Report of RA VI Working Group 
on Agricultural Meteorology 
Compiled by the WG in 2009 and sent to WMO in September 2009

WG meeting was held on 24 June 2009 in Vienna, Austria.  
Table of Contents

5Review of various agrometeorological techniques and applications to enhance water use efficiency and availability in European agriculture and suggestion of more appropriate methods for effective irrigation scheduling


51.1 Introduction


71.2 Water use in European crop production – current status


131.3 Established agrometeorlogical techniques to enhance water use efficiency / availability in crop production in Europe


131.3.1 Methods based on farm level – the use of agrometeorological weather stations


301.3.2 Application examples and observed problems of agrometeorological weather stations


381.3.3 Application example – regional agricultural water management


401.4 Suggestions for more appropriate methods to increase water use efficiency in crop production (including new techniques and new concepts based on literature research)


401.4.1 Increasing water use efficiency by crop management methods


401.4.1.1 Optimizing microclimatic conditions


411.4.1.2 Effects of crop rotation, crop timing, seeding techniques


451.4.1.3 Effects of fertilization


471.4.1.4 Cultivar effects and crop responses to environment


551.4.2 Increasing water use efficiency by improving irrigation methods and scheduling


551.4.2.1 Irrigation methods


741.4.2.2. Irrigation scheduling


811.4.3. Increasing water use efficiency by improving irrigation infrastructures


831.4.4. General aspects of water use efficiency and irrigation problems


881.5 Summary


911.6 List of References (incomplete)


102Economic impact of extreme weather events and the potential benefits of agrometeorological information


1022.1 Summary (Introduction)


1032.2 Cases Studies


1032.2.1 Case study 1 – Drought 2003


1032.2.1.1 Europe


1052.2.2 Case study 2 – Drought and Floods 2005


1052.2.2.1 Europe


1072.2.2.2 Portugal 


1132.2.2.3 France 


1142.2.3.  Case study 3 – Flood episode - October 2006


1142.2.3.1 Portugal


1152.2.4 Case study 4 – Drought 2007


1152.2.4.1 Moldova


1162.2.4.2 Romania


1172.3 Conclusions


1172.4 References


118Review and recommend applications of seasonal to interannual climate forecasts to agriculture in Europe (TOR c) and To assess the feasibility of using numerical weather products in operational applications of agrometeorology (TOR d)


1183.1 Introduction


1203.2 Currently available types of agrometeorological forecasts


1213.3 Numerical weather products


1213.3.1 Types for forecasts


1233.3.2 Forecasting systems


1253.3.3 Skill of weather forecasts and climate outlooks


1263.3.4. Standard products from high-resolution weather forecasts


1283.4 Post-processing of probabilistic forecasts


1283.4.1 Statistical downscaling


1293.4.2 Stochastic weather generators


1303.4.3 Bias correction of precipitation forecasts


1313.5 Application models for agrometeorological forecasts


1313.5.1 Crop growth simulation models and yield forecasts


1333.5.2 Crop growth simulation models and forecasts of nitrogen requirements


1343.5.3 Models for harvest scheduling


1353.6 Seasonal prediction by statistical methods


1353.6.1 Wheat grain quality in the U.K.


1373.6.2 The North Atlantic Oscillation and its predictability


1383.7 Discussion and conclusions


1393.8 Outlook


1403.9 References


147Evaluation of remote sensing techniques use for monitoring crop growth phases and promotion their applications in operational agrometeorology


1474.1 Introduction


1484.2 Satellite data in phenological studies


1544.3 Methods used for satellite data applications in phenology


1564.4 Examples of successful application of satellite data for phenological studies


1564.4.1. Determination of Start of Season with use different techniques for satellite data smoothing (Fontana et al., 2008)


1584.2. Variation of phenological stages in China  (Piao et al., 2006)


1594.3. Comparison of phenology trends by land cover class: a case study in the Great Basin, USA (B. Bradley et al., 2008)


1604.4.4. Alpine phenology  (Stöckli, et al., 2007)


1604.4 Changes of length of season in temperate region


1614.5 Difficulties in use of satellite data for long term phenological observations


1654.6 Ground remote sensing techniques in phenological studies


1674.7 Conclusions


1674.8 References


171To promote more active collaboration with farming community in Europe for improved applications of agrometeorology at the farm level including Internet technologies


1715.1 Introduction


1725.2 Agrometeorological Products – Experiences from Europe.


1775.2.1 Agrometeorological data


1785.2.2 Information for crop protection


1795.2.3 Information for crop irrigation


1825.4 Conclusions and next steps


1855.5 Selection of Websites related to agrometeorological products wich are disseminated by Internet


1925.6 Status of Agrometeorological  Service Systems – Case Study Kazhakztan


1925.6.1 Introduction


1935.6.2 Type of agrоmeteorological products in RK


1935.6.3 Agrоmeteorological information for realization of productivity inreases


1955.6.4 Prospects of development of the agrometeorological service in RK


1965.6.5 Productivity of summer grain crops on territory of Kazakhstan (example analysis)


1975.6.6 Expected Agrometeorological conditions (example analysis)


1995.7 References


2005.8 Appendix – Kazhakztan study




Chapter 1

Review of various agrometeorological techniques and applications to enhance water use efficiency and availability in European agriculture and suggestion of more appropriate methods for effective irrigation scheduling
Josef Eitzinger1, Bernhard Pacher2, Angel Utset3, Vesselin Alexandrov4
(1) Institute of Meteorology, University of Natural Resources and Applied Life Sciences (BOKU), Vienna, Austria; e-mail: josef.eitzinger@boku.ac.at
(2) Adcon Telemetry, Klosterneiburg, Austria; e-mail: b.pacher@adcon.at 

(3)  AMBCLIM, Environment & Climate Consultancy, Zaragoza, Spain; e-mail: a.utset@ambclim.org 

(4)  National Institute of Meteorology and Hydrology, Sofia, Bulgaria; e-mail: Vesselin.Alexandrov@meteo.bg 
1.1 Introduction

Josef Eitzinger, Angel Utset, Vesselin Alexandrov

As a main water user, agriculture influences the regional water resources which are available for all key sectors. Agricultural irrigation is the main water user in most countries. Worldwide agricultural production in irrigated areas is, on average, more than twice the production in rainfed zones, despite that irrigated areas are less than 25% of the total agricultural areas (FAO, 2004)
. The increment of world population and their feeding needs point toward an efficient agriculture and, therefore, irrigation is an absolute need. However, water scarcity is an important constraint that limits irrigation enlargement in many countries. Particularly, the Mediterranean countries share a very dry climate; these regions’ precipitation is much lower than their evapotranspiration. Besides, water scarcity in Mediterranean area can get worse in the near future, due to global change (IPCC, 2007b). Irrigated agriculture is by far the main water consumer in dry areas and is often the main factor in land degradation and soil salinization. Therefore, many attempts have been undertaken to improve the effective use of water in agricultural crop production, especially in irrigated agriculture. 

According to EEA (2009) report on water resources used across Europe: 
“In Europe as a whole, 44% of water abstraction is used for energy production, 24% for agriculture, 21% for public water supply and 11% for industry. However, these figures mask significant differences in sectoral water use across the continent. In southern Europe, for example, agriculture accounts for 60% of the total water abstracted and reaches as much as 80% in certain areas. Across Europe, surface waters, such as lakes and rivers, provide 81% of the total freshwater abstracted and are the predominant water source for industry, energy and agriculture. By contrast, public water supply relies mostly on groundwater due to its generally higher quality. Almost all water used in energy production is returned to a water body, whereas most of the water abstracted for agriculture is not.”
Water demands of crop stands are relatively high especially in summer-warm and dry climates such as in Mediterranean countries (due to the high potential evapotranspiration rates). In case of no water limitation, higher radiation sums during growing periods lead to higher crop transpiration rates and hence, more suitable agricultural production,. However, water availability constraint in Mediterranean agriculture is higher than those found in other places. Therefore, rainfed productions of common crops in Mediterranean countries are usually lower than that found, for instance, in Central or Northern Europe. 

Irrigated agriculture in the Mediterranean area was introduced since ancient times and it has been improved through the experience. Crops’ yields under irrigation can be quite high, however, irrigation techniques have been kept in the same way for centuries in most of the Mediterranean countries. Inefficient flooding irrigation systems, for instance, are still the most commonly found in many areas of Spain (Neira et al., 2005). The excessive use of water in such irrigation systems usually have led to intensive agricultural production that has been supported by the EU-CAP during many years. However, modern sprinkler and drip-irrigation systems, introduced in some Mediterranean European countries (such as Spain, Italy, and Greece) have been able to significantly reduce the water use and to improve the agricultural competitiveness during the last 20 years. 

Besides the technology efforts, the important increment of the European investments in R&D including support of updated irrigation research, carried a significant improvement in water use efficiency where the research results have been applied. A lot of research that deal with deficit irrigation, water balance, evapotranspiration calculations, soil hydrological characterization, etc have shown that Mediterranean agriculture could be still competitive, even through international trade and globalization. However, most of the results of these research are not still applied enough, neither disseminated. This can be due to the fact that many results are only locally valid and cannot be easily extrapolated to other soil or weather conditions.
The current water shortage and environmental issues have shifted the irrigation meaning from to be able to supply the actual cropwater requirements, to provide enough water. Irrigation success depends on many things besides the availability of technology; Rootwater uptake, crop transpiration, soil evaporation, water movement through the soil and many other physical processes determine the irrigation efficiency in a particular area and time. Good knowledge on soil physics, agrometeorology and hydrology can significantly help to understand those processes (Van Genuchten, 1994; Monteith, 2000). 

Wolff and Stein (1999) pointed out that agricultural water use efficiency considerations should not longer be reduced to the farm or system level but should rather be extended to the whole catchment and beyond. A more holistic approach is recommended to solve the growing intersectoral water conflicts that are driven by the increasing scarcity of water resources due to global and climate change. However, many of the recommended measures still remain at a research level and are not implemented in practice yet. Also, the factors influencing water use efficiency in crop production are manyfold and varying with crops, crop management, environmental conditions and scales as shown below. Therefore still there is a big research gap on developing regional adapted methods, and how to transfer it into practice is another serious problem. 

Agrometeorological techniques are closely interacting with agricultural production techniques and includes not only agrometeorological forecasting for irrigation scheduling but especially also techniqual measures on the farm level, e.g. to limit water losses in crop production. This report gives therefore an extensive overview on recommended measures, problems and main gaps on strategies for improving water use efficiency in crop production for European conditions at different system levels, based on research results and expert knowledge. 
1.2 Water use in European crop production – current status

Josef Eitzinger, Angel Utset, Vesselin Alexandrov

The EEA report titled as: “Water resources across Europe – confronting water scarcity and drought” highlights that while Southern Europe continues to experience the greatest water scarcity, water stress is growing in parts of the north too (EEA, 2009). Moreover, climate change will increase the severity and frequency of droughts in the future, exacerbating water stress, especially during the months of summer.

Excluding illegal water use, Europe consumes around 285 km3 of freshwater annually, corresponding to an average amount of 530 m3 per capita per year. Agriculture and irrigation, in particular, is the largest water-consuming sector. The role of irrigation differs between countries and regions according to climatic conditions. In Southern Europe, irrigation is an essential element of agricultural production whereas, in Central and Northern Europe, irrigation is generally used to improve production during dry summers. The major guideline on the amount of irrigated land in the EU has been the one provided by the Common Agricultural Policy (CAP) which regulates the type and quantity of crops grown.

The area of irrigated land in Southern European countries (Western part) increased steadily between 1993 and 1999, whereas in Western Europe (Central and Nordic part) it remained relatively constant, and in central accession countries it steadily decreased (Figure 1.1). Southern European countries (Western and accession) account for 74% of the total irrigated areas in Europe. In countries that follow the new irrigation developments (such as Turkey), their total irrigated areas are expected to further increase in the near future. Changes in the economic structure and land ownership, and consequently, the collapse of large-scale irrigation and drainage systems have been the main drivers for changes in agriculture irrigation systems in the past 20 years (since 1990) in the central accession countries in Eastern Europe.

Climate change will impose a new challenge to Mediterranean irrigation areas. Improving irrigation efficiency is an imperative, although it has been recognized that much water can still be saved in irrigation systems (Playan and Mateos, 2006). Some climate change impact assessments have estimated that CO2 rise will significantly reduce the cropwater requirements (Guereña et al., 2001; Villalobos and Fereres, 2004). However, such positive “fertilizing effect” of CO2 rising seems to have been overestimated according to the FACE results (Craft-Brandner and Salvucci, 2004; Aisnworth and Long., 2005). Hence, irrigated agriculture might be affordable in the future only by reducing the water consumes. Furthermore, the globalization of the world market and the “cost recovering principle” included in the EU Water Framework Directive (2000/60/EC) can lead to price fluctuations of agricultural products while incrementing water costs, in the future.
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Figure 1.1. Irrigated land in Europe:

Eastern European countries: Bulgaria, Czech Republic, Estonia, Hungary, Latvia, Lithuania, Poland, Romania, Slovak Republic, Slovenia.
Western (central and Nordic) European countries: Austria, Belgium, Denmark, Finland, Germany, Iceland, Ireland, Luxembourg, Netherlands, Norway, Sweden, UK.
Southern European countries: France, Greece, Italy, Portugal, Spain.
Southern accession countries: Cyprus, Malta, Turkey. (Source: http://epp.eurostat.ec.europa.eu/portal/page/portal/statistics/search_database?_piref458_1209540_458_211810_211810.node_code=tag00095)


The mean water allocation for agriculture increased from around 4.7 to 5.6 m3/ha.year between 1993 and 1999 (Figure 1.2). There were, however, large differences between regions and countries. In the southern countries, the water allocation was three to four times more than anywhere else. An increase from around 6.1 to 7.2 m3/ ha.year was observed over this period, largely due to the increases in Cyprus, Spain, and Turkey. Portugal had the largest per unit consumption in these countries in 1999. France showed a 50% reduction over this period even though its irrigated area increased, thus implying on the increases in irrigation water efficiency and/or changes in crops being irrigated. In most Western (Central and Nordic) countries, the mean water allocation was decreased, with the exception of Denmark and the UK, where water used per irrigated area has increased steadily from 1993 to 1999. The mean per unit water consumption in central accession countries decreased steadily from 1.25 m3/ha.year in 1993 to 500 m3/ha.year in 1999. This was because, even though large areas might have been equipped for irrigation, they were not necessarily irrigated. The reason was due to economic changes and difficulties in these countries.
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Figure 1.2. Same as figure 1 but about water use for irrigation (Source: http://epp.eurostat.ec.europa.eu/portal/page/portal/statistics/search_database?_piref458_1209540_458_211810_211810.node_code=tag00095)

[image: image44.emf]
Figure 1.3. Percentage of surface area equipped for irrigation (Source: http://epp.eurostat.ec.europa.eu/portal/page/portal/statistics/search_database?_piref458_1209540_458_211810_211810.node_code=tag00095)

Irrigable area is the maximum area which could be irrigated in a reference year using the equipment and the quantity of water normally available. The total irrigable area may differ from the sum of the areas provided with irrigation equipment since the equipment may be mobile and therefore utilizable on several fields in the course of a harvest year. Capacity may also be restricted by the quantity of water available or by the period within which mobility is possible (Figures 1.3 and 1.4
).
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Figure 1.4. Irrigable area in Europe in 1990 (green) and 2007 (blue) according to Eurostat; X=year with no data. 

(Source: http://epp.eurostat.ec.europa.eu/portal/page/portal/statistics/search_database?_piref458_1209540_458_211810_211810.node_code=tag00095)

The part of water supply to agriculture which is not included under public water supply or self supply is shown in Figure 1.5. Information in Figure 1.6 might also include some water from self supply distributed to other users.
Irrigation modernization efforts have been made in non-European Mediterranean countries such as Egypt. However, there is still a large gap regarding irrigated agricultural production between European and non-European Mediterranean countries, as can be seen in the data shown in Figure 1.7, taken from FAOSTAT data (2005) information. Rainfed production of some crops, such as wheat, is similar in the countries included for comparison. However, the yields of a usually irrigated crop, such as maize, are much larger in European countries than in non-European Mediterranean countries. This is due to, mainly, the large range of technological availability. This information is a national average. Therefore, it includes also non-irrigated maize, as well as irrigated wheat. However, Figure 1.7 depicts clearly the mean yields for each country. A considerable difference is found between the maize yields of the non-European Mediterranean countries, for example the yields of North Africa countries
. 
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Figure 1.5
. Water abstracted for agriculture in Europe during 1996-2007; selected countries; X=years with no data. 

(Source:  http://epp.eurostat.ec.europa.eu/tgm/table.do?tab=table&init=1&language=en&pcode=ten00007&plugin=)
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Figure 1.6
. Self supply by agriculture for irrigation purposes during 1996-2007; selected countries; ×=years with no data. 

(Source:  http://epp.eurostat.ec.europa.eu/tgm/table.do?tab=table&init=1&language=en&pcode=ten00018&plugin=1)
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Figure 1.7. Average wheat and maize yields in 2004 in Mediterranean countries, (source: FAO (2004)).
Furthermore, Figure 1.8 compares the absolute difference in Maize yields (in t/ha) and production (in Bt
) of Spain and Egypt from 1990 to 2004, following the same FAOSTAT (2005) data. Despite total Egyptian production is higher than that of Spain, the Spanish yields are not only higher than the corresponding Egyptian yields, but their yield differences have been linearly incremented during the last 15 years. 

The yield differences between Spain (and other European Mediterranean countries) and Non-European Mediterranean countries can be due to several reasons. The strongest reason is the new engineering irrigation infrastructures that have been introduced in the European Mediterranean countries such as Spain during the last 20 years (MAPA, 2005).

The gap between the state of the art and the state of application of advanced agrometeorological techniques is due, among other reasons, to the fact that the relevant users of decision supporting tools are not still involved enough and most of the models have been kept in an Academic environment (Hansen, 2002; Bastiaansen et al., 2004; Utset et al., 2006a). Moreover, such tools have still several calibration and design constraints and hence local calibrations are absolutely needed (Bastiaansen et al., 2004).
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Figure 1.8. Trend in maize yields in Egypt and Spain, according to FAO (2005)
1.3 Established agrometeorlogical techniques to enhance water use efficiency / availability in crop production in Europe

1.3.1 Methods based on farm level and agrometeorological weather stations

Bernhard Pacher 

While from a technical point of view the observation of micro-climatic data by means of an automatic weather station can be regarded as the state of the art, it is far away from being an accepted, wide spread practice. Even in drought riddled countries such as Australia less than 10% of all farmers use weather stations and soil sensors to improve their daily irrigation practice. While most farmers try to get updated weather forecasts for their future spraying and irrigation decisions, only a very small percentage of farmers actually work with on-farm weather stations and soil sensors. 

There are two basic agrometeorological tools to enhance water usage in crop production: 
a) Weather station set ups to calculate Evapotranspiration

b) Soil Sensors to directly monitor Soil Moisture

Each of the above techniques has its distinct advantages and disadvantages, and each of these techniques has its community of fans and opponents. After a closer study it is easy to understand that they should be regarded as complementary technologies rather than alternatives. 

For a systematic approach to the subject we will need to categorize the equipment from various perspectives, including the usage of the equipment for other purposes than water management.

a) Weather stations :

The agricultural environment has proven to be a very challenging one to the instrumentation used in a weather station. In conditions as such, the instrumentation is exposed to the weather- which is pretty stressful on electronics and sensors. Furthermore, the instrumentation is exposed to agrochemicals (such as pesticides and fungicides). It is subjected to occasional showers by overhead irrigation systems and it is affected by dust and sand. Dust and sand not only have an abrasive effect, but also build obstructing layers on sensor surfaces. If mixed with chemicals such as fertilizers, dust and sand can accelerate the deterioration of these instrumentation. The effect of all this will be discussed later in section 1.1 
on the problems observed in daily operation.

On the other hand, such equipment is subject to very little, or even, no technical maintenance; Calibration of sensors is seldom performed, the need for checks on data is rare, and even cleaning the equipment 
is far from being a matter of course. 

Owners as operators of agro-met weather stations are normally lacking the technical skills required to run a sophisticated weather station, to program new calibration factors into a data logger or to rewire a sensor. 

All this needs to be taken into account when designing an agricultural weather station. These prerequisites could be summarized as follows:

· Equipment must be very robust, yet sufficiently accurate

· Equipment must withstand extreme climatic changes through the seasons

· Equipment must withstand agro-chemicals

· Equipment must provide long term stability, with little sensor drift over time

· Sensors must easily and quickly be replaceable, even for non-trained staff

It is advisable to not only look for a very low purchase price, but also a low price over performance ratio. This means one should look for a low "TOC" which is the Total Ownership Cost over the initial period of 10 years, for example, number of necessary site visits, number of recalibrations, number of sensors swaps, etc. All these can easily out weight the price of the initial purchase by a multiple.

Sensors:

This is what it starts with – choosing the right sensors for the right application. As a guideline to sensor quality the buyer should look at the following characteristics of a sensors:

· resolution: in which steps can information be displayed (commonly confused with accuracy!)

· accuracy

· overall accuracy, taking all potential errors into account, like hysteresis and temperature dependence

· hysteresis: the capability of a sensor to yield the same result when a multiple of readings is taken under identical conditions

· response time and power consumption, which are directly linked with each other. The faster a sensors response the lower its power consumption

· max. drift per year and over an initial 5 year period

The most commonly used sensors are:

For Air Temperature:

While NTC thermistors are available at very low cost the platinum based pt100, pt500 or pt1000 sensors are definitely the better choice. These sensors offer a very linear output across their full temperature range and have proven to be fairly robust even under harsh conditions, avoiding the frequent need for recalibration due to sensor drift. The temperature range of these sensors should be chosen to be wide enough to also cover other applications such as frost warning and running chilling hour models for pest control and other purposes. A common temperature range available from many manufacturers is -40°C to +60°C. Accuracy should be equal or better than 0.5°C, ideally 0.2°C

The temperature sensor needs to be protected from direct sunlight by placing it into a radiation shield, which is usually of a non-ventilated type such as the radiation shield shown in Figure 1.9
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Figure 1.9. Passive Radiation Shield
Most manufacturers package their temperature probes into a common case with a relative humidity sensor to reduce the cost for signal conditioners and amplifiers. For daily application this has not only a positive cost effect, it also eases installation and eliminates the need for a second radiation shield.

For Air Humidity:

While most formulas discussed later on in this document require for their computation the value of vapour pressure this parameter can usually be measured with sufficient accuracy by a standard relative humidity sensor. Most electronic sensors use capacitive sensor elements for this purpose. All such elements tend to loose accuracy at the higher end, towards saturation. Since most humidity data are not only used for irrigation purposes, but also for disease control, particular attention should be paid to the humidity sensor selected. 

Capacitive sensor elements are very sensitive to changing environmental conditions and are gravely effected by layers of dust and in particular agro-chemicals. They are in general subject to drift, usually tending to indicate higher humidity levels than actually present. Care should be taken that within an initial installation period of 5 years drift does not exceed a maximum of 5%. 

If ever a sensor needs frequent recalibration it is the humidity element. Being of high importance not only for the calculation of evapotranspiration but also for disease models it should be recalibrated or changed frequently, ideally on a biannual basis. Figure 1.10 shows a typical capacitance chip for humidity measurement.
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Figure 1.10. Capacitive Humidity Chip

As previously mentioned temperature and humidity sensors are usually packed together in a common housing, thus requiring only one amplifier, cable and radiation shield for installation. To protect the delicate sensor elements from direct exposure to the environment a protective cap shields the sensors, either by means of dense wire meshs (left) or special paper filters (right), as can be seen in Figure 1.11.
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Figure 1.11. Sensor Caps: Mesh / Paper

Sensor caps should be replaced frequently as they tend to collect dust, agro-chemicals and moisture, and thus quite frequently create a microclimate of their own, which can distort measurements significantly. This is of particular importance when it comes to relative humidity, which will deliver inaccurate (usually too high) readings with a sensor encapsulated in moist or even moldy filter paper, usually leading to underestimating evapotranspiration and to overestimating disease pressure. 

For Solar Radiation:

Professional Meteorology requires installation of highly accurate pyranometers to measure the full range of solar radiation that is wave lengths from 300 to 3000nm, as defined in the international standard ISO 9060. The standard formulas used to calculate evapotranspiration are also based on this type of sensor. The standard principle of measurement, the absorption of thermal energy and its conversion into an electrical signal, is usually performed by either a thermopile sensor (a stack of several thermocouples) or by a "black and white sensor". Both such sensors are very accurate, but also rather costly, which has advanced the so-called silicone pyranometer as the prime choice for agriculture. Silicone pyranometers are not capable of catching the full spectrum of wavelength, but only from some 300 to 1100nm, but still deliver an approximation close enough for the targeted purpose. They can be manufactured at much lower cost and provide a good alternative for agriculture. 

A common mistake in sensor selection needs to be mentioned here. Quite frequently PAR sensors, measuring only photosyntetically active radiation, are installed rather than silicium pyranometers. Since the PAR spectrum ranges only from 400 to 700nm it largely reduces the amount of energy measured. Such sensors are thus not suitable for the application.

Pyranometers should ideally possess a hardened, abrasion resistant lens (the opening through which radiation passes through to the sensor element), and possess sufficient accuracy to not require recalibration more often then every 5-7 years. Figure 1.12 shows a typical example of a silicon pyranometer to the left and a Class 2 thermopile pyranometer to the right.
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Figure 1.12.  Silicon pyranometer (left) and Class 2 thermopile pyranometer (right) 
Pyranometers need to be installed absolutely level to avoid monitoring errors by sensor surfaces tilted away from or too much into the sun. Ideally a pyranometer faces straight South on the Northern hemisphere and North on the Southern hemisphere. It needs to be installed clear of all obstacles that could block the sun during its daily circle. 

For Wind speed and Direction:

Since a weather station in agriculture usually serves a variety of purposes, monitoring wind speed is of great importance. Overhead irrigation systems need to be shut off when winds are too high, the application of fungicides and pesticides is no longer possible (both for efficiency reasons as well as for increased health hazards caused by wind drift of chemicals), vents on polytunnels and greenhouses need to be closed.

For the calculation of evapotranspiration wind speed is of even higher significance as it replaces the moist air over the soil and the canopy by dryer air, thus enhancing evapotranspiration. 

Several constructive methods are used to build wind speed sensors, with the most common being the cup anemometer, the propeller type and the ultrasonic sensor. While ultrasonic sensors excel with their extremely low starting thresholds and their nonexistent inertia due to the lack of moving mechanical parts, they are still rather pricey and require a significant amount of energy for operation. Therefore in agriculture cup anemometers and propeller sensors are predominant.

For agricultural purposes the measuring range of a wind speed sensor can remain well below the maximum speeds of 75 m/s as indicated in the standard WMO guidelines. For all agricultural applications a top speed in the range of 35 to 55 m/s is largely sufficient. What is of higher significance is the starting threshold of the sensor, which should be well below 1(m/s, as even such low wind speeds can already increase plant evapotranspiration.

Wind wind speed being of such great importance (the very popular FAO56 method as discussed below relies heavily on wind speed) it is of equal importance to choose an accurate instrument that doesn't quickly wear out over time. Specifically micro particles as found in sand, fertilizers and agrochemicals are the natural enemies of the bearings of a wind speed sensor. While solid particles that accumulate inside the instrument slow down its rotation, agro-chemicals degrade the lubricants, increasing wear and tear of the mechanical parts. Thus wind speed sensors should be controlled frequently with a reference instrument to make sure that they perform properly.

Wind direction in turn is of little significance for the intended purpose, and therefore agricultural weather stations are quite frequently installed without such a sensor. As with solar radiation sensors it is of the utmost importance to observe the mounting instructions of the manufacturer. In all parts of the world a wind direction sensor needs to point due North as this is the switch over point from 360° to 0°. Even ultrasonic sensors possess a marking on the case that needs to be pointed North. Figure 1.13 shows several examples of Wind Sensors.
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Figure 1.13. Various Wind Sensors

For Precipitation:

Perhaps the oldest instrument used for Meteorology, the significance of an accurate and reliable rain gauge for agricultural purposes cannot be sufficiently appreciated. Be it in rain fed or in irrigated agriculture, it is of paramount importance to properly monitor precipitation.

Rain Gauges come in all sizes and materials and with a large variety of measuring principles, ranging from single tipping buckets to sound pattern detection and laser technology. For apparent reasons mechanical designs dominate agro-meteorology. They offer sufficient accuracy at relatively low prices and require very little power. 

The most common type of rain sensor is the tipping bucket sensor with a pulse output. The principle is simple: a defined amount of water fills a spoon or bucket until it tips over. When doing so it not only empties itself out, it also moves a magnet passed a reed switch, thus closing or opening an electrical contact, creating a pulse that can be measured by a data logger.

Both single as well as double tipping bucket designs can be found. They differ mostly in their ability to cope with high-intensity rain events. In such events the amount of water pouring through the funnel of the rain gauge onto the measuring element can be so high that water is lost during the tipping process. However, this not only refers to single spoon systems, but also to high-resolution double-bucket systems, when the rain intensity exceeds the capacity of the rain gauge as quoted by the manufacturer (usually given in mm/hour or tips per minute). It is therefore highly important to choose the proper rain gauge for the rain fall events predominant at the installation site. 

In areas with moderate to normal rain fall single bucket systems and double bucket system with a resolution of 0.1mm to 0.2mm per tip can be installed. In areas, where intense rainfall can be expected, such as the monsoon regions of the world, double bucket systems with 0,2mm or 0,5mm resolution should be installed.

Choosing the proper orifice of the rain gauge is of equal importance. Rain gauges with an orifice smaller than 200cm² should not be considered. Manufacturers of irrigation equipment quite frequently offer rain sensors with tiny orifices for sale together with their irrigation equipment. However, the major purpose of these sensors is not to accurately determine the amount of precipitation, but to give the operator of the irrigation equipment an indication as to wether this equipment should be turned off due to the onset of rain. 

Figure 1.14 shows a variety of rain gauge mechanics, from simple single spoon systems to double bucket systems with integrated levelling feature.
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Figure 1.14. Various Rain Gauge (Tipping Bucket) Mechanics
As with most sensors proper installation is the key to representative results. It is obvious that a tipping bucket system, which is heavily relying on a well balanced action of the spoons, must not be tilted sideways, but needs to be installed absolutely horizontally. This is also of importance since every mm a rain gauges orifice is tilted sideways reduces its capacity to properly catch rain. 

Particularly in agricultural environments it is highly recommendable to install a bird deterrent from the very beginning. While for scientific purposes a bird deterrent might minimally alter readings, for practical reasons such inaccuracies (if any) are second to the benefit of such a device. Bird droppings might become a serious problem, clogging the funnel, and birds of prey like to feed while sitting on rain gauges. Figure 1.15 shows a typical bird protector, while Figure 1.19 shows a large bird of prey resting on a rain gauge. 
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Figure 1.18. Bird Protector for Rain Gauge 
       
Figure 1.19. Bird resting on Rain Gauge

Collecting the data (Data Logger):

In order to automatically collect and store the data the above mentioned sensors need to be connected to a data logger. The market offers a huge variety of loggers in all levels of price and sophistication. As with the sensors the prime selection criteria in agriculture will not be precision, but "fitness for the job" – sufficient accuracy in a robust package at an affordable price.

Therefore a list of requirements for a logger system could look like the following:

· robust, at least IP-65 rated case

· wide operational temperature range from -40°C to +60°C 

· case resistant to agro-chemicals

· low power consumption, allowing battery powered operation with compact solar panels

· at least 3 weeks of operation off the internal batteries in low-light conditions

· maintenance friendly connector system to let even non-technical personnel replace defective components or routinely swap one sensor element against a new or a recalibrated one

· 10-Bit resolution or higher

· 2 weeks of memory

· a simple user interface

· a telemetry option that is easy to install and to configure

As stated above it thus seems more recommendable to trade ultimate accuracy and a wealth of features against robustness and ease of operation. High accuracy comes with a price tag, and it is smarter to invest the available funds in equipment fit for the job and make accruals for ongoing maintenance than to buy the most accurate gear available and then never perform the required recalibrations because they are too expensive. On the other hand it is also not smart to buy the cheapest logger available and then to compromise data quality.

Figure 1.20 shows a variety of data loggers, most of which need an additional protective enclosure to prevent damage from environmental impact.
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Figure 1.20. A variety of Data Loggers
The use of Telemetry for Data transfer:

While data as such can be collected with a logger system as described above, it will have to be retrieved on a daily basis either by visiting the site and collecting data with a laptop, or by connecting a telemetry device to the logger. Experience shows that manual data retrieval doesn't work very well over time. In the immediate days after purchase and installation of a weather station data is retrieved daily. As the season progresses and people get busier, as the weather changes to cold an rainy, so the intervals between site visits get longer and longer.

It is thus highly recommendable to purchase from the very beginning a telemetry device that will automatically transmit data from the weather station back to a base station. This is not only provides a continuous stream of data, but also a "heart beat" of the station that lets one check if the station and its sensors are still operational.

There are many types of telemetry devices and many technologies available. For agricultural purposes cable bound telephone modems have all but vanished, since cable is the least desirable piece of equipment one wants to install in the field, falling prey not only to damage by machinery, but also by animals. 

The available options can be divided in two groups: Telemetry using private infrastructure and telemetry using public infrastructure

1) Telemetry using private infrastructure
- VHF / UHF narrow band radio
- Wi-Fi
- ZigBEE / Bluetooth


2) Telemetry using public infrastructure
- GSM / GPRS / UMTS
- WiMAX
- Satellite communication


By answering some key questions it is rather easy to determine which one will be the best option for a given site. 


Public infrastructure coverage:


A quick check if the installation site is covered by a GSM or a WiMAX network helps to determine if any such technique is an option or not. If yes it is important to find out if those providers offer data transmission services or voice and internet only. 

Should no public infrastructure be available private networks or satellite connections are the solution.

Number of daily transmissions:

This is important in order to determine a station’s power consumption. Usually data transmission requires more power than data collection and storage, and thus it makes a great difference if a client requires daily transmission or transmission every 15 minutes (=96 daily transmission). Particularly satellite and GSM systems will require extra battery capacity and larger solar panels if frequent transmissions are required. VHF, UHF and ZigBEE radios have a natural advantage in this respect as they need much less time for establishing a connection ("handshaking").

Quantity of Data transmitted:

Particularly when it comes to data transmission by satellite, which usually offers a very slow upload link only, it is absolutely crucial to minimize data size to reduce connection time (connection time = money and power). GPRS data plans in turn don't charge by connection time, but by the amount of data transmitted, and this includes protocol overhead. The more requests are sent to a station, the more often it transmits, the more traffic it generates. More traffic = more data = higher cost. Again, private radio networks have a natural advantage in this respect, as it doesn't matter costwise if a station transmits 1 time or 100 times per day. 

Permanent or scheduled connection:

Specifically for the most power hungry transmission methods, namely satellite and GPRS communication, it is desirable to switch the station into a sleep mode, when no transmission is desired, and wake it up only once or twice per day to transmit data and send it back to sleep. this procedure is called scheduled connection. A permanent connection in turn requires significant amounts of power as the receiver needs to be switched on all the time, listening for incoming communication requests. If data is e.g. requested to be delivered every 5 minutes, with the station online all the time, GSM and satellite might not be the best options, as this would require a fairly large or even permanent power source.

Unidirectional or bidirectional connections:

It is furthermore important to know that many satellite links, especially free services as provided from governments to governments and to research institutions (e.g. GOES), often assign a fixed time slot to the user and only an uplink channel, not a bidirectional connection. In these cases it is of the utmost importance to properly configure the station and set transmission intervals right, since the configuration cannot be changed remotely. 


The disadvantage of a unidirectional connection clearly is its reduced capability of troublseshooting and modifying configuration settings.

Distance to base:

A key question is the distance of the weather station to the desired base where data will be processed, and if only one or several stations need to be deployed and in which distance of each other. For isolated, single stations in remote areas it is usually cheaper to use public infrastructure such as GSM (coverage provided) or satellite rather than building local receiver stations or several repeaters. Where there is no coverage or satellite is no option for price or power reasons, and particularly if several stations are to be deployed within limited range of a few dozen kilometres, private networks can be built, with each station using the other as relay stations. 

The complete Weather station:

A typical installation site in agriculture is very different from a meteorological or hydrographical installation. Weather stations are usually installed on the perimeters of a field (usually in arable crops) or directly inside the crop (mostly in tree crops and vineyards). Therefore a weather station should occupy as little space as possible in order to not obstruct the daily crop management routine, such as spraying, cropping, pruning, irrigating, etc. Therefore the required space for an ideal installation frequently is unavailable, and a suitable compromise needs to be found. 

Some of the requirements listed above in the section on data loggers make more sense now, when being regarded from an installation perspective. A small solar panel offers less exposure to wind pressure, thus reducing the forces that need to be absorbed by the pole of the station, while large solar panels might require guy wires to securely anchor the station in the soil. Small solar panels are also less visible, and thus less attractive to vandals, to thieves, and less likely to be shot at (yes, this is a problem!) 

In order to comply with the requirements of evapotranspiration models (details will follow in the application section) the ideal installation site is described by the FAO (see "Irrigation and Drainage paper 56") as "an extensive surface of green grass, shading the ground and not short of water". Other publications (like the "Handbook for Meteorological Observations" of the Dutch Met Office, Sep. 2000) recommend a surface area of 225 to 300m² of flat land, "mown at least once per week". There are numerous other recommendations, but in most cases the limiting factor is the availability of land for the purpose.

However, the proper choice of the installation site is a crucial factor for the usability of the data and the significance of the computation results. This is of specific importance in mountainous areas, which, like all alpine regions, frequently have little flat land to offer, where agricultural land alternates with forests, where rivers and lakes are part of the landscape. All of these external factors can largely influence the readings of a weather station, in particular nearby water bodies, and mock environmental conditions not present in the crop area. Furthermore many stations are, for convenience reasons, installed near a farmhouse, which not only obstructs wind, but quite frequently alters all other readings as well. 

[image: image17.jpg]



Figure 1.21. ETo Station with telemetry
Figure 1.21 shows an ETo station, setup according to FAO56 on a large patch of grass, with the rain gauge on a separate pole, and a telecommunications antenna at the tip of the tower. 

It is highly recommended to take photographs of the installation from a distance of about 20m to the station and from all four directions. A very desirable result of having a weather station is the ability to get time series of site specific weather data, enabling a grower to correlate crop events to weather events. This requires the ability to identify at any given time the original condition of the site when the weather station was first installed, and thus enables the stations operator to restore the original site conditions. 

While taking pictures it is also very recommendable to take the GPS coordinates of the weather station – not only to be able to link the data to an exact location, but also to allow such mundane tasks as finding the equipment again!

b) Soil Moisture Sensors:

In recent years a large number of companies has introduced a wide range of various soil moisture sensors, which are now available for just about any budget, soil and crop, and in many different technologies. There is no ideal sensor, one that does it all, one that is equally suited for sand and clay, for blueberries and grapes, turf and pecans. But within the range of available products everyone will be able to find one that meets the criteria for the respective task. 

The idea behind direct soil moisture monitoring is simple: rather than determining the amount of irrigation by processing above-surface parameters to directly monitor the actual soil water status at the plant's active root zone, thus being able to directly assess the water needs of the plant. 

Soil moisture sensors however offer much more insight into what's going on in the soil and the root zone than just measuring soil moisture. They indicate the infiltration rates of irrigation and natural precipitation, they allow to asses water table fluctuations, they assist in determining agronomical thresholds such as refill point/wilting point and field capacity, and last not least help to properly determine the dimension of the active root zone and it's variability over time in the various phenological phases.

When looking at the measurement of soil moisture we need to distinguish between the various measurement methods used to determine soil moisture levels, between single and multi level sensing,  and between the frequency in which readings are being taken.

Frequency of readings:

Singular readings:

One of the first accurate methods to monitor soil moisture in the field was the Neutron moderation method, developed in the 1950ies. With the required equipment not only being very expensive, but also requiring a very skilled operator authorized to handle nuclear material it was necessary to serve as many clients and measure in as many fields as possible with one instrument.  Thus usually only one reading could be obtained per week, with the gaps having to be filled by interpolation methods.

Permanent monitoring: 

Recent developments however have brought the advance of less costly equipment, and in conjunction with a data logger it has become affordable to leave an instrument permanently one site and to take a reading every 15 to 30 minutes. Which, if the logger was also connected to a telemetry device, could then by sent to the office, the farm manager in almost real time. When it comes to adjust one's daily irrigation practice flexibly to changing conditions, a permanent monitoring system in combination with a telemetry device will clearly be the preferred option. Permanent monitoring will significantly reduce the time needed to establish the most important agronomical indicators of every field, field capacity and wilting point, and the daily observation of the plants behaviour is very helpful to better understand its varying physiology during the different phenological phases. 

Single versus multi-level monitoring:

Rapidly advancing sensor development has brought the multi-level probe, developed in the early 1990s, which allows the comfortable installation of several sensors on one site without the need to disturb the root zone by digging a profile. Such sensors are usually installed through an access tube which is drilled into the soil, and can be placed with various sensor spacing, offering as many as 1 sensor every 10cm. Such sensors can deliver accurate readings right after the installation, without the need to wait for several weeks or months until the soil has settled again from digging in several individual sensors. However, since multi-level sensors of the access-tube kind necessarily have to determine soil water content without being in direct contact with the media, they are also subject to some limitations. Pricewise 

Single level sensors come with a lower price tag than multi-level sensors, and are usually installed for crops with shallow roots.

How to determine soil moisture content with in-situ sensors (Figure 1.22):

· Volumetric methods

· Soil Water Potential monitoring

Volumetric methods:

Most sensors used these days employ some form of volumetric method. They give a direct reading of the soil water status (units of water per unit of soil, eg. ml of water/cm³ of soil, or simply expressed in %), but tell nothing about the ability of a plant to extract water from the soil. The technology is based on determining the dielectric constant of soil, indicating the capacity of a non-conductor (=soil) to transmit an electromagnetic wave, such as the one emitted by a soil moisture sensor. With the dielectric of (oven) dry soil and that of water being known, a curve can be developed correlating the sensors response to the moisture content of the soil, where dry soil is very low and saturated soil is very high.

Two kinds of in-situ measurement systems are available today: 

· Frequency Domain Reflectometry (FDR)

· Time Domain Reflectometry (TDR)

For cost reasons FDR sensors dominate the market. A large number of manufacturers offer such sensors, being sold under brand names such as EnviroSMART, EnviroCheck, EnviroPro, AquaCheck, AquaSpy, Profile Probe, Theta Probe, Hydra probe and others. Figure 1.22 shows a selection of such probes.
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Figure 1.22. Various Soil Moisture probes. From left to right: Sentek EnviroSmart, Delta-T Profile Probe, Agrilink C-Probe, AquaCheck, Delta-T Profile Probe, Stevens Hydra Probe.
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Also following TDR sensors have found fairly 
widespread distribution (Figure 1.23):
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  Figure 1.23. AquaFlex (left) and GroPoint (right)
Soil Water Potential monitoring:

This method, also called Matric potential method, or soil suction method, in turn measures the tension, referring to the force a plant needs to exert to extract water from the soil. The unit of measure is kilopascals. Such sensors are rather inexpensive in comparison, but require more attention and maintenance than the volumetric sensors. Their common denominator is the use of a porous media such as gypsum that lets water penetrate into the instrument. Their most common representatives are tensiometers, gypsum blocks and Watermark sensors (Figure 1.24). 
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Figure 1.24. Soil Water Potential Sensor for agrometeorological use (example: Watermark)

The scope of using soil moisture sensors:

The discussion which sensor is best for which crop and which soil would go far beyond the scope of this paper. Every vendor certainly has good arguments and supporting information where his product would fit best, and there is lots of literature available on the topic. So what can a farmer get out of it? The list of potential benefits is long:

· Save water. Savings of up to 80% as compared to standard flood irrigation have been achieved, but even with more accurate systems like drip and pivot significant savings of again more than 50% are possible.

· Save energy. Water not pumped is energy not consumed.

· Save fertilizer. Over-irrigation washes out nutrients, while under-irrigation will not get the fertilizer to the active root zone, where it is needed.

· Increase crop quality: For many crops proper irrigation can help in getting the quality of the final product up, be that by avoiding stress, be that by applying desirable amounts of stress (controlled deficit irrigation, partial root zone drying)

· Increase crop quantity: most farmers are not aware of the disastrous effects of over-irrigation, which are about as bad as the effects of under-irrigation. Very few species of crop can cope with water logging, the excessive application of water beyond field capacity. The effect is like suffocating the plant, replacing oxygen in the soil with water, which slows down its water uptake and thus its "metabolism", effectively slowing down the growth cycle significantly. 

The Figure 1.25 illustrates the output of a soil moisture sensor. In this specific example moisture is being monitored at 5 different layers, with one sensor every 10cm, and each sensor visualized by a trend line in a different colour. For better optical recognition of each layer the individual trend lines are separated by a slight offset on the Y-axis so as to spread the information over a larger area. On top of the graph a summed graph shows the combined moisture of all 5 sensors. The two major agronomical lines, full point and refill point, have already been established, with the area between them highlighted in red
. The art of the irrigator is to maintain the summed graph within those two lines, thus avoiding over-watering, resulting in excessive drainage and runoff, and under-watering, resulting in stressing plants too much. 
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Figure 1.25. Monitored Soil Moisture Graphs
1.3.2 Application examples and observed problems of agrometeorological weather stations

Bernhard Pacher
Application of weather stations
Calculating evapotranspiration
As mentioned previously, the prime reason for installing a weather station in an agricultural environment is the calculation of evapotranspiration, for which there is a variety of options.

The term Potential Evapotranspiration, also often referred to as ETo or PET, is often used to define the so called "reference Evapotranspiration" (ETr) – in contrast to the crop specific Evapotranspiration, commonly abbreviated as ETc, being the result of multiplying ETr with Kc, the crop specific coefficient. 

Evapotranspiration is the amount of water loss from a crop field due to transpiration and evaporation. Evapotranspiration is caused by a combination of climatic factors including temperature, relative humidity, solar radiation, and wind speed. Each of these parameters can be monitored with sensors, the data of which is then being fed into a mathematical equation to calculate Evapotranspiration. There are many algorithms that calculate Evapotranspiration, or rather PET. Some of these require additional parameters to be fed into the model, such as heat flux and net radiation. However, since both the complexity and the price of such instrumentation would be well beyond acceptability for daily practice on a farm level, an approximation for these values will be sufficient. 
The most commonly used methods to calculate evapotranspiration in agricultural practice are in the following order:

a1) FAO-56: This algorithm, as being published in FAO’s Irrigation and Drainage Paper No. 56, is also known as the "modified Penman-Monteith" formula based on the initial Penman-Monteith equation, (M.L.Monteith 1965)
. 

Since the formula actually measures the evapotranspiration of "a hypothetical reference crop with an assumed crop height of 0.12 m, a fixed surface resistance of 70 s m-1 and an albedo of 0.23
", the site where a weather station should be placed can also be described as "an extensive surface of green grass, shading the ground and not short of water.

FAO56 is by far the most widely used and accepted model and despite its shortcomings, it is of significant value in improving daily irrigation practice. 

a2) Shuttleworth-Wallace: This model was introduced in 1985. It significantly enhances the capabilities of the FAO56 model. Shuttleworth-Wallace is two-source model that takes the energy exchange between soil and canopy into account. It is shown that Shuttleworth-Wallace performs much better than FAO56 in semi-arid and arid regions with sparse canopies (LAI < 0.2). 

a3) Priestley-Taylor: The simplest model of the three, first published in 1972, performs reasonably well in spite of its simplicity. Nonetheless it is hardly in use today. Similar is true for Hargreaves, which is, however, recommended as an alternative for FAO-56). 

Given the age of the models, they usually rely on rather limited amount of data that could easily be collected with the technical equipment available back then and today. FAO56 describes the data requirements as: 

· The (average) daily maximum and minimum air temperatures in degrees Celsius (°C)

· The (average) daily actual vapour pressure, ea, in kilopascals (kPa) 

· The (average) daily net radiation expressed in megajoules per square metre per day (MJ m-2 day-1) 

· The (average) daily wind speed in metres per second (m s-1) measured at 2 m above the ground level

Disease and Pest modelling
In daily life only very few growers would use their weather station for a single purpose. Most growers will also want to run their data through one or several disease models in order to optimize their daily spraying routine, applying chemicals only when disease pressure is critical. Since most plant protection models require the same inputs as evapotranspiration models this is a natural "synergy". 

Frost warning
Temperature and humidity sensors can also be used to issue alarms when the risk of frost is imminent. Therefore, the farmer is allowed sufficient response time to take preventive action.

Problems of using agrometeorological weather stations
Running a weather station is not easy. Much can go wrong, and if no proper care is being taken, both the value of the data and the computations performed with this data, can be compromised to the extent of uselessness. If the rules are not followed all the way through, from selecting adequate sensors to determining the best installation site, from careful installation to a solid maintenance plan, an old saying might well become true: "No data is better than bad data." 

Selection of improper installation site
The defined conditions for the installation of a weather station used for the calculation of ETo/ETr are frequently not met. This is mostly because weather stations being installed on sites that can at best be called a compromise. There are many reasons for bad site selection. The most significant reason is that the joint
 usage of a weather station for disease and pest models bears much potential for conflict. The proper installation method required by the disease model often doesn't correlate with the requirements of the ETo model. Many modern mildew models for grapes may serve as a prime example, as they require the temperature and humidity sensor to be installed directly inside the canopy, a place totally unsuitable for ETo calculation. With the station inside the crop the rain gauge can certainly not be installed with its orifice being only 1 m above the ground, as it would fill in a very short time with falling leaves. Thus it will go fairly high up, exposing the rain gauge to stronger winds, consequently to vibrations, and thus, to increasing errors.

Another reason that largely influences the installation of a weather station is the operation of machinery. All kinds of modern equipment, be those sprayers or pivots, operate fairly low above the ground, and machine operators therefore need a great care to not hit the weather station. It still happens frequently and thus stations are moved out of the way of machines. 
For example, pruning with modern machinery is a prime reason for clipped antennas, cut cables, damaged sensors. Therefore stations are again kept as low as possible, out of the way of hydraulic cutters.

The following two images show the typical compromise made between irrigation modelling and disease modelling, and a tribute to machinery. While in Figure 1.26 (left) it is only the temperature and humidity sensor that is installed inside the canopy to calculate disease pressure of grape downy and powdery mildew, in Figure 1.26 (right) all sensors are installed very low and close to the canopy to allow machinery to pass without damaging the station. 
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Figure 1.26. Installation Compromises                        

Convenience is a much encountered motive for placing a weather station in a bad location – a location that can easily be reached by foot, by car or tractor, but that has little or no significance for the crop.

And last not least, protecting the station from theft and vandalism can create very particular environments. While the weather station shown in Figure 1.27 is really well protected, the relevance of the data is, to say the least, questionable. 
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Figure 1.27. Theft Protection can change the measured microclimate

Bad installation
Errors in the installation itself can also have negative impacts. A few simple errors in installations are frequently observed that largly affect a station’s readings: 

· Poles often are not anchored solidly in the ground. They are not secured against turning, letting the force exerted by wind pressure rotate the station out of proper alignment.

· Poles are not mounted vertically. The poles must be secured against tilting. If a station cannot be secured with wires or if a station cannot be attached to a vertical pole (eg. in a vineyard), then the base pole must be anchored down deep enough in the soil so that it cannot move even when rain softens the soil and wind pressure pushes onto it.

· Solar panels often do not face south (on the Northern hemisphere, or north (on the Southern hemisphere). 
· 
· Wind direction sensors do not point north 
and thus show incorrect directions.

Lack of station maintenance
By far, the greatest concern was the lack of maintenance. The instruments on a weather station are expected to survive for many years without any cleaning, testing, validation, or recalibration. However, all instruments require some form of maintenance, and buyers of a weather station must plan, form the very beginning, a budget of time and money for ongoing maintenance such as: cleaning particular solar panels, rain gauges and pyranometers, for spare parts that need periodic replacement like batteries, gaskets, silica gel packs, humidity chips, and for an occasional validation of all sensor readings with a reference instrument and a recalibration if required.

One of the most common mistakes made is spraying agrochemicals right over a weather station without protecting the instruments. Chemicals, not only create  a film over the sensors (that negatively affects the readings), but also attract dust and sand, additionally obstructing free air circulation and particularly blinding the pyranometers lens. Sensors need to be either covered prior to applying chemicals, or be cleaned after.

All the openings on any sensor installed attract some form of animal or plant life. Rain gauges make fantastic bee hives, sun shields protect not only temperature sensors but also other creatures, and what birds leave behind goes beyond the "self cleaning capacity" of a rain gauge. Wines grow extremely fast and twigs and branches quickly fill the radiation shield of an air temperature/humidity sensor or obstruct the free movement of a wind sensor. Figure 1.28 shows several examples of trouble encountered in the field that largely falsified the true values. 
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Figure 1.28. Various Maintenance Problems
Lack of site maintenance
As outlined in the paragraph on weather stations it is desirable to get long-term time series of site specific data. Therefore, it is of great importance to maintain not only the station and its sensors, but also the site itself from major modifications. For example, the growth of nearby trees and bushes might inevitably change wind patterns, shade the station, and reduce the radiation readings. As well, new irrigation channels at the side of the field change temperature and humidity patterns. 

Lack of training and education

Education and training on the subject of station maintenance need to be largely improved. Unfortunately, buyers and operators of weather stations in agriculture hardly ever deem it necessary to educate themselves on how to install, operate and maintain their equipment properly. This is attributed to a set of reasons, starting with the lack of time. It is, however, nothing more than a profound misjudgement of the importance of weather data for agricultural practice. Such misjudgements are being the result of an education process (both on farm and in academic) that simply underrates the need to regard weather stations, their operation, and weather related software as useful and necessary as other farming hardware tools such as tractors. 


Lack of description of the job
In most cases where weather stations are not owned by a single farmer taking care of the equipment, many of the above listed problems can be attributed to bad overall management. Bad management include: no clear job assignment as to who is actually responsible to maintain the weather station in a good operating condition, no clear description of the task detailing that what needs to be done and when and how often, and no control of performance and an established procedure of consequences in case of non-performance. If the bad management conditions rule, then the weather station will remain in the role of an unwanted child that no one wants to take care of. 

Application of soil moisture sensors and observed problems
All the potential benefits of soil moisture monitoring still has not managed to attract large numbers of customers. The main users of this technology are owners of high-valued crops such as vineyards and orchards, as well as potatoes or vegetables on a large scale farming. 

A 2007 survey by the Australian Irrigation Association has shown that less than 20% of farmers rely in their irrigation scheduling more than "experience and observation", with some using consultants, some weather stations, and some soil moisture sensors. By far, the larges distribution of soil moisture sensors can be found in vineyards in California, Napa Valley, Sonoma and Mendocino County, in South Africa and in Australia. The scope is the improvement of the quality ranking of wine.  

Site selection
Selecting the right site is the base for a good installation of the sensors. The installation site has to be representative for both the soil type and the crop. It is however highly recommendable to never install one sensor alone and rely, with his whole irrigation regime, on the turnout of one single sensor. Any malfunction for the sensor, for whatever reason, can influence the whole system. So, at least one more sensor should be installed under similar conditions as a comparison site. 

Furthermore, prior to installing a soil sensor, the user has to take a close look at the other parameters that will significantly influence the success the soil-moisture-based irrigation-scheduling strategy. These parameters include:
a. Soil map: precondition is the analysis of the soils in the farm down to the proper depth, reflecting all the soil variability in the area that needs to be irrigated

b. Irrigation blocks: the design and installation of individually controllable irrigation blocks needs to follow the soil types and the crops, not the other way around.
c. Distribution Uniformity (DU): how uniformly is water being distributed over the whole range of the irrigation system? DU is largely influenced by pump pressure, the inclination of fields, the cleanliness of filters, sprinklers and drippers, etc.

Since soil moisture sensors have a very small sphere of influence, it is of the utmost importance to properly place the sensors within the installation site. If a sensor is to go under a drip irrigation system, it needs to be installed within the wetting zone of the dripper – not in its center, where it is too wet, and not in its outer zone, where it is potentially too dry. Ideally, two sensors are installed within the "water bulb" of the dripper. If a sensor is to be installed under a center pivot or a sprinkler, it needs to be in a zone which will get an irrigation amount by the system representative for the whole area covered by the pivot or the sprinkler.

The following images (Figgure 1.29) show how a volumetric capacitance probe is being inserted into its access tube, and the positioning of the probe next to a dripper in a vineyard.
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Figure 1.29: Soil Sensor Installation
Bad Installation is the most common reason for troubles
With the installation and operation of a soil moisture probe a lot can go wrong. It is again not sufficient to know how the product itself works, but also to know all the tricks of the trade: where to install it, how to install it, how to interpret the data, how to adjust the irrigation system, etc.

Avoiding soil compaction:

Once the proper site has been identified make sure to NOT step on it or walk all over it, not now, prior to installation, not upon installing the sensor, and not when maintaining it! Soil compaction needs to be avoided to not alter the natural penetration of water into the soil. It is therefore best to bring a solid piece of wood, place it next to the installation site and step on it to distribute the weight of the installing person over a larger area. 

Avoiding air gaps:

Once the sensor is placed into the soil, a great care needs to be taken to avoid the creation of air gaps. Since a sensor has a fairly small sphere of influence, such air pockets can have a tremendeously negative impact on the readings; If filled with air, the reading will be too low. After a rain or irrigation event these pockets fill with water, and the readings will be too high. Air gaps usually are the result of using oversized tools that create an opening larger than the sensor. Once the sensor is seated at the desired depth such open space must be backfilled, ideally with slurry made of excavated soil and water, or with a controlled material such as bentonite. Air holes are most common in very rocky soils, or when larger roots need to be cut during the installation process. In all such locations it might be best to deliberately perform a slurry installation. This refers to a method where an opening deliberately larger than the sensor is created. A soil or bentonite slurry is poured into this opening, the sensor placed inside the slurry, which is thus perfectly surrounding the sensor, avoiding air gaps. 

Humidity and water intrusion:

Of particularly importance is the volumetric sensor, which is a sensor element installed by means of an access tube. In such scenario, sealing of both the end and the top cap of the sensor is required to avoid water intrusion. Water intrusion not only alters the readings but also corrodes and ultimately destroys the sensors and their electronics. It is highly recommended to place dry packs (such as silica gel), in sufficiently large packages, inside the tubes to absorb humidity. Figure 1.30 shows corrosion caused by humidity on a sensor element.
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Figure 1.30. Corrosion on a Soil Sensor
Cables protection:

Since a sensor needs to be connected to the data logger by means of a cable, great care has to be taken to avoid any damage to the cable. Cutting off the cable is the least problem – it is detected quickly because the sensor does not deliver readings any more. A severe problem is the nicks and animal bites in the cable, letting water intrude. This can largely later the sensor readings and it can lead to the water working its way through the cable into the probe, ultimately damaging the probe but all the time compromising data quality. Cable sitting on the ground should thus never be installed without proper cable protection, be that a plastic or a metal sleeve over the cable.

Insufficient temperature compensation:

Sensors sitting on the surface need to be equipped with a sufficient temperature compensation method. Temperature effects can greatly influence readings, and create patterns that look as if irrigation had been applied. 

Influences of soil salinity:

Salt and fertilizers in the soil can also influence the readings of a sensor, particularly in areas where irrigation water is fairly saline, where irrigation water contains fertilizers, where at deeper soil levels layers of former seabed can lead to increased salt levels in the soil. Make sure to pay special attention to the sensor's technical specifications that describe its susceptibility to salinity effects.

Decomposition:

Suction sensors such as gypsum bocks and watermarks degrade over time, with the latter being far more stable than the former. It is therefore a good idea to use suction sensors mostly for annual crops, where their physical integrity can be inspected every year prior to reinstallation.

Maintenance:

Last not least, even soil sensors and sensor installation sites require proper maintenance. A large banana leaf, falling on top of your sensor site, might effectively keep all rain and irrigation water away from the sensors sphere of influence, thus showing unrealistically low readings. Access tube sensors should regularly be checked for moisture intrusion, their O-rings being replaced at the time. Cables and connectors need to be checked for damage and corrosion. 

Monitor additional parameters:

It is also highly recommendable to check the sensors performance by adding other sensors, like an irrigation gauge that can be mounted below a dripper to check the quantity of water emitted, or a flow meter, which offers good control in a pivot or sprinkler system as to the quantity applied to the field. All such extra sensors give valuable information about the temporal distribution uniformity (not the spatial), and allow a correlation between the change in soil moisture and the amount of water applied.

1.3.3 Application example – regional agricultural water management
   

Angel Utset

Improvements in irrigation infrastructure and its effects in the Spanish Northern Plateau
Castilla y León (Castilla and León in Englisha), with 94,000 km2, is the largest Spanish Autonomic Community and one of the major administrative regions of Europe. Castilla y León is basically a large plateau, with an important agricultural production. The region involves more than 20% of the cultivated area of Spain, 22.7% of grassland area and 31.9% of the cereals-cropping area. Even though Castilla y León comprises only 6% of Spanish population, they mean about 12% of the reported farm-workers in Spain, almost twice the country mean (7.7%) and higher than the European mean (9.0%). 

Castilla y León is, after Andalusia, the Spanish Autonomic Community with higher irrigation surface. According to the last Ministry of Agriculture report (MAPA, 2004)
, Castilla y León irrigated agriculture produces 57% of Sugar beet, 38% of maize and 30% of potatoes of the whole country. 

The investment in irrigation infrastructures in Castilla y León is the second highest in Spain. However, such investment must be joined to applied various research aimed to improve water management efficiency, particularly in eventual prices diminishing or severe droughts.  The total investment in Castilla y León for irrigation infrastructures up to 2008 involved 658,000,000 € and 192,505 ha; which meant 22% of the total national resources aimed to irrigation modernization (MAPA, 2005
). About 31,500 farmers were beneficiated with the irrigation investments. 
For example, an irrigation district of 610 ha in Valladolid province received a new conduction, distribution and pumping system in the framework of the national irrigation plan; with a total investment of more than 800,000 €. Water and energy savings meant about 31% and 57%, respectively; respecting the expenses before modernization. Irrigation application efficiency showed a 30% increment and the modern system allow farmers to irrigate in the night and without physical presence, through an automatic remotely-controlled valve opening system. Irrigation is “on demand” now. Farmers can choose when and how much to irrigate. That is why besides irrigation infrastructure, the national irrigation plan allocate funds to help farmers to know the crop water consumption in a weekly basis. The Inforiego system
 (www.inforiego.org)
 provides free data to Castilla y León farmers about crop evapotranspiration computed from a network of 52 meteorological stations. However, famers on the irrigation district cited above were surveyed by Utset et al. (2006) about the use of such new infrastructure and more than 90% of them do not conduct any water balance to manage irrigation. Hence, they are not properly using the evapotranspiration data provided. Furthermore, they do not apply water according to soil properties, although they wish to fit the irrigation to soil properties. Utset et al. (2006) highlighted that irrigation modernization is not enough to develop efficient water-use practices and farmers need to be updated about the use of such new infrastructure.

Sugar beet irrigation in Castilla y León is a special case to be considered. The recent reform of the European Sugar Market (EC Council Regulation 318/2006
) brought significant reductions on the Sugar beet prices. Irrigation means about 35% of the total Sugar beet production costs in Northern Spain. Sugar beet water requirements will be higher in the future, according to Climate-Change predictions, while water availability will diminish in the Castilla y León zone. Furthermore, EU Water Framework Directive (EC Directive 2000/60
), through its “recovering costs” principle, will very probably increment the water prices. The combination of all these factors could yield that Sugar beet becomes an unaffordable crop in Castilla y León in the near future.

According to the above, a Pilot assessment was conducted in order to calibrate and validate the SWAP model for Sugar beet water-use simulations, as well as to estimate Climate Change effects on water use efficiency, considering a typical irrigation management. Utset et al. (2007) provided the calibration and validation of the SWAP model. The assessment was conducted at Valladolid, Northern Spain (41º39’N, 4º43’W). The regional climate is Mediterranean Semiarid with an annual average precipitation of 531 mm. According to the local soil map (JCYL, 1987
), Sugar beet is cropped mainly in Cambisols and Fluvisols.

1.4 Suggestions for more appropriate methods to increase water use efficiency in crop production 
Josef Eitzinger, Angel Utset, Vesselin Alexandrov

Good irrigation management is required for efficient and profitable use of water. The major part of any irrigation management program is the decision making process for determining irrigation dates and/or how much water should be applied to the field for each irrigation. This decision making process is referred to as irrigation scheduling. The agronomic concept of irrigation scheduling is to apply water to the crop in the correct amounts and at the proper times to maximize crop production and/or profit, while maintaining reasonably high irrigation efficiency.

1.4.1 Increasing water use efficiency by crop management methods

Since irrigation optimization and method developement for increasing water use efficiency depend on several local factors such as: climate, soil,  and crop type, the recommendations should be developed on a regional basis. The following section is a review of the research conducted in different parts of the world taking into account the regional specific factors.
1.4.1.1 Optimizing microclimatic conditions

Connor et al. (2004) suggested to design cropping systems for efficient use of limited water in Southern Australia. Major practices include much restricted use of fallow but summer active plants to provide a soil water storage buffer to retain autumn–winter rainfall. New systems under evaluation include: planting herbaceous perennials such as lucerne. herbaceous perennials are readily integrated into a crop-livestock system and agro forestry combinations with various trees, e.g. drought tolerant legume nut trees (oil production). 
Other new practices include: application of remote sensing techniques to locate areas of saline discharge and linkages to zones of groundwater recharge. This eventually helps in design and appropriate distribution of the new systems. Besides, application of GIS (to arrange the data for land system analysis) and computer models of crops and cropping systems can be mentioned as new practices. 
Müller and Assouline (2007) conducted a research on the effects of a shading screen on microclimate and crop water requirements. Their studies shwed that shading reduced mean global radiation R G; screen transmissivity shown to vary with solar elevation angle. Wind speed inside the screenhouse was reduced and crop water requirements (ET c) were lower than estimates for an open field crop, suggesting a significant water saving potential when using screenhouses. However, the screen did not significantly modify maximum temperature and daily vapor pressure deficit. The FAO’s Penman–Monteith approach based on meteorological measurements in the screenhouse accurately predicted daily crop evapotranspiration, and was in close agreement with lysimeter measurements. 
1.4.1.2 Effects of crop rotation, crop timing, seeding techniques

Tennakoon et al. (2006) studied the impact of crop rotation and minimum tillage on water use efficiency of irrigated cotton in a Vertisol near Narrabri, Australia from 1997 to 2003. In that research crop water use efficiency of irrigated cotton was hypothesized to be improved by a combination of minimum tillage and sowing a wheat (Triticum aestivum L.) rotation crop. The experimental treatments were: continuous cotton (sown after conventional or minimum tillage) and minimum-tilled cotton–wheat. Rotation of cotton with wheat and minimum tillage improved water use efficiency in some years and application efficiency in all years. In-season rainfall efficiency, transpiration and soil evaporation were unaffected by cropping system.

Moret et al. (2007) 
investigated the growth, yield, and water use efficiency (WUE) of winter barley under different cropping and tillage systems in semi-arid Aragon area in North East Spain. The experiment was performed during three consecutive growing seasons from 1999 through 2002. In that study they compared, under both continuous cropping (BC) (5–6 month fallow) and a crop–fallow rotation (BF) (16–18 month fallow), the effects of three fallow treatments including: conventional tillage (CT), reduced tillage (RT), and no-tillage (NT). They used daily precipitation measurements and monthly measurements of soil water storage to calculate crop water use (ET) and its components. Tthe highest values of WUE for grain yield were mainly produced by effective rainfalls in the period between stem elongation and harvest. No obvious differences in crop yield were observed among the tillage treatments. On average, and regardless of the type of tillage, BF provided the highest values of DM and WUE and yielded more grain than BC. Their study shows that conventional tillage can be substituted by reduced or no-tillage systems for fallow management in semiarid dry land cereal production in central Aragon.
Non-flooded mulching cultivation (NFMC) for lowland rice, as a novel water-saving technique, has been practiced in many areas of China since the 1990s. Therefore, Liu et al. (2005)
 studied crop production, nitrogen recovery and water use efficiency in rice–wheat rotation as affected by non-flooded mulching cultivation (NFMC). They found that plastic film mulching (PM) and wheat straw and plastic film double mulching (SPM) resulted in the same rice grain yield. Compared with rice under traditional flooding (TF), wheat straw mulching (SM) and no mulching (NM) led to yield reduction. In the rice–wheat rotation and weed growth, its competition with rice for nitrogen were considered the main reason that led to yield decline in NM. Compared with TF, NFMC treatments did not obviously affect fertilizer N recoveries in plant and soil in both rice and wheat seasons. Large N losses occurred following one basal N application for each growing season. Water use efficiency, however, was greater in NFMC treatments than in TF treatment in the R–W rotation. The results revealed that NFMC (except NM) can produce comparable rice and wheat yields and obtain similar fertilizer N recovery as TF with much less water consumption. 

Wang et al. (2007) suggested the technique of micro-water harvesting with ridges and furrows, for potato production in a semi-arid region of China, during 2002-2003. 
The average runoff efficiency of ridges with compacted soil (SR) was very low compared to that of ridges covered with plastic film (MR) (91.1–94.3%). The field experiments using potato as an indicator crop showed that tuber yields in the MR system were significantly higher than that in the flat planting (control), with an average increase during 2 years. Due to the different runoff efficiency between two ridge-covering materials and absence of runoff occurrence in the controls, the soil water content in the MR was higher than that in the SR, both of which were greater than the controls. 

Soriano et al. (2004) suggested using of early plantings method for sunflower in some parts of Spain. They found that T and TE of early plantings were consistently higher than those of late plantings, while there were no differences in the harvest index (HI) for the two planting dates.  They conclude that early plantings of sunflower increase rain fed yields by increasing both T and TE, while the impact of planting date on HI very much depends on the crop water stress pattern, which is quite variable from year to year even in the predictable Mediterranean environment.

Rouphael et al. (2005) investigated the influence of seasonal fluctuations (spring–summer and summer–fall) resulting from two planting dates (28 March and 6 September) on growth, radiation and water use efficiencies in zucchini plants cultivated hydroponically in a unheated greenhouse located at Viterbo, central Italy. Plants grown in the spring–summer season exhibited a higher maximum value of total, leaf, stem, fruit dry matter and leaf area index. Before harvest initiation, the transpiration rates, RUE and water use efficiency calculated on above dry weight basis (WUEb) were similar between growing seasons, while after harvest initiation, summer–fall season showed a lower transpiration rate and a higher RUE and WUEb. Water use efficiency on fresh fruit yield basis (WUEy) was also higher in summer–fall season compared to spring–summer season. The variability in RUE and WUEb was associated with, daily mean solar radiation (Rs), daily mean air temperature (Ta) and daily mean vapor pressure deficit (VPD). 

Rinaldi et al. (2006) studied the response of autumn and spring sown sugar beet (Beta vulgaris L.) to irrigation in Southern Italy. They found that Autumnal beet was more productive than spring for fresh root, plant total dry matter, sucrose yield and concentration; also water use efficiency in sucrose (WUEsuc) and irrigation water use efficiency in sucrose IRRWUEs were higher in the autumnal sugar beet. The optimal irrigation regime produced higher root yield, plant total dry matter and sucrose yield than the reduced one; on the contrary the irrigation water use efficiency in fresh root yield (IRRWUEfr) and IRRWUEdm were higher in the reduced irrigation strategy. Their results showed the importance for better use of water and radiation resources of autumnal sowing time and of reduced irrigation regime in sugar beet cropped in a Mediterranean environment.

Bhuiyan et al. (2004)
 suggested a method for improving water use efficiency in rice irrigation through wet-seeding. Their studies conducted in the Philippines indicate that wet-seeded rice culture is superior to the traditional transplanted rice culture in terms of water efficiency. Other advantages of wet-seeded rice culture include its greater drought tolerance, less labour requirement for crop establishment and weed control, and higher returns from rice farming. 
Ryan et al. (2008) advised crop rotations method as a strategy to obtain harvestable yields in stressed environments due to improved water-use efficiency under Mediterranean conditions. They found that crop rotations have evolved as a strategy to obtain harvestable yields in stressed environments due to improved water-use efficiency, nitrogen (N) fixation, and breaking diseases cycles. Fallowing or growing legume crops in the alternate year have shown to consistently increase yields and growing cereals in rotation trials improved the nutritional value in terms of protein of the grain. Though less obvious increase in yield, crop quality parameters should be considered in any cropping system involving rotations, especially those involving legumes. 

1.4.1.3 Effects of fertilization

Latiri-Souki et al. (1998) found that nitrogen fertilization can increase dry matter, grain production and radiation and water use efficiencies for durum wheat under semi-arid conditions. In their research they analyzed responses of durum wheat (Triticum durum, cultivar Karim) to application of nitrogen fertilizer and irrigation in the semi-arid areas of Tunisia. However, the nitrogen use efficiency decreased with nitrogen application. 

Safdar et al. (2005) 
suggested a method for enhancing water use efficiency, nitrogen fixation capacity of mash bean and soil profile nitrate content with phosphorous and potassium application on a silty loam soil (Typic Ustochrepts). 

Khan et al. (2003) found that zinc (Zn) fertilization improves water use efficiency, grain yield and seed Zn content in chickpea. In their research, they revealed that increasing the level of Zn resulted in large and significant increases in vegetative growth up to podding. Applying Zn increased grain yields when the plants were well watered, but not under water stress, except for the Zn-efficient and drought-resistant genotype ICC-4958. The Zn content in the stem either increased or remained unchanged. At maturity, Zn accumulation in plant organs generally increased with increasing Zn supply, but the largest proportion of Zn was found in the seeds, which is a beneficial nutritional trait for human.

DaMatta et al. (2002) investigated effects of soil water deficit and nitrogen nutrition on water relations and photosynthesis of pot-grown Coffea canephora Pierre. Stable carbon isotope analysis, combined with leaf gas exchange measurements, indicated that regardless of the watering treatments, N increased the long-term water use efficiency through changes in carbon assimilation with little or no effect on stomatal behaviour.

Nambiar (1990) suggested a method as management of forests under nutrient and water stress. He found that management of forest nutrition through fertilization and other forestry practices has helped to increase the productivity of forests. 

De Barros et al. (2007) investigated the effect of NPK fertilizer application (with or without liming) on the water use efficiency of a maize/cowpea intercropping system in the semi-arid part of Brazil. They grew crops on a strongly acidic, sandy soil with three treatments: (i) Complete NPK fertilizer application with lime (Compl), (ii) Complete NPK fertilizer application without lime (Compl-L) and (iii) Control. Comparison between the Compl and the Compl-L treatments shows that the increase in transpiration water use efficiency (WUET) (+63 and +80%, respectively) is mainly due to the application of NPK. Although the site is highly acid, liming was of minor importance for increasing the WUET. However, observations and simulations demonstrate that, through the additional application of lime, the gross water use efficiency (WUEC) in a maize/cowpea intercropping system can be increased by 60% compared to sole application of NPK and by more than 160% compared to the control.

1.4.1.4 Cultivar effects and crop responses to environment

Szente et al. (1998) studied enhanced water use efficiency in dry loess grassland species grown at elevated air CO2 concentration. In that research net CO2 assimilation rate (PN), stomatal conductance (gs), transpiration rate (E), and water use efficiency (WUE) were compared. WUE increased in all species primarily due to an increase in PN and not to a decrease in E.

Baigorri et al. (1999) 
studied reproductive response of two morphologically different pea cultivars to drought in Spain. They found that water use by semi-leafless peas (Pisum sativum L.) is usually less than that of conventional peas because of their reduced surface leaf area, suggesting that semi-leafless peas would be less sensitive to drought because drought develops later. Results demonstrate that when plants suffered the same level of drought in the soil, the reproductive response of the two cultivars was linked to differences in their WUE.


Deblonde et al. (1999) studied responses of early and late potato cultivars to moderate drought conditions by considering of agronomic parameters and carbon isotope discrimination. They measured tolerance to a decrease in water supply (TDWS) and carbon isotope discrimination (∆). TDWS values of mid–late cultivars were higher than those of early cultivars in the case of early drought indicating that later cultivars support better a drought stress in the early part of the season. There was no difference between the values of ∆ observed for early and late cultivars. 

Flenet et al. (1996) investigated sunflower response to a range of soil water contents in France. They studied three levels of stress intensity, defined by pre-dawn leaf water potential. Water stress resulted in an increase in harvest index and water-use efficiency. In stressed treatments, leaf area decreased through a drop in leaf expansion and net photosynthesis declined linearly with leaf water potential. The relationship between net photosynthesis and leaf water potential was not affected by the level of stress intensity and the allocation of photosynthates to the head was similar in all stressed treatments. Thus, in that study they concluded that sunflower responded to water stress in the same way for all stress intensities.

Katerji et al. (2008) 
studied water use efficiency of crops cultivated in the Mediterranean region. Their conclusion highlighted the actual gap concerning WUE in the Mediterranean region. This gap constituted a field of research designated to ameliorate WUE of agriculture in this region. 


Mogensen et al. (1997) studied pod photosynthesis and drought adaptation of field grown rape (Brassica napus L.). In severely droughted plants, the photosynthetic rate was reduced to 38%. The seed growth rate, however, was not influenced by intermittent periods of water stress, indicating translocation of assimilates to the seeds. The drought resistant character of the pods was due to low specific area, succulence, low stomata conductance. A mathematical formulation of the pod water release curve was undertaken.

Sharma et al. (1984) investigated the effect of soil moisture regimes on the yield and water use of lentil (Lens culinaris Medic). The grain and straw yield, consumptive water use rate, Cu/Eo ratio and water use efficiency increased with an increase in irrigation frequency. Consumptive water use rate increased as the crop season advanced and reached its peak value during flowering and grain filling stage. The Cu/Eo ratio attained its minimum values 35 and 105 days after sowing at branching and grain filling stages. During the grain development stage the soil moisture treatment had no significant effect on the relative contribution from different soil layers under low and high soil moisture tension as the crop was irrigated at the same time under both these treatments. With no irrigation, the percent contribution from top soil layer continued to decrease, and from lower soil layers continued to increase, as the crop advanced from flowering stage to grain development stage.

Jaoudé et al. (2008) analyzed the effect ozone on soybean in the Mediterranean region by considering the consequences on growth, yield and water use efficiency. In well-watered conditions, an increase in ozone concentration led to a reduction in leaf area, dry matter and reproductive organs. On the other han, an increase in ozone had no effect on plants in water-stressed conditions. At a high level of ozone concentration, there was a reduction in yield and in WUE in comparison with the control treatment. The reduction in yield was due to a lower number of pods per plant and 1000-grain weight. Despite changes in the grain yield, the yield quality was not altered by ozone. 

Bloch et al. (2006) studied the impact of water supply on photosynthesis, water use and carbon Isotope discrimination of sugar beet genotypes in Germany. They considered three different sugar beet genotypes to three watering regimes (100, 50 and 20% of water holding capacity). They studied whether 13C discrimination (∆) is suitable as an indirect measure for WUE of sugar beet. They concluded that reductions in ∆ in drought-stressed plants corresponded to higher WUE. ∆ was proven to be a sensitive indicator for water availability during the growing period. 
Mastrorilli et al. (1999) studied effects of soil water deficit at different vegetative growth stages of sweet sorghum on water use efficiency during three seasons at Rutigliano (Bari, Italy). They obtained an evaluation of the sensitivity of phenological stages subjected to identical water stress by comparing the above-ground biomass and WUE of drought crops with those of the well-irrigated crop. The sensitivity was greatest at the early stage (‘leaf ’), when a temporary soil water stress reduced the biomass production.  

Trethowan et al. (2005) studied the relationship between grain yield and carbon isotope discrimination in bread wheat under four water regimes. They proposed carbon isotope discrimination (∆) and ash content (ma) as selection criteria for grain yield of wheat grown under drought stress. Leaf ∆ was positively related with yield only under postanthesis water stress. Significant correlation was found between leaf ma and grain yield under full irrigation and postanthesis water stress. Leaf ma was positively correlated with grain ∆ under postanthesis water stress. They suggested that under postanthesis water stress, grain ∆ and leaf ma may be used as indirect selection criteria for yield, and leaf ma could be useful for predicting yield under well-watered conditions.

Triboi et al. (2006) tried to find environmental and genetic relationships between grain yield and nitrogen concentration for wheat in France. ﻿Their analysis of the evolution of crop yield revealed a change in grain composition: increases in yield have led to a decrease in the protein to starch or oil ratios. Under limiting N conditions, grain N concentration was more sensitive to yield variation than under non-limiting N conditions. Three major conclusions was drawn from their results: (1) the negative relationship between grain yield and protein concentration was primarily determined at the stem level; (2) the grain itself was more limiting for starch synthesis than for protein synthesis and (3) overall any increase in yield was followed by an increase of N utilization and use efficiency. 




Siddique et al. (2001) 
made a research about water use and water use efficiency of cool season grain legumes in low rainfall Mediterranean-type environments. The major traits of adaptation for grain legume species producing large yields in short season environment are early flowering, and pod and seed set before the onset of terminal drought. Early phenology together with rapid ground cover and dry matter production allowed greater water use in the post flowering period. This led to greater partitioning of dry matter into seed, which was reflected in greater harvest index (HI) and WUEgr. Improvement in the adaptation of other grain legume species to short season Mediterranean-type environments required increased early growth for rapid ground cover and improved tolerance to low temperatures during flowering and podding.

Ritchie et al. (2008) studied the role of agronomic management and found that water use efficiency is not constant when crop water supply is adequate or fixed. They used the crop simulation model CERES. Maize CERES model assess how plant population, genetic type and weather influence yields and WUE. The simulated yield responsed to a wide range of plant densities to obtain near maximum yield and WUE.


Anya et al. (2004) made a research about water-use efficiency, leaf area and leaf gas exchange of cowpeas under mid-season drought in Germany. They grew ten cowpea genotypes in a growth chamber. Water deficit was induced by withholding irrigation until the soil water potential was −75kPa. They investigated variation in water use efficiency (WUE), leaf area, specific leaf area (SLA), leaf area ratio (LAR) and leaf gas exchange (i.e. assimilation, transpiration, stomata conductance and internal CO2 concentration) in response to water deficit. Water deficit improved the WUE of two genotypes but caused moderate to huge reductions in most genotypes. 
Qia et al. (2005) introduced the Broom’s Barn sugar beet growth model and its adaptation to soils with varied available water content in United Kingdom and Germany. They found that the important environmental variables that determine sugar beet growth and yield are: temperature, radiation, rainfall, potential evapotranspiration and soil available water capacity (AWC). Their result showed that it is important to understand the integrated effects of these variables on the production of crop dry matter and sugar yield if reliable mathematical models are required to accurately predict sugar beet growth and yield between years and across different soil conditions. 
Kipnis et al. (1989) researched the effect of drought on alfalfa production in a Mediterranean environment.  A balance between saving of irrigation water and the expected loss of yield was determined. It is suggested that when water resources are limited in summer, irrigation of an established stand of alfalfa can be adjusted to water availability, without a decrease in water use efficiency.

Zhang et al. (1990) investigated mepiquat chloride seed treatment and germination temperature effects on cotton growth, nutrient partitioning, and water use efficiency. In general, the highest rate of MC seed treatment resulted in greater concentrations of calcium, phosphorus, and nitrogen in plant leaves and stems and also in greater concentrations of magnesium, phosphorus, and nitrogen in roots than in controls.

Yadav et al. (1982) 
investigated the effect of irrigation and antitranspirants on evapotranspiration, water use efficiency and moisture extraction patterns of barley. An increase in irrigation frequency increased ET and decreased WUE. The unirrigated barley extracted relatively more, but absolutely less moisture than the irrigated barley from the deeper soil layers. 
1.4.2 Increasing water use efficiency by improving irrigation methods and scheduling

1.4.2.1 Irrigation methods

Irrigated agriculture is applied under water scarcity. Insufficient water supply for irrigation will the norm rather than the exception, and therefore irrigation management will shift from emphasizing production per unit area towards maximizing the production per unit of water consumed the water productivity. To cope with scarce supplies, deficit irrigation, defined as the application of water below full crop-water requirements (evapotranspiration), is an important tool to achieve the goal of reducing irrigation water use. Fereres et al. 2007 used this method for reducing agricultural water use in Spain. While deficit irrigation is widely practiced over millions of hectares for a number of reasons it has not received sufficient attention in research. They consider its use in reducing water consumption for biomass production, and for irrigation of annual and perennial crops. They found that there is potential for improving water productivity in many field crops and there is sufficient information for defining the best deficit irrigation strategy for many situations. One of their conclusions is that the level of irrigation supply under deficit irrigation should be relatively high in most cases, one that permits achieving 60–100% of full evapotranspiration. They studied several cases on the successful use of regulated deficit irrigation (RDI) in fruit trees and vine. The results showed that RDI not only increases water productivity, but also farmers’ profits. Research linking the physiological basis of these responses to the design of RDI strategies is likely to have a significant impact in increasing its adoption in water-limited areas.

Topcu et al. (2007) made a research in Turky about yield response and N-fertilizer recovery of tomato grown under deficit irrigation. ﻿In search of new innovations for saving irrigation water, they studied fruit yield response and N-fertiliser recovery of greenhouse grown spring-planted tomato (Lycopersicon esculentum Mill., cv. F1 Fantastic) as influenced by deficit irrigation, imposed using either conventional deficit irrigation (DI) or partial root drying (PRD). They tested three irrigation treatments: (1) FULL, control treatment where the full amount of irrigation water, which was measured using Class-A pan evaporation data, was applied uniformly on the two halves of plant-root zone; (2) PRD,50% deficit irrigation in which wetted and partially dry halves of the root-zone were interchanged every irrigation; (3) DI, conventional deficit irrigation maintained at 50% deficit, compared to FULL irrigation, with water applied on the both halves of the root-zone. During a growth period of 153 days, they measured the highest fruit yield of 145.4 t ha−1 under FULL irrigation treatment, which was followed by PRD and DI treatments with statistically lower (P ≤ 0.01) yields of 114.6 and 103.4 t ha−1, respectively. Irrigation water use efficiencies (IWUE) of both deficit treatments were significantly (P ≤ 0.01) higher (52.7% for PRD and 38.3% for DI) compared to FULL irrigation. Nitrogen-fertiliser recovery was over 70%, with no significant difference among the irrigation treatments. Both deficit treatments (DI and PRD) showed lower values of leaf water potential, photosynthetic rate and stomatal conductance compared to FULL irrigation. Before irrigation, xylem-sap abscisic acid (ABA) concentrations were 28% and 38% higher under water-stressed deficit treatments DI0 and PRD, respectively, compared to FULL irrigation, and the high ABA concentrations was maintained only under PRD effect, following irrigation. The results of their work suggested that PRD practices can be viable and advantageous compared to conventional techniques to minimize crop-yield reductions during deficit irrigation. 


Demir et al. (2007) studied deficit irrigation of sunflower (Helianthus annuus L.) in a sub-humid climate in Turky.In their research the response of sunflower (Helianthus annuus L.) to 14 irrigation treatments in a sub-humid environment (Bursa, Turkey) was studied in the field for two seasons. A rainfed (non-irrigated) treatment as the control and 13 irrigation treatments with full and 12 different deficit irrigations were applied to the hybrid Sanbro (Novartis Seed Company) planted on clay soil, at three critical development stages: heading (H), flowering (F) and milk ripening (M). The yield increased with irrigation water amount, and the highest seed yield (3.95 t ha−1) and oil yield (1.78 t ha−1) were obtained from the HFM treatment (full irrigation at three stages); 82.9 and 85.4% increases, respectively, compared to the control. Evapotranspiration (ET) increased with increased amounts of irrigation water supplied. The highest seasonal ET (average of 652 mm) was estimated at the HFM treatment. Additionally, yield response factor (k y) was separately calculated for each, two and total growth stages, and k y was found to be 0.8382, 0.9159 (the highest value) and 0.7708 (the lowest value) for the total growing season, heading, and flowering-milk ripening combination stages, respectively. They concluded that HFM irrigation is the best choice for maximum yield under the local conditions, but these irrigation schemes must be re-considered in areas where water resources are more limited. In the case of more restricted irrigation, the limitation of irrigation water at the flowering period should be avoided; as the highest water use efficiency (WUE) (7.80 kg ha−1 mm−1) and irrigation water use efficiency (IWUE) (10.19 kg ha−1 mm−1) were obtained from the F treatment.  

Sezen et al. (2006) carried out a research about wheat yield response to line-source sprinkler irrigation in the arid Southeast Anatolia region of Turkey. A field experiment was conducted by them for wheat (Triticum durum L.) during the period 1993–1996. Two line-source sprinkler laterals were used in order to create gradually varying deficit irrigation treatments (I1 through I5) with the two fixed irrigation intervals of 7-day (IF1) and 14-day (IF2). Irrigation water was applied based on cumulative Class-A Pan evaporation for the irrigation interval of 7-day (IF1I1); and to replenish soil water deficit in the 90 cm depth to the field capacity for the 14-day irrigation interval in treatment plots adjacent to sprinkler lateral (IF2I1).Their results revealed that grain yield response to irrigation varied considerably due to differences in soil water contents and winter rainfall distribution in the experimental years. Highest average grain yields were attained from the highest irrigation level (I1) with 7-day interval in 1994, 1995 and 1996 as 8340, 6720, and 8070 kg/ha, respectively. The corresponding yield values for the 14-day treatment plots were 7720, 7130, and 7600 kg/ha. Yields of the least watered treatment (I5) varied with seasonal rainfall and its distribution. Grain yields decreased with increasing distance from the line-source in both irrigation intervals. Severe soil water deficits significantly decrease grain yield. The two irrigation intervals for the same water level resulted in similar yields. ET was largest in the treatment plots adjacent to the laterals (I1). Seasonal water use increased with increasing irrigation levels. Soil water deficit significantly reduced ET, which mainly depends on irrigation amounts. Seasonal water use of wheat in I1 treatment ranged from 571 to 721 mm in three experimental years. The crop coefficients (Kc) curves were developed for the different treatments using the reference ET and actual monthly ET values during the experimental years. Kc values ranged from 0.6 during initial stage to 1.35 at anthesis for the I1F1 irrigation treatment. Significant linear relationships (R2 = 0.81) between water use and grain yield were obtained in each season. The highest dry matter yield was obtained from I1 treatment plots in the experimental years. Yield response factor (ky), which is the slope of relative evapotranspiration deficit and relative yield reduction, for wheat was calculated as 1.01. Consistently higher values of harvest index (HI) were obtained from the I1 treatment plots. HI decreased with decreasing irrigation water amount. The highest WUE averaging 14.2, 14.9 and 12.6 kg/ha/mm were obtained in IF1I2, IF2I4, and IF1I4 treatments, respectively in 1993/1994, 1994/1995 and 1995/1996 growing seasons. Severe deficit irrigation treatment I5 in general resulted in minimum WUE in the experimental years. 

Agriculture needs to increase its production with a small amount of available fresh water. Deficit irrigation (DI) is now widely been investigated as one of the solutions for this problem. Geerts et al. (2008) tried to introduce deficit irrigation to stabilize yields of quinoa (Chenopodium quinoa Willd.). In that study the effects of concentrated drought stress in various phenological stages of quinoa on total production were assessed in above-ground mini-lysimeters under controlled conditions in the Bolivian Altiplano. From the results of the controlled experiment a promising DI strategy was obtained which consisted in mitigating droughts during plant establishment and during the reproductive stage (flowering and early grain filling). The DI strategy was tested in the field by respecting local agricultural practices and compared with full irrigation (FI) and rainfed treatments. The field experiments were conducted in two locations in the central Bolivian Altiplano (Patacamaya and Condoriri) and in two cropping seasons (2005–2006, and 2006–2007). The performance of quinoa in all experiments was assessed by measuring total seed yield, seed size, harvest index (HI) and water use efficiency (WUE). From the controlled experiment, the negative effect of continuous drought was demonstrated. The milky grain phase was observed as being most sensitive to drought stress, followed by the flowering stage. Drought stress after emergence till the 6-leaf stage and from the 6-leaf stage till the 12-leaf stage did not cause lower yields and resulted in equal or higher WUE than FI. In Condoriri no significant differences were found between the DI and rainfed treatment as a result of the good rainfall distribution during the critical phenological stages. The DI strategy in Patacamaya in 2005–2006 resulted in significantly higher yields (2 Mg/ha) and 1000 seed mass (5.5 g) as compared to the rainfed treatment (1.7 Mg/ha and 4.2 g, respectively). The field experiment of 2006–2007 indicated that additional irrigation during the late vegetative stage is redundant and that a DI strategy with irrigation only during plant establishment is insufficient. A significant, negative linear relation was demonstrated in the mini-lysimeter and field experiments between pre- and post-anthesis ETa and WUE, indicating the extra harmful character of droughts during flowering and grain filling if the crop did not suffer drought stress before flowering. From the field results, former studies and observations in farmers’ fields, indicative values for the net irrigation requirement, expected yields and WUE for various management conditions, irrigation applications and for different types of years were derived. It is believed that quinoa yields can be stabilized at 1.2 up to 2 Mg/ha with the help of DI by applying only half of the irrigation water required for full irrigation.

A field experiment was conducted by Zhang et al. (2006) in 2003 and 2004 growing seasons to evaluate the effects of regulated deficit irrigation on yield performance in spring wheat (Triticum aestivum) in an arid area. Three regulated deficit irrigation treatments designed to subject the crops to various degrees of soil water deficit at different stages of crop development and a no-soil-water-deficit control was established. Soil moisture was measured gravimetrically in the increment of 0–20 cm every five to seven days in the given growth periods, while that in 20 increments to 40, 40–60, 60–80, and 80–100 cm depth measured by neutron probe. Compared to the no-soil-water-deficit treatment, grain yield, biomass, harvest index, water use efficiency (WUE), and water supply use efficiency (WsUE) in spring wheat were all greatly improved by 16.6–25.0, 12.4–19.2, 23.5–27.3, 32.7–39.9, and 44.6–58.8% under regulated deficit irrigation, and better yield components such as thousand-grain weight, grain weight per spike, number of grain, length of spike, and fertile spikelet number were also obtained, but irrigation water was substantially decreased by 14.0–22.9%. The patterns of soil moisture were similar in the regulated deficit treatments, and the soil moisture contents were greatly decreased by regulated deficit irrigation during wheat growing seasons. Significant differences were found between the no-soil-water-deficit treatment and the regulated soil water deficit treatments in grain yield, yield components, biomass, harvest index, WUE, and WsUE, but no significant differences occurred within the regulated soil water deficit treatments. Yield performance proved that regulated deficit irrigation treatment subjected to medium soil water deficit both during the middle vegetative stage (jointing) and the late reproductive stages (filling and maturity or filling) while subjected to no-soil-water-deficit both during the late vegetative stage (booting) and the early reproductive stage (heading) (MNNM) had the highest yield increase of 25.0 and 14.0% of significant water-saving, therefore, the optimum controlled soil water deficit levels in this study should range 50–60% of field water capacity (FWC) at the middle vegetative growth period (jointing), and 65–70% of FWC at both of the late vegetative period (booting) and early reproductive period (heading) followed by 50–60% of FWC at the late reproductive periods (the end of filling or filling and maturity) in treatment MNNM, with the corresponding optimum total irrigation water of 338 mm. In addition, the relationships among grain yield, biomass, and harvest index, the relationship between grain yield and WUE, WsUE, and the relationship between harvest index and WUE, WsUE under regulated deficit irrigation were also estimated through linear or non-linear regression models, which indicate that the highest grain yield was associated with the maximum biomass, harvest index, and water supply use efficiency, but not with the highest water use efficiency, which was reached by appropriate controlling soil moisture content and water consumption. The relations also indicate that the harvest index was associated with the maximum biomass and water supply use efficiency, but not with the highest water use efficiency.

Deng et al. (2006) made a research about Improving agricultural water use efficiency in arid and semiarid areas of China. This study covered biological mechanisms of water-saving agriculture and water-saving irrigation technologies, including low pressure irrigation, furrow irrigation, plastic mulches, drip irrigation under plastic, rainfall harvesting and terracing. In addition, this research addressed the compensatory effect of limited irrigation and fertilizer supplementation on water use efficiency and highlights the need to breed new varieties for high water use efficiency. Considerable potential for further improvement in agricultural water use efficiency in the region depends on effective conservation of moisture and efficient use of the limited water.

Webber et al. (2006) made a research about water use efficiency of common bean and green gram grown using alternate furrow and deficit irrigation. In that study water use efficiency (WUE) of two water saving irrigation technologies were evaluated for two legumes, grown as a second crop, in the Fergana Valley of Uzbekistan. Conventional and alternate furrow irrigation and three irrigation schedules were used to irrigate food legumes in a field experiment conducted over two growing seasons (2003 and 2004) after winter wheat harvest. The treatments consisted of factorial combinations of three factors, organized following a split-plot randomized complete block design with four blocks: three irrigation schedules (recommended, moderate and severe depletions) as the main plot factor and combinations of the two irrigation strategies (conventional and alternate furrow irrigation) and two crops (green gram and common bean) as the two sub-plot treatment. The WUE was quantified for commercial yield, above ground biomass and root biomass per unit of water consumed by the crop. The results of this study indicate the WUE for both commercial yield and biomass were approximately twice as high for green gram as bean. Conversely, the water use efficiency for root biomass in bean (0.15 kg m−3) was slightly higher than in green gram (0.13 kg m−3). WUE increased in green gram when deficit irrigation or alternate furrow irrigation were practiced, whereas it remained constant in bean for all treatment combinations. These results suggest that common bean is not as well suited to water scarce conditions as green gram. Alternate furrow irrigation and deficit irrigation are appropriate methods to increase WUE, allowing application of less irrigation water, particularly, for green gram production.

Bouman et al. (2001) suggested a method for field water management to save water and increase its productivity in irrigated lowland rice. In this research they found that water input can be reduced by reducing pounded water depths to soil saturation or by alternate wetting/drying. Water savings under saturated soil conditions were on average 23% (±14%) with yield reductions of only 6% (±6%). Yields were reduced by 10–40% when soil water potentials in the root zone were allowed to reach −100 to −300 mbar. In clayey soils, intermittent drying may lead to shrinkage and cracking, thereby risking increased soil water loss, increased water requirements and decreased water productivity. Water productivity in continuous flooded rice was typically 0.2–0.4 g grain per kg water in India and 0.3–1.1 g grain per kg water in the Philippines. Water-saving irrigation increases water productivity, up to a maximum of about 1.9 g grain per kg water, but decreases yield. It therefore does not produce more rice with less water on the same field. Field-level water productivity and yield can only be increased concomitantly by improving total factor productivity or by raising the yield potential. Total rice production can be increased by using water saved in one location to irrigate new land in another. If this is not done, a strategy of saving water at the field level potentially threatens total rice production at large.
Subsurface drip system is the latest method of irrigation. The design of subsurface drip system involves consideration of structure and texture of soil, and crop’s root development pattern. Patel et al. (2008) studied the effect of subsurface drip irrigation on onion yield. In their research, a 3-year experiment was conducted on onion (Allium Cepa L., cv. Creole Red) in a sandy loam soil from October to May in 2002–2003, 2003–2004 and 2004–2005 to study the effect of depth of placement of drip lateral and different levels of irrigation on yield. Tests for uniformity of water application through the system were carried out in December of each year. Three different irrigation levels of 60, 80 and 100% of the crop evapotranspiration and six placement depths of the drip laterals (surface (0), 5, 10, 15, 20 and 30 cm) were maintained in the study. Onion yield was significantly affected by the placement depth of the drip lateral. Maximum yield (25.7 t ha−1) was obtained by applying the 60.7 cm of irrigation water and by placing the drip lateral at 10 cm soil depth. Maximum irrigation water use efficiency (IWUE) (0.55 t ha−1 cm−1) was obtained by placing the drip lateral at 10 cm depth. The greater vertical movement of water in the sandy-loam soil took place because of the predominant role of gravity rather than that of the capillary forces. Therefore, placement of drip lateral at shallow depths is recommended in onion crop to get higher yield.

Subsurface drip irrigation (SDI), low-energy precision application (LEPA), and spray irrigation can be very efficient by minimizing water losses, but relative performance may vary for different irrigation system capacities, soils, crops, and climates. A three-year study was conducted at Bushland, Texas, in the Southern High Plains by Colaizzi et al. (2003) to compare SDI, LEPA, and spray irrigation for grain sorghum on a slowly permeable Pullman clay loam soil. Performance measures were grain yield, seed mass, soil water depletion, seasonal water use, water use efficiency (WUE), and irrigation water use efficiency (IWUE). Each irrigation method was compared at five irrigation levels: 0%, 25%, 50%, 75%, and 100% of crop evapotranspiration. The irrigation levels simulated varying well capacities typically found in the region and dryland conditions. In all three years, SDI had greater yield, WUE, and IWUE than other irrigation methods at the 50% irrigation level and especially at the 25% level, whereas spray outperformed SDI and LEPA at the 75% and 100% levels. Differences in seed mass, soil water depletion, and seasonal water use were usually insignificant at the 25% and 50% levels and inconsistent at the 75% and 100% levels. Performance was most sensitive to irrigation level, then year, and then irrigation method, although relative rankings of performance for each irrigation method within an irrigation level were consistent across years. For this climate and soil, SDI offers the greatest potential yield, WUE, and IWUE for grain sorghum when irrigation capacities are very low.

Sammis et al. (1988) studied the effects of limited irrigation on lettuce and Chinese cabbage yields. In their study, Yield response of lettuce (Lactuca sativa L.) and Chinese cabbage (Brassica campestris L. Group pekinensis) to eight different drip irrigation rates was determined in 1980–1984 at Lalamilo, Hawaii. Treatments were arranged in a gradient irrigation design replicated three times and were irrigated daily with amounts ranging from 0.76 mm to 6.09 mm. Yield response from a 0 treatment, equal to rainfall, was also measured. Marketable yield increased linearly with increased water application up to 49.7 Mg/ha for lettuce and 73.1 Mg/ha for Chinese cabbage with an associated seasonal evapotranspiration of 205 mm and 209 mm for lettuce and Chinese cabbage, respectively. The relationship between deficit relative yield (yield divided by maximum yield) and deficit relative evapotranspiration (evapotranspiration divided by maximum evapotranspiration) was linear with a deficit response coefficient of 1.07 for lettuce and 1.35 for Chinese cabbage. Marketable percentage of total potential biomass production decreased linearly with a decrease in marketable yield. Lettuce head size also decreased linearly with a decrease in marketable yield. Water use efficiency (yield divided by water applied) was 24 and 36 kg/m3 of water for lettuce and Chinese cabbage, respectively.

Gallardo et al. (1996) studied about production and water use in lettuces under variable water supply. In their research, the effects of a variable water supply on the water use, growth and yield of two crisphead and one romaine (i.e., Cos) lettuce cultivar were examined in a field experiment using a line source sprinkler system that produced a range of water regimes that occur in growers fields. Four locations at increasing distances from the main line were monitored through the season (i.e., from thinning to harvest, 28–63 days after planting (DAP)). These locations at the end of the season corresponded to: (1) rewatering to field capacity (FC); (2) watering with a volume 13% below that required in the field capacity treatment (0.87*FC); (3) 30% below FC (0.70*FC); and (4) 55% below FC (0.45*FC). A linear production function for dry matter accumulation and fresh weight vs. crop evapotranspiration (ETc) was determined for lettuce during this period, giving a water use efficiency for dry matter of 1.86 g m–2 mm–1 and for fresh weight of 48 g m–2 mm–1 . For lettuce irrigated to field capacity, ETc between thinning and harvest was 146 mm; maximum crop coefficients of 0.81–1.02 were obtained at maturity (55–63 DAP). For the three irrigation treatments receiving the largest water application, ETc was higher in the Cos culivar than in the two crisphead lettuce cultivars which had similar ETc. Plant fresh weight was more sensitive than dry weight to reduction in water supply. In the FC treatment, root length density and soil water extraction were greatest in the top 0–45 cm, and decreased rapidly below 45 cm depth. Soil water extraction by roots increased at lower depths when irrigation was reduced. Instantaneous rates of leaf photosynthesis and leaf water potential showed no response to the irrigation treatments in this study, despite differences in biomass production. Evaporation was determined to be the major component of ETc for 45 of the 63 days of the growing season. The large loss of water by evaporation during mid-season and the apparent insensitivity of lettuce to the volume of irrigation during this period may provide an opportunity for reducing irrigation applications.

Aujla et al. (2008) made a research about response of normally sown and paired sown cotton to various quantities of water applied through drip system. In that research the field experiments were conducted for 2 years to evaluate the response of normally sown and paired sown cotton in terms of seed cotton yield and water use efficiency (WUE) at various levels of water applied through drip system. Drip irrigation under normal sowing resulted in an increase in seed cotton yield of 14 and 32% during first and second year, respectively, when same quantity of water was applied through drip and check-basin. Drip irrigation under dense paired sowing, in which the quantity of water applied was 75% as compared to drip under normal sowing, produced equal seed cotton yield during first year but yield increase of 27% was observed during second year. Drip irrigation under normal paired sowing, in which the quantity of water applied was 50% as compared with drip under normal sowing, resulted in a reduction in seed cotton yield of 11 and 15% than normal sowing during first and second year, respectively. However, at equal levels of water applied, dense paired sowing produced 12 and 23% higher seed cotton yield than normal sowing during first and second year, respectively. Similarly, normal paired sowing produced 6 and 14% higher seed cotton yield than normal sowing during first and second year, respectively, the study revealed that dense paired sowing produced highest yield and water use efficiency along with reduction in cost owing to lower number of laterals required.

Partial root zone drying (PRD) is a water-saving irrigation practice which involves watering only part of the rhizosphere at each irrigation with the complement left to dry to a pre-determined level. Zegbe et al. (2006) studied the effect of PRD at different phenological stages, on yield, fruit growth, and quality of the processing tomato cv. ‘Petopride’. In that research, the treatments were: daily full irrigation (FI) on both sides of the root system considered as the control, and PRD treatments applied at three phenological stages. These were: during the vegetative stage until the first truss was observed (PRDVS–FT), from the first truss to fruit set (PRDFT–FS), and from fruit set to harvest (PRDFS–H). In some occasions, leaf xylem water potential was lower in each PRD period than in FI. Number of fruits, total fresh and dry weight of fruit per plant, harvest index, and fruit growth were lower in PRDFT–FS and PRDFS–H plants than in FI and PRDVS–FT plants. However, irrigation water use efficiency, on a dry weight basis, was the same among the treatments. For PRDFT–FS and PRDFS–H treatments, mean fresh weight of fruit and fruit water content were reduced and dry matter concentration of cortex and total soluble solids concentration of fruit increased compared with FI and PRDVS–FT treatments. Incidence of blossom-end rot was the same among PRDVS–FT, PRDFS–FH, and FI fruit, but it was higher in PRDFT–FS fruit. Fruit skin colour was the same among treatments. Total dry weight of fruit per plant decreased by 23% for PRDFT–FS and by 20% for PRDFS–H relative to FI. Fruit quality improvement in PRDFS–H could compensate for the reduction in total dry weight of fruit where water is expensive for tomato production. 

The use of partial root-drying (PRD) irrigation implies doubling pipelines instead of using a conventional single pipeline. However, pipelines can be spaced a short distance apart (e.g. 1 m) along the vine row (“D” layout) or joined with cable ties and laid as a single pipeline (“S” layout). Pipelines in “S” configuration are laid under the vine row, and in “D” at both sides of the vine row. These two different layouts can change the wetted soil zone and affect grapevine response to irrigation. Marsal et al. (2008) worked on evaluation of partial root-zone drying for potential field use as a deficit irrigation technique in commercial vineyards according to two different pipeline layouts. The focus of their study was on establishing the role of pipeline layout in vine-grape (cv. ‘Tempranillo’) response under semi-arid conditions in which PRD is managed as a deficit irrigation technique. Six irrigation treatments were applied, which resulted from the combination of Control (C, full irrigation), PRD and seasonal sustained deficit irrigation (SSDI), and “S” and “D” pipeline layouts. SSDI and PRD were irrigated to 50% C throughout the irrigation season, and C irrigation was scheduled according to a crop water balance technique. Midday stem water potential (Ψstem) and leaf conductance (gl) indicated that, on the whole, PRD treatments had a slightly higher water status than SSDI treatments, but a substantially lower status than C treatments. Use of the “D” pipeline layout significantly reduced Ψstem in both PRD and SSDI treatments and in some instances for Control conditions, too. Berry yield, vine intercepted radiation, leaf abscisic acid (ABA) and gl were highly correlated with Ψstem. Differences in water status between PRD-S and SSDI-S, according to a sub-surface irrigation test, seemed to be more related to changes in soil evaporation losses and irrigation efficiency than to any intrinsic PRD effect. PRD-S accounted for water savings equivalent to 10% according to the ratio between applied water and grape production for the SSDI-S treatment, whereas PRD-D berry yield was not significantly different from that associated with the SSDI-S treatment. In conclusion, under the growing conditions of this experiment, PRD-S offered the possibility of slightly improving water conservation when irrigation was applied to the soil surface.

For trickle irrigation systems to deliver improved water- and nutrient-use efficiency, distance between emitters and emitter flow rates must be matched to the soil’s wetting characteristics and the amount and timing of water to be supplied to the crop. Broad soil texture ranges (e.g. sand, loam, clay) are usually the only information related to soil wetting used in trickle system designs. Thorburn et al. (2003) studied on soil-dependent wetting from trickle emitters. In that study, dimensions of wetted soil were calculated from hydraulic properties of 29 soils covering a wide range of textures and soil hydraulic properties to assess the impact of soil texture and/or type on soil wetting patterns. The soils came from two groups that differed in the extent to which hydraulic properties depended on soil texture. Vertical and radial distances to the wetting front from both surface and buried emitters were calculated for conditions commonly associated with daily irrigation applications in a widely spaced row crop (sugarcane) and horticultural crops. In the first group of soils, which had least expression of field structure, the wetted volume became more spherical (i.e. the wetted radius increased relative to the depth of wetting below the emitter) with increasing clay content, as is commonly accepted. However, in the second group of soils in which field structure was preserved, there was no such relationship between wetted dimensions and texture. For example, five soils with the same texture had as great a variation in wetting pattern, as did all 11 soils in the first group, indicating the considerable impact of field structure on wetting patterns. The implications of the results for system design and management were illustrated by comparing current recommendations for trickle irrigation systems in coastal northeastern Australia with the calculated wetted dimensions. The results suggest that (1) emitter spacing recommended for sugarcane are generally too large to allow complete wetting between emitters, and (2) the depth of wetting may be greater than the active root zone for both sugarcane and small crops in many soils, resulting in losses of water and chemicals below the root zone. We conclude that texture is an unreliable predictor of wetting and there is no basis for adopting different dripper spacing in soils of different textures in the absence of site-specific information on soil wetting. Such information is crucial for the design of efficient trickle irrigation systems.

The timely application of irrigation water to a crop is essential for optimizing yield and production efficiency. The [image: image38.png]


Biologically Identified Optimal Temperature Interactive Console (BIOTIC)[image: image39.png]


 is an irrigation protocol that provides irrigation scheduling based upon measurements of canopy temperatures and the temperature optimum of the crop species of interest. Mahan et al. (2005) suggested a method for determination of temperature and time thresholds for BIOTIC irrigation of peanut on the Southern High Plains of Texas. One of the goals of their study was to document the gradual development of the method and its implementation. Two threshold values are required to implement BIOTIC irrigation of a crop in a given region, a species-specific temperature threshold and a species/environment-specific time threshold. The temperature threshold, an indication of the thermal optimum for the plant, is derived from the thermal dependence of its metabolism. The time threshold, which represents the average amount of time each day that the canopy temperature of the well-watered crop will exceed the temperature threshold, is calculated from weather data. Interest in the use of BIOTIC for irrigation scheduling for peanut (Arachis hypogaea L.) resulted in this study in which the temperature and time thresholds for peanut were determined on the Texas Southern High Plains. A temperature threshold value of 27°C was determined from the thermal dependence of the reappearance of photosystem II variable fluorescence (PSII Fv) following illumination. A time threshold of 405 min was calculated from an analysis of weather data collected over the course of the 1999 growing season. The determination of these threshold values for peanut provides the basis for the application of the BIOTIC protocol to irrigation scheduling of peanut on the Southern High Plains of Texas.

Carefoot et al. (1994) investigated effect of irrigation application depth on cereal production in the semi-arid climate of southern Alberta. In their work, Different water application depths and irrigation intervals were compared for two cereal crops in southern Alberta. Four irrigation treatments and three fertilizer N treatments were applied to soft white wheat in 1987 and 1988 and barley in 1989 and 1990 on a Lethbridge loam. The treatments were light, frequent irrigation for the whole growing season (F), conventional irrigation for the whole growing season (C), light, frequent irrigation until heading, followed by conventional irrigation (FC), and conventional irrigation until heading, followed by light, frequent irrigation (CF). Fertilizer N as ammonium nitrate was broadcast in the spring at 0, 60 and 120 kg N ha-1. Light frequent irrigations for the entire growing season increased wheat straw yield compared to the conventional irrigation treatment (5211kg ha-1 vs 4152 kg ha-1, respectively). Straw yield with F irrigation for part of the growing season was intermediate between the other two irrigation treatments. Irrigation treatment did not affect soft white wheat grain yield. Barley straw yield was not affected by irrigation treatment but barley grain yield was greater for the C irrigation treatment than the F and FC treatments (4924 kg ha-1 vs 4177 kg ha-1, respectively). Lodging was evident in the barley crops, particularly with F irrigation in the first half of the growing season. Grain/straw ratios were greater for the C than the other irrigation treatments. Higher water use in the F than the C treatment in the higher water stress years (1988 and 1989) was balanced with greater vegetative growth. In the lower water stress growing seasons (1987 and 1990), higher water use in the C than the F treatment was attributed to deep percolation. Water use efficiency (WUE) was generally not affected by irrigation treatment except for barley in 1989, when lower WUE values in the F than the C treatment were associated with severe lodging.

Saeed et al. (1998) studied on forage sorghum yield and water use efficiency under variable irrigation frequency. In that study the response of forage sorghum [Sorghum bicolor (L.) Moench] to three irrigation treatments in a semiarid environment was studied in the field for two seasons. Treatments were light frequent, moderate less frequent, and heavy infrequent irrigation, where irrigation water at 8 mm day–1 was delivered every 7, 10, and 13 days, respectively. These irrigation regimes meant heavier water inputs with increasing irrigation frequency. Plant heights and leaf area indices of forage sorghum were higher in the frequently watered plots than in plots where irrigation water was delivered less frequently. Averaged over the two seasons, maximum dry matter (DM) yields were 16.3, 11.8, and 10.5 tonnes ha–1 for frequent, intermediate, and infrequent irrigation regimes, respectively. Light, frequent irrigation resulted in a significantly higher water use efficiency (WUE) compared to the other two regimes, thus increasing the return from irrigation. These results suggest that in such semiarid environments, DM yields and WUE of forage sorghum could be increased by combining light irrigation with a short interval.

Improvements in irrigation management are urgently needed in regions where water resources for irrigation are being depleted. Santos et al. (2008) suggested an integrating satellite-based evapotranspiration with simulation models for irrigation management at the scheme level. That research combined a water balance model with satellite-based remote-sensing estimates of evapotranspiration (ET) to provide accurate irrigation scheduling guidelines for individual fields. The satellite-derived ET was used in the daily soil water balance model to improve accuracy of field-by-field ET demands and subsequent field-scale irrigation schedules. The combination of satellite-based ET with daily soil water balance incorporates the advantages of satellite remote-sensing and daily calculation time steps, namely, high spatial resolution and high temporal resolution. The procedure was applied to Genil–Cabra Irrigation Scheme of Spain, where irrigation water supply is often limited by regional drought. Compared with traditional applications of water balance models (i.e. without the satellite-based ET), the combined procedure provided significant improvements in irrigation schedules for both the average condition and when considering field-to-field variability. A 24% reduction in application of water was estimated for cotton if the improved irrigation schedules were followed. Irrigation efficiency calculated using satellite-based ET and actual applied irrigation water helped to identify specific agricultural fields experiencing problems in water management, as well as to estimate general irrigation efficiencies of the scheme by irrigation and crop type. Estimation of field irrigation efficiency ranged from 0.72 for cotton to 0.90 for sugar beet.

Bonachela et al. (2006) suggested a method for irrigation scheduling of plastic greenhouse vegetable crops based on historical weather data. In that research irrigation scheduling based on the daily historical crop evapotranspiration (ETh) data was theoretically and experimentally assessed for the major soil-grown greenhouse horticultural crops on the Almería coast in order to improve irrigation efficiency. Overall, the simulated seasonal ETh values for different crop cycles from 41 greenhouses were not significantly different from the corresponding values of real-time crop evapotranspiration (ETc). Additionally, for the main greenhouse crops on the Almería coast, the simulated values of the maximum cumulative soil water deficit in each of the 15 consecutive growth cycles (1988–2002) were determined using simple soil-water balances comparing daily ETh and ETc values to schedule irrigation. In most cases, no soil-water deficits affecting greenhouse crop productivity were detected, but the few cases found led us to also assess experimentally the use of ETh for irrigation scheduling of greenhouse horticultural crops. The response of five greenhouse crops to water applications scheduled with daily estimates of ETh and ETc was evaluated in a typical enarenado soil. In tomato, fruit yield did not differ statistically between irrigation treatments, but the spring green bean irrigated using the ETh data presented lower yield than that irrigated using the ETc data. In the remaining experiments, the irrigation-management method based on ETh data was modified to consider the standard deviation of the inter-annual greenhouse reference ET. No differences between irrigation treatments were found for productivity of pepper, zucchini and melon crops.

Implementation of improved irrigation schedules in some semiarid zones improve water efficiency and can be recommended where occasional periods of heavy rainfall may remove some of the accumulated salts. Busto et al. (2006) studied net changes of main ions in the soil profile of irrigated field plots in central Spain. They hypothesized, however, that the leaching pattern of the main ions may differ regarding their potential contribution to the total salt discharge. The experiment was conducted near Madrid in Spain on a typical Xerofluvent soil with sandy-loam texture in the first 0.5 m. For 4 years, a traditional crop rotation of corn–wheat–corn–oat (Zea mays L.–Triticum aestivum L.–Zea mays L.–Avena sativa L.) was planted and two irrigation treatments (traditional and improved) were applied only to the corn. In an experimental set-up of 24 plots, samples of the soil solutions were extracted 61 times during the experiment at soil depths of 0.4, 0.9 and 1.4 m. During the experiment, drainage volume was estimated in plots under the two irrigation schedules. Main ions in the soil solution were SO42−, Cl−, Ca2+, Na+ and HCO3−. These solutes accounted for 88% of total salt discharge under the two irrigation treatments. Two main patterns of salt leaching were observed. For most main ions, except HCO3−, the input to discharge ratio was lower than one. Also for HCO3−, the irrigation treatment did not affect the leaching pattern (higher input than discharge under the two irrigation treatments). Improved irrigation schedules can be implemented without increasing the total salt load, but attention should be paid to specific leaching patterns of individual ions.

Multiple water application is a technique use to add the required amount of water during irrigation in multiple equal parts a day instead of one complete set (single water application) during the irrigation event. The multiple water application treatments were the day time (DT), day–night time (DNT) and night time (NT) while the single water application treatments were morning time (MT) and evening time (ET). In multiple water irrigation treatments the water was added to the soil into three equal parts. The supplied irrigation water was the same for all treatments and gradually increased with plant age to cover the crop water requirement during the growing season. Ismail et al. (2008) studied on Influence of single and multiple water application timings on yield and water use efficiency in tomato (var. First power). The results revealed that multiple water application increased tomato yield by 5% over the highest yield of single water application. The DT treatment increased tomato yield by 5% and 15% compared to ET and MT treatments, respectively. For multiple water application, the DT was the best irrigation timing because it increases the tomato yield by 8% and 12% compared to DNT and NT, respectively. ET irrigation was better than MT irrigation for single water application. Multiple water application led to an increased in soil water content compared to single water application. By applying the same amount of water for all treatments, the DT treatment increased water use efficiency by 5–15% compared to ET and MT treatments of single water application. In conclusion, multiple water application is better than single water application and by choosing the proper irrigation timing, higher tomato yield resulting from efficient water management can be obtained.

Li et al. (2005) suggested a method for optimizing irrigation scheduling for winter wheat in the North China Plain. Their results showed that after a 75-mm pre-sowing irrigation, soil water content and AWC in the root zone of a 2-m soil profile during sowing were 31.1% (or 90.7% of field capacity) and 16.1%, respectively. Rainfall events were variable and showed a limited impact on AWC. The AWC decreased significantly with the growth of wheat. At the jointing stage no water deficits occurred for all treatments, at the flowering stage water deficits were found only in the rain-fed treatment, and at harvest all treatments had moderate to severe soil water deficits. The SWU in the 2-m soil profile was negatively related to the irrigation water volume, i.e. applying 75 mm irrigation reduced SWU by 28.2 mm. Regression analyses showed that relationships between ET and grain yield or WUE could be described by quadratic functions. Grain yield and WUE reached their maximum values of 7423 kg/ha and 1.645 kg/m3 at the ET rate of 509 and 382 mm, respectively. IWUE was negatively correlated with irrigated water volume. From the above results, three irrigation schedules: (1) pre-sowing irrigation only, (2) pre-sowing irrigation + irrigation at jointing or booting stage, and (3) pre-sowing irrigation + irrigations at jointing and flowering stages were identified and recommended for practical winter wheat production in the NCP.

Current irrigation scheduling is based on well-established crop coefficient and reference evapotranspiration procedures to estimate daily crop evapotranspiration (ETc). Effective irrigation scheduling and efficient irrigation water use can occur when ETc is calculated with crop coefficients representative of actual crop water use conditions. Hunsaker et al. (2007) studied on multispectral crop coefficients. The objective of this research was to evaluate irrigation scheduling using two approaches to estimate the basal crop coefficient (Kcb) during wheat experiments conducted in 2003-2004 and 2004-2005 at Maricopa, Arizona. Each Kcb approach (main treatment) included six sub treatment combinations (three plant densities and two N managements) imposed to create spatial and temporal variations in water use among experimental plots. The first approach (NDVI treatment) estimated Kcb separately for each plot based on normalized difference vegetation index (NDVI) data obtained by frequent canopy reflectance measurements. The second approach (FAO treatment) estimated Kcb uniformly for all plots based on a Kcb curve developed for standard wheat conditions. The Kcb estimates were incorporated within the FAO-56 dual crop coefficient procedures to calculate daily ETc and root zone soil water depletion (Dr). Plot irrigations were provided when the predicted Dr reached 45% of the available soil water. During both wheat experiments, considerable variations in measured soil water depletion were observed for subtreatments due to differences in crop water use rates. For the FAO treatment, mean absolute percent difference (MAPD) for predicted Dr was 27% and 40% for 2003-2004 and 2004-2005, respectively. Prediction of Dr was improved significantly for NDVI for both experiments where treatment MAPD was 17% (2003-2004) and 18% (2004-2005). Although mean irrigation application efficiency for NDVI (89%) and FAO (88%) was similar for 2003-2004, it was significantly higher for NDVI (86%) than FAO (77%) for 2004-2005. Differences for irrigation scheduling resulted in significantly lower seasonal irrigation water use for the NDVI than FAO treatment, 8% (2003-2004) and 13% (2004-2005), but did not result in appreciable treatment differences for seasonal ETc, final grain yield, and crop water use efficiency (yield per unit ETc). Consequently, a primary outcome for both experiments was significantly higher irrigation water use efficiency (yield per unit irrigation water) for NDVI than FAO. Incorporating Kcb estimates based on NDVI within existing crop coefficient algorithms provides an opportunity to improve wheat irrigation scheduling strategies for conserving irrigation water while maintaining grain yield potentials.

Tabbal et al. (2002) researched on on-farm strategies for reducing water input in irrigated rice; case studies in the Philippines. This research reported results of on-farm experiments in the Philippines to reduce water input by water-saving irrigation techniques and alternative crop establishment methods, such as wet and dry seeding. With continuous standing water, direct wet-seeded rice yielded higher than traditional transplanted rice by 3–17%, required 19% less water during the crop growth period and increased water productivity by 25–48%. Direct dry-seeded rice yielded the same as transplanted and wet-seeded rice, but can make more effective use of early season rainfall in the wet season and save irrigation water for the subsequent dry season. Direct seeding can further reduce water input by shortening the land preparation period. In transplanted and wet-seeded rice, keeping the soil continuously around saturation reduced yields on average by 5% and water inputs by 35% and increased water productivity by 45% compared with flooded conditions. Intermittent irrigation further reduced water inputs but at the expense of increased yield loss. Under water-saving irrigation, wet-seeded rice out-yielded transplanted rice by 6–36% and was a suitable establishment method to save water and retain high yields. Groundwater depth greatly affected water use and the possibilities of saving water. With shallow groundwater tables of 10–20 cm depth, irrigation water requirements and potential water savings were low but yield reductions were relatively small. The introduction of water-saving technologies at the field level can have implications for the hydrology and water use at larger spatial scale levels.

Zhang et al. (1999) studied water yield relations and optimal irrigation scheduling of wheat in the Mediterranean region. In this research ten years of supplemental irrigation (SI) experiments in northern Syria were conducted to evaluate water–yield relations for bread wheat (Triticum aestivum L.) and durum wheat (Triticum turgidum L.), and optimal irrigation scheduling was proposed for various rainfall conditions. The sensitive growth stages of wheat to water stress were from stem elongation to booting, followed by anthesis, and grain-filling. Water stress to which crop subjected depends on rainfall and its distribution during the growing season; the stress started from early March (stem-elongation stage) or even in seedling stage in a dry year, and from mid-April (anthesis) in an average or wet year. Crop yield linearly increased with increase in evapotranspiration (ET), with an increase of 160 kg for bread wheat and of 116 kg for durum wheat per 10 mm increase of ET above the threshold of 200 mm. Water-use efficiency (WUE) with a yield ≥3 t ha−1 was ca. 60% higher than that with yield <3 t ha−1; this emphasises the importance of that to achieve effective use of water, optimal water supply and relatively high yields need to be ensured. Quadratic crop production functions with the total applied water were developed and used to estimate the levels of irrigation water for maximizing yield, net profit and levels to which the crops could be under-irrigated without reducing income below that which would be earned for full SI under limited water resources. The analysis suggested that irrigation scenarios for maximizing crop yield and/or the net profit under limited land resource conditions should not be recommended. The SI scenarios for maximizing the profit under limited water resource conditions or for a targeted yield of 4–5 t ha−1 were recommended for sustainable utilization of water resources and higher WUE. The time of irrigation was also suggested on the basis of crop sensitivity index to water stress taking rainfall probability and available soil water into account.

Banedjschafie et al. (2008) suggested using subsoil irrigation of winter wheat to improvement of water use and N fertilizer efficiency in Germany. The objective of their investigation was, to test a new subsoil irrigation technique for obtaining high grain yields and water use efficiency in comparison with furrow irrigation still used. Clay pipes of the subsoil irrigation had a particular porosity which allowed a controlled diffusion of water out of the pipe into the soil. The pipes were imbedded into the soil at a depth of 0.3 m. Their technique was tested in field trials with winter wheat (Triticum aestivum L.) in the1992/1993 and 1993/1994 season under arid, continental climatic conditions on a representative silty loam soil. Plot size was 5m2.They found that yields were nearly twice as high under subsoil irrigation compared with furrow irrigation and with subsoil irrigation maximum grain yield (>10 Mg/ha) was already obtained with a N fertilizer rate of 50 kg N/ha.Water use efficiency (WUE) ranged from 1.64 to 3.34 in subsoil irrigation and from 0.46 to 1.2 g grain/kg water in furrow irrigation (p < 0.001). Nrelease from soil was much higher under subsoil irrigation (111–216 kg N/ha) than under furrow irrigation (−11 to 33 kg N/ha). In their results were no significant differences between the irrigation techniques for the harvest index, single grain weight and the nitrogen fertilizer agronomic efficiency (AE). The apparent nitrogen recovery (ANR%) was high particularly in the subsoil irrigation treatments and decreased with N fertilizer rates. 

Oweis et al. (1999) suggested supplemental irrigation for improving durum wheat production in Mediterranean zone.They found that in the Mediterranean zone, efforts to optimize combinations of supplemental irrigation (SI ), improved varieties,nitrogen (N) and sowing dates aim to improve and stabilize cereal yields and maintain quality, especially for durum wheat. Thus, they assessed a 4 year field study (1992/1993 to 1995/1996) on a deep clay soil in northern Syria the impact of SI (rain-fed, 1/3, 2/3 and full SI ) combined with variable N application rates (0, 50, 100, 150 kg ha−1) and sowing date (early, normal, late) for four improved durum wheat varieties adapted to rain-fed and irrigated conditions. As rainfall and evapotranspiration varied over the 4 years, the amount of SI water required also varied. Yields varied with the season, and the main factors, except variety, were significant. Delaying sowing from November to January reduced yields and response to both SI and N. With irrigation, crop responses were generally significant up to 100 N ha−1, whereas the optimum response for rain-fed conditions occurred with 50 kg N ha−1. Limited SI (1/3) significantly increased yields, but almost maximum yields were obtained by 2/3 of full SI. Water- and N-use efficiencies were greatly increased by SI, with little variation among varieties. However, irrigation and delayed sowing decreased grain protein levels, which were partially compensated for by added N. In their study a similar effect was observed for kernel vitreousness. They conclude that in most growing seasons, minimum irrigation during the winter growing season, combined with appropriate fertilization, can enhance wheat output and yet maintain grain quality.

Ümlü et al. (2007) studied cotton yields under different furrow irrigation management techniques in the Southeastern Anatolia. In their research, the continuous flow furrow irrigation (COFFI), surge flow furrow irrigation (SUFFI), cutback flow furrow irrigation (CUFFI), variable alternate flow furrow irrigation (VAFFI), and tail water reuse system furrow (TWRSF) techniques with the same inflow rate of 0.072 m3 min−1 were compared in relation to the cotton yield and water use efficiency at a 3-year field study conducted on cotton (Gossypium spp.) in the Southeastern Anatolia Project (GAP) area of Turkey. Yields revealed significant statistical differences between the furrow management techniques (P < 0.05). The maximum yield was obtained from the COFFI treatment (2,630 and 2,920 kg ha−1) in the first 2 years, and from SUFFI and CUFFI treatments (3,690 and 3,780 kg ha−1, respectively) in the last year. There were significant yield reductions, which varied from 10 to 35% in TWRSF and from 11 to 19% in VAFFI treatments although 43 and 28% more water was applied to the TWRSF than to CUFFI and SUFFI treatments, respectively. The average total water use efficiencies (WUEET) varied from 4.14 (VAFFI) to 2.59 (COFFI). The corresponding values were 0.37 and 0.36 kg ha−1 m−3 for CUFFI and SUFFI, respectively. The average irrigation water use efficiency (WUEIR) for CUFFI and SUFFI treatments were 0.30 and 0.23 kg ha−1 m−3, respectively.

Malash et al. (2008) made a research about effect of irrigation methods, management and salinity of irrigation water on tomato yield, soil moisture and salinity distribution in United Kingdom. In their study, the effects of using saline drainage water (electrical conductivity of 4.2–4.8 dS m−1) to irrigate field-grown tomato (Lycopersicon esculentum Mill cv Floradade) using drip and furrow irrigation systems were evaluated, together with the distribution of soil moisture and salt. The saline water was either diluted to different salinity levels using fresh water (blended) or used cyclically with fresh water. The results of two seasons of study showed that increasing salinity resulted in decreased leaf area index, plant dry weight, fruit total yield and individual fruit weight. In all cases, the growth parameters and yield as well as the water use efficiency were greater for drip irrigated tomato plants than furrow-irrigated plants. However, furrow irrigation produced higher individual fruit weight. The electrical conductivity of the soil solution (extracted 48 h after irrigation) showed greater fluctuations when cyclic water management was used compared to those plots irrigated with blended water. In both drip and furrow irrigation, measurements of soil moisture one day after irrigation, showed that soil moisture was higher at the top 20 cm layer and at the location of the irrigation water source; soil moisture was at a minimum in the root zone (20–40 cm layer), but showed a gradual increase at 40–60 and 60–90 cm and was stable at 90–120 cm depth. Soil water content decreased gradually as the distance from the irrigation water source increased. In addition, a few days after irrigation, the soil moisture content decreased, but the deficit was most pronounced in the surface layer. Soil salinity at the irrigation source was lower at a depth of 15 cm (surface layer) than that at 30 and 60 cm, and was minimal in deeper layers (i.e. 90 cm). Salinity increased as the distance from the irrigation source increased particularly in the surface layer. Their results indicated that the salinity followed the water front. We concluded that the careful and efficient management of irrigation with saline water can leave the groundwater salinity levels unaffected and recommended the use of drip irrigation as the fruit yield per unit of water used was on average one-third higher than when using furrow irrigation.

Kang et al. (2004) studied on potato evapotranspiration and yield under different drip irrigation regimes. In that research, a field experiment comparing different irrigation frequencies and soil matric potential thresholds on potato evapotranspiration (ET), yield (Y) and water-use efficiency (WUE) was carried out in a loam soil. The experiment included five treatments for soil matric potential: F1 (-15 kPa), F2 (-25 kPa), F3 (-35 kPa), F4 (-45 kPa) and F5 (-55 kPa) and six treatments for irrigation frequency: N1 (once every day), N2 (once every 2 days), N3 (once every 3 days), N4 (once every 4 days), N6 (once every 6 days) and N8 (once every 8 days). Results indicate that both soil matric potential and drip irrigation frequency influenced potato ET, Y and WUE. Potato ET increased as irrigation frequency and soil matric potential increased. Comparing soil water potential, the highest ET was 63.4 mm (32.1%) more than the lowest value. Based on irrigation frequency treatments, the highest ET was 36.7 mm (19.2%) more than the lowest value. Potato Y and WUE were also found to increase as irrigation frequency increased. Potato Y increased with an increase in soil water potential then started to decrease. The highest Y and WUE values were achieved with a soil matric potential threshold of -25 kPa and an irrigation frequency of once a day.

Panigrahi et al. (2001) researched about potato water use and yield under furrow irrigation in India.In that work field experiments were conducted to study the effects of plant-furrow treatments and levels of irrigation on potato (Solanum tuberosum L.) water use, yield, and water-use efficiency. The experiments were carried out under deficit irrigation conditions in a sandy loam soil of eastern India in the winter seasons of 1991/92, 1992/93, and 1993/94. Two plant-furrow treatments and two levels of irrigation were considered. The two plant-furrow treatments were F1 - furrows with single row of planting in each ridge with 45 cm distance between adjacent ridges, and F2 - furrows with double rows of planting spaced 30 cm apart in each ridge with 60 cm distance between adjacent ridges. The two levels of irrigation (LOI) were I1 - 0.9 IW/CPE and I2 - 1.2 IW/CPE, where IW is irrigation water of 5 cm and CPE is cumulative pan evaporation. Treatment F2 produced highest tuber yield in all years with average value of 10,610 kg ha -1 and 12,780 kg ha -1 at LOI of I1 and I2, respectively. On average, six irrigations with a total of 25 cm, and seven irrigations with a total of 30 cm were required for both treatments F1 and F2 at LOI of I1 and I2, respectively. Treatment F2 resulted in a significantly higher number of branches and tubers per plant, foliage coverage and water-use efficiency for both irrigation levels than treatment F1. Average daily crop evapotranspiration was found to range from 1.1 to 3.4 mm and from 1.2 to 3.9 mm for treatment F1 and from 1.1 to 3.6 mm and from 1.2 to 4.0 mm for treatment F2 at LOI of I1 and I2, respectively.

Kang et al. (2000) suggested a new irrigation method for irrigated maize for arid area. In this study, irrigation was applied through furrows in three ways: alternate furrow irrigation (AFI), fixed furrow irrigation (FFI) and conventional furrow irrigation (CFI). AFI means that one of the two neighbouring furrows was alternately irrigated during consecutive watering. FFI means that irrigation was fixed to one of the two neighbouring furrows. CFI was the conventional method where every furrow was irrigated during each watering. Each irrigation method was further divided into three treatments using different irrigation amounts: i.e. 45, 30, and 22.5mm water for each watering. Results showed that the soil water contents in the two neighbouring furrows of AFI remained different until the next irrigation with a higher water content in the previously irrigated furrow. Infiltration in CFI was deeper than that in AFI and FFI. The time of water advance did not differ between AFI, FFI and CFI at all distances monitored, and water advanced at a similar rate in all the treatments. The Christiansen uniformity coefficient of water content in the soil (CUs) was used to evaluate the uniformity of irrigated water distribution and showed no decrease in AFI and FFI, although irrigation water use was smaller than in CFI. Root development was significantly enhanced by AFI treatment. Primary root numbers, total root dry weight and root density were all higher in AFI than in the FFI and CFI treatments. Less irrigation significantly reduced the total root dry weight and plant height in both the FFI and CFI treatments but this was less substantial with AFI treatments. The most surprising result was that AFI maintained high grain yield with up to a 50% reduction in irrigation amount, while the FFI and CFI treatments all showed a substantial decrease of yield with reduced irrigation. As a result, WUE for irrigated water was substantially increased. We conclude that AFI is an effective water-saving irrigation method in arid areas where maize production relies heavily on repeated irrigation.

Liu et al. (2005) suggested a method for rainwater-harvesting agriculture and water-use efficiency in semi-arid regions in Gansu province, China. Rainwater-harvesting agriculture (RHA) is a system that has the potential to deal with the water constraints that farmer in China's semi-arid regions face. RHA can supply limited irrigation at the key stages of crop development by using rainwater stored in containers such as tanks or cellars. A number of tests of RHA in selected experimental sites confirmed its potential for significantly increasing agricultural productivity. In test plots, average yields of maize (Zea mays) and wheat (Triticum aestivum L.) increased by over 50%. This research reviewed the development and performance of RHA, based on studies of the usefulness of rainwater for agriculture, theory and practice of RHA, improvement of crop yields and water-use efficiency (WUE) and its potential role in alleviating or eliminating poverty and land degradation in semi-arid regions of Gansu province. One concept, namely harvested rainwater-use efficiency (HWUE) is put forward, and the relationship between WUE and HWUE is analyzed using schematic relationships between grain yield and evapotranspiration (ET). The value of HWUE is greater than that of WUE when the compensatory harvested rainwater is supplied at critical stages for water requirements in rainfed croplands. This is the basis of RHA theory. RHA has identified a new technical system that is characterized by the combination of terracing, plastic-film cover, varieties, fertilization, water storage in cellars or tanks and micro-irrigation for increasing dryland-farming productivity. It is suggested that RHA has great potential for enhancing water availability, reducing water loss, producing more with the same amount of annual rainfall and increasing agricultural productivity in north-west China. There is no doubt that the implementation of RHA techniques will expand, and can help local farmers to solve the problem of water shortage and to achieve self-sufficiency in grain.

Goodwin et al. (2003) investigated efficiency of water and nutrient use in containerised plants irrigated by overhead, drip or capillary irrigation. They found that capillary irrigation gave more efficient water and nutrient use and reduced nutrient contamination of the environment compared with the drip or overhead irrigation systems.

Constable et al. (1990) made a research about comparison of drip and furrow irrigated cotton on a cracking clay soil. In their research the potential of drip irrigation to increase irrigation water use efficiency, to decrease waterlogging caused by irrigation, and to conserve soil structure, especially when combined with reduced tillage was studied in an experiment comparing surface (SD) and buried (BD) methods of drip irrigation with furrow irrigation (F) of cotton in a cracking grey clay (vertisol) over four seasons. Drip-irrigated treatments were maintained at a nominal deficit of 45 mm below the fully-irrigated soil water content, while F was irrigated when the deficit reached about 90 mm. Water use efficiency (WUE) was calculated as the ratio between lint yield and total water received by the crop. The WUE of cotton was 16% higher under drip irrigation (2.23 kg ha–1 mm–1) than under F (1.89 kg ha–1 mm–1) when supply channel losses and runoff losses in F were considered. However, similar WUE was obtained for the net water stored in the field using either method of irrigation. The ability of drip irrigation to improve WUE by avoiding deep percolation losses of irrigation water was not an advantage in this soil because furrow irrigation water does not infiltrate beyond the root zone of cotton. Waterlogging occurred in all treatments in the wet season. In the absence of heavy rainfall, waterlogging was not an important factor in this study because drip irrigation avoided waterlogging and good field slope kept the ridges well-drained during furrow irrigation. However, in waterlogging-prone fields or wet seasons, less root activity and low yields are likely to further reduce the WUE. The crop achieved its final root distribution through the soil during early boll filling, with most of the root system in the 0–0.3 m depth of soil in all treatments, but more so under BD. There were more roots and more deep roots under F than under drip. The distribution of roots and root activity followed the distribution of water in the soil. Early-season water extraction profiles were similar for each treatment, but by mid-season there was more water extracted from below the 0.6 m depth in F (16–19% of total) than in BD (8–12%). The clod specific volume of the surface 0–0.1 m of soil was higher in BD (0.718m3 Mg–1) than in F (0.693 m3 Mg–1), and was related to less cultivation and slower wetting in BD than in F, which help to conserve soil aggregates and pores and maintain soil structure. They conclude that the WUE of furrow irrigation in this soil is relatively high and that similar efficiency to drip irrigation can be achieved by improving furrow irrigation management: by reducing transmission losses between pump and field, by reducing runoff losses from the field, by recirculating runoff water, and by reducing waterlogging. 
Wright et al. (1988) studied growth and yield of soybeans under wet soil culture and conventional furrow irrigation in south-eastern Australia. In their research an experiment was conducted to determine the growth and yield responses of two soybean cultivars (Ridley and Sab40) grown on raised beds with continuous water applied in furrows (wet soil culture, WSC), and with conventional furrow irrigation applied at soil water deficits of 35 mm (F) and 70 mm (I). The early growth and leaf area development of both cultivars was reduced by both waterlogging (WSC) and water stress (1) effects compared to the frequently irrigated (F) treatment. Both cultivars acclimated to the WSC conditions and resumed active growth rates comparable to the F treatment. Excessive dry matter accumulation into leaves and stems of Ridley under WSC resulted in severe lodging and significantly reduced grain yield compared to Ridley under F irrigation. The physiological analysis presented showed that under WSC Ridley had substantially lower light use efficiency compared the F irrigated crop during reproductive growth. It is hypothesised that lodging during this period reduced photosynthetic supply as a result of detrimental changes in the pattern of leaf illumination throughout the canopy. The cultivar Sab40 did not lodge under WSC and grain yield was not significantly different from the F irrigated treatment.

Most trickle irrigation in the world is surface drip yet subsurface drip irrigation (SDI) can substantially improve irrigation water use efficiency (IWUE) by minimizing evaporative loss and maximizing capture of in-season rainfall by the soil profile. However, SDI emitters are placed at depths, and in many soil types sustained wetting fronts are created that lead to hypoxia of the rhizosphere, which is detrimental to effective plant functioning.

Haman and Irmak (2003) suggested a new irrigation-plant production system for water conservation in ornamental nurseries: quantification and evaluation of irrigation, runoff, plant biomass, and irrigation efficiencies. In their study, a new irrigation/plant production system, Multi-Pot Box System (MPBS), was field-evaluated during the two growing seasons (summer and fall, 2001) for efficient use of irrigation and rainfall for container nursery plant production. The system was compared to the conventional system (CS) irrigated with overhead sprinklers. Viburnum odoratissimum (Ker-Gawl.) was grown as a test plant. The following treatments were imposed: (i) three white color MPBSs with side-mount water level switches installed at 0.01, 0.02, and 0.03 m from the bottom of the system reservoir, (ii) three black color MPBSs with level switches installed at the same depths as in the white MPBSs, and (iii) control (CS). The level switches controlled the water levels at pre-determined levels and triggered irrigations automatically at these threshold levels. The white and black MPBSs were very effective in increasing irrigation water use efficiencies (IWUE), rainfall harvesting, and plant biomass production as compared to the CS. For example, in the summer season, only about 30% of the plant water use in the MPBSs was supplied by irrigation water, thus, reducing irrigation requirements and resulting in high IWUE. The color of the MPBS had a significant effect on plant growth but no significant effect on irrigation demand or runoff. The water use efficiencies and plant biomass production of the white MPBS were significantly greater (p < 0.05) as compared to the black MPBS. The efficiencies and plant biomass production of the black MPBS were significantly greater than the CS. In the fall, the white and black MPBS with level switches installed at 0.01 m resulted in the lowest irrigation demands. In the summer, about half of the total rainfall (320 mm) was captured in the reservoir of the MPBSs. In the fall season, approximately 30% of the total rainfall (90 mm) was captured in both systems and later used by plants. At least 92% and 76% of water savings, relative to the CS, were achieved by using the white MPBS in the summer and fall, respectively. Results suggested that under these experimental and similar climatic conditions, the white MPBS is superior to the black MPBS and CS. The white MPBS presents a potential opportunity for an efficient irrigation and significant water savings for container-grown nurseries.

Al-Jamal et al. (2001) compared sprinkler, trickle and furrow irrigation efficiencies for onion production. Maximum Irrigation efficiency (IE) (100%) and economic return were obtained by them with a sprinkler system at New Mexico State University’s Agriculture Science Center at Farmington, NM. This IE compared with the 54–80% obtained with the sprinkler irrigation used by the farmers. The IEs obtained for onion fields irrigated with subsurface drip irrigation methods ranged from 45 to 77%. The 45% represents the no stressed treatments, in which an extra amount of irrigation above the evapotranspiration (Et) requirement was applied to keep the base of the onion plates wet. The irrigation water that was not used for Et went to deep drainage water. The return on the investment cost to install a drip system operated at a IE of 45 was 29%. Operating the drip system at a IE of 79% resulted in a yield similar to surface irrigated onions and consequently, it was not economical to install a drip system. The IEs at the furrow-irrigated onion fields ranged from 79 to 82%. However, the IEs at the furrow-irrigated onion fields were high because farmers have limited water resources. Consequently, they used the concept of deficit irrigation to irrigate their onion crops, resulting in lower yields. The maximum IWUE (0.084 t ha−1 mm−1 of water applied) was obtained using the sprinkler system, in which water applied to the field was limited to the amount needed to replace the onions’ Et requirements. The maximum IWUE values for onions using the subsurface drip was 0.059 and 0.046 t ha−1 mm−1 of water applied for furrow-irrigated onions. The lower IWUE values obtained under subsurface drip and furrow irrigation systems compared with sprinkler irrigation was due to excessive irrigation under subsurface drip and higher evaporation rates from fields using furrow irrigation. The maximum WUE for onions was 0.009 t ha−1 mm−1 of Et. In addition, WUE values are reduced by allowing the onions to suffer from water stress.

Ibragimov et al. (2007) studied water use efficiency of irrigated cotton in Uzbekistan under drip and furrow irrigation. The main goal of this research was to measure cotton water use, and to determine irrigation water scheduling parameters associated with optimal seed-lint yield and irrigation water use efficiency, which are poorly understood in the Central Asian Republic of Uzbekistan. Cotton (Gossypium hirsutum L.) field experiment with drip irrigation in comparison to furrow (conventional) irrigation was conducted on a deep silt loam soil (Calcic Xerosol) at the Central Experiment Station of the Uzbekistan National Cotton Growing Research Institute at Tashkent in 2003, 2004 and 2005. To investigate irrigation scheduling, the field capacity (FC) index was adopted, which was 0.30 m3 m−3 in this soil. Irrigations were scheduled when soil water in the root zone was depleted to specific fractions of FC, e.g., 70% of FC, for each of three main plant growth periods (germination–squaring; squaring–flowering; beginning of maturation–maturation). Crop water use, which we here define as the sum of transpiration and evaporation, was established using the soil water balance approach on a weekly basis. Soil profile water content was determined using a neutron moisture meter (NMM), which was calibrated in polyvinyl chloride (PVC) access tubes for each differing soil layer. Under drip irrigation and the optimal mode (70–70–60% of FC) of irrigation scheduling, 18–42% of the irrigation water was saved in comparison with furrow irrigated cotton grown under the same condition; and irrigation water use efficiency increased by 35–103% compared with that of furrow irrigation. Seed-lint cotton yield was increased 10–19% relative to that for furrow irrigated cotton. The irrigation scheduling rule developed here should be considered an improved practice for drip irrigated cotton that is applicable to irrigated Calcic Xerosols of Uzbekistan.

Xue et al. (2003) studied root growth and water uptake in winter wheat under deficit irrigation. They found that the mean water uptake rate decreased as available soil water decreased. During grain filling, root water uptake was higher from the irrigated crops than from the rainfed. Irrigation from jointing to anthesis increased seasonal evapotranspiration, grain yield; harvest index and water-use efficiency based on yield (WUE), but did not affect water-use efficiency based on aboveground biomass. There was no significant difference in WUE among irrigation treatments except one-irrigation at middle grain filling. Due to a relatively deep root system in rainfed crops, the higher grain yield and WUE in irrigated crops compared to rainfed crops was not a result of rooting depth or root length density, but increased harvest index, and higher water uptake rate during grain filling.
1.4.2.2. Irrigation scheduling   

1.4.2.2.1 Considering crop sensitivities

Singh et al. (1983) studied the effects of water stress at three growth stages on the yield and water-use efficiency of dwarf wheat. In that study, the responses of dwarf wheat (Iriticum aestivum L.) to three levels of water stress at three growth stages, planting to jointing, jointing to flowering and flowering to maturity was studied under field conditions over two seasons at Hissar, India. At each of these stages, plants were subjected to three levels of water stress viz. –0.5, –1.0 and –1.5 MPa mid-day leaf water potential; during the remaining growth period, the plants were irrigated at 50% available soil moisture (ASM). Thus mild, moderate and severe stress treatments were compared with a no stress control (irrigation at 50% depletion of available soil water). A maximum grain yield of 5.20 tonnes ha–1 was recorded with no water stress treatment. All levels of water stress except –0.5 MPa during flowering to maturity reduced the grain yield significantly compared to the no stress treatment. The greatest effect of water stress on grain yield was observed during the planting to jointing stage. At this stage the highest reduction in grain yield (33.5%) was observed with –1.5 MPa plant water stress. Similar plant water stress during jointing to flowering and flowering to maturity reduced the grain yield by 26.0 and 22.6% respectively. During flowering to maturity, the effect of water stress on straw yield was not well marked. During planting to jointing and jointing to flowering stages, mild, moderate and severe water stress decreased the number of ear-bearing culms, where as number of grains per ear reduced with all water stress levels at all the stages except –0.5 MPa water stress during flowering to maturity. Maximum reduction in 1000-grain weight was observed with all stress levels imposed during flowering to maturity stage. Water-use efficiency was highest with no water stress (13.9 kg/ha mm) and lowest with –1.5 MPa plant water stress (11.2 kg/ha mm) imposed during planting to jointing stage. Results indicate that, the wheat crop should be irrigated at 50% depletion of available soil water (ASW).

Mishra et al. (2004) researched water use efficiency of irrigated wheat in the Tarai region of India. Their studies were conducted during the winter seasons of 1983–1984 and 1984–1985 to identify suitable irrigation regimes s for wheat grown after rice in soils with naturally fluctuating shallow water table (SWT) at a depth of 0.4 to 0.9 m and medium water table (MWT) at a depth of 0.8 to 1.3 m. Based on physiological stages, the crop was subjected to six irrigation regimes viz., rainfed (I0); irrigation only at crown root initiation (I1); at only crown root initiation and milk (I2); at crown root initiation, maximum tillering and milk (I3); at crown root initiation, maximum tillering, flowering and milk (I4); and at crown root initiation, maximum tillering, flowering milk and dough (I5). Tube-well water with an EC <0.4 dsm–1 was used for irrigation. Based on 166 mm effective precipitation during the cropping season, 1983–1984 was designated as a wet year and 1984–1985 with 51 mm as a dry year. The change in profile soil water content [image: image40.png]


W (depletion) in the wet year was less (23%) under SWT and 10% under MWT as compared to the dry year. The ground water contribution (GWC) to evapotranspiration (ET) was 58% under SWT and 42% under MWT conditions in both the years. The GWC in the wet year was 20% under SWT and 23% under MWT. Of the total net water use (NWU), about 85% was ET and 15% drainage losses. The NWU was highest (641 and 586 mm) in I5 under SWT and MWT conditions, respectively, but not the yield (5069 kg ha–1). Compared to I5, NWU in I2 treatment decreased by 10% in the wet and 25% in the dry year. A similar trend was observed in the I3 treatment under MWT condition. However, there was no statistically significant difference between yields of the I1 to I5 treatments of either water table depth during the wet year. This was also true during the dry year for the I2 to I5 treatments. Under SWT, in I2, the grain yield was 5130 kg ha–1 and under I3 regime, 5200 kg ha–1. Under MWT in I3, the yield was 5188 kg ha–1 and under I4 regime, 5218 kg ha–1. Thus it appears that in the Tarai region where the water table remains shallow (<0.9 m) and medium (<1.3 m) for most of the wheat growing season applications of more than 120 and 180 mm irrigation under SWT and MWT conditions, respectively were not necessary. Irrigation given only at crown root initiation and milk stages under shallow water table conditions, and at crown root initiation, maximum tillering and milk stages under medium water table conditions, appears to be as effective as frequent irrigations.

Mogensen et al. (1985) made a research about grain yield, yield components, drought sensitivity and water use efficiency of spring wheat subjected to water stress at various growth stages.In that research the influence of water stress at various growth stages on yield and yield structure of spring wheat (Triticum aestivum, L., cv. [image: image41.png]
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) was investigated using lysimeters in the field, automatically protected from rain by a mobile glass roof. Each drought treatment consisted of a single period without irrigation. Irrigation was resumed when all available soil water (100 mm between field capacity and permanent wilting to a depth of 100 cm) had been used. The drought periods were defined as beginning when relative evapotranspiration decreased below one and ending at reirrigation. The first drought occurred during tillering and jointing and the final one during grain formation.

Wolf et al. (1983) investigated growth and yield response of two potato cultivars to various levels of applied water. In that investigation, the effects of six levels of irrigation water supply on the growth and yield of two potato cultivars, Kennebec and White Rose, were examined in a field experiment conducted on a deep Yolo loam soil.Total seasonal evapotranspiration (ET) ranged from 316 to 610 mm for the Kennebec cultivar and from 331 to 630 mm for White Rose. The contribution of soil water depletion to ET increased as the water supply decreased. The cultivars exhibited root activity to 150 cm below the soil surface under all treatments. The amount of applied water affected dry matter accumulation significantly. Both cultivars exhibited a high correlation between leaf area duration and final plant dry weight, suggesting that the effect of water stress on dry matter production was largely a function of effects on leaf area expansion and leaf senescence. Significant differences were not detected in partitioning of assimilates to the harvestable organs (harvest index) or on water-use efficiency during the season among different irrigation treatments and cultivars.In general, yield increased with increasing ET, but there was a slight yield depression in the wettest treatment, possibly due to poor soil aeration and nitrogen deficiency near the end of the season. White Rose had more defects in tuber shape and lower marketable yields under dry soil conditions than Kennebec. The final fresh-weight yield of marketable tubers ranged from 4.7 to 33.9 t/ha for White Rose and from 14.3 to 35.8 t/ha for Kennebec.

Mason et al. (1981) made a research about irrigation for crops in a sub-humid environment in England. In that research, the water use of two soybean cultivars (Bragg and Ruse) was measured for three seasons for a range of irrigation treatments. The seasonal totals of plant and soil evaporation ranged from 450 to 750 mm or from 36 to 64% of class A pan evaporation for the same period. Both cultivars extracted approximately 60% of the total extractable soil water in the top 1.2 m of soil before actual evaporation (Ea) dropped below potential evaporation (E0). Up to this point the ratio between Ea and class A pan evaporation averaged 0.8. Ruse used water at a faster rate than Bragg but Ruse was not as effective in extracting the deep (below 1.0 m) soil water as Bragg. Water use efficiency (kg seed ha–1 mm–1 water) showed a small but general increase with decreasing irrigation water application. Runoff losses varied from zero for non-irrigated Ruse in 1977/78 to 352 mm for frequently-irrigated Bragg in 1976/77, generally increasing with the number of irrigations.

Hueso et al. (2008) suggested Loquat as a crop model for successful deficit irrigation. In that research during three consecutive seasons, two different deficit irrigation strategies were compared with control fully irrigated trees regarding their capacity to induce early bloom and harvest in “Algerie” loquat. The first strategy, a continuous deficit irrigation strategy, consisted in a uniform reduction of 20% water needs through the entire season; the second strategy, a regulated deficit irrigation approach, while accounting for the same global reduction of 20% loquat water needs, concentrated water shortages after harvest from mid-May through the end of August. Regulated deficit irrigation resulted more successful. Postharvest regulated deficit irrigation advanced full bloom 10–20 days depending on the season. Such enhancement led to more precocious and valuable yield, with an average increase of fruit value of 0.21 € kg−1. The effects of continuous deficit irrigation were less noticeable and average fruit value was increased 0.08 € kg−1. Yield and fruit quality were not affected for the different deficit irrigation strategies. Water savings established around 1450 m3 ha−1 year−1. Deficit irrigation rose water use efficiency up to more than a 40%.

Mahrer et al. (1991) studied on modelling and measuring evapotranspiration in a daily drip irrigated cotton field. They used an eddy correlation system (ECS) to estimate evapotranspiration (E) in a daily drip irrigated cotton field. Cotton yield, water use, and their ratio (Water use efficiency; WUE) were compared in four irrigation treatments. Three treatments were irrigated at levels of 85, 100, and 115% of E, while the fourth was irrigated according to grower's usual practice. E data were used to verify a one dimensional numerical model which simulates, in real time, the different energy fluxes existing in the soil-plant-atmosphere system. The model requires input of vegetation parameters (leaf area index, photometric properties, shading factor, root density distribution), soil parameters texture, hydraulic and photo-metric properties, temporal micrometeorological data (solar radiation, wind speed, air temperature and humidity) measured above the field, and irrigation quantities. The verification study was carried out during a cotton growing season in Hula Valley, Northern Israel. Results show that E rates are strongly affected by the intensity and arrival time of the inland penetrating Mediterranean Sea breeze. WUE in the treatment which was irrigated according to the ECS was highest. Accurate estimations were also made by the model.

1.4.2.2.2 Applying modelling approaches 

Particularly, several modelling tools appeared since the eighties, due to computer availability. Those models are, in principle, able to simulate crop water requirements and to help to design proper irrigation management based on simulations of the water, gases, solutes and energy transfer processes in the soil-water-plant continuum (Van Dam et al., 1997; Hoogenboom, 2000). Regarding their theoretical background, models could be classified as mechanistic and non-mechanistic (Wagenet et al., 1991; Leenhardt et al., 1995; Connolly, 1998). Mechanistic models are based on the physical laws of the soil-water-plant-atmosphere system and hence are valid, at least theoretically, under any weather, water-management and soil conditions (Hoogenboom, 2000). Particularly, the so-called agrohydrological models have been specifically aimed to assess crop water-use, soil-water movement and crop-growth through a physically-based approach; as well as produce relevant recommendations in irrigation and drainage assessments. Those agrohydrological models are based on the physical laws of the soil vadose zone i.e. that located between the soil surface and the groundwater level, and they are usually based on solutions of the Richards equation for describing the water flux into the soil. Agrohydrological models were significantly developed during the last years (Bastiaansen et al., 2004). The models SWAP (Van Dam et al., 1997), DRAINMOD (Kandil et al., 1995), WAVE (Vanclooster et al., 1994), ISAREG (Teixeira and Pereira, 1992), HYDRUS (Simunek et al., 1998), can be considered as agrohydrological models, among the others. 

The Dutch models have a particular relevance within Europe, as well as worldwide (Tubiello et al., 2002). Feddes et al. (1978) developed the agrohydrological model SWATR (Soil Water Actual Transpiration Rate) to describe transient water flow in cultivated soils with various soil layers and under the influence of groundwater. The model was further developed to accommodate more boundary conditions (Belmans et al., 1983), crop growth (Kabat et al., 1992), shrinkage and swelling of clay soils (Oostindie and Bronswijk, 1992), and salt transport (Van den Broek et al., 1994). More recently, the model SWAP (Van Dam et al., 1997) was released as a result of a combination of SWATR with the Dutch model WOFOST (Van Keulen and Wolf, 1986), which is aimed to simulate crop-growth as a function of actual photosynthesis and radiation use. Several improved versions of SWAP were released; the most updated includes also the solute-leaching simulation model PEARL (Kroes, 2001).

Bastiaansen et al. (2004) provided an update revision of the modelling applications to irrigation assessments. They pointed out the opportunities lying in such modelling approaches to irrigation and drainage assessments, with more than 40 examples. The simulation examples comprises assessing irrigation supply needs, as well as irrigation designing, scheduling, management and performance; salt-affected soils due to irrigation, groundwater recharge and estimating soil losses, among others. They concluded that, despite the theoretical background and the simulation capabilities of current agrohydrological modelling tools have been significantly improved, the more complex mechanistic models are still not used in practice operationally but are dominantly used at research or expert level. The exception are simplified or more empirically based irrigation models such as the FAO-CROPWAT model (reference), which are designed as more user friendly and less input data demanding irrigation scheduling tools. In the following several related irrigation model research studies are presented, based on literature research.

Humphreys et al. (2006) studied integration of approaches to increasing water use efficiency in rice-based systems in southeast Australia, in that study they suggested to increase water use efficiency and achieve sustainability of rice-based farming systems in Australia, irrigation communities are implementing a range of on-farm and regional technologies and policies. An integrated approach is required to evaluate options, prioritize investments, maximize economic returns, guide policy and balance the environmental demands of river ecosystems with the needs of irrigated agriculture and its dependent regional communities. Significant progress is being made, through the development and application of farm and irrigation area hydrologic models linked with production models and economics, combined with strong stakeholder participation.

One of common methods in this for this motion is application of simple simulation models for evaluating different irrigation strategies; Farre et al. (2000) used one of this model in NE Spain. The aim of their research was to test a simple simulation model for evaluating different irrigation strategies, especially under water-limited conditions. The LINTUL model was adapted and parameterized using experimental data from the 1995 season. Most parameters were obtained from experiments, although some were taken from the literature. This model is based on the concept of light use efficiency, incorporates a soil water balance and simulates phenology, crop leaf area, biomass accumulation and yield. It was tested on independent data from the 1995 and 1996 seasons under different irrigation treatments. The model predicted the flowering date within 95 days of the observed values. Leaf area index was predicted satisfactorily, except under extreme water-stress conditions, where it was overestimated. In general, soil moisture content and yield were accurately predicted. In the 1996 experiment measured yields ranged from 6.4 to 13.6 tha-1 and simulated yields from 6.5 to 12.2 tha-1. These results show that the LINTUL model can be used as a tool for exploring the consequences on maize yields of different irrigation strategies in NE Spain. Analysis of the model identified a process that strongly affects yield loss due to drought, but for which present understanding is still insufficient: the effects of drought on leaf senescence and canopy architecture.

Merot et al. (2008a) adapted a functional model of grassland to simulate the behavior of irrigated grasslands under a Mediterranean climate. In order to take into account firstly the specificities of Mediterranean weather conditions on grass growth and secondly the effect of irrigation management on hay, they adapted an already published model of grassland growth. From literature new equations were added to account for water balance, botanical composition and the effect of wind. The modified model was parameterized based on new experimental data. An automatic and rigorous parameter estimation procedure was developed based on a criterion that combines the goodness-of-fit for dry matter (DM), leaf area index (LAI) and fraction of total transpirable soil water (FTSW). Mean squared error of prediction (MSEP) was estimated using cross-validation. Adding the three equations for water balance, botanical composition and wind effect improved the goodness-of-fit of the model. A sensitivity analysis showed that the model results were mainly sensitive to the parameter that controls the increase of leaf area index and to the radiation use efficiency coefficient. Both absolute values and dynamics of DM, LAI and FTSW were well simulated and satisfactory for future use of the model in a decision support tool. Estimated MSEP values for DM, LAI and FTSW were 0.145 t ha-1, 0.092m2m−2 and 0.0155% respectively.

Confalonieri et al. (2005) studied CropSyst method for simulating the yield of flooded rice in northern Italy. Their research on rice cropping systems carried out in Europe has to face the great variability of pedo-climatic conditions, and the linked abundance of cultivated varieties, characteristic of the high latitudes-temperate areas where rice is traditionally grown. Dynamic simulation models can provide a useful tool for system analysis needed to improve the knowledge, the agronomic management and crop monitoring. They used for calibrating and validating of CropSyst (never used for rice), a process-based simulation model, for Indica-type and Japonica-type varieties, data obtained from five field experiments, carried out in Northern Italy between 1989 and 2002. Plants were sampled during the life cycle from rice plots of five cv Loto, Cripto, Ariete, Drago, Thaibonnet and Sillaro, maintained at potential production, to determine some important crop variables and parameters such as aboveground biomass (AGB), leaf area index, specific leaf area, harvest index, the date of the main phonological stages. At the end of the calibration process to the parameters (the others were set to the default value, taken from the Literature or measured) optimum mean daily temperature for growth, specific leaf area (for Japonica varieties), stem/leaf partition coefficient (empirical), leaf duration, they assigned the following values: 28 and 27 ◦C respectively for Japonica and Indica varieties, 27 and 29.5m2 kg-1 respectively for Japonica early and medium-late varieties, 4.5, 3, 1.5 for Japonica early, medium-late and Indica varieties, 700, 850, 950 ◦C-days for the three groups of varieties. Their assessment of model performances has shown average RRMSEs of 20 and 22% at the end of calibration and for the validation process; the modelling efficiency is always positive and the coefficient of determination always very close to 1.The concluded that general improvements will be achieved by the model by considering the thermal profile (strongly influenced by flooding water at mid latitudes) evolving in and over the canopy.

Annandale et al. (2003) suggested a two-dimensional water balance model for micro-irrigated hedgerow tree crops. In their work, a user-friendly, two-dimensional, mechanistic soil water balance model (SWB-2D), has been developed. Energy is partitioned at the surface depending on solar orientation, row direction and canopy size, shape and leaf area density. Water is assumed to be distributed uniformly at the surface in the case of rainfall, whilst micro-irrigation only wets a limited portion of the field. Crop water uptake is calculated as a function of evaporative demand, soil water potential and root density. Evaporation is also calculated as being either limited by available energy or by water supply. Water is redistributed in the soil in two dimensions with a finite difference solution to the Richards[image: image43.png]


 equation. A field trial was set up to test the 2-D soil water balance model in a citrus orchard at Syferkuil (Pietersburg, South Africa). Model predictions generally compared well to actual soil water content measured with time domain reflectometry probes. Scenario modelling and analyses were carried out by varying some input parameters (row orientation, canopy width, wetted diameter and fraction of roots in the wetted volume of soil) and observing variations in the output of the soil water balance. The model holds potential for improving irrigation scheduling and efficiency through increased understanding and accuracy in estimating soil water reserves, since it accounts for the differing conditions in the under-tree irrigated strip and inter-row rainfed areas.

Yazar et al. (1999) made a research about evaluation of crop water stress index for LEPA irrigated corn. That study was designed to evaluate the crop water stress index (CWSI) for low-energy precision application (LEPA) irrigated corn (Zea mays L.) grown on slowly-permeable Pullman clay loam soil (fine, mixed, Torrertic Paleustoll) during the 1992 growing season at Bushland, Tex. The effects of six different irrigation levels (100%, 80%, 60%, 40%, 20%, and 0% replenishment of soil water depleted from the 1.5-m soil profile depth) on corn yields and the resulting CWSI were investigated. Irrigations were applied in 25 mm increments to maintain the soil water in the 100% treatment within 60–80% of the “plant extractable soil water” using LEPA technology, which wets alternate furrows only. The 1992 growing season was slightly wetter than normal. Thus, irrigation water use was less than normal, but the corn dry matter and grain yield were still significantly increased by irrigation. The yield, water use, and water use efficiency of fully irrigated corn were 1.246 kg/m2, 786 mm, and 1.34 kg/m3, respectively. CWSI was calculated from measurements of infrared canopy temperatures, ambient air temperatures, and vapour pressure deficit values for the six irrigation levels. A “non-water-stressed baseline” equation for corn was developed using the diurnal infrared canopy temperature measurements as T c–T a = 1.06–2.56 VPD, where T c was the canopy temperature (°C), Ta was the air temperature (°C) and VPD was the vapour pressure deficit (kPa). Trends in CWSI values were consistent with the soil water contents induced by the deficit irrigations. Both the dry matter and grain yields decreased with increased soil water deficit. Minimal yield reductions were observed at a threshold CWSI value of 0.33 or less for corn. The CWSI was useful for evaluating crop water stress in corn and should be a valuable tool to assist irrigation decision making together with soil water measurements and/or evapotranspiration models.
Mailhol et al. (2008) suggested another model “SPFC” as tool to improve water management and hay production. This model is composed of two sub-models: an irrigation model and a crop model. As the fields are border-irrigated, these two sub-models are coupled. The crop model simulates dry matter (DM), leaf area index (LAI) and soil water reserve (SWR) variations. LAI and SWR are both used for border model updating: SWR for the deficit of saturation required by the infiltration equation and LAI for the roughness coefficient n. After calibration and validation, SPFC is then used to identify realistic management strategies for the irrigation and production system at the plot level. By scheduling irrigation when SWR is 50% depleted, would result in a low Dry Matter DM production loss (around 10%), reduced labour (eight irrigation events instead of 11) and in significant water saving compared with farmers’ practices, on the basis of an average climatic scenario. Furthermore, this improvement of irrigation efficiency is not incompatible with groundwater recharge used for the potable water supply of the region.

Seibt et al. (2008) suggested a model base on Carbon isotope for measuring water use efficiency in agriculture. In their research they revisited the relationship between plant water use efficiency and carbon isotope signatures (δ13C) of plant material. Based on the definitions of intrinsic, instantaneous and integrated water use efficiency, they discussed the implications for interpreting δ13C data from leaf to landscape levels, and across diurnal to decadal timescales. Previous studies have often applied a simplified, linear relationship between δ13C, ratios of intercellular to ambient CO2 mole fraction (C i/C a), and water use efficiency. In contrast, photosynthetic 13C discrimination (Δ) is sensitive to the ratio of the chloroplast to ambient CO2 mole fraction, C c/C a (rather than C i/C a) and, consequently, to mesophyll conductance. Because mesophyll conductance may differ between species and over time, it is not possible to determine C c/C a from the same gas exchange measurements as C i/C a. On the other hand, water use efficiency at the leaf level depends on evaporative demand, which does not directly affect Δ. Water use efficiency and Δ can thus vary independently, making it difficult to obtain trends in water use efficiency from δ13C data. As an alternative approach, they offered a model to explore how water use efficiency and 13C discrimination are related across leaf and canopy scales. The model provides a tool to investigate whether trends in Δ indicate changes in leaf functional traits and/or environmental conditions during leaf growth, and how they are associated with trends in plant water use efficiency.

1.4.2.2.3 Applying measurment systems for irrigation scheduling (see also chapter 1.3)
Kukal et al. (2005) suggested soil matric potential-based irrigation scheduling for rice (Oryza sativa).In that work, a 4-year field study was conducted to assess the feasibility of rice irrigation scheduling on the basis of soil matric potential and to determine the optimum matric potential so as to optimize irrigation water without any adverse effect on the yield. The treatments included scheduling irrigation to rice with tensiometers installed at 15–20 cm soil depth at five levels of soil matric suction viz. 80, 120, 160, 200 and 240±20 cm, in addition to the recommended practice of alternate wetting and drying with an interval of 2 days after complete infiltration of ponded water. The grain yield of rice remained unaffected up to soil moisture suction of 160±20 cm each year. Increasing soil matric suction to 200 and 240±20 cm decreased rice grain yield non-significantly by 0–7% and 2–15%, respectively, over different years compared to the recommended practice of the 2-day interval for scheduling irrigation. Irrigation at 160±20 cm soil matric suction helped save 30–35% irrigation water compared to that used with the 2-day interval irrigation. With a soil matric potential irrigation criterion the total amount of irrigation water used was a function of the number of rainy days and evaporation during the rice season.
Merot et al. (2008) investigated response of a plurispecific permanent grassland to border irrigation regulated by tensiometers in France. To improve water use efficiency (WUE) of border irrigation, they consider an integrated approach of tensiometric regulated irrigation that considered both crop response (yield and quality) and water losses. Their study was carried out on plurispecific and permanent grasslands on a Mediterranean plain (Crau region in France) with high quality hay production. They used the soil water potential (Ψtotal) was schedule irrigation and diagnose mild water deficits. Tey used neutron probe measurements to quantify the soil water deficit experienced by the plants based on the fraction of transpirable soil water (FTSW). They analyzed the dynamic of above-ground dry matter production and botanic composition with reference to the FTSW. Their results showed the extreme sensitivity of grassland to a mild soil water deficit between two irrigation dates. Across the range of soil water deficit observed in these experiments, both hay production and botanical composition were closely related to the average FTSW. Above-ground biomass rapidly stopped increasing when the FTSW reached 60%. The botanical composition was also significantly changed by water deficits. The concordance between the soil water measurements and grassland response implies that the regulated deficit irrigation based on the soil water potential or FTSW can be used to optimize border irrigation efficiency when the trade-off between water saving and profit losses by mild water deficit is not easy to manage.
1.4.3. Increasing water use efficiency by improving irrigation infrastructures  

There are many suggestions related to improvements in irrigation infrastructures at different scales (field, regional, watershed, national level). 

Haffez et al. (2007) studied scale effects on water use and water productivity in a rice-based irrigation system (UPRIIS) in the Philippines. In that research, the amount of net surface water input (rainfall plus irrigation) per unit area decreased and the process fraction, depleted fraction, water productivity, and amount of water reuse increased with increasing spatial scale. In total, 57% of all available surface water was reused by check dams and 17% by pumping. The amount of water pumped from the groundwater was 30% of the amount of percolation from rice fields. Because of the reuse of water, the water performance indicators at the district level were quite high: the depleted fraction of available water was 71%, the process fraction of depleted water was 80% (close to the 75% area covered by rice), water productivity with respect to available water was 0.45 kg grain m−3 water, and water productivity with respect to evapotranspiration was 0.8 kg grain m−3 water. Water use in the district can be reduced by cutting down the 49 × 106 m3 uncommitted outflows. The depleted fraction of available water can be increased to 80% or more by a combination of adopting alternate wetting and drying (AWD) and increased pumping to capture percolating water. Water productivity with respect to available water can be increased to 0.83 kg grain m−3 water by a combination of reduced land preparation time, adoption of AWD, and increased fertilizer N use to increase yields.

There are many definitions of irrigation system efficiency that are applied over a range of scales. Many traditional definitions considered only the water diverted as the water volume of concern. Considering also the water consumed in defining effective irrigation efficiency is a shift from the classical definition of system efficiency. Mateos (2008) suggested a new paradigm for assessing irrigation system performance. In his research, equations are derived for calculating the following system performance measures: the irrigation consumptive use coefficient, irrigation system efficiency, irrigation water and soil salinities, relative yield, and productivity of consumed, diverted and beneficially used water. The expressions are based on quite general assumptions and are valid for systems with a single water source and layouts composed of (or simplified to) irrigation units arranged in a row. The aim of these expressions is to illustrate how system performance is affected by the reuse of water which depends on the system’s hydraulic connections and the irrigation unit performance. Illustrations of the model are provided for systems in series and in parallel. Testing and refinement by removing some of the general assumptions underlying the model will be needed to develop practical applications that can be more confidently applied for comparison and improvement of irrigation systems.

Uniformity of distribution in irrigation systems plays an important role in the optimum use of irrigation water, with direct repercussions on water-use efficiency and production. To evaluate the effects of the wind on sprinkler water uniformity, it is necessary to measure in-field water distribution under different wind conditions and then calculate the parameters that define water distribution. Carion et al. (2001) suggested SIRIAS: a simulation model for sprinkler irrigation system. This study perfected the SIRIAS simulation model for sprinkler systems, which can be used to design new irrigation installations or to improve existing ones. Using ballistic theory to simulate the trajectory of drops discharged by the sprinkler, the model obtains wind-distorted water distribution, with a new formulation for the air drag coefficient. It takes into account three options to distribute the evaporation and drift losses in the irrigation process. SIRIAS software has been programmed using Delphi language for Windows 95, 98 and NT.

Pandey et al. (2001) studied tropical wheat response to irrigation and nitrogen. In their research a 2 year field study was conducted to determine wheat response to differential seasonal irrigation regimes ranging from 300 to 690 mm applied water and 5 N levels of 0 40, 80, 120 and 160 kg N ha−1. Grain yield and all primary yield components increased linearly in response to irrigation in both seasons. Water use generally increased linearly with increased seasonal irrigation and applied N. A quadratic response in grain yield and kernel number m−2 was observed with increasing N levels in all irrigation regimes both seasons. Grain yield, spikes m−2, kernels spike−1, number of kernels m−2 and kernel weight responses to irrigation were greater at the higher N rates. Spikes m−2 were reduced with water deficit. In both years, the average reduction in number of kernels m−2 at the maximum irrigation deficit was 40.6 and 45% at 0 and 160 kg N ha−1, respectively. Similar reduction occurred in kernels−1 spike, where water deficit decreased this component an average of 21.4 and 31.8% at the lowest and highest N rates, respectively. Water deficit over both years reduced kernel weight by 12 and 19.4% at the lowest and highest N rates. This study showed that optimizing irrigation and N supply can produce economic grain yield, and maximize economic return from wheat production. Nitrogen rate must be matched with the irrigation water available to increase water use efficiency and maximize profits. In another research they considered another 2 year study, wheat response to incremental irrigation and nitrogen (N) supply on crop growth and its association with biomass yield. Increasing irrigation resulted in progressively higher leaf area index, increased crop growth rate, and increased above-ground biomass. Increasing N supply up to 120 kg N ha−1 resulted in more leaf area, chlorophyll, crop growth rate and above-ground biomass. Interaction between irrigation and N was significant for biomass yield. The highest response of crop growth parameters to N application was seen in the fully irrigated regime, the degree of response declined with the magnitude of deficit irrigation. Full benefit of water was observed in maximizing biomass yield when N was supplied at the rate of 120 kg N ha−1 in both years, harvest index was maximized when both inputs were optimal. There was a strong association between productive tillers, crop growth rate during the reproductive phase, leaf area and chlorophyll production with above ground biomass. Rooting depth as estimated by water extraction patterns differed in three irrigation regimes and were modified by N supply. The evapotranspiration (ET) biomass yield relationship was linear with a regression slope of 20.6 kg biomass per mm of ET over both years. This study showed that reduction in biomass yield in wheat limits the feasibility of reducing irrigation if the goal is to maximize above ground biomass and harvest index per unit area. Optimization of water and N inputs during the cropping season is critical for wheat to enhance crop growth processes and subsequent biomass yield and harvest index. With a limited water supply, water managers can either provide water to a few growers to meet full crop demand or adopt deficit irrigation to supply water to a larger number of farmers, providing more equitable distribution of scarce resources.

1.4.4. General aspects of water use efficiency and irrigation problems

The quality of irrigation water has the potential to significantly affect soil structural properties, infiltration and irrigation application efficiency. While the effect of electrolyte concentration (as indicated by the electrical conductivity EC) and sodium adsorption ratio (SAR) have been studied under laboratory conditions, the effect on soil profile structural properties and irrigation performance have not been widely investigated under field conditions. Emdad et al. (2004) made a research about the effect of water quality on soil structure and infiltration under furrow irrigation. In this paper, water with three different levels of sodium (SAR = 0.9, 10 and 30) was applied as alternative treatments to a clay loam soil. The application of 238–261 mm of medium- to high-SAR water was found to reduce aggregate stability, increase the bulk density of both the surface crust and underlying soil, and reduce the total depth of infiltration and final infiltration rate. Where low-SAR water was used, there was no significant (P<0.05) difference in final infiltration rate after the first four irrigations. However, where moderate- and high-SAR water was applied after the first four irrigations with the low EC-SAR water, the final infiltration rate was found to decrease on each of the successive irrigation events. For the moderate- and high-SAR treatments, this suggests that a steady-state equilibrium had not been reached within that part of the soil profile impeding infiltration. It is proposed that the initial reduction in infiltration is related to the physical processes of slaking leading to the development of an apedal, hard setting surface soil layer. Similarly, it is proposed that the subsequent increase in bulk density and decline in infiltration where moderate and high EC-SAR water is applied is due to an increase in clay tactoid swelling reducing the size of the conducting microspores, dispersion blocking pores, and/or an increase in the thickness of the apedal surface layer. The reduction in infiltration associated with the use of high-SAR irrigation water was found to reduce the performance of the irrigations, with the application efficiency of the final irrigation decreasing from 40% where the low-SAR water was used, to 21% where the high-SAR water was applied. The implications for surface irrigating with water containing high sodium levels are discussed.

Yunusa et al. (1997) studied characterisation of water use by Sultana grapevines (Vitis vinifera L.) on their own roots or on Ramsey rootstock drip-irrigated with water of different salinities. In that research, seasonal evapotranspiration (ET) was deter-mined for Sultana grapevines grown on their own roots (Own-rooted) or grafted onto Ramsey rootstock (Grafted), and irrigated with water of three salinity levels – low (0.4 dS m–1), medium (1.8 dS m–1) and high (3.6 dS m–1) – during the 1994/1995 growing season in south-eastern Australia. Transpiration (T) was determined from sap flux, soil evaporation (Es) with a model, and soil water (S) with a neutron probe. Total ET for the season was similar for both Own-rooted and Grafted, averaging 382 mm. How-ever, Grafted partitioned a mean of 193.5 mm (50.8%) of the ET through T compared to 146.7 mm (38.4%) by Own-rooted. Daily rates of T were generally low and attained peaks of 1.2 mm (9.9 l per vine) for Grafted and 0.9 mm (7.5 l) for Own-rooted in late November, and changed very little until after harvest in February. In contrast to T, the Es rate was consistently higher for Own-rooted than for Grafted from November onwards, and at the end of the sea-son totaled 237 mm for Own-rooted compared to 187 mm for Grafted. Differences between Own-rooted and Grafted in their partitioning of ET into T and Es were associated with their canopy development. Grafted had a higher rate of canopy development than Own-rooted, and in mid-sea-son, the former intercepted about 50% more incident radiation than Own-rooted. The crop factors, i. e. ratio of water use to evaporative demand, based on ET were similar for both vine types with an average seasonal value of 0.25, but when based on T were 0.12 for Grafted and 0.10 for Own-rooted. The ratio of fresh fruit weight to total water used at harvest, i. e. crop water use efficiency (CWUE), based on ET, had a mean of 86 kg mm–1 ha–1 for Grafted and 43 kg mm–1 ha–1 for Own-rooted, and when based on T, was 165 and 115 kg mm–1 ha–1, respectively; how-ever, supplementary data obtained during the 1993/1994 season, indicated a CWUE based on T of 294 and 266 kg mm–1 ha–1 for Grafted and Own-rooted, respectively. Salinity did not have significant effects on canopy development and water use for most of the 1994/1995 growing sea-son. The study shows ET and crop factors for the drip-irrigated grapevines to be much lower than previously re-ported for this district. Introduction Achieving high water use efficiency has become a major issue in sustainable irrigation cropping systems. To develop irrigation practices that harmonise high water use efficiency and avoid over-irrigation, it is imperative to quantify components of the soil water balance. The water balance of an irrigated vineyard can be represented as: DS = P+I+Gw –Es –T –RO –D (1) in which DS is the change in the storage of soil water, P rainfall, I irrigation, Gw water contributed to the root zone by the shallow water-table (where present), Es soil evaporation, T transpiration, RO surface run-off and D through-drainage. Since both Es and T are closely linked and difficult to measure separately, they are often combined and quantified as evapotranspiration (ET) or crop water use. However, the contribution to ET from Gw is negligible where the soil is adequately recharged from the top and the perched water-table is of poor quality, while RO is largely avoided with drip irrigation systems (Hillel 1987). Hillel (1987) used the term “technical or irrigation water efficiency” (IWUE), i. e. the ratio of water applied to the root zone to that used for ET, to evaluate the supply and demand of water for an irrigated crop. In the Mallee district of south-eastern Australia, the recommendation is to keep the soil water potential above –40 kPa in the 0.5-m soil profile (Prior and Grieve 1986).

Bhattarai et al. (2008) suggested a method to improve water efficiency. Oxygation (aerated irrigation water) can ameliorate hypoxia of SDI crops and realize the full benefit of SDI systems. Oxygation effects on yield, WUE and rooting patterns of soybean, chickpeas, and pumpkin in glasshouse and field trials with SDI at different emitter depths (5, 15, 25, and 35 cm) were evaluated. The effect of oxygation was prominent with increasing emitter depths due to the alleviation of hypoxia. The effect of oxygation on yield in the shallow-rooted crop vegetable soybean was greatest (+43%), and moderate on medium (chickpea +11%) and deep-rooted crops (pumpkin +15%). Oxygation invariably increased season-long WUE (WUEsl) for fruit and biomass yield and instantaneous leaf transpiration rate. In general, the beneficial effects of oxygation at greater SDI depth on a heavy clay soil were mediated through greater root activity, as observed by general increase in root weight, root length density, and soil respiration in the trialed species. Our data show increased moisture content at depth with a lower soil oxygen concentration causing hypoxia. Oxygation offsets to a degree the negative effect of deep emitter placement on yield and WUE of SDI crops.

The spatial and temporal variations commonly found in the infiltration characteristic for surface-irrigated fields are a major physical constraint to achieve higher irrigation application efficiencies. Khatri et al. (2006) suggested a method to real-time prediction of soil infiltration characteristics for the management of furrow irrigation. In that method a scaling process was used to reduce the amount of data required to predict the infiltration characteristics for each furrow and each irrigation event for a whole field. Data from 44 furrow irrigation events from two different fields were used to evaluate the proposed method. Infiltration characteristics calculated using the proposed method were compared to values calculated from the full advance data using the INFILT computer model. The infiltration curves calculated by the proposed method were of similar shape to the INFILT curves and gave similar values for cumulative infiltration up to the irrigation advance time for each furrow. More importantly the statistical properties of the two sets of infiltration characteristics were similar. This suggests that they would return equivalent estimates of irrigation performance for the two fields and that the proposed method could be suitable for use in real-time control.

Hanson et al. (2006) investigated crop evapotranspiration of processing tomato in the San Joaquin Valley of California. They found that yield of processing tomato has increased by 53% over the past 35 years. Thus, concerns exist about the current seasonal crop evapotranspiration requirements of processing tomato compared to the past published requirements, which were about 645 mm. Also, the mid-season crop coefficient for processing tomato developed 35 years ago with sprinkler irrigation was 1.25, while a mid-season coefficient developed 20 years ago with subsurface drip irrigation was 1.05. Because of the age and variability of crop coefficients and the long-term yield increase, a study was conducted to determine the seasonal crop evapotranspiration and crop coefficients of processing tomatoes using the Bowen ratio energy balance method in eight commercial fields from 2001 to 2004. Their measurements were made in both furrow- and drip irrigated fields. Results showed seasonal crop evapotranspiration to range from 528 to 752 mm with an average of 648 mm. No statistical differences were found between furrow and drip irrigation. Mid-season crop coefficients varied between 0.96 and 1.09 with statistically similar values between furrow- and drip irrigation for a given year. Current evapotranspiration rates were similar to those of the early 1970s, indicating that the water use efficiency of processing tomato increased substantially with time during the past 35 years.

Due to the decreasing availability of fresh water to agriculture in many regions, saline water utilization in irrigation gets more and more attention. In order to facilitate the safe use of saline water for irrigation, the effects of salinity on crops should be understood, and optimal management strategies should be developed. Wan et al. (2007) studied effect of drip irrigation with saline water on tomato (Lycopersicon esculentum Mill) yield and water use in semi-humid area. They performed a 3-year field experiment to investigate the effect of saline water on tomato yield and water use under mulched drip irrigation in North China Plain in 2003, 2004 and 2005. Five treatments of irrigation water with average salinity levels of 1.1, 2.2, 2.9, 3.5 and 4.2 dS/m in 2003 and 2004, and 1.1, 2.2, 3.5, 4.2 and 4.9 dS/m in 2005 were designed. Throughout tomato growing season, the soil matric potentials at 0.2 m depth immediately under drip emitters of all treatments were kept higher than −20 kPa and saline water was applied about 30 days after transplant. Results showed that irrigation water salinity ranging 1.1–4.9 dS/m had few effects on tomato yield, but had some effects on tomato seasonal accumulative water use, water use efficiency (WUE) and irrigation water use efficiency (IWUE). With the increase of irrigation water salinity, tomato seasonal accumulative water use decreased, WUE and IWUE increased. After 3-year irrigating with saline water, soil salinity in the 0–90 cm soil depths did not increase. So in North China Plain, or similar semi-humid area, when there were not enough fresh water for irrigation, saline water with salinity from 2.2 to 4.9 dS/m can be applied to irrigate field culture tomatoes after appropriate management strategies were adopted.

Huang et al. (2005) studied wheat yields and water-use efficiency. They found that growing season rainfall had a significant (P < 0.05) influence on biomass and grain yield of spring wheat in rain-fed conditions during the 13 years. Both biomass and grain yield were very low and varied significantly due to the low and significant variability of growing season rainfall. Straw mulch increased wheat yields significantly during both dry (1997) and wet (1998) years. It increased biomass and grain yield by 37 and 52%, respectively, in 1997, and by 20 and 26%, respectively, in 1998. Straw mulch also significantly decreased evapotranspiration (P < 0.05), soil water depletion (P < 0.01), and increased water-use efficiency (P < 0.001). Biomass and grain yield either increased (P < 0.01 or P < 0.001) with increasing irrigation in 1997 and 1998. The three irrigation levels increased the biomass yield from 34 to 66% in 1997 and from 34 to 77% in 1998. The irrigation levels also increased grain yield from 53 to 102% in 1997 and from 22 to 57% in 1998. Water-use efficiency for biomass and grain yield also increased with increasing irrigation. On the other hand, irrigation water-use efficiency for biomass and grain yield decreased with increasing irrigation.

Armstrong (2004) made a research about water use efficiency and profitability on an irrigated dairy farm in northern Victoria. The case study farm data indicated that between 1995–96 and 1998–99 there was no simple, direct association between water use efficiency and profitability. The development options considered included building a new dairy and increasing herd size and either increasing the area of irrigated pasture or intensifying on the existing irrigated area. The likely water use efficiency and economic efficiency were estimated for the various development options. The development budgets suggested that intensifying on the existing irrigated land was the most attractive option, if the predicted improvements in water use efficiency were achieved. This option had an internal rate of return of 64%, broke even after 5 years and was compatible with the objectives of the farm owners. Options that resulted in simultaneous increased in water use efficiency; profitability and labour efficiency appear to be more likely to be adopted than options that focus solely on increasing water use efficiency.

Oster et al. (2003) studied economic and agronomic strategies to achieve sustainable irrigation. In their research they found that the achievement of sustainable irrigation in arid regions requires greater attention to waterlogging, salinization, and degradation of ground and surface waters, which are among the problems that continue to threaten productivity and degrade environmental quality. They considered sustainability to be achieved when irrigation and drainage are conducted on-farm, and within irrigation districts, in a manner that does not degrade the quality of land, water, and other natural resources, either on-farm or throughout an irrigated region. Sustainability may also be described as maintaining the productive resources required for irrigation, so that future generations may have the same opportunity to use those resources as we do. Given the increasing importance of irrigated land for food production, the time has come when it is vital to intercept, reuse, and isolate drainage waters within the regions in which they are generated. Adoption of this strategy can be enhanced by policies that require farmers, and irrigation districts, to consider the off-farm impacts of irrigation and drainage. Such policies include linking water rights with salt rights to require the monitoring and management of both irrigation water and the salt loads in drainage waters. They reviewed the knowledge gained since the early 1970s regarding the economic and agronomic aspects of irrigation and drainage, with a focus on drainage water reduction and sequential reuse of drainage water on salt-tolerant crops. Economic incentives that motivate farm-level and district-level improvements in water management were also reviewed. They conclude that adequate knowledge exists for implementing strategies that focus on water use and salt disposal within irrigated regions, and they recommend policies that will motivate improvements in productivity and enhance the likelihood of achieving sustainability.

Triantafilis et al. (2003) made a research about field-scale assessment of deep drainage. In that paper they applied a rapid method for determining the spatial distribution of soil in an irrigated cotton field in the lower Gwydir valley. First, ECa data were used to determine a soil-sampling scheme for determining soil information such as clay content and exchangeable cations to a depth of 1.2 m. The soil data and water quality information were input into the SaLF (salt and leaching fraction) model to estimate deep drainage rate (mm/year). In developing the relationship between ECa and estimated deep drainage, three exponential models (two-, three- and four-parameter) were compared and evaluated using the Aikakie information criteria (AIC). The three-parameter exponential model was found to be best and was used for further analysis. Using the geostatistical approach of multiple indicator kriging (MIK), maps of conditional probability of deep drainage exceeding a critical cut-off value (i.e. 50, 75, 100 mm) were produced for various rates of irrigation (I=300, 600, 1,200 and 1,500 mm/year). The areas of highest risk were consistent with where water-use efficiency was problematic and thus leading to the creation of perched water tables. The advantage of this approach is that it is quick and is applicable to situations where efficient use of water is required. The results can be used for irrigation planning, particularly in the location of large irrigation infrastructure such as water reservoirs.
Behaviour of farmers:

Boland et al. (2006) made a research about adoption of sustainable irrigation management practices by stone and pome fruit growers in the Goulburn /Murray Valleys, Australia. The management of water resources by orchards in the south-eastern region of Australia is an increasingly important policy issue, especially given the low water allocations and concerns about salinity in recent years. Optimal management for economic and environmental sustainability can be described as best management practices (BMP). They developed a project to run an extension program, which aimed to achieve behavioural change among orchardists through the adoption of irrigation BMPs and benchmarks. The effectiveness of the extension program was evaluated and the drivers for adoption assessed. In the first stage of the project both BMPs and benchmarks were determined for irrigation management. A survey of 200 growers showed no relationship between yield and irrigation system or irrigation volume suggesting that increased yields were not a key driver for adoption of sustainable irrigation practices. Stage two of the project involved undertaking an extension program aimed to facilitate the adoption of BMPs and benchmarks and incorporated a suite of activities to meet the learning needs of a diversity of participants (40 growers). The program was effective in establishing behavioural change for many of the growers involved; however, it was resource intensive requiring significant one-on-one input. Stage three aimed to analyse the key drivers for adoption of sustainable irrigation practices for the whole of the stone and pome fruit industry in south-eastern Australia using market research. The study determined that water use efficiency was not a key driver for adoption of sustainable irrigation practices (micro irrigation and soil moisture monitoring) and adoption was generally not limited by lack of knowledge. Groups of growers were identified where extension programs could be effective by focussing on specific information e.g. redevelopment of orchard. Other groups had no need and/or ability to change unless the external operating environment was to change e.g. regulation, access to pressurised water. The voluntary adoption of more sustainable irrigation practices will probably require extensive resources using one-on-one methodology. The extension program should not focus on the broader social objective of improved water use efficiency but promote other potential benefits (e.g. labour saving, redevelopment of production systems, management flexibility) with targeted messages for specific groups.

1.5 Summary

As the competition for the finite water resources on earth increases due to growth in population and affluence, agriculture is faced with intensifying pressure to improve the efficiency of water used for food production. The causes for the relatively low water use efficiency in agriculture are numerous and complex, including environmental, biological, engineering, management, social, and economic aspects. The complexity of the problem, with its myriads of local variations, requires a comprehensive conceptual framework of the underlying physical and biological processes. This could be the basis to analyze the existing situation and quantify the efficiencies, and to plan and execute improvements at the regional and local level. Additionally the link from research to the application level has to be improved or a framework for dissemination of implementation measures has to be improved and carried out.

Based on EEA (2008) following measures to improve water use efficiency in agriculture can be summarized: 

Basically a shift of the management focus from increasing supply to minimizing demand is crucial which needs to involve various different policies and practices:

· In all sectors, including agriculture, water should be priced according to the volume used.

· Governments should implement drought management plans more extensively and focus on risk rather than crisis management.

· Water-intensive bioenergy crops should be avoided in areas of water scarcity.

· A combination of crop management, selection and irrigation methods can substantially improve agricultural water efficiency if backed-up with farmer advisory programmes. National and EU funds including the European Union’s Common Agricultural Policy can play an important role in promoting efficient and sustainable water use in agriculture.

· Measures to raise public awareness, such as eco-labelling, eco-certification, education programmes in schools, are essential to realise sustainable water use.

· Measures to raise farmers awareness and voluntary actions for more sustainable irrigation practices (e.g. targeted messages for specific groups by extension programs)

· Leakage in water supply systems must be addressed. In parts of Europe, water loss via leakage can exceed 40 % of total supplies.

· Illegal abstraction of water, often for agricultural use, is widespread in certain areas of Europe. Appropriate surveillance and a system of fines or penalties should be put in place to address the issue.

· Authorities should create incentives for greater use of alternative water supplies, such as treated wastewater, greywater, and ‘harvested’ rainwater, to help reduce water stress.
Table 1 summarizes the main identified strategies to improve water use efficiency in agriculture under European climatic conditions

	Area
	Field
	Measures (examples)

	Improving crop management methods
	Microclimatic conditions (see 2.1.1)
	Agroforestry systems, Crop intercropping, windbreaks

	
	Crop rotation (see 2.1.2)
	selecting crops with low water consumption, alternating cereals and legumes (semiarid regions), fallow year

	
	Crop timing (see 2.1.2)
	early planting in spring, optimizing planting dates (vegetables, sugar beet)

	
	Soil cultivation and Seeding techniques (see 2.1.2)
	Minimum tillage, micro water harvesting, non flooded mulching cultivation or wet seeding  (rice), applying mulches

	
	Fertilization (see 2.1.3)
	N-fertilization (durum), K-fertilization (grapes), P, K Fertilization (bean), Zn fertilization (chickpea), Liming of acid soils (maize, cowpea)

	
	Cultivar effects (see 2.1.4)
	Selecting drought stress tolerant cultivars, selecting ozone tolerant cultivars, reaction on chermical applications (antitranspirants), considering cultivar drought sensitive phenological stages for irrigation scheduling

	Irrigation
	Irrigation methods (see 3.2)
	Many crops: Sprinkler irrigation (better than furrow irrigation), Deficit irrigation, Regulated deficit irrigation; alternate furrow irrigation,  drip irrigation, capillary irrigation, alternate wetting/drying, partial root zone drying (PRD), subsurface drip system, spray irrigation, low-energy precision application (LEPA), variable water supply, adapting trickle irrigation system to soil conditions, supplemental irrigation; rainwater harvesting agriculture (RHA)

	
	Irrigation scheduling (see.2.2)
	Considering cultivar drought sensitive phenological stages for irrigation scheduling; considering weather conditions, using canopy temperature, using tensiometers or soil water content, variable irrigation frequency, using modelling approaches such as calculated evapotranspiration, considering salt accumulation, daily multiple water application, apply pre-sowing irrigation, consider soil infiltration rates (avoid water logging), adapt ittigation amount to soil conditions and salinity of water

	
	Irrigation infrastructures
	Increase percentage of water reuse (scale dependent), increase system efficiency, reduction of pipe leaching, reduce illegal water use, using waste waters, effective policies of water distribution

	Policies and advizing
	Increasing awareness, adapt and implement laws (see 2.3)
	Apply costs for water, effective advizing for stakeholders and farmers (e.g. one-on-one approach to reach voluntary adoption of more sustainable irrigation practices), school education, Linking water rights with environmental issues and sustainability

	Other
	Water quality (see 2.3)
	Improving and protect irrigation water sources,  apply low salinity water, apply precision farm techniques by considering soil variation in irrigation application 


Recommendations for further actions for WMO, what should be done ? key points? 
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yield t-ha

		Pais		Wheat		Rice, Paddy		Barley		Maize		Sorghum		sugar beet		potato

		Egypt		6.53		9.52		3.21		6.99		5.94		44.008		22.94

		Italy		3.48		6.28		3.60		9.51		5.16		46.083		24.69
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		Siria		2.67		0.00		0.42		3.60		0.75		50.000		28.43

		Spain		3.29		7.45		3.33		9.51		3.91		66.532		23.33
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