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SIMULATION OF SOIL MOLSTURE MIGRATION FROM A POINT SOURCE _ °

o
L1

A computer model simulating moisture m\igr-ation in soil from a drip
‘source considering root water extraction (RWE) was developed. The model -

was formulated using Continuous System Modeling Program (CSMP).

A two-odimensio‘nal_non—linear‘ unsaturéted trans}.ent flow equation
was solved 1using the Oprinciple of .mass conservation and Da{'cy's law on
soils of dwgrf‘-appl'e‘or-clhar'ds located in s,oﬁthwester‘n Quei)ec. A finite
axisymmetric-cylinder with homogeneous, isotropic and non-swelling soil
‘wias considered for the simulations. No flow'cond'itions across the-

boundaries of the cylinder were fixed. The initial soil moisture contents

“

in the socil.profile observed in the field were input for the simulations.

The macroscopic approac'h was ysed to compute RWE as a function of
v )
6, Z and t. The RWE was assumed to be equal to evapotranspiration (ET)

which was estimated using temperatures and the solar fjadiation index of

r
A

the location.
The moisture contents in the soil profile observed at -the
termination of emitter discharge were in close agreement with the

;
simuilated values. The soil moisture distribution was found to depend on

3 ’ .
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 nmethod of application. /
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SIMULATION DE L’ECOULEMENT DE L°EAU DANS LES SOLS

)
v

4

-

Un logiciel simulant la migration de l’eau dans le sol % partir de

-

. i‘ . ' 'J
source ponctuelle (irrigation localisée) et prenant en considération

" 1’extraction radiculaire de 1’eau a &té développé€ par le truchement de la

programmation en langaée CSMP (Continucus Syste;ns Modeling Program).

Une €équation non-lineaire bi-dimentionnelle d écoulement transitoire
ﬁon saturé a été sqlutione’e en utili;ant‘*le principe de Aconservation de
masse ;at‘ la loi de Darcy sur les sols a vergers de pommiers nains du
S\;d-Oue‘st queébéeois. Un cylindre axisnymme'trique de dimensions finies d “un

sol homogén:e et isétr‘ope non gonflant fut utilisé pour fins de simulatidn.

&uc:u“ne cond:‘ftion d’écoulement fut &tablie & trivers les limites

’

din;ensionnelles du cylindre. Les conditions initiales d"humidq‘.te"du sol

telles qu'observées dans les pdrcelles fufent utilisées pour initier les

simulations. * - K ‘

L’approche macroscopique fut Utilisée pour le calcul de 1°extraction

radiculaire de 1°eau du sol en forction de Q,-Zr et t. Cette extraction

’

fut prise comme étant égale a l’°évapotranspiration, laquelle. fut estimde

@

a2 partir des températures ambiantes et de 1l’aide du r‘éyonpement solaire

du site expérimental.

.

A ﬁARTIR DE SOURCE PONCTUELLE ° -

\ -

/

La teneur en humidité du sol observée au terme des périodes d’apport

Q

d’eau & 1 émetteur fut en dccord avec les valeurs simuléesy. La

distribution de 1°eau dans le sol dépend de la quantité d’eau présenté et

de la capacité de retention du sol en question, et est indépendante du
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débit du goutteur, de la profondeyr du systeme radiculaire ou de la,

méthode d’application. /
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CHAPTER I -

»

INTRODUCTION

' ".'f,. . 1.1 Statement and Ngt::gre of the Problem

‘ A large proportion of apple orchards in Québec are located on
‘: . ) . tr;ié ax:ea varies from gravelly sand to sandy loam. Available soil
'uélots'tur‘e capacity is low and drainage is excessive (Mailloux and
Godbo\ut, 19514). Precipitation is the major source of soil mc;isture
‘ . su;;iiy for ti'xg\ crops. The uneven distribution of rainfall during the
§ ’ _ ggow‘ing perioci“r'esults in soil moist;.uf'e stress problems especiallyin
‘young orohards’h (Scomro et al., 1983). Therefore, supplemental
irrigationr‘ is necessary to prc:v;de satisfactor& soil moisture

. conditions :ér‘ optimal b;e? gr'owth'.fj ‘
| -, Drip ir;ligation i'é benef‘iqi;}ally prgcbiced by Quebec farmers in

young orchards (Jutras et al., 1983). Emitters afe usually placed on

@

<,
i

. ’ the soil surfa:ce and sometimes get buried inﬁo the soil due to

' \ R erosion. Water from the emitters enters the soil .which is in immediate
ey ) ? contact with the emitter, The soil at the discharge point becomes
saturated ard water flows away into\ the soil matrix. Thus, this is %L

°, , __—case of three dimensiqbal, tranéient water flow i‘nto the soil (Brandt,

et al., 1971).

r 1
( . conditions, are not restricted to the emitter-wetted so6il volume.

. j ﬁ 1

valley slopes of the southwestern part of the Provinge. The soil of

The tree roots in drip-irrigated \orchardé, under Quebec
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They grow beyond the wetted soil vol\;me‘. Under rainfall conditions,
weeds grow throughout the entire surface area of the young orchards.
Under drip irrigation weed growth is restricted to the emitter-wetted
80il volume. Weeds help to reduce sail and water erosion., Thus, ‘the
root water extraction in the young apple. orchards is the result of
the tr'ans;;ir'ation needs of the trees and the weeds.

Thg future of drip irr‘igation is f)}'omising in Quebec (Jutras et
al., 1983). Soomro et al. (1983) reported encouraging results cn the
response of semidearf apple treés*to supplementary drip irrigation.
Irrigation systems in Quebec appie orchards are st‘ill designed and
install:d based on either work done elsewhere or on recommendagions-
of dealers and equipment manufacturers., A properly designed drip
irrigat ion system would minimize water and energy requirements. Local
desigpers need data on soil moisture distribution with various emitter
disch'ar-ge rates and various quantities of water foxj p'r'oper‘ design of
drip irrigation systems. \\

Drip irrigation systems usually function continuously. In order
to achieve lowerlapplication rates from a drip irrigation system,

\ .

LAY

‘sequential or pulse irrigation is suggested (Karmeli and Peri, 1973).
It is based on a Series of pulses, whe.re each pulse is composed of an
operating -phdse and a resting phase. Mostaghimi et al. (1981b)-'

\ "X,
compared soil moistuf‘e distribution from continuous and pulse

irrigation applications on heavy soils. They reported that the pulse

¢ -

irrigation resulted in a significant reduction in weter loss below

the soil profile in comparison to the continuous treatments.

-
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Brandt et al. (1971) were the first to investigate the -problem
of infiltration from a drip source onto a bare soil. The analysis of
moisture movement into the soil becomes* complex when yater extraction
by tree roots 18 considered. Very limited attempts have been made to
study_moisture movement considering root water upt-:ake {Neuman et al.,,

1675; Feddes et al., 1975; Pall et.-al., 1981). No research of this

type has been carried out in the past in Quebec.

.

- \

1.2 Qbjectives ) -
This research was conducted to stud;; the soil ;nq.isture
distribuﬁion fr"omAsingle emitters in newly developed dwarf apple
orchards in Quebec with the following objectives:- —
1. To study the moisture migration at various application rates
and Yolumes ouf irrigation water.
g,'.To develop a computer model to s;mulate the migration of the
soil moisture. _ .
3. To estimate the loss of irrigation water below the root zone
with various application rates and volumes.
k., ‘To compare the predicted soil mo;.stune distribution obtained
from the continuous and pulse methods of irrigat‘ion

-

application.
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1.3 Scope of the Work :
LT .

The results of the investigation of this research are expected
to be applicable to the design of drip irrigation systems in orchards
of southern Que‘bec. By using the appropriate data required by .the
simulation model one can predic;t: the lateral and vertical extent of
the 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 applié“d, the method of
a;plication and the time of irrigation application for a tree., This
model ‘is applicable to homogeneous soils only. The model will not

give good results in a situation where the moisture migration fron

adjacent emitters overlaps.

s
“1

5

e e w T B e o e )

s




af,"

R

CHAPTER II

REVIEW OF LITERATURE

2,1 General \ :
Drip irrigation is defined as the frequent application of water
\
to the soil surface as discrete or continuous drops, or tiny streams,

through' emitters, Often fthe term drip and trickle irrigation are

*---—considered synonymous; however,.in ASAE Engineering Practice (EP) 405

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

and spray irrigation) which have higher discharge rates than most drip

systems, For érip irﬁgation, discﬁnarge rates for point-source

emitters are generally less than 12 L.h~! for single-outlet emitters,
? -1

ang 1line' sourceé emitters are generally less than 12 L.h-1.m of

lateral.

~

The usual objective of irrigation is to rechl:-zrge the soil to
field. capacity thrxoughout the zone.ir‘:om which roots withdraw water

and soll surface eyaporation takes place. Then, after the soil has

been dried by e apotranspiration to some allowable limit, ,allnother'
application is needed (Marshall and Holmes, 1978).

The upper limit of water availability to plants (field capacity)
is generally based on ‘wa'ter content after a saturated soil has freely

drained for 2 or 3 days.or by subjecting wetted soil to pressures in

the range from 5 to 30 kPa (0.05 to 0.3 bar) in pressure membrane or

5
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pressure plate. equipment, Th{e lowe:r values are generally applicable
to sandy soils and the higher values tg clay so0ils. While the soil. is
draining t6 field capacity, growing plarits may use some of-the water
above field capacity. The lower limit (permanent wilting point) is

estimated by"determining the water content at which indicator plants

growing in the soil wilt and fail to recover turgor when-subjected ,

overnight to a humid atmosphere, It‘ can also be estimat:.ed by
détermining the equilibrium content of the wetted soil-subjec’ced to
pressures of 1500 kPa (15 'bars) in appropriate ec!uipment (Kramer,
1969; Peters, 1965). ' '

. The principles of: soil water flow due to irrigation have been
investigated by many researchers. According to Miller and Klute
(1967), for standard irrigation practice, water flow witﬁin soil may

»

be classified in three phases: s ;
"

(i) infiltration: This process starts with the ap;ﬂieation cj;f‘
water and ends with cessatibn of irrigation and“deple\tion of surface
storage. i
‘ (ii) redistribution: Water movement in the downward and horizontal
directions does not cease irr;mediately after infiltration and  may
per‘si'st for a long time as soil water redist;ributes within the
profile, The soil volume wetlted to near saturation during infiltration
does .not ret-ain its full water content since some of its water moves
into the so0il matrix under Ehe influence of gravity and suction
gradients, » “

(iii) withdrawal: This i3 mainly absorption of water by plant roots

-
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to supply’ tn:a;xspiration'requirements. However, evaporation at the
soil surface or drainage to the lower levels may be significant in

certain situations.
* ' |

Most of the processes involving soil-water interaction in the
. $ )

field, and particularly the flow of water in the rooting‘zone of most

crop plants,moccur‘ while the soil is in an unsaturated condition.
Unsaturated flow processes are in general complicated and difficult

to describe quantitatively, since they often entéil changes in the

state and content of soil water during flow, Changes involve complex.

relations such as soil wetness, suction and conducéivity, whose
interaction may be further complicated by hysteresis. The formulation

and solution of unsaturated flow problems very often require the use

teghniques (Hillel, 1977).

2.2 Distribution of Irrigation Water in Soil

ﬂBresler et ;l. (1971) conducted l‘aboratory and field experiments
using loamy and sandy soils to study the effect of drip discharge
rates on the water Eonte;lt 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 wetted area and a.
decrease in the wetted depth. ‘ "

Padmakumari and Sivanappan (1979)‘ studied the wetting pattern
for emitter disc}xarge rates of 5 to 30 litre?’ss per hour with the toﬂtal
application of 10 liters per day for 6 weeks on bare silty clay loam

s ¥
. v

b 7 ‘

24

of indirect methods of~analysis, based on approximation of numerical D
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than when irrigated every day or once a week with 4 L.h~

s0il., They found that the depth of wetting was greater for the lower
application rates and longer times than for the hiéhe? ap;‘:»lication
rates and shorter application times. They concluded that the water
distribution is directly dependent on the discharge rate of dripping
and duration of érrigation.

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

a trickle source on-a 0,6-m-deep heavy basalt soil underlain with

gravel, They found that the soil moisture and root system distribution

covered a wider area when 1;rigated twice a week with 8 I...h'1 emitters

! emitters,
They also found that the higher rate of application gave wi:der
distribution. * - ﬂ

Goldberg and Shmueli (1970) examined ;cheﬂéf‘f‘ec:t of trickle
irrigation intervals on distribution and utilization of soil moisture
in 2 vineyard on sandy cla-y .';oil. They x:'eported that the shorter
irrigation intervals, with proportionally smaller amounts of water
applied 1in a single irrigation, decreased the variations of moisture

content in the root zone and established a continuously higher

moisture content regime.

N -

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

timing on plant angi soil water status. Toma.to plants on Sinai sand
dunes were irrigated daily by drip ir"rigation. The irrigation was
applied during day time hours on one field and a short time after
sunset on t':he° second field. The results showed that daytime irrigation

of soil with low water holding capacity increased the yield

8
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significantly, and improved plant water potential as well as water use
efficiency. When irrigation was applied at night, about 35-50 percent

of the water was lost by deep drainage below the root zone between
/

water application at 1800- hours and the Seginning of
\

evapotranspiration| at' 600 hours. This was due to the day'time;

evapotranspiration which reduced the amount of water available for .

»

deep percolation. ® " -

2.3 Simulation of Water Flow into Soils

‘ In tvheé past, attempts have been made te predict moisture
distri.bution into bar‘-e soils by analytical and numerical methods. A
few §imulation models have been developed which predict moisture
distribution from a point source inpo a bare soll. To estimate root
water uptake by plants and trees, Aa‘f'e‘w‘_models have been réported in

the literaturé. However, no information is available about | the

‘moisture distribution from a point source .considering root water

uptake under supplementary irrigation conditions in orchards.

Cne of the most widely used approaches to predict soil moisture
distributi‘on intoe soils is numerical approximation. This approach
can be applied eith:;r- by the meth}:d of finite differences or by tk;e
méthod of finite elements. ‘The basic principles of _f‘low and energy

conservation have also been app’,l“:‘;.ed directly for solution ¢f saturated

and unsaturated flow pr'ob'lemé (Armstrong and Wilson, 1983; Hillel,

da

1977; van der Pleog and Benecke, 1974; Bhuiyan et al., 1971). The

solution of flow problems can also be obtained by ,electricél analogs.
) ;
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With the advancement of high speed digital computers, the electrical
analogs are not éonsidere;l an- .effective method of soil water
simulation (Pall, 1980).

Klute (1952) was perhaps the first investigator to use numerical

| ‘techniques for simulation of the unsaturated flow processes. The

application of finite difference metk;od for the study of scil water

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

-of vertical drainage by a Gauss-Seidel t&pe of iterative method wiph

' a no-flow condition at the top surface and constant pressure boundary
condition at the bottom. i

Hanks and Bowers (1962) used the Crank-Nicolson finite

.difference scheme to study horizontal and ve}"tical infiltration into‘

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

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

. . a backward difference implicit scheme for the simulation of horizontal

f‘lov}. Here, Gaussianu elimination was used as the solution technique.

N The numerical appr'dacl*; of Hanks and Bowers (1962) was later used by

Jensen and Hanks (1967) to investigate column drainage.

™,
“

Bresler et al. (1969) used the modified approach of Hanks and

Bowers (1962) to study the three different sta‘ées of soil water flow

~ w

in tex;'ms of infiltration, redistribution, and évapor‘ati‘on. The
modified app;joach has been outlined by Hanks et al. (1969). The
effect of hy;ii‘eresis wa; included in this investigation. Yalr'ious
types of boundary gc\mgitions were applied at the bottom. The surface

boundary coénditions wer'?a\greated in an iterative manner—by-keeping a
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constant pressure at the surface during iteration.

P'all et al. (1978, 1979) approached the problem of simulation
of unsaturated flow 4in a different way by avoiding the use of
differential equations. Direct—statements of Darcy’s law and of mass
conservation were app_l»z',gjq, for-the solution of horizontal and vertical
flow problems. Their resu%}slshowed an excéllent a%reement with the

sclution of Hanks and Bowers (1962), Scott et al. (1962) and Philip

(1955).

Rubin (1968) extended the approach of" numerical simulation to
two-dimensional unsteady fl(_)‘;l. He studied horizontal infiltration into
a partially air dry slab of soil and drainage from par‘tiallyﬂsatur‘ated
s0ils into a ditech. The infiltration problenm was solved with the
alternate dirjection implicit procedure (ADI). For drainége, iterative
alternate direction implicit procedure (iTADI) was used. No-flow

'

boundary conditions afxd uniform initial conditions were used in this
study. e

Freeze (1971) was the first researcher to advance the approach
of finite difference to éhree-dimensimal flow problems. }&’very
complex problem of transient ‘flow‘into partially saturated ﬂsoils was
Solv‘ed with the line successive over-relaxation (LSOR) method.

Brandt et al. (1971) were the first investigators to at;.t"ack the
problem of infiltration from a drip source into bare soils. A
mathenatical model for infiltration was developed from non-hysteretic,

. unsaturated flow theory. The differential equation of unsaturated flow

in the diffusivity form was solved with noniterative alternate
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direction implicit (ADI) difference procedure with Newton’s iterative
method. - * '

Bresler’ et al. (1971) tested the model of Brandt et al. (1971)
in the field. At low trickle discharge, the predicted and experimgntal

-

results were in good agreement. The disagreement at higher discharge

was due to an increase in horizontal wetted aréa and- decrease in
wetted depth.
Bresler (1975) developed another model for multidimensional

simultaneous transfer of noninteracting solute and water into scoils.

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

The equation describing the two-dimensional transient transfer of

solutes by diffusion and convection into unsaturated, homogeneous,

Y

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

method of Brandt et al. (1971). .

Other complex mathematical models have been developed by

Ben-Asher et al. (1978), Philip and Forrester (1975}, Warr}ék and
Lemon (1974), and Baamts (1971). Several of these have been vali:d;ated"
for field and lab'orator'y testing in uniform soils (Mostaghimi et al.,
1981a,b; Levin et al. 1979b; Merrill et al. 1978; and Bresler et al.
1971). These models’ are not readily adaptable when root water uptake
is considered. Also, they reqt;ir‘e extensive mathematical skills to

use L]

There are several simtilati_on lan'guages avallable which simplify

.the task of writing simulation programs for a variety of different

types of models. A few of these languages are identified by the

ST
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following acronyms: SIMSCRIPT, GASP, MIDAS, SIMPAC, MIMIC, DYNAMOC,
SIMULATE, CSMP (Hillel, 1977) and ACSL (Morris and. Hil},el,. 1983).
Among these simulation languages Continuous System Simulation Progranm
(CSMP) developed by Brennan and Silberberg (1968) is oonsiderzé the
most versatile and is widely used for simulating phenomena specified
by a differential equation or by a set of dif'f‘erential equations with

known boundary and initial @onditions in systems changing with time,

v

/s o

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

(IBM Corporation, 1972) for dynamic modeling of plant growth. 8/360
CSMP has been used for the solution of complex problems in ths field
of agronomy, engineering and biology by Armstrong and Wilson k1.983),
)Mor"ris and Hillel (1983), Carter, et al. (1982), Belmans, et al.

(1979), Edwards, et al. (1979), de Wit, et al. (1978), Beese, et al.

(1977), Hillel (1977), Hillel, et al. (1975a,b,c), van| der Ploeg °

(1974), van'der Ploeg and Beneeke'(197&),“~Beek'and Frissel §1973), de
Wit and van Keulen (1972), Bhuiyan et al.'(1971), and Wierenga and de
Wit (1970). ‘
Armstrong and Wilson (1983) used CSMP to predict soil mo?»sturé
flow from a trickle source in stratified °bar-e soils. Field tests were
conducted in a La}celand sand, and in two typical Piledmont soil profiles
in South Carolina. ' The al;piication rates ranged from 3.6 to 17.1

¥

litres per hour. The volume of water applied ranged from 31 to 237

-

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

shape and size of the wetted zone is more a function of the amount of

w

13 L

>

Vi

i

.
.
o TR ONERVCNRRVIL RO

it



gt

e

water applied than of the rate ;>f applicatien, at least within the
range of rates and v‘olumeotes‘ted. This was true in both field tests
ﬂand simulations of Lakeland sand and in field tests_of Cécil sandy
loam and Hiwasee sandy ldam. However, the application rate had a
‘large effect on sinulations with Cecil sandy loam, that is, the ’higl';er

application rate resulting in more lateral movement and less downward

movement .

®

& ~

& ‘ )
L2l Simulation of Water Extraction by Plant Roots

The distribution of roots in the soil is uneven. The root
system explores a large volume of soil in search of water and
nutrients. The development of the root sys'tem is sensitive to the
method of" appli'.cation of irrigation. Water is absorbed maffily by the
growing réot tip (Westwood, 1978). Roots will turn and follow water
in the soil when they ;re in direct contact or in very close proximity

»

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

Q

Water influences root systems in three general ways: (1)

direction of root growth; (2) lateral extent and depth of penetration;

and (3) relative weight of tgbs and roots. 'When the upper portion of .

the root zone is kept moist, most water used consumptively by the

'pl_ant will be removed from the soil near ‘-che surface- (Hansen et al.,
1980). This may be due to the fact that more roots normally grow near
the surface. “'z

The effect of £ irrigation treatments, applied for the

four-year pe;'iod on root distribution and water uptake f‘r"om different .
. \
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“ depths of the 0«1.8 m profile, haé been investigted by Levin et al.
o
(1972). They found ghaé most of the water extraction for

_ evapotranspiration took place in the 0-0.6 m soil layer in all five

treatments. Wetter 'tr'ea.tments., developed a higher percentage of roots

"“‘n.\i‘j_:rithe 0=0.3 m 'layer. Further, they obtained the corr'elation; of 0.944

”

Y . , ”~ P
,"".+ between the relative water extraction and relative root density in

“ *\ wi;\;j}noughby and Cbekroft k197u) studied the root pattern of
54‘?@‘ tt*enes uhder' trickie irrigation. At the end of thei.r‘ four-year
experimen{f‘;fthey found the highest concentration of live rc;ots (less
tlr‘la\n 0.5 mm dia.) within 300 mm to 600 mm from the dripper. In this
zone, water was rea@;hly available and aeration was adequate. Poor
ae'r'at':ion beneath the ::lr‘ipper' inhibited root growth there; in factf;

- some root‘s"’v“eere killed. ‘ : ‘

: ) ) The “idea .of using an extraction function to calé'ulate ;ater-

uptake by plant roots has existed since at least the early 1960 “s

~

EV ' (Belmans etal., 1979; van Bavel et al., 1968a,b; Whisler et al, 1968; z
W, ) ) : -
P " ' Rose and Stern, 1967; Gardner, 1960, 1964; Gardner and Ehlig, 1962). %ﬁ
. | ”»‘gj . The model developed- by Gardner (1960 considers a root to be an

infinitely long cylinder of uniform radius and water absorbing
AN N N 0 M %
* properties. The steady state soil water flow equation was then solved

3 L

analytically assuming radial ‘flow, and various water pot'entﬁf*"
. , distributions surrounding thé idealized root were calculated.

- L] .

‘ Molz and Remson (1970) suggested that it is not, practical to

N . ’ develop models for water flow in soil containing roots, if flow to

—
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each inc‘l,i\ridual rootlet of a complete root system must be considered.
The detailed geometry of the root system is practically impdssible to

measure and is time dependent. In addition, the water permeabii‘ity

- \

‘of a root s&stem varies with position along the root (Kramer, 1969\)\.

Consequently, most of the root extraction functions have been

Adeveloped using a macroscopic as opposed to a microscopic approach

(Molz, 1981).

Feddes (1981) after reviewing the liter;cure, concluded that:

the root water uptake depends,'among others, on a number of factors
such as soil hydraulic conductivity, rooting depth, rooting density,
root distribution, soil moisture pr.essur‘e head, demand set by the
atmosphere (poténtial transpiration) on the‘ plant system and the
presence of water table. The enumeration indicates thaé it is not
simple to model water uptake by roots, or to generalize on the effect
of a single modification of the root zone.

,Mol‘z and Remson {1970, 1971) derived mathematical modelbs to
describe water movement to i:.he plant roots. They suggest;ed. that the
° - > ~,

Richards equation be combined with a sink term representing water

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

water Potential, water content, or a combination-of these variables. :

i

Generally, in a uniform soil, greater root development takes

place in the upper layers of the soil than elséwhere. This influences

&

_the pattern of moisture extraction from the soil profile by the plant.
9 ‘

For irrigation regimes, when s0il moisture is maintained at high level
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one can uselan empirical rule that 40 percent, 30 percent, 20 percent
and 10 percent of the tofal transpiration occurs from each successive
quarter of the root zone (Pair et al., 1975; Withers and Vipond 1974).
Molz and Remson (1970) used the empirical rgle to develop a water’

uptake term as giyen below:

RWE(Z)z =~ =eem=o-u3l Z 4 ammBloo 0¢<Z <L L2

where RWE(Z)

root water extraction, mm

_Z = vertical distance positive downward, m
Lr = verticalsdength of root system, m
'rav = average Eranspiration, mm.

-

v

They used the experimentai data of Gardner and Ehlig (1962} to’
show reasonable agreement with the computéd results. Molz and Remson
(1971) accounted for the waberkdiﬁfUSivity, transpiration and réot
distribution function of Gardner (1964) to develop the following.
extraction term:

R(Z) D(8)

S(2,6) = mmompememmromoaas T, e (2.2)

./ragi) D(8) dz
J e

¥

where RWE(Z,8) = root water extraction, mm

R(Z) .= length of roots, m.m-3

D(6) = soil water diffusivity, me.d” .

17 .
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Feddes et al. (1974) assumed the rate of water uptake is
proportional to the hydraﬁlic conductivity and the potential
difference between the roots, ¢§, and the surroundings, #ﬁ According

to this approach the sink term was expressed as

/ .

RWE = - K(¥-¥)/b i cere(2.3)

~

where RWE = root water extraction, mm
K = unsatuarated hydraulic conductivity of soil, ux.d-1
1/b = empirical constanﬁ, known -as root effectiveness function,

representing the geometry of flow, and is directly
proportional to the specific area (total area per Lnit
bulk volume) of the soil rocot interface and inversely
proportional to the impedance {the ratio of thiéknéss to
the’hxdraulic conductivity) of the soil root interface,
mga. - . |
® An alternate expression based on soil moisture content was
developéd by Feddes et al. (1976). They assumed that under drier than
wilting point 1;500 kPa) and wétter than some anaerobiosis‘point
(about 5 kPa) conditions, there was.no“water uptake by the plant.
Betgegn this anaerobiosis point and some moisture content whereithe
watef becomes limiting to plan£ growth, the water‘uptake was constant

at a maximum rate (PET). It was also observed that the'araerbiosis

( ppint is very difficult-to define, but the soil agrabion characterized
o 18
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by oxygén diffusion rate (ODR) can be used' for the estimation of this

point.d On this basis, Feddes et al. (1976) rebbﬁted'the values of
\ .

the anaerobiosis point for various soils. The sink term with this

approach was given by:

- 8 _8§
. - W )
RWE(8) = RWEmax -;----5---- ' 8<B<8B . .
d~ “w
Y ceea(2.8)
AN
N .
= RWE___ - 8,88 €8,

1

where RWE(G8)

root water extraction, mm

e, = moisture content at the wilting point, m.m™3
gan= moisture content at the anaerobiosis point, m3

3

o
6, = moisture @onten%aat some point near the anaerobiosis
3 -3

point where the RWE was maximum, m>.m~

RWE = maximum root water extrqction, mnm.

Lake and Broughtén ({1969) investigated the irrigation water
requirements of c¢rops 1in southwestern Quebec wusing .an

evapotranspiration model and budgeting method. According to the

.

evapotranspiration model:

S

.8

PET = DL_ & (1/180) * 25.4 een(2.5)

a
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Fd F3 .
» where PET'is the potential evapotranspiration per month, mm;

DL_ is'the mean daylength for the month divided by the

.

the mean annual daylength, and
a is'the coefficient dependent on geographic and climatic
region,

T is the mean monthly temperature in'%. __
y N
The budget model is expressed as

v

SMC., = SMC, , - PET + Rain ; L eea(2.6)
i i-1 ‘ . -

[EY

~ M i

. where SMCi is the soil moisture content for the ith day.

They concluded that the models gave good estimates of deficits.

The calculations of_ the potential evapotranspiration using the
' mathematical model are based on the assumption that the rate of
evapotrangpiration is not significantly affected before one-half of
the wateé held in the soil between field capacity and permanent

Aol at}
wilting point ié depleted. This assumption was based on the ﬁlgdings
of Holmes and Robertson (1963) that actual evapotranspiration equais
the potential rate when soil is at or ,near field capacity, and the
éffect of soil moisture depletion on the rate of evapot}anspiration
is dependent on soil type. However, some of the researchers have found
that actual evapotranspiration rate varied linearly with the amount
' ( . ) of available moisture (4yers, 1965)..According to Baier and Robertson

20
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(1967) this linear relaiidnship does not hold for the entire raﬁge of

vavailable moisture and climétic.demands. For this reéson the

soill-water budgeting model, developed by Verma and Whiteley (1981)

~for the climatic conditions of Southern Ontario, uses the non-linear
variation for simulating irrigation need. 3

Bhattacharya (1977) 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 is

represented jﬁ
° AET = - 0,2285 + 0.4753 # PET + 0.019 = AW ' e (2.7)

The equation has| two limitations. First, the computed AET

becomes negative when bothkPEf and AW ‘are either zero or have very

T e

low magnitude; secondly, it will estimate AET 1n excess of PET, when

’

the latter is less than 3.5167 mm at AW of 100 percent. The top layer
of soil usually contains less than 100 .percent of Aw. Therefore, the
. use of this equation to calculate AET during simulation will cause an
error. -

3

Sy Most researchers suggest that the equation given by Penman (c¢f.

5

.
Py
™

'Hansen et al. 1980) for ca%culating the evapotranspiration (ET) can
be used if the‘neces;ary data for its use are available. Since the
ﬁani detailed clima%iq,measurements needed are seldom available, some
less precise means of estkmating ET, such as those listed by Baier

b

and Robertson (1966), are frequently used. {
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Baier and Robertson (1965) presented a fechnique for estimating
latent evaporation from simple meteorological observations and
astronomical data readily availaple from tables which include maximum
and minimum air temperatures, and solar energy at the top of the
atmosphere. .The ;alues of latent evaporation so obtained can be
converted to potenpial evapotranspiration (PET) using the conversion
factor for '‘an irrigated field as defined by Holmes agd Robertson

(1957). The values of PET calculated to cover all parts of Canada

were published by agriculture Canada (Russelo et al., 19ﬁ4).

!

2.6 Method of Irrigatjon Application ,’
;

Mostaghimi etdal. {1981b) investigated the effe,t of pulsed
trickling on the moisture distribution patterns in heavy soils. They
conducted experiments on undisturbed samples of a Drummer silty clay
loam soil located in Illinois. The discharge rates raJZing from 1 to
8 litres per hour with a total volume of 16 litres were/used for both
the con%inuous and pulsed irrigation t;eatments. The simulation modél
proposed by Bresler (1975) was used to evaluate the laboLatory results
where it was assumed that the soil was a stable, i;otropic, and
homogeneous porous medium and Darcy’s law was applied to both
saturated and unsaturated zones. They found that the agreement
between laboratory results and those calculated .by the simulation
ﬁodel was quite good. Also, the pulsed irrigation resulted in a

significant reduction in water loss below the ;oil"profile in

comparison to continuous treatment.

22
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Zur (1976) compared soil water distribution betweﬁg continuous-

and pulse irrigation application in a homogeneous soil column under

laboratory conditions. He found that the volumetric soil water content

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

columns were behaving as i} the time averaged water application rate
was being applied continuously. c

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

the effects of continuous and intermittent watér application from a

'point source on sand; soils. They concluded that # low application

rate of 4 litre per hour can be replaced by a higher discharge rate

of 2 litres per hour with intermittent wager application.

* A
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CHAPTER III

DEVELOPMENT AND SOLUTION OF THE MODEL

3.1 Description of the Problem.

!
B

To, design a drip irrigation system, information on the soil
A

moistuﬂéﬁdistribution appropriate to the situation is neceséary.w It
is not practical to collect information for each design probiem in
the field. Simulation models 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. Soil is neither homogeneous nor isotropic.

2. Soil moisture planes develop and water table fluctuations occur

due to rainfall, root water ektraction (RWE), evaporation and

drainage.

!

3. Roots andézijgggégénse the pore space and interconnecting pores-

with time.

4, Due to cultural ﬁractices such as the applica;ion of herbicides
and fertilizers, traffic, ;illage and irrigation, the infiltration
characteristics do not remain constant. *

5. fhe soll-water content with respect to the depth and the
distance from an emitter or a tree does not remain constant due to

irrigation and rainfall.

6. Timing of ivrigation'application, temperature, wind velocity,

ﬁepth of water table, initial soil moisture content after rainfall-or

irrigation, and presence of stones affect the s0il moisture

24
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distribution in the soil matrix.

Since the initial and boundary conditions are usually not

constant and the soil properties change with space and time, the
prediction of S%il water movement is highly complicated under field

conditions.

3.2 Assumptions
The problem of soil-moisture from a drip sour;e considering
water uptake by a crop was studied with‘the following assumptions:-
' 1: The soil is homogenecus.
2. Soil properties do not change with time.
3. Soil does not shrink or éwe;l with a changé in moisture
content. .
L, Isothermal conditions prevail during the water flow to plant
roots.
5. No water is stored by the tree and surrognding vegetation,
“6. Root watepr egtraction is equal to actual evapotranspiration.
7. The rqots are distributed throughout the p;tential root
vélume. |

a9 ~

8. Hydraulic conductivity is a single valued function of the

N

i

" moisture content,

9. There is no overlap between the wetted area of adjacent

emitters, | , . . . oo
' 10. Initial s0il moisture content is evenly distributed in soil

planes, -

25
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3.3 Theoretjcal Development
The theo}y'fgr transient, isothermal flow of'water,in a
‘non-swelling soil can be described by a combinition of two equations:
(1) Darcy’s iaw,‘wh;ch states that the fl&x of water (q) is
proportional to, and in,the-direction of, gﬁé dr%vi;g force which is

/

the effective potential gradient:

q=-KV0 ' RN ERT

where
@ is the hydraulic potential, which is the sum of the matric
potential ( ¢) and the gravitatioﬁal potential ( Z ).

(/ K is the hydraulic econductivity, which in the unsaturated soil
can be expressed as a ‘function of water content (©), or matric
potential ( ¢).

V is the del operator

The hydraulié potential can be expressed as -

Q
de = Y-z ceeal3.2)
Qhere

Z is the gravitational head expressed as depth below the soil

surface, v
(2) The continuity equation, which states that .the time (%) rate
of change of water content .in a volume element of soil must equal the

26
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divergence of the flux: ' -

de/gt =- V-4 .’ ...Y.(3.3)

@
.

Ey combining Eq‘uaéions 3.1 and 3.3, the general soil water f‘l-ow'

B

equation 1s obtained as: ‘ S
de/dt = V.(KVe) e (34T
which in one-dimensional ‘f'or-m becones . ’ B e
06 ay
_______ 2z === (K ----) es.(3.5)
at BX

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

as positivg from the soil surface dowﬁward, Equation X.4 becomes

de 3 (Y- 2) . .
SRR S G ) ver (3.6) _
ot 0z dz . ‘

Considering irrigation from a point source (source) and root

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

| /
30 - ___ a‘p) (Kv _M”Z)

3t = 5% ax 3 --.-5-2-3- ) - RWE + scurce ....(3.7)
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To estimate the RWE, the macroscopic approach is frequently
considered due to its simplicity (Feddes et al., 1976; 1974; Nimah
and Hanks, 1973a,b; Molz and Remson, 1970; Whisler et jal., 1968),

According to this approach the RWE depedds on the moisture content

" and the depth of root zone.

&

In simulating the soil moisture distribution from a trickle

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

assumed to be equal to RWE, can be calculated based on the moisture
\

content in the soil. The PET is the maximum amount of water that will
leave the soil system by ET when there is. sufficient supply of water.

The daily PET can be estimated using Tables published by Agrlculture

Canada (Russel™o et al., 1974). This requires data ‘on minimum and

o

maximum temperatures and the radiation indéx of the location. This

information is is available for most of the areas of the province of

RS e

Quebec.

-

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

about midday and thgn decreasgs untlil sunset. The rate of PET c¢an bé
represented by a sine function (Hillel, 1977). However, during cloudy
periods, this function is not applicable. The irrigation system design

18 usually based on the premise that evapotranspiraﬁ?ed will occur

during the déy time. Thus, the assumption was made that during the
’ . - Y

simulation run, there were no clouds during daylight hgurs; Under

this assumption PET with respect gq t can be presented as

- * * N fnd R
PETR(t) = PETR _ sin( T t/LD) vee.(3.8)
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wheré Pg?llim(t) is the PET rate with respect to the time of day from

sunrise (mm.s-1), LD is the.length of the day (s), and t is the time

from sunrise (s), PEIR _ is the maximun midday PET rate (mm.s™ ).

o

Upon integration with respect to t, Equation :3,.8 becomes

<

= T %
PET. = PETRmalx sin( t / LD)dt ... (3.9)

N
e a

/ %0
0’7

_When t=LD, Equation’ 3.9 becomes \ )

PET

x -

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

as

-
°

PETR
ma

L = (PET#T) / (2 LD) e (3.11)

The amount of moisture depleted from the root zone is a function
of Ifs depth. Under supplementary irrigation conditions, the roots of
the tree grow into tl;xe poténtial soil volume ineluding the soil volume
irrigated by the enmitter. Due to the presence of w’eede; in the
orchards #the So'il surface is covered with vegetation., Therefore, in
these 9rchards the RWE patterns Iwould be similar to those obtained

under a crop cover. Fiéur¢-3.1 approximates the RWE pattern

.developed by Shockley (cf. Pair et al. 1975) from ap examination of

~

29
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Figure 3.1.. Root water extraction as a function of root depth.
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soil-moisture extraction studies in the westérn United States.
t The relationship of RWE wi.th respect to the soil water content
was_developed by>Feddes et al. (1976). They assumed that under“
conditions drier than wiJ;ting point (OWS (1500 LkPa) and wetter than
some anaerobiosis point (Oan) (about 5 kPa) there was no wate‘r' uptake
by the roots. Between this anaerobiosis point and some molsture
content (50 percent available soil moi;tur'e, Qr) where wéter becones
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 RWE is considered to occur

e E4
‘

e
at the rate of the potential evapotranspiration between 68 (soil

moisture content at saturation)and er. }e/ relationship between RWE

and soil moisture content is presented in Figure 3.2.
|

3.4 Solution Technigue

-To convert the mathexpatical model into a form soulble by a
digital computer, the differential-équations of water  transport in
the so‘i}..ar'e cast into explicit algebraic equations, involving the
values of the variables as they exist at \‘discret points i space and
time. Under this method, a mesh center grid srystem As selected. A
finite cylindrical soil volume was divided into small koncentric rings
of Iwidth“ R and dep;s—h: Z. This is shown in Figure/3.3. The center of
,all rings is a verticail' 1line which passes through the center of the

3

soil cylinder and the emitter on the soil surface.

1

S
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Thepinitial soil moisture content is speci}ied aé the nodal
~p'oints. Irrigation is applied at the inner ring (1,1) of the finite
soiicylinder. When the discharge rate exceeds the infiltration rate,
the excess water runs laterally to bﬁe next ring (1,2). Similarlf;
excess water available on ring (i,J) after infiltration moves to the
next adjacent ring (i,j+1). The index;i (i=1,2...., imax) is measured
along the Z-axis which is positive downward. The index j (j=1,2....

C’jmax).is measured along the R-axis. The imdx andLSmax represent the

maximum number of soil rings along Z-axis angd R-axis respectively.

The volume of the soil ring is calculated as

v, = (Rz

C Ry e ' ‘
1,3 jo1 - Ry *AZ ceee(3012)

i

3 -

Volume of each soil ring, m

inner and outer radii of a soil ring, m

thickness of each soil ring, m.

step Ls to calculate RWERi 3 rate for each of the soil
. ]

RWER, . = RWEF(8) x RWEF(Z) x PETR(L) x A, . ..e..(3.13)
i,J i, .

where RWER i jis the volumetric rate of RﬁE rom ring (i,j), L.s'1'
. .

ﬁel@tionship given in Figure 3.2, fraction;
‘ . /
.
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,Qi

function of depth calculated usiné Figure 3.1 and the thickness of

the ring, fraction; PETR(t) Is the rate of ET at the time of

~
1

simulation after sunrise, mm.s” '; Ay j is the area of ring (1,3) as.
. s

viewed from the soil surface, ma.

The second step is to calculate the rate of flow (Q) across each
boundary of ring (i,j). The schematic view of the ring (1,3) and its

adjoining rings used for simulation presented in Figure 3.4, The flow

rate (m3.s_1) across the boundaries between rings (i,j-1) and (4,§);.

(i,4) and (1,§+1); (i=1,5) and (1,4); and, (i,3) and (i+1,j) is

respectively presented by the eéuations:

= - K (H

- H
L,d=1 4,37 4,31

4

1 J=1

'

(H )/[( R .+ Rj 1)/2](27!‘11

Q G = Ky ger By gm By y 5’

’ “ . ‘ . . ’ . . 2 ] 2 ’ .
Qq,5% = Kya, g By =8y g A Zf 232720 (TR, =R (3.16)
Quyy g7 = Mpp,g Uy g By /0CTw 2, )/2](7r(a RE APIHERT)

where subscripts i and j refer-to the position of the ring,

H

u

the _total potential as a function of @ and Z, m

the hydraulic conductivity as a funetion of-9, m.s"'1

=~
n

s

o
u

inside radius of ring (3, m . 2

3
1

depth' from'soil surface to the top of soil ring (i}, m

volumetric moisture content, m3.m'3.

[ »]
u

.

VTR g+ Ry )/212TR)(AZ)) IRERTD

)(AZ ) ...(3 15)
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Figure 3.4. Schematic view of a ring (1,J) for simulation. ‘ !
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- ' % 1
- Ki,j-1 = (Ki,j-1 Vi a1t Ki,J Vi,j)/(vi,j-1 + vi,'j) <. (3,18)
Ki,j+1 = (Ki,j Vig + Ki,j-‘-‘i vi,j+1)/wi,j + Vi,j+1) ce0(3.19)
Ki-1,i = (K1-1,j Vi,it Kijj vifj)/tyi-l,j + Vi,j) .+ ..(3.20)
Ki+1,j = (Ki,j vi,j + Ki+1,‘j vi+1,j)/(vi,j + vi+1,j) ...83.21)
]
Qi 31 = flow rate across interface of (i,3=1) and (i,)), 1113)3-1
? “
Qi jot ° flow rate across interface of (i,j) and (i,j+1)}, m3s-1
, , \
Qi—1,j = flow rate.across interface of (i-~1,;) and (i,3), m3s—1
Qi+1 1 = flew rate across interface of (i,j) and (i+1,3), m"‘fs—1
]
Ki je1 = average hydraulic conductivity of (i,J~1) and (i,j), m.s'1
1
Ky jo1 = BVerage hydraulie conductivity of (i,J) and (i,3+1), m.s !
]
Ki 1,5 ° average nydraulie conductivity of (i-1,J) and (i,j), m.s_1
=1
Ky j =-average hydraulic conductivity of (i,3) and (i+1,3), m.s .
4

-

»

The third step 1s to calcuiatve net flow rate per- unit volume of

scil in each o

according to its

(1) 1¢4ik

Q5= 0y

f the rings. The net flow rate into ring (i,j),

position is given below:

imax, 1 < J.< jmax

A7 QY gt @

<37 .

i-1,57 YUe1,5”

RWE ;
RitJ

...:(3.2é)




o e

2y i=1, j=1

1.3

s

s Qe - Qi’j+1_ Qi+1],j- RWERi,J

(3) 1<¢41 < imax, j = 1 .

AQ- J- = Qi"‘1’j- Qi+1,j- Qi,j"“‘“- RwERi,j

i,
e

(¥) i=z4max, j = jmax

Aq

4

(5)

AQ . = Q

(6)

i-1,§7 Y4, 3017 RUER,

1,54

i=1, 1<j < jmax

1,5 7 %,5-17 U jerm Quq ym RWER

1= imax, 1 < j < jmax

A% 57 %, gur* O,y 9y g g-RER, |

(1)
AQ

(8)
Aq

(9)
Aq

T1e2 1, § o= jmax

1,3 % %4, 3o17 Qg j- RWER, |

1 <1< imax, j = jmax

i:‘jz Qi,j-1+ Qi-1,J~ Qvi*‘l,j_ RWERi,j

i-z imax, j = jmax

1,4 94, 3-1% Qyq, 4 RWER,

where AQi j ® et flow rate into ring (i,j), m
ol J

38

i
v
ot

38-1

....(3.23)

.eeil3.28)

.e0.(8.25)

....(3.26)

N 10.0(3'27)

. ...-(’3v2{8)

v e (3.29)
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emitter 'discharge rate, m

RWER, g root water extraction rate, s,
?

The rate of change in volumetric moisture content per unit

&

volume of soil in ring (i,j) is calculated by the following equation:

'
2

2
DELSTOi ; JH-RJ.))] ) eeea(3.31)

’

z [AQi’J. /(E(Azi)(n

where DELSTOi i is the rate of change in volumetric moisture content
' ]

per unit volume of soil in ring (i,j), m3.n3.s .

Since the soil moisture migration from a point source is a

0
non-steady procéss, DlE:LSTOi"j is not constant. It is a function of

- time and may change from one second to the another. When 9“: is known

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

t

8. = 8, + f DELSTO, , dt veen(3.32)

t=0

As with ring (1,j), any ring in the flow region may be treated.-

Using 'the “initial meisture content (an input to the program) to

\\ y a
caloulate hydraulic conductivity and total potential, the @ is

calcu%d for each ring (i,j), beginning with (1,1) nearest to the

emitter and ending with (imax,jmax). CSMP then finds the updated
moisture content. The updated méisture content values become ‘the new

initial conditions and 'the ‘process continues for a second time

39
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increment, At. This process is repeated to the tfime-specif‘ied to stop

simulation.

3.5 .Initial and Boundary Conditions:
At t = 0

8 = (@,). 0 R .
mn 1 max l

in
]
(7N
N
[ 728
™~
In
N
[
+
iR

Where i = 1 to imax

\

At t >0
éo/aa = 0 for R = Rmax; 02X Zmax
968/9Z = 0 for Z:Zmax; 6$R$anax
Qw_<_0<05f‘or O‘SRS'Rmax’ 0$Z_<_Zmax

3.6 Actual Migration Time

i

The termination of irrigation application ‘occurs earlier when

ceea(3.33)

e e (3.38)
---0(3‘35)

«...(3.36)

water is applied at higher rates when compared with the lower rates

* of application for the same amount of i#iigation water.
"12.0 L of irrigation water are applied at the the rate
6 L/h with irrigation termination occuring at 6, 3
respectively. If the’gomparison for the so;l moisture

made without considering the time period of irrigation

40

For example:’ .
of 2, 4, and
and 2 hours

migration 1is

[

application,
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the potential migration to total irrigation water woul‘d‘ be .
inconsistent at different discharge rates. It is, therefore,
necessary to consider the migration time of total irrigation water in
the soil. A concept of actual migration time of tot;l irrigation
water (AMT) "is proposed. ,

Actual Migration Time (AMT) is defined as the time taken by' the
total irrigation water to migrate in the soil at some specified time.

Ther AMT Yor drip irrigation at the time of termirnation of emitter

-

discharge Jis calculated as T
(a) for continuous application ' - -
AMT = Tir'r'/2 e 03.37) .
(b) for pulse application )
| AMT = T, /2 + C/k ; cea(3.38)

where Tirr time required for irrigation application, h

C time period of pulse cycle, h.

~Considering a sufficient time of redistribution of soil water
,a{(the te‘rminatioq of ir'::gation, an arbitrary AMT (Ta) of 12-hour'.
was seletted for this study. The ti;ne required for siuul;lation op
observation (To'bs) can be calculated ag
. Tobs = Ta - AMT + Tir‘r ) ....(3-393
The AMT and the simulation time required for various irrigation
periods are éiven in Table 3.1. Even though this’ criterion does not
consider the changing moisture conditions during irrigation

v ) .
application at various rates, this seems- to be a better method to

compare the moisture distributions.

*
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3.7 Method of Drip Irrigation Application :

12 1

The continuous and pulse methods of drip irrigation a{pplication
were considered for simulation in thig stuidy. The pulse irrigation
consisted of a series of pulse cycles of 1-hour dur'»ation.. Each cycle

0

consigsted of 1/2-hour operating phase followed by 1/2-hdéur resting )

phase. Thus, the pulse irrigation reduced the average rate of water
application to half the rate of continuous i'rr'igation. 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 fact that the operating ph‘ase of each pulse cycle v{as provided ;
with a square wave function of time. The migration of sbil moisture
with pulée irrigation application was simulated with the same initial
dand boundary conditions and parameters as the continuous in_rigatidn. :
To compare the performance of both methods and applicat}.on rates

e

giving sufficient time of soil moisture migration after termination

© R

of discharge, an arbitrary 12-hour actual migration time for the total
amount of irrigation water (AMT) was selected. Therefore, in both

/ ! l\ M
methods of appliea}i(dn, the simdlation runs were continued af‘t‘?n
¥ 1 %
] -/:

—

irrigation termination, to the time “equivalent to the 12-hour .EM:E‘ T

(Table 3.1), o -
e

L e e
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[

Table 3.1, Simulation time required.for 12=-hour AMT fo; various
irrigation application periods.

.

) Method of Irrigation Application

Continuous

Pulse (1-hour cycle)

Irrigation AMT Simulation Irrigation AMT Simulation
time time time ( time
h ‘ h h h h h
8.0 4,0 16.0 - - -
6.0 3.0 1500 - - -
. 4.0 2.0 14,0 8.0 4,25 15.75
3.0 1.5 13.5 6.0 3.25 14,75
/ : S
2.0 1,0 13.0 4,0 _2.25 - 13,75
. v 1)
% ° k
!
Y X,
, SN ‘
< ° -
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CHAPTER IV

EXPERIMENTAL PROCEDURE AND DATA COLLECTION

4.1 General Description

i}

The s0il water migration studies were conducted in apple

orchards located near Rougemont and Rockburn both'in southern Quebec.

»

The existing drip irrigation‘ system was deSigned and installed by Les
Enterprise‘sk}-larnois, Ine., St. Thomas, Quebec. The’ system served as
<supplemental irrigation with one emitter for each tree., The emitters
were plac:edo ‘at the distance of about' 0,3-0.35 m from.each tree,

The Rougemont orchard was two years old as‘ of 1980, The
irrigation water for the system in the orch;rd was pumped from a pond
which was filled with seepage water and runoff from heé\'ry“r?infall.
The water table remained within the range of 1.0 to 2.0 metres. from
tl;e ground surface, and it fluctuated due to rainfall, drainage and
evapotranspiration.

The apple or'-cha'rd near Rockburn was four years old as of 1981.
The _irriégtion water for the orchard was pumped from ground water

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

below ground surface.

4.2 Expérimental Procedure

The experiments were conducted only on sunny days in both apple

orchards. The irrigation water was applied continuously at

¢
sy
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prédetermineﬂ rates and amounts. A soil érobg with a diameter of 0.02
m was used to obtain soil samples for the determination of moispure
contents. After rainfall the soil moisture content was considered
.evenly.distributig with respeqt to the depth from so0il surface
throughout the€ young orchard. To determine initial moisture conéent
in the soil profile, soil samples were taken~at the depths of 0.0,
0.05, 0.1, 0.2, 0.3, 0.5, 0.6 and 0.9‘m before the start of emitter
discharge. These samples were taken at the distance of 0.8 m from an
emitter. Thus, the soil volume used for the moisture migration
experimenp was not disturbed. The soil samples were alsc taken
immediately after the termination of_the emitter discharge at the
depths of 0.0, 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, 0.1t\0.25 and 0.5 m
from tﬁe emitter. The moisture contents were determined in the

laboratory by the oven dry method. (

4.3 Input Data

The basic data required for the solution of the model developed.

in this study are as t‘o&gyiz
1. Matric potential viiig soil moisture content,

2. Hydraulic conductivity_versus so%l moisture content,

3. Root wager extraction patterns witﬁ‘respgct to deb&h and root
zone depth, L

4. Daylength and time of the day,

8

5, Daily potential evapotrﬁnspiration,' o SR

' 45

B g S ey Ta K g Bt Mg B3 YA

BN e MeaAXTAT B ReRED .

N
;
PREPIRS RO




D Ko

1

6. Soil 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 o Properti

The soil texture was determined using hydrometer and sieve

‘ analysis methods (Lambe, 1951). The soil samples were taken from

0-0.30, and 0.30-0.60 m depths. The samples from each depth were air

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

was determined using undisturbed soil samples from the orchards. The

goil moisture retention curves given in Figure 4.1 were determined by

v

pressure-plate method.

‘

Té determine hydraulic gonductivity, undisturbed sariples for

A

all the soils were -obtained in soil cores of 0.1 m diameter and 0.1

n°high. The samples were taken at depths of 0-0.1, 0.2-0.3, and -

0.5-0.6 m. The saturéted hydrauljq conductivity was measured by'the

constant head method and calculations were made using the equation

(Klute, 1965):-

. - . .
_ Kg=Q, / (A ¥ )L, / AH) ceee (HLT)
whare Ks = .saturated hydraulic conductivity, m.s"1
Qv = volume of water that pésses_through the sample, m3

¢

A "= cross-sectional area of the sample, me

46
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Figur.é 4.1, Soil moisture retention curves of the soils.

A

», /4 L - oA

-
-

S e Yk Zaded A4 el dUY et

PP

At it X



e
ot I

v sy EE

e

J
o

. /
J
j
t = time, s X
AH = hydraulic head difference across the sample, m
Ls = length of the sample, s. )

The unsaturated hydraulic conductivity versus moisture content

function for each s0il was determined by using the method of Jackson
. .

(1972). The soil moisture characteristic function was divided into

m equal moisture content (8) increments and suction head (‘l/) at each

incremeék y;s determined from a .moisture charactéristic curve. Then

at the midpoint of each increment suction head was calculated and

value of hydraulic conductivity was computed according to the

o

© _equation:
) m 2 m <2
c - -
K. = K_(e,/0 )Z ((2j + 1 - 24) \l’. )/Z((zj-ﬂ ‘1’. ) el (8,2)
i s i""s i=1 J i=1 J
where Ki is the hydraulic conciuctivity at Oi; m 1s the number of

|

" increments of 9; . ‘/’ is the su?tion head at the!/ midpoint of each @

increment; ¢ is equal to 1; and,|j and i are summation indices.
“The calculated hydraulic oonductiivities as a function of volumetric

moisture content are given in Figure 4.2.. .

e

il
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SOIL M@ISTURE CANTENT, m3m™
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Figure 4.2, Hydraulic conductivity curves of the soils,
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2) minimum temperature,
3) latitude of the experimental site. s

These were obtained from Ministere de 1’Environnment, Gouvernement de

H

Quebec. The Roeckburn orchard is located at hS,éZ”N latitude and

»’

73,54° longitude and the Rougement orchard is located at 45,27

latitude and 73,04 ° longitude,

4.6 Ds&immahmﬁi_ﬁm_&qmm

o ) .
. The roots were unearthed after the completion of the experiment.

’

'

" “The depth of the roots was determined by visual inspection.

4

4.7 Model Testing .

The model was ‘tested under 'various soilsfand flow conditigns.

v

The data on intial soil meisture content and some other parameters
used forygesting @his model are,présented in Table 4.1, The emitter
discharge mates for each of the sites are given in Chapter 6. The
physical properties of the soils ére presented in Tasles U:é; 4.3,
and 4.4, The basic valﬁes of of‘the parameters used in sensitivity

analysis are given in Table 4.5.

The simulated moisture content data generated by the model were

. fed into a' computer, and GCZ?TOUR procedure of the Statistical

Analysis System was used to draw iso~soil moisture content curves.

o The figures showing soil moisure content profiles and water input

t

along vertical{and horizontal directions were drawn using GPLOT

procedure of SAS.

i
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Table 4.1, initial volumetric soil moisture contents in the soil

profiles and other input parameters at the research sites

Location Rougemont Rougemont - Rougemont . Rockburn  Rockburn

RM1 RM2 . RM3 RE1 RB2

Root zone.(m){" 0.36 0.36 0.48 0.60 - 0.60 -

12 _liters
Depth -(m) )
0.0 - ) 0.076 0.089 0.071 - 0.123
0.05 . 0.078 © 0,128 7 46.063 - 0.152
0.10 ~0.078 0.149 0.096 - 0.158
0.20 0.079 071 0.098 - 0.156
0.30 0.081 0.178 ,0.105 - 0.166
0.50 © 0.083  -0.180  0.105 - 0. 16k
0.60 0.086 0.183  0.119 - . 0.0
0.90 0.086 0.245  0.126 - 0.186
AV WRZ ‘ 0.079 0.159  0.099 . o159
Av BRZ 0.085 0.207 0.120 - ©0.180
AV _WSC 0,083 0.187 0.109 - 0,166
- 3 ' -
Date (D M Y) ' 24-§-~80 9-7-80  13-6-61 - 2-6-1981
Time (h) 4.y — 5.75._ 5.88 - , 5.55
Saylength (h) 13.43 15,50 15.62 - 14,75
Daily PET (mm) 4.9 4.2 Ny - 4.2

%
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‘Table 4.1 continued....:

Location - . RMI RM2 RM3 RB1 RB2
" 16 liters 4
Depth (m) -
| 0.0 0.055 0.098  0.059  0.067 0.130
, 0.05 0.076 0.123  0.080 0.089 0.151
0.10 0.078 0.184 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  0.101 0.119 0.172 .
0.60 ©0.091 . 0.224 0.107 0.123 0.170
0.90 - 0.102, 0.226  0.128.  0.146 0.131
Av WRZ 0.080 0.173  0.096 0.110 0.160
Av BRZ - 0.092 0.223  0.115 0.137 0.177 :
“Av_WSC 0,087 -0,203 0,105 0,119 0.166
. | ‘
Date 19-7-80 1-8-80  16-7-81 -~ 6-7-81  31-7-81
Time () 5.08 5.3 5.63 5.78 - 4,38
\\ Dajlength (h)  15.23 .75 15.32 15.57 14,82
5.0 T b b6 . - b9 '

Daily PET (mm) 5.1

[

\

continued next page
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continued..,..

Table 4.1
Location RM1 RM2 RM3 RB1 RB2
, o 14

Depth (m)

0.0 0.067 - - 0.071 -
0.05 0.078 - - 0.096 -
0.10 0.080 - e 0.099 -
0.20 0.060 .- ;’/// - 0.106 -
0.30 0.082 - - 0.106 -

- 0.50 0.086 - 0.106 -
0.60 0.086 ° < - ©0.110 -
0.90 0098 - - 0.116 -

Av WRZ 0.079 - - 0.101 L

Av BRZ 0.088 - - 0.114 . -

Av WSC 0.085 - - . 0.105 -

. N . &
Date " 18-7-80 - - 2-7-81 -
Time ih) 5.10 - - 5.07 -
Daylength (h) 55.27 ’ - - 15.62 -
Daily PET (mm) 5.1 - - 5.6 -
- %
| .



Table 4.2.

Physical properties of soils existing in the orcaards

Location Texture Sand Silt Clay Bulk Density
R T Mg

RB1 Sandy 90.8 5.9 - 3.3 1.65

RB2 Loamy sand 82.9 12.2 b.9 1.52

RM1 Sandy gh,7 4.9 0.4 1.61

RM2  Sandy 8.1 6.3 5.6 | 1,46

RM3 Sandy ° 98.4 1.6 0.0 1.65

S

Table 4.3. Saturated hydraulic conductivity of the soils

Site No. of samples Ks (ﬁgén) sStd. Dev. . Range
m.d”! ‘m.q”! m.d”" |
\
RB1 12 3.6576 0.5141 3.154 « 4,363 |
RB2 12 2.9520° 0.2257 2.647 - 3.336
RM1 12 4.3488 0.6178 3.643 - .5.556 =«
RM2 12 2.2032 0.3038 1.814 - 2.650 .
RM3 12 8.0208 0.7214 + T7.013 -~8.9]7A
Table 4.4. Volumetric soil méistjre content of the soils
site Satura- FC WP Available  MC @ 50%
tion ' Moisture .Available
Moisture
RB1 0.34 0.112 0.043 0.069 "~ 0.0775
RB2 0.42 0.149 . 0.061 0.088 - 10.0105
RM1 0.37 0.114 0.051 0,063.7 "~ 0.0825
RM2 0.43 0.230 0.041 0.189 0.1355
RM3 0.36 0.097 0.022 0.075% 0.0595
54 )
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Table 4.5. Basie parameters and their values used in sensitivity

} b
analysis. s
Parameter ) Base Value
1. Mesh size R direction 0.06 m
2. Mesh size Z direction ¢.06 m.’
3. Hydraulic conductivity 4.35 wm.d” ’
4, Discharge rate T 2.0
5. Total irrigation water 16.0
6. Root zone depth 0.36 m o
{
X J -
7. Initx\al mojsture content 0.085 m3.n™3
8. Daily'PET 5.0 qum.d”
9. folume of soil ring variable )
10. Time of start 2.0 h
11. Daylength . 14&# h )
\ ) ! . 7
12. Radius of §oil cylinder 0.60 m \\/ -
13. Depth of soil cylinder N 0.90 m
e ) . -
" [ / ’ ,,a' ’
. b . t !
i ’ o
- - | -
R . . b \//"v. .
ot ! o ’ .
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In order to calculate irrigation water input‘in mm, soil profile
N ¥
from surface to bottom @f the flnite soil cylinder was considered.

The calculations were done as follows:

o
» .

imax
IRR, = IRRWI, / A, el (B.3)
J. o J J m
i=1 , . .
A - t
“where J = 1 to jmax &
imax = maximum number of rings in Z-dirgéction, .
~
i jmax = maximum number of riggs in R-directich, <
IRRJ. = irrigation water input in soil rings (j), mm
IRRWIj = irrigation water input in soil rings (j), L . / -
// ‘
A:’ = surfface,area of rings (j), m2 .
i and j are subscripts iq Z and R direction reﬁectively. . "
o 5 ‘ /
For the details of calculations regarding water distribution,
the reader is advised to refer to the computer program given in L
A Appendix A. ’ :
' b a . P
[
~ v ‘x‘ E -

Tw » ; S — [
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. of the computer program, are given 4n appendix A, The flow chart'oT‘

a NS ‘5\'\
A2

3

o+
. v
. CHAPTER 'V
~ ; e X ~o )
. DESCRIPTION OF THE COMPUTER PROGRAM o
» ‘ ‘
5.1 Introduction <

t

the geométricbstructure of the mgdél is shoﬁn.in Figu%es 3.3

and 3.4 which depict a uﬁiformusoil profile of finite depth Z with ;

reot zgne depth RZD and finite radius R, The goil profile is divided

.iptq‘IMAX rings each of thickness DELTAZ, The finite radius (R).1is

divided into JMAX rings each of width DELTAR.

The rate of water movement between soil rings obeys Darcy's law
in finite difference °form. ‘The‘moisture content of a soil ring at
anynmment determines_ the hydraulid\conductivity and matric potential

bf the 3011‘2*ng. The matric potentlial and time after sunrise at any

moment. and position of the’ soil ring relative to the soil surface

a N

determine the root moisture extracq;on from the soil ring.—

The eompuﬁer program was written using IBM System/360 Continuous

oy

System Modeling Program (CSMP), Apart from the formal STORAGE,
- L

" DIMENSION, EQUIVALENCE, and FikED statements,;tﬂo ﬁrogram consists of

three segmentsf\(1) INITiAL, (2) DYNAMIC and (3) TERMINAL. These

deseribe the computations to be performed before, during, and after

N each simulation run., The description of the variables and the details

[l
A
’

gomputer‘simulator is shown in Figure 5.1,

v

[OpT——
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5.2. The INITIAL segment

This segment 1is 1}1tended_ exclusively fc;r computing initial
condition values and basic parameters, The segment begins with the
TABLE statements where the initial soil moisture gontent of the soil
rings, radial distances from the axis and depths from the soil surface

to the.interface between soil rings and the boundaries of the soil

" eylinder are provided. This follows the functions THMPOT, THK, RZDRWE

~

and the parameters. \

The number of soil rings‘ for this study were set arbitrarily at

165, The th{ckness and width of the soll rings were determined from

TABLE RADRNG and TABLE Z respectively, The TABLES are written to
facilitate the input of variable or constant mesh size of .the so0il

rings for simulation. For this study the thickness and the width of

each of the soil rings were 0.06 m. The total profile depth was: 0.9

AY

m and the distance R from the vertical axis passing“through emitter

was 0.66 m.

'

The values of matric potential dependent on soil moisture.

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

of each pair of numbers is the independent variable (moisture content)
land the second of each pair the dependent variable (matric potential),
Similarly, the values of hyéraulic conductivity dep(endent on moisture
content are given as tabulated. FUNCTION THK; values of the root water
extraction term dep‘endent on root depth are tabulated as a FUNCTION
RZDRWE. Notg thatwthe root zon‘e depth \must fall on the horizontal

interface between the soil rings or the bottom of the finite soil

©
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cylinder. ¢
The following parameters are specified in this segment using

]

PARAMETER statements:
<~ ///,/”
PARAMETER_IMAX,VJMAX, RZD, THETAé, TRUN, HBOUND, KSAT, PI, P1,
PARAMETER TSTART, EQHR, LDMIN, MCWIL, MCSOAV, WRTDEL, PET
2 <

The initial soil moisture content I'fHE'I’A given in scalar array
is changed to IMC, the vector array using the following statements:

DO 10 L=1, IMAX

bO 10 J=1,JMAX

- .- . M=(I=1)%JMAX+J

' 10 IMC(I,J)=ITHETA(M) *

The calculations for the following variables are done using

v

NOSORT option and FORTRAN statements: .

S ' JMAX1, IMAX1, TWOPI, EQMIN, EQMIN1, RWEMDR, P2, IMC(I,J); DELTAR(J),
RADDIS(J), ARNGJ(J), AVDELR(J), DELTAZ(I), GPOT(I), AVDELZ(I),
ARNGIJ(I,J), VOLRNG(I,J), RWEZF(M), RZDF(I), N, RWEZ(I), MPSOAV,

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

b - - @

~ -

( ¢
Al T

g Y e, AMEL e M <] AT R

[

s 3 F i b st AW Foib Hu .

bt b AT deweni

P

[

Ao

e b ket e B g e b i

PRSPPI

PP R




b

v

“variables MC1, IMC1 and DELST1 are dummies. These appear. in ) i

e Avaen Pt

et

5.3, The DYNAMIC segment . " €

This segment is the main segment in the model., It includes the

q
complete description of the system dynamics, together with other

computatimps needed during the run. The structure statements within

?
this segmenj are a mixture of S/360 C3SMP and FORTRAN statements. The
segme onsists of SORT and NOSORT sections. The CSMP assumes the
statements to be sorted by the CSMP unless NOSORT is specified. In

the NOSORT section the statement are executed 'éis provided in the

»

et e bl e b WA

program,

v ? _é

;

) %

5.3.1. SORT section . - !%
. ! «{

The integrations to 9pdate the volumetric moisture contents of b

- Ed

. each of the soil rings"a't each time step are carried out by the CSMP '\ ?
function : . \ ' X !
N C Y 3

LY

MC1=INTGRL(IMC1,DELST1, 165) -

,
’ \J’
oar o e SNl

; 1 XY

The third argument represents the number of soil rlings in the

integrator array to Keep track of their moisture contents, The

EQUIVALENCE statements corresponding to the first soil ring (1,1) of
vector arrays of variables MC, IMC and DELST respect{vely. The
volumetric moi‘sture contents are stor(ed in an array MC. This array
is used 1n the beginning of the dynamic segment to calculate the

moisture content of each soil ring at the current time. The first

©

L)
po—.
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argument” of the integral function states that the initial value of
the volumetric moisture content is given by an array IMC, 'I:he second
argument states that the . net rates of dhange .in volumetric moisture
content into integral is éiven by the array DELST. At current time
all net rates of change in foisture content in all the rings are

)

calculated from the state‘of the system

8

Then all integrations are
performed.

‘Similarly, the integrations to update the root water extraction
from each soil rings (nn) within the root zdne, the PET and the volume

of water applied are carried out by the CSMP fur;ctions respectively:

RWE1=INTGRL(O. ,RWEZP1,nn)

PETCUM=INTGRL(O. ,RWET)

VWAPPL=INTGRL(O.,EQMIN) \\\\\

At the time equal to zero, the root water ext \action,‘ cumulative PET

. ) - ]
and the volume of water a;}plied are equal to zero. Therefore, the
first argument in each of éhe abO\;e three functions is zero.

&

5.3.2. NOSORT section

This section starts with resetting each so0il ring within the
lower and upper limits of moisture contents provided in the functions
THMPOT and THK. This is done to avoid any chance of instability during

a

a simulation run. The upper and lower 1imits of MC in the functions

are given at saturation THETAS and wilting point MCWIL respectively,

£
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v The values of the hydraulie cond:\ctivity, matric potential,
hydréulic potential at the center of each ring are calculated using
AFGE‘N”; function which interpolates linearly in the Ltabulated function
;det‘ined by the first name in the argument, using tiae second name in

. the argument as the independen‘f variable.

K(1,J)=AFGEN(THK,MC(I,J)) \ . t

‘ MPOT (I , J)==AFGEN(THMPOT,MC(I, J)) ¢ \

o ‘ HMPOT=MPOT(I,J)~GPOT(I)

The average co huct:i\vity for flow through boundary (J){between
adjoining rings (IZJ-U and (I,J) and for boundary (I), bletween

adjoining rings (I-1,j) and (I,J) 1is weighted according tjo their
\ 3

vg;me: -

Ny __Qt \

\

Fmaa,

= - . [4
AVKR(I,J)=(K(I,J=1)*VOLRNG(I,J=1)+K(I,J) *VOLRNG(I,J))A...

-7 \ (VOLRNG(I,J=1)+VOLRNG(I,J)) ’

.
f b

A\’\YZ(I.J);(K(IJ,J)*VOLRNG(I-1,J)+K(I,J)*\(OLRNG(I,J))/ .

(VOLRNG(I-1,J)+VOLRNG(I,J))

| 0
. | , .
'
‘am
S %
a

The rdot water extraction RWET is assumed to take place %luriné

’ - o
the da)/time only and is considered as a sine function from s*nrise\
to punset with its maximum rate at midday. This is calculated at

current time using the statement:

F N

'

[ESIRUOTI VIR
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RWET:RWEMDR‘SIN (PI*T/LDMIN)

1

D -

The root water extraction RWEMP of each soil ring is calculated’

—

at current matric potential for each so0il ring. Then the volumetriec
root water extraction rate from each soil ring at current time,
considering the positidn of the ring and matric potential in the ring,

is‘calculated using the following statements:

RWER=RWET*RWEMP#*RWEZ (1) ‘

RWEZP(I, J)=RWER®*ARNGJ(J)

Based on the soil moisture content, the position of the soil

4

ring (I,J) with respect to the emitter and soil surface, the time of

day and the volume of the ring, RWEZP(I,J) are calculated for each of
the soil rings. Then control is transferred to the desired statement
B;: \

for calcula‘ping DELST(I,J) based on the position of the ring (I,J) in

‘the goil vo?.ume considered.

foo

/ \ :
The f‘i\ow of s0il moisture between rings is calculated using

/
\

Darcy's law.\\‘rhe change i&n stérage is calculated using the law of
\
conservation of' mass, Ti‘ne rate of change in storage per unit volume

.of s0il in a sorl ring DﬁLST(I ,J) depends on its positlon in the soil
\
N
cylinder,. DELST{I,J) wiith its positilon) 1<I<IMAX and 1<J<IJMAX is

\
calculated as f‘ol\lows :

\~ 64
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DELST(I,J)=(~RWEZP(I,J)...

Py

+AVKZ(I,J) ®ARNGIJ(T,J)*(HPOT(I,J-1)=HPOT(I,J))/AVDELR(J)...

. =AVKR(I,J+1)¥ARNGIJ(I,J+1)#(HPOT(I,J)~HPOT(I,J+1))/AVDELR(J+1) ...
+AVKZ(I,J)*ARNGJ(&)*(HPOT(I-1,J)rHPOT(I,J))/AYDELZ(I)...

_ -AVKZ(I+1,J)*ARNGJ(J)*kHPOT(I,J)—HPOT(I+1,J))/AVDELZ(I+1))...

JVOLRNG(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

into account that water does not move across the circumferential and
» .
; ' bottom boundaries of the soil cylinder, .

( ' Irrigation is 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 of‘f‘ from

- .

any ring (1,J) exceeds the intake, the excess amount of water runs
- off to the next ring (1,J+1). N )

The pulse irrigation is generateq by using the combination of

'

PULSE and IMPULS functions as follows: ‘ P

|

Y=PULSE(P1, IMPULS(0.,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

( ) N P2*%(1,2,3,+...). The input to the PULSE function 1is the impulse

65
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ge‘nerator which triggers the pulse of.minimum width P1 whenever its

-
TR

value 1s greater than zero; pro‘viding a pulse 1s not already being
generated., When the ;lalue of P2 is twice the value of l"1, a
square~wave function is generated. Thus, the time of irrigation TRUN
f‘;r pulse irrigation is twice bh'“é;t of continuous irrigation for ;;hg
same amount of irrigatio;l applicat;ion.

The timings for the calculation ‘of‘ the variables in the

PR

remainder of the program and output of desired variable are controlled -
by the impulse generator. FORTRAN is used for these calculations and

] f
output of the variables.

S
The calculations are performed for the following variables at ¢

.t -
et et Bk R by WS
n

the interval equal to PRDEL:

- N | .

~.

VWCOLT(J), VWROWT(I), VWWRZT, VWBRZT, DSTROW(I), DSTCOL(J),

PR

PR

N
RWECUM, VWWSCT, DSWRQ\]\DSTBRZ, DSTWSC, VWSIMU, VWERR, VWACCT

]

wnd

@

The output of the fo\mqing variables is obtained at PRDEL 7 :

interval: N\ ) .

TIMHR, RADDIS(J), GPOT(I), MC(I,J), DELTAZ(I),' DSTROW(I), :
DELTAR(J), DSTCOL(J), VWWRZI, VWWRZT, DSTWRZ, VWBRZI, VWBRZT, DSTBRZ,

VWWS&I, VWWSCI, WWSCT, -DSTWSC, RWECUM, VWAPPL, VWSIMU,® VWERR, VWACCT.

Calculations for the following variables are performed at the

[

- .interval equal to P2, at and before sunset: AN t

-

66 i




5y %
PRI

e T

4

PETCU, AET(I,J), AEPE(I,J), A:EPEL(I,J). AETAR(J), AEPEAR(J)

The output of the following variables is obtained at an interv;l

equal to P2, at and before sunset, and at the end of simGiation run:

o [l

-

PETCU, EQHR. , : .

-

RADRNG(J), Z(I), AET(I,J), AEPE(I,J), AEPEL(I,J), AETAR, AEPEAR,

. - . /
Structure statements a}'e translated and plaged. {nté a FORTRAN

. ) B a * A
" subroutine called UPDATE, which is executed at each iteration cycle.

N -

a
v

Y

5.4, The TERMINAL segment

’

This segment of the .program enters into simulation at the end

’ of a simulation run. The calculations of the varlable which were

needed at the termination of” the run are performed here. All the

format staterients are given in this segment, The following vapiaﬁles_

<

are calculated:

v

AETALL, AETPET, *ARRPC, DSRZIPC, DSLSPC, DSSCPC, RWEPC

&
The output for the following variables-is obtained at the

termination of the simulation run: '

AETALL, PETCU: AETPET, N, MP50AV, VWACCT, ERRPC, DSRZPC, DSLSPC,
DSSCPC, RWEPC

8"
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.. time. Its value must be a multiple of PRDEL.

-
i
5

A

TR £ sy o
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«©

“545.* Execution control statements - Coe

These statements are used to specify certain itemé relating to
actual simulation run. ’
TIMER is the label which identifies the“cérd as a timer card.

The following system variables are used in the program.

Y

3
*variable has .not been used for output control, it must be specified.

PRDEL is the increment for'printing output. Even though this system

FINTIM is the maximum Bimulation value for the independent variable,

‘

DELf is therﬁntegral interv4l or the sfeb size for the indebéndent
- '

\!
)

variable, time, ' -

FTT——rp e

SR g T A

>§;é.,M;Ehod'of Integration . ' C
o Various mgthods of integration can be employed using centralizéd e K
integration routine for a simulation. 1In thi; 3imulation program
integration is performed by the Milne fifth order predictor-corrector
method with a v;riabie time step as gtated by the statement: ' ‘»{‘
L ' :

o]
.

. 4 L ,i'
METHOD MILNE Co - ' o

5.7 Output control statements

\ The output can be obtained in graphic or numeric form using

PRTPLOT or PRINT statement respectively. fhe print statement is

limited to only 50 variables which include TIME. To obtain output of ' i
more than 50 variables one can use impulse generator. The IMBULS g‘
68 \ . %
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I

- funetions are used in DYNAMIC segment to control the timinga for the

’

. calculations” and output of va'riables as specified therein, usi'ng;' .

FORTRAN statements: AR . :

-

IF(TIME, EQ.FINTIN)GO TO 403: - Lo ;

Cw

/' - AsINPULS(O.,PRDEL) - - S .
o, h + N ' Cn ' )
IF(A¥KEEP.LT..) GO TO 999 R

- . B '

GO TO 405 o e

q

403 IF(KEEP.LT.1.) GO TO 999 S o
uos‘ TIMHR=. sewmne ‘\’% , , jl‘ , ~: B !

' ]

LN N
N B At

999 CONTINUE : _
' " The series of impulses are generated..,'at time g’qual to zgro‘ and
are continued"at s time interval ‘equal to WRTDEL, unfil 'tr,}e end of : -
‘ simulation run,' if the FINTIM is a multiple of WRTDEL. The FINTIM need
not be“ a multiple of WRTDEL. In that case, the step of the impulse . ‘_k o
generator 1s‘s-kipped. at FINTIM and the rest of the program is

executéd, The output with the system variable KEEP equal to 1.0

5

at

r‘e'presents a valid integration step, otherwise it 1is a trial

integration step. J . A
'

\ b )
- i ) :
3 Lt
. )
o ' , . ©oT 2
h
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CHAPTER VI °
I . - N B ) R
rs LY
. RESULTS AND DISCUSSION Tl
s <
B . . a - } Y
&A . i . ez,
6.1 ZIntroduction ‘ .~ ,

! . ‘ o _om ’ B
The simulation results obtained from the solution of this madel

-

.are diseussed and compared with the field:'data obtained immediately, = - °

’

after  termination of emitter’ discharoge. The soil moisture

v

distributions predicted at th% AMT of 12-hours are compared with °¢

s

-

different discharge r‘afes, amounts of irrigation water and rhef:hods of o

P

P
irnigation application. = T

) . . N A

Distance, depth, replenishing front, percentage@ﬁfd irrigation .

'

: applicatioh are frequently used in the presentation of results and. )

L § i

discussions. The definitions of the words as used in this text are:
% (

given b‘elow: o "

Diétani;é? horizontal distance from the vertical axis passing

-

through'the center of the finite soil cylinder. . Lo .
" Depth: depth from the soil surface. ' s | Ca e
Replenishing front:sThe replenishing frant rather than wetting = ° ',j’h '

. .
‘front is used in this study. At this point the depth of rodt water

v

extraction (RWE) and net water input (inflowloutflow). gre e/xactly
‘ cL . TR
equal; Thus, the change in soil moisture .content at this point is R

. e%ua{l to zero. - ;
This condition in-:radial'direction (R) is fulfilléd when the "’ .

amount of migrating moisture ’1n’a soil profile at some horizontal .

s g T

n
<t F A Tl w St
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distanceﬁfrom the emitter is equal to the RWE or when the change in
storage at that point tends to approach zero. This definition applies
to the vertical direction (Z) when the depth is considered from the

s0il surface in the column (Z,1).

Throughout the discussion “i’ refers to Z% the depth~or row

’

number and “j° refers to the radial distance,

' i

number in radial (R) direction. ’ K

The percentage refers to thé
water.

=
considered’ as the continuous

r

The i;rigation application is to be
applicatién(getﬁod unless the pulse method is specified. ‘

Water distribution in the éoil) profile refers to« the water
distribution for théqtotal wetted<;adius.

Water input or distribution g}ong the horizontal distance refers
to the water input or the distribution for the total wetted 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 is the depth from soil surface to the bottom of the finite

soil cylinder and R is the distance, m. <§Mj

6.2. Rougemont Qrchard Site 1. .

The experiments were conducted using 12, 16 and 24 L of
irrigation water applied from an emitter. The moisture contents. in

the soil profile were measured and predicted at the distances of 0.0,

71
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0.1 and 0.25 m from the emitter. The results are presented an‘d

discussed in the following sections. _

-

\

6.2.1 OrchardyExperiments and Simulation Results
¢

When the experiments were conducted with an irrigation
" t

-t -

application of 12 L, water was applied at the emitter discharge rates

1

(Q) of 2, 4, and 6 L.h™ and the results are presented in Figures 6.1,

B.1 and B.2 respectively. The predicted soil moisture content (Opr)

in the soil ring (1,1) ranged from 0.31 mS.n™> at a Q of 2 L.h™" to

0.35 m3.n™3 at 2 Q of 6 L.h™".

[

The experiments were also conducted with 16 L 6f irrigation

water applied at the discharge rate of 2, 4 and 8 L.h'1. The moisture

v

~ contents in the soil profile obtained from the field experiments and

. Simulations are presented in Figt.;res B.3, B.U4 and B.5 respectively,

]

F

The Opr in the soil ring (1,1) ranged from 0.31 m

L.h~! to 9.36 mi.m~3 at.a Q of 8 L.h .

3073 at a Q of 2

1 ]

The moiéture contents obtained for the total irrigation
application of 24 L applied at the: discharge rates of 4, 8 and 12

I..h"1 are presented in Figures B.6, B,7 and B.8 respectively. The

9, in the soil ring (1,1) ranged from 0.3 man™3 ata Q of 4 L.n”

£0 0.36 m3.m™> at the Q of 8 L.h™'.

The results show that the field situation gave hi:gher moisture
contents and deeper migration of water under the emitter when compared
to the computed results. One of the reasons is that the mesh 3ze was

kept constant at™q.06 m during all simulations. The’soil moisture i3
-~
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MBISTURE CONTENT, m®m™3

Figure 6.1. Soil moisture content gqofiles before and after 12 L of

water applied

at 2 L.h

73

at Rougemont

orchard site 1.
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, coqsidered uniformly distributed within a soil ring. In reality, tHe

5

30il moisture movement is a continuous function of the distance and
"\the de;;th from the emitter. The model considers the moisture movement
as a step function of the distance and the depth from the emitter,
“the step size is equal to the mesh size. *

When water is discharged from an emitter, a zone of saturati‘on
develops up to a certain distance from the "source (Leven et al.,
1974). The satur@tion zone is larger with ‘higher rétes of emitter
discharge. Figures B.9 toc B.13 show the iso-soil moisture content
curves for different amounts of irrigation water application at

different rates. If the zone of saturation is less than the volume

of the soil ring (1,1), uniform distribution of moisture within the

ring by the model, results in a moisture content value less than

saturation. This is evident from the fact that gpr values in ring

T (1,1) w‘er‘e higher at the higher_ Q when ‘compared with the low Q.

When the soil moisture content (6) is near saturation in sandy
soils, gravity forces dominated in s:)i.l moisture movement., Thus the
loss of water beyond the root zone tends to increase with increase in
the Q. The higher Opr in ring (1,1) resulted in deeper .migr'ation of
water. Also, the higher moisture contents observed under an emi.,tt,r:er

Y in }:he field resulted in faster and deeper moisture migration under
the emltter‘ when ‘ompared to the predicted values. The soil meisture
retention characteristics were used to simulate the soil moisture

movement. However, during the wetting period, water mc;ves faster with

the same moisture contents when compared to the redistribution period.

o
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.The simulated values are calculated at the cepter of a mesh
which, in this case, is 0.03 m away from the vertical ax}is and the
horizontal axis passing through the%emitter. 'i‘he simulation‘ technique
distributes 20il moisture in a mesh 0.06 m deep. Tl:le extrapolation
t:.eohniqu; is not applicable for the prediction of soil moisture
content at the vertical ax'is or horizontal axis passing through the
emitter. The observ{ed so.i}{:isture contént (Oob) at the soil surface
were lower as cpmpared to th; calculated values at a distance of 0.10

and 0,26 m from an emitter, The sqoil surface_1is usually open directly

to the atmdspheric demand. Thus, a"low moisture content may be fpund

Al -

at the EEﬂ\sug‘f‘ace away from an emitter. At the emitter where water
is applied, the soil remains saturated during irrigation and
immediately after termination of irrigation. At this point one should

4
expect higher moisture content from the field in comparison to

calculated values which dep;nd on the extent of the zone of
saturation. There were stones aqd heterogeniety in the field.
Therefore, at some points, departure from the simulated smocoth curve
was observed., Comparing the soil moisturg profiles at the horizontal
diStances of 0.10 anfi 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 soil moisture distributions predicted for 12, 16, 24 L of

irrigation water applied at different discharge rates and methods are

Tia

presented an& discussed,

- )
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6.2.2.1 Irrigation Application of 12 L of Water

The distributions of water input, along the horizontal di.s'.t:amcer

and in the soil profile obtained with different discharge r:\a\teé and
~ . ‘

methods are presented in Figures 6.2 and 6.3 respectively. The

resul ts show that the lower discharge rates gave higher input clo&e_

-

to the emitter when compared to the higher discharge rates. The water
input at the emitter ranged between 32.0 mm obtained with 2 L.h-‘I y
and 30.4 mm obtained with § L.h'1. The difference in water input
close to thle emitter 1s causec; by the difference in the period'of‘ )
infiltration gnd redistribution, When water is applied at lowetr .
discharge rates the infiltration time is higher ;nd the redistribution
time is lower when compared to 1the higher rates,of emitter discharge )
(Table 6.1). The pulse irr:igation app'lication‘ at the rzte ofpld ‘L.”h"1
gave the same -results as the continuous irrigation application at t‘he
discharge rate of 2 L.nl,

'fhe simulation results are summarized in Table 6.1. The results
obﬁtained with different dischargé rates and n:ethods of irrigation
appiication are in close agreement with each other., There are very
small differences which occured due to the difference in time of
infiltration and redistribution. e

The loss of water tends to increase with an increase in the rate
of discharge. When the soil is close ;9 saturation the gravity
potential dominates resulting in faster movement of water downwards.

However , the differences resulting from the discharge rates are va:}ry

small and.can be ignored. . L )

f 6 )
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The model accounted for more than 99 percent of the total

™

o - irrigation water in each simulation, This shows that the model. is

) stable,
The average initial soil moisture contents () in all

a simulations were close to 50 percent available soil moisture content.

-

The irrigation application of 12 L yielded a replenished area of (.74
rr?. The amount of water that moved beyond the replenished area ranged

between 2.4 and 2.9 percent; it remained within root zone but did no;:.

Vs meet the RWE demand.
A T osg e . - -

The average water input over the Teplenished area was 16.2 mm
S

and the RWE*was 3.6 rm, The application of more than 30 mm resulted

-~

in a loessﬁf‘ 9 mm under the emitter, an upward flux of 0.3 mm and

fnoispure storage deflcits at the outer bon:mdary of the soil cylinder,
- The range of irrigation water input over the replenished ‘area
v;as wide and the average water input wlas too high when compared to
th_é..RWE demand. The larg'e amount of water input close to the emitter
results in a loss of water beyond the root zoné, and the low 1np‘ut of
water far from t.he emitter resukts in a de'ficit in storage.
Therefore, the 1r1:'igatiqn application from a point source was not
uniform and was inef‘ficient'.d

> LS

The water input, RWE, change in soil water sto}'age and loss of

y )

water beyond the root zone alf)ng 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 soil profile are given in Figures B.24 to B.28.

“

The 1so-soil moisture curves are presented in Figures B.29 to B.33.

~.

e N RS Ct RN




34

rd

~

4

,Table 6.1, Summary of ‘results predicted for Rodﬁemont orchard site 1,

-
ot e "

Rate (L.h™')

Amount of Irrigation Water = 12 L

~

6.0

o
‘

2.0 4.0 4.0 _ 6.0
Application Method Continuous Continuous Pulse Continuous Pulse
Wetting Time (h) 6.0 3.0 6.0 2.0 4,0
-Redistribution Time (h) 9.0 10.5 - 8.75 11.0 9.75
Simulation Time (h) 15,0 ° 13.5 014,75 13.0 13.75
Replenished R {(m) . 0.48 0.49 0.48 0.49 0.49
Replenished Z (m) 0.79 0.80 0.79 0.80 0.80
Area (m%) 0.74 0.74 0.74 0.75" . 0.74.
RWE (%) 22.2 22.7 °  22.3 22.9 22.6
Storage (%) 57.3 54.8 57.1 53.9 55.4
Loss .(1) 17-4 ’9-1 17-3 19.7 18-“
Input WRA (%) 96.9  96.6 96.6 96.9 96,5
Input BRA (%) 2.6 . 2.9 2.4 2.5 2.7
Simulated (%) 99.5 99.5 .99.0 99.5 99,2
Error (%) 0.5 0.5 V1.0 0.5 0.8
\
Total (%) 100.0 100.0 1Q0.0 100,0 100.0
A "8 .
qu, Amount of Irrigation Water = 16 L
Rate (L.h™") 2.0 4.0 4.0 8.0 8.0
Method : Continuous Continuous Pulse Continuous Pulse
Wetting Time (h) 8.0 4.0 8.0 2.0 4,0
Redistribution Time (h) 8.0 ' 10.0 7.75 11.0 9.75
Simulation Time (h) 16.0 14,0 15.75 13.0 +13.75
Replenished R (m) 0.52, 0.53 0.52 0.53 0.53
Replenighed Z (m) 0.86 0.89 0.87 0.90 0.89
Area (m") 0.86 0.88 0.86 0.89 0.89
RWE (%) 19.0 20.0 19.0 20.6 20.2
Storage (%) 5542 52.1 55.0 50.6 52.1
Loss (%) 23.3 25.6 23.0° 26.1 24,9
Input WRA (%) 97.5 97,6 97.1 97.3 97.3
Input BRA (%) 2.0 1.9 1.9 1.9 1.8
Simulated (%) 99.5 99.5 99.1 99.2 g99.2
Error (%) 0.5 0.5 0.9 0.8 0.9
Total (%) 100.0 100,0 100.0 100.0 100.0
continued...
80 =
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Table 6.1 continued....

*

Rate (L.h™ ")
Application Method -

Amount of Irrigation Water = 24 L

4,0

8.0

8.0 12,0

12.0

Continuous Continuous Pulse Continuous Pulse

Wetting Time (h) 6.0 3.0 6.0 2.0 4,0
Redistribution Time.(h) 9.0 10.5 8.75  11.0 9.75 ;
Simulation Time (h) 15.0 13.5 14.75 13.0 13.75 .
Replenished R (m) 0.57 0.58 0.57 0.59  0.58 :
Replenighed Z (m) >0.90 > 0.90 >0.90 > 0.90 > 0.90
Area (m°) 1.02 1.05 1,02 1.08 1,06
RWE (%) i Lo 16.5 17.3 16.6 17.7 17.4
Storage (%) o u7.7 us.7 48.0 b5.6 k7.0
Loss (%) " 33.3 34.4 32.6 34,1 33.0
Input WRA (%) 97.6 97.4 97.2 97.5 ‘ 97.4
Input BRA (%) 2.0 1.8 1.9 1.8 % 1.8 :
Simulated (%) K996 99.2 99.1 99.3 99.1 )
Error (%) 0.4 0.8 0.9 0.7 0.9 ’
Total (%) 100.0 100, 0 100.0 100.0 _ 100,0
\\\
_—
— :
. \\\\
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| Comparing the figures showing different discharge rates and

\.,,
methods,-.and ignoring minor differences in their values, it can be

concluded that the so0il moisture distribution ;_s not dependent on the

’

rate of discharge and the method of irrigati&:’n aiaplication. However,

B . . \
the pulse method of irrigation reduces t%}he average irrigation
I

application rate and permits low appliz"ﬁtionwates from high

- a

discharging emitters, - N " R

AN

- -
’

6.2.é.2,i5_'1rrigation applicatio; of 16 L

T_he' distribution of water input aZL!ong the horizontal distance
and in the soil profile obtained with dif‘f‘ergnt discharge rates ané
presented in Figures B.\34 and B.35, ~respectively.

The soil moisture distribution obtained with pulse irrigation
is the same as that obtained with continuous irrigation at an average
rate of pulse irrigation application. Thus,” the pulse irrigation
methoLd red'uces the rate of irrigation application from high
discharging emitters,

The simulation results are summarized in Table 6.1. The results
obtained with different discharge ‘rates and methods of irrigation
application are in cl'oge agreement with each other. There are a few
minor differences wich occurred due to the inconsistency in/gonditions

developed with different discharge rates at each time step which serve

as initial conditions for the sub/sequentr time steps. Also, the time
o

-

of infiltration is h;gher”én/gi redistribution time {s lower when water

v

is applied at lbw rates of application.

e y 82
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rates,

i1 L.

The input under the emitter ranged from 38.3 mm :at the Q of 2
L4 a

L.h' €0 35.1 mm at the Q of 8 L.h"'.  The loss of water ranged, from

1 1

13.1 mm at the Q of 8 L.h™' €0 13.6 mm at the Q of 2 L.h™'. under

]
the emitter. However, the amount of water that moved beyond the root

zone ranged between 23.3 percent at the Q of 2 L)

1

to 26.1 percent

at the Q of 8 L.h™

m2 and it increased to 0.89 m

. The replenished area with Qof 2 L.h7' was-0.86

4 “
2 when the Q was increased to 8 L.h™'.

This indicates that the replenished area tends to increase when the
emitffer_ discharge rate is increased. This is due to the fact that the

intake and the zone of saturation increases with increasing rates.

']

The increase of area by 0.03 m2 over an area of 0.086 m2 is very small

and does not warrant running an irrigation system with high discharge
i

The average input over the replenished 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 loss of water indicate that the

ir'rigation application from the point source is not uniform and it is

K3

inefficient in water-use. - o
b : -
"I'he total amount of water accounted for at 0.72 m depth was more

than 100 percent. The difference in the simulated amount of water

B -

occurred due to ufiward flux from lower rings into the r:‘?:ot zone, The

boundar‘yf conditions did not permit the entry or exit of water, ‘:l’hus. .

-

there ogcurred a deficit of storage water below 0.72 km in the
simulated amount., The simulation accounted for more 99 percent of the

«

total water applied.
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6.2.2.3 Irrigation application of 24 L
The distribution of water input along the horizontal distance
and in the éoil profile obtained with different discharge rates are

presented in Figures B.36 and B.37. The replenished area ranged from

2 1

1.02m% with 4 1. h™' to 1.08 m° with 12 L.h™' irrigation application.-

1

The input under the emitter ranged from 47.5 mm at 4 L.h™' to 44.7 mm

at 12 L.hﬂ,. The average RWE of 3.9 mm over the replenished area with

L L.h"1 ébplication with a high range - indicates that the irrigat}on

application was not uniform. The amount of water applied was too high
compared to the daily requirement of 5.4 ‘mm. According to “the

replenished area the maximum daily RWE would have been 5:53L or 11,0
B\

L for a two-day period. However, when the volumé of irrigation is -

reduced, the replenished area reduces which in turn reduces the need .
o

of irrigation water to be applied from a point source., Thus, an
irrigator may need to apply a small volume of water from an emitter

and use many emitters around a tree to irrigate a required area,

1

The loss of wafer ranged from 21.9 mm with 4 L.h™ to 20.8 mm

P

with 12 L.h_1 under the emitter. The total loss of water was high with
an emitter discharge rate of 8 L.n~', This is due to the fact that
the ~higher'Fates of discharge develop larger areas of saturation. The
lower discharge rates develop smaller areas of saturation and if the
séturation zofie is smaller than the mesh size, the averaging reduces
the moisture cgntent in the ring (1,1) which in turn will reduce the

ES

moisture movement,

_ Pulse irrigation behaviour seems to shift from the previéus

a
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criterion and irye’ase it tends to behave as continuous irrigation

when water 1s applied at the rate of 12 L.a~t,

The differences in results with different discha.rge rates and
methods are very small, The distributions of moisture were also
compared with respect to RWE, change in soil water content, and input
along horizontal distance, and in the soil profile. The results
indicated that the scil moisture distributions were same with all
discharge rates 1in this study. The figures show that small
differences in water input occurred close to the emitter. The input
was higher at the emitter with low discharge rates, However, the
irrigation water 1loss beyond the root zone, considering the
replenished area, was higher with higher discharge rat&s, The results

s

obtained with different discharge rates and methods of application
are summarized in Table 6.1. Ignoring minor differences in the
results, it seems that the distribution of s0il moisture is not
dependent on th;. rate or method o;‘ irrigation application,

Thle‘ simulation results accounted for more than 99 percent of
the water applied 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 water applied

/
from an emitter., The moisture contents i he so0il profile were

measured and predicted at a distance of0.0, 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 the soil profile measured in the field

and predicted by the model with discharge rates of 2 L.h—'1 are

.

presented in Figures 6.4 -and 6.38 respectively, The Opr in soil ring

(1,1) ranged from 0.426 m3 1

™3 at a Qof 2 L.h™ to 0.427 at a Q of
4 L.n"t, c ¢

The moisture contents in the soil profile obtained with the
discharge rates of 4 and 8 L.h-1 with 16 L of irrigation application
are presented in Figures 6.12 and B.77 respectively. The opr in soil
ring (1,1) ranged from 0.426 mo.m™> at a Q of 4 L.h™' to 0.427 at a
Q of 8 L.h'1. Thus, th%/moisture content in ;ing (1,1) reached
saturation. This was also clear from the fact £hat the moisture
contents were near saturation in the soil rings close to the source
of water application.

The soil moisture content profiles predicted by the model show
high moisture contents c}ose to the soil surface. The oob values were
higher below 0.1 m depth indicating that the moisture movement was .
faster in the ‘field. It was not possible to find the exact width of
moisture migration in the field,

?he results indicate that the field situation gave deeper
/

moisture migration than the simulated results. In this case it seems

that hysteresis played an important role. The departure of observed °

- moisture content curves from that of predicted values is no doubt due

86 ¢
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Figure 6.4, Soil moisture content pqof‘iles before and after® 12 L. of
water applied at 2 L.h™  -at Rougemont orchard site 2,
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to the hysteresis. There were errors involved in measuring the

hydraulic conductivity and the moisture characteristic curve because ’

these were measured in the laboratory. The problem of spatial

variabilty and heterogeniety in the field could cause the error inﬁ;§\

observed values when assumptions are made in simulations, Also,
hydraulic conductivity (K) values reduce tremendously with a small
decrease in moisture content as shown in Figure §,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 and 16'L
. N
of water at different discharge rates. The simulation resuits are

. »
presented and discussed as, follows:

6.3.2.1 Irrigation Application of 12 L of water

The distributions of watér input, along the horizéntal distance
and in the soil(profile. obtained with different dischargégrates and
methods are pgesented in Figures 6.5 and 6.6 respectively. The
results show that the lower discharge rates gave higher input close
to the emitter when compared to the higher discharge rates., The water
input at the emitter ranged betweeﬁ 76.7 mm obtained with 2 L.h'1 ’
and 71.9 mm obtained with-4 L.h-1. The difference in water input

close to the emitter is caused by the difference in the hours of

~
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CUMULATIVE PERCENTAGE OF TOTAL IRRIGATION WATER
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Figure 6‘6. Water input predicted in soil profile with an irrigation

application of 12 L at different discharge rates for
Rougemont orchard site 2.
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infiltration and redistribution, When water is applied at lower’

discharge rates the infiltration time is higher and t@e redistribution
- i
time is lower when compared to the higher rates of emitter discharge

{Table 6.2).

The pulse irrigation at an application at the raté\af Yy L.h-1

e

*

gave the same results as the continuous irrigation at an apﬁiication
rate ¢of 4 L.h'1. In this case the pulse irrigation behaved as the

continuous irrigation at the same discharge rate. This is due to very

"

low K values at @ less than saturated soil mois£ure contént (08).
The summa;y of simulation results is given in Tgble 6.2, Ipe

results ob£ained with different discharge rates and aethods of

irrigation application are in close agreement with each other. There

are very small differences whiéh occured due to the difference in time

L}

of infiltration and redistribution, Also the saturation zone developed

with higher discharge rates is larger.

The loss of water tends to increase with the decrease in the
b3

rates of discha}ge. This is due éo nﬁe fact that the infiltration area

increases with the increase in discharge rate., This behaviour “is
\\\ )

opposiﬁs—to that found fg RM1 soil.\<?bwevgr, the differences

T

resulting from the discharge rates are very'small and csﬁ>be\;gnored.

The model accounted for more than 97 percent of the tdEEl\\\\

irrigation water in each simulation., The input beyond the replenished

area 1s negative, The predicted values show more deficit than RWE

beyond the replenished area. This, is evident since the model accounts |

for 97 to 98 percent of the water applied. e

.
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Table 6.2. Summary of results predicted for Rougemont orchard site 2.

Q

1

Amount of Irrigation Water = 12 L

Rate (L.h™1) . 2.0 4.0 4.0
: Application Method Continuous Continuous Pulse
Wetting Time (h) 6.0 3.0 6.0

e Redistribution Time (h) 9.0 10.5 8.75
* .. _~Simulation Time (h) 15.0 13.5 14,75

G ///

’ Replenished R (m) 0.§ﬁ " 0,36 0.36
Replenished Z (m) 0.58 0.55 0.55
Area (m™) s 0.35 0.40 0.40

RWE (%) 8.7 9.8 9.8¢
Storage (%) 86,3 87.2 87.9

Loss (%) 2.9 2.1 1.3
Input WRA _ 97.9 99. 1 99.0

k) 4

Input BRA (%) =-0.5 -1,0 -1,2
Simulated (%) 97.4 98.1 97.8
Error (%) ;2 1a 2.2

. Total (%) 100.0 100.0 100.0

-
Amount of Irrigation Water = 16 L
Rate (L.h™") © w0 8.0 8.0
Application Method Continuous Continuous Pulse
Wetting Time (h) 40 2.0 - 4.0
Redistribution Time (h) 10.0 11.0 9.75
Simulation Time (h) 14.0 13.0 13.75
Replenished R (m) 0.37 0.39 0.39
Repleniihed Z (m) 0.66 0.60 0.60
Area (m7) 7 0.44 0.47 0.47
Tl

RWE (%) T~ 10.2 10.6 10.6
Storage (%) 81.4 83.6 84.2

Loss (%) T~ 7.3 3.8 3.2

.
S~
Input WRA 98.5\\\\\ 98.0 98.0
, ™~

Input BRA (%) -0.6 0.6 0.5

- Simulated (%) 98.3 98. 98.5

~~Error (%) . 1.7 1.4 \\\\\\\ 1.5

Total (%) \ 100,0 100,0 100.0
S ~

T~ 192
\
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The average waEer input over the replenished area was 33.5 mm
and the RWE was 3.0 mm. with daily -PET of 4.2 mm. The high
;bplicétion of more than 76 mm rgsulted ;n a loss of 9.5 mm under the
emitter, upward flux of 0.5 mm and moisture storage deficits at the
outer boundary of the soil cylinder. ‘ *

The range of irrigation'water input over the replenished area
was wide and the average water input was too high when compared to
the RWE demand. The large amount of water input close to the emitter
results in a loss of water below the root zone and the low i;put of
water fér from the emitter results in a deficit in s;orage.
Thérefore, the irrigatioﬁ application from a point source was not

uniform and was inefficient.

CSmparing the results obtained with different discharge rates

and methods, and ignoring minor differences in their values, it is

()

concluded that the soil moisture distribution is not dependent on the
rate of discharge and the method of irrigation appliéatio?. However,
the pulse @ethod of irrigation in this soil behaves as continuous
frrigation at the same rate of application and demonstratesﬁﬁo
advantage over continuous irrigatioq.

LY

6.3.2.2 Irrigation Application of 16 L of Water

The distribution of 1irrigation :a\er, along the horizontal
distance and in the soil profile, is presented in Figures B.41 and

B.42 respectively. The figures show that the input ranged from 82.2
e

1

mm with 4 L.h™' to 73.3 mm with 8 L.h-1. This indicates that with

1 -

93




high rate of applicatioﬁ, water moved laterally resulting in‘a smaller

incréase in ‘the replenished area, Thus, the area increases with the

increase in the discharge rate.

Pulse irrigation behaved in a manner similar to continuous
irrigation with the same rate of application. The 1loss o% water
éended to yincrease with a decrease in the discharge rate. The
irrigation resu}ted in an average application of 36 mm over the
replenished area of 0,U4 m2. The daily PET of 5.1 mm and RHE of 3.7
mn do not justify an.-average application of 36 mm of water (over the

replenished area) which eventually gets distributed nonuniformly in

the soil and possibly becomes available for deep drainage.

6.4 Rougemont Orchard 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 tﬁe soil profile measured and predicted at
distances of 0.1 and 0.25 m from an emitter are presented and

discussed,

6.4.1 Orchard Experiménts and Simulation Results

The moisture contents in the soil profile obtained at the rate

1

of 2 and 4 L.,h” ' with a total irrigation application of 12 L afe

presented in Figures 6.7 and B.43 respectivelyf/ The oin in the s0il
profile varied between 0.083 and 0.126 m3.m-3. The Opr in the soil

1

ring (1,1) ranged from 0,324 m3.m'3 at a Q of 2 L.h™ to 0.345 at a
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Qof 4 L.h~',

. The results of 16 L of irrigatioﬁ water application at the
emitter discharge rates of 4 and 8 L.h~" are presented in Figures B. U4
and B,45 respectively. The opr in the soil ring (1,1) ranged from

0.34% m3.m™3 at a Q of 4 L.h™ !

to 0.352 at a Qof § L.~ . The @
yowen than Os indicated that the ring did not reach saturation.‘As
the emitter discharge rate was increased the moisture content in the
ring (1,1) approached saturation.

The soil moisture content profiles predicted by the model are
in close agreement with the field data. The c}ose agreement is due to

4
the fact that the soil was sandy and homogeneous in nature. This site

AN
F\gas developed by filling the low lying area with sand.

N The moisture contents observed under the emi?ter were higher
than the predicted ones. Due to the coarse nature of the soil and high
hydraulic conductivity, the saturation zone developed was not larée
enough and the water migration was faster in'fhe downward vertical
directiom: The average over 0.06 m mesh size resulted in the reduced
soil moisture content,

i

6.4.2 Simulation Results after Redistribution of Water

The soil moisture distribution was predicted with 12 and 16 L,

of irrigation water applicatiod’at different discharge rates, the

results are presented and discussed as follows:

&
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6.4.2.3 Irrigation Application of 12 L of Water

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

]

emitter. However, the loss of water was higher with {4 I...h'1 when

! irrigation application. - The inpﬁt of water under

1 1

compared to 2 L.h~

the emitter was 34,9 mm with 2 L.h~' and 32.2 mm with 4 L,h”  The RWE

during simulation was 3.0 mm with a dally PET of 4.4 mm." An average
input over an area of 0,71 m2 was about 16 mm, The%replenished area
tends to increase when emitter discharge rate in increased.-But the
inerease in the area is a Qery small. The loss of water tends to
decrease with the increase in the emitter discharge ratei Pulse
irrigation behaves similarly to continuous irrigation with its average
rate of discharge. °

The differences in the results are very small as shownwin Table

6.3. It can therefore be concluded that the distribution of soil

molisture is not dependent of the rate or _method of irrigation

" -. application, L %

P

6.4.2.2 Irrigation 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 u_L.h-1 to 38.9 mm with 8 I..,h-1

irrigation application. The average Enput over the replenished area

of 0.8 m2 was 19,3 mm. The RWE was 3.3 mm with daily PET of 4.7 mm,

Pilse irrigation behaviour starts shifting at 8 L.h_1 from an average

»

rate continuous ‘irrigation to its emitter discharge rate,-

: 97 -
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Table 6.3. Summary of results predicted for Rougemont orchard site 3.

o

>~

3

1

Amount of Irrigation Water = 12 L

Rate (L.h™ ) 2.0 4,0 4,0
Application Method Continuous Continuous Pulse
Wetting Time (h) 6.0 3.0 6.0
Redistribution Time (h) 9.0 10.5 8.75
Simulation Time (h) 15.0 13.5 . 14,75
Replenished R (m) 0.48 - 0.48 0.48
Repleniihed Z (m) 0.90 0.90 0.89
Area (m™) 0.7 0.74 0.7
RWE (%) 18.0 18.7 18.0
Storage (%) . 67.3 65.1 67.0
Loss (%) 11.3 12.3 1.1
Input WRA 96.6 ©96.0 96.1
Input BRA (%) 2.8 3.0 2.4
Simulated (%) 99.4 99,0 . 98.5
Error (%). 0.6 1.0 1.5
Total (%) 100.0 100.0 100.0
Amount of Irrigation Water = 16 L
o
Rate (L.h™') 4.0 8.0 8.0
Application Method Continuous Continuous Pulse
Wetting Time (h) 4.0 2.0 4,0
Redistribution Time (h) 10.0 11.0 9.75
Simulation Time (h) 14,0 ) 13.0 13.75
Replenished R (m) 0.50 0.52 0.51
Repleniéheg Z (m) > 0.90 0.90 0.90
Area (m™) 0.80 0.84 0.81
RWE (%) 16.5 17.4 16.8
Storage (%) 64.8 64,3 65.4
Loss (%) 15.0 14,7 14,7
Input WRA 96.3 96.4 96.2
Input BRA (%) 2.7 3.0 2.9
Simulated (%) 99.0 99.4 99.1
Error (%) 1.0 ‘0.6 0.9
< Total (%) 100.0 100.0 100.0
100
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“to 0.328 at a Q of 8 L.h™ ",

Table 6.3 indicates that the soil moisture distribution with
different discharge rates and methods of application is the same in

this soil.

6.5 F;ockburn Orchard Site 1

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 molisture 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 1..h'1 are given in Figures 6.10 and B.48 respectively. The

Opr in the soil ring (1,1) ranged from 0.305 m3.n~3 at aq of U L.h~!

1

)

The moisture contents in the soil profile obtained at irrigation

1

application rates of 4 and 8 L.h™ ' for 24 L of water are presented in

Figures B.49 and B.50. The Opr in the soil ring (1,1) ranged from

3 ' £00.328 at a Q of 8 L.h",

0.305 m3.m™3 at a Q of ¥ L.h~
The soil moisture content profiles predicted by the model show
low moisture contents below o.1 m depth. This indicates that the

moisture movement was faster in the. field.
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6.5.2 Simulation Results after' Redistribution of Water

Soil moisture distribution was predicted using 16-ana 24 L of
irrigation water. Water was applied at) different discharge rates and
methods of application. The results are presented and discussed as
follows:

t

6,5.2.1 Irrigation Application of 16 L of Water

The distributions of water input: along the horizontal distance
and in the soil profile obtained with different discha:ge 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 compared to the higher discharge rates., The water

input at the emitter ranged between 23.8 mm obtained with 4 L.h-1 ’

and 22.8 mm obtained with 8 L.h-1. Pulse irrigation application at

1

the rate of 8 L1.h" gave the same results as the continuous irrigation

application at the discharge rate of 4 L.h~0,

A summary of simulation results is given in Table 6.4, 'ﬁae

~
-

results obtained 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
anczrkthe RWE was 3.2 mm with a daily PET of 4.6 mm. The loss of water

tends to increase with the increase in the rates of discharge. When

the soil is close to saturation the gravity potential dominates
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Water input predicted along horizontal distance with
an irrigation application of 16 L at different discharge
rates for Rockburn orchard site 1,
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application of 16 L at different discharge rates for
Rockburn orchard site 1. ) .
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resulting. in- faster movement of water }anwards. However the

differences resulting\l‘rom\the dischage rates are very small and can-

be ignored.
! The -mqdel accounted for more than 99 percent of the total

irrigation water in each simulation. This shows that the model is

6.5.2.2 Irrigation application of 24 L of water

stable in this soil.

The distribution of water, along the horizontal distance and in
the soil ﬂrof‘ile, obtained with different discharge rates and methods
are presented in i-‘igures B.51 and B.52 respectively.

The water input under the emitter ranged from 35.7 mm with 4

I...h-1 to 33.8 mm with 8 L.h-1 irrigation applications. 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
area is summarized in Table 6.4, The Table shows that the ‘moisture
distribution in the soil is not dependent on the rate of emitter

discharge. The simulations with the pulse method were less precise

’éhan the those using continuous irrigation, However, all the

simulatigns accounted for more than 98 percent of the irrigation water
applied.

Table 6.4 shows that the results obtained with different
d'ischarge rates and method of application are not different from each

other, Thus, the distribution of s0il moisture is not dependent on

2
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Table 6.4. Summary of results predicted for Rockburn site 1.

S~

S
~

Amount of Irrigation Water = 16 L

Rate (L.h™1) | 4,0 8.0 8.0
Application Method Continuous Continuous Pulse
Wetting Time (h) ' k.0 2.0 4,0
Redistribution Time (h) - 10.0 11.0 9.75
Simulation Time (h) 14,0 13.0 13.75
Replenished R (m) . 0.63 0.64 0,63
Replenighed Z (m) > 0.90 > 0.90 > 0.90
Area (m") 1.24 1.28 1.24
Storage (%) 42.9 4q.4 42.5
Loss (%) 24,0 25.4 24.0
Input WRA ‘ , 91.9 91.4 91,4
Input BRA (%) 7.4 7.7 7.3
Simulated (%) 99.3 99.1 98.7
Error (%) ' 0.7 0.9 1.3
Total (%) 100,0 100.0 100.0
Amount of Irrigation Water = 24 L
Rate (L.n™ ') 4.0 8.0 8.0
Application Method . Continuous Continuous Pulse
Wetting Time (h) ’ 6.0 3.0 6.0
Redistribution Time (h) 9.0 10.5 8.75
Simulation Time (h) i 15.0 13.5 14,175
Replenished R (m) 0.64 " 0.65 0.64
Repleniihed Z (m) > 0.90 > 0.90 > 0.90
Area (m") 1.28 1532 1.28.
RWE (%) 22.8 23.6 ~ - 22.8
Storage (%) 50.8 47.1 50.4
'Loss (%) ~ 20.6 22.8 20.6
Input WRA , 94,2 93.5 93.8
Input BRA (%) 5.2 5.7 5.0
Simulated (%) ; 99.14 99.2 98.8
Errar (%) 0.6 0.8 1.2
Total (%) _ 100.0 100.0 100.0
T 1
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6.6 géckburn Orchard Site 2 . -

&

the rate and method of irrigation application in this soil.

The experiments wére conducted using 12 and 16 L of irrigation

water. The moisture contents in the soil profile measured in the field

and predicted by the model are presented and discussed.
T

6.,6.,1 Orchard Experiments and Simulation Results

The results of 12 L irrigation water application at the rates

of 2 and U I...h-'1 are presented in Figures 6.13 and B.53 respectively.

3

in the 301l ring (1,1) ranged from 0.4156 m 3 at a Q of 2

0.4162 mS.m~3 at a Q of 4 L.h™ .
The distribution of @ in the soil profile obtained with
irrigation application of 16 L at the rates of 2 and 4 L.h~" The Qpr

3 -3 1

in the soil ring (1,1) ranged from 0.4155 m~.m - at a Q of 2 L.h™ ' to

0.4162 at a Q of 4 L.h™',

The figures show that the soil moisture migrated deeper in all
the treatments. The values of @ were lower in a soil profile (Z,0.10)
close to the soll surface when compared t9 the generated values. The
°ob values in a soil profile (Z,0.25) were higher close to the soil
surface which indicate that the moisture migration was wider innge
field."The problem seems to have occured due to the so0il moisture
retention curves which were meagured in a laboratory. The soil

moisture distribytion patterns are similar in both the simulated and

field data. The departure of observed data from generated data is
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due to causes:lready mentioned in previous sections,

-

4
6.6.2 Simulatiqg Results after Redistribution of Water —

The experiments were conducted for 12 and 16 L of irrigation
water applied at different discharge rates from an emitter. The soil
molsture distribution predicted at the distances of 0.1 and 0.25 m —
from an emitter are presented and discussed. -

-~ -

6.6.2,1 Irrigation Application of 12 L of Water

The distributions of water input, along the horizontal distance
and in the,soil profile, obtained with differefit discharge rates and
methods are present.eci in Figures 6,14 and 6.15 respe;tively. The
results show that the lower discharge rates gave higher input close
to the emitter when compared to the higher discharge rates, The water

input at the emitter ranged between 51.4 mm obtained with 2 L.h"1 ’ Al

and 50.0 mm obtained with U L.n~', The pulse ir’ri,)gation application .
at the rate of 4 L.h'a1 gave the same results as the continuous b

irrigation application at the discharge rate of 2 L.n",

K"

The summary of simulation results is given in Tabde 6.5, The*

results obtained with different discharge rates and methods o
irrigation application are in close agreement with each other. There

was no loss of water beyond the root zone during the simulatiop time.

1

However, the water movement was deeper with ¥4 L.h~  when compared to

2 L.h- ] irrigation application. The average input over the -

replenished area of 0.49 xn2 was 23.8 mm. The RWE was 3.0 mm with thé
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' an irrigation application of 12 L at different discharge
rates for Rockburn orchard site 2V
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Table 6.5, Summary of results predicted for Rockburn orchard site 2.

P iatahnd

Amount of Irrigation Water = 12 L

-
Rate (Lth™) 2,0 4.0 4.0
Application Method Continuous Continuous Pulse

Wetting Time (h)
Redistribution Time (h)

" Simulation Time (h) \
Replenished R (m) 0.40 0.1 0.41
Replenigh’ed Z (m) 0.61 0.66 0.61
Area (m") 0.49 0.52 0.49
RWE (%) “12.2 12.9 12.2
Storage (%) 84.4 84,2 84.5
Logs (%) 0.7 0.8 0.7
Input WRA 97.3 97.9 97.4
Input BRA (%) 1.2 1.2 1.3
Simulated (%) 98.5 99.1 98.7
Error (%) 1.5 . 0.9 1.3
Total (%) . 100.0 100.0 100.0

' Amount of Irrigation Water = 16 L
Rate (L.h™') 2.0 4.0 4.0
Application Method Continuous Continuous Pulse

Wetting Time (h)
Redistribution Time (h)
Simulation Time (h)

o e e e

Replenished R (m) . 0.h2 0.43 0.42
Repleniihed Z (m) 0.66 0.69 0.66
A!‘ea (m ) 0056 ' 0-57 o.56
. .
RWE (%) ) 13:5 13.9 : 13.7
Storage (%) . 84.1 83.6 - 83.9
Loss (%) 0.7 0.8 0.7
/
Input WRA . . 98.3 98.3 98.3
Input BRA (%) 0.3 0.9 0.4
Simulated (%) , 98.6 99,2 98.7
Error (%) 1.4 0.8 1.3
Total (%) - ~100.0 100.0 100.0
+ 113
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daily PET of 4.2 mm.
The model accounted for more than 97 percent of the total
irrigation water in each simulation. This shows that the model is

@

stable. ‘

6.6.2.2 Irrigation Application of 16 L of Water

Tne 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 B.57 respectively. The

' 46 58.0 mm with 2 L.h™"

water input ranged from 59.4 mm with 2 L.h™
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 sites was not done due to the variation in the
conditions under which experiments yere con&ucted. From the results,
it was noticed that the moisture content in the soil tends to approach
field capacity during moisture }edistribution. One of the objéctives
of drip irriéati;n is to maintain tLe s0il moisture content betweep
field capacity and 50 percent available soil moisture. Therefore,
further invéstigations werelcarried out by eping the Oin at field

capacity. The physical properties of each of fthe, sites were used
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keeping all other parameters constant in each of the simulations,

Two types of emitters were studied: (1) discharge from an
emitter at the center, (2) di;charge 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 origin of input in the simulation process was
shifted to the ring (4,1). The excess water eften infiltration moves
out to either side of the rings (3,1) and (5,1). The simulation were
carried out for two days with a daily PET of 4,5 mm.day“. The
irrigation applicatioﬁ of 12.0 liters of water at the rate of 2.0

1

L.h~ ' 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 Circular Loop Source

The distribution of water input at the termination of simulation
is presented in Figures 6.16, and B.58 to B.61. The discharge from
a point source gave high ;ater input at the center which resulted in
a loss of water below the root zone, The discharge 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 circular loop source emitte;s without
loosing water below the root zone and wetting larger areas arognd
growing trees, .

In addition to the above 1nvestiga€10ns, a ¢ircular loop emitter

was placed o.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
irrigation application of 12 L from -a point and a circular
loop source for Rougemont orchard site 1.
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field 1. Figure B.60 shows that an-emitter at o.42 m away from the
tree gave a wider wetted area. However, the water input predicted
for the emitter with a larger r;dius of applicaﬁion was a little lower
than the PET., Thus, further increase in the radius of application of
a loop emitter may not'provide enough moisture 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 c¢ircular
source is considered. The results are summarized in Table 6.6. Water
input along the horizontal distance obtained from a point source and
a circular loop source 1is presented in Figures 6.17 and 6.18

respectively. The results show that the distribution of water is not
only dependent on the l(s value but also oh‘£he soil moisture
characteristics. The soil moisture characteristices (FigLres 4.1 and
4,2) as well as the predicted s0il moisture distribution for the
Rockburn field 1 and Rougemont field 1 are similar., On the other hand,
the soil moisture migration for the Rockburn fleld 1 and R:jigemont
field 1 is wider than that for Rougemont field 3. This is due to the
coarser texture and higher hydraulic conductivity of the soil at

Rougemont field 3.
The 301l moisture content remained high close to botﬁ types of

°

sources at Rockburn field 2 and Rougemont filed 2. The unsaturated

hydraulic conductivity values reduce tremendously with a small

!
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“ AMOUNT OF WATER , mm

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
~ DJISTANCE FROM CENTER, m

LEGEND: SITE ——— PET 1] S RB2
——— AMI -—-— RHM2 --——- RM3

Figure 6.17.

Water input predicted along horizontal distance with an
irrigation application of 12 L from a point source for
the five research sites.
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Figure 6.18. Water input predicted along horizonfal distance with an
irrigation application of 12 L fromw a circular loop source
for the-five research sites.
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Table 6.6. Summar'y"c';'fi simulation results obtained with 12 L of water

application from a point and a circular source for the five

b

!

research sites.,

R
[}

Rougemont Orchard Site 1

Source Point . Circular loop
"Replenished R (m) 0.42 0.43
Replenished Z (m) > 0.90 0.36
Area (m"™) 0.56 Y 0.58
RWE (%) 1.9 43.5
Storage (%) 9.8 17.7
Loss (%) 17.5 -5.1
Input WRA™Y%) 69.2 55.1
Input BRA (%) 29.9 uy,3
Simulated (%) 99.1 99.4
Error (%) 0.9 0.6
Total (%) 100.0 100.0

Rougemont Orchard Site 2
Source Point Circular loop
Replenished R (m) 0.32 0.44
Replenighed Z (m) 0.66 0.36
Area (m") .0,32 0:62
RWE (%) 24,5 46.6
Storage (%) 61.8 » 44,0
Loss (%) 7.5 ~0,6

&
Input WRA 93.8 90.0
Input BRA (%) © 3.5 9.5
Simulated (%) 97.3 99,5
Error (%) 0.7 0.5
Total (%) 100,0 100.0
continued...
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T ble'6.6 continued .....

o ~

s | Rougemont Orchard Site 3
éource Point Circular %oop
i
i o
f /
Replenished R (m) 0.40 0.46
Replenighed Z (m) 0.86 0.60
Area (m") 0.51 0.67 ,
RWE (%) 38.3 50.2 -
Storage (%) . 41, 29.7
Loss (%) 7.2 -2.0

\ Input WRA 87.1 77.9
Input BRA (%) 12,0 21,6 /
Simulated (%) 99.1 "99.5
Error (%) ) 0.9 0.5 ey,
Total (%) 100.0 100.,0
19
Rockburn Orchard Site 1 ’/"\\
Source Point Circular loop )
Replenished R (m) 0.42 0.42 .
Bepleniéhed Z (m) > 0,90 0.60
Area (m™) 0.57 0.55
RWE (%) 42.5 41.5
Storage (%) 32.0 21.1
Loss (%) -2.0 ~7.6
Input WRA 72.5 55.0 i
Input BRA (%) 26.7 44.4 &
Simulated (%) 99.2 99.4
Error (%) 0.8 0.6 '
Tetal (%) 100.0 100.0
continued...
o
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able 6,6 continued .....

‘ ‘ Rockburn Orchard Site 2

urce Point Circular loop
f - : ‘ p N
" /Replenished R (m) 0.35 0.48
Re eniéhed , (m) 0.60 0.36
Area (m") : 0.38 0.73
RWE (%) 29.0 ' 54.8
Storage (%) , 62.9 30.2
Loss (%) -0.9 ~1.5
Input WRA 91.0 83.5
Input BRA (%) ' 6.7 "15.9
Simulated (%) 97.7 99,4
"Error (%) 2.3 0.6
Total (%) 100.0 100.0
i
‘ »
%
]
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decrease in moisture content as shown in Figure 4.2, This caused slow
movement of water in the soil and the moisture content remained at
1ts‘high value close to an emitter, The problem of saturation thus

would occur under the emitter in the soils having similar properties,

Therefore, placement of an emitter close to the tree should be avoided -

at these sites,

A
6.7.3 Amount of Irrigation Water versus Replenished 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

. ggven in Table 4,1, Thus, the results obtained with different amounts
of water are comp;red and discussed, The results show that the
replenished area and lo§slof water below root zone increases with the
.increase in the amount of irrigation application. The increase in
the replenished area fg not prSpqrtional to the’increase in tH; amount
of water, There seems to be some relationship between the amount of

water and the area replenished., The relationship between replenished

area and amount of water can be expressed as:

AZ - AT l’TQZ / TQ1 s o0 (6-1)

o .

where TQ is the total amount of irrigation water, L

Ais thg replenished area, m
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Subscripts 1 and 2 refer to the amount of water and the

corresponding replenished area.

Iq comparing the resulting replenished areas with different
amounts of water the relationship developed in Eq. 6.1 is necessary
to have similar conditions for different amounts of igrigation water.
Also, this relationship holds within the volumes of water tested as

shown in Table 6.7,

6.8 Sensitfvicy Analysis

The eﬂfeéts of the various parameters on the soil water
migration were studied to examine the sensitivity of the simulation
model., The parameters and their values used in this .analysis are
listed 'in Table 6.8. The results obtained at the terQination of the

simulation runs are presented and discussed. i

6.8.1. Mesh Size in R-Direction

The mesh size was changed to 0.05 and 0,08 m. The vgriable mesh
size was also examined, The mesh sizes starting from-an emitter to
the outer boundary, in order, were: 0.02, 0.04 0.08% 0.10, 0,06, 0.04,
0.06, 0.06, and 0.06 m, The distripution of irrigation water_}nput
along R and Z directions is presented in Figures B.62 and B.63
respectively. The summary of water disﬁ ibution results is presented

in Table 6.,8. The Figures and the Table show that the distribution

of water in the soil is s;milar with various mesh sizes.

/
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» 3
4
Table 6.7 Replenished areas (me) predicted with different volumes "
of irrigation water and time equivalent to 12-hours AMT

Site " Volume of Water (L) . o
F's

12 16 o

Rougemont Orchard Site 1 0.70 0.81 1.0

Rougemqnt Orchard Site 2 0.40 ~ 0.46 -

Rougemont Orchard Site 3 0.74 0.84 -

Rockburn Orchard Site 1 - 1.28 1.58

Rockburn Orchard Site 2 0.52 0.60 -

o

o

Ll

*
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of mesh size.

b

. Table 6.8.,§ummé§y of simulation results obtained for sensitivity

e
. Radial Direction
~ Mesh Size {n) 0.05 0.06 0.08 Variable
Replenished R 4m) 0.50 = 0.50 0.51 0.50
'Replbnished‘Z (m) 0.85 0.85 0.85 0.83
Area (m™) 0.77 0.78 0.83 0.78
" RWE (%) 22.7 23.1 24,5 23.2
Storage (%) | 49.0 ug.6 h8.8 k9.2
Loss (%) 25.3 24.5 22.6 22.3
put WRA (%) + 97.0 96,2 95.9 94.6
Input BRA (%) 2.5 3.4 3.9 3.3
Simulatéd (%) 99.5 99.6 , 99.7 97.9
Error (%) 0.5 c.4 0.3 2.1
Total (%) 100.0 100.0 100,0 100.0
Vertical ﬁirection
Mesh -3ize (m) 0.05 0.06 0.08
Replenished K -(m) 0.50: 0.50 0.50
Rqﬁleniéhed z(m 0.85 0.85 0.86
) Aréa (m ) 3 0078 0078 \A‘ ‘0-78
; RWE (4.) 23.1 23.1 23.0
LN Stol"aée (;‘)r u8¢9 u806 "'805
Loss (%) 24.1 24,5 24.6
Input WRA (%) 96.1 96,2 96.3
Input BRA (%) 3.5 3.4 3.4
Simulated (%) 99.5 99.6 99.7
Error (%) 0.5 0.4 0.3
Total (%) 100,0 100,0 - 100.0
" 126
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6.8.2 Mesh size Z-direction - *

The mesh size was changed to 0.Q5 and 0.08 m. The input of
irrigation water along the R and Z direction is presented in Figures
, " B.64 and B.65., The summary of ressults is given in Table 6.8. The

.

Figures and the Table indicate that the distribution of water in the

Soll is similar,

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.

b,

6.8.3 Hydrauliec conductivity

/ : ’ The K values were changed to 3.56 and 5.14 m.day‘!. Unsaturated
K values were calculated using the soil ;noisture retention c~urve of
Rougemont orchard si'be 1. The distribution of water input along the
R and Z dir\ections are presented in Figures B.66 and B.67. The
Figures indicate that the moisture migration is faster in the R and
Z direction with higher K values when compared to lower values,
waéver, the moisture migration obtained at 12‘hours after the start
of irrigation with a K value of 5.1396 m,ﬂday"' when compared to the
moisture migr‘ati‘on obtained at 15 hours after start of irrigation w_itp
K. value of 3.56 m.day"'1 show no diff‘erer;ce in water input in the R
(Figure B.66) or Z (Figure B.67) directio.n. This indicat:es that the

K values with the same so0il moilsture characteristie curve do not
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influence the soil migration patterns. Water moves faster with hiiher

K values when compared with lower K values. The results obtained from

other soils having different soll moisture characteristics are

-

discussed in previous sections. The results indicate tha{; the

. moisture migration is dependent on the soil moisture characteristics

rather than only on the saturated hydraulic conductivity.

-

3.8.4 Rate of irrigation application

The effects of various rates of irrigation applications of
irrigation water were examined in previous sections., The results
indicate that the molsture migration was independent of emitter
discharge rates., -

3

3.8.5 Amount of irrigation water

The total water input ‘was changed to 16 and 24 liters, Since
it is evident-from the results obtained with various application rates
that the moisture migration is independent of emitter discharge rate,

the total water in all these cases was applied within the same period

of 6.0 hours. The input of water along R and Z directions is

prﬂesen‘ced in Figures 6.19 and 6\20 respectively. A summary of
simulation results is presented in Table 6.9. The Figures and the
Table indicate that the higher amount of irrigation water gave wider
and deeper migration of soil moisture yzhen compared to the lower
amounts of irrigation water applications. The migration of soll

moisture is dependent on total quantity of irrigation water rather
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Figuré 6.19, Water input predicted along horizontal distance wiﬁh
, irrigation applications of 12, 16 and 24 L.
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CUMULATIVE PERCENTAGE OF TOTAL IRRIGATION WATER

N SANAANLINL A A A AR A o A I SR AL N S B | SR A A AL A B (NS S LA S e i

0.0 0.2 0.4 0.6 0.8
A
DEPTH FROM SOIL SURFACE,m
| LEGENDO: TQ T@=12 = -e-ee- - T0=16
s TR=24

l

\

li"igure 6.20, Water input predicted" in soil profile with irrigation
applications of 12, 16 and 24 L.
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than on the rate of irrigation application.

The higher amount of wéter gave higher water 1nput along the
radial and vertical directions. Figure 6.20 shows that the higher
percentage of total irrigation water was ob?ained with a lower amount
of water at the same depth. Thus, the loss of water increases with
an increase in the amount of waﬁjr. The replenished area increases

with an 1increased amount of water input.

6.8.6 Root zone depth

The root z;ne depth was changed to 0.48 and 0,60 m respectively.
The irrigation water fnput along the R and Z directions is presente;
in Figures B.70 and 5.71. The Figures show that the distribution of
irrigation water in both directions is similar with gifferent root

zone depths. The loss of water decreases with the increase 1in root

\ i
zone depth, This‘is due to the fact that the loss of water 1is

1

considered beyond rhe specified root zone depth.

>3,
f

T

-

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 R and Z directions is

presented in Figures 6.21 and 6.22 respectively. The Figures indicate

that the amount of water retained near the emitter was higher with
%
lower initial moisture content. The migration of moisture was wider

and deeper with high initial soil moisture content,
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Figure 6.21.

é

. =——— MC=0,10

Water input predicted along horizontal distance with an
irrigation application of 12 L and different initial soil
moisture contents,

f -
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Figure 6.22. Water input predicted in soil profile with an irrigation
application of 12 L and different initial soil moisture
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6.8.8 Daily evapotranspiration,

The daily PET values were changed to 0.0, 2.5 and 7.5 mm. The’

* irrigation water input along the R and Z directions is presented in
Figures B.72 and B.73 respectively. The summary of water distribution

is presented in Table 6.9. The Figurés and the Table indicaté tr;at

the moisture migration was wider and de/eper with low PET values when
compared to the high PET values., This is due to the fact that the’
amount of water ’available to migrate into the soil was higher w'hen

°

PET values were lower.

6.8,9. Volume of soil ring

- ‘

The volume of all the so0oil rings was maintained. The mesh size

in Z direction and all other parameter; were held unchanged. The mesh
8ize in the R direction and the radius of the soil cylinder were
changed to accomodate the same volume of each soil ring. The
distri:bution of water along R is presented in Figure 6.23, The
sumary of water distribution is presented in Table 6.9. The Figure
» shows lower water input under the emitter with constant volume soil
rings. By keeping the volume constant the width of inner most ring is
greater when compared to the variable volume soil rings with constant
mesh size. The saturation zone in this case probably was not large
enough and the average of the input over larger area r;:duced the water
input. However, the repleriished area obtained with both treatments is

the same as shown in Table 6.9.

h
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0.0

LEGEND:

Figure 6.23.

a.1 0.2 0.3 o.4 0.5 0.6
DISTANCE FROM EMITTER,m
VOLUME ——=—— CONSTANT PET
------- VRRIABLE

Water input predicted along horizontal distance with an

irrigation application of 12 L using constant and variable
volume soil rings.
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Table 6,9. Summary of simulation results obtained for sesititivity
of various parameters.

-
-

Hydraulic Conductivity

Kg (n'.day™") 3.56 4,35 5. 14
Replenished R (m) 0.46 0.47 0.48
Replenighed Z (m) 0.79 0.79 0.84
Area (m") . / 0.67 0.70. 0.72
t
RWE (%) J 26.5 27.5 28.5
Storage (?}/’ 49,3 47.4 45.6
Loss (%) 19.4 20.3 21.1
‘Input WRA (%) 95.3 95.3 9. 1
Input BRA (%) 4,2 4,2 4.3
Simulated (%) 99.5 99.5 99.5
Error (%) 0.5 0.5 0.5
Total (%) 100.0 _100.0 100.0 )
Amourit of Water

TQ (L) 16.0 12.0 24,0
Replenished R (m) 0.51 0.47 0.57
Depth (5) 0.85 0.79 > 0.90
Area (m™) 0.81 0.70 1.0
RWE (%) 23.9 27.5 19.8
Storage (%) . 45.4 47.4 41,3
Loss (%) 26.4 20.3 35.9
Input WRA (%) 95.7 ' 95.3 96.9
Input BRA (%) 3.8 4,2 2.7
Simulated (%) 99.5 99.5 9.6
Error (%) 0.5 0.5 0.4

~

(%) 100.0 100,0 100.0

, continued.,,
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Table 6.9 continued,.....

ey

Root Zone Depth

Depth (m) 0.48 0.36 0.60
Replenished R (m) 0.47 0.47 0.47
Repleniahed Z (m) 0.79 0.79 0.79
Area (m™) 0.70 0.70 0.71
$
RWE (%) 27.8 27.5 27.9
Storage (%) 59.9 47.4 65.9
Loss (%) 7.4 20.3 1.1
Input WRA (%) 95,1 95.3 94.9
Input BRA (%) 4.4 4,2 _4.5
"Simulated (%) 99.5 99.5 99.5
Error (%) 0.5 0.5 0.5
Total (%) 100.0 100.0 100.0
Initial Soil Moisture Content
IMC m3.n~3 0.07 0.085 0.10
Replenished R (m) 0.47 0.47 0.50
Replenighed Z (m) 0.73 0.79 > 0.90
Area (m"~) 0.68 0.70 0.78
RWE (%) 24.6 27.5 31.2
Storage (%) 57.3 47.4 34,8
Loss (%) ., 15.0 20.3 26.5
Input WRA (%) 96.9 95.3 92.5
Input BRA (%) 3.4 4,2 7.0
" Simulated (%) 100.3 99.5 99.5
Error (%) -0.3 9.5 . 0.5
Total (%) 100.0 100.0 100.0
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Table 6.9 continued....

. Daily Potential Evapotranspiration
PET (mm) 0.0 2.5 5.0 7.5
Replenished R (m) 0.64 0.51 U7 0.43
Repleniéhed Z (m) 0.8 0.80 0.79 0.79
Area (m™) "1.29 0.83 0.70 0.59
RWE (%) 0.0 16.5 27.5 35.1
Storage (%) 72.9 67.7 47.4 38.8
Loss (%) 26.5 23.2 20.3 17.8
Input WRA (%) 99.5 97.2 95.3 91.7
Input BRA (%) 0.0 2.3 4.2 7.8
$imulated (%) 99.5 99.5 99.5 99.5
Error (%) 0.5 0.5 Q.5 0.5
Total (%) 100.0 100.0 100.0 100.0 "
- Volume of Soil Ring
3 0.0061 Variable

Volume of each rigg (m

Simulated Area (m") 1,12 . 1.37
Replenished R (m) 0.48 - , 0.47
Replenished Z (m) . 0.73 - 0,79
2 i ‘ | \
Area (m®) 0.72 \ o0.70 .
RWE (%) 28.3 27.5
Storage (%) 51.6 47.4
}.oss (% 15.9 20.3
Input WRA (%) 95.8 95.3
Input BRA (%) 4,0 4,2 v
Simulated (%) 99.8 99.5
Error (%) 0.2 0.5
Total (%) 100,0 100.0
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CHAPTER VII

SUMMARY

‘&
14

A computer model based on the principlé of mass conservation and
*Darcy’s law was formulated using the Continuous System Modeling Progran
(C3MP) to study the soil moisture migration from a drip source under
supplementary irrigation conditions considering /root water extraétion

(RWE). The RWE was assumed to be equal to evapotranspiration (ET) and was

| 1
1

considered as a function of soil moisture content, depth of root zone and

the time of the day.

The soil properties needed for the model are unsaturated hydraulic
conductivity as a function of moisture content and the moi‘stur-e 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
.respec‘c to the depth from the soil surface are also required.

The field experiments were conducted with predetermined rates and
amounts of water applied cc;ntinuously fro‘m a point sour“ce on f‘d;ve
different soils in newly«"éeveiopedﬂ dwarf-apple orchards located in

s were sandy dnd sandy loam. Undisturbed

southwestern Quebec. The

soil samples wvere taken to de e the bulk'density, hydraulic
conductivity, and sgil moisture retention characteristics. The soil
damples were taken from the soil profile before and immediately after

irrigation application to determine moisture content by the gravi}ﬂétric
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method.

The model was solved using axisymmetric soil volumes,. The soil was
as.sumed to be homogeneous, isotr;bic and non-swelling. Hysteresis was
not considered., No flow conditions across the boundaries of the finite
solil cylinder were fixed. The root 2zone depth was specified at the
int:erface between the soil rings along t‘zhe horizontal direction. The
initial soil moisture contents in the soil profile were considered to form
horizontal moisture planes and were specif’iea' at- the center of the ri;'lgs.
The simulations were continued "after the cessation of irrigation until
the time equivalent to an arbitrary 12-hour AMT (actual migration time
for the total irrigation water).

The soil moisture contents ih the soil profile predfcted with this
model were compared with the observed data and good agreement was found,

The sensitivity of the model to the rate of emitter discharge, amount of

water, initial moisture content, hydraulic conductivity, root zone depth,

amount of RWE was examined. It was found that the disbribution of soil

moisture is dependent on the amount of water, the soil moistureg retention

1

characteristics, the initial moisture content and the amount of RWE. It

is independent of emitter .discharge rate and root zone depth.

a,
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CHAPTER VIII
CONCLUSIONS

Based on the results of this investigation the following conclusions

were drawn:.. it ;
R

~ : - “
1. The model can be used to predict soil moisture migration in the soil

in the presence of, or without an apple\,t':r'ee.

2., The soil moisture retention characteristic curve is the basic®

requi.rement for generating data for designing a drip system.
Parameters such as potential evapotranspirat'ion, root: zone depth and
other's‘ can' be estimated. The functions of unsaturated hydraulic
conductivity versus moisture content,» root zone depth versus root
water extraction fraction and moisture content vs AET/PET can be
derived or estimated. ~ e *

.3. The méisture content profiles simulated‘ and observed were in close
agreement with each other. This indicates that this model is reliable
for predicting moisture migration from a drip source.

4, The loss of water increased with rthe increase in the amount of water

: applied. Higher amounts of water gave wider and deeper migration of
water in the‘soil.

5. The loss of water tends to increase with E decrease in the discharge
rate.but this minor dkift‘er'ence did not a-f‘f'ect the geqeral pvattern ‘of‘

' -
moisture distribution. ’
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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 less water
input under the emitter. When the volume of the rings was held

-
constant the large mesh size close to the emitter gave lower water

input when comparéi‘to the simulations with constant mesh: sizes.
Therefore, the large mesh size especlally close to the emitter should
be avoided. .

7. The water input is not evenly distributed along the horizongal
distance from the emitter when the-discharge from a point sou;ce is
considered. There is loss of water below root zone and temporary
saturation under the emitter,

8. The circular loop emitter wgen compared to the.point emitger gave
vetter water input distribution and no loss of water below rogt zone,

g. Thé:wetting front moves as a step function of.horigontal distance from
the vertical axis passing through the emitter and the vertical

¢ distance from the soil surface. The step size is equivalent to the

mesh size.
10, At an arbitrary actual migration time (AMT) of 12-hours for total
irrigation’ watez, there was no difference in width or depth and
: iso~s0il moisture content curves obtaiﬁed at different discharge rates
for the same amount of water, .

11. The distribution of water is dependent on the amount of water applied,

but: it is independent of the rate of its application.

[ 5

.
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-
The migration of soil water depends on the initial soil. moisture
content,

The moisture migration is not dependent on t@e root zone depth. .
The percentage of irrigation water stored withig the root zone is
higher with lower amounts of water application. ‘

The net amount of water available for wetting and redistribution in
the soil is the result of the amount of water input by irrigation,
th; initialimorsture°content, and depletion due to root water
extraction. Consequently, the distribution of moisture would be
according to the net amount of watet available in the soil.

The moisture content in the soil ténds to approach field capacity
The simulation accounts for more than §7 percent of the total
irrigation water.

The relationship between wetted area and total amount of irrigation

water applied can be represented by:

- A, =

> A_1 \/TQz / 'I‘Q1

where TQ is the total amount of water, L ; A is the replenished area,

mal Subscripts 1 and 2 refer to the amount of water and the

corresponding replenished area.
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19, The pulse irrigation results are similar to 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.

To summarize, the soil moisture distribution from a point source is

dependent on the amount of water remaining in the soil and soil moisture

. retention characteristics. It is indepapdent of the root zone depth, and
L .

of the rate or method of water applicapion.
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CHAPTER IX
CONTRIBUTION TO KNOWLEDGE

The application of drip irrigation to irrigated agriculture 1is a
recent development in Quebec, It is being used in dwarf-apple orchards
and for vegetable and other small fruit production. Although
investigations have been carried out previously on drip irrigation under
laboratory and arid field conditions, the results cannot be applied to
the climatic conditions exsisting in the prqvince of Quebec.

In this work a simula:ion model has been d;veloped to predict soil
‘moisture migration from drip sources fn the orchards. The root water
extrabtion term and emitter discharge combined with the flow Qquatién has
been solved using the concept of mass conservation and Darcy's law, A
macroscopic approach has been used to estimate the root water extraction
term. The model is formulatéd using the Continuous System Modeling Praogram
(csMP).

The combination of Darcy's law, the concept of mass conservation
and the RWE term as a function of 8, Z and t has not been used before,
especially uﬁder the conditions prevailing in humid areas. Also, no work
has been reported on the prediction of soil moisture distribution from a
Bulse method of drip irrigation.

In previous studies, the initial soil moisture has been assumed to

be unifogm throughout the finite soil volume, In this study, the initial

soll moisture was considered to be uniform with respect to the radial
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distance from the emitter, but to be variable vertically in the soil
profile due to rainfall, evaporanspiration and drainage.
This thesls contributes to the knowledge of drip irrigation as

follows:

1. A siﬁulation model was developed to predict !soil moisture distribution

t

from a point source for irrigation of dwarf-apple trees,

2. The root water extracfion term as a function of 0,§Z and t {s defined.

. . .
3. After rainfall the moisture content is considered to be the same with.’

respect to the horizontgl direction from an emitter, but it varies

‘ vertically in the soil profile. Thus, the moisture content observed
in the soil profile before the start of expe#iments has been used fo;
simulations,

4, The model is formulated to accept variabi; and cénstant mesh sizes.

5. The concept of a replenished wetting front is proposed and™is used
and investigated.

6. The concept of actual migration time for the total irrigation water
(AMT) has been defined and used to stud; the s0il moisture migration
for different discharge rates, and methods of irrigation application.

T. The simulations were continued after the termination of irrigation

N : until a time equivalent to the 12-hours ANT which allows sufficient

Qg; ' time for redistribution of soil moisture.

\ . 8. The simulations have been done for the continuous and pulse methods

of drip irrigation application and the results have been compared.

pon e i P

P Bt e e T

B T




. N R ,
: .
N . .
M . N °
\ . B . E ’
<

~

N . 9. The empirical relation between initial replenished areé obtained with’
a certaln amount of water and a subseqpént replenished area obtained
, . with a different amount of water was found.
10. The moisture migration within a‘finite soil Qolume depends on the
final amount of water (SWAfi) which can be determined from the
. following relationship: <
L SWAfi = SWAin + TQ - RWE .
| :
\

‘where SWA“‘ is the initial amount of water in soilj TQ is the total

amount of water applied; RWE is the root water extraction. ?

11. The storage of water within the root zone, the loss of water beyond
the root zone, énd the root water extraction are estimated.

12. The soil moisture~migration from a circular loop emitter is predicted

4

and compared with that obtained from a point source.

"
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CHAPTER X o,

SUGGESTIONS FOR FUTURE RESEARCH

The simulation model developed in this study can be used to preJict
soil mbisture distribution from a point source under homogeneous
conditions, In the field the so0il 1is seldom homogeneous. ‘The soil
properties vary within thé soil profile. The root water ext;actioﬁ (RWE)
patterns, as a fﬁnction of depth, are required for this model. The RWE
patterns may differ~in the layered soils. Also, the propérties of soil
.containing roots differ from the soil with no roots. This model does nog
differentiate between the two soil conditions. It is recommended that
ﬁesearchybe done on layered soil; to study the root water extraction
patterns so that the model can be modified to be applicable to layered
soils, ,

This model considers the moving boundary as a step function of the
distance frow an emitter, the step being equal to the mesh size.
Additional research should be done to account for the moving boundary
conditions as a function of soil moisture content at least for saturation
under the emitter. This can be done by developing a model yhich permits
the use of varying mesh sizes during simulation.

The model should be modified to account for soil heterogeneity and
aéisotropy to increase the accuracy of the simulated results. ‘Also, the
effects of cloud cover during the day-time and hysteresis on the soil

moisture migration need to be\considered in further research.
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Simulation studies should be carried out to study the distribution
of irrigation water considering overiﬁbping gf'Wetting fronts from
adjacent emitters. The distance between emitters should be determined when
the distripution of s0il moisture from a point source is the same as that
from“a line source irrigation water application.

Research is needed to study the moisture migration from a circular
loop source and its placement with respect to a tree. Further studies
are needed for the developement of circular loop emitters which can meet
the irrigation needs of a tree. Aiso, research should be conducted to
study the potential of circular loop emitters in the development of new
orchards.

0 [

. .
Drip irrigation from a point source is applied to vegetable cropé

cultivated in rows under controlled conditions in greenhouses in Quebec.

‘Under these conditions the information on the estimation of

evapotranspiration and RWE patterns is not availabie iq the literature.
Research in this field is required for the development of .a model
applicable to the greenhouse situation.

Under supplementéry irrigation conditions the irrigation water
requirement and the area to be irrigated are less than those requirgd
under dry conditions. The undulating topography of the orchards needs
special care in designing an irrigation system for emitter discharge
uniformity. Work is needed in order to determine the water requirements
and the minimum area to be irrigated.

Clogging of emiéters is observed by the farmers in the orchards and

¥,

greenhouses. No study has been done in Quebec on the subject. It is

145

BT ot s A A5 B ik 8 s o g Pt F T e e



e

< .

suggested that the cause of the problem be determined and that research

and development be carried out to alieviate the problem. %
Fertilizers are applied through drip irrigation systems. WFrom a

point Scurce water input to the soil under the emitter is high cau¥ing a

temporary saturation and loss of water., Research is needed to study the

didtribution of fertilizers in soil with the irrigation system and its

effect on root development and crop response.
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APPENDIX A

LISTING OF THE COMPUTER PROGRAM

* CONTINUOUS SYSTEM MODELING PROGRAM

% 1000
bd VERSION 1.3 * 1010
. 1020
.*".***""l'_"*.’**"***"!*****“***'*******.*.!***"***' 3% 3 3 3 3 3% % % 3 I % * # % % ‘]030
1040
" THIS PROGRAM SIMULATES SOIL MOISTURE#DISTRIBUTYON »
» FROM A POINT SOURCE IRRIGATION OF AN APPLE TRHE *
% *
L SITE = ROUGEMONT ORCHARD SITE 1 *
» RATE OF EMITTER DISCHARGE = 2,0 L/H *
b AMOUNT OF IRRIGATION WATER = 12 LITERS *
* DATE = 24-8-1980 *
* METHOD OF DRIP IRRIGATION APPLICATION = CONTINUOUS *
» ) ! ‘ * 1130
It 22 Y232 2 XX 2R X222 EI 2SR R 2R XX SRS RS2 R2 RS2SRRSR SRR ]130
. 1150
* DESCRIPTION OF VARIABLES * 1160
1170
LI Y A DUMMY VARIABLE 1180
®  AEPE AET/PET RATIO OF EACH SOIL RING W.R.T TOTAL PET 1190
®* AFPEAR AET/PET RATIO OVER AN AREA OF RING FROM BOTTOM TO SURFACE 1200
#  AEPEL AET/PET RATIC LOCAL TO A RING, W.R.T LOCAL PET » 1210
® AFT ROOT WATER EXTRACTION OR ACTUAL EVAPOTRANSPIRATION, MM 1220
1230
® AETALL AET OVER ALL THE AREA OF THE SOIL CYLINDER, MM 1240
*  AETAR AET OVER AN AREA OF RING, MM 1250
# AETPET AET/PET, RATIO OVER ALL THE AREA OF THE SOIL CYLINDER 1260
# ARNGIJ AREA OF A SOIL RING FROM 'INSIDE QR OUTSIDE 1270
#  ARNGJ AREA OF A SOIL RING FROM TOP OR BOTTOM 1280
1290
# AVDELR “RADIAL DISTANCE BETWEEN TWO ADJACENT RINGS, CM N 1300
% AVDELZ DEPTH DISTANCE BETWEEN TWO OVERLYING RINGS, CM 1310
* AVKR _ AVERAGE K OF SOIL RINGS (I,J) AND (I,J=-1), CM/MIN 1320
#  AVKZ AVERAGE K OF SOIL RINGS (I,J) AND (I-1,J), CM/MIN 1330
# CUMIRR CUMULATIVE IRRIGATION IN COLUMN, PERCENT 1340
1350
®  CUMPC1 CUMULATIVE DELTA STORAGE IN EACH ROW, PERCENT 1360
% COMPC2 CUMULATIVE DELTA STORAGE IN EACH COLUMN, PERCENT 1370
* CUMPC3 CUMULATIVE DELTA STORAGE IN EACH COLUMN BEYOND ROOT ZONE, % 1380
® CUMPC4 CUMULATIVE RWE FROM EACH ROW, PERCENT 1390
# CUMPC5 CUMULATIVE RWE FROM EACH COLUMN, PERCENT * , 1400
160 -
¢ , N
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CUMPC6
DELST
DELT
DELTAR
DELTAZ

DSLSPC
DSRZPC
DSSCPC
DSTBMM
DSTBRZ

DSTCBR
DSTCMM
DSTCOL
DSTROW
DSTWRZ

DSTWSC
EQHR
EQMIN
EQMIN?
ERRPC

FINTIM
GPOT
HBOUND
HPOT
I

IMAX
IMAX?
IMC
IRRCOL
IRRIMM

IRRLIT
IRRROW
ITHETA
J

JMAX
JMAX1

KSAT

.LDMIN

A\S:‘ ,

CUMUDATIVE IRRIGATION WATER INPUT IN EACH ROW, PERCENT
CHANGE IN STORAGE, CM3/CM3/MIN

A SYSTEM VARIABLE FOR TIME INCREMENT, MIN N

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 WITHIN 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 WITHIN A ROW, PERCENT

CHANGE OF STORAGE WITHIN ROOT ZONE, L

CHANGE OF STORAGE WITHIN SOIL CYLINDER, L
EMITTER 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

HYDRAULIC POTENTIAL AT THE CENTER OF RING (I, J), CM

SUBSCRIPT I 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 I SOIL RINGS, ONE MORE THAN IMAX
INITIAL VOLUMETRIC SOIL MOISTURE CONTENT IN A RING CM3/CM3

IRRIGATION APPLICATION INYEACH COLUMN, PERCENT
IRR;G{?ION APPLICATION IN EACH COLUMN, MM
IRRIGATION APPLICATION, L

TIRRIGATION APPLICATION IN EACH ROW, PERCENT

INITIAL VOLUMETRIC SOIL MOISTURE CONTENT IN A QJNG CM3/CM3
SUBSCRIPT REPRESENTING RING NUMBER FROM CENTER OF 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
LENGTH OF THE DAY, MIN

t

161

1410
1420

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

1870

1880

. 1890

1900

L. N ff



” N
M INTEGER VARIABLE ) ' 1910
* MC MOISTURE CONTENT AT EACH TIME STEP, CM3/CM3 1920
% MCWIL LOWER LIMIT OF SOIL MOISTURE CONTENT NEAR TO WILTING, CM3/CM3 1930
% MCS0AV MC AT 50 PERCENT AVAILABLE TURE, CM3/CM3 1940
# MPDEN A DENOMINATOR USED IN CALCULATING RWE 1950
- 1960
- ¥ MPOT MATRIC POTENTIAL IN EACH SOIL RINGH(I,J), CM 1970
#  MPS0AV MATRIC POTENTIAL AT 50 PERCENT AVAILABLE MOISTURE, CM 1980
LI NUMBER OF ROWS WITHIN ROOT ZONE FROM SOIL SURFACE < '~ _ 1990
# OLREST A DUMMY VARIABLE EQUIVALENT TO REST )\ 2000
‘% PET POTENTIAL EVAPOTRANSPIRATION, CM/DAY \P 2010
2020
* PETCY CUMULATIVE PET DURING SIMULATION TIME, MM 2030
% PETCUM CUMULATIVE PET DURING SIMULATION, CM 2040
* PI CONSTANT=3.14159 . 2050
. * PRDEL A SYSTEM VARIABLE FOR OUTPUT PRINTING INTERVAL, MM 2060
“ %P1 TIME INTERVAL FOR PULSE IRRIGATION, MIN 2070
2080
l & pp TIME INTERVAL FOR GENERATION OF IMPULSES, MIN 2090
) % RADDIS RADIAL DISTANCE FROM AXIS TO THE CENTER OF EACH J RING, CM 2100
*  RADRNG INNER RADIUS OF RING (J), 2110
# REST AMOUNT OF EXCESS WATER THAT MOVES TQ NEXT RING, CM3 ~ 2120
. ) *  RWE RQOT WATER EXTRACTION FROM A4 SOIL RING, CM3/CM3 2130
’ 2140
\( ' ~ . * RWECMM RWE FROM EACH COLUMN, MM 2150
) : * RWECOL RWE FROM EACH COLUMN, PERCENT 2160
* RWECUM CUMULATIVE ROOT WATER, EXTRACTION, CM3 2170 -
# PRWEDM A DUMMY VARIABLE EQUAL TO RWEZP oL K 2180
* RWELIT RWE, L T e - 2190
’ 2200
* RWEMDR ROOT WATER EXTRACTION- MAXIMUM MIDDAY RATE, CM/MIN 2210
* RWEMP ROOT WATER EXTRACTION AS A FUNCTION OF MATRIC POTENTIAL 2220
¥ RWEPC RWE, PERCENTAGE OF TOTAL IRRIGATION WATER 2230
% RWER RWE RATE AS A FUNCTION OF TIME, DEPTH, AND MPOT, CM/MIN 2240
% RWEROW RWE FROM EACH ROW, PERCENT 2250
. 2260,
* % RWET RWE RATE A FUNCTION OF TIME IN MINUTES FROM SUNRISE, CM/MIN 2270
%  RWEZ RWE FROM A SOIL RING AS A FUNCTION OF Z, FRACTION 2280
- * RWEZF ROOT WATER EXTRACTION AT DEPTH Z, FRACTION 2290
% * RWEZP RWE - FUNCTION OF Z, MC, AND TIME, CM3/CM3/MIN 2300
* RZD ROQT ZONE DEPTH, CM 2310
2320
* RZDF ROOT ZONE DEPTH FRACTION OF TOTAL 2330
% RZDRWE ROOT ZONE DEPTH FRACTIQN OF TOTAL VS RYE FRACTION 2340
So? T TIME AT SIMULATION AFTER SUNRISE 2350
% THETAS VOLUMETRIC MOISTURE CONTENT AT SATURATION, CM3/CM3 2360
*  THK SOIL MOISTURE CONTENT VS K, TABLE % , 2370
. . + 2380
%  THMPOT SOIL MOISTURE CONTENT VS MATRIC POTENTIAL, TABLE 2390
¥ TIME A SYSTEM VARIABLE REPRESENTS TIME OF SIMULATION, MIN 2400

N L 162°
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TIMHR
TRUN
TSTART

TSTOP
TWOPI
VOLRNG
VWACCT
VWAPPL

VWBRZI
VWBRZT
VWCBRI
VWCBRT
VWCOLI

VWCOLT
VWERR

VWROWI
VWROWT
VWSIMU

VWWRNG
VWWRZ 1
VWWRZT
VWWSCI

VWWSCT

WRTDEL
Y
z

TIME OF SIMULATION, HOUR
TIME OF IRRIGATION APPLICATION, MIN -
TIME AT THE START OF DISCHARGE AFTER SUNRISE, MIN .

TIME AT THE STOP OF8ISCHARGE AFTER SUNRISE, MIN

CONSTANT EQUAL TO PI*2.0 .
VOLUME OF A SOIL RING, CM3

VOLUME ‘OF WATER ACCOUNTED FOR, BY SIMUATION, PERCENT

VOLUME OF WATER APPLIED, CM3 ’

INITIAL VOLUME OF WATER BELOW ROOT ZONE, L

VOLUME OF WATER BEYOND ROOT ZONE AT TIME, L

INITIAL VOLUME OF WATER IN COLUMN BELOW 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 I AT TIME SPECIFIED, L
DIFFERENCE BETWEEN SIMULATED AND APPLIED AMOUNT OF WATER, L
INITIAL VOLUME OF WATER IN A ROW J, CM3

VOMJME OF WATER IN A ROW J AT SPECIFIED' TIME, CM3

VOEﬁME OF WATER SIMULATED AT TIME SPECIFIED, L

VOLUME OF WATER IN A SOIL RING, CM3

INITIAL 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 -

VOLUME OF WATER WITHIN SOIL CYLINDER AT TIME SPECIFIED, L

OUTPUT INTERVAL USED IN THIS PROGRAM, MIN -
A DUMMY VARIABLE ’
DEPTH FROM THE SOIL SURFACE, CM

JE3 300 330236 36 06 0003 06 36 36 36 006 36 36 3 36 36 336 23 36 3 3 036 26 I I 36 30 I6 I 36 I 606 3303 3 3 06 3026 36 3 36 3 38 33 3 I KX XN

»*

.

COMPUTER PROGRAM v

(X 3 I RS2 R R ER SRS R RS2SRSS RS XSRS SRS R SRR RESSIZESSRSRESES RS2 T Y

NN NN NN N

REAL
REAL
REAL
REAL
REAL
REAL
REAL

DELST(15,11),MC(15,11),IMC(15,11), VOLRNG (15, 11),ARNGIJ(15,11)
HPOT (15,11) ,MPOT(15,11) ,AVKR(15,11),AVKZ(15,11),K(15,11)
RWEZP(15,11) ,RWE(6,11),AET(15,11) ,AEPE(15, 11) ,AEPEL(15,11)
RWEDM(&, 11) , IRRIMM(11) ,RAECMM(11) , RWECOL(11) ,DSTBMM(11)
DSTCMM(11),CUMPC1(11),CUMPC2(11),CUMPC3(11),CUMPCS(11)
CUMIRR(11),IRRCOL(11),RWEROW(15),CUMPCL(15), IRRROW(15)
CUMPC6(15)

STORAGE ITHETA(165),RADRNG(12),DELTAR(11),AVDELR(11),ARNGJ(11),2(16)
STORAGE DELTAZ(15),AVDELZ(15),RWEZF(16),RZDF(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)

a
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. 2410
2420
2430

2440

2U50
2460
2470
2480
2490

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

2790.

2800
2810
2820
2830
2840
2850
2860
2870
2880
2890
2900

PRI




STORAGE DSTCBR(11)

/ EQUIVALENCE (DELSTI, DELST(1 1)),(MC1,MC(1,1)),(RWE1,RWE(, 1))
/ EQUIVALENCE (IMC1,IMC(1,1)),(RWEDM1, RWEDM(I 1))

FIXED I,J,IMAX,JMAX,M,JMAX1, IMAXT,N

(e e 2 X222 22X R X222 RS2 22 2R2 2SRRI SL2R22 222 R 222 S22 2 2 Y L)

INITIAL

‘ii*ﬂ******ill**ll***lillii*lil*il&!l*illlli’!li*ilii'lll**ll!*li*l*l!l!

% INPUT INITIAL SOIL MOISTURE CONTENT OF ALL THE SOIL RINGS

TABLE ITHETA(1-165)=22%0.078,44%,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.,66.0

® INPUT BEPTH AT THE TOP OF SOIL RINGS AND BOTTOM BOUNDARY, CM
TABLE Z<1-16):0.0,6- ] 12.,18. ,2“-,30-,36.1”20 ,’48.!521.,60.,66..72.0,-..
78.0,84.0,90.0 :

* SOIL MOISTURE CONTENT, (CM3/CM3) VS MATRIC POTENTIAL, (CM)
FUNCTION THMPOT=... . ‘
(o.oeo,o.gooos+ou).(o.o7o,o.éoooa+ou>,(0.080,0.8ooos+03),
(0.090,0.5000E+03),(0.100,0.3000E+03),(0.110,0. 1850E+03),..
(0.120,0.9500E+02),(0.130,0,8000E+02) ,(0.140,0.7300E+02), ..
(0.150,0.6700E+02),(0.160,0,6100E+02),(0.170,0.5700E+02), ..
(0.180,0.5300E+02),(0.190,0,5000E+02) , (0.200,0.4700E+02), ..
(0.210,0. 4500E+02),(0.,220,0,4300E+02) , (0.230,0.4050E+02) ,
(0.240,0.3900E+02),(0.250,0.3750E+02) ,(0.260,0.3600E+02), ..,
(0.270,0.3470E+02),(0.280,0.3350E+02) , (0.290,0.3200E+02), ..
(0.300,0:3050E+02),(0.310,0.2850E+02),(0.320,0.2650E+02),"..
(0.330,0.2450E+02),(0.340,0.2250E+02) , (0.350,0. 1950E+02), ...

- (0.360,0. 17T00E+02),(0.370,0. 1000E+02)

-
-

* SOIL MOISTURE CONTENT, (CM3/CM3) VS HYDRAULIC CONDUCTIVITY, (CM/MIN)
FUNCTION THK=... ‘

(0,060,0. 1641E<08),(0,070,0.4451E-07),(0.080,0.4207E-06),...
(0.090,0. 1998E-05),(0.100,0.7262E-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),...
(0,180,0,3896E-02),(0.190,0.5675E-02),(0.:200,0.7996E-02),...
(0.210,0, 1096E-01),(0.220,0. 1467E~01),(0.230,0.1926E=01),...
(0.240,0.2486E~01),(0.250,0.3162E-01),(0.260,0,3969E-01),...
(o.27o,o.u92u5-o1),<0.280,o.60455-o1),(0.290,0.73545—01>....
(0.300,0.8874E-01),(0.310,0, 1064E+00),(0.320,0.1268E+00),...
(0.330,0.1506E+00),(0.340,0,1783E+00),(0.350,0.2110E+00),.,..
(0.360,0.2501E+00),(0,.370,0.3020E+00)

® DEPTH FROM SOIL SURFACE (FRACTION OF TOTAL) VS RWE (FRACTION OF TOTAL)

“+

< -
7y
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2910
2920
2930
2940
2950
2960
2970
2980
2990
3000
3010
3020
3030
3040
3050
3060
3070
3080
3090
3100
3110
3120
3130
3140
3150
3160 -
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
3320
3330
3340
335¢
3360
3370
3380
3390
3400
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FUNCTION RZDRWE=(0.0,0.0),(0.1,0.16),(0.2,0.32Y,(0.3,0.46),...
(0.“,0.59)p(0.5,0.72),(0.6,0.80),(0.7,0.86)p(0.8,0.91), s B
(0.9]0196)’(1.0'100) - -

3410
3420

" 3430

" 3440

* INPUT PARAMETERS
PARAMETER IMAX=15,JMAX=11,RZD=36.0,THETAS=0.37,MCHIL=0.06,TRUN=360.0
PARAMETER HBOUND=0.0,KSAT=0,302,PI=3.14159,MC50AV=0,083,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%pPI

EQMIN=EQHR*1000,/60.0

EQMINT=EQMIN ~

RWEMDR=PET*PI/2,0/LDMIN

P2=P1%2.0

* ASSIGN THE INITIAL SOIL MOISTURE CONTENT TO SOIL RINGS (1,J), CM3/CM3
DO 10 I=1,IMAX
DO 10 J=1, JMAX v
M=(I-1)*JMAX+J -
10 IMC(I,J)=ITHETA(M)

AT

% 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
DG 30 J=1,JMAX
30 RADDIS(J)=RADRNG(J)+0.5*DELTAR(J) '

L CALCULATELTHE TOP OR BOTTOM AREA OF EACH SOIL RING, CM2
DO 40 J=1,JMAX
40 ARNGJ(J)=(RADRNG(J+1)**2-RADRNG(J ) **2)#*pPI

% CALCULATE RADIAL DISTANCE BETWEEN TWO CONTACTING RINGS, CM
AVDELR(1)=DELTAR(1)/2.0 4
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
. D0 60 I=1,IMAX
60  DELTAZ(I)=Z(I+1)-Z(I)

* CALCULATE THE GRAVITY POTENTIAL AT THE CENTER OF EACH SOIL RING, CM
DO 70 I=1,IMAX
70 GPOT(I)= Z(I)+O S5*DELTAZ(I)

\

® CALCULATE DEPTH DISTANCE BETWEEN TWO CONTACTING RINGS, CM
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© AVDELZ(1)=DELTAZ(1)/2.0 ‘ 3910

DO 80 I=2, IMAX . ‘ 3920 °
80  AVDELZ(I)=(DELTAZ(I-1)+DELTAZ(I))/2.0 3930
) ‘ ' 3940
# CALCULATE THE INNER AREA OF CONTACT OF EACH SOIL RING, CM2 3950
DO 90 I=1, IMAX , . 3960
DO 90 J=z1, JMAX 3970
90 ARNGIJ(I J) DELTAZ(I)‘TWOPI'RADRNG(J) 3980
3990
* CALCULATE THE VOLUME OF EACH OF THE SOIL RINGS, CM3 . 4000
DO 100 I=1,IMAX o . . . 4010
DO 100 J=1, JMAX 2 i 4020
100 »VOLRNG(I J):DELTAZ(I)*ARNGJ(J) o B ‘ 4030
. , 4040
* CALCULATE RWE TERM FOR A SOIL RING WITH RESPECT TO ITS POSITION ° 4050
% FROM SOIL SURFACE, FRACTION OF TOTAL < 3060
a y ~ BOT70
RWEZF(1)=0.0 ‘ ' . 4080
DQ 120 M=2, IMAX1 . 4090
I§T1 ‘ : 4100
F(I)=2(M)/RZD . . " a110
IF(RZDF(I).EQ.1.0) N=I T 4120
IF(RZDF(I).GT.1.0) GO TO 110 . o T 8130
RWEZF(M)=AFGEN(RZDRWE,RZDF(I)) , , : 4140
RWEZ(I)=RWEZF(M)=RWEZF(M=1) : 4150
GO TO 120 o ’ 4160
110 RWEZ(I)=0.0 \ « < B170
120  CONTINUE \ . 4180
. 4190
* CALCULATE MPOT AT 50 PERCENT AVAILABLE SOIL MOISTURE AND DENOMINATOR 4200
MP50AVz=AFGE N(THMPOT , MC50AV) > 4210
MPDEN=-15000.-(MP50AV) o 4220
: 4230
\% CALCULATE INITIAL VOLUME OF WATER WITHIN EACH ROW, EACH COLUMN WITHIN 4240
# ROOT ZONE AND EACH COLUMN BELOW ROOT ZONE, CM3 4250
4260
DO 140 I=1,IMAX ' | 4270
DO 140 J=1,JMAX » 4280
VWWRNG=IMC(I, J)*VOLRNG(I,dJ) . : 4290
VWROWI(I)=VWROWI(I)+VWWRNG , 4300
IF(I.GT.N)GO TO 130 o + 4310
VWCOLI (J)=VWCOLI (J)+VWWRNG 4320
GO TO 140 . S 4330
130 VWCBRI(J)=VWCBRI(J)+VWWRNG | 4340
140  CONTINUE 4350
4360
* CALCULATE VOLUME OF WATER WITHIN & BELOW RZ AND SOIL CYLINDER, L 4370
DO 145 J=1,JMAX 4380
VWWRZI=VWWRZI+VWCOLI(J) \ , 4390

145  VWBRZI=VWBRZI+VWCBRI(J) , hyoa
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i) derinigg -y = 1

VWWRZI=VWWRZI/1000.
VWBRZ I=VWBRZ I/1000.
VWWSCI =VWWRZ L+VWBRZ I

DYNAMIC
uuu“anniuuunuu;nnuuiuuni"nuaauuuauunnuuliu é

-

-

MCl:INTGRL(IHC1,DELST1,165)
RWE1=ENTGRL(O., RWEPH1, 66) ’
PETCUM=INTGRL(O.,RWET)
VWAPPL=INTGRL(O.,EQMIN)

l'lll'I‘Illlll"lll*llilllli!!lll!ﬁ'

NOSORT
lllll!lll!lllll!llllllllll!ll!lﬁll <o

* KEEP S0IL MOISTURE CONTENT WITHIN UPPER AND LOWER LINITS

150

# CALCULATE MATRIC AND HYDRAULIC POTENTIALS IN EACH SO RING, cM

160

DO 150 J=1,JMAX
DO 150 I=1,IMAX

IF(MC(I,J).GT.THETAS) MC(I,J)= THETAS
IF(MC(I,J).LT. MCWIL) MC(I J) MCWIL

CONTINUE

DO 160 I=1,IMAX
DO 160 J=1,JMAX

K(I,J):AFGEN(THK,MC(I,J))
MPOT(I, J)=-AFGEN(THMPOT,MC(I,J))
HPOT(I, J)=MPOT (I, S)-GPOT(I)

14

°

AP

o

- -

&

L)

Al

. .llllll!lﬁlllllllllilllilllll!lll‘lll!l!illllﬂllllllll’!i'l!lli*ll**l*!’

a

® CALCULATE WEIGHTED AVERAGE OF K BETWEEN TWO SOIL RINGS, R~DIRECTION

170

* CALCULATE WEIGHTED AVERAGE OF K BETWEEN TWO SOIL RINGS, Z-DIRECTION

180

DO 170 I=1,IMAX
DO 170 J=2,JMAX

AVKR(I,J)=(K(I,d=1))

DO 180 J=1,JMAX

AVKZ(1,d)= (KSAT+K(I.J))/2.0

DO 180 I=2,IMAX

AVKZ(I, d)=(K(I-1,d))

o

[

J

N

&

» CALCULATE RWE TERM AS A FUNCTION OF TIME AFTER SUNRISE, CM/MIN

190

200

210

T=TSTART+TIME

IF(T-LDMIN) 200,210,210
RWET=RWEMDR®SIN (PI*T/LDMIN)

Go -F0 220
RWET=0.0
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Qe

220 DO 9999 -T=1,IMAX \ ~ 4910

DO 9999 J=1,JMAX . 4920

4930

# CALCULATE RWE TERM W.R.T MATRIC POTENTIAL IN A RING FRACTION OF TOTAL 4940

230 IF(MPOT(I,J).LE.(=15000.)) GO TO 240 . 4950

IF (MPOT(I,J).GE.(MP50AV)) GO TO 250 ‘ . : 4960

RWEMP=(-15000, -MPOT(I J)) /MPDEN -0 4970

GO TO 260 . 4980

240 RWEMP=0.0 ‘ . <4990

GO TO 260 g .. 5000

250 RWEMP=1.0 C . 5010

5020

* CALcUiATE RWE FROM A RING AS A FUNCTION OF Z, MPOT AND TIME, CM3/MIN 5030

260 ,RWER=RWET*RWEMP*RWEZ(I) . 5040

RWEZP(I, J)=RWER*ARNGJ(J) . 5050

IF(I.GT.NYGO TO 270 5060

RWEDM(I, J)=RWEZP(I,J) < ' © 5070

. v ' . 5080

*® TRANSFER 'THE CONTROL TO A SOIL RING ACCORDING TO ITS POSITION - 5090

270 IF(I.EQ.1.AND,J.EQ.1) GO TO 2000 . 5,100
IF(I.LT. IMAX.AND.J,.EQ.1) GO TO 3000 : ' 5110

IF(I.EQ.IMAX.AND.J.EQ.1) GO TO 4000 , , 5120
IF(I.EQ.1.AND,J.LT,JMAX) GO TO 6000 ‘ 5130

IF(I.EQ. IMAX,AND.J.LT,JMAX) GO TO 5000 5140
IF(I.EQ.1.AND.J.EQ.JMAX) GO TO 7000 5150
IF(I.LT.IMAX.AND.J.EQ.JMAX) GO TO 8000 ’ 5160
IF(I.EQ.IMAX.AND.J.EQ.JMAX) GO TO 9000 5170

’ 5180

5190

* CALCULATE DELTA STORAGE IN SOIL RING (I,J¥ 1<ICIMAX; 1<J<JIMAX 5200
5210

1000 DELST(I J) (=RWEZP(I,J)... ’ 5220
+AVKR(I, J)®ARNGIJ(I,J)*(HPOT(I,J=1)=-HPOT(I,J))/AVDELR(J)... 5230
-AVKR(I,. J+1)*ARNGIJ(I J+1)*(HPOT(I\J)-HPOT(I,J+1))/AVDELR(J+1)... 5240
+AVKZ(I, J)*ARNGJ(J)*(HPOT(I 1, J)=HPOT(I,J))/AVDELZ(I)... * 5250
-AVKZ(I+1 J)®ARNGJ(J)*(HPOT(I, J)-HPOT(I+1 J))/AVDELZ(I+1))... 5260
/VOLRNG(I, J) 5270

GO TO 9999 ’ ) 5280

' - . 5290

* CALCULATE DELTA STORAGE IN SOIL RING (1,1) 5300
* IRRIGATION WATER FROM A POINT SOURCE IS APPLIED ON.THIS RING, - 5310
. . - 5320

2000 CONTINUE . +5330
i . 5340
l*l!i!l*l*l*i*l-ll**?!lill*!!**&!*l*lll****l*** X222 I XIS R X ) 5350 '
' 5360

L1 DO YOU WANT IRRIGATION BY PULSE METHOD ? \ 5370
#% IF YES REMOVE THE STARS (*) +FROM COLUMN ONE OF THE FOLLOWING TWO 5380

#%  CSMP STATEMENTS AND CHECK THE PARAMETER TRUN WHICH MUST BE TWICE _ 5390

%% (IF PULSES ARE A SQUARE WAVE FUNCTION OF TIME) THE TRUN REQUIRED 5400
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, +

¥ REbUIRED FOR CONTINUOUS IRRIGATION, REPLACE STARS BACK OTHERWIS_N

*  Y=PULSE(P1, IMPULS(O.,PZ)) J
* EQMIN=EQMIN1#Y ‘

‘l*l*iﬁll*’ﬁ*l*li*!*lll*ill*i‘***llli!l!.*ﬂ*l‘l;***l**”*l!lll**l*li!!*!**

IF(TIME.GT.TRUN) EQMIN=0.0

REST=EQMIN~-...

(+AVKZ(I, ) *ARNGJ (J)*(HBQUND-HPOT(I,J))) /AVDELZ(I)

IF(REST) 2100,2200,220§ -
2100 DELST(I,J)= (EQMIN—RWEZP(I Jese :

~AVKR(I, J+1)*ARNGIJ(I,J+1)*(HPOT(I,J)=HPOT(T, J+1))/AVDELR(J+1). ..

-AVKZ(I+1 J)*ARNGJ(J ) * (HPOT(I,J)=~HPOT (I+1, J))/AVDELZ(I+1))...

/VOLRNG(I,J) .

GO TO 9999 -

2200 DELST(I,J)=(~RWEZP(I,d...
// +AVKZ(I, J)*ARNGJ (J ) #*(HBOUND-HPOT(I,J)) /AVDELZ(I)...
~AVKR(I,J+1)*ARNGIJ(I,J+1)*(HPOT(I,J)=HPOT(I,J+1))/AVDELR(J+1).,.
-AVKZ(I+1 J)*ARNGJ(J)*(HPOT(I J)—HPOT(I+1 J))VANDELZ(I+1)) .o
/VOLRNG(I,J) ,
GO TO 9999 - 1 ‘ '

* CALCULATE DELTA STORAGE IN SOIL RING (I,J) 1<IKIMAX; J=1

3000 DELST(I,J)=(-RWEZP(I,J)...
-AVKR(I J+1)*ARNGIJ(I J+1)*(HPOT(I,J)~-HPOT(I, J+1))/AVDELR(J+1)...
+AVKZ(I, J)*ARNGJ(J)*(HPOT(I 1,d)=HPOT(I, Jl)/AVDELZ(I)...
-AVKZ(I+1 J)®ARNGJ (J)*{HPOT(I, J)-HPOT(I+1 J))/AVDELZ(I+1))...
/VOLRNG(I,J)
GO TO 9999

Sm——

v

¥ CALCULATE DELTA STORAGE IN SOIL RING (I,J) I=IMAX; J=JMAX

4000 DELST(I,J)=(-RWEZP(I,J)...
~AVKR(I,J+1)®ARNGIJ(I,J+1)*(HPOT(TI, J)-HPOT(I,J+1))/AVDELR(J+1)...
) +AVKZ(I, J)*ARNGJ(J)*(HPOT(I 1.J)—HPOT(I J))/AVDELZ(I))...
/VOLRNG(I,J)
GO TO 9999

% CALCULATE DELTA STORAGE IN SOIL RING (I,J) I=IMAX; 1<J<KIMAX °

5000 DELST(I,J)=(~RWEZP(I,J)...
+AVKR(I,J) #ARNGIJ(T,J)*(HPOT(I,J-1)-HPOT(I,J))/AVDELR(J)...

~-AVKR(I, J+1)*ARNGIJ(I’J+1)*(HPOT(I J)-HPOT(I J+1))/AVDELR(J+1)...
+AVKZ(I.J)*ARNGJ(J ) *(HPOT (I-1,J)~HPOT(I,J))/AVDELZ(I)). ..
OLRNG(I J) |
GOMTO 9999 .
169 ' .
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* CALCULATE DELTA STORAGE IN SOIL RING (I,d) I=1, 1<J<JIMAX

6000 IF (REST) 6400,6400,6100 i .
6100 OLREST=REST )
REST=OLREST-. ..
(+AVEZ(I,J) *ARNGJ (J) #(HBOUND-HPOT(I, J))/AVDEL;(I))
IF (REST) 6200,6300,6300
6200 DELST(I,J)= (OLREST=RWEZP(I,J)... :
+AVHR(I,J) *ARNGI J(I,J) *(HPOT(I,J—1)-HPOT(I,J)) ZAVDELR(J)...
~AVKR(I,J+1) *ARNGT J(I,d+1)*(HPOT (I,J)=HPOT(I, J+1))/AVDELR(J+1) ...
~AVKZ(I+1,d) *ARNG (J) #(HPOT(I, J)—HPOT(I+1 1)} /7AVDELZ(I+1))...
/VOLRNG(I, J)
GO0 TO 9999 \
6300 DELST(I,J)= (~RWEZPU&,J)... )
+AVKZ(1,J) #ARNGJ(J ) # (HBOUND=HPOT (I ,J)) /AVDELZ(I) ..«
+AVKR(I.J) #ARNGIJ (T ,J)#(HPOT (I, J=1)=HPOT (I, d)) /AVDELR(J)...
AVKR(I,J+1)*ARNGIJ (I, J+1)#(HPOTR T, J)-HPOT(I, J+1))/AVDELR(J+1) . ..
LAVKZ (141, J)YARNGJ (J ) R(HPOT(T, J)~HPOT(I+1,J))/AVDELZ(I+1))...
/VOLRNG(I, J)
GO TO 9999

* 6400 DELST(I,J)=(-RWEZP(I,J)...

+AVKR(I J)*ARNGIJ(I J)*(HPOT(I,J-1)=HPOT(I,J))/AVDELR(J)...
~-AVKR(I, )*ARNGIJ(I J+1)*(HPOT(I J)-HPOT(I J+1))/AVDELR(J+1)...
-AVKZ(I+1 Y®(HPOT (T, J)-HPOT(I+1 J))*ARNGJ(J)/AVDELZ(I+1))...
/VOLRNG(I,

GO TO 9999

* CALCULATE DELTA STORAGE IN SOIL RING (T,J) I=1, J=JMAX

7000 DELST(IL,J)=(~RWEZP(I,J)...
+AVKR (I,J)®ARNGIJ(I, J)*(HPOT(I,J-1)~HPOT(I,J))/AVDELR{J)...
-AVKZ(I+1 J)'ARNGJ(J)*(HPOT(I J)-HPOT(I+1 J))/AVDELZ(I+1))...
/VOLRNG(I,J) .
GO TO 9999

% CALCULATE DELTA STORAGE IN SOIL RING (I,J) 1<EI<IMAX; J=JMAX

8000 DELST(I,J)=(~-RWEZP(L,J)...
+AVKR (I,J)*ARNGIJ(I, J)*(HPOT(I,J=1)=HPOT(I,Jd))/AVDELR(J) ...
+AVKZ (I,J)*ARNGJ(J) * (HPOT(I~1,d)=HPOT(I,J)) /AVDELZ(I)...
-AVKZ(I+1,J)RARNGJ(J)*(HPOT(I,J)-HPOT(I+1,J))/AVDELZ(I+1))...
/VOLRNG(I,J)

GG TO 9999

)

% CALCULATE DELTA STORAGE IN SOIL RING (I,J) I=IMAX; J=JMAX

9000 DELST(I, d)=(~-RWEZP(I,J)...
+AVKR(I,J)*ARNGIJ(I,J) #(HPOT(I,J=1)=HPOT(L,J))/AVDELR(J). ..

I -
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9999

s
11 \
+AVKZ(I, J)’ARNGJ(J)*(HPOT(I 1,J)=HPOT(I, J))/AVDELZ(I))...
/VOLRNG(I1,J) »

CoNTINGE
7/

SRR NI IE 00000 0003000 0000000606 00 00 00000000000 3000 00 06 00 30 0T 000090 96 30 00 30 0030 00 00 06 00 0090 00 0 00 0 2

: * OUTPUT AND SOME CALCULATIONS AT WRTDEL INTERVAL
FUIIE IR0 00000000 0000000 0000000006 0000 000300000 06 0 000000 00000000 0036 06 900006 6 0000 00 M

“400

¢

IF(TIME.EQ.FINTIM) GO TO 403
IF(TIME.EQ.840.) GO TO 1403 q
A=IMPULS(Q.,WRTDEL) ‘
IF(A*KEEP.LT.1.0)G0 TO 999 °
GO TO 405

»

* WRITING OF THE VOLUMETRIC MC IN EACH SOIL RING,

<403
405

-~
-

410

IF(KEEP.LT.1,0)GO TO 999 °
TIMHR=TIME/60. . :
WRITE(6,600) . °

_ WRITE(6,610TIMHR .
“WRITE(6,620) o

WRITE(6,630)(RADDIS(J),J= 1 JMAX)
DO 410 I=1,IMAX
WRITE(6, 640)GPOT(I).(MC(I.J). J=1,JMAX) *

.

IF(TIME.EQ.0.0)GO TO 999

% CONVERT VOULME OF WATER APPLIED IN LITERS

IRRLIT=VWAPPLY 1000,

% CALCULATE VOLUME OF WATER IN EACH COLUMN WITHIN ROOT ZONE, IN EACH
" # COLUMN BELOW ROOT ZONE, IN EACH ROW, CM3"

K 420

430
440

£l

DO 420 J=1,JMAX .
vWCOLT(J>-o 0 -
VWCBRT(J)=0.0 . ’

DO 440 I=1,IMAX

VWROWT (I)=0.0 .

DO 440 J=1,JMAX .

}AVWWRNG MC(I JY®VOLRNG(I,J)

VWROWT(I)= VWROWT(I)+VWWRNG

IF(I.GT.N)GO TO 430

VWCOLT (J) =VWCOLT (J )+VWWRNG .
GO TO 440 : - o7
VWCBRTAJ ) =VWCBRT (J )+VWWRNG

CONTINUE

* CALCULATE VOLUME OF WATER CONTENT WITHIN AND BELOW ROOT ZONE, L

VWWRZT=0.0

i ]

" VWBRZT=0.0

4 1
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DO 445 J=1,JMAX ‘ EO S 5910“18 *X
VWWRZT=VWWRZT+VWCOLT(J) . S e L6920 L
445  VWBRZT=VWBRZT+VWCBRT(J) . oL w6930 7Y
VWWRZT=VWWRZT/1000. ~ | , 6940, T Y
VWBRZT=VWBRZ1/1000. K <6950
, ) , - . o © 6960, i
* CALCULATE DELTA STORAGE IN EACH ROW, PERCEN'F .. 'egr0-
. DO 450 I=1,IMAX o e980 'y N
o 450  DSTROW(I)= (VWROWT(I)-VWROWI(I))/WAPPL*1OO . 3693\0," v
: 7000 ;0 |
* CALCULATE CUMULATIVE DELTA STORAGE IN-EACH ROW, PERCENT ©ouy o T010¢ g
CUMPC1(1)=DSTROW(1) ; ‘ 7020 ~ ’
DO 451 I=2,IMAX W 7030
- 451 cuugcur):cunpm(1-1)+Dsmow(1) ' "o o oToM0C U, ¥
N - N Uu“,y“ ’ 7050 P ,,:ﬂ
* CALCULATE ROOT WATER EXTRACTION FROM EACH ROW, CM3 .. . ¢ 7060 T “”
DO 452 I=1,N . . 7070 ,
RWEROW(I)=0.0 ~ . . , s 7080 :
DO 452 J=1, JMAX - t \ . 7090
452  RWERON(I)=RWEROW(I)+RWE(T, i3] - . 100
¥ 7110
*' CALCULATE ROOT WATER EXTRACTION FROM EACH ROW, PERCENT 7120
. DO 453 I=1,N . 71&0
( 453  RWEROW(I)=RWEROW(I)/VWAPPL*100. L Tk
) o TI50, /.
® CALCULATE CUMULATIVE ROOT WATER EXTRACTION FROM EACH ROW, PERGENT . 7160 . |
CUMPCH(1)=RWEROW( 1) , i 7}‘7\‘0"& R
DQ 454 I=2, IMAX ‘ Py CiT180 T
‘ 7 (454 CUMPCH(T)=CUMPCH(T~1)+RWEROW(I) SR 2?@905 ”
g LoTR00 Y
* CALCULATE IRRIGATION APPLICATION IN EACH ROW, PERCENT %7 210 f )
DO 455 I=1, IMAX L L7230
455  IRRROW(I)=RWEROW(I)+DSTROW(I) o T 73 n I »
] o ‘1712;' i : 1/"
N ) *7CALCULATE CUMULATIVE IRRIGATION APPLICATION IN EACH ROW, PERCENT . g ;{252’} FER
CUMPC6(1)=IRRROW( 1) . PR 4-1: S
DO 456 I=2, IMAX : R A ¢~ N :
456 CUMPC6(I)=CUMPC6(I-—1)+IRRROW(I) CTee ot reso
] ‘ T S TR90M L i
- * WRITE DEL STORAGE AND CUM DEL STORAGE IN EACH ROW, PERcﬁNT . 77300 ¢ ‘["i}anj
~ WRITE(6,825) TIMHR : B - 7 L U
WRITE(6,830) f a:’ b S7320
WRITE(6,855) (Z(I),I=2,IMAX1) Co e ity 1330
WRITE(65850) (DSTROW(I),I=1, IMAX) o Cte 7340
WRITE(6,855) (CUMPC1(I),I=1, IMAX) C e ML 350
g St 40T T360
/ * WRITE.RWE AND CUMULATIVE RWE FROM EACH ROW, PERCENT ;. ' /. 7370 )
MWRITE(6,835) S Wy 7380
‘ I WRITE(6,850) (RWEROW(I),I=1, IMAX) T 'V‘U | 7390
(- WRITE(6,855) (CUMPCH(I),I=1,IMAX) I MS‘ L - T400
: ‘ S | ”"38 oy
Y . (- :
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# WRITE IRRIGATION AND CUM IRRIGATION APPLICATION IN EACH ROW, PERCENT 7420
WRITE(6 840) T430 -

WRITE(6,850)(IRRROW(I),I=1,IMAX) : . Tu40

WRITE(6,855)(CUMPC6(I),I=1,IMAX) A o T450

- , - 7460

» * CALCULATE DELTA STORAGE IN EACH coumu, CM3 o B " 7470

DO 458 J=1,JMAX . 7480

, . DSTCOL(J)= VWCOLT(J)-VWCOLI(J) 7490

458 DSTCBR(J,)=VWCBRT(J)-VWCBRI(J) 7500

. 7510

* CALCULATE ROOT WATER EXTRACTION FROM EACH COLUMN OF THE SOIL, CM3 7520

DO 460 J=1,JMAX ‘ 7530

RWECOL(J)= o 0 S 7540

) DO 460 I=1,N < 7550

460 RWECOL(J)= RWECOL(J)+RWE(I J) 7560

‘ 7570

#* CALCULATE CUMULATIVE RWE FROM THE SOIL CYLINDER, PERCENT 7580

RWECUM=0.0 7590

DO 465 J=1,JMAX *” ) 7600

465  RWECUM=RWECUMMRWECOL(J) s e oo - 7610
RWELIT=RWECUM/1000. "’ . ‘ 7620 °

i _ . 7630

* CALCULATE DELTA STORAGE IN EACH COLUMN, MM 7640

DO 467 J=1,JMAX < T T650

DSTCMM(J)=DSTCOL(J)/ARNGJ (J)*10. ' " L 7660

467 DSTBMM(J)=DSTCBR(J)/ARNGJ(J)*10. ’ - : T 7670

7680

# CALCULATE RWE & IRRIGATION FROM EACH COLUMN, MM , e . 7690

DO U470 J=1, JMAX - . - 7700

RWECMM(J)=RWECOL (J)/ARNGJ(J)*10. v 7710

L 470 IRRIMM(J)=RWECMM(J )+DSTCMM(J)+DSTBMM(J) LI 7720

, 7730

® CALCULATIONS TO ACCOUNT FOR WATER DISTRIBUTION ) 7740

VWWSCT=VWWRZT+VWBRZT , oo . TT50
! DSTWRZ =VWWRZT-VWWRZI ‘ , ' ‘ T760 -

DSTBRZ=VWBRZT-VWBRZI oo 7770

DSTWSC=VWWSCT-VWWSCI 7780

VWSIMU=DS TWSC+RWELIT 7790

VWERR=IRRLIT-VWSIMY L7 7800

~ VWACCT=VWSIMU/IRRLIT*100.0 : ’ 7810

/ ’ 7820

* CALCULATE DELTA STORAGE IN E:ACH COLUMN PERCENT ¢, B 7830

DO 475 J=1, JMAX r . : 7840

DSTCOL(J)= DSTCOL(J)/VWAPPL*ipO o7 . T850

475 DSTCBR(J)=DSTCBR(J)/VWAPPL*100, . 7860

) 7870

% CALCULATE CUMULATIVE DELTA STORAGE IN EACH cor.urm, PERCENT - 7880

CUMPC2(1)=DSTCOL (1) - . : , 17890

CUMPC3(1)=DSTCBR (1) ; T ; 7900

- Fl ) - . el
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© DO U480 J=24JMAX - e
CUMRC2(J)=CUMPC2(J~1)+DSTCOL(J) . . \f
480 CUMPC3(J)=CUMPC3(J~1)+DSTCBR(J) '

® CALCULATE ROOT_. WATER EXTRACTION FROM EACH COLUMN PERCENT
DO, 482 J=1, JMAX A
482 RWECOLWJ)= RWECOL(J)/VWAPPL*100 ’ ’ o
# CALCULATE CUMULATIVE ROOT WATER EXTRACTION FROM EACH COLUMN, PERCENT
CUMPC5(1)=RWECOL(1) ‘ .
DO 483 J=2, JMAX .
483  CUMPCS5(J)=CUMPC5(J-1)+RWECOL(J)

# CALCULATE IRRIGATION APPLICATION IN BACH COLUMN, PERCENT
DO 485 J=1, JMAX
485  IRRCOL(J)=DSTCOL(J)+DSTCBR(J)+RWECOL(J) »

o CALCULATE CUMULATIVE IRRIGATION APPLICATION IN EACH COLUMN, PERCENT

CUMIRR(1)=IRREOL(1)
DO 490 J=2, JMAX 4 -
490 9UMIRR(J)=CUMIRR(J-1)+IRRCOL(J) S L
\

'* WRITE DISTANCE FROM EMITTER, DEL STORAGE WITHIN AND BELOW RZ PERCENT

WRITE(6,930)

WRITE(6,940) (RADRNG(J),d=2, JMAX1)
WRITE(6,945) (DSTCOL(J),d=1, JMAX)

WRITE(6,950) (CUMPC2(J),J=1, JMAX)

WRITE(6,952) (DSTCBR(J),J=1, JMAX) .
WRITE(6,953) (CUMPC3(J),d=1, JMAX) ,
WRITE(6,954) (RWECOL (J),Jd=1, JMAX)
WRITE(6,955) (CUMPC5 (J),Jd=1, JMAX)
WRITE(6,956) (IRRCOL (J),d=1, JMAX)

WRITE(é 957) (CUMIRR(J),d=1, JMAX);

« "ﬁ

| % WRITE DELTA STORAGE, RWE AND IRRIGATION IN EACH COLUMN, MM

WRITE(6,958)

WRITE(6,959) (RADDIS(J),J=1, JMAX) °
“WRITE(6,960) (DSTCMM(J),J=1, JMAX) . ,
WRITE(6,962) (DSTBMM(J) ,J=1, JMAX) '

WRITE (6,965) (RWECMM(J ) ,d=1, JMAX) ‘
WRITE(6,970) (IRRIMM(J),J=1, JMAX)

'* YRITING OF THE WATER DISTRIBUTION WITHIN SOIL CYLINDER,.L
P WRITE(6,710) )
WRITE (6,720) '
WRITE (6,730) VWWRZI, VWWRZT, DSTWRZ , RWELIT
WRITE(6,740)VWBRZI, VWBRZT, DSTBRZ
WRITE (6,750 )VWWSCT, VWWSCT, DSTWSC, RWELIT
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. A

7910
7920
7

7940
7950
7960
7970
7980

" 7990

8000
8010
8020

' 8030

8040
8050
8060
8070
8080
8090
8100
8110
8120
8130
8140
8150
8160
8170

8180
8190

8200
8210
8220
8230
8240
8250
8260
8270
8280
8290
8300
8310
8320
8330
8340
8350
8360
8370
8380
8390
8400



e

-

* WRITE IRRI APPLIED AND SIMULATED, ERROR & SIMULATED IRRI, PERCENT

999

\
l*l!lll‘ll&l&*I*l*l!‘*l!!l!*ll*l**I*l%*%l***l*l****!!!l!*llll***llll*l*i&

WRITE (6,760)
WRITE (6,770) IRRLIT, VWSIMU, VWERR, VWACCT .

CONT1NUE

TERMINAL

*QﬂI*’****!lfii****l**l!ili!!!l*lDl*!!l**':/*I**ill*l*li**l*l*l****ll*i**!

* RWE OUTPUT AND SOME CALCULATIONS AT TERMINATION OF SIMULATION,RUN

500

510

DO 510 J=1, JMAX

’

PETCU=PETCUM*10.0

AETAR(J)=0.0
AEPEAR(J):0.0
DO 510 I=1,N
AET(T, J)=RWE(I,J)*0.0/ARNGJ (J)
AEPE(I,J)=AET(I,J)/PETCU
AEPEL(I,J)=AEPE(I,J)/RWEZ(I) )
AETAR(J)=AETAR(J)+AET(I,J) r ¢
AEPEAR(J)=AEPEAR(J)+AEPE(I, J) ; ‘

|
|
i
|
|
|

' WRITE ROOT WATER EXTRACTION, FROM EACH}SOIL RING, “MM

520

[}

530

~ % YRITE RWE/PETCUM, FROM EACH SOIL RING, RATIO,

540

WRITE(6,780) |
WRITE(6,610)TIMHR ‘
WRITE(6,650) |
WRITE(6,630) (RADRNG(J+1},J= 1 JMAx),

DO 530 I=1,N

WRITE(6,640)Z(¢I+1), (AET(I J), J=1, JMAX)

WRITE(6,660) ¢
DO 540 I=1,N ’ ’ '

WRITE(S6, 6“0)Z(I+1) (AEPE(I,J), J=1, JMﬂX) .

-% WRITE RWE/(PETCUMMRWEZ(I)) FOR EACH SOIL RING, RATIO

550

JWRITE(6,670) \
DO 550 I=1,N
WRITE(6 6UO)Z(I+1) (AEPEL(I J), J=1,JMAX)

* WRITE RWE FROM THE SOIL SURFACE FROM EACH WIDTH OF SOIL RING, MM

WRITE(6,680)
WRITE(6,6H0)RZD,(AETAR(J), J=1, JMAX)

% WRITE RWE/PETCUM FROM THE SOIL SURFACE FROM EACH WIDTH OF RING, RATIO

WRITE(6,690)
WRITE(6, 6“0)RZD,(AEPEAR(J), J=1, JMAX)

WRITE(6, 700)PETCU,EQHR
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ﬁ‘tCALéULATIONS FOR SIMULATED WATER DISTRIBUTION W.R.T WATER APPLIED.

AETALL=RWECUM/ (PI ®*RADRNG (JMAX1) %%2, )*10 /
AETPET=AETALL/PETCU
ERRPC=VWERR/IRRLIT*100.
DSRZPC=DSTWRZ/IRRLIT*100. .
DSLSPC=DSTBRZ/IRRLIT#100. L / b
DSSCPC=DSTWSC/IRRLIT¥100. , e
- RWEPC=RWECUM/VWAPPL*100. '
‘# WRITING OF THE WATER DISTRIBUTION ACCOUNTED FOR BY SIMULATION RUN
‘ WRITE(6,600)
WRITE(6,610)TIMHR
WRITE(6,790)
WRITE(6,800)

WRITE(6,810)AETALL,PETCU, AETPET

WRITE(6,920)N

WRITE(6,820)MP50AV :
WRITE(6,860)VWACCT ~ < .
WRITE(6,870)ERRPC
WRITE(6,880)DSRZPC Y
WRITE(§,890)DSLSPC . .
WRITE(6,900)DSSCPC .
WRIT&Q&,910)RHEPC

FE 63000626 3 08 306 3630 36 309 36X 00638 00 30 36 3030 3038 30 30 3 30 20303630 36 36 300620 3038 36 020300 00 30 30 36 6 30 % 30 3 3 2 3 002038

* : FORMAT STATEMENTS FOR WRITING SIMULATION RESULTS
BERRRAERER RS RERREEARRRRRARAERERARALRRARARNRARRRRRERRIRARRRRRRARRRRRNRN

600 FORMAT('1','SIMULATION OF DRIP IRRIGATION (CONTINUOUS ) AT THE RA
$TE OF 2.00 L/H'/' FOR 6 HOURS FILED=RM1, TOTAL APPLICATION=12,.00 L
$, DATE= 24-08-1980") - N :

610 FORMAT(/1X,'TIME="',F6.2,' HOURS')

620 FORMAT('O','VOLUMETRIC MOISTURE CONTENT IN THE SOIL RINGS M3/M3 N
$ Z AND R IN CM'")

630 FORMAT(/1X,' Z/R ',F6.1,10F8.1/)

640 FORMAT(1X,F5.1,11F8.4)

650 _EORMAT(//1X,'ROOT WATER EXTRACTION FROM EACH SOIL RING, MM, Z AND
$R IN CM'/)

660 FORMAT(//1X,'RWE/PETCUM FROM EACH SOIL RING WITHIN ROOT ZONE, RATI
$0'/)

670 FORMAT(//1X,'RWE/PET FROM EACH DEPTH AND WIDTH WITHIN ROOT ZONE,
$RATIO'/)

680 FORMAT(//1X,'RWE FROM TOTAL ROOT ZONE DEPTH AND EACH WIDTH OF SOIL
$ CYLINDER, MM'/)

690 FORMAT(//1X,'RWE/PETCUM FROM TOTAL ROOT ZONE DEPTH AND EACH WIDTH
$OF RING, RATIO'/)

700  FORMAT(/1X,'PETCUM=',F12.4,' MM',4X,'Q EMITTER =*,F6.2,' L/H')
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710

720
730
T4O
750

760
770
780
790

800
810
820

825
830

835
840

850
855

860
870
880
890
900
910
920

930

940
945
950
952
953
954
955
956
957

958
959

FORMAT(/1X,

$ CYLINDER,
FORMAT('0"",
FORMAT('0',
FORMAT(' *
FORMAT('

FORMAT(/1X,
$T51, "ERROR
FORMAT('O'
FORMAT('1',

i

' ACCOUNTING OF THE VOLUME OF WATER FOR THE FINITE SOIL
LY - ‘ .
2UX,'INITIAL  FINAL DEL STORAGE . RWECUM')
"WITHIN ROOT ZONE =',3F12.3,F15.3) :

,'BELOW ROCT ZONE =',3F12.3)

'TOTAL ",3F12 3,F15.3)

Tzu 'APPLIED (L)',T36 'SIMULATED (L)',

(L)' ,T61, YACCOUNTED (PC)"') o

'VOLUME OF WATER = ',U4F12.3)

' ACCOUNTING OF ROOQT WATER EXTRACTION AND POTENTIAL EVA-

$POTRANSPIRATION'//)

FORMAT('O'

' VALUES OVER THE AREA OF THE SOIL CYLINDER AT THE END

$OF SIMULAIION RUN'//7) . )

FORMAT (8X, 'AET(MM)

FORMAT (/!
FORMAT(/8X,

FORMAT('1',
FORMAT(/1X,

PET (MM) AET/PET')
'L,3F12.4777)
'MPOT AT 50 PER CENT AVILABLE MOISTURE =',F10.3,' 'CM')
)
'TIME=',F6.2,' HOURS')
'"DELTA STORAGE IN EACH ROW OF SOIL RINGS, PC, 1ST LINE

$= DEPTH (CM), 2ND LINE= DEL STORAGE PC, 3RD LINE= CUMULTIVE PC'/)
FORMAT(/1X, 'RWE AND CUM RWE IN EACH ROW, PERCENT'/)

FORMAT(/1X, "IRRIGATION AND CUM I RIGATION APPLICATION TO EACH ROW,
———$PERCENT'/)

FORMAT (0" , 15F8
FORMAT (1X, 15F8.3) 2

o

15F8.3) \

\

FORMAT(//8X, 'VOLUME OF WATER ACCOUNTED, PERCENT =',F10.3)
FORMAT(/8X, ' VOLUME OF WATER ERROR, PERCENT =',F10.3)
FORMAT (/8X, 'DELTA STORAGE ROOT ZONE, PERCENT =',F10.3)
FORMAT(/8X, 'DELTA STORAGE BELOW ROOT ZONE, PERCENT =',F10.3)
FORMAT(/8X, 'DELTA STORAGE SOIL CYLINDER, PERCENT =',F10.3)
FORMAT(/8X, ' ROOT WATER EXTRACTION, PERCENT =',F10.3)
FORMAT(/8X, 'NUMBER OF RING ROWS WITHIN ROOT ZONE =',17)

FORMAT(////1X,'DEL STORAGE & CUM DEL STORAGE WITHIN AND BELOW RZ,

$ RWE & CUM RWE, AND IRRI & CUM IRRIGATION IN EACH COLUMN, PC'/)
FORMAT (1X, ' DISTANCE (CM) =',11F8,3/)

FORMAT(1X, 'DEL STO RZ, PC =',11F8.3)

FORMAT(1X,'CUM DEL STO RZ, PC =',11F8.3/)

FORMAT (1X, 'DEL STO BRZ, PC =',11F8.3) ‘
FORMAT (1X, 'CUM DEL STO BRZ, PC =',11F8.3/)

FORMAT (1X, 'RWE, PC ='7+1F8.3)

FORMAT(1X,'CUM RWE, PC =',11F8.3/) v

FORMAT (1X, ' ITRRIGATION, PC =',11F8.3) ‘

FORMAT(1X,'CUM IRRIGATION,' PC =',11F8.3/)

FORMAT (/1X,

'DEL STORAGE, WITHIN AND BELOW ROOT ZONE, RWE AND IRRIG

$ATION APPLICATION IN EACH COLUMN, MM'/)

FORMAT (1X, 'DISTANCE

(CM) =',11F8.3)
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960  FORMAT(/1X,'STORAGE WRZ . (MM) =',11F8.3) 0 9910
962  FORMAT(*X, 'STORAGE BRZ (MM) =',11F8.3) 9920
965  FORMAT(1X,'RWE L(MM) =1,11F8.3) . ’ : . 9930
970  FORMAT(1X, 'IRRIGATION (MM) =1,11F8.3) 9940-
T . ’ . 9950
ll!llllI!lll!ill{illili*l#ili!&IQ!*!!l!*lli&*l ? ' 9960
# SIMULATION RUN CONTROL STATEMENTS . ) 9970
0020 200 20 30 08 30 3 JE 3 2008 630 06 3 36 20 06 30 3F 00 08 30 030 06 36 36 36 983 3 N 3 8 2 2 2 3 40 B 9980
. , ’ 9990
TIMER FINTIM=900.,DELT=15.0,PRDEL=15. . . 0000
METHOD MILNE ' Ty 0010
END s ) 0020
STOP : , ' 0030
ENDJOB . oou0,
' } .
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Figure B.1.  Soil moisture content profiles before and after 121 of
‘ water applied at 4 L.h ' at Rougemont orchard site 1.
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_Figure B.16. Distribution of 12 L of water along horizontal distance
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Equimoisture curves after redistribution of irrigation
water application of 12 L with discharge rate of 6 L.h~
for Rougemont orchard site 1. (Numbers labeling curves
indicate soil moisture content, percent)
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Water input predicted along horizontal distance with
an irrigation application of 16 L at different discharge
rates for Rougemont orchard site 1.
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