HJNIVERSITY OF

Southampton

University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other
copyright owners. A copy can be downloaded for personal non-commercial
research or study, without prior permission or charge. This thesis cannot be
reproduced or quoted extensively from without first obtaining permission in writing
from the copyright holder/s. The content must not be changed in any way or sold
commercially in any format or medium without the formal permission of the
copyright holders.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk



http://eprints.soton.ac.uk/

UNIVERSITY OF SOUTHAMPTON
SCHOOL OF CIVIL ENGINEERING AND THE ENVIRONMENT

CONTRIBUTION OF UPWARD SOIL WATER FLUX TO
CROP WATER REQUIREMENTS

James A. Dalton

A thesis submitted for the degree of Doctor of Philosophy

March 2006



UNIVERSITY OF SOUTHAMPTON
ABSTRACT
SCHOOL OF CIVIL ENGINEERING AND THE ENVIRONMENT
Doctor of Philosophy

CONTRIBUTION OF UPWARD SOIL WATER FLUX TO CROP WATER
REQUIREMENTS

by James A. Dalton

It is widely acknowledged that irrigation forms the backbone of food production, especially in the
denser populated and often poorer countries of the world. With the development of irrigated
agriculture comes management responsibility. This responsibility is accountable for local, regional,
and national food security, including the livelihoods of people dependent on irrigated agriculture.

One effect of irrigation is high groundwater, leading to waterlogging of land, reducing soil fertility and
crop yields, and possible secondary salinisation of the land. This is due to a process called capillary
rise when high soil moisture suctions in shallow soil cause water to flow upwards from shallow
groundwater. In arid climates this soil moisture can supply crops with an alternative and economical
water source, but long term can lead to soil salinity and reduced crop yields. Methods exist to estimate
water flowing upwards from groundwater based on soil physical and hydraulic properties and crop
water demand. These methods are often incorporated into complex numerical models or applied under
controlled conditions in research stations and laboratories. They provide theoretical values for upward
water movement, but do not provide practical water management information for irrigation purposes.

During the 2000 growing season at a site in the Arys-Turkestan irrigation system a silty loam soil was
cropped with cotton (Gossypium hirsutum L.) and irrigated with fresh water. Shallow groundwater
was present throughout the season between 1.5 and 3.5 meters deep. Soil hydraulic properties were
determined from field investigation using the Campbell method. Monolith type lysimeters,
tensiometers and ThetaProbe capacitance probes were used to monitor soil moisture conditions.

A method was developed based on observation of diurnal fluctuations in soil moisture between the soil
surface and shallow groundwater. The method was based on understanding the change in soil
moisture suction between nighttime and dawn when evapotranspiration was expected to be low and
during daylight when the cotton was actively transpiring. Capillary upward moisture flux was
observed throughout each 24 hour day. Results of the new method were compared with Darcy’s
method, observations of shallow groundwater use from static depths in lysimeters, Kharchenko’s
method and a soil moisture balance.

The new Diurnal method estimated average rates of upward flux between 1.6 to 2.5 mm/d, or between
43 to 67 % of seasonal crop water requirements. At times upward flux may have reached 6 mm/d,
providing 100 % of potential ET. Darcy’s method provided a similar rate of average upward flux of
1.86 mm/d. Results were consistent with estimates from lysimeters with groundwater at 1 m deep
providing 72 % of crop ET, 1.5 m deep providing 59 % of crop ET, and 2 m providing 45 % of ET.

The new Diurnal method produced reasonable results, is easily adapted to other soil types and
provides an estimation of upward flux without knowledge of unsaturated hydraulic conductivity,
detailed soil properties or plant characteristics. The new method may be useful in determining crop
moisture stress and estimating upward salt movement.
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GLOSSARY OF TERMS AND ACRONYMS USED

Absorption : The process or action of absorbing something into another

Adsorption : Water is adsorbed onto the surfaces of solid particles. The amount held
is proportional to the surface area of the soil particle. Clay particles
have a large surface area per unit mass. Sand particles have a much
lower surface area, therefore, clay can ‘hold’ more water via adsorption
than sand

ARTUR : Arys-Turkestan Irrigation System

Brigadier ;A member of the village community responsible for delivery and timing
of irrigation water for each tertiary channel

Capillarity : Water is held in soil pores by capillarity. The strength of capillarity
depends on pore size, and is determined by the surface tension of water
and its contact angle with solid particles

CIS . Commonwealth of Independent States (Kazakhstan, Uzbekistan,
Turkmenistan, Kyrgyzstan, and Tadjikistan)

DAP . Days After Planting

DOY : Day of Year

ETc : Evapotranspiration

ETo : Reference Crop Evaporation

Extraction - Extraction represents moisture which has left a soil layer due to either

plant root extraction and/or moisture which has moved upwards into a
soil layer above

FAO : Food and Agricultural Organisation of the United Nations

Field Capacity : Following saturation soils drains for approximately 24 to 48 hours. At
this point a soil is said to be a field capacity — the theoretical optimum in
terms of soil water stored in the matrix for plants to use. It loosely
defines the point where all ‘free” water as drained and water is held in
the soil at minimum suction (around ~330 cm)

FSU : Former Soviet Union

Gross extraction @ Gross extraction for an individual soil layer represents moisture which
has been extracted from the soil by plant roots, or which has moved
upwards into a soil layer above (net extraction) plus the gross recharge
of moisture from the soil layer below (i.e.: change in soil moisture
storage). Each soil layer in a profile has a gross extraction value per
day. The sum of these values represents actual crop evapotranspiration
where no irrigation or rainfall occurs and a crop is present

Gross recharge : Net recharge plus the recharge which occurs over a full 24 hour period
which is not evident on a diurnal curve. Each soil layer in a profile has a
gross recharge value per day. The sum of these values is the gross
recharge for the profile, or the profile upward flux (see upward flux)

Ha : Hectare, 1 ha= 100 x 100m
Kharif : Indian summer cropping season — mid April to mid October
Net extraction © Net extraction represents moisture which has left a soil layer due to root

extraction, or moisture which has moved upwards into a soil layer above.



Net recharge

‘norm’

Phreatic

Piezometer

Recharge

Rabi

Secondary
Salinisation

Soil layer

TDR
Upward flux

U.S.
US.S.R.
Watertable
ZFP

Net recharge represents moisture entering a soil layer which is shown on
a diurnal curve, and due to constant moisture extraction from the soil
during daylight is generally only evident during the night when moisture
content stabilises or increases. Where no irrigation or rainfall occurs
moisture enters a soil layer from the layer below

A ‘norm’ or normative value (used throughout the FSU) is in Western
phraseology an average or modal value derived from a survey on how
resources are used. Normative values were instructions to farm
operators to ensure the highest crop production. They are now irelevant
as farmers lack the resources and training to implement them (TACIS,
1999)

The point where pressure in the groundwater is equal to atmospheric
pressure. This point is the interface between the unsaturated and
saturated soil moisture zones

A small diameter pipe used to observe the hydraulic head of the
watertable.  Over an unconfined aquifer this is the same as the
piezometric head

Recharge represents moisture flowing into a soil layer due to downward
gravitational drainage or upward capillary rise from a soil layer below.
Where no irrigation or rainfall occurs all the moisture entering the
profile comes from capillary rise when a shallow watertable is present.

Indian winter cropping season — mid October to mid April

Primary soil salinity regards natural salinisation processes, such as the
formation of saline soils along the sea cost or in inland evaporation
basins. Secondary soil salinity regards man-made salinisation due to
capillary rise and lack of drainage

A horizontal layer or band of soil of a fixed depth used to determine the
movement of moisture and rates of soil moisture extraction and recharge
in the soil profile

Time Domain Reflectrometry

When an entire soil profile is considered (between the soil surface and a
shallow watertable) it is possible to estimate the total upward flux into
the crop rooting zone, where upward flux represents the gross moisture
recharge into the profile from shallow groundwater (see gross recharge)

United States of America
Union of Soviet Socialist Republics
See Phreatic

Zero Flux Plane

X1



CHAPTER ONE INTRODUCTION

1. INTRODUCTION

1.1 Background to Study

Lieutenant Arthur Connoly of the 6" Bengal Native Light Cavalry, his skin darkened with dye, and
posing as a Muslim Holy man was one of the first British agents to report on the deserts and steppe
lands of Central Asia during the 1850s. What he, and many of his contemporaries found, were
bustling trading cities, ruled by powerful Emperors and Khans, surrounded by fertile agricultural
lands growing vegetables, fruits and cotton, irrigated with the fresh pristine waters from the
surrounding mountains (Hopkirk, 1990). One hundred and fifty years later, irrigated agriculture in
Central Asia is declining, not only in terms of raw agricultural production, but the once pristine

waters and fertile lands are becoming toxic, salinised, waterlogged, and hazardous to life.

Agricultural production in arid and semi-arid regions has been greatly increased by the
development of irrigation projects. However, the benefits of irrigation have been partially offset
by the detrimental effects of rising water tables and salinisation, which have damaging
consequences on the environment and threaten sustainable agricultural production (Carruthers ez
al., 1997; IPTRID, 2001). Over 40% of the global food supply is grown by irrigated agriculture
(World Bank, 1994). FAO (1996) anticipate that nearly all additional food production is most
likely to come from irrigated agriculture, yet the opportunities for the continued geographical
expansion of irrigated lands is fast diminishing. Even existing irrigated areas are threatened by
salinity, pollution and water shortages due to the increasing demand for water from competing

uses (Foster ez al., 2000; WHAT, 2000).

Of the total estimated 237 million ha currently irrigated, about 30 million ha are severely affected
by salinity, with an additional 60 to 80 million hectares affected to some extent (FAO, 1993).
IPTRID (2001) estimate that an additional 0.5 to 1 million ha of agricultural land per year becomes
seriously affected by waterlogging and salinisation. Experiences in the Indian subcontinent
suggest that serious waterlogging and salinity problems typically arise within 20 to 50 years of
irrigation development and seriously effected 5 to 10% of the developed area in 1993 (IPTRID,
1993). Much of the global area developed for irrigation during the 1950 to 1980 period has now

reached this critical stage (Smedema, 2000; Smedema and Ochs, 1998).

Worldwide, Grainger (1990) believes salinisation to be one of the main causes of desertification,
whilst Rhoades (1990) considers it to be a serious threat to a countries national economy. As a
result of irrigation in the Shepparton region of Australia, water table levels have risen from about
30 m below the land surface (150 years ago) to 2 m or less (Heuperman, 1999; Blackburn, 1977).

This has resulted in salinity problems which affect productivity in the region (Robertson, 1996).
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FAO (1997a) state that irrigation induced salinity and waterlogging reduces crop yields in Pakistan
and Egypt by 30 per cent, whilst Joshi (1995) considers the same problem threatens the growth of

the Indian national economy.

Burke and Moench (2000) estimate that the global land area abandoned annually due to
salinisation is approximately equal to the land area developed for irrigation annually around the
world.  Such lands represent the loss of significant investments, both economically and

environmentally (Postel, 1999).

1.2 Irrigation in Central Asia

Vast areas of agricultural land are losing productivity in China, India, Pakistan, the United States
and Central Asia due to the buildup of salts in the soil (UNEP, 1996). The desiccation of the Aral
Sea in Central Asia and the loss of agricultural productivity due to the mismanagement of water
and soil salinisation is a globally recognised problem (Glantz, 2002a; Vinogradov and Langford,
2001; Verhoog, 2001; Tanton and Heaven, 1999; Dukhovny and Sokolov, 1998; McKinney, 1997;
Micklin, 1996; Saiko, 1995).

The region of Central Asia historically contained one of the best climates for plant growth within
the Former Soviet Union (FSU). Cultivation of crops such as sorghum, corn, rice and cotton was
possible over much of the region. The Soviet Union rapidly expanded irrigation during the 1950’s
in an attempt to achieve ‘cotton independence’ (Saiko, 1995). Irrigation is now the dominant user
of water in Central Asia, accounting for 90 percent of withdrawals, 95 percent of consumptive use,
and accounts for 84 percent of return flows (O’Hara, 2000). O’Hara (1997) believes that the
regional policy of ‘cotton autonomy’ has created a region that, at independence, was unable to

meet its own food requirements.

The fundamental cause of the current water crisis in Central Asia is irrigation - water use for other
purposes is small by comparison (Micklin, 1992b). Mismanaged irrigation systems, which applied
excessive irrigation ‘norms’, seepage through unlined canals, together with inefficient and poor
drainage caused the groundwater within the Aral Sea basin to rise (Babaev and Muradov, 1999;
Reshetkina, 1975). Combined with the low efficiency of furrow irrigation, the main irrigation
method adopted, large areas of land in Central Asia have become waterlogged. The concentration
of salts in the surface zones of soils is now a major cause of land degradation and is primarily due
to the natural high evaporation rates and the lack of precipitation to leach the salts out of the soil

(Klotzi, 1994). Appendix Al further discusses the development of irrigation and drainage in

o
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Central Asia and the associated limnological changes in the Aral Sea, including their impact on the

surrounding environment.

Even minor improvements in irrigation water-use efficiency could potentially free sufficient water
to meet the future needs of other economic, environmental, and social sectors in Central Asia

(Micklin, 1992b).

1.3 Focus of Research

Prathapar and Qureshi (1999) consider that a better understanding of the process of upward
moisture flux will assist in the prevention of further land degradation, and contribute to the
development of sustainable agricultural production systems. There is therefore a need to further
understand the processes and underlying mechanisms involved in soil water movement in the
unsaturated zone between the groundwater and the rooting zones of agricultural crops (Hendrickx
and Walker, 1997). Sharma (1999) and Nielsen et al. (1986) have also highlighted the need for

further research into the build up of salts and other pollutants in this unsaturated zone.

This thesis investigates the process of soil water movement beneath a cotton crop growing in the
Syr Darya River Basin in South Kazakhstan. The threat of salinity and the associated decrease in
crop production is worldwide (Plusquellec, 2002; Bhutta and Wolters, 1997), but is especially
important in Central Asia where the rapidly growing population requires both food security, and
also agricultural industry to support the many millions of livelihoods dependent upon it (DFID,
2000). Many specialists believe that we now have the ability to perform ‘integrated water resource
management’ to full effect (Global Water Partnership, 2000; 2001; Sokolov, 1999; While, 1998).
But, if we are to implement integrated, or even localised river-basin management we must have a
comprehensive understanding of the threats to sustainable water and agricultural management,
especially in the under resourced and under supported areas of salinity and drought management

(Perry, 1999; Kovda, 1980).

It is clear that capillary upward moisture flux must be considered in soil moisture studies for
accurate estimation of crop water use, the calculation of irrigation requirements and scheduling,
groundwater recharge and use, and the potential salinity hazards in areas with shallow watertables.
Further understanding of the movement of moisture beneath a crop will also assist in preventing
further loss of soil fertility and the environmental degradation and pollution to groundwater
currently taking place in many parts of the world (Stephens, 1998; Durant et al., 1993), including
Kazakhstan and the other Central Asian states. Based on a study by TACIS (1999) it was

concluded that within the Central Asian republics:

(OB
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‘..at least half of the farms are likely to have sufficient capillary flow to make it necessary to

account for this source of water in the irrigation schedules...’.

TACIS (2000) reported upward flux rates of between 2 to 4 mm/d in areas of Southern Kazakhstan
where seasonal evapotranspiration of a maize crop reached approximately 800 mm. Upward flux
must therefore be recognised as an important resource in these water poor regions but only when

managed correctly to support agricultural production and drought management.

If the amount of water moving upwards into the crop rooting zone can be predicted then salt
movement can also be estimated given the salt content of the irrigation and groundwater. Salt
concentrations in ground and soil water will allow assessment to be made of possible salinisation
problems, reductions in crop yield, and soil toxicity problems in the future, allowing remedial
action to be taken in advance. Where water quality is not a concern, shallow groundwater can
make a significant contribution to supplying crops with water and should be taken into account in
effective irrigation scheduling and management. It has been estimated that the contribution of
groundwater to crop production will become an increasingly important factor that as yet, is not
considered in performance assessment and performance indicators (Bos, 1997; Molden et al.,

1998).

One of the main aims of this study was to develop a new, simple field based method to estimate
the rate of upward soil water flux into crop-rooting zones. Current approaches to estimate soil
moisture flux are based on the use of the empirical equation developed by Darcy (1856), which
requires values for unsaturated hydraulic conductivity at corresponding soil moisture suctions.
Unfortunately, unsaturated hydraulic conductivity is one of the most difficult parameters to
quantify in irrigation science, especially in the field (Kabat and Beekma, 1994). Any method,
which is able to predict upward flux without the need for unsaturated hydraulic conductivity would

therefore be a valuable tool for irrigation science and agricultural water management.

The objective of this research was to establish the importance of upward flux in contributing to

irrigated crop water requirements. Specific objectives were:

1. further understand the processes involved in soil water movement in a cropped soil;
2. develop an approach to estimate upward flux into a soil profile from shallow groundwater;

test and compare the validity of the new methodology for estimating upward flux with

(W8]

estimates made by other approaches such as Darcy’s Law based methodologies; and
4. estimate the seasonal groundwater contribution to crop water requirements in an irrigation

system in the Syr Darya basin in South Kazakhstan.
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This study focussed on a research site in Kazakhstan, but the method has been developed as a

general water management tool in response to the lack of research in this area.

1.4 Structure of Thesis

A review of the background literature to this study is set out in Chapter Two, supported by
Appendix A2, which describes the theory of soil water flow. Chapter Two focuses on the existing
information regarding diurnal moisture movement and its applications to the study of soil moisture
flux. Chapter Three presents the Materials and Methods of the study, including the location of the

experimental sites, the equipment used and some preliminary field observations.

The development of the diurnal method to calculate upward flux is described in Chapter Four,
along with calculation examples. The more traditional approaches to estimate upward flux such as

Darcy’s Law and the soil moisture balance approach are also described.

Chapter Five contains estimates of upward flux using the diurnal method, as well as estimates
using Darcy’s Law and results from the lysimeters. Chapter Six includes additional discussion on

use of the diurnal method and practical applications considering hydraulic conductivity.

Finally, Chapter Seven contains the conclusions of the study and makes recommendations for

further research and development of the new method.
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2. BACKGROUND AND REVIEW OF LITERATURE

2.1 Introduction
This chapter reviews the relevant background literature to the study of upward movement of water
in the soil and reviews the need for a new approach to estimate upward flux. For completeness,

Appendix A2.1 contains further background on soil water flow.

2.2 Groundwater Movement into Crop Rooting Zones
To understand the physical process of upward flux and capillary rise from the watertable it is
necessary to briefly describe the basic field soil environment. Figure 2.1 identifies the different

moisture ‘zones’ in the soil profile, which are individually discussed below:
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Figure 2.1 The Subsurface Moisture Zones of the Soil Profile
(Source: de Ridder and Boonstra, 1994)

Zone 1a — Unsaturated Root Zone
Crop demand for moisture is supplied via the roots in the rootzone. This area expands through the
unsaturated zone as the crop’s roots grow, with the depth varying for each crop, age of crop, and

each soil type, normally ranging from 30 cm to several metres deep. It is rarely saturated except
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when the soil surface is irrigated or after heavy rainfall, or when the groundwater rapidly rises to

the soil surface.

Zone 1b — Unsaturated Zone

The zone between the soil surface and the groundwater zone is called the unsaturated zone (this
incorporates the rootzone). This zone consists of soil pores that are partially filled with water and
partially with air. Water is held to the soil pores by capillary forces and adsorption. This zone
also contains the capillary fringe. This is a zone above the watertable in the unsaturated zone
where the moisture content is effectively controlled by the rate of capillary rise and
evapotranspiration extraction rates from below the zero flux plane. The height of capillary rise
depends on soil texture — the potential height of the capillary fringe varies inversely with particle
size, being less than 0.5 m in sand and several metres in clay (Swartzendruber and Kirkham,
1956). The thickness of the unsaturated zone can range from zero in areas with a very shallow

watertable, to many metres in areas with a deep watertable.

Zone 2 — Groundwater Zone

The groundwater zone is the area where the soil is saturated. The point where water pressure is
equal to atmospheric pressure is defined as the ‘watertable’ or phreatic surface. In reality, the
groundwater body will extend above the watertable due to capillary action (the capillary fringe),
but the water is held there at less than atmospheric pressure (Hillel, 1982). The watertable can be
considered as the interface between the saturated and unsaturated zones within a soil profile

(Hillel, 1980a).

There is an upward flow of water into the capillary fringe zone which is driven by the suction
potential of the soil. This is caused by a progressive drying of the upper soil layers by
evapotranspiration which causes the larger soil pores to progressively drain with depth. This
results in the smaller pores in the shallower layers exerting suction on the larger water filled pores
below (Brady, 1974). When the watertable is at a constant depth due to deep lateral groundwater
inflow (Ayars et al., 2002; Bos et al., 1996), the upward vertical unsaturated moisture flow
direction within the soil will be perpendicular to the soil surface (Doering, 1963). By measuring

this upward flow of water it is possible to quantify:
o the contribution from the groundwater to crop evapotranspiration;
o the water transmitting properties of the soil type; and,

e the potential build up of salts and toxic ions in the crop root zone.

These factors are important when attempting to provide:
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e an efficient irrigation scheduling calculation system which accurately supplies water to the crop
based on actual crop water requirements;
o an effective drainage system; and,

e a productive and sustainable irrigated agricultural system.

2.3 Capillary Rise

Capillary rise can be demonstrated using the capillary tube example (Moore, 1939; Hillel, 1980a).
When a small diameter capillary tube is inserted in water, water will rise into the tube under the
influence of capillary forces. Water molecules are attracted to the sides of the tube providing a
curved air-water interface (Hillel, 1982). The pressure under this concave meniscus is less than
atmospheric, causing the water in the surrounding vessel to push water up the tube (Brady, 1974).

The upward force lifting the column of water can be described as:

FT =ocosax2ar

(Kabat and Beekima, 1[929£
where:
1 : upward force (N)
c : surface tension of water against air (o= 0.073 kg s at 20°C)
a : contact angle of water with capillary tube (rad) (cos a= 1)
¥ : equivalent radius of the capillary tube (m)

As the water column in the tube has a mass, it will exert a downward force due to gravity that will

oppose the capillary force acting upwards, hence:

F, = mihpx g

[2.2]
(Kabat and Beekma, 1994)
where:
Fy : downward force (N)
0 : density of water (o= 1000 kg/m’)
g : acceleration due to gravity (im s2)
h : height of capillary rise (m)

When the downward gravitational force of the water in the tube equals the difference in force

between atmospheric pressure and the pressure immediately underneath the meniscus, upward
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water movement will stop (Brady, 1974). Therefore, the height of capillary rise is inversely

proportional to the diameter of the tube. Substituting the values of the various constants leads to:

o5

r

h

[2.3]

(Brady, 1974)

Figure 2.2 demonstrates the phenomena of capillary rise using the capillary tube example

(Swartzendruber and Kirkham, 1956).
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Figure 2.2 Capillary Rise of Water
(Source: Bos et al., 1996)

Field soils are constantly subjected to capillary forces, but capillary pathways can often be broken
due to the changing geometry of the pore water network. In practice the active capillary layer lies
on the surface of soil particles in the small cracks and crevices which exist where soil particles

approach each other.

Where groundwater is shallow and water is extracted from the groundwater by evapotranspiration
and capillary rise, the watertable will fall if lateral inflow of groundwater is less than capillary rise.
This results in a decreasing moisture gradient down the soil profile. Where a constant upward
flow rate is present (from deeper soil layers to shallow soil layers) a constant hydraulic gradient
must be present in the soil profile. Upward flux will continue until the hydraulic conductivity of

the soil and magnitude of the hydraulic gradient reach a level where upward movement of



CHAPTER TWO BACKGROUND AND REVIEW OF LITERATURE

moisture is slower than the evapotranspiration rate. In a vegetated soil profile plant roots extract
moisture within their rooting zone. As roots extract moisture the suction gradient between shallow
soil layers and deeper soil layers increases, increasing the potential rate of upward flux where
hydraulic conductivity does not restrict moisture movement. However, depending on crop type
roots will extend deeper to extract moisture from soil at higher moisture contents deeper in the

profile as the shallow soil layers dry (Mauseth, 1991).

Shaw and Smith (1927), Raats, (1973), and Hartmann and de Boodt (1973) investigated the
maximum heights to which moisture could flow vertically upwards due to capillary rise.
Hartmann and de Boodt (1973) suggested that in Flanders, upward flux may reach 4 mm/d when
the groundwater was 60 cm deep in fine sands. Raats (1973) concluded that maximum rates of
upward flux were dependent on the hydraulic gradient within the soil, and produced a series of
curves at corresponding moisture tensions and depths to groundwater. Many other researchers
also produced curves relating upward flux to groundwater depth and the pressure potential (e.g.:
Moore, 1939; Van Hoorn, 1978; De Laat, 1980). Figure 2.3 shows example curves relating
capillary flow to the depth of the water table where the soil moisture suction at the surface is

equivalent to 16 bar. The results were taken from lysimeter experiments in three different soil

types.
depth
nm
0—
/ﬁw
o e
I
|
I /
‘ x e
|
|
|
|
S i
|
I
i
|
L l
4 |
a

F 8
capiiary flow In mmdey

Figure 2.3 Relation Between Rate of Capillary Rise and Depth of Watertable
(Source: Van Hoormn, 1978)
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Shaw and Smith (1927) concluded that when a watertable was deeper than 3 m in a bare loam soil
losses from the groundwater by evaporation from the soil surface would be close to zero. In a
cropped soil the watertable may fall due to the upward movement of moisture in response to an
increasing hydraulic gradient (where groundwater inflow was less than evapotranspiration
demand). Where crop evapotranspiration demand increases, driven by climate, the increasing root
depth directly increases the hydraulic gradient in the soil as water is extracted. This results in the
soil profile drying progressively deeper as roots grow where lateral inflow or irrigation is
restricted.  Gardner and Fireman (1958) claimed that provided the evaporative demand was
available moisture could flow vertically upwards in fine soils from as deep as 9 m, therefore

providing moisture to deeper crop roots.

2.3.1 The Soil Moisture Characteristic and Hysteresis

As water is removed from the soil the matric potential of the remaining water decreases (becomes
more negative). If water is added to the soil the matric potential becomes less negative, i.e.: the
hydraulic gradient decreases. The functional relationship between matric potential and soil water

content is known as the soil moisture characteristic curve.

As a dry soil wets it produces an adsorption curve and as it dries, a desorption curve (Figure 2.4).
The desorption curve is used for irrigation scheduling. The moisture content of a drying soil is
needed to determine how much water in the soil is available for plants, and how much of this water
is easily available (Childs, 1969). Soil moisture characteristic curves can be used to estimate the
amount of water a soil retains at a given potential, and the amount of water that will be released
between any two potentials (Skaggs et al., 1980). Hence the water content of a soil will be
different at corresponding matric potentials, depending on whether an adsorption or desorption
curve is used (Gillham et al., 1976). This phenomenon is called ‘hysteresis’ (Haines, 1930; Hillel,
1982). Due to the hysteresis effect, the water-content relationship of a soil depends on its wetting
or drying history. Under field conditions this relationship is not constant (Hillel, 1982; Kabat and

Beekma, 1994), for example:

s Wetting or drying can cause variations in soil packing and structure;

¢ Incomplete water uptake by swelling or shrinking soils;

o Entrapped air in the soil matrix;

e When soils initially take in water and wets, the empty pores between the soil particles will only
take up water when tension is less than or equal to the tension related to mean particle
diameters (to allow water to flow ‘into’ the air space due to suction). During drying, soil pore

air entry values determine the tension needed for plants to withdraw water from the soil pores.
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As water is removed from a soil pore the advancing meniscus lies at a different contact angle at
the entrance to the soil pore than for a receding meniscus (when the soil wets). Consequently,
water contents are inclined to show greater suctions during desorption than in (ad)sorption, i.e.:

at the same moisture content it is more difficult for water to leave the soil, than to enter it.

Figure 2.4 shows the typical hysteresis effect between the adsorption and desorption ‘boundary’
curves. The smaller curves between the desorption and adsorption curves represent potential

points where the two curves may well merge together, depending on the soil drying — wetting

properties.
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Figure 2.4 A Soil Moisture Characteristic Curve Showing Adsorption and Desorption
(Source: Hillel, 1982)

Russo er al. (1989), Jones and Watson (1987), and Schleusener and Corey (1959) observed how
hysteresis could substantially influence calculated water fluxes in soil moisture studies.
Consequently, a number of models exist which attempt to model the soil moisture characteristic
curve, including the wetting curve, taking into account the hysteresis effects. Perhaps the most
commonly referred to model was developed by van Genuchten (1980). It requires information on
volumetric soil moisture content at specific soil moisture suctions. Where soil moisture content
and suction are available simultaneously van Genuchten (1991) developed a series of complex

mathematical techniques to fit field data to his earlier model.
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Where accurate measurement of the soil moisture characteristic curve is not possible the
relationship between moisture content and soil suction has been estimated from soil properties
(Vereecken et al., 1989). Pedo-transfer functions are used to relate measured soil data from one
soil to another using pedological characteristics. This can include basic soil properties such as
texture and soil organic carbon and have been developed and evaluated by various authors, e.g.:
Vereecken et al., (1989); Vereecken er al., (1992); Tietje and Tapkenhinrichs, (1993). The
problem arises when transferring data from one soil to another, as small errors at the basic
moisture characteristic curve development stage affects all results thereafter. Indeed, the entire
theory of pedo-transfer functions relies on the original quality of the soil experimentation. In some
countries and situations, certain tests and data may not be available, or applicable, and the use of
pedo-transfer functions can be open to major inaccuracies. An added complication is the need for
well trained field and laboratory staff to develop the required information for development of the

moisture characteristic curves.

Viaene et al., (1994) reported that the most accurate model for hysteresis was that developed by
Mualem (1974). The model describes moisture content on a ‘moving’ curve between the two main
desorption and (ad)sorption curves (as indicated in Figure 2.4). This ‘moving’ curve represents
soil wetting and drying between the boundary curves of a moisture content curve for specific soil
types. For the successful application of the model it must be combined with a hydraulic
conductivity model (i.e. Mualem, 1977). Mualem’s (1977) model is written into unsaturated zone

models, such as WAVE (Vanclooster ef al., 1994).

To overcome hysteresis effects in irrigation science it is usual to consider the soil moisture
characteristic curve for the drying process only (Topp, 1969), as this determines the amount of
water that needs applying to agricultural crops. Combined with evapotranspiration estimates, the
irrigation interval time can be calculated. However, soil moisture re-distribution is a dynamic
process, involving drying and wetting processes, particularly within the root zone. Any study that

investigates soil moisture movement must therefore also consider the possible effects of hysteresis.

2.4 Use of Shallow Groundwater by Crops in Irrigation Scheduling

In the day to day management of an irrigation system, or even small farm vegetable plot, two
decisions must be made, firstly when to apply water; and secondly how much to apply? The
objective is to maintain an ‘optimum’ soil water environment to avoid loss of crop yield (Hess and
Stephens, 1998; Jensen ef al., 1990). Optimum may not necessarily mean for maximum yield, but
most economic yield, most efficient use of water, or highest crop quality. This process is termed

‘irrigation scheduling’.
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Irrigation scheduling was defined by Jensen (1981) as ‘a planning and decision-making activity
that the farm manager or operator of an irrigated farm is involved in before and during most of
the growing season for each crop that is grown’. This basic definition remains the typical view of
irrigation scheduling today and a large volume of knowledge and understanding has been gained

over the years to assist with the timings and quantities of water to be applied to crops.

To extract moisture from the soil the plant must exert an absorptive force greater than the
adsorptive force that holds the water to the soil particles. This occurs when the soil becomes too
dry, and irrigation is required. Naturally occurring salts present in the soil-water environment also
cause an increase in the force required by the plant to extract water from the soil. This force is
referred to as the osmotic potential (Ayers and Westcot, 1985). Where water is limited plants
experience earlier moisture stress when growing in soil containing salts. The build up of salts

within the soil will result in a reduction in crop yield due to the increased unavailability of water.

One consequence of irrigated agriculture is the unavoidable vertical deep percolation Josses of
irrigation water which results in a rise in groundwater. This is the result of excessive water
applications in the field, and seepage flow from the water distribution systems (Garcia ef al.,
1994). In large irrigation schemes a rising watertable can result in waterlogging of the rootzone
which leads to yield reduction and a build up of salinity (Heuperman, er al., 2002), although
drainage systems can be constructed to transport drainage flows out of these irrigated areas to
ensure that groundwater levels are controlled. This is traditionally designed to be below the crop
rootzone and the main zone of capillary rise to prevent waterlogging and secondary salinisation of

the land (Hillel, 1980b; Smedema and Rycroft, 1983).

Shallow groundwater has value however, when its quality allows sustained production of
profitable crops at no detriment to soil quality. In areas with shallow groundwater the moist soil
immediately above the watertable may extend into the rootzone of crops and vegetation (Bos et al.,
1996) and water may be directly drawn upwards into the shallow soil surface due to upward
capillary forces. This process is known as an upward moisture ‘flux’, whereby moisture from the
saturated zone moves vertically into the unsaturated zone. Here the moisture may be used by
crops as evapotranspiration and in many irrigation schemes this upward flux is known to make a
significant contribution to crop water requirements (Allen er al., 1998). Where surface water is
limited and groundwater makes a significant contribution to crop water requirements, installation

of a subsurface drainage system can deprive crops of essential water from below the rooting zone.

The integrated management of irrigation and drainage systems as a single water provider for crops

is not a new concept. Avyars (1996) termed ‘groundwater uptake management’ as a process where

14
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groundwater is used to supplement surface irrigation. However, any use beyond the short-term
benefit must also consider the potential concentration of soil salinity and toxic ions in the soil
profile. With escalating energy and water costs for irrigated agriculture Benz er al. (1981)
recommended an ‘optimum’ depth for crop groundwater use which complemented surface
irrigation, limited salt movement into the root zone, and reduced irrigation water pumping costs.
Hanson (1987) suggested an approach to managing irrigation and drainage systems that utilised
shallow groundwater, at no detriment to the overlying crops. Using this approach an irrigation
schedule was altered to promote groundwater uptake, increasing the irrigation interval time and
reducing the total number of irrigations and therefore applied water. This is increasingly important
for the many irrigated areas around the world facing future water shortages. Information regarding
crop response to groundwater depth, vertical movement of moisture through the soil, and the
effects of salinity are needed to guide management decisions such as crop selection and irrigation

management options.

Where waterlogging does occur it poses a threat to agriculture as it results in decreased rooting
volumes and reduced oxygen concentrations (Dougherty and Hall, 1995; Chaudhary, et al., 1974).
The ideal root environment and optimum crop yield depends upon the adequate aeration of the
crop root zone (Garcia, et al., 1994; Reichman, et al., 1977). With very shallow water tables
reduced aeration can restrict root growth, and therefore the volume of soil available for mineral

nutrition (Shah et al., 2000; Lamm et al., 1995; Campbell and Turner, 1990).

In arid and semi-arid conditions the reality is that, despite the problems outlined above, when
groundwater rises to within close proximity of the crop root zones this water is used by the plants
to supplement surface irrigation. Shallow groundwater in large irrigation schemes is inevitable if
there are surface water applications and inefficient or non-existent drainage. As water resources
become more scarce, crops increasingly rely on shallow groundwater to supplement their
transpiration water needs (Pereira ef al., 1996). In practice, many drainage systems convey
approximately 30% of irrigation water out of irrigated areas (Bos, 1994b); often discharge into
areas with no or little drainage, as in Southern Kazakhstan, while deep percolation losses may also
cause regional groundwater rise. In many of these areas crops may be used as a form of drainage
control, utilising upward flux from the water table as a valuable resource, without causing soil
salinity when combined with appropriate surface irrigation management and selective drainage

practices (e.g. studies by Fouss et al., 1990a, 1990b; Shouse er al., 1998; and Stulina et al., 2005).
Traditionally, irrigation is scheduled based on soil moisture depletion to prevent or minimise soil

moisture stress (Doorenbos and Pruitt, 1977) but in areas with shallow water tables water may be

continuously provided for crop water use via upward flux and this is often overlooked in the
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calculation. Doorenbos and Pruitt (1977) reported upward flow rates from the watertable of
between 2 to 6 mm/d for watertable depths between 2 to 4 m below the crop rootzone. Irrigation
water still needs to be applied however, whenever the average crop root zone moisture content
decreases to a level that will result in crop stress, or when salinity has exceeded a selected
threshold level to prevent or minimise osmotic stress (Hanson and Kite, 1984). When this
subsurface supply is considered in water management the amount of irrigation and hence seepage
can be reduced (Meek ef al., 1980), although some drainage water will need to be removed from
the soil profile to maintain a salt balance. This use of shallow groundwater for irrigation is most
effective if low salinity water is available for irrigation (Fouss er al., 1990a; Kite and Hanson,
1984). Ayars ef al. (2001) used shallow groundwater as a supplement to subsurface drip irrigation,
combining the benefit of low evaporative losses from the soil surface with shallow groundwater to

reduce overall water applications.

When groundwater contribution is included in the soil moisture budget, or moisture balance the
estimation of the rate at which crop available water is depleted is significantly reduced in many
soils (Makkink and van Heemst, 1975; Fouss et al., 1990b). This increases the interval between
irrigation events, reducing the total number of irrigations (Bielorai and Shimshi, 1963; TACIS,
1999), and adds flexibility to irrigation schedules, especially in soils with low water holding
capacities (Saini and Ghildyal, 1977). However, Bradford and Letey (1992) found that the
excessive use of high groundwater in irrigation schedules gradually depletes the resource, possibly
requiring excessive additional irrigations later in the season. Research by Van Bavel and Ahmed
(1976) noted how the upward flux of moisture into the root zone of agricultural crops was a critical
factor in promoting crop survival in areas with high evapotranspiration rates. This highlights the
importance of constant monitoring and analysis to provide the optimum balance of groundwater

and surface irrigation.

Ayars and Hutmacher (1994) used shallow groundwater uptake estimates (between 50 to 60% of
ETc) to modify crop coefficients for cotton, leading to reduced irrigation requirements. Ayars ef
al. (2002) reduced irrigation applications to a cotton crop by between 60 to 67%, relying on
groundwater contributions of 36% of crop evapotranspiration to produce identical yields.
Campbell et al. (1960) found that in arid conditions, and with no irrigation, alfalfa produced the
same yield with a watertable at between 1.5 to 2.7 m deep, as it did when six irrigations where
applied. Mason et al. (1983) concluded that the amount of water available to a plant in the soil
profile could not be considered accurate unless the rate of upward flux could be determined and

included in the irrigation schedule.
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A recent study attempted to incorporate groundwater contributions into the irrigation schedule of
cotton using a simiplistic daily water balance (Li and Dong, 1998). The study found that,
depending on the regional climatic conditions, the crop increased or decreased groundwater use
between dry and wet years. Groundwater use ranged from 30% of seasonal evapotranspiration
when groundwater was 1 to 1.4 m deep, to 56% of seasonal evapotranspiration when groundwater

was 0.5 to 0.8 m deep.

2.5 Watertable Quality and its Effects

Where groundwater salinity is high, or where applied irrigation water is saline salts accumulate in
the soil and crop yield is reduced (Kruse er al., 1993). Ayars (1996) grew cotton and tomatoes
above a shallow watertable, producing no loss in yield from a 40% reduction in applied irrigation
water. However, this approach was only viable for the tomato crop for a limited time due to rising
salinity in the crop root zone. Additional salt in the crop root zone must be removed through the

process of deep percolation or ‘leaching’ to maintain yield.

The application of water to the soil surface for deep percolation for the control of salinity is termed
‘leaching’ (Doorenbos and Pruitt, 1977). Leaching takes place by applying sufficient water so that
a proportion (the leaching fraction) percolates through the entire crop root zone, carrying with it a
fraction of the accumulated salts (Ayers and Westcot, 1985). This ensures a net downward flow of
water through the crop root zone, and maintains a salt balance in the crop root zone, preventing
any loss of yield (Hoffiman er al., 1980). Throughout the world most surface irrigation field
applications of water appear to be inaccurate and often excessive. Whilst they may be inaccurate
in terms of meeting the crop needs the excess water maintains an adequate salt balance, and

provides an ‘anonymous’ salt leaching function.

In many surface irrigation systems throughout the world farmers and irrigators do not have the
benefit of being able to determine the soil moisture deficit or salt induced crop moisture stress.
They can often only irrigate when water is available which is often restricted and depends upon the
water resources of the area and/or water availability within the water conveyance system. Where
groundwater is ciose to the soil surface and is of a suitable quality the transport of moisture
upwards due to capillary rise becomes a critical crop survival mechanism, which is unknowingly

utilised by farmers.

Where water is scarce crops tend to be under irrigated and have insufficient water for salt leaching
purposes. Where spring precipitation is low and the soil is dry at the beginning of the agricultural

season, pre-irrigation is required to provide favourable conditions for germination and to remove
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any salt from the plough layer. Relying on the pre-irrigation however as a sole single application
of water for salinity control purposes may not be sufficient to control salinity in the rootzone in
areas with shallow saline groundwater and high evaporation rates such as those experienced in

parts of the United States, Pakistan, India, and Australia.

Numerous studies have demonstrated that a wide variety of plants can make use of low salinity
groundwater when it is within 2 m of the soil surface. Ayars and Schoneman (1986) estimated
saline groundwater use by cotton to be between 19 to 25% of total crop evapotranspiration over
two years. Kruse ef al. (1993) studied the effect of shallow, saline watertables on the irrigation
requirements of corn, alfalfa and winter wheat. The portion of total seasonal evapotranspiration
supplied from saline shallow groundwater was strongly affected by watertable depth, and for corn
and wheat, slightly affected by the salinity of the water in the saturated zone. They concluded that,
when a shallow watertable is present irrigation can be reduced in arid and semi-arid climates,
however, when the watertable is less than 0.6 m from the soil surface rapid soil salinisation can
occur, resulting in excessive leaching water requirements, which in turn can raise the groundwater.
This highlights the need to use groundwater as a sustainable supplementary resource for irrigated

agriculture to minimise water use whilst maintaining both crop yields and soil fertility.

Where groundwater becomes saline through re-use, the value of groundwater for crop use will be
determined by the salt tolerance of the plant (Doorenbos and Pruitt, 1977), the depth to
groundwater, the soil salinity and the irrigation water quality (Talsma, 1963). Several studies
(e.g.: Hutmacher er al., 1996; Grismer and Gates, 1988; Chaudhary er al, 1974) have
demonstrated that a relatively salt tolerant crop such as cotton can extract between 30 to 60% of
seasonal water requirements from a shallow (<2 m) saline (=7 dS/m) watertable. In most surface
irrigation schemes at least 30 to 40% of applied irrigation water enters the groundwater (this figure
is affected by the efficiency of any drainage system). In practice however, only a small amount of
water needs to be removed from the soil to maintain a healthy salt balance in most cases (Van

Hoorn and Van Alphen, 1994).

Doering et al. (1982) proposed a shallow drain concept which would be effective in increasing
crop water use from shallow groundwater. They proposed reducing the spacing and depth of
drains in semi-arid areas with good quality shallow groundwater. These changes were to maintain
a shallow depth (<2 m) watertable and promote extraction by plants. Whilst this has benefits in
areas with good quality groundwater, Rhoades e al. (1989) and Mass and Hoffiman (1977) argue
that most crops have higher salt tolerance values than previously thought. This suggests that
reduced drain spacing and depth may be applicable to many of the irrigated areas around the

world. However, the importance of drainage for sustainable agriculture and for safeguarding the
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value of agricultural land has been reiterated (Scheumann and Freisem, 2001), but it needs to be
used more effectively, for instance, seasonal use of drains in the non-growing season being used to

maximise the use of groundwater while still controlling salinity.

Upward flux from shallow groundwater can be used for more complex reasons than as a
supplementary water source. Mott MacDonald International Limited and Hunting Technical
Services Limited (1992) introduced a concept called ‘dry drainage’, based on a previous study by
Sir M. MacDonald & Partners and Hunting Technical Services Limited (1965a; 1965b). Dry
drainage relies on the upward flux of moisture from the groundwater for the transportation of
potentially harmful salts to the soil surface on uncultivated areas. The same process has been
called the ‘source-sink’ effect (van Hoorn and van Alphen, 1994; van Hoorn, undated). In many
areas of the Pakistan Indus Valley the groundwater is approximately 2.5 to 3 m below the soil
surface. During the irrigation season localised groundwater rises beneath irrigated fields due to the
applications of irrigation water. Watertable rise on the non-cultivated land during the ‘Kharif”
season (April to October) indicated the movement of groundwater into these areas. Without
irrigation, these non-cultivated areas become salinised due to the evaporative demand of the
atmosphere, which causes upward flux from the watertable. During the Rabi season (October to

Aprily upward flux causes watertable decline in both cultivated and non-cultivated areas (Kijne,

1996).

Mott MacDonald International Limited and Hunting Technical Services Limited (1992) suggested
that upward flux rates of between 3 to 4 mm/d were possible in the fine soil types of Pakistan
when the watertable was 0.6 m from the soil surface. Salinisation of fertile soils in many areas has
been prevented by the movement of salts out of higher lying irrigated land into lower non-irrigated
areas where it evaporates by capillary rise and allows salinised soil to be contained within
‘specific’ areas — or ‘salt sinks’ (UNESCO, 2000). In other areas the lower lying land is irrigated

and this becomes salinised by the shallow groundwater.

Crop yields are being reduced, and in many areas cropland is being lost because of waterlogging
and high salinity levels (Prendergast et al., 1994). To combat waterlogging problems, agricultural
producers need a complete management ‘package’ that combines information about irrigation
practices, crop types, capabilities for improving yield, economic returns, and water quantity and
quality. But, for water management to improve the importance and role of shallow groundwater in
irrigation scheduling must be recognised, not only as a potential resource (Garcia et al., 2002;
Shouse et al., 1998; Bradford and Letey, 1991) but also as a threat to sustainable agricultural

systems due to salt and pollutant mobilisation. Neglecting the existence of capillary rise, as is
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done in most irrigation scheduling and water balance models used for crop management is likely to

lead to a false estimation of irrigation requirements.

2.5.1 Groundwater Balance Studies

Groundwater contributions to crop water needs can be significant under irrigated conditions (Benz
et al., 1984; 1985a). One of the simplest ways to determine the crop water use from the
groundwater is using a soil moisture balance. This can be performed using two different

approaches:

1) Field Studies

Water balances rely on the movement of water in and out of a ‘system’, where the system can
represent an area of land from 1 m” to an entire irrigation system or watershed (Cuenca, 1988).
For field research one-dimensional ‘compartments’ of soil are generally used to represent the crop
root zone, or the soil profile to a given depth. A soil water balance equation can then be developed
based on the initial moisture content and on the water entering and leaving the soil ‘compartment’
(Allison, et al., 1994). Water inputs include irrigation, precipitation, and upward flux from the
groundwater while outputs include evapotranspiration from the soil surface and plants, as well as
deep percolation. Water balances can vary in complexity, some include run-off from the study
area during irrigation, others divide the soil into smaller compartments and include the decrease in
soil moisture content, as well as plant canopy interception. Water balances are effective when
trying to identify the movement of moisture over large time periods, and provide a general

introduction to the complexities in soil moisture movement (Jensen et al., 1990).

However, it can be difficult to determine upward flux and deep percolation in the field, as the soil
environment can not be controlled. To improve accuracy and determine a more comprehensive

water balance a lysimeter can be used.

2) Lysimeter Studies

A lysimeter is an isolated and undisturbed column of soil, with or without a crop, in which one or
more terms of the water balance can be assessed (Aboukhaled e al., 1982). There are two types of
lysimeter: weighable and non-weighable. In a weighable lysimeter the change in moisture storage
can be easily identified by the change in mass, enabling reliable measurement of
evapotranspiration. This is the basis for the calculation of crop coefficient curves recommended
by the FAO (see: Doorenbos and Pruitt, 1977; Allen et al., 1998) in their irrigation scheduling

software used throughout the world (such as CROPWAT (Smith, 1992; Clarke ef al., 1998)).
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In a non-weighing lysimeter a water balance can be performed and deep percolation and upward
flux rates ‘controlled’ using an artificial water table (Vyishpolskiy et al., 2001). To be considered
accurate, lysimeters must contain soil that is representative of field conditions and must be filled
with the same crop that is growing around the lysimeter (Aboukhaled er al., 1982). Lysimeters
have been widely used to estimate crop evapotranspiration and irrigation water demand for the

design of iirigation systems (Leontyev, 1991).

Both field soil moisture balances and lysimeters have been used to estimate upward flux and the
contribution of groundwater to crop evapotranspiration. Many of these studies have used different
qualities and quantities of groundwater to determine root moisture uptake patterns in the soil (such

as Majeed et al., 1994; Follet et al., 1974a; Hiler et al., 1971).

Previous work on the effects of a watertable on root growth have been conducted both in
glasshouses and in the field. Reicosky ef al. (1972) measured soil water content and soybean root
weight and length in soil columns with a watertable maintained at 1 m. Roots grew rapidly down
the soil column to just above the wateﬁable. Water uptake was not necessarily related to root
distribution and as the upper soil layers dried, roots mainly absorbed water near the watertable

where it i1s held at lower suction.

Reichman et al. (1977) discovered that sugarbeet used good quality groundwater in preference to
applied irrigation water. Irrigation treatments did not affect the quality in terms of sucrose yield
from the shallow watertable treatment, but for deeper watertables the sucrose yield significantly
increased as irrigation increased. This suggested that a combination of the irrigation water and

high quality deep groundwater produced higher sucrose yielding beet.

Follett er al. (1974b) found a different situation growing corn, sugarbeet and alfalfa in
experimental plots on a sandy soil. Over a 2 year period they concluded that yields were greatest
for all crops with a watertable 69 cm from the soil surface at the start of the season. When the
watertable was deeper than 92 cm the crops relied on irrigation water and not groundwater; deeper
than 145 ¢m the crops solely used irrigation water throughout the season. These differences in
patterns of crop water use from the soil profile could be explained by the fact that the plant takes
up water preferentially within the soil regions were it is most available. This behaviour has been
observed by other researchers (Tardieu er al., 1992; Tardieu, 1988; Saini and Ghildyal, 1977).
Mauseth (1991) stated that it is easier for roots to extract water from 2 m depth at a soil suction of
<] bar, than at 0.5 m at a suction of >3 bar. This explains the use of soil moisture deeper in the

soil profile.
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Van Bavel er al. (1968) estimated upward flux rates on a bare clay loam soil in an aftempt to
determine a correction parameter representing upward flux in soil moisture depletion studies. Bare
soil plots were irrigated and covered with plastic to prevent evaporation. Evaporative losses were
determined using precision weighing lysimeters. Upward flux rates were determined using
gravimetric soil sampling techniques and soil moisture characteristic curves, combined with the
water balance method in the lysimeters. At 1.7 m depth upward flux was estimated as 2 mm/d
eight days after irrigation. Following planting with sorghum upward flux rates reached peak
values of 4 mm/d. Ignoring this upward component in soil moisture depletion studies does not
allow for an accurate representation of the soil moisture balance. At the latter end of the crop
season when roots were deepest, upward flux represented one-third of crop ETc. It is interesting
to note that the water balance method used in the lysimeters produced consistently higher rates of
upward flux than the calculated method used in the field plots. Van Bavel ef al. (1968) suggested
this may be due to high upward flux rates during the night, which they were not able to determine
in the field due to the reduction in evaporative demand overnight. Other reasons such as increased

leaf area and LAI could have also been the cause.

There are numerous studies that investigate groundwater contributions to crop water requirements
and the role of capillary rise in irrigated agriculture. Stuff and Dale (1978) estimated capillary rise
from a watertable to be 27% of the seasonal evapotranspiration of a corn crop. Benz er al. (1985b)
investigated the effects of four shallow constant water table depths and three surface irrigation
treatments on corn and sugarbeet yields grown in lysimeters. The watertable provided a large
contribution to crop evapotranspiration, in one case 63% of total crop evapotranspiration when
groundwater was maintained at a depth of 1.55 m. Namken et al. (1969) studied cotton in
lysimeters and found that watertables between 0.91 and 2.74 m deep contributed between 54 to
17% of total water used by the crop. Soppe and Ayars (2000) estimated daily groundwater use by

cotton to be 30% of evapotranspiration.

Despite these positive studies, Yang et al. (2000) found that lysimeters gave inaccurate estimates
of evapotranspiration when groundwater maintained within them was constantly changing. This
was due to the development of a moving capillary fringe which made it difficult to determine how
much moisture was used by the plant, how much stored soil moisture drained back into the

groundwater, and how much remained stored in the soil matrix.

Table 2.1 summarises key lysimeter and water balance studies.
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Table 2.1 Key Lysimeter and Soil Moisture Balance Studies

Reference Crop Soil GW Depth Q Q Notes
Type (m) (mm/d)y | (%)
I
Lysimeter
Studies
Benz et al. Corn SL 1.55 - 63 Where GW was at 0.46 m yields were
(1985b) low. Good yields, comparable to surface
Sugarbeet L ) ) o
irrigation treatments were apparent where
GW was maintained lower than 1 m
Ayars et al. Cotton zC 1.5° - 40 Use of groundwater by crops reduced
1996 ications by 6.5 x 10° m’.
( ) Tomato irrigation applications by 6.5 x 10" m
Dugas ef al. Soybean L 1 - 24 During some weekly periods the
(1990) groundwater supplied between 35 to 64%
C 6.5 .
of ETc
Hutmacher Cotton CL 1.2 - 45-60 | From different groundwater qualities,
et al. (1996) ranging between 0.3 dS/m to 31 dS/m
Meyer et al. Wheat L 1-1.3 3.7 3 This study pointed out the importance of
(1989) b the transient nature of capillary upward
Soybean C 1.3 15 flow rates due to changes in root depth,
GW levels, and crop canopy cover
Moisture
Balance
Studies
Mason ef Maize Fine soll 1.5 - 40 Tile drainage system was designed to
al. (1983) Sorch 1 keep GW at 1.8 m, yet observation pit
orghum showed GW at 1.5 m. This represented a
Sunflower 32 high capillary fringe. Concluded that
crop water use cannot be estimated from
soil moisture depletion.
Wallender Cotton L >2 - 60 Majority of the upward flux contributed
et al. (1979) to ETc during the latter half of the scason
when root depth was maximum and the
shallow soil layers were dry
Dalton and Cotton ZCL 25 1.4 to 29to | Ataseasonal average GW depthof2.5m
Clarke 2.5 52 daily rates of upward flux were between
(200D) 1.4 to 2.5 mm at three different locations.
Maraux and Maize 7L - 1to2 - Upward flux was critically important
Lafolie Sorehun during periods of high transpiration
(1998) ghum which were different for each crop. For
Grass sorghum and grass upward flux
contributed to 50% of ETc.
Gabrielle et Maize ZL 5 - - During the summer moisture conditions
al. (1995)* were underestimated by 30%. This was
Bare soil attributed to upward flux conditions in the
soil. The model performed poorly on
silty soils where upward flux played a
significant part in supplying the crop with
moisture

Notes: Soil Types: S — sand, L — loam, C — clay, Z - silt. Q (mnvd) is the amount of water used by crops in mm/d. Q
(") is the percentage of groundwater which contributed to crop evapotranspiration. * EC of groundwater ranged
between 4 to 5 dS/m. ® max daily upward flux rates, their data show some diurnal fluctuations in upward flux flow rates,
however, due to overnight irrigation applications the nightly upward flux rates could not be identified. * This study
performed an analysis and field evaluation of the Ceres Model (Jones and Kiniry, 1986) which uses Darcy’s Law to
estimate moisture fluxes. The study by Gabrielle er al. (1995) analysed the water balance component of the model,
which is based on ‘inputs” and ‘outputs’ within the soil profile.

o
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What the studies in Table 2.1 and the others discussed earlier in this chapter show is that
groundwater contributions to crop water requirements are highly variable and are difficult to
predict. Contributions from the groundwater can range between approximately 15 to 60% of crop
demand, even between similar soil types and crops. This suggests that there are many factors that
influence the process of upward flux. Despite this groundwater is largely ignored in irrigation

scheduling.

Both moisture balance and lysimeter studies indicate similar rates and amounts of upward flux.
While lysimeter studies are more controlled, moisture balance studies can represent true field
conditions, although studies are limited due to the difficulty in instrumentation and other factors
such as regional groundwater fluctuations. Maraux and Lafolie (1998) argue that using moisture
balances to estimate the amount of water remaining in the soil profile at the end of the crop season
and therefore available for the next one is wrong. This is due to the complex and transient nature

of upward flux and the influence of changing daily evapotranspiration rates within the soil profile.

Where permanently high watertables occur with no drainage crop yields will eventually diminish
because of salinisation and waterlogging (Bajwa et al., 1986; Mass and Hoffman, 1977). In areas
where waterlogging occurs, it is necessary to assess water balances not only for an average year,
but also for specific years and even seasons. It is relatively simple to perform a water balance for
a cropped soil and estimate the groundwater contribution to evapotranspiration over the entire
season in millimetres per day. However, it may not be accurate for irrigation scheduling purposes.

Without this detail it is not possible to optimize irrigation efficiency.

Mott MacDonald (2002, pers. comm.) estimated an average seasonal upward flux rate to cotton of
1.8 mm/day in south Kazakhstan in a silty soil — but it is doubtful that this rate was constant over
the five month period. However, Doering (1963), in one of the first comprehensive studies
purposefully designed to investigate upward flux from a watertable, found that over a 341 day
period the average rate of upward flux was 1 mm/d. A study by the EU WUFMAS team (TACIS,
1999) found considerable variation in upward flux rates due to differences in watertable depth, soil
texture, crop rooting depth and the rate of evapotranspiration. Upward flux rates of 3 mm/d were
observed in the Kyzi-Orda region of Kazakhstan. This was attributed to the shallow groundwater
caused by the naturally occurring low-lying land, high seepage rates from damaged irrigation

canals, and excessive water applications from rice cultivation in soils with infiltration rates over 12

mm/hr (INCO-COPERNICUS, 2002).

Models have been developed which attempt to replicate these complex interactions within the soil

profile. The simplest of these use the water balance theory that divides the soil into a series of
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compartments or ‘blocks” of soil, whereas the more complex rely on the use of flow equations and

develop finite difference schemes (such as Belmans et al., 1983). These are described below.

2.5.2 Soil Moisture Models

Soil water models may involve sophisticated numerical solutions to water flow equations, coupled
to a root extraction and plant response model, e.g. SWATRE (Belmans et /., 1983) and WAVE
(Vanclooster et al., 1994). Others rely on a simplified description of the soil and vegetation; the
soil is assumed to drain instantancously when wetter than field capacity and evaporation is usually

a simple function of the potential rate and the soil water deficit (Torres and Hanks, 1989).

Many crop growth simulation models rely on detailed information of the soil water regime
throughout the growing season. During the last two decades, a large number of mechanistic
models have been developed to simulate transient water flow in unsaturated soils combined with
uptake by plant roots. Earlier models include the Soil-Water-Atmosphere-Plant (SWAP) model
developed by Feddes er al., (1978), based on his earlier work with root water uptake functions
(Feddes er al., 1974). SWAP has been continuously developed, and now contains separate
component models within it, such as SWACROP - specifically containing crop production
functions (Kabat et al., 1992), and SWATRE, which is the soil-water component (Belmans, et al.,
1983; Brandyk and Romanowicz, 1989). The SWAP model has been tested under a wide range of
climate and agricultural systems, notably in Iran (Droogers et al., 2001), Pakistan (Smets et al.,

1997) and for a cotton crop in Turkey (Droogers et al., 2000).

The SWAP model is based on Richard’s equation, combining Darcy’s Law and the continuity
equation (described in Appendix A2.1). The core part of the program is vertical flow in the
unsaturated-saturated zone. In order to solve these equations the program uses a finite difference
programme. Prathapar and Qureshi (1999) used the SWAP model to investigate the contribution
of groundwater to crop water requirements in Pakistan. Their results indicated that, in the absence
of a drainage system, the effect of a shallow groundwater is very pronounced on crop production.
They concluded that areas with shallow groundwater resulted in a reduction of applied irrigation
water of up to 60% of crop evapotranspiration but severely increased the chance of soil
salinisation. The local agricultural practice of deficit irrigation in the Punjab and Sindh regions
may produce good crop yields for the first 2 to 3 years following the inception of irrigation, but
long term soils may become heavily salinised. Their results also indicated that some farmers
applied more water than was necessary and yields were reduced, in some cases due to

waterlogging.

25



CHAPTER TwWO BACKGROUND AND REVIEW OF LITERATURE

Ahmad et al. (2002) recently used the SWAP model in the Punjab. They found that over an entire
year 39% of crop water demand was met from upward flux under a crop of cotton and wheat, and
54% upward flux under a rice crop, despite combined irrigation applications and precipitation of
227 and 271 mm consecutively. Their research showed that excessive irrigations are often
unnecessarily applied, although Prathapar and Quereshi’s earlier work implies that groundwater

should not be relied upon due to the threat of rapid salinisation.

Torres and Hanks (1989) used the Richards equation to estimate upward flux in lysimeters planted
with wheat. This study was based on earlier experimentation by Nimah and Hanks (1973), who
found there was approximately 100 mm upward flux to an alfalfa field from a watertable at 2 m
depth. Torres and Hanks (1989) found that the contribution of the watertable to crop
evapotranspiration was 90, 41 and 7% for 0.5, 1, and 1.5 m watertable depths respectively.
Clemente et al. (1994), reviewing the models SWATRE, LEACHW and SWASIM, gave similar
values for upward flux to a hay crop on a clay soil. Joshi et al. (1985) and Chopart and Vauclin
(1990) found that upward flux should be accounted for in all soil moisture studies, based on their

results using water balance models.

Virtually every simulation model that is used relies directly or indirectly on an estimate of
evapotranspiration (Kabat and Beekma, 1994). In many models potential evapotranspiration is
calculated from monthly, daily, or even hourly climate data, and from it an estimate is made of the
actual evapotranspiration. When actual evapotranspiration is combined with precipitation data the
surface boundary condition is established, allowing calculation of the water storage in the soil,
moisture redistribution and drainage. Gardner et a/. (1970), Nimah and Hanks (1973), Kastanek
(1973), Saxton et al. (1974), De Laat (1980), Chung and Austin (1987), among others, have

developed detailed numerical models that calculate water flow using Richard’s equation.

In most of these models, water uptake by roots is represented as a volumetric sink term (further
discussed in Appendix A2.1) and substitutes Darcy’s Law into the equation of continuity for soil
water flow. These models generally require an extensive knowledge of soil and crop
characteristics including information about the response to changing soil water status, most of
which are not readily available on a routine basis (Tietje and Tapkenhinrichs, 1993.). Worse, these
characteristics are time consuming and costly to acquire. This requirement is generally not
compatible with the availability of input data, especially meteorological information. Arora et al.
(1987) and Youngs (1988) critiscised the use of Richard’s equation as being too sophisticated for

the ‘real world” applications required for irrigation and drainage studies.
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Evaporation and transpiration are generally determined by assuming that actual evapotranspiration
is linearly related to the available soil moisture content (Van Bakel, 1981). Whilst these models
can produce precise results and generally good mass balances, they depend on reliable
evapotranspiration measurements, which, according to Gee and Hillel (1988) are at best accurate
to 5 to 10%. Indeed, Robins et al. (1954) demonstrated errors arising from soil moisture

movement in the profile when depletion was assumed to be due to evapotranspiration only.

Perhaps the most difficult parameter to establish is soil hydraulic conductivity and hence its
estimation is the most limiting factor to soil moisture modeling. Large ranges in conductivity
values in field soils occur, and the need in some models for accurate pedo-transfer functions all
combine to limit the usefulness of models in other than specific sites (Wdsten and van Genuchten,
1988; Vereecken ef al., 1992). When using such models caution must be exercised as they require
complex soil data and rely heavily on computer applications, which are not always possible in

practical irrigation science.

Torres and Hanks (1989) clearly state that results of specific model studies should not be
extrapolated to other sites and conditions, as results may be poor in areas and under conditions the
model was not developed specifically for. This is especially so in areas with shallow watertables
which cause soil moisture conditions in the profile to be extremely sensitive to changes in the

soil’s hydraulic conductivity (Kabat and Beekma, 1994).

Although such detailed models may be excellent research tools, their large data requirements
strongly limit their use as management tools (Chopart and Vauclin, 1990). Less-detailed water
budget models that are physically reasonable and computationally efficient remain useful (Hess ef
al., 2000). This is especially so where the available field data are limited or difficult to obtain,
although the accuracy of the models can not be determined. The model developed by Hess ef al.
(2000) 1s a simulation mode! for the teaching and demonstration of issues involved in irrigation,
drainage and salinity management. Whilst the model provides a useful teaching and learning
package, its usefulness is limited to seasonal use for the correct estimation of drain spacing, and

not for understanding the process of upward flux over short time periods.

When results from lysimeter and basic water balance studies are compared with results from more
accurate soil moisture models, they can show a high variability in their estimation of the
contribution of upward flux to crop evapotranspiration (Ayars et al., 2002). There 1s no correct
answer. Even in similar soil types and groundwater depths, with comparable climatic conditions,
crops grow and behave differently. This is due to the different dynamic behaviour of soil moisture

within the crop root zone.
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Research suggests that both crop growth and yield may have already been reduced before there are
any visible effects on the plant (Taylor, 1965). This indicates that moisture stress has already
occurred, and that models may not necessarily replicate the true position in the soil due to upward

flux from diurnal fluctuations in soil moisture.

It is clear that shallow groundwater plays an important part in sustainable irrigated agriculture and
in the past 20 years we have come a long way in understanding its role and behaviour. It is also
clear that we find it difficult to apply our understanding to effectively utilising shallow
groundwater and maintaining its salinity within an acceptable range. A more replicable approach
is required. By studying soil moisture movement in the profile, and developing a better
understanding about the diurnal changes in soil moisture, it is hoped that soil moisture balances
will become more accurate, and provide a true representation of soil moisture movement. For
purposes of operational use, as well as to evaluate the success of the wide variety of models

vailable, a simple and reliable method for estimating water fluxes in the field is needed.

2.6 Use of Darcy’s Law in Irrigation Science to Estimate Upward Flux

Perhaps the most universal method to estimate upward flux is by separate measurements of the
hydraulic gradient and the unsaturated soil hydraulic conductivity. The product of these two
quantities then yields the hydraulic flux according to Darcy’s Law. Darcy’s Law is discussed in
Appendix A2.1, along with the sensitivity of the equation to changes in the hydraulic conductivity
of the soil. Efforts have been made to design a soil moisture flux meter (Cary, 1968), but these
have so far not produced a practical field instrument, and the approach still relies on accurate field

measurements.

It is not the purpose here to describe each study that has adopted the use of Darcy’s Law to
determine upward flux. Key studies will be mentioned to show the high variability in results under

different conditions, as demonstrated using the previous methods described above.

Brandyk and Wesseling (1985) predicted rates of upward flux using Darcy’s Law. They integrated
the volumetric soil moisture profiles to enable them to estimate upward flux from a watertable
depth of 1 m. Rates of upward flux ranged from between 1 to 5 mm/d for different soil types
(using different hydraulic conductivity parameters). They concluded that for certain soil types,
upward flux rates of 5 mm/d were sustainable, with no drying of the soil profile evident. Their
study suggested that their approach could be used to help design drainage systems in areas with
high watertables and layered soil types, because of the ability to adjust hydraulic conductivity

values in their calculations for specific depths in the profile.
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Ogata et al. (1960) measured the hydraulic gradient and from a known hydraulic conductivity
characteristic determined the upward flux of moisture. In a sandy loam soil planted with alfalfa
they found that a constantly shifting upward flux pattern gradually decreased as the soil moisture
depletion increased and the hydraulic conductivity diminished.  This caused the alfalfa
transpiration rate to reduce and limited the potential yield of the crop. This was due to inadequate

irrigation and insufficient sub-soil moisture fluxes.

LaRue et al. (1968) investigated the rate of upward flux over a deep watertable during a season
when irrigation frequencies were altered. They used tensiometers inserted into a loam soil to
determine the hydraulic gradient and measured unsaturated soil hydraulic conductivity to calculate
upward flux using Darcy’s Law. The study concluded that upward flux rates below a ryegrass
rootzone could be as much as 2.5 mm/d, but that the rate of flux was determined by the amount of
irrigation applied at the soil surface and the depth water infiltrated into the rootzone. This was due
to the reduction in hydraulic gradient in the shallower soil where the surface applied water

infiltrated.

This study was replicated by Rouse (1969), who found that upward flux contributed to 29% of
total ryegrass evapotranspiration. Stone er al. (1973a) performed an identical study below a
sorghum crop with the aim of understanding more about the process of upward flux above a deep
watertable. Their results suggested that irrigation water initially ‘lost” from the rootzone but then
deep percolation moved back into the rootzone due to a reversal of the hydraulic gradient. Using
tensiometers they determined an upward flux rate of 2 mm/d into the rootzone near the end of the
study period. Hodnett et al. (1991) recorded a similar pattern of moisture re-distribution. Below a
crop of drip irrigated sugarcane water applied during the day, which infiltrated below the root

zone, would move upward back into the crop root zone overnight when transpiration was reduced.

Stone et al. (1973b) used an identical approach to their earlier study to estimate evapotranspiration
from the same sorghum crop by combining the upward flux rate and soil moisture depletion
values, and integrating the change in moisture content with respect to root depth. This method
provided an alternative method to estimating evapotranspiration from lysimeter or meteorological

measurements.

In Pakistan Moghal et al. (1993) calculated upward flux rates of 1 mm/d in a loam soil with a
watertable depth of 2.5 m. At a watertable depth of 1.55 m upward flux rates were estimated up to
4 mm/d. Much higher rates of upward flux were suggested by Ragab and Amer (1986), who used
Darcy’s Law and a soil moisture balance approach to estimate upward flux below a maize crop on

a clay loam soil. An average upward flux rate of 4.3 mm/d was maintained for a 75 day period
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when groundwater was maintained at a depth of 68 cm. Both approaches estimated total crop
watertable contribution to be between 190 — 220 mm, approximately 40% of seasonal ETc. Wind
(1955) found much lower rates of upward flux in the Netherlands. Using lysimeters to measure
grass evapotranspiration, upward flux was, on average, less than 2 mm/d when groundwater was
only 45 ¢cm deep. However, evapotranspiration was low at an average of 3.5 mm/d, resulting in

upward flux providing over 50% of the crop water requirement per day.

Darusman et al. (1997) used tensiometers buried in a silty soil planted with corn to determine
upward flux rates and drainage below the crop root zone. They recorded seasonal upward flux
rates of 124 mm at 1.5 m depth. They used this information to design the optimum drip line
spacing, reducing drainage below the root zone, and yet utilising the upward flux for crop use.
Saini and Ghildyal (1977) used a soil moisture balance approach to estimate upward flux, based on
Darcy’s Law. Under a winter wheat crop grown on a silty clay loam upward flux contributed
between 36 to 73% of the total water requirement of the crop. The maximum daily rate of upward
flux was 2.8 mm/d, with average rates between 1.2 and 1.6 mm/d. The study concluded that the

rate of upward flux was highly dependent on the fluctuating groundwater below the root zone. -

2.7 The Zero Flux Plane Method

The ZFP method is a comparatively robust physical method as it does not require a measurement
or estimation of the unsaturated hydraulic conductivity in the unsaturated zone. Measurement or
estimation of water flux in unsaturated soils is difficult. To use Darcy’s Law to estimate moisture
flux requires accurate values for hydraulic conductivity over the range of soil moisture contents
found in the field (Hanks and Ashcroft, 1980). This approach is impractical because of the wide
range of hydraulic conductivity values found in soils (typically varying over five orders of
magnitude in a season (Gee and Hillel, 1988)), their spatial variation and hysteresis (Cooper ef al.,

1990).

The zero flux plane concept is not new. Richards er al. (1956) first identified an area in the soil
profile termed as the “sratic zone’. This was defined as the locus of points in the soil-water system
above which water movement is upward, and below which water movement is downward. As soil
moisture will move in the direction of decreasing potential, along the hydraulic gradient, moisture
in the soil above the zero flux plane will move upwards towards the crop root zone and the soil
surface. Soil water extraction by crop roots increases the water potential towards the upper soil
layers, whilst a simultaneous declining water table and drainage of a previous irrigation or rainfall
event through the soil profile may result in an increasing potential in the downward direction.

Identifying the point at which the hydraulic gradient is zero (the zero flux plane) makes it possible
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to determine the unsaturated hydraulic conductivity as both the rate of moisture flux and the
hydraulic gradient are already known (Cuenca, et al., 1997a). By plotting the rate of moisture flux
at corresponding hydraulic gradients as soil dries the relationship between moisture flow and

suction, and therefore rate of flow through the soil can be identified.

Below the zero flux plane, assuming no uptake of roots at these depths, reduction in moisture
content must be due to drainage out of the soil (i.e. groundwater recharge). Figure 2.5 shows the
gravitational potential of an unsaturated soil above a shallow water table (i); and the matric
potential of the same profile (ii). Figure 2.5 (iii) illustrates the total potential (matric potential
corrected for gravitational head) showing a divergent zero flux plane, with (iv) showing the

development of a convergent zero flux plane (ZFP).

Wellings and Bell (1980) introduced the concept of divergent and convergent flux planes. A
divergent ZFP represents the focal point were moisture flowing upwards represents
evapotranspiration and upward flux, and moisture flowing downwards represents drainage. If
precipitation or irrigation occurs during this time, a second convergent ZFP occurs which moves

rapidly down the profile (with infiltration) until it meets the original divergent ZIFP.

When they meet the convergent ZFP ‘cancels’ the original divergent ZFP, at which point drainage
throughout the profile is restored.  If precipitation or irrigation does not occur and
evapotranspiration and upward flux proceeds over the season the ZFP will move down the profile.
Consequently a progressively greater depth of profile contributes to evapotranspiration and,

therefore, upward flux over time.

(2
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Figure 2.5 Development of a Zero Flux Plane in Unsaturated Soil
(Source: Hodnett et al., 1991)

Stammers el al. (1973) developed a mathematical model that estimated the ZFP using Darcy’s
Law to identify the direction of moisture flow. Experiments were conducted on a bare silty loam
soil. Their results indicated that the developed ZFP model was able to reasonably predict moisture
loss from the soil when compared to the Penman (1948) evaporation calculation. However, the
ZFP calculation loses accuracy where soil water seepage below the point of zero flux is ignored.
This causes an over estimation of water leaving the soil, as water flowing downwards below the
point of zero flux is as evapotranspiration within the ZFP equation. The equation developed by

Stammers et al. (1973) has been successfully used by Cooper (1979) studying moisture fluxes

)

under tea in Kenya and Cooper (1980) who used the ZFP method to estimate drainage rates to

understand aquifer recharge in a forest.
The ZFP method is particularly suited to areas with low rainfall and long growing seasons, as this

allows the development of large, deep zero flux planes, which make their identification easier. A

divergent ZFP will move down the soil profile over the growing season, and depths of between 4.5
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to 6 m have been recorded (Cooper, 1979; Wellings and Bell, 1980). Table 2.2 contains details of

key Zero Flux Plane studies.

Table 2.2 Key Zero Flux Plane Studies

Reference Crop Soil GW Notes
Type Depth
(m)
Cooper et al. Grass L 10 to Results were used to estimate
(1990) 90" unsaturated hydraulic conductivity and
actual evapotranspiration to estimate
chalk aquifer recharge
Hosty and Grass L 4 ZFP present, with a maximum depth of
Mulgqueen (1996) 1.75 m.
Cuenca et al. Pine Cto - Identified presence of both a DZFP at ~
(1997b) Forest | coarse S 50cmand a CZFP at~ 1.1 m
Joshi et al. (1997) Grass CL 5t0 7.5 | Identified presence of both a DZFP at =2
prairie m and a CZFP at ~5 m
Shimada et al. Red Pine | Organic 1.1to | The shallow ZFP at 20 cm estimated
(1999) Forest black 2.1 1.29 mm/day evaporation. The deeper
loam soil ZFP at 70 cm estimated 2.87 mm/day
transpiration
Tsujimura ef al. Grass - 0.55to 1 | ZFP present at 30 cm
(2001)
Subagyono and Corn SL Drainage | ZFP present at 25 cm
Verplancke (2001) only*

Notes: ™ Different sites were investigated with groundwater depths ranging from 10 to 90 m deep. * Experiments were
conducted in drainage lysimeters. DZFP is Divergent Zero Flux Plane. CZFP is Convergent Zero Flux Plane.

Apart from Shimada et al. (1999) Table 2.2 does not provide actual rates of upward flux on a daily
basis. This is due to the nature of the ZFP method. Above the point of zero flux moisture
decreases as it is withdrawn by plant roots and surface evaporation. This makes it difficult to
separate moisture moving into the soil above the point of zero flux (as upward flux) and moisture
moving out of the soil above the point of zero flux (as root extraction or bare soil evaporation).

Shimada er al. (1999) were able to determine daily rates due to the relatively low rate of

evapotranspiration, a constant data set, and the presence of two zero flux planes.

The ZFP method requires consistent and unbroken data sets of soil moisture suction (or moisture
content and accurate pF curve data) to be able to identify movement of the point of zero flux and
thus calculate changes in soil moisture.  However, in semi-arid and arid areas high
evapotranspiration rates often cause disjointed data sets when tensiometers ‘break’ tension. An

accurate knowledge of rooting depth is also required. Roots below the depth of the zero flux may

(U8
Lo
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be able to influence and even ‘pull’ the ZFP lower in the soil profile (Giesel, et al., 1970;
McGowan, 1973). This decreases the accuracy of the method. Due to the problems associated
with the accuracy of the data required and the need for detailed interpretation of the hydraulic
gradient to predict the direction of moisture flow, the ZFP method has not been widely adopted to

measure upward flux in irrigation science (Allison, ef al., 1994).

Despite these problems concerning accuracy, the ZFP method has been used by a number of other
researchers as a form of soil moisture balance, e.g.: Arya et al., (1975); McGowan and Williams,
(1980a; 1980b); Wheater ef al., (1982); Dolman et al., (1988); Gardner et al., (1989); Hodnett and
Bell (1990); Kanamori, (1995).

2.8 Former Soviet Union Methods

There have been a number of studies te quantify the upward flux of moisture into the rootzone o
agricultural crops, using different methods and equipment. It is not the purpose of this review to
discuss every study, nor every method. Some methods to estimate upward flux are laboratory
based, using specific chemical tracers or radioactive substances (e.g.: Scanlon and Milly, 1994;
Scanlon, 1991; Nakayama er al., 1973). These will not be discussed in this review, as the

chemicals and methods used were not developed for practical field based use.

A large percentage of the irrigated land in Central Asia has a seasonal watertable less than 3 m
deep from the soil surface (Sherokova, 1997; TACIS, 1995). Muratova (1958), Sukhachev (1958)
and Legostaev (1958) all described significant quantities of upward flux occurring in the silty soils
of Kazakhstan, in some cases before the development of the major irrigation systems. TACIS
(1999) suggested that 74 percent of sample fields within the Central Asian republics had average
watertable depths closer than 3 m from the soil surface. These high watertables have caused a
significant increase in the crucial irrigation interval, and hence reduced the number of irrigations
required, whilst contributing to the build up of salinity in crop root zones. In some areas irrigation
is generally not available at the end of the cropping season, nor beginning of the next for adequate

salt leaching activities (TACIS, 2000).

Kharchenko (1975) developed a formula to estimate the groundwater contribution to crop
evapotranspiration based on experimentation in Central Asia. The constant m used in the equation
was developed based on capillary properties of Central Asian soils calibrated using the Ivanov
method for estimating reference crop evapotranspiration (further described in Chapter Three).

TACIS (1999) reported average upward flux rates in Kazakhstan between June to September 1997



CHAPTER TwO BACKGROUND AND REVIEW OF LITERATURE

of between 2 and 2.5 mm/d using the local Kharchenko method. The Kharchenko method is

described below and is used in this study for comparison to the newly developed diurnal method:

(2.4]
where:
G groundwater contribution rate to crop evapotranspiration (mm/day)
m : constant, dependent on the capillary properties of the soil
H : groundwater depth (m)
h : crop rooting depth (m)
ETo reference crop evapotranspiration (mm/day)

It is clear from equation 2.4 that groundwater contribution is very sensitive to the rate of
evapotranspiration, therefore upward flow of moisture is sensitive to the proximity of the
watertable to the roots due to the exponential relationship between the rate of upward flow above a
watertable (van Hoorn, 1978). The role of 4 (later added to equation 2.4 by Horst (TACIS, 1999))
allows the distance between a variable rooting depth and the watertable to be modelled, provided

rooting depth is known or can be estimated.

Despite the widespread use of the Kharchenko method in Central Asia, TACIS (1997) showed

poor agreement between the Kharchenko method and field estimated value. Reasons for this were

found to be:

o lateral inflow of soil moisture, possibly via the capillary fringe, which did not effect the
watertable level, and therefore not the calculation;

e incorrect estimation of the distance between the roots and the groundwater level;

o difference between soil classifications based on textural class, as the Kharchenko equation is
based on Soviet soil classification, which is markedly different to International textural classes

(TACIS, 1997).

International systems for classification of soil into different textural classes differ slightly but are
consistent in defining the upper size limit of clay particles as 0.002 mm (Braun and Kruijne, 1994).
Although this textural classification procedure is accepted internationally, Kachinksy later adopted
different standards, which were based on the amount of physical clay (particles <0.01 mm). This
can cause confusion when comparing soils for classification between the Soviet Kachinsky method

and that of the USBR or similar method, as particles between <0.01 and <0.002 mm are classified
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as silt by non-Soviet methods, and clay by Soviet methods (TACIS, 1997). As the majority of

soils in Central Asia fall within this range actual classification can be difficult.

Table 2.3 identifies some of the upward flux rates calculated by researchers in the FSU for some

soils.

Table 2.3 Upward Flux Rates at an ETo rate of 7 mm/d

Depth to Upward Flux Reference
Groundwater (mm/d)
(m)
1 2.5 Kharchenko (1975)
1 8.2 Laktaev (1978)
0.5 7 Kovda (1961)
1.2 8 Kovda (1957)
1.4 8 Kovda (1957)
1.8-2.5 ~3 TACIS (1999)
2 2.2 Van Hoorn (1978)
1 9.6 Van Hoorn (1978)

It would appear that Soviet work suggests much higher rates of upward flux for deeper
groundwater depths than previously shown by research conducted outside the former Soviet
Union. This may be due to the extreme climate experienced in Central Asia, the deep rooting

depths of some crops, and the presence of silty soils.

In some areas of Central Asia salinisation can effect crop yields quicker than anticipated
(Vyishpolskiy, 2000). Although the surface water applied to crops may be low in salinity,
madequate drainage, canal seepage and ineffective leaching may contribute to regional
groundwater and soil salinity. There is a need to address these problems before widespread

salinisation and [ack of water causes a significant reduction in yield production.

2.9 A Need for Improved Methods of Establishing Upward Moisture Flux

We have a good understanding of soil moisture balances for effective irrigation but lack
information on the true role of groundwater in meeting crop water needs and a way to incorporate
groundwater into practical irrigation water management. Improved estimates of shallow
groundwater contributions to evapotranspiration as a function of plant growth stage and

groundwater salinity are needed to refine irrigation management under shallow groundwater
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conditions. This would improve estimation of crop water use and the calculation of irrigation
requirements and scheduling, groundwater recharge and use and potential salinity hazards in areas

with shallow groundwater.

An understanding of the movement of moisture in the rootzone will allow the rate of upward and
downward flux to be calculated. This is especially important in arid and semi-arid areas where
agricultural land is threatened by salinity due to high groundwater (Cuenca et al., 1997a; Nielsen,
et al., 1986). A sound knowledge of the dynamics of water movement into and out of the rootzone
and the contribution of shallow watertables to crop water use of agricultural crops is needed to

minimise irrigation input while optimising production returns.

This thesis investigates this area and develops a new methodology to estimate the contribution of

groundwater to crop water demand. In particular it works to:

1. further understand the processes involved in soil water movement in a cropped soil;

2. develop an approach to estimate upward flux into a soil profile from shallow groundwater;

3. test and compare the validity of the new methodology for estimating upward flux with
estimates made by other approaches such as Darcy’s Law based methodologies; and

4. estimate the seasonal groundwater contribution to crop water requirements in an irrigation

system in the Syr Darya basin in South Kazakhstan.

2.10 Previous Investigations of Diurnal Soil Moisture Change

Richards (1949) described the construction and use of a mercury manometer and porous ceramic
cup for the measurement of the soil ‘capillary potential® or unsaturated hydraulic conductivity. It
was in this study that the diurnal change of soil moisture was first recognised as a phenomenon

requiring further research.

Haise and Kelley (1950) responded to the call for further study by Richards, and performed a
series of experiments under an alfalfa crop on a silt loam soil using mercury manometers. They
recorded large diurnal variations in soil moisture suction, attributing the fluctuations to changes in
the temperature at the soil surface within the shallow soil profile. However, the range of diurnal
fluctuation decreased with depth and was negligible below the alfalfa rooting zone. Maximum
moisture suction occurred between 19:00 and 21:00 hours, with minimum moisture suction at

06:00. Suction changes of 140 cm at 30 cm, and 120 cm at 60 cm depth were recorded.
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Remson and Randolph (1958) investigated diurnal fluctuations in soil moisture tension at two
sites, with tensiometers installed between the soil surface and the watertable. One site was in a
recently planted field of beans, the other in a forest clearing. Maximum values of soil moisture
suction occurred between 18:00 and 21:00, and minimum values between 05:00 and 08:00, similar
to observations by Haise and Kelley (1950). Soil moisture suction fluctuations of 50 cm were
recorded at depths of 2.5 m. Tensiometers recorded greater fluctuations in tension deeper in the
profile, suggesting that air temperature had little effect on the diurnal change in soil moisture
suction. Fluctuations in tension were recorded as deep as 3.35 m in the forest clearing, whilst
some areas of the bean field recorded no tension due to the absence of deep roots. When the
tensiometers were removed from the ground it was found that the majority of the roots were in the
area of the soil horizon instrumented by the tensiometers. This suggested that the higher readings
deeper in the profile resulted from daytime withdrawal of water by the roots and replenishment of

water from the surrounding soil when the evapotranspiration decreased overnight.

Remson and Randolph (1958) did not experience a change in soil moisture tension with change in
soil temperature (as experienced by Haise and Kelley (1950)), concluding that ‘Pressure changes
in soil water resulting from temperature changes are, therefore, not believed to be the cause of the

diurnal fluctuations observed in tensiometer readings in the fleld...”.

The absence of diurnal fluctuations in soil moisture suction data from the newly cropped bean field
was attributed to the absence of deeper crop roots. Remson and Randolph (1958) linked the rate of
moisture replenishment overnight and withdrawal by roots during the day to the unsaturated
hydraulic conductivity of the soil profile at different soil moisture suctions. This explained the
increase in diurnal tension fluctuations when the soil dried, representing the increase in suction
required to actually allow the movement of water, and the smaller fluctuations when tensions were

relatively low due to the lower suctions allowing the movement of moisture.

Remson and Randolph (1958) noted that diurnal fluctuations in groundwater level had been
recorded by other researchers where growing plants used moisture from a shallow watertable (e.g.:

Barksdale, 1933). White (1932) even stated that:

‘In some localities the groundwater level has been observed to decline during the day and to rise
at night, the decline beginning at about the same hour every morning and the rise at about the
same hour every night. This decline is due to the withdrawal of groundwater from the zone of
saturation by plants, and the rise at night is due to upward movement of water ... from permeable

beds of sand and gravel at some depth beneath the water-table’.
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The study concluded that the soil moisture suction fluctuations were two processes from the same
trend, firstly, the daytime withdrawal of water by evapotranspiration, and secondly, the nightly

replenishment of water by conduction from the water table.

Although recommendations have been made for further study of the process of diurnal soil
moisture suction change there has been a distinct lack of research in this area. No study has yet

reacted to Remson and Randolph’s observations.

Similar conclusions to White (1932) were noted by Mead et al. (1996), who were unable to
explain large moisture fluctuations recorded with capacitance probes deep in a soil profile and
concluded that soils were able to ‘refill” moisture overnight. They noticed that the wetter the soil,
the higher the amplitude of fluctuating moisture content. In some cases moisture content changed
between night and day by 0.05 m’/m’. They concluded that the dynamics of moisture movement

and redistribution of moisture overnight required further study.

Vellidis et al. (1990) recorded the re-distribution and replenishment of soil moisture at 30 ¢cm
depth beneath drip emitters irrigating a tomato crop, attributing the replenishment to the periods of
low or Zero evapotranspiration during the night. This diurnal cycling of soil moisture was
recorded throughout the crop season and raised important considerations for scheduling, as the
irrigation system was designed to irrigate at a pre-determined soil moisture potential. As this
changed due to overnight replenishment of soil moisture the question of water savings, at no loss

to crop quality and production was raised, but no further study was performed.

Thomson and Threadgill (1987) used tensiometers to monitor soil moisture status under a maize
crop. A threshold limit of soil moisture suction was pre-determined to ‘trigger’ the start of
irrigation with a centre-pivot system. Due to diurnal fluctuations in soil moisture suction the time
of irrigation was often delayed. Peak soil moisture suction readings were recorded at
approximately 19:00, recovering overnight by up to - 300 cm. Irrigation set to start at a soil
suction of 0.38 bar was always premature, as early morning readings registered a lower suction
value than 0.38 bar. They concluded that the recharge capacity of the soil to replenish moisture

overnight caused ‘false” suction readings throughout the day.

In reality, it appears that the tensiometers indicated the amount of moisture extracted from the soil
during the day by the crop. This shows the ability of the soil to replenish soil moisture from
deeper within the soil profile as upward flux due to the hydraulic gradient which had developed

during the daytime.
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Van Bavel and Ahmed (1976) reported on the overnight replenishment of soil water. They
developed a linear soil moisture balance model to investigate the progressive drying of a clay loam
soil by a sorghum crop. Soil physical properties were laboratory determined, and the model was
developed to replicate soil moisture status, crop leaf water potentials and root depth. Van Bavel
and Ahmed (1976) noticed that towards the end of the experiment the upward flux of moisture into
the root zone represented more than half the crop evapotranspiration, and therefore represented a
critical factor to the survival of the crop. Many previous studies have found that upward flux of
moisture from deep moist soil represents a large part of the total evaporation by the soil-water-

plant system (e.g.: Prathapar et al., 1992; Mason et al., 1983; Meyer et al., 1989).

Fiscus and Huck (1972) observed diurnal fluctuations in soil moisture suction using tensiometers
buried at different depths in a fine sandy soil planted with cotton. Results showed that maximum
soil moisture suctions occurred between 15:00 and 18:00, returning to a minimum between 03:00
and 07:00. Diurnal change in suction was between 1000 to 2000 cm (pF 3 to 3.3) at 53 cm deep in
the profile and 2000 ¢cm (pF 3.3) at 23 c¢m deep. Soil moisture suction stabilized each morning
prior to sunrise. They concluded that these observations indicated significant upward movement
of moisture into the cotton-rooting zone through the soil matrix, although no attempt was made to

quantify the rate and amount of replenishment.

The experience of this research did, however, cause Long and Huck (1980) to design an automated
water filled tensiometer system for measuring soil moisture potential below a maize crop. Diurnal
fluctuations in moisture potential were recorded, showing lower tensions in response to periods of
cloud cover and low radiation in the field. Diurnal ‘replenishment’ in soil moisture suction down
to 100 cm depth was recorded by the tensiometers, despite a general drying of the soil profile as

the crop developed.

Hillel (1975) developed a computer model that predicted soil moisture status from potential
evaporation estimates, using field data from a site in Isracl. The model was mechanistic and linear
in format, and was purposefully developed to understand the process where soil at the surface dries
throughout the daytime, yet re-wets overnight from deeper soil layers due to upward flux. The
study was more of an investigation, rather than development of a practical field approach. Hillel
was specifically interested in the changing moisture content at the soil surface, based on
preliminary observations by Jackson et al. (1973; 1974) and Bruce et al. (1977) who observed the
re-wetting of the top 7 cm of the soil surface due to moisture vapour flow. Vapour flow is not
considered in this study, based on recommendations by Gardner (1958) who concluded that in an
agricultural field vapour flow from deeper depths within the soil profile was unimportant in soil

moisture studies.
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Hillel (1975) indicated that fluctuating ‘evaporativity” caused diurnal changes in moisture content
in the soil surface layers, with an increase in moisture content of between 0.01 to 0.02 m*/m’
overnight. After a 10 day simulation using the developed model the amplitude of the diurnal
moisture content fluctuations decayed with time, although daytime moisture content still decreased
by 2.37% (of the total moisture content), and the nightime value increased by 5.54% (of the total
moisture content). The experiment concluded that further studies involving deeper soil profiles

were needed to understand diurnal fluctuations in moisture content.

Starr and Paltineanu (1998) used a series of capacitance probes to monitor soil moisture in a silt
loam soil planted with maize. The capacitance probes allowed observation of diurnal fluctuations
in moisture content, which were largely due to evapotranspiration demand from the crop. Results
showed an increasing water demand at deeper depths within the soil profile as the maize roots
developed. They used the diurnal fluctuations to identify internal profile drainage losses by
assuming that any decrease in moisture content overnight was due to drainage, and not
evapotranspiration. Molz and Remson (1971) showed how moisture can continue to be extracted
from soil by plant roots into the night. Homaee (1999) confirmed this in his experiments where
plant roots took up water in the evening. As photosynthesis can not take place without light and
stomata are closed plants have no possibility to significantly transpire water overnight and it must
be stored in the plant tissues. As a result, Homaee (1999) recorded increased leaf water potentials

overnight (decreased suctions).

Consequently, the study by Starr and Paltineanu (1998) may have overestimated drainage due to
root water uptake overnight, and underestimated evapotranspiration during the daytime using the

assumption that roots do not extract moisture during the nightime.

Ayars et al. (1996) used weighing lysimeters irrigated with a buried drip system to monitor the
influence of groundwater on cotton growth. The watertable was maintained at 2 metres in one
lysimeter and in the other a constant drainage profile was maintained in the soil. The cotton crop
used moisture from the soil profile during the daytime, yet the soil moisture deficit appeared to
reduce overnight. Soppe and Ayars (2000) continued this study using weighing lysimeters planted
with cotton in a silty loam soil to estimate evapotranspiration and groundwater use. They recorded
an increasing soil moisture content overnight with capacitance probes at 90 cm depth, 30 cm above
a fixed watertable. They attributed the increase in moisture content to upward flux from the
watertable and the presence of the capillary fringe. When irrigation was decreased by 50% crop

groundwater use increased in direct response to the increasing soil moisture deficit.
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These studies raised important considerations for irrigation management combining groundwater
use. Where crop roots were deep enough in the profile irrigation could be decreased, and
groundwater could be used as a supplemental water source. Crops that are able to produce deeper
rooting systems earlier in the season would be able to use groundwater earlier, and so reduce the

total number of irrigations.

Vellidis and Smajstrla (1991) used lysimeters containing different soil types and fixed watertables
to determine the groundwater use by a tomato crop. They reported that up to 34% of
evapotranspiration was supplied from the groundwater during particular months.  More
importantly, they recorded diurnal patterns of moisture redistribution and fluctuations between
irrigations and noted that this had been observed by previous studies, such as Long and Huck
(1980). The diurnal fluctuations in moisture and replenishment were not taken into account, even
though on certain occasions they caused an overnight decrease in soil moisture suction by

approximately 100 cm.

Chen et al. (2004) recorded diurnal fluctuations of soil moisture at 30 and 50 cm depths in a maize
field in China where the groundwater was between 2 to 3 metres deep. Both convergent and
divergent zero flux planes were also evident. They concluded that the diurnal changes were due to
adjustments in crop evapotranspiration during the night and day time and identified the ‘heart’ of
the soil moisture redistribution system laying between 30 and 50 ¢m deep in the soil where the
roots were most dense. Recent work by Nachabe e al. (2005) in Florida identified diurnal
fluctuations in soil moisture using TDR profile probes and concluded that in humid, shallow
watertable environments plant evapotranspiration demand may be supported by adjacent
ecosystems. Their study, on a hillslope covered in grass and other indigenous woody vegetation
concluded that estimates of evapotranspiration from diurnal fluctuations in soil moisture provided

reasonable results when compared to a water balance.

Table 2.4 shows each study that has considered diurnal soil moisture changes.
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Table 2.4 Previous Studies of Diurnal Soil Moisture Fluctuations

Reference Type of Study Crop Soil Type Equipment [rrigation
Used Method

Haise and Kelley Laboratory Alfalfa ZL Tensiometers No irrigation

(1950) based

Remson and Field based Beans and a - Tensiometers No irrigation

Randolph (1958) Forest

Vellidis et al. | Lysimeters & Tomatoes Fine S Tensiometers Drip

(1990) field study

Van Bavel and Simulation Sorghum CL - -

Ahmed (1976) Model

Fiscus and Huck Field based Cotton Fine SL Thermocouple No irrigation

(1972) Psychrometers

Hillel (1975) Model & field Bare soil Fine SL Tensiometers No irrigation
study

Long and Huck Field based Maize SL Water filled Sprinkler

(1980) tensiometers

Thomson and Field based Maize - Tensiometers Centre pivot

Threadgill (1987) scheduling

Starr and Field based Maize ZL Capacitance Sprinkler

Paltineanu (1998) probes

Soppe and Ayars Lysimeters Cotton ZL Capacitance Drip

(2000) probes

Vellidis and Lysimeters Tomatoes S/Fine S Tensiometers Drip

Smajstrla (1991)

Chen et al. | Lysimeters & Maize ZL Tensiometers No irrigation

(2004) field study & TDR

Nachabe er al. Field based Indigenous woody Course Enviroscan No irrigation

(2005) water balance vegetation textured (Capacitance)

Notes: - information not available.

The studies reviewed above have not attempted, or have been unable to quantify the amount of
upward flux throughout the crop season. As crops grow and rooting systems develop the
movement of moisture within the soi! profile changes. This is in direct response to the increasing
evapotranspiration rate of the plant, controlled by the atmosphere, combined with the interaction of
the fluctuating groundwater level. These dynamic processes are constantly occurring within the

soil profile. Consequently, upward flux rates will change throughout the season.

It is important to realise that studies with large time periods between measurements of soil
moisture are unable to identify diurnal fluctuations in moisture content. Ignoring the diurnal
movement of moisture in the soil profile results in the inaccurate calculation of crop water use and

upward flux. This is especially evident when using the soil moisture balance approach to study

I
|
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soil moisture movement. Applications of Darcy’s Law and the Zero Flux Plane method to study
soil moisture movement are also liable to produce inaccurate results as the data used is often
recorded over large time steps, such as weekly or fortnightly. As the global need for improved
water management and water use efficiency increases the ability to improve irrigation scheduling
procedures and actually ‘match’ irrigation applications with crop water demand is fundamental to

improved water management.

2.11 The Development of a New Method to Estimate Upward Flux
There has been little study of diurnal moisture change since it was first recognised by Richards

(1949), who reported that:

‘...tensiometer readings are subject to daily variation that has not been fully studied and
explained. It may be due, in part, to change in moisture content of the soil because, for field
installations, readings generally increase during the afiernoon when the transpiration load is

greatest’.

The lack of further research in this area has been due, in part, to the lack of affordable equipment

able to measure soil suction and/or moisture content in regular small timesteps.

Soil moisture suction (¢) is directly linked to soil moisture content (8) over time. It can be

assumed that where soil is homogenous and isotropic with depth:

o (20
5_‘/1’7( ar]

[2.5]
where:
¢ : soil moisture suction {¢m pressure)
g : volumetric moisture content (m’/m”)
t : time

Due to the relationship between soil moisture content and soil moisture suction, when soil
moisture suction changes there is a simultancous and corresponding change in soil moisture
content. Due to the non-linear nature of soil moisture characteristic curves and the effects of
hysteresis, any change in suction is not directly proportional to a change in moisture content. This

is due to the nature of the water holding properties of the soil. Where constant measurement in the
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soil profile of either suction or moisture content is possible, diurnal changes in soil moisture may

be evident under cropped surfaces.

The diurnal fluctuation of soil moisture is not well understood, and in the past many studies have
attributed the diurnal change to soil temperature variations (e.g.: Smiles et al., 1985). Mohanty er
al. (1998) monitored soil temperature and moisture content fluctuations on a bare soil using Time
Domain Reflectrometry (TDR) probes and found little temporal fluctuation in moisture content,
although the maximum depth studied was only 12 cm. This suggests that fluctuations in moisture
content occur on cropped surfaces only. Huck and Hillel (1983) stated that diurnal changes in soil
temperature and the effect on soil moisture content can be ignored due to the large heat capacity of

soil.

Warrick er al. (1998) studied the diurnal fluctuations of tensiometer readings and concluded that
the changes were mainly due to tensiometer design and shallow placement in dry soil. Although
the study did identify some minor tensiometer fluctuations at 150 cm deep in the soil they
concluded that hydraulic conductivity was the main factor which affected pressure fluctuations
inside the tensiometer. Baver (1948) showed that a large change in daily air temperature of 18°C
only caused a change in soil temperature of 3°C at 10 cm depth, concluding that the effects of

temperature deeper than this were insignificant.

Throughout this study the effect of soil temperature on soil moisture movement was not
considered. This was based on the assumption that the crop water demand at 100% canopy cover
would far outweigh any temperature effects on soil moisture content, especially below 60 cm
depth in the soil profile where upward flux rates were expected to be high. The shallow soil layers
at the surface would also have a very low conductivity due to surface drying, and consequently any

moisture flow would be due to vapour flow only.

Soil moisture suction changes diurnally in the rootzone of crops due to the change in incoming
solar radiation and other climatic parameters, which in turn causes a change in evapotranspiration.
During daylight hours when plants transpire the soil moisture gradient between plant roots and the
transpiration demand at the ieaf surface increases (Gardner, 1965). This is due to the rate of
transpiration which, at peak rates, can not be maintained within the plant due to the high hydraulic
gradient between the soil matrix and the root surface (Remson and Randolph, 1958). Soil moisture
suction increases as water is extracted from the soil immediately around the plant roots (Remson
and Fox, 1955). This in turn, due to the increasing hydraulic gradient in the surrounding soil,

causes moisture to flow upwards towards the root extraction area (Hodunett er al., 1991). The

N
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process of moisture removal from the soil profile by roots of an actively transpiring crop is termed

‘extraction’ throughout this study.

As soil dries the reduction in unsaturated hydraulic conductivity limits the rate of moisture
movement and plant roots are unable to extract the amount of moisture required by the plant for
transpiration needs. Moisture extraction by evapotranspiration will, in hot climates, nearly always
exceed soil moisture recharge to the root zone by capillary rise due to the limitation of the soil
transmitting properties (Soppe and Ayars, 2000; Hodnett er al., 1991; Van Bavel and Ahmed,
1976; Remson and Fox, 1955).

During nightime the plant’s stomata close as plant moisture demand slows and may eventually
almost stop. Moisture may continue to be extracted from the soil to reduce the plant tissue
moisture deficit in preparation for the following day’s photosynthesis (Homaee, 1999). Over a
season as crops grow they can be seen to wilt during the afternoon and early evening, yet in the
morning wilting has ceased and the crop leaves and stem become turgid, although irrigation or

rainfall has not occurred.

Investigations by Ritjema (1965) showed that moisture extracted by plants from below the root
zone during daytime was re-supplied overnight when capillary rise was able to return the soil to
the antecedent moisture condition (confirmed in experiments by Hodnett et al., 1991). Molz and
Remson (1971) showed how roots increase their rate of moisture extraction as soil continues to dry
in response to the increased transpiration demand and reduction in unsaturated hydraulic

conductivity throughout the crop season.

It is clear that there has been little recent study into the overnight ‘recharge’ of moisture into crop
rooting zones. This thesis focuses on this process to develop a new methodology to estimate the

contribution of groundwater to crop water demand.

Appendix A2.2 contains example data to show the process of diurnal moisture movement and the

processes of soil moisture ‘recharge’ and ‘extraction’.

The next chapter describes the experimental sites used to collect data and the methodology

developed to validate the new method to calculate groundwater contribution to growing crops.
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3. MATERIALS AND METHODS

3.1 Introduction

This chapter describes the irrigation system in South Kazakhstan where field experiments were

performed to estimate upward flux into the crop root zone.

The aim of this study was to develop a new approach to estimate upward flux from soil moisture
data. Intensive field experiments were used to monitor soil moisture conditions within the active
rootzone and gather hourly data to allow comparison between the newly developed method

presented in this thesis with existing generic methods.

3.2 Study Location and Regional Geography

The Arys-Turkestan irrigation system (ARTUR) is located 20 km North East from the city of
Turkestan (Lat: 43.12, Long: 68.30), in an important cotton-growing region of South Kazakhstan.
The irrigation distribution system was constructed in the 1960s with the accompanying surface
drainage network completed in 1963 (Vyishpolskiy, 1999a). The area has recently started to
experience water shortages and other environmental problems associated with irrigation in

Kazakhstan (McKinney and Kenshimov, 2000). These are further discussed in Appendix Al.

The ARTUR irrigation system sits on the foothills of the Karatau mountain range and has an arid
climate, with evaporation exceeding precipitation. The Syr Darya river lies approximately 38 km
to the west, but the ARTUR system is fed by the Arys and Bugun rivers, together with seven other
minor water courses (with a combined average annual mean flow of 1000 Mm’ and a watershed
of 14,000 km” (Asarin, 1974)) (Vyishpolskiy, 1999a). The rivers are snow fed in spring, with a
period of low flow from the end of June where river flow is exclusively from springs. Maximum
precipitation is in March (Vyishpolskiy, 1999a). Figure 3.1 shows the Syr Darya basin, including

the ARTUR irrigation system.
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3.2.1 Description of the Arys-Turkestan System

The main irrigation canal is 140 km long, and has a flow rate of 45 m’/s at its head (Vyishpolskiy,
1999a). The canal is supplied by the Bugun reservoir which was constructed in 1970, having a
maximum water storage capacity of 370 Mm®’ (McKinney and Kenshimov, 2000). There is
approximately 0.80 Mm’/year return flow towards the Syr Darya from drainage flows from
irrigation, the majority of which runs into the Chushkakulskaya depression (Vyishpolskiy, 1999b).
The system has a potential Gross Command Area of 200,000 ha, although only 70,000 ha is
irrigated (Karajeh et al., 2000). Traditional crops include cotton, melons, vegetables, maize and
wheat, although cotton is the primary crop of the region. Pumped groundwater from seepage canal
water has always been used as an additional irrigation resource in some areas (Raskin et al., 1992),
but in reality, groundwater has only provided an increase in total water supply of between 15 to

20% (Vyishpolskiy, 1999a).

[rrigation is by furrow and water is supplied to farmers at fixed discharges over 24 hr periods.
Since the break-up of the Soviet Union the large collective farms have been privatized, with
individual farmers or conglomerates now owning land. Traditionally, field size in the ARTUR
system ranged between 15 to 50 ha. This has now become much smaller (between 0.2 to 20 ha),

with fields being sub-divided between farmers, families, and private companies.

The main irrigation canal is usually opened in mid-April for pre-irrigation and land soaking
activities and is closed in mid-August due to lack of water and to encourage cotton to mature in a
short season. The silts of the irrigation system lie above gravel and sandy deposits (Vyishpolskiy,
1999a), which have high hydraulic conductivities. Consequently, the opening of the canal results
in large amounts of seepage water entering the gravel aquifers. Combined with this, the majority
of the annual precipitation occurs in early spring, normally around March. Annual precipitation is
low at approximately 200 mm (Vyishpolskiy, 1999a) but coincides with increasing air
temperatures and subsequent snowmelt recharge to the rivers. The combination of these effects
causes a regional groundwater rise at the beginning of the agricultural season, with groundwater
rising up to 1.50 m from the soil surface in April, gradually declining throughout the season to less

than 3 to 3.50 m at the end of the season in October.

TACIS (1999) investigations showed that groundwater levels in the South of Kazakhstan rose at
the beginning of the agricultural season due to excessive rates of leaching and pre-irrigation, as
well as natural precipitation. Inefficient irrigation and poor lateral drainage also contribute to high
groundwater levels at the beginning of the agricultural season. Over 90% of drainage systems in
the middle reaches of the Syr Darya basin, where the ARTUR system lies, were found to have

groundwater higher than between 2.5 to 3 m.
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Where groundwater is less than 3 m from the soil surface upward flux has been considered to
contribute to crop evapotranspiration in South Kazakhstan (Dukhovny 1981; TACIS, 1995).
TACIS (1999) reported average upward flux rates for South Kazakhstan between June to
September 1997 of between 1.8 to 2.5 mm/d. These rates are comparable to published results
(e.g.: Van Hoorn and Van Alphen, 1994) for silty loam soil types where groundwater falls by 1 to
3 m over the irrigation season. No specific study of upward flux in the ARTUR irrigation system
had been conducted, although Kazakh Research Institute of Water Resource Management (1989)
suggested that, in silty loam soil types with groundwater between 1 to 3 m deep, upward flux could
contribute between 32 to 57% of total crop evapotranspiration (between 2 to 3.6 mm/d where

seasonal evapotranspiration was 900 mm).

Farmers in the system have recently experienced lower than average yields for all crops and
attribute this to a shortage of water. Vyishpolskiy (2000) considers that the current loss in
productivity is due to a recent 5 year dry period, with lower than average precipitation in the
spring. The reduced rainfall has coincided with milder winters, reducing snowfall on the Karatau
and Tien Shan mountain ranges, and hence the river flow vital to restore irrigation water in the
Bugun reservoir. Prior to Independence, collective farms in Kazakhstan were supplied with
different varieties of cotton every 3-4 years. This change in variety was combined with crop
rotation practices (traditionally cotton 40 to 45% of cultivated area; alfalfa 20 to 25%; grain 15 to
20%; melons/vegetables 0 to 15%; and corn 10%). This lack of crop rotation may also have

resulted in lower yields.

No reduction in yield has been attributed to salinity problems, although salinisation has reduced
agricultural productivity in other areas of Kazakhstan (Tanton and Heaven, 1999). However, the
soils have a high magnesium content in relation to the amount of calcium and hence are liable to
deflocullation, sealing the soil surface and greatly reducing the rate at which water infiltrates the
soil. Ongoing studies have shown that applications of gypsum improve soil quality, infiltration
rate and yield (Oster and Schroer, 1979). Figure 3.2A shows the ARTUR irrigation system on
17/06/00 (Day of Year, DOY - 169) with the Bugun reservoir clearly full of water. The white
covering on the surrounding land surface is salt which has been brought to the surface from the
shallow groundwater via upward flux. Figure 3.2B shows the same area on 04/08/00 (day 217)
with the Bugun reservoir clearly containing less water. The reservoir was closed on 01/08/00 (day
214) due to water shortage. Figure 3.2C is an image from 21/09/00 (day 265), which is near to the
end of the agricultural season. The Bugun reservoir is clearly empty and salt covering the land

surface has increased since day 169.
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3.3 Experimental Site Location and Data

Three field sites near the former collective farm village called ‘Star Ikan’ (43°12°N, 68°30’E, 208
m above sea level) were used in this study. Star Ikan village has an official irrigable area of 7,700
ha, yet this area is unofficially closer to 10,000 ha (Vyishpolskiy, 1999b). Figure 3.3 shows the
entire ARTUR system and the Star Ikan experimental fields. These fields were chosen as they
represented typical irrigated fields in the ARTUR system and were known to have shallow

groundwater for a significant part of the year.

3.3.1 Descriptionu of Experimental Fields
Figure 3.4 shows the three experimental sites chosen within two separate Fields ‘A’ and ‘B’.
Experimental field site A contained six lysimeters. Field B contained experimental sites ‘Field

B1’ and ‘Field B2’. Table 3.1 contains agronomic information for each site.

Table 3.1 Experimental Site Agronomic Details (Summer 2000)

Name of Experimental Site

Parameter Field A Field B1 Field B2
Location Field A Field B Field B
Total Field Size (ha) 26 18 18
Experimental Site Size (ha) 35 10 10
No. of Individual Farmer Plots per 6 2 2
Field
Crop Grown Cotton Cotton Cotton
Crop Variety C-47-27 C-47-27 C-47-27
Planting Date/DOY 23 May/144 24 May/145 24 May/145
Planting Density (plants/m”) 24.44 24.44 24.44
Irrigation Method Alternate Furrow | Alternate Furrow | Alternate Furrow
Average Field Slope Down 0.003 0.002 0.002
Furrow (m/m)
Soil Type* Silty Clay Silty Clay Silty Clay

Loam/Silty Clay | Loam/Silty Clay Loam/Silty Clay

Notes: *Classified using the standard Soil Survey Staff (1975) classification. The equi\'alent Soviet Kachinsky solil
classification categorised the soil type as a heavy to medium loam (TACIS, 1999).

Field A was divided between six farmers, with individual field blocks ranging from 2.5 to 8 ha.
Field B was divided between two farmers, one having 10 ha, the other § ha. Short season cotton

(Gossypium hirsutum L. var.*C-47-27") was grown on all experimental sites.
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3.3.2 Soil Characterisation Methodology

Soil samples (10 x 100g) were taken from 0-20 cm to 180-200 cm deep in 20 cm increments in
each field. Particle size distribution tests (Braun and Kruijne, 1994) were performed on the
samples. Soil dry bulk density was determined using gravimetric sampling (Hall et al., 1977) with
140 samples taken from Field A, and 50 samples taken from both experimental sites Field B1 and
Field B2. To determine the water holding capacity of the soil a standard pressure plate apparatus
was used, with field capacity assumed at 0.33 bar, and permanent wilting point as 15 bar (Skaggs
etal., 1980). Five samples were taken at 0.30, 0.60, 0.90, 1.20, and 1.50 m depths from each field.

Appendix A3 contains relevant field data.

Infiltration tests were performed using a single ring infiltrometer sited in a I m” area of soil. The 1
m?” area was surrounded by an earth ‘bund’ designed to contain water around the infiltrometer.
The infiltration ring and the soil within the bund were filled with water at the same time. This was
a standard procedure within the FSU (Danilchenko, 1978) and replicates a double-ring

infiltrometer test. Results are presented in Appendix A3.

Eighteen standard auger holes were fitted with a series of 3.4 m deep piezometers (Oosterbaan and

Nijland, 1994) for monitoring groundwater depth and water quality.

3.3.3 Soil Characteristics
Comprehensive moisture characteristic and particle size distribution results indicated that the soil
type in both fields were comparable, with similar water holding capacities and dry bulk densities.

Appendix A3 contains particle size distribution and dry bulk density data showing that the soil was

a silty clay loam/clay loam.

Results indicated that the soil type in both fields was comparable and uniform to 2 m depth, with
an average of 14% sand, 26% clay and 59% silt. Summarised results in Table 3.2 suggest a
possible compacted soil layer between 20 to 40 cm depth, indicating a potential plough pan and
possible rooting problems for crops. If the soil profile is very compact, roots are unable to
penetrate the soil and plant growth may be restricted, therefore yield will be reduced. Jordon
(1983) suggested that soil bulk densities greater than 1.5 g/cm3 are indicative of possible root

penetration problems.
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Table 3.2 Range of Soil Dry Bulk Density Values in Experimental Sites (g/cm3)

Depth (cm) Field A Field B1 1 Field B2
n 100 50 50
0-20 1.47to 1.59 - -
20-40 1.48 to 1.55 1.43 to 1.53 1.47 to 1.56
40-60 1.37t0 1.43 1.50 to 1.69 -
60-80 1.34 to 1.54 1.28to 1.54 1.41to 1.51
80-100 1.34 to 1.43 1.36to 1.52 -

Notes: n represents no. of samples. Figures in bold may indicate possible plough pan of compacted soil.

Soil samples taken from the field sites indicated that shallow horizons in the soil profile reached
density values of 1.69 g/cm’. This may have contributed to recent reductions in cotton yields. It
was not possible to determine whether compaction was due to agricultural practices or natural soil

properties.

Figure 3.5 shows three soil moisture characteristic curves for the experimental fields. The
standard error is shown for each curve. The average Total Available Water (TAW) in the soil was
estimated to be 203 mm/m, which confirms a silty clay loam/clay loam soil type based on
published water holding capacities (e.g.: Kabat and Beekma, 1994) and particle size distribution

results.

Appendix A3 contains the soil moisture characteristic curve for the lysimeters. Based on these
results the soil moisture characteristic curves were considered to be as accurate as possible, based
on field experimental conditions. However, it was recognised at an early stage that the use of a pF
curve can be critiscised due to the many uncertainties concerned. To help compensate for this care
was taken to extract the 75 undisturbed soil samples required for the development of an accurate

curve.

56



CHAPTER THREE

MATERIALS AND METHODS

pF

4.40

420 ]
4.00 S
3.80 4
3.60 +
3.40 A
3.20 4
3.00 4
2.80 -
2.60 4
2.40 4
2.20 A
2.00
1.80 +
1.60 -
1.40
1.20 4
1.00 -
0.80

0.40 -
0.20 4

0.00 +—— 4 T g T - r

0.00

—>—0.30m
—O—0.60m
—— 0.90m
—e—1.20m
—&—1.50m

0.10 Q.20 Q.30 0.40 0.50

Moisture Content 0 m%m?®

Sail Moisture Charactenstic Curve, Field A

0.80

pF

4.40 4

4.20 4 ¢

¢ Dt $——t
o ~—e—0.30m

4.00 -+ ——t
3.80 A

AN y 1
-\ “u\'—“ —0—0.60m

3.60 4
3.40 4
3.20 4
3.00 A
2.80 A
2.60
2.40 4
2.20 A
2.00 4
1.80 4
1.60 -
1.40
1.20 4
1.00 4
0.80 1
0.60
0.40
0.20

0.00 v T

Q.10 Q.15 0.20 Q.25 0.30 0.35 Q.40 0.45

Moisture Content § m¥m?®

Soil Moisture Characteristic Curve, Field B2

Q.50

pF

~——0.30m
—0—0.45m
—e—0.60m
—6—0.75m
—A&—0.90m

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
Moisture Content 6 m*m®

Soil Moisture Characlenstic Curve, Field B1

Figure

3.5 Soil Moisture Characteristic Curves for Experimental Fields

0.50

57



CHAPTER THREE MATERIALS AND METHODS

The surface 5 m of the soil horizon was stone free. Small stones and gravel were evident in the
soil starting at approximately 5 m deep. From 9 to 10 m pebble-gravel sediments are found with
sandstone in-fill to approximately 11 to 15 m depth. Lenses of sand of various thickness can be
found between 11 to 20 m (Vyishpolskiy, 1999a). In some areas pebble horizons are divided by
layers of clay, approximately 3 to 5 m thick. Deeper than 15 to 20 m the soil horizon is mainly
gravel and light sandstone, providing a large aquifer 15 m thick, increasing to 35 m in some parts

within the irrigation system (Vyishpolskiy, 1999a).

The steady state infiltration rate of the soil in both experimental fields was measured at 10 to 12
mm/hr. Appendix A3 contains example infiltration curves from Field A. Vyishpolskiy (1999a)
measured infiltration rates between 11 to 15 mm/hr nearby. The ploughing depth saturated

hydraulic conductivity (K) was calculated as 0.28 m/d, assuming infiltration was 12 mm/hr.

Average vertical saturated hydraulic conductivity (K) for Field A was 0.272 m/d (11 mm/hr
infiltration rate) and 0.337 m/d (14 mm/hr infiltration rate) for Field B. The average for both fields
was 0.305 m/d (12.7 mm/hr infiltration rate). Due to the lack of specific hydraulic conductivity
data for the soils found in the ARTUR irrigation system saturated hydraulic conductivity was

calculated using results from the auger hole tests performed in the field (Appendix A3).

Smedema and Rycroft (1983) give K values for a well structured clay loam between 0.5 to 2 m/d,
but for poorly structured clay loams between 0.002 to 0.2 m/d. Davis (1969) suggests that K is so
variable that rates between 0.1 to 1 m/d can be found in loamy soils. Smedema and Rycroft (1983)
warn that identical soils based on textural class may display very different values for K due to
differences in structure, especially in soils containing clay. Based on the results from the field, and
the similarity in measured K compared to calculated K based on measurement of the infiltration
rate, the average rate of 0.305 m/d was used throughout the study to represent vertical saturated

hydraulic conductivity.

3.4 Calculation of Unsaturated Hydraulic Conductivity
The empiricai method developed by Campbell (1974) was used to estimate the unsaturated
hydraulic conductivity at corresponding soil moisture suctions as the soil dried. The complete

method is:
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6 2643
KSA r T} =K
SAT

[3.1]
where:
K : unsaturated hydraulic conductivity (m/d)
Koyr saturated hydraulic conductivity (in/d)
b : intercept obtained from a least squares fit of a straight line (pF as a function of 8)
% : moisture content (m’*/m")
Gy : saturated moisture content (1n3/ m3)

The method has been successfully used by a number of researchers (Hagi-Bishow and Bonnell,
2000; Prathapar er al., 1992; Cardon and Letey, 1992; Wagenet and Hutson, 1989), and is
relatively easy to use where soil moisture characteristic data are available. The Campbell method
has been shown to agree well with direct laboratory measurements of hydraulic conductivity and

other calculation methods (e.g.: Bruce, 1972; Bradford and Letey, 1992).

This method to determine unsaturated hydraulic conductivity was used instead of direct field
methods, which are time consuming and restrictive due to the initial boundary conditions required
(such as the free drainage of an initially saturated profile). This method was also more suitable
than the laboratory approach, as facilities were limited and often unavailable on site, and problems
can arise in the taking of large, undisturbed soil samples which can affect the soil water flow

properties.

Campbell’s equation was preferred over other methods such as those adopting pedo-transfer
functions because of the simple application of the method using field data. Vereecken ef al.
(1992) stated that development and testing of methods which use pedo-transfer functions is far
from complete, and errors in the calculation of soil water flow were due to inaccuracies in the
pedo-transfer functions, rather than the soil moisture characteristic curve. As saturated hydraulic
conductivity was known from field experimentation the need to use predictive parameters to
estimate K was not required. One advantage of Campbell’s equation is that it can be used over the
entire soil moisture content range. It was anticipated that both very dry and very wet soil would be
present in the soil profile simultaneously due to the intense summer climate and high groundwater
experienced in the ARTUR irrigation system, and that Campbell’s equation would be best suited to

these conditions.

59



CHAPTER THREE MATERIALS AND METHODS

The above equation was used together with Darcy’s Law to determine upward flux. Identification
of the key ‘point” where unsaturated hydraulic conductivity declines in field soils is crucial when
estimating the rate and role of upward flux to crop survival, especially in areas which suffer from
periods of water shortage. This critical ‘cut-off” point for moisture flow is perhaps more important

than the identification of field capacity.

3.5 Agricultural Practices

During the 1999 agricultural season prior to the experimental year in 2000, Field A was left
fallow, and Field B had been planted with maize. Previous years both fields were planted with
cotton. During 2000 the experimental fields were ploughed in May to an approximate depth of 25-
30 cm. Following this, cultivation was performed and irrigation furrows prepared for pre-
irrigation. After pre-irrigation, furrows were prepared in both fields for irrigation and seed drilling
purposes. Seed drilling was conducted using a mechanical drill rear-mounted on a tractor. Seeds
were planted on the 23 May at a rate of 70 kg ha™ at a depth of 3 cm spaced at 22 plants per metre
run. The seed bed/furrow spacing was 0.9 m from centre to centre, giving a plant density of 24.44

2
per m’.

Shallow cultivation was performed before each irrigation using a tractor with a rear-mounted
harrow. After irrigation, cultivation was performed again to ‘mulch’ the soil surface and reduce
further surface capping. Soil capping was not a problem in Field A, but was severe at the end of
Field B close to the minor field drain. This was due to a low calcium to magnesium ratio (<1)
experienced in the field and poor field leveling at the end of the furrows. These combined
problems caused water to collect and flood. As the water infiltrated into the soil a hard surface
‘cap’ was left, resulting in poor cotton development. This is illustrated in Plate A3.1 in Appendix
A3. In both experimental fields regular cultivation practices could not be maintained due to lack
of availability of equipment and fuel during the height of the season, when all farmers growing
cotton required cultivation for weed control. The soil cap was the result of magnesium induced
instability. INCO-COPERNICUS (2002) found that soil water extracts, irrigation water, and
groundwater from the field site had an average pH between 8.1 to 8.4. This indicated the presence

of an alkaline soil.

No herbicides or pesticides were applied to the crop. Nitrate fertiliser was applied during
cultivation with two applications at a rate of 100 kg ha™ prior to the first and second irrigations for
both fields. Pre-Independence this rate ranged between 250 to 400 kg ha”'. Applying fertiliser
during cultivation allowed the fertiliser ‘granules’ to be placed 5 cm to the side of the cotton plants

in the seedbed.
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3.6 Irrigation System

Figure 3.4 indicates the position of the irrigation and drainage channels within the experimental
site area. A main concrete lined tertiary irrigation channel (channel R28) supplied Fields A and B.
This channel had a total command area of 250 ha; and a measured seasonal average discharge of
between 50 to 60 /s, and an average seasonal salinity of 0.50 dS/m (INCO-COPERNICUS, 2002).
Spiles (concrete pipes) buried in the banks of channel R28 were used to direct water into
temporary irrigation channels for distribution of water throughout the fields (Plate A3.2, Appendix

A3).

Both Fields A and B were pre-irrigated with a similar volume of water equivalent to 120 mm
depth, measured using a broad crested Ivanov weir. The discharge in furrows during irrigation
events was monitored using small 90° V-notch weirs. Larger 90° V-notch weirs were also used for
monitoring the main drain D3 discharge and run-off from Field A into this drain. After
Fan 43 £ 41 4 PR - | 4 s M N i 1 : M Tl +, P ©
instrumentation of the sites it was possible to monitor irrigation applications using ThetaProbes™,
as well as the weirs. The salt content of the irrigation water was measured using a portable

electrical conductivity meter.

A member of the village community called the ‘Brigadier’ controlled each main tertiary irrigation
channel in the system. The ‘Brigadier’ was responsible for the supply and timing of irrigation
water to the farmers based on personal experience and water availability. Water was allocated to
individual fields relative to their cropped area, based on a ‘hydromodule’ design value of 0.6 I/s/ha
to 1 I/s/ha, depending on water availability from the main irrigation canal approximately 12 km
away. The Brigadier told each farmer approximately one week before when water would be
available. Water was supplied to large fields such as Field A on a rotational basis (approximately

24 hr water availability per farmer).

During irrigation the Brigadier made no measurement of discharge. The system operated on a
supply, rather than demand led basis, with a system wide historical schedule of four irrigation’s for
maximum cotton production. In reality, this schedule had rarely been achieved in the last 12 years

due to corruption and illegal channel offtakes (Vyishpolskiy, 1999a).

3.7 Field Experimentation and Equipment Used
Field experiments were carried out between May to October during 2000. This section describes
the objectives of the field experiments and the equipment used in the fields, including calibration

procedures.
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3.7.1 Climate Monitoring

Figure 3.6 shows the location of the instruments that were used at each experimental site. To
calculate crop water requirements climatic variables were measured using an automatic climate
station. Data was logged with a time resolution of 60 minutes between DOY 150 and DOY 286
(136 day period). The monitoring system included a portable PC and a 60 channel DL2e Logger
using a LACI Input card, powered by an external 12V battery. Mukhamedzhanov and Dalton

(2001) further describe the equipment used.

Figure 3.6 shows the location of the automatic climate station. The proximity of the experimental
fields, similar soil types, groundwater levels and crop ages cancelled the need for further
meteorological instrumentation in the other research field. The following climatic parameters

were recorded using the climate station:
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Table 3.3 Climatic Variables and Automatic Logging Frequency, Field A

Parameter Unit Sensor Type Sensor Code Frequency (mins)
air temperature* °C Thermistor T™1 60
air humidity* % Capacitance Sensor RH1 60
windspeed* m/s Anemometer ANI1 60
rainfall mm Tipping Bucket RGI 60
solar radiation MJI/m® | Blue Enhanced Silicone ESR 60
Photodiode Sensor
soil temperature” °C Thermistor ™1 60

Notes: * Measured at 2 m above the soil surface, * soil temperature measured between 25-35 cm only. Automatic
climate station provided by Delta-T Devices, Cambridge, UK. Appendix A3 contains Plates showing the equipment
used.

Rainfall for the entire season was recorded as 12 mm and therefore ignored in this study due to the

minimal impact on soil moisture.

3.7.2 Soil Moisture Monitoring

Soil moisture was monitored using four different types of equipment; ThetaProbes®,
Equitensiometers®, Water Filled Pressure Transducer Tensiometers and Hg tensiometers. These
are all briefly described below. Plates in Appendix A3 show some of the equipment used,
including meteorological equipment. Prior to these experiments ThetaProbes® and

Equitensiometers® had not been used in Kazakhstan.

ThetaProbes®
The ThetaProbe® determines volumetric moisture content by responding to changes in the
dielectric constant. These changes are converted into a DC voltage, proportional to the moisture

content of the soil and stored in a data logger, after calibration to moisture content (Delta-T, 1998).

Twenty ThetaProbe® sensors (types ML1 and ML2) were installed at each of the three
experimental sites. Wooden boards were placed over the area of soil where soil moisture
monitoring equipment was to be inserted to avoid excessive soil compaction. The ThetaProbes®
were inserted in the soil ridge per ‘row’, in line with the direction of the cotton plants, at an angle
of 30° from horizontal into the soil, at different incremental depths. Vertical placement of the
probes was avoided to decrease the possibility of preferential flow of moisture down the probes

auger holes.
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Five cm diameter augered holes were manually prepared, and a suspension of soil from the profile
and quartz powder was poured into the augered hole immediately prior to ThetaProbe® insertion to
ensure a firm connection. The insertion hole was back-filled with Bentonite clay to prevent
preferential flow of water directly entering the soil profile at ThetaProbe® depth during irrigation

events. Readings from the ThetaProbes® were logged with a time resolution of 60 minutes.

Equitensiometers®

Equitensiometers® (type EQ2) are ThetaProbes® embedded in a uniform ceramic matric material,
which forms a hydraulic connection with the soil water. Moisture within the matric material is
measured by the ThetaProbe® and converted to a suction measurement using a specific probe
calibration. This allows monitoring of soil suction measurements up to 15 bar negative pressure.
Five saturated Equitensiometers® were inserted using an identical procedure to the ThetaProbes®.
Due to high soil moisture content in much of the soil profile, close to or at saturation at depth, and
problems with the nature of the calibration of the Equitensiometers® at high moisture contents (at
the manufacturing stage), limited readings were available and data from Equitensiometers© were

not used in this study.

Water Filled Pressure Transducer Tensiometers

Permanent installations of tensiometers throughout the entire experimental period were preferred
to more portable soil moisture suction measuring equipment. Strebel et al. (1973) showed how
permanent tensiometers react quicker to changes in soil moisture suction, especially at higher
conductivity values close to the groundwater. Direct suction measurement is also more accurate
when accounting for the effects of hysteresis. Automatic pressure transducer tensiometers (type
SWT3, Delta-T Devices) were used due to their simplicity and the ability to connect them to the

DL2e data logger.

A pit was manually excavated approximately 70 cm deep and 50 cm wide in an un-irrigated
furrow, close to the cotton seed bed. A 2.5 cm diameter soil auger was used to prepare insertion
holes 20 cm deep and 30° from the horizontal. Tensiometers were inserted into the holes and fixed
in position using a soil, irrigation water, and quartz powder suspension. Figure 3.6 shows the
placement of the equipment in the experimental fields. Once all the tensiometers were in position
and connected to the data logger the pit was carefully backfilled and sealed at the soil surface with
Bentonite clay to prevent preferential flow of irrigation water. The tensiometers were connected to

a DL2e data logger and readings were taken every 60 minutes.
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Table 3.4 contains equipment insertion details for the ThetaProbes® and Equitensiometers®.
Tables in Appendix A3 contain insertion details and the number of days measurement for water

filled pressure transducer tensiometers.

Table 3.4 Equipment Insertion Details

Equipment Field No. of No. of Days Insertion Depths (m)
Arrays Measurement
ThetaProbes® A 2 137 0.30, 0.60, 0.90, 1.20, 1.50
Bl 1 104* 0.30, 0.45, 0.60, 0.75, 0.90
B2 1 135 0.30, 0.60, 0.90, 1.20, 1.50
Equitensiometers© B2 1 136 0.30, 0.60, 0.90, 1.20, 1.50

Notes: * The shorter measuring period for this site was due to equipment supply problems. Shallower root depths later
in the season at one site resulted in the ThetaProbes® being inserted at shallower depths, to a maximum of 90 cm.

Hg Tensiometers
Laboratory constructed Hg tensiometers were used to monitor soil moisture suction in one of the

experimental fields and in the lysimeters. Their design was based on the original manometer

design by Richards (1949).

3.7.3 Groundwater Monitoring

Piezometric head was measured using six piezometers (P1 to P6), indicated on Figure 3.4. The
piezometers were 3.4 m long, with a diameter of 84 mm, constructed from steel with a tapered end
to ease insertion into the soil. The lower 80 cm of each piezometer was perforated with holes
approximately 45 mm in diameter, located every 20 mm around the circumference of the

piezometer in 30 mm incremental depths.

The piezometers were inserted into the soil in the cotton seed row by manually augering holes
approximately 3 m deep using a hand operated auger. The diameter of the holes was
approximately 5 mm wider than the piezometers. A small amount of gravel (2 to 75 mm diameter)
was dropped into the bottom of the hole prior to insertion of the piezometers. The surface 0.5 m of
soil was excavated to a radius of between 0.2 to 0.3 m around the piezometer. This excavated area
was backfilled with a mixture of the excavated soil and bentonite to prevent preferential flow
down the piezometer during irrigation events. Depth to groundwater was measured approximately
every 2 to 3 days, and was adjusted to soil surface level. The water level in the piezometer was
measured using a mechanical sounder, which consisted of a small steel tube closed at the upper

end and attached to a calibrated measuring tape. When lowered into the pipe, the sounder made a
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characteristic sound when hitting the water and the depth to groundwater was read from the

measuring tape.

3.7.4 Equipment Calibration

All climatic equipment was supplied calibrated by the manufacturers, and the appropriate

calibration factors were entered into the DL2e data logger.

Calibration of ThetaProbes®

Calibration of the ThetaProbes® was performed at the end of the season when they were manually
removed from the soil. The calibration calculations and results are presented in Appendix A3.
The calibration was found to be approximately 1. This indicated that the ThetaProbes® were

reading direct moisture content for the experimental site soil type.

The ThetaProbes® were connected to a DL2e Datalogger with a logging frequency of 60 mins. A
generalized linear calibration curve provided by the manufacturer was used to convert voltage
readings to m’/m’ moisture. The logger calculated the ThetaProbe® reading (m'/m’) by
interpolating between data points. Soil specific calibration enabled the ThetaProbes® to be
accurately calibrated using both linear and polynomial calibrations recommended by the
manufacturers, together with gravimetric sampling. Chanzy et al. (1998) suggest that linear

calibration is generally suitable where more than one probe is used to monitor soil moisture.

3.8 Instrumentation of Experimental Sites
To avoid excessive soil compaction when inserting climatic, soil moisture measuring equipment,

and the lysimeters, wooden boards were placed around the area of soil where the equipment was to

be inserted.

3.8.1 Climatic Equipment

The climate station was sited 180 m inside Field A. The location is indicated on Figure 3.4. Due
to cultivation practices the pole that the climatic equipment was attached to was placed in the
centre of a cotton seed bed. Appendix A3 contains detailed information on the insertion and

setting up of the equipment at the research sites.
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3.8.2 Lysimeter Design
Lysimeters were used so that controlled conditions could be maintained for a growing cotton crop

and the rate of capillary rise determined from specific groundwater depths.

Six lysimeters were each designed with a water table water level control system at their base.
Internal and external piezometers for groundwater monitoring were inserted, and the soil columns
were instrumented with manometer tensiometers at key depths. Lysimeters had a diameter of 0.60
m and depths of 1.5, 2.0, and 2.5 meters, enabling the water table to be maintained at 1, 1.5, and 2
metres respectively, All depths had two replicates. The lysimeters were used for weekly and
fortnightly calculations of the crop water balance and evapotranspiration; two lysimeters were able
to maintain a groundwater to soil surface depth of 1 m, two at 1.5 m, and two at 2 m. Columns of

soil ranged from 0.4 to 0.7 m”.

Figure 3.6 shows the design of the lysimeters. Each lysimeter was designed as two separate
sections; the soil monolith and a drainage section. The soil monolith section was an open ended
steel tube. At pre-determined depths holes were made in the tube walls for the later insertion of
tensiometers and their connection to Hg manometers. The water table control system c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>