Do 36034t

HYDROLOGICAL MODELLING OF THE OPERATIONAL

ON-FARM IRRIGATION EFFICIENCIES.

By

AFSHIN SEHAT-NIAKI

B.Sc., M.Sc.

A thesis submitted for the degree of
Doctor of Philosophy of the

University of Strathclvyde.

Water & Environmental Management Group,

Department of Civil Engineering,

University of Strathclyde,

Glasgow, Scotland. February, 1989.



" Read not to contradict and confute,
nor to believe and take for granted,
nor to find talk and discourse,

but to weigh and consider."

Sir Francis Bacon (1561-1626)



Contents

CONTENTS

List of Figures

List of Tables

List of Plates

Synopsis
Acknowledgements
CHAPTER 1 Introduction:
CHAPTER 2 Defining Irrigation Efficiencies:
2.1 Introduction
2.2 Evaluating Irrigation Efficiencies
CHAPTER 3 Irrigation Scheduling:
3.1 Introduction
3.2 Review of Existing Models
3.3 When to irrigate ?
3.4 How much to apply ?
3.5 Estimating root zone water
gains and losses
3.5.1 Rainfall, Runoff and Infiltration
3.5.2 Drainage
3.5.3 Transpiration
3.5.4 Potential Evapotranspiration.

3.5.4.1 The Pan Evaporation
Method (Option 1)

3.5.4.2 The Penman Method
(Option 2)

3.5.4.3 The Penman—Montieth
Method (Option 3)

ix
xiii
Xiv

xvi

15

21

26
26
34

37

40
40
42
43

52

36

37

59



3.

CHAPTER
4.1

4.2

3

e

jon

.5 Soil Evaporation

3.5.5.1 Stages of Soil Evaporation
Rate

3.5.5.2 Bare Soil Lysimeter Tests
3.5.5.3 Estimation of Model Parameters

Chapter Summary

Root Zone Water Balance Model:

Introduction

Root Zone Water Balance Model

.1 Water Balance of Uniform Soils with

Nonuniform, Growing, Root Zones.

.2 Water Balance of Nonuniform Soils with

Nonuniform, Growing, Root Zones.

.3 Crop Rooting Pattern.

Lysimeter Experiment

Testing the Model

.1 Criterion for Calibration

.2 Sensitivity to Parameters

Management Practices

Chapter Summary

Determination of Soil-Water Properties

6)}

Soil Physical Properties

Soil-Water Potential

.1 Field Capacity
.2 Wilting Point
.3 Wetting Front Pressure

.4 Methods of Evaluating the Soil

Moisture Characteristic Curve.

5.2.4.1 Experimental Methods

61

61
64
72

74

73

75

75

82
94
S8
112
112
120
127

133

135
137
138
138

138

140

140



5.3 Summary of Measured Soil Properties

5.2.4.2 Empirical Models

CHAPTER 6

6.1

6.2

6.3

Infiltration into Nonuniform Soils
Introduction
Existing Infiltration Models

Infiltration into Nonuniform
Soils

.1

Bouwer's One Dimensional Model

6.3.2 Two Dimensional Model (2DVAR)

6

6

.3.2.1 Development of the
2DVAR Model

.3.2.2 Validation of the
2DVAR Model

6.4 Chapter Summary
CHAPTER 7 Mocdelling the QOperational Efficiencies of
Surface Irrigation Systems:
7.1 Introduction
7.2 Surface Irrigation Modelling
7.2.1 Surface Irrigation Model
(SURFOPRN)
7.2.2 Surface Irrigation Efficiency
Evaluation
7.2.3 Applications in Operational
Management
7.2.4 Applications in System Design
7.2.4.1 Design of Borders
7.2.4.2 Design of Furrows
7.3 Discussion

143

158

159

160

165
165

178

178

184

204

203

207

212

237

246
257
257
264

276



CHAPTER 8

Dynamic Water Balance Under
Sprinkler Irrigation

8.1 Introduction

8.2 Excess Rainfall and Runoff

8.2.1

Point Runoff from Continuous
Rain

Point Runoff from Intermittent
Rain

8.3 Point Excess Rainfall Model (PERM)

8.3.1

8.3.2

Validation of the PERM model

Model sensitivity

8.4 Discussion

CHAPTER 9 Modelling the Operaticnal Performance of
Sprinkler Irrigation Systems.
9.1 Introduction

9.2 Sprinkler Performance Evaluation
Model

9.3 Applications in Design and
Operation

9.4 Discussion

CHAPTER 10
References

Appendix

Discussions and Conclusions

280

284

285

285

289

311

319

321

323

326

351

354

355
360

385



CHAPTER 1:
Fig. 1.1
Fig. 1.2
CHAPTER 2:
Fig. 2.1
Fig. 2.2
Fig. 2.3
Fig. 2.4
CHAPTER 3:
Fig. 3.1
Fig. 3.2
Fig. 3.3
Fig. 3.4
Fig. 3.5
Fig. 3.6
Fig. 3.7
Fig. 3.8

LIST OF FIGURES

Flow chart of the methodology
for solving problems.

Flow chart of integrated operational
irrigation management model.

Schematic diagram of surface irrigation
infiltration depth profile.

Idealized wetting profile under
sprinkleR irrigation. ’

Schematic diagram of the cumulative
frequency distribution of infiltrated
water depth in sprinkler irrigation.

Schematic diagram of the relation between
deficit/excess (Ede), application (Ea) and
distribution (Ed) efficiencies.

Hydrological processes in the Soil-Plant-
Atmosphere—Water continuum represented by
the SPAW model of Saxton etal (1974).

Relational flow chart of the irrigation
scheduling model (SCHEDULE).

Proposed shapes of transpiration
response to depleting soil moisture.

Schematic diagram of incoming and outgoing
radiations at the earth's surface.

Schematic diagram of the three stages
of evaporation from soils.

Measured relative soil evaporation
decay with time.

Measured relation of relative soil
evaporation to soil moisture content.

Measured class means (squares) and
standard deviations (vertical bars)
of (Es/Eo) wvs SMC for undrained soil
evaporation tests.

13

17

19

20

24

31

39

48

58

62

63

67

68



Fig. 3.9
Fig. 3.10
CHAPTER 4:
Fig. 4.1
Fig. .2
Fig. .3
Fig. .4
Fig. .5
Fig. .6
Fig. .7
Fig. .8
Fig. .9
Fig. .10
Fig. .11
Fig. .12
Fig. .13
Fig. .14

Measured cumulative fractional water
losses of the drving soils.

Measured soil profile moisture
changes due to evaporation from
the bare—-soil lysimeter.

Schematic representation of a
dvynamic uniform root zone.

Schematic representation of a
nonuniform, dynamic root zone.

Schematic diagram of discrete soil
and root lavers and the composite-—
layer profile.

Definition skech of overlapping
soil and root layers.

Flow chart of composite—laver
generation algorithm.

Measured mean daily free—-water
evaporation rate in the glasshouse.

Measured mean daily relative humidity
in the glasshouse.

Measured mean daily temperature of the
glasshouse.

Profile moisture content changes
during drying cvycle 4.

Profile moisture content changes
during drying cycle 9.

Measured cumulative actual evapotrans-—
piration (AET) for drying cycles 4 & 9.

Ratio of actual (AET) to potential (PET)
evapotranspiration during drying cycles
4 & 9.

Measured cumulative actual evapotrans-
piration (AET) from the lysimeter by the
profile method.

Comparison of cumulative potential with
actual evapotranspiration as measured
by the profile and drainage methods.

11

69

71

77

81

83

87

88

101

102

102

105

105

106

106

108

108



Fig. 4.15
Fig. 4.16
Fig. 4.17
Fig. 4.18
Fig. 4.19
Fig. 4.20
Fig. 4.21
Fig. 4.22
Fig. 4.23
Fig. 4.24
Fig. 4.25
Fig. 4.26
Fig. 4.27
Fig. 4.28
CHAPTER 5:
Fig. 5.1
Fig. 5.2
Fig. 5.3

Measured sovabean root depth development.
Measured Leaf Area Index of the stand.
Measured height development of the stand.

Simulated and observed cumulative water

loss under optimum model parameter wvalues.

Simulated and observed cumulative
water loss under upper boundary
model parameter wvalues.

Simulated and observed cumulative

water loss under lower boundary -

model parameter values.

Simulated daily water losses from
the lysimeter.

Simulated cumulative water losses
from the lysimeter.

Comparison of measured and simulated
moisture contents in the root lavers.

Comparison of measured and simulated
moisture contents in the root zone.

The effect of MNGSMD on the vield
ratio (AT/PT), MNGIRG = 100%

The effect of MNGSMD on the yield
ratio (AT/PT), MNGIRG = 50%

The effect of MNGSMD on the total
req'd irrigation (MNGIRG = 100%).

The effect of MNGIRG on the total
req'd irrigation (MNGSMD = 50%) .

Typical socil moisture characteristics
curve.

Moisture characteristic of the
Auchincruive sand measured by the
pressure plate test.

Comparison of empirical models with
measured moisture characteristic curve.
(see text for details of models).

111

110

110

111

116

117

118

122

123

125

126

130

130

132

132

139

144

152



iv
Fig. 5.4a Log-Log plot of discrete—-form models of
moisture characteristic. 153

Fig. 5.4b Log—-Log plot of closed—-form models of
moisture characteristic. 154

CHAPTER 6:

Fig. 6.1 Schematic diagram of piston-type flow
with sharp wetting front in the

Green—Ampt model. 164
Fig. 6.2 Flow chart of the Bouwer infiltration

model for nonuniform socils. 169
Fig. 6.3 Simulated cumulative infiltration curve

by Bouwer's model. 171

Fig. 6.4 Model sensitivity to depth of’ water
on surface (parameter H). 174

Fig. 6.5 Model sensitivity to soil laver
thickness (parameter L). 174

Fig. 6.6 Model sensitivity to saturated
hydraulic conductivity (parameter Ks). 175

Fig. 6.7 Model sensitivity to saturated
moisture content (parameter 8s). 175

Fig. 6.8 Model sensitivity to wetting front
Pressure (parameter Pw) . 176

Fig. 6.9 Model sensitivity to initial soil
moisture content (parameter 6i). 176

Fig. 6.10 Schematic representation of wetting

fronts in two dimensional infiltration. 180
Fig. 6.11 Simulated 2-D wetting pattern for soil A. 186
Fig. 6.12 Simulated 2-D wetting pattern for soil B. 187
Fig. 6.13 Measured and predicted 2-D infiltration

in soil A. 189
Fig. 6.14 Measured and predicted 2-D infiltration

in soil B. 189
Fig. 6.15 Simulated 2-D wetting pattern for soil C. 1380
Fig. 6.16 Simulated 2-D wetting pattern for soil D. 191

Fig. 6.17 Measured and predicted 2-D infiltration
in soil C. 193



Measured and predicted 2-D infiltration
in soil D.

Simulated 2-D wetting pattern for soil A,
under reducing vertical Ks.

Simulated 2-D wetting pattern for soil A,
under reducing horizontal Ks.

Simulated 2-D wetting pattern for soil A,
with horizontal Ks > vertical Ks.

Simulated 2-D wetting pattern for soil A,
with vertical Ks > horizontal Ks.

Simulated 2-D wetting pattern for soil A,
with nonuniform moisture contents.

Simulated 2-D wetting pattern for soil A,
with nonuniform & anisotropic profile.

Phases of surface irrigation flow process.

Schematic diagram of surface and
subsurface flow profiles.

Assumed water surface profile at cutoff
and recession times.

Comparison of observed and simulated
advance and recession curves for the
border case of Strelkoff.

Comparison of observed and simulated
advance and recession curves for the
border case of Javnes (1).

Comparison of measured and simulated

advance and recession curves for the border

case of Jaynes (2).

Comparison of measured and simulated
advance and recession curves for the
furrow case of Levien & de Souza.

Sensitivity of surface irrigation model
to inflow rate.

Fig. 6.18
Fig. 6.19
Fig. 6.20
Fig. 6.21
Fig. 6.22
Fig. 6.23
Fig. 6.24
CHAPTER 7:
Fig. 7.1
Fig. 7.2
Fig. 7.3
Fig. 7.4
Fig. 7.5
Fig. 7.6
Fig. 7.7
Fig. 7.8
Fig. 7.9

Sensitivity of surface irrigation model
to Manning's roughness.

183

195

197

198

199

201

202

211

214

220

224

225

226

228

229

230



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

.10

.11

.12

.13

.14

.15

.16

.17

.18

.19

.20

.21

.22

.23

.24

Sensitivity of surface irrigation model
to field slope.

Sensitivity of surface irrigation
model to infiltration coefficient (k).

Sensitivity of surface irrigation model
to infiltration coefficient (d).

Sensitivity of surface irrigation model
to furrow shape factor (C).

Sensitivity of surface irrigation model
to furrow shape factor (M).

Diagram of discretization of advance-

recession curve for volume calculations.

Flow chart of surface irrigation
efficiency optimization model.

Simulated response of application
efficiency (Ea) to inflow rate under
constant duration of 22 mins.

Simulated response of application
efficiency (Ea) to inflow rate under
constant duration of 29 mins.

Simulated response of application
efficiency (Ea) to inflow rate under
constant duration of 36 mins.

Simulated response of application
efficiency (Ea) to inflow rate under
constant duration of 43 mins.

Simulated response of application
efficiency (Ea) to inflow rate under
constant duration of 50 mins.

Flow chart of the border design
model (BORDERDZ) .

Flow chart of the furrow spacing
design model (FURROWSP) .

Schematic definition of the deep
percolation loss ratio (DPLR) and
time of root zone wetting (Trz).

vi

231

232

233

234

235

238

247

254

254

255

2553

256

260

265

267



CHAPTER 8:
Fig. 8.1
Fig. 8.2
Fig. 8.3
Fig. 8.4
Fig. 8.5
Fig. 8.6
Fig. 8.7
Fig. 8.8
Fig. 8.9
Fig. 8.10
CHAPTER 9:
Fig. 9.1
Fig. 9.2
Fig. 9.3
Fig. 9.4
Fig. 9.5
Fig. 9.6

Schematic representation of application
rate nonuniformity under single nozzle
sprinkler irrigation.

Schematic representation of infiltration

and runoff processes.

Flow chart of the Point Exces Rainfall

Model (PERM).

Schematic diagram of the Rutter interception

model.

Cascading flow model for redistribution of
infiltrated water in the soil lavers.

Three possible flow conditions at the lower

boundary of the soil profile.

Schematic diagram of infiltration under
intermittent rainfall when rain gap is
less than redistribution time.

Simulated excess
rates (case 1 of

Simulated excess
rates (case 2 of

Simulated excess
rates (case 3 of

Schematic diagram of cumulative distribution
different coefficients

function for

rainfall and infiltration
Table 8.2).

rainfall and infiltration
Table 8.2).

rainfall and infiltration
Table 8.2).

of variation (Cv).

Determination of

the fractional area

Q(Y), under normalized rate Y.

Flow chart of the sprinkler efficiency

evaluation model

(SPRNDEFT) .

The effect of application rate and coeff.
of variation on sprinkling uniformity.

The effect of coeff. of variation on
the application efficiency (Ea).

The effect of rate and duration on
application efficiency (Ea) for a
normal distribution.

vii

283

286

295
303

307

310
316
317

318

328
332
334
341

342

343



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

.10

.11

.12

The effect of rate and duration on the
uniformity coefficient (Uc).

The effect of application rate &
saturated hydraulic conductivity on
application efficiency (Ea).

The effect of application rate &
saturated hydraulic conductivity on
uniformity coefficient (Uc).

The effect of initial soil moisture

content on application efficiency (Ea).

The effect of initial soil moisture

content on the uniformity coefficient.

The effect of rate and duration on
application efficiency (Ea) for a
uniform distribution.

viii

344

346

347

348

350

352



CHAPTER 1:

Table 1.1

Table 1.2

CHAPTER 3:

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

CHAPTER 4:

Table 4.

[uny

Table 4.

XS]

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

LIST OF TABLES

Average application efficiencies of
various irrigation methods.

Example of water losses at different
levels of the conveyance system.

Hydrological characteristics of
some irrigation models.

Scil moisture deficit threshold levels
for maximum crop yield.

Data requirements of some empirical
potential evapotranspiration (PET)
models.

Experimental results of soil evaporation
model parameters.

Soil evaporation parameters for several
soil types.

Definition of symbols used in Fig. 4.3.

Definition of symbols used in the
layer sorting algorithm.

Lysimeter experiment sampling dates
and water balance.

Scheduling model simulation results for
optimum, upper, and lower boundary
parameter values.

Sensitivity analysis of the scheduling
model to input parameters.

Simulated irrigation schedules for
diefferent management practices.

Simulated effects of MNGSMD and MNGIRG
on the vield ratic and total required
irrigation depth.

ix

33

36

58

72

73

84

91

104

115

121

128

129



CHAPTER 5:

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

CHAPTER 6:

Table 6.1

Table 6.2

Table 6.3

CHAPTER 7:

Table 7.1

Table 7.2

Table 7.3

Table 7.4

Table 7.5

Table 7.6

Table 7.7

Representative values for the Brooks—Corey
parameters (after McCuen etal 1981).

Representative values for the Brooks-—Corey
pParameters (after Clapp & Hornberger 13978).

Retention curve parameters estimated by
various methods for the Auchincruive sand.

Estimated field capacity, wilting point,
and wetting front pressure parameters for
Auchincruive sand.

Summary of the measured properties of the
Auchincruive sandy soil.

Example of input parameters regquired for
the model of Bouwer.

Sensitivity of the infiltration parameters
Icl

Soil parameters and test dimensions for
the two dimensional infiltration model.

Border irrigation data used in the
simulations (after Strelkoff 1977).

Simulated efficiencies for the border
irrigation data of Table 7.1.

Example of optimum border inflow rate
and duration for maximum application
efficiency (data of Table 7.1).

Example of design of borders.

The effect of maximum allowable soil
moisture deficit on the design length,
width and irrigable area of the border
system 1in Table 7.4.

Example of input data and results for the
design of furrow spacing, depth and width.

Example of furrow length design.

and 'n' to the soil physical properties.

149

150

155

157

158

170

177

185

244

245

251

262

263

269

275



Table 7.8 Example of an operations schedule for a
border irrigation system.

Table 7.9 Example of an operations schedule for the
Same data base as Table 7.8 but with manag—
ment factors: days 1 to 160: MNGSMD = 25%,
MNGIRG = 100%) .

CHAPTER 8:

Table 8.1 Definition of terms used in the
flow chart in Fig. 8.3.

Table 8.2 Input rainfall data for 3 rainfall
cases.

Table 8.3 Assumed soil physical parameters for
all 3 rainfall case studies.

Table 8.4 Results of PERM simulated infiltration
and excess rainfall runoff and comparison
with Chu's model! and recorded values.

Table 8.5 Sensitivity analysis of PERM to the

soll parameters for case 3.
\

CHAPTER 9:

Table 9.1 Socil profile data set used in the
sprinkler performance simulation model.

Table 9.2 Example run of the sprinkler performance
evaluation model.

APPENDIX:
Table A3.1 Albedo values of some soils.

Table A3.2 Albedo values of some vegetation
surfaces.

Table A3.3 Empirical coefficients for the Penman
wind function f(u)= a'+b' U2.

Table A3.4 Minimum bulk stomatal resistance of
several well watered crops.

Table A3.5 Meteorological data base used in the
testing of the POTEVPTN model.

x1

277

278

293

313

313

315

320

338

339

389

380

395

401

404



Table

Table

Table

Table

Table

A3.

A3.

A3.

A3.

A8.

Sensitivity analysis of POTEVPTN
model to input variables.

Alfalfa—-based crop coefficients of
various crops.

Root depth growth, in time and space,
of several crops, up to the day of
maximum rooting depth.

Leaf area indices of several cropes.

Canopy storage capacity (Sc) of
several crops.

X11

407

409

410

414

417






'SYNOPSIS

The world-wide average irrigation efficiency
is only 30 % . Faced with dwindling supplies of
suitable land and water, increasing the efficiency of
water use is the most feasible non-capital intensive
means of maintaining and increasing crop productions in
many non—industrialized countries.

A major source of inefficiency is the
existance of technical gaps between small-scale farmers
and regional water authorities regarding the efficient
operational management of on-farm irrigation systems.
The objective of this study 1is to establish
computer—based mathematical methods for the evaluation
of surface and sprinkler irrigation efficiencies wunder
a variety of environmental and operational conditions.

Irrigations are scheduled by simulating the
continuous water Dbalance of nonuniform soils with
growing root zones and nonuniform rooting patterns. The
model 1is calibrated with lysimetric data and is
responsive to soil and crop characteristics and soil-
moisture—deficit management practices.

A surface irrigation simulation mode
evaluates irrigation efficiencies for border and furrow
systems. An optimization routine establishes the most
efficient operating policy (ie: inflow rate and
duration) . For a case study, comparisons Dbetween

actual and optimum policies show that application

X1iv



efficiency is improved by 20%, the required irrigation
volume is reduced by 33%, the runoff volume by 63%, and

irrigation duration by 24 minutes.

A physically-based excess—rainfall model
seperates point—applied, unsteady, intermittent,
precipitation into 1it's hydrological components, and

combined with a statistical model of the spatial
application—-rate distribution pattern, simulates the
water badance under a sprinkler unit and determines the
operational irrigation efficiencies.

The continuous and event-based irrigation
processes are integrated through the developement of a
composite—layer sorting algorithm and one and two
dimensional models of infiltration into nonuniform
soils. The integrated systems approach allows for
the real—-time management of irrigation systems where
the Dbest operating policies are chosen in response to

environmental and economical changes.
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CHAPTER 1 INTRODUCTION

The importance of water resources management
was realized as far back as 3200 BC when man learnt to
divert rivers for irrigation (Biswas 1970). The
construction of earth and masonary dams, diversion and
irrigation canals and gqanat systems in Egypt,
Mesopotamia, Persia, India and China bear witness to
the civil engineering skills of these ancient
civilizations. The gqanat systems of Iran for instance,
first reported in 720 BC, still provide for two thirds
‘ 5f rural agricultural and domestic water supplies
(Wulff 1966, Kayhan 1988).

In 1760 BC King Hammurabi of Babylon
condemned those who neglected or mismanaged their
irrigation systems to slavery and certain death. Today
a simillar fate awaits millions of lives all over the
globe. The seemingly endless expansion of world
population has meant that on average 2.7 hungry mouths
are added to the masses every second (UN 1988). For the
period between 1970 and 1985 the world witnessed a 31%
population increase , while the percentage of people
working on the 1land dropped by 12.4%, the area of
arable land decreased by 3.9% (UN 1985) and the world's
forests were reduced by 4.8% (FAO 1986).

Today the rapid developments in the
information and communication technologies have brought

the miseries of drought and famine into every 1living



room with the effect that human society makes
increasing demands on the scientific community to find
solutions to such unacceptable facets of existance.

There is no single magical solution to famine
because it's causes stem not only from nature but also
from social, political and economical roots which allow
the unbridled exploitation of limited land, water and
vegetative resources. The consequences are that
populations grow and spread, forests retreat, climates
change adversely, arable lands are exhausted and
Jnarginal lands soon cease to produce. The destruction
of forests by chain saws and acid rains, the loss of
productive soils to salinity and erosion, and the
destruction of the planet's ozone lavyer bring nearer
the environmental catastrophe that awaits mankind
Only with proper management of global resources can the
negative effects of man's influence on nature Dbe
mitigated.

The methodology for the solution of any
problem can be described by the flowchart in Fig. 1.1
In the context of this thesis the need has already been
recognised as the avoidance of famine and provision of
food for future generations. The problem can be defined
by considering that the world has limited.resources of
land and water which are becomipg less and less
suitable and available for food production. The causes
are many but the losses of soils to salinity and

erosion, siltation of rivers and reservoirs and the



Fig.

1.1
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Flow chart of the methodology for solving

problems.



subsequent floods, pollution of surface and ground
water resources, and increasing demands by municipal
and industrial consumers have aggravated the situation.

The 1988 floods in Sudan and Bangladesh also
testify to the catastrophic consequences of watershed
de—vegetation . Removal of the vegetation canopy causes
rapid runoff and increases soil erosion with the résult
that natural waterways and manmade reserviors silt up
and flooding becomes inevitable (New Civil Engineer
1988) . The Bangladesh flood for instance inundated
three quarters of the country's land area with
devastating loss of cultivated land and safe dfinking
water (World Water 1988).

The depletion of the ozone laver, due in main
to the buildup of man—made gaseous pollutants in the
upper atmosphere, has given rise to the greenhouse
effect in which the planet warms up and weather
patterns wundergo changes. The recent 1988 droughts in
the American midwest and southeast, blamed partially on
the greenhouse effect, lasted for three crucial months
in which more than one fifth of the cereal crops were
lost (New Scientist 1988).

As with any limited resource when demand is
higher than supply then continued production can only
be maintained by maximizing the efficiency of wuse of
the basic materials. To maintain and increase crop

production under limited land and water resources many



solutions have been sought and implemented with good
short term results though not necessarily with healthy
long term prospects.

Intensive farming with increasing use of
chemical fertilizers, pesticides and herbicides, along
with new methods in plant micro-propagation and genetic
manipulation have seen the efficiency of land use (in
terms of vyield per unit area) maximized to such an
extent that in some parts of the world excess food
production has become a problem in itself.

A case in point 1is that of Europe. The
experiences of the second world war and the subsequent
yvears of reconstruction and growth showed the
inadequecies of food production. In 1958 the Common
Agricultural Policy (CAP) of the European Economic
Community (EEC) was brought into operation to guarantee
a good price for whatever food the farmers produced.
This level of economic security enabled both farmers
and industrialists to invest heavily in land.
machinary, chemicals and new high vielding crops. The
success of the CAP has led to vyield increases of
between 1 and 2 percent annually ever since. This
increase, paralleled 1in other industrial countries,
together with the gradual successes of the ‘'green
revolutions' in some developing countries, has given
rise to surpluses in food production in Europe.

In 1986 the EEC produced 14 million tons of

surplus grain {The Independent 1988). In 1987 the



expenditure on the purchase of surplus agricultural
produce , for storage and destruction, rose to 16
billion pounds. To reduce such losses, in 1988 a
ceiling of 19.5 billion pounds was decided upon, along
with a reduction in land area and production levels of
20 percent.

In Britain today, on average 150 kg/ha per
year of 1norganic nitrogen fertilizers are applied to
the fields, ten times as much as in 1945, and at an
annual cost to the farmer of 500 million pounds. It is
estimated that of this amount of fertilizer about half
is not used by the crops but is leached as dissolved
nitrates to the water table. Nitrate pollution causes
eutrophication in reservoirs, lakes and rivers leading
to algal growth and loss of water quality and wild
life.

While chemicals can help increase the
efficiency of land use, proper management of irrigation
systems can provide a means of increasing both land and
water use efficiency without major environmental
damage.

Some methods of irrigation have not changed
since times of old. Perhaps the first irrigation
method man witnessed was the inundation of fields by
natural flooding of rivers. Soon he realised that the
movement of water over the land could be controlled and

he built basins, border checks and furrows. All ensuing
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developments in the field of water engineering were
mainly concerned with the control, storage, diversion
and convevyance of river and ground water resources
while the basic method of irrigation remained the same
for centuries.

Although surface irrigation methods are energy
efficient (since convevance and application are by
gravity), the relatively large runoff and drainage
losses result in low application efficiencies (Table
1.1). With the onset of the industrial revolution and
the invention of pressure pumps the method of sprinkler
irrigation was devised in early 1900 (Israelsen and
Hansen 1962) to both increase application efficiency
and to bring into use more marginal lands. Land grading
is not necessary and runoff can be virtually eliminated

if application rate is kept low.

Table 1.1 Average application efficiencies of wvarious
irrigation methods (UN 1985).

Irrigation Soil type Application
method efficiency (%)
Basin Clay, Heavy clay 40-50
Furrow Light soil 60
Border Light soil ‘60
Sprinkler Sand, Loam 70
Trickle - 50-100




In sprinkler irrigation water losses still
occur by a combination of direct evaporation, wind
transportation, interception, soil evaporation and
drainage. In areas where such losses are significant
localized methods of irrigation become necessary and so
the trickle irrigation method was born in the 1930's
(Balogh and Gergely 1985). As the name implies water is
delivered through narrow emitters under each plant in
small continuous trickles. Soil evaporation and
drainage are drastically reduced resulting in very high
application efficiencies (Table 1.1).

Other 1less commonly used methods include the
sub—irrigation method where by carefull drainage and
recharge control in low lying lands., the groundwater
table can be kept at a desirable depth for root uptake.
Micro—spray irrigation 1is similar to the sprinkler
method with <the difference that water 1is delivered
below the canopy as a fine mist. Surge irrigation is a
method of releasing water into furrows in surges rather
than as a continuous stream in an effort to increase
application wuniformity. An idea which has not as vet
met with great success is the 'Agronet' system in which
the ground water is brought up to the root zone by an
electrical field created between buried anodes and
cathodes (New Scientist 1985). In some parts of the
Middle East porous pots have been partially Dburied

under plants and periodically filled with water and



covered to allow slow seepage and wetting of the root
zone. In the more arid regions worshipers are even
obliged to perform their daily ablutions under saplings
to save water.

From a world wide study of irrigation
practices Bos and Nugteren (1974) concluded that the
overall efficiency of irrigation is only about 30%
More than 70% of the water withdrawn at the source is
lost 1in conveyance and application on the field with
the result that potential crop vield is not realized.
An example of the water losses in the convevance system

is shown in Table 1.2

Table 1.2 Example of water losses at different
levels of the convevance system (data for
unlined canals in an Indian irrigation
district, Datyvye and Patil 1987).

System Parts Losses in Efficiency Cumulative
percent in percent efficiency

Main Canal 23.8 76.2

Branch II 18.5 81.5 62.1

Distributory 6.2 93.8 58.2

Minors 43.9 56.1 32.7

Field Channels 16.7 83.3 27.0




When new irrigation projects are being planned
the total area of cultivation is often limited by the
water available. If the efficiency of water use could
be improved, the area of land irrigable would increase
correspondingly to provide additional employment and
crop production. While the 1lining of canals with
impermeable material can reduce water losses in the
convevance system. the improvement of irrigation
efficiencies at the individual farm level is a more
complex proposition.

A recent report on the status of irrigation
management in the non-industrialized countries (ODU

Bulletin 1988) concluded that:

H

There can be no doubt that one of the principle
factors contributing to inefficient water use in
Third World irrigation is the lack of clear
definition of management and farmer responsibilit-—
ies. System managers cannot undertake to supply
guaranteed amounts to individual farmers Dbecause,
unlike irrigated 1lands 1in developed countries
(where the land holdings are rarely less than 30
ha and may be as great as 1000 ha) the average
plot size in Third World idirrigation schemes
is of the order of 0.5 to 1.0 ha . No irrigation
authority can afford +the resources to manage
distribution at this level ."

Today, with the advent of inexpensive, high
storage capacity micro-computers the efficient
operational management of small—-scale irrigation
systems, as part of or independent from the larger-
scale water resources management schemes, is

technically feasible.
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Organizations such as water-user groups and
irrigation co-operatives have proved to be effective
administrative links between the water supply
authorities and the individual farmers. Important
technical gaps however still exist on the operational
level. Access to micro-computer based simulation
systems will fill these gaps by allowing more flexible
irrigation scheduling policies in response to real-—-time
environmental changes.

Conventional irrigation scheduling models are
often used to establish the frequency and the amounts
of irrigation required at each farm. The responsibilty
of the irrigation authority, however, is assumed to end
at the farm turnout where the farmer is expected to
arpply the allocated volume of water as best he knows
how. Idealy the farmer should not only be advised of
the dates and the amounts of irrigation allocated to
him, but also of the most efficient operating rule for
the application of the water on the field (ie: the
optimum flow rate and duration).

The aim of this thesis 1is to establish
methods for the evaluation of irrigation efficiencies
at the farm level, under a variety of scil, crop and
management practices, so as to improve the operation of
surface and sprinkler irrigation systems for optimal
water use.

The method to be tested is the use of the
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mathematical model. The flow chart of the integrated
systems approach 1is shown in Fig. 1.2 . Each
hydrological Process 1s modelled seperately and
integrated into a continuous water balance model which
also controls the parameters of the event—based
operations models.

The wvarious irrigation efficiency terms used
in the performance evaluation of surface and sprinkler
irrigation systems are defined in chapter 2. In chapter
3 the irrigation scheduling model is introduced and
methods for the estimation of potential crop
evapotranspiration, soil evaporation and transpiration
are described.

The continuous water balance of a dynamic,
nonuniform root 2zone 1is modelled 1in chapter 4 to
estimate actual evapotranspiration losses and soil
moisture content changes. The simulation results are
compared with measured lysimeter data, and the effects
of management practices on irrigation scheduling and
water use are simulated.

Chapter 5 investigates the physical properties
of soil-water interactions and compares a number of
empirical methods of analysis with experimental data.
The process of infiltration into nonuniform soils 1is
analysed in <chapter 6 and one—-dimensional and two-
dimensional models are developed.

The one—dimensional and two-dimensional

infiltration models of chapter 6 are utilized in the
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irrigation management model.



surface 1irrigation model of chapter 7 for simulating
the effects of operational practices on the
efficiencies of border and furrow irrigation systems.
Models for the design and optimum operational
management of the systems are also presented.

The soil water balance under a sprinkler unit
is simulated by a point excess-rainfall model which
uses the one dimensional infiltration function of
chapter 6 to estimate the water losses in the root zone
from intermittent, unsteady precipitation.

Chapter 9 sees the introduction of a sprinkler
irrigation performance evaluation model which combines
a statistical application—-rate distribution pattern and
the point excess-rainfall model of chapter 8 to
evaluate the irrigation efficiencies and application
uniformity of a sprinkler unit

Finally, chapter i0 consists of the
discussions and conclusions. The references and

appendix sections complete this thesis.
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CHAPTER 2 DEFINING IRRIGATION EFFICIENCIES:

2.1 Introduction:

The term 'irrigation efficiency' is used to
express the performance of a complete irrigation system
or components of that system. Jensen etal (1967)
defined irrigation efficiency as " the ratio, wusually
expressed as per cent, of the volume of the irrigétion
water transpired by the plant, plus that evaporated
from the soil, plus that necessay to regulate the salt
concentration in the soil solution, and that wused by
the plant in building plant tissue to the total volume
of water delivered, stored or pumped for irrigation ".

Efficiency analysis is therefore a means for
the quantitative evaluation of water losses at
different stages of irrigation. Water losses by
seepage and evaporation in the conveyance netwerk, on-—
farm losses due to evaporation, deep percolation and
runoff, all represent wastages of a precious resource.
The factors which effect these water losses are manv.
The geometry and lining of canals, maintenance of
canals, on farm irrigation methods and practices,
quality of labour, soil and crop types, farm dimensions
and irrigation scheduling practices, all influence
losses of water from a system.

Each stage of the irrigation system, from
conveyance to on—farm application, has therefore one or

more associated efficiency terms which describe the

15



relative water losses during that process. In the

context of this study, only irrigation efficiencies at

the farm level are considered for evaluation.

Two approaches are normally used to evaluate
the water distribution profile on the field. The first
is based on the actual distribution of water depths on
the irrigated area and is a deterministic approach. The
second 1s a statistical approach and is based on the
cumulative frequency distribution of actual water
depths and areas (Hart etal 1979).

In surface irrigation, the vertical and
horizontal movement of water can be simulated by using
deterministic mathematical models, based on the
principles of hydrodynamics (see chapter 7). Using such
models, the depth of infiltration, at any time and at
any point on the filed, can be quantified. Figure 2.1
shows a typical post—irrigation infiltration—depth
profile for surface irrigation. The volumetric
distribution of water 1in the field <can then be
determined and the wvarious irrigation efficiencies
evaluated.

In sprinkler irrigation, the shape of the
infiltration—-depth profile is less predictable since
the spatial distribution of the water emerging out of
the sprinkler nozzle is subject to many unpredictable
factors. The nozzle height, the orifice size, the water
pressure, the wind speed and direction, the evaporation

and interception rates, and the soil and crop types,
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all effect the horizontal and vertical distribution
pattern of the applied water. Figure 2.2 shows an
idealized wetting pattern under sprinkler irrigation.
To compensate for the deficits near the outer edges,
adjacent sprinklers are often spaced such that their
radii of coverage overlap one another (Hillel 1987).

Under field conditions, where the spétial
distribution of water cannot be accurately simulated by
purely deterministic models, the statistical approach
becomes necessary. The area of coverage of a sprinkler
unit is divided into a number of segments and the depth
of water received on the array of areas is measured.
The cumulative frequency distribution of the
infiltrated depths is then represented as the fraction
(Ap) of the area that received a depth of water of (Yp)
or greater (Fig. 2.3). The fraction of area receiving a
depth ranging from between Yk and ¥Yp is therefore found
as (Ap—AK).

The relationship between applied depth and
receiving area can then be wused to <calculate the
volumetric distribution of water on the field, and with
knowledge of the required water depth to fill the root
zZone, the various irrigation efficienies can be
evaluated. It should be noted that the statistical data
are representative of the conditions for that site and

sprinkler unit alone.
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All four efficiency terms (Ea, Es, Ed and
Ede), are evaluated every time an irrigation is
scheduled. To investigate the effects of operational
management practices (ie: allowable soil moisture
deficit and inflow rate and duration ) on these
efficiencies, it is necessary that the water balance of
the Crop root zone 1is simulated. This task‘ is
undertaken 1in chapters 3 and 4. The antecedent soil
moisture content, on the day of irrigation, determines
the infiltration rate of the soil.

The processes of one and two dimensional
infiltration are modelled in chapter 6. The
infiltration process in turn effects the spatial and
temporal movement and distribution of water on the
field and in the scil. The simulation of the movement
of water 1in Dborder and furrow irrigation, for the
determination of the actual and optimum operaticnal
efficiencies, is undertaken in chapter 7. Finally in
chapter 9 a deterministic—statistical model is proposed
for the evaluation of operational efficiencies under

sprinkler irrigation.
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CHAPTER 3 IRRIGATION SCHEDULING

3.1 Introduction B

Before any assessment of operational
efficiencies can be made, it is necessary to establish
the days on which irrigation is required, and estimate
how much water should be applied to the field on each
occasion. Many factors influence the timing and
quantity of water required to replenish that consumed
by the <crop. The evapotranspiration rate, the soil
hydraulic properties, the rooting depth and density and
the species of the crop, all influence the rate at
which water is removed from the soil. In this chapter
an irrigation scheduling model is introduced as an aid
to answering the gquestions of when and how much

irrigation should be applied.

3.2 Review of existing models:

On—farm irrigation management is mainly
concerned with the problems of applying water, at the
right time and in adegquate quantities, to ensure the
optimal growth of <crops. Traditiocnally irrigation
periods were scheduled on the basis that every farmer
received his appropriate share of the stream flow on
rotation. The amount and frequency of irrigation
depended on the number and size of the other farms.
This practice is still prevazlent in many parts of the
world where water laws are handed down through

generations (UNFAO 1954, UN 1968, UNFAO 1973, Biswas



1970, Lister 1978).

A study of the interactions between soil,
water, plant and atmosphere scon demonstrates that the
frequency and depth of irrigation has a marked effect
on the final vyield of crops. During the vegetative and
flowering stages of growth adequate socil moisture is
essential for optimum yield. Early in the season, while
the roots are still shallow, frequent but light
irrigation is required. As the roots extend to their
maximum depth in the fruiting stage, larger quantities
of water are required to fill the root =zone.

Today the timing and amount of irrigation is
chosen 1in response to atmospheric and vegetative
demands. Irrigation can be scheduled on a demand basis
since many of the operating constraints of a
traditional irrigation system can bhe overcome Dby the
proper control and management of the source of water
and its conveyance to individual farms.

The use of mathematical models in irrigation
was facilitated by the early hydrological simulation
models developed in the early and middle 1960's . An
extensive review of various hydrological models is
provided by Fleming (1975, 1979). These models are
mainly concerned with the simulation of the runoff
process from rainfall on a watershed area. In contrast
to rainfall-runoff models, irrigation water-balance Iis
mainly concerned with the land-phase processes of the

hydrological cycle and as such the established
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watershed models are often too broad in outlook for the
detailed management of farm-scale irrigation systems.
The main objective in the deterministic
modelling of irrigation is to simulate the changes in
the water balance of the root zone in order to evaluate
the quantity and time distribution of losses due to
transpiration, evaporation and drainage. The early
approach to quantifying these losses was the use of
black-box models. Such models relate érop consumptive
use to potential evapotranspiration, through a
dimensionless growth-stage crop coefficient, by the

equation (Withers & Vipond 1974):

We = Kc . PET {(3.1)
where

Wc = consumptive use of water (mm/d)

PET = potential evapotranspiration (mm/d)

Kc = crop coefficient.

The coefficient (Kc) has no physical meaning
but represents the combined effects of growth stage,
crop height, root depth and soil moisture depletion
levels on the evapotranspiration process.

Jensen (1969) and Jensen etal (1970) developed
the USDA Irrigation Scheduling Program, based on the
function in Egn. 3.1, to provide an irrigation
scheduling system for subscribed farmers. Potential

evapotranspiration 1is estimated for alfalfa Dby the
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models which simulate the various processes of the
"s0il-water balance in a way that is a simplification of
the fully physical processes. In this way processes
which 1in reality take place on a continuous basis can
be modelled on a longer time scale (eg: hourly or
daily) by characteristic parameters which represent the
physical properties of that process.

Infiltration, for instance, is the continuous
process of water flux into the unsaturated soil. A
parametric model allows the effects of moisture
potential and hydraulic conductivity on the process of
water flow in unsaturated séils, to be represented by
such readily measurable soil parameters as field
capacity, saturation moisture content, saturated
hydraulic conductivity and wetting front pressure
(chapters 3 and 6) .

The use of parametric models in irrigation has
evolved along side the developments in the mathematical
modelling of the components of the hydrological cycle.
The relationships Dbetween the irrigation-relevant
hydrological processes is illustrated by the SPAW model
of Saxton etal 1974, (Fig. 3.1).

Evapotranspiration, interception, runoff,
infiltration and drainage form the basic " hydrological
processes that control the water balance in the root
zone. Each process has seen continuous, independent

mathematical development, with the result that it is

310



POTENTIAL ET

INTERCEPTION
100
SO/L CANOPY,
EVAPORAT/ON e o el TRANSPIRATION
TIME OF YEAR
: 1ooUNUSED ENERGY
ACTUAL o
—> % Jnansren N\,
S S W ;UHWEML
we ; 0 00 RANSPIRATION
SOIL MOIST,, 0-6" %V © canorr,% ! )
d ' |ogPHENOLOGICAL STATE
OTHER % ot CANOPY
ACTUAL SOIL TRANSIORY
EVAPORATION ENERGY SINKS ANSPIR)
/ TIME OF YEAR
I
i ACTUAL 8 00T DISTRIBUTION, %
POTEN.,
PLANT
MOIS TURE
STRESS
950 50
“e AVAIL. SOIL MOIST. TIME OF YEAR
ACTUAL
TRANSPIRATION
\" 'A/ . SOIL MOISTURE REDISTRIBUTION
ACTUAL ET zh , s
* . nl‘ g §
ACTUAL ET .e® & 2
WITHDRAWAL INFILZRATION = 8
FROM SO/L. .*"® 015, % iC %
-
MO/S;TU/?E “‘o =) g(rg&z) (AN
] o Z
1 l

3.1 Hydrological processes in the Soil-Plant-
. Atmosphere-Water continuum represented by
the SPAW model of Saxton etal (1974).

Fig.



difficult to undertake a critical, comparative

categorization of the different irrigation models.
Indeed some models used today in irrigation management
were not originally designed for that purpose. A survey
of reported irrigation-related models with some of
their characteristics is shown in Table 3.1

The fully deterministic models assume that the
entire soil profile has wuniform properties. Some of
the parametric models rely on empirical methods to
simulate a process, while others fail to integrate the
various hydrological components. From a modelling
point of view none are adequate to fully describe the
physical conditions that may exist in the field.

Nonuniformities in the soil hydraulic
properties, the growing rocot zone and the constantly
changing soil moisture content are shown in chapters 4
and 6 to influence the root zone water balance and the
infiltration rate of the soil. These in turn effect the
operational efficiencies of the surface and sprinkler
irrigation systems (chapters 7 and 9 respectively).

The irrigation scheduling model, presented in
this chapter and the next, aims to integrate, as much
as possible, the component hydrological procésses of
irrigation and to incorporate such field
characteristics as soil nonuniformity .and dynamic,
nununiform root zone storage, into a continuous soil

water balance model.
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Table 3.1 Hydrological characteristics of
some irrigation models.
Hodel PET Interc- Soil Water Actual ET Infilt- Runoff Cosaent
method eption Balance aethod ration aethod

USDA-1SP  Penman - - Crop coef. - - Black box

Jensen ’ scheduling

Nimah ¥  Pensan - Numerical  Physically Nuaserical - Fully

Hanks godel -based root aodel deterainistic

{1973} extraction water balance
nodel

Hanks External - Dynasic Spil eva. & - - Paragetric

(1974) input Unifore Transpiration yield response
aodel

USDAHL Pan Eva. - Unifora Empirical Empiricai Excess Parametric

{1974) Layered rain rain-rungft
aodel

SPAW Pan Eva. Constant  Dynamic Soil eva. ¥ Rain less - Sesi-empirical

Saxton van Bavel Nonunifora Transpiration watershed parametric

etal 1974 Layered runoff aodel

CREAMS Penman 5CS Static Spil eva. ¥ iD Uniform 1~ SCS Parametric

£nisel implicit  Unifors Transpiration Green-Ampt  2- Excess  rain-runotf

etal 1980 Layered zodel rain sodel

MORECS Penman Empirical Static Resistance - Excess Parametric

Thompson  -Hontieth Unifora functions rainfall  water balance

stal 1981 . ot ; aodel

Hartin Pan Eva. 5Cs Static Soil eva. ¥ 5CS 5CS Farametric

etal 1984 implicit  Uniforas Transpiration yleld response

Layered aodel

Jung k Pan Eva. Numerical Soil eva. & Numerical - Detersinistic

Taylor Jensen- - nodel Transpiration  sodel water balance

{1984} Haise godel







The moisture stress indicator used in this
study is the widely used soil moisture deficit
approach. The soil moisture deficit (SMD) is defined by
Kruse (1978) as the difference between field capacity
and actual soil moisture content in the root =zone at
any given time. It represents the amount of water
removed by evapotranspiration and which is required to
restore the soil to field capacity. The SMD is often
expressed as a percentage of the total available soil

moisture capacity (field capacity minus wilting point):

. (FC — SMC)
SMD = 100 (3.2)
(FC - WP)

where
SMD = soil moisture deficit (%)
FC field capacity (cm3/cm3)
WP = wilting point (cm3/cm3)
SMC = actual soil moisture content (cm3/cm3)

I

The 1irrigation manager has to decide the
maximum level of SMD at which irrigation must Dbe
applied. This level, defined as the management
allowable soil moisture deficit (MNGSMD), is chosen to
meet certain criteria. When water 1s in plentiful
supply the priority is to obtain maximum crop vyvields,
but when water supply is the limiting factor, the main
objective would be to distribute the water to the
maximum number of wusers for the optimum level of

overall vield.

The vield response to moisture deficit
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varies from one crop to another. This is reflected 1in
the threshold of SMD at which irrigation should be
applied to ensure maximium yields. Table 3.2 gives a

general guide to this threshold level.

Table 3.2 Soil moisture deficit threshold levels for
maximum crop yield (Welch & Granaham 1985).

Root Depth Crop Type MNGSMD (%)
Shallow Succulent crops 45
(0.66-0.9 m) harvested for the

plant
Shallow Fibrous crops 53
Moderate Perennial crops 58

(0.9-1.5 m)

Moderate Annual crops 60

Deep ( >1.5 m) Perennial, succulent 65
fruits

Deep Perennial 70
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3.4 How Much To Apply 2?2

Once the level of acceptable crop stress has
been decided, the subsequent steps are the
determination of exactly when this stress level is
reached during the course of a drying cycle, and the
quantity of water needed to replenish that lost from
the soil Dby evapotranspiration. For this purpose a
field scale water balance model is essential to keeping
a continuous record of the inputs and outputs of water
to and from the root zone moisture storage system.

The inputs to this system consist of
precipitaion, irrigation and upward and lateral ground
water flow into the root zone. The outputs are the
interception loss, soil evaporation, plant
transpiration, and both lateral and vertical drainage.

Neglecting the lateral and vertical ground
water movements, the root zone soil moisture storage
at the end of any day can be expressed by the following

mass balance equation:

SMC(i) = SMC(i-1) + R(i) ~ T(i) - SE(i) - D(1) (3.3)
where
SMC(i) = so0il moisture storage (mm) on day 1i.
SMC(i—-1) = soil moisture storage (mm) on

on the previous day.

R(i) = net rainfall (gross rain minus
runoff and interception) (mm)
T(i) = total transpiration on day i.
SE(i) = total soil evaporation on day i.
D(i) = total drainage (mm) from rootzone

on day 1i.
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The total root zone soil moisture content 1is

calculated at the end of each day from Eqn. 3.3. The
soil moisture deficit for that day is calculated by
Eqn. 3.2. If this deficit is above the maximum
allowable (MNGSMD) then the amount of irrigation
required 1s evaluated as the depth of water necessary
to £ill the root zone to field capacity. The flow chart
of the irrigation scheduling model (SCHEDULE) is shown
in Fig. 3.2 |

A management factor (MNGIRG) defines the
percentage of the required irrigation depth that is
actually applied. This factor is useful in cases where
deficit irrigation is practiced ,ie: where less water
is applied to the soil deliberately to either maximize
the limited resources or to maximize the land area
cultivated.

Another use of MNGIRG 1s to include the
'leaching fraction’' required to leach Tharmfull salts
from the root zone. Since at this stage a soil salinity
model has not been included in the simulation model,
the MNGIRG factor can perform this function.

Considering that plants can differ 1in their
response to soil moisture stress from one growth stage
to another, both MNGSMD and MNGIRG can be defined for
each growth stage, making the simulation model more

flexible as a responsive management tool.
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3.5 Estimating root zone water gains and losses:

3.5.1 Rainfall, Runoff and Infiltration:

Runoff is that fraction of the rainfall that is
not intercepted by vegetation or held 1in surface
detention storage and which is not part of the rainfall
that infiltrates into the socil. This ‘“excess" or
"effective” rain flows down the slope as ‘"overland
flow" and runs into the stream channel.

The determination of excess rainfall is of
particular interest to the irrigation manager since it
is an 1indication of the proportion of precipitation
that does not infiltrate into the soil and is thus lost
to the crop. A simplified mass balance approch is to
consider infiltration to be the difference Dbetween
rainfall and runoff volumes.

The methods used to estimate runoff (and
therefore infiltration) from rainfall generally depend
on the type of rainfall data available. Where Dbreak-
point rainfall data are available, hydrological models
of rainfall-runoff may be used (eg: PERM model of
chapter 6). In the irrigation scheduling model however
the water Dbalance is kept on a daily basis and any
recharge must be entered as a daily total. Where only
daily rainfall depths are available then more empirical
methods become necessary. |

The Soil Conservation Service (SCS) method
(US-SCS 1972) is used here to divide the gross rainfall

into runoff, infiltration and initial losses such as
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interception. A method simillar to that of the CREAMS
model ( Knisel etal 1980 ) is used to include the
effects of antecedent soil moisture contents on the
runoff process.

The " SCS " method is a simple empirical
model which relates the daily volume of runoff to
rainfall and initial losses, according to the equation:

2
(P -0.298)

Q = (3.4)
(P + 0.8 5)

where: .

Q = daily runoff depth (mm)

P = daily rainfall depth (mm)

S = retention parameter (mm)

The retention parameter (S) embodies the soil
type, vegetation cover and antecedent moisture

conditions and is defined by ( Knisel etal 1980 ):

N
SM(3)
S=Smx [ 1 - = P() (————— ) ] (3.5)
UL (J)
j=1
where:
P(j) = proportion of total roots in laver j.
j = root zone laver index.
N = number of rootzone lavers.
UL(j) = upper limit of soil water storage in the
root zone (mm).
SM(j) = actual soil water storage in the root zone

prior to rain (mm).
Smx = maximum value of retention parameter.
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Smx is defined as the maximum value of the
retention parameter S , and is given by
1000
Smx = ~—E§I—_ - 10 (3.6)
where:
CNl = a 'dry conditions' curve number ranging.

from 0 to 100,

The wvalues of CN1 are defined for different
soll types and vegetation <covers ( Chow 1964, Bache &
McCaskill 1984) .

Substitution of Eqn. 3.6 in Eqn. 3.5 enables
the caiculation of the infiltration and runoff depths

{(from daily rainfall) by the use of Egqn. 3.4

3.5.2 Drainage

To distribute the applied water, wether from
natural rainfall or scheduled irrigation, a simple
cascading flow model is used to route the applied depth
through each successive root zone layer, filling it up
to field capacity before proceeding to the next. If the
applied water 1is greater than the root 2zone storage
capacity, the excess water is considered as drainage.

Assuming that the soil profile drains freely,

the drainage depth at the end of the day is calculated

according to the following mathematical expression:
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N
D=1Iv- 3 (FCy) - sMc)) (3.7)
Ji=1
where:
D = @rainage depth (mm) .
§v = infiltrated depth (mm).
FC(q) = figld capacity of layer j (mm).
SMC(j) = soil moisture content (mm) of laver j.
N = number of root zone lavers.
J = index of root zone laver.

The cascading flow model is described in more

detail in a simillar mocdel in chapter 6

3.5.3 Transpiration :

Water evaporates from all the outer and inner
surfaces of the plant which come into contact with air.
Evaporation from the outer plant cells is termed the
cuticular transpiration and varies from 1% to 30% of
the total depending on the species (Larcher 1983). The
greatest part of transpiration however, occurs from the
sub—stomatal air cavities where water is first
converted-to vapour before passing through the stomata
opening. Guard cells around the stomata respond to
turger pressure changes, caused by excessive water
loss, by - reducing or closing the stomata thus
increasing the resistance to vapour diffusion from the
plant to the atmosphere.

Cowan & Milthorpe (1968) state that '"vapour

transport is a function of differences of vapour
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pressure — not water potential ". This means the rate
of transpiration is considered to be governed by the
conditions of the atmospheric demand.

When water is in abundance, transpiration
occurs at a rate limited only by the atmospheric
conditions. Ignoring all other sinks of energy (eg into
the soil and water) the available evaporative energy is
assumed to be consumed in the processes of evaporation
from the wet soil and plant surfaces. fhe transpiration

rate can then Dbe calculated from the energy balance

equation
PT(i) = PET(1i) - PSE(i) (3.8)
where
PT(i) = potential transpiration on day i (mm).
PET(1) = potential crop evapoctranspiration
on day i (mm) .
PSE(i) = potential soil evaporation on day i (mm).

Methods of estimating the potential
evapotranspiration and the potential soil evaporation
are given in sections 3.5.4 and 3.5.5 respectively.

Transpiration remains at the potential rate
(PT), determined by the atmospheric demand, as long as
the soil and vegetation are well supplied with water.
When the soil begins to dry, water cannot be conducted
to the evaporating surface fast enough and
transpiration falls below it's upper limit of potential

rate. This is referred to as the 'actual transpiration
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rate (AT)'. The rate of decline is controlled primarily

by the level of s0il moisture content and the

evaporative potential of the atmosphere.

The reduction of transpiration from it's
potential rate represents an important concept 1in
irrigation management, particularly where deficit
irrigation 1is practiced. The rate of dry matter
production 1is directly related to the transpiration
rate so that crop vield is reduced if the plant suffers
stress due to water deficit in the root zone (Doorenbos
& Pruitt 1977).

The rate at which AT falis below PT and the
factors that influence it have been the subject of much
recent research. Two approaches are commonly used to
estimate AT : the physically—-based and the parametric
modelling techniques.

A) Physically Based Models :

One physically based approach is to solve the
Penman-Montieth egquation with the appropidiate surface
resistances. Experimental works by Szeicz & Long (1969)
and Russell (1980) have shown that surface resistance
increases as the soil moisture content decreases.
Sheratt & Wheater (1984) used an empirical equation of
surface resistance response to moisture content to
determine the relative transpiration ( AT/PT)

The second physically based approach is based
on the works of Van den Honert (1948), Gardner (1960),

Cowan (1965) and Tavlor & Klepper (1978) who expressed
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the rate of water flow through the plant as a product
of the water potential gradient between the soil and
the leaves, and the sum of the conductances of water in
the soil and plant mediums. This method has been
successfully used to model the water balance of cropped
lands, eg: Zur & Jones (1981) for cotton, Rowse etal
(1983) » Hillel etal (1976) and Jung & Taylor (1984)
for soybeans.

The physically based models generally start
with the equations of mass, heat and momentum transfer
and derive expressions which relate AT to physical
variables which can be measured on site. However as
with most variables in the evaporation process, onsite
measurements are labourious and complicated so that

recourse to simpler parametric models is often more

appropriate (Brutsaert 1982, Sherratt & Wheater 1984)

B) Parametric Models :

Federer (1979, 1982), Feddes (1582) and
Refsgaard (1981) have used the parametric approach in
relating transpiration rate to variables such as soil
moisture content, potential evapotranspiration and
rooting characteristics. This is also the approach used
in this study.

It 1is appropriate at this stage to define a
coefficient of limiting soil water , Ksw , as the ratio

of actual to potential transpiration rate:
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Ksw = AT/PT

(3.9)
where
Ksw = coefficient of limiting soil water.
é% = actual transpiration rate (mm/day) .

potential transpiration rate (mm/day).

Many shapes have been proposed to describe
the rate of fall of Ksw as a function of socil moisture
depletion. Some of these are shown in Fig. 3.3. Curve A
assumes no reduction in Ksw untill all available soil
moisture has been removed. Curve B shows the reduction
rate to be linear only beyond a threshold soil moisture
depletion level, while curve D assumes the linear
reduction to Dbe immediate. Curves C & E take
logarithmic and exponential forms respectively.

The mathematical models that describe these
curves can Dbe categorized into two main groups. The
first group give Xsw as a function of a single
variable, namely the so0il moisture content. These
models are often derived by fitting equations to
relative transpiration and séil moisture contents as
measured by lysimeters. Eagleman & Decker (1872) gave a
regression equation of Ksw and soil moisture deficit
(SMD) . Jensen etal (1971) fitted a logarithmic
equation (curve C) to Ksw and the ratio of actual to
maximum available moisture content.

The second group of models take into account
other wvariables as well. The experimental works of

Denmead & Shaw (1962), Holmes & Robertson (1963) and
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others indicate that the rate of fall of Ksw also

depends on the magnitude of potential

evapotranspiration (PET) The higher the rate of PET,

the steeper the slope of the curve.

Factors such as soil hydraulic conductivity,
rooting density, rooting depth, soil moisture tension,
also influence the response function to various
degrees. These are however difficult to quantify and
are assumed to be incorporated into the empirical
parameters used in these models.

Norero etal (1972) developed a model taking
into account PET and soil moisture potential
Boonyatharakul & Walker (1879) derived empirical
functions relating Ksw to PET, soil hydraulic
conductivity and a rooting—-pattern parameter for
alfalfa. Kristensen & Jensen (1975) developed a four
parameter model incorporating functions of leaf area
index, rooting pattern and PET . Calder etal (1983)
used an exponential model (curve E), to relate Ksw to
soil moisture deficit and TRPARAM (see below) , while
Hanson (1976) related Ksw to the available soil
moisture content and PET.

The method used in this case is the linear-—

response model (curve B), expressed mathematically as:

Ksw = (1/TRPARAM) . (AW/AWM) (3.10)
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where
AW = ava;lable moisture (SMC - WP)
AWM = maximum available moisture (FC - WP)
TRPARAM = empirical parameter (0 < TRPARAM < 1.0)
SMC = aqtecedent soil moisture content (mm)
FC = field capacity (mm)
WP = wilting point (mm)

The constant TRPARAM is commonly taken as 0.5
(Ritchie etal 1972, Hanks 1974, Hanks & Hill 1980);
others give 0.3 (Kanemasu etal 1976), and 0.25 (Ritchie
etal 1976). Doorenbos & Pruit (1977) related the
parameter TRPARAM to the crop type and PET rate.

The rate of actual transpiration is seen from
Egqn. 3.10 and Egn. 3.9 to depend on the soil properties
(FC and WP). Where nonuniform soil properties exist,
the transpiration rate must be evaluated for each root
layer according to it's soil properties. Actual
transpiration from layer j, is calculated with the aid

of the linear—-response model

T(3) = PT(J) . Ksw{(3) (3.11) .
where -
T(j) = actual transpiration from root laver j.
PT(j) = potential transpiration from layer j.
Ksw(j) = coefficient of limiting socil water
in lavyer j.
Assuming the root zone is divided into 4 equal
layers, the fraction of the total potential

transpiration assigned to each laver is equal to the

product of the gquarter potential rate and the
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proportion of roots P(j) in that layer:

PT(3) = ( PT/4 ) . P(j) (3.12)

This function allows the assignment of more
relative weight to transpiration from the top layers
which contain a greater density of roots.

Substituting equations 3.10 and 3.12 in Ean.
3.11 gives an expression for calculating the actual

transpiration loss from a root Zzone laver

(PT/4). P(3) SMC(j) — WP(J)
T(3) = [ ] (3.13)
TRPARAM FC(J) - WP(3)
where:
T(3j) = actual daily transpiration loss

from layer j (mm).
PT = total daily potential transpiration (mm)

TRPARAM = transpiration—-moisture deficit
response parameter.
P(j) = proportion of total roots in laver j.
SMC(j) = soil moisture content in laver j (mm).
FC(j) = field capacity of layer j (mm).

WP () wilting point of layer j (mm).
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3.5.4 Potential Evapotranspiration:

The evaporation Process 1s defined as ‘the

phenomenon by which a substrate is converted from the
liquid or solid state into vapour' ( Brutsaert 1982 ).
The change of state of water molecules from liquid to
gas requires an energy input equivalent to the latent
heat of vapourization. In nature the source of this
energy is the radiation emitted by the sun.
Terrestrial factors such as wind, clouds, relative
humidity and temperature help to maintain conditions
for continuous evaporation.

Evapotranspiration (ET), is a term used to
define the combined processes of evaporation from soil
and water surfaces and transpiration from plants. In
the field evaporation and transpiration are difficult
to measure independently , and are thus often lumped

together into a single descriptive term.

The upper limit of the evapotranspiration

rate is referred to as the 'potential
evapotranspiration rate (PET)'. The maximum rate of
evapotranspiration is not only dependent on the
atmospheric variables Dbut also on the physical
composition of the vegetation stand. The term
'reference—crop potential evapotranspiration (PETr)'

has been used to define the water loss from a green
crop, of uniform height, completely covering the ground

and never short of water (Cuenca & Nicholson 1982 ).
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Penman (1948) defined PETr for short grass and

derived seml—empirical formulae for it's estimation.

Subsequently other empirical relationships have been
developed for the Penman formulae relative to alfalfa.
The common method of calculating the PET for
any other crop is to estimate PETr relative to grass or
alfalfa and to multiply this by a proportionality crop

coefficient (Ke) , derived from field lysimeter

experiments (Doorenbos & Pruitt 1977):

PET = Kc . PETr (3.14)

The value of K¢ varies throughout the growing
season and represents the effects of factors such as
crop height, root density, canopy cover and soil type.
It's magnitude ranges from a low during early growth,
to a peak at maximum crop development, and declines to
a low after the onset of senescence. Some Kc values for
various crops are tabulated in the appendix.

Effectively any c¢rop can be used as the
reference provided the physical requirements used 1in
the definition of PETr are met. However the two most
commonly used reference crops are grass and alfalfa.

Grass reference PETr is defined by Doorenbos &
Pruit (1977) as " the rate of ET from an extended
surface of 80-150 mm tall, green grass cover of uniform
height, actively growing, completely shading the ground

and not short of water".
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Table 3.3 Data rgquirements of some empirical
potential evapotranspiration (PET)
models.

Input T RN Rn n Uz Lat. Rain Ref, Canments
¥pdel data Va Rs Ela,
Blaney- Hansen stal Teaperate
Criddle H i 1979 zones
F&0-3laney H Doorenbos & Correction
-Criddle S H 1 S Pruitt 1977 factors
Jensen- 1 Jenzen etal Sumser and
Haise I ¢ 1970 low Elev.
Thornthwaite 3 H Shaw 1984 Honthly
PET only
Linacre f 1 Linacre 1977 Teaperate
b ¢ 1 \ climates
Hargreves- ! H Hargreaves & Calibrated
Samani Samani 1987 for §. Aa
Turc H H Shaw 1984 10 day
1 PET only
Priestly- H S Allen 1986 Huaid, no
Taylor advection
* Key
T = temperature; RH = relative humidity;
Va = atmospheric wvapour pressure; Rn = net
radiation; Rs = short wave radiation; n =
number of sunshine hours; Uz = mean wind

speed;
latitude; Ele.= elevation.

(A1l values are mean daily); Lat. =

395






PETr = Kp . Epan (3.15)
where:
PETr = reference crop evapotranspiration (mm/d)
Epan = evaporation loss per day, mesured
from a pan (mm).
Kp = pan coefficient.
For the US Class A pan, under average wind
and humidity, a pan coefficient Kp = 0.7 is often used

(Doorenbos & Pruit 1977), but calibration on site is

deemed essential (Brutsaert 1982).

3.5.4.2 The Penman method (Option 2):

Pehman (1948,1963) derived a physically based
modél of evapotranspiration from the consideration of
the i1incoming and outgoing evaporative energies at an
open surface of water (Fig. 3.4). While the principles
are Dbased on sound fundamental physical laws, some of
the relationships wused are empirical. The Penman

equation is

PETr = [S(Rn-G)/(S+C)] + [Ea.C/(S5+C)] (3.16)

where

PETr = reference evapotranspiration (mm/4)

S = slope of saturation vapour pressure-—
temperature curve at mean air tempe-—
rature (mbar/ C)

C = psychrometer constant (mbar/ C)

Rn = net radiation (mm/d)

G = heat flux into the soil (mm/d)

Ea = aerodynamic vapour transfer term (mm/d)

The relationships defining the various terms
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Fig. 3.4 Schematic diagram of incoming and outgoing

radiations at the earth's surface.
(Ra =
Rs = atmoshperic shortwave radiation;
incoming shortwave radiation at the surface;

Y

= surface albedo;
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in Eqn. 3.16 are listed in detail in the appendix. The

Penman equation only requires knowledge of 4
meteorological factor. These are the mean daily
temperature, the mean air vapour pressure . the

degree of cloud cover, and the mean wind speed.

3.5.4.3 IThe Penman—Montieth method (Option 3):

Montieth (1965) modified the Penman formula
to include terms describing the resistances to vapour
diffusion from the evaporating surféce and to the
transfer of momentum in the canopy—atmosphere boundary
layer. The Penman—-Montieth equation of evapotransp-

iration ET , is given by

S Rn + pCp (Vs—Va)/ra
L.ET = (3.17)
S + C [1+ (rs/ra)]

where
L.ET = evaporative energy (Watts/m2)
L = latent heat of vapourization (J/kg)
ET = evapotranspiration (Kg/m2/s)
Rn = net incoming radiation (mm/4d)
S = slope of saturation vapour
pressure—temperature curve (mbar/ C)
C = psychrometer constant (= 0.66)
p = air density (1.24 Kg/m3)
Cp = specific heat of air (= 1005 J/kg/ C)
Vs = saturated air vapour pressure (mbar)
Va = actual air vapour pressure (mbar)
ra = aerodynamic resistance (s/m)
rs =

bulk surface resistance (s/m)

(Note that 1 mmH20 = 0.034 Watts/m2 .)

The advantage of the above equation to the

the Penman equation is that it can be applied to any
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evaporating surface, wether fully or partially wet, Dby
the inclusion of appropriate resistances. Expressions
for estimation of the aerodynamic and Dbulk surface

resistances are given in detail in the appendix.



3.5.95 Soil Evaporation

3.5.5.1 DStages of Scil Evaporation Rate

Direct evaporation from the soil represents
a net loss to the atmosphere that is of no apparent
benefit to the irrigator. In arid and semi-arid
environments this loss may amount to over 50% of the
annual precipitation. Efforts in irrigation management
to reduce soil evaporation include the use of localised
techniques such as trickle irrigation, mulching and
tillage (Hillel 1980).

Evaporation from the soil involves a three
stage process (Fig. 3.5). The first is the constant-
rate stage during which the soil is wet and evaporation
is controlled by the potential atmospheric demand. The
second stage 1is the falling-rate, during which the
movement of water is controlled by the conductivity of
the drying so0il . During this stage the evaporation
rate progressively falls below the potential rate. The
last stage is the slow—rate stage, and involves the
process of water vapour diffusion through the soil
medium. The last two stages merge together gradually
and are often taken as a single falling-rate stage

Idso etal (1979) derived equations for the
three stages from incoming and reflected solar
radiation, and the air and soil temperatures. Gardner &
Hillel (1962) sought solutions to the vapour diffusion

equation and derived equations for the transition time
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from constant to falling rate stages.

The model used in this study is the empirical

model of Ritchie (1972) and Ritchie etal (1976), given

by
Stage 1
PSE = PET exp(-0.398 (LAI + 2.5 M) (3.18)
Stage 2
1/2 1/2
SE = C. t - C (t-1) (3.19)
whére:
PSE = so0il evaporation at potential rate (mm/d)

6))]
t
]

actual soil evaporation rate (mm/d)
M = fraction of soil covered by mulch

t = time since second stage initiation (days)
C = soil constant
LAI = Leaf area index

The transition from first to second stage
occurs when a threshold amount of water is evaporated
from the soil. This value , U , is a function of soil
depth, hydraulic conductivity and evaporative
conditions. This parameter is found by plotting the
cumulative evaporation loss versus elapsed time for a
soil drying—cycle test. The constant rate is
represented by a straight line up to U , after which
the curve gradually declines . A plot of cumulative
evaporation above the threshold U versus square root of
time will give a straight line , the slope of which 1is

the parameter C



3.5.5.2 Bare-Soil Lysimeter Tests

To evaluate the parameters U and C for the
soil under study (Auchincruive sand ), an experiment
was carried out in the laboratory on several containers
filled with wet soil and allowed to dry. Two conditions
of undrained and drained soils were looked at
Undrained - Two plastic containers, 90 mm deep and
105 mm and 102 mm internal diameters, referred to as
samples 1 and 2 respectively , were sealed at one end
and filled with air dry soil . Water was added up to
saturation (untill a thin laver of free standing water
was vVvisible on the surface). The containers were then
left in the greenhouse (see chapter 4, section 4.3 for
details) , and allowed to drvy.

Two drying cvycles were carried out , the
first lasted 49 days, with initial moisture contents of
35.8 mm and 33.6 mm for samples 1 and 2 respectively.
The second cycle was 18 days long with initial moisture
content of sample 1 at 41.5 mm and sample 2 at 35.3 mm.
The soil evaporation rate (SE) , was measured as the
weight loss of the containers per day. Potential
evaporation rate (Eo) , was taken to be that of free
water evaporation from a container of 100 mm depth and
96 mm internal diameter. The weight loss of the water
at daily intervals was measured and converted to the
equivalent water depth of evaporation.

The relative soil evaporation (SE/Eo0), is
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Relative Soil Evaporation (Es/Ec)
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Fig. 3.6 Measured relative soil evaporation decay with time.
(Es = actual soil evaporaton (mm); Eo = free water
evaporation (mm)) .
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shown plotted against time in Fig. 3.6 . It can be
seen that for all four tests there is an initial period
when the relative evaporation is high. The fluctuations

during this period may be due to the non-steady open

water evaporation rates ; these ranged from 1.46 mm/d

to 2.49 mm/d with an average of 1.91 mm/d over a 152
day period. Beyond about day 10 of the test, the
relative evaporations drop rapidly, converging to near
zero evaporation.

The response of relative soil evaporation to
depleting soil moisture is shown in Fig. 3.7 . There
is a fair degree of scatter but a downward trend is
visible beyond about 0.15 cm3/cm3 moisture content.
This is seen more clearly in Fig. 3.8 which represents
the mean of moisture content classes (at 0.05 cm3/cm3
intervals). The standard deviations are shown as
straight lines. Fig. 3.9 shows the plot of the
fraction of cumulative soil evaxporation and initial
moisture content versus time. Initially the loss rate
is constant but then gradually declines in time and the
fractional water loss tends towards unity where all the
soil moisture is lost

From these tests it can be concluded that for
the undrained case. the Auchincruive sand will loose
water at the rate of the atmospheric demand, untill the
moisture content reaches a critical value, about 0.15

cm3/cm3, Dbelow which the rate of evaporation declines
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rapidly.

Drained The drained-soil evaporation test

consisted of a 1m length of plastic piping , 152 mm

internal diameter, free draining at the bottom and

filled with about 30 mm depth of grit to act as drains.
The container was filled with the air dry sand and

water was added wuntill continuous drainage was

achieved. The soil was then covered and left for two
days to allow gravitational drainage. Profile moisture
content measurements were taken from access holes
drilled on opposing sides of the lysimeter, at 100 mm
intervals. 5Soil moisture contents were determined by
the gravimetric method. Open water evaporation
was measured as described in chapter 4. Evaporation
from the soil was calculated from the changes of
profile moisture contents. These changes are shown 1in
Fig. 3.10.

The variations of relative evaporation with
time and soil moisture content, are shown in Fig. 3.6
and Fig. 3.7 respectively. The relative evaporation
declines after about 3 days . After 36 days of drvying
the average moisture content of the drained case had
still not fallen below 0.26 cm3/cm3 . This would
suggest that water was being conducted to the surface
from deeper lavers, helping to maintain d near steady
evaporation rate . Fig. 3.10 confirms that even after

36 days of drving, the lower depths of the soil
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remained above or near to field capacity (0.308

cm3/cm3) . The fractional water loss of the top 100 mm

of the column is shown for comparison to the undrained

cases (Fig. 3.9). The decline is more gradual because

water is transfered from lower depths to the

evaporating surface.

3.5.5.3 Estimation of Model Parameters:

The parameters U and C , determined for the

Auchincruive sand , are shown in Table 3.4

Table 3.4 Experimentally determined values of the
soil evaporation model parameters.

-1/2
Experiment C mm/d U mm
1) Undrained soils:
Cycle 1 , sample 1 2.38 19.30
sample 2 2.73 19.30
Cycle 2 , sample 1 3.57 18.61
sample 2 2.03 18.61
Mean 2.67 18.96
2) Drained soil : 2.38 5.7

The results of the undrained soil test show a
fair degree of variation about the mean value. This is
reflective of the non—-steady open water evaporation
rates and possibly of the differences in the container
size and colour (sample 1 was placed in a 1light grey

container while the second container was Dblack in

12



colour) . The causes for the discrepancies were not

pursued further since the evaporation rate from the

drained, deep soil lysimeter is much more

representative of the state of the soil in the field

compared to small, saturated soil samples. The top

lavyers in the drained lysimeter are initially at field
capacity and thus the cumulative water loss U, after
which soil evaporation declines, is much lower than the
saturated cases. The values of U and C for the drained

lysimeter are within range of reported values for sandy

soils (Table 3.5 )

Table 3.5 Soill evaporation parameters (C & U) for
several soil types (Ritchie 1972, Kanemasu
etal 1976).
-1/2
Soil Type C mm/d U mm

Carurle sand 1.68 5.0
Florence stony loam 2.89 5.8
Manter fine sandy loam 2.41 9.0
Mansic silty clay loam 3.53 9.2
Muir silty clay loam 3.27 10.2
Hays silt loam 3.36 11.2
Minneola silt loam 3.53 12.6
Lancaster clay loam 3.73 16.5
Adelanto clay loam 5.08 12.0
Yolo locam 4.04 9.0
Houston black clay 3.50 6.0
Plainfield sand 3.34 6.0
Auchincruive sand 2.40 5.7

13



3.6 Chapter Summary:

In this chapter the concept of irrigation
scheduling is introduced. In order to 1indicate when
and how much water should be applied to the crop, the
daily water losses and gains to the root =zone are
evaluated. Gross rainfall 1is seperated into the
rainfall and infiltration components, and the
infiltrated water is routed through the root =zone
storage to determine possible drainage losses.

The Pan—evaporation method and the Penman and
Penman—-Montieth models are used to estimate the daily
potential evapotranspiration rate . A mathematical

expression 1is then derived for the estimation of the

actual transpiration loss from a multi—-layered root

zone, taking into account the nonuniform root
distribution. A two—stage empirical model is used to
evaluate the actual soil evaporation rate. The

parameters of the soil evaporation model are determined
experimentally.

The actual rates of water loss estimated in
this chapter are used in the chapter 4 to simulate the

water balance of nonuniform soil profile with a

growing, nonuniform root zone. The model is then used
to establish the dates and the amounts of required
irrigation, and to evaluate the antecedent soil

moisture contents in the root zone lavers, for use by

the infiltration models in chapter 6.

14



CHAPTER 4 ROOT ZONE WATER BALANCE MODEL :

4.1 Introduction

The methods of estimating the gains and losses
of water in the root zone, described in the previous
chapter, enable the calculation of the changes in root
zone moisture storage from the mass balance equation
({Eqn. 3.3). In this chapter a dynamic water balance
model is proposed which incorporates such

characteristics as a nonuniform soil profile and a

growing root zone (with nonuniform root
distribution), in the soil moisture accounting
algorithm.

The model 1is then tested with actual soil
moisture content and evapotranspiration data measured
from a lysimeter experiment. The effects of different
management practices on the irrigation schedules, end-
of -season irrigation requirements and relative vyield,

are simulated.

4.2 Root zZone water balance model.

4.2.1 Water balance of uniform soils with
nonuniform, growing, root zones:

The common practice in irrigation modelling is
to assume the root =zone to Dbe wuniform in soil
properties and of a constant depth. If the root depth
development, particularly in the case of annual crops,
is taken into consideration then the assumption of a

static root =zone storage capacity leads to the

13



underestimation of the irrigation frequency ‘and the

over—estimation of the required irrigation quantities

early in the growth season.

The rate of elongation of plant roots is

subject to many factors which make its quantification

difficult for modelling purposesd. Factors such as
plant species, antecedent soil, water and nutrient
conditions, the irrigation frequency and depth, tillage
practices and the climate effect growth. Hansen etal
(1979) recommend that as a rough guide the depth of
rooting varies from 30 to 45 cm depth per month of
active growth. Israelson & Hansen (1962) state that the
maximum rooting depth is reached by the time fruiting
occurs. Danielson (1967) categorised cCrops into
shallow, moderate and deep rooted. A compilation of
root depth developments, reported in the literature for
several crops, is listed 1in the appendix. The root
depth on any particular day can Dbe obtained by
interpoclation between the observed wvalues.

A simple approach to modelling the water
balance of a growing root depth is to assume the
rooting density to be uniform with depth, ie: at every
point in the soil, water is taken up at the same rate
as every other point. This approach is schematized 1in

Fig. 4.1 . Consider the water balance algorithm

16
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At t=1 available water = 81 D1 = 60 D1
t=2 ©2 D2 = 61 D1 + ©60(D2-D1)

t=3 ©3 D3 = 82 D2 + ©60(D3-D2)

where ©o 1s the initial moisture content; 81 is the
moisture content at time t=1 ; and D1 is the root depth

at time t=1.

In general terms:

8(t+1) .D(t+1) = [©(t) —-T(t)-SE(t)]1.D(L)

+ o ([D(t+1)-D(t) ] (4.1)

including the soil evaporation (SE) and transpiration

(T) terms . D(t) 1s the maximum root depth on day t

Rearranging
D(t)
o(t+l) = [()-T(L)-SE(t)}.(————- )
D(t+1)
D(Y)
+ 60 [1 ———————— ] (4.2)
D(t+1)

This is the water balance equation for a
growing vroot depth of uniform water uptake rate. The

irrigation is scheduled for the condition when
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M

[Bo—0(t+1)] > MNGSMD (80—6wp) (4.3)

where 6wp 1s the wilting point moisture content.

©0 is often set to field capacity by pre—séason
irrigation to ensure adequate moisture storage for
germination and seedling development.

In the above analysis the uptake rate was
assumed to be uniform with depth which suggests the
rooting density is also uniform with depth. In reality
this condition rarely exists since a greater proportion
of roots develop near the surface. The rooting
patterns of crops influence the water balance equation
4.2 in that more water will be removed from the surface
layers. If the uptake rate is distributed uniformly
with depth, all layers reach the critical moisture
content (©¢) at the same time, but when the surface
layers lodse water faster, they reach 8¢ earlier and
the plant will suffer stress.

The modelling solution to this problem is to
divide the root zone into discrete soil lavers with
corresponding rooting densities. In general dividing
the root =zone 1into 4 equal lavers 1is adequate to
describe the root—distribution pattern. An average

water extraction pattern, from top to bottom, 1is the



40, 30, 20 and 10% distribution. In the following

water Dbalance model, the aim is to develope an

algorithm which responds to a wide range of root-

distribution patterns.

The algorithm developed here is based on Fig.

4.2 . Consider at time t=1

at laver j=1 available water = 8(1,1).D(1,1)
= 8o(D1,1)
Jj=2 ©(1,2).D(1.2) = 60(D(1,2)
j=3 e(1,.3).D(1,3) = €0(D(1.3)
j=4 ©(1,4).D(1,4) = 80(D(1,4)

at time t=2

lavyer j=1 ©(2,1).D(2,1) ©(1,1).D(1,1)
2(1,2).[D(2,1)-D(1,.1)]
T(1,1) - SE(1.1)

I+ )

laver j=2 etc

and at:

laver j=4 ©(2.,4).D(2,4) €(1.4).D(1.4)
- 8(1,4)([D(2,4)-D(1,4)]
+ ©0(D(2,4)-D(1,4)]

- T(1,4) - SE(1.4)

In general therefore

e(t,j).D(t,3)

e(t—-1,3).D(t-1,3)

- 8(t-1.,J)I[D(t.i)-D(t-1.3)1

+ ©(t-1,3+1)[D(t,.j)-D(t-1.3)]

T(t-1,j) — SE(t-1,3) (4.4)

Noting that €(t,j>4) = ©o0

Rearranging

e(t.3j).[D(t)/D(t+1)]

[68(t,j+1) — ©(t,3)1.[1-(D(t)/D(t+1)]

(4. T(t,3)/D(t+1)]

- [4.SE(t,3J)/D(t+1)] (4.3)

8 (t+1,3)

+

Noting that D(t,j)/D(t+l1,3) = D(t)y/D(t+1)
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4.2 Schematic representation of a nonuniform, dynamic
rcot zone (8(1,1) = soil moisture content, cm3/¢em3,
of layer 1 on day 1; €c = initial soil mecisture
content, cm3/cm3;: D(2,4) = thickness (mm) of laver 4

on day 2; tl1 = day-1l; t2 = day 2 ).



Irrigation is timed for when the actual soil

moisture deficit is greater than or equal to the

maximum allowable soil moisture deficit

t 4
ofc - S 1 Z (t+1.5)] > MNGSMD(Ofc - Owp) (4.6)
t=0 j=1

4.2.2 Water balance of nonuniform soils with
nonuniform, growing, root zones:

The water balance equation 4.5 , includes the
transpiration rate term T(t,j), where t 1is the day
number and Jj is the root lavyer index. Egquation 3.13
indicates that the transpiration rate from any laver is
dependent on the available moisture content in that
lavyer. In nonuniform soils the water storage capacity
of each soil profile laver will be different Dboth in
time and space. As the root depth increases so do the
root laver thicknesses. Thus the soil related
properties of any root lavyer are dependent on the
profile layer or layers which are in contact with it.

An algorithm is developed here whereby, at any
time (t) and root depth (RIDP), the hydraulic
properties of the soil profile layer or lavers are
assigned to the root layer with which >they are in
contact. The notations used are defined in Table 4.1,
for the soil profile example shown in Fig. 4.3.

In this example only the field—-capacity
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Table

4.1 Definition of symbols used in
definition of soil, root and
layer diagram (Fig. 4.3).

composite

NSOL
RTDP
TL
FC
SWC
SATK
SWFC
SMC
SKS
DL
RTDP
CFC
CL

I |

(/AT 1 I O

number of soil lavers.

root depth, mm.

thickness of soil lavyer, mm.

soll layvyer field capacity, cm3/cm3.

soill moisture content, cm3/cm3.

soil saturated conductivity, mm/day.

root laver field capacity, cm3/cm3.

root layer soil moisture content, cm3/cm3.
root laver saturated conductivity, mm/day.
thickness of root layer, mm.

rooting depth on the day. mm.

composite laver field capacity, cm3/cm3.
thickness of composite laver, mm.

index of soil layer number.

index of root lavyer number.

index of composite laver number.
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parameter is used to illustrate the algorithm. The same
procedure also applies to other soil properties such as
the wilting point WLTP(j), the saturated moisture
content SWSAT(j), and the residual moisture content
SWRESI (J) .

A necessary assumption is that the soill
profile properties (except antecedent moisture content)
remain constant at all times. Depending on the position
of RTDP the appropriate layer SWFC(j) must be
determined from the corresponding FC(i) wvalues. The
analysis of Fig. 4.3 shows that two conditions can
exist between the soil profile and root lavers
Condition 1 :

In this case a root layer 1is completely
contained within one soil profile layver (eg. root laver
j=1 in Fig. 4.3 ), and all the properties associated

with that soil layer are assigned to the root laver

SWFC(j) = FC(1) (4.7)

Condition 2 :

In this case a root layer contains one or more
complete soil layers plus one or more partial layers
(eg. root layer j=3). A weighted averaging technique is
used to calculate the hydraulic properties to be

assigned to this root laver
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D1 + D2 + D3

SWFC(3) = ~——— (4.8)
RTDP/4 '
where:
D1 = DX1 . FC(i) (4.9a)
D2 = TL(i+1) . FC(i+1) (4.9b)
D3 = DX2 . FC(i+2) (4.9¢)

where DX1 and DX2 are the amounts (in millimeters) of

overlapr (Fig. 4.4)

When the number of complete layers contained

in layer Jj, NCOMPL(j), is greater than one , D2 is
found by the summation
NCOMPL (j)
D2 = S TL(i+k). FC(i+k) (4.9d)
kK =1
The soil-root layer sorting subroutine

(LYRSRT) is called at the beginning of each day with
the new root depth as input. The complete sorting model
flow chart is presented in Fig. 4.5 . The procedure can

be summarized as follows

1 - Find the soil layer within which the root depth
bottom is located.

2 — Working backwards from this position, find for
each root laver wether conditions 1 or 2 applies.

3 - For condition 1 ., transfer the soil hydraulic

properties according to equation 4.7
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Table 4.2  Definition of symbols used in the layer
sorting algorithm (Fig. 4.5).

i = Index of soil laver.

3 = Index of root laver.

k = Index of composite laver.

NSOL = Number of soil lavers.

THIKNL (i) = Thickness of soil laver i (mm).

TL(1) = Depth to soil layer i (mm).

FC(1) = Field capacity of soil 1ayer {cm3/cm3) .

NRTL = Number of root lavers.

DL (3) = Depth to root laver (mm).

LRPOS(j) = Position of root lavyer j, relative to soil
the lavers.

NCOMPL(j) = Number of complete soil layvyers in contact
with root laver j.

SWFC(3) = Field capacity of root layer (cm3/cm3).

DX1 = Distance of overlap between a root laver
and the soil layer above it (mm) .

DX1FC = Field capacity of segment DX1 (mm).

SUBFC = Field capacity of soil layer contained
within a root lavyer (mm).

DX2 = Distance of overlap between a root laver
and the soil layver below it (mm).

DX2FC = Field capacity of segment DX2Z (mm).

WLPT(3) = Wilting point of root laver j (cm3/cm3).

SWSAT(5) = Saturated moisture content of root laver
J (cm3/cm3) .

SWRESI(j) = Residual moisture content of root laver
j (cm3/cm3) .

CL (k) = Depth to composite laver k (mm).

CFC (k) = Field capacity of composite laver k
(cm3/cm3) .

CsSwWwC (k) = Water content of composite laver k

(cm3/cm3) .

31



4 - For condition 2 check if the root layer overlaps

any soil lavers, if so determine the amount of
overlap and calculate new root lavyer properties

according to equation 4.8

Composite Profile

The composite layering, shown in Fig. 4.3, is
a superimposition of the soil and root lavers' physical
properties. The composite~layer diagram reflects the
end-of-day Physical properties of the nonuniform soil
profile, wunder a nonuniform, growing, root zone. This
composite—layer profile is required to assess the
inf;ltration rate of the soil and the redistribution of
the infiltrated water in the complex soil profile.

Whereas such properties as the soil moisture
contents are directly transferable from the root lavers
across to the composite layer diagram, other
properties, such as hydraulic conductivity, must be
assigned from the soil laver diagram.

For instance consider the root laver j=2 . It's
moisture content is determined by the transpiration
from that layer and is thus independent of the soil
layer it is in contact with. The other soil moisture
properties (field capacity etc) are determined by the
procedure outlined above. Root laver j=2 overlaps two
soil layers i=1 and i=2 , and thefefore must reflect
two different soil hydraulic conductivities SKS(i=1)

and SKS(i1i=2)
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One method would be to estimate the root laver

hydraulic conductivity SATK(j=2) as a weighted average

of SKS(1) and SKS(2) A more representative method is
to form a composite-laver profile which maintains the
soil hydraulic conductivity properties and which also
reflects the changing root layer moisture content. For
example the composite layers k=2 and k=3, (Fig. 4.3),
have the same moisture contents (from root laver j=2),
but layer k=2 has a conductivity value of SKS(i=1) and
lavyer k=3 has a value of SKS(i=2). The flowchart of the
algorithm used for this composite—layer model is shown
as the third part of Fig. 4.5

The composite—layer profile is a prerequisite
to the running of the nonuniform infiltration model
(chapter 6). The only requirements of the subroutine
LYRSRT are that each day the new root depths and the
new root layer moisture contents are passed on from the
root =zone water balance model. In the interest of
reducing unnecessary data storage, the composite—laver
output is limited to days for which irrigation have
been predicted or planned.

It should finally be emphasized that the layer
configurations shown in the example of Fig. 4.3 are
not static (except for the soil profile), Dbut change
every day in response to the dynamic rooting depth and
the differential water uptakes from the root lavers. In

this way much of the real processes of the field can be
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dynamically 'modelled without the need for gross

assumptions concerning the spatial and temporal

characteristics of a cultivated soil profile.

4.2.3 Crop Rooting Pattern :

The development of the rooting pattern of
crops 1s not only dependent on the species but also on
the physical properties of the soil medium and the
irrigation and fertilizer management practices. The
distribution of the rooting density (expressed as cm
root length per cm3 volume of soil), is -influenced by
such factors as 'soil shear strength, pore size
distribution, moisture and nutrient distribution and
the frequency and depth of irrigation (Milthorpe &
Moorby 1979) .

Boonyatharakol & Walker (1979) provide
functional relationships for several rooting patterns.
In modelling, it is desirable that, as far as possible,
a single function should describe a process, with the
function parameters reflecting the variations in the
inputs and outputs.

In general the shape of the rooting pattern of

crops can be described by an exponential function:

R(z) = a exp( b.z) : (4.10)

where R(z) is the percentage of roots at depth z ; and

a' and 'b' are the exponential shape constants.
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Assuming the root zone is divided into NL

number of lavers, we can write:

R(j) = a exp[ b.z(j)] (4.11)

where

z(3) = [2(3-1)+1]1/2NL (4.12)

and j is the layer index (1 at top).

Gerwitz & Page (1974) presented an empirical

function based on the exponential distribution:

R(z) = 100{ 1- exp(- f.z) ] ‘ (4.13)

From the analysis of a number of crop rooting
patterns, they proposed that the factor 'f' be defined

as

f =1/ 263 (4.14)

where 2Z63 is the depth that contains 63% of the total
root mass, and must be determined experimentally.
Rowse & Barnes (1979) proposed the following

function

1/2 1/2 :
C = (R /b) . expl— z/(b.R ) (4.15)
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where

C = mean concentration of roots
at depth z (cm)
b = shape parameter

= total root length beneath 1lcm?2 of soil

(cm/cm3)

But with a little rearrangement Eqn. 4.15 can be shown

to be very simillar to Egqn. 4.13

1/2
R(z) = 100[( 1- exp{( =-z/(b.R ) 1 (4.16)

where:

1l/2
1/(b.R )

i
Hh

(4.17)

The advantage of using Eqn. 4.13 is that it
describes the rooting pattern function through the
single parameter Z63 . In many instances this value may
not De available since its determination involves the
excavation of the entire root zone. A more desirable
parameter is the percentage uptake in the first layver
only.

Assuming the root laver is divided into 4
equal lavyers, Egqn 4.13 can be rearranged to give an

expression for 263

- Z
263 = (4.17)
In{ 1—- R(z)/100 ]

Thus if 2 = RIDP/4 for the first laver (where RTDP

is the root depth) then:
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~ RTDP
263 =

4.18
4 1In{ 1- P(1)/100 } ( )

where P(l) is the percentage of roots in the first

quarter root laver.

In this way the rooting-pattern function is
described Dby the single variable P(1) and equations
4.18 , 4.14 and 4.13

In the scheduling model two options are
available. In the first, given the percentage of roots
in all four lavyers, the shape constants 'a' and 'b' are
determined for Eqn. 4.10 by regression analysis. The
second option only requires the percentage of roots in
the first layer to describe the rooting—-pattern
function as described above. This latter option ,
although more parameter efficient, does have a
disadvantage in that for P(1)=35% the total percentage
of roots accounted for, is only 82.15% . This value
improves to 87% for P(1)=40% and toc 94% for P(1)=50%
This small error implies that the assumption of an
exponential distribution will not hold true for small
values of P(l1), ie: more evenly distributed rooting

patterns.
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4.3 Lysimeter Experiment

To test the wvalidity of the algorithms

developed for equation 4.5 , it was necessary to

undertake an experiment primarily to obtain data on the
changes of soil moisture content within the root =zone.
These data are then used to test the viability of the
root zone water balance model.

The experiment was set up in a laboratory-—
based glasshouse . The source of artificial solar light
was a set of three 400 watt high pressure sodium plant
irradiators. The lysimeter container ( Plate 4.1 ), was
made of clear perspex with width, breadth and depth
dimensions of 25 x 25 x 100 cm respectively. The outer
surfaces were covered with aluminium foil to insulate
the soil profile from direct radiation. Access holes
(of 20 mm diameter), were drilled, on three sides of
the container, in two columns and at 10 cm wvertical
intervals. These holes, normally closed with rubber or
cork bungs, acted as access holes from which soil
samples could be taken at any time during a drying
cycle . The base of the container was drilled with
holes to allow free drainage.

The lysimeter was filled with a sandy soil
obtained from Auchincruive in Ayrshire, Scotland, (see
chapter S5 for properties). The soil was wetted and
allowed to settle naturally before the container was

topped up with more soil. This was repeated untill the
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container was full. The entire profile was then wetted,

the surface covered to prevent evaporation, and allowed

to drain for two days to Simulate field capacity

moisture conditions. The lysimeter was then planted

with 6 soyabean seeds and the surface covered with
absorbant tissue paper which was kept constantly moist
to speed up the germination process. The seeds emerged
after 12 days. The cover was thenremoved and the number
of plants was reducedrfo 4 . The water accounting
procedure was then started.

Free water evaporation was measured by taking
note of the loss 1In weight of an open container filled
with water. The temperature was measured by a mini-max
thermometer and relative humidity by a whirling wet and
dry Dbulb aspirated psychrometer. The evaporation,
temperature and humidity were measured daily (except
.weekends). The mean daily variations of these variables
are shown in Figs. 4.6 , 4.7 and 4.8

Two methods of water 1loss accounting were
employed . In the first, refered to as the 'drainage
method', water loss at the end of a drvying cycle was
determined as that volume retained in the soil after
the addition of a fixed volume of water to the
lysimeter. The amount of drainage plus the free water
evaporation after two days, was subtracted from the
applied water to give the water retained in the soil.
This represents the water lost by evapotranspiration

during the previous drying cycle.
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Measured mean daily free—water
evaporation rate in the glasshouse.
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Fig. 4.6 Measured mean daily free-water evaporation

rate in the glasshouse.
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Measured relative humidity (%) Measured temperature in the
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Fig. 4.7 Measured mean daily relative humidity
in the glasshouse.
Fig. 4.8

Measured mean daily temperature of the

glasshouse.
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The second method, called the ‘profile
method', involved the taking of small soil samples from
the array of access holes 1in the profile, and
determining their moisture contents by the oven-drving
gravimetric method. At each depth increment three soil
samples were taken and the moisture contents averaged
to give the soil moisture content in that laver.

At the end of each drving cycle, water was
applied to the surface and the profile was assumed to
have been restored to field capacity. Overall 9 drving
cycles were simulated extending over a period of 180
days. Details of the cycle lengths and sampling dates
are given in Table 4.3

The variations in the profile soil moisture
contents, during the two longest drying periods 4 & 9 ,
are shown in Figs. 4.9 and 4.10

The water loss between samplings was
calculated as the cumulative weight loss of all the
samples taken from the vertical arrays. This loss
represents the actual evapotranspiration (AET) . Fig.
4.11 shows the cumulative AET measured during cycles 4
and S

Plotting the ratio of the cumulative potential
(free water) evaporation (PET) and the AET (Fig. 4.12),
for cycles 4 and 9 . shows the general downward trend

which is consistent with the theory that AET reduces as

the soil dries
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Table 4.3 Lysimeter experiment sampling dates and
water balance.
Drvying Dura. Sampling Irrig. Drain. ET ET
cycle (days) on day mm mm mm mm/d
1 S S 40 32.8 3.28 0.66
2 7 3,5,6 64 54.96 5.70 0.81
3 14 3.8,9.,14 80 56.00 18.97 1.36
4 27 1.6.9.14,20,
22,27 112 59.68 45.71 1.69
5 15 1.8.,14 64 31.68 27.14 1.81
6 13 1,9,13 64 35.76 21.38 1.64
7 21 10,21 64 25.44 33.25 1.58
8 22 10,22 64 25.12 32.04 1.46
9 56 10,17,31.,42, 80 39.20 36.57 0.65
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Profile moisture content at
various stages of drying (Cycle 4).

various stages of drying (Cycle 9).
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Figure 4.13 illustrates the cumulative AET,
measured Dby the profile method, for the whole growth
season. As expected AET reduces towards the end of a

drying cycle and is increased rapidly upon application

of irrigation.

The seasonal PET, and the AET, as measured by
both the drainage and the profile methods, are compared
in Fig. 4.14 . The drainage method consistently
overestimates AET compared to the profile method. The
reason may be that, as Korfiatis (1985) observed, once
the soil has been wetted to field capacity, then every
litre of water added should theoretically drain one
litre of water; however there is a 'retained moisture'
because when water is added some percolates directly
through (channelling effect) and on subsequent
additions of water, the voids which remained Dbelow
field capacity., Dbegin to fill. Then one litre added
will not drain one litre through, giving the misleading
impression that all the water retained was used to
replace that lost solely due to evapotranspiration
during the previous drying cycle.

The 1root depth development (Fig. 4.13), was
estimated from the profile moisture content curves as
the greatest depth, at the end of a drying cycle, from
which water was withdrawn to below field capacity. The
maximum root depth was reached at about day 72. The
growth season was taken to have ended after 160 days

when the plants had started to drvy.
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from the lysimeter (profile method). method) and AET (profile method).
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Fig. 4.13 Measured cumulative actual evapotrans—

piration (AET) from the lysimeter by the
profile method.

Fig. 4.14 Comparison of cumulative potential (PET)
with actual (AET) evapotranspiration as
measured by the profile and drainage methods.
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The leaf area index, Fig. 4.16 , was estimated
by the direct measurement of the area of the leaves
relative to the surface area of the lysimeter. The crop
height development curve (Fig. 4.17), was also measured
during the growth period. The maximum average height

was reached at about day 50
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Fig. 4.1
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Measured soyabean root depth
developement.
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Fig. 4.16 Meagsured Leaf Area Index of
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Fig. 4.17 Measured height developement
of the soyabean stand.
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4.4 Testing the Model

The root 2zone water balance model was

developed with the aim of scheduling irrigations for

nonuniform soils with dynamic, nonuniform, root zones.

To test the predictive potentials of the model and to
verify the algorithms used, the model was tested with
the data obtained from the lysimeter experiment. Only
the dynamic, nonuniform, root zone aspect of the model
could be simulated since the soil in the lysimeter was
uniform: although a uniform soil profile represents a

special case of nonuniformity in soils and is a wvalid

test of the model algorithm.

4.4.1 Criterion for Calibration :

Apart from the physically determinable soil,
crop and meteorological parameters, the model requires
three semi—-empirical parameters defined below:

1 — TRPARAM: This is the transpiration response factor
and reflects the sensitivity of the plant transpiration
rate to depleting soil moisture. It's value ranges from
zero to one (see chapter 3, section 3.4.3).

2 - SLEVDP: This is the soil depth of evaporation, ie
the maximum depth from which evaporation takes place. A
range of values from 50mm to the maximum root depth is
assumed here.

3 - UTPCLYR1: This parametrer is the percentage of
roots in the first layer and characterises the water

uptake distribution pattern. It's magnitude is assumed



to range from 30% to 90%

The last two parameters have physical

existance and can be measured in the field. It is

however recognised that the magnitudes of all three

parameters are less 1likely to be available from

routinely measured field properties since they relate

to conditions below the soil surface and vary according
to crop, soil and moisture conditions. For instance a
crop with a dense rooting system will be less
susceptible to soil moisture depletion than a sparse-—
rooting plant, and the corresponding TRPARAM value will
be higher. The SLEVDP parameter is soil Dbased, with
coarser soils having a higher value than finer soils.

The calibration procedure selects values of
the above three parameters, within user specified lower
and upper boundaries and size increments, and compares
the simulated cumulative actual evapotranspiration
(AETs) and the corresponding recorded values (AETm),
for which the mean of the absolute relative deviations
is minimum.

The mean absolute relative deviation (MARD) is

defined by Yaron etal (1973) as

N

S 0BS(i) - SIM(1) |

MARD = ———— S - (4.19)
OBS (1)

i=1

where N is the number of observations; OBS(1) is the



observed variable (AETm) in period i ; SIM(i) is the

simulated variable (AETs) in period i

Yaron etal (1973) suggest that this statistic
is preferable to the conventional standard deviation
because it reduces the relative weight of some
extraordinary and ocut of range measurement that could
be the result of errors in the soil moisture
measurement. A maximum MARD value of about 15% is
considered compatible with likely experimental errors.

Table 4.4 shows the simulated results for the
optimum, upprer and lower boundary values of the three
parameters. Optimization iﬁcrements of 50mm , 0.05 and
5% were chosen for SLEVDP, TRPARAM and UTPCLYR1
respectively. The resultant comparisons between
simulated and recorded actual evapotranspiration are
shown 1in Figs. 4.18 , 4.19 and 4.20 , for the three
respective cases. The simulated seasconal AET is
overestimated by about 4% compared to the measured AET
for the optimum case but the overall error (between
observed and simulated AET) does not exceed 15%

Figures 4.19 and 4.20 show that for eifher the
upper or the lower boﬁndary values of the three
parameters (SLEVDP, TRPARAM, and UTPCLYR1l), the water
balance model consistently underestimates the
cumulative evapotranspiration. This may not be

desirable in practice since crop water stress will Dbe

predicted later than it may occur. An assessment, Dby
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Table 4.4 Scheduling model simulation results for

optimum, upper and lower boundary para-
meter values.

a) Parameters: Optimum Upper Lower
SLEVDP (mm) 300.0 550.0 50.0
TRPARAM 0.4 1.0 0.0
UTPCLYR1 (%) 50.0 390.0 30.0

b) Results:

MARD (%) 15.71 22.29 17.96
AT (mm) 121.03 85.41 103.18
AETs (mm) 202.94 167.32 185.10
AT/PT 0.86 0.61 0.74.
% MARD change - + 41.88 + 14.32
% AET error + 4.07 - 14.19 - 5.07

* Key:

SLEVDP = so0il depth of evaporation.
TRPARAM = transpiration rate decay parameter.
UTPCLYR1 = percentage of root in first laver.
MARD = mean absolute relative deviation.
AT = simulated actual transpiration.
AETs = simulated actual evapotranspiration.
PT = simulated potential transpiration.
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Table 4.7 Simulated effects of MNGSMD and MNGIRG

on ;he Yield ratio and total required
irrigation depth.

GSMD MNGIRG With Rain Without Rain
(%) (%) AT/PT IRR. (mm) | AT/PT IRR. (mm)
10 100 0.974 308.5 0.974 329.6
25 100 0.974 232.9 0.974 312.9
35 100 0.960 222 .4 0.946 300.3
50 100 0.955 162.4 0.830 278.8
60 100 0.931 113.5 0.733 233.5
75 100 0.900 77.0 0.574 188.5
80 100 0.886 100.5 0.509 220.3
100 100 0.886 0.0 0.399 145 .5
50 10 0.947 72.8 0.856 266.5
50 25 0.949 90.8 0.924 283.3
50 33 0.952 106.8 0.951 283.4
50 50 0.954 109.4 0.952 285.9
50 75 0.955 124.5 0.923 294.7
50 85 0.955 140.5 0.892 271.1
50 100 0.955 162.4 0.830 278.8
* Kevy:
MNGSMD = management allowable soil moisture
deficit.
MNGIRG = percentage of actual irrigation
application.
AT/PT = ratio of actual to potential

transpiration.
IRR. = total seasonal irrigation requirement.
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one and two dimensional infiltration models of
6, to simulate the infiltration process in nonuniform
soils, taking into account the antecedent soil moisture
conditions.

In the following chapter (chapter 5) the
physical properties of the sandy soil wused in the
lysimeter, are evaluated and methods are compared for
the determination of those soil parameters required by

the root zone water balance and infiltration models

for general application.
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CHAPTER S DETERMINATION OF SQOIL-WATER PROPERTIES

The purpose of irrigation is to fill up the

depleting root 2zone soil moisture storage . The

quantity and duration of recharge necessary to refill
the storage wup to the field capacity depends on the
rate of water loss and the infiltration characteristics
of the soil.

It was shown in chapter 3 that the rate at
which water 1s lost from the soil by evapotranspiration
depends to some extent on soil-specific parameters. The
soil also controls the amount and the rate of
infiltration following rain or irrigation (chapter 6).
In this chapter those physical properties of the soil
which effect the evapotranspiration and infiltration
processes are determined.

5.1 Soil Physical Properties:

The following tests were undertaken to
determine some of the properties of the soil which
inf luence the status of water in that medium. The
details of the tests can be found in such laboratory
test manuals as the British Standards (BS 1377: 1973)
and Head (1984). Only a brief outline of the tests
perfomed on the Auchincruive sand and the results are
reprted here.

a) Saturated Moisture Content (©s):

This property of the soil is determined by
passing water through a sample of the scil to replace

the air in the voids. The moisture content of the soil
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sample 1S then measured by the gravitational method.

The average for 3 tests was found to be 0.445 cm3/cm3.

b) Residual Moisture Content (6r)

This property of the soil is taken to be the
same as the oven—-dry moisture content of the soil. The
sample of soil is heated in an oven, set at 105 degrees
celcius, and weighed periodically untill no change 1in
weight 1is observed. The residual moisture content was

thus measured for the sandy soil and found to be 0.05

cm3/cm3

¢) Bulk Density (B.D)

This 1s found Dby measuring the weight in
grammes (g) of an air dry sample of the soil, occupving
a 50 cubic centimeter (cm3) volume. The B.D of the
sandy soil was found to be 1.498 g/cm3

d) Organic Matter Content (OMC)

This 1s determined by heating a sample of the
oven—dry soil to a temperature of 450 degrees celcius.
The loss in weight of the sample is a measure of the
amount of organic matter present. This was found to be
2.0% for the Auchincruive sandy soil.

e) Particle Size Distribution :

The dry sieve and the pipette analysis methods
were used to determine the textural composition of the
soil. The percentages of sand, silt and clay were found

to be 86.25, 11.16 and 2.59 respectively.
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f) Saturated Hyvdraulic Conductivity (Ks)

The standard ‘falling head permeameter' method

was used to determine Ks. The average of 12 tests

showed Ks to be 0.31 cm/min

5.2 Soil—-Water Potential:

The absorption and redistribution of water
in an unsaturated soil medium involves the replacement
of air wvoids in the soil by water. The speed and
amount Dby which this replacement takes place 1is
dependent on the particle size distribution and in
particular the degree of fine materials present. Coarse
soils have larger voids thus water enters and leaves
the soil faster and in larger amounts.

Hydrogen ions in the water are attracted to
the oxygen 1lons of the minerals and form hydrogen
bonds . The amount of water absorbed onto the surface
of so0il particles by hydrogen bonding depends on the
available surface area of the particles. Finer soils
have larger surface areas and so absorb more water
(Donahue etal 1983)

The strength by which water is held 1in the
soil is termed the 'matric potential'. Other forces
such as osmotic, gravitational and PpPressure also
contribute to wvarying degrees to this force. The
combination of all these forces is the 'soil water
potential'. The units of potential are those of force

and may be expressed in terms of tension or ©pressure
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depending on the point of reference.

The water potential of a soil sample wvaries
with the amount of water present in the soil (Fig.
5.1). The less water remaining, the stronger 1is the
tensile force between the soil particles and the water
molecules. This variation is unique to each soil and is
termed the soil moisture ‘characteristic' - or
'retention' curve.

Three essential soil-water parameters can be
derived from the characteristic curve. These are

defined below:

5.2.1 Field Capacity (FO)

The soil meisture content at a tension of 0.33
bars is termed the 'field capacity', and represents the
upper limit of moisture held in the soil without
gravitational drainage . Water added above this upper
limit 1s considered lost toc the <crops., either as
drainage or waterlogging.

5.2.2 Wilting Point (WP):

The soil moisture content at which the plant
can no longer extract water, is the 'wilting point' or
the 'permenant wilting point', and corresponds to about
15 bars of tension.

The amount of water held betwegn the field
capacity and the wilting point is the 'plant available
water', from which storage, the plant uptakes water.

5.2.3 Wetting Front Pressure (Pw) :

The wetting front pressure is an indicator of
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the ease With which the air in the soil is replaced
with water. Bouwer (1969) defines Pw as 'the soil-water
potential whereby the so0il is essentially wetted to
it's maxXximum water content'. The wetting front
pressure 1s a required parameter of the Green—-ampt
model of infiltration (see Chapter 6).

The point of departure from saturatioﬁ in
Fig. 5.1 is referred to as the ‘air exist' or
'bubbling' pressure (he). Bouwer (1969) suggested that
the wetting front pressure may be taken to be half the
bubbling pressure, ie: Pw = 0.5 he . Others have
proposed complicated mathematical expressions Dbased on
the retention curve and the unsaturated hydraulic
conductivity—moisture content relationship ( Neuman
1976, Brakensiek & Onstad 1977, Panikar & Nanjappa
1977) .

The next step is the evaluation of the soil
moisture characteristics curve. Scme methods are

reviewed below and the results are compared.

5.2.4 Methods of Evaluating the Soil Moisture

Characteristic Curve.

5.2.4.1 Experimental Methods :

The magnitude of the tension by which a
quantity of water is held in the soil medium can be
measured both in the field and in the laboratory.
Methods such as the tensiometer, suction plate,

pressure plate, osmotic membrane, nuclear techniques,
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Overall 13 pressure intervals were tested and the
resultant moisture content-pressure data, averaged for
three tests per pressure, is plotted in Fig. 5.2 . For
comparative purposes a plot of the characteristic curve
of a clayey soil is also plotted.

5.2.4.2 Empirical Models :

In instances where detailed laboratory or
field measurement of soil properties is not possible or
economically desirable, then empirical metheds can
provide approximate information for most engineering
applications.

These empirical approaches can be divided
into two general groups. The first are those which
predict moisture contents at specific matric
potentials, by relating the two with measured textural
soil properties (Salter & Williams 1969, Gupta & Larson
1979, Arva & Paris 1981, Rawls & Brakensiek 1982,
Schulze etal 1985, Haverkamp & Parlange 1986). The
second group of models assume a closed-form power
equation of the moisture characteristic curve and
statistically derive the curve fitting parameters for
various soil textural groups (Clapp & Hornberger 1978,
Ghosh 1980, McCuen etal 1981, Gregson etal 1987).

Gupta & Larson (1979) developed regression
equations relating moisture contents at specific matric
potentials, to soil texture, organic matter content and

bulk density:
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analysis upon the assumption of a power curve

representing the shape of the moisture characteristic

curve. The diverse nature of the retention curve has
led to several forms for the power function (Brooks &
Corey 1966, Rogowski 1972, Van Genuchten 1980, Stephens

& Rehfeldt 1985, and Gregson etal 1987) .

Brooks & Corey (1966) expressed this equation

as
he k
Se = (———-) for h>he (5.5)
h
where
8 - or
Se = ——————— (5.6)
©s — ©or
where
Se = effective saturation
Or = residual moisture content (cm3/cm3)
8s = saturated moisture content (cm3/cm3)
© = actual moisture content (cm3/cm3)
h = actual water potential (bars)
he = air entry or bubbling pressure (bars)
k = index of pore size distribution

The residual moisture content can be taken to
be =zero (Haverkamp & Parlange 1986), or assumed to be
the moisture content at 15 bar tension (Rogowski 1972,
Van Genuchten 1980), while others suggest elaborate
methods for it's estimation (Stephens & Rehfeldt 1985,
Mualem 1976, Van Genuchten 1980 ). |

The assumption of zero residual moisture
content transforms Egqn. 5.5 into the equation given by

Campbell (1974)
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0 = 85 (—————— ) for hdhe (5.7)

This is simply a rearrangement of the
modified Brooks—Corey equation with k = 1/b . Both
models assume ©=8s for h<he (ie a sharp decline at air
entry pressure) .

McCuen etal (1981) undertook a statistical
analysis of the Broocks—Corey parameters (©s, Sr, he and
k ), for 1085 soils and derived values for the
parameters across 11 soil texture classess (Table 5.1).
This method only requires knowledge of the USDA
textural classification of the soil.

Clapp & Hornberger (1978) similarly derived
values for the parameters in Eqn. 5.7 for USDA soil
texture classes (Table 5.2).

Ghosh (1980) derived an empirical expression
for the parameter 'b' in Egqn. 5.7 , from the percentage
of sand, silt and clay content of the soil. The air
entry pressure 'he', is then estimated from the slope
and one measured value of the retention curve,

Gregson etal (1987) modified Egn. 5.7 and
reduced the number of parameters from two (he & b) to
one (b), by statistical analysis of a number of soils

b
h = 0.00374 (1.8 &) (5.8)
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Table 5.2 Representative Values for the Brooks—Corey
Parameters (After Clapp & Hornberger 1978)
(see key for definition of symbols).
Soil Os or he b Ks
Texture cc/cc | cc/cc cm cm/min
Sand 0.395 0.0 4.66 4.03 1.056
Loamy sand 0.410 0.0 2.38 4.38 0.938
Sandy loam 0.435 0.0 9.52 4.90 0.208
Silt loam 0.484 0.0 75.30 5.30 0.043
Loam 0.451 0.0 20.00 9.39 0.042
Sandy clay loam|0.420 0.0 - 11.70 7.12 0.038
Silty clay loam|0.477 0.0 19.70 7.75 0.010
Clay loam 0.476 0.0 48.10 8.52 0.015
Sandy clay 0.426 0.0 8.18 10.4 0.013
Silty clay 0.492 0.0 23.00 10.4 0.006
Clay 0.482 0.0 24.30 11.4 0.008

* key : Os saturated moisture content (cm3/cm3).

Or = residual moisture content (cm3/cm3).
he = air entry pressure (cm).

b = slope of log—log retension curve.
Ks =

saturated hydraulic conductivity (cm.min).






88/80/0F N

~1.

Tty

no

e.Lyzo

Ty




1PIqUBY04 4a3DM 1108

42 @F LY €©8/L0/83 NO J3aLL0\d QE T LY 88/2£0/32 NO O3N3NG 89989 “ON AUINI

LOG10

- Effective Saturation

S8ICHYHIB8T 37141074



LOG1Q
2

1
0
/
¥
-1
i
]/
!
17
'I
/
-24, —
0 -1

Effective Saturation

LOG10Q






























Moisture Conten’; e (c'c/cc)A

o |
®
%)

[ wetting front

A
















INBUT NL.H,Pw(j) Xs(5) | ()
SW3AT(3) ,L(3) ,SMC(3)

<

X(3)= L(J)-[H-Pw(j);. In{(L{J)+(H-Pw)) /(H-Pw(i)) ]

SUMK (1) =SUMK {(i-1) . {1/KsS (i) ]

~en = - T, 2 - W< v
:{S"‘]SA-{_, “:;’IL(JJ)/:\:KJ) e AN -

ct
)—)
i

To=1 (SWS







14

T
21

T
28

Elapsed Tine (hrsd.

42

49










Intiltration (ca).

InPiltration {cw).

18

18

14

12

i9

18

14

14

12

- .- -10%
—_— H ceenere.  S1@X
-
-
- /
5
™ T ! L T T T T
2. 29 6 12 i8 24 34 “2 -8 =4
Elaprsed Time C(hrsd,
- --—- -18x% L seeseses +*18%X
T T T T T T T T
14 21 % 42 49 S6 &3

Elassed Time C(hrsd.




19

16

17.3

15.8

12.5

18.8

12

! ’ T

18 24 a =

Zlapsed Time (hrsd.

42 48 S

-1a%

16




18 -1 .- -18% P

RS T

16 -

2.5 -———— -1 —

20.8
17.3
1s.8
12.8

10.8













p A
o | ”
-
——————
- “ l/l//
- * R //
— . \0 ~
! /I/ OU\\
_ N ©
N e \
o) ] N \
| D \ <, \
|
~— i | / \
, N \ \
\ |
! \ !
=4 \ " >
()
Bl —_ 5 -«
- > -
yidaqg %
Hyng\ ; ! ol
/
T
/ /
a | N ¢ /
1 /
~— _ \\ /
_ ot
_.n\\\\\ /
] s
[ 7
| \\\\
J‘\‘
|
!
Y \









where I(t) is the total infiltration volume (mm3 per
unit furrow length) at elapsed time 't' minutes.

This represents the total infiltration volume
per unit furrow length. In reality the shape of the
furrow will be parabolic in cross section. The effect
of the shape on the infiltration characteristics is not
clear (Fok etal 1982). It will be assumed here that
whatever the shape of the furrow, the effective width
and depth are those of the water surface width and
water depth in the furrow.

The water depth is small at the beginning of
irrigation and increases with time to a peak Dbefore
receding. Freyberg etal (1980) studied the effect of
time~dependent surface water depths on the Green—-Ampt
infiltration model and showed that the effect 1is of
marginal significance. The analysis in Table 6.2 showed
little sensitivity to water depth H. The change in
water depth will also effect Eqn. 6.17 , but is not
expected to be a major error of calculation since the
volume of 'Is(t)' is relatively small.

The Dboundary conditions for the advancing
wetting fronts are considered to be the profile bottom
at an impermeable boundary, where vertical infiltration
ceases, and mid-way between two furrows, where the
horizontally moving wet front is assumed to stop. The

time variation of total cumulative infiltration is

-—-

sy



expressed 1in the form of the Kostiakov power equation

(Eqn. 6.11).

6.3.3.2 Validation of the 2DVAR model :

A) Uniform soils

The 2DVAR model was tested with the
experimental data and simulation results of the models
presented Dby Fok etal (1982) and Fok & Chiang (1984).
The latter author's tests consisted of tracing the
movement of water in a large container, with controlled
inundation of a rectangular furrow. Two soils (A & B)
were tested. The properties and dimensions of the soils
and apparatus are presented in Table 6.3 . In their
tests the soil profile was taken to Dbe uniform and
homogeneous. The 2DVAR model presented here is tested
with measured data for this soil condition only.
Simulation runs for hypothetical nonuniform soils will
also be presented.

For soils A & B , the profile depth was taken
to Dbe 21.0 inches and of uniform properties. For the
simulation a depth increment of 0.5 in was chosen. For
each successive depth increment, the elapsed time was
calculated from Egn. 6.13 as the time the wet front
takes to travel through the storage represented by Eqn.
6.18 . The corresponding horizontal advance is
calculated from Eqn. 6.21 . Thus the totai infiltration
at successive time t is determined from Eagn. 6.25.

The simulated wetting patterns of the two

soils are shown in Fig. 6.11 and Fig. 6.12 . The
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advance times for the wetting fronts are also shown. In
soil A, the wetting front reaches the profile bottom in
631.3 minutes and the entire profile is wetted in about
1331 minutes. For soil B, the profile depth was reached
in about 610 minutes, and the entire profile was wetted
in 1210 minutes.

The infiltration-time curves, simulated for
the two soils by the 2DVAR model, are compared with
the measured and computed data, as reported by Fok &
Chiang (1984). and presented in Figs. 6.13 and 6.14
The prediction for soil A shows close agreement with
measured data at early times, but over estimation at
longer times (11.4% at 70 minutes). The deviation from
measured data is larger for soil B , where at 80
minutes the overestimation is 20.5%

The tests carried out by Fok etal (1982) were
under simillar conditions to the above tests, but water
was applied as a line source on the soil surface. Table
6.3 shows the soil properties and test dimensions for
soils C and D . It is assumed here that the line source
has an equivalent furrow depth and width of 0.4 in
(icm). This effectively results in a very small wvalue
of vertical infiltration, Iv, in Egqn. 6.22.

For these two simulations, the profile depth
was taken to be uniform to a depth of 14 inches. A
depth increment of 0.2 in was chosen. The simulated

wetting patterns are shown in Figs. 6.15 and 6.16
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Profile 2 : Figure 6.20 shows the wetting pattern
for a soil profile where the anisotropy is the reverse
of the above case, ie: the horizontal conductivity is
reduced successively by 10% (same values as above). In
comparison to soil A in Fig. 6.11, the wet front
reaches the bottom at the same time (631.3 minutes),
but the horizontal advance at each successive layer
becomes progressively slower. All infiltration after
631.3 minutes is in the horizontal direction, and the
time taken to entirely fill the ©profile is 2331
minutes.

Profile 3 Figure 6.21 shows the simulated wetting
patterq for a complex soil profile of uniform moisture
content and decreasing conductivity from top to Dbottom
of 1.56E-3, 1.4E-3, 1.25E-3, 1.09E-3, 9.4E-4, 7.8E-4,
and 6.2E-4 (in/min), in the horizontal direction and
half of these values for the corresponding vertical
direction. The wet front reaches the vertical
boundaries well before the profile bottom is reached in
1527 minutes. This means that the soil 1is saturated
thoroughly down to a depth of 12 inches by the time the
vertical infiltration ceases. The time taken for the
entire profile to be saturated is 3027 minutes.

Profile 4 : Figure 6.22 shows the case of a scil in
which the horizontal Ks is half the vertical Ks for all
the layers, ie : Hks = 0.5Ks = 7.8E-4 (in/min) for all
lavers. In comparison to Fig. 6.11, the time of the wet

front reaching the bottom is the same 631.3 minutes,
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CHAPTER 7  MODELLING THE OPERATIONAL EFFICIENCIES OF

SURFACE IRRIGATION SYSTEMS.

7.1 Introduction

In the introductory chapter to this thesis the
need for improved irrigation efficiencies at the farm
level was recognized. It was also recognized that a
major reason for the inefficient use of water is the
improper operational management of on-~farm irrigation
systems.

In surface 1irrigation methods water is
released at one end of the field and wets the soil as
it flows down the slope. The infiltration rate of the
soil and the root zone soil moisture deficit determine
the necessary flow rate and duration required to
refill the root zone

It was shown in chapter 6 that the
infiltration rate of the soil is dependent not only on
the so0il properties but also on the antecedent soil
moisture conditions. In the context of this study, for
each scheduled irrigation, the infiltration rate of the
soil is determined, based on the antecedent root 2zone
moisture contents, using the one dimensional or the two
dimensional infiltration models of <chapter 6. The
irrigation dates and the corresponding root zone soil
moisture contents and deficits are determined Dby the
irrigation scheduling model of chapter 3 and the

dynamic water balance model of chapter 4,
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7.2 Surface Irrigation :

Surface 1irrigation can be categorized into
wild flooding, border, basin, corrugation and furrow
methods (Hansen etal 1979). Wild flooding involves the
spreading of large volumes of water, over large areas
of land, during periods of high stream flow. . This
method is suitable for regions where water is cheap and
in plentiful supply since the efficiency of application
is low.

Border irrigation systems consist of long
parallel earth ridges which guide the water down the
strip of land between the levees. This method can Dbe
applied to a wide range of soil types, although for
shallow rooted crops on sandy soils drainage losses can
be high (Boocher 1974).

In basin irrigation the field is divided into
small, level units into which water 1is released 1in
controlled gquantities and retained wuntill it is
infiltrated. The level land means that the process of
water application is static, Ile much of the
infiltration occurs after the water advance is complete
(Dedrick etal 1982).

Corrugation irrigation is described by Booher
(1974) as Dbeing suitable for close—gfowing Crops,
particularly pastures, and where free movement of
machinary is required. The narrow corrugations are

formed, after the field has been seeded, by indenting



the surface rather than forming furrows.

Furrow irrigation involves releasing water
into regularly Spaced small channels to allow
infiltration 1in the lateral and vertical directions.
This method requires carefull land grading for uniform
application of water. One advantage of this method is
that the reduced surface of open water reduces
evaporation losses, although less land becomes
available for cultivation (Hansen etal 1979).

A more detailed analysis of the limitations,
advantages and conditions of use of the various methods
described above are given by Booher (1974) and Bishop
etal (1567).

Hydraulically speaking surface irrigation
methods can be categorized into processes subject to
one dimensional or two dimensional infiltration.
Methods such as basin, wild flooding and border involve
the one dimgnsional, vertical infiltration of water
into the soil, whereas in the corrugation and furrow
methods water infiltrates both laterally and
vertically. In this study, the term 'border' is used
to characterize the one dimensional infiltration
process. The border model also applies to basin and
flooding methods. Simillarly the term 'furrow' applies
to both furrow and corrugation irrigation methods, and
is associated with the 2D infiltration process.

The hydraulic behaviour of water flow over a
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permeable medium is comp lex The flow is a case of

unsteady, nonuniform, gradually varied, free-surface
open channel flow over a porous bed, with wvariable
infiltration rate (Sherman & Singh 1978) . The
mathematical models are based on the Saint-Venant
equations of conservation of mass and momentum (French

1986) . The mass conservation equation is

B . (7.1)

and the conservation of momentum is expressed as

1 LAY v av dh vt
+ + = S50 —-Sf + ——— (7.2)
g it g ax X gh
where
h = depth of water (m)
t = time (min)
q = flux per unit width (m/min)
x = distance down the reach (m)
f = infiltration rate (m/min)
g = acceleration due to gravity (m/min2)
v = flow velocity (m/min)
So = bed slope (m/m)
Sf = friction slope (m/min)

The methods of solution of the above equations

are categorized into the volume-balance, fully-dynamic,

kinematic, and zero—inertia models (Jaynes 1986). The
volume—balance models solve the mass conservation
equation from assumptions regarding the surface and

sub—-surface water profile shapes. Methods used in this

NS

03



category include algebraic models (Strelkoff 1977,
Levien & de Souza 1987) and Muskingum models (Singh &
HE 1988, Singh etal 1988).

The fully-dynamic models slove the complete
Saint-Venant equations (Katopodes & Strelkoff 1977),
but the high level of accuracy is offset by the
increased computational complexity and running time.
The kinematic models assume the acceleration terms and
the change 1in water depth to be negligible in the
momentum equation (Smith 1972, Sherman & Singh 1978).
Zero—inertia models only assume the acceleration terms
to be negligible ( Strelkoff & Katopodes 1977, Rama
1982, Jaynes 1986, Walker & Skogerboe 1987).

The process of surface irrigation follows
several phases (Fig. 7.1). In the advance phase water
moves down the field as a sharply defined wetting front
untill it reaches the downstream end. If inflow
continues water will accumulate on the field, and for
unblocked borders, flow out at the downstream end. This
is the storage phase and lasts untill the inflow 1is
shut off when the depletion phase begind. This phase
lasts untill the depth of water at the upstream end is
zero, when the recession phase begins. During this
phase a recession front 1is formed which travels
downstream untill all the water has been removed from
the surface by infiltration and runoff (evaporation

assumed negligible), at which time the irrigation
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Fig. 7.1 Phases of surface irrigation flow process
(Ta = advance time; Tco = irrigation cutoff
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process 1s over.

Depending on the inflow cutoff time (Tco) the
Storage and depletion phases may not exist and if
cutoff time is less than the advance time, recession
will occur concurrently with advance (Sherman & Singh
1978) . The differences between the advance and
recession curves at any point on the field represents
the infiltration opportunity time. As Sherman & Singh
point out : " any influence designers have on the depth
and uniformity of water application must be exerted
through the control of these two curves .

The factors which effect the shape of the
advance and recession curves include the land slope,
soil infiltration rate, inflow rate, irrigation cutoff
time, surface roughness and field dimensions. At the
design stage most of these factors can be altered to
suit the design purpose. At the operatiocnal level,

however, only the inflow rate and the cutoff time

{irrigation duration) are directly controllable.

7.2.1 Surface Irrigation Model

The model used here is an integrated and
modified version of the algebraic border and furrow
irrigation models described by Strelkoff (1977) and
Levien & de Souza (1987). The model is only applicable
to sloping, open—-ended fields assuming uniform flow
during irrigation. The two major phases of irrigation,

je: the advance and recession phases, are dealt with
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seperately.

A) Advance Phase

The volume balance of flow during the advance
phase can be described mathematically if the
assumptions are made that flow rate is constant and at
normal depth at the inlet, and that the surface and
sub—surface water profiles (Fig. 7.2) are described by
two shape factors. Referring to Fig. 7.2

, the wvolume

balance equation can be written thus

Ql.t = x (Ao Za + Azm ZDb) (7.3)
where Q1 = inflow rate during advance phase (m3/min);
t = elapsed time since inflow began (min); x = advance
distance in time t (m) ; Ao = cross—sectional area of
surface flow (m2); Azm = cross—-sectional area of sub-
surface flow (m2); Za = surface profile shape factor;

Zb = sub-surface profile shape factor.
The shape factors are described by Hart etal
(1968) as " the ratio of the area of pertinent storage
profile to that of its cicumscribing rectangle "
Referring to Fig. 7.2, these are defined as
Area AFCO

Area ABCO :

and
Area OCGE
(7.5)

Zb

Area OCDE
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at time t).

v1d






and 1s approximated by the Kostiakov equation

d

Zm(t) = k t (7.9)

where 'k' and 'd’' are the infiltration constants. These
two coefficients are determined for each irrigation
day, using the one dimensional infiltration model for
border irrigation, and the two dimensional infiltration
model for furrow irrigation (see chapter 6)

The normal depth of flow is calculated by

Manning's formula

3/3
01 . n (M+1) 3/ (3M+5)
Yno(Q) = [ v ] (7.10)
Cu. So’* C
where n = Manning's roughness; So = bed slope; Cu =

unit coefficient (Cu=60 [m,min}, Cu=1.486 ([ft,s]); C
and M are the cross—sectional shape parameters (Egqn.
7.7)

The shape factors ( Za & Zb ) are estimated
according to the method of Singh & Chauhan (1972). The
surface shape factor is given by

1 a

Za = 1 — + (7.11)
In(t/a + 1) t

and the sub—surface shape factor by

2140



. 100
1 1 J
Zb = § ( ) (7.12)
In(t/a + 1) (d+3) 1+ a/t

j=1
where t = elapsed time (min); 4 = infiltration
coefficient; and the factor ‘a' is an empirical

parameter found from:

2
(")
a = (7.13)
' - 2.0t

The times t' and t'' are the times that the
advance wave takes to reach two arbitrary distances x'
and x'' such that x''= 2 x' . These two times (t' and
t'') are found by solving the following empirical

equation iteratively

Ql . t = x ( 0.665 Yno + 0.744 Zm(t) ) (7.14)

Two iterative technigques were utilized for the
solution of the above equation. These were the Newton-—
Raphson preocedure and the method of False Position
(Cope etal 1982). During the testing of the model it
was observed that when the rate of advance was very
slow, both the technigues failed to converge. It was
decided therefore to resort to more approximate methods

of determining Za and Zb when the iterative
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B) Recession Phase

The method used in this study to evaluate the
recession curve is the algebraic model presented by
Strelkoff (1977) and further developed by Levien & de
Souza (1987).

The recession distance is calculated as an
implicit function of recession time according to the

following equation

Sy 1/3 -1 1/3
t = Tco + [ 3.{(F') - 3.tan (F'") ]
3/2
(M+1) Ia G
1/3 -1 1/3
- [ 3.(F'") - 3.tan (F'"') ] (7.19)
where
3/2
F*" = G . L (7.20)
and
3/2
F'r'= G . x' (7.21)
where
Tco = time of inflow cutoff (min).
Sy = slope of water surface (m/m).
la = average infiltration rate (m/min).
G = a factor (see below).
M = parabolic furrow cross—section parameter.
IL = length of field (m).
%' = the length , from the downstream end, that

is still inundated

The water surface slope (Fig. 7.3) is given

by






SYy = Yno(Q2) / L (7.22)
and the average infiltration rate is found as:

I(Tr) + I(Tr-Ta)

(7.23)
2
where:

la = average infiltration rate (average of
upper and lower ends)

Ta = time for advance wave to read end of
plot.

I(Tr) = infiltration rate at upstream end, at
recession time Tr.
I(Tr-Ta) = infiltration rate at downstream end.

Note that the infiltration rate is simply the

time derivative of Egn. 7.9

d-1
I =4k (t) (7.24)

The recession time, Tr, is calculated as the
sum of the cutoff time and the time taken for volume
ABC in Fig. 7.3 to be removed by infiltration and

runoff. The mathematical expression is given as:

Ao L
Tr = Tco + (7.25)
(M+2) Q2

The factor 'G' is given as

[

-



1/2 S 1/2
Cu. (So) .(Sy)
G = (7.26)
5/3
(M+1) . n . Ia

The recession—-wave travel time, as it moves

down the plot, is calculated from Egqn. 7.19.

) Runoff prior to recession

The runoff volume, before recession starts,

Vro(Tr) , is calculated by the Dbalance equation of

inflows and outflow volumes

Vro(Tr) = Vo - Vy(Tr) - Vz(Tr) .(7.27)
where Vo is the total volume applied to the field

Vo = (Q1L . Ta) + Q2 (Tco — Ta) (7.28)
and the volume remaining on the surface Vy(Tr)

C M+1 M+2
Vy(Tr) = Sy . L (7.29)
(M+1) (M+2)

and the infiltration volume Vz(Tr) is found from :

Zm(Tr) + Zm(Tr-T1)
Vz{(Tr) = . B. L (7.30)
2

Equation 7.28 regquires that Tr > Ta , 1e: the
cutoff time (Tco) must be greater than the advance time

(Ta). This constraint means that in the operation of

N
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vdr(Tr) = runoff volume during recession (Eqn. 7.31)

The various irrigation efficiencies can now be

determined

a) Application Efficiency (Ea)

This 1s the percentage of total water that

remains in the root zone , and is calculated by

Ea = 100 ( Vrz / Vo ) (7.42)

where Vrz 1is the volume remaining in the root zone:

Vrz = Vo — Vt — Vxs (7.43)

b) Storage Efficiency (Es)

This is a measure of the percentage of the

roots zone that is actually filled by infiltration

Es = 100 (1 ~ ———————— ) (7.44)

The storage efficiency 1s 100% when no irrigation

deficit exists.

¢) Distribution Efficiency (Ed)

This is calculated by determining the relative

deviation from average infiltration throughout the

length of the plot.

ek






Taking the data set of Strelkoff (1977) for

border irrigation plot (Fig. 7.4 and Table 7.1),

irrigation efficiencies obtained in the simulation

given in Table 7.2

a

the

are

[
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Table 7.1

quder @rrigation example used in the
Simulation (after Strelkoff 1977).

Inflow rate

Inflow duration

Plot slope

Plot length

Manning's roughness

Infiltration coef. (k)

Infiltration coef. (4)

Req.

inundation

time

0.1968
38.0
0.00101
91.4
0.024
0.0185
0.2716

100.0

(m3/min)
(min)
(m/m)

(m)

{m/min)

(min)
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14 minutes. The volume of water required 1is reduced

from 7.48 m3 to 4.98 m3. Runoff from the field is also

reduced, although the storage efficiency is less in the

optimized case.

For the wvariable-rate option, the application

efficiency 1s improved to 82.14 % The required

irrigation is reduced to 5.78 m3 and the runocf volume

is reduced by about a half, but the duration of flow is

virtually the same at 37 minutes. The distribution and

deficit/excess efficiencies are alsoc improved but the
storage efficiency is reduced by 2 %

Although the variable rate inflow regime
offers better control over the application of water, it
also requires greater labour time and expertise.
Automatic flow regulators could be wused Dbut they
represent high capital investments and may not be
financially viable.

The efficiency optimization model shows the

potential savings, both in water and in time, that can

be made by carefull controcl of the inflow rate and

duration.

The variations of application efficiency with
flow rate and duration, for the above example, 1is
shown in Figs. 7.17 to 7.21 . Application efficiency

reduces with increased inflow rate and decreased flow
duration. This is expected since extra wastage occurs

due to runoff and deep percolation.
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An example of the design Procedure and results

are listed in Table 7.4. The soil profile is assumed

uniform, of depth 950 mm, field capacity, 9fc = 0.308

cem3/cm3, wilting point, 6wp = 0.105 cm3/cm3 saturated

moisture content, ©s = 0.445 cm3/cm3, wetting front

pressure, Pw = 201 mm, and saturated conductivity, Ks =

0.0517 mm/min) .

The effect of the management factor (SMDMAX

»

the maximum allowable soil moisture deficit) on the
maximum length and width of the border (Table 7.5),
shows that as SMDMAX is increased the maximum allowable
length decreases. This 1s expected since at high SMDMAX
the soil profile 1s at a dryvyer state with a
correspondingly high infiltration rate. The advancing
wave front therefore takes much longer to reach the end
of the plot and a larger volume of water will
infiltrate on the way.

From the dependence of the border design
procedure on the management practice factor, it can be
concluded that when the daily availability of water is
limited, a greater length of border can be irrigated if
irrigations are frequent throughout the season, ie: if

maximum allowable soil moisture deficit is small.
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Table 7.4 Example of design of borders 262

DESIGN OF BORDER IRRIGATION SYSTEM .

———

-—

ENTER MAXIMUM ROOTING DEPTH ()

ENTER MAX. ALLOWABLE S.M. DEFICIT (%)

ENTER MAX. AVAILABLE IRRIGATION VOL. (m3)
ENTER BORDER PLOT SLOPE

- (m/m)
ENTER MANNING'S ROUGHNESS
INTER BORDER DEPTH o
ENTER MINIMUM BORDER WIDTH (m)

ENTER LENGTH INCREMENT FOR SIMULATION (m)

INFLOW RATE CONSTRAINTS

MAX. NON-OVERTOPPING FLOW RATE (m3/min) =
MAX. NON-EROSIVE FLOW RATE (m3/min) =
INFLOW RATE (m3/min/m width) MUST BE <

= 3500

30

100

0.024

0.15

3.347795
3.5999995E-01
3.59999385E-01

MAXIMUM PERMISSIBLE BORDER LENGTH

ENTER DESIGN FLOW RATE (m3/min/m width) = 0.3

NB// NORMAL DEPTH OF FLOW (mm) = 35.27839%

SOME RELEVANT OUTPUT
MIN. REQ. IRRIGATION DEPTH [mm3/mm2] = 50.75000
MIN. REQ. IRRIGATION DURATION (min) = 0.00
DEPTH TO WET ALL PROFILE (mm) = 180.99000
TIME TO WET ALL PROFILE (min) = 455 .45
INFILT. COEFFICIENT (C) [mm3/mm2 ] = 77.21682
INFILT. COEFFICIENT (N) = 0.02061

DESIGN CRITERIA SUMMARY
MIN. REQUIRED IRRIGATION DURATION _ _(min) = 33.83
MIN. REQ. FLOW RATE (m3/min per un}t w1_dth) j 0.130298
MIN. REQ. IRRIGATION VOL. (m3 per unit width) = 13.002
MAXIMUM PERMISSIBLE BORDER WIDTH ((2)) : 20-1 0o










ENTER SOIL DATH
ENTER MAXSHD, HXTRD
MXDPLR, HINFS, HXFS

v
ENTER DESIGN _OBJECTIDE:
NAX . FURROM IPRCING ECR
HIN. TRO OR HIt. DPLR 7

-
IHCREHENTY FURRUOH i

SPACIHG (FS) .
w

CALCULATE &0 IHFILTRATION
COEFFICIENTE FOR EACH FE |
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spacing are chosen in increments

between sgspecif ied

minimum and maximum values. At €ach increment the two

dimensional wetting pattern is determined by the 2D

infiltration model (chapter 6). The time required for

the root zone to fill (Trz) is calculated as the time

taken for the wetting front, in the last root laver, to

reach the maximum lateral rooting exXtent (see Fig

7.24). The deep percolation loss ratio (DPLR) is then
determined for time Trz as the ratio of the lateral and
vertical drainage of water out of the root =zone, to

that volume of water which remains in the root zone
(see chapter 6, section 6.3.3 for more details).

The maximum allowable levels of the two
parameters Trz and DPLR represent two optional criteria
for which the optimum furrow geometry is determined.
The choice between the two depends on the objectives of
the irrigator and the operational constraints placed on
the system. If irrigation duration 1is the limiting
factor then the combination of furrow width, depth and
spacing which gives the minimum value of Trz is chosen.
Alternatively if water is limiting then the objective
will be to minimize drainage losses and the furrow
geometry, corresponding to the least value of DPLR, 1is
chosen for the design. .

The criteria for the inclusion of any
particular furrow geometry in the optimization Process
are that Trz must be less than a specified maximum

irrigation duration (Tmax), and DPLR must be less than
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a maximum acceptable deep Percolation loss

(DPLRmax) . For any combination of

ratio

depth, width and

spacing 1f the above two conditions are not met that

furrow geometry 1s excluded from the design

An example of the inputs and outputs of the

model 1s shown 1in Table 7.6. The soil profile is

assumed uniform, of depth 950 mm, with field capacity

gfc = 0.308 cm3/cm3, wilting

point, ©wp = 0.105
cm3/cm3, saturated moisture content, 6s = 0.445
cm3/cm3, wetting front pressure, Pw = 201 mm, and
saturated conductivity, Ks = 0.517 mm/min) .

For each geometry the infiltration coefficients
are also determined for use in the next section dealing

with furrow length design.

B) Design of furrow length _:

This procedure follows closely that of the
border irrigation case (section 7.2.4.1). The furrow
depth, width and spacing, plus the infiltration
coefficients must be known. The maximum length of
furrow (Lmax) is found in the same manneér as discussed
in section 7.2.4.1 , with the exception that all flow
rates and volumes refer not to unit plot width but to a
single furrow. With this in mind the maximum number of

furrows (Nmax), given the design length, is found from:
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Table 7.6

Continued

OFTIHUM FURRCH SPACING (20)
QFTIMUM SUSROA DEPTH (2
OPTIMUN FURRGW WIDTH (28}
NIN.KES. IRR. DURATION TO ET RI (TRD:iain}
TOT.V0L. INFILTRATED AT TRD [am3/ma Lenath]
DESP DRAINAGE YOL.BELOW RI [2m3/am Lengtal
DEZ? DRAINAGE LOSS RATIO : (DPLR)
TI%E 70 HET ALL PROFILE : {ain)
INFILT, COEFF. (D) {ani/as FSiza FL
INFILT. CHRVE COEFFICIENT (M)

2000,0
150. 4

130.9
301,47
0.22013E+04
0, 34184E+03
0.38244
1747
2,397356

A LTATN
G.8/VaL

1
1N 2a3/zm , (f:ain}

FURDPT
FURWDT
TRD
VINFRD
DPRCNF
DPLR
TWETAL
CCOEF
VNCOEF

I

]

I

furrow depth (mm)

furrow width (mm)

time to wet root depth (mm)

volume infiltrated at TRD (mm3/mm length)
volume lost to drainage (mm3/mm length)
deep percolation loss ratio

time to wet entire root zone (min)
infiltration coefficient

infiltration coefficient
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Table 7.7 Example of furrow length design

FURROWLN
ENTER TOTAL VOLUME AVAILABLE P PLQT (@3} = 1090
ENTER WIN. REQUIRED IRRISATION DEmTH {22} = 50
ENTER FIELD PLOT Sipee {asa) = 0.01
ENTER HANNING'S AQUGHNERS = 0,024
ENTEX INFILTRATIGN CCEFFIC{§NT iCi {am} = Z2,3973%
ENTZR INFILTRATION COEFFICIZNT 1) = 9,57032
ENTER FURRDW DEFTH {21 = 0.15
ENTER FURROW SPACIHG (al = 2.9
ENTER HIN, Ho. OF FURRODHS RESUIAED =3

¥AX. NON-GYERTOPPING FLDW & is3/ain! 34.71728
HAT., NOH-SRUSIVE FLOW RATE {g3/aln) = 0.(3560
GESION FLOW RATE {a3/ain/furrow) MUST B2 £ 0,935800

HE// HORMAL D
NB// DURMIN (ain
{ai 200, 00000
= 1. 00000 LENGTH » HAX. ALLOWABLE
[

RB// PLENMYX
NB// PLEHAX
N3/ NFURR

=222
o)
"

GESIGN CRITERIA SUMMARY :

MAX. PERMISSIELE FLOM RATE PER FURRGW (aS/ain) = 0.03600
MIN. REQUIRED IRRIEATION DURATION (zin) =  535.8
MIN. REQ. FLOW RATE PER IRRIGATED PLOT{aS/aini =  0.180
MIN. REQUISED IRRIGATION VOLLME  (a3/furrow) = 19,900
MAXIMUM PERMISSIBLE FURRO4 LENGTH (g} = 199.000
MAXIMUM_PERMISSIBLE NUMBER OF FURROWS PER PLOT = 3



















zone and 1s beneficially used.

In general the application efficiency of

sprinkler irrigation is relatively high at 70% (Table
1.1). The losses

that do occur are due in main to

runoff and deep percolation (drainage from the root

zone) . Interception and

evapotranspiration during

irrigation represent lesser volumetric losses, although

in arid 2zones evapotranspiration losses may be

significant, 1in which case night—-time irrigation is

usually advisable.

The subject of interest, in this chapter

and
the next, i1s the performance of sprinkler irrigation
systems. In this chapter a mathematical model 1is

developed for the simulation of the water balance of
a point in the area of coverage of a single sprinkler
nozzle. The term 'point' can be defined as an area in
which the soil, crop and precipitation are spatially
uniform in the horizontal direction.

The precipitation 1is divided into it's
hydrological components by taking into account such
processes as precipitation intensity and duration,
interception, evapotranspiration, runoff, infiltration
and drainage. The water balance model is then extended
in chapter 9, by an application-rate discretization
procedure, to evaluate the water losses in the root
zone and hence calculate the various efficiencies under

the whole area of coverage of the sprinkler unit.
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g8.2.1 Point Runoff from Continuous Rain:

At the onset of rainfall the

initially dry
soil absorbes all the rain untill such time as the

infiltration rate is less than the rainfall rate and

runoff begins. Mathematically this Process is expressed

from Ean. 8.1 as:

r(t) = 0.0 t < tp
8.2
r(t) = P(t) - f(t) t > tp ( )
where the ponding time (tp) 1s the delay time of

runoff when the initially high infiltration rate
absorbes all the rain and no runoff occurs.

The runoff process, expressed mathematically
in Eqn 8.2 , can be shown schematically iﬁ Fig 8.2
The rate of runoff is a function of the infiltration
rate of the so0il and therefore there are as many
variations of rainfall-runoff models as there are of

infiltration models (see chapter 6).

8.2.2 Point Runoff from Intermittent Rain:

The process described above applies to cases
where the rainfall 1is continuous, though not
necessarily at a steady rate, and where after the time
of ponding has been exceeded the soil surface remains
saturated and runoff is generated continuously for the

rainfall duration.

When an intermittent rainfall pattern
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trunks are considered as storages (Fig. 8.4) which
- B. ich are

filled by rain and emptied by drainage and evaporation
In the case of cultivated crops the trunk

storage is

assumed negligible relative to the canopy storage

(Clarke 1940) .
Net rainfall or 'throughfall: is calculated as

the sum of the rain that falls directly through and

the water that drains from, the wet canopy

This 1is
expressed as follows
P(t) = p Pg(t) + D(t) (8.3)
where:
P(t) = net rainfall or throughfall rate (mm/min)
Pg(t) = gross rainfall rate (mm/min)
p = proportion of rain as direct throughfall
D(t) = cancpy drainage rate (mm/min)
Dropping the Y(t) ! time index for the

instantaneous mass balance, the amount of water on the

canopy, defined as the 'instantaneous canopy storage

(C)', is calculated by the equation:
C = (1-p) Pg — ET - D (8.4)
where :
C = canopy storage (mm)

gross rainfall (mm) - :

p = proportion of rain as direct throughfall
evapotranspiration (mm)

drainage from canory (mm)

0
e}
I

lw
([

Evapotranspiration is given as a function of
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the amount of water on the canopy

ET = Ep . C/S for C < g
_ (8.9)
ET = Ep for C > 8
where
Ep = potential evapotranspiration (mm).
S = canopy storage capacity (mm).

The canopy storage capacity 1s the maximum
amount of water retainable on the plant canopy before
drainage occurs. Some values of 'S' are listed in the
appendix. —

Larsson (1981) modified the above equatiorn to
take 1into account the contribution from transpiration

when the canopy 1is only partially wet (ie: C < S)

ET = ( 1- C/S ) Tp + (Ep. C/5) (8.6)

where
Tp = potential transpiration (mm) in the
absense of water on the leaves.
The rate of drainage from the canopy during

rainfall is estimated as an exponential function of the

amount of water on the canopy

InD=a+ b C (8.7)

drainage from canory (mm)
drainage coefficients.
natural logarithm.

ol
[rg]
— .
ol el W)
non g

Let Ds be the drainage rate when C=S



D = Ds. exp[ b(C-9) ] (8.8)

Rutter found Ds to be 0.002 mm/min and 'b' to

be 3.7 /min for Corsican pine of leaf area index LAIp

the
value of Ds is equal to 0.002(LAI/LAIp), and 'b' equals

For canopies with different leaf area index (LAI)

3.7(LAI/LAlIp) . However assuming a linear relation

exists between LAI and S

Ds

I

0.002 (S/Se) (8.9)

and

o
]

3.7 (5p/S) (8.10)

where ©Sp 1s the storage capacity of Corsican pine
canopy, found by Rutter etal (1971) to be 1.05 mm.
Substitution of the above equations 1in Egn.

8.8) gives a single—parameter expression for drainage

rate
-5
D= 3.9 x 10 . S . expl[ 3.885(C/S) 1 (8.11)
Using a time increment of 1 minute, the rate
of drainage from the canopy, D(t). is thus calculated

from Eqn. 8.4, 8.6 and 8.11, and the net rainfall rate

P(t) determined from Egn. 8.3.

Rutter etal (1977) found the model was

. - . [} ] -
insensitive to variations 1n parameter ‘b’ 1n the range

o
(¥=)



3.0 to 4.6 and thus took an average of 3.7. The

parameter Ds represents the resolution of the

throughfall measuring instruments and the model is

moderately sSensitive to it (Massman 1983)

Where experimentally derived values for the

parameters 'b! and Ds are not available, the

approximations in Eqn. 8.11 can be used. The proportion

of direct throughfall (p) is also best determined by

measurement and is imagined to be a complex function of
the growth stage, leaf type and size and antecedent

wind conditions. Aston (1979) suggests this value can

be approximated as

p=1.0 - 0.05 LAI (8.12)

The operation of the interception model is

optional within the PERM model.

Potential Evapotranspiration (Ep):

Diurnal potential evapotranspiration (Ep), is
assumed to vary around noon as a half sine wave
(Federer 1982). The evapotranspiration rate is thus

estimated by the following equation:

Ep = e ————— COS ( ————— ) (8-13)
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t=tp
P(t
2 p(t) = BSM x 1n [ °) ] (8.15)
( p(tp)- '
=0 P(tp)—Ks )
where:
SM = Pw ( ©s - 91 ) (8.16)
where:
tp = popding time (min)
p(tp) = ra;nfall rate at ponding time (mm/min)
p(t) = rainfall rate at time t (mm/min)
Ks = saturated hydraulic conductivity (mm/min)
Pw_ = wetting front presssure (mm)
s & ©1 = sat'd and initial moisture contents (mm)

Equation 8.15 1is an egquality only when
ponding time 1is reached. Time of ponding is estimated
as the time when the value on the right hand side 1is
no longer greater than the value on the left hand side.
Considering that a one minute time step 1is used
throughout the model, tp 1is determined to the nearest
minute . Note that by definition the left hand side
term is the sum of the rainfall, and the right hand
side the cumulative infiltration, up to ponding time.

Pseudotime (ts) :

The effect of delayed ponding on the
infiltration curve 1is to shift it's time axis by a
finite time depending upon the initial moisture
conditions (Fig. 8.2).

To correct for the time shift in the vertical

assymptote of the infiltration curve due to delaved
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ponding , a ‘'pseudotime (ts)', (Freeze 1980) is

calculated by the following equation given by Chu

(1978) :

SM Fp

Ks SM M (8.17)

where:
Fp = cum. infiltration at the ponding time (mm)

The elapsed time used for the infiltration
decay curve, must now be shifted by the pseudotime
amount since the vertical assymptote of the
jnfiltration curve 1is no longer at the time of rain
onset. Thus Eqn. 8.14 <can now be written with respect

to the true time:

-b
f = a (t — tp + ts ) (8.18)

Note that for the case of sudden ponding Dboth

tp and ts are zero.

[#2]
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infiltration of a

volume VINF (mm) of water is

calculated by:

DV INF 2K
PS = —-7; PLTRD(H) + T DLTRD(S) (8.22)
j=1
where:
3=k
DVINF = VINF - 5 s5(§) (8.23)
j=1
and
VINF infiltrated volume (mm)

lavyer index :
k + 1 = layer number containing DS.

r
oW

The position of DS relative to the laver
boundaries is determined initially by the condition

that:

i
S(3) (8.24)

k
S sG) < VINF <

j=1 j=1

The depth of saturation (DS), represents the
position of +the wetting front immediately after the

supply of water at the surface is terminated.

Having established DS ., the total drainable

volume , CDRNBL (mm), from the saturated zone , can now

be calculated by:

CN
(=]



X
CDRNBL = :E DRNBLV (j) + Ds" [S(i) -~ F(i)) (8.25)
j=1
where:
X
DS" = DS ~ S DLTRD(S) (8.26)
j=1

The total remaining fillable storage wvolume

»

CREMV (mm) , below DS, is calculated by:

NL
_ DELTA
CREMV = S F(j) + F(i) ( 1= ———momn ) (8.27)
. DLTRD (i)
j=1i+1

where:

i-1
DELTA = DS — = DLTRD(J)

i=1

and where NL is the number of layers in the profile; i
is the layer number that contains the saturation front
(DS) .

This 'total drainable volume (CDRNBL)' can
now be routed through the lavyers below, filling each
laver to it's field capacity before flowing to the
next. This process continues untill all the drainable

volume has been redistributed.

The lower boundary can be either drained or
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CREMV CDRNBL

95 Os Os

—————————— ~ Ds
—————————— Ds —— —— e e e —{ Ds

Case 1&3 | CDRNBL ¢ CREMV Case 2 [CDRNBL > CREMV Case 4 |CDRNBL )CREMV

eﬂ: ofc
________________ Ofc e e

91 de Ofc+d
9| Os
Drained/Undrained B) Drained C) Undrained

Fig. 8.6 Three possible flow conditions at the lower boundary of the

soil profile (CREMV = remaining fillable storage, mm;
CDRNBL= drainable volume, mm; Ds = depth of saturation, mm;

Os, ©fc & ©i = saturated, field capacity and initial
molisture contents, cm3/cm3).

[0¢2



not drained and the drainable volume

having filled all
the fillable storage, begins to £ill the lower lavers

to saturation. If the excess water is not sufficient to

£ill a layer totally to saturation, it is distributed

uniformly in that laver.

Distribution opportunity time:

The minimum time rquired for redistribution

TDMIN (min), is controlled by the minimum saturated

hvydraulic conductivity of the profile and is
approximated by:

TDMIN = CDRNBL — SATKm(j) (8.29)
where:

SATKm(3) = minimum saturated conductivity in the

saturated zone {(mm/min)

The model now checks for two conditions which
can exist, given the duration of rain gap TRGAP
condition 1 TDMIN < TRGAP

In this case there is enough time for the
redistribution of the infiltrated water ©before the
onset of the next rainstorm. The model outputs the new
soil moisture contents, which in turn cause the new
infiltration parameters to Dbe determined Dbv the
infiltration model, in time for the onset of the next
rain. The infiltration opportunity time t , 1in Egn.
8.18 , is now relative to the beginning time of the new

storm and ponding and pseudotimes are once more

N
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calculated for this new process
condition 2 TDMIN > TRGAP
When the

minimum required time for

redistribution (TDMIN) , is longer than the time gap

between two successive rain events (TRGAP), then it is

assumed that the infiltration rate is a continuation of
the previous process as defined by +the parameters
established at the beginning of the last rainstorm. At

the onset of the next rain, the time axis of the

infiltration rate curve is shifted by the amount TRGAP.
This assumes that when TDMIN > TRGAP , the infiltration
rate at the beginning of the rain event is equal to the
infiltration rate at the end of the previous rain
period. ie: at the start of next rain:
-b
f = a ( t — TRGAP - tp + ts ) (8.30)
This is illustrated in Fig. 8.7. When rain
terminates, redistribution starts and there 1is a
corresponding increase in the infiltration rate as the
top soil layers drain from saturation to field capacity
or lower. This recovery in the infiltration rate is
represented by the difference between f(t') and £(t'"')
in Fig. 8.7, and forms the basis of the assumptions
made above.
The redistribution model is applied at the
end of each period of continuous rain, thus defining

the infiltration and runoff characteristics for the
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TDMIN = infiltration redistribution time, min.
TRGAP = time gap of rainfall, min.
f(t) = infiltration rate, mm/min.
rl & r2 = rainfall rates during events 1 & 2.
tp = ponding time, min.
ts = pseudotime, min.
f(t)
o ri
- r2
o Runoff
. . ff
Infiltration TDMIN > TRGAP| £(t) Auno
()]~
S~ " f(t)
=1£(t")
Infiltration
v v o
0 s tp t’ TRGAP t”
< Time
Fig. 8.7 Schematic diagram of infiltration under intermittent

rainfall when rain gap is less than redistribution time
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where:

Ks = saturated hvydraulic conductivity (mm/min)

&8s = saturated moisture co

: ntent
Py = Wett}ng front pressure (mm)(cm3/cm3)
2& i initial moisture content (cm3/cm3)

soil moisture parameter

The rainfall data are shown in Table 8.2 for

all three cases.

Apart from the values given 1in Ean

8.32 , detailed so0il property data necessary for

running PERM was lacking. However, given the soil type,

the following parameters were estimated wusing the

statistically derived data of McCuen etal (1981) for

a sandy loam—silt loam soil (see chapter 5)

saturated moisture content, 8s

0.421 (cm3/cm3)

wetting front pressure, Pw

237  (mm)

The moisture content at field capacity 1is
estimated by the empirical model of Clapp & Hornberger

(1978)

field capacity, 8fc = 0.324 (cm3/cm3)

Thus the initial so0il moisture can be

estimated from Egn. 8.32b

initial moisture content: i = 0.269 {(cm3/cm3)

It is assumed that the profile depth 1is
1.5 m and that the soil 1in all layers is uniform in
properties. The profile 1is divided into 5 lavers with
the top 4 layers at the jnitial moisture content and

the last laver at field capacity. The soil physical
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Table 8.

2 Input rainfall 4
R - ata fOl" 3 ralnf
used in testing the PERM model.all cases
Rain starting Du :
: ration Int ;
Event T . - ntensity
e, mn min mm/min
Case 1 June 30 1957
1 0 5
0.254
: oo 15 1.355
3 55 15 :
0.033
Case 2 April 3 1958
1 0 430 0.048
g 430 10 0.049
" 440 5 0.665
445 10 0.254
S 455 5] 0.762
6 460 15 0.033
7 475 S 0.660
Case 3 Sept. 9 1959
1 0 5 0.608
2 5 15 1.152
3 20 15 1.660
4 35 30 0.822
5 65 15 0.255
Table 8.3 Assumed soil physical parameters for all
3 rainfall case studies used to test PERM.
Layer Thickness Ks s Pw afc o1
No mm mm/min mm
1 250 0.237 0.421 237 0.324 0.269
2 250 0.237 0.421 237 0.324 0.269
3 250 0.237 0.421 237 0.324 0.269
4 250 0.237 0.421 237 0.324 0.269
5 500 0.237 0.421 237 0.324 0.324
* key: o )
Ks = saturated hydraulic conductivity (mm/min)
©6s = saturated moisture content {cm3/cm3)
Pw = wetting front pressure {mm)
0fc = field capacity (cm3/cm3)

Qi

initial moisture con

tent (cm3/cm3)
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properties are summarized in Table 8.3

The PERM model was run for each of the

rainfall cases and the results compared to those of

Chu's model (Table 8.4). Interception and evaporation

losses have been assumed negligible. The total daily

runoffs simulated by both models compare fairly with

the recorded runcffs, except for case 2 where Dboth

models predicted well below the recorded wvalue. The

accuracy of the recorded value for this case may De

questionable since Dboth models predicted similar

results.

The simulated variation of infiltfation and
runoff rates for the 3 rainfall cases are shown 1in
Figs. 8.8, 8.9 and 8.10 respectively. Note that the
runoff rates do not represent overland and channel
routed runoffs but point generated excess rainfalls.
Assuming that the area of the elementary watershed is

small, it can be treated as a point source and the

total volume of rain excess will Dbe <close to the

watershed runoff (Chu 1978).



Table 8.4

Results of

PERM

simulated

infiltration

apd excess rainfall runoff and comparison
with Chu's model and recorded values.

) Simulated Recorded
Case Rain j Inf'n. Runoff Runoff
No Model mm mm mm mm % Diff.
PERM 16.30 5.88 +27.8
1 22.1 4.60
Chu 17.80 4.30 -6.52
PERM 32.77 1.84 -63.9
2 34.6 5.10 '
Chu 32.40 2.20 -56.9
PERM 47 .65 26 .06 +2.6
3 73.7 25.40
Chu 45 .9 27 .80 +9.4

-t
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Fig. 8.8 Simulated excess rainfall and infiltration rates

(case 1 of Table 8.2).
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d) Laver thickness & ofc — The model is not
sensitive to

changes in the soil layer thickness. A

response of only about 0.7% to a 10% change 1in

thickness 1s not significant . The surprising result

however 1S the lack of any response to changes of ©fc,

even though this parameter defines the upper limit of

non—-drainable storage in the redistribution model.

8.3 Discussion:

The PERM model was developed to overcome the

shortcomings of the other models reviewed in this

section, Dby taking into account soil non-homogeneity
and antecedent soil moisture nonuniformity, as would be
met particularly in cultivated lands. The PERM model
is a point—-source excess rainfall generating model
which is capable of handling continuous or intermittent
rainfall applications. The model divides the 1incoming
rain into it's various hydrological components and by
utilizing an infiltration model and a redistribution
model, generates runoff rates at one minute intervals
and predicts the total daily infiltration , drainage
and runoff volumes.

The soil parameters required for the running
of the model are all physically based and can Dbe
measured in the field. Where accurate field data are
not available, these parameters can be estimated from

the soil type alone Dby empirical means (eg: McCuen

etal 1981, Clapp & Hornberger 1978; see chapter 3).
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deviation

The Cumulative distribution function (CDF)

is
defined as the area under the PDF curve, and is found
thus:
oo
! 2
O1E 3 S — j exp (= (x)
2
1/2 /2) (9.4)
(2 =) x

A plot of Q(x) versus Y is shown in Fig. 9.1,

where Y is a dimensionless depth defined as

Y=v /Y (9.5)

The shape of the CDF curve depends on the
spread of the variables about the mean. A normalised
measure of spread is the coefficient of wvariation (Cv),

defined as the ratio of the standard deviation to the

mean:

Cv

]
0)]
~
<

(9.6)

A high value of Cv represents a wide spread
about the mean. This is reflected in Fig. 9.1 where for
Y=1.4 and Cv=0.5, the fractional area that recieves a
normalized depth greater than 1.4 is about 0.15 . The
corresponding value for Cv=0.3 is 0.8 and for Cv=0.2 it
is 0.04 . Thus the smaller the coefficient of variation

, the smaller is the spread about the mean. Values of Y

(FN]
]
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greater than 2 characterize Very poorly operated or

designed sprinkler systems with Corresponding Cv values
greater than 0.5, which may not be considered

normally
distributed (Walker 1979) .

The hypothesis put forward here is that the

application wuniformity, as measured by an array of

catch cans placed on the soil surface and

statistically characterized by the coefficient of

variation Cv, cannot simply be assumed to be the same

as that application wuniformity measured from the

distribution of the depths of infiltration over the

field.

The type of so0il and crop, the sprinkler
discharge rate and duration of irrigation, and the
antecedent soil moisture conditions, all effect the
horizontal and vertical distribution of water under a
sprinkler unit. Therefore, the application wuniformity,
or it's mathematical expression, the uniformity
coefficient Uc., cannot be assumed to be a unique
property of the sprinkler unit. The application
efficiency must also be independent of the sprinkler
discharge characteristics (as measured by the
coefficient of variation Cv), and dependent on the soil
properties.

The model developed here incorporates such
variables as application rate and duration, sprinkler

coefficient of wvariation, and the soil properties, in

ro
(4]



an effort to investigate their influence on

irrigation performance.

In this model the fractional area in Fig. 9.1

is assumed to also represent the fractional area under

the sprinkler that recieves a normalized depth Y The

distribution of application rates in the field is

therefore characterized by the cumulative frequency

diagram and the parameters of the normal distribution

function, namely the mean and the variance (square of
standard dewviation).

The area under the CDF curve is given by Egn.
9.4 . Walker (1979) gives a polynomial approximation

for its solution for positive values of x

2 3 4 )
Q(x) = £(x).(B1. t + B2. t + B3. t + B4. t + BS. t )
(9.7)
where
t =1/(1 + 0.2316419 x) (9.8)

and Bl= 0.31938153; B2= —0.356563782; B3= 1.781477937;
B4= —-1.821255978; and BS= 1.330274429.

For negative x values the following equation

is given

0(x) = 1 — Q(=%) (9.9)

Equations 9.7 and 3.9 determine the

; 1 an
fractional area under a sprinkler that 1recives

sprinkler -
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the rate Y, is therefore-

(Y.¥y) D = R(Y) + F(Y) + I(Y¥) + E(Y¥)

(9.10)
where:
Y = mean application rate (mm/min).
D = sprlngllng duration (min).
R(Y) = gungft depth due to rate Y (mm).
F(Y) = }nflltration depth (mm) .
I1(Y) = interception depth (mm).
E(Y) = evapotranspiration depth (mm).
This procedure is repeated for all values of Y
ranging from O to 2 at increments of 0.1 . It is

assumed that where an application rate has a fractional
area of less than 0.01 associated with it, that rate is
considered relatively‘insignificant and ignored. The
flow chart of the model is shown in Fig. 9.3. The total

volumes at the end of the simulation are calculated

thus

a) Total applied volume, vt (mm3) :

2.0
vt =Dy = Y. Q). As (9.12)
¥=0.1

b) Total runoff volume, Vr (mm3) :

2.0
vr = S RM. Q). RS (9.13)

Y= 0.1
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¢) Total infiltration volume

VEf (mm3) .
2.0
Vf = :E F(Y). Q). as (9.14)
Y=0.1
d) Total interception volume, Vi (mm3) :
2.0
Vi= S 1. Q). as (9.15)
Y=0.1
e) Total evapotranspiration volume, Ve {mm3) :
2.0
Ve = S EM. QY). As (9.16)
Y=0.1

where ‘'As' 1is total area of sprinkler coverage {(mm2).
The required irrigation depth (Dreq) is
calculated in the excess-rainfall model as the depth of
water required to restore the antecedent root-laver
moisture contents to field capacity. The total rootzone
drainage (Vd) is found from
2.0
Vi = S [ F(Y) - Drea 1 Q(Y). As (9.17)

Y=0.1

. d.
where only positive values 1q;cate the occurance of

drainage.

The total deficit volume in the root =zone
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Table 9.2 Example run of the s

evaluation model
of Table 9.1).

Prinkler performance
(for soil profile data

ENTER APPLICATION STARTING TIME (ain) = 3280
ENTER MEAN APPLICATION RATE (sa/pin) = 0,75
ENTER APPLICATION DURATION (ain) = 380

ENTER SPRINKLER RADIUS OF COVERAGE  (a) = 10

EMTER SPRINKLER COEFFICIENT OF YARIATION

n
(=3
o
—
o

MEAN DAILY PET CONVERTED 7O MINUTE PET:

RATE  RAIN INFILT.  RUNOFF  EVAP.  RI.DRAIN. INTERC. VOL.ERR.  AREA

ca/ain o2 an LT na T A 13 FRACTION
0.49  175.50 137.35  33.5 5.01  +0.00 0,00 -0.37 .18924E-01
0.38 202.30  140.56 37.08 5.01 0.00 0.00 -0.13 . b8479E-01
. 229.30 142,76 81.80 3.0t 0.00 0.00 -0.08  .14132
0.71 256.30 144,06  107.46 3.01 0.00 0.00 -0.04 24732
0.79 283.30 144.46 134.03 3.01 0.00 0.00 -0.02 .24737
0.38 310,30 145.27  180.23 3.01 0.00 0.00 -0.01 16132
0.94 337,30 143.73  1B&.76 3.01 0.00 0.00 -0.01 . bB4TIE-V!
.01 364,50 145,90 213.39 3.01 0.00 0.00 0.00 .1B924E-01

NSERS = 8

AVINF = 3.5059241E+09

SBINF = 2.9168950E+10

TINF = 4.4B47390E+10

TOTAL APFLIED WATER (a3} = B4.!

TOTAL INFILTRATION (83) = 44,8

TOTAL RUNGFF a3) = 37.7

TOTAL EVAPGTRANSFIRATION (a3) = 1.36

TOTAL DRAINAGE (23) = 0,100E-08

TOTAL INTERCEFTICH (a3} = 0.000E+00

¥ATER BALANCE ERROR (@37 = -0.148E-91

APPLICATION EFFICIENCY (%) = 33.31

DISTRIBUTION EFFICIENCY (%) = 67.48

STORAGE EFFICIENCY (1) = 100.00

DEFICIT-EXCESS EFFICIENCY (%) = 33.31

COEFFICIENT OF UNIFORMITY = 0.330







Fig. 9.4 The effect of application rate and coeff
of variation on sprinkling uniformity
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Fig. 9.5 The effect of coeff. of variation on the
aprplication efficiency (Ea).
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Fig. 9.6 The effect of rate and duration on application
efficiency (Ea) for a normal distribution.
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higher efficiencies. Figure 9.7 shows that except

an initial slight reaction,

for
Uc remains constant for all
mean application rates and durations

Figure 9.8 shows the effect of saturated

hydraulic conductivity (Ks) on Ea. As Ks is increased

Ea increases from a low level to a peak, after which it

declines as Ks 1is increased further. The three curves

shown correspond to three different application rates.

The low rate shows the peak efficiency to be the

highest  and is well defined. The greater the
application rate, the lower is the peak efficiency. The
rising limb of the curves correspond to efficiency loss
due to excessive runoff from soills with low
conductivity; while at higher conductivities the loss
is due mainly to drainage from the root zone. There is
an optimum soil Thydraulic conductivity which will
maximize the application efficieny for a given rate and
duration.

Figure 9.9 shows the effect of the saturated
hydraulic conductivity (Ks) on the uniformity
coefficient (Uc). At low Ks values, Uc remains constant
at about 0.35. The Uc curve then dips slightly as Ks
is increased, before recovering. The mean application
rate has no effect on the simulated Uc curve.

The effect of initial soil moisture content
(6i) on Ea is shown in Fig. 9.10 . Application

efficiency (Ea) starts high for low initial moisture

£

[0 5}



Fig. 9.8 The effect of application rate & saturated
conductivity on application efficiency (Ea).
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Fig. 9.9 The effect of application rate & saturated
conductivity on uniformity coefficient (Uc).
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Fig. 9.10 . The effect of initial soil moisture content
on application efficiency (Ea).
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contents and decreases gradually as oi

is increased.

Low aprplication rates show higher efficiencies at all

moisture content level
S. The loss i i i

\ n Ea, as i is

increased. 1s due both to increased runoff and drainage

losses. The initial soil moisture content has no effect

on the uniformity coefficient (Fig. 9.11)

The simulation results show that the

irrigation uniformity is only slightly effected by mean

application rate and its response to the system Cv

varies as shown in Fig. 9.4 This figure seems to

suggest that a sprinkler unit with low application rate
uniformity (ie: high Cv), may not result in a
correspondingly low 1rrigation uniformity once the
water has been distributed in the soil.

The uniformity coefficient is only slightly
sensitive to the saturated conductivity of the soil,
and insensitive to the mean application rate and
duration., and the initial soil moisture content.

The irrigation uniformity coefficient does not
convey any information about the shortcomings of an
irrigation event in filling the root =zone; it merely
indicates the level of deviation from the overall mean
irrigation depth.

Simulations show that the application
efficiency (Ea) of a sprinkler unit is dependent on the
saturated soil Thydraulic conductivity and the mean
application rate and irrigation duration. Ea 1is very

nearly independent of the sprinkler cocefficient of

e~N



Fig. 9.11 The effect of initial soil moisture content
on the uniformity coefficient (Uc).
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variation.

The finding of the independence of Ea from Cv
contradicts the statement of Willardson (1972) that the

uniformity of water application (characterized by

Cv).,
determines the application efficiency. This
independence 1s further illustrated when the sprinkler

application rate is assumed to be uniformly distributed

(ie: Cv= 0.0), and the response of Ea to changes in

mean application rate and duration (Fig. 9.12), show

the same rapid decline as for the normally distributed

sprinkling rate (Fig. 9.6).

9.3 Applications in design and operations:

The design of sprinkler systems is a complex
undertaking, not least Dbecause there are as many
configurations of sprinkler spacings and relative
positionings as there are nozzle types and methods of
water delivery. The type of crop and the hydraulic
properties of the soil, and the slope of the land will
also effect the design criteria.

The final wetting pattern achieved depends
also, to a great extent, on the degree of overlapping
of the wetted circles. Rolland (1982) recommends the

overlapping percentage be calculated according to the

following expression

en
cr



Fig. 9.12 The effect of rate and duratidh on application
efficiency (Ea) for a uniform distribution.
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% overlapping = 100

(9.24)

where Rc = radius of Coverage (m)

: and Ls = sprinkler
spacing (m) .

Although the sprinkler performance evaluation

model described here was used to simulate the water

balance under a single sprinkler unit, the application-—

rate distribution parameters ( Cv and ; ), can Dbe

determined experimentally for the conditions of

overlapping and the model run for this new

distribution.

The simulations in Figs. 9.4 and 9.5 suggest
that a sprinkler wunit, with a high coefficient of
variation, need not necessarily have a low irrigation
uniformity and application efficiency. From Fig. 9.6 it
is clear that the mean application rate and duration
have the most effect on Ea. The model can be wused to
establish maximum rates and durations for the operation
of a unit given the desired level of efficiency.

Figure 9.8 shows that there i1s an optimum soil
saturated hydraulic conductivity , Ks. for which Ea is
maximum. This range of Ks widens as the application
rate is increased. Increasing the mean application rate
significantly reduces Ea at all values of Ks, except
at the high values of Ks where the Ea—Ks curves seem to

merge. This type of analysis can be used in choosing

wn
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CHAPTER 10

DISCUSSIONS AND CONCLUSIONS

The aim of this thesis is to develop methods

for the evaluation of on-farm operational irrigation

efficienclies. The first task is the scheduling of
irrigations. To represent the conditions in the field
as closely as possible, a set of algorithms is
developed for Simulating the water balance of

nonuniform soils with growing root zones and nonuniform

rooting patterns. The irrigation scheduling model is

fully responsive to soil, crop and atmospheric

conditions and water management practices.

In the absence of adequate field data, a
laboratory—based lysimeter experiment provides periodic
soil moisture content and actual evapotranspiration
data for testing the root 2zone water balance
algorithms. It 1is recognized that the laboratory
conditions cannot in any way be representative of the
field, but that the measured water balance of the
lysimeter yields valuable data for the quantitative, if
not the qualitative, comparison of measured and
simulated results.

The suitability of the Green—Ampt model for
simulating the processes of one and two dimensional
infiltration of water into nonuniform soils is
illustrated. The cumulative infiltration curve is
expressed mathematically Dby a simple function whose

parameters are determined, for each irrigation davy,
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2 - Simulations show that, for the

soil, crop
and atmospheric data of the lysimeter, the critical
level of maximum allowable soil moisture deficit

(MNGSMD) is about 30% Above this figure the crop

yield ratio drops rapidly from near unity

3 - Increasing MNGSMD reduces the seasonal

irrigation requirement. The response function depends

on the complex interactions between the soil, crop and

atmospheric conditions, and as such cannot be

generalized.

4 — The Green—Ampt model is a versatile tool
for the simulation of the one and two dimensional
infiltration of water into nonuniform soils. The two
dimensional distribution of water in the socil provides
two new criteria for designing the width, depth and
spacing of furrows, while incorporating soil and crop
characteristics.

5 - 1In the absence of experimentally determined
soil-water retention data, empirical methods for the
estimation of soil-water properties show a fair degree
of wvariability. The choice of a suitable empirical
model depends on the available data.

6 - The surface irrigation efficiency—
evaluation model shows that applicaf?on efficiency
reduces with increasing inflow rate and  increasing

inflow duration. This suggests that the major cause of

water loss is due to runoff.
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7 —_ : R R
Significant improvements in the

performance of the system can Dbe achieved through

optimizing the operational

efficiency. For a case
study., comparisons between actual and optimum operating

policies show application efficiency is

increased Dby

20% , the required irrigation is reduced by 33% the

runoff volume by 63%, and the irrigation duration by 24

minutes.

8 - Simulations show that the application

efficiency (Ea) of a sprinkler unit 1is significantly

effected by the mean application rate and irrigation

duration, and by the soil saturated conductivity and
initial moisture content. The coefficient of wvariation
(Cv), of the spatial distribution of the sprinkler
application rate, has no significant effect upon Ea. It
is concluded therefore that Ea cannot be determined
solely from the statistical discharge characteristics
of the sprinkler unit.

9 - The uniformity coefficient (Uc) of the
sprinkler unit is not effected significantly by such
factors as the mean application rate, irrigation
duration, and the soil saturated conductivity and
initial moisture content. The response of Uc to changes
in Cv suggests that a sprinkler unit with a high
coefficient of variation need not resuit in a low

application uniformity.
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