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Course description

This course covers the following topics: Definition and objectives of irrigation, the need for irrigation, when to use irrigation, the potential and status of irrigation development in Ethiopia; Soil-water-plant relations; Principles of CWR (Crop Water Requirement) and irrigation water need, determination of crop water need, determination of effective rainfall, calculation of irrigation water requirement; Determination of irrigation scheduling, irrigation scheduling using CROPWAT 8 software, irrigation scheduling using simple practical method; Yield response to deficit irrigation, yield response to salinity, irrigation water quality indicators.
Course aims
The course of Irrigation Agronomy provides students with a comprehensive introduction to the climatic, crop, soil and environmental aspects that determine the water balance of a cultivated field and the calculation of the crop water and irrigation water requirement at field and scheme level. It will also introduce the yield response of crops to various levels of water stress and salinity. During practical sessions the students receive training in the use of software packages that are helpful for the processing of climatic data, the simulation of a soil water and salt balance and the design of irrigation schedules.
Learning outcomes

At the end of this topic, the students will be able to:

· Describe the multiple objectives of irrigation, its role in agricultural production;

· Explain the present status (including traditional) of irrigation in Ethiopia and future constraints and opportunities for development;

· Describe the basic knowledge of soil-water-plant relationships for high yield production;
· Describe the concepts of crop and irrigation water requirement, and compute the amount of crop and irrigation water need by specific crop at certain condition;
· Explain the concept and importance of irrigation scheduling, and determine the irrigation scheduling (Irrigation depth and interval) of various crops;
· Explain the effects of water quantity and quality on crop yield;

· Describe the concept and importance of deficit irrigation under water scarce condition;

· Manage an irrigation system by integrating the disciplines of soils and agronomy.
Instruction methodology
The instructional methodology will follow the Tell me, Show me and Let me try it approach:
· Tell me

· Lectures on concepts, principles, practices and approaches of irrigation agronomy.

· Show me

· Demonstration of  the theoretical concepts using facts and figures, exercises, computer software packages, case studies, instructional videos, maps, etc;

· Field excursion and discussion.

· Let me try it

The students will be given the opportunity to apply the knowledge and skill they acquired from the tell me and show me sessions through:
· Assignments;

· Groupworks;

· Projects and case studies;

· Report writing and presentations.
Course outline
1. Introduction

1.1. Definition and objectives of irrigation
1.2. The need for irrigation
1.3. When to use irrigation
1.4. The potential and status of irrigation development in Ethiopia

2. Soil-water-plant relations

2.1 Introduction

2.2 Plant-Water-Atmosphere
2.2.1 Evapotranspiration
2.2.2 Crop evapotranspiration 
2.3 Plant-Water-Soil
2.3.1 Soil properties affecting water flow in the soil
2.3.2 Soil water potential
3. Estimating water requirements of crops

3.1 Principles of CWR (Crop Water Requirement) and irrigation water need
3.1.1 Crop water need
3.1.2 Effective rainfall
3.2 Determination of irrigation water need
3.2.1 Determination of crop water need
3.2.2 Determination of effective rainfall
3.2.3 Calculation of irrigation water requirement
4. Irrigation scheduling

4.1 Introduction

4.2 Determination of irrigation scheduling
4.2.1 Amount of water to be applied during one irrigation
4.2.2 Irrigation interval and delivery time

4.3 Irrigation scheduling using CROPWAT 8 software
4.3.1 Introduction
4.3.2 Calculation of potential evapotranspiration
4.3.3 Determination of crop and irrigation water requirement
4.3.4 Irrigation scheduling using CROPWAT 8 software

4.4  Irrigation scheduling using simple practical method
4.4.1 Introduction

4.4.2 The depth of irrigation water to be applied during one irrigation
4.4.3 The net irrigation water need over the total growing season
4.4.4 The number of irrigation applications over the total growing season
4.4.5 The irrigation interval
4.4.6 Adjusting the irrigation schedule to peak period

5. Yield response to water stress and salinity

5.1 Introduction
5.2 Yield response to deficit irrigation
5.2.1 Maximum yield (Ym)
5.2.2 Crop water requirements (ETm)
5.2.3 Crop water deficit (ETa)
5.2.4 Actual yield (Ya)
5.2.5 Relationship between Ym, Ya, ETm, and ETa
5.2.6 Water use efficiency
5.3 Yield response to salinity
5.4 Irrigation water quality indicators
5.4.1 Salinity hazards
5.4.2 Sodicity hazards
5.4.3 Residual sodium carbonate hazards
5.4.4 Boron hazards

Assessment
The assessments will be based on the evaluation of the level of knowledge, skill and competence acquired by the students from the Tell me, Show me and Let me try it process.
	No 
	Assessment criteria 
	Weight (%) 

	1 
	Continuous assessment (Assignments, quizzes)
	20 

	2 
	Report writing and presentations (Field excursion, groupwork, project and case studies)
	30 

	3 
	Final exam 
	50 


Course evaluation
The course will be evaluated by students in two stages:

· Formative evaluation at the end of each topic;

· Summative evaluation at the end of the course.
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1 Introduction

Topic introduction

This topic is aimed at introducing the definition and objectives of irrigation and its role in national and global food security. Students should become aware that irrigated agriculture is not only, or merely, a large user of water in a basin, but also an essential water use sector that plays a crucial role in attaining (national and global) food security and agricultural productivity. Through a brief historical overview of irrigation development in Ethiopia, students are made aware of the importance of irrigation in the agricultural productivity of Ethiopia and as well as the major constraints of irrigation development.

Learning outcomes
At the end of this topic, the students will be able to:

· Describe the multiple objectives of irrigation;

· Describe the role of irrigation in agricultural production;

· Explain the conditions that require irrigation;

· Explain the present status (including traditional) of irrigation in Ethiopia and future constraints and opportunities for development.
1.1 Definition and objectives of irrigation
Irrigation is defined as the artificial application of water (on supplementary or complementary basis) to the soil for the purpose of supplying the moisture essential for plant growth. However, a broader and more inclusive definition is that irrigation is the application of water to the soil for any number of the following purposes.
· To add water to the soil so as to supply the moisture essential for plant growth;

· To cool the soil and atmosphere thereby making more favorable environment for plant growth;

· To reduce the hazard of frost;

· To wash out or dilute salts in the soil.

The major objectives of an irrigation system are to deliver the right amount of water, at the right time, to the right place, equitably, reliably and without any losses. An irrigation system consists of (Figure 1.1):

· The irrigation network including drains and roads;

· Command area;

· The organization (people) in charge of the management; and

· Rules for operation and maintenance.
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Figure 1.1 typical surface irrigation scheme

Irrigation network: the physical part of the irrigation system and includes all the structural components required for the acquisition, conveyance, regulation and division, measurement, distribution and application of the irrigation water (from the headwork to the farm plots).
Drainage network: a complementary component at any level of an irrigation system and removes the excess water from the command area.

The irrigation network generally consists of:

· Conveyance network: Primary (main) and secondary (branch) canals

· Distribution system: Distributary (tertiary), quaternary and farm channels

· Field application methods

1.2 The need for irrigation

The yield from an agricultural land depends on several factors but the most important factor is that the crops should get adequate water at various stages of the growth. 
The natural supply of water to the agricultural land for the production of crop is through rainfall. Thus, if the normal rainfall at any place is adequate to meet the total water requirement of the crops grown and the time interval of the rainfall is such that the water is available whenever the plants need it, then irrigation is not required. Such ideal conditions, however, exist only for some small regions of the world. Crop production in most parts of our world is not possible without the help of irrigation.
Moreover, the world’s population increases by 80 – 85 million every year at a growth rate of 1.2%. The world population was about 6.892 billion in 2010 and is estimated to reach 8.108 billion in 2025. The population growth is more alarming in the developing countries (1.4% - 2.3%) than the industrialized nations (0.2%). As a result, the population of some developing countries including Ethiopia is expected to double in the coming 15 years. The main challenge in this regard remains how to double the global food production in general and in Africa in particular in the coming 15 years. 
If not the only, irrigation development is the primary means for realizing a sustainable agricultural production under such circumstances. The following facts and implications support this idea.

Facts:

· Total cultivated area (rainfed and irrigated) worldwide is about 1,400 million ha;

· Irrigated area is about 220 million ha (16% of the total cultivated area);

· However, irrigated land supplies 40% of the world’s food production.

Implications:

· The ability to produce more food through:

· Extending the area under irrigation;
· Improving the irrigation systems.
Irrigation development is more critical in areas where precipitation is not sufficient to meet the crop water demand. One such example is the arid and semi-arid areas of Africa, where the marginal and erratic rainfall renders rainfed agriculture unreliable. Under such circumstances, irrigated agriculture may:

· Provide a degree of self-sufficiency on food, or at least aid in ensuring national food security (FAO has recorded a yield increase of 100 to 400% in dryland developing countries through irrigation);

· Raise the rural population’s living standard;

· Create employment opportunities;

· Reduce urbanization pressure.

However, irrigation development could only meet its objective if it is properly designed, constructed, managed and maintained. Otherwise, it could result in adverse effects. In many irrigation projects in arid and semi-arid areas, crop yields are reduced and even land is abandoned due to environmental hazards such as waterlogging, salinity, erosion and sedimentation of reservoirs.

1.3 When to use irrigation

Irrigation is required under the following situations:

Inadequate rainfall

When the rainfall at a place is inadequate to meet the crop water requirement, then it would be necessary to use irrigation. 

Uneven distribution of rainfall

The total rainfall in a region might be adequate but unevenly distributed over time and space. Irrigation would be required if the temporal and/or spatial distribution of rainfall is not reliable.

Growing number of crops over a year

The rainfall in a region may be sufficient to grow only one crop in a year.  Growth of more number of crops would be possible only through irrigation.

1.4 The potential and status of irrigation development in Ethiopia
Ethiopia’s population is now surpassing 80 million and is the second populous country in Africa next to Nigeria. Most of the population in Ethiopia lives in highland area, with 85% being rural and dependent on agriculture with a low level of productivity. The population pressure in highland areas led to an expansion of agricultural land to marginal areas. Production growth (which is not equal to the population growth) in the long term mainly comes from extensification of agricultural land and little is done in terms of intensification through improved water control. 

Ethiopia has 12 river basins with an annual runoff volume of 122 billion m3 of water and an estimated 2.6 - 6.5 billion m3 of groundwater potential, which makes an average of 1575 m3 of physically available water per person per year, a relatively large volume. However this value is expected to lower with population growth and lead to a physically water scarce country by 2020 as Figure 1.2 shows. In addition, due to lack of water storage infrastructure and large spatial and temporal variations in rainfall, there is not enough water for most farmers to produce more than one crop per year.

Frequent dry spells and droughts exacerbate the incidence of crop failure and hence food insecurity and poverty. Given the amount of water available, even while passing through the semi-arid, arid, and desert areas, it is evident that the promotion of water development technologies, especially irrigation, at both small and large-scales, can provide an opportunity to improve the productivity of land and labour and increase production volumes. To utilize the advantages of irrigation development, the country is increasingly investing in this sector and needs an integrated and sustainable approach in place.
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               Figure 1.2 Per capita water availability of Ethiopia

Though agriculture is the dominant sector, most of Ethiopia’s cultivated land is under rainfed agriculture. Due to lack of water storage and large spatial and temporal variations in rainfall, there is not enough water for most farmers to produce more than one crop per year and hence there are frequent crop failures due to dry spells and droughts which have resulted in a chronic food shortage currently facing the country.

Irrigation is practiced in Ethiopia since ancient times producing subsistence food crops. However, modern irrigation systems were started in the 1960s with the objective of producing industrial crops in Awash Valley. Private concessionaires who operated farms for growing commercial crops such as cotton, sugarcane and horticultural crops started the first formal irrigation schemes in the late 1950s in the upper and lower Awash Valley. In the 1960s, irrigated agriculture was expanded in all parts of the Awash Valley and in the Lower Rift Valley. The Awash Valley saw the biggest expansion in view of the water regulation afforded by the construction of the Koka dam and reservoir that regulated flows with benefits of flood control, hydropower and assured irrigation water supply.
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Figure 1.3 Existing Irrigation Schemes overlaid on the Basin Map.

It is expected that through an optimal development of water resources, in conjunction with development of land and human resources, a sustainable growth of food production can be achieved. Since the mid-1980s, Ethiopia has responded to drought and famine through promoting and construction of irrigation infrastructure aimed at increasing agriculture production. These are traditional, small, medium and large-scale irrigation schemes performing at different levels. Irrigation development has positive socio-economic and some negative environmental impacts. Formally accounted overall irrigation development is estimated at some 5 – 6 present of the developable potential of 3.7 million ha.

The irrigation area in year 2002 was 197,000 hectares with a coverage distribution of 38%, 20%, 4% and 38% in traditional, modern communal, modern private and public schemes respectively (MoWR 2002). The revised figure puts the total irrigated area at about 250,000 hectares (Awulachew et al. 2005). This number gives a per capita irrigated area of about 30 m2. This value is very small compared to 450 m2 globally. The targeted growth expansion (according to the 2001 Water Sector Development Plan), is also not significant and not expected to bring a significant change and the much-needed economic growth. Considering the population growth and the targeted development of the 2002 water sector development strategy, the per capita irrigated area only reaches 45 m2 per head by the year 2015 and does not move the sector significantly. Therefore, given extreme meteorological and hydrological variability in Ethiopia, it is important that significant attention be given to enhance better water control, use and management of the water resources for agricultural production through irrigated agriculture. Corollary to this, the revised strategy, according to Plan for Accelerated and Sustained Development to End Poverty (PASDEP) (MOFED 2006), puts the large and medium-scale irrigation growth by year 2010 at an additional 493,000 hectares, which is an improved plan on previous strategy.
Accordingly, it is desirable that all major river basins in Ethiopia have an integrated development master plan study, and their potential in terms of economic development be known. The salient features of the water resources development potential of all the river basins are shown in Table 1.1.
   Table 1.1 Irrigation and hydropower potential of river basins
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Irrigation is one means by which agricultural production can be increased to meet the growing demands in Ethiopia. A study also indicated that one of the best alternatives to consider for reliable and sustainable food security development is expanding irrigation development on various scales, through river diversion, constructing micro dams, water harvesting structures, etc. (Robel 2005).

Although the number of large- and medium-scale irrigation projects has remained stagnant in the last decade, in the new water sector development program, these types of irrigation schemes are considered important. Figure 1.4 provides information on the targeted development of irrigation schemes in Ethiopia. These developments are considered important as they are associated with useful infrastructure development, job creation opportunities, and contribute to agricultural growth and the macro economy.
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Figure 1.4 Irrigation Development Targets (data based on MoWR, 2002). (Note: grand is the existing and planned total to be achieved by 2016).

ASSIGNMENTS
1. Summarize the core messages of this unit in one page (max) and present it in class in 15 minutes.

2. What is water scarcity? What are the different schools and categories of water scarcity?

3. Based on the commonly agreed categories of water scarcity, is Ethiopia:

·  Not water scarce?

· Water scarce?

· Severely water scarce?

Taking into account the present total population, total water consumption and available water resources.

2 Soil-Water-Plant Relations

Topic introduction

This topic provides a narrow and specific focus on the physical relations of plant-water-soil, which students should be able to understand and work with. The PWSA-framework (Plant-Water-Soil-Atmosphere) and concepts form a basic knowledge framework students need to be able to master, in order to understand and analyze crop water requirements, irrigation water requirements, irrigation scheduling and crop yield responses to water. 

Learning outcomes
At the end of this topic, the students will be able to:

· Describe plant water soil atmosphere relationship;
· Explain role of water and soil in plant growth;
· Determine water balance components using relevant applied approaches to estimate them.
2.1 Introduction

The plant-soil-atmosphere continuum is the pathway of moving water from soil through plant to the atmosphere. About 99% of all the water that enters the roots leaves the plant’s leaves via the stomata without taking part in metabolism. 
“The main objective of studying soil, plant and atmosphere relationship with water is to be able to use water more efficiently in the production of crops than before” (Gupta, 2007).

Water is redistributed in the soil-plant-atmosphere continuum through incoming precipitation (rain, snow, hail) (P) and may be irrigation (I). Then some water runoff the field (R), some water add to the soil water content and be stored (S), some water drains through the soil and enter the water table as subsurface drainage (D), some water is evaporated from the surface of leaves (T) and soil surface (E).

The water balance can be simplified as follows:

P+I= R+S+D+E+T

It can be described diagrammatically as follows:
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Inflow - Outflow = Change in storage

(P+I) – (T+E+R+D) = ±ΔS

The determinations of the components related to the atmosphere and soil are presented in the subsequent topics.

2.2 Plant-Water-Atmosphere

Water moves in the soil-plant-atmosphere continuum in response to differences in the potential energy of water in the system that is from an area of relatively high-water potential to an area of relatively low water potential. The differences in potential between soil, root, stem, leaf, and atmosphere triggers water movement through a plant. Under normal conditions, the water potential in soil is higher than that in root saps or fluids. Typical moist soil might have a water potential of about -0.3 to -1.0 bar, root tissue about -4.0 bar, stem about  -7.0 bar, leaf about -10.0 to -12.0 bar, and typical dry atmosphere about -400 to -600 bar. These differences in water potential (and hence potential gradient) are the driving force for causing the water movement.
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Figure 2.1 Water movement in soil–plant–atmosphere continuum

Transpiration (vaporization of liquid water contained in plant tissues and removal to the atmosphere through plant stomata) causes a lower water potential in the plant shoot and root system than in the bulk soil; consequently, soil water moves into the root system along this potential gradient. Water first enters the root system through semi-permeable membrane of epidermal cells in contact with the moist soil, then in turn through cortical cells, the endodermis, pericycle cells & finally to the xylem that transports the water to the aerial plant parts. The main effect of soluble salts on plants is osmotic with high salt levels making it difficult for the plant to obtain enough water from the soil solution to meet transpiration demand as the semi permeable membrane doesn't allow entrance of most of the salts.

The intensity of root development and physical contact between the root and soil are important physical considerations. When the upper part of the root zone becomes comparatively dry and water is available in the lower zone, the uptake of water per unit volume of soil has been observed to be proportional to the rooting density. Thus, the distribution of roots that varies with crop species and soil physical properties becomes an important management concern.

The absorption of water by plants and its subsequent translocation to their leaves don’t consume any metabolic energy. It is simply a passive process. The movement of water across the roots takes place by mass flow, which is movement of column of water molecules due to cohesive force while the driving force is the water potential gradient between the source (soil, with higher potential ) and the sink (root(leave(atmosphere, with lower potential). Absorption, movement and translocation of water in plants is triggered by transpiration, which is the process initiated by the leaf end of the plant (Gupta, 2007). 

Extraction of water is most rapid in the zone of greatest root concentration and under the most favorable conditions of temperature and aeration. As plant roots absorb water from soil, the surrounding of the roots slowly become dry and consequently the water move from neighbouring moist soil to the less moist or dried soil following the matric potential gradient.

Roots are able to grow away from the dry soil towards the wet soil due their hydrotropic nature (a hydrosensing mechanism is situated in their root caps). However, root extension is rapid in wet soils with FC (Field Capacity). Besides, proper fertilizer applications, breaking of hard pans can favour root extension to access more volume of moist soil during moisture stress (Gupta, 2007).
2.2.1 Evapotranspiration
Evaporation and Transpiration are components of the water balance mainly influenced by the atmosphere, where Evaporation is a process of water conversion from liquid to vapor form and moves into the atmosphere from soil, water, or plant surfaces and Transpiration, according to Gupta (2007), is lose of water absorbed by plants from their entire effective root zone. Evaporation and Transpiration occur simultaneously and it is not easy to separate these two processes. Thus, both evaporation and transpiration are summed up and considered as Evapotranspiration (abbreviated as “ET”). At the beginning of the crop growth stage Evaporation from the soil surface is the dominant process and decreases as the crop develops and the crop canopy shades more of the ground area. Transpiration rather becomes the main process as the plant growth progresses. 

2.2.1.1 Factors affecting evapotranspiration

The factors that influence evaporation and transpiration are:

1) Weather parameters

2) Crop factors

3) Management and environmental conditions

a) Weather parameters

Weather parameters including radiation, air temperature, humidity and wind speed affect evapotranspiration. 

Reference Evapotranspiration 

Reference evapotranspiration, interchangeably used with Potential evapotranspiration, is abbreviated as ETo and defined as “the rate of evapotranspiration from an extensive surface of 8-15 cm tall, green grass cover of uniform height, actively growing, completely shading the ground and not short of water” (FAO, 1992). ETo is expressed in mm/day.

The monthly trend of ETo in a year helps to select suitable crop season from proper water management point of view provided that other agronomic conditions are suitable, too. 

b) Crop factors

In order to assess evapotranspiration from crops grown in large, well-managed fields, the crop type, variety and development stage need to be considered. Because differences in resistance to transpiration, crop height, crop roughness, reflection, ground cover and crop rooting characteristics result in different ET levels in different types of crops under identical environmental conditions. 

c) Management and Environmental conditions

Management factors including soil salinity, poor land fertility, limited application of fertilizers, the presence of hard or impenetrable soil horizons, the absence of control of diseases and pests and poor soil management may limit the crop development and reduce the evapotranspiration. Besides, ground cover, plant density and the soil water content need to be considered. The effect of soil water content on ET is conditioned primarily by the magnitude of the water deficit and the type of soil. 

Cultivation practices and the type of irrigation method can alter the microclimate, affect the crop characteristics or affect the wetting of the soil and crop surface: 

· A windbreak reduces wind velocities and decreases the ET rate of the field directly beyond the barrier. The effect can be significant especially in windy, warm and dry conditions although evapotranspiration from the trees themselves may offset any reduction in the field. 

· Soil evaporation in widely spaced young trees can be reduced by using a well-designed drip irrigation system. The drippers apply water directly to the soil near trees, thereby leaving the major part of the soil surface dry, and limiting the evaporation losses. 

· The use of mulches, especially when the crop is small, is another way of substantially reducing soil evaporation. Anti-transpirants, such as stomata-closing, film-forming or reflecting material, reduce the water losses from the crop and hence the transpiration rate. (FAO, 1998).

2.2.1.2 Methods to calculate reference crop evaporation

The following are among the methods used to compute reference crop evapotranspiration (ETo). There are various determination methods and the choice depends on: 

· availability of the required climate data and 

· accuracy needed.
      Table 2.1 Methods to calculate reference crop evaporation (FAO, 1992)
	No
	Method
	Climatic data requirement
	Accuracy

	1
	Blanney- Criddle method

ETo=c{p(0.46T+p)}
	Temperature
	±25%

	2
	Radiation method

ETo=c(W*Rs)
	Temperature

Solar radiation
	±20%

	3
	Penman method

ETo= c{W.Rn+(1-W)*f(u)*(ea-ed)}


	Temperature Humidity 

Wind speed Sunshine duration or radiation
	±10%

	4
	Pan evaporation method

ETo= Epan x kp


	Radiation

Wind speed

Temperature 

Humidity
	±15%

	5
	FAO Penman Monteith method/ FAO Software
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2.2.2 Crop evapotransiration

Crop Evapotranspiration (ETc) is “the depth of water needed to meet the water loss through evapotranspiration of a disease free crop growing in large fields under non restricting soil conditions including soil water and fertility and achieving full production potential under the given growing environment” ( FAO, 1992).
After computing reference evapotranspiration, the next step is to determine the effect of the crop characteristics on crop water requirement (ETc). And the effect is expressed by crop coefficient (Kc). The values of Kc vary with crop and its growth stage.

The procedures of calculating ETc consist of:

· Determining the effect of the climate on the crop water requirement (ETo) and 

· Calculating the effect of the crop characteristics on ETc

Thus, crop water requirement is formulated as (FAO, 1986):

ETc= Kc x ETo

where

ETc  
Actual crop evapotranspiration rate

ETo
Evapotranspiration rate for a reference crop

Kc 
Crop coefficient tabulated for various crops 

The Kc values relates to evapotranspiration of a disease free crop grown in large fields under optimum soil water and fertility conditions and achieving full production potential under the growing environment (FAO, 1992).

The crop coefficient (or "crop factor ") varies according to the growth stage of the crop. Four stages of cop development can be distinguished in determining Kc (FAO 1986): 

1) Initial stage (IS). This first stage of a crop growth includes germination and early growth when the soil surface isn't or is hardly covered by the crop (groundcover<10%). At the seedling stage, transpiration is not active enough to induce conditions for adequate absorption of soil moisture.

2) Crop development stage (CD). The crop development stage extends from the end of IS to attainment of effective full groundcover (groundcover= 70-80%).

3) Mid-season stage (MS). The mid-season stage extends from attainment of effective full groundcover to time of flowering, grain setting and start of maturing. 

4) Late season stage (LS). The late season stage extends from the end of mid-season stage until full maturity or harvest.

2.3 Plant-Water-Soil

2.3.1 Soil properties affecting water flow in the soil
In order to understand the relationship between soil and water, understanding soil properties (including soil texture and soil structure) is required. 

I
Soil texture

It is relative proportions of various sizes of individual soil particles and it affects water movement and storage. It is well known that finer soil textures have higher water holding capacity compared to coarser soil textures. According to USDA classifications, texture can be classified as:

· Sand:  0.05 – 2.0 mm

· Silt:     0.002 - 0.05 mm

· Clay:  <0.002 mm

Soil textural triangle can be used to determine the specific type of soil texture for an area. 

II
Soil structure

Soil structure is how soil particles are grouped or arranged. The type of soil structure affects root penetration and water intake and movement. Among these soil structures the granular and single grain types favour easy root penetration and water intake and movement.  

III
Soil Water Content

Soil water content is the amount of water retained in a soil. The importance of knowing the amount helps to know the water balance component retained in a soil and helps to plan irrigation water application. The soil water content can be determined as follows: 

(v = Vw /Vb
where:

(v 
volumetric water content (fraction)

Vw 
volume of water

Vb 
volume of soil sample
At saturation, (v = ( (porosity) (FAO, 1989).

2.3.2 Soil Water Potential (Retention)
Soil Water Potential is a measure of the energy status of the soil water. It reflects how hard plants must work to extract water from soil. Soil water potentials are negative pressures (tension or suction). Water flows from a higher (less negative) potential to a lower (more negative) potential. The pressure units being used are bar, kPa, cm, pF and the conversions are: 

-1bar = -100kPa = -1000cm = 3pF

2.3.2.1 Components of soil water potential

(t = (g + (m + (o
Where:

(t         total soil water potential,

(g
gravitational potential (force of gravity pulling on the water),

(m
matric potential (force placed on the water by the soil matrix–soil water “tension”). (m normally has the greatest effect on release of water from soil to plants,

(o
osmotic potential (due to the difference in salt concentration across a semi-permeable membrane, such as a plant root).

I
Osmotic potential

When two solutions with various osmotic potential are separated by permeable membrane, osmosis occurs from the solution with higher (less negative) osmotic potential to the lower osmotic (more negative) solution until equilibrium of osmotic potential on the two sides of the membrane is achieved. At this equilibrium point the osmotic potential gradient becomes zero. In non saline and non sodic agricultural soils, osmotically active solute concentration is not high that can result in significant magnitude of osmotic potential and hence osmotic potential of water can be neglected. In saline and sodic soils however osmotic potential may become a very significant component of soil water potential. It may be lowered to the extent that a plant roots fail to absorb water while water is sufficiently available. In extreme cases, reverse osmosis (movement of water from the plant root into the soil) may occur. Consequently, desiccation (dehydration) of plants can rapidly occur except in halophytes (salt tolerant plants that can survive on salt affected soils by lowering their root osmotic potentials to below soil potential) (Gupta, 2007).  

II
Gravitational Potential

The importance of gravitational potential is in the case of saturated soils where free water loses its energy and moves gravitationally as drainage water. The flow of gravitational water takes place in 24 hrs (for sandy soils) to 72 hrs (for clay soils) (Gupta, 2007). In unsaturated soils however water is held by adhesion and cohesion and gravitational potential can be undermined. 

III
Matric Potential

The two components of matric potential are: adhesion and cohesion. Adhesion occurs when water is retained by soil particle while cohesion occurs when water is retained in capillary pores because of surface tension at the water-air boundary. 

In normal agricultural soils (non saline, non sodic and unsaturated soils), osmotic and gravitational potential don’t influence the soil water and plant relations. Thus, matric potential alone determines the availability of moisture to the plant roots.

The equation (t   = (o  + (g + (m can be simplified to: (t  = (m

Silt, clay and organic colloidal particles of soils are surrounded by negative and positive charges. Water molecules with dipole characteristics are rapidly attracted by soil matrix. The adhesion of water molecules to soil matrix is called Matric Potential of water, which lowers the water potential. In saturated soils the adhesion of water molecules to soil colloids is nearly zero bar (same as pure water). However most crops grow under unsaturated condition and the effect of matric potential due to mainly adhesion on soil water potential is significant. It determines the movement of water within the soil and from soil into plant roots. The matric potential of wet soils are high ranging from -0.1 to -0.31 bar while it is low for dry soils ranging from -0.7 to -15 bar (Gupta, 2007).           

IV
Available soil water

The maximum water holding capacity of a soil is moisture contained at saturation state (Field capacity + gravitational water). Available water is water held in the soil between field capacity (FC) (-0.1 to -0.31 bar or -0.1 to -0.3 atm. pressure) and permanent wilting point (PWP) where the term “available” stands for soil water availability for plant use.

According to Gupta (2007), the first moisture film held tightly by adhesion between 31 to 1000 atm is unavailable to plants and it is called Hygroscopic water. The pressure at 10,000atm is oven dry while 1000atm is air dry. Through further wetting of the soil particle, new water films are added by cohesive force while the water tensions are gradually reduced to 0.33atm. Most of the moisture between 15 (PWP) to 0.33 atm (FC) is available to plants as capillary water. Further wetting beyond 0.33 atm contributes to gravitational water. 

To determine FC of a soil in a laboratory, a saturated soil is put in pressure membrane (plate) apparatus and subjected to 0.1-0.3atm. The pressure is increased until the soil moisture stops trickling out. The moisture content retained at this time on oven dry weight gives magnitude of FC.   

Absorption of water by plants for transpiration purpose and surface evaporation from soils deplete soil moisture over time. And the soil becomes dry with simultaneous drop in matric potential of water. This condition will create difficulty for plants to absorb water easily thereby the plants will be forced to exert higher energy. As the available water is below their transpirational needs, the plant cells fall in water deficit and plant body start to wilt and dry. The plant will show wilting at the day and recover in the night when air is relatively cool and moist. The moisture content at this point is called temporary or transient wilting point, which is the first occurrence of soil moisture stress in plants. If the plant continues to be stressed and show day and night wilting, the soil moisture at this stage (under oven dry basis) is called Permanent Wilting Point (PWP). At this point moisture is present in soils only in the smallest micropores and adsorbed on soil colloids in thin films. The soil moisture movement at PWP is 1000 times slower than at FC. At PWP, the soil moisture absorption by the plant is slow and it helps keep alive but growth is limited (suspended) awaiting more soil moisture. And yet the crop damage incurred after being subjected to PWP would not be reversed. The matric potential of soils at PWP ranges between -7 to -32 bars depending mainly on plant species while the average is -15 bar (Gupta, 2007).  

V
Ultimate Wilting Point (UWP)

As soil moisture content is reduced to below PWP (< -31 bars), the plants reach at irreversible wilting (simply dead) state. Any application of water cannot bring back the plant alive. This state based on oven dry is called Ultimate Wilting Point (UWP). Soil moisture is present in soil only in vapor form held tightly by adhesion force. 

VI
Soil Moisture retention curve (pF curve)

pF (Power of Free energy) is a relationship between matric potential or suction and moisture content.

pF = log10(matric potential)
Where matric potential is in cm of water column
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Figure 1. Diagram of the volumetric soil moisture content and pF 

 


Figure 2.2 Retention/pF curve
Generally more tension implies less water and at a given tension finer textured soils can retain more water compared to coarser textured soils because of the reason that the first has larger number of small pores. 

Characteristics of soil moisture retention curves include:

· The curves are smooth without any sharp bents revealing that moisture content of a soil changes only gradually with increasing soil moisture tension (decreasing water potential)

· Fine textured soils with more capillary channels hold more water at any given moisture tension (matric potential)

· Clays having higher maximum water holding capacity than silt and sands don’t necessarily have higher available water to plant; which rather depends on the difference between FC and PWP. This fact is presented on Table 2.2 that silt loam with 0.3 FC and 0.12 PWP has highest AW (Available Water) of 0.18 than clay with 0.4 FC and 0.28 PWP and AW of 0.12.

VII
Available Water Capacity

The Available Water Capacity (AWC) is defined as:

AWC = (fc - (wp
where

(fc
moisture content at field capacity

(wp 
moisture content at permanent wilting point

Table 2.2 Available water capacity for various soil textures 

	Soil texture
	Өfc
(m/m)
	Өwp
(m/m)
	AWC
(m/m)

	Coarse sand
	0.10
	0.05
	0.05

	Sand
	0.15
	0.07
	0.08

	Loamy sand
	0.18
	0.07
	0.11

	Sandy loam
	0.20
	0.08
	0.12

	Loam
	0.25
	0.10
	0.15

	Silt loam
	0.30
	0.12
	0.18

	Silty clay loam
	0.38
	0.22
	0.16

	Clay loam
	0.40
	0.25
	0.15

	Silty clay
	0.40
	0.27
	0.13

	Clay
	0.40
	0.28
	0.12


The presently available soil moisture is:

AWC = (actual - (wp

and the available water (AW) in the root zone:

TAW = AWC x Rd
where:

TAW
total available water capacity within the plant root zone,

AWC
available water capacity of the soil,

Rd
depth of the plant root zone.

For soils having different layers with different AWC, it is required to sum up TAW of each layer.

TAWC = (AWC1) (L1) + (AWC2) (L2) + . . . (AWCN) (LN)

where

L
thickness of soil layer, 

1, 2, N
subscripts represent each successive soil layer.

The presently total available soil moisture is: 

TAW = ∑((actual - (wp)*Li
Thus the total readily available moisture (TRAM)

TRAM = TAW x p

where 

TAW
Total available water

p 
soil moisture depletion factor

Depletion factor (p) is the allowable degree of depletion of the available soil moisture or portion of available moisture which the crop can use without reducing yields or it is also defined as the amount of water that must be replaced to return the active root zone to field capacity.

Depletion of available soil water can be estimated as:

[image: image12.emf]
Where:

n is the number of subdivisions of the effective rooting depth to be used in the soil moisture sampling.
Qi is the actual water content in soil layer i
How can we increase available water in a soil to a plant?

Unlike soil texture, soil structure can be changed at least temporarily to improve soil moisture storage capacity through agronomic practices including (Gupta, 2007):

· periodic addition of well decomposed organic matter to soils,

· practicing reduced tillage farming,

· adoption of stubble mulch farming to protect soil against splash erosion,

· protection of wet soils against over traffic compaction,

· occasional use of soil conditioners,

· ensuring  proper drainage of soils,

· raising healthy crops with high yields to leave more root and stubble biomass as residues in soils,
· inclusion of deep rooted crops in crop rotation and sub-soiling to open subsoils for better moisture storage. 
2.3.2.2 Measuring soil moisture status

Soil moisture content can be determined by applying any of the following methods. And, the choice can be made depending on availability/affordability of the device and skill required.

Table 2.3 Methods for measuring soil moisture (Solomon and Efrem, 2012).
	No.
	Method
	Cost requirement
	Skill requirement
	Accuracy

	1
	Resistance of soil to penetration
	low
	low
	low

	2
	Feel and appearance of soil
	low
	low
	low

	3
	Gravimetric method

(v=[ (Mwet - Mdry)/ Mdry] *(b /(w *100 (%)
	moderate
	moderate
	high

	4
	Hydraulic tensiometer
	moderate
	moderate
	moderate

	5
	Portable Electrical Resistance Meter
	moderate
	moderate
	moderate

	6
	Neutron probe

(v = (a CR/CRstd) + b (%)
	high
	high
	high

	7
	Time Domain Reflectometry (TDR)
	high
	high
	high


2.3.2.3 Movement of water into soils

I
Infiltration

Infiltration is the entry of water into the soil and the rate at which it occurs in specific soil under non divergent flow and presence of excess water on the ground is called infiltration rate (cm/hr; mm/hr).  The maximum infiltration rate of a soil at the beginning is called infiltration capacity while the final constant value is basic infiltration rate. Basic infiltration rate basically depicts permeability of soil (property of porous medium to transmit fluids, which is highest in saturated condition) (Gupta, 2007).

According to (FAO, 1989), infiltration is a complex process that depends upon

· physical and hydraulic properties of the soil moisture content, 

· previous wetting history, 

· structural changes in the layers and 

· air entrapment. 

Monitoring the pattern of water infiltration in the soil helps control the amount of water entering the soil reservoir, as well as the advance and recession of the overland flow.

II
Measuring Infiltration

Infiltration can be measured by using one of the methods called cylinder infiltrometer. It is a metal cylinder with a diameter of 30 cm or more and a height of about 40 cm. It is driven into the soil until about 15 cm depth, using a driving plate set on top of the infiltrometer and a heavy hammer. The volume of the cylinder above the soil is measured (diameter, depth, etc.) and depth reading gauge is fixed to the inner wall so that the water level changes that occur over time can be measured.

2.3.2.4 Movement of water within soils
I
Saturated flow of water 

If the upper layer of a soil get saturated (filling micro and macro pores) following infiltration and if water application continue, water will advance to subsequent soil layers through the saturated upper layer due to gravity. Such water movement through saturated soil column is called saturated flow or percolation (Gupta, 2007). 

II
Unsaturated flow of water 

After a saturated soil is drained for 2-3 days, water will leave the macropores by gravity and water is retained only in the micropores. Unsaturated flow of water is then the movement of water from this stage to complete drying (ibid). 

So, unsaturated water flow takes place between -0.1 to -15 bar of matric potential while saturated water flow takes place at matric potential of zero bar or close to it (ibid).

III
Capillary Rise of Water in Soils

Capillary water rise in soils is upward movement of water under unsaturated condition from shallow water tables to the soils against gravity. This type of water movement is common in fine textured soils having more capillary channels than coarse textured soils with dominance of non-capillary pores (macro-pores) (ibid).

IV
Drainage of water in soils

Drainage water in soils is the movement of excessive soil moisture away from the root zone of crops to restore aerobic condition for normal transpiration of plant roots and soil microbes.

ASSIGNMENTS

1. Summarize the core messages of this unit in one page (max) and present it in class in 15 minutes.

2. Why is gravimetric moisture content (Qm) multiplied by bulk density (γb) to convert it to volumetric moisture content (Qv)?
3. Comprehensive review of the following soil moisture measurement techniques including the conditions they are best suitable.

· Resistance of soil to penetration;

· Feel and appearance of soil;

· Gravimetric method;

· Tensiometer;

· Electrical Resistance Meter (WaterMark);

· Time Domain Reflectometry (TDR).

Note:

· Form three groups;

· Allocate two soil moisture measuring techniques per group by lottery system;

· Organize presentation and peer debate.

3 Estimating Water Requirement of Crops

Topic introduction

All field crops need soil, water, air and light (sunshine) to grow. The soil gives stability to the plants and stores the water and nutrients which the plants can take up through their roots. The sunlight provides the energy which is necessary for plant growth. The air allows the plants to "breath". However, water is the most important element and crops cannot grow without it. This topic provides the students with the basic principles of crop and irrigation water requirements and the factors that affect them. It will also equip them with methods employed to estimate crop and irrigation water requirements.

Learning outcomes
At the end of this topic, the students will be able to:

· Describe the concepts of crop and irrigation water requirement;

· Describe and explain the various factors that affect crop and irrigation water requirement;
· Estimate the potential evapotranspiration, effective rainfall, and crop and irrigation water requirements.
3.1 Principles of CWR (Crop Water Requirement) and Irrigation Water Need

All field crops need soil, water, air and light (sunshine) to grow. The soil gives stability to the plants and stores the water and nutrients which the plants can take up through their roots. The sunlight provides the energy which is necessary for plant growth. The air allows the plants to "breath". However, water is the most important element and crops cannot grow without it.

Crops need some amount of water for growth and production. This water can be supplied by either rainfall, irrigation or a combination of both. With respect to the need for irrigation water, a distinction can be made among three climatic situations:

· Humid climates: more than 1200 mm of rain per year. The amount of rainfall is sufficient to cover the water needs of the various crops. Excess water may cause waterlogging problem and thus drainage is required.

· Sub-humid climates: between 400 and 1200 mm of rain per year. The amount of rainfall is important but often not sufficient to cover the water needs of the crops. Crop production in the dry season is only possible with irrigation, while crop production in the rainy season may be possible but unreliable: yields will be less than optimal.

· Semi-arid, arid and desert (hyper-arid) climates: less than 400 mm of rain per year. Reliable crop production based on rainfall is not possible; irrigation is thus essential.
As it can be seen from the above category, drylands (arid and semi-arid areas) are generally characterized by insufficient moisture, the category of which is determined based on an Aridity Index (AI). The aridity index is a numerical indicator of the degree of dryness of the climate at a given location. Aridity index is used to identify, locate or delimit regions that suffer from a deficit of available water. Various approaches are used in the calculation of Aridity Index. However, the most recent, more comprehensive and commonly used approach is the one adopted by the UNEP in 1992 and defines Aridity Index as:
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Where:

P 
= Average annual precipitation (mm)

PET
= Average annual potential evapotranspiration (mm)

The boundaries that define the various degrees of aridity according to the UNEP classification are given in Table 3.1.

Table 3.1 Categories of drylands based on UNEP classification

	Classification
	Aridity Index

	Hyper-arid
	AI < 0.05

	Arid
	0.05 ( AI < 0.20

	Semi-arid
	0.20 ( AI < 0.50

	Dry sub-humid
	0.50 ( AI < 0.65


In cases where the amount of rainfall is not sufficient to meet the demand of the crop for water, the deficit has to be supplied from irrigation. The two major factors which determine the amount of irrigation water needed are:

· The total water need of the various crops; and
· The amount of rain water which is available to the crops.
In other words, the irrigation water need is the difference between the total water need of the crops and the amount of rainfall which is available to the crops. These two aspects are discussed underneath.

[image: image14.emf]
3.1.1 Crop water need

Crops retain very little of the water which they take up through their roots. Most of the water escapes to the atmosphere as vapor through small pores in their leaves (stomata). This process is called Transpiration. Water also vaporizes to the atmosphere from water and soil surfaces. This process is called Evaporation. The water need of a crop thus consists of transpiration plus evaporation. The combination of these two processes is called Evapotranspiration (Figure 3.1).

[image: image15.emf]
Figure 3.1 Evapotranspiration

Water needs are usually expressed in terms of water depth (mm) over the whole area being considered (mm/day, mm/month, or mm/season).
The crop water need mainly depends on:

· The climate;

· The crop type; and
· The growth stage.

3.1.1.1 Influence of climate on crop water need

A certain crop grown in a sunny and hot climate needs more water than the same crop grown in a cloudy and cooler climate. There are, however, other climatic factors which influence the crop water need. These factors are humidity and the wind speed (Figure 3.2). When it is dry, the crop water needs are higher than when it is humid. In windy climates, the crops will use more water than in calm climates. The effect of these four climatic factors on the water need of the crop is given in Table 3.2.
[image: image16.emf]
Figure 3.2 Major climatic factors that influence the crop water need

 Table 3.2 The effect of major climatic factors on crop water need

	Climatic factor
	Crop water need

	
	High
	Low

	Sunshine
	Sunny
	Cloudy

	Temperature
	Hot
	Cool

	Humidity
	Low (dry)
	High (humid)

	Wind speed
	Windy
	Little wind


The highest crop water needs are thus found in areas which are hot, dry, windy and sunny while the lowest values are found when it is cool, humid and cloudy with little or no wind. As it can be seen in Table 3.2, one crop grown in different climatic zones will have different water needs. It is, therefore, useful to take a certain standard crop or reference crop and determine how much water this crop needs per day in the various climatic regions. Grass has been chosen as the reference crop. The average daily water needs of this reference grass crop for different climatic zones (rainfall regimes) and daily temperatures is given in Table 3.3. 
.
Table 3.3 Average daily water need of standard grass (mm) during irrigation season

	Climatic zone
	Mean daily temperature

	
	Low (<15 (C)
	Medium (15-25 (C)
	High (>25 (C)

	Desert/Arid
	4 – 6
	7 – 8
	9 – 10

	Semi-arid
	4 – 5
	6 – 7
	8 – 9

	Sub-humid
	3 – 4
	5 – 6
	7 – 8

	Humid
	1 – 2
	3 – 4
	5 – 6


The daily water need of the standard grass crop is also called the Reference Crop Evapotranspiration or Potential Evapotranspiration (ETo).
3.1.1.2 Influence of crop type on crop water need

Crop type affects crop water need in two important ways:

· The crop type has an influence on the daily water needs of a fully grown crop. A fully developed maize will need more water per day than a fully developed onion.

· The crop type also influences the duration of the total growing season of the crop. There are short duration crops (e.g. peas) with total growing season duration of 90 – 100 days and longer duration crops (e.g. wheat) with total growing season duration of 120 – 150 days. While, for example, the daily water need of wheat may be less than the daily water need of peas, the seasonal water need of wheat will be higher due to its longer duration of growing period. There are also perennial crops that are in the field for many years, such as fruit trees.
Data on the duration of the total growing season of the various crops grown in an area can best be obtained locally. However, approximate value of the total growing period of various field crops is presented in Table 3.4. As it can be seen, large variation in growing period occurs not only between crops but also within one crop type. In general, it can be concluded that the growing period for a certain crop is longer in cool climate and shorter in warm one.
Table 3.4 Indicative values of the total growing period

	Crop
	Total growing period (days)
	Crop
	Total growing period (days)

	Alfalfa
	100 – 365
	Melon 
	120 – 160

	Banana
	300 - 365
	Millet 
	105 – 140

	Barley/Oats/Wheat
	120 – 150
	Onion green 
	70 – 95

	Bean green
	75 – 90
	Onion dry 
	150 – 210

	Bean dry 
	95 – 110
	Peanut/Groundnut 
	130 – 140

	Cabbage
	120 – 140
	Pea 
	90 – 100

	Carrot
	100 – 150
	Pepper 
	120 – 210

	Citrus
	240 – 365
	Potato 
	105 – 145

	Cotton 
	180 – 195
	Sorghum 
	120 – 130

	Cucumber 
	105 – 130
	Soybean 
	135 – 150

	Flax 
	150 – 220
	Spinach 
	60 – 100

	Grain/small 
	150 – 165
	Sugarbeet 
	160 – 230

	Lentil 
	150 – 170
	Sugarcane 
	270 – 365

	Lettuce 
	75 – 140
	Sunflower 
	125 – 130

	Maize sweet 
	80 – 110
	Tomato 
	135 – 180

	Maize grain 
	125 – 180
	
	


3.1.1.3 Influence of growth stage on crop water need

A fully grown maize will need more water than a maize that has just been planted. When the plants are very small, evaporation will be more important than transpiration. When the plants are fully grown, transpiration is more important than evaporation. Figure 3.3 shows the various development or growth stages of a crop schematically.

[image: image17.emf]
Figure 3.3 Schematic presentation of the various growth stages of a crop

During the initial stage, crop water need is estimated at 50% of that during the mid season stage, when the crop is fully developed. During the so-called crop development stage, the crop water need gradually increases from 50% of the maximum crop water need to the maximum crop water need. The maximum crop water need is reached at the end of the crop development stage which is the beginning of the mid season stage. With respect to the late season stage, which is the period during which the crop ripens and is harvested, a distinction can be made between two groups of crops:

· Fresh harvested crops (such as lettuce, cabbage, etc): With these crops, the crop water need remains the same during the late season stage as it was during the mid season stage. The crops are harvested fresh and thus need water up to the last moment.

· Dry harvested crops (such as cotton, maize (for grain production), etc):  During the late season stage, these crops are allowed to dry out and sometimes even die. Thus, their water needs during the late season stage are minimal. If the crop is indeed allowed to die, the water needs are only some 25% of the crop water need during the mid season or peak period. Of course, no irrigation is given to these crops during the late season stage.
The actual crop water need can be quantified based on data on the aforementioned three major factors (climate, crop type and growth stage) and will be discussed in Section 3.2. However, Table 3.5 presents approximate seasonal water needs for the most important field crops and can be used as a guide.
Table 3.5 Approximate values of seasonal crop water need

	Crop
	Crop water need
(mm/total growing period)
	Crop
	Crop water need
(mm/total growing period)

	Alfalfa
	800 – 1600
	Pea
	350 – 500

	Banana 
	1200 – 2200
	Pepper 
	600 – 900

	Barley/Oats/Wheat
	450 – 650
	Potato
	500 – 700

	Bean
	300 – 500
	Sorghum/Millet
	450 – 650

	Cabbage
	350 – 500
	Soybean 
	450 – 700

	Citrus
	900 – 1200
	Sugar beet
	550 – 750

	Cotton
	700 – 1300
	Sugarcane 
	1500 – 2500

	Maize
	500 – 800
	Sunflower 
	600 – 1000

	Melon
	400 – 600
	Tomato
	400 – 800

	Onion
	350 – 550
	
	

	Peanut
	500 – 700
	
	


3.1.2 Effective rainfall (Pe)

As discussed earlier, water is supplied to crops by rainfall (precipitation), by irrigation or by a combination of rainfall and irrigation.

If there is no rainfall, all the water that the crops need has to be supplied by irrigation (complementary irrigation). If there is some rainfall, but not enough to cover the water needs of the crops, irrigation water has to supplement the rain water in such a way that the rain water and the irrigation water together cover the water needs of the crop (supplementary irrigation).

However, not all rain water which falls on the soil surface can be used by the plants. As indicated in Figure 3.4, when rain water (1) falls on the soil surface, some of it infiltrates into the soil (2), some stagnates on the surface (3) and the remaining flows over the surface as runoff (4). When the rainfall stops, some of the water stagnating on the surface (3) evaporates to the atmosphere (5) while the rest slowly infiltrates into the soil (6). From all the water that infiltrates into the soil ((2) and (6)), some percolates below the root zone (7) while the rest remains stored in the root zone (8). Since the deep percolation, runoff and soil evaporation cannot be used by the plants, this part of the rainfall is not effective. The remaining part is stored in the root zone and can be used by the plants. This remaining part is termed as effective rainfall (Pe). 
[image: image18.emf]
Figure 3.4 Rainfall partitioning in cropping systems

3.2 Determination of Irrigation Water Need

As explained in Section 3.1, the irrigation water need of a certain crop is the difference between the crop water need and part of the rainfall which can be used by the crop (the effective rainfall). The irrigation water need calculation provides the basis for the determination of the irrigation schedule (usually by agronomists) and the design of the irrigation scheme such as canal dimensions (usually by engineers). 

The determination of the crop water need, effective rainfall and the irrigation water need is discussed below.

3.2.1 Determination of crop water need (ETcrop or CWR)

The crop water need (ETcrop) is defined as the depth (or amount) of water needed to meet the water loss through evapotranspiration. The crop water need can be calculated using the following formula. 
ETcrop
= ETo * Kc

Where:

ETcrop
= Crop water need (mm/unit time)

ETo
= Reference crop evapotranspiration (mm/unit time) [Influence of climate]

Kc
= Crop factor [Influence of crop type and growth stage] 

3.2.1.1 Determination of reference crop evapotranspiration (ETo)

The influence of the climate on crop water need is given by the reference crop evapotranspiration (ETo). ETo is the rate of evapotranspiration from a large area, covered by green grass, 8 to 15 cm tall, which grows actively, completely shades the ground and which is not short of water (Figure 3.5).
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Figure 3.5 Reference crop evapotranspiration (ETo)

There several methods to determine ETo. However, Evaporation Pan and Penman-Monteith methods are the most commonly used.

1
Pan Evaporation Method

Even if the FAO Penman-Monteith is the sole recommended method for calculating ETo, the Pan Evaporation method is still widely used in some parts of East and Southern Africa. This is mainly because the method is very practical and simple, which appeals to many farmers and practitioners.
Evaporation pans provide a measurement of the combined effect of temperature, humidity, wind speed and sunshine on ETo (Figure 3.6).

[image: image20.emf]
Figure 3.6 Pan evaporation method

The pan responds in a similar manner to the same climatic factors affecting crop transpiration. However, several factors produce differences in the loss of water from a water surface and from a cropped surface. As a result, the measured evaporation from a pan (Epan) is related to the reference crop evapotranspiration (ETo) through an empirically derived pan coefficient (Kpan) as given in the following formula:

ETo 
=   Epan * Kpan 
Where:

ETo
= Reference crop evapotranspiration (mm/day)

Epan
= Pan evaporation (mm/day)
Kpan
= Pan coefficient

The Class A Evaporation Pan is most widely used for this purpose (Figure 3.7). The pan is circular, 120.7 cm in diameter and 25 cm deep. It is made of galvanized iron (22 gauge) and is mounted on a wooden open frame platform, which is 15 cm above ground level. The pan must be level, should be filled with water to 5 cm below the rim and the water level should not be allowed to drop to more than 7.5 cm below the rim.
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Figure 3.7 The Class A Evaporation Pan

The procedure of determining ETo using Class A pan is as follows:

· The pan is installed in the field;
· The pan is filled with a known quantity of water;
· The water is allowed to evaporate during a certain period of time (usually 24 hrs). Rainfall should also be measured using a rain gauge;
· After 24 hrs, the level of the water is measured;
· The amount of evaporation in 24 hrs is then known (Epan in mm/day).

· The Epan is multiplied by Kpan to obtain the ETo.

The pan coefficient (Kpan) depends on the pan type, the groundcover in the station where the pan is sited and the general wind and humidity conditions. Figure 3.8 shows two possible sitting options of a pan. Case A represents a pan sited on a short green (grass) cover and surrounded by fallow soil, while Case B designates a pan sited on fallow soil and surrounded by a green crop.

[image: image22.emf]
Figure 3.8 Evaporation pan sitting options

Table 3.6 provides the means of selecting appropriate Kpan values applicable to the Class A pan for different groundcover, fetch and climatic conditions. However, in cases where all required data is not available, an average Kpan value of 0.65 can be used.

Table 3.6 Kpan of Class A pan for different pan sitting environment and levels of mean relative humidity and wind speed
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Examples

i.
Type of pan: Class A


Water depth in pan on day 1 

= 150 mm


Water depth in pan on day 2 

= 144 mm


Rainfall



= 0 mm


Kpan




= 0.75


ETo 
= Kpan  (  Epan


Epan 
= 150 mm – 144 mm

= 6 mm/day


ETo
= 0.75  (   6 mm/day

= 4.5 mm/day
ii. 
Same as above except:


Rainfall

 

= 7 mm


Water depth in pan on day 2 

= 147 mm


Epan = 150 mm – 147 mm + 7 mm
= 10 mm/day


ETo   = 0.75  (  10 mm/day 

= 7.5 mm/day
2
Blanney-Criddle method

The FAO Penman-Monteith method is now the sole recommended method for determining reference crop evapotranspiration (ETo). This method overcomes the shortcomings of all other empirical methods and provides ETo values that are more consistent with actual crop water use data in all regions and climates. This method calculates the ETo of an area based on the temperature, humidity, wind speed and sunshine data. However, the procedures for the calculation of ETo manually using Penman-Monteith approach are long and complicated and consume considerable time. It is, therefore, imperative to computerize the process to speed up calculations and make the work less tedious. The CROPWAT 8 software was designed by FAO in view of this. While the application of CROPWAT 8 in the calculation of ETo and other parameters will be discusses in the next Chapter, a simple and practical method known as Blanney-Criddle method will be illustrated here for manual calculation. Data of Haiba irrigation scheme in Tigray will be used for the illustration. ETo according to the Blanney-Criddle method is calculated by the following formula:

ETo = p (0.46 * Tmean + 8)

Where:

ETo 
= Reference crop evapotranspiration (mm/day)
Tmean
= Mean daily temperature of the month (°C)

p
= Mean daily percentage of annual daytime hours
The calculation of ETo by Blanney-Criddle method involves three steps.

1
Determination of the mean daily temperature (Tmean)
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2
Determination of the mean daily percentage of annual daytime hours (p)
p is taken from Table 3.7 based on the latitude of the area: the number of degrees north or south of the equator.

Table 3.7 Mean daily percentage (p) of annual daytime hours for different latitudes

[image: image27.emf]
3
Calculate ETo

Exercise question

Calculate the ETo of Haiba irrigation scheme using the Blanney-Criddle method.

Solution

Table 3.8 ETo of Haiba using the Blanney-Criddle method
	Month
	Max. temp 
(OC)
	Min. temp 
(OC)
	Tmean
	p
	ETo (mm/day)

	
	
	
	
	
	Blanney-Criddle
	Penman

	January
	22.9
	9.4
	16.2
	0.26
	4.02
	4.94

	February
	24.2
	10.4
	17.3
	0.26
	4.15
	5.95

	March
	25.2
	11.9
	18.6
	0.27
	4.47
	6.84

	April
	25.5
	13.3
	19.4
	0.28
	4.74
	6.51

	May
	26.6
	13.9
	20.3
	0.29
	5.03
	6.20

	June
	26.8
	13.4
	20.1
	0.29
	5.00
	5.29

	July
	23.2
	13.2
	18.2
	0.29
	4.75
	3.75

	August
	22.3
	13.0
	17.6
	0.28
	4.51
	3.52

	September
	24.2
	11.7
	18.0
	0.28
	4.56
	4.45

	October
	23.5
	11.1
	17.3
	0.27
	4.31
	5.22

	November
	22.2
	10.4
	16.3
	0.26
	4.03
	4.92

	December
	22.1
	9.6
	15.8
	0.25
	3.82
	4.90

	Daily average ETo (mm/day)
	4.45
	5.21

	Total annual ETo (mm)
	1624.00
	1901.00


Note:

· p was taken from Table 3.7 for Latitude of 13017’19’’ N.

· ETo by Blanney-Criddle method calculated using the above formula.

3.2.1.2 Determination of the crop factor (Kc)

This section discusses the relationship between the reference grass crop and the crop actually grown in the field. The relationship between the reference grass crop and the crop actually grown is given by the crop factor (Kc) and mainly depends on:

· The crop type: Fully developed maize with its large leaf area will be able to transpire, and thus use more water than the reference grass crop. Kc of maize is higher than 1.

· The growth stage of the crop: A certain crop will use more water once it is fully developed, compared to a crop that has just been planted.

· The climate: Climate influences the duration of the total growing period and the various growth stages. A certain crop will grow slower in a cool climate than in warm climate. General climatic conditions, especially wind and humidity, also affect the aerodynamic resistance of the crops and their crop coefficients, especially for those crops that are substantially taller than the grass reference crop. Kc for many crops increases as wind speed increases and as relative humidity decreases. More arid climates and conditions of greater wind speed will have higher values of Kc while humid climates with lower wind speed will have smaller Kc. However, the change in Kc is ±0.05.

To determine the Kc of a crop, it is necessary to know:

· The total length of the growing season; and
· The lengths of the various growth stages.

The determination of Kc of a crop involves the following three steps.

1
Determination of the total growing period

The total growing period (in days) is the period from sowing or transplanting to the last day of the harvest. It is mainly dependent on:

· The type of crop and the variety;
· The climate; and
· The planting date.
As the growing period heavily depends on local circumstances (e.g. local crop varieties), it is always best to obtain these data locally. Indicative values are previously presented in Table 3.4.

2
Determination of the various growth stages

Once the total growing period is known, the duration (in days) of the various growth stages has to be determined.  The total growing period is divided into 4 growth stages (Figure 3.9):

· Initial stage (I): this is the period from sowing or transplanting until the crop covers about 10% of the ground.

· Crop development stage (CD): this period starts at the end of the initial stage and lasts until the ground cover reaches 70%. The crop does not reach its maximum height.

· Mid season stage (MS): this period starts at the end of the crop development stage and lasts until maturity and includes flowering and grain setting. The crop reaches its maximum height.
· Late season stage (LS): this period starts at the end of the mid season stage and lasts until the last day of the harvest including ripening.
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Figure 3.9 The four growth stages of crops

If possible, the total growing period and the various growth stages need to be determined locally. Otherwise, the approximate duration of growth stages for various field crops prepared by FAO is given in Table 3.9 and can be used as a guide.

Table 3.9 Approximate duration of growth stages for various field crops

	Crop
	Total
	Initial
	Crop development
	Mid season
	Late season

	Barley/Oats/Wheat
	120
	15
	25
	50
	30

	
	150
	15
	30
	65
	40

	Bean-green
	75
	15
	25
	25
	10

	
	90
	20
	30
	30
	10

	Bean-dry 
	95
	15
	25
	35
	20

	
	110
	20
	30
	40
	20

	Cabbage
	120
	20
	25
	60
	15

	
	140
	25
	30
	65
	20

	Carrot
	100
	20
	30
	30
	20

	
	150
	25
	35
	70
	20

	Cotton/Flax 
	180
	30
	50
	55
	45

	
	195
	30
	50
	65
	50

	Grain/small 
	150
	20
	30
	60
	40

	
	165
	25
	35
	65
	40

	Lentil
	150
	20
	30
	60
	40

	
	170
	25
	35
	70
	40

	Lettuce 
	75
	20
	30
	15
	10

	
	140
	35
	50
	45
	10

	Maize-sweet
	80
	20
	25
	25
	10

	
	110
	20
	30
	50
	10

	Maize-grain
	125
	20
	35
	40
	30

	
	180
	30
	50
	60
	40

	Millet 
	105
	15
	25
	40
	25

	
	140
	20
	30
	55
	35

	Onion-green 
	70
	25
	30
	10
	5

	
	95
	25
	40
	20
	10

	Onion-dry 
	150
	15
	25
	70
	40

	
	210
	20
	35
	110
	45

	Peanut/Groundnut 
	130
	25
	35
	45
	25

	
	140
	30
	40
	45
	25

	Pea 
	90
	15
	25
	35
	15

	
	100
	20
	30
	35
	15

	Pepper 
	120
	25
	35
	40
	20

	
	210
	30
	40
	110
	30

	Potato
	105
	25
	30
	30
	20

	
	145
	30
	35
	50
	30

	Sorghum
	120
	20
	30
	40
	30

	
	130
	20
	35
	45
	30

	Sugar beet 
	160
	25
	35
	60
	40

	
	230
	45
	65
	80
	40

	Tomato
	135
	30
	40
	40
	25

	
	180
	35
	45
	70
	30


3
Determination of Kc

Once the above two key crop information are available, the remaining final task is the determination of the Kc. Kc indicates the differences in soil evaporation and crop transpiration rate between the actual crop and the reference grass surface. Figure 3.10 shows the changes in crop coefficient over the length of the growing season. The shape of the curve represents the changes in the vegetation and groundcover during plant development and maturation that affect the ratio of ETc to ETo. Four crop factors have to be determined, one crop factor for each of the growth stages. Table 3.10 can be used to determine the Kc values of various crops and growth stages.
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Figure 3.10 Crop coefficient curve over the whole crop growing season

Table 3.10 Kc values for various crops and growth stages

	Crop
	Initial
	Crop development
	Mid season
	Late season

	Barley/Oats/Wheat
	0.35
	0.75
	1.15
	0.45

	Bean-green
	0.35
	0.70
	1.10
	0.90

	Bean-dry 
	0.35
	0.70
	1.10
	0.30

	Cabbage/Carrot
	0.45
	0.75
	1.05
	0.90

	Cotton/Flax 
	0.45
	0.75
	1.15
	0.75

	Grain-small 
	0.35
	0.75
	1.10
	0.65

	Lentil/Pulses
	0.45
	0.75
	1.10
	0.50

	Lettuce 
	0.45
	0.60
	1.00
	0.90

	Maize-sweet
	0.40
	0.80
	1.15
	1.00

	Maize-grain
	0.40
	0.80
	1.15
	0.70

	Millet 
	0.35
	0.70
	1.10
	0.65

	Onion-green 
	0.50
	0.70
	1.00
	1.00

	Onion-dry 
	0.50
	0.75
	1.05
	0.85

	Peanut/Groundnut 
	0.45
	0.75
	1.05
	0.70

	Pea-fresh
	0.45
	0.80
	1.15
	1.05

	Pepper-fresh
	0.35
	0.70
	1.05
	0.90

	Potato
	0.45
	0.75
	1.15
	0.85

	Sorghum
	0.35
	0.75
	1.10
	0.65

	Sugar beet 
	0.45
	0.80
	1.15
	0.80

	Tomato
	0.45
	0.75
	1.15
	0.80


3.2.1.3 Determination of crop water need (ETcrop)

The crop water requirement (ETc = ETo * Kc) can be calculated either manually or using the CROPWAT 8 software. While the CROPWAT 8 software will be demonstrated in the next Chapter, this section will introduce the manual calculation. 

Exercise question

Determine the crop water need of tomato at Haiba irrigation scheme if the planting date is 1st January and the total growing period is 135 days using the Blanney-Criddle method for ETo calculation.

Solution

Table 3.11 Crop water need of Tomato at Haiba irrigation scheme
	Month
	Jan.
	Feb.
	March
	April
	May
	Remark

	a. ETo (mm/day)
	4.02
	4.15
	4.47
	4.74
	5.03
	Table 3.8

	b. Growth stage and 

corresponding Kc values
	I = 30         CD = 40       MS = 40     LS = 25
Kc = 0.45   Kc = 0.75    Kc = 1.15    Kc = 0.80
	Table 3.9
Table 3.10

	c. Monthly Kc
	0.45
	0.75
	1.02
	1.04
	0.80
	

	d. ETc (mm/day)
	1.81
	3.11
	4.56
	4.93
	4.02
	

	e. No. of days in the month
	30
	30
	30
	30
	15
	

	f. ETc (mm/month)
	54.3
	93.4
	136.8
	147.9
	60.4
	


Procedure

a
Calculate the ETo during the growing season.

b
Determine the lengths of the various growth stages and the corresponding Kc values.

c
Match ETo and Kc

As can be seen from the table, months and growth stages do not correspond. As a result, ETo and Kc values do not match. Since ETc has to be calculated on a monthly basis, Kc has to be calculated similarly.

· January
30 days IS, Kc = 0.45



· February
30 days CD, Kc = 0.75

· March

10 days CD, Kc = 0.75




20 days MS, Kc = 1.15




Kc = 10/30 * 0.75 + 20/30 * 1.15 = 0.25 + 0.77 = 1.02
· April

20 days MS, Kc = 1.15




10 days LS, Kc = 0.80



Kc = 20/30 * 1.15 + 10/30 * 0.80 = 0.77 + 0.27 = 1.04
· May

Kc = 0.80
d
Calculate the average daily ETc for each month [Row (a) * Row (c)].

e
Determine the number of days in each month based on total growing period.

f
Calculate the monthly ETc [Row (d) * Row (e)].

3.2.2 Determination of effective rainfall (Pe)

As explained earlier, only the rain water retained in the root zone can be used by the plants and represents what is called the effective rainfall. The effective rainfall is, therefore, the difference between the total rainfall and the losses (Runoff, evaporation and deep percolation). The fraction of effective rainfall depends on the climate, soil texture, soil structure and depth of the root zone. There are various approaches that can be used to estimate the effective rainfall from the total monthly rainfall. However, the following formula was developed by FAO based on analysis carried out for different arid and sub-humid climates and is more suitable for Ethiopia.

Pe = 0.6 Pdep  - 10

for  Pdep  < 70 mm.

Pe = 0.8 Pdep  - 24

for  Pdep  > 70 mm.
Where:

Pe
= Monthly effective rainfall (mm)

Pdep
= Monthly dependable rainfall (mm)

Dependable rainfall is defined as a rainfall with a probability of exceedance (P) of 80%.

Exercise question

Table 3.12 presents 17 years rainfall data of Haiba irrigation scheme. Determine the effective rainfall of each month?

Table 3.12 Monthly rainfall data (mm) of Haiba
	Year
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Total

	1993
	7
	23.4
	55.5
	88.3
	40.6
	33.2
	131.6
	172.3
	94
	10.8
	0
	0.9
	657.6

	1994
	0
	4.2
	5.4
	23.7
	4.1
	103.1
	294.8
	295.7
	49.7
	0
	0
	0
	780.7

	1995
	0
	2.5
	66.7
	71.6
	30.3
	8.9
	256
	193.4
	67.8
	2.1
	0
	7.8
	707.1

	1996
	0
	19
	139
	78.5
	59.7
	88.7
	115.7
	173.1
	22.2
	0
	28.7
	0.8
	725.4

	1997
	0
	0
	27.6
	61.1
	27.5
	45.6
	269.5
	160.1
	12.7
	42.5
	24.9
	0
	671.5

	1998
	0
	0
	13
	45.9
	30
	22.5
	294.4
	348.1
	65.9
	0
	0
	0
	819.8

	1999
	18.9
	0
	3.4
	14.4
	0
	18.7
	311.8
	344.9
	15.6
	0
	0
	0
	727.7

	2000
	0
	0
	6.2
	16
	58.6
	33.9
	242.5
	235.7
	49.2
	0
	2.7
	0
	644.8

	2001
	0
	0
	31
	14.5
	34.8
	96.8
	338.5
	258.5
	11.6
	0
	0
	0
	785.7

	2002
	0
	1.3
	114
	5.9
	0
	39
	153.1
	195.3
	29.3
	0
	0
	4.1
	542.0

	2003
	0
	14.2
	6.6
	51.1
	2.9
	123.5
	103.9
	199.6
	65.8
	0
	0
	1.2
	568.8

	2004
	6.6
	0
	12.1
	21.9
	6.9
	89.2
	163.4
	208.6
	1.6
	6.5
	0
	0
	516.8

	2005
	1.9
	13.7
	23.2
	54.9
	14.1
	70.4
	234.5
	305.6
	13.6
	0
	0
	0
	731.9

	2006
	0
	0
	62.5
	57.9
	61.8
	39.8
	117.9
	333.7
	75.2
	13.4
	2.6
	0
	764.8

	2007
	0
	5
	19
	34.6
	14.3
	35.6
	314.2
	247.5
	99.1
	0
	0
	0
	769.3

	2008
	17.6
	0
	0
	19.7
	26
	31.3
	133.2
	201.8
	54
	2.2
	21.6
	0
	507.4

	2009
	0
	0
	19.9
	9.6
	12.9
	31.8
	297.7
	238.4
	0
	0
	0
	0
	610.3

	Average
	3.1
	4.9
	35.6
	39.4
	25.0
	53.6
	221.9
	241.9
	42.8
	4.6
	4.7
	0.9
	678.3


Solution

i
Rank the monthly time series rainfall values in decreasing order (Table 3.13).

Table 3.13 Monthly rainfall data of Haiba ranked in decreasing order

	Rank (m)
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec

	1
	18.9
	23.4
	139
	88.3
	61.8
	123.5
	338.5
	348.1
	99.1
	42.5
	28.7
	7.8

	2
	17.6
	19
	114
	78.5
	59.7
	103.1
	314.2
	344.9
	94
	13.4
	24.9
	4.1

	3
	7
	14.2
	66.7
	71.6
	58.6
	96.8
	311.8
	333.7
	75.2
	10.8
	21.6
	1.2

	4
	6.6
	13.7
	62.5
	61.1
	40.6
	89.2
	297.7
	305.6
	67.8
	6.5
	2.7
	0.9

	5
	1.9
	5
	55.5
	57.9
	34.8
	88.7
	294.8
	295.7
	65.9
	2.2
	2.6
	0.8

	6
	0
	4.2
	31
	54.9
	30.3
	70.4
	294.4
	258.5
	65.8
	2.1
	0
	0

	7
	0
	2.5
	27.6
	51.1
	30
	45.6
	269.5
	247.5
	54
	0
	0
	0

	8
	0
	1.3
	23.2
	45.9
	27.5
	39.8
	256
	238.4
	49.7
	0
	0
	0

	9
	0
	0
	19.9
	34.6
	26
	39
	242.5
	235.7
	49.2
	0
	0
	0

	10
	0
	0
	19
	23.7
	14.3
	35.6
	234.5
	208.6
	29.3
	0
	0
	0

	11
	0
	0
	13
	21.9
	14.1
	33.9
	163.4
	201.8
	22.2
	0
	0
	0

	12
	0
	0
	12.1
	19.7
	12.9
	33.2
	153.1
	199.6
	15.6
	0
	0
	0

	13
	0
	0
	6.6
	16
	6.9
	31.8
	133.2
	195.3
	13.6
	0
	0
	0

	14
	0
	0
	6.2
	14.5
	4.1
	31.3
	131.6
	193.4
	12.7
	0
	0
	0

	15
	0
	0
	5.4
	14.4
	2.9
	22.5
	117.9
	173.1
	11.6
	0
	0
	0

	16
	0
	0
	3.4
	9.6
	0
	18.7
	115.7
	172.3
	1.6
	0
	0
	0

	17
	0
	0
	0
	5.9
	0
	8.9
	103.9
	160.1
	0
	0
	0
	0


ii
Calculate the return period (Tr) for probability of exceedance (P) of 80%
P = 1/Tr 
Tr = 1/P = 1/0.8 = 1.25
iii
Calculate the rank of the rainfall with 80% probability of exceedance and take the corresponding monthly value as dependable rainfall.

Tr
= (n + 1)/m


n = No. of events (17 for Haiba)
m = Rank
m
= (n + 1)/Tr


= (17 + 1)/1.25


= 14.4 (the 14th rainfall event down the rank)

iv
Calculate the monthly effective rainfall using the above formula (Table 3.14).
Table 3.14 Monthly effective rainfall of Haiba

	Month
	Dependable rainfall (mm)
	Effective rainfall (mm)

	January
	0
	0

	February
	0
	0

	March
	6.2
	0

	April
	14.5
	0

	May
	4.1
	0

	June
	31.3
	8.8

	July
	131.6
	81.3

	August
	193.4
	130.7

	September
	12.7
	0

	October
	0
	0

	November
	0
	0

	December
	0
	0


3.2.3 Calculation of irrigation water requirement (IR)

3.2.3.1 Net irrigation water requirement (IRn)

The net irrigation water requirement during the growing period (IRn) is the difference between ETcrop and Pe.
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Exercise question

Calculate the net irrigation water requirement (IRn) of the aforementioned Tomato cropping pattern at Haiba irrigation scheme.

Solution

Take the ETcrop of Tomato from Table 3.11 and Pe of the area from Table 3.14. The net irrigation water requirement is given in Table 3.15.

Table 3.15 Net irrigation water need (IRn) of Tomato at Haiba irrigation scheme

	Month
	Jan.
	Feb.
	March
	April
	May
	Total
	Remark

	ETc (mm/month)
	54.3
	93.4
	136.8
	147.9
	60.4
	492.8
	Table 3.11

	Pe (mm/month)
	0
	0
	0
	0
	0
	0
	Table 3.14

	IRn (mm/month)
	54.3
	93.4
	136.8
	147.9
	60.4
	492.8
	ETc - Pe


3.2.3.2 Gross irrigation water requirement (IRg)

The gross irrigation water requirement (IRg) accounts the losses of water incurred during conveyance, distribution and application to the field.
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Overall project efficiency (irrigation efficiency) is calculated by the following formula based on efficiency values given in Table 3.16.

E 
= Ec * Ed * Ea

Where

Ec
= Conveyance efficiency

Ed
= Distribution efficiency

Ea
= Field application efficiency
Table 3.16 Typical values of surface irrigation efficiency
[image: image32.png]Table 1.14 Typical values of surface irrigation efficiency

A. Conveyance efficiency (Ec) (Losses in main and secondary canals)
Canal length Conveyance efficiency
in %
Earthen canals by soil type Lined canals
Sand  Loam  Clay

Long (> 2000 m) 60 70 30 95
Medium (200 — 2000 m) 70 75 85 95
Short (< 200 m) 30 85 20 95
B. Distribution efficiency (Ed) (Losses in terriary and quaternary canals)
Blocks larger than 20 ha  Unlined canals 80%
Lined or piped 90%
Blocks up to 20 ha Unlined canals 70%
Lined or piped 80%
C. Field Application Efficiency (Ea) (Deep percolation and runoff losses)
Light soils 55%
Medium soils 70%

Heavy soils 60%




Exercise question

Calculate the gross irrigation water requirement of Tomato for Haiba irrigation scheme during the entire growing period.

Solution

· Net irrigation water requirement of Tomato at Haiba (IRn) 
=  492.8 mm (Table 3.15)

· Overall project efficiency of Haiba:

· Ec [> 2000m clay earthen canal]



= 0.8 (Table 3.16)

· Ed [Irrigation units up to 20 ha, unlined canal]

= 0.7 (Table 3.16)

· Ea [Heavy soils]





= 0.6 (Table 3.16)

· E   [ 0.8 * 0.7 * 0.6]





= 33.6% (0.34) 

· [Note that on-field performance evaluation carried out by Mintesinot, et. al. in 2004 has also resulted in Irrigation Efficiency of 34.4%]

· Gross irrigation water requirement (IRg) (IRg = 492.8 mm/0.34)
= 1449 mm
It has, however, to be noted that the 1449 mm required irrigation water cannot be applied at once. It has rather to be applied at various times/intervals based on the moisture holding capacity of the soil and the crop type. This demands the need for Irrigation Scheduling. 
ASSIGNMENTS
1. Summarize the core messages of this unit in one page (max) and present it in class in 15 minutes.

2. Calculate the ETo of an area for May using Blanney-Criddle method if min. and max temperature is 270C and 160C respectively, and is located 140 N.
3. Determine the crop water need of Maize at Haiba irrigation scheme if the planting date is 1st December and the total growing period is 150 days using the Blanney-Criddle method for ETo calculation.

4 Irrigation Scheduling

Topic introduction

Making the right decision on how much irrigation water to supply to crops during one irrigation application and how often to apply is very important in irrigation. This topic explains the concepts of irrigation scheduling and the major soil and plant parameters that have to be considered in scheduling. It will finally provide the techniques that have to be employed in determining the irrigation scheduling of crops.

Learning outcomes
At the end of this topic, the students will be able to:

· Explain the concept and importance of irrigation scheduling;

· Describe and explain the various soil and crop parameters that affect irrigation scheduling;
· Compute the irrigation scheduling (Irrigation depth and interval) of various crops.
4.1 Introduction

The irrigation schedule indicates how much irrigation water has to be given to the crop and how often or when this water is given. How much and how often water has to be given depends on the irrigation water need of the crop. As explained in Chapter 3, the irrigation water need is the difference between the crop water need and the effective rainfall. It is usually expressed in mm/unit time. 

When to irrigate is a very important decision in scheduling. For instance, let’s assume the irrigation water need of a certain crop is 6 mm/day. Does this mean we have to apply 6 mm of irrigation water every day? In theory, water could be given daily. In practice, however, this would be very time and labour consuming. It is, therefore, preferable to supply the water at a longer irrigation interval. It is, for example, possible to supply 24 mm every 4 days or 36 mm every 6 days. The irrigation water will then be stored in the root zone and gradually be used by the plants, 6 mm every day. The irrigation interval has to be chosen in such a way that the crop will not suffer from water shortage. The two important questions are:

· How often to irrigate? Often enough to prevent the plants suffering from drought.

· How much to irrigate? As much as the plants have used since the previous irrigation.

Ideally, crops do not suffer from water shortages in irrigation schemes since water is applied before the crops are under drought stress. However, it may not be possible to apply the irrigation water exactly when it would be best due to various reasons including poor water management and water scarcity. In such cases of unexpected or sometimes even planned water shortages, it is good to know:

· The crops which suffer most from water shortages; i.e. crops that will have severe yield reductions when the water is in short supply;

· Growth stages during which the various crops suffer most from water shortages.

Of course, other factors such as the economic value of the crops may also influence the decision on how best to divide the scarce water.
In general, crops grown for their fresh leaves or fruits are more sensitive to water shortages than those grown for their dry seeds or fruits. Table 4.1 shows four categories based on the sensitivity of the specific crops to drought.
Table 4.1 Sensitivity of various field crops to water shortage

	Sensitivity
	Low
	Low – Medium
	Medium – High
	High

	Crops
	Cotton 
	Alfalfa 
	Beans
	Banana

	
	Millet 
	Citrus
	Cabbage
	Fresh green vegetables

	
	Pigeon pea 
	Grape
	Maize
	Potato

	
	Sorghum 
	Groundnuts
	Onion
	Sugarcane

	
	
	Soybean
	Peas
	

	
	
	Sugar beet 
	Pepper
	

	
	
	Sunflower 
	Tomato
	

	
	
	Wheat
	
	


In terms of growth stages, the mid season stage is most sensitive to water shortage. This is mainly because it is the period of the highest crop water needs. If water shortages occur during the mid season stage, the negative effect on the yield will be pronounced.
4.2 Determination of irrigation scheduling

4.2.1 Amount of water to be applied during one irrigation application
The amount of water which can be given during one irrigation application depends on the soil type and the crop root depth. 

The soil type influences the maximum amount of water which can be stored in the soil per metre depth. Sand can store only a little water and has low moisture holding capacity. Irrigation water has, therefore, to be applied in small amount but more frequently on sandy soils. On the other hand, clay has high available water content and larger amounts can be given less frequently. 

The root depth of a crop also influences the maximum amount of water which can be stored in the root zone. If the root system of a crop is shallow, little water can be stored in the root zone and frequent but small irrigation applications are needed. With deep rooting crops, more water can be taken up and more water can be applied less frequently. Young plants have shallow roots compared to fully grown plants. Thus, just after planting or sowing, the crop needs smaller and more frequent water applications than when it is fully developed.
The amount of water that can be stored in a soil profile is termed as Total Available Moisture (TAM or AWC). The total available moisture (TAM) is the difference in moisture content of the soil between the Field Capacity (FC) and Permanent Wilting Point (PWP). Its amount is determined by the relationship between the Volumetric Soil Moisture Content (SMC), which represents the liquid phase in the soil volume, and the Soil Water Pressure (SWP) which is a measure of the matric forces by which the water is retained in the soil. 

Figure 4.1 shows the relationship between volumetric soil moisture content of a soil and the corresponding SWP and is known as the Soil Moisture Characteristics/Retention Curve. It is constructed by determining the water content of the soil at tensions of 0.33 and 15 bars.

pF = log SWP

Where:

SWP = Soil water pressure/soil moisture tension (cm)
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Figure 1. Diagram of the volumetric soil moisture content and pF 

 


Figure 4.1 Soil moisture characteristics curve

The total available moisture (TAM) or available water content (AWC) designates the total amount of moisture that can be stored in a soil profile. However, all the available moisture is not readily available to plants.  As the water suction pressure gets closer to PWP, it becomes tightly held by the soil particles (micro pores) and the plant suffers because it needs high energy to extract. When the soil water content drops below a threshold value, soil water can no longer be transported quickly enough towards the roots to respond to transpiration demand and the root begins to experience stress. The fraction of the total available moisture that a crop can extract from the root zone without suffering water stress is the readily available moisture (RAM).

RAM = ρ * (FC – PWP)

Where:

RAM
= Readily available moisture (% Vol.)

FC
= Moisture content at Field capacity (% Vol.)

PWP
= Moisture content at Permanent wilting point (% Vol.)

ρ
= Allowable depletion level 

Allowable depletion level (ρ) is the fraction of the total available moisture (TAM) that can easily be extracted by crops and is generally between 50 – 60%. Please note that 50% of the total available moisture is depleted at 1 bar SWP. 

The net depth of water that can be applied during one irrigation application (IRn) is the depth of water that can be stored within the root zone between field capacity and the allowable level the soil water that can be depleted for a given crop and soil. The gross depth of application (IRg) should be calculated by considering the field application efficiency. The net irrigation depth is actually the RAM expressed in mm, which would mean multiplying the volumetric readily available moisture content by the root depth of the crop. Therefore,
dnet
= ρ * (FC – PWP) * D

Where:

dnet
= The net irrigation depth (mm)

D
= The depth of the root zone of the crop (mm)

Please note that the above formula is used if the FC and PWP moisture content is given on volumetric basis. If it is rather given on gravimetric basis, the result must be multiplied by the bulk density of the soil.

The gross irrigation depth can then be calculated as follows:

dgross
= dnet/Ea
Where:

dgross
= The gross irrigation depth (mm)

Ea
= The field application efficiency

4.2.2 Irrigation interval and delivery time

Now that the amount of water which should be given during one irrigation application is estimated and applied, the next question is when to apply irrigation water again. This is known as the Irrigation Interval (T). T is defined as the interval in days between two consecutive irrigations for a farm and can be calculated by the following formula. 

T
= dnet/ETc
Where:

T
= Irrigation interval (days)

dnet
= The net irrigation depth (mm)

ETc
= Crop water need (mm/day)

The other important question that needs decision is how long to irrigate a farm during one irrigation application, i.e. the delivery time in hours (t) required for a farm to supply the required gross irrigation depth. The following four irrigation variables are very important for proper planning and operation:

· Irrigated area (A): the area of the field to be irrigated, in ha;

· Irrigation depth (IRg): the amount of irrigation water in mm that must infiltrate into the soil reservoir;

· Stream size (Q): the amount of water per unit time to supply the required irrigation depth, in l/s;

· Irrigation/delivery time (t): the time in hours required to supply the irrigation depth.

With three variables known, the fourth can be calculated. Per unit time, the following rules are valid:

Volume of water needed
= 
Volume of water supplied

Irrigation depth * Area
= 
Irrigation time * Stream size

Q (l/s) = IRg (mm) * A (ha)


        t (hr)

Q (l/s) = IRg (mm) * (m/1000mm) * A (ha) * (10000m2/ha) * (1000l/m3) 




t (hr) * (3600s/hr)

Q (l/s) = 2.78 * IRg (mm) * A (ha)



t (hr)

t (hr) = 2.78 * IRg (mm) * A (ha)



Q (l/s)

4.3 Irrigation scheduling using CROPWAT 8 software

4.3.1 Introduction

CROPWAT 8 is a computer program developed by FAO that can calculate crop and irrigation water requirements and irrigation scheduling from climatic, soil and crop data (Swennenhuis, et al, 2009). The program is interactive in nature and can execute the following tasks very quickly:

· Calculates the potential evapotranspiration (ETo) based on monthly climatic data;

· Calculates the crop water requirements on a decade (10-day) basis based on ETo and crop data;

· Calculates effective rainfall based on dependable rainfall data; and

· Calculates the irrigation water requirement and irrigation scheduling based on crop data, soil data and the selected irrigation scheduling criteria.
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Figure 4.2 CROPWAT 8 main screen

4.3.2 Calculation of potential evapotranspiration

The CROPWAT 8 software employs the FAO Penman-Monteith method for determining reference crop evapotranspiration (ETo). This method overcomes the shortcomings of all other empirical methods and provides ETo values that are more consistent with actual crop water use data in all regions and climates and is now the sole recommended method. This method calculates the ETo of an area based on the temperature, humidity, wind speed and sunshine data. Unfortunately, the available climatic data for most of the meteorological stations in Tigray are only maximum and minimum temperatures. However, the CROPWAT 8 software also gives better estimated ETo values for such areas by extrapolating the missing climatic data from its built-in global database based on the location (Latitude and longitude) and altitude of the site.

The Adi Felesti river diversion irrigation scheme, found in Gergera Kushet, Hayelom Tabia, Atsbi Wenberta Wereda, Eastern zone of Tigray, will be used as a case study to demonstrate the application of CROPWAT 8. The geographical coordinates of the Adi Felesti diversion site are 130 45’ 58.2’’ N latitude and 390 43’ 27.5’’ E longitude while the average elevation of the main command are is about 2200 m above msl (mean sea level). The temperature and rainfall data for the site is taken from Wukro meteorological station (Table 4.2).

Table 4.2 Temperature and rainfall data of Adi Felesti river diversion irrigation scheme (2000 – 2012)

	Month
	Tmax (OC)
	Tmin (OC)
	Tave (OC)
	Mean rainfall (mm)

	Jan
	27.6
	8.4
	18.0
	0.4

	Feb
	28.4
	9.8
	19.1
	1.3

	Mar
	28.9
	11.5
	20.2
	12.7

	Apr
	29.5
	13.7
	21.6
	31.9

	May
	30.4
	13.7
	22.0
	23.5

	Jun
	30.0
	12.9
	21.5
	51.0

	Jul
	26.7
	12.2
	19.5
	216.1

	Aug
	26.3
	13.7
	20.0
	272.8

	Sep
	28.3
	11.5
	19.9
	41.9

	Oct
	27.2
	10.1
	18.7
	9.9

	Nov
	26.2
	9.5
	17.9
	1.4

	Dec
	26.3
	8.1
	17.2
	0.8

	Ave
	28.0
	11.3
	19.6
	663.7


EXERCISE I

Determine the monthly potential evapotranspiration (ETo) of Adi Felesti using CROPWAT 8?

PROCEDURE

· Start CROPWAT 8 software.

· Go to “Settings” on the top horizontal menu of the main screen and select “Options” – the small options screen given in Figure 4.3 will appear.

· Since the available data are minimum and maximum temperatures only, select “ETo Penman calculated from temperature data (other estimated)” option from “Climate/ETo >> ETo Penman-Monteith” dropdown menu and press “OK”.
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Figure 4.3 Options screen of CROPWAT 8 software

· Select “Climate/ETo” icon from the left vertical menu of the main screen and enter the required location and temperature data.

· Location data:

· Altitude
2200 m.a.s.l;

· Latitude
130 45’ 58.2’’ N (13.70)

· Longitude
390 43’ 27.5’’ E (39.70)

· Save the file in a folder for future use.

· Create a folder in your computer’s hard drive (preferably named after a crop)

· Click “File” from the top horizontal menu, select “Save as” from the dropdown menu and save the file in the folder you have created (Use file name: AdiFelestiETo)

· You can also copy the data and export it to excel for further manipulation:

· Right click on the small “Monthly ETo Penman-Monteith” screen and select “Copy table >> Data and Headers” (Figure 4.4).

· Open your excel sheet, paste the data and save it for use during report writing or other purpose.
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Figure 4.4 Monthly ETo Penman-Monteith screen of CROPWAT 8

4.3.3 Determination of crop and irrigation water requirement

CROPWAT 8 software estimates the crop water requirement of an irrigation scheme based on crop and cropping pattern data.  

For instance, wheat, barley, teff and beans during the wet season and tomato, maize, garlic and small vegetables (such as cabbage) during the dry season were proposed to be grown in the Adi Felesti irrigation scheme (Table 4.3). The crop selection was made after detailed discussion with the beneficiaries and the development agents regarding the suitability of the area to the proposed crops and the preference of the community. In addition, the cropping pattern of existing irrigation schemes in the surrounding and the suitability of the climate and the soil to the recommended crops were also taken into account.

Table 4.3 Proposed cropping pattern for the Adi Felesti river diversion irrigation scheme

	Season
	Crop
	Area

(%)
	Sowing date
	Growing period

(Days)

	Wet season
	Wheat
	70
	June 15
	120

	
	Barley
	20
	June 15
	120

	
	Teff
	5
	June 30
	105

	
	Bean
	5
	June 25
	110

	First irrigation
	Tomato
	50
	October 20
	120

	
	Maize
	30
	October 20
	120

	
	Garlic
	15
	October 20
	140

	
	Small vegetables
	5
	October 20
	90

	Second irrigation
	Small vegetables
	85
	March 01
	90


The proposed cropping pattern for the envisaged irrigation scheme was arranged in order to enable three production seasons per year. As it can be seen in Table 4.3, considering sowing date as of mid June, the harvesting of the wet season crops will be completed at the beginning of the second decade of October. As a result, setting the remaining days of the second decade of October for land preparation, October 20 was recommended as the sowing date of the first irrigation. This arrangement will enable the harvesting of tomato, maize and small vegetables that cover 85% of the irrigated area to be completed by the second decade of February. If the last decade of February is used for land preparation, farmers can sow second round irrigation crops on March 01. As sowing of wet season starts June 15, harvesting of the second irrigation has to be completed by the end of May in order to allow sufficient time for the wet season land preparation. Since this will leave a window of about 90 days for the second irrigation season, only short duration small vegetables are recommended to be planted on the 85% of the command area provided that sufficient flow is available. On the other hand, since the harvesting of the first irrigation garlic that covers 15% area will be completed during the first decade of March, there will not be sufficient time for second irrigation on this land before the wet season begins.

The net irrigation water requirement of schemes can also be determined by the CROPWAT 8 software. The software first estimates the effective rainfall using the FAO (FAO/AGLW dependable rain formula) formula and calculates the net irrigation water requirement by subtracting the effective rainfall from the crop water requirement.

EXERCISE II

Determine the Crop Water Requirement (CWR) and Net Irrigation Water Requirement (NIR) of Adi Felesti river diversion irrigation scheme for the first irrigation season tomato using CROPWAT 8?

PROCEDURE

A
Determination of effective rainfall

· Go to “Settings” on the top horizontal menu of the main screen and select “Options” – the small options screen given in Figure 4.3 will appear.

· Click the “Rainfall” icon, select the “Dependable rain (FAO/AGLW formula)” option and press “OK”.

· Select the “Rain” icon from the left vertical menu of the main screen and enter the location name and rainfall data (Table 4.2).

· Save the file in a folder you have created for future use in the same was as you did in EXERCISE I.

· You can also copy the data and export it to excel in the same way as EXERCISE I.

B
Crop type and cropping pattern data

· Crop data

· Select the “Crop” icon from the left vertical menu followed by “Open” from the second row of the top horizontal menu from the main screen and the screen given below will appear.

· Click the “FAO” folder and select your crop (tomato).

· Check the crop data and make corrections if necessary. 

· For instance for tomato at Adi Felesti, the total growing period is 120 days not 145.

· Enter the crop planting date (20/10 for tomato).

· Save the file in the folder you have created for future use. If you make changes to the crop data, please modify the crop name and save it in the “FAO” folder first before you save it in the crop folder you have created.

· Modify the crop name to “Tomato-AF”;

·  Click “File” from the top horizontal menu, select “Save as” from the dropdown menu and save the file in the “FAO” folder- the crop is now registered as a new crop variety in the root directory.

·  Then, save the file in the folder you have created for future use.
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· Cropping pattern

· Select the “Crop pattern” icon from the left vertical menu of the main screen and the following screen will appear.
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· Fill in the “Cropping pattern name”.

· Now, place the cursor in the number 1 box under the “Crop file”, click the icon in front of the box and select your crop from the “FAO” folder.

· Enter the crop planting date (20/10 for tomato) and the percentage of total area planted to the crop (100).

· Note that tomato covers only 50%. But, it is better to do it this way for all crops and calculate the weighted value in excel.

· Click “File” from the top horizontal menu, select “Save as” from the dropdown menu and save the file in the root directory, i.e in the “Sessions” folder that appears automatically.

· Then, save the file in the folder you have created for future use.

C
Crop water requirement (CWR) and Net irrigation water requirement (NIR)

· Your CWR and NIR is now ready – All you need to do is click the “CWR” icon from the left vertical menu of the main screen.

· Unlike the others, you don’t need to save this file for future use. It is calculated by the CROPWAT 8 based on the aforementioned climatic and crop data.

· But, similar to ETo and Pe, you can copy the CWR and NIR data and export it to excel.

EXERCISE III

Determine the Crop Water Requirement (CWR) and Net Irrigation Water Requirement (NIR) of Adi Felesti river diversion irrigation scheme for the remaining crops of the first irrigation season cropping pattern using CROPWAT 8?

· ETo and Pe data are the same for all crops.

4.3.4 Irrigation scheduling using CROPWAT 8 software
As described above, CROPWAT 8 calculates irrigation scheduling based on soil data, crop data and the selected irrigation scheduling criteria.

The most important soil data required by the CROPWAT 8 for scheduling is the amount of water that can be stored in a soil profile, termed as Total Available Moisture (TAM). Representative soil samples have to be collected and proper laboratory analysis carried out to determine the TAM of a command area. 

For instance, the Adi Felesti river diversion irrigation scheme command area was first classified into three, namely, top, middle and bottom. Finally, disturbed and undisturbed soil samples were collected from three locations within each class (left, center and right) and two depths (0 – 50 cm and 50 – 100 cm) at each location. The disturbed and undisturbed soil samples were used to determine the moisture content of the soil at permanent wilting point and field capacity respectively at Mekelle University soil laboratory. The soil samples were saturated, a state where all pore spaces are filled with water, and a pressure of 0.33 bars and 15 bars were applied for field capacity and permanent wilting point respectively. Then, the samples were placed in oven at 105 oC for 24 hours to determine the gravimetric moisture content held in the soil at FC and PWP. The gravimetric soil moisture was finally multiplied by its bulk density to get the corresponding volumetric value. The undisturbed soil samples taken by core-samplers were also used for the determination of bulk density by core method.

Gravimetric Moisture Content (%)
=  (Weight of water/Weight of dry soil) * 100

Volumetric Moisture Content (%)

=  Gravimetric Moisture Content (%) * Bulk 

                                                                
    density

Finally, the average moisture holding capacity of the Adi Felesti command area was found to be 125 mm/m (Table 4.4).

Table 4.4 Average moisture holding characteristics of the Adi Felesti command area determined in laboratory

	Sampling depth (cm)
	Sample code
	Average moisture content

	
	
	FC 
(wt)
	PWP 
(wt)
	BD 
(gm/cc)
	TAM 
(% vol)
	TAM 

(mm/depth)

	0 – 50 
	1
	0.134
	0.094
	1.64
	6.62
	33.09

	
	2
	0.135
	0.095
	1.82
	7.25
	36.24

	
	3
	0.199
	0.078
	1.55
	18.71
	93.57

	
	4
	0.193
	0.094
	1.59
	15.77
	78.83

	
	5
	0.116
	0.063
	1.78
	9.36
	46.78

	
	6
	0.217
	0.097
	1.37
	16.36
	81.82

	Average of top 50 cm profile
	61.72

	50 – 100 
	1
	0.292
	0.153
	1.47
	20.26
	101.32

	 
	2
	0.181
	0.109
	1.45
	10.46
	52.29

	
	3
	0.188
	0.107
	1.50
	12.13
	60.66

	 
	4
	0.203
	0.123
	1.59
	12.78
	63.91

	
	5
	0.184
	0.092
	1.39
	12.71
	63.55

	
	6
	0.195
	0.123
	1.50
	10.65
	53.27

	
	7
	0.188
	0.125
	1.60
	10.00
	49.99

	Average of bottom 50 cm profile
	63.57

	Average moisture holding capacity of the command area (mm/m)
	125.29


GROUP EXERCISE IV

Determine the irrigation scheduling of the first irrigation season tomato for Adi Felesti using CROPWAT 8 based on the above soil moisture holding capacity data and the following irrigation scheduling criteria:

· Available soil moisture of 50%TAM at the time of sowing; and

· Irrigation applied when the allowable total soil moisture (TAM) is depleted, i.e Irrigate at critical depletion.
4.4 Irrigation scheduling using simple practical method

4.4.1 Introduction

The best approach to determine scheduling is by the conventional CROPWAT 8 software using climatic data and Field Capacity and Permanent Wilting Point soil moisture content data obtained from a laboratory test. However, this conventional irrigation scheduling demands data that are not easily available in most parts of Ethiopia and requires computer access as well as a trained professional to run the program. The provision of simple and practical irrigation scheduling method is, therefore, very critical if improvement is to be achieved. A research was, therefore, initiated to test, improve and introduce a simple and practical approach of irrigation scheduling at Gumsalasa earthen dam irrigation scheme that can easily be scaled-up regionally and beyond. The simple and practical irrigation scheduling approach under study was first published in 1985 by FAO (Brouwer, et. al, 2001) and is intended for use by field assistants in agricultural extension services and irrigation technicians at the village and district levels who want to increase their ability to deal with farm-level irrigation issues. This section will demonstrate the simple practical method based on scheduling applied for Maize at Gumsalasa irrigation scheme during the 2013 irrigation season.

The simple calculation method to determine the irrigation schedule involves the following four steps.

· Estimate the net and gross irrigation depth that need to be supplied during one irrigation application (dnet and dgross) in mm.
· Calculate the net irrigation water need (IRn) in mm over the total growing season.
· Calculate the number of irrigation applications over the total growing season.
· Calculate the irrigation interval in days.
4.4.2 The depth of irrigation water to be applied during one irrigation application
The amount of water which can be given during one irrigation application depends on the soil type and the crop root depth.

The depth of water that need to be given during one irrigation application is best estimated based on the Field Capacity and Permanent Wilting Point soil moisture content determined in a laboratory and the crop root depth determined locally. This is, however, usually difficult to obtain. In such circumstances, Table 4.5 and Table 4.6 can be used for determining the net irrigation depth (dnet) that can be given during one irrigation application.

Table 4.5 Approximate net irrigation depths (mm) that need to be given for various soil and crop types
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Table 4.6 Approximate root depth of major field crops
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Table 4.5 presents the net irrigation depth (dnet) that should be applied to farms in various soils and crop root depths. 

The gross irrigation depth can then be calculated as follows:

dgross
= dnet /Ea

Where:

dgross
= The gross irrigation depth (mm)

Ea
= The field application efficiency

Exercise for Gumsalasa

· The dominant soil type of Gumsalasa irrigation scheme is clay;

· Maize is classified as deep rooting crop (Table 4.6);

· The net irrigation depth that needs to be given during one irrigation application (dnet) for “deep rooting crops” in “Clayey soil” is 70 mm (Table 4.5).

· dgross
= dnet /Ea [Field application efficiency (Ea) of 86%  assumed since there was no runoff from the plot];

· dgross 
= 70 mm/0.8) = 87.5 mm
4.4.3 The net irrigation water need (IRn) over the total growing season
4.4.3.1 Potential evapotranspiration (ETo) (Blanney-Criddle method)
ETo = p (0.46 * Tmean + 8)

Where:

ETo 
= Reference crop evapotranspiration (mm/day)
Tmean
= Mean daily temperature of the month (°C)

p
= Mean daily percentage of annual daytime hours
Table 4.7 ETo of Gumsalasa using the Blanney-Criddle method

	Month
	Temperature (OC)
	p
	ETo (mm/day)

	
	Maximum
	Minimum
	Mean
	
	

	January
	22.9
	9.4
	16.2
	0.26
	4.02

	February
	24.2
	10.4
	17.3
	0.26
	4.15

	March
	25.2
	11.9
	18.6
	0.27
	4.47

	April
	25.5
	13.3
	19.4
	0.28
	4.74

	May
	26.6
	13.9
	20.3
	0.29
	5.03

	June
	26.8
	13.4
	20.1
	0.29
	5.00

	July
	23.2
	13.2
	18.2
	0.29
	4.75

	August
	22.3
	13.0
	17.6
	0.28
	4.51

	September
	24.2
	11.7
	18.0
	0.28
	4.56

	October
	23.5
	11.1
	17.3
	0.27
	4.31

	November
	22.2
	10.4
	16.3
	0.26
	4.03

	December
	22.1
	9.6
	15.8
	0.25
	3.82

	Average
	4.45


Note:

· p was taken from Table 2.4 based on latitude of Gumsalasa (13015’ N).
Table 4.8 Mean daily percentage (p) of annual daytime hours for different latitudes
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4.4.3.2 Crop water requirement of Maize
Table 4.9 Crop water requirement of Maize at Gumsalasa irrigation scheme (Planting date: 07 January 2013)

	Month
	Jan.
	Feb.
	March
	April
	May
	Remark

	a. ETo (mm/day)
	4.02
	4.15
	4.47
	4.74
	5.03
	Table 4.7

	b. Growth stage and 

corresponding Kc values
	I = 20         CD = 30       MS = 40     LS = 20
Kc = 0.40   Kc = 0.80    Kc = 1.15    Kc = 0.70
	

	c. Monthly Kc
	0.48
	0.83
	1.15
	0.81
	
	

	d. ETc (mm/day)
	1.93
	3.44
	5.14
	3.84
	
	

	e. No. of days in the month
	25
	28
	31
	26
	
	

	f. ETc (mm/month)
	48.2
	96.4
	159.4
	99.8
	
	404


Calculation of monthly Kc

· January
20 days IS, Kc = 0.40

5 days CD, Kc = 0.80

Kc = 20/25 * 0.40 + 5/25 * 0.80 = 0.32 + 0.16 = 0.48
· February
25 days CD, Kc = 0.80

3 days MS, Kc = 1.15

Kc = 25/28 * 0.80 + 3/28 * 1.15 = 0.71 + 0.12 = 0.83
· March

31 days MS, Kc = 1.15

· April

6 days MS, Kc = 1.15




20 days LS, Kc = 0.70



Kc = 6/26 * 1.15 + 20/26 * 0.70 = 0.27 + 0.54 = 0.81
4.4.3.3 Net irrigation water need (IRn) of Maize
Table 4.10 Net irrigation water need (IRn) of Maize at Gumsalasa irrigation scheme during the growing season

	Month
	Jan.
	Feb.
	March
	April
	Total
	Remark

	ETc (mm/month)
	48.2
	96.4
	159.4
	99.8
	404
	Table 4.9

	Pe (mm/month)
	0
	0
	0
	0
	0
	

	IRn (mm/month)
	48.2
	96.4
	159.4
	99.8
	404
	ETc - Pe


4.4.4 The number of irrigation applications over the total growing season
Solution

· Net irrigation water need of Maize during the whole growing season (IRn) = 404 mm;

· Net irrigation depth that should be given to Maize during one irrigation application (dnet) = 70 mm;

· Number of irrigation (NI) 
= IRn/dnet 

= 404 mm/70 mm 

= 5.77 (6 applications are required)

4.4.5 The irrigation interval (T)

Solution

· Total growing season of Maize is 110 days;

· Total of 6 irrigation applications are required;

· 6 application in 110 days means 1 application every 18.6 days (110/6);

· In other words, the interval between two irrigation applications is 18 days. 
4.4.6 Adjusting the irrigation schedule to peak period

When using this calculation method to determine the irrigation schedule, it is advisable to ensure that the crop does not suffer from undue water shortage in the months of peak irrigation water need. Accordingly:

· The irrigation interval (T) is 18 days while the net irrigation depth applied at one irrigation (dnet) is 70 mm;

· Thus, the total amount of net irrigation depth applied in one month is 116 mm (30/18 * 70 mm);

· The depth of water given during each month (dnet) should be compared with the amount of irrigation water needed during that month (IRn).
Table 4.11 Monthly irrigation water need (IRn) and net irrigation application (dnet) for Maize at Gumsalasa

	Month
	Jan.
	Feb.
	March
	April
	Total

	IRn (mm/month)
	48.2
	96.4
	159.4
	99.8
	404.0

	dnet (mm/month)
	70.0a
	116.0
	116.0
	101.0a
	403.0

	dnet – IRn (mm/month)
	+21.8
	+19.6
	-43.4
	+1.2
	-1.0


Note:

a
 Only one irrigation application in January and there is only 26 days of growing period in April.

The total net amount of irrigation water applied (403 mm) is sufficient to cover the total irrigation water need (404 mm). However, more water than required will be applied in January and February while less water than required will be given in March. Care should be taken with under-irrigation (too little irrigation) in the peak period as this period normally coincides with the growth stages of the crops that are most sensitive to water shortages. The irrigation scheduling for Maize at Gumsalasa should, therefore, be adjusted based on March.

Therefore
· Net irrigation water need of Maize during the peak season (IRn) = 159.4 mm;

· Net irrigation depth that should be given to Maize during one irrigation application (dnet) = 70 mm;

· Number of irrigation (NI) =IRn/dnet = 159.4 mm/70 mm = 2.27 (2 applications are required);

· Total number of days of peak season is 30 days;

· 2 applications in 30 days means 1 application every 15 days (30/2). Accordingly, The irrigation schedule of Maize at Gumsalasa is:

· Net irrigation depth (dnet) 



= 70.0 mm

· Gross irrigation depth (dgross) 



= 87.5 mm

· Irrigation interval in off-peak season (Toffpeak) 
= 18 days

· Irrigation interval in peak season (Tpeak) 

= 15 days

Additional adjustment

· Excess water is applied during January and February causing deep percolation loss. This is due to the fact that the crop root depth is shallow during this stage while the water applied considers fully grown crop. Therefore, make the following adjustments during this period:
· Reduce dnet to 45 mm (96.4/2, i.e February) and apply irrigation at 15 days interval so that there will be no variation in interval during off-peak and peak season.
GROUP EXERCISE V
Exercise irrigation scheduling using simple practical method for Tomato.

5 Yield Response to Water Stress and Salinity
Topic introduction

Water stress and salinity are two of the most important factors that adversely affect productivity and production of crops. However, different crops react differently to these stresses. This topic will give crops specific attention and discuss different types of crops and their yield response to water stress and salinity. It will also present different irrigation strategies to minimize the effects of water stress and salinity.
Learning outcomes
At the end of this topic, the students will be able to:

· Explain the effect of water quantity and quality on crop yield;

· Describe the concept and importance of deficit irrigation under water scarce condition.

5.1 Introduction

A plant can be subjected to water stress (scarcity in quantity) and water quality problems. When too little water is available in the root zone, the plant will reduce the amount of water lost through transpiration by partial or total stomatal closure. This results in decreased photosynthesis, since the CO2 required for this process enters the plant through the stomata. Decreased photosynthesis reduces biomass production and results in decreased yields and yield components of a plant.

The water deficit can be natural and/or done deliberately by man. The deficit done deliberately depends on the comparison of quantity of water applied and yield obtained. The practice may also focus on specific crop growth stages as stages like flowering stage is highly sensitive to water.  If the deficit application of water don’t have significant yield difference compared to full irrigation, it may be recommended to practice it particularly in water scarce areas (arid and semi arid areas) to encourage efficient water management. Analyzing the effect of water supply on crop yields can be used in planning, design and operation of irrigation schemes.

5.2 Yield response to deficit irrigation
In order to understand the yield response to deficit irrigation, the components of yield water relationships can be analyzed. These components are:
· maximum yield (Ym), 

· actual crop yield (Ya),

· crop water requirements (ETm) and 

· crop water deficits (ETa).

5.2.1 Maximum yield (Ym)

Maximum yield (Ym) is defined as the harvested yield of a high producing variety, well-adapted to the given growing environment, including the time available to reach maturity, under conditions where water, nutrients and pests and diseases do not limit yield. 

Ym is primarily determined by its genetic characteristics and how well the crop is adapted to the prevailing environment.

The environmental requirements for good yield consist of: climate, soil and water for optimum growth and crop variety. A careful selection of the crop and the variety most suited to a given environment is of paramount importance for obtaining high and efficient production.
The climatic factors include:

· temperature, 

· radiation and

· length of the total growing season in addition to any specific temperature and day length requirements for crop development. 
Temperature determines the rate of crop development and consequently affects the length of the total growing period required for the crop to form yield. For instance, a maize variety requiring 100 days to reach maturity at a mean daily temperature of 25 to 30oC while it may take 150 days at 20oC or 250 days or more at 15oC to reach maturity. Some crops have specific temperature and/or day length requirements for initiation of certain growth and development. For tuber initiation in potato night temperature of below 15oC is normally required in some sorghum varieties flowering is sensitive to short day length, while in winter wheat flowering requires both a cold period and long days.

The water yield relationship is also affected by factors other than water, such as: crop variety, fertilizer, salinity, pests and diseases, and agronomic practices. Water deficits in crops, and the resulting water stress on the plant, have an effect on crop evapotranspiration and crop yield. When economic conditions do not restrict production and full water requirements are met the actual crop yield will equal the maximum crop yield (Ya =Ym). But if full water requirements are not met by available water supply, Ya < Ym even though other conditions are fulfilled.
5.2.2 Crop water requirement (ETm)

The crop water requirement (ETm) represents the rate of maximum evapotranspiration of a healthy crop under optimum agronomic and irrigation management. Thus ETm refers to conditions when water is adequate for unrestricted growth and development. For a given climate, crop and crop development stage ETm is a function of ET0:

ETm = kc . ETo
5.2.3 Crop water deficit (ETa)

The crop water deficit stands for the rate of crop evapotranspiration at actual water supply. To determine the actual evapotranspiration (ETa), the level of the available soil water must be considered. ETa equals ETm when available soil water to the crop is adequate. However, when available soil water is limited, ETa < ETm. The available soil water depends on the value of the allowable depletion fraction (p). The allowable depletion (p) is the portion of available moisture which the crop can use without reducing yields. The allowable depletion p is expressed as a percentage of available moisture allowed to be removed from the root zone by the crop. In other words it is also the amount of water that must be replaced to return the active root zone to field capacity.

Figure 5.1 shows the best crop growth that ranges within the field capacity and somewhere between field capacity and wilting point. That unknown point (refill point) is reached after the crop is allowed to consume the available soil moisture while there is no slowing in crop growth. 
.[image: image42.png]REFILL POINT

@ snawEsoL

Relationship between soil water and crop stress




Figure 5.1 Refilling point indicator

5.2.4 Actual yield (Ya)

When water supply does not meet crop water requirements, ETa will fall below ETm (or ETa < ETm). Under this condition, water stress will develop in the plant which will adversely affect crop growth and ultimately crop yield. The effect of water stress on growth and yield depends on:

· Crop variety and 

· Magnitude and time of occurrence of water deficit.

The effect of the magnitude and the timing of water deficit on crop growth and yield is of major importance in scheduling available but limited water supply over growing periods of the crops and in determining the priority of water supply amongst crops during the growing season.

The amount of total dry matter and yield produced per unit of water (kg/m3) varies with crop. This can be expressed as the water utilization efficiency in kg/m3 for total dry matter (Em) and harvested yield (Ey).

5.2.5 Relationship between Ym, Ya, ETm, and ETa
To establish the relationship between these four components, it is necessary to:

· Determine the maximum yield (Ym) of adapted crop variety, dictated by climate, assuming other growth factors (e.g. water, fertilizer, pests and diseases) are not limiting.

· Calculate maximum evapotranspiration (ETm) when crop water requirements are fully met by available water supply.

· Determine actual crop evapotranspiration (ETa) based on factors concerned with available water supply to the crop.

· Evaluate factors concerned with the interaction between water supply, crop water requirements and actual yield (Ya); through selection of yield response factor (ky) to evaluate relative yield decrease as related to relative evapotranspiration deficit. The yield response factor (Ky) was introduced by Doorenbos and Kassam (1979) to evaluate the effect of water deficit on crop yield.
The relationship between Ym, Ya, ETm, and ETa is presented as:
(1-Ya/Ym) = ky (1-ETa/ETm)
where

Ya
actual yield at harvest

Ym
maximum harvested yield

ky 
yield response factor

ETa
actual evapotranspiration

ETm
maximum evapotranspiration
Thus 

Ky = relative yield decrease / relative evapotranspiration deficit
Under conditions of limited water distributed equally over the total growing season, involving crops with different ky values, the crop with the higher ky value will suffer a greater yield loss than the crop with a lower ky value. Quantification is possible when the likely yield losses arise from differences in the ky of individual growth periods.

The yield response to water deficit of different crops is of major importance in production planning. For example, under conditions of limited water supply and with water deficit equally spread over the total growing season, the yield decrease for maize (total growing period ky = 1.25) will be greater than for sorghum (ky = 0.9). Consequently, when such crops are grown within the same project area and maximum production per unit volume of water is being aimed at maize would have the priority for water supply. Also when maximum total production for the project area is being aimed at and land is not a restricting factor, the available water supply would be directed toward fully meeting the water requirements of maize over a restricted area; for sorghum, the overall production will increase by extending the area under irrigation without fully meeting water requirements provided water deficits do not exceed certain critical values.

Similarly, the yield response to water deficit in different individual growth periods is of major importance in the scheduling of available but limited supply in order to obtain highest yield. In general, crops are more sensitive to water deficit during emergence, flowering and early yield formation than they are during early (vegetative, after establishment) and late growth periods (ripening). This implies that timing of water supply is as crucial as the supply level over the total growing period. 

Planning of seasonal supply must therefore take into consideration the optimum allocation of water supply to the crop over the growing season. In terms of water management this would mean that water allocations of a controlled but limited supply would be directed toward meeting the full water requirements of the crop during the most sensitive growth periods for water deficit rather than spreading the available limited supply to the crop equally over the total growing period. For example, for maize, the supply would be directed particularly to the flowering and yield formation periods. If crops are grown under supplemental irrigation the water application must be programmed so that sufficient water is available in the soil during flowering and yield formation.

In summary, the relationship 
RYD=Ky*RED
where
RYD
Relative Yield Decrease, i.e =((Ym-Ya)/Ym))
Ky
Yield response factor
RED 
Relative Evapotranspiration Deficit (i.e = ((ETm-Eta)/ETm)
applies for healthy, well developed crops grown under optimum conditions, water being the only constraint, is applicable to total growing period of a crop and to individual crop development stage, indicates that in case of scarce water resources, water is given by preference to crops with higher Ky-values and during growth stages most sensitive to water deficit.
5.2.6 Water use efficiency

The water use efficiency (WUE) is defined as:

WUE=Y/W

where 

WUE water use efficiency (kg/m3) 

Y 
 crop yield (kg) 

W
 consumed water (m3). 

According to Gupta (2007), WUE can be enhanced by increasing the yield without increasing water consumption through:

· A good crop husbandry

· Proper choice of crop and crop variety with higher yield
· Timely sowing

· Maintaining recommended plant populations

· Adequate control of weeds, pests, diseases, 

· Judicial use of fertilizers

· Controlling surface evaporation

· Using mulches

· Zero (no) tillage.
Or by restricting water consumption without compromising for yield:
· Irrigating at critical stage of the crop growth

· Choosing a right irrigation method

· Improving intake of precipitation 

· Opening the soil surface

· Conservation tillage

· Levelling of the land

· Deep tillage to break hard pans

· Addition of organic matter and growing of grasses to make soils friable and improve infiltration 

5.3 Yield response to salinity
Generally the effects of salt on plants consist of slow seed germination, sudden wilting, stunted growth, leaf burn, changing the colour of leaves to yellow, leaf fall, restricted root development and death, and finally sudden or gradual death. Many crops are highly affected by salinity at the critical growth stages of initial stage (germination and seedling establishment) and mid season stage (flowering and seed setting). The growth of the plant can also be affected during germination due to lack of enough energy to penetrate a hard pan created as a result of soil sodicity. But, generally they develop resistance to salinity as their age increases (Minhas, 1996; Texas Agricultural Extension service, 1996). Besides, due to high sodium concentration, the plant may face deficiency of the other elements like calcium and potassium. 

The tolerance and response of all plants to salinity vary because of the reason that some crops are better able to make the needed osmotic adjustments and enable them to extract more water from a saline soil, or they may be more tolerant to the toxic effects of salinity. The effect of salinity on plants is manifested in terms of suppressing its growth rate and reduction of the yield. Some tolerant crops, however, can produce acceptable yields at much higher soil salinity levels than other sensitive crops as shown in Table 5.1, which shows the effect of water salinity and soil salinity on relative crop yield where relative crop yield is the yield under saline condition as compared to non saline condition while other growth conditions are considered same (FAO, 1985; FAO, 1998). 

Table 5.1 Relative yield decrease due to water and soil salinity

	Crop tolerance and yield potential of selected crops as influenced by Irrigation water salinity (ECw) or Soil Salinity (ECe)

Yield Potential

	Field Crops
	100%
	90%
	75%
	50%
	0%

	
	ECe
	ECw
	ECe
	ECw
	ECe
	ECw
	ECe
	ECw
	ECe
	ECw

	Barley
	8.0
	5.3
	10
	6.7
	13
	8.7
	18
	12
	28
	19

	Cotton
	7.7
	5.1
	9.6
	6.4
	13
	8.4
	17
	12
	27
	18

	Sugarbeet
	7.0
	4.7
	8.7
	5.8
	11
	7.5
	15
	10
	24
	16

	Sorghum
	6.8
	4.5
	7.4
	5.0
	8.4
	5.6
	9.9
	6.7
	13
	8.7

	Wheat
	6.0
	4.0
	7.4
	4.9
	9.5
	6.3
	13
	8.7
	20
	13

	Wheat, durum
	5.7
	3.8
	7.6
	5.0
	10
	6.9
	15
	10
	24
	16

	Soybean
	5.0
	3.3
	5.5
	3.7
	6.3
	4.2
	7.5
	5.0
	10
	6.7

	Cowpea
	4.9
	3.3
	5.7
	3.8
	7.0
	4.7
	9.1
	6.0
	13
	8.8

	Groundnut (Peanut)
	3.2
	2.1
	3.5
	2.4
	4.1
	2.7
	4.9
	3.3
	6.6
	4.4

	Rice (paddy)
	3.0
	2.0
	3.8
	2.6
	5.1
	3.4
	7.2
	4.8
	11
	7.6

	Sugracane
	1.7
	1.1
	3.4
	2.3
	5.9
	4.0
	10
	6.8
	19
	12

	Corn (maize)
	1.7
	1.1
	2.5
	1.7
	3.8
	2.5
	5.9
	3.9
	10
	6.7

	Flax
	1.7
	1.1
	2.5
	1.7
	3.8
	2.5
	5.9
	3.9
	10
	6.7

	Broadbean
	1.5
	1.1
	2.6
	1.8
	4.2
	2.0
	6.8
	4.5
	12
	8.0

	Bean
	1.0
	0.7
	1.5
	1.0
	2.3
	1.5
	3.6
	2.4
	6.3
	4.2

	Vegetable crops

	Squash, Zucchini (Courgette)
	4.7
	3.1
	5.8
	3.8
	7.4
	4.9
	10
	6.7
	15
	10

	Beet, red
	4.0
	2.7
	5.1
	3.4
	6.8
	4.5
	9.6
	6.4
	15
	10

	Squash, Scallop
	3.2
	2.1
	3.8
	2.6
	4.8
	3.2
	6.3
	4.2
	9.4
	6.3

	Broccoli
	2.8
	1.9
	3.9
	2.6
	5.5
	3.7
	8.2
	5.5
	14
	9.1


5.4 Irrigation water quality indicators

5.4.1 Salinity hazards
This refers to total soluble salts concentration (TSS); mainly Ca, Mg, and Na contents. High TSS in irrigation water can cause for raise of osmotic potential in soils which reduces water uptake by plants. 

According to Gupta (2007) Log TSS=1.016+1.065 log ECw and ECw up to 0.3dS/m at 25oC is safe for all crops while ECw of 50 dS/m and above is unsafe for all crops. The salinity level between 0.3 and 50dS/m will have various effects on crop yield depending on the type of the crop and soil.     

5.4.2 Sodicity hazards

It indicates the dominance of Na+ in the TSS of irrigation water. Sodicity hazard is also called as alkalinity hazard measured in Sodium Adsorption Ratio (SAR)
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Where Na+, Ca2+, Mg2+ are sodium, calcium and magnesium in milliequivalent per liter (meq L-1), respectively (FAO, 1985).

5.4.3 Residual sodium carbonate hazards (RSC)

RSC (meq/l of water) = (CO-3+HCO-3)-(Ca++ + Mg++)

RSC below 1.25meq/l is good irrigation water while above 2.5 is unacceptable water for irrigating any crop. High RSC in water causes precipitation of neutral cations of Ca and Mg and consequently increased sodicity hazards.

5.4.4 Boron hazards

Generally, irrigation water containing boron (B) of 0.75 ppm and above is considered as unsuitable for crops. Tolerant crops such as sugarbeet can tolerate B of up to 2 ppm.

Table 5.2 Water classification by salinity (Phocaides, 2000)
	Level of salinity
	EC (dS/m)
	TDS(mg/l)

	Non-saline water
	<0.7
	<500

	Saline water
	0.7-42
	500-30,000

	Slightly saline
	0.7-3.0
	500-2,000

	Medium saline
	3.0-6.0
	2,000-4,000

	Highly saline
	>6.0
	>4,000

	Very saline
	>14.0
	>9,000

	Brine
	>42
	>30,000


Table 5.3 Soil quality indicators (Chemical characteristics, Gupta, 2007)

	Class
	Maximum total salt content (TSS, %)
	Maximum exchangeable sodium percentage (ESP)(=Exchangeable Na in Cmol/kg)/cation exchangeable capacity in Cmol/kg)
	pH

	Excellent
	<0.2
	<5
	6.5-7.5
	

	Good
	<0.3
	<10
	7.5-8.5 in clay loam
	5.5-6.5 in sandy loam

	Fair
	<0.5
	<15
	8.5 -9.5 in clay
	4.5-5.5 i in fine sand

	Poor
	>0.5
	>15
	>9.5

in carse sand
	< 4.5 in in gravelly soils


Saline soils are classified into four types: normal soil, saline soil, sodic soil, and saline-sodic soil. According to Gardiner and Miller (2004), the basic parameters for classification are ECe and SARe as shown in Table 5.4.  

Table 5.4 Types of soil salinity (Gardiner and Miller, 2004)

	Salinity
	ECe (dS m-1)
	SARe

	Normal
	<4
	<13

	Saline
	≥4
	<13

	Sodic
	<4
	≥13

	Salinesodic
	≥4
	≥13


Moreover, Lamond and Whitney (1992) classified these soils based on ECe, exchangeable sodium percentage (ESP) and pH, where ESP is the ratio of exchangeable Na+ to total exchangeable ions in percent (ESP of 15 is equivalent to SARe of 13). Accordingly, the soils that have ECe of more than 4 dS m-1, ESP of less than 15 and pH of less than 8.5 are saline soils, where as sodic (alkali) soils have ECe of less than 4 dS m-1, ESP of more than 15 and 

pH of more than 8.5 and saline-sodic soils have ECe of more than 4 dS m-1, pH of less than 8.5 and ESP of more than 15.

Saline soils have high soluble salts that can be easily reclaimed if there is good quality water and favorable drainage condition because they have normal soil physical structure and permeability. Their existence is dominated in the form of sulphates and/or chlorides of calcium and magnesium. Sodic soils do have low total soluble salts but high exchangeable sodium causing for dispersion of soil particles, plugging of surface pores and poor tilth. Such soils can be reclaimed but the drainage process would be slow and expensive due to unstable (poor) soil physical structure. Saline-sodic soils, however, do have large amount of total soluble salts and high exchangeable sodium as well. Their soil physical structure is normal as far as excess soluble salts are available. The reclamation of saline soils doesn’t require chemical amendment. It just needs application of salt free water or enough rainfall. However Sodic and saline-sodic require application of chemical like gypsum (CaSO4) to firstly replace sodium with another cation (like calcium) and then sodium can be leached from the soil in the form of sodium sulphate by applying salt free water (Lamond and Whitney, 1992). 
ASSIGNMENTS
1. Summarize the core messages of this unit in one page (max) and present it in class in 15 minutes.

2. The following table presents the crop water requirement for a maximum yield (100% yield level), the actual irrigation water applied and yield response factor data during the growing period of maize.

	Crop growth stage
	I
	CD
	MS
	LS

	No. of days
	25
	40
	40
	30

	CWR (mm)
	40
	170
	250
	100

	Applied water (mm)
	70
	140
	200
	80

	Yield response factor (ky)
	0.4
	0.4
	1.3
	0.5


2.1 Estimate the impact of the water application on the yield of maize using the yield response factor formula?

2.2 Was there deep percolation loss during the irrigation period? If yes, how much and in which crop growth stage?
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[image: image45.png]River Basin Area Runoff Potential Gross Hydro- Estimated ground
(Km?) (Bm') Irrigable Land  electric potential ~ water potential
(ha) Gwh/year (Bm’)
Tekeze 82350 *** 82 83,368 5980 0.20
Abbay 199.812 548 815,581 78.820 1.80
Baro-Akobo 75912 236 1,019,523 13,765 0.28
0.13Recharge/year
Omo-Ghibe 79.000 16.6 67928 36560 042
(.10)Rech /yr
Rift Valley 52,739 56 139.300 * 800 0.10
Mereb 5900 **+ 0.65 67,560 - 0.05
Afar /Denakil 74,002 **++ 0.86 158.776 - -
Awash 112,696 49 134,121 4.470 0.14
Aysha 2223 weof - - -
Ogaden 77,121 *#++ - - -
‘Wabi-Shebelle* 202,697 ** 3.16 237905 5.440 0.07
Genale-Dawa 171,042 ** 5.88 1.074.720 9.270 0.14
Total 1.135.494 124.25 3.798.782 155,102 2.86

Source: Integrated River Basin Master Plan Studics, carmied out during 1997-2007 (MoWR 1996, 1997, 1998a, 1998b) Irrigable land
from the IWMI imigation database (based on - MoWR data).

Figures need to be updated from recent studies.

= Small-scale is not included in the database, medium and large-scale is 49.700 ha.
*= Indicates the Ethiopian part of the basin arca. The tctal basin arca is 23, 932 ha.
*=* Reconnaissance study
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