil profile obtained with different discharge rates and 

methods are presented in Figures B.56 and S.57 respectively. The 

water in'put ranged from 59.4 mm with 2 L.h- 1 to 58.0 mm with 2 L.h-1 

irrigation application. The results with'high irrigation application 

seems to behave as continuous irrigation indicating that the pulse 

irrigation behaviour is dependent on initial soil moisture content, 

type of soil and the amount of irrigation water. 

6.7. Further Theoretical Investigations 

In previous sections the comparison of results obtained from 

various research si tes was not done due to the variation in the 

conditions under which experiments ~ere conducted. From the resul ts, 

i t was noticed that the moistu;e content in the soil tends to approach 

field capacity during moisture redistribution. One of the objectives 
- , 

of drip irrigation is to maintain the soil moisture content between 

field capacity and -50 percent available soil moist-ure. Therefore, 
, 

further investigations were carried out by 

capacity. The physical properties of each were used 
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keeping aIl other parameters constant in ea~h of the simulations. 

Two types of emi tters were studied: (1) discharge from an 

emitter at the center, (2) discharge from a circular loop emitter. 

A circular loop emitter was placed at the 0.3 m from an apple 

tree. To simulate moisture migration from the circular loop emitter 

using the model, the orig!n of input in the simulation process was 

shifted to the ring (lI, 1). The ex cess water after, infiltration moves 

out to either side of the rings (3,1) and (S,1), The simulation were 

-1 carried out for two days with a daily PET of 4.S mm.day • The 

irrigation application of 12.0 liters of water at the rate of 2.0 

L.h- 1 was started at midday on ,the second day. The results of each 

of the research sites thus obtained are presented and compared. 

6.7.1 Point Source versus Circulâr Loop Source 

The distribution of water input at the termlnation of simulation 

ls presented in Figures 6.16, and 8.S8 to 8.61. The discharge from 

a point source gave high water !nput at the center which resulted in 

a loss of water below the root zone. The d ischarge from the loop 

emitter gave'fairly even-distribution with some gain of water due to 

upward flux into the root zone; Therefore, it is possible to apply 

larger amounts of water with the circ,~J.ar loop source emitters without 

loosing water below the root zone and wetting larger areas around 

growing trees. 

Inadd1tion to the above investigations, a ciroular loop em1tter :' 

was placed 0.42 m, instead of 0.3 m, away from the tree in Rockburn 
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Figure 6.16.' Water input predicted along horizontal distance with an 
___ ~igation application of 12 t. from ·a point and a circular 

loop source for Rougemont orchard site 1. 

" 116 

\ -.' 

, t t 

;. .. 

1 



( 

" 

{ 

) 
1 

field 1. Figure 8.60 shows that an"emitter at 0.42 m away tram the 

tree gave a wider wetted ares. However, t.he water input predicted 

for the emitter with a 1arger radius of application was a little lower 

than the PET. Thus, further increase in the radius of application of 

a loop emitter may not provide enough moi sture close to the tree in 

the field without increasing the amount of irrigation water. 

6.7.2 Research Site versus Soil Moisture Migration 

The results of theoretical investigations conducted for the five 

research sites are compared. Irrigation from a point and a circular 

source is considered. The results are summarized in Table 6.6. Water 

input along the horizontal distance obtained from a point source and 

a circu1ar loop source is presented in Figures 6.17 and 6.18 

respectively. The results show that the distribution of water i5 not 

only dependent on the K value but a1so oh the soil moisture 
13 

~ 

characteristics. The sail moisture characteristics (Figures 4.1 and 

4.2) as well as the predicted soil moisture d;i.stribution for the 

Rockburn field 1 and Rougemont field 1 are similar. On the other hand, 

the .50 il moisture migration for the Rockburn field 1 and R,:,~gemont 

field 1 is wider than that for Rougemont field 3. This 15 due to the 

coarser texture and higher hydraulic conductivity of t~e soil at 

Rougemont field 3. 

The sail moisture content remained high close to both types of 
CI 

sources at Rockburn field 2 and Rougemont filed 2. The uns~t~rated 

hydraulic conductivity values reduce tremendously with a small 
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irrigation appiication of 12 L fro a circular loop source 
for the-<five research sites. 

t· 119 
.\ 

, . , 

, , 



Replenished R (m) 
Repleni~hed Z (m) 
Area (m ) 

RWE (~) 

1 ;;torage (%) 
LOS5 (~) 

Input WRA 

Input BRA (% ) 
Simulated (%) 
Error (~) 

Total (S) , 
...1' 

0.32 
0.66 

,0.32 

24.5 
61.8 .. 
7.5 

~ 

93.8 . . 
, 3.5 
97.3 
0.7 

1QO.O 
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0.44 
.. 0.36 

0;62 

46.6 
44.0 
"..0.6 

90.0 

9.5 
99.5 
0.5 

100.0 
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T ble 6.6 continued .~ •••• 

( 
~ , 

Roua~ont Orchard Site 3 • 

l' ~urce Point C1rcular loop 
1 

1 

1 ,,1 1 

1 1 

RepIen1shed (m) 0.40 '.- D. 46 
( 

R 
RepIeni~hed Z (m) 0.86 0.60 
Area Cm ) 0.51 . 0.67 • 

RWE (J) 38.3 50.2 -Storage (S) , 41.6 29.7 
Loss CS) 7.2 -2.0 

\ Input WRA 87.1 77.9 

Input BRA CS) 12.0 21.6 / 
Simulated CS) 99.1 '-'99.5 
Error CS) 0.9 0.5 

" Total CS) 100.0 1-00.0 
... 

( 
Rockburn Orchard Site 1 /\ 

Source Point Circular loop 
'. 
;. 

-< 

Replenished R (m) 0.42 0.42 
;te pleni2hed Z (m) > 0.90 0.60 
Area Cm ) 0.57 0.55 

RWE CS) 42.5 41.5 
Storage CS) 32.0 21.1 
Loss CS) -2.0 -7. 6 

Input WRA 72.5 55.0 

Input BRA (S) 26.7 44.4 " Slmulated CS) 99.2 99.4 
Error CS) 0.8 0.6 

Tcrlal CS) 100.0 100.0 

1 • 
continued ••• 
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able 6.6 continued ••••• 

uree 

, Replenished 

~ 
(m) 

Refaeni~hed (m) 
Ar a (m ) 

RWE (S) 
Storage (S) 
Loss (S) 

Input WRA ... 
Input BRA (S) 
Slmulated a) 

" Error (S) 

.,ri Total (S) 

( 

" . 'Î< 
~ 

/ 

( 

Rockburn Orchard Site 2 

Point 

0.35 
0.60 
0.38 

29.0 
62.9 
-0.9 

91.0 

6.7 
97.7 
2.3 

100.0 

.. 
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Circular loop 

0.48 
0.36 
0.73 

54.8 
30.2 
-1.5 

83.5 

"5.9 
99.4 
0.6 

100.0 

f , 
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decrease in moisture content as shown in Figure 4.2. This caused slow 
~ " 

movement of water in the soll and the moisture content remained at .. 
its hlgh value close to an emitter. The problem of saturation thus 

1 

would oceur under the emitter in the soils having s1milar propertles. 

~erefore, placement of an emitter close to the tree should be avoided 

at these sites. 

6.7.3 Amount of Irrigation Water versus Replenlshed Area 

As pointed out in previous discussions, the soil moisture 

migration is not dependent on the rate of irrigation application or 

the method of application. The conditions and the parameters used for 

the simulations with 12, 16 and 24 L of water are similar and are 

~ven in Table 4.1. Thus, the results obtained with d!fferent amounts 

of wa ter are compared and d iscussed. The resu1 ts show that the 

replenished area and 10ss of water below root zone increases with the , 

,increase in the amount of irrigation application. The increase in 

the replenished area is not proportional to the increase in the amount 
, 

of water. There seerns to be sorne relatlonship between the amount of 

water and the area replenished •. The re1ationship between replenished 

area and arnount of w~ter can be expressed as: 

= (6.1) 

where TQ 18 the total arnount of irrigation water, L 

A i8 th~ repleni!hed area, rn 

1~3 
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Subscripts 1 and 2 refer to the amount of water and the 

corresponding replenished area~ 

In comparing the resul ting replenished areas with different 

amounts of water the relationship developed in Eq. 6.1 is necessary 

to have simllar conditions for different amounts of irorigetion water. 

AIso, this relationship holds within the volumes of water tested as 

shown in Table 6.7. 

6.8 Sensit1vity Analysis 

The et;fects of the various parameters on the soil water 

migration were studied to examine the sensitlvity of the simulation 

model. The parameters and their values used in this -analysis are 

listed 'in Table 6.8. The results obtained at the termination of the 

simulation runs are presented and discussed. 

6.8.1. Mesh Size in R-Direction 

The mesh size was changed to 0.05 and 0.08 m. The variable mesh 

si ze was also examined. The mesh sizes starting from' an emitter to 
~ 

the outer boundary, ln order, were: 0.02, 0.04 0.08; 0.10, 0.06, 0.04, 

0.06, 0.06, and 0.06 m. The distribution of irrigation water input . ~ ~ . 
along Rand Z directions 15 presented in Figures 8.62 and 8.63 

respecti vely. The summary o,f water d istAbution resul ts is presented 
1 

in Table 6.8. The Figures and the Table show that the distribution 

of water in the soil is similar with various mesh sizes. 
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Table 6.7, Replenished areas (~2) predicted with different volumes 

of irrigation wa~er and time equivalent tp 12-hours AMT . " 

Site Volume of Water (L) 

. 
12 16 24 

Rougemont Orchard Site 0.70 0.81 1.0 

Rougemont Orchard Site 2 0.110 0.46 

Rougemont Orchard Site 3 0.74 0.84 

Rockburn Orchard Site 1.28 1.58 

Rockburn Orchard Site 2 0.52 0.60, 

... 

.. 
( 

) Il 

1 
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1 
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Table 6.8. Sumniary of simulation results obtained for sensitivlty 

of mesh size. 

J' 

" ç, 

}fesh Size <m) 

0 

0' , 
, Repienished R 
'Repl"eni~hed Z 
Area (m ) 

BWE (~ ) 
Storage C%) , 

Loss (S) 

)d'Put WRA (%) 
Input BRA (J) 

Simulatêd (% ) 
Error (~) 

,Total (J) 

Hesh "Size (m) 

" , 

, Replenished 
:" , R~~leni~hed 

. Area (m ) 

, RWE (%,) 
Storage (~). 
Loss (J) 

Input WRA (%) 
Input BRA CS) 

Simulated (S) 
Error (%) 

Total (~) 

~m) 
(m) 

, 
0.05 

0.50 
/ 

0.85 
0.77 

22.7 
49.0 
25.'3 

97.0 
2.5 

99.5 
0.5 

100.0 

0.05 

0.50: 
0.85 
0.78 

23.1 ' 
48.9 
24.1 

96.1 
3.5 

99.5' 
0.5 

100.0 

Radial Direction 

0.06 0.08 

, 
0.50 0.51 
0.85 0.85 
0.18 0.83 

23.1 24.5 
48.6 48.8 
24.5 22.6 

96.2 95.9 
3.4 3.9 

99.6 p 99.7 
0.4 0.3 

100.0 100.0 

Vertical Direction 

0.06 

0.50 
0.85 
0.78 

23.1 
48.6 
24.'5 , 

96.2 
3.4 

99.6 
0.4 

100.0 
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Variable 

0.50 
0.83 
0.78 

23.2 
49.2 
22.3 

94.6 
3.3 

97.9 
2.1 

100.0 

0.08 

0.50 
0.86 

'-', ,0.78 

23.0 
1.J8.6 
24.6 

96.3 
3.4 

99.7 
0;3 

100 ... 0 

, '0 

1 

f 
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6.8.2 Hesh size Z-direcitiol'l ' 

The me~h size was changed to O.QS and 0.08 m. The input of 

irrigation water along the Rand Z direction is presented in Figures 

B.64 and B.65. The summary of ressults i$ given in Table 6.8. The 

Figures and the Tab'le indicate that the distribution of water in the 

flOU is slmilar. 

To accomodate the soil moisture migration various PET and 

initial moisture content values, within the same finite soil, the base 

values of the total irrigation water was changed to 12.0 litres in 

the sensitivity analysis of the remaining parameters. 

6.8.3 Hydraulic conductivity 

-1 The K values were changed to 3.56 and 5.14 m.day .• Unsaturated 

K values were calculated using the soil moisture retention curve of 
• 

Rougemont orchard site 1. The d istr ibution 0 f water input along. the 
" . 

Rand Z directions are pres.ented in Figures 8.66 and B.67. The 
\ 

Figures indicate that the moisture migration is faster in the Rand 

Z direction with l').1gher K vaLues when compared to lower values. 
, . 

fbwever, the moisture migration ..obtained àt 12 h04rs a fter the start 

. -1 of irrigation with a K value of 5.1396 m~day when compared to the 

moisture migr,ation obtained at 15 hours after star-t of irrigation w_ith 

-1 . 
K. value of 3.56 m.day show no difference in water ir;tput in t'he R 

(Figure B.66) or Z (Figure 8.61) direction. This indicates that the 

K values with the same sail ,moisture characte'ristic ourve do not 
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influence the soil migration patterns. Water moves faster with higher 

K values when compared with lower K values. The results obtained from 

other 1301113 having different soil moisture characteristics are .. 
, 

discussed in previous sections. The results indicate that the 

, moisture migration is dependent on the soil mo1sture character1sticS 

rether then only on the saturated hydraulic conductivity. 

3.8~4 Rate of irrigation application 

The effects of variou! rates of irrigation applications of 

irr 19ation water were examined in previous sections. The results 

ind icate that the moisture mig-ra-tion was independent of emitter 

disch~rge rates. _ 
~ 

3.8.5 Amount of irrigation water 

The total water input ~as changed to 16 and 24 liters. Slnce 

it is evident-from the resul ts obtained with various application rates 

that the moisture migration is independent of emitter discharge rate, 

the total water in aIl these c~ses was applied within the same period 

of 6.0 hours. The input of water alang Rand Z, directions is 

presented in Figures 6.19 and 6 \ 20 respectlvely. A summary of 

simulation results is presented in Table 6.9. The Figures and the 

Table 1ndicate that the higher amount of irrigation water gave wider 

"and deeper migration of soil molsture when compared to the lower 

amounts of irrigation water applications. The migration ,of sail 
, 

moisture 'is dependent on total quantity of irrigation \olater rather 

1~8 
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than on the rate of irrigation applicatipn. 

The higher amount of water gave higher water input along the 

radial and vertical directions. Figure 6.20 shows that the higher 

percentage of total irrigation wat'er was obtained with a 10weJ" amount 

of water at the same depth. Thus, the 10ss of water increases with 

an inc rease in the amount o-f w~r. The rep1enished area increases 

wi th an increased amount of water input. 

6.8.6 Root zone depth 

\l 
1 

The root zone depth was changed ta 0.48 and 0.60 m respectively. 
, 
1 

The irrigaUon water input along the Rand Z directions is presented 

ln Figures B.70 and B.71. The Figures show that the distribution of 

irrigation water in bath directions is similar with different root 

zone depths. The 10ss of water decreases with the increase in {oot 

zone depth. This 15 due to the fact that the 105S of water is 

consldered beyond ihe spec1fied root zone- de,pth. 

1 

6.8.7 Initial soil moisture content 

The initial moisture content was changed to 0.07 and 0.10 

m3 .m-3• The input of- irrigation water along Rand l directions ls 

presented in Figures 6.21 and 6.22 respectively. The Figures indi'Cate 

that the amount of water retained neer the emitter was higher with 
\ 

lower initial moisture content. The migration of molsture was wider 

and deeper wi th high in itial 50 il moisture content. 
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Figure 6.21. Water input predicted along horizontal distance with an 
irrigation application of 12 L and di~ferent initial soil 

/ moisture oontents. 
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Figure 6.22. Water input pred icted in sail profile with an irrigation 
application of 12 Land different initial soil moisture 
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6.8.8 Oailyevapotranspiration. 

The daily PET values were changed to 0.0, 2.5 and 7.5 mm. The' 

irrigation ~~ter input alang the Rand Z directions is presented 1n 

Figures B.72 and B.73 respectively .. The summary of water distribution 

is presented in Table 6.9. The Figures and the Table indieate that 

the moistllre migration was wider and deeper with low PET values when 

eompared ta the high PET values. This 15 due to the faet that the' 

amount of water available to migrate' into the sail was higher when 

PÈT values, were lower. 

o .. 
6.8 .. 9, Volume of soil ring 

The volume of a11 the soil' rings was maintained. The mesh size 

in Z direction and a11 other parameters were held unchanged. The mesh 

size in the R direction and the radius of the sail cylinder were 

changed ta accomodate the same volume of each soil ring. The 

distribution 0 f water along R is presented in Figure 6.23. The 

slIIITIary of water distribution is presented in Table 6.9. The Figure 

shows lower water input under the emitter with constant volume sail 

rings. By keeping the volume constant the width of inner most ring is 

greater when compared to the variable volume soil rings wi th constant 

mesh s 1 ze. The saturation zone in this case probably was not large 

enough and the average of the input over larger area reduced the water 

input. However. the replerlished area obtained wi th both treatments 13 

the same as shown in Table 6.9. 
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irrigation application of 12 L using constant and varia~le 
volume soi1 rings. 
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Table 6.9. Summar'y of simulatio~ re!·tiits obtained for sesititivity 

of various parameters. 

, 1 

Replenished R (m) 
Repleni~hed Z (III) 
Area (m ) i 

, / 

RWE (~) / 
Storage (% )/' 
Loss (~) f 

Input WRA (%) 
Input BRA (%) 

Simulated (%) 
Error CS) 

Total (%) 

TQ (L) 

Replenished R 
Oepth (~) 
Area Cm ) 

RWE (S) 
Storage CS) 
Loss CS) 

Input WRA JS) 
Input BRA (S) 

Simulated CS) 
Error CS) 

~j To (%) 

1 

(m) 

3.56 

0.46 
0.19 
0.61 

26.5 
49.3 
19.4 

95.3" 
4.2 

99.5 
0.5 

100.0 

16.0 

0.51 
0.85 
0.81 

23.9 
45.4 
26.4 

95.7 
3.8 

99.5 
0.5 

100.0 

HYdraulic Conductivity 

4.35 

0.47 
0.79 
0.70 

27.5 
47.4 
20.3 

95.3 
4.2 

99.5 
0.5 

100.0 

Amourit of Water 

12.0 
" 

0.47 
0.19 
0.70 

27.5 
47.4 
20.3 

95.3 
4.2 

99.5 
0.5 

100.0 
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5.14 

0.48 
0.84 
0.72 

28.5 
45.6 
21. 1 

9~. 1 
4.3 

99.5 
0.5 

100.0 

2-4.0 

0.51 
> 0.90 

1.0 

19.8 
41.3 
35.9 

96.9 
2.7 

99.6 
0.4 

100.0 

-
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Table 6.9 cont1nued •••••• of' 
" 

( 
. '[ 

Root Zone Deeth 

Depth (m) 0.48 0.36 0.60 

Repl en 1shed R (m) 0.1l7 0.47 0.47 
Repleni~hed Z ( Il) 0.79 0.79 0.79 
Area (m ) 0.70 0.70 0.71 

~ 
RWE (%) 27.8 21.5 21.9 
Starage (~) 59.9 47.11 65.9 
Loss (S) 7.4 20.3 1.1 

Input WRA (~) 95.1 95.3 94.9 
Input BRA (~) 4.4 4.2 _ 4.5 

. Slmulated (S) 99.5 99.5 99.5 
Error (J) 0.5 0.5 0.5 

Total (J) 100.0 100.0 100.0 

-;;.~ 

(' 
In1 Ual Soii Moisture Content-

IHe m3 .m-3 0.07 0.085 0.10 

" 
( • 

R~plenished R (m) 0.47 0.47 0.50 • f 
Repleni~hed Z (m) 0.73 0.79 > 0.90 "1 

Area (m ) 0.68 0.70 0.78 

RWE (%)' 24.6 27.5 31.2 
Starage (~) 57.3 47.4 34.8 
Loss (~) . 15.0 20.3 26.5 

Input WRA (~) 26.9 95.3 92.5 
Input BRA CS) 3.4 4.2 7.0 

Simulated (~) 100.3 99.5 99.5 
Error (J) -0.3 ~.5 0.5 

Total (J) 100.0 100.0 100.0 

\ 

continued ••• \ 
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Table 6.9 continued •••• 

Daill 

PET (mm) 0.0 

Replenished R Cm) 0.64 
Replen i~hed Z Cm) 0.82 
Area (m ) '1.29 

RWE (S) 0.0 
Storage (~) 72.9 
Loss CS) 26.5 

Input WRA (S) 99.5 
Input BRA (S) 0.0 

!lmulated (S) 99.5 
Error CS) 0.5 

Total (%) 100.0 

( 
(m3) 

, 
Volume of each r12g 
Simulated Area (m ) 

Replenished R Cm) 
Replenished Z (m) 

Area (m2 ) 
<fil 

RWE' ($) 
Storage (S) 
Loss CS) 

Input WRA (~) 
Input BRA (~) 

S1mulated ($) 
Error (S) 

Total (%) 

t .. 

Potential Eva22trans~iration 

2.5 5.0 1.5 

0.51 Q.47 0.43 
0.80 0.79 0.79 ' 
0.83 0.70' . 0.59 

16.5 27.5 35.1 
67.7 47.4 38.8 
23.2 20.3 17.8 

97.2 95.3 91.7 
2.3 .1.1.2 7.8 

99.5 99.5 99.5 
'0.5 0.5 0.5 

100.0 100.0 100.0 

Volume of SOU Ring 

0.0061 Variable 
1.12 1.37 

0.48 . 0.1t7 
0:73 0.79 

0.72 \ 0.70 

28.3 27.5 
51.6 47.4 
15.9 20.3 

95.8 95.3 
4.0 LI.2 

99.8 99.5 
0.2 0.5 

100.0 100.0 

138 

. . 

.-

~ 

1 
i 
1 
j 

1 



( 

CHAPTER VI,I 

,SUMMARY 
""J y 

A computer model based on the principle of mass conservation and 

• Darey' s law \l'as formulated using the Continuo us System Modeling program 

(CSMP) to study the soil moisture migration from a drip source under 

supplementary. irrigation eènditions considering <root water extraction 

(RWE). The RiVE was assumed to be ~qüal to evapotranspiration (ET) and was 
Il' 

considered as a function of 5011 moisture content, depth of root zone and 
l -

the Ume of the day. 

The sail properties needed for the model are unsaturated hydraulic 

conductivity as a funetion of moisture content and the moisture retention 

characteristics. To estimate the ET, the temperatures, the latitude and 

the time of the day of the location are needed. The RWE patterns with 

respect ta the depth from the s,oil surface are also required. 

The field experiments were conducted witb predetermined rates and 

amounts 0 f water applied continuously from a point source on Colve 

different solls in newly~Jaeveloped dwarf-ap le o~cqards located in 

southwestern Quebec. 

sail samples 

conductivi ty, 

sandy loam. Undisturbed 

. e the bulk' density, hydpaulic 
, 

il moisture reten ti"On char acter ist ics. The sail 

S'amples were taken rom the sail profile. before and immedié3.tely after 

iN'igation applicat to determine moisture content by the gravlmetric 

\ ' 
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method. 

The model was solved uSing axisymmetrlc sail volumes., The 5011 was 

assumed ta be homogeneous, isotr~pic and non-swelllng. Hysteresis was 

not considered. No flow candi tians across the boundarles of the finite 

so il cyl inder were fixed. The root zone depth waB speoified at the 

interface between the soil rings along the horizontal direction. The 
1 

initial soil moisture contents in the,soil profile were considered to form 

, i horizontal moisture planes and were specified at the center of' the rings. 

The simulations were continued -a-fter the cessation of irrigatior until 

the time equivalent to an, arbi trary 12-hour AM! (actual migration tlme 

for the total lrr 19ation water). 

" The soil moisture contents i9J the soil profile predicted with this 

model were compared with the observed data and good agreement was found. 

The sensitivity of the model to the rate of emitter disbharge, amount of 
, 

water, initial moisture content, hydraulic conductivity, root zone depth, 

.amount of RWE was examined. It was found that the diswribution of soU 

moisture is dependent on the amount of water, the soil moistur~ retention 

characteristlcs, the initial moi}sture content and the amount of RWE. It 

is independent of emitter ,disôharge rate and root zone depth. 
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CHAPTER VIII 

CONCLUSIONS 

Based on the results of this investigation the following conclusions 
, -

were drawn: ,~, .,.. .. :;. ... ~ .... ' ~ J . ' -. ' 
.... 

" 1. The model can be used to predic-t soil moisture migration in the soil 

in th~ presence of, or wi thout an app~ee. 

2. The soil moisture retention characteristic curve i5 the basic' 

requirement for generating data for designing a drip system. 

Parameters such as potential evapotranspiration, root zone depth and 

( 
ot hers can 1 be estimated. The functions of unsaturated hydraulic 

conductivity versus moisture content,ft root zone depth versus root 

water extraction fraction and moisture content vs AET/PET can be 

derived or estimated. ~ 
3. The moisture content profiles simulated and observed were in close 

agreement with eaèh other. This indicates that this mode1 is reliab1e 

for predicting moisture migration from a drip source. 

4. The 10ss of water increased with the increase in the amount of water 

applied. Higher amounts of water gave wider and deeper migration of 

water in the soil. 

5. The 10ss of water tends to increase with a decrease in the discharge 

rate_but this minor difference did not affect the general pattern of 

moisture distribution. 

141 

J 

\ 
J , 
1 



'. 

6. The soil moisture distributions obtained with mesh sizes ranging from 

0.05 to 0.08 m and variable mesh size were in close agreement with 

each other. The larger mesh size simulations tend to show Iess water 

input under the emitter. When the volume of the rings was held 
..-

capstant the large mesh size close ta the emitter gave lower water 

input when compareo" to the simulations wi th constant mesh' sizes. 

Therefore, the large mesh size especially close to the emitter should 

be avoided. 

7. The water input is not evenly distrlbuted along thè horizontal 

distance from the emltter when the'discharge from a point source la 

conaidered. There la losa of water below root zone and temporary 

saturation under the e~itter. 

8. The circular loap emitter when compared to the.point emitter gave 

better water input distribution and no loss of water below root zone. 

9. The~ wetting front moves as a step function of horizontal distance from 

the vertical axis passing through the emitter and the vertical 

distance from the soil surface. The step siza~s equivalent to the 

mesh size. 

10. At an arbitrary actual migration time (AMT) of 12-hours for total 

irrigat10n'~ there was no difference in width or depth ,and 

iso-soil moisture content curves obtained at different discharge rates 

for the same amount of water. 

11. The distribution of water ls dependent on the amount of wate: applied, 

bub it 18 independent of the rate of its application . 
.. 
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12. The migration of sail water depends on the initial soil· moistur~ 

oontent. 

13. The moisture migration is not dependent on the root zone depth. 

1~. The percentage of irrigation water stored with~the rOQt zone ls 

higher with lower amounts of water application. 

15. The net amount of water availfoble for wetting and redistributiofi in 

the sail is the result of the amount of water input by irrigation, 

the initial J moi-sture ~ content, and depletion due ta root water 

extraction. Consequently 1 the distribution of moisture would be 

according to the net amount of water available in the sail. 

16. The moisture content in the soil tends ta approach field capa~ity 

17. The simulation accounts for more thal\! 97 percent of the total 

irrigatio~ water. 

18. The relationship between wetted area and total amount pf irrigation 

water applied can be repre5ented b~: 

where TQ is the total amount of water, L ; A i5 the replenished area, 

2-
m Subscripts 1 and 2 refer to the amount of water and the 

corresponding replenished area. 

143 

, 
{ 
J 

J 

-\ 



( 

., 

(' 

19. The pUlse irrigation results are similar te continuous irrigation 

application when compared to its average (half) discharge rate. Thus, 

the pulse irrigation is a method of application to reduce the 

discharge rate with high discharging emitters. 

Tc summarize, the soil moisture distribu,tion {rom a point source' 15 

depandent on the amount of water remaining in the soil and soil moisture 

retention characteristics. It ls indep&~dent of the root zone depth, and . . ,,' 
of the rate or method of water application. 
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CHAPTER IX 

CONTRIBUTION TO KNOWLEDGE 

The applioation of drip irrigation to irrigated agriculture i5 a 

recent development in Quebec. It ia being used in dwarf-apple 'orchards 

and for vegetable and other small fruit production. Al though 

investigations have been carried out previously on drip irrigation under 

laboratory and arid field conditions, the results cannot be applied ta 

the climatic conditions exsisting in the province of Queb~~. 

In this work a simulation model has been developed to predict soil 

'moi sture migration from drip sources in the orchards. Th~ root wa ter 
\ \ 

extraction term and emltter discharge combined with the flow equation has 

been solved using the concept of mass conservation and Darcy' s law. A 

macroacopic approach has been used to estimate the root water extraction 

term. The model is formulated using the Continuous System Modeling Program 

(CSMP) • 

The combination of Darcy's law, the concept of mass conservation 

and the RWE term as a function of 9, Z and t has not been used before, 

especially under the conditions prevailing in humid areas. Also, no work 

has been reported on the prediction of soil moisture distribution from a 

~ 

pulse method of drip irrigation. 

In previous studies, the initial soil moisture has been assumed to 

be uniro,&!" througheut the finite 5011 volume. In this study, the initial 

s011 moisture was considered te be uniform with respect te the radial 
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distance from the emitter 1 but to be variable verticlÜly in the sail 

profile due to rainfall, evaporanspiration and drainage. 

This thesis contributes to the knowledge of drip irrigation as 

follows: 

. 
1. A simulation morJel was developed ta predict ',sail molsture distribution 

from a point source for irrigation of dwarf-apple trees. 

2. '!he root water extrac~on term a~ a function of Q,-1"Z and t fs defined. 

3. After rainfall tne moisture content is considere~ to be the ~me wi th .. 

respect to the horizont~l directiop from an emltter, but it varies 

vertically in the soil profile. Thus, the moisture content observed 

in the soil profile before the -start of expedments has been used for 

simulations. 
, 

4. The model is formul~ted to accept variable and constant mesh sizes. 

5. The concept of a replenlshed wetting front ls ~propo~ed and"is used 

and investigated. 

6. The concept of actual migration time for the total irrigation water 

(AMT) has been defined and used to study thé soil moisture migration 

for different discharge rates, and methods of irrigation application. 

7. The simulations were continued after the termination of irrigation 

until a time equivalent ta the 12-hours A~T WhlCh allows sufficient 

time for redistribution of soil moisture. 

8. The simulations have been done for the continuous and pulse methods 

of drlp irrigation application and the results hav~ been compared • 
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9. The empirical rela~iàn between initial replenished area obtained with' 
" 

a certain amount of water and a subsequent replenished area 0btained 

with a different amount of water was found. 

10. The moisture migration within a',fln1te so11 v014Jlle depends on the 

fi nal amount of water (SWA fi) which can be determined from the 

fol,lowing relationship: 

SWAfi = SWAin + TQ - RWE 

where SWA is the initial amount of water in soil', TQ 1s the total 
in 

amount of water applied; RWE 1s the root water extraction. 

11. The storage of water wlthin the root zone, the 1055 of water beyond 

the root zone, and the root water extraction are estimated. 

12. The soil moisture migration from a circular loop emitter is predicte,d 

and compared with that obtained from a point source. 
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CHAPTER X 

SUGGESTIONS FOR FUTURE RESEARCH 

The simulation model developed in th!s study can be used to predict 

5011 moisture distribution from a point source under homogeneous 

conditions. In the field the soil is seldom homogeneous. 'The soil 

properties vary within the soil profile. The root water extraction (RWE) 

patterns, as a function of depth, are required for this mode1. The RWE 

patterns may diffe~in the 1ayered soils. Also, the propérties of 50 il . 

. oontaining roots differ from the sail with no roots. This mode1 does not 

dlfferentiate between the two soil conditions. It is recommended that 

research be done on layered soils to study' the root water extraction 

patterns 50 that the mode1 can be modified to be applicable to layered 

sol1's. 

This model considers the moving boundary as a step function of the 

distance from an emitter, the step being equal to the mesh size. 

Additional research should be done ta account for the moving boundary 

conditions as a function of sail moisture content at least for saturation 

under the emitter. This can be done by deve10ping a mode1 which permits 
/ 

the use of varylng mesh sizes during simulation. 

The mode1 should be modlfied to account for so11 heterogenelty and 

anisotropy ta increase the accuracy of the simulated results. Also, the 

effects of cloud caver during the day-time and hysteresis on the so11 

moisture migration need ta be~nsidered 

~~ 

in further research. 
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Simulation studies should be carried out ~o study the distribution 
"-

of irrigation watel" considering overlapping o( 'wetting fronts from 

adjacent emitters. The distance between emitters should be determined when 

the distribution of soil moisture from a point source la the same as th~t 

from"a 1ine source irrigation water application. 

Research la needed to stud'y the moisture m-igration t'rom a circular 

loop source and its placement with respect to a tree. Further studies 
Q 

are needed for the developement of circular loop emitters which can meet 

the irrigation needs of a tree. Also, research should be conducted to 

study the potential of circular loop emitters in the development of new 

orchards. 
. 

Drip irrigation from a point source is applied ta vegetable crops 

cultivated in rows under controlled conditions in greenhouses in Quebec. 

Under these conditions the information on the estimation of 

evapotranspiration and RWE patterna ia not available in the literature; , 

Research in this field is required for the developmen't of ,a model 

applicable to the greenhouse situation. 

Under aupplementary irrigation conditions the irrigation water 

requirement and the area to be irrigated are less than those requir~d 

under dry conditions. The undulating topography of the orchards needs 

special care in designing an irrigation system for emitter discharge 

uniformity. Work i3 needed tn order to determine the water requirements 

and the minimum area to be irrigated. 

Clogging of emitter3 i3 observed by the farmera in the orchards and 
'. 

greenhouses. No study has been done in Quebec on the subject. It i5 
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suggested that the cause of the problem be determined and that research 

and development be carried out to alleviate the problem. i 
\ 

Fertilizers are applied through drip irrigation systems. "\From a 

point source water input to the soil under the emltter 13 high CaU~ing a 

temporary saturation and 10ss of water. Research 1s needed to study the 

distribut1o,n of fert11izers in 5011 w1th the irrigation system and its 

effect on root development and crop response. 

\ 
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APPENDIX A 

LISTING OF THE COMPUTER PROGRAM 

CONTlflUOUS SYSTEM MODELING PROGRAM 
VERSION 1.3 

• • 
*., ••• *** •• ,. '.** *,." *,. **.* '* * * tilt * *' *. '* * * * *"** ***'* *. *.*.*** .** '* 1 

• 
* 
* 
* 
* 
* 
* 
* 
* 

THIS PROGRAM SIMULATES SOIL MOISTUREJDISTRIaU 
FROM A POINT SOURCE IRRIGATION OF ÂN APPLE TR 

SITE = ROUGEMONT ORCHARD SITE 1 
RATE OF EMITTER DISCHARGE = 2.0 L/H 
AMOUNT Of IRRIGATION WATER = 12 LITERS 
DATE = 24-8-1980 
METHOD OF DRI? IRRIGATIO~ APPLICATION = CONTINUOUS 

• 
• 
* 
* 
* 

* 
* ***,,*,*.**.*.**** •• *.*.**.*.**.*1*.*******,*'****"*'.* ••• * ••••• * •• *.** 

• 
• 
* 
* 
* 
* 

A 
AE?E 
AEPEAR 
AE?EL 
AET 

r AETALL 
.. AETAR 
• AET?ET 
• ARNGI~ 
• ARNGJ 

* • • • • 
• 
* • • • 

AVDELR 
AVDELZ 
AVKR 
AVKZ 
CUMIRR 

CUMPC 1 
COMPC2 
CUMPC3 
CUMPClJ 
CUMPC5 

DESCRIPTION OF VARIABLES 

A DUMMY V~RIABLE 
AET/PET RATIO OF EACH SOIL RING ~.R.T TOTAL PET 
AET/PET RATIO OVER AN AREA OF RING FROM BOTTOM TO SURFACE 
AET/PET RATIO LOCAL TO A RING, W.R:T LOCAL PET 
ROOT WATER EXTRACTION OR AC'l'UAL EVAPOTRANSPIRATIOtI, MM 

AET OVE~ ALL THE AREA OF THE SOIL CYLINDER, MM 
AET OVER AN AREA OF RING, MM 
AET/PET, RATIO OVER ALL tHE AREA OF THE SOIL CYLINDER 
AREA OF A SOIL RING FROM-INSIDE OR OUTSIDE 
AREA OF A SOIL RING FROM TOP OR BOT TOM 

'RADIAL DISTANCE BETWEEN THO ADJACENT RINGS, CM 
DEPTH DISTANCE BETWEEN IWO OVERLYING RINGS, CM 
AVERAGE K OF SaIL RINGS (I,J) AND (I,J-l), CM/MIN 
AVERAGE K Of SOIL RINGS (I,J) AND (I-l,J), CM/MIN 
CUMULATIVE IRRIGATION IN COLUMN; PERCENT 

CUMULATIVE DELTA STORAGE IN EACH ROW, PERCENT 
CUMULATIVE DELTA STORAGE IN EACH COLUMN, PERCENT 
CUMULATIVE DELTA STORAGE IN EACH COLUMN BEYOND ROOT ZONE, ~ 

CUMULATIVE RWE FROM EACH ROW. PERCENT 
CUMULATIVE RWE FROM EACH COLUMN, PERC~NT 
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1000 
lOlO 
1020 
1030 
1040 
1050 
1060 
1070 
1080 
1090 
1100 

o 
1120 
1130 
1140 
1150 
1160 
1170 
1180 
1190 
1200 
1210 
1220 
1230 
1240 > 

1250 
1260 
1270 
1280 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
1360 
1370 
1380 
1390 
1400 
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• CUMPC6 
• DELST 
'" DELT 
.- DELTAR 
• DELTAZ 

• DSLSPC 
• DSRZPC 
• DSSCPC 
• DSTBMM 
* DSTBRZ 

• DSTCBR 
• DSTCMM 
• DSTCOL 
• JjSTROW 
• DSTWRZ 

* DSTWSC 
* EQHR 
• EQMIN 
• EQMIN1 
* ERRPC 

.. FINTIM 
• GPOT 
* HBOUND 
• HPOT 
, l 

• 
• IMAX 
• IMAX1 
• IMC 
• IRRCOL 
• IRRIMM 

• IRRLIT 
• IRRROW 
• ITHETA 
• J • 
• JMAX 
• JMAX1 
• K 
• KSAT 
• ,LDMIN 

CUMU TIVE IRRIGATION lUTER INPUT Iti EACH ROW, PERCENT 
CHANG IN STORAGE, CM3/CM3/MIN 
A SYSTEM VARIABLE FOR TIME INCREMENT, MIN 
WIDTH OF A SOIL RING, CM 
THICKNESS OF A SOIL RING, CM 

CHANGE OF STORAGE (LOSS) BELOW ROOT ZONE" PERCENT 
CHANGE OF STORAGE WITHIN ROOT ZONE, PERCENT 
CHANGE OF STORAGE \HTHIN THE SOIL CYLINDER, PERCENT 
DELTA STORAGE IN EACH COLUMN BEYOND RZ, MM 
CHANGE OF STORAGE BELOW ROOT ZONE, L 

DELTA STORAGE IN EACH COLUMN, BEYOND RZ, PERCENT 
DELTA STORAGE IN EACH COLUMN, MM . 
CHANGE OF STORAGE WITHIN A COLUMN, PERCENT 
CHANGE OF STORAGE \HTHIN A ROW, PERCENT 
CHANGE OF STORAGE WITHIN ROOT ZONE, L 

CHANGE OF STORAGE WITHIN SOIL CYLINDER, L 
EMITTE'R DISCHARGE RATE, L/HR 
EMITTER DISCHARGE RATE, ML/MIN 
A DUMMY VARIABLE 
ERROR BETWEEN SIMULATED AND APPLIED IRRIGATION, PERCENT 

A SYSTEM VARIABLE FOR FINISHING THE SIMULATION, MIN 
GRAVITY POTENTIAL, CM 
MATRIC POTENTIAL AT SATURATION, CM 
HYDR'AULIC POTENTIAL AT THE CENTER OF RING (I, J) 1 CM 
SUBSCRIPT l REPRESENTS RING NUMBER FROM THE SOIL SURFACE 
OR DEPTH AT THE TOP OF A SOIL RING 

NUMBER OF SOIL RINGS IN Z DIRECTION 
NUMBER OF BOUNDARIES OF l SOIL RINGS, ONE MORE THAN IMAX 
INITIAL VOLUMETRIC SOIL MOISTURE CONTENT IN A RING CM3/CM3 
IRRIGATION APPLICATION IN'EACH COLUMN, PERCENT 
IRR~ION APPLICATION IN EACH COLUMN, MM 

IRRIGATION APPLICATION, L 
IRRIGATION APPLICATION IN EACH'ROW, PERCENT 
INITIAL VOLUMETRIC SOIL MOISTURE CONTENT IN A ~NG CM3/CM3 
SUBSCRIPT REPRESENTING RING NUMBER FROM CENTER OFo FINITE SOIL 
OR INNER RADIUS OF A RING 

NUMBER OF SOIL RINGS IN RADIAL DIRECTION 
NUMBER OF RADII OR BOUNDARIES OF J RINGS 
HYDRAULIC CONDUCTIVITY, FUNCTION OF THETA, ,CM/MIN 
SATURATED HYDRAULIC CONDUCTIVITY, CM/MIN 
LE NGTH OF THE DA Y, MIN 

161 

1410 
1~20 ' 
1430 
1440 
1450 
1460 
1470 
1480 
1490 
1500 
1510 
1520 
1530 
1540 
1550 
1560 
1570 
1580 
1590 
1600 
1610 
1620 
1630 
1640 
1650 
1660 
1670 
1680 
1690 
1700 
1710 
1720 
1730 
1740 
1750 
1760 
1770 

1780 \ 1790 
1800 
1810 
1820 
1830 
1840 
1850 
1860 
1 870~-
1880 
1890 
1900 
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• M 
• MC 
• MCWIL 
• MC50AV 
• MPDEN 

• MPOT 
• MP50AV 

• N 
• OLREST 

.• PET 

• PETCU 
• PETCUM 
• PI 
• PRDEL ,. P1 

• P2 
• RADDIS 
• RADRNG 
• REST 
• RWE 

• RWECMM 
• RWECOL 
* RWECUM 
* RWEDM 
• RWELIT 

* RWEMDR 
* RWEMP 
* RWEPC 
• RWER 
• RWEROW 

,.. RWET 

• RWEZ 
* RWEZF 
* RWEZP 
* RZD 

• RZDF 
* RZDRWE 
* T 
* THETAS 
* THK 

INTEGER VARIABLE 
MOISTURE CONTENT AT EACH TIME STE?, CM3/CM3 
LOWER LIMIT OF SaIL' MOISTU~E CONTENT NEAR Ta WILTING, 
MC AT 50 PERCENT AVAILABLE~TURE, CM3/CM3 
A DENOMINATOR USED IN CALCULATING RWE 

MATRIC POTENTIAL IN EACH SOIL RING~(I,J), CM 
MATRIC POTENTIAL AT 50 PERCENT AVAILABLE MOISTURE, CM 
NUMBER Of ROWS WITHIN ROOT ZONE FROM SOIL SURFACE 
A DUMMY VARIABLE EQUIVALENT TO REST 
POTENTIAL EVAPOTRANSPIRATION, CM/DAY 

CUMULATIVE PET DURING SIMULATION TIME, MM 
CUMULATIVE PET DURING SIMULATION, CM 
CONSTANT=3.14159 
A SYSTEM VARIABLE FOR OUTPUT PRINTING INTERVAL, MM, 
TIME INTERVAL FOR PULSE IRRIGATION, MIN 

TIME INTERVAL FOR GENERATION OF IMPULSES, MIN 

CM3/CM3 

RADIAL DISTANCE FROM AXIS TO THE CENTER OF EACH J RING, CM 
INNER RADIUS OF RING (J), CM 
AMOU NT OF EXCESS WATER THAT MaVES Ta NEXT RING, CM3 
ROOT WATER EXTRACTION FROM A SOIL RING, CM3/CM3 

RWE FROM EACH COLUMN, MM 
RWE FROM EACH COLUMN, PERCENT 
CUMULATIVE ROOT WATER. EXTRACTION, 
A DUMMY VARIABLE EQUAL TO RWEZP 
RWE, L 

CM3 

ROOT WAT~R EXTRACTION- MAXIMUM MIDDAY RATE, CM/MIN 
ROOT WATER EXTRACTION AS A FUNCTION OF MATRIC POTENTIAL 
RWE, PERCENTAGE OF TOTAL IRRIGATION WATER 
RWE RATE AS A fUNCTION OF TIME, DEPTH, AND MPOT, CM/MIN 
RWE F,lroM EACH ROW, PERCENT 

RWE RATE A FUNCTION OF TIME IN MINUTES FROM SUNRISE, 
RWE FROM A SaIL RING AS A FUNCTION OF Z, FRACTION 
ROOT WATER EXTRACTION AT DEPTH Z, FRACTION 
RWE - FUNCTION OF Z, MC, AND TIME, CM3/CM3/MIN 
ROOT ZONE DEPTH, CM 

ROOT ZONE DEPTH FRACTION OF TOTAL 
ROOT ZONE DEPTH fRACTIQN OF TOTAL VS RWE FRACTION 
TIME AT SIMULATION AFTEfl SUNRISE 
VOLUMETRIe MOISTURE CONTENT AT SATURATION, CM3/CM3 
SOIL MOISTUR~ CONTENT VS K, TABLE 11;0 

CM/MIN 

• THMPOT SOIL MOISTURE CONTENT VS MATRIC POTENTIAL, TABLE 
1 TIME A SYSTEM VARIABLE REPRESENTS TIME OF SIMULATION, MIN 

162 • 

1910 
1920 
1930 
1940 
1950 
129-0 
1970 
1980 
1990 
2000 
,'201.û 
2020 
2030 
2040 
2050 .' 
2060 
2010 
2080 
2090 
2100 
2110 

, 2120 
2130 
2140 
2150 
2160 
2170 . 
2180 
2190 
2200 
2210 
2220 
2230 
2240 
2250 
2260' 
2270 
2280 
2290 
2300 
2310 
2320 
2330 
2340 
2350 
2360 
2370 

• 2380 
'2390 
2400 
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* TIMHR 
,* TRUN 
• TSTART 

* TSTOP 
• TWOPI 
* VOLRNG 

- VWACCT 

- VWAPPL 

- VWBRZI 
* VWBRZT 
* VWCBRI 
- VWCBRT 
, VWCOLI 

* VWCOLT 
, VWERR 
, VWROWI 
, VWROWT 
, VWSIMU 

, VWWRNG 
, VWWRZI 

- VWWRZT 
- VWWSCI 
, 'VWWSCT 

TI ME OF SIMULATION, HOUR 
TIME OF IRRIGATION APPLICATION, MIN 
TIME AT THE START OF DISCHARGE AFTER SUNRISE, 

TIME AT THE STOP OF4bISCHARGE AFTER SUNRISE, 
CONSTANT EQUAL TO PI*2. 0 
VOLUME OF A SOIL RING, CM3 
VOLUME 'OF W'ATER ACCOUNTED FOR, BY SIMUATION, 
VOLUME OF WATER APPLIED, CM3 

INITIAL VOLUME OF WATER BELOW ROOT ZONE, L 
VOLUME OF WATER BEYOND ROOT ZONE AT TIME, L 

MIN 

MIN 

PERCENT 

INITIAL VOLUME OF WATER IN COLUMN BELOH ROOT ZONE, L 
VOL OF WATER IN A COLUMN BELOW ROOT ZONE AT SPECIFIED TIME, L 
INITIAL VOLUME OF WATER IN COLUMN, L 

VOLUME OF WATER IN A COLUMN l AT TIME SPECIFIED, L 
DIFFERENCE BETWEEN SIMULATED AND APPLIED AMOUNT OF WATER, L 
INITIAL VOLUMÈ OF WATER IN A ROvl J, CM3 
VOrvME OF WATER IN A ROW J AT SPECIFIED' TIME, CM3 
VOLpME OF WATER SIMULATED AT TIME SPECIFIED, L 

, ' 

VOLUME! OF WATER IN A SOIL RIN9, CM3 
INIT IAL VOLUME OF WATER WITHIN ROOT ZONE, L 
VOLUME OF WATER WITHIN ROOT ZONE AT TIME SPECIFIED, L 
INITIAL VOLUME OF WATER WITHIN SOIL CYLINDER, L -
VO~UME OF WATER WITHIN SOIL CYLINDER AT TIME SPECIFIED, L 

* WRTDEL OUTPUT INTER VAL USED IN THIS PROGRAM, MIN 
- Y A DUMMY VARIABLE 
- l DEPTH FROM THE SOIL SURFACE, CM 

""",,*_ ••• *** •••• ***** •• ****.*.* •• ** •• *****.***.***********'********* 

.' COMPUTER PROGRAM 

"*'*-,***_ •• *11* •• ************** •• **** ••• *,.*.* •• ***.*****.**.*.* •• **.* 

/ 
/ 
/ 
/ 
/ 
/ 
/ 

REAL DELST (15, 11 ) ,MC( 15 , 11 ) ,IMC ( 15, 11 ) , VOLR NG ( 15, 11 ) ,ARNGI J ( 15 , 11) 
REAL HPOT ( 15, 11) , MPOT ( 15 , 11) , A VKR (15, 11 ) ,AVKZ ( 15, 11 ) ,K ( 15, 11 ) 
REAL RW EZ P ( 1 ;>-. 11 ) , RW E ( 6 , 11 ) ,A ET ( 1 5, 11 ) , A E P E ( 1 5 , 11 ) ,A E PEL ( 1 5, 1 1 ) 
REAL RI-IEDM«{, 11), IRRIMM( 11) ,RWECMM( 11) ,RWECOL( 11) ,DSTBMM( 11) 
REAL DSTCMM( 11) ,CUMPCl (11) ,CUMPC2(11) ,CUMPC3(11) ,CUMPC5( 11) 
REAL CUMIRR(11),IRRCOL(11),RWEROW(15),CUMPC4(15),IRRROW(15) 
REAL CUMPC6 (15) 

STORAGE ITHETA(165),RADRNG(12),DELTAR(11),AVDELR(11),ARNGJ(11) ,l(16) 
STORAGE DELTAl(' 5) ,AVDELZ( 15), RWElF( 16) ,RlDf( 15), RWEZ (15), DSTROW( 15) 
STORAGE AETAR( 11 ) ,AEPEAR (11) ,RADDIS<11 ) ,GPOT (15), VWROWI( 15) , VWROWT( 15) 
STORAGE VWCOLI(11),VWCOLT(11),DSTCOL(11),VWCBRI(11),VWCBRT(11) 
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',,2410 
'-2420 

2430 
2440 , 
'2450 
2460 
2470 
2480 
2U90 
2500' 
2510 
2520 
2530 
2540 
2550 
2560 
2570 
2580 
2590 
2600 

~ 2610 
2620 
2630 
2640 
2650 
2660 
2670· 
2680 
2690 
2700 
2710 
2720 
2730 
2740 
2750 
2760 
2770 
2780 
2799-
2800 
2810 
2820 
2830 
2840 
2850 
2860 
287-0 
2880 
2890 
2900 

1 

,/ 
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STORAGE DS TCB R ( 11) 

1 EQUIVALENCE (DELST1,DELST(l,')},(MC1,MC(1,1»,(RWE1,RWE(l,l» 
1 EQUIVACENCE (IHC1,IHCC1,1»,(RWEDM1,RWEDM(l,1» 

FIXED I,J,IMAX.JMAX,H,JHAX1,IHAX1,N 

•••••••• * •••• *** •••••• * ••••• ~ •••••••• * •••••••••••••••••••••••••••••••••• 
INITIAL •••• *.* ••••••• * ••••••••••• ~ ••••••• * ••••••••••••• *.* ••••••••••••••••• * ••• 

• INPUT INITIAL SOIL MOISTURE CONTENT OF ALL THE SOIL RINGS 
TABLE ITHETAC1-165)=22·O.078,44·.0.080,99*0.085 

• INPUT INNER RADII OF SOIl AND ,OUTER BOUNDARY, CM 
TABLE RADRNG(1-12):0.0,6.;12.0,18.,24.,30.,36.,42.,48.,54.,60.,66.~ 

> 

• INPUT DEPTH AT THE TOP OF SOIL RINGS AND BOTTOM BOUNDARY, CM 
TABLE Z(1-16):O.0,6.,12.,18.,24.,30.,36.,42.,48.,54. t 60.,66.,72.0, ••• 

78.0,84.0,90.0 " 

* SOIL HOISTURE CONTENT, (CM3/CM3) VS MATRIe ~OTENrIAL, (CM) 
FUNCTIO N THMPOT: ••• , 1 
(O.060,0.9000E+04),(0.070,O.~000E.04},(0.080,O.8000E+03), ••• 
(0.090,0.5000E+03),(0.100,0.3000E.03),(0.110,O.1850E+O3), ••• 
(0.120,O.9500E+02),<0.130,0.8000E+02),(0.140,o.7300E+02), ••• 
(0.150,0. 6700E+02) , (O. 160,0.61 00E+02) , (0.170,0. 5700E+02) , ... 
(0.180, O. 5300E+02), (0.190, O. 5000E+02) , (0.200, O. 4700E+02), ••• 
(0.210,0. 4500E+02) , (0.220,0. 4300E.02) , (0.230, o. 4050E+02) , ... 
(0.240,0.3900E+02),(0.250,0.3750E+02),(0.260,O.3600E+02), ••• 
(0.270,0.3470E+02),(0.280,O.3350E.02),(0.290,0.3200E+02), •.• 
CO.300,O~3050E+02),(0.310,0.2850E+02),(0.320,O.2650E+02),: •. 
(O.330,0.2450E+02) ,(0.340,0.2250E+02) ,(0.350,O.1950E+0'2) , ..• 

d (0.360,0. 1700E+02) ,(0. 370,0.1000E+02) 

• SOIL MOISTURE CONTENT, (CM3/CM3) VS HYDRAULIC CONDUCTIVITY, (CM/MIN) 
FUNCTION THK: ••• 
(0.060,0. 1641 E"::08) , (0.070,0.4451 E-07) , (0.080,0. 4207E-0 6) , •.. 
(0.090,0. 1998E-05) , (o. 100,0. 7262E-05) , (0.110,0. 2336E-04 ) , ..• 
(0.120,0.7947E-04),(0.130,0.2215E-03),(0.140,0.4910E-03), ••• 
(0.150,0.9329E-03),(0.160,0.1603E-02),(0.170,0.2567E-02), •.• 
( o. 180, 0 • 3896 E -02) , ( O. 1 90 , ° . 5675 E -0 2) , ( 0 ~ 200 • 0 • 7996 E -0 2 ) , •.. 
(0.210,0. 1096E-Ol) ,(0.220,0.1467E-01), (0.230.0.1926E-Ol), ... 
(0.240,0.2486E-Ol),(0.250,0.3162E-Ol),(0.260,0.3969E-O1), ••• 
(0.270.0.4924E-Ol),(O.280,0.6045E-Ol),(0.290.0.7354E-01) •••• 

~ (0.300,0. 8874E-O 1), (0.310,0. 1064E+00) , (O. 320,0. 1268E+OO), ... 
i (O.330,O.1506E+OO),(O.340~O.1783E+OO),(0.350,0.2110E+00), ••• 

(0.360,O.2501E+OO),(0.370,0.3020E+OO) 

• DEPTH FROM SOIL SURFACE (FRACTION OF TOTAL) VS RWE (FRACTION OF TOTAL) .. 
164 

2910 
2920 
2930 
2940 
2950 
2960 
2970 
2980 
2990' 
3000 
301.0 
3020 
3030 
3040 
3050 
3060 
3070 
3080 
3Q90 
3100 
3110 
3120 
3130 
3140 
3150 
3160 . 
3170 
3180 
3~90 
3200 
3210 
3220 
3230 
3240 
3250 
3260 
3270 
3280 
3290 
3300 
3310 
3320 
3330 
3340 
335i' 
3360 
3370 
3380 
3390 
3400 
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( 
FUNCTION RZDRWE= (0.0, O. 0) ,(0.1,0.1.6), (0.2, O. 32) ,(0.3,15\ 46)' •••• 
(0 • 4, O. 59) , ( 0 • 5 , o. 72 ) , ( 0 • 6, o. 80 ) , ( 0 .7, O. 86 ) , ( 0 • 8 , O. 91 ) , ... 
(0.9,0.96),(1.0,1.0) 

• INPUT PARAMETERS 
PARAHETER IMAX:15,JHAX=11.RZD:36.0,THETAS:0.37,HCWIL:0.06,TRUN:360.0 
PARAHETER HBOUND=O. 0, KSAT:O. 302, Ph3. 14159. MC50AV=0. 0'83, P1 =30.0 
PARAMETER PET=0.49,TSTART=264.0,EQHR=2.0,LDMIN=823.0,WRTDEL=60.0 

NOSORT 
JMAX1=JMAX+1 
IMAX1=IMAX+1 
TWOPI=2.0*PI 
EQMIN:EQHR*1000./60.0 
EQHIN 1 =EQHIN . 
RWEHDR=PET·PI/2.0/LDMIN 
P2:P1*2.0 

* ASSIGN THE INITIAL SOIL MOISTURE CONTENT TO SOIL RINGS (~,J), CM3/CM3 
DO 1 0 l = 1 , IMAX 
DO 10 J=1,JMAX \ 
H:{I-1 )'J'MAX+J 

10 IMCCI,J)=ITHETA(M) f' 
* CALCULATE THE WIDTH OF EACH OF THE SOIL RINGS, CM 

DO 20 J: 1 , JMAX 
·20 DELTAR(J):RADRNG(J+1)-RADRNG(J) 

• CALCULATE THE DISTANCE FROM AN EMITTER TO THE CENTER Of EACH RING, 'CM 
1 , 

30 
DO 30 J:1, JMAX 
RADDIS(J)=RADRNG(J)+0.5*DELTAR(J) 

, 
* CALCULATE THE TOP OR BOTTOM AREA OF EACH SOIL RING, CM2 

DO 40 J=1, JMAX 
40 ARNGJ(J)=(RADRNG(J+1)**2-RADRNG(J)"2)*PI 

, 

* CALCULAT~ RADIAL DISTANCE BETWEEN TWO CONTACTING RINGS, CM 
AVDELR(1)=DELTAR(1)/2.0 \ 
DO 50 J=2,JMAX 

50 AVDELR(J)=(DELTAR(J-1)+DELTAR(J»/2.0 

* CALCULATE THE THICKNESS OF EACH OF THE SOIL RINGS, CM 
. DO. 60 1=1, IMAX 

60 ; DELTAZ(I)=Z(I+'1)-Z(I) 

• CALCULATE THE GRAVITY POTENTIAL AT THE CENTER OF EACH SaIL RING, CM 
DO 70 1=1, IMAX 

70 GPOT(I)=Z(I)+0.5*D~LTAZ(I) 

\ 

1 CALCULATE DEPTH DISTANCE BETWEEN IWO CONTACTING RINGS, CM 

, .... 16S 

.. 

3':'10 
3420 
3430 
3440 
3450, 
31160 
3470 

,3480 
,3490 

3500 . 
3510 
3520 
3530 
3540 
3550 
3560 
3570 
358Q 
3590 
3600 
3610 
3620 
3630 
3640 
3650 
3660 
3670 
3680 
3690 
3700 
3710 
3720 
3730 
31'110 
3750 
3760 
3770 
3780 
3790 
3800 
3810 
3820 
3830 
3840 
3850 
3860 
3870 
3880 
3890 
3900 
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AVDELZ(1)=DELTAZ(1)/2.0 
DO 80, l =2. IMAX 

80 AVDELZ(I)=(DELTAZ(I-l)+DELTAZ(I»/2.0 

• CALCULATE 'l'HE IN~ER AREA ,OF CONTACT OF EACH SOIL RING, 
DO 90 I: 1 f IHAl{ 

90 
DO 90 J=1. JHAX 
ARNGIJ(I,J)=DELTAZ(I)*rwOPI*RADRNG(J) . ' 

• CALCULA TE THE VOLUME OF EACH OF THE SOIL RINGS. CH3 
• DO 100 1=1, lMA! 

DO 100 J=l, JMAX 
100 "VOLR NG (I, J) =DELTAZ(I )*ARNGJ (J) . 

CHi 

• CALCULATE' RWE TERH FOR A SOIL RING W,;rTH RESPEC,T TO ITS POSITION • 
• FROM' SOIL SURFACE. FRACTION OF TOTAL . 

RWEZF( 1 )=0.0 
D~120 M=2, IMÀXl 
1="-1 
R . F(I)~(M)/RZD 
IF(RZDF(I) .EQ.l.0) Nd 
IFCRZDF(I).GT.l.0) GO TO 110 
RWEZF( M) :AFGEN( RZDRWE. RZDF( 1» 
RWEZ (I ):;RWEZF( M)-RWEZF(M-l ) 
GO TO 120 

110 RWEZ(I)=O.O 
120 CONTINUE 

* CALCULATE MPOT AT 50 PERCENT AVAILABLE SOIL HOISTURE AND DENOMINATOR 
'M'P50AV=-AFGE N(THMPOT, MC50AV) 
MPDEN=-15000. -(MP50A V) 

\ * CALCULATE INITIAL VOLUME OF WATER WITHIN EACH ROW, EACH COLUMN WITHIN 
• RoaT ZONE AND EACH COLUMN BELOW ROOT ZONE, CH3 ' 

DO 140 I=1,IMAX 
DO 140 J=1, JMAX 
VWWRNG=IMC( III J) 'VOLR HG CI, J) 
VWROWI(I )=VWROWI(I )+VWWRNG 
IF( r. Gr • N)GO TO 130 
VWCOLI (J )=VWCOLI (J )+VWWRNG 
GO TO 140 

130 VWC~RI(J)=vwcaRI(J)+VWWRNG 

1-40 CONTINUE 

, \ 

* CALCULATE VOLUME OF WATER WITHIN & BELOW RZ AND SOIL CYLINDER, L 
DO 145 J = 1 , JMAX 
VWWRZI=VWWRZI+VWCOLI(J) 

145 VWBRZI=VWBRZI+VWCBRI(J) 

166 
" 

, " 

3910 
3920 
3930 
3940 
3950 . 
3960 
3970 
3980 
3990 
4000 
4010-
4020 
4d30 
4040 
4050 
4060 
4070 
4080 
4090 
4100 
4110 
4120 

.' 4130 
4140 
4150 
4160 

{" U170 
'4180 
4190 
4200 

, 4210 
4220 
4230 
4240 
4250 
4260 
4270 
4280 
4290 
4300 

• 4310 
4320 
4330 
4340 
4350 
,/l360 
4370 
4380 ' 
4390' 
4400 

-
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, 
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VWWRZI=VWWRZI/l000. 4410 
VWBRZ l = WBHZ 1/1 000. 4420 
VWWSCI=VWWRZI+WBRZI 0 ' \ 4430 

- ..... ,94110 
...................................................... " ............ ~ ••••. 4450 ' 
DYNAHIC ' . , . • 114Sr}--;' 
....... It ................. -.!.!! ..........................................• ~. Q 4410 

• ~ c 4480 
HC1:INTGRL(IHC 1, DELST1, 165) 41190 
RWE1=l:lNTGRLCO.,RWEDtH,66) 'r ~5dâ 
PETCUH=1NTGRL(O.,RWET) ~510 
VwAPPL=INTGRL(O.,EQHIN) ~ ~ 4520 

•••••••••••••••••••••••••• * •••••• ~. 
NOSORT . ............................... ~~~. , 

• KEEP .sOIL MOISTURE CONTENT Wl'PHIN UPPER 
DO 150 J=l,JHAX 

AND LOWER LIMITS 

DO 150 1=1, IHAX , 
IF( HC(I, J) • Gr'. THETAS) MC(I, J )=THETAS 
IF{ HC(I, J) .LT • HCWIL) HC(I,J) =MCWIL 

150 CONTINUE 

• CALCULATE MATRIC A;ND HYDRAULIC POTENTIALS 
DO 160 1= 1 • IHAX 
DO 160 J:1.JHAX 
K CI, J)=AFGEN(THK, MC( I, J» 
HPOTCI. J)=-AFGEN(THMPOT ,HC(I, J» 

160 HPOT (1. J ):MPOT (l, J).GPOT (1) 

IN EACH SOI<!. ~RING, CM 
'. . 

4530 
4540 

• o~, 11550 
456,0 
4510 
4580 

J 4590 
%00 
4610 
4620 
463'0 
4640 
4650 
4660 

., 4670 
4680 
li690 e 

4700 
4710 

'. , 

î 
1 
'i 
• 
i , 
l 

. 
". 

• CALCULATE WEIGHTED AVERAGE 
DO 170 1= 1 , IMAX 

OF K BE'NEEN TWO SOIL RINGS, R-DIRECT,ION 4720 • '., 
4730 

DO 170 J:2,JMAX 
.170 AVKR(I,J)=(K(I,J-l» 

• CALCULATE WEIGHTED AVERAGE OF K BETWEEN '!"WO SOIL RINGS, Z-I>IRECTION A 

DO 180 J=l,JHAX 
AVKZ(1,J)=(KSAT+K(I,J»/2.~ 
DO 180 I=2.IMAX ' . 

180 AVKZ(I,J):{K(I-1,J)) 

• CALCULA TE RWE TERM AS A FUNCTION 
190 T=TSTART+TIME 

-IF(T-LDMIN) 200,210,210 
200 RWET=RWEMDR*SIN (PI'TILDMIN) 

Ge-to 220 
210 RWET=O. 0 

'. 

'-

, J 

':'\ 

.:> 
1 

OF TIME AFTER SUNRISE, CM/MIN 

167 , . 
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4740 
47$0 
4760 
4770 

• 478'0 
'i .4790 -

4800 
4810 
4820 
4a3Q 
4840 
4850 
4860 
4870 
4880 
4890 -
4900 ,ft 
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220 DO 9999 -1= 1 , IHAX 
DO 9999 J=l.JHAX 

4910 
~920 

• CALCULATE RWE TE RH W. R. T MÀTRIC POTENTIAL 
'\ 4930 

IN A RING, FRACTION OF TOTAL 4940 
230 IF(MPOTCI,J).LE.{-15000.» GO TO 240 

IF (MPOT( l, J) .GE. (MP50I\V» GO TO 250 
RWEMP=(-15000.-MPOT(I:J»/HPDEN 
GO TO 260 

240 RWEMP;O.O 
GO Ta 260 

250 RWEMP=1.0 

.' CAtct1t'ATE RWE FROM A RING AS A FUNCTION OF 
260 • RWER;RWET*RWEMP'RWEZ(I) 

"RWEZP(I, J) =RWER' ARNGJ(J) 
IF(I.GT.N)GO TO 270 
RWEDM(I,J)=RWEZPCI,J) 

Z, MPOT AND TIME, CM3/MIN 

. \ 

• TRANSFER -THE CONtROL TO A SOIL RING ACCORDING TO ITS POSITION 
270 IF(I.EQ.l.AND.J.EQ.l) GO TO 2000 

IF(I.LT.IMAX.AND.J.EQ.l) "GO TO 3000 
IF(I.EQ.IMAX.AND.J.EQ.li GO TO 4000 
IF(I.EQ~t.AND.J.LT.JMAX) GO TO 6000 
IF(I.EQ.!'MAX.AND.J.LT.JMAX) GO TO 5000 
IF(I.EQ.l.AND.J.EQ.JMAX) GO TO 7000 
IFCI.LT.IMAX.AND.J.EQ.JMAX) GO TO 8000 
IF(!.EQ.IMAX.AND.J.EQ.JMAX) GO TO 9000 

• CALCULATE DELTA STORAGE IN SOIL RING (I,Jr 1<I<IMAX; l<J<JMAX 

'4950 
4960 
4970 
4980 
~4990 
5000 
5010 
5020 
5.030 
5040 
5050 
5060 
5070 
5080 
5090 
5.100 
5110 
5120 
5130 
5140 
5150 
5160 
5170 
5180 
5190 
5200 
5210 

1000. DELSTCI,J)=(-RWEZPCI,J)... 5220 
"'AVKR(-I, J) 'ARNGI.] (l, J) '(HPOT( I, J-l )-HPOT (l, J),) / AVDELR (J) • • • 5230 . 
• AVKR(I ,.J+ 1) 'ARNGIJ CI, J+ 1) 'CHPOT (I~ J )-HPOTCI, J+,l » 1 AVDELR C J + 1) • • • 5240 
+AVKZ( 1, J) *ARNGJ (J) *(HPOTCI-l ,J )-HPOT (I, J» 1 AVDELZ( I} • • • • 5250 
-AVKZ(I~l,J)'ARNGJ(J)I(HPOT(I,J)-HPOTCI+l,J»/AVDELZ(1+1»... 5260 
IVOLRNG( l, J) , 5270 
GO TO 9999 5280 

* CKLCULATE DELTA STORAGE I~ SOIL RING (1,1) 
, IRRIGATIO~ WATER fROM A. P6INT SOURCE IS APPLIED ON .THIS RING, 

o 

2000 CONTINUE 
. 

*** •• * •••••• * ••• ** .... **.****.,.**** •• *************,***'*1.'.1*****.** 

Il DO YOU WANT IRRIGATION BY PULSE METHOD ? 
•• IF YES REMOVE" THE STARS (1) -FROM COLUM~ ONE OF THE FOLLOWING TWO 
Il CSMP STATEHENTS AND CHECK THE PARAMETER TRUN WHICH MUST BE TWICE 
'1 (IF PULSES ARE A SQUARE WAVE FUNCTION OF TIME) THE TRUN REQUIRED 

168 

5290 
5300 
5310 
5320 

" 5330 
. 5340 
5350 
5360 
5370 
5380 
5390 

,540<l 

~.- ...... -~ ... ~ - '~,!. - -~, ~--.-...-..,.-_ •• 
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** REQUIRED FOR CONTINUOUS IRRIGATION t REPLACE STARS BACK OTH~RW!S.~ 5410 

5420 
5430 • * • 

Y=PULSE(P1,IMPULSCO.,P2» 
EQMIN=EQMIN l'Y 

***** .. ** ......... ** .......... **** ........... * ••. ***._ ..... ***** ...... .. ~ " 

2100 

IF(TIME.GT.TRUN) EQMIN=O.O 
RE-ST=EQMIN-••• 
(+AVKZ(I, J) ·ARNGJ (J) '(HBQUND-HPOT(I,J») /AVDELZ (1) 
IF(REST) 2'OO,2200,22~ 
DELST(I, J) = (EQMIN-RWEZP( l, J) • • • . 
-AVKR(I, J+ 1) 'ARNGIJ (l, J+ 1 )'(HPOT(I, J)-RPO!(!:, J+ 1» /AVDELR (J + 1 ) ••• 
-A VKZ(I+ 1, J) 'ARNGJ.(J) '(HPOT(I, J )-HPOT (1+ 1, J» 1 AVDELZ (1+1» ••• 
/VOLRNGCI, J) , 1 

GO TO 9999 • 

5440 
5450 
5460 
5470 
5480 
5490 
5500 
5510 
5520 
5530 
5540 
5550 
5560 
5570 

2200 DELST(I,J)~(-RWEZPCI,i)... 5580 
+A VKZ(I, J) .ARNGJ( J ).(HBOUND-IiPOT( l, J» /AVDELZ (1).. • 5590 
-AVKR(I, J+1 )'ARNGIJ(I, J+1 )'(HPOTCI,J)-HPOT(I,J+l» IAVDELR(J+' )... 5600 
-AVKZ(I+1, J) 'ARNGJ(J) '(HPOT(I ,J)-HPO'!'( 1+ 1, J) )YAVDELZ( 1+1».. • ,5610 J 

IVOLRNG(I,J)' 5620 
GO TO 9999 5630 

1 5640 
* CALCULATE DELTA STbRAGE IN SOIL RING (l,J) 1 <I<IMAX; J=l 5,650 

5660 
DELST(I,J) = C-,RWEZP<I,J)... 5670 
-AVK'R(I,J+1 )*ARNGIJ(I,J+l )'(HPOT(I,J)-HPOt<I,J+l »/AVDELR(J+, )... 5680 
+AVKZO ,J) *ARNGJ( J )*<HPOT(I-l, J)-HPOT(I, J~)/AVDELZ(I)... 5690 

3000 

-AVKZ(I+ 1, J) *ARNGJ, (J) '(HPO!CI, J )-HPOT( 1+ 1, J» / AVDELZ (1+ 1» • • • 5100 
/VOLRNG(I,J) , '=L =- ,5710 

GO TO 9999 5120 

~*' CALCULATE DELTA STORAGE IN SOIL R'rNG {I,J} I=Ir:lAX: J=JMAX 
5730 
51.40 
5750 
5160 
5170 
'5780 

4000 DELST(IjJ)=(-RWEZP(IiJ) ••• 
-AVKR (l, J+ 1) .ARNGIJ( l, J+ 1) '(HPOT (l, J)-HPOT(I ,J+ 1» IAVDELR (J+ 1) ••• 
+AVKZ(I, J) *ARNGJ(J) • (RPOT (1":1, J)-HPOT( r, J) ) IAVDELZ(I) ) ••• 
/VOLRNG(I, J) • , 

GO TO 9999 

1 CALCULATE DELTA STORAGE IN SOIL RING (~,J) I=IMAX: l<J<JMAX • 

5000 DELST(I,J)=(-RWEZPCI,J} ••• 
+AVKR(I,J) .ARNGIJ (t ,J) '(HPOT(I, J-1 )-HPOT (l, J» 1 AVDELR (J) ••• 
-AVKR(I ,J+ l,) *ARNGlcJ( r, J+ 1) *(HPOT (l, J)-HPOT(I':+ 1» 1 AVDELR (J+ 1) •• : 
+AVKZ(I ,J) ·ARNGJ( J) *(HPOT (1-1, J)-HPOT(I t J» /AVDELZ CI» ••• 
lVOLRNG(I, J) 

GOiTO 9999 ..... , 
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5790 
5800 
5810 
5820 
5830 
5840 
5850 
5860 
5810 
5880 
5890 
5900 
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* CALCULATE DELTA STORAGE IN SOIL RING (I,J) h1, 1 <J<JMAX 

6000 
6100 

6200 

6300 

IF' (REST) 6400.6400,6100 
Ol.REST=REST 
REST=OLREST - ••• 

(+AVgZ(I. J) *ARNGJ (J )1(H·aOUND-HPOT(I ,J» / AVDEL~( I» 
IF (REST) 6200.6300.6300 
DELSUI,J) = (Ol.RËST"'R\iEZP( l, J) •• • • - , 

+A"VllR(I,J) *ARNGIJ(I ,J) f(HPOTCI ,J-1 )-HPOTCI ,J» /AVDELR (J) ••• 
-AVKRCI, J+ 1) *ARNGI J(I, J+ 1 )'(APOT CI. J ) .. HPOT(I, J+ 1» IAVDELR(J+ 1) ••• 
-AVKZ(I+ 1, J) *ARNGJ (J) I(HPOT (l, J)-HPOT (1+ 1, J)}/ AVDELZ( 1+1» ••• 
IVOLRNG(I.J) 

GO TO 9999 

DELST (l, J) = (-RWEZP7&, J) ••• 
+AVKZ (I, J) *ARNGJ(J) '(HBOUND-HPOT( l, J» 1 AVDELZ( 1) ••• 
+AVKR(I,J)*ARNGIJ(I.J)*(HPOTCI,J~l)-HPOT(I,J»/AVDELR(J) ••• 
rAVKR (1 ,J+ 1) *ARNGIJ CI ,J+ 1 ) '(HPOT~ l, J)-HPOrCI, J+ 1» 1 AVDELR(J+ 1) ••• 
-AVKZ(I+1, J) *ARNGJ(J)*(HPOTCI,J)-HPOTCI+"l, J) )/AVDELZ(I+1» ••• 
IVOLRNG(I, J) 

GO TO 9999 

. 6400 . DELSTCI,J)=(-RWEZP(I,J) ... 
+AVKR (l, J) *ARNGIJCI, J) f(HPOT CI, J-l ) .. HPOT (l, J» 1 AVDELR (J) ••• 
-AVKR (I 'NJ' *ARNGIJ (I 1 J+ 1) '(HPOT(I t J)-IHPOT(I ,J+ 1» IAVDELR (3 +1) ••• 
-AVKl (I+1, ) • (A POT (1, J)-HPOT (1+ 1, J» IARNGJ(J) IAVDELZ(I+ 1» ••• 
IVOLRNG(I, . 

GO TO 9999 . 

J 

5910 
5920 
5930 
5940 
5950 
5960 
5970 
5980 
5990 
6000 
6010 
6020, 
6030 
6040 
6050 
6060 
6070 
6080 
6090 -

.6100 
6110 
6120 
6130 
61lW 
6150 
6160 
6176 
6180 
6190 

• CALCULATE DELTA STORAGE' IN ~OIL RI~G (l',J) 1=1, J=JMAX , 6200 

7000 DELST(I ,J)= (-RWEZP(I, J) ••• 
+AVKR (1 ,J) *ARNGIJ(I, J) *(HPoTet ,J-J )-HPOT (1, J» 1 AVDEI..R (J) ••• 
-AVKZ 0+ 1, J) *ARNGJ( J) *(HPOTCI ,J)-HPOT(I+ 1, J» IAVDELZCI+ 1» ••• 
IVOLRNGCI,~J) 

GO Ta 9999 

* CALCULATE DELTA STORAGE IN SOIL RING (I,J) 1 <I<IMAX; J=JMAX 

8000 DELS! (1, J)= (-RliEZP(I, J) ... 
+AVKR (I 1 J) f~RNGIJ(I, J)j(HPOT(I ,J-l )-HPOT( 1, J» / AVDELR CJ) .... 
+AVKZ (1. J) *ARNGJ(J) * (HPOTCI-1 , J)-HPOT(I, J) ) /),VDELZ (1) ••• 
-AVKZ( I+1,J)*ARNGJCJ) *(HPOTCI,J)-HPOT(I+1 , J) )/AVDELZ(I+l» ••• 
IVOLRNGCI,J) 

GO TO 9999 

• CALCULATE DELTA STORAGE IN SOIL RING (1, J) I=IMAX; J=JMAX 

9000 DELST(I, J)=(-RWEZP(I, J).:. 
+AVKR (l, J) *ARNGIJ(I, J) * (HPOT (I, J-1 )-HPOT ct, J» 1 AVDELR (J) ••• 

F • 

- DO 

6210 
6220 
6230 
6240 
6250 
6260 
6270 
6280 
6290 
6300 
6310 
6320 
6330 
6340 
6350 
6360 
6370 
6380 
6390 
6400 
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+AVKZ( l, J)'ARNGJ(J) '(HPOT(I-1, J)-HPOT(I, J» / AVDELZ(I )')'. •• 
/VOLRNG<I,J) ~ , 

9999 CONTINO'E 
,/ 

••••• * ••••••••••••••••••••• * ••••• ,., ••••••••••••••••••••••••••••••• 
• OUTPUT AND SOME cALcuLATloNS AT WRTDEL INTERVAL ••••••••••••••••••••••••• *.* ••• * •• * •••••••••••••••••••••••••• * ••••• 

IF(TIME.EQ.FINTIM) GO TO 403 
IF(TIME.EQ.840.) GO TO 403 0 

. 400 A=IMPULS(O. ,WRTDEL) 
IF(A·KEEP.LT.1.0)GO TO 999 
GO TO 405 

• WRITING OF THE VOLUMETRIC MC IN EACH -SaIL RING, 
-403 IF(KEEP.LT.l.O)GO TO 999 
405 TIMHR=TIME/60. 

WRITE (6,600 ) 
_ WRITE ( 6 , 61 cf) TI MHR 
-WRITE (6,620) 
WRITÈ(6,630)(RADDIS(J),J=1,JMAX} 
DO 4'10 1=l,IMAX 

410 WRITE(6, 640)GPOT(I), (MC(I,J), J=l ,JMAX) ~ 

IF(TIME.EQ.0.O)G9 TO 999 

• COHVERT VOULME OF WATfR APPLIED IN LITERS 
IRRLIT=VWAPP~1000. 

; 

• CALCULATE VOLUME OF WATER IN EACH COLUMN WITHIN ROOT ZONE, IN RACH 
• COLUMN BELmi ROOT ZONE, IN EACH ROW, CM''j; 

DO 420 J =l,JMAX 
~COLT(J)=O.o • 

420 VWCBRT(J)=O.O 
DO 440 I=l,IMAX 
VWROWT(I) =0.0 

1 DO 440 J=l,JMAX 
. , "'!\fl\,,\''. VWWRNG=MC(I, J) 'VOLRNG'( l, J) 

,.~"ù·j\ VWROWT(I) =VWROWT(I l+VWWRNG 
IF(I.GT.N)GOTO 430 
VWCOLT(J):VWCOLT(J)+VWWRNG 
GO TO 440 

430 VWCBR1{J)=VWCBRT(J)+VWWRNG 
440 CONT.INOE 

., 

• CALêuLATE VOLUME OF WATER CONTENT WITHIN AND BELOW ROOT ZONE, L 
VWWRZrJO.O 
VWBRZT=O.O '-. 
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DO 445 J=l, JMAX 
VWWRZT=~~RZT+VWCOLT(J) 

VWBRZT=VWBRZT+VWCBRT(J) 
VWWRZT=VWWRZT/l000. 
VWBRZT=VWBRZT/l000. 

* CALCULATE DELTA STORAGE IN EACH ROW, ',PERCENT, , 
. DO 450 I: 1 , IMAX ' , 

45Q DSTROW( 1)= (VWROWT(I)-VWROWI(I» IVWAPPL*lQÙ. 

• 

* CALCULATE CUMULATIVE DELTA STORAGE IN·BACH 
CUt-lPC 1 (1 f=DSTROW( 1 ) 

ROW, PERCENT 

DO 451. I=2,tMAX 
451 CUMPC1(I)=CUMPC1(I-l )+DSTROW(I) 

* CALCULATE ROOT WATER EXTRACTIqN FROM EACH ROW, CM3 
DO 452 1=1, N 
RWEROW( I) =.0.0 ''(j 

DO 452 J=l, JMAX 0 
.. 

1152 RWEROW( O=RWEROW( l )+RWE(I,~) 

\ 

" , 

• CALCULATE ROO! WATER EXTRACTION FROM EACH ROW, PERCENT 
1;)0 453 I=l,N 

453 RWEROW.(I)=RWEROW(I )/VWAPPL*100. 

• CALCULATE CUMULATIVE RoaT WATER EXTRACTION FROM EACH RO~, 
CUMPC4( 1 )::RWEROW( 1 ) 
DQ 454 1=2, IMAX 

.454 CUMPC4(I)=CUMPC4(I-1 )+RWEROW(I) 

... 
• CALCULATE IRRIGATION APPLICATION IN EACH ROW, PERCENT 

DO 455 1= 1, IMAX 
455 IRRROW(I)=RWEROW( l ).DSTROW( 1) 

.'CALCULATE CUMULATIVE IRRIGATION APPLICATION 
CUMPC6(1)=IRRROW(1 ) 
DO 456 1=2,IMAX 

456 CUMPC6<I )::CUMPC6(I-l )+IRRROW(I) 
'1 

\ 

l ' 
l, , 

" ,1 ,1 
LI ')\1 

• WHITE DEL STORAGE AND CUH DEL STORAGE 
WRITE(6,825)TIMHR 

IN EACH ROW PERC~NT , , 

WRITE(6,830) 
WRITE(6,855)(Z(I),I=2,IMAX1) 
WRITE(6,850) CDSTROWCI),I=1 ,IMAX) 
WRITE(6,855) (CUMPC 1 (1) ,1=1, IMAX) 

* WRITE, RWE AND CUMULATIVE RWE FROM EACH ROW, 
,WRITE(6,835) 
WRITE (6,850) CRWEROW( I) ,1= 1 ,IMAX) 
WRITEC6,855)(CUMPC4(I),I=1,IMAX) 
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7JJ10 .' * WUTE ~RRIGATION AND CUM IRRIGATION APPLICATION IN EACH ROW, PERCENT 71120 
WRITE (6,840) 71130 
WRITE (6,850) (IRRROW( I) , I= 1, IMAX) 71140 
WRITE (6,855)( CUMPC6 CI) , I= 1, IMAX) 71150 

7li60 ,/ * CALCULATE DELTA STORAGE IN EACH COLUMN, CM3 
" . ' 7470 ;> 

DO 458 J ='1, JMAX ... : 711'80 • l, 

DSTCOÎ,(J) ::'"VWCOLT'(J )-VWCOLI (J). 7490 i. 

458 DSTCBR(J,) =VWCBRT (J )-VWCBRI (J) 7500 
7510 

* CALCt:JLATE ROO'F ~ATER EXTRACTION FROM EACH COLUMN OF THE SOIL, CM3 7520 
DO 460 J = 1 ;'JMAX t 7530 , 
RWECOL(J)=O.O 7540 

'1 DO 1I60 1=1, N 7550 
460 RWECOL(J) =RWECOL (J )+RWE (1 ,J) • '7560 

7570 
* CALCULATE CUMULATIVE RWE FROM THE SOIL CYLINDER', PERCENT '7580 

RWECUM=O.O 7590 
DO 1I65 J = 1 , JMA;: 7600 

465 RWECUM=RWECUM+RWECOL(J) / "'-' .... 1610 
RWELIT=RWECUM/1 000. ' 7620 ' 1 

7630 
, 

( 
, 

* CALCULATE DELTA STORAGE IN ~ACH COLUMN, MM 7640 
DO 467 J:: 1 , JMAX 

,,' 
7650 

DSTCMM( J) ::DSTCOL (J) 1 ARNGJ (J) *10. 7660 
467 DSTBMM( J) ::DSTCBR (J) 1 ARNGJ (J) *10. 7670 

7680 
* CALCULATE RWE & IRRIGATION FROt1 EACH COLUMN, MM l,' ' , 7690 ) 

DO 470 J=1, JMAX .. 770Q 
RWECMM( J) = RWECOL (J) 1 ARNGJ (J) *10. <11 7710 

B J, 470 IR RIMM( J) = RWECMM( J )+DSTCMM( J )+DSTBMM( J) , 7720 
i;> 

7730 
" 

1 * CALCULATIONS TO ACCOUNT FOR WATER DISTRIBUTION 7740 
VWWSCT=VWWRZT+VWBRZT 7750 
DSTWRZ=VWWRZT-VWVIRZI 7760' . 
DSTBRZ=VWBRZT-VWBRZI 777Q 
DSTWSC=~SCT-~SCI 7780 :" 
VWSIMU=DS TWSC+:~W ELIT 7790 

~ 
VWERR=IRRLIT-~SIM.U 7800 
VWACCT=VWSIMU/IRRLIT*100.0 7810 

r 7820 
• CALCULATE DELTA STORAGE IN EACH COLUMN, PERCENT 7830 " 

DO 1I75 J = 1 , JMAX r 7840 
DSTCOL(J )=DSTCOL (J) IVWAPPL*l'PO. 7850 

475 DSTCBR (J) ::DSTCBR (J) /VWAPPL*1 00. 7860 
7870 

• CALCULATE CUMULATIVE DELTA STORAGE IN EAC.H CDLUMN~' PERCENT 7880 
CUMPC2(1 )::DSTCOL( 1) " , 7890 

1 

\ CUMPC3 ( 1 ) =DSTCBR ( 1 ) 7900 

\ 
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00 480 J=21~JMAX 7910 
CUMeC2(J) =CUMPC2(J -1 )+DSTCOL(J) 7920 

!l80 CUMPC3(J) =CUMPC3(J -, )+DSTCBR(J) 
\. ' 

7~0 
79 0 

• CALCULATE ROOT, WATER EXTRACTION FROM 
"",' 

7950 EACH COLUMN, PERCE~T 
O()~ 482 J = 1 , JMAX 7969 

482 RWECOL(J)=RWECOL(J) /VWAPPL'100. 7970 
, 7980 

* CALCULATE CÛMULATIVE ROOT WATER EXTRACTION FROM EACH 
, 

COLUMN, PERCENT, • 7990 
CUMPC5( 1 )=RWECOL( 1 ) .. 8000 
DO 483 J =2, JMAt 8010 

" 483 CUMPC5 (J) =CUMPC5 (J -1 )+RWECOL(J) 8020 
8030 

• CALCULATE IRRIGATION ,APPLICATION IN "EAC!:l tOLUMN, PERCENT 8040 
DO 485 J=l, JMAX 8050 

1185 !RRCOL(J) =DSTCOL(J) +DSTC8R (J )+RWECOL(J) .. 8060 
807(\ 

• CALCULATE CUMULATIVE IRRÎGATION APPLICATION IN EACH COLUMN, PERCENT 8080 
CUMIRR( 1 )=1 RRÇOL( 1 ) 8090 
DO 490 J=2, JMAX ~ 8100 

490 ÇUMIRR (J )=CUMIRR (J -1 )+IRRCOL(J) \, 8110 
\ 8120 

( 
'. WRITE DISTANCE FROM EMITTER, DEL STORAGE WITHIN AND BELOW' RZ, PERCENT 8130 

, WRITE(6,930) '.- 8140 .. WRITE (6,940) (RADRNG (J) , J=2, JMAX1) 8150 
WRITE (6,945) (DSTCOL (J) ,J= 1, JMAX) 8160 
WRITE(6,950) (CUMPC2(J) ,J=l, JMAX) 8170 
WRITE (6,952) (DSTCBR (J) , J= 1 , JMAX) '8180 
WRITE(6,953) (CUMPC3 (J) ,J=l, JMAX) 8190 
WRITE (6,954) (RWECOL(J) ,J=1 • JMAX) 8200 
WRITE (6,955).< CUMPC5 (J) ,J: 1, JMAX) 8210 

l~' WRITE(6,956) (IRRCOL(J) ,J=1, JMAX) 8220 
W~ITE (6,957) (CUMIRR (J) , J:.-1 ,JMAX) 1 8230 

~~, 8240 
• WRITE DELTA STORAGE, RWE AND IRRIGATION IN EACH COLUMN, ,·MM 8250 

WRITE(6,958) '" 8260 
~ 1> WRITE( 6,959) (RADDIS( J) ,J::l , JMAX) 8270 

'WRITE (6, 960) (DSTCMM( J) ,J=l , JMAX) 8280 
WRITE(6,962) (DSTBMM(J) ,J=1, JMAX) 8290 , 

8300 
WRITE (6,965) (RWECMM( J) ,J=l ,JMAX) 83-10 
WRITE (6,970) (I RRIMM( J) ,J= 1 , JMAX) 8320 

.. 8330 
.. , • WRITING OF THE WATER DISTRIBUTION WITHIN SOIL CYLINDER J: 1. 8340 

~ WRITE (6,710.) . 
8350 

WRITE ( 6 , 720) 8360 
WRITE (6,730) YWWRZI, VWWRZT, DSTWRZ, RV/ELIT 8370 
WRITE(6, 740 )YV/8RZI, WBRZT, DSTBRZ 8380 
WRITE( 6,,750 )VWWSCI, VWWSCT, DSTWSC, RV/ELIT 
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• WRITE IRRI APPLIED AND SIMULATED, ERROR & SIMULATED ~RRI, PERCENT, 
WRI~(6,760) -
WRll]; (6,770 )IRRLIT, WSIMU, WERR, WACCT 

" 

999 CONT~~UE . '. . 

.1 
1 

~ . 

..... ***.******** •• *** •• *** •••• **.****.**.**** •• ******* ••• ** ........... . 
TERMINAL 
...................... ** ........ * ••• **.**!' ... .;.:*** .. ********.***.11.* ••• l . 

* RWE OUTPUT AND SOME CALCULATIONS AT T~RMINATION OF SIMULATION. RUN 

500 PETCU=PETCUM'10.0 
, DO 51 Q J = 1 , JMAX 

AETAR (J )=0.0 . 
AEPEAR (J )"-=0.0 
DO 510 I=l,N 
AET( l , J)=RWECI , J)'l o. 0/ ARNGJ (J) 
AEPE(I, J)=AET(I ,J)'/PETCU 
AEPELCl, J)=AEPE (I, J) /RWEZ( I) 
AETAR (J )=AETAR (J )+AET(I, J) 

510 AEPEAR (J )=AEPEAR'(J )+AEPE(I, J) 

* WRITE ROOT WATER EXTRACTION, FROM EACH 1 SQIL RING, -MM 
520 WRITE (6,780) 

WRITE (6,610 )TIMHR 
WRITE(6,650) i 
WRITEC6,630)(RADRNGCJ+1),J=1 ,JMAX) i 
DO 530 I=l,N . u 

530 WRITE(6,640)Z(I+l),(AET(I,J), J=l,~M'AX) 

\ • WRITE RWE/PETCUM, FROM EACH SOIL RING, RATIO, 
WRITE(6,660) 

1 

• 

DO 540 I:l,N Cl , 

540 WRITE(6,640)Z(I+1),(AEPE(I,J),. J=',JtfAX) 

.f WRITE RWEI (PETCUM*RWEZ(I) FOR EACH SOIL RING, RATIO 
,WRITE(6,670) 
DO 550 I:l,N 

550 WRITE(6,6'40)Z(I+l),(AEPEL(I,J), J=l,JMAX) 

f WRITE RWE FROM THE SaIL SURFACE FROM EACH WIDTH OF SOIL RING, MM 
WRITE (6,680) 
WRITE(6,640)RZD, (AETAR(J), J=l,JMAX) 

• WRITE RWE/PETCUM FROM THE SOIL SURFACE FEtOM EACH WIDTH OF RING, RATIO 
WRITE(6,690) 
WRITE(6,640)RZD,(AEPEAR(J), J'!'l,JMAX) 

WRITE (6, 700)PETCU, EQHR 
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APPl.IED. 

A-ETPEi=AETALL/PETCU • 

•• 'CALCULATIONS FOR SIMULATED WATER DIS~RIBUTIo!.R. T WATER 
AETALL= RWECUMI (P l *RADR NG ( JMAX 1 ) **2. ) • 1 0j/ 

~ . ERRPC=VWERR/IRRLIT·100 • 
DSRZ?C=DSTWRZ/I RRLIT*l 00. 
DSLS?C=DSTBRZIIRRLIT'l 00. / 
DSSC?C=DSTWSC/IRRLIT'100. 

. RWEPC=RWEÇUM/VWAPPL'100. 
-

• If WRITING OF THE WATER DISTRIBUTION ACCOUNTED FOR BY SIMULATION RUN 
WRITE(6, 600) 
WRITE(6,610)TIMHR 
WRITE(6, 790) 
WRITE(6,800) 
WRITE(6,8l0)AETALL,PETCU,AETPET 
WRITE(6, 920)N 
WRITE(6,820lMP50AV 
WRITE(6, 860 )VWACCT 
WRITE(6,870)ERRPC 
WRITE~6,880)DSRZPC 
WRITE(Q,890)DSLSPC 
WRITE(6,900)DSSCPC 
WRIT~,910)RWEPC 

•••• * •••• *.,**.******.~ •• ,*, ••••• * ••••••••••••• , •••••• "* ••••• *~ ••• * •••• 
• FORMAT STATEMENTS FOR WRITING SIMULATION RESULTS .4 •.••••.....•...... ** •••• , ••••••••••••••••••••••••••••••••••••••••••••• 

600 FORM,/\T(' 1', 'SIMULATION OF DRIP IRRIGATION (CONTINUOUS ) AT THE RA 
$TE OF 2.00 L/H'I' FOR 6 HOURS FILED=RM1, TOTAL APPLICATION=12.'OO L 
$, DATE: 24-08-1980') 

610 FORHAT(!1X, 'rIME=' ,F6.2,' HOURS') 
620 FORMAT( '0', 'VOUJMETRIC MOISTURE CONTENT IN THE SOIL RINGS, M3/M3 , 

$ Z AND R IN CM') 
'630 FORMAT(!lX,' Z/R ',F6.l, 10F8.1/) 
640 FORMAT(lX,F5.1,11F8.1I) 

650 .J;'{)1~r"AT(! Il X, 'ROOT WATER EXTRACTION FROM EACH SaIL RING, MM, Z AND 
-----$R IN CM' 1) 

660 FORMAT(/ Il X, 'RWE/PETCUM FROM ~ACH SOIL RING WITHIN ROOT ZONE, RArI 
$0' 1) 

670 FORMAT(//1X, 'RWE/PET FROM EACH DEPTH AND WIDT'H WITHIN ROOT ZONE, 
$RATIO'/) 

680 FORMAT (/1 1 X, 'RWE FROM TOTAL ROOT ZONE DEPT/i AND EACH WIDTH OF SOIL 
$ CYLINDER, MM'/) 

690 FORMATU Il X, 'RWE/PETCUM FROM TOTAL ROO-T ZONE DEPTH AND EACH WIDTH 
$OF RING, RATIO' 1) 

700 FORMAT(!lX,'PETCUM=',F12.4,' MM',4X,'Q EMITTER =",F6.2,' L/H') 
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FORMAT(/lX,' ACCOUNTING OF THE VOLUME OF \iATER FOR THE FINlTE SOIL 
$ CYLINDER, L') 
FORMAT('0".,24X, 'INIT-IAL FINAL DEL STORAaE RWECUM' ) 
FORMAT(lO', 'WITHIN ROOT ZONE =' ,3F12.3,Fr5.3) : 
FORMAT(' ",'BELOW ROOT ZONE =',3F12.3) 
FORMAT(' '. 'TOTAL =' ,3F12.3,Fl5.J) 

FORMATU1X,T24,'APPLIED (L)',T36,'SIMULATED (L)', 
$T51,'ERROR (L)',T61,'ACCOUNTED (PC)') D 

FORMAT('O', 'VOLUME OF WATER =' ,4F12.3) • 

- . 

"9410' 
9420 
9430 
9440 
9450 
9460 
9470 
9480 
9490 
9500 

7aO FORMAT(' l' " AGCOUNTING OF ROOT WATER EXTRACTION AND POTENTIAL 
$POT~~NSPIRATION'//) _ 

EVA' 9510 
9520 

790 FORMAT('O',' VALUES OVER THE AREA OF THE SOIL CYLI NDER "AT THE END 9530 
$OF SIMULATION RUN'/I/) 

800 FORMAT(aX,' AET(MM) PET(MM) 
810 FORMATU' ',3F12.4111) 

AET/PET' ) 
9540 
9550 
9560 

820 FORMATU8X, 'MPOT AT 50 PER CENT AVILABLE MOISTURE =',Fl0.3,' 'CM') 9570 

825 FORMAT('1','TIME=',F6.2,' HOURS') 
830 FORMATU1X, 'DELTA STORAGE IN EACH ROW OF SOIL RINGS, PC, lST LINE 

$= DEPTH (CM), 2ND L~NE= DEL STORAGE, PC, 3RD L.INE=CUMULTIVE, PC'/) 
835 FORMATU1X, 'RWE AND CUH RWE IN ÙCH ROW, PERCENT' 1) 

9580 
9590 
9600 
9610 
9620 

840 FORMATU1X, 'IRRIGATION AND CUM I~RIGATION APPLICATION TO EACH ROW, 9630 
_--$PERCENT' /) \ J 

850 FORMAT (d' 0' , 15F? 3 ) \ 
855 FORMAT(lX,15F8.3) \ 

860 
870 
880 
890 
900 
910 
920 

930 

940 
945 
950 
952 
953 
954 
955 
956 
957 

958 

959 

\ 

FORMAT(//8X,'VOLUME OF WATER ACCOUNTED, PERCENT 
FORMAT(/8X.'VOLUME OF WATER ERROR, PERCENT • 
FORMA!(/8X,'DELTA STORAGE ROOT ZONE, PERCENT 
FORMAT(/8X, 'DELtA STORAGE BELOW ROOT ZONE, PERCENT 
FORMAT(/8X,'DELTA STORAGE SOIL CYLINDER, PERCENT 
FORMAT(/8X,'ROOT WATER EXTRACTION, PERCENT 
FORMATU8X, 'NUMBER OF RING ROWS WITHIN ROOT ZONE 

=' ,Fl0.3) 
=',Fl0.3) 
=',Fl0.3) 
=',Fl0.3) 
=',Fl0.3) 
=',Fl0.3) 
='~I7) 

FORMATU///1X,'DEL STORAGE &: CUH DEL STORAGE WITHIN AND BELOW RZ, 
$ RWE &: CUH RWE, AND IRRI &: CUM IRRIGATION IN EACH COLUMN, PC'/) 

FORMAT( lX, 'DISTANCE (CM) =', l1F8.3/) 
FORMAT(lX, 'DEL STO RZ, PC =', l1F8.3) 
FORMAT(lX,'CUM DEL STO RZ, PC =',11F8.3/) 
FORMAT(lX,'DEL STO BRZ, PC =',11F8.3) 
FORMAT(lX,'CUH DEL STO BRZ, PC =',11F8.3/) 
FORMAT(lX,'RWE, PC =',--H-F8.3) 
,FORMAT( lX, 'CUH RWE, PC =', l1F8.3/) 
FORMAT(lX, 'IRRIGATION, PC =', l1F8.3) 
FORMAT(lX,'CUM IRRIGATION,' PC =',11F8.3/) 

FORMATU1X, 'DEL STORAGE, WITHIN AND BELOW ROOT ZONE, RWE AND IRRIG 
$ATION APPLICATION IN EACH COLUMN, MM' /) 

FORMAT(lX,'DISTANCE (CM) =',11F8.3) 
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FORHATU1X, 'STORAGE WRZ, 
FORMAT(~X,'STOR~GE BRZ 
FORMAT( lX;' RWE 
FORHAT(1X, 'IRRIGATION 

" . 

';' 

(MM) =',11FS.3) 
(MM) ::l', 11F'S: 3) 

.\(MM) =',11F8.3) 
(MM) =', 11 F8 • 3 ) 

••••••••••••••••••••••••• * ••••••• ~.I •••• II •• *. 
• SIMULATION RUN CONTROL STATEMENTS , .............................................. 
TIMER FINTIM=900., DELT= 15. 0, PRDEL=15. 
METHOD MILNE 
END 
STOP 
END JOB 

\ 
\ 
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FIGURES OF VARIOUS EXPERIHENTS' AND SIMULATIONS 
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