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Drylands of the world cover over 41% of the surface of the earth with over 2 billion inhabitants, mostly in the developing world (MEA, 2005). According to UNEP (1991), out of 41%, Africa occupies13.1%, Asia 13%, Australia 4.4%, Europe 2.0% North America 4.9%, and South America 3.6% in million hectares. These are areas which can generally be defined in climatic terms as lands with limited rainfall. In such areas, as is indicated in IFAD (2000), rainfall is scarce, unreliable and concentrated during a short rainy season, with the remaining period tending to be relatively dry. High temperature even during the rainy season cause much of the rainfall to be lost in evaporation, and the usual intensity of storms ensures that much of the rainfall runs off causing flash floods. Water is not only meager in absolute terms, but also scarce for natural and human uses. There are many definitions of drylands as there are materials in the subject matter. For instant, FAO defines drylands as zones falling between 1-74 and 75-119 growing days, representing arid and semi-arid lands, respectively. Others have adopted a practical working definition of drylands, namely, “anywhere that rainfall is a problem because of amount, distribution and unreliability”. This introductory topic will focus on the characteristics of drylands, their hydrology, and the benefit and limitation of water harvesting in mitigating drought.

[bookmark: _Toc437521692]Learning Objectives

At the end of this topic, students will be able to:
· Describe the characteristics of drylands and the approaches used for classification;
· Explain the hydrology of the drylands;
· Calculate the aridity index using the different approaches;
· Illustrate the benefits of water harvesting for the drylands, and
· Appreciate water harvesting as an entry point to improve agricultural production in dryland areas in Sub-Saharan Africa.

[bookmark: _Toc437521693]1.1  Characteristics of Drylands

According to Mandel (1973) drylands are characterized by the following conditions:
1. annual potential evaporation is higher than the annual rainfall;
1. precipitation occurs only during well-defined seasons and tends to vary from year to year;
1. plant cover is limited, primarily by the availability of moisture;
1. surface runoff occurs in the form of relatively large flash floods and at irregular intervals;
1. groundwater replenishment is most favourable as a result of the outcrop sands, gravel and fissured rocks.

Drylands include all terrestrial regions where the production of crops, forage, wood and other ecosystem services are limited by availability of water. Formally, the definition encompasses all lands where the climate is classified as dry sub-humid, semi-arid, arid or hyper-arid. This classification is based on the values of the Aridity Index (AI). An aridity index is a numerical indicator of the degree of dryness of the climate at a given location. It is used to identify, locate or delimit regions that suffer from a deficit of available water, a condition that can severely affect the effective use of the land for such activities as agriculture or stock-farming. A number of aridity indices have been proposed to quantify the degree of dryness of a given location and some of the approaches used in calculation of aridity index are discussed below.

The first and simplest attempt in defining an aridity index was made at the turn of the 20th century by Wladimir Köppen and Rudolf Geiger. They developed the concept of a climate classification where arid regions were defined as those places with an annual rainfall accumulation (in cm) of less than R / 2, where:
1. R = 2 * T	  if rainfall occurs mainly in the cold season;
1. R = 2 * T + 14  if rainfall is evenly distributed throughout the year; and 
1. R = 2 * T + 28  if rainfall occurs mainly in the hot season. 
Where: T is the mean annual temperature in degree celsius.
As it can be seen, this approach takes into account the effects of temperature and the amount and distribution of precipitation in delineating arid areas. With this approach, due to their lower level of potential evapotranspiration, colder places with the same amount of precipitation as some tropical deserts can be considered to be humid.

The most recent, more comprehensive and commonly used approach is the one adopted by the UNEP in 1992. This approach defines aridity index as the ratio of average annual precipitation and average annual potential evapotranspiration and is mathematically expressed as:


Where:
AIU     = Aridity Index adopted by UNEP
P 	= average annual precipitation
PET	= average annual potential evapotranspiration

From the formula indicated above, the UNEP approach compares the amount of entering water (Precipitation) with the amount of exiting water (Potential evapotranspiration). It has to be therefore noted that P and PET must be expressed in the same units (commonly in millimetres). In this case, the boundaries that define various degrees of aridity are given in Table 1.

[bookmark: _Toc437521768]Table 1.Categories of Drylands Based on AIu.
	Classification
	Aridity Index
	Global Land Area

	Hyper-arid
	AI < 0.05
	7.5%

	Arid
	0.05  AI < 0.20
	12.1%

	Semi-arid
	0.20  AI < 0.50
	17.7%

	Dry sub-humid
	0.50  AI < 0.65
	9.9%



According to Tamirie (1997), the dryland areas in Ethiopia which fall within the UNEP range of aridity index (i.e. less than 0.65) cover about 860,000 km2 or 71.5% of the country’s total land area. Examination and analysis of the climatic data from 250 stations throughout the country show that the drylands receive annual rainfall ranging from 28 – 1,117 mm, while the corresponding annual potential evapotranspiration rates range from 1,312 – 2,832 mm. This zone is an important annual crop and livestock production zone. Figure 1 presents the climatic zones of Ethiopia based on UNEP’s classification.

	Legend

2. Hyper-arid (AI < 0.05)  
2. Arid (0.05  AI < 0.20)
2. Semi-arid (0.20  AI <0.50)
2. Dry sub-humid (0.50  AI < 0.65) 
2. Humid (AI > 0.65)
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[bookmark: _Toc437521782]Figure 1. Drylands in Ethiopia Delineated on the Basis of P/PET Ratio (Tamirie, 1997).
[bookmark: _Toc437521694]1.2 Hydrology of the Drylands: The Case of Sub-Saharan Africa

Food security is an increasingly growing concern throughout Sub-Saharan Africa. It is strongly dependent on rainfall distribution and land management practices among smallholder farmers. Over 95% of the food producing sector is based on rainfed agriculture. The major challenge for the rural communities, representing up to 80% of the population in certain countries in Sub-Saharan Africa, is to improve the productivity of the arable land and the available water resources.

Drylands are characterised by a low annual rainfall concentrated to one or two short rainy seasons of 2 to 3 months. Rainfall varies from 400 - 600 mm in the semi-arid zone, and has an approximate range of 200 – 1000 mm from the dry semi-arid to the dry sub-humid zone. The length of growing period (LGP) ranges from 75 – 120 days in the semi-arid zone, and 121 – 179 days in the dry sub-humid zone. Daily potential evapotranspiration (PET) levels are high, ranging from 5 – 8 mm/day (FAO, 1986). This gives a total PET for the growing season of 600 - 900 mm, which explains the limited water surplus recharging aquifers and rivers.

Rainfall is highly erratic, and most rain falls as intensive, often convective storms, with very high rainfall intensity and extreme spatial and temporal variability. The result is a very high risk for annual droughts and intra-seasonal dry spells. Statistically in semi-arid regions, severe crop yield reductions caused by a dry spell occurs 1-2 out of 5 years, and total crop failure caused by annual droughts once every 10 years. This means that the poor distribution of rainfall over time often constitutes a more common cause for crop failure than absolute water scarcity due to low cumulative annual rainfall. This is why it is important to distinguish between droughts and dry spells. An agricultural drought occurs when the cumulative plant available soil water is significantly lower than cumulative crop water requirements, i.e., there is absolute water scarcity. A dry spell occurs as short periods of water stress, often only a couple of weeks long, during crop growth. Such short periods of water stress can have a serious effect on crop yields if occurring during water sensitive development stages such as flowering (Rockstrom and Rouw de, 1997).With about 71% of its area categorized as dryland, Ethiopia is one of the Sub-Saharan Africa countries facing the problem.

Water scarcity in rainfed dryland agriculture is also caused by the large proportion of non-productive water flows in the water balance. The distinction between ”blue” and ”green” water flow in the hydrological cycle is a practical analytical tool for analyses of water flow partitioning on the local, regional or global scale (Falkenmark, 1995). ”Blue” water flow is the total runoff including the sum of surface runoff (Roff) and groundwater recharge (D). ”Green” water is the return flow of water to the atmosphere as evapotranspiration (ET) which includes a productive part as transpiration (Ec) and a non-productive part as direct evaporation (Es) from the soil, lakes, and from water intercepted by canopy surfaces (Rockström, 1997).
As is illustrated in Figure 2 rainfall is partitioned into different water flow components in rainfed agriculture in sub-Saharan drylands. Soil evaporation accounts for 30 – 50% of rainfall (Cooper et al., 1987; Wallace, 1991), a value that can exceed 50% in sparsely cropped farming systems in semi-arid regions (Allen, 1990). Surface runoff is often reported to account for 10 – 25% of rainfall (Casenave and Valentin, 1992; Penning et al, 1991 in Rockström, 2000). The characteristics in drylands of frequent, large and intensive rainfall events result in significant drainage, amounting to some 10 – 30 % of rainfall (Klaij and Vachaud, 1992). The result is that productive green water flow as transpiration in general is reported to account for merely 15 – 30% of rainfall. The rest, between 70 – 85% of rainfall, is “lost” from the cropping system as non-productive green water flow (as soil evaporation) and as blue water flow (deep percolation and surface runoff). The figure indicates that there is a high risk of soil water scarcity in crop production, irrespective of spatial and temporal rainfall variability. Moreover, this scarcity is often human induced as a result of long-term land degradation.
[bookmark: _Ref155030332][image: ]
[bookmark: _Toc437521783]Figure 2. General Overview of Rainfall Partitioning in Farming Systems in the Semi-Arid Tropics of Sub-Saharan Africa (Rockström et al., 2003).

There is also evidence showing that soil fertility constraints often constitute the primary limiting factor to crop growth and production in drylands (Klaij and Vachaud, 1992, Penning et al, 1991 in Rockström, 2000). Stoorvogel and Smaling (1990) estimated that nutrient balances in farming systems in several countries in Eastern and Southern Africa are highly negative. For example, for the Kenyan highlands, the average annual losses were estimated at 73 kg/ha of N, 7 kg/ha of P and 51 kg/ha of K. Fertiliser use in sub-Saharan African agriculture is the lowest in the world, with an average of some 11 kg of fertiliser applied on average per harvested hectare. Developing countries apply an average of 62 kg/ha (FAO, 1995). Brouwer and Bouma (1997) concluded that one reason for such low fertiliser use is because farmers avoid investing in inputs due to high risks of crop failure as a result of droughts and dry spells.

The abovementioned reality generally points out the necessity of addressing water constraints together with soil nutrient constraints. It also suggests that different water harvesting technologies, which lower the risk for crop failure, can function as an entry point for successful efforts of increasing investments in soil nutrients.

[bookmark: _Toc437521695]1.3 Water Harvesting for Drought Mitigation
[bookmark: _Toc437521696]1.3.1 Definition and Principles

The aforementioned situations of drylands demand the use of the limited amount of rainfall available as efficient as possible. This calls the need for water harvesting which can increase crop production and improve food security.  In such areas water harvesting coupled with soil, nutrient and crop management can unlock the potential of small-scale rainfed agriculture. An extra 10 – 25 percent of water runoff harvested and made available during critical periods of plant growth can double or triple yields (Liniger et al., 2011) or simply allow crops to regularly succeed in places with high risk of crop failure (Critchley and Gowing, 2012).

Over the years water harvesting (WH) has been defined in a number of ways by various authors. The large majority of definitions are closely related, the main difference being how broad the scope is. According to Mekdaschi and Liniger (2013), water harvesting is defined as the collection and management of floodwater or rainwater runoff to increase water availability for domestic and agricultural use as well as ecosystem sustenance. It has been used in India, the Middle East, the Americas and Africa throughout history, and was the backbone of agriculture especially in arid and semi-arid areas worldwide. Some of the very earliest agriculture, in the Middle East, was based on techniques such as diversion of wadi flow onto agricultural fields. In India, water harvesting is an ancient technique dating back some 4,000 to 5,000 years. In North America the agriculture of many indigenous peoples in what are now the southern states was historically dependent on simple methods of floodwater harvesting.

The basic principle of water harvesting is to capture precipitation falling in one area (catchment area) and transfer it to another (cropped area), thereby increasing the amount of water available in the latter. Figure 3 shows the basic principle of water harvesting. 

[image: ]
[bookmark: _Toc437521784]Figure 3. The Principles of Water Harvesting.
Runoff can be collected from roofs or ground surfaces (rainwater harvesting) as well as from seasonal streams (floodwater harvesting) (Agromisa, 1997). The harvested runoff can involve different forms of surface runoff (sheet, rill, gully and stream flow) and the storage is either done above ground, in different systems of tanks, reservoirs or dams, or below ground (in the soil, ponds, cisterns). Methods for harvesting the runoff water can be distinguished after:
· Source of the water
· Method of managing the water
· Use of water



Source of the surface water
[image: ]
The method of managing the water: maximizing infiltration in the soil; inundating crop fields with storm floods; storing water in tanks/dams/ponds/cisterns

[image: DSC01676][image: ]
In-situ moisture conservation                                                     Flood irrigation (Inundation of fields)
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Figure 5. Storing Water in Various Mediums, A) Dam, B) Pond, C) Tank and D) Cistern
The use of water: livestock, households, crop production (and erosion management).

[bookmark: _Toc437521697]1.3.2 Benefits and Limitations 

All practices will have their pros and cons. Similarly, there are specific benefits and limitations associated with water harvesting. The major benefits of water harvesting in dryland areas include:
· Increasing the productivity of arable and grazing lands that suffer from inadequate rainfall:
· increase yields of rainfed farming; and
· minimize the risk of crop failure in drought prone areas.
· Combating desertification by afforestation, fruit tree planting or agroforestry;
· Meeting water needs for domestic uses and animal production where public supplies are not available;
· Improving groundwater recharge;
· Reducing soil erosion;
· Utilizing and improving local skills;
· Reducing women’s work load; and
Reducing migration to the cities.

On the other hand, the limitations related to water harvesting systems in drylands include:
Dependent on the amount, seasonal distribution and variability of rainfall -  no rain, no water;
Supply can be limited by storage capacity, design and costs;
Methods scientifically not well established;
Structures may take up productive land;
Ponded water can be breeding ground for mosquitoes or source of waterborne diseases;
Limited experience of extension service;
May deprive downstream ecosystems of water (esp. where floodwater is diverted) - possible conflicts between people upstream and downstream; and
Large schemes and structures are difficult to implement (Table 2).

Eventhough water harvesting practices can be efficient in increasing the plant available soil moisture in water scarce areas, each set of technology obviously has a limited spectrum of utility. Table 2 presents the socio-economic and technical implications of implementing the aforementioned water harvesting methods in rural communities.






[bookmark: _Toc437521769]Table 2.Socio-Economic and Technical Implications of Implementing various Water Harvesting Methods in Rural Communities.
	Socio-economic and Technical Issue
	Water Harvesting Methods

	
	In-situ Water Conservation
	Inundating Field with Flood
	Storage Systems

	Risk reduction
	Low
	Medium 
	High

	Investment
	Low
	Low
	High

	Know how
	Low
	Medium
	High

	Adoption
	High
	Medium
	Low



[bookmark: _Toc437521698]Learning Activity 

1.1 Define drylands and elaborate the most important features that distinguish drylands from humid areas.
 
1.2 Go to a nearby metrological station which has long-term data on precipitation and potential evapotranspiration and try to categorize the climate of the area using UNEP aridity index.

1.3 Discuss on why the fact that dry-spells occurring more frequent than droughts in sub-Saharan Africa are seen as a blessing from water harvesting point of view. 

1.4 List some benefits and limitations of water harvesting in your areas.

1.5 Define water harvesting from your own perspective. 

[bookmark: _Toc437521699]Summary of the Topic

Drylands of the world cover over 41% of the surface of the earth with over 2 billion inhabitants, mostly in the developing world. Out of this 41%, Africa and Asia occupies about 13% each, Australia 4.4%, Europe 2.0%, North America 4.9%, and South America 3.6% in million hectares. There are many definitions of drylands as there are materials in the subject matter. FAO for instance defines drylands as zones falling between 1-74 and 75-119 growing days, representing arid and semi-arid lands, respectively. Others define drylands as areas anywhere in which rainfall is a problem because of amount, distribution and unreliability. They include hyper arid, arid, semi-arid and dry sub-humid areas as classified based on the UNEP aridity index in 1992. In such areas the rainfall is highly erratic resulting in a very high risk of annual droughts and intra-seasonal dry spells. In addition, there is large proportion of non-productive water flows in the water balance exacerbating water scarcity in rainfed agriculture. Coupled with the water scarcity, the nutrient balance in such areas is negative because farmers are reluctant to apply fertilizers on their farms due to the above mentioned risks related to water scarcity. Water harvesting can serve as an entry point to solve the problems related to agricultural production in the drylands. Its basic principle is capturing precipitation falling in one area and transfering it to another, thereby increasing the amount of water available in the latter.
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[bookmark: _Toc437521702]TOPIC TWO:Water and Soil Requirements for Water Harvesting
[bookmark: _Toc437521703]Introduction

An adequate water supply is important for plant growth and food production. The amount of water required by different crops for their growth is different. For the design of water harvesting systems, assessing the water  requirement of crops intended to be grown is very much important. Hess (2005) defined crop water requirements as the total water needed for evapotranspiration from planting to harvest for a given crop in a specific climate regime, when adequate soil water is maintained by rainfall and/or irrigation so that it does not limit plant growth and crop yield. Crop water  requirement varies with time and space, as the evaporative demand varies with local climate and crop condition. It presents the evapotranspiration under ideal crop growth condition. The evapotranspiration from a crop with insect and pest-affected condition and low population (crop density) will be different from that of a well established and well grown crop. Apart from adequate supply of water, the physical, chemical and biological properties of the soil affect the yield response of plants to extra moisture harvested. Generally the soil characteristics for water harvesting should be the same as those for irrigation. Ideally the soil in the catchment area should have a high runoff coefficient while the soil in the cultivated area should be deep, fertile loam.This topic discusses the factors which affect the water requirement of crops, some of the methods to calculate crop water requirement, facts on the water need of trees and the soil requirement of water harvesting systems both for the catchment and cultivated area.
[bookmark: _Toc437521704]Learning Objectives

At the end of this topic students will be able to:
· Describe the factors that influence the water requirement of crops;
· Identify at what stage crops are sensitive to moisture stress; 
· Explain the properties of the soil that are required both at the cultivated and catchment area in a water harvesting scheme;
· Compute water requirement of crops using the different approaches, and
· Use CROPWAT 8.0 to estimate the reference crop evapotranspiration and water requirement of crops.
[bookmark: _Toc437521705]2.1Crop Water Requirements

It is essentail to know how much water is required by the crops intended to be grown in order to design a water harvesting system. Crop water requirement describes the amount of water required to compensate the evapotranspiration loss from the cropped field. It is the amount of water needed by the various crops to grow optimally. Although the values for crop evapotranspiration and crop water requirement are identical, crop water equirement refers to the amount of water that needs to be supplied, while crop evapotranspiration refers to the amount of water that is lost through  evapotranspiration. Different crops have different water requirement, so they have different evapotranspiration rates.
Evapotranspiration is the combination of soil evaporation and crop transpiration. The evapotranspiration  rate from a reference surface is called the reference evapotranspiration and is denoted as ETo. As is indicated in figure 5, a large uniform grass (or alfalfa) field is considered worldwide as the reference surface. The reference grass crop completely covers the soil, is kept short, well watered and is actively growing under optimal agronomic conditions(Raes, 2009).
Raes (2009) summarized that the reference crop evapotranspiration concept was introduced to study the evaporative demand of the atmosphere independently of crop type, crop development and management practices. As water is abundantly available at the reference evapotranspiring surface, soil factors do not affect ETo. Relating evapotranspiration to a specific surface provides a reference to which evapotranspiration from other surfaces can be related. ETo values measured or calculated at different locations or in different seasons are comparable as they refer to the evapotranspiration from the same reference surface. The only factors affecting ETo are climatic parameters. Consequently, ETo is a climatic parameter and can be computed from weather data. ETo expresses the evaporating power of the atmosphere at a specific location and time of the year and does not consider the crop characteristics and soil factors (Allen et al., 1998).
[image: ]
[bookmark: _Toc437521785]Figure 5. Reference Evapotranspiration (ETo) (After Raes, 2009).
[bookmark: _Toc437521706]2.1.1 Factors Influencing Crop Water Requirement

The water requirement of crops is mainly dependent on the climatic factors and the crop type. The key climatic factors that influence crop water need are solar radiation, air temperature, humudity and wind speed. A certain crop grown in a sunny and hot climate needs more water per day than the same crop grown in a cloudy and cooler climate. 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 highest crop water needs are thus found in areas which are hot, dry, windy and sunny. The lowest values are found when it is cool, humid and cloudy with little or no wind. The main reason for this is the very high evapotranspiration rate in hot, dry, windy and sunny climates while the rate will be lowest in cool, humid and cloudy with little or no wind conditions.
[bookmark: _Toc437521770]Table 3. Effect of Major Climatic Factors on Crop Water Needs (Critchley and Siegert, 1991).
	Climatic Factor
	Crop Water Need

	
	High
	Low

	Sunshine
	Sunny (no clouds)
	Cloudy (no sun)

	Temperature
	Hot
	Cool

	Humidity
	Low (dry)
	High (humid)

	Wind Speed
	Windy
	Little Wind



From the above table, it is clear that the same crop variety grown in different climatic zones will have different water needs. For example, a certain maize variety grown in a cool climate will need less water per day than the same maize variety grown in a hotter climate. 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. As a standard crop or reference crop grass has been chosen (Brouwer and Heibloem, 1986). Table 4 indicates the average daily water needs of this reference grass crop.
[bookmark: _Toc437521771]Table 4. Average Daily Water Need of Standard Grass during a Growing Season (mm) (Critchley and Siegert, 1991).
	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



Critchley and Siegert (1991) indicated that, it is possible to determine the water needs in peak periods of various crops compared to the water need of the standard grass. A number of crops need more water than grass, a number of crops need less water than grass and other crops need more or less the same amount of water as grass. Understanding of this relationship is extremely important for the selection of crops to be grown in a water harvesting scheme.
[bookmark: _Toc437521772]Table 5. Crop Water Needs in Peak Period of Various Crops Compared to the Standard Grass  
     Crop (Critchley and Siegert, 1991).
	-30%
	-10%
	Same as Standard Grass
	+10%
	+20%

	Citrus
Olives
	Squash
	Crucifers
Groundnuts
Melons
Onions
Peppers
Grass
Clean cultivated nuts & fruit trees
	Barley
Beans
Maize
Cotton
Lentils
Millet
Safflower
Sorghum
Soybeans
Sunflower
Wheat
	Nuts & fruit trees with cover crop



Crop type is the second factor which influences crop water needs. Each crop has its own water requirements. Crops differ both in terms of their daily water needs and the duration of their total growing season. Under the same environmental condition, different types of crops have different level of evapotranspiration and thus different water needs. This is due to their differences in resistance to transpiration, crop height, crop roughness, reflection, ground cover and crop rooting characteristics (Allen et al, 1998).

A fully developed maize crop need more water per day than a fully developed crop of onion. There are short duration crops, e.g. peas, with a duration of the total growing season of 90 - 100 days and longer duration crops, e.g. melons, with a duration of the total growing season of 120 - 160 days. There are, of course, also perennial crops that are in the field for many years, such as fruit trees (Critchley and Siegert, 1991).

Crops with high daily water needs and a long total growing season require much more water than those with relatively lower daily water needs and shorter growing seasons. It is also possible that while the daily water need of a certain crop is less than the daily water need of another crop, its seasonal water requirement might be much higher than that same crop because of its longer total growing season. Data on the duration of the total growing season of the various crops grown in an area can best be obtained locally. These data may be obtained from, for example, the seed supplier, the  local Extension Service, the regional Bureau of Agriculture or Ministry of Agriculture. 

Table 6 gives some indicative values or approximate values for the duration of the total growing season for the various field crops. It should, however, be noted that the values are only rough approximations and it is much better to obtain the values locally. 





[bookmark: _Toc437521773]Table 6. Indicative Values of the Total Growing Period of Crops (Sethuraman and Naidu, 2008).
	Crop
	Total Growing Period (days)
	Crop
	Total Growing Period (days)

	Alfalfa
	100 - 365
	Onion, green
	70 - 95

	Barley/Oats/ Wheat
	120 - 150
	Onion, dry
	150 - 210

	Banana
	300 - 365
	Peanut
	130 - 140

	Bean, green
	75 - 90
	Pea
	90 - 100

	Bean, dry
	95 - 110
	Pepper
	120 - 210

	Citrus
	240 - 365
	Potato
	105 - 145

	Cabbage
	120 - 140
	Radish
	35 - 45

	Cotton
	180 - 195
	Rice
	90 - 150

	Carrot
	100 - 150
	Sorghum
	120 - 130

	Cucumber
	105 - 130
	Soybean
	135 - 150

	Grain/small
	150 - 165
	Spinach
	60 - 100

	Lentil
	150 - 170
	Squash
	95 - 120

	Maize, sweet
	80 - 110
	Sugar beet
	160 - 230

	Maize, grain
	125 - 180
	Sugarcane
	270 - 365

	Melon
	120 - 160
	Sunflower
	125 - 130

	Millet
	105 - 140
	Tomato
	135 - 180



From Table 6, it is obvious that there is a large variation of values not only between crops, but also within one crop type. In general, it can be assumed that the growing period for a certain crop is longer when the climate is cool and shorter when the climate is warm. 

[bookmark: _Toc437521707]2.1.2 Estimation of Crop Water Requirements

Crop water requirements vary with crop characteristics and local climatic conditions. Accurate estimation of crop water requirement  is essential for the planning, design and operation of water harvesting systems. Many methods have been developed and proposed to estimate the water requirement of crops. The FAO Irrigation and Drainage Paper 56“Crop evapotranspiration - Guidelines for computing crop water requirements" provides an excellent guide to the details of these calculations and different methods (Allen et al, 1998). The basic equation used for the estimation of crop water requirement (crop evapotranspiration) is :

ETcrop = Kc x ETo                                             Equation 2.1
Where ETcrop = the water requirement of a given crop in mm per unit of time e.g. mm/day,                    mm/month or mm/season. 
ETo = the "reference crop evapotranspiration" in mm per unit of time e.g. mm/day,             mm/month or mm/season. 
Kc = the dimentionless crop coefficient (factor).
[bookmark: reference_crop_evapotranspiration_(eto)]Reference crop evapotranspiration (ETo)
The evapotranspiration rate (denoted as ETo) from a reference surface, not short of water, is called the reference crop evapotranspiration or reference evapotranspiration. It is generally expressed as a depth of water use per day (mm/day). The reference surface is generally represented by either grass or alfalfa with specific characteristics. Well watered and healthy grass clipped to a height of 8 cm to 15 cm has been widely used (SCS, 1993). As is indicated in Raes (2009), to avoid ambiguities in their definitions the use of other denominations such as potential evapotranspiration is strongly discouraged. 

According to Allen et al ( 1998), the concept of the reference evapotranspiration was introduced to study the evaporative demand of the atmosphere independently of crop type, crop development and management practices. As water is abundantly available at the reference evapotranspiring surface, soil factors do not affect evapotranspiration. Relating evapotranspiration to a specific surface provides a reference to which evapotranspiration from other surfaces can be related. It obviates the need to define a separate evapotranspiration level for each crop and stage of growth. Reference  crop evapotranspiration (ETo) values measured or calculated at different locations or in different seasons are comparable as they refer to the evapotranspiration from the same reference surface. 
The only factors affecting ETo are climatic parameters. Consequently, ETo is a climatic parameter and can be computed from climatic data. ETo represents the amount of energy available to evaporate water at a specific location and time of the year and does not consider the crop characteristics and soil factors. Various methods that use climatic information to predict the amount of reference crop evapotranspiration have been developed. However, such estimations are only as accurate and representative as the climatic data.
The length of time that various types of data are available may dictate the type of method to use in estimating ETo. In many locations where water harvesting is practiced, air temperature has been recorded for long periods. Wind speed, relative humidity, and solar radiation data are less available and are more difficult to measure, causing these data to be less reliable. Thus, some locations may require the use of the temperature based ETo method while at other locations, other methods would be more appropriate(SCS, 1993). Provided that railable climatic data is available, the Penman-Monteith method is the most accurate and complex method to estimate ETo as presented by Allen (1986). This method is a recommended method to determine ETo, because it closely approximates grass ETo at the location evaluated and explicitly incorporates both physiological and aerodynamic parameters. It requires climatic data for solar radiation, maximum and minimum temperature, relative humudity and wind speed. The Penman-Monteith method will be discussed in the laboratory practicals using the software called CROPWAT 8.0 but the two simple methods to estimate the ETo are presented below.
A. Pan Evaporation Method

The Pan evaporation method relates ETo to the rate of evaporation measured from an evaporation pan. A variety of evaporation pans with varying sizes and shapes are available for the direct measurement of evaporation. They provide a measurement of the integrated effect of radiation, wind, temperature and humidity on the evaporation from an open water surface. 

The American Class A pan ( see figure 6) is the most commonly and widely used pan to measure evaporation. It is cylinderical galvanized iron with a diameter of 120.7 cm and a depth of 25 cm. It is mounted on an open and careful levelled wooden block with the bottom of the pan 15 cm above the ground. The pan should be painted with aluminum paint annually, and water should be replaced as needed to prevent turbidity. Often the evaporation pans are automated with water level sensors and a small weather station is located nearby.

The measurement day begins with the pan filled with water 5 cm from the top and exposed to the evaporative influence of the climate. Evaporation is measured daily as the depth of water (in mm) evaporates from the pan. At the end of 24 hours the water depth is measured again. The amount of water which has evaporated in a given time unit is equal to the difference between the two measured water depths. This is called the pan evaporation rate: Epan (mm/24 hours or mm/day). If rainfall occurs in the 24-hour period, it is taken into account in calculating the evaporation rate. 

[image: 300px-Evaporation_pan]
[bookmark: _Toc437521786]Figure 6. Class A Evaporation Pan.
The measurement from the pan (Epan) doesn’t however provide an accurate estimate of the  ETo. 
Although the pan responds in a similar fashion to the same climatic factors affecting crop transpiration, several factors produce significant differences in loss of water from a water surface and from a cropped surface. Reflection of solar radiation from water in the shallow pan might be different from the assumed 23% for the grass reference surface. Storage of heat within the pan can be appreciable and may cause significant evaporation during the night while most crops transpire only during the daytime ( Allen et al., 1998). Therefore  in order to approximate the reference crop  evapotranspiration (ETo ), the pan measurement (Epan) has to be corrected by multiplying it with a parameter called the pan coefficient (Kpan). 

                               ETo = Kpan * Epan                                    Equation 2.2
where: ETo = the reference crop evapotranspiration in mm per day. 
Kpan = pan coefficient
Epan = evaporation from the pan in mm per day.
The pan coefficient for Class A pans varies from 0.35 to 0.85 depending on the climate and the type of soil cover surrounding the pan. If the precise pan coefficient is not known, the average value (0.70) can be used as an approximation. For greater accuracy a detailed table of Kpan values is given in the FAO Irrigation Water Management Training Manual No. 3 (Brouwer and Heibloem, 1986).

B. The Blaney-Criddle Method

Estimates of the reference crop evapotranspiration based solely on air temperature have been widely used in several parts of the world. The Blaney-Criddle method is relatively simple air temperature based method to estimate the reference crop evapotranspiartion. This method is ideal when only data on temperature is available. It is based on the assumption that the ETo is affected primarly by temperature and daytime hours. However, as mentioned before when sufficient climatic data on sunshine, relative humudity, temperature and wind speed is available, the Penman-Monteith method is preffered. 

The Blaney-Criddle method is a straight foreward method and requires data only on mean daily temperature. Due to the limited input data required by this method, the estimates of ETo will be a rough approximation. Especially in extreme weather condtion, it gives inaccurate estimates of ETo. In calm, humid, clouded areas ETo is known to be exaggerated by up to 40% and is  depreciated by 60% in very windy, dry, sunny areas.
The Blaney-Criddle formula is given as: 
                                 ETo = p(0.46Tmean + 8)                                                Equation 2.3
where:
ETo = reference crop evapotranspiration (mm/day)
      Tmean = mean daily temperature (° C)
      p = mean daily percentage of annual daytime hours.
The Blaney-Criddle Method always refers to mean monthly values, both for the temperature and the ETo. If in a local meteorological station the daily minimum and maximum temperatures are measured, the mean daily temperature for that particular month is calculated. We first calculate the mean daily maximum (Tmax) and mean daily minimum (Tmin) temperature for the month as follows:

Tmax                       Equation 2.4


Tmin                         Equation 2.5 


The mean daily temperature for the month is then calcualted as:

      Tmean                                                                                              Equation 2.6

The mean daily percentage of annual daytime hours (p) is the ratio of the total day time hours for a given month to the total day time hours in a year. To determine the p values, it is essential to know the approximate latitude of the area: the number of degrees north or south of the Equator. After that, we can read the p values from table 7 below.



[bookmark: _Toc437521774]Table 7. Daily Percent of Annual Daytime Hours (SCS, 1993).
	Latitude
North
	Jan
	Feb
	Mar
	Apr
	May
	June
	July
	Aug
	Sept
	Oct
	Nov
	Dec

	64
	0.11
	0.18
	0.26
	0.33
	0.41
	0.46
	0.44
	0.36
	0.29
	0.21
	0.14
	0.09

	62
	0.13
	0.19
	0.26
	0.33
	0.39
	0.44
	0.42
	0.36
	0.29
	0.22
	0.15
	0.11

	60
	0.15
	0.20
	0.26
	0.32
	0.38
	0.42
	0.40
	0.35
	0.29
	0.22
	0.16
	0.13

	58
	0.16
	0.20
	0.26
	0.32
	0.37
	0.41
	0.39
	0.34
	0.29
	0.23
	0.17
	0.14

	56
	0.17
	0.21
	0.26
	0.32
	0.36
	0.39
	0.38
	0.34
	0.29
	0.23
	0.18
	0.15

	54
	0.18
	0.21
	0.26
	0.31
	0.36
	0.38
	0.37
	0.33
	0.28
	0.23
	0.19
	0.16

	52
	0.18
	0.22
	0.26
	0.31
	0.35
	0.38
	0.37
	0.33
	0.28
	0.24
	0.20
	0.17

	50
	0.19
	0.22
	0.26
	0.31
	0.35
	0.37
	0.36
	0.33
	0.28
	0.24
	0.20
	0.18

	48
	0.20
	0.23
	0.26
	0.30
	0.34
	0.36
	0.35
	0.32
	0.28
	0.24
	0.21
	0.19

	46
	0.20
	0.23
	0.27
	0.30
	0.34
	0.35
	0.35
	0.32
	0.28
	0.24
	0.21
	0.19

	44
	0.21
	0.23
	0.27
	0.30
	0.33
	0.35
	0.34
	0.32
	0.28
	0.25
	0.22
	0.20

	42
	0.21
	0.24
	0.27
	0.30
	0.33
	0.34
	0.34
	0.31
	0.28
	0.25
	0.22
	0.20

	40
	0.22
	0.24
	0.27
	0.30
	0.32
	0.34
	0.33
	0.31
	0.28
	0.25
	0.22
	0.21

	38
	0.22
	0.24
	0.27
	0.30
	0.32
	0.33
	0.33
	0.31
	0.28
	0.25
	0.23
	0.21

	36
	0.22
	0.24
	0.27
	0.29
	0.32
	0.33
	0.32
	0.30
	0.28
	0.25
	0.23
	0.22

	34
	0.23
	0.25
	0.27
	0.29
	0.31
	0.33
	0.32
	0.30
	0.28
	0.25
	0.23
	0.22

	32
	0.23
	0.25
	0.27
	0.29
	0.31
	0.32
	0.32
	0.30
	0.28
	0.26
	0.24
	0.23

	30
	0.23
	0.25
	0.27
	0.29
	0.31
	0.32
	0.31
	0.30
	0.28
	0.26
	0.24
	0.23

	28
	0.24
	0.25
	0.27
	0.29
	0.31
	0.31
	0.31
	0.30
	0.28
	0.26
	0.24
	0.23

	26
	0.24
	0.25
	0.27
	0.29
	0.30
	0.31
	0.31
	0.29
	0.28
	0.26
	0.24
	0.24

	24
	0.24
	0.26
	0.27
	0.29
	0.30
	0.31
	0.30
	0.29
	0.28
	0.26
	0.25
	0.24

	22
	0.25
	0.26
	0.27
	0.29
	0.30
	0.30
	0.30
	0.29
	0.28
	0.26
	0.25
	0.24

	20
	0.25
	0.26
	0.27
	0.28
	0.30
	0.30
	0.30
	0.29
	0.28
	0.26
	0.25
	0.25

	18
	0.25
	0.26
	0.27
	0.28
	0.29
	0.30
	0.30
	0.29
	0.28
	0.26
	0.25
	0.25

	16
	0.25
	0.26
	0.27
	0.28
	0.29
	0.30
	0.29
	0.29
	0.28
	0.27
	0.26
	0.25

	14
	0.26
	0.26
	0.27
	0.28
	0.29
	0.29
	0.29
	0.28
	0.28
	0.27
	0.26
	0.26

	12
	0.26
	0.27
	0.27
	0.28
	0.29
	0.29
	0.29
	0.28
	0.28
	0.27
	0.26
	0.26

	10
	0.26
	0.27
	0.27
	0.28
	0.28
	0.29
	0.29
	0.28
	0.28
	0.27
	0.26
	0.26

	8
	0.26
	0.27
	0.27
	0.28
	0.28
	0.28
	0.28
	0.28
	0.28
	0.27
	0.27
	0.26

	6
	0.27
	0.27
	0.27
	0.28
	0.28
	0.28
	0.28
	0.28
	0.27
	0.27
	0.27
	0.27

	4
	0.27
	0.27
	0.27
	0.28
	0.28
	0.28
	0.28
	0.28
	0.27
	0.27
	0.27
	0.27

	2
	0.27
	0.27
	0.27
	0.27
	0.28
	0.28
	0.28
	0.28
	0.27
	0.27
	0.27
	0.27

	0
	0.27
	0.27
	0.27
	0.27
	0.27
	0.27
	0.27
	0.27
	0.27
	0.27
	0.27
	0.27

	Latitude 
South
	July
	Aug
	Sept
	Oct
	Nov
	Dec
	Jan
	Feb
	Mar
	Apr
	May
	June


In the absence of any measured input climatic data and calculated values for ETo, the following approximate values shown in Table 8 can be used.
[bookmark: _Toc437521775]Table 8. Indicative Values of ETo (mm/day) (Critchley and Siegert, 1991).
	Climatic zone
	Mean Daily Temperature

	
	<15°
	15 - 25°C
	>25°

	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



Crop Coefficient(Factor) - Kc
Crop water requirement is estimated as the product of the reference crop evapotranspiration and the crop coefficient or the crop factor. As is indicated in SCS (1993), the reference crop evapotranspiration rate (ETo) is used to represent a baseline rate of evapotranspiration for a clipped grass. The evapotranspiration for other crops is computed relative to the reference crop evapotranspiration. The crop coefficient (Kc) is the factor that relates actual crop water use to reference crop evapotranspiration. The crop coefficient (or "crop factor ") varies according to the growth stage of the crop. There are four growth stages to distinguish (Critchley and Siegert, 1991): 
· the initial stage: when the crop uses little water;
·  the crop development stage, when the water consumption increases;
·  the mid-season stage, when water consumption reaches a peak;
·  the late-season stage, when the maturing crop once again requires less water.




[bookmark: _Toc437521776]Table 9. Crop Coefficient (Kc) for the Most Commonly Grown Crops under Water Harvesting (Critchley and Siegert, 1991).
	Crop
	Initial Stage
	(days)
	Crop Dev. Stage
	(days)
	Mid-Season Stage
	(days)
	Late Season Stage
	(days)
	Season Average

	Cotton
	0.45
	(30)
	0.75
	(50)
	1.15
	(55)
	0.75
	(45)
	0.82

	Maize
	0.40
	(20)
	0.80
	(35)
	1.15
	(40)
	0.70
	(30)
	0.82

	Millet
	0.35
	(15)
	0.70
	(25)
	1.10
	(40)
	0.65
	(25)
	0.79

	Sorghum
	0.35
	(20)
	0.75
	(30)
	1.10
	(40)
	0.65
	(30)
	0.78

	Grain/small
	0.35
	(20)
	0.75
	(30)
	1.10
	(60)
	0.65
	(40)
	0.78

	Legumes
	0.45
	(15)
	0.75
	(25)
	1.10
	(35)
	0.50
	(15)
	0.79

	Groundnuts
	0.45
	(25)
	0.75
	(35)
	1.05
	(45)
	0.70
	(25)
	0.79



The number of days which each crop takes over a given growth stage is also indicated in table 9. However, the length of the different crop stages will vary according to the variety and the climatic conditions where the crop is grown. Crops will often mature faster than the figures indicated above in the semi-arid and arid areas where water harvesting is practised (Critchley and Siegert, 1991).
[bookmark: _Toc437521708]2.1.3 General Estimates of Water Requirements for Crops

Most of the methods developed to estimate crop water requirement could give relatively accurate etimates. However,they require highly accurate input climatic data which in most cases in areas where water harvesting is practiced might not be available. In the absence of measured input climatic data, it is often possible to obtain data on crop water needs locally. Using such local obtained general estimates of crop water requirements might be adquate. General estimates of water requirements of some selected crops can be found in Table 10 which has been drawn from the FAO Irrigation Water Management Training Manual No. 3 (Brouwer and Heibloem, 1986).



[bookmark: _Toc437521777]Table 10. Approximate Values of Seasonal Crop Water Needs (Brouwer and Heibloem, 1986).
	Crop
	Crop Water Need (mm/total growing period)

	Beans
	300 - 500

	Citrus
	900 - 1200

	Cotton
	700 - 1300

	Groundnut
	500 - 700

	Maize
	500 - 800

	Sorghum/millet
	450 - 650

	Soybean
	450 - 700

	Sunflower
	600 - 1000



[bookmark: _Toc437521709]2.2 Soil Requirements for Water Harvesting

Soil consists of mineral and organic materials as well as air, and water, and can support vegetation. It functions as a storehouse for plant nutrients, as habitat for soil organisms and plant roots, and as a reservoir for water to meet evapotranspiration (ET) demands of plants. The yield response of plants to the extra moisture harvested is therefore influenced by the physical chemical, and biological status of the soil. Critchley and Siegert (1991) indicated that the soil requirements for water harvesting should be similar to those for irrigation. Deep, fertile loam soil in the cultivated area and a catchment area with a high runoff coefficient is ideal for water harvesting systems. Where the conditions for the cultivated and catchment areas conflict, the requirements of the cultivated area should always take precedence. 
Soil texture, structure, depth, organic matter, bulk density, salinity, sodicity, acidity, drainage, topography, fertility, and chemical characteristics all determine the extent to which a plant root system grows into and uses available moisture and nutrients in the soil (NRCS, 1997). Some of the physical and chemical properties of the soil which affect plant performance under water harvesting systems are indicated below.


[bookmark: _Toc437521710]2.2.1 Physical Soil Charactrestics

The physical characterstics of the soil are important for the design, operation and management of water harvesting sytems. These properties include soil texture, structure, depth, infiltration rate, available water capacity and so on.

2.2.1.1 Soil Texture
Soil texture refers to the relative proportions of the mineral particles of sand, silt, and clay in the soil. The grouping of soils based on these relative proportions is called soil textural class and it defines the fineness or coarseness of a soil. Soils with the coarsest texture are called sandy soils, while soils with the finest texture are called clayey soils. The miduim textured soils which have a relatively even mixture of sand, silt, and clay and exhibits the properties from each separate is called loamy soil. Texture of the soil controls several characterstics of the soils including the infiltration rate and available water capacity.
Sandy soils have higher infiltration rates than the loams and clayey soils. Where as clayey soils generally hold more water than sandy soils but have the lowest infiltration rate. Loamy soils actually have more available water for plant use than clayey soils. Water in clay soils is held at a greater tension that reduces its availability to plants. Loamy soils are therefore best suited to water harvesting systems because they are ideally suited for plant growth in terms of nutrient supply, biological activity and nutrient and water holding capacities (Critchley and Siegert, 1991).
2.2.1.2 Soil Structure
Soil structure is the arrangement and organization of soil particles into natural units of aggregation.The structure depends on what the soil is developed from. It has a major influence on water and air movement, biological activity, root growth and seedling emergence. Excellent structure develops in the surface layer of loamy soils with a relatively high content of organic matter. But because of rapid rate of decomposition often the organic matter levels in hot climate areas where water harvesting is mostly practiced are low. The structure in such areas might not be ideal for crop growth due to many reasons apart from what is mentioned above. A wide range of measures could be taken to improve the structure of such soils. For example, the application of organic materials such as crop residues and animal manure could be helpful in improving the structure. The application of gypsum (calcium sulfate) to displace sodium cations with calcium can also reduce sodicity which cuases soils to disperse and have poor structure.
2.2.1.3 Soil Depth
Soil depth gives an indication of the soil volume which can be utilised by the plant and which is conducive to moisture retention. The effective depth of a soil for plant growth is the vertical distance into the soil from the surface to a layer that essentially stops the downward growth of plant roots. It is the depth where adequate moisture, nutrients and air occur. Effective soil depth can be lowered by rocky layers, a high clay content, waterlogged layers, limestone layers, acid subsoil and compacted layers. 
Various crops have different requirements concerning effective soil depth. Soils that are deep, well-drained, and have desirable texture and structure are suitable for crop production. Critchley and Siegert (1991) indicated that such soils can store the harvested runoff as well as providing a greater amount of total nutrients for plant growth. Soils of less than one meter deep are poorly suited to water harvesting. Two meters depth or more is ideal, though rarely found in practice.
2.2.1.4 Infiltration Rate
For water to have value to plants, it has to first enter the soil. The entry of water from the soil surface into the soil is called Infiltration. The infiltration rate is therefore the speed with which water enters the soil. It is typically expressed in terms of depth per unit time and commonly in millimeters per hour (mm/hr).
Infiltration rate is primarly dependent on the texture of the soil. Sandy soils with large pore spaces have higher infiltration rates than clayey soils with small pores. The infiltration rate is also affected by organic matter content of the soil. Higher organic matter content leads to the developement of stable soil aggregates and will affect the infiltration rate of the soil positively. Highly aggregated soil has increased pore space and infiltration. Soils high in organic matter also provide good habitat for soil biota, such as earthworms, that through their burrowing activities, increase pore space and create continuous pores linking surface to subsurface soil layers and hence increase the infiltartion rate. On the other hand, management that reduces soil cover, disrupts continuous pore space, compacts soil, or reduces soil organic matter content negatively impacts infiltration rate. Since tillage negatively affects all of these properties, it plays an important role in a soil’s infiltration rate (NRCS, 2008). Crust formation is also a special soil surface problem of arid and semi-arid areas, leading to high runoff and low infiltration rates.
According to Critchley and Siegert (1991), a very low infiltartion rate is desirable in the catchment area from which runoff is harvested but detriemntal in the cultivated area because it can lead to waterlogging. The soils of the cropped area therefore should be sufficiently permeable to allow adequate moisture to the crop root zone without causing waterlogging problems.Typical comparative figures of infiltration are given in Table 11 below: 
[bookmark: _Toc437521778]Table 11. Typical Infiltration Rates (Critchley and Siegert, 1991).
	Soil Type
	mm/hour

	Sandy soil
	50.0

	Sandy loam
	25.0

	Loam
	12.5

	Clay loam
	 7.5



2.2.1.5 Available Water Capacity (AWC)
Information on the potential of the soil to hold and release water is important in designing and managing water harvesting systems. A parameter which describes this property of the soil is called Available Water Capacity (AWC). It is expressed as the depth of water in mm readily available to plants after a soil has been thoroughly wetted to "field capacity". In water harvesting systems which pond runoff, it is vital that this water can be held by the soil and made available to the plants (Critchley and Siegert, 1991).
Different soils hold water and release it differently. As described in NRCS (1997), major soil characteristics which can affect the available water capacity include texture, structure, bulk density, salinity, sodicity, and organic matter content. Of these, texture is the predominant factor in mineral soils. Table 12 displays average available water capacity based on soil texture(NRCS, 1997). 
[bookmark: _Toc437521779]Table 12. Available Water Capacity (AWC) by Texture (NRCS, 1997).
	Texture
	AWC Range (In/In)
	AWC
Range
(mm/meter)
	Esti. Typical
AWC (mm/meter)

	Coarse Sand
	0.01 - 0.03
	10 – 30
	21

	Sand
	0.01 - 0.03
	10 – 30
	21

	Fine Sand
	0.05 - 0.07
	50 – 70
	62

	Very Fine Sand
	0.05 - 0.07
	50 – 70
	62

	Loamy Coarse Sand
	0.06 - 0.08
	60 – 80
	71

	Loamy Sand
	0.06 - 0.08
	60 – 80
	71

	Loamy Fine Sand
	0.09 - 0.11
	90 – 110
	104

	Loamy Very Fine Sand
	0.10 - 0.12
	100 – 120
	104

	Coarse Sandy Loam
	0.10 - 0.12
	100 – 120
	108

	Sandy Loam
	0.11 - 0.13
	110 – 130
	121

	Fine Sandy Loam
	0.13 - 0.15
	130 – 150
	142

	Very Fine Sandy Loam
	0.15 - 0.17
	150 – 170
	158

	Loam
	0.16 - 0.18
	160 – 180
	167

	Silt Loam
	0.19 - 0.21
	190 – 210
	200

	Silt
	0.16 - 0.18
	160 – 180
	167

	Sandy Clay Loam
	0.14 - 0.16
	140 – 160
	150

	Clay Loam
	0.19 - 0.21
	190 – 210
	200

	Silty Clay Loam
	0.19 - 0.21
	190 – 210
	200

	Sandy Clay
	0.15 - 0.17
	150 – 170
	158

	Silty Clay
	0.15 - 0.17
	150 – 170
	158

	Clay
	0.14 - 0.16
	140 – 160
	150



Critchley and Siegert (1991) discussed the implication AWC has for technical design and asserts that there is no point ponding water to depths greater than 40 cm in deep soils (2 meters) with high AWC values (200 mm/meter). This quantity when infiltrated is adequate to replenish the soil profile from permanent wilting point to field capacity and any surplus will be lost by deep drainage as well as being a potential water logging hazard. 


[bookmark: _Toc437521711]2.2.2 Chemical Soil Charactrestics

Chemical properties of the soil affect crop production because of their effect on nutrient availability to plants and soil structure. The chemical properties of soils that are important to plant growth in water harvesting systems include cation exchange capacity, soil salinity and sodicity.
2.2.2.1 Cation Exchange Capacity(CEC)
Plants require certain nutrients to ensure optimum growth and production. The majority of these soil nutrients that a plant takes up must be in a soluble form. The cation exchange capacity (CEC) is a measure of the ability of a soil to retain cations, some of which are plant nutrients. It is expressed in the SI unit in terms of centi-mol per kg of soil (cmol+/kg) or milliequivalents per 100 grams of oven-dry soil (meq/100 gm). The kind and amount of clay mineral and organic matter content in the soil are the main factors, which affect the cation exchange capacity of the soil (NRCS, 1997). According to Howell (2012), the CEC of agricultural soils ranges from below 5 meq/100 gm in sandy soils with little organic matter to over 20 meq/100 gm in certain clay soils and those high in organic matter. A soil with a low CEC has little ability to store nutrients and is susceptible to nutrient loss through leaching. Such soils might require more frequent applications of fertilizers than soils with high CEC.
2.2.2.2 Salinity and Sodicity
Salts and sodic ions within the soil-water solution are left behind in the soil profile as the soil water is used by the plant in transpiration or through surface evaporation. Without proper management in place, with time they tend to accumulate in the root zone and lead to salinity and sodicity of the soil. Saline and sodic soils are common in arid and semi-arid areas where water harvesting is practiced. Salinity is measured by the electrical conductivity (EC) of a saturated extract while sodicity is expressed in terms of sodium adsorption ratio (SAR) or exchangeable sodium percentage (ESP). 
Saline and sodic soils require specific approaches for their reclamation and management to maintain their long-term productivity as the nature and properties of these soils are diverse (Abrol et al, 1988). Mineral weathering, atmospheric precipitation, and fossil salts are the three main natural sources of soil salinity. In addition, irrigation and agricultural and industrial wastes can add salts to soils. Irrigation water containing high amount of sodium may also raise the exchangeable sodium levels in the soil. This results in reduction of the hydraulic conductivity or permeability of the soils to water due to crust formation and dispersion of the soil structure (SCS, 1991). Saline soils, which have excess soluble salts, and sodic soils, which have a high exchangeable sodium percentage, should therefore be avoided for water harvesting systems as they are problematic soils. They are capable of reducing moisture availability and exerting direct harmful influence on plant growth. 
Saline soils contain sufficient neutral soluble salts to adversely affect the growth of most crops. Abrol et al (1988) summarized the effect of excess salinity on plant growth in such a ways that it renders less water available to plants although some is still present in the root zone. This is because the osmotic pressure of the soil solution increases as the salt concentration increases. Apart from the osmotic effect of salts in the soil solution, excessive concentration and absorption of individual ions may prove toxic to the plants and/or may retard the absorption of other essential plant nutrients. 
Sodic soils have excess exchangeable sodium that can reduce crop growth through its adverse effect on the physical and nutritional properties of the soil. As is indicated in Abrol et al (1988), sodic soils adversely affect plant growth due to one or more of the following factors:
i. Excess exchangeable sodium in sodic soils has a marked influence on the physical soil properties. As the proportion of exchangeable sodium increases, the soil tends to become more dispersed which results in the breakdown of soil aggregates and lowers the permeability of the soil to air and water. Dispersion also results in the formation of dense, impermeable surface crusts that hinder the emergence of seedlings.
ii. A second effect of excess exchangeable sodium on plant growth is through its effect on soil pH. Although high pH of sodic soils has no direct adverse effect on plant growth per se, it frequently results in lowering the availability of some essential plant nutrients. For example, the concentration of the elements calcium and magnesium in the soil solution is reduced as the pH increases due to formation of relatively insoluble calcium and magnesium carbonates by reaction with soluble carbonate of sodium, etc. and results in their deficiency for plant growth. Similarly, the solubility in soils and availability to plants of several other essential nutrient elements, e.g. P, Fe, Mn and Zn, are likely to be affected.
iii. Accumulation of certain elements in plants at toxic levels may result in plant injury or reduced growth and even death (specific ion effects). Elements more commonly toxic in sodic soils include sodium, molybdenum and boron.
[bookmark: _Toc437521712]2.2.3 Soil Fertility

Soil fertility refers to the ability of the soil to provide essential nutrients to plants, while supporting a diverse and active biotic community. Fertile soils normally are rich in nutrients that are essential for plant growth including nitrogen, phosphorus and potassium but contains also sufficient amount of minerals such as boron, chlorine, cobalt, copper, iron, manganese, magnesium, molybdenum sulfur and zinc. They have high organic matter content which can improve the soil structure and soil moisture retention and are conducive for microorganisms that can support plant growth. 
The major constraints to crop yield reduction and total crop failure in many of the areas where water harvesting systems are introduced are lack of moisture and low soil fertility. The nutrient balance in some areas in Sub-Saharan Africa, for example, is negative as discussed in topic one. Agricultural production in these areas is limited by low soil fertility as much as by lack of moisture. Nitrogen and phosphorus are usually the elements most deficient in these soils. While it is often not possible to avoid poor soils in areas under water harvesting system development, attention should be given to the maintenance of fertility levels (Critchley and Siegert, 1991). 

[bookmark: _Toc437521713]Learning Activity

2.1 Define reference evapotranspiration and discuss on how it is related with the water requirement of crops.

2.2 Why is that different crops have different water requirements?
2.3 Discuss the factors that affect the water requirement of crops.

2.4 Explain the most important soil characteristics that are required at catchment and cultivated areas in a water harvesting scheme.

2.5 Collect data on minimum and maximum temperature, relative humidity, wind speed and sunshine hours form a metrological station and download the free software called CropWat 8.0 from FAO website and compute the reference crop evapotranspiration and water requirement of the crop widely grown in your area. Compare your results with the results that could be obtained from the Blaney – Criddle formula.

[bookmark: _Toc437521714]Summary of the Topic 

Understanding the water and soil requirement of water harvesting sytems is of paramount importance for the optimal growth of crops. Knowledge of the amount of water required by the crops intended to be grown is essential for the design of water harvesting systems. Crop water requirement describes the amount of water required to compensate the evapotranspiration loss from the cropped field. It is the amount of water needed by the various crops to grow optimally. The water requirement of crops is mainly dependent on the climatic factors and the crop type. Different crops have different water requirement because they have different evapotranspiration rates. The evapotranspiration  rate from a reference surface is called the reference evapotranspiration and is denoted as ETo. It is a climatic parameter and can be computed from weather data. Solar radiation, air temperature, humudity and wind speed are the key climatic factors that influence crop water need. Crop type is the second factor which influences crop water needs. Each crop has its own water requirements. Crops differ both in terms of their daily water needs and the duration of their total growing season. Many methods which make use of these two factors have been developed and proposed to estimate the water requirement of crops. The Penman-Monteith method is the most accurate method provided that reliable climatic data on sunshine hours, minimum and maximum temperature, relative humudity and wind speed are available. Apart from the water requirement , the yield response of plants to the extra moisture harvested is also influenced by the physical chemical, and biological status of the soil. A catchmnet area with a high runoff coefficient and cultivated area with deep, fertile loam soil is ideal for water harvesting systems.
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[bookmark: _Toc437521717]TOPIC Three:Designing Water Harvesting Systems

[bookmark: _Toc437521718]Introduction 

Rainfall in arid and semi-arid areas is convective type of rainfall characterised by its high intensity, short duration and limited areal coverage. Such type of rainfall normally shows  marked variation in space and time. The rainfall distribution in such dry climates varies between seasons in a year and from one year to another. This poses the biggest challenge for dryland agriculture. Dry spells  and droughts are common as the cropping seasons are usually longer than the rainfall seasons. Coupled with the variability of the rainfall, the transformation of rainfall to runoff also is a complex process, which makes water harvesting design to be the most difficult task in arid and semi-arid parts of the world. The catchment to cultivated area ratio is determined based on among other factors by the amount of runoff which is generated by the design rainfall. In designing water harevsting systems, we try to come up with the appropriate design rainfall which generates surplus runoff to meet the water requirements of the crops intended to be grown with a certain level of certainity. In this topic we will discuss the rainfall runoff relationships, the mechanisms by which we can select the appropriate design rainfall and determination of catchment to cultivated area ratio. 
[bookmark: _Toc437521719]Learning Objectives

After successfully completing this topic students will be able to:
· Describe the major factors that affect the transformation of rainfall to runoff;
· Illustrate on how runoff plots are set up in the field for runoff coefficient determination;
· Carry out statistical probability analysis of rainfall;
· Compute the design rainfall using long-term rainfall records;
· Appreciate that there are different plotting position in use for probabilty analysis; and 
· Calculate the catchment to cultivate area ratio.

[bookmark: _Toc437521720]3.1 Rainfall-Runoff Analysis
[bookmark: _Toc437521721]3.1.1 Rainfall-Runoff Relationships

Depending on the nature of precipitation, soil type, vegetation cover, slope and antecedent moisture condition, an ever-varying portion of the precipitation becomes runoff. Rainfall- runoff relationships within a watershed are the result of the interplay of many factors, but are driven primarily by the interaction of meteorological factors as well as physical characteristics of the catchment. Some of the meteorological factors that could affect runoff generation are: type of precipitation (rain, snow, sleet, etc.), intensity, amount, duration and distribution of rainfall, direction of storm movement, antecedent precipitation and resulting soil moisture, and those climatic conditions that affect evapotranspiration, such as temperature, wind, relative humidity, and season. Physical characteristics of the catchment that also affect runoff include land use, vegetation, soil type, drainage area, basin shape, topography, drainage network patterns and ponds, lakes, reservoirs, sinks etc. in the area, which prevent or alter runoff from continuing downstream. 
Rainfall in arid and semi-arid zones tends to be more variable in both space and time than in humid regions. They are low, erratic rainfalls which results largely from convective cloud mechanisms. They are typically of short duration, relatively high intensity and cover limited areas. The statistical characteristics of such high-intensity, short-duration, convective rainfall are essentially independent of locations within a region and are similar in many parts of the world. Analysis of short-term rainfall data suggests that there is a reasonably stable relationship governing the intensity characteristics of this type of rainfall. Studies carried out in Saudi Arabia by Raikes and Partners (1971) suggest that, on average, around 50 percent of all rain occurs at intensities in excess of 20 mm/hour and 20 - 30 percent occurs at intensities in excess of 40 mm/hour. Similar study by Nyssen et al (2005) in the northern Ethiopian highlands shows that 88% the rainfalls are with intensities less than 30 mm/hour and high intensity rainfalls have a short duration. This relationship appears to be independent of the long-term average rainfall at a particular location. 
Rainfall duration, intensity, and areal distribution influence the rate and volume of runoff. Total runoff for a storm is clearly related to the duration for a given intensity. Infiltration will decrease with time in the initial stages of a storm. Thus, a storm of short duration may produce no runoff, whereas a storm of the same intensity but of long duration will result in runoff. Rainfall intensity influences both the rate and the volume of runoff. An intense storm exceeds the infiltration capacity by a greater margin than does a gentle rain; thus the total volume of runoff is greater for the intense storm even though total precipitation for the two rains is the same. The intense storm actually may decrease the infiltration rate because of its destructive action on the soil structure at the surface. Rate and volume of runoff from a given watershed are influenced by the distribution of rainfall and of rainfall intensity over the watershed.  Generally the maximum rate and volume of runoff occur when the entire watershed contributes; however, an intense storm on one portion of the watershed may result in greater runoff than a moderate storm over the entire watershed. 
Soil water content being a dynamical characteristic is one of the most important factors for the generation of runoff. It varies with season and affects infiltration capacity and the capability of soils to store new rain water. For this reason, the different runoff generating processes (saturation excess overland flow, infiltration excess overland flow and even return flow) are highly regulated by soil characteristics and especially by soil moisture. If the antecedent soil moisture content of the watershed is higher, the rate of infiltration could be easily exceeded and may result in higher runoff volume compared to a relative dry catchment for the same intensity and duration of storm.
Physical factors affecting runoff are size, shape, orientation, topography, geology, and land use of the watershed. Both runoff volumes and rates increase as watershed size increases; however, both rate and volume per unit of watershed area decrease as the runoff area increases. Watershed size may determine the season at which high runoff may be expected to occur. Long narrow watersheds are likely to have lower runoff rates than more compact watersheds of the same size. The runoff from the former does not concentrate as quickly as it does from the compact areas, and long watersheds are less likely to be covered uniformly by intense storms. When the long axis of a watershed is parallel to the storm path, storms moving upstream cause a lower peak runoff rate than storms moving downstream. For storms moving upstream, runoff from the lower end of the watershed is diminished before the peak contribution from the headwaters arrives at the outlet; however, a storm moving downstream causes a high runoff from the lower portions coincident with high runoff arriving from the headwaters.
Topographic features, such as slope of upland areas, the degree of development and gradients of channels, and the extent and number of depressed areas affect rates and volume of runoff. Watersheds having extensive flat areas or depressed areas without surface outlets have lower runoff than areas with steep, well defined drainage pattern. The geologic or soil materials determine to a large degree the infiltration rate, and thus affect runoff.  Vegetation and the practices incident to agriculture, soil and water conservation and forestry also influence infiltration and hence runoff production. Vegetation retards overland flow and increases surface detention to reduce peak runoff rates. Structures such as dams, levees, bridges, and culverts all influence runoff rates.
[bookmark: _Toc437521722]3.1.2 Design (Dependable) Rainfall

There is high variability of the total rainfall received in a given period at a location from one year to another. The variability depends on the type of climate and the length of the considered period. In general it can be stated that the drier the climate, the higher the variability of rainfall in time. The same hold for the length of the period: the shorter the period the higher the annual variability of rainfall in that period. Such inherent degree of variability associated with convective type of rainfall rather than the limited amount of rainfall makes water harvesting planning and management a difficult task in arid and semi-arid areas. 

Critchley and Siegert (1991) noted that in temperate climates, the standard deviation of annual rainfall is about 10 - 20 percent and in 13 years out of 20, annual amounts are between 75 and 125 percent of the mean. In arid and semi-arid climates the ratio of maximum to minimum annual amounts is much greater and the annual rainfall distribution becomes increasingly skewed with increasing aridity. With mean annual rainfalls of 200-300 mm the rainfall in 19 years out of 20 typically ranges from 40 to 200 percent of the mean and for 100 mm/year, 30 to 350 percent of the mean. A study of the total rainfall from 1930 to 1990 by Raes (2013) in Tunis also found that the annual rainfall varied between 220 mm and 912 mm. The average total rainfall for this 60-year period was 466 mm and the standard deviation was 131 mm. At more arid locations it is not uncommon to experience several consecutive years with no rainfall. 

Owing to the strong variability of rainfall in time, the design and management of water harvesting systems are not based on the long-term average of rainfall records but on particular rainfall depths that can be expected for a specific probability or return period which often are denoted as design or dependable rainfalls.  Design rainfalls can only be obtained by a thorough analysis of long time series of historic rainfall data. Therefore selecting the appropriate design (dependable) rainfall according to which the catchment to cultivated area ratio will be determined could be a major challenge for a water harvesting planner in arid and semi-arid areas. 

Design rainfall is defined by Critchley and Siegert (1991) as the total amount of rain during the cropping season at which or above which the catchment area will provide sufficient runoff to satisfy the crop water requirements. It is determined by means of a statistical probability analysis and is usually assigned to a certain probability of occurrence or exceedance. The selection of the probability of exceedance for design purposes is related to the damage the excess or the shortage of rainfall may cause, the risk one wants to accept and the lifetime of the scheme. If the actual rainfall in the cropping season is below the design rainfall, there will be moisture stress in the plants; if the actual rainfall exceeds the design rainfall, there will be surplus runoff which may result in damage to the structures.

To determine the probability or frequency of occurrence of yearly or seasonal rainfall a simple, graphical method will be described in this topic. For the design of water harvesting schemes, this method is as valid as any analytical method described in statistical textbooks. In a frequency analysis, estimates of the probability of occurrence of future events are based on the analysis of historical rainfall records. The first step is therefore to obtain long term annual rainfall totals for the cropping season from the area of concern. 

By assuming that the past and future data sets are stationary and have no apparent trend one may expect that future time series will reveal frequency distributions similar to the observed one. It is obvious that the longer the data series the more similar the frequency distribution will be to the probability distribution. In short series accurate determination for rainfall depths that can be expected for selected return periods is not possible. Estimates of dependable rainfall are less reliable if the corresponding return period exceeds the observation period. As explained earlier, the variability of rainfall in arid and semi-arid areas is considerable. An analysis of only 5 or 6 years of observations is inadequate as these 5 or 6 values may belong to a particularly dry or wet period and hence may not be representative for the long term rainfall pattern. As the number of observations increases, the error in determining expected rainfall gradually diminishes. Although the required length of the time series depends on the magnitude of variability of the precipitation climate, a period of 30 years and over normally is thought to be very satisfactory (Critchley and Siegert, 1991; Raes, 2013).

The second step in the frequency analysis is to rearrange the rainfall totals in descending order and rank them accordingly. The first rank is given to the largest rainfall total and the last for the smallest value. The probability of occurrence P (%) for each of the ranked rainfall totals then can be calculated by using different plotting position methods as is indicated in table 13. Reining et al. (1989) (as is cited in Critchley and Siegert, 1991) recommend the Sevruk and Geiger method indicated in equation 3.1 for number of observations between 10 and 100 in determining the probability of occurrence for water harvesting.
                                           [image: u3160e0b]                                                         Equation 3.1
Where:
P = probability in % of the rainfall total with the rank m
m = the rank of the rainfall total
N = total number of rainfall totals used
[bookmark: _Toc437521780]Table 13. Methods for Estimating Probabilities of Occurrence of Ranked Data, Where m is the  
          Rank Number and N the Number of Observations (Raes, 2013).
	Method
	Estimates of Probability of Occurrence (%)

	California
	

	Hazen
	

	Weibull
	

	Gringorten
	

	Sevruk and Geiger
	


The next step is to plot the ranked rainfall totals against corresponding probabilities of occurrence on a normal probability paper (see figure 7). By fitting a straight line through the points, the probability of occurrence or exceedance of a rainfall value of a specific magnitude are easily derived from the probability plot. Inversely, it is also possible to obtain the magnitude of the rain corresponding to a given probability. 

Design standards are generally expressed in terms of the return period or recurrence interval which is inversely related to the probability of occurrence. The return period or recurrence interval (T) is the time that, on average, elapses between two events that equal or exceed a particular level. The return period T (in years) can easily be derived once the exceedance probability P (%) is known from the equation.

                                                                                                                                  Equation 3.2

If the return period of a certain rainfall amount is 10 years, it does not imply that it occurs at 10 years interval. It means that the probability (p) that the rainfall amount is equalled or exceeded in a certain year is 10%. Consequently, the probability that it will not occur in a certain year is 90%. 

[image: u3160e0u]
[bookmark: _Toc437521787]Figure 7. Probability Diagram with Regression Line for an Observed Series of Annual Rainfall Totals -Mogadishu, Somalia (Critchley and Siegert, 1991).
[bookmark: _Toc437521723]3.1.3 Runoff Coefficients (RC)

Because the physical conditions of a catchment area are not normally homogenous, there are a variety of different slopes, soil types, vegetation covers and so on even in a very small area. Each catchment has therefore its own runoff response and will respond differently to different rainstorm events. The knowledge of the quantity of runoff to be produced by rainstorms in a given catchment area is important input for the design of water harvesting schemes. It is commonly assumed that the quantity (depth) of runoff is a proportion (percentage) of the rainfall depth (Critchley and Siegert, 1991). Runoff coefficient (RC) is a dimensionless coefficient which represents the proportion (percentage) of the rainfall that appears as runoff.
                                                           R                                     Equation 3.3
Runoff coefficient in rural catchments where no or only small parts are impervious is not a constant factor. Instead its value is highly variable and depends on the above mentioned catchment-specific factors and on the rainstorm characteristics. Rainfall intensity, duration and distribution greatly affect runoff coefficient. Provided that the rainfall intensity exceeds the infiltration rate of the soil and all other factors in the catchment remain the same, each rainfall intensity corresponds to a specific runoff coefficient value. According to Critchley and Siegert (1991), in a particular catchment area with the same initial boundary condition (e.g. antecedent soil moisture condition), a rainstorm of 20 minutes duration with an average intensity of 60 mm/h can produce a higher percentage of runoff than a rainstorm of 40 minutes duration but with an average intensity of 30 mm/h even if the total rainfall depth of both events were equal. Oweis et al. (1999) illustrated this using a simplified representation of infiltration and the potential surface runoff (grey areas) under two different storms having equal amounts of rain as is indicated in figure 8.
 [image: ]
[bookmark: _Toc437521788]Figure 8. Simplified Representation of Infiltration and Potential Surface Runoff (grey areas)       
               Under Two Storms with Equal Amount of Rain (Oweis et al, 1999).

Computation of Runoff Coefficients
In order to determine the runoff coefficient under varying rainfall conditions, soil surface  conditions, soil type, slope, catchment geometry, and antecedent soil moisture, research is needed to characterize the hydrological behavior of the catchment. An assessment of the relevant runoff coefficients which results from an analysis of the rainfall-runoff relationship, should therefore be based on actual and simultaneous measurements of both rainfall and runoff in the catchment area. Hence, runoff coefficients that are derived for catchments in other geographical locations should not be used as input for the design of a water harvesting scheme. Likewise, runoff coefficients computed for large watersheds should not be adopted to small catchments within the watershed (Critchley and Siegert, 1991; Oweis et al, 1999).
To get repersentative runoff coefficient of a catchment, the actual and simultaneous measurement of rainfall and runoff  should be carried out for longer periods. Rainfall and runoff data should be collected for at least 2 years before any large construction starts ( Shanan and Tadmor, 1979). Due to the negative demonstration effect a water harvesting project would have if the structures were seriously damaged or destroyed already during the first rainstorm, such a time span would in any case be justified.
For the determination of the catchment to cultivated area ratio, we need annual or seasonal runoff coefficient rather than the runoff coefficients from individual rainstorms. The Annual or seasonal runoff coefficient is computed by dividing the total runoff observed in a year (or season) by the  the total rainfall in the same year (or season).
                     RCA/s                                           Equation 3.4
Where RCA/s is the annual or seasonal runoff coefficient.
Not all rainstorms generate runoff directly. Minor rainfall events may be retained completely by aboveground objects such as trees and structures, soil infiltration, and surface depression. It is only those rainstorms that can surpass the rainfall threshold value of a particular area which can generate runoff. This threshold value represents the losses to be fullfilled by the rainstorms before runoff is produced. The annual (seasonal) runoff coefficient takes into account all those minor rainfall events which did not produce any runoff. Therefore, the annual (seasonal) runoff-coefficient is always smaller than the arithmetic mean of runoff coefficients derived from individual runoff-producing storms.


[bookmark: _Toc437521724]3.1.4 Assessment of Runoff

It is practically not possible to collect the total amount of runoff generated by rainstorms and measure it. There are many ways by which direct runoff from rainfall events can be estimated. Several hydrological models and different methods are used to assess the total storm runoff from total storm rainfall. Most of these models require a lot of input data on many hydrological parameters which in most cases are not available in areas where water harvesting is practiced. One of the most commonly and widely used method to assess runoff for the design of water harvesting is the use of runoff plots. 
Runoff Plots
Runoff plots are plots which should be constructed directly in the project area to measure surface runoff under controlled conditions. They are installed in locations that are representative of the water harvesting scheme in terms of the physical characterstics such as soil type, slope and vegetation. Good design of runoff plots is of paramount importance in studies that involve field plots. Problems that will be encountered in collecting data of sufficient accuracy and reliability using runoff plots are so great and enormous that such plots should be designed efficiently and effectively before-hand to minimize such difficulties (Hudson, 1993). 
The first issue in the design of runoff plots will be the size of the plots. Generally speaking the size of runoff plots should reflect the purpose of the assessment of runoff. Constructing very large plots will pose a difficulty related with storage of the large amount of runoff that will be accumulated from the total area of the plot. Runoff assessment results obtained from very small dimension plots are also misleading therefore should be avoided. Critchley and Siegert (1991) recommend minimum size of 3-4 m in width and 10-12 m in length. There is no standard for the ratio of length to width.
Different materials can be used to bound the runoff plots. Nyssen et al (2001) have used for example a compacted soil bund to bound runoff plots. Other materilas that can be used as is indicated by Hudson (1993) include brick or concrete walls, wooden planks, and metal sheets, asbestos-cement, or plastic. The material used to bound the plot normally should be driven into the soil with at least 15 cm height above ground to prevent the flow of water into and outside of the plot. A gutter with a gradient of 1% towards the collection tank is required at the lower end of the plot to collect the runoff. To allow a smooth flow of water from the plot into the gutter, the joint between the gutter and the lower side of the plot can be cemented (Critchley and Siegert,1991).
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[bookmark: _Toc437521789]Figure 9. A Runoff Plot to Measure the Effect of Grazing and Removable Runoff Plot Boundaries (After Hudson, 1993).
Collectors are needed to store and measure the runoff accumulated from each plot. It can be constructed from stone masonry, brick or concrete blocks, but a buried barrel will also meet the requirements. Ponds covered with geomembrane plastic are also used for runoff assessment in Tigray, Ethiopia. The container should be covered and thus be protected against evaporation and direct rainfall. The storage capacity of the collector depends on the size of the plot and the rainfall characterstics in the area. It should be large enough to accommodate all the runoff coming from extreme rain storms which has to be sampled and stored. To compute the maximum runoff that would be generated from each runoff plot, calculations has to be done based on assumptions made from previously recorded rainfall data and maximum estimated runoff coefficient of the area in general. 
When very large amount of runoff is expected and the cost of the collector is much, splitters and divisors can be used (see figure 10). Such devices normally divide the runoff accurately so that a known fraction can be separated off and stored. It is also advisable to place a wire mesh screen over the collecting trough to protect it from being blocked by floating organic materials or debris.The measurement of the volume of runoff collected in the container can then be carried out after every storm or on daily basis. Thereafter the runoff collected in the container should be removed or emptied and be ready for the next measurement.
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[bookmark: _Toc437521790]Figure 10. A Simple Splitter and Barrel Divisors (After Hudson, 1993).
[bookmark: _Toc437521725]3.2 Catchment:Cultivated Area (C:CA) Ratio

Any water harvesting systems consists atleast a catchment area and a cultivated (cropped) area. The catchment area is the area from which runoff is generated. Whereas the cultivated area is the area where the crops are grown. The  catchment to cultivated area ratio is therefore, the ratio of the catchment area to the cultivated (cropped) area as is illustrated in figure 11.
 In the design of water harvesting systems it is important to determine the required ratio between catchment and cultivated area. However, data on rainfall, runoff and crop water requirements are required to determine the catchment to cultivated area ratio. Critchley and Siegert (1991) points out that successful water harvesting systems can be estabilished by mere estimation of catchment to cultivated area ratio. But this option is only justified if data on the above mentioned parameters is not available for the area. Yet, if the basic data are available and accurate, the calculation of catchment to cultivated area ratio will certainly results in more efficient and effective water harvesting system. 
Nevertheless, it should be noted that rainfall and runoff are characterstically erratic and unpridictable in arid and semi-arid parts of the world where water harvesting is practiced. Therefore, it should always be taken into consideration that the determination of catchment to cultivated area ratio is based on parameters with high variability. Hence, it will be sometimes necessary in light of the gained experience to modify an original design. It is aslo useful to incorporate safety measures, such as cut-off drains, to avoid damage in years when rainfall exceeds the design rainfall (Critchley and Siegert, 1991). 
[image: ]
[bookmark: _Toc437521791]Figure 11. Catchment-Cultivated Area Ratio - The Principle (After Critchley and Siegert, 1991).
The catchment to cultivated area ratio calcultions in this subtopic will be mainly for crop production systems. The calculation of the catchment to cultivated area ratio as is indicated by Critchley and Siegert  (1991) is based on the concept that the design must comply with the rule: 
                               Equation 3.5
The amount of water harvested from the catchment area (CA) is a function of the amount of runoff generated by the rainfall on the area. This runoff, for a defined time scale, is calculated by multiplying a "design" rainfall (DR) with a annual or seasonal runoff coefficient (RCA/s) (see equation 3.6). As not all runoff can be efficiently utilized (because of deep percolation losses, conveyance losses or evaporation) it must be additionally multiplied with an efficiency factor(EF). 
                                                          Equation 3.6
The amount of water required is obtained by multiplying the size of the cultivated area (CuA) with the net crop water requirements (NCWR) which is the total crop water requirement (TCWR) less the assumed "design" rainfall (DR). 
                                      Equation 3.7
                                                  Equation 3.8
By substitution in equation 3.5, we obtain:
                                                    Equation 3.9
 If equation 3.9 is rearranged we finally obtain: 
                                                        Equation 3.10
The computation of crop water requirement, design rainfall and runoff coefficient are discussed topic two what remains is the efficiency factor. According to Critchley and Siegert (1991), this factor accounts for losses related to seepage, evaporation, uneven ditribution of the water within the field and in some cases during conveyance. Microcatchment systems have higher efficiencies as water is usually less deeply ponded. Determining the efficiency factor is not that straight forward and is left to the personal judgement of designer based on his experience and of the actual technique selected. Normally the factor ranges between 0.5 and 0.75.
[bookmark: _Toc437521726]Learning Activity 

3.1 Using the 37-years ( 1960 -1996) rainfall data recorded in Bombay (India), calculate the average and standard deviation of the rainfall data and carry out a statistical probability analysis. Compute the design rainfall with a probability of occurrence of 65%, 70%, 75%, 85%, and 95%. 

[bookmark: _Toc437521781]Table 14. Rainfall Observed in Bombay (India) for the 37-year period 1960 – 1996 (Source FAO, 2000).
	Year
	Rainfall(mm)
	Year
	Rainfall(mm)
	Year
	Rainfall(mm)

	1960
	2119
	1973
	1850
	1986
	1287

	1961
	2205
	1974
	2469
	1987
	1937

	1962
	2029
	1975
	2791
	1988
	-

	1963
	1540
	1976
	1882
	1989
	1900

	1964
	1964
	1977
	2316
	1990
	-

	1965
	2026
	1978
	1835
	1991
	2620

	1966
	1560
	1979
	1832
	1992
	1629

	1967
	2373
	1980
	1923
	1993
	2370

	1968
	960
	1981
	2441
	1994
	2031

	1969
	1553
	1982
	2382
	1995
	-

	1970
	2626
	1983
	3107
	1996
	-

	1971
	2444
	1984
	2141
	
	

	1972
	1511
	1985
	2423
	
	



3.2 Short duration Millet crop is intended to be grown in trapezoidal bunds which is a macrocatchment water harvesting system in an arid environment. Its water requirement is about 475 mm. A design rainfall of 250 mm with 67% probability of occurrence is selected to satisfy the water requirement of  the crop. I f the runoff coefficient (RC) of the catchment area is  0.25 and the efficiency factor is estimated at 0.5, calculate the catchment to cultivated area ratio. Comment on the ratio you find vis-a-vis the water harvesting system used.
[bookmark: _Toc437521727]Summary of the Topic 

Rainfall- runoff relationships within a watershed are affected by the interaction of meteorological factors as well as physical characteristics of the catchment. The intensity, duration and areal distribution of rainfall have a greater influence on the rate and volume of runoff which could be generated.  Rainfall exhibits high variability in dryland areas. The drier the climate, the higher is the variability of the rainfall in space and time. In light of this, the most difficult task for a water harvesting planner or manager will be to come up with the appropriate design rainfall according to which the catchment to cultivated area ratio will be determined. The design rainfall is normally determined by the statistical probability analysis of long-term rainfall data of a particular area. Physical characteristics that also affect runoff include land use, vegetation cover, soil type, drainage area and network patterns, slope, topography, etc. These physical attributes of the catchment are not homogenous. Even in a very small area there are a variety of different slopes, soil types, vegetation covers and land use. Each catchment has therefore its own runoff response and will respond differently to different rainstorm events. The runoff coefficient of a catchment which represents the proportion of the rainfall that appears as runoff is one important input parameter for the design of water harvesting schemes. But the determination of the runoff coefficient requires the simultaneous measurement of rainfall and runoff in the project area. The rainfall can be measured by installing rain gauges whereas the runoff can be assessed using runoff plots in the field. The final aspect in the design of water harvesting systems is the determination of the ratio between catchment and cultivated area. If basic data on rainfall, runoff and crop water requirement are available and accurate, the calculation of catchment to cultivated area ratio will certainly results in more efficient and effective water harvesting system.
[bookmark: _Toc437521728]Further Reading Materials
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[bookmark: _Toc437521729]Useful Links

http://indico.ictp.it/event/a12165/session/21/contribution/16/material/0/0.pdf
http://www.fao.org/docrep/t0848e/t0848e00.HTM
[bookmark: _Toc437521730]TOPIC Four:In-situ Water Harvesting Techniques
[bookmark: _Toc437521731]Introduction 

Drylands are unique in their dependency on relatively scarce available water. This scarcity exists on a gradient ranging from mild in dry sub-humid areas to extreme in hyper-arid areas (or deserts) and adversely affects the land productivity. They suffer from recurrent droughts and dry spells, which lead to complete crop failure, significant yield reduction, water scarcity, livestock deaths and so on. This poses difficulties in sustaining livelihoods in such areas. As is discussed in UNESCO (2009), the major challenge for people living in drylands is the management of the scarce water resources.  Over the centuries, dryland dwellers have overcome this challenge through various methods of water harvesting and management. Water harvesting systems offer under-exploited opportunities for the predominantly rainfed farming systems of the drylands in the developing world. They work best in precisely those areas where rural poverty is worst (Mekdaschi and Liniger, 2013). There are two most frequently used methods to classify water harvesting systems. The first method is based on catchment type and size while the second one is based on storage mechanisms. The classification of water harvesting systems based on catchment type and size is used in this topic. Accordingly, the water harvesting systems are classified into microcatchments, macrocatchments and flood water harvesting systems. In this topic these major water harvesting techniques in the drylands will therefore be discussed in detail. 
NESCO 2009
[bookmark: _Toc437521732]Learning Objectives

Upon successful completion of this topic, the student should be able to:
· Distinguish the different water harvesting systems classified based on catchment type and size;
· Characterize the different microcatchment, macrocatchment and flood water harvesting techniques;
· Classify a given water harvesting system as microcatchment, macrocatchment and flood water harvesting; 
· Evaluate the potential and limitations of the different microcatchment, macrocatchment and floodwater harvesting techniques; and
· Value water harvesting techniques as a means for improving agricultural production in the drylands.

[bookmark: _Toc437521733]4.1 Microcatchment Water Harvesting

Microcatchment water harvesting is a system of rainwater harvesting through the collection of surface runoff/ sheet (and sometimes rill flow) from small catchments of short length and storing it in the root zone of an adjacent infiltration basin.  The basin is planted with a single tree or bush or with annual crops (Mekdaschi and Liniger, 2013 and Prinz, 2002). Runoff water is concentrated in an adjacent application area and stored in the root zone for direct use by plants. Catchment and application areas alternate within the same field, thus rainwater is concentrated within a confined area where plants are grown. Hence, the system is replicated many times in an identical pattern. Microcatchment water harvesting technologies are often combined with specific agronomic measures for annual crops or tree establishment, especially fertility management and pest management. The catchment to cultivated area ratio for such techniques could vary from 1:1 to 3:1.  Because the catchment area is within the farm boundary and is about 10 - 500 m2 in its size, it is relatively easy for the farmer to manage it. The major microcatchment water harvesting systems are discussed below.

[bookmark: _Toc437521734]4.1.1 Negarims

Negarims are small regular square runoff basins made of soil bunds turned by 450 from the contour to concentrate surface runoff at the lowest corner of the square (figure 12) . At the lowest apex where the trees are planted the water is made to infiltrate.  The shape of the infiltration pit can be circular or square. In order to improve the water holding capacity and fertility of the soil, manure or compost should be applied to the pits. According to Mekdaschi and Liniger (2013) the sizes of negarims could range from 100 - 250 m² in Israel and up to 400 m² in India. About 15 - 90% of rainfall might be harvested as runoff and used for the tree crop, the catchment to cropping area ratio ranges between 3:1 and 10:1; in flatter and drier areas this may goes up to 25:1. This technique is mainly used for tree establishment and is commonly found on slopes of 1 - 5% although it could be applied on 1 - 20% sloping land in areas of 150 - 500 mm/year of rainfall.

[image: ] [image: ]
[bookmark: _Toc437521792]Figure 12. Negarims and their Arrangements (Critchley and Siegert, 1991).
[bookmark: _Toc437521735]4.1.2 Semi-circular Bunds (Half-moons)

Semi-circular bunds are usually either stone or earth embankments in the shape of a semi-circle with the tips of the bunds on the contour, facing up the slope. In different parts of the world varying dimensions of semi-circular bunds are used for various purposes. Their diameter commonly ranges from 2 - 8 m (up to 12 m) and their height 30 – 50 cm. The crest or top width of the bunds varies from 10 to 25 cm. The catchment to cultivated area ratio is between 1:1 and 3:1. Bigger semi-circular bunds are found in dry conditions, whereas more bunds per hectare of smaller radius are constructed in wetter conditions. They are preferably applied on slopes below 2% but can be used up to 5% with increased bund height. They are suited to areas with annual rainfall between 200 – 750 mm (Mekdaschi and Liniger, 2013 and Critchley and Siegert, 1991). They are built staggered in rows (see figure 13 and 14) so that over flow from one row will run into the next down slope. One tip of the bund can be slightly lower to serve as an overflow spillway. Larger and more widely spaced half-moons are mainly used for rangeland rehabilitation or fodder production. This technique is also useful for growing trees and shrubs and, in some cases, has been used for growing crops (e.g. sorghum) and vegetables (e.g. Watermelons).

[image: ]
[bookmark: _Toc437521793]Figure 13. Layout of a Semi-circular Bund System (Mati, 2005 in Mekdaschi and Liniger, 2013).
[image: ]                                                  [image: ]                                                     

[bookmark: _Toc437521794]Figure 14. Semi-Circular Bunds (After Mekdaschi and Liniger, 2013).
[bookmark: _Toc437521736]4.1.3 Eyebrow Terraces

Eyebrow terraces are a kind of semi-circular bund in which the downhill side is supported by stone.  They are meant to supply single trees or bushes with runoff on hillsides. Because their cultivated area is kept level they are sometimes termed as ‘platform terraces’. The catchment to cultivated area ratio could range from 5:1 to 10:1. This technology can be applied on slopes of up to 50% and in areas which receive an annual rainfall between 200 – 600mm. The bunds need to be reinforced by stone (see figure 15) when the gradient becomes steeper (Mekdaschi and Liniger, 2013).

[image: ]   [image: ]
[bookmark: _Toc437521795]Figure 15. Eyebrow Terrace from the Side and Above (Schauwecker, 2010; HP. Liniger in   
                 Mekdaschi and Liniger, 2013).
[bookmark: _Toc437521737]4.1.4 V-shaped (Triangular) Bunds

V-shaped bunds are earthen bunds of about 0.5 m in height enclosing a pit in the apex, where the water is stored until it infiltrates into the soil. They normally resemble the negarims. Mekdaschi and Liniger (2013) indicated that, v-shaped bunds are structures with the width of about 1 – 7 m and usually are aligned in staggered rows (figure 16). The tips of the basins need to be on the contour. The catchment to cultivated area ratio is about 5:1. They can enhance soil moisture storage and stimulate plant growth. To reduce soil temperature and surface evaporation, such structures could be supported by mulching the area around each tree using local available materials like stones. They are widely used for tree establishment and for fodder bushes. Sometimes, the catchment areas between the trees are used to grow low water demanding crops like lentil and barley. Generally they are applied on slopes up to 20% in areas with more than 300 mm annual rainfall.
[image: ]
[bookmark: _Toc437521796]Figure 16. V-shaped Stone Bund (Benli, 2012).
[bookmark: _Toc437521738]4.1.5 Meskat 

Meskat is rectangular shaped microcatchment system in which the catchment area diverts runoff directly onto a cultivated area at the bottom of the slope (Rosegrant et al., 2002).  The recommended ratio between the catchment area called meskat and cultivated area called mankaa in Semi-arid areas is 2:1 (Hatibu and Mahoo, 1999). The meskat must be compacted and free of weeds. The entire system is surrounded by an approximately 20 cm high bund, and provided with spillways to allow runoff to flow into the mankaa. A meskat can have more than one mankaa arranged in series (see figure 17 below). Surplus runoff spills over one mankaa to the other. Meskats are suitable on slopes of 2-15% and for areas with an annual rainfall of 200 – 400 mm. They are used for growing trees (e.g. olives, figs), grapes and cereals (Mekdaschi and Liniger, 2013).
[image: ]
[bookmark: _Toc437521797]Figure 17. Meskat Microcatchment in Tunisia (Prinz, 1996).
[bookmark: _Toc437521739]4.1.6 Broad Bed and Furrow (BBF) 

The Broad Bed and Furrow system is a system where broad beds are formed in between two furrows (see figure 18 below). It tries to trap rainfall where it falls and prolong the contact time so that water can infiltrate into the soil. In this system, the beds are used for growing crops, whereas the furrows are used for carrying excessive runoff and also as a track for animals and wheels of the equipment. It is made of 1m broad beds separated by 0.5 m furrows. The slope of the furrows is usually 0.4 – 0.8 % on vertisols (Hai, 1998). The system works better in areas where the soil water holding capacity is large enough and rainfall is equal or more than the crop water requirement but moisture in the soil is restricted by infiltration. The technique is particularly suitable for vertisols. It works best on deep black soils in areas with dependable annual rainfall averaging 750 mm or more. But it has not been as productive on alfisols or shallow black soils and in areas with less dependable rainfall (Hudson, 1987). Some of the objectives of this technique include:
· enhance moisture storage in the soil profile; 
· dispose safely of surplus surface run-off without causing erosion;
· provide a better drained and more easily cultivated soil in the beds.
Beds

Furrow
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[bookmark: _Toc437521798]Figure 18. Broad Bed and Furrow (A) Showing the Design and (B) Bed and Furrow in the Field.
[bookmark: _Toc437521740]4.1.7 Ridging and Tied Ridging

Ridges are made by constructing small earth banks parallel to the contours of a slope. The purpose of using ridges is increasing surface storage of rain water. They are used on slopes with a gradient of up to 7% and soils that have a relatively stable structure. The height of the ridges is usually 20 -30 cm. Depending on the crop grown, the steepness of the slope and the climate of the area, the distance between ridges could be from 1.5 to 10 m. For drier areas, the distance between ridges and the height of ridges increases. Generally they are used in areas with annual total rainfall which varies from 350 mm up to 750 mm. There could be a risk of crops becoming water logged or the ridges being washed away, if they are used in areas with heavy rainfall. (AnschÜtz et al., 2003; Hai, 1998).

A variation on ridging is the partitioned furrow technique, better known as tied-ridging. Tied-ridges are small earth ridges, with furrows between them, blocked with earth ties (15 – 20 cm high) every 0.5 – 1.0 m, creating mini-basins (Figure 19). They are suitable for high moisture storage soils with high infiltration rates. When the rainfall is light, the water remains in the mini-basins. But when it is heavy, because the cross earth ties are lower than the ridges, the water runs over the ties along the contour. For these reasons, they need to be maintained every cropping season and has to be rebuilt about every 5-6 seasons. Tied ridges are often considered an in-situ form of water conservation, though where the ridges are large it can be argued that they act themselves as a form of microcatchment (AnschÜtz et al., 2003; Mekdaschi and Liniger, 2013; Hai, 1998). 

[image: ][image: y4690e1b]
[bookmark: _Toc437521799]Figure 19. Tied-Ridging with Ridges Built at a Slight Angle to the Contour Line (After AnschÜtz et al., 2003; Shaxson and Barber, 2003).


[bookmark: _Toc437521741]4.1.8 Contour Bunds

Contour bunds are earthen barriers constructed in such a ways that they follow the contour of the land at close spacing. The main benefit is that long slopes are cut into a series of small ones with less steep slopes (see figure 20). The volume of the runoff water is reduced with more opportunity to infiltrate into the soil between the bunds, and thus preventing or minimizing soil erosion. 

Contour bunds are constructed in semi-arid to arid areas which receive an annual rainfall between 200 and 750 mm on slopes ranging from flat to 5%. Deep soils with at least 1.5 m and preferably 2 m depth are suitable for this technique as they can ensure adequate root development and water storage. The topography must be even without rills or gullies.

[image: http://www.fao.org/docrep/u3160e/u3160e1b.gif]
[bookmark: _Toc437521800]Figure 20. Contour Bunds (After Critchley and Siegert, 1991).
[bookmark: _Toc437521742]4.1.9 Strip Cropping

Strip cropping involves building alternating cropping strips along rows and leaving appropriate section of the inter-row space uncultivated (possibly compacted) so as to release or produce runoff to be used on the cropped strip. As figure 21 shows, the upper strip is used as a catchment and the lower one is cropped. The width of the cropped strip ranges from 1 – 3 m. The catchment to cultivated area (C:CA) ratio is usually 1:1 but can reach 1:5 depending on rainfall and the crop. It is normally used on flat land or on gentle slope of up to 4% with at least 1 m deep soils and that receive annual total rainfall of more than 200 mm. The system can be used for nearly all types of crops and is easy to mechanize (Mekdaschi and Liniger, 2013; Oduor and Malesu, 2005). 
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[bookmark: _Toc437521801]Figure 21. Compacted and Cropped Strips.
[bookmark: _Toc437521743]4.1.10 Planting Pits 

Planting pits are very small basins used for growing annual or perennial crops. But in some parts of the world, they are also traditionally used to rehabilitate degraded soils. They come in different sizes, shapes and densities. Pits are usually 20 – 30 cm wide and 20 – 30 cm deep and spaced 0.6 m – 1 m apart (see figure 22). The Catchment to cultivated area ratio is 3:1. Because they are dug by hand, sandy loam soils suite best for this technique as pit preparation is easier.  The excavated earth is placed downslope of the pit and sometimes formed into a small ridge to best capture rainfall and surface runoff. Manure and/or fertilizer are added to each pit if available in order to improve the soil fertility. Pits are often found in combination with stone lines to rehabilitate degraded and crusted lands, and to bring them back into cultivation. Grass growing between the stones helps to increase infiltration further and accelerates the accumulation of fertile sediment. Planting pits are applied on flat to gently sloping land (0 – 5%) that receives annual rainfall of 350 – 600 mm. The major disadvantage of planting pits is that they require high labour as they cannot be done using animal draught power. Common examples of planting pits are: tassa in Niger, zaï pits in Burkina Faso, chololo pits in Tanzania, agun pits in Sudan, kofyar pits in Nigeria, katumani pits as well as tubukiza pits for fodder production in Kenya, and yamka in Kyrgyzsta. Yamkas are used to plant trees in pits on school yards, squares and other flat ground where irrigation is impossible or impractical (Mekdaschi and Liniger, 2013; Hai, 1998).
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[bookmark: _Toc437521802]Figure 22. Planting Pits (tassa) in Niger before Planting and after Filled with Water (HP. Liniger and W. Critchley in Mekdaschi and Liniger, 2013).

[bookmark: _Toc437521744]4.2 Macrocatchment Water Harvesting

Macrocatchment water harvesting also known as external catchment water harvesting, is a method of harvesting surface runoff from a natural catchment such as the slope of a mountain, hillside, pasture land, forests or roads and settlement areas. This is a system of rainwater harvesting which involves the collection of overland flow or rill flow from long catchments which are at an appreciable distance from where it is being used. The collected runoff is usually stored in the soil or in storage facilities. The ratio of catchment to cultivated area is likely to be between 3:1 to 10:1. These techniques are generally recommended on areas with annual rainfall of above 200 mm. Because of high loss in the catchment, the runoff coefficient of these systems is relatively low (10 – 50% of annual rainfall). The harvested water is mainly used for crop and livestock production but also for domestic use, depending on the quantity and quality. The major macrocatchment water harvesting systems are discussed below.



[bookmark: _Toc437521745]4.2.1 Trapezoidal Bunds

Trapezoidal bunds consist of earthen bunds facing up the slope which are used to enclose larger areas (up to 1 ha) in order to impound larger quantities of runoff which is harvested from an external or "long slope" catchment. The crops are planted within the enclosed area. Its name is derived from the layout of the structure which has the form of a trapezoid. As indicated in figure 23, a trapezoidal bund consists of a base bund, connected to two side bunds at an angle of about 135° and a distance between the tips of 10 – 100 m. Overflow is discharged around the tips of the side bunds. The wings of the side bunds are preferably reinforced with stones. A common distance between the tips of adjacent bunds within one row is 20 m with 30 m spacing between the tips of the lower row and the base bunds of the upper row. Trapezoidal bunds are most suitable for areas with a slope below 0.5% but can be constructed in areas in the range of 0.25 - 1.5%.  They are efficient water harvesting structures for crop production in the arid and semi-arid lands with annual rainfall between 200 and 500 mm.  Building more than two rows of trapezoidal bunds is not advisable since those in a third or fourth row receive significantly less runoff. Trapezoidal bunds are used to produce annual crops in the dry areas and the most common crops grown are cereals. Sorghum and pearl millet are by far the most usual. Sorghum is particularly appropriate for such systems because it is both drought tolerant and withstands temporary waterlogging (Critchley and Siegert, 1991; Mekdaschi and Liniger, 2013). 
 [image: ]
[bookmark: _Toc437521803]Figure 23. Layouts of Trapezoidal Bunds with Dimensions in Meters (Critchley and Siegert, 1991).

[bookmark: _Toc437521746]4.2.2 Contour Stone Bunds

Contour stone bunds are buffer strips constructed by arranging stones across the slope on the contour to form a barrier. Since the bunds are permeable, they slow down the runoff rate, filter it, and spread the water over the field, thus enhancing water infiltration and reducing soil erosion. The water and sediment harvested lead directly to improved crop performance. Nicol et al. (2015) indicated that stone bunds are well suited to areas receiving 200 – 750 mm of annual rainfall and are usually spaced about 15 – 30 m apart (see figure 24), with narrower spacing on steep slopes. They can be reinforced with earth or crop residues to make them more stable.

According to Critchley and Siegert (1991), the great advantage of systems based on stone is that there is no need for spillways, where potentially damaging flows are concentrated. The filtering effect of the semi-permeable barrier along its full length gives a better spread of runoff than earth bunds are able to do. Furthermore, stone bunds require much less maintenance.
[image: I:\Module\Chapter Five\Stone Bunds-1.jpg][image: I:\Module\Chapter Five\Stone Bunds-2.jpg]
[bookmark: _Toc437521804]Figure 24. Stone Bunds Constructed on Cultivated Lands.
[bookmark: _Toc437521747]4.2.3 Hillside Conduits

Hillside Conduits are water harvesting systems where small conveyance channels guide and concentrate runoff water on slopes greater than 10% to cropped areas at the foot of the hill (see figure 25). They are found in many semi-arid hilly or mountainous areas. This technique is applied in areas that receive an annual rainfall of 200 to 600 mm. It can be used to grow many crops and fruit trees especially those that can tolerate water-logging conditions. The cultivated area should be level but the catchment area should with a slope in excess of 10%. Spillways are needed to safely remove excess runoff.
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[bookmark: _Toc437521805] Figure 25. Hillside Conduit Systems (A) Catchment Area, (B) Conveyance Channel and (C) Cultivated Area.	
[bookmark: _Toc437521748]4.2.4 Road Runoff Harvesting

Road runoff harvesting is a relatively new macrocatchment water harvesting system where runoff from roads and roadsides is collected for productive purposes. In this technique as is noted by Mekdaschi and Liniger (2013), sheet and rill runoff, generated from either compacted surfaces of roads, or channel flow through culverts (see figure 26), is diverted directly onto cropped land, or into storage structures such as ponds. The soil acts as a storage media when it is diverted directly onto fields. The runoff could be spread through reticulating channels. But if the runoff is stored in ponds, it is pumped out and used for supplementary irrigation. This system is preferred for high value horticultural crops. It has the extra advantage of minimizing erosion and reducing damage on the road itself. It can also contribute towards flood protection, minimizing siltation and water logging in nearby farm lands. This technology is currently practiced by a number of farmers in sub-Saharan Africa countries like kenya, Tanzania and Ethiopia. Because most road runoff harvesting systems are developed by the farmers themselves, they are traditional practices. 
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[bookmark: _Toc437521806]Figure 26. Road Runoff Harvesting from (A) a Roadside and (B) a Culvert on the Road from Mekelle to Wukro, in Tigray, Ethiopia.
[bookmark: _Toc437521749]4.3 Floodwater Harvesting

Floodwater Harvesting Systems involve storing storm floods caused by runoff from mountainous catchments which are channelled through diversions to bunded basins on cropped land. These techniques are also called ‘large catchment water harvesting’ or ‘Spate Irrigation’ and can be classified into two forms. In case of ‘floodwater harvesting within stream bed’, the water flow is dammed and as a result, inundates the valley bottom of the flood plain. The water is forced to infiltrate and the wetted area can be used for agriculture or pasture improvement. In case of ‘floodwater diversion’, the wadi water is forced to leave its natural course and conveyed to nearby cropping fields. The majority of floodwater harvesting systems being traditional schemes, they are used in many arid and semi-arid regions worldwide. They normally develop their own nutrient-rich soil by transporting sediments from the catchments to croplands. The catchments of these systems being many square kilometres in size, they require more complex structures of dams and distribution networks and a higher technical input than the other two water harvesting methods (Critchley and Siegert, 1991; Mekdaschi and Liniger, 2013). 
[bookmark: _Toc437521750]4.3.1 Permeable Rock Dams

Permeable rock dams are a floodwater harvesting technique where long, low but broad rock dams across valley bottoms are constructed using loose stones in order to spread and retain runoff (see figure 27) for improved plant growth. They have the simultaneous effects of controlling gulley erosion while causing deposition of silt. Critchley and Siegert (1991) noted that the central part of the dam is perpendicular to the watercourse, while the extensions of the wall to either side curve back down the valleys approximately following the contour. The idea is that the runoff which concentrates in the centre of the valley, creating a gully, will be spread across the whole valley floor, thus making conditions more favourable for plant growth. Excess water filters through the dam, or overtops during peak flows. Gradually the dam silts up with fertile deposits. 

Usually a series of dams is built along the same valley floor, giving stability to the valley system as a whole. Each dam is usually between 50 and 300 m in length but sometimes can extend up to 1000 m. The dam wall is usually 1 m in height within a gully, and between 80 and 150 cm in height elsewhere. To provide a better stability to the structure when it is full, the dam wall is made in such a ways that it is flatter on the downslope side (2:1, 3:1) (horizontal: vertical) than on the upslope side (1:1, 1:2). A shallow trench of about 10 cm depth for the foundation improves stability and reduces the risk of undermining by runoff waters. Large stones are used on the outer wall and smaller stones internally.  The spacing between adjacent dams is 140 m, 70 m, 47 m and 35 m for slopes of 0.5%, 1%, 1.5% and 2% respectively with a recommended vertical interval between dams of 0.7 m (Critchley and Siegert, 1991; Mekdaschi and Liniger, 2013).

Permeable rock dams are very much suitable for arid to semi-arid areas that receive annual total rainfall between 200 and 750 mm. They are best practiced in wide, shallow valley beds with a slope below 2% for most effective water spreading. The main limitation of permeable rock dams is that they are particularly site-specific, and require considerable quantities of loose stone as well as the provision of transport.
[image: http://www.fao.org/docrep/u3160e/u3160e21.gif]   
[bookmark: _Toc437521807]Figure 27. General Lay Out of Permeable Rock Dams (Critchley and Siegert, 1989).
[image: http://www.fao.org/docrep/u3160e/u3160e22.gif]
[bookmark: _Toc437521808]Figure 28. Permeable Rock Dam Dimensions (Critchley and Siegert, 1991).
[bookmark: _Toc437521751]4.32 Water Spreading Bunds

The main characteristic of water spreading bunds is that, as their name implies, they are intended to spread water, and not to impound it (see figure 29). They are usually used to spread floodwater, which has either been diverted from a watercourse or has naturally spilled onto the floodplain. The bunds, which are usually made of earth, slow down the flow of floodwater and spread it over the land to be cultivated, thus allowing it to infiltrate. They are often applied in situations where trapezoidal bunds are not suitable, usually where runoff discharges are high and would damage trapezoidal bunds or where the crops to be grown are susceptible to the temporary waterlogging, which is a characteristic of trapezoidal bunds. Water spreading bunds are most appropriate for hyper arid and arid areas with annual rainfall between 100 mm and 350 mm where floodwater is the only realistic choice for crop or fodder production. They are most suitable for even topographies with a slope of 1% or below. The land must be sited close to a wadi or another watercourse, usually on a floodplain with alluvial soils.

[image: http://www.fao.org/docrep/u3160e/u3160e26.gif]
[bookmark: _Toc437521809]Figure 29. Flow Diversion System with Water Spreading Bunds in Pakistan (NAS, 1980 in   Critchley and Siegert, 1991).

[bookmark: _Toc437521752]Learning Activity

4.1 Explain the similarity and basic differences between microcatchment, macrocatchment and floodwater harvesting systems.

4.2 Identify some of the microcatchment, macrocatchment and floodwater harvesting systems available in your area and characterize and evaluate each of the structures vis-à-vis what you have learnt about them in class.

4.3 Assess the performance of the different water harvesting systems available in your areas in terms of their impact on agricultural productivity, water supply and other socio-economic benefits and the disadvantages associated with them.

4.4 What is the major difference between semi-circular bunds and eyebrow terraces?

4.5 Discuss on the potential of the newly practiced road runoff harvesting in sub-Saharan Africa.

[bookmark: _Toc437521753]Summary of the Topic

Drylands are unique in that they are very much dependent on a relatively scarce resource - water. Recurrent droughts and dry spells are common in most dryland areas. Water harvesting systems provide an opportunity for the predominantly rainfed agriculture of such areas. There are commonly two ways by which water harvesting systems are classified. They are classified either based on catchment type and size or their mechanism of storing the harvested water. In this topic, water harvesting systems are categorized based on their catchment type and size as microcatchment, macrocatchment and floodwater harvesting systems. Microcatchment water harvesting is a system of rainwater harvesting through the collection of surface runoff/ sheet (and sometimes rill flow) from small catchments of short length and storing it in the root zone of an adjacent infiltration basin. The catchment to cultivated area ratio for such techniques could vary from 1:1 to 3:1. When runoff is harvested from a natural catchment such as the slope of a mountain, hillside, pasture land, forests or roads and settlements, we call it macrocatchment water harvesting system or sometimes external catchment water harvesting system. It involves the collection of overland flow or rill flow from long catchments which are at an appreciable distance from where it is being used. The ratio of catchment to cultivated area for macrocatchment water harvesting systems is likely to be 3:1 to 10:1. Floodwater Harvesting Systems involve storing storm floods caused by runoff from mountainous catchments which are channelled through diversions to bunded basins on cropped land. They are also called ‘large catchment water harvesting’ or ‘Spate Irrigation’. In this technique, the water flow is dammed and as a result, inundates the valley bottom of the flood plain. Because majority of floodwater harvesting systems are traditional schemes, they are used in many arid and semi-arid regions worldwide. They normally develop their own nutrient-rich soil by transporting sediments from the catchments to croplands.
[bookmark: _Toc437521754]Further Reading Materials

Critchley, W. and Siegert, K (1991). A Manual for the Design and Construction of Water Harvesting Schemes for Plant Production, Food and Agriculture Organization of the United Nations (FAO), Rome, Italy.

Mekdaschi Studer, R. and Liniger, H. 2013. Water Harvesting: Guidelines to Good Practice. Centre for Development and Environment (CDE), Bern; Rainwater Harvesting Implementation Network (RAIN), Amsterdam; MetaMeta, Wageningen; The International Fund for Agricultural Development (IFAD), Rome.

[bookmark: _Toc437521755]Useful Links

http://www.fao.org/docrep/u3160e/u3160e07.htm#5. water harvesting techniques
https://www.wocat.net/fileadmin/user_upload/documents/Books/WaterHarvesting_lowresolution.pdf
 


[bookmark: _Toc437521756]TOPIC Five:Storage and Diversion Water Harvesting Techniques
[bookmark: _Toc437521757]Introduction 

In many arid and semi-arid climates, dry season agriculture and the pre-rainy season establishment of food and cash crops cannot be undertaken without large quantities of water. It is therefore important to ensure a greater percentage of the rainfall is put to a beneficial use through water harvesting. Generally, there are two ways by which the harvested water can be stored. Either we store the harvested water directly in the soil profile as is discussed in the topic four or we use different storage facilities like reservoirs, ponds, tanks or cisterns. In areas where precipitation varies widely over years, storage of harvested water outside the soil matrix becomes an essential part of the water harvesting system. In such cases storage facilities are constructed to allow for off-season storage of vital water supplies. As is noted by Beckers et al. (2013), such storage facilities function as a buffer between the short rainfall and runoff events when natural water is provided and the long dry periods when water is required. Such storage structures, either separately or combined, are often characterized by multipurpose use, prioritising domestic and livestock consumption. Irrigation, fish farming, groundwater recharge, drainage sumps, and flood amelioration are some of the other purposes of such storage facilities. They cover a broad range of open or closed structures. Open storage include farm ponds and different types of dams (often earth dams). Closed structures can be groundwater dams or above and below-ground tanks or reservoirs. The selection of appropriate method of water storage facility is affected among other things by the topography, geology, the cost, demand for water and accessibility for personnel, equipment and materials. Apart from the storage structures mentioned, diversion structures on perennial rivers are also used to improve agricultural production and increase income during the dry season. Some of the storage and diversion water harvesting techniques will be discussed in this topic.



[bookmark: _Toc437521758]Learning Objectives

At the end of this topic students will be able to:
· Describe the different storage water harvesting techniques;
· Discuss the use of storage structures in improving water supply and agricultural production in both rural and urban areas;
· Select a site for the construction of a diversion structure; and
· Calculate the volume of runoff that could be collected from a rooftop in a year.

[bookmark: _Toc437521759]5.1 Small Earth Dams 

Small earth dams are water harvesting storage structures, constructed across narrow sections of valleys, to impound runoff generated from upstream catchment areas (see figure 31). They can be built manually by human labour, using animal draught, a farm tractor, a crawler or bulldozer where there is an impervious foundation, such as unfissured rock, or clay subsoil. Water collected on the dams is mainly used for domestic consumption, irrigation or for watering livestock.

Site selection plays an important role for both the technical and social performance of any water harvesting scheme. Accordingly, the site of the dam should be selected on the basis of both technical and social considerations. The issues to be considered are the condition of the catchment (hydrology and erosion) and reservoir (seepage and stability), the interest of the beneficiaries (public acceptance), the impact of the dam on the upstream/downstream users, the availability and suitability of land for irrigated agriculture and the availability of construction materials. 

An ideal dam site is where the valley narrows, to reduce the width of the dam. The channel upstream should preferably have a gentle slope, to give a large reservoir for a given height of dam. A detailed feasibility study about the hydrology and erosion of the catchment area including dependable mean annual rainfall, runoff, peak floods, and erosion rate has to be carried out for the development of sustainable dams and related schemes. Besides, the seepage characteristics of the selected reservoir site and the stability of the abutments and the construction material have to be analyzed to justify the intervention. For a variety of reasons, the use of sodic soils, calcitic clays, humic soils, schists and shales, heavy clays and fine silts should be avoided.

Public acceptance of key decisions is also essential for equitable and sustainable water resources development. Acceptance emerges from recognizing rights, addressing risks, and safeguarding the entitlements of the beneficiaries. Decision-making processes and mechanisms that enable participation by all groups of people, and result in the demonstrable acceptance of key decisions need to be implemented (World Commission on Dams, 2000). If the dams are located on communal lands, their establishment requires full consultation and involvement of the local community. Community contribution includes land, labor and local resources for construction. The community carries out periodic maintenance of the infrastructure – including treating the catchment area with soil and water conservation structures to reduce siltation, vegetation management on embankment and desilting. 

Construction of the dam wall begins with excavation of a core trench along the length of the dam wall which is filled with clay and compacted to form a ‘central core’ that anchors the wall and prevents or minimizes seepage. The upstream and downstream embankments are also built using soil with 20 - 30% clay content. During construction it is critical to ensure good compaction for stability of the wall. It is common to plant grass to prevent erosion of the embankment. The dam is fenced with barbed wire to prevent livestock from eroding the wall. Typical length of the embankment is 50 -100 m with water depth ranging 4 - 8 m. A freeboard and spillway are also required during the construction of small earth dams. Freeboard for small earth dams should never be less than 0.5 m with 0.75 m to 1.0 m preferred. Where wave action is likely, additional freeboard may be required. An emergency spillway is also provided on either or both sides, of the wall for safe disposal of excess water above the full supply level of the dam. This protects the dam from overtopping during high flows thereby preventing both the failure of the dam and damage downstream (Mekdaschi and Liniger, 2013; Stephens, 2010).
[image: dam2.PNG]
[bookmark: _Toc437521810]Figure 30. Layout of Typical Earth Dam (After Chow, 2010).
Stephens (2010) emphasized that it is unrealistic not to expect some seepage in small earth dams. Some water will seep through the dam, even if it is constructed of good materials, and well-compacted. If seepage is considered as a potential problem, countermeasures – such as filters, drains, clay blankets and flatter side slopes – introduced at the design stage can reduce any risks to a minimum. 
[image: MVC-619F] [image: C:\Users\user\Desktop\IMG_20150226_093058.jpg]

[bookmark: _Toc437521811]Figure 31. Partial Views of a Catchment Area and Earthen Dams in Tigray (After Eyasu, 2005).

[bookmark: _Toc437521760]5.2 Farm Ponds

Farm ponds are small bodies of water created by excavating holes in the ground (see figure 32). In principle, water harvesting using household/farm ponds is a viable means of improving water supplies in rural areas as it is a low-cost technique within the means of the local population. The pond technology should be readily accepted by farming communities for many reasons. First, and most importantly, it is directed towards solving a problem of primary concern to rural dwellers; second, it requires little capital expenditure; and third, labour, equipment and extension skills requirements are low and can be constructed by either individual household or shared by the community (Astatke et al., 1986). 

Use of farm ponds to store rainwater could supplement natural rainfall and make farming families less vulnerable to drought and therefore less dependent on outside help in harder times (Rämi, 2003). The idea is that the household ponds can be used for irrigation in the production of fruits, cash crops and vegetables, which help the individual farmer to obtain additional income and increase household consumption. The ponds can also be used for rural water supply and sanitation purposes and to provide water for livestock. As is elaborated by Miller (2009) this can have a positive effect on family nutrition, making crop and livestock production less risky and allowing families to have more farm products to consume. Fish can also be produced, providing for yet another important ‘nutrient’ in the family diet.
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[bookmark: _Toc437521812]Figure 32. Farmers with their (A) Rock Riprap and (B) Plastic Lined Ponds in Tigray, Ethiopia (Rami, 2003).
When water supply is not a limiting factor, pond capacity should generally be determined based on the household water demand (irrigation demand, human consumption and/or livestock consumption). However, in semi-arid and arid areas where water is a very scarce resource, the capacity is mostly dependent on the probable runoff volume that can be generated from the catchment. Once the total pond capacity is known, the net amount of water that can be used for the household consumption is estimated taking into account the evaporation and seepage losses.

One of the most important criteria in the construction of ponds is site selection. Topographic features must be carefully studied to eliminate the need for excessively large structures that induce more costs of construction. The following aspects should generally be considered during the construction of farm ponds:
· excavate the hole in a suitable location. The size will depend on expected water yield from the catchment and water demand for the different purposes;
· if silt accumulation can be expected, provide a silt trap to arrest the runoff before entering into the pond;



· provide a spillway/overflow pipe to evacuate surplus water safely ( Figure 33);


· to get the farm pond water-tight in heavy soils, soil compaction might be sufficient; but in most soils, lining with brickwork, concrete masonry and cement plaster or with membrane materials will be necessary. Membrane materials are of synthetic rubber, PVC or polyethylene;

· prevent evaporation loss by constructing a roof, made of thatched material, corrugated iron or other material ( Figure 34);
· the farm pond needs regular cleaning from sediment and debris to maintain its capacity over time.
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[bookmark: _Toc437521813]Figure 33. Concrete Lined Ponds with Overflow Pipe and Spillway.
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[bookmark: _Toc437521814]Figure 34. Pond Covered with Corrugated Iron Sheet to Prevent Water Loss by Evaporation.
[bookmark: _Toc437521761]5.3 Diversion Structures

Diversions are structures constructed across a river to raise the river level sufficiently for gravity flow of water and thereby divert the flow into a supply canal or conduit for the purpose of irrigation, hydropower generation, flood control, domestic and industrial uses, etc. Weir is the most commonly used diversion structure to avoid the problems caused by fluctuating water levels in a river. During periods of high river discharges, water will flow over the weir. The water level upstream of the weir will show little variation during the year, and it will remain higher during the dry season than it would without the weir (Brouwer et al., 1992). As is shown in figure 35 and 36, weirs can either be a simple/temporary or permanent structure.
[image: u5835e01]
[bookmark: _Toc437521815]Figure 35. Simple Weir Made of Local Materials with a Low Section Serving as a Spillway.
The site selection for the construction of diversion structures is dependent on many factors. The first and most important factor in the selection of a suitable diversion site is the provision of water to the command area by gravity (i.e. elevation). In addition, other issues such as interest of the beneficiaries, distance from the command area, stability and impermeability of the foundation and river banks, width of the river and risk of sediment deposition need to be considered.  
[image: F:\AGRISHARE DOCUMENTS 7D GOITOM\100EOS7D\IMG_3618.JPG]
[bookmark: _Toc437521816]Figure 36. Permanent River Diversion Weir in Birki Irrigation Scheme, Tigray, Ethiopia.
[bookmark: _Toc437521762]5.4 Roof Water Harvesting

Roof Water Harvesting is a widely used term to describe the technique through which rain water is collected as it runs off from the rooftop catchments and stored in reservoirs (see figure 37). Its main objective is to make relatively clean, reliable and affordable water available for future use. Harvesting rainwater from rooftops can give a reliable source of water during the dry season and is particularly suited to arid and semi-arid areas. Rainwater harvested from rooftops enables households to save time and energy in collecting water and can be used for domestic water supply, to support small scale crop and vegetable production and to provide water for livestock. In arid and semi-arid areas, reliance on highly variable rainfall and the possible danger of contamination of water are some disadvantages related with harvesting roof water. Roof water harvesting system normally consists of three basic elements: a collection area, a conveyance system, and storage facilities. In addition, some systems can have other components to make them easier to manage or to improve the quality of the water. 

The collection area in most cases is the roof of a house or a building. The effective roof area and the material used in constructing the roof influence the efficiency of collection and the water quality. Depending on technology, natural conditions and affordability rooftop materials suitable for water harvesting can be of many sorts. These include galvanised iron sheets, aluminium or cement sheets, clay tiles asbestos or concrete. Thatched or lead roofs are not particularly suitable for roofwater harvesting because of health hazards. The collected water is transported through a conveyance system of gutters and downpipes to storage facilities of various types (Mekdaschi and Liniger, 2013; UNEP, 1997). The pipes should be provided with mesh wire screen at the inlet to prevent dry leaves and other debris from entering the storage facilities. Besides, the first water from each shower should be diverted from storage facilities and allowed to run to waste. It is wise also to use filter materials like sand and gravel as filter media. The storage facilities could be installed underground or above ground. They could be made of masonry, cement, plastic, ferrocement etc. Factors such as daily demand, duration of dry spell, catchment area and rainfall determine the size of the storage facility. They are provided with a manhole for cleaning, overflow pipe and a drain pipe at the bottom.
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[bookmark: _Toc437521817]Figure 37. Principles of Roof Water Harvesting.
The following factors should be given due consideration in the calculation of the volume of runoff that can be collected from roofs:


Calculate size of the roof (catchment area):

A = L * W
Where:
A = roof catchment area (m2)
L = roof length (m)
W = roof width (m)

Calculate the amount of rainwater that can be harvested: 



V = C * P * A
Where:
V = volume of harvested rainfall (m3)
P = average annual rainfall (m)
C = runoff coefficient
    = 0.9 with splash-guard, i.e 10% loss
    = 0.8 without splash-guard, i.e 20% loss

· 

Once the volume of water that can be collected from the roof is determined, the cylindrical water tank (which is most commonly used) can be designed based on the following formula:

Vt =  * r2 * h
Where:
Vt	= volume of the tank (m3)
 r	= tank radius (m)
 h	= tank height (m)



[bookmark: _Toc437521763]Learning Activity 

5.1 Explain on what can be done to improve the availability of a greater proportion of the rainfall in dryland areas.

5.2 Describe the two ways by which harvested water can be stored and try to identify the advantages and disadvantages of each one.

5.3 What do you think is the major difference between small earth dams and diversion structures?

5.4 Discuss the benefits and limitations of small earth dams, farm ponds and diversion structures.

5.5 Select a building in your university campus and try to estimate the amount of rooftop runoff that could be collected from the building. Try to estimate how much cultivated area growing maize, barely, wheat and onion can be irrigated using the harvested water. The rainfall data could be collected from metrological stations in your vicinity. 

[bookmark: _Toc437521764]Summary of the Topic

Water which is harvested can generally be stored in two ways. Either we store the harvested water directly in the soil profile as is discussed in topic four or we use different storage facilities like reservoirs, ponds, tanks or cisterns. In areas where precipitation varies widely over years, storage of harvested water outside the soil matrix becomes an essential part of the water harvesting system. Storage facilities are constructed in such cases to allow for off-season storage of vital water supplies. Water harvesting storage structures such as small earth dams are constructed across narrow sections of valleys, to impound runoff generated from upstream catchment areas. Water collected on the dams is mainly used for domestic consumption, irrigation or for watering livestock. Farm ponds are another important storage structures that are constructed by excavating holes in the ground. They are used for irrigation in the production of fruits, cash crops and vegetables, which help the individual farmer to obtain additional income and increase household consumption. They can also be used for rural water supply and sanitation purposes and to provide water for livestock. Apart from the storage structures mentioned, diversion structures on perennial rivers are also used to improve agricultural production and increase income during the dry season. They are constructed across a river to raise the river level sufficiently for gravity flow of water. The water diverted could be used for irrigation, hydropower generation, flood control, domestic and industrial uses, etc. Another mechanism of storing water is the collection of rain water from rooftop catchments and storing it in reservoirs. The main objective of roof water harvesting is to make relatively clean, reliable and affordable water available for future use.

[bookmark: _Toc437521765]Further Reading Materials

Stephens, T. 2010. Manual on Small Earth Dams: a Guide to Siting, Design and Construction. Irrigation and Drainage Papers 64. Food and Agriculture Organization of the United Nations, Rome, Italy.

Brouwer, C., Hoevenaars, J.P.M., Bosch, B.E., Hatcho, N., and Heibloem, M. (1992). Irrigation Water Management, Training Manual No. 6, Scheme Irrigation Water Needs and Supply. Food and Agriculture Organization of the United Nations (FAO), Rome, Italy.
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