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ABSTRACT 
 

Mohamed Abdelaal Ahmed Salama: Estimating Water Consumptive 

Use for Some Crops under Stress Conditions Using Neutron 

Scattering Method. Unpublished Ph.D. Thesis, Department of Soil 

Science, Faculty of Agriculture, Ain Shams University, 2011.  

 

Field experiment was conducted to study the influence of different 

levels of irrigation water salinity on actual evapotranspiration, water 

stress coefficient, yield and water use efficiency of both groundnut and 

wheat crops growing on sandy soil under trickle irrigation system located 

at 30
o
 24

`
 N latitude, 31

o
 35

`
 E longitude while the altitude is 20 m above 

the sea level. 

 

Four irrigation water salinity levels were used for both crops, they 

are; 2.4 (S1), 2.7 (S2), 3.3 (S3) and 4.4 (S4) dS m
-1
, for groundnut and 4.9 

(S1), 6.3 (S2), 8.7 (S3) and 13 (S4) dS m
-1
, for wheat respectively besides a 

fresh water (FW) as a control treatment (0.5 dS m
-1
). Cattle manure was 

added as a soil amendment at a rate of 48 m
3
 ha

-1
. Neutron moisture meter 

was used to determine soil moisture content and depletion through the soil 

depths of 30, 45, 60, 75 and 90cm. Soil moisture content at 15 cm soil 

depth was determined gravimetrically.  

 

The applied irrigation water was 700 mm/season for groundnut 

and 550 mm/season for wheat based on 100 % of the recommended crop 

water requirements according to FAO No.33. (1979). The obtained results 

showed that the actual evapotranspiration (ETa) and water stress 

coefficient (Ks) were slightly deceased by increasing the salinity of 



irrigation water especially under (S4) irrigation salinity treatment for both 

crops. 

 

Regarding the yield, water use efficiency (WUE) and irrigation 

water use efficiency (IWUE) of groundnut and wheat, results showed that 

the high salinity of irrigation water decreased both yield; WUE and 

IWUE. The yield of groundnut follows the order FW (3.89 ton ha
-1
) > S1 

(2.19 ton ha
-1
) > S2 (1.63 ton ha

-1
) > S3 (1.54 ton ha

-1
) > S4 (1.19 ton ha

-1
) 

whereas wheat yield follows the order  FW (6.05 ton ha
-1
) > S1 (4.99 ton 

ha
-1
) > S2 (4.91 ton ha

-1
) > S3 (4.63 ton ha

-1
) > S4 (2.91 ton ha

-1
). 

Concerning soil chemical properties; the salinity of irrigation water 

significantly increased the total soluble salts of soil (ECe).  

 

Key words:  

Actual evapotranspiration, water stress coefficient, saline 

water, sandy soil, groundnut, wheat, WUE, IWUE. 

 



ACKNOWLEDGMENTS 

 

I would like to express my deep thanks and appreciation to Prof. 

Dr. Mohamed El-Sayed Galal, Professor of Soil Science, Faculty of 

Agriculture, Ain Shams University and to Dr. Yasser Ezat Arafa, 

Assistant Professor of Agricultural Engineering, Faculty of 

Agriculture, Ain Shams University. This work would not have been 

possible without them support and sustain. Also my deep thanks for my 

advisor Prof. Dr. Mohamed Abd El-Moniem Mohamed and Prof. Dr. 

Rushdy Wassif El-Gendy, Professors of Soil Physics,  Soils & Water 

Research Department of Radioisotope Applications Division, Nuclear 

Research Center, Atomic Energy Authority, for their supervision, helpful 

advises and constructive criticisms. 

 

There have many people helped and contributed to complete this 

work, I want to take the opportunity to thanks all of them; especially to 

Dr. Ahmed Hegazi. Sincere thanks are extended to all those who helped 

me in away or another in the completion of this work.  

 

I would like to express sincere thanks to the Soil & Water 

Research Department of Radioisotope applications, Nuclear Research 

Center, Atomic Energy Authority, to give me the opportunity to complete 

my Ph.D. I am sincerely thankful to all staff of Department of Soils and 

Department of Agriculture Engineer, Faculty of Agriculture, Ain Shams 

University 

 

          Mohamed Abdelaal Ahmed Salama 

 



CONTENTS 

No. Item Page 

 List of Tables…………………………………………... vii 

 List of Figures………………………………………….. ix 

1. Introduction……………………………………………. 1 

2. Review of Literature…………………………………... 5 

2.1 Consumptive use (Cu)………………………………….. 5 

2.2 Evapotranspiration concept (ET)……………………….. 6 

2.2.1 Evaporation (E)………………………………………… 8 

2.2.2 Transpiration (T)………………………………………... 10 

2.2.3 Factors affecting evapotranspiration process………….... 11 

2.2.3.1 Weather parameters…………………………………….. 11 

2.2.3.2 Crop factors……………………………………………. 13 

2.2.3.3 Management and environmental conditions……………. 13 

2.3 Reference evapotranspiration (ETo)…………………….. 14 

2.4 Crop coefficients (Kc)………………………………….. 16 

2.4.1 Factors determining the crop coefficient……………….. 18 

2.4.1.1 Crop type……………………………………………….  18 

2.4.1.2 Climate…………………………………………………  19 

2.4.1.3 Soil evaporation………………………………………... 20 

2.4.1.4 Crop growth stages…………………………………….. 20 

2.5 Crop evapotranspiration under standard conditions (ETc) 22 

2.5.1 Crop coefficient under standard conditions (Kc)……….. 22 

2.5.1.1 ETc-Single crop coefficient (Kc)……………………….. 22 

2.5.1.2 ETc-Dual crop coefficient (Kc = Kcb + Ke)…………….. 23 

2.6 Crop evapotranspiration under nonstandard conditions 

(ETc adj)…………………………………………………. 25 

2.6.1 Crop coefficient under nonstandard conditions (Kc)…... 25 

2.6.1.1 ETc adj-Single crop coefficient (Kc)…………………….. 25 

2.6.1.2 ETc adj-Dual crop coefficient (Kc = Kcb + Ke)………….. 26 

2.7 Methods of determining and calculating the crop 

evapotranspiration……………………………………… 27 



 ii

2.7.1 Direct measurements of crop evapotranspiration (ETc)... 27 

2.7.1.1 Lysimeter method…………………………………….... 27 

2.7.1.2 Soil water balance method……………………………... 29 

2.7.1.3 Soil moisture depletion method………………………... 32 

2.7.2 Indirect calculation of crop evapotranspiration (ETc)….. 33 

2.7.2.1 Penman-Monteith method…………………………….... 33 

2.7.2.2 Hargreaves method……………………………………... 36 

2.7.2.3 Radiation method………………………………………. 36 

2.8 Neutron moisture meter for measuring soil water content 

and some hydrophysical properties of the soil………….. 37 

2.9 Effective of water stress on evapotranspiration……….... 40 

2.10 Irrigation scheduling and system……………………….. 44 

2.11 Water use efficiency (WUE) and irrigation water use 

efficiency (IWUE)…………………………………….... 48 

2.12 Groundnut crop………………………………………… 50 

2.12.1 Crop description and climate………………………….... 50 

2.12.2 Irrigation water requirements, methods and scheduling... 51 

2.12.3 Effect of salinity on plant growth and yield…………….. 52 

2.13 Wheat crop……………………………………………... 54 

2.13.1 Crop description and climate…………………………... 54 

2.13.2 Irrigation water requirements, methods and scheduling... 55 

2.13.3 Effect of salinity on plant growth and yield……………. 57 

3. Materials and Methods……………………………….. 61 

3.1 Site description………………………………………… 61 

3.2 Irrigation system……………………………………….. 61 

3.2.1 Hydraulic evaluation of the used system……………….. 62 

3.2.1.1 Emitter flow rate versus pressure……………………… 62 

3.2.1.2 Manufacture coefficient of variation (C.V)…………….. 64 

3.2.1.3 Emission uniformity (EU)……………………………... 64 

3.3 Cultivated crops………………………………………... 66 

3.3.1 Groundnut (Season 2008)……………………………… 66 

3.3.1.1 Cultivated crop…………………………………………. 66 



 iii

3.3.1.2 Irrigation treatments……………………………………. 68 

3.3.1.3 Irrigation scheduling…………………………………… 69 

3.3.1.4 Experimental design and statistical analysis…………… 70 

3.3.1.5 Fertilization and other agronomic practices………….... 70 

3.3.2 Wheat (Season 2008/2009)……………………………. 71 

3.3.2.1 Cultivated crop………………………………………… 71 

3.3.2.2 Irrigation treatments……………………………………. 72 

3.3.2.3 Irrigation scheduling…………………………………… 73 

3.3.2.4 Experimental design and statistical design……………... 73 

3.3.2.5 Fertilization and other agronomic practices……………. 74 

3.4 Evapotranspiration estimation…………………………. 74 

3.4.1 Meteorological data……………………………………. 74 

3.4.2 Calculation of reference evapotranspiration (ETo)……... 75 

3.4.3 Crop coefficient (Kc)…………………………………… 77 

3.4.4 Calculation of crop evapotranspiration (ETc)………….. 77 

3.4.4.1 Crop evapotranspiration under standard conditions (ETc) 77 

3.4.4.2 Crop evapotranspiration under nonstandard conditions 

(ETc adj)…………………………………………………. 78 

3.4.5 Water stress coefficient (Ks)…………………………… 78 

3.4.6 Actual evapotranspiration (ETa)………………………... 79 

3.5 Neutron calibration of neutron moisture meter……….... 79 

3.6 Water use efficiency (WUE) and irrigation water use 

efficiency (IWUE)……………………………………... 81 

3.7 Soil and water analysis………………………………… 82 

3.7.1 Physical analysis……………………………………….. 82 

3.7.1.1 Soil mechanical analysis……………………………….. 82 

3.7.1.2 Soil bulk density………………………………………... 82 

3.7.1.3 Soil field capacity (FC) and permanent wilting point 

(PW)…………………………………………………… 83 

3.7.2 Chemical analysis……………………………………… 83 

3.7.2.1 Soil characteristics analysis……………………………. 83 

3.7.2.2 Chemical analysis of irrigation water………………….. 83 



 iv

3.8 Crop measurements……………………………………. 84 

3.8.1 Groundnut crop………………………………………… 84 

3.8.2 Wheat crop……………………………………………… 84 

4. Results and Discussion……………………………….... 85 

4.1 Groundnut crop………………………………………… 85 

4.1.1 Reference evapotranspiration (ETo)…………………….. 85 

4.1.2 Actual evapotranspiration (ETa)………………………... 86 

4.1.3 Crop coefficient (Kc)…………………………………… 87 

4.1.4 Water stress coefficient (Ks)……………………………. 89 

4.1.5 Crop evapotranspiration under standard conditions (ETc) 

(Fresh water) and nonstandard conditions (ETc adj) 

(Saline water)………………………………………….. 91 

4.1.6 Groundnut crop production based on shelled nuts……..  92 

4.1.7 Water use efficiency (WUE) related to ETa…………...... 94 

4.1.8 Irrigation water use efficiency (IWUE) related to 

applied water (I)………………………………………... 95 

4.1.9 Effect of electrical conductivity (ECe) on sandy soil 

properties………………………………………………. 96 

2.1.10 Effect of irrigation water salinity on some soil properties 

of the root zone of groundnut plant…………………….. 97 

4.1.11 Effects of irrigation water salinity on oil and protein (%) 99 

4.1.12 Effects of irrigation water salinity on some parameters 

of groundnut crop………………………………………. 101 

4.2 Wheat crop……………………………………………... 103 

4.2.1 Reference evapotranspiration (ETo)…………………….. 103 

4.2.2 Actual evapotranspiration (ETa)………………………... 103 

4.2.3 Crop coefficient (Kc)…………………………………… 105 

4.2.4 Water stress coefficient (Ks)……………………………. 107 

4.2.5 Crop evapotranspiration under standard conditions (ETc) 

(Fresh water) and nonstandard conditions (ETc adj) 

(Saline water)…………………………………………… 109 

4.2.6 Wheat crop production…………………………………. 110 



 v

4.2.7 Water use efficiency (WUE) related to ETa…………….. 112 

4.2.8 Irrigation water use efficiency (IWUE) related to 

applied water (I)………………………………………... 

 

113 

4.2.9 Effect of electrical conductivity (ECe) on sandy soil 

properties………………………………………………. 114 

4.2.10 Effect of irrigation water salinity on some soil properties 

of the root zone of wheat plant……………..................... 116 

4.2.11 Effects of saline irrigation water on some parameters of 

wheat crop……………………………………………… 118 

5. Summary……………………………………………..... 121 

6. References…………………………………………….. 127 

 Arabic Summary………………………………………  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 vi

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



LIST OF TABLES 

No. Title Page 

1 General selection criteria for the single and dual crop 

coefficient approaches (Allen et al., 1998) ……………….. 19 

2 Emitter discharge with different head……………………... 63 

3 Discharger of emitters to evaluate EU of the trickle 

irrigation system under study……………………………… 65 

4 Some physical characteristics of experimental soil.............. 67 

5 Some chemical characteristics of experimental soil............. 67 

6 Chemical analysis of cattle manure……………………….. 68 

7 The expected reduction of groundnut yield (%), as affected 

by saline irrigation water……………………………..…… 68 

8 Some chemical characteristics of the used irrigation water.. 69 

9 The crop parameters for average demand conditions for 

groundnut crop…………………………………………….. 69 

10 Some physical characteristics of experimental soil.………. 71 

11 Some chemical characteristics of experimental soil...…….. 71 

12 The expected reduction of wheat yield (%), as affected by 

saline irrigation water……………………………………... 72 

13 Some chemical characteristics of the used irrigation water.. 72 

14 The crop parameters for average demand conditions for 

wheat crop…………………………………………………. 73 

15 Metrological data of Inshas area during the growing season 

of groundnut and wheat crops……………..………………. 76 

16 Groundnut and wheat crop coefficient (Kc) during the 

growth stages……………………………………………… 77 

17 Regression equations of neutron calibration curves for the 

soil moisture content as a function if soil depths under 

groundnut and wheat crops………………………………... 80 

18 Values of reference evapotranspiration for all growth 

stages of groundnut season (2008)………………………… 85 

19 The average seasonal ETa values of groundnut plants  



 viii

grown under different irrigation water salinity……………. 87 

20 Crop coefficient (Kc) of the four growth stages of 

groundnut plants as affected by irrigation water salinity 

compared with Kc values suggested by the FAO No.33…... 88 

21 Electrical conductivity ECe (dS m
-1
) in the root zone of 

groundnut plants…..………………………………………. 90 

22 Water stress coefficient (Ks) for the four growth stages of 

groundnut under irrigation with saline water ……………... 90 

23 Crop evapotranspiration under standard conditions (ETc) 

(Fresh water) and nonstandard conditions (ETc adj) (Saline 

water) ……………………………………………………... 92 

24 Effects of saline irrigation water on soil properties……….. 98 

25 Effects of saline irrigation water on some parameters of 

groundnut crop……………………………………………. 102 

26 Values of reference crop evapotranspiration for all growth 

stages of wheat season (2008/2009)………………………. 103 

27 The average seasonal ETa values of wheat plants grown 

under different irrigation water salinity…………………… 104 

28 Crop coefficient (Kc) of the four growth stages of wheat 

plants as affected by irrigation water salinity compared 

with Kc values suggested by the FAO No.33……………... 106 

29 Electrical conductivity ECe (dS m
-1
) in the root zone of 

wheat plants….…………………………………………..... 108 

30 Water stress coefficient (Ks) for the four growth stages of 

wheat under irrigation with saline water…………………... 109 

31 Crop evapotranspiration under standard conditions (ETc) 

(Fresh water) and nonstandard conditions (ETc adj) (Saline 

water)……………………………………………………... 110 

32 Effects of saline irrigation water on some soil chemical 

properties for different soil depths……………………….. 117 

33 Effects of saline irrigation water on some parameters of 

wheat crop………………………………………………... 119 



 ix

 



LIST OF FIGURES 

No. Title Page 

1 Storage tanks of saline irrigation water………………….. 62 

2 The relation between the pressure head (m) and the 

emitter discharge (l hr
-1
)…………………………………. 63 

3 EU of the trickle irrigation system under study………….. 66 

4 Layout of groundnut crop experiment…………………… 70 

5 Layout of wheat crop experiment………………………... 74 

6 The schematic drawing and figure of neutron moisture 

meter CPN, 503 DR……………………………………… 81 

7 Crop coefficient (Kc) of the four growth stages of 

groundnut plants as affected by irrigation water salinity 

compared with Kc values suggested by the FAO No.33…. 88 

8 Effect of water salinity levels on groundnut yield (Shelled 

nuts)……………………………………………………... 93 

9 Water use efficiency (WUE) of groundnut crop as 

affected by different salinity levels of irrigation water…... 94 

10 Irrigation water use efficiency (IWUE) of groundnut crop 

as affected by different salinity levels of irrigation water.. 96 

11 Effect of water salinity levels on total oil (%) of 

groundnut crop…………………………………………… 100 

12 Effect of water salinity levels on total soluble protein (%) 

of groundnut crop………………………………………… 101 

13 Crop coefficient (Kc) of the four growth stages of wheat 

plants as affected by irrigation water salinity compared 

with Kc values suggested by the FAO No.33……………. 106 

14 Effect of water salinity levels on wheat yield………….... 112 

15 Water use efficiency (WUE) of wheat crop as affected by 

different salinity levels of irrigation water………………. 113 

16 Irrigation water use efficiency (IWUE) of wheat crop as 

affected by different salinity levels of irrigation water…... 114 

 

 



 x

 



1. INTRODUCTION 

 

One of the most important concepts regarding water balance in 

arid and semi-arid areas is crop evapotranspiration (ETc) which is a key 

factor for determining proper irrigation scheduling and for improving 

water use efficiency in irrigated agriculture. Accurate estimation of 

evapotranspiration constitutes is considered a very important part of 

irrigation system planning and designing, and accurate spatial 

determination is crucial to achieving sustainable agriculture (Er-Raki et 

al., 2007). Climate is one of the most important factors determining the 

crop water requirements needed for unrestricted optimum growth and 

yield. The demand for water by the crop must be met by the water in the 

soil via the root system. The actual rate of water uptake by the crop from 

the soil in relation to its crop evapotranspiration (ETc) is determined by 

whether, the available water in the soil is adequate or whether the crop 

will suffer from stress inducing water deficit. The effect of water stress on 

growth and yield depends on the crop species and the variety on the one 

hand and the magnitude and the time of occurrence of water deficit on the 

other. 

 

Salinity of arable land is an increasing problem of many irrigated, 

arid and semi-arid area of the world where rainfall is insufficient to leach 

salts from the root zone, and it is a significant factor in reducing crop 

productivity. About 10% of all lands are affected by salinity problems. 

They occur in every continent in different proportions; more frequently in 

arid and semi-arid areas than in humid and semi-humid areas (Szabolcs, 

1994). Salts in the soil water solution can reduce evapotranspiration by 

making soil water less "available" for plant root extraction. Salts have an 

affinity for water and hence additional force is required for the crop to 

extract water from a saline soil. The presence of salts in the soil water 

solution reduces the total potential energy of the soil water solution. In 

addition, some salts cause toxic effects in plants and can reduce plant 
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metabolism and growth (Allen et al., 1998). Under saline-water irrigation, 

the daily ET of pomegranate is significantly lower than under fresh water 

irrigation. This is why due attention should be paid to delivering the 

correct amount of water for irrigation. As the ET of plants is highly 

influenced by prevailing weather conditions, judicious use of water for 

saline and fresh water irrigation is possible using experimentally 

computed Kc values (Bhantana and Lazarovitch, 2010). The use of 

neutron moisture meter was adopted to overcome the time consumed for 

measuring the soil moisture content and it's depletion under conditions of 

trickle irrigation system. 

  

Groundnut (Arachis hypogea L.), is an important legume cash 

crop for the tropical farmers and its seeds contain high amounts of edible 

oil (43–55 %) and protein (25–28 %) (Reddy et al., 2003). Also, it's very 

important in crop rotation systems as they help in biological nitrogen 

fixation (Delgado et al., 1994), a good source of oil, protein and food for 

people; and fodder for cattle in Vietnam (Ramakrishna et al., 2006). 

Present annual world production of unshelled and shelled nuts is about 

38.2, 1.64 million tons from about 23.8 million ha, respectively. The 

annual production of unshelled and shelled nuts is about 208835, 3200 

tons from 61401 ha in Egypt (FAOSTAT, 2008). Groundnut was selected 

for this study because it is moderately sensitive to water shortage and it is 

commonly grown on soils with low to medium water holding capacities. 

 

Wheat (Triticum aestivum) is a very important cereal crop in 

Egypt and it is characterized by being moderately tolerant to salinity 

(Ouda, 2007). Water stress in wheat changes patterns of plant growth and 

development. Depressed water potential suppresses cell division, organ 

growth, net photosynthesis, protein synthesis, and alters hormonal 

balances of major plant tissues (Gusta and Chen 1987). Present world 

production is about 683.4 million tons from 222.8 million ha and in Egypt 

the production of wheat is 7.97 million tons from 1.23 million ha 
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(FAOSTAT, 2009). Global wheat production fell below consumption as 

much wheat area was displaced by maize. Wheat stocks reached historic 

lows and wheat prices increased by about 30 % (World Bank, 2008). 

Water demand for agriculture is increasing worldwide to meet the 

increasing demand for food by the rapidly growing population and to 

improve the living standards of a large part of the population (Ould 

Ahmed et al., 2010). Therefore, the selection of wheat crop in this study 

because it is moderately tolerant to salinity, water demand and it is most 

important crop in Egypt. 

 

This study will be carried out within a research program by Soils 

& Water Research Department, Atomic Energy Authority, Inshas. The 

present work aims at; 

1- Determination of the actual water consumptive use of groundnut and 

wheat crop under trickle irrigation system with fresh and saline water, 

2- Determination of crop coefficient (Kc) and water stress coefficient 

(Ks) for groundnut and wheat plants through the plant growth stages, 

3- Studying the influence of fresh and saline irrigation water on 

groundnut and wheat production and water use efficiency, and 

4- Illustrate soil deterioration due to the use of low-quality water. 
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2. REVIEW OF LITERATURE 

 

2.1 Consumptive use (Cu) 

 

Phocaides (2000) mentioned that the consumptive water use is the 

quantity of water used by the vegetative growth of a given area in 

transpiration or building of plant tissue and that evaporated from the soil or 

from intercepted precipitation on the area in any specific time. It is expressed 

in water depth per unit of time (= consumptive use or evapotranspiration). 

On the other hand, the water requirement is the quantity of water 

regardless of its source required by a crop or diversified pattern of crops 

in a given period of time, for its normal growth under field conditions. It 

includes evaporation and other economically unavoidable wastes. It may 

also be expressed as equal to seasonal consumptive use plus percolation 

as this may be unavoidable. It is usually expressed in water depth units 

per unit area (ICID, 1975).  

 

Consumptive use of water by a crop is a function of the growth 

stage of crop and reference evapotranspiration (ETo), (Field et al., 1998), 

also they pointed consumptive use of water by a particular crop is 

conventionally determined from the reference evapotranspiration, the 

requirement of a standard crop under the applicable climatic conditions, 

and a crop factor relating to the growth stage of that particular crop. As 

the amount of water used by plants for metabolic processes is 

insignificant (less than 1 %), the term ET is synonymous with 

consumptive use (Cu) (Michael, 2006). Seasonal Cu values are useful in 

scheduling irrigation, and are obtained by summing the daily ET values in 

a cropped field throughout an entire season. Peak period Cu is particularly 

useful for irrigation system design, as ET, Kc and Cu are also affected by 

crop type, plant growth stage and weather conditions (Michael, 2006). 

Peak period Cu is obtained from the average of daily water use during the 

days of highest Cu. With the same crop type and weather conditions, the 
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major factor affecting Cu is crop growth and development (Bhantana and 

Lazarovitch, 2010). 

 

The amount of water required to compensate the 

evapotranspiration loss from the cropped field is defined as crop water 

requirement. Although the values for crop evapotranspiration and crop 

water requirement are identical, crop water requirement refers to the 

amount of water that needs to be supplied, while crop evapotranspiration 

refers to the amount of water that is lost through evapotranspiration. The 

irrigation water requirement basically represents the difference between 

the crop water requirement and effective precipitation. The irrigation 

water requirement includes additional water for leaching of salts and to 

compensate for non-uniformity of water application (Allen et al., 1998). 

 

Crop water requirement is an important practical consideration for 

improved water-use efficiency. Crop water requirements vary during the 

growing period, mainly due to variation in crop canopy and climatic 

conditions, and are governed by crop evapotranspiration (ETc) (Benli et 

al., 2006). About 93 % of the total water resources are used by agriculture 

(Latif, 2002). The gap between water demand and supply has increased 

manifolds, due to increased agricultural activities and reduced river flows. 

Availability of adequate good quality water is one of the most important 

inputs in successful crop production. 

 

2.2 Evapotranspiration concept (ET) 

 

The combination of two separate processes whereby water is lost 

on the one hand from the soil surface by evaporation and the other hand 

from the crop by transpiration is referred to as evapotranspiration (ET) 

(Allen et al., 1998; Irmak and Haman, 2003). Evaporation and 

transpiration occur simultaneously and there is no easy way of 

distinguishing between the two processes. Apart from the water 



 - ٧ -

availability in the topsoil, the evaporation from a cropped soil is mainly 

determined by the fraction of the solar radiation reaching the soil surface. 

This fraction decreases over the growing period as the crop develops and 

the crop canopy shades more and more of the ground area. When the crop 

is small, water is predominately lost by soil evaporation, but once the 

crop is well developed and completely covers the soil, transpiration 

becomes the main process. 

  

A large proportion of the grain produced in Australia is grown in 

areas with a Mediterranean climate characterized by hot, dry summers 

and cool wet winters. Under these conditions, crop growth is limited by 

water and yields are often positively related to rainfall during the growing 

season. Moreover, 30-60 % of the seasonal evapotranspiration may be lost 

as evaporation from the soil surface. This large loss occurs because, 

during early winter, crops have low leaf area indices and the soil surface 

is frequently wetted by rainfall (Siddique et al., 1990). Evapotranspiration 

during this period is dominated by soil evaporation (Yunusa et al., 1993) 

but if this water could be transpired, growth and grain yields of crops may 

be increased. Plant characteristics such as early vigour (Turner and 

Nicolas, 1998) and management practices such as early sowing, increased 

fertilizer input and planting density which increases early growth, have 

been shown to increase crop yields through improved water use efficiency 

(Anderson, 1992; Anderson et al., 1992; Connor et al., 1992). ET for 

early-sown crops was greater than that from late-sown crops when soil 

water availability was high. This suggests that early sowing can increase 

early season water use and thus is more likely to decrease recharge losses 

compared with late-sown crops (Eastham et al., 1999). 

 

Estimation of evapotranspiration (ET) is an important part of 

agricultural water management, in local and regional water balance 

studies and in hydrological modelling. At the field scale ET is important 

in irrigation planning and scheduling and is an integral part of field 
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management decision support tools (Hansen et al., 1991; Plauborg and 

Olesen, 1991; Abrahamsen and Hansen, 2000). An accurate estimation 

of ET includes integration of a number of factors such as crop 

characteristics and development stage, weather parameters and 

environmental conditions and management practices. For operational use 

equations to estimate ET have been developed. 

  

2.2.1 Evaporation (E) 

 

Evaporation is the process whereby liquid water is converted to 

water vapour (vaporization) and removed from the evaporating surface 

(vapour removal). Water evaporates from a variety of surfaces, such as 

lakes, rivers, pavements, soils and wet vegetation. Energy is required to 

change the state of the molecules of water from liquid to vapour. Direct 

solar radiation and, to a lesser extent, the ambient temperature of the air 

provide this energy. The driving force to remove water vapour from the 

evaporating surface is the difference between the water vapour pressure at 

the evaporating surface and that of the surrounding atmosphere. As 

evaporation proceeds, the surrounding air becomes gradually saturated 

and the process will slow down and might stop if the wet air is not 

transferred to the atmosphere. The replacement of the saturated air with 

drier air depends greatly on wind speed. Hence, solar radiation, air 

temperature, air humidity and wind speed are climatologically parameters 

to consider when assessing the evaporation process (Allen et al., 1998). 

 

Where the evaporating surface is the soil surface, the degree of 

shading of the crop canopy and the amount of water available at the 

evaporating surface are other factors that affect the evaporation process. 

Frequent rains, irrigation and water transported upwards in a soil from a 

shallow water table are wetting the soil surface. Where the soil is able to 

supply water fast enough to satisfy the evaporation demand, the 

evaporation from the soil is determined only by the meteorological 
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conditions. However, where the interval between rains and irrigation 

becomes large and the ability of the soil to conduct moisture to near the 

surface is small, the water content in the topsoil drops and the soil surface 

dries out. Under these circumstances the limited availability of water 

exerts a controlling influence on soil evaporation. In the absence of any 

supply of water to the soil surface, evaporation decreases rapidly and may 

cease almost completely within a few days (Allen et al., 1998). 

 

Michael (1997) stated that evaporation from natural surface, such 

as open water, bare soil or vegetative cover is a diffusive process, by 

which water in the form of vapour is transferred from the underlay 

surface to the atmosphere. The essential requirements in evaporation 

process are: 

1. The source of, heat to vaporize the liquid water, and 

2. The presence of a gradient concentration of water vapour between the 

evaporation surface and the surrounding air. The source of energy for 

evaporation may be solar energy, the air blowing over the surface or 

the underlying surface itself. The energy required for evaporation, 

regardless of the surface where evaporation is taking place is 590 

calories per gram of water evaporated at 20 oC. Evaporation can, 

however, occur only when the vapour concentration at the evaporation 

surface exceeds that in the overlying air. 

 

The rate of evaporation from the soil surface depends upon 

climatic factors, the unsaturated hydraulic conductivity, moisture content 

of the soil, concentration of salts in the soil groundwater and the depth to 

the water table. When the water table is near the surface, the water 

contents of the surface soil remain high due to capillary flux equaling the 

high evaporative flux. These wet surfaces evaporate water rapidly. During 

and for several hours following each irrigation, the soil surface is wet and 

if there is not complete canopy cover, rapid evaporation takes place until 

the surface dries (Kahlown et al., 2005). 
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2.2.2 Transpiration (T) 

 

Transpiration consists of the vaporization of liquid water 

contained in plant tissues and the vapour removal to the atmosphere. 

Crops predominately lose their water through stomata. These are small 

openings on the plant leaf through which gases and water vapour pass. 

The water, together with some nutrients, is taken up by the roots and 

transported through the plant. The vaporization occurs within the leaf, 

namely in the intercellular spaces, and the vapour exchange with the 

atmosphere is controlled by the stomatal aperture. Nearly, all water taken 

up is lost by transpiration and only a tiny fraction is used within the plant 

(Allen et al., 1998). 

 

Transpiration accounts about 60 to 70 % of evapotranspiration 

(Kang et al., 1994), and is related to leaf stomata conductance and water 

potential. Leaf water potential is a better indicator than soil moisture 

content or matric potential because plant water status is a function of soil 

water availability, hydraulic resistance along the water flow, plant water 

capacitance, and meteorological conditions that determine atmospheric 

evaporative demand. Rapid changes in climatic conditions may cause 

abrupt changes in plant water status. The required threshold level of 

available soil water for crop under variable climatic conditions may be 

changed because of the no steady water flow in the soil and plant 

atmosphere continuum. The difficulties encountered in determining soil 

water availability make it desirable to use plant water status as an 

additional tool for soil water adjustment estimation. 

 

The transpiration rate is affected not only by meteorological factor 

but also by physiological and structural factors of the crop, which is 

manifested through crop coefficient (Matsuo and Hoshikawa, 1995). 

Transpiration, like direct evaporation, depends on the energy supply, 

vapour pressure gradient and wind. Hence, radiation, air temperature, air 
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humidity and wind terms should be considered when assessing 

transpiration. The soil water content and the ability of the soil to conduct 

water to the roots also determine the transpiration rate, as do water 

logging and soil water salinity. The transpiration rate is also influenced by 

crop characteristics, environmental aspects and cultivation practices. 

Different kinds of plants may have different transpiration rates. Not only 

the type of crop, but also the crop development, environment and 

management should be considered when assessing transpiration (Allen et 

al., 1998). 

 

2.2.3 Factors affecting evapotranspiration process 

 

An accurate estimation of ET includes integration of a number of 

factors such as crop characteristics and development stage, weather 

parameters and environmental conditions and management practices 

(Kjaersgaard et al., 2008). 

 

2.2.3.1 Weather parameters 

 

The principal weather parameters affecting evapotranspiration are 

radiation, air temperature, humidity and wind speed. Several procedures 

have been developed to assess the evaporation rate from these parameters. 

The evaporation power of the atmosphere is expressed by the reference 

crop evapotranspiration (ETo). The reference crop evapotranspiration 

represents the evapotranspiration from a standardized vegetated surface 

(Allen et al., 1998). 

 

Solar radiation is the dominant energy source and is able to 

convert large quantities of liquid water into water vapor. The potential 

amount of radiation that can reach the evaporating surface is determined 

by location and the time of the year. The actual solar radiation reaching 

the evaporating surface depends on atmospheric factors such us turbidity 
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and the presence of clouds, which can reflect and absorb major parts of 

the radiation. When assessing the effect of solar radiation on 

evapotranspiration, one should also bear in mind that not all available 

energy is used to vaporize water. Part of the solar energy is used to heat 

the atmosphere and soil. The solar radiation absorbed by the atmosphere 

and the heat emitted by the earth increases the air temperature. The 

sensible heat of the surrounding air transfers energy to the crop and exerts 

as such a controlling influence on the rate of evapotranspiration. While 

the energy from the sun and surrounding air is the main driving force for 

the vaporization of water, the difference between the water vapor pressure 

at the evapotranspiring surface and the surrounding air (vapor pressure 

gradient) is the determining factor for the vapor transfer. The process of 

water vapor removal depends to a large extent on wind speed and 

turbulence, which transfers large quantities of air from and to the 

evaporating surface. When vaporizing water, the air above the 

evaporating surface becomes gradually saturated with water vapor. If this 

air is not continuously replaced with drier air, the gradient water vapor 

and thus evapotranspiration rates decrease (Alexandris and Kerkides, 

2003). They also mentioned that the combined influence of those 

meteorological factors affects evapotranspiration and determines the 

overall effect of the local climatic conditions on the rate of 

evapotranspiration.  

 

Penman-Monteith equation is often difficult and expensive to 

obtain for practical applications (di Stefano and Ferro, 1977). Although 

electronic data logging weather stations are becoming the norm for some 

countries, this is not the case on global basis. According to Pereira and 

Pruitt (2004), the rarely available automatic weather stations require 

qualified personnel for operation and maintenance of the very sensitive 

instruments.  
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2.2.3.2 Crop factors 

 

The crop type, variety and development stage should be 

considered when assessing the evapotranspiration from crops grown in 

large, well-managed fields. Differences in resistance to transpiration, crop 

height, crop roughness, reflection, ground cover and crop rooting 

characteristics result in different ET levels in different types of crops 

under identical environmental conditions. Crop evapotranspiration under 

standard conditions (ETc) refers to the evaporating demand from crops 

that are grown in large fields under optimum soil water, excellent 

management and environmental conditions, and achieve full production 

under the given climatic conditions (Allen et al., 1998). 

 

Plant factors affecting transpiration are the crop size, shape, 

surface characteristics as well as stomata aperture of leaf, leaf density and 

spatial structure (Hirasawa, 1995), also described that transpiration is 

affected by environmental factors influencing evaporation of water at the 

leaf air interface, such as atmospheric vapor pressure, solar radiation, air 

temperature, wind speed. 

 

2.2.3.3 Management and environmental conditions 

 

Factors such as soil salinity, poor land fertility, and limited 

application of fertilizers, the presence of hard or impenetrable soil 

horizons, the absence of control of diseases and pests and poor soil 

management may limit the crop development and reduce the 

evapotranspiration. Other factors to be considered when assessing ET are 

ground cover, plant density and the soil water content. The effect of soil 

water content on ET is conditioned primarily by the magnitude of the 

water deficit and the type of soil. On the other hand, too much water will 

result in water logging which might damage the root and limit root water 

uptake by inhibiting respiration (Allen et al., 1998). 
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When assessing the ET rate, additional consideration should be 

given to the range of management practices that act on the climatic and 

crop factors affecting the ET process. Cultivation practices and the type 

of irrigation method can alter the microclimate, affect the crop 

characteristics or affect the wetting of the soil and crop surface. A 

windbreak reduces wind velocities and decreases the ET rate of the field 

directly beyond the barrier. The effect can be significant especially in 

windy, warm and dry conditions although evapotranspiration from the 

trees themselves may offset any reduction in the field. Soil evaporation in 

a young orchard, where trees are widely spaced, can be reduced by using 

a well-designed drip or trickle irrigation system. The drippers apply water 

directly to the soil near trees, thereby leaving the major part of the soil 

surface dry, and limiting the evaporation losses. The use of mulches, 

especially when the crop is small, is another way of substantially reducing 

soil evaporation. Anti-transpirants, such as stomata-closing, film-forming 

or reflecting material, reduce the water losses from the crop and hence the 

transpiration rate (Allen et al., 1998). 

 

Using trickle irrigation and mulching reduces crop water 

requirements significantly in comparison with conventional irrigation or 

no mulching practices (Battikhi and Hill, 1988). Mulch type (material 

and color) affects albedo and hence increases soil temperature which in 

turn affects both root and shoot growth and development (Knavel and 

Mohr, 1967). Besides, mulching will reduce soil water evaporation 

affecting significantly the crop evapotranspiration and hence, the crop 

water requirements.  

 

2.3 Reference evapotranspiration (ETo) 

 

The ETo is the evapotranspiration from a reference crop such as 

grass or alfalfa with specific characteristics and standard conditions 

(Allen et al., 1994a). Many methods are available for estimating reference 
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crop evapotranspiration (ETo). The methods proposed by Doorenbos and 

Pruitt (1977), namely the modified Penman, Blaney-Criddle, Radiation, 

and Pan Evaporation, have been extensively applied in different climatic 

conditions. Blaney-Criddle used temperature as the main variable to 

obtain an index for consumptive use in the arid Western United States, the 

Radiation method used temperature and solar radiation and the Pan 

Evaporation method used evaporation and environmental factors to 

calculate the reference crop evapotranspiration. 

 

Determination of ETo is best calculated by using the physically 

based Penman-Monteith (PM) equation (Allen et al., 1989, 1994b; Allen, 

1996; Allen et al., 1998). Also, mentioned that Penman equation derived 

an equation to compute the evaporation from an open water surface from 

standard climatologically records of sunshine, temperature, humidity and 

wind speed. Therefore, this method has been widely used because it gives 

satisfactory results under various climate conditions across the world. The 

only factors affecting ETo are climatic parameters. Consequently, ETo is a 

climatic parameter and can be computed from weather data. ETo 

expresses the evaporating power of the atmosphere at a specific location 

and time of the year and does not consider the crop characteristics and 

soil factors. The FAO Penman-Monteith (FAO-PM) method is 

recommended as the sole method for determining ETo. The method has 

been selected because it closely approximates grass ETo at the location 

evaluated, is physically based, and explicitly incorporates both 

physiological and aerodynamic parameters. Moreover, procedures have 

been developed for estimating missing climatic parameters. 

 

When simplifying an accepted method, apart from not loosing 

accuracy, an important element of the criteria set by Allen et al. (2000) is 

that the sums of hourly-calculated ETo should closely approximate 

computed ETo daily values, the ones most often used in irrigation water 

management, hydraulic design and computing hydrologic water balances. 
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Reference plant water consumption estimated by the Penman-Monteith 

method on an hourly basis was more reliable than on a daily basis (Evett 

et al., 2000; Yildirim et al., 2004). 

 

The problem of predicting water use by plants is very complex and 

involves the need of measuring many environmental and biological 

variables. Evapotranspiration is driven by the meteorological conditions 

but it is also dependent on factors imposed by the plants and by the 

amount of soil water available to the roots. If soil water is not limiting, 

the transpiration will be conditioned by the leaf area. When vegetation 

completely shades the ground, it has been assumed that the transpiring 

surface is equivalent to the covered ground area, even when the leaf area 

index differs from unity (Pereira et al., 2006). 

 

2.4 Crop coefficient (Kc) 

 

Crop coefficient (Kc) is defined as the ratio of the crop 

evapotranspiration to the reference evapotranspiration and can be 

calculated by different methods (e.g. single crop coefficient method and 

dual crop coefficient method) (Jensen et al., 1990; Allen et al., 1998).  

The single crop coefficient method is much simpler and more convenient 

than the dual crop coefficient method and is still well used in practice. For 

most agricultural crops a relation can be established between 

evapotranspiration and climate by the introduction of the crop coefficient 

(Kc), which is the ratio of crop evapotranspiration (ETc) to reference crop 

evapotranspiration (ETo) (Doorenbos and Pruitt, 1977). Several reports 

on the estimation of Kc are become available (Jensen et al., 1990; Allen et 

al., 1998) have reported crop coefficients for many crops. It should be 

noted that the crop coefficient is a function of climate, soil type, the 

particular crop and its varieties, irrigation methods, soil water, nutrient 

content and plant phonology and so on. 
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There are two methods used to estimate crop evapotranspiration: the 

single and the dual crop coefficients. In the single crop coefficient (Kc), the 

effect of crop transpiration and soil evaporation are combined into a single 

Kc. The dual crop coefficient consists of two coefficients: a basal crop 

coefficient (Kcb) and a soil evaporation coefficient (Ke). This latter approach is 

mainly used in research and real time irrigation scheduling for high 

frequent water applications. Allen et al. (1998) recommended the 

evaluation of crop coefficient values in local climatic condition by 

observed data using lysimeter when the accuracy is highly concerned. 

Crop evapotranspiration is calculated by multiplying ETo by Kc, a 

coefficient expressing the difference in evapotranspiration between the 

cropped and reference grass surface. The difference can be combined into 

one single coefficient, or it can be split into two factors describing 

separately the differences in evaporation and transpiration between both 

surfaces. The selection of the approach depends on the purpose of the 

calculation, the accuracy required, the climatic data available and the time 

step with which the calculations are executed. Table (1) presents the 

general selection criteria. 

 

The crop coefficient is dependent upon stage of crop growth, 

canopy height, cover and architecture (Allen et al., 1998). It has been 

demonstrated that the Kc is highly correlated with leaf area (Williams et 

al., 2003), leaf area index (LAI) (Ritchie and Johnson, 1990; de 

Medeiros et al., 2001), canopy cover (Heilman et al., 1982; de Medeiros 

et al., 2001) and the fraction of light intercepted by the canopy (Ayars et 

al., 2003). 
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Table (1): General selection criteria for the single and dual crop 

coefficient approaches (Allen et al., 1998). 

Criteria Single crop coefficient (Kc) Dual crop coefficient (Kcb + Ke ) 

Purpose of 

calculation 

� Irrigation planning and design 

� Irrigation management 

� Basic irrigation schedules 

� Real time irrigation 

scheduling for  non-frequent 

water applications  (surface 

and sprinkler irrigation) 

 

 

� Research 

� Real time irrigation scheduling 

� Irrigation scheduling for high  

frequency water application    

(micro-irrigation and automated  

sprinkler irrigation) 

� Supplemental irrigation 

� Detailed soil and hydrologic  

water balance studies 

Time step Daily, 10-day, monthly 

(data and calculation) 

Daily 

(data and calculation) 

Solution 

method 

Graphical 

Pocket calculator 

Computer 

Computer 

 

2.4.1 Factors of determining the crop coefficient 

 

The crop coefficient integrates the effect of characteristics that 

distinguish a typical field crop from the grass reference, which has a 

constant appearance and a complete ground cover. Consequently, 

different crops will have different Kc. The changing characteristics of the 

crop over the growing season also affect the Kc (Allen et al., 1998). 

 

2.4.1.1 Crop type   

 

Due to differences in albedo, crop height, aerodynamic properties, 

leaf and stomata properties, the evapotranspiration from full grown, well-

watered crops differs from ETo. The close spacing of plants and taller 

canopy height and roughness of many full grown agricultural crops cause 

these crops to have Kc factors that are larger than 1. The Kc factor is often 

5-10 % higher than the reference (where Kc = 1.0), and even 15-20 % 
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greater for some tall crops such as maize, sorghum or sugar cane. Crops 

such as pineapples, that close their stomata during the day, have very 

small crop coefficients. In most species, however, the stomata open as 

irradiance increases. In addition to the stomatal response to environment, 

the position and number of the stomata and the resistance of the cuticle to 

vapour transfer determine the water loss from the crop. Species with 

stomata on only the lower side of the leaf and/or large leaf resistances will 

have relatively smaller Kc values. This is the case for citrus and most 

deciduous fruit trees. Transpiration control and spacing of the trees, 

providing only 70 % ground cover for mature trees, may cause the Kc of 

those trees, if cultivated without a ground cover crop, to be smaller than 

one. 

 

2.4.1.2 Climate   

 

The Kc values presented by (Allen et al., 1998) are typical values 

expected for average Kc under a standard climatic condition, which is 

defined as a sub-humid climate with average daytime minimum relative 

humidity (RHmin) ≈ 45 % and having calm to moderate wind speeds 

averaging 2 m s-1. Variations in wind alter the aerodynamic resistance of 

the crops and hence their crop coefficients, especially for those crops that 

are substantially taller than the hypothetical grass reference. The effect of 

the difference in aerodynamic properties between the grass reference 

surface and agricultural crops is not only crop specific. It also varies with 

the climatic conditions and crop height. Because aerodynamic properties 

are greater for many agricultural crops as compared to the grass reference, 

the ratio of ETc to ETo (i.e., Kc) for many crops increases as wind speed 

increases and as relative humidity decreases. More arid climates and 

conditions of greater wind speed will have higher values for Kc. More 

humid climates and conditions of lower wind speed will have lower 

values for Kc. 
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2.4.1.3 Soil evaporation   

 

Differences in soil evaporation and crop transpiration between 

field crops and the reference surface are integrated within the crop 

coefficient. The Kc coefficient for full-cover crops primarily reflects 

differences in transpiration as the contribution of soil evaporation is 

relatively small. After rainfall or irrigation, the effect of evaporation is 

predominant when the crop is small and scarcely shades the ground. For 

such low-cover conditions, the Kc coefficient is determined largely by the 

frequency with which the soil surface is wetted. Where the soil is wet for 

most of the time from irrigation or rain, the evaporation from the soil 

surface will be considerable and Kc may exceed 1. On the other hand, 

where the soil surface is dry, evaporation is restricted and Kc will be small 

and might even drop to as low as 0.1. 

 

2.4.1.4 Crop growth stages   

 

Crop water use varies substantially during the growing period due 

to variation in crop canopy and climatic conditions. Total crop water use 

is nothing but the sum of root water uptake plus soil evaporation plus 

interception, and the spatial and temporal pattern of soil water use by 

crops can best be obtained from the accurate profile description of 

hydraulic conductivity, soil water flux and rooting pattern (Proffitt et al., 

1985). As the crop develops, the ground cover, crop height and the leaf 

area change. Due to differences in evapotranspiration during the various 

growth stages, the Kc for a given crop will vary over the growing period. 

The growing period can be divided according to (Allen et al., 1998) into 

four distinct growth stages; initial, crop development, mid-season and late 

season stage. 

 

Values of Kc for most agricultural crops increase from a minimum 

value at planting until a maximum Kc is reached at about full canopy 
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cover. The Kc tends to decline at a point after a full cover is reached in the 

crop season. The declination extent primarily depends on the particular 

crop growth characteristics (Jensen et al., 1990) and the irrigation 

management during the late season (Allen et al., 1998). A Kc curve is the 

seasonal distribution of Kc, often expressed as a smooth continuous 

function. Few authors have correlated Kc or Kcb with the plant's growth 

parameters; however, results reported in the literature indicate a good 

correlation between the crop coefficient and the leaf area index for 

different crops, as observed by (Bandyopadhyay and Mallick, 2003; 

Khang et al., 2003). They have found that the highest Kcb or Kc value is 

reached for a leaf area index varying from 2.5 to 4.0 for several crops. 

The recommended values of Kc-ini in FAO56 method are appropriate if 

reliable atmospheric data are available. However, the Kc-mid was found to 

be the sensitive parameter affecting ETc estimation and the careful 

calibration according to the regional conditions and varieties seemed to be 

required for the accurate prediction (Vu et al., 2005). 

 

The prediction of actual crop evapotranspiration (ETa) and crop 

coefficients (Kc) as a function of growth period are very much important 

for determining crop water use and scheduling irrigation at a regional level. 

Crop curves as a function of crop growth parameters, such as leaf area 

index (Medeiros et al., 2001), may be an alternative to consider the 

aforementioned variations in the crop's development and to improve water 

management proposals for irrigated crops. One limitation of this type of 

curve is the fact that they were developed for optimum situations in which 

the crop grows on large fields under excellent agronomic and soil water 

conditions, which implicitly leads to an equally optimum condition of 

plant growth and development. Such conditions are not always observed 

in commercial crops due to the influence of environmental factors, such 

as temporal and local climate variability, tillage practices, and soil and 

water management. In fact, variations in crop development in the field are 
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very common and, hence, restrict the transferability of these crop curves 

to another place or even year-to-year (Medeiros et al., 2005). 

 

2.5 Crop evapotranspiration under standard conditions (ETc) 

 

The crop evapotranspiration under standard conditions, denoted as 

ETc, is the evapotranspiration from disease-free, well-fertilized crops, 

grown in large fields, under optimum soil water conditions, and achieving 

full production under the given climatic conditions. Crop 

evapotranspiration can be calculated from climatic data and by integrating 

directly the crop resistance, albedo and air resistance factors in the 

Penman-Monteith approach. As there is still a considerable lack of 

information for different crops, the Penman-Monteith method is used for 

the estimation of the standard reference crop to determine its 

evapotranspiration rate, calculated by multiplying the reference crop 

evapotranspiration, ETo, by a single crop coefficient, Kc and/or by dual 

crop coefficient (Kcb + Ke) (Allen et al., 1998). 

 

2.5.1 Crop coefficient under standard conditions (Kc) 

 

2.5.1.1 ETc - Single crop coefficient (Kc) 

 

In the single crop coefficient approach, the effect of crop 

transpiration and soil evaporation are combined into a single Kc 

coefficient. The coefficient integrates differences in the soil evaporation 

and crop transpiration rate between the crop and the grass reference 

surface. As soil evaporation may fluctuate daily as a result of rainfall or 

irrigation, the single crop coefficient expresses only the time-averaged 

(multi-day) effects of crop evapotranspiration. 

 

As the single Kc coefficient averages soil evaporation and 

transpiration, the approach is used to compute ETc for weekly or longer 
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time periods, although calculations may proceed on a daily time step. The 

time-averaged single Kc is used for planning studies and irrigation system 

design where the averaged effects of soil wetting are acceptable and 

relevant. This is the case for surface irrigation and set sprinkler systems 

where the time interval between successive irrigation is of several days, 

often ten days or more (Allen et al., 1998; Khang et al., 2003). For 

typical irrigation management, the time-averaged single Kc is valid, given 

by Eq. (1): 

 

ETc = Kc ETo        (1) 

 

Where:  

ETc : Crop evapotranspiration [mm d-1],  

Kc : Single crop coefficient [dimensionless], and 

ETo : Reference crop evapotranspiration [mm d-1] 

 

2.5.1.2 ETc - Dual crop coefficient (Kc = Kcb + Ke) 

 

Basal crop coefficients represent conditions when soil-water 

evaporation is minimal; but soil-water availability remains non-limiting to 

plant transpiration. For computerized irrigation scheduling programs, 

crop coefficients applied on a daily basis as Kcb coefficients require 

direct computation of wet-soil evaporation, following irrigation and 

precipitation. The dual crop coefficient is mainly used in research and for 

real-time irrigation scheduling, irrigation scheduling for high frequent 

water application, supplemental irrigation, and detailed soil and hydrologic 

water balance studies.  

 

In the dual crop coefficient approach, the effects of crop 

transpiration and soil evaporation are determined separately. Two 

coefficients are used: the basal crop coefficient (Kcb) to describe plant 

transpiration, and the soil water evaporation coefficient (Ke) to describe 
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evaporation from the soil surface (Allen et al., 1998), the single Kc 

coefficient is replaced by Eq. (2): 

 

Kc = Kcb + Ke        (2) 

 

Where: 

Kc : Crop coefficient [dimensionless], 

Kcb : Basal crop coefficient [dimensionless], and 

Ke : Soil water evaporation coefficient [dimensionless]. 

 

The basal crop coefficient, Kcb, is defined as the ratio of ETc to 

ETo when the soil surface layer is dry but where the average soil water 

content of the root zone is adequate to sustain full plant transpiration. The 

Kcb represents the baseline potential Kc in the absence of the additional 

effects of soil wetting by irrigation or precipitation. The soil evaporation 

coefficient, Ke, describes the evaporation component from the soil 

surface. If the soil is wet following rain or irrigation, Ke may be large. 

However, the sum of Kcb and Ke can never exceed a maximum value, Kc 

max, determined by the energy available for evapotranspiration at the soil 

surface. As the soil surface becomes drier, Ke becomes smaller and falls 

to zero when no water is left for evaporation. The estimation of Ke 

requires a daily water balance computation for the calculation of the soil 

water content remaining in the upper topsoil. 

 

The dual coefficient approach requires more numerical 

calculations than the procedure using the single time-averaged Kc 

coefficient. The dual procedure is best for real time irrigation scheduling, 

for soil water balance computations, and for research studies where 

effects of day-to-day variations in soil surface wetness and the resulting 

impacts on daily ETc, the soil water profile, and deep percolation fluxes 

are important. This is the case for high frequency irrigation with micro-
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irrigation systems or lateral move systems such as centre pivots and linear 

move systems given by Eq. (3): 

 

ETc = (Kcb + Ke) ETo      (3) 

 

Where:  

ETc : Crop evapotranspiration [mm d-1],  

Kcb : Basal crop coefficient [dimensionless],  

Ke : Soil evaporation [dimensionless], and 

ETo : Reference crop evapotranspiration [mm d-1]. 

 

2.6 Crop evapotranspiration under nonstandard conditions (ETc adj) 

 

The crop evapotranspiration under nonstandard conditions (ETc adj) 

is the evapotranspiration from crops grown under management and 

environmental conditions that differ from the standard conditions. When 

cultivating crops in fields, the real crop evapotranspiration may deviate 

from ETc due to non-optimal conditions such as the presence of pests and 

diseases, soil salinity, low soil fertility, water shortage or water logging. 

This may result in scanty plant growth, low plant density and may reduce 

the evapotranspiration rate below ETc. The ETc under nonstandard 

conditions is calculated by using a water stress coefficient (Ks) and/or by 

adjusting Kc for all kinds of other stresses and environmental constraints 

on crop evapotranspiration (Allen et al., 1998). 

 

2.6.1 Crop coefficient under nonstandard conditions (Kc) 

 

2.6.1.1 ETc adj - Single crop coefficient (Kc) 

 

The soil water stress coefficient (Ks) changes from 0 to 1, and it 

depends on the soil water depletion linked to water supply (rainfall or 

irrigation). The diminution of Ks may be attributed to the increase in water 
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depletion at the root zone through a removal of water by transpiration and 

percolation losses that induced stress condition and diminution of soil 

moisture at the root zone (Er-Raki et al., 2007). Ks describe the effect of 

water stress on crop transpiration. Where the single crop coefficient is 

used, the effect of water stress is incorporated into Kc, given by Eq. (4): 

 

ETc adj = Ks Kc ETo      (4) 

 

Where: 

ETc adj : Crop evapotranspiration under nonstandard conditions [mm d-1], 

Ks : Water stress coefficient [dimensionless], 

Kc : Single crop coefficient [dimensionless], and 

ETo : Reference crop evapotranspiration [mm d-1]. 

 

2.6.1.2 ETc adj - Dual crop coefficient (Kc = Kcb + Ke) 

 

The effects of soil water stress are described by multiplying the 

basal crop coefficient by the water stress coefficient, Ks, given by Eq. (5): 

 

ETc adj= (Ks Kcb + Ke) ETo     (5) 

 

Where: 

ETc adj : Crop evapotranspiration under nonstandard conditions [mm d-1], 

Ks : Water stress coefficient [dimensionless], 

Kcb : Basal crop coefficient [dimensionless], 

Ke : Soil evaporation [dimensionless], and 

ETo : Reference crop evapotranspiration [mm d-1] 

 

For soil water limiting conditions, Ks < 1. Where there is no soil water 

stress, Ks = 1. 
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2.7 Methods of determining and calculating the crop evapotranspiration 

 

Allen et al. (1998) gave methods to estimate ETc for under 

optimum soil water conditions, requiring the estimation of crop 

transpiration and soil evaporation. Using this method, the effect of specific 

wetting events on the value of Kc and ETc is determined by splitting Kc 

into two separate coefficients: one for crop transpiration, i.e., the basal 

crop coefficient (Kcb) representing the transpiration of the crop; and another 

for soil evaporation, the soil water evaporation coefficient (Ke) (Kassam 

and Smith, 2001). Thus, an accurate estimation of crop ET is an 

important factor for efficient water management (Tyagi et al., 2000). 

Since it is time consuming and expensive to obtain accurate 

measurements directly from field observations, ETc is commonly 

estimated from weather data (Lecina et al., 2003). Crop 

evapotranspiration (ETc) or consumptive use (Cu) is determined by direct 

measurements or indirect methods using crop coefficient and climatic 

data, as following by many methods;  

 

2.7.1 Direct measurements of crop evapotranspiration (ETc) 

 

The most common methods of measuring the amount of water 

consumed by crops have been classified as: 

1. Lysimeter method,  

2. Soil water balance method, and 

3. Soil moisture depletion method. 

 

2.7.1.1 Lysimeter method 

 

Lysimeter (evapotranspiration) are commonly used for growing 

crops under controlled conditions as similar as possible to natural 

conditions. Lysimeters are tanks filled with soil in which crops are grown 

under natural conditions to measure by evaporation and transpiration. The 
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method provides the only direct measurement of ET and is frequently 

used to study climatic effects on ET and to evaluate estimating 

procedures. However, not all lysimeter data are representative of field 

conditions. Soil conditions inside the lysimeter must be essentially the 

same as those outside. The lysimeters must contain the same crop 

surrounding it in the field, and at least 100 m from the edge of the field. 

Lysimeters are set up to measure water balances; water adds, water 

retained by the soil, and water lost through sources of evapotranspiration 

and deep percolation. 

 

van der Molen (1976) stated that items of the water balance could 

be determined more precisely in lysimeters than in polders or catchments 

areas. For this reason lysimeters should fit properly into environmental 

areas, i.e. have same ground surface levels, have same crop and have 

same moisture supplies in and around the lysimeters. To determine 

potential evapotranspiration (ETp) the crop must be well provided with 

irrigation water both in and around the lysimeter. Lysimeters can be 

grouped into three categories:  

1. Non-weighing, constant water-table type, which provides reliable data 

in areas where a high water table normally exists and where the water 

table level is essentially the same inside and outside the lysimeter,  

2. Non-weighing percolation type, in which changes in water stored in 

the soil are determined by sampling or neutron methods and the 

rainfall and percolate are measured. These units are often used in 

areas of high precipitation, and  

3. Weighing type, in which changes in soil water are determined either 

by weighing the entire unit with a mechanical scale, counter-balanced 

land cell, or by supporting the lysimeter hydraulically. Weighing 

lysimeters have recently become more popular and generally provide 

the most accurate data for short time periods. Hydraulically weighed 

lysimeters generally are not accurate for periods less than 24 hours. 
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Allen et al. (1990) have suggested that the crop coefficient values 

need to be derived empirically for each crop based on lysimeteric data 

and local climatic conditions. Crop coefficient values for a number of 

crops grown under different climatic conditions have been suggested by 

Doorenbos and Pruitt (1977). These values are commonly used in places 

where the local data are not available and they emphasized the strong 

need to develop crop coefficients under given climatic conditions. 

 

2.7.1.2 Soil water balance method 

 

A better understanding of the water balance is essential for exploring 

water-saving techniques. One of the most important concepts regarding 

water balance in semi-arid areas is ETc which is a key factor for 

determining proper irrigation scheduling and for improving water use 

efficiency in irrigated agriculture. Accurate estimation of 

evapotranspiration constitutes a very important part of irrigation system 

planning and designing, and accurate spatial determination is crucial to 

achieving sustainable agriculture (Er-Raki et al., 2007). de Azevedo et 

al. (2003) pointed that the soil water balance happen in the soil layer 

between surface and maximum depth of roots, as given by Eq. (6):  

 

RSMCorDIrET rdc ±∆±±+= )(     (6) 

 

Where:  

ETc  : The crop evapotranspiration, 

r  : The rainfall,  

I : The water applied by irrigation, 

Dd (or Cr)  : The soil deep drainage or capillary rise,  

∆SM  : The storage soil moisture change, and 

R  : The surface runoff. 

All terms of above equation are expressed in mm per time units. 
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The surface runoff almost neglect once the experimental site have 

flat topography and r is measured at the meteorological station. Daily 

irrigation is described by Eq. (7): 
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Where:  

I  : Daily irrigation (mm) 

Aw  : The irrigation soil wetting area, and 

Vw  : Water volume (liters/ plant), is given by Eq. (8): 
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Where:  

Eca  : The ‘‘Class A’’ pan evaporation, 

Kt  : 0.75 is the pan coefficient,  

Kc  : 1 the constant crop coefficient, 

Ap  : The maximum soil surface area covered by a plant canopy, 

Ei  : The irrigation system efficiency. 

 

The flux of water crossing the bottom of the soil layer (deep 

drainage or capillary rise, Dd (or Cr)) was obtained as follows Eq. (9): 
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Where: 

Dd (or Cr) : Deep drainage or capillary rise, 

K(θ)  : The mean soil hydraulic conductivity, 

zt ∂∂ /φ  : The vertical gradient of hydraulic potential, 

tφ  : The total soil water potential obtained by the tensiometric 

measurements, and 

z   : The soil depth. 
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The van Genuchten (1980) parametric functions are used to 

obtain soil water retention function, given by Eq. (10): 
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Where: 

θr and θs    : Residual and saturation soil water contents, in cm3 cm-3,  

φm       : The soil matrix potential in cm of water, and 

α, n and m : Empirical constants.  

 

The hydraulic conductivity for unsaturated soil, K(θ), is 

determined by Eq. (11): 

 

2111) 0 ]m)/m([lK(θK ϖϖ −−=      (11) 

 

Where: 

K0  : The saturated soil hydraulic conductivity,  

m  : (1 - 1/n), 

ϖ  : (θ - θr)/(θs - θr), and 

l  : 0.5 (Mualem, 1976) for most of the soils. 

 

Considering that the soil water content is obtained for constant soil 

layers from the surface (z=0) down to the bottom of the measurements 

soil depth (z=l), the storage soil moisture (SML) is determined as Eq. (12): 

 

∫=
L
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      (12) 

 

Where: 

SML  : The storage soil moisture, 

θ  : The average soil layer moisture, in cm3 cm-3, and  

Z  : The thickness of soil layer (soil depth), in cm.  
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Then, the soil moisture storage change is obtained by Eq. (13): 

 

1−−=∆ tt SMSMSM       (13) 

 

Where:  

SMt and SMt-1 are the storage soil moisture at time instants t and t-1, 

respectively.  

 

2.7.1.3 Soil moisture depletion method 

 

Crop consumptive use (Cu) is calculated by measuring changes of 

soil water contents during time interval considered and using the 

following Eq. (14):  
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Where: 

Cu  : The seasonal water consumptive use (cm/period), 

ETc  : The crop evapotranspiration (cm/period), 

w2 -w1           : The percent of moisture contents after and before next 

irrigation during a specific time on weight basis, 

Di  : Rooting depth (cm), and 

ρb  : Soil bulk density (g cm-3). 

 

While there are many methods for assessing soil moisture (Green 

and Topp, 1992) most have the disadvantage of providing a single 

measurement in time and space. The former imitation makes it difficult to 

collect measurements more frequently than once per day. Such 

information is useful for research purposes and may also be useful in 

practical irrigation management (Goldhamer et al., 1999). 
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At present, there are several methods suited for frequent soil water 

determinations such as electrotensiometers (Burguer and Paul, 1987), 

electrical resistance instruments (Seyfried, 1993), and heat dissipation 

sensors (Phene et al., 1992), time domain reflectometry devices (Baker 

and Allmaras, 1990) and capacitance probes (Paltineanu and Starr, 

1997). Information provided by such sensors should be useful to assess 

the dynamics of soil water uptake by plants at a time scale which was not 

possible in the past (Lukangu et al., 1999). 

 

2.7.2 Indirect calculation of crop evapotranspiration (ETc) 

 

To calculate crop evapotranspiration (ETc) from metrological data 

we should estimate ETo and Kc, there are several theoretical and empirical 

equations have been developed; the most common empirical equations for 

estimating ETo are: 

1. Penman-Monteith method, 

2. Radiation method, and  

3. Hargreaves method. 

 

2.7.2.1 Penman-Monteith method 

 

The original Penman (1948) equation for evapotranspiration has 

been modified with a revised wind function by Doorenbos and Pruitt 

(1977). Allen (1996) argued that Doorenbos and Pruitt (1977) method 

tends to overestimate ETO. They instead presented another equation based 

on the Penman-Monteith equation that determines ETO of a hypothetical 

grass. The Penman-Monteith equation with its new definition of ETO is 

recommended by The Food and Agriculture Organization (FAO) experts 

as the standard method of crop water requirement calculation (Allen et al., 

1998). The modified Penman-Monteith equation, presented first by Allen et 

al. (1989) has been accepted universally for daily and hourly estimation 

for reference evapotranspiration (ETo). This equation is recommended by 
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the United Nations Food and Agriculture Organization (FAO) and by the 

World Meteorological Organization (WMO). It is widely used by 

agronomists, irrigation engineers and other scientists in field-practice, and 

research. References from the literature strongly suggest that the Penman-

Monteith formula is preferred to other empirical methods, specifically for 

short period calculations under various climatic conditions (Alexandris 

and Kerkides, 2003). 

 

The Food and Agriculture Organization (FAO) recommends the 

Penman-Monteith method as the standard to estimate reference evapo-

transpiration because it closely approximates grass Eo at the location 

evaluated, is physically based, and explicitly incorporates both 

physiological and aerodynamic parameters (Allen et al., 1998). Therefore, 

Penman-Monteith has been used in comparative studies with other 

methods that are less demanding in climatic data, carried out in different 

parts of the world (Amatya et al., 1995; Chiew et al., 1995; Mohan and 

Arumugam, 1996; Tyagi et al., 2000; Harmsen, 2003; Itensifu et al., 

2003; Li et al., 2003; Pereira and Pruitt, 2004; Stockle et al., 2004). 

 

The favorable performance of the Penman-Monteith equation in 

many studies, when applied with 24-hr (and even monthly) time steps, is 

somewhat surprising, since the formulation of the combination equation 

(combined energy balance and aerodynamic components) theoretically 

requires weather inputs on a nearly instantaneous basis. The general 

consistency and accuracy of the Penman-Monteith method for 24-hr time 

steps speaks to the combination equation's robustness in estimating 

evaporative behavior given a particular set of meteorological conditions 

(Allen et al., 2006). 

 

In the publication, FAO, Irrigation and Drainage Paper No.56 

(FAO-56), (Allen et al., 1998) mentioned that Penman-Monteith equation 

derived an equation to compute the evaporation from an open water 
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surface from standard climatologically records of sunshine, temperature, 

humidity and wind speed. Therefore, the Penman-Monteith method 

recommended by Food and Agricultural Organization’s, Irrigation and 

Drainage Paper No.56 to estimate ETo as expressed by Eq. (15): 
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Where: 

ETo : Reference evapotranspiration [mm d-1],  

∆ : Slope vapour pressure curve [kPa °C-1],  

Rn : Net radiation at the crop surface [MJ m-2 d-1],  

G : Soil heat flux density [MJ m-2 d-1],  

T  : Air temperature at 2 m height [°C], 

es : Saturation vapour pressure [kPa],  

ea : Actual vapour pressure [kPa],  

es - ea : Saturation vapour pressure deficit [kPa],  

u2 : Wind speed at 2 m height [m s-1], 

γ : Psychometric constant [kPa °C-1]. 

 

The ETo values from the Penman-Monteith equation were 

obtained by applying available climatic data (solar radiation, air 

temperature, air humidity and wind speed), whereas the calculated ETo 

showed less variation than those obtained from lysimeters (Garcia et al., 

2003). The 24-hr calculation time step has proven to be relatively 

consistent and accurate for estimating ETo (Jensen et al., 1990) and many 

lysimeter based studies have used the 24-hr time step as a basis for 

calibration or verification of ETo methods, including the FAO-PM (Allen 

et al., 1989; Steduto, 1996; Ventura et al., 1999; Todorovic, 1999; 

Howell et al., 2000; Berengena and Gavila’n, 2005). 
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The use of rs = 70 s m-1 is still considered to be a reasonable, 

reliable, and desirable constant for 24-hr calculation time steps for the 

standardization of ETo with sufficiently good accuracy to serve as a 

standardized reference and evaporative index (Lecina et al., 2003; ASCE-

EWRI, 2005). Pereira et al. (1999) reviewed the concept of ETo and 

relations to crop coefficients, including advantages of tall and short 

references. The recommendation to use rs = 50 sm-1 for hourly time steps 

during daytime and 200 s m-1 for hourly time steps during nighttime is 

intended to provide a standardization over the short-term for hourly 

calculation of ETo that is congruent with FAO-56 as applied with 24-hr 

time steps (Allen et al., 2006). 

 

2.7.2.2 Hargreaves method 

 

Hargreaves and Samani (1982, 1985) reported a radiation-based 

equation, which was again modified by Hargreaves et al. (1985). It is 

known as Hargreaves method and is given by Eq. (16): 
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Where: 

ETo : Reference crop evapotranspiration (mm d-1), 

λ : The latent heat of vaporization (MJ kg-1); (=2.501-0.002361 x T), 

Ra : Extraterrestrial solar radiation received on earth's surface (MJ m-2 d-1),  

TD : Difference of mean maximum and minimum air temperatures (°C), and 

T  : The mean air temperature (°C). 

 

2.7.2.3 Radiation method 

 

Doorenbos and Pruitt (1977) stated that the radiation method 

should be more reliable than Blaney-Criddle approach. In fact, in 

equatorial zones, on small islands, or at high altitudes, the radiation 
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method may be more reliable even if measured sunshine or cloudiness 

data are not available. In this case solar radiation maps prepared for most 

location in the world should provide the necessary solar radiation data. 

Doorenbos and Pruitt (1977) reported an equation, which is called FAO-

Radiation method and is given by Eq. (17): 

 

)*( so RWcET =      (17) 

 

Where: 

ETo : Reference crop evapotranspiration (mm d-1), 

c : Adjustment factor which depends on mean humidity and daytime 

wind conditions, 

W : Weighting factor which depends on temperature and altitude,  

Rs : Solar radiation in equivalent evaporation in (mm d-1). 

 

2.8 Neutron moisture meter for measuring soil water content and 

some hydrophysical properties of the soil 

 

Neutron scattering (NS) was first successfully used for measuring 

soil water content in the 1950's (Gardner and Kirkham, 1952). Since then 

NS gauges have improved in portability, programmability, weight and 

size. The advent of more efficient detectors resulted in the use of smaller 

and thus safer radioactive sources. The precision of measurements 

possible with NS has always been high and satisfactory for many soil 

water investigations (standard error <0.01 m3 m-3), (Gardner, 1986). 

However, safety regulations requiring licensing and training of users, and 

considerable (and apparently growing) paperwork cause the NS method to 

remain expensive and difficult or impossible to use in some situations, 

particularly unattended monitoring. Storage and disposal of gauges is also 

increasingly expensive. The theory of operation of NS gauges and field 

calibration methods are described in several publications including 

(Greacen, 1981; Gardner, 1986). 
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The neutron probe is inserted at various depths into an access tube 

and the count rate is read from the scalar. The manufacturers of neutron 

probe equipment furnish a calibration relating the count rate to volumetric 

soil moisture content. Field experience suggests that these calibrations are 

not always accurate under a broad range of conditions so it is advisable 

for the investigator to develop an individual calibration for each field or 

soil type. Most calibration curves are linear, best fit lines of gravimetric 

data and scalar readings but may in some cases be slightly curvilinear 

(van Baval et al., 1963). 

 

The volume of soil actually monitored in readings by the neutron 

probe depends on the moisture content of the soil, increasing as the soil 

moisture decreases. The accuracy of soil moisture determinations near the 

ground surface is affected by a loss of neutrons into the atmosphere 

thereby influencing measurements prior to irrigation more than 

afterwards. As a consequence, soil moisture measurements with a neutron 

probe are usually unreliable within 10-30 cm of the ground surface 

(Walker, 1989). 

 

Phene (1988) said that the neutron scattering is widely used for 

estimating volumetric water content. With this method, fast neutrons 

emitted from a radioactive source are thermalized or slowed down by 

hydrogen atoms in the soil. Since most hydrogen atoms in the soil are 

components of water molecules, the proportion of thermalized neutrons is 

related to soil water content. This method offers the advantage: 

1. Nondestructive, 

2. Possible to obtain profile of water content in soil, 

3. Water can be measured in any phase, 

4. Can be automated for one site to monitor spatial and temporal soil 

water, and 

5. Measurement directly related to soil water content. 
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Kashyap and Panda (2001) mentioned that the neutron probe was 

used to monitor the volumetric soil moisture content in the experimental 

plot as well as in the lysimeter. This instrument allows rapid and 

periodically repeated measurements of volumetric wetness of a soil at 

different depths. The instrument consists of two principal parts: (a) a 

probe; (b) a scalar or a rate-meter (usually battery powered and portable). 

The probe is lowered into an access tube, inserted vertically in the soil. 

The probe contains a source of fast neutrons and a detector of slow 

neutrons. The scalar or rate-meter is used to monitor the flux of slow 

neutrons. The fast neutrons are emitted radially into the soil, where they 

collide elastically with various atomic nuclei, and gradually loose some of 

their kinetic energy. The slowed neutrons scatter randomly in the soil, 

forming a cloud around the probe. Some of these neutrons return back to 

the probe, where they are counted by a detector of slow neutrons. The 

flux of slow neutrons, measured by the scalar, is proportional to the soil 

water content (Hillel, 1971). 

 

Neutron moisture meter is an indirect tool to determine the soil 

moisture content in situ using fast neutron scattering. The advantage of 

this method is determining soil moisture contents for the deeper soil 

depths immediately. Add to this the soil volume of the determination is 

large that results to a high accuracy. As well as, neutron moisture meter 

could be used to determine many of soil hydraulic properties, and soil 

water behavior in the soil profile, e.g.; Soil water storage, soil moisture 

distribution, soil water flux and irrigation scheduling (El-Gendy, 1989), 

soil moisture depletion, soil moisture characteristic curve in tensiometric 

range only (Emara et al., 1992), saturated hydraulic conductivity under 

unsaturated state (Sallam and El-Gendy, 1998), unsaturated hydraulic 

conductivity, rate of soil moisture depletion (El-Gendy, 2002), field 

capacity (El-Gendy et al., 1994), hydraulic diffusivity (El-Gendy et al., 

1995), macro pore conductivity and matrix pore (micro pores) 

conductivity (El-Gendy et al., 1998), evapotranspiration (El-Gendy et al., 
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2000a), rate of deep percolation (El-Gendy et al., 2000b), pore size 

distribution and soil pore diameter (El-Gendy and Nashid, 2002), 

direction of soil water movement (El-Gendy, 2004), active rooting depth 

and collection of active roots for water absorption (El-Gendy, 2006). 

 

2.9 Effective of water stress on evapotranspiration 

 

About 10% of all land is affected by salinity problems. They occur 

in every continent in different proportions; more frequently in arid and 

semi-arid areas than in humid and semi-humid areas (Szabolcs, 1994). 

The inorganic salts, mainly sodium salts, that cause soil salinity, are 

highly mobile. The salts influence the pedogenetic processes, physical, 

chemical and biological soil properties. About 60% of the groundwater in 

the command is having the problem of salinity and sodicity 

(Annonymous, 1994). Surface irrigation with these waters on heavier 

textured soils of the area usually leads to build up of salinity and sodicity 

problems and thus unsustainable crop yields. Therefore, there is need to 

adopt specialized and efficient methods of irrigation like micro irrigation 

which can help in attaining the twin objectives of higher productivity and 

optimum use of water. 

 

Soil salinity is one of the most important factors that limit crop 

production in arid and semi arid regions (Neumann, 1995), the plant 

growth is ultimately reduced by salinity stress but plant species differ in 

their salinity tolerance (Munns and Termaat, 1986), salinity stress is an 

important characteristic when selecting a variety for salinity tolerance. 

Plants adapt to stress by different mechanisms, including changes in 

morphological and developmental stresses as well as physiological and 

biochemical processes (Zhu, 2001). 

 

Irrigated agriculture in arid and semi-arid areas of the world may 

eventually lead to salt build up in the soil and deterioration of 
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productivity. Salts come with the irrigation water, and are accumulated 

and concentrated in the soil as water evaporates and is taken up by the 

crop. Management practices have to be selected so that the levels of 

salinity in the soil are not harmful for the crop. This is generally done by 

applying enough water to satisfy the crop requirements and leach the salts 

out from the root zone (Rhoades, 1974). The implementation of this 

approach to control soil salinity is limited by drainage and shallow water 

table problems, new environmental regulations concerning the amount 

and composition of the drainage effluents, less quantity and quality of the 

water for agriculture, as well as economic aspects (Tanji, 1990). 

Therefore, it seems necessary to re-evaluate the scope of management 

practices and technologies available for salinity control. These include 

different irrigation systems and scheduling (interval and quantity), 

leaching fraction and frequency of leaching, blending of waters and re-use 

of saline drainage waters, and selection of tolerant crops and agronomic 

practices (Rhoades, 1990). 

 

In arid and semi-arid regions, soil water may be a limiting factor 

for successful seed germination and plant establishment. Also, salt stress 

adversely affects plants at all stages of their life, but many plants are most 

sensitive to salt during seed germination. However, not all salinity 

problems are confined to the semi-arid regions of the world. Some 20 % 

of the potentially exploitable saline soils of the world are in the humid 

regions of south and southeast Asia and about half of these (30*106 ha) 

are coastal saline soils (Ponnamperuma and Bandyopadhya, 1980). 

 

Salts in the soil water solution can reduce evapotranspiration by 

making soil water less "available" for plant root extraction. Salts have an 

affinity for water and hence additional force is required for the crop to 

extract water from a saline soil. The presence of salts in the soil water 

solution reduces the total potential energy of the soil water solution. In 

addition, some salts cause toxic effects in plants and can reduce plant 
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metabolism and growth. There is evidence that crop yield and 

transpiration are not as sensitive to low osmotic potential as they are to 

low matric potential. Under saline conditions, many plants are able to 

partially compensate for low osmotic potential of the soil water by 

building up higher internal solute contents. This is done by absorbing ions 

from the soil solution and by synthesizing organic osmolytes. Both of 

these reactions reduce the impact of osmotic potential on water 

availability. However, synthesis of organic osmolytes does require 

expenditure of metabolic energy. Therefore plant growth is often reduced 

under saline conditions. The reduced plant growth impacts transpiration 

by reducing ground cover and/or due to partial stomatal closure (Allen et 

al., 1998). Other impacts of salts in the soil include direct sodium and 

chloride toxicities and induced nutrient deficiencies. These deficiencies 

reduce plant growth by reducing the rate of leaf elongation, the 

enlargement, and the division of cells in leaves. The modality depends on 

the method of irrigation. With sprinkler irrigation, adsorption of sodium 

and chloride through the leaf can result in toxic conditions for all crop 

species. With surface or trickle irrigation, direct toxic conditions 

generally occur only in vine and tree crops; however, high levels of 

sodium can induce calcium deficiencies for all crop species. All plants do 

not respond to salinity in a similar manner; some crops can produce 

acceptable yields at much higher soil salinity levels than others. This is 

because some crops are better able to make the needed osmotic 

adjustments that enable them to extract more water from a saline soil, or 

they may be more tolerant of some of the toxic effects of salinity. 

 

Under most types of irrigation scheduling for sprinkler and surface 

irrigation, the soil water content is typically depleted to well below field 

capacity, so that the EC of the soil water solution, ECsw, increases prior to 

irrigation, even though the EC of the saturation extract does not change.  

The increased salt concentration in the soil water solution reduces the 

osmotic potential of the soil water solution (it becomes more negative); so 
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that the plant must expend more metabolic energy and may exert more 

mechanical force to absorb water. In addition, metabolic and toxic effects 

of salts on plants may become more pronounced as the soil dries and 

concentrations increase. However, the variation in soil water content 

during an irrigation interval has not been found to strongly influence crop 

evapotranspiration. This is because of the rise of soil water content to 

levels that are above that experienced under steady state irrigation early in 

a long irrigation interval. There is a similar, counteractive decrease in soil 

water content later in a long irrigation interval. In addition, the 

distribution of salts in the root zone under low frequency irrigation can 

reduce salinity impacts during the first portion of the irrigation interval. 

Also, under high frequency irrigation of the soil surface, soil evaporation 

losses are higher. Consequently, given the same application depth, the 

leaching fraction is reduced. For these reasons, the length of irrigation 

interval and the change in EC of soil water during the interval have 

usually not been found to be factors in the reduction of ET, given that the 

same depths of water are infiltrated into the root zone over time (Allen et 

al., 1998). Increased evaporation under high frequency irrigation of the 

soil surface can counteract reductions in Kc caused by high ECe of the 

root zone. Under these conditions, the total Kc and ETc are not very 

different from the non-saline, standard conditions under less frequent 

irrigation, even though crop yields and crop transpiration are reduced.  

Because of this, under saline conditions, the Ks reducing factor should 

only be applied with the dual Kc approach. 

 

Shalhevet (1994) concluded that effects of soil salinity and water 

stress are generally, additive in their impacts on crop evapotranspiration.  

Therefore, the same yield-ET functions may hold for both water shortage 

induced stress and for salinity induced stress. Pratharpar and Qureshi 

(1998) observed that in areas where shallow water tables exist, the 

irrigation requirements can be reduced to 80 % of the total crop ET 

without reducing crop yield and increasing soil salinization. This practice 
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not only produced good yields but also kept the soil salinity and water-

table depth within the acceptable limits. 

 

2.10 Irrigation scheduling and system 

 

Irrigation scheduling has been defined as a planning and decision-

making activity that the farm manager or operator of an irrigated farm is 

involved in before and during most of the growing season for each crop 

that is grown (Jensen, 1981). The purpose of irrigation scheduling is to 

inform the farmer about both when to apply water and how much water to 

apply to obtain a desired objective (Hill, 1991). Irrigation scheduling can 

reduce water use only by reducing runoff from either irrigation or rainfall, 

by decreasing percolation of water beneath the root zone in excess of any 

required leaching for salinity management, by reducing soil water 

evaporation after an irrigation, or by controlling soil water depletion in a 

manner that reduces ET during known non-sensitive crop growth stages 

(Howell, 1996). However, irrigation scheduling may in some cases 

increase irrigation water use, while concurrently increasing crop yield, by 

avoiding critical soil water deficits that reduce crop yield or by supplying 

both water and nutrients needed by the crop at a more appropriate time. 

 

Various strategies for scheduling may be adopted depending on 

the crop response to water stress, the soil moisture holding properties of 

the soil, the availability of irrigation water, and the limitations of the 

irrigation application system. However, the objective of irrigation 

scheduling normally involves maximizing profit or crop productivity and 

may also involve taking advantage of irrigation opportunities, minimizing 

deep percolation and leaching, or soil and salinity management (Hill, 

1991). Basic scheduling methods normally involve either a soil-water 

budget or the monitoring of a single component of the soil-plant-

atmosphere continuum. 
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The objectives of irrigation management are well stated in 

Huygen et al. (1995). Maximize net return, minimize irrigation costs, 

maximize yield, optimally distribute a limited water supply, and minimize 

groundwater pollution. To reach these goals, it is necessary to schedule 

irrigation accordingly, in other words, to decide which fields to irrigate, 

when and how much (Hess, 1996), keeping in mind that over irrigation 

can have negative effects on quantitative and qualitative yield (Deumier 

et al., 1996). 

 

Timing and depth criteria for irrigation scheduling (Huygen et al., 

1995) can be established by using several approaches based on soil water 

measurements, soil water balance estimates and plant stress indicators, in 

combination with simple rules or very sophisticated models. Some of the 

methods will enable 'transfer to farmers' while other will be considered as 

research tools or, even more, 'gadgets' (Hill and Allen, 1996). This 

transfer will be made possible by following different procedures or 

strategies, depending on the farmers' social and technical development. 

These methods can range from very simple calendars (Varlev et al., 1996) 

to intermediate and high technology methods requiring not only some 

technical assistance, but also the contribution of farmers themselves 

through field measurements (de Jager and Kennedy, 1996). 

 

Hill and Allen (1995) mentioned that the irrigation scheduling in 

both developed and developing counties is dependent on the irrigation 

system design, maintenance and operation and on the availability of 

water. In many regions of the world, the irrigation water supply is 

insufficient to irrigate all cultivated crops in one irrigation turn. 

Therefore, yields of crops that have a critical need for irrigation may be 

reduced because of the lack of water. There is a need for simple means for 

communicating the best irrigation timing to farmers to assist them in their 

decision-making processes. Also, they mentioned that the irrigation 

scheduling is defined as the process of determining when to irrigate and 



 - ٤٦ -

how much water to apply. For maximum flexibility, the irrigator should 

have control of the irrigation interval, water application flow rate and 

duration. Through proper irrigation scheduling, it should be possible to 

apply only the water which the crop needs in addition to unavoidable 

seepage and runoff losses and leaching requirements. Common irrigation 

scheduling approaches include: 

1. Irrigating on fixed intervals or following a simple calendar, i.e., when 

a water turn occurs or according to a predetermined schedule,  

2. Irrigating when one's neighbor irrigates, 

3. Observation of visual plant stress indicators, 

4. Measuring (or estimating) soil water by use of instruments or 

sampling techniques such as feel, gravimetric, electrical resistance 

(gypsum) blocks, tensiometers or neutron probes, 

5. By following a soil water budget based on weather data and/or pan 

evaporation, and 

6. Some combination of the above. 

 

Irrigation schedules can be classified as full and deficit irrigation, 

based on plant, soil, and climate conditions (Martin et al., 1990). Martin 

et al. (1984) pointed out that different irrigation strategies, soils, and 

irrigation systems would require different amounts of irrigation to 

produce maximum yields. 

 

Pereira (1995) said that the irrigation scheduling concerns the 

farmers' decision process concerning 'when' to irrigate and 'how much' 

water to apply in order to maximize profit. This requires knowledge on 

crop water requirements and yield responses to water, the constraints 

specific to each irrigation method and irrigation equipment, the 

limitations relative to the water supply system and the financial and 

economic implications of the irrigation practice. Thus, the consideration 

of all these aspects makes irrigation scheduling a very complex decision 

making process, one which only very few farmers can understand and 
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therefore adopt. Research has made available a large number of tools 

(Hoffman et al., 1990) including procedures to compute crop water 

requirements, to simulate soil water balance, to estimate the impact of 

water deficits on yields and to estimate the economic returns of irrigation. 

Despite this vast number of tools of varied nature, irrigation scheduling is 

not yet utilized by the majority of farmers. Furthermore, only limited 

irrigation scheduling information is utilized worldwide by irrigation 

system managers, extensions or farmer advisers. It is recognized, 

however, that the adoption of appropriate irrigation scheduling practices 

could lead to increased yields and greater profit for farmers, significant 

water savings, reduced environmental impact of irrigation and improved 

sustainability of irrigated agriculture. 

 

Heerman et al. (1990) reported that irrigation scheduling is a key 

element to proper management of irrigation systems. The goal is to apply 

the correct amount of water at the right time to meet management 

objectives. The objective may be to maximize water efficiency, crop 

production, or economic return or to minimize irrigation costs. Irrigation 

scheduling can be simple as a rotation based on water availability or as 

complex as scheduling trickle irrigation systems to deliver water on 

demand. Field observation of soil water statues, plant water status, water 

budgets, and combinations of these can used to schedule irrigations. The 

water budget can be based on real metrological data average climatic 

data. Irrigation scheduling must be integrated with the total management 

including energy, labor and cultural practices.  

 

Earlier reports by (Ayers et al., 1986; Saggu and Kaushal, 1991) 

show that saline water can be efficiently used through trickle irrigation 

even on saline soils. Also, Abd El-Moniem (1995) found that trickle 

irrigation system was the best method considering water management, 

high cucumber yield, more saved water and high water use efficiency 

under the condition of used saline irrigation water. Darusman et al. 
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(1997) showed that trickle irrigation resulted in near-maximum corn 

yields and reduced drainage losses below the root zone when irrigation 

plus rainfall totaled 75 % of calculated evapotranspiration. 

 

Substantial advances have been made over the last two decades in 

improving the understanding of the factors that control ET in water limited 

zones and consequently a large number of new techniques and 

methodologies are available for use in irrigation management and/or 

irrigation Scheduling: when to irrigate the crops and how much water to 

apply. However, a fundamental requirement for accurate irrigation 

scheduling is to determine actual crop evapotranspiration (ETa) for each 

day during the growing season (Er-Raki et al., 2007). Also they pointed, 

yields improved with quantities of water applied but tended to decline 

after some maximum due to inducement of aeration problems. Higher 

time-weighted mean soil salinity was maintained in the root zone with 

furrow than trickle irrigation. As the time-weighted mean salinity 

increased, there was a considerable reduction in crop yield irrespective of 

methods and levels of irrigation but the decline was more pronounced 

under furrow irrigation than trickle irrigation, the daily values of crop ETc 

can be estimated from crop coefficient curves, which reflect the changing 

rates of crop-water use over the growing season, if the values of daily ETo 

are available. 

 

2.11 Water use efficiency (WUE) and irrigation water use efficiency 

(IWUE) 

 

Water use efficiency (WUE) is increased with trickle irrigation 

systems in USA compared to basin irrigation (Pruit et al., 1989). In a 

different study, water use efficiency (WUE) obtained by trickle irrigation 

was found 68.0 – 76.8 % more than application of furrow irrigation 

(Singandhupe et al., 2003). de Costa and Shanmugathasan (2002) 

showed a single critical period for irrigation application could not be 
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identified because irrigation at different stages influenced and enhanced 

different processes that contribute to biomass production and grain 

partitioning, and that water stress during any stage will cause some yield 

reduction. In the southern Great Plains of USA, Tolk and Howell (2003) 

in a 2 year experiment found that irrigation water use efficiency (IWUE) 

of grain sorghum declined with increasing irrigation application within 

each year and that reduced yields resulted when plants experienced water 

stress at critical growth stages such as during pollination. 

 

Sammis et al. (2004) said that when water is scarce and the goal is 

to conserve water, it is advantageous to grow crops with high water-use 

efficiency (WUE), variously defined as: 

1. Dry matter produced per unit area per unit of evapotranspiration (ET) 

(t ha-1 mm-1) (Jensen et al., 1981), 

2. Total dry matter per unit of ET (Begg and Turner, 1976), 

3. Harvested yield per unit ET (Evans and Wardlaw, 1976), and 

4. Photosynthesis per unit of water transpired (Sinclair et al., 1984). 

 

Farmers are more concerned with increasing irrigation water use 

efficiency (IWUE); defined as the ratio of the crop yield to seasonal 

irrigation water applied (t ha-1 mm-1) that includes rain (Howell, 1994). 

Sammis et al. (2004) IWUE is affected by water lost to drainage, canopy 

interception, soil type, cultural practices and plant species. IWUE can be 

increased by proper irrigation timing using irrigation scheduling model-

based soil water balance, soil moisture or soil water potential 

measurements, or plant based measurements like the crop water stress 

index. However, if irrigation management delays irrigation past the 

optimal time then decreased yields, profits and IWUE will result. 

 

IWUE usually is higher for subsurface drip (0.0283 - 0.227            

t ha-1 mm-1) or surface drip (0.0235 - 0.127 t ha-1 mm-1) compared with 

sprinkler (0.0044 - 0.0659 t ha-1 mm-1) or furrow irrigation (0.0086 - 
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0.056 t ha-1 mm-1) systems (Bogle et al., 1989; Lamm et al., 1995). In the 

Texas High Plains, dry land winter wheat yield mostly ranges between 

1000 and 2000 kg ha-1, while WUE is about 0.4 kg m-3 (Jones and 

Popham, 1997; Musick et al., 1994). For the irrigated wheat, yield is in 

the range of 3000–8000 kg ha-1 and WUE is in the range of 0.5 – 1.2      

kg m-3 (Eck, 1988; Musick et al., 1994; Howell et al., 1995). A good 

yield of wheat under irrigation is 4 to 6 ton ha-1 (12 to 15 percent 

moisture). The water utilization efficiency for harvested yield for grain is 

about 0.8 to 1.0 kg m-3 (Doorenbos and Kassam, 1979). 

 

2.12 Groundnut crop 

 

2.12.1 Crop description and climate 

 

Groundnut (Arachis hypogaea L.) originates from South America. 

Present annual world production of unshelled and shelled nuts is about 

38.2, 1.64 million tons from about 23.8 million ha, respectively. The 

annual production of unshelled and shelled nuts is about 208835, 3200 

tons from 61401 ha in Egypt (FAOSTAT, 2008). The crop is best adapted 

to well-drained, loose, friable medium textured soils. Heavy textures 

cause problems in lifting the crop at harvest. Also, the top soil should be 

loose to allow the pegs (on which the fruits are formed) to enter the soil 

easily. Being a legume, groundnut can fix nitrogen from the air. However, 

a pre-planting nitrogen application of 10 to 20 kg ha-1 is often 

recommended to assure good crop establishment. Phosphorous 

requirements are 15 to 40 kg ha-1; potassium requirements 25 to 40        

kg ha-1. A too high application of potassium can cause a decrease in yield. 

For proper kernel formation and pod-filling, 300 to 600 kg ha-1 of calcium 

is required at the beginning of pod formation in the top soil where the 

fruits are formed. Limestone is used when soil acidity needs to be 

corrected and gypsum when only the Ca level needs to be increased. At 
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pH lower than 6, liming may be necessary to avoid aluminum and 

manganese toxicity (Doorenbos and Kassam, 1979). 

 

Groundnut is grown between 40 N and S latitudes. Its growing 

period is 90 to 115 days for the sequential, branched varieties and 120 to 

140 days for the alternately branched varieties. The mean daily 

temperature for optimum growth is 22 to 28 °C a reduction in yield occurs 

above 33 °C and below 18 °C. Germination is delayed at temperatures 

below 20 °C. Groundnut is considered a day-neutral plant and day-length 

is not a critical factor influencing yield. For good yields, a rain-fed crop 

requires about 500 to 700 mm of reliable rainfall over the total growing 

period (Doorenbos and Kassam, 1979). 

 

The optimum air temperature for growth and development of 

groundnut is between 25 oC and 30 oC (Williams and Boote, 1995). It has 

been shown, for example, that the numbers of pegs and pods were 

reduced by 33 % by exposure to a day temperature of 35 oC compared 

with 30 oC (Ketring, 1984). The reproductive phase of groundnut is more 

sensitive to heat stress than the vegetative phase (Cox, 1979; Ketring, 

1984). The greatest sensitivity to hot days (38 oC) occurs from 6 day 

before to 15 day after flowering (Vara Prasad et al., 1998, 1999). In the 

latter experiment, the reduction in the number of fruits (i.e. pegs and 

pods) following exposure to a day temperature of 38 oC was primarily due 

to reduced fruit-set (the proportion of flowers producing pegs or pods), 

rather than to reduced flower production or to the proportion of pegs 

producing pods. 

 

2.12.2 Irrigation water requirements, methods and scheduling 

 

To obtained high yields, the crop water requirements (ETc) for 

groundnut crop range from 500 to 700 mm for the total growing period. 

As related to development stages, the Kc value for the initial stage is    
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0.4-0.5 (15 to 35 days), the development stage 0.7-0.8 (30 to 45 days), the 

mid-season stage 0.95-1.1 (30 to 50 days), the late-season stage 0.7-0.8 

(20 to 30 days), and at harvest 0.55-0.6 (Doorenbos and Kassam, 1979). 

Also, they mentioned that the most common irrigation methods for 

groundnut are furrow and sprinkler. On light-textured soils, sprinkler 

irrigation offers advantages by light and frequent water application, 

sufficient to wet the first 0.6 m of the soil. Furrow irrigation is frequently 

used on medium textured soils. Depending on the level of crop 

evapotranspiration and water holding capacity of the soil, intervals vary 

from 6 to 14 days up to 21 days for loam soils, with shorter intervals 

during flowering when depletion of available soil water should not exceed 

40 percent. In the case of supplemental irrigation, best results are obtained 

when water is applied during the flowering period. 

 

2.12.3 Effect of salinity on plant growth and yield 

 

(Ungar et al., 1979; Kafi and Goldani, 2000; Swalem, 2000) have 

earlier reported on the effects of saline soils on plant growth. Salinity is 

known to induce stress in plants; hence the ability of plants to tolerate and 

thrive in saline soils is of great importance in agriculture, since it 

indicates that the affected plants have genetic potential for salt tolerance, 

which is a highly desirable trait (Francois and Maas, 1994; Mahmood et 

al., 2000). Available literature (Hurd, 1974; Abdul-Halim et al., 1988; 

Singh and Jain, 1989) indicates that under salinity stress, plants tend to 

record low yields because of adverse effects of salinity on such 

parameters as relative water content, total dry weight, plant height and 

number of leaves per plant. This is because salinity inhibits plant growth 

by exerting low water potentials, ion toxicity and ion imbalance 

(Greenway and Munns, 1980; Sharma, 1997). 

 

In general, water deficits reduce groundnut photosynthesis 

(Bhagsari et al., 1976) thereby limiting the number of fruits added and 
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decreasing the final yield. For groundnut crop early vegetative growth, 

flowering, pod development and maturity are the important physiological 

stages. Early vegetative growth is not sensitive to moisture stress, since 

the water absorbed during the first month after sowing was found to be 

small (Su et al., 1964) while the flowering phase (Billaz and Ochs, 1961; 

Su et al., 1964) and the pod development phase (Joshi and Kabaria, 

1972; Pallas et al., 1979) are sensitive. 

 

Doorenbos and Kassam (1979) under rain-fed conditions good 

average yields vary from 2 to 3 ton ha-1 unshelled nuts under a high level 

of management. Under irrigation, yields can be 3.5 to 4.5 t ha-1 unshelled 

nuts. The water utilization efficiency for the harvested yield for unshelled, 

dried nuts with a moisture content of about 15 percent is 0.6 to 0.8 kg m-3. 

Groundnuts contain about 30 % protein and are rich in vitamins B and C. 

The oil content for the Virginia bunch type (alternately branched), is 

between 38 and 47 %. Oil content is reduced considerably when water 

deficits occur during the yield formation period. Groundnut yield may be 

regulated by the amount of water available to the plant during its 

development (Hammer et al., 1995). Concerning the quality management 

of the crop, Ramamoorthy and Basu (1996) reported that occurrence of 

water stress during flowering affects the number of mature pods per plant 

and the seed size. Nevertheless, reducing irrigation at the end of the peak 

flowering stage generally results in yield (Nageswara Rao et al., 1985) 

and pod quality increases, in particular concerning their commercial grade 

(Nautiyal et al., 1991). These results show that the effect of water deficits 

depends on its intensity and time of occurrences.  

 

Groundnut yields were severely affected with an increase in soil 

and water salinity (Singh and Abrol, 1985; Lauter and Meiri, 1990; 

Patel et al, 1993; Girdhar et al, 2005). For instance on groundnut, water 

stress reduces leaf area through leaf number and leaf size (Ong et al., 

1985; Lecoeur et al., 1995; Lecoeur and Guilioni, 1998). Salinity can 
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inhibit plant growth by a range of mechanisms, including low external 

water potential, ion toxicity and interference with the uptake of nutrients 

(Munns et al., 1995; Taffouo et al., 2008, 2009). According to Munns 

(2002) studies, salinity reduces the ability of plants to take up water, and 

this quickly causes reductions in growth rate and yield. These results are 

similar with found by Taffouo et al. (2010), they said that the soil 

salinity, saline irrigation water and also the heavy use of fertilizers salts 

can severely restrict plant growth, cause foliage damage and even death 

of the plants. This may be due to the decrease of total crop yield with 

increasing salinity level of irrigation water which increases the energy 

that plant must expend to acquire water from the soil and make the 

biochemical adjustments necessary to survive. Also, reduction in 

photosynthesis and plant dry mass with increased salinity could be 

attributed to the difference in the efficiency of root system in limiting the 

transport of ions to shoots (Munns et al., 2006) and to induced water 

deficit (Abed Alrahman et al., 2005). The inhibition of photosynthesis 

under salinity stress may be attributed to stomatal closure due to water 

deficit (Steduto et al., 2000; Meloni et al., 2003). 

 

2.13 Wheat crop 

 

2.13.1 Crop description and climate 

 

Wheat (Triticum aestivum) is domesticated in the Near and Middle 

East. Present world production is about 683.4 million tons from 222.8 

million ha. In Egypt the production of wheat is 7.97 million tons from 

1.23 million ha (FAOSTAT, 2009).  The crop is grown as a rain-fed crop 

in the temperate climates, in the sub-tropics with winter rainfall, in the 

tropics near the equator, in the highlands with altitudes of more than 1500 

m and in the tropics away from the equator where the rainy season is long 

and where the crop is grown as a winter crop. Wheat is grown under 

irrigation in the tropics either in the highlands near the equator and in the 
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lowlands away from the equator. In the subtropics with summer rainfall 

the crop is grown under irrigation in the winter months. In the subtropics 

with winter rainfall it is grown under supplemental irrigation Doorenbos 

and Kassam (1979). 

 

In areas of severe winters, cold winds and little snow, spring 

wheat varieties are grown. Spring wheat does not require chilling for 

heading and it is day-neutral. However, it is also sensitive to frost. For 

winter and spring wheat minimum daily temperature for measurable 

growth is about 5 °C. Mean daily temperature for optimum growth and 

tillering is between 15 and 20 °C. Occurrence of (spring) frost is an 

important factor in selection of sowing date. A dry, warm ripening period 

of 18 °C or more is preferred. Mean daily temperatures of less than 10 to 

12 °C during the growing season make wheat a hazardous crop. 

Knowledge of genetic characteristics and particularly the growth and 

development pattern of wheat varieties are essential for meeting the 

combination of various climatic requirements for growth development 

and yield formation. The wheat can be grown on a wide range of soils but 

medium textures are preferred. Peaty soils containing high sodium, 

magnesium or iron should be avoided. The optimum pH ranges from 6 to 

8. For good yields the fertilizer requirements are up to 150 kg ha-1 N, 35 

to 45 kg ha-1 P and 25 to 50 kg ha-1 K. The crop is moderately tolerant to 

soil salinity but the ECe should not exceed 4 dS m-1 in the upper soil layer 

during germination. Yield decrease due to irrigate by saline water            

0 % at ECiw 4.0, 10 % at 4.9, 25 % at 6.3, 50 % at 8.7 and 100 % at ECe 

13 dS m-1
 Doorenbos and Kassam (1979). 

 

2.13.2 Irrigation water requirements, methods and scheduling 

 

To obtained high yields, the water requirements (ETc) are 450 to 

650 mm depending on climate and length of growing period. The crop 

coefficient (Kc) relating maximum evapotranspiration (ETc) to reference 
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evapotranspiration (ETo) is: during the initial stage 0.3-0.4 (15 to 20 

days), the development stage 0.7-0.8 (25 to 30 days), the mid-season 

stage 1.05-1.2 (50 to 65 days), the late-season stage 0.65-0.7 (30 to 40 

days) and at harvest 0.2-0.25 (Doorenbos and Kassam, 1979). Also, they 

mentioned that the water uptake and extraction patterns are related to root 

density. In general 50 to 60 % of the total water uptake occurs from the 

first 0.3 m, 20 to 25 % from the second 0.3 m, 10 to 15 % from the third 

0.3 m and less than 10 percent from the fourth 0.3 m soil depth. Under 

conditions when maximum evapotranspiration is about 5 to 6 mm d-1 

water uptake of the crop is little affected at soil water depletion of less 

than 50 % of the total available soil water (p = 0.5). Normally wheat is 

irrigated by surface methods of which furrow, border and basin are most 

common. Sprinkler irrigation is also practiced, especially when water 

supply is limited or the topography or the soil is less suited to surface 

irrigation. 

 

The average seasonal evapotranspiration of the winter wheat 

measured by the lysimeter was 452 mm. During the initial stage of the 

winter wheat, evapotranspiration was quite low due to low temperature, 

short sunshine hours, and weak radiation. The average observed value of 

evapotranspiration was 0.53 mm d-1. During the development stage, the 

mean value rose as high as 2.07 mm d-1 because of high evaporative 

demand and growing crops. During the middle development stage, the 

average evapotranspiration was 4.92 mm d-1 because of the fully 

developed crop canopies and high evaporative demand. The recorded 

highest daily water consumption was 9.0 mm. The late development stage 

lasted usually 10–20 days with an averaged evapotranspiration            

4.18 mm d-1 (Liu and Luo, 2010). 

 

Under saline-water irrigation, the daily ET of crops is significantly 

lower than under fresh water irrigation. This is why due attention should 

be paid to delivering the correct amount of water for irrigation. As the ET 
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of plants is highly influenced by prevailing weather conditions, judicious 

use of water for saline and fresh water irrigation is possible using 

experimentally computed Kc values (Bhantana and Lazarovitch, 2010). 

Moreover, an increase in root-zone salinity is the prime factor reducing 

plant ET and growth. 

 

2.13.3 Effect of salinity on plant growth and yield 

 

Salt in the soil water inhibits plant growth for two reasons. First, 

the presence of salt in the soil solution reduces the ability of the plant to 

take up water, and this leads to slower growth. This is the osmotic or 

water-deficit effect of salinity. Second, excessive amounts of salt entering 

the transpiration stream will eventually injure cells in the transpiring 

leaves and this may further reduce growth. This is the salt-specific or ion-

excess effect of salinity (Munns et al., 2006). Several studies have 

indicated that when saline water is used for irrigation, due attention 

should be given to minimize root zone salinity (Fisher, 1980; Oster, 

1994; Shalhevet, 1994; Shani and Dudley, 2001; Gideon et al., 2002; 

Katerji et al., 2003, 2004). Others have indicated the need to select 

appropriate irrigation systems and practices that will supply just a 

sufficient quantity of water to the root zone to meet the evaporative 

demand and minimize salt accumulation inside (Bresler et al., 1982; 

Munns, 2002). The third approach is to select crops and varieties that can 

tolerate a degree of water and salinity stress (Fisher, 1980; Letey et al., 

1985; Mastrorilli et al., 1995; Borrell et al., 2000; Yuan et al., 2001, 

2003; Hammer and Broad, 2003; Feitosa et al., 2005). 

 

In wheat, the two responses occur sequentially, giving rise to a 

two-phase growth response to salinity (Munns, 1993). The first phase of 

the growth response results from the effect of salt outside the plant. The 

salt in the soil solution (the osmotic stresses) reduces leaf growth and, to a 

lesser extent, root growth. The cellular and metabolic processes involved 
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are common to drought. The rate at which new leaves are produced 

depends largely on the water potential of the soil solution, in the same 

way as for a drought-stressed plant. Salts themselves do not build up in 

the growing tissues at concentrations that inhibit growth, as the rapidly 

elongating cells can accommodate the salt that arrives in the xylem within 

their expanding vacuoles. So, the salt taken up by the plant does not 

directly inhibit the growth of new leaves. The second phase of the growth 

response results from the toxic effect of salt inside the plant. The salt 

taken up by the plant concentrates in the old leaves; continued transport 

of salt into transpiring leaves over a long period of time eventually results 

in very high Na+ and Cl- concentrations, and the leaves die. The cause of 

the injury is probably due to the salt load exceeding the ability of the cells 

to compartmentalize salts in the vacuole. Salts then would rapidly build 

up in the cytoplasm and inhibit enzyme activity. Alternatively, they might 

build up in the cell walls and dehydrate the cell (Flowers et al., 1991). 

 

Wheat (Triticum aestivum) is a moderately salt-tolerant crop 

(Maas and Hoffman, 1977). In the field, where the salinity rises to 10   

dS m-1, wheat will produce a reduced yield. The most-tolerant cereal dies 

after extended periods at salt concentrations higher than 25 dS m-1 

(equivalent to 50% seawater). Only halophytes (plants adapted to saline 

habitats) will continue to grow at salinities over 25 dS m-1, a low level of 

salinity may not reduce grain yield even though the leaf area and shoot 

biomass is reduced, which is reflected in a harvest index that increases 

with salinity, and the fact that grain yield may not decrease until a given 

(‘threshold’) salinity is reached (Munns et al., 2006). The comprehensive 

survey of salt tolerance of crops and pasture species published by the US 

Salinity Laboratory (Maas and Hoffman, 1977; USDA-ARS, 2005) 

presents for each species a threshold salinity below which there is no 

reduction in yield, and then a linear reduction in yield with increasing 

salinity (a ‘bent stick’ relationship). In that survey, the yield of wheat 
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starts to decline at 6–8 dS m-1, and the subsequent linear yield decline of 

wheat with increasing salinity. 

 

The studies of Royo and Abio (2003) with durum wheat, report a 

30–40 % lower salt tolerance than those of Maas and Hoffman (1977). 

This may have been due to treatments starting earlier in the former 

studies, and reducing the yield potential through the reduction in tiller 

formation, or it may have been due to the number of irrigations being less 

or the ambient conditions hotter and drier so that the salt concentration 

around the roots was greater than in the experiments reported by Maas 

and Hoffman (1977). The osmotic or water stress effect of salt in the soil 

quickly reduces the growth rate in proportion to the salinity level. In 

species that produce multiple stems such as wheat, the growth reduction 

occurs mainly in the reduction of tiller number (Maas and Grieve, 1990; 

Francois et al., 1994; Husain et al., 2003) which, for a farmer, means 

fewer spikes and therefore less potential yield per plant. Developing salt 

injury will cause the sensitive genotypes to grow even slower than the 

more tolerant, the osmotic effect of 15 dS m-1 reduces the biomass after 

40 day by roughly 75 % and the salt-specific effect by another 20 % 

(Munns et al., 2006). 
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3. MATERIALS AND METHODS 

 

3.1 Site description  

 

Field experiments were conducted in the Farm of Soil and Water 

Research Department, Nuclear Research Center, located at Inshas city, 

Sharkia Governorate which represents sandy soil conditions, Atomic 

Energy Authority, Egypt. The latitude and longitude of the experiment 

site are 30o 24` N, 31o 35` E, respectively, while the altitude is 20 m above 

the sea level.  

 

3.2 Irrigation system 

 

Trickle irrigation system was installed using: 

1- Control head, consisted of: 

• Sandy and screen media filter, 

• Presser gauges and control valves, and 

• Two small pumps and four plastic tanks of 2000 liter capacity to 

apply varying amount of saline irrigation water of the used 

treatments, (Figure, 1),   

2- Main and sub-main lines: Main line is PVC of 50 mm diameter, up to 

6 bar pressure, 25 m length and sub-main line is PVC pipe of 50 mm 

diameter, up to 6 bar pressure, and 

3- Lateral lines is polyethylene tubes of 16 mm diameter (with GR built 

in emitters), 30 cm emitter distance, manufacturing emitter discharge 

4 l hr-1, and the discharge calibration indicated that actual average 

discharge was 4.16 l hr-1, at 1 bar of operating pressure. 
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Figure (1): Storage tanks of saline irrigation water 

 

3.2.1. Hydraulic evaluation of the used system     

 

3.2.1.1. Emitter flow rate versus pressure 

 

The relation between changes in pressure head and discharge is a 

most important characteristic of emitters. Emitter flow rate vs. pressure 

curve was determined for the drip lines type GR, which can be fitted 

equation (Keller and Karmel, 1974) as in Eq. (18), Table and Figure (2):  

 
x

d HKq=        (18) 

 

Where: 

q  : The volumetric flow rate (l hr-1), 

Kd : The discharge coefficient,  

H : The head (or pressure) (m), and  

x : The exponent, depends on the flow regime (Kimura, 1986).  
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Table (2): Emitter discharge with different head 

Head (m) Discharge (l hr-1
) 

2 2.74 

5 3.11 

7 3.64 

10 4.16 

12 4.36 

15 4.93 

17 5.14 

20 5.71 

22 6.09 
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Figure (2): The relation between the pressure head (m) and the emitter 

discharge (l hr-1) 

 

The exponent (x) was equal to (0.3), indicating that the flow regime was 

variable. 
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3.2.1.2. Manufacture coefficient of variation (C.V) 

 

The manufacture coefficient of variation (C.V) for the emitters 

used in treatments was calculated using the following Eq. (19 & 20): 

 

X

SD
VC =.  , and     (19) 

 

( )

1

1

2

−

−

=
∑
−

n

xxi

SD

n

i      (20) 

 

Where: 

C.V : Coefficient of variation, 

SD : Standard deviation of emitter's discharge,  

X  : Mean discharge of emitters, (l hr-1),  

xi : Emitter discharge (l hr-1), and  

n : Number of emitters. 

 

Under the experiment condition, the manufacture coefficient of 

variation (C.V) was < 0.10, which was classified as "Good" according to 

ASAE standard (2002). 

 

3.2.1.3. Emission uniformity (EU)  

 

Emission uniformity (EU) is a scale to known the validation of 

trickle irrigation system for its application in the experimental work. This 

scale estimates the homogeneity of irrigation water distribution (Keller 

and Karmeli, 1974). EU is the ratio that expressed as a percentage of the 

emitter discharge in the 25 % of emitters with the lowest flow rate to the 

average emitter discharge of the whole investigated emitters. It was 

calculated by the following Eq. (21): 
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a

n

Q

Q
EU =        (21) 

 

Where: 

EU  : Emission uniformity (dimensionless),  

Qn   : Mean of the lowest quarter of discharge of the selected emitters (l hr-1) 

Qa  : Mean of the total discharge rate (l hr-1).   

 

Data in Table (3) shows the collectors output distribution for one-

hour test to estimate the EU for the system. The head was 10 meter, 

which insured a good performance theoretically include.  

 

Table (3): Discharger of emitters to evaluate EU of the trickle irrigation 

system under study 

Cans No. Water volume (l hr
-1
) Cans No. Water volume (l hr

-1
) 

1 3.66 15 3.91 

2 3.68 16 3.91 

3 3.72 17 3.94 

4 3.77 18 3.94 

5 3.78 19 3.94 

6 3.78 20 3.96 

7 3.78 21 3.96 

8 3.79 22 3.96 

9 3.84 23 4.00 

10 3.84 24 4.02 

11 3.86 25 4.02 

12 3.90 26 4.02 

13 3.90 27 4.04 

14 3.90 28 4.08 
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Emission uniformity (96.13%)
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Figure (3): EU of the trickle irrigation system under study 

 

Average of the lowest quarter is 3.74 l hr-1, and the average of 

total discharge is 3.89 l hr-1, the average of received water and emission 

uniformity was shown on Figure (3). Emission uniformity of the trickle 

irrigation system under study was (96.13 %), it classified as "excellent". 

This indicates that the water distribution within the soil profile was 

homogeneous. 

 

 

3.3 Cultivated crops 

 

3.3.1 Groundnut (Season 2008) 

 

3.3.1.1 Cultivated crop 

 

Groundnut crop (Arachis hypogaea L.) variety Giza 6 obtained 

from Agriculture Research Center, Eِl-Ismailia, Egypt was cultivated. The 

experiment started on June 1, 2008 and harvested on September 30, 2008. 

Mean of the total discharge rate = 3.89 l hr-1 

Mean of the lowest quarter = 3.74 l hr-1 
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The amount of seeds required was 180 kg pods ha-1 (120 kg seeds ha-1). 

The seeds were treated by bacterial pollination before planting and then 

planted with space 30 cm within rows and 60 cm between rows. Some 

physical and chemical characteristics of the soil under investigation are 

given in Tables (4&5).  

 

The cattle manure was added at a rate of 48 m3 ha-1 before tillage 

on the 25 cm of the surface layer of each treatment, the chemical analysis 

of cattle manure are given in Table (6).  

 

Table (4): Some physical characteristics of the experimental soil 

Depth 
Practical size distribution 

(%) 

Bulk 

density 

Moisture content by 

volume (%) 

(cm) Clay Silt Sand 

Soil 

texture 
(g cm-3) FC WP AW 

0-15 0.47 1.87 97.7 Sand 1.63 9.92 1.38 8.54 

15-30 0.47 0.80 98.7 Sand 1.68 8.83 1.30 7.53 

30-45 0.53 0.87 98.6 Sand 1.67 8.97 1.31 7.66 

45-60 0.53 0.87 98.6 Sand 1.67 8.97 1.31 7.66 

60-75 0.80 0.73 98.5 Sand 1.63 9.11 1.32 7.79 

75-90 0.40 0.80 98.8 Sand 1.66 8.76 1.30 7.46 

 

Table (5): Some chemical characteristics of the experimental soil 

Depth pH ECe Soluble anions (meq l-1) Soluble cations (meq l-1) 

(cm) (1:2.5) (dS m-1) Cl- HCO3
- SO4

-- Ca++ Mg++ Na+ K+ 

0-15 8.49 0.60 2.10 2.90 0.13 1.46 0.90 2.55 0.22 

15-30 8.46 0.56 2.30 2.85 0.36 1.48 0.96 2.48 0.59 

30-45 8.53 0.54 2.03 2.89 0.14 1.50 1.28 1.84 0.43 

45-60 8.69 0.54 1.90 2.90 0.32 1.36 1.64 1.78 0.34 

60-75 8.56 0.50 1.57 2.55 0.45 1.20 1.56 1.40 0.41 

75-90 8.73 0.44 1.23 2.80 0.22 1.40 1.64 1.04 0.17 
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Table (6): Chemical analysis of cattle manure 

Determination Cattle  manure 

pH (1:2.5) 6.68 

EC (1:2.5) (dS m
-1
) 13.3 

Organic matter (%) 39.9 

N (%) 0.89 

P (%) 1.92 

K (%) 0.51 

 

3.3.1.2 Irrigation treatments 

 

Five different irrigation water salinities, i.e., 0.5 dS m-1 (fresh 

water) as a control treatment and other four saline water treatments (2.4, 

2.7, 3.3 and 4.4 dS m-1), for S1, S2, S3 and S4, respectively, were used for 

this study. The saline irrigation water was prepared by mixing fresh water 

with Sodium Chloride salt at a certain ratios. Table (7) show the expected 

reduction of groundnut yield (%) as a result of using the saline irrigation 

water mentioned above (Ayers and Westcot, 1985). Some chemical 

characteristics of the used irrigation water through groundnut season are 

shown in Table (8). The salinity of the used irrigation water expressed as 

EC (dS m-1) represent 1.1, 5.3, 6.0, 7.3 and 9.8 % of that of the sea water 

salinity (45 dS m-1) (Rhoades et al., 1992) for FW, S1, S2, S3 and S4, 

respectively.  

 

Table (7): The expected reduction of groundnut yield (%), as affected by 

saline irrigation water  

Treatments 
Irrigation  water salinity 

ECiw (dS m
-1
) 

Percent of 

seawater (%) 

Reduction of 

yield (%) 

FW 0.5 1.1 Nil 

S1 2.4 5.3 10 

S2 2.7 6.0 25 

S3 3.3 7.3 50 

S4 4.4 9.8 100 
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Table (8): Some chemical characteristics of the used irrigation water  

EC Soluble anions (meq l-1) Soluble cations (meq l-1) Treat-

ments 
pH 

(dS m-1) Cl- HCO3
- SO4

-- Ca++ Mg++ Na+ K+ 

FW 8.84 0.50 2.20 2.10 0.10 1.60 1.40 1.17 0.23 

S1 8.68 2.40 16.0 2.90 4.35 4.00 3.40 15.3 0.49 

S2 8.97 2.70 16.0 3.20 5.56 2.20 5.60 16.0 0.88 

S3 8.69 3.30 21.5 2.20 6.85 2.40 7.40 19.3 1.41 

S4 8.84 4.40 29.2 4.00 3.21 2.00 8.00 24.8 1.60 

 

3.3.1.3 Irrigation scheduling  

 

Irrigation water was applied based on the recommended crop 

water requirement (700 mm for groundnut) according to FAO Irrigation 

and Drainage Paper No.33 (Doorenbos and Kassam, 1979) for all 

irrigation treatments. This amount was scheduled throughout the growth 

season and calculated according to the values of the recommended crop 

coefficient (Kc) as well as the period of each stage. Table (9) shows the 

crop parameters for average demand conditions for groundnut crop 

(Doorenbos and Kassam, 1979). 

 

Table (9): The crop parameters for average demand conditions for 

groundnut crop  

Crop development stages (2008) 

Parameters 
Initial 

Develop-

ment 

Mid-

season 

Late-

season 

Total 

Duration 1/6-25/6 26/6-9/8 10/8-9/9 11/9-30/9 - 

Stage length (d) 25 45 30 20 120 

Crop coefficient (Kc) 0.40 0.80 1.10 0.80 - 

Applied water  (mm d-1) 2.95 5.89 8.11 5.89 - 

Depth of water/ stage (mm) 73.7 265 243 118 700 
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3.3.1.4 Experimental design and statistical analysis 

 
Complete randomized block design (CRBD) of five treatments 

with four replicates were used for groundnut crop. The experimental plot 
area was 4.2 m x 4.2 m under trickle irrigation system. The layout of the 
experiment is shown in Figure (4). 

 

 

Figure (4): Layout of groundnut crop experiment 

 
3.3.1.5 Fertilization and other agronomic practices 

 
All agronomic practices were done according to the 

recommendations of the Ministry of Agriculture and Land Reclamation, 
Egypt. Chemical fertilizers were added as following: 

A. Ammonium sulphate (20.6 % (NH4)2SO4) was added at a rate of       

580 kg ha-1. This amount divided into six parts before flowering. 

B. Super phosphate (15 % P2O5) was added at a rate of 715 kg ha-1
 before 

planting.  

C. Potassium sulphate (48 % K2O) was added at a rate of 120 kg ha-1.   

This amount divided into two parts before and during flowering. 
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3.3.2 Wheat (Season 2008/2009) 

 

3.3.2.1 Cultivated crop 

 

Wheat crop (Triticum astivum L.) variety Sakha 93 obtained from 

Agriculture Research Center, Cairo, Egypt was cultivated. The 

experiment started on December 2, 2008 and harvested at April 26, 2009. 

The amount of seeds required was 150 kg seeds ha-1. The seeds planted 

with space 15 cm within rows and 30 cm between rows. Some physical 

and chemical characteristics of the soil under investigation are given in 

Tables (10 & 11). The cattle manure was added at a rate of 48 m3 ha-1 

before tillage on the 25 cm of the surface layer of each treatment, the 

chemical analysis of cattle manure are given in Table (6).  

 

Table (10): Some physical characteristics of the experimental soil  

Depth 
Practical size 

distribution (%) 

Bulk 

density 

Moisture content by 

volume (%) 

(cm) Clay Silt Sand 

Soil 

texture 
(g cm-3) FC WP AW 

0-15 2.27 3.20 94.5 Sand 1.72 12.7 1.68 10.9 

15-30 2.53 1.60 95.9 Sand 1.75 11.6 1.50 10.1 

30-45 0.30 0.80 98.9 Sand 1.69 8.65 1.29 7.36 

45-60 0.40 0.90 98.7 Sand 1.66 8.86 1.31 7.56 

60-75 0.40 0.80 98.8 Sand 1.64 8.76 1.30 7.46 

75-90 0.80 1.60 97.6 Sand 1.70 9.99 1.38 8.61 

 

Table (11): Some chemical characteristics of the experimental soil  

Depth pH ECe Soluble anions (meq l-1) Soluble cations (meq l-1) 

(cm) (1:2.5) (dS m-1) Cl- HCO3
- SO4

-- Ca++ Mg++ Na+ K+ 

0-15 8.57 1.38 3.27 3.30 3.96 2.76 3.04 3.69 1.04 

15-30 9.20 0.44 1.07 2.80 0.40 1.16 1.48 1.14 0.48 

30-45 9.40 0.43 0.93 2.40 0.58 0.76 1.72 1.01 0.42 

45-60 9.52 0.36 0.73 2.40 0.34 0.96 1.60 0.63 0.28 

60-75 9.62 0.37 0.80 2.30 0.31 1.08 1.52 0.58 0.23 

75-90 9.41 0.34 0.80 2.20 0.17 0.80 1.56 0.57 0.24 
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3.3.2.2 Irrigation treatments 

 

Five different irrigation water salinities, i.e., 0.5 dS m-1 (fresh 

water) as a control treatment and other four saline water treatments (4.9, 

6.3, 8.7 and 13.0 dS m-1), for S1, S2, S3 and S4, respectively, were used for 

this study. The saline water was prepared by mixing fresh water with 

Sodium Chloride salt at a certain ratios. Table (12) show the expected 

reduction of wheat yield (%) as a result of using the saline irrigation water 

mentioned above (Ayers and Westcot, 1985). Some chemical 

characteristics of the used irrigation water through wheat season are 

shown in Table (13). The salinity of the used irrigation water expressed as 

EC (dS m-1) represent 1.1, 10.9, 14.0, 19.3 and 28.9 % of that of the sea 

water salinity (45 dS m-1) (Rhoades et al., 1992) for FW, S1, S2, S3 and 

S4, respectively. 

 

Table (12): The expected reduction of wheat yield (%), as affected by 

saline irrigation water  

Treatments 
Irrigation  water salinity  

ECiw (dS m
-1
) 

Percent of 

seawater (%) 

Reduction of 

yield (%) 

FW 0.5 1.1 Nil 

S1 4.9 10.9 10 

S2 6.4 14.2 25 

S3 8.7 19.3 50 

S4 13.0 28.9 100 

 

Table (13):  Some chemical characteristics of the used irrigation water  

EC Soluble anions (meq l-1) Soluble cations (meq l-1) Treat-

ments 
pH 

(dS m-1) Cl- HCO3
- SO4

-- Ca++ Mg++ Na+ K+ 

FW 8.84 0.50 2.20 2.10 0.10 1.60 1.40 1.17 0.23 

S1 8.92 4.90 32.8 3.80 4.44 4.33 9.00 26.5 1.18 

S2 8.85 6.30 44.1 3.00 11.5 3.33 20.0 33.8 1.43 

S3 8.82 8.70 63.0 2.90 14.0 5.33 26.3 46.8 1.49 

S4 8.70 13.0 96.5 3.20 9.92 6.67 31.7 69.4 1.88 
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3.3.2.3 Irrigation scheduling  

 

Irrigation water was applied based on the recommended crop 

water requirement (550 mm for wheat) according to FAO Irrigation and 

Drainage Paper No.33 (Doorenbos and Kassam, 1979) for all irrigation 

treatments. This amount was scheduled throughout the growth season and 

calculated according to the values of the recommended crop coefficient 

(Kc) as well as the period of each stage. Table (14) shows the crop 

parameters for average demand conditions for wheat crop (Doorenbos 

and Kassam, 1979). 

 

Table (14): The crop parameters for average demand conditions for wheat 

crop 

Crop development stages (2008 - 2009) 

Parameters 
Initial 

Develop-

ment 

Mid-

season 

Late-

season 

Total 

Duration 2/12-21/12 22/12-9/2 10/2-26/3 27/3-26/4 - 

Stage length (d) 20 50 45 30 145 

Crop coefficient (Kc) 0.40 0.80 1.20 0.70 - 

Applied water  (mm d-1) 1.79 3.58 5.37 3.13 - 

Depth of water/ stage (mm) 35.8 179 241 93.9 550 

 

 

3.3.2.4 Experimental design and statistical design 

 

Complete randomized block design (CRBD) of five treatments 

with three replicates were used for wheat crop. The experimental plot area 

was 4.2 m x 4.2 m under trickle irrigation system. The layout of the 

experiment is shown in Figure (5). 
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Figure (5): Layout of wheat crop experiment 
 

3.3.2.5 Fertilization and other agronomic practices 

 
All agronomic practices were done according to the 

recommendations of Ministry of the Agriculture and Land Reclamation, 
Egypt. Chemical fertilizers were added as following: 

A. Ammonium sulphate (20.6 % (NH4)2SO4) was added at a rate of     

1380 kg ha-1. This amount divided into six parts before flowering. 

B. Super phosphate (15 % P2O5) was added at a rate of 480 kg ha-1
 before 

planting.  

C. Potassium sulphate (48 % K2O) was added at a rate of 250 kg ha-1.  

This amount divided into two parts before and during flowering. 

 

3.4 Evapotranspiration estimation 

 

3.4.1 Meteorological data  

 

The meteorological data recorded by the local meteorological 

weather station which located approximately 680 m away from the 
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experimental site of Nuclear Research Center, Atomic Energy Authority, 

Inshas. The measured weather parameters used were the maximum and 

the minimum temperature, wind speed, relative humidity, solar radiation, 

sun shine hours and precipitation. The applied weather data are presented 

in Table (15).   

 

3.4.2 Calculation of reference evapotranspiration (ETo) 

 

Reference crop evapotranspiration (ETo) was calculated by 

Penman-Monteith equation (Allen et al., 1998) as follows using Eq. (15): 
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Where: 

ETo : Reference evapotranspiration [mm d-1],  

∆ : Slope vapour pressure curve [kPa °C-1],  

Rn : Net radiation at the crop surface [MJ m-2 d-1],  

G : Soil heat flux density [MJ m-2 d-1],  

T  : Air temperature at 2 m height [°C], 

es : Saturation vapour pressure [kPa],  

ea : Actual vapour pressure [kPa],  

es - ea : Saturation vapour pressure deficit [kPa],  

u2 : Wind speed at 2 m height [m s-1], 

γ : Psychometric constant [kPa °C-1]. 

 

These variables were described in FAO Irrigation and Drainage 

Paper No.56 (Allen et al., 1998). It is worthy mentioned that ''CROPWAT 

v.7.0'' program was used to compute the mean ten-day values for the 

reference evapotranspiration (ETo).  
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Table (15): Metrological data of Inshas area during the growing season of 

groundnut and wheat crops 

Period Temperature 
Relative 

humidity 

 Wind 

speed 

Sun 

shine 

Net 

radiation 

Preci-

pitation 

Duration Tmax Tmin RHmax  RHmin  U2  n Rn  P 
Months 

days  (oC)  (oC) (%) (%) (m s-1)  (hr d-1) (MJ m-2 d-1)  (mm d-1) 

Groundnut crop (2008) 

1-10 35.4 22.5 73.4 22.4 3.89 12.3 16.1 0.00 

11-20 33.8 21.0 79.2 27.7 4.11 12.3 16.4 0.00 

Jun. 

21-30 35.7 24.1 73.8 26.7 2.53 12.3 16.5 0.00 

1-10 34.8 23.5 84.7 33.1 3.17 12.3 16.9 0.00 

11-20 34.0 23.9 84.3 36.3 3.64 12.1 16.8 0.00 

Jul. 

21-31 33.5 23.8 80.5 34.7 3.51 12.0 16.2 0.00 

1-10 34.6 23.6 84.0 34.9 2.81 11.8 15.9 0.00 

11-20 35.1 24.8 83.2 35.0 3.36 11.3 15.2 0.00 

Aug. 

21-31 35.5 25.0 83.5 34.9 3.43 10.9 14.4 0.00 

1-10 33.3 22.9 84.2 39.0 3.11 10.4 13.3 0.00 Sep. 

11-23 34.1 24.1 76.8 30.3 2.84 10.0 11.8 0.00 

Wheat crop (2008-2009) 

2-10 24.7 14.6 70.3 33.8 1.88 7.4 4.1 0.00 

11-20 22.6 12.0 78.6 39.4 1.92 7.2 4.0 0.00 

Dec. 

20-31 17.5 11.5 76.6 46.5 3.06 7.0 4.1 0.50 

1-10 18.2 9.6 78.6 43.2 1.53 7.3 4.3 0.00 

11-20 20.5 11.4 71.8 37.1 1.97 7.5 4.5 0.00 

Jan. 

21-31 20.7 12.8 59.5 29.3 2.98 7.6 4.9 0.00 

1-10 22.9 12.4 68.6 26.7 2.61 7.8 5.7 0.00 

10-20 20.9 12.3 65.7 28.1 3.14 8.1 6.6 0.00 

Feb. 

21-28 19.0 11.1 66.1 31.4 3.68 8.4 7.5 0.10 

1-10 23.5 13.7 57.5 26.5 3.22 8.7 8.2 0.50 

11-20 21.2 11.4 71.6 35.3 3.17 9.1 9.7 0.00 

Mar. 

21-31 22.4 11.9 72.2 30.5 2.83 9.4 10.6 0.00 

1-10 26.2 15.7 74.2 31.0 3.28 9.8 11.9 0.00 Apr. 

11-14 32.8 17.5 62.5 19.8 2.92 10.2 12.1 0.00 
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3.4.3 Crop coefficient (Kc) 

 

The values of crop coefficients (Kc) for the tested crops were used 

during the different growing stages according to FAO Irrigation and 

Drainage Paper No.33 (Doorenbos and Kassam, 1979), and presented in 

Table (16): 

 

Table (16): Groundnut and wheat crop coefficient (Kc) during the growth 

stages 

Groundnut Wheat 
Growth stages 

Period (d) Kc Period (d) Kc 

Initial 25 0.4 20 0.4 

Development 45 0.8 50 0.8 

Mid-season 30 1.1 45 1.2 

Late-season 20 0.8 30 0.7 

 

3.4.4 Calculation of crop evapotranspiration (ETc) 

 

There are two methods to estimate crop evapotranspiration, one 

under standard conditions (Fresh water) and the other for nonstandard 

conditions (Saline water). 

 

3.4.4.1 Crop evapotranspiration under standard conditions (ETc) 

 

The crop evapotranspiration under standard conditions, denoted as 

ETc, is the evapotranspiration from disease-free, well-fertilized crops, 

grown in large fields, under optimum soil water conditions, and achieving 

full production under the given climatic conditions, is given by Eq. (1): 

 

ETc = Kc ETo       (1) 
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Where:  

ETc : Crop evapotranspiration under standard conditions [mm d-1],  

Kc : Single crop coefficient [dimensionless], and 

ETo : Reference crop evapotranspiration [mm d-1] 

 

3.4.4.2 Crop evapotranspiration under nonstandard conditions (ETc adj) 

 

The crop evapotranspiration under nonstandard conditions(ETc adj) 

is the evapotranspiration from crops grown under management and 

environmental conditions that differ from the standard conditions. The 

crop evapotranspiration under nonstandard conditions is calculated by 

using a water stress coefficient Ks and/or by adjusting Kc for all kinds of 

other stresses and environmental constraints on crop evapotranspiration 

(ETc), where the effect of water stress (Ks) is incorporated into (Kc) as: 

 

ETc adj= Ks Kc ETo       (4) 

  

Where: 

ETc adj : Crop evapotranspiration under nonstandard conditions [mm d-1], 

Ks : Water stress coefficient [dimensionless], 

Kc : Single crop coefficient [dimensionless], and 

ETo : Reference crop evapotranspiration [mm d-1] 

 

3.4.5 Water stress coefficient (Ks) 

 

Water stress coefficient (Ks) describes the effect of water stress on 

crop transpiration. When salinity stress occurs without water stress, for 

these conditions (ECe > ECe threshold), soil water depletion is less than the 

readily available soil water (Dr < RAW), the Ks Calculated by Eq. (22): 

 

( )thresholdee

y

s ECEC
K

b
K −−=

100
1     (22)  
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Where: 

ECe : Mean electrical conductivity of the saturation extract for the 

root zone [dS m-1], 

ECe threshold : Electrical conductivity of the saturation extract at the threshold 

of ECe when crop yield first reduces below Ym [dS m-1], 

b : Reduction in yield per increase in ECe [% /(dS m-1)],  

Ky : A yield response factor [-], 

Dr : Root zone depletion (mm),  

RAW : The readily available soil water in the root zone (mm), and 

Ym : Maximum expected yield when ECe < ECe threshold (kg ha-1) 

 

3.4.6 Actual evapotranspiration (ETa) 

 

Soil moisture content through the soil profile was determined 

using neutron moisture meter. Access tubes were installed in each plot 

around the drippers. Measures were determined immediately before 

irrigation and one hour after irrigation. The reading of neutron probe was 

recorded every 15 cm from 30 cm soil surface up to 90 cm depth. The 

moisture content in the surface layer (0-15 cm) was also determined using 

gravimetric method, where fast neutrons escape to air, so, using 

gravimetric method is better (Evett et al., 1993). The daily and seasonal 

evapotranspiration of groundnut and wheat plants were calculated under 

all irrigation water treatments.  

 

3.5 Neutron calibration of neutron moisture meter 

 

Field calibration of neutron moisture meter CPN, 503 DR 

Hydroprobe (CPN 50 mCi.), americium-241 as an alpha source and 

beryllium as a fast neutron source were done at 30, 45, 60, 75 and 90 cm 

soil depth according to IAEA, 2003. Figure (6) show the schematic 

drawing of neutron moisture meter CPN, 503 DR. 
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Linear regression equation correlate between neutron, count ratio 

(CR) and the volumetric soil moisture contents at certain depth. These 

calibration curves will be used to determine the soil moisture contents. 

Table (17) shows the regression equation of neutron calibration curves 

under the different soil depths for both groundnut and wheat crops. 

 

Table (17): Regression equations of neutron calibration curves for the soil 

moisture content as a function if soil depths under groundnut 

and wheat crops 

Soil depth (cm) Regression Equation Coefficient of determination (R
2
) 

Groundnut crop 

30 θv % = 22.533 * CR - 5.142 0.9663 

45 θv % = 14.753 * CR - 2.303 0.9339 

60 θv % = 19.354 * CR - 4.877 0.9922 

75 θv % = 19.092 * CR - 4.128 0.9031 

90 θv % = 18.130 * CR - 4.299 0.9316 

Wheat crop 

30 θv % = 53.206 * CR - 16.694 0.9515 

45 θv % = 50.406 * CR - 17.068 0.9302 

60 θv % = 53.181 * CR - 18.336 0.9413 

75 θv % = 26.405 * CR - 7.2701 0.9483 

90 θv % = 61.530 * CR - 22.535 0.9435 

θv : Volumetric soil moisture content cm3 cm-3, 

CR: Count when neutrons probe in soil over counts in the shield at a 

certain depth. 
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Figure (6): The schematic drawing and figure of neutron moisture meter 

CPN, 503 DR 

 

3.6 Water use efficiency (WUE) and irrigation water use efficiency 

(IWUE) 

 

Payero et al., 2008 said that the water use efficiency (WUE) is the 

ratio of yield to seasonal crop evapotranspiration (ETc), while, irrigation 

water use efficiency (IWUE) is the ratio of yield to seasonal applied 

irrigation (I), given by Eq. (23 & 24): 

 

( )
( )cETpirationevapotranscropseasonal

Yyield
WUE =   (23) 

 

( )
( )IirrigationappliedSeasonal

Yyield
IWUE=    (24) 
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Where: 

WUE  : Water use efficiency (kg m-3), 

IWUE  : Irrigation water use efficacy (kg m-3), 

Y  : Yield (kg ha-1),  

ETc  : Seasonal crop evapotranspiration (m3 ha-1), and 

I  : Seasonal applied irrigation (m3 ha-1). 

 

3.7 Soil and water analysis 

 

Undisturbed and disturbed soil samples were collected from site 

successive soil depth (0-15, 15-30, 30-45, 45-60, 60-75 and 75-90 cm) 

before cultivation to determine the physical and chemical characteristics 

of the experimental soil site. Another set of sample were collected at 

harvesting. All collected samples were subjected to the following 

determinations: 

 

3.7.1 Physical analysis 

 

3.7.1.1 Soil mechanical analysis  

 

The international method of soil mechanical analysis was used to 

determine soil texture.  In this method, the soil particle size distribution 

was determined by using NH4OH as a dispersing agent (Jacobs et al., 

1971). This analysis was performed in the laboratory of the Soil and 

Water Research Department, Nuclear Research Center, Atomic Energy 

Authority. 

 

3.7.1.2 Soil bulk density  

 

Soil bulk density was measured by drawing 5 cm x 7.2 cm core 

(Klute, 1986) from 0-15, 15-30, 30-45, 45-60, 60-75 and 75-90 cm soil 

depths. 
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3.7.1.3 Soil field capacity (FC) and permanent wilting point (PW) 

 

Soil moisture characteristics (FC and WP) were determined in the 

laboratory using a pressure plate apparatus according the method 

described by (Klute, 1986). 

 

3.7.2 Chemical analysis 

 

3.7.2.1 Soil characteristics analysis 

 

Total soluble salts, soil reaction (pH), and soluble cations and 

anions were done in the saturation soil paste extract according to Page et 

al. (1982) as following: 

• Calcium (Ca++) and magnesium (Mg++) were determined by titration 

with EDTA, with versenate method using ammonium perpurate as an 

indicator for calcium and Eriochrome Black T as an indicator for 

calcium and magnesium. 

• Sodium (Na+) and potassium (K+) was determined photo-metrically 

using flame photometer (JENWAY PFP7).  

• Carbonate (CO3
--) and bicarbonate (HCO3

-) were determined 

volumetrically by titration with a standard solution of sulfuric acid 

(H2SO4), using phenolphthalein and methyl-orange as indicator for 

each element, respectively.  

• Chloride (Cl-) was determined by titration with standard AgNO3. 

 

3.7.2.2 Chemical analysis of irrigation water 

 

Water reaction (pH), electric conductivity (EC), and soluble 

cations and anions were done in the irrigation water according to Page et 

al. (1982)   
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3.8 Crop measurements 

 

3.8.1 Groundnut crop 

1- Plant height (cm), 

2- Commercial yield from shelled and unshelled nuts after dried (kg ha-1), 

3- The oil and protein percent of nuts, 

4- Number of brunched, empty and full pods, and  

5- Weight of pods and seeds (kg ha-1). 

 

3.8.2 Wheat crop 

1- Plant height (cm), 

2- Total crop yield (kg ha-1), 

3- Number of spike m-2, and 

4- Weight of 100 wheat seed (Gram). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4. RESULTS AND DISCUSSION 

 

4.1 Groundnut crop 

 

4.1.1 Reference evapotranspiration (ETo) 

 

The methods proposed by Doorenbos and Pruitt (1977), namely 

the Modified Penman, Blaney–Criddle, Radiation and Pan Evaporation, 

have been extensively applied in different climatic conditions. FAO-56 

(Allen et al., 1998) mentioned that Penman equation derived an equation 

to compute the evaporation from an open water surface from standard 

climatologically records of sunshine, temperature, humidity and wind 

speed. Therefore, the Penman–Monteith method recommended by FAO-

56 was used in this investigation to estimate ETo, this method has been 

widely used because it gives satisfactory results under various climate 

conditions across the world (Jensen et al., 1990; Kashyap and Panda, 

2001; Bodner et al., 2007; Suleiman et al., 2007). 

 

Table (18): Values of reference evapotranspiration for all growth stages 

of groundnut season (2008) 

Growth stages Initial Development Mid-season Late Total 

Duration (d) 25 45 31 14 115 

mm / stage 215.3 344.4 220.4 91.5 871.6 

m
3
 ha

-1
 2153 3444 2204 915 8716 

 

Values of reference evapotranspiration (ETo) was calculated by 

CROPWAT v.7.0 (Smith, 1992) based on the agro-metrological data 

collected for the studied area. Table (18) shows values of reference crop 

evapotranspiration through the growth stages of groundnut season. The 

values of ETo through growth season indicate that it was high at the 

beginning of season and decreased gradually till harvesting time. This is 

may be due to the changes in the climatologically norms for the area, as 
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the cultivation starts with both relatively high temperature and solar 

radiation and ended by a decrease than it was. The total ETo value during 

the growth season of groundnut was 871.6 mm (8716 m3 ha-1).  

 

4.1.2 Actual evapotranspiration (ETa) 

 

Actual evapotranspiration (ETa) is the actual amount of water 

uptake by the plant which is determined by the level of available water in 

the soil (Phocaides, 2000). Data presented in Table (19) shows the actual 

evapotranspiration values for the groundnut crop. It is clearly that the 

total amount of the actual evapotranspiration is high for the fresh water 

(FW) treatment (629.8 mm/season) compared to saline water treatment 

(S4) (545.7 mm/season). 

 

Referring to the effect of irrigation water salinity on the water 

consumptive use, data presented in Table (19) reveal that the water 

consumed by plants during the different periods of plant growth follows 

the order of FW > S1 > S2 > S3 > S4 treatments. Irrigation water salinity 

affects the plant consumptive use i.e. the actual evapotranspiration. This 

result is in agreement with that obtained by Doorenbos and Pruitt (1977). 

 

From the data presented in Table (19), it could be noticed that the 

average daily and seasonal ETa values for all growth stages were varied 

with the changing in climatic conditions, salt concentration in irrigation 

water and plant growth stage. At the initial stage, the average daily ETa 

was low, where it was 3.19, 2.90, 3.16, 3.10, 3.24 mm d-1 for FW, S1, S2, 

S3 and S4, respectively, then increased to reach maximum value at the end 

of development stage, where it was 6.61, 6.18, 5.68, 6.08, 5.78 mm d-1 for 

FW,  S1, S2, S3 and S4, respectively. At the mid-season it decreased until 

the late stage, the rate of ETa declined as the crop became mature. This is 

in agreement with the finding of Doorenbos and Pruitt (1977), reported 

that the water consumptive use increases with the progress in plant 
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growth and reaches a peak during some parts of the plant growth period, 

depending on the plant type, growth characteristics and the environmental 

conditions, and then tapers off till harvest time.  

 

Table (19): The average seasonal ETa values of groundnut plants grown 

under different irrigation water salinity 

Growth stages 

Initial Development Mid-season Late 

Total 

season 

Treat-

ments 

mm d-1 mm mm d-1 mm mm d-1 mm mm d-1 mm mm 

FW 3.19 79.7 6.61 297.5 5.81 180.2 5.17 72.4 629.8 

S1 2.90 72.5 6.18 278.1 6.08 188.4 4.99 69.8 608.9 

S2 3.16 79.1 5.68 255.4 6.04 187.1 5.52 77.3 598.9 

S3 3.10 77.6 6.08 273.4 5.62 174.1 5.12 71.7 596.8 

S4 3.24 81.1 5.78 260.1 4.69 145.4 4.18 58.5 545.1 

 

4.1.3 Crop coefficient (Kc)  

 

Figure (7) and Table (20) illustrates that the average crop 

coefficient of groundnut for the four stages of growth season under the 

different treatments of groundnut. The average Kc values clearly differ 

from the average Kc values of FAO No.33 (Doorenbos and Kassam, 

1979). Where in the initial stage the average Kc values were 

approximately 7, 16, 8, 10 and 6% for FW, S1, S2, S3 and S4, respectively, 

which are lower than the average Kc values suggested by FAO No.33; 

meanwhile, at the development stage, the average Kc values were 

identical and/or closely to the average Kc values suggested by FAO 

No.33. However, during the mid-season stage the Kc values were 26, 22, 

23, 28 and 40% for FW, S1, S2, S3 and S4, respectively, which are lower 

than the average Kc values suggested by FAO No.33. At the end stage, the 

Kc values were 0.79, 0.76, 0.85 and 0.78 for FW, S1, S2 and S3 

respectively; additionally, the average Kc value was 25% for S4 which is 

lower than the average Kc values of FAO No.33. 
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Figure (7): Crop coefficient (Kc) of the four growth stages of groundnut 

plants as affected by irrigation water salinity compared with 

Kc values suggested by the FAO No.33 

 

Table (20): Crop coefficient (Kc) of the four growth stages of groundnut 

plants as affected by irrigation water salinity compared with 

Kc values suggested by the FAO No.33 

Growth stages Initial Development Mid-season Late 

Period (d) 25 45 31 14 

Kc (FAO, No.33) 0.4 0.8 1.1 0.8 

FW 0.37 0.86 0.82 0.79 

S1 0.34 0.81 0.85 0.76 

S2 0.37 0.74 0.85 0.85 

S3 0.36 0.79 0.79 0.78 

S4 0.38 0.76 0.66 0.64 

 

According to the obtained results in this study, the calculated 

values of crop coefficients markedly differed from those suggested by 

FAO No.33 for the crops considered herein. Marked differences between 

the estimated Kc values and the average Kc value suggested by the FAO 



 - ٨٩ -

No.33 in the initial and mid-season stages. Where it was found to be 

lower the differences are attributed primarily to specific cultivator, the 

changes in local climatic conditions, and seasonal differences in crop 

growth patterns. Such differences obviously reflect the difficulty not only 

in extrapolating crop coefficients to other environments, but also in 

applying crop coefficients in individual year with differing crop 

development patterns. 

 

4.1.4 Water stress coefficient (Ks) 

 

The effects of soil water stress on ETc are described by reducing 

the values of crop coefficient (Kc). This is accomplished by multiplying 

the crop coefficient by the water stress coefficient (Ks). Crops under 

controlled conditions have salinity threshold values below which crop 

yields are not affected. However, evidence is presented that under field 

conditions, where plants are subjected to periodic and simultaneous water 

and salt stress and to non-uniform water application; yields are lowered 

by salt concentrations below the assumed threshold values. In addition, 

rather than having one specific seasonal crop salt tolerance (threshold 

value) crops react differently depending on the timing of the imposed 

salinity stress. Irrigation water that is consumed by evapotranspiration 

leaves the remaining water more concentrated with salts.  

 

Table (21) illustrates the mean values of soil electrical 

conductivity in the active root zone which determined according to the 

method described (Levin et al., 1973, Stone et al., 1976, Castle and 

Krezdorm, 1977) and it was found at 30 cm approximately; it was used to 

calculate the water stress coefficient (Ks). Table (22) illustrate water 

stress coefficient (Ks) of groundnut for the four growth stages under 

irrigation treatments. The Ks values clearly differ from stage to other 

because the salt stress causes both osmotic stress, due to a decrease in the 

soil water potential, and ionic stress, toxicity caused by high 
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concentrations of certain ions within the plant (Greenway and Munns, 

1980; Cramer, 1997).  

 

Table (21): Electrical conductivity ECe (dS m-1) in the root zone of 

groundnut plants 

Growth stages Initial Development Mid-season Late 

Days after planting 25 70 101 115 

FW 0.95 1.09 0.58 0.63 

S1 1.20 3.25 3.88 3.35 

S2 2.85 3.34 4.05 3.54 

S3 2.30 3.45 4.25 4.13 

S4 3.35 3.55 4.48 4.20 

 

Table (22): Water stress coefficient (Ks) for the four growth stages of 

groundnut under irrigation with saline water 

Growth stages Initial Development Mid-season Late 

Period (d) 25 45 31 14 

FW 1.00 1.00 1.00 1.00 

S1 1.00 0.98 0.72 0.94 

S2 1.00 0.94 0.65 0.86 

S3 1.00 0.90 0.57 0.62 

S4 0.94 0.85 0.47 0.59 

 

During the initial stage, the Ks values are close to 1.00 for FW, S1, 

S2 and S3 which mean that the root zone salinity (ECe) did not reach to       

ECe threshold value (3.2 dS m-1) (Doorenbos and Kassam, 1979) but slightly 

affect appears for S4 with Ks (0.94), on the other hand, soil texture may 

play an important role in this respect beside the effect of salt 

accumulation in the root zone in this stage. The accumulation of solutes 

may allow plants to maintain a positive pressure potential, which is 

required to keep stomata open and to sustain gas exchange and growth 

(White et al., 2000). Meanwhile, development stage, the data in        

Table (22) demonstrates the gradual increments in the salt concentration 
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in the root zone. The Ks values were identical (1.00) to FW, but the Ks 

values were 0.98, 0.94, 0.90 and 0.85 for S1, S2, S3 and S4, respectively. 

However, during the mid-season stage the peak values of soil salinity 

(ECe) in the root zone were obtained, which means the lowest values of 

Ks, it was 1.00, 0.72, 0.65, 0.57 and 0.47 for FW, S1, S2, S3 and S4 

respectively. The direct increase in salt accumulation as well as the 

irrigation with saline water had reduced the Ks values, by 28, 35, 43 and 

53% for S1, S2, S3 and S4, respectively, compared with FW. At the end 

stage, the Ks values were 1.00, 0.94, 0.86, 0.62 and 0.59 for FW, S1, S2, 

S3 and S4, respectively. Generally, the average values of water stress 

coefficient (Ks) follows this order; FW (1.00) › S1 (0.91) › S2 (0.86) › S3 

(0.77) › S4 (0.71). 

 

4.1.5 Crop evapotranspiration under standard conditions (ETc) (Fresh 

water) and nonstandard conditions (ETc adj) (Saline water) 

 

Table (23) illustrate the total values of crop evapotranspiration for 

groundnut crop, it was (677.3 mm) for FW and then gradually decreased 

with increasing the salinity level of irrigation water up to S4 (472.2 mm). 

This is may be due to that the real crop evapotranspiration may deviate 

from crop evapotranspiration (ETc) due to non-optimal conditions i.e. 

pests and diseases, soil salinity, low soil fertility and water shortage or 

water logging. This may result in scanty plant growth, low plant density 

and may reduce the evapotranspiration rate below crop evapotranspiration 

(ETc) (Allen et al., 1998).  

 

The same Table show that the high influence of decreasing ETc 

happened in mid-season stage due to the maximum value of soil salinity 

(ECe) occurring in this stage. This result agreed with those obtained by 

(Dudley et al., 2008) reported that the use of saline water in irrigation 

causes a reduction in transpiration, which subsequently results in reduced 

evapotranspiration (ET). 



 - ٩٢ -

Table (23): Crop evapotranspiration under standard conditions (ETc) (Fresh 

water) and nonstandard conditions (ETc adj) (Saline water) 

Growth stages 

Initial Development Mid-season Late 

Total 

season 
Treat-

ments 
mm d-1 mm mm d-1 mm mm d-1 mm mm d-1 mm mm 

FW 3.45 86.1 6.12 275.5 7.82 242.5 5.23 73.2 677.3 

S1 3.45 86.1 6.00 270.2 5.61 173.8 4.91 68.7 598.9 

S2 3.45 86.1 5.76 259.3 5.07 157.1 4.50 63.0 565.6 

S3 3.45 86.1 5.49 247.0 4.42 137.0 3.22 45.1 515.2 

S4 3.23 80.8 5.23 235.4 3.66 113.5 3.07 43.0 472.7 

 

4.1.6 Groundnut crop production based on shelled nuts  

 

Figure (8) illustrates the yield of groundnut cultivated under 

trickle irrigation system as affected by different irrigation water salinities. 

The total yield varied between 3.89 to 1.18 kg ha-1. The highest yield was 

obtained, when using fresh water (FW) it represents nearly a descending 

order of: FW > S1 > S2 > S3 > S4. As for the effect of irrigation water 

salinity on the groundnut yield, data indicate that with reduced stressed 

condition (FW) treatment, groundnut yield increased compared with the 

other salinity treatments. Very high significant differences were obtained 

between FW yield (control) and other salinity treatments. S1, S2 and S3 

treatments gave the same yield approximately; where there is no 

significant difference between them. As well as, there is no significant 

difference between S2, S3 and S4 treatments; however there is a significant 

difference between S1 and S4 treatments.  

 

The reduction of nuts rates by reducing leaf area and 

photosynthesis rates consequently reduce crop yield. For instance on 

groundnut or on pea, water stress reduces leaf area through leaf number 

and leaf size (Ong et al., 1985; Lecoeur et al., 1995; Lecoeur and 

Guilioni, 1998). Salinity can inhibit plant growth by a range of 

mechanisms, including low external water potential, ion toxicity and 
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interference with the uptake of nutrients (Munns et al., 1995; Taffouo et 

al., 2008, 2009). According to Munns (2002) studies, salinity reduces the 

ability of plants to take up water, and this quickly causes reductions in 

growth rate and yield. The obtained results are similar with those found 

by Taffouo et al. (2010); they reported that the soil salinity, saline 

irrigation water and also the heavy use of fertilizers salts can severely 

restrict plant growth, causing foliage damage and even death of the plants. 
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Figure (8): Effect of water salinity levels on groundnut yield (Shelled nuts) 

 

It is worthy mentioned that when using different irrigation water 

salinity i.e. 2.4, 2.7, 3.3 and 4.4 dS m-1, the reduction of groundnut yield 

reached to 43.7, 58.2, 60.4 and 69.6 %, respectively, compared with 

control treatment (FW). Based on these results, groundnut yield may be 

regulated by the amount of water available to the plant during its 

development (Hammer et al., 1995). Concerning the quality management 

of the crop, Ramamoorthy and Basu (1996) reported that occurrence of 

water stress during flowering affects the number of mature pods per plant 

and the seed size.  
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4.1.7 Water use efficiency (WUE) related to ETa  

 

Figure (9) show WUE for the different treatments as functions of 

saline irrigation water. The data indicate that a sharply decrease in water 

use efficiency occurred with increasing salt concentration of irrigation 

water. The highest WUE value was obtained by (FW) followed by S1, S2, 

S3 and then S4.  
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Figure (9): Water use efficiency (WUE) of groundnut crop as affected by 

different salinity levels of irrigation water  

 

The data in Figure (9) show that the increasing salinity level of 

irrigation water progressively decreased water use efficiency. The values 

of WUE were 0.36, 0.27, 0.26, and 0.22 kg m-3 for S1, S2, S3 and S4, 

respectively, while the fresh water (FW) was 0.62 kg m-3. This may be 

due to the decrease in total crop yield with increasing salinity level of 

irrigation water which increases the energy that plant must expend to 

acquire water from the soil and make the biochemical adjustments 

necessary to survive. Also, reduction in photosynthesis and plant dry 

mass with increased salinity could be attributed to the difference in the 

efficiency of root system in limiting the transport of ions to shoots 
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(Munns et al., 2006) and to induced water deficit (Abed Alrahman et al., 

2005). The inhibition of photosynthesis under salinity stress may be 

attributed to stomatal closure due to water deficit (Steduto et al., 2000; 

Meloni et al., 2003). Generally, WUE for groundnut yield (Shelled nuts) 

decrease with increasing the salt concentration of irrigation water. 

 

4.1.8 Irrigation water use efficiency (IWUE) related to applied water (I)  

 

Figure (10) show the IWUE as a function of irrigation water 

salinity. The data indicate that a sharp decrease in irrigation water use 

efficiency with increasing irrigation water salinity. The highest IWUE 

value was obtained by (FW) and the lowest was obtained by S4. The effect 

of increasing irrigation water salinity on IWUE could be arranged as 

follows; S1, S2, S3 and then S4 treatment, with the same tendencies 

observed in WUE.  

 

Figure (10) show that increasing salinity level of irrigation water 

progressively decreased irrigation water use efficiency. The values of 

IWUE were 0.31, 0.23, 0.22 and 0.17 kg m-3 for S1, S2, S3 and S4, 

respectively, while the fresh water (FW) was 0.56 kg m-3. Generally, 

IWUE for groundnut yield (Shelled nuts) decreased with increasing salt 

concentration of irrigation water. The highest IWUE values were found 

for the nearly non-stressed salinity condition treatment. 

 

Generally, IWUE for groundnut yield (Shelled nuts) decreased 

with increasing salinity levels of irrigation water. Sammis et al., 2004, 

mentioned that the IWUE is affected by water loss to drainage, canopy 

interception, soil type, cultural practices and plant species. IWUE can be 

increased by proper irrigation timing using irrigation scheduling model 

based soil water balance, soil moisture or soil water potential 

measurements, or plant-based measurements like the crop water stress 
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index. However, if irrigation management delays irrigation past the 

optimal time then decreased yields, profits and IWUE will result. 
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Figure (10): Irrigation water use efficiency (IWUE) of groundnut crop as 

affected by different salinity levels of irrigation water  

 

4.1.9 Effect of electrical conductivity (ECe) on sandy soil properties 

 

Table (21) as mentioned before; show that the electrical 

conductivity of soil solution collected from the root zoon of groundnut 

plants through the experimental duration was raised depending on salinity 

levels of irrigation water. Increasing water salinity levels induced highly 

increases in ECe. In general, ECe values tended to increase with the 

progress growth stages. The overall mean of EC values as affected by soil 

depth after 115 days indicated that ECe were high in S4 as compared to 

other treatments. The peak values of ECe were obtained in mid-season 

stage for all saline treatments (S1, S2, S3 and S4). Many factors determine 

where, when and how much salinization will occur, these include salt 

index of soil, soil hydraulic properties and depth, geology, bedrock 

topography, nature and distribution of remnant vegetation, plant species, 

farming practices, annual rainfall, quantity and quality of irrigation water 
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and irrigation scheduling (Schofield, 1992). Several studies have 

indicated that when saline water is used for irrigation, due attention 

should be given to minimize root zone salinity (Fisher, 1980; Oster, 

1994; Shalhevet, 1994; Shani and Dudley, 2001; Gideon et al., 2002; 

Katerji et al., 2003, 2004).  

 

4.1.10 Effect of irrigation water salinity on some soil properties of the 

root zone of groundnut plant 

 

Results in Table (24) showed that the influence of salt level in 

irrigation water on the soluble cations and anions in the soil under study. 

The obtained results reveal that increasing salinity levels of irrigation 

water increased all the cations and anions in soil. The increase was 

proportional to the increase in salts introduced with irrigation water. For 

ion Na+ concentrations in soil irrigated with saline water were more 

affected by the salinity level of irrigation water rather than the other 

cations, Ca++, Mg++ and K+, the increase in Na+ concentration due to 

irrigation with S1, S2, S3 and S4 by 10.2, 10.2, 12.1 and 12.4 times, 

respectively, higher than those irrigated with fresh water. However, data 

reveal that the increase in Cl- concentration due to irrigation with S1, S2, 

S3 and S4 by 12.5, 13.3, 16.6 and 16.4 times, respectively, higher than 

those irrigated with fresh water. Cation concentrations in the experimental 

soil have the following order: Na+  > Mg++  > Ca++  > K+, but for anion 

concentrations of experimental soil were:  Cl- > HCO3
- > SO4

--. 

 

The plant’s response time to osmotic effects is rapid (seconds to 

minutes). Toxic responses can be rapid as well, especially in cases where 

the mechanism for toxicity occurs in the roots, but they often materialize 

only following accumulation in the shoots a much slower process (days to 

months) (Munns, 2002). Sensitivity to Cl- and Na+ ions is also species-

specific, with individuals showing sensitivity to either one or the other, or 

both (Bernstein, 1975). 
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 Table (24): Effects of saline irrigation water on soil properties 

Depth pH EC Soluble anions (meq l-1) Soluble cations (meq l-1) Treat- 

ments (cm) (1:2.5) (dS m-1) Cl-  HCO3
-  SO4

--  Ca++  Mg++  Na+  K+  

0-15 8.08 0.68 2.00 3.50 0.81 0.67 1.53 2.97 1.14 

15-30 8.40 0.63 1.78 3.17 0.56 1.07 2.07 1.82 0.55 

30-45 7.90 0.36 0.78 2.67 0.05 1.27 1.27 0.73 0.22 

45-60 8.25 0.35 0.89 2.33 0.10 1.00 1.60 0.53 0.19 

60-75 8.38 0.35 0.78 2.33 0.07 1.13 1.53 0.36 0.15 

FW 

75-90 8.07 0.40 1.33 1.67 0.94 1.53 1.47 0.75 0.19 

0-15 8.19 3.39 21.3 2.33 6.45 4.53 1.40 23.3 0.92 

15-30 8.37 3.64 25.9 2.17 6.40 2.60 4.67 25.7 1.49 

30-45 8.82 1.25 9.33 2.50 0.15 0.93 0.80 9.89 0.36 

45-60 8.77 1.71 12.7 2.83 1.12 1.40 1.13 13.3 0.75 

60-75 8.52 1.05 6.00 2.33 1.68 0.93 0.53 8.02 0.53 

S1 

75-90 8.54 0.95 5.33 2.50 1.49 1.13 1.20 6.51 0.48 

0-15 8.81 4.24 31.7 2.67 0.36 1.67 3.27 29.2 0.61 

15-30 8.60 2.41 18.7 2.00 3.85 1.33 2.87 19.7 0.64 

30-45 8.80 1.13 7.56 2.33 0.49 0.93 1.60 7.62 0.22 

45-60 8.13 1.58 12.7 2.67 0.06 0.87 1.60 12.4 0.54 

60-75 8.45 0.99 5.44 3.50 0.85 1.33 1.87 6.24 0.36 

S2 

75-90 8.48 1.12 6.56 2.83 1.14 1.27 1.53 7.27 0.46 

0-15 8.65 4.74 36.6 3.33 2.66 2.07 5.93 32.5 2.01 

15-30 8.71 3.52 26.0 3.17 1.46 1.13 2.53 25.6 1.37 

30-45 9.10 1.46 10.3 2.83 1.54 0.73 2.20 11.4 0.41 

45-60 8.51 1.56 9.11 2.50 3.51 1.33 1.13 12.0 0.65 

60-75 9.05 1.25 7.56 3.17 1.46 1.47 1.07 9.09 0.55 

S3 

75-90 8.37 1.08 7.11 2.33 0.99 1.13 0.67 8.51 0.13 

0-15 8.70 4.15 31.4 2.50 1.02 1.80 1.73 30.8 0.66 

15-30 8.81 4.24 30.6 2.67 0.79 1.67 3.27 28.5 0.61 

30-45 8.64 3.51 29.9 2.00 1.16 2.13 2.53 27.5 0.85 

45-60 8.31 1.71 13.4 3.00 0.36 1.00 1.33 13.9 0.56 

60-75 9.25 1.40 8.67 3.33 1.84 1.40 1.33 10.7 0.38 

S4 

75-90 8.40 1.31 6.58 3.50 1.78 1.07 1.47 8.94 0.38 

 

Many studies related to salinity have considered Na+ and Ca++  

cations and Cl- anions (Munns, 1993). To correctly evaluate the effects of 
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salinity on plants, we must first differentiate between low concentrations 

of salts that may well be beneficial to plant growth, even though they 

reduce osmotic potential, and excessive concentrations that have harmful 

effects. A simple demonstration of some of the interacting osmotic and 

toxic effects is found with NaCl. Low levels of Na+ are beneficial and Cl- 

is essential to plant health (Marschner, 1995). However, concentrations 

of Na+ and Cl- in soil solution are often above these beneficial amounts 

and, therefore, both reduction of (leading to reduced water uptake) and 

excess ion levels (leading to toxicity) are likely to occur            

(Bernstein, 1975). 

 

4.1.11 Effect of irrigation water salinity on oil and protein (%) 

 

Groundnut (Arachis hypogea L.), is an important legume cash 

crop, seeds contain high amounts of edible oil (43–55 %) and protein (25–

28 %) (Reddy et al., 2003). Olorunju et al., 2002, descried a groundnut 

by a major source of dietary oil (42-52 %) and protein (25-30 %). Peanut 

is also useful sources for fat (34 – 54 %) and very important in crop 

rotation systems as they help in biological nitrogen fixation (Delgado et 

al., 1994). Compared to fresh water, salinity stress not caused any 

significant effect on oil percent for all treatments but it was a significant 

effect on protein content especially with S1 (Figure 11 & 12). Generally, 

oil and protein percent decreased with salt concentration compared with 

other investigation, Yurekli et al. (2004) reported that total soluble 

protein content significantly decreased in salt sensitive Phaseolus 

vulgaris but increased in salt tolerant P. acutifolius plants. Similarly, 

Porgali and Yurekli (2005) reported that compared with control plants, 

protein amount in salt sensitive L. esculentum plants decreased with the 

salt application. Ashraf and Fatima (1995) reported that there were not 

significant differences in leaf soluble protein contents in salt sensitive and 

salt tolerant Carthamus tinctorius. Similarly, Qasim et al., 2004, reported 

that salt stress did not affect total soluble protein content of salt tolerant 
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and sensitive canola cultivars. The same results were obtained in 

groundnut field experiment, these different results on salt stress showed 

that the responses to salt stress depends on plant species even in varieties 

of same plant species, plant developmental stage, duration and severity of 

the salt application (Parvaiz and Satyavati, 2008). 
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Figure (11): Effect of water salinity levels on total oil (%) of groundnut crop  

 

Changes in protein hydration are one of the results of high ion 

accumulation in salt stress in plant cells. Salinity reduces both RNA 

amounts due to changes in cytoplasmic RNAaz activity and DNA levels 

as a result of disruption of synthesis mechanism. The reason for decrease 

in the leaf area in Phaseolus vulgaris plants subjected to NaCl was 

connected with inhibition of RNAprotein metabolic pathway (Yu and 

Rengel, 1999). Total soluble protein content was not affected in Lupinus 

angustifolius plant exposed to both drought and salt stress, but the 

decrease in protein content was shown in root, young and old leaves of 

Helianthus annuus and Coleus blumei plants (Gilbert et al., 1998; Dos 

Santos et al., 1999; Yu and Rengel, 1999). 
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Figure (12): Effect of water salinity levels on total soluble protein (%) of 

groundnut crop  

 

4.1.12 Effects of irrigation water salinity on some parameters of 

groundnut crop 

 

Table (25) illustrate that the highest value of plant height was 

obtained with using fresh water (FW) and the lowest height was obtained 

with using the saline water S4. There is a significant difference between 

plant height of plants irrigated with fresh water (FW) and that of plants 

irrigated with saline one, but in number of branches there are no 

significant differences between all treatments. In the other hand, total 

shelled nuts weight, empty shelled nuts weight, shelled nuts and unshelled 

nuts weight gives highest values, when using fresh water (FW). Very high 

significant differences were obtained between FW and other salinity 

treatments for all parameters mentioned above. As well as, the same 

observation were noticed with S1 and S4, but in S2 and S3 treatments gave 

the same results approximately; where there is no significant difference 

between them. All parameters mentioned above followed this order:     

FW > S1 > S2 = S3 > S4.  



 - ١٠٢ -

The effect of soil water availability on a number of plant 

development mechanisms has been considerably reported. For instance on 

groundnut, water stress reduces leaf area through leaf number and leaf 

size (Ong et al., 1985; Lecoeur and Guilioni, 1998; Lecoeur et al., 

1995). Based on these results, groundnut yield may be regulated by the 

amount of water available to the plant during its development (Hammer 

et al., 1995). Concerning the quality management of the crop, 

Ramamoorthy and Basu (1996) reported that occurrence of water stress 

during flowering affects the number of mature pods per plant and the seed 

size. Nevertheless, reducing irrigation at the end of the peak-flowering 

stage generally results in yield (Nageswara Rao et al., 1985) and pod 

quality increases, in particular concerning their commercial grade 

(Nautiyal et al., 1991). 

 

Table (25): Effects of saline irrigation water on some parameters of 

groundnut crop 

Plant 

height 

Branches Pods No. 

Total 

shelled nuts 

Empty 

shelled nuts 

Shelled 

nuts 

Unshelled 

nuts 

Treat-

ments 

cm/ plant No./plant x 103 ha-1 kg ha-1 kg ha-1 kg ha-1 kg ha-1 

FW 44.4 a 4 2187 a 5166 a 1273 a 3893 a 2550 a 

S1 34.7 b 4 1513 b 3318 b 1125 b 2193 b 1249 b 

S2 33.0 b 4 1456 b 2484 bc 858 bc 1627 bc 911 bc 

S3 32.3 b 4 1394 b 2530 bc 988 bc 1541 bc 804 bc 

S4 30.3 b 4 1240 b 2059 c 874 c 1185 c 592 c 

 

According to Munns (2002) studies, salinity reduces the ability of 

plants to take up water, and this quickly causes reductions in growth rate 

and yield. These results are similar to those found by Taffouo et al. 

(2010), they reported that the leaf relative water content provoked by the 

salinity in nutrient solution decreased in all the peanut cultivars. 
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4.2 Wheat crop 

 

4.2.1 Reference evapotranspiration (ETo) 

 

Table (26) shows values of reference crop evapotranspiration 

through the growth stages of wheat season. The values of ETo through 

growth season indicate that it is lowest with the beginning of season and 

increased till harvesting time. This may be due to the changes in the 

climatologically norms of the area, as the cultivation starts with both 

relatively low temperature and solar radiation and ended by high of it 

was. The total reference evapotranspiration value during the growth 

season of wheat was 504.4 mm (5044 m3 ha-1).  

 

Table (26): Values of reference crop evapotranspiration for all growth 

stages of wheat season (2008/2009) 

Growth stages Initial Development Mid-season Late Total 

Duration (d) 20 48 45 21 134 

mm / stage 50.8 132.3 203.1 118.3 504.4 

m
3
 ha

-1
 508 1323 2031 1183 5044 

 

4.2.2 Actual evapotranspiration (ETa) 

 

Data in Table (27) show the actual evapotranspiration values for 

wheat crop. The obtained results indicate that the irrigation water salinity 

affects mainly the plant consumptive use i.e. the actual evapotranspiration 

(ETa). This finding is in agreement with that obtained by Bhantana and 

Lazarovitch (2010); they found that the daily ET of pomegranate plants is 

significantly lower under saline water irrigation than under fresh water 

irrigation. Irrigation with saline water was significantly lower than that of 

fresh water (FW) irrigated once. It is obvious that the total amount of the 

actual evapotranspiration (ETa) of plants irrigated with fresh water (FW) 

is higher (439.4 mm/season) compared with that of saline water irrigated 
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once, where it was 408.8, 408.7, 384.4 and 382.3 (mm/season) for S1, S2, 

S3 and S4 salinity levels, respectively.  

 

Table (27): The average seasonal ETa values of wheat plants grown under 

different irrigation water salinity  

Growth stages 

Initial Development Mid-season Late 

Total 

season 
Treat-

ments 
mm d-1 mm mm d-1 mm mm d-1 mm mm d-1 mm mm 

FW 1.54 30.8 2.92 140.1 4.16 187.2 3.87 81.3 439.4 

S1 1.50 30.0 2.78 133.5 4.19 188.7 4.04 56.6 408.8 

S2 1.57 31.5 3.00 144.2 4.13 186.0 3.36 47.1 408.7 

S3 1.24 24.9 2.91 139.7 4.06 182.7 3.37 37.1 384.4 

S4 1.34 26.9 2.89 138.7 3.97 178.5 3.48 38.2 382.3 

 

Referring to the effect of irrigation water salinity on the water 

consumptive use, the data in Table (27) reveal that the water consumed 

by plants during the different periods of plant growth follows the order of 

FW > S1 > S2 > S3 > S4 salinity levels. Irrigation water salinity affects the 

actual evapotranspiration, depends on the amount of water in the soil 

profile, soil physical properties and land cover characteristics 

(Narasimhan and Srinivasan, 2005; Rushton, et al., 2006). 

 

From the data presented in Table (27), it could be noticed that the 

average values of seasonal actual crop evapotranspiration (ETa) of wheat 

plants varied with the variation of irrigation water salinity and plant 

growth stage and the changing in climatic conditions. At the initial stage, 

the average daily actual crop evapotranspiration was low, it was 1.54, 

1.50, 1.57, 1.24 and 1.34 mm d-1 for S1, S2, S3 and S4, respectively then 

increased to reach maximum value at mid-season stage, where it was 

4.16, 4.19, 4.13, 4.06 and 3.97 mm d-1 for S1, S2, S3 and S4, respectively. 

At the end of season it was decreased. This is in agreement with the 

finding of Doorenbos and Pruitt (1977), reported the water consumptive 
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use increases with the progress in plant growth and reaches a peak during 

some part of the plant growth period, depending on the plant type, growth 

characteristics and the environmental conditions, and then tapers off till 

harvest time.  

 

4.2.3 Crop coefficient (Kc)  

 

The calculated crop coefficients (Kc), derived from ETo and ETc 

or ETa. At the beginning of the season (from emergence until 10% of 

ground cover) which represents the initial stage of the plant, were 0.61, 

0.59, 0.62, 0.49 and 0.53 for FW, S1, S2, S3 and S4, respectively. 

According to Doorenbos and Pruitt (1977), this value is a function of the 

frequency of irrigation and the evaporative power of atmosphere (ETo). 

At the vegetative growth stage (development) which is a dynamic growth 

period the Kc value increased to a maximum of about 1.06, 1.01, 1.09, 

1.06 and 1.05 for FW, S1, S2, S3 and S4, respectively. At the beginning of 

the mid-season stage (flowering and seed filling period) the Kc values 

were 0.92, 0.93, 0.92, 0.90 and 0.88 for FW, S1, S2, S3 and S4, 

respectively. Kc values for mid season in cereals are generally higher than 

those observed in development stage (Allen et al., 1998; Tyagi et al., 

2000). Low Kc values mean reduced water requirements than that 

occurred from evapotranspiration of wheat, generally, less than that of 

cereals. During the late season, the Kc decreased and reached a value of 

0.68, 0.48, 0.40, 0.31 and 0.32 for FW, S1, S2, S3 and S4, respectively.  

 

Figure (13) and Table (28) illustrates that the average crop 

coefficient of wheat plants for four stages of growth season as affected by 

irrigation water salinity. The average calculated Kc values clearly differ 

from the average Kc values of FAO No.33 (Doorenbos and Kassam, 

1979) during all stages, in the initial and development stage the average 

calculated Kc values for FW, S1, S2, S3 and S4, were lower than the 

average Kc values suggested by FAO No.33; the opposite observations 
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were found in mid-season and late stages, the average calculated Kc 

values for FW, S1, S2, S3 and S4 lower than the average Kc values 

suggested by FAO No.33. 
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Figure (13): Crop coefficient (Kc) of the four growth stages of wheat 

plants as affected by irrigation water salinity compared 

with Kc values suggested by the FAO No.33 

 

Table (28): Crop coefficient (Kc) of the four growth stages of wheat 

plants as affected by irrigation water salinity compared with 

Kc values suggested by the FAO No.33 

Growth stages Initial Development Mid-season Late 

Period (d) 20 48 45 21 

Kc (FAO, No.33) 0.4 0.8 1.2 0.7 

FW 0.61 1.06 0.92 0.69 

S1 0.59 1.01 0.93 0.48 

S2 0.62 1.09 0.92 0.40 

S3 0.49 1.06 0.90 0.31 

S4 0.53 1.05 0.88 0.32 
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According to the obtained results in this study, the calculated 

values of crop coefficients markedly differed from those suggested by 

FAO No.33 for the crops considered herein. Marked differences between 

the estimated Kc values and the average Kc value suggested by the FAO 

No.33 in the initial and mid-season stages. Where it was found to be 

lower the differences are attributed primarily to specific cultivator, the 

changes in local climatic conditions, and seasonal differences in crop 

growth patterns. Such differences obviously reflect the difficulty not only 

in extrapolating crop coefficients to other environments, but also in 

applying crop coefficients in individual year with differing crop 

development patterns. 
 

Jensen et al., 1990, mentioned that the values of Kc for most 

agricultural crops increase from a minimum value at planting until a 

maximum Kc is reached at about full canopy cover. The Kc tends to 

decline at a point after a full cover is reached in the crop season. The 

declination extent primarily depends on the particular crop growth 

characteristics and the irrigation management during the late season 

(Allen et al., 1998). A Kc curve is the seasonal distribution of Kc, often 

expressed as a smooth continuous function. Ko et al., 2009, said that the 

Kc values can be different from one region to other. It is assumed that the 

different environmental conditions between regions allow variation in 

variety selection and crop developmental stage which affect Kc (Allen et 

al., 1998). 

 

4.2.4 Water stress coefficient (Ks) 

 

Table (29) illustrates the mean values of soil electrical 

conductivity in the root zone from 0 – 30 cm; it was used to calculate the 

water stress coefficient (Ks). Table (30) illustrates water stress coefficient 

(Ks) of wheat for the four growth stages under irrigation treatments. The 

Ks values clearly differ from one stage to another because the salt stress 

causes both osmotic stress, due to a decrease in the soil water potential, 
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and ionic stress, due to toxicity caused by high concentrations of certain 

ions within the plant (Greenway and Munns, 1980; Cramer, 1997).  

 

During the initial stage, the Ks values close to 1.00 for FW, S1, S2 

and S3 that is mean that the root zone salinity (ECe) did not reach to     

ECe threshold value (6 dS m-1) (Doorenbos and Kassam, 1979), but a slight 

effect appears for S4 with Ks (0.99), on the other hand, soil texture may 

play an important role in this respect beside the effect of salt 

accumulation in the root zone in this stage. The accumulation of solutes 

may allow plants to maintain a positive pressure potential, which is 

required to keep stomata open and to sustain gas exchange and growth 

(White et al., 2000). Meanwhile, development stage, the data in Table 

(30) demonstrates the same values; the Ks values were identical (1.00) for 

FW, S1, S2 and S3 but the Ks value was 0.98 for S4. However, during the 

mid-season stage the influence of soil salinity (ECe) in the root zone were 

obtained especially for S2, S3 and S4, with Ks, 0.99, 0.94 and 0.92, 

respectively. At the end stage, the Ks values were 1.00, 1.00, 0.95, 0.94 

and 0.85 for FW, S1, S2, S3 and S4, respectively; the direct increase in salt 

accumulation as well as the irrigation with saline water had reduced the 

Ks values. Generally, the average values of water stress coefficient (Ks) 

follows this order; FW (1.00) = S1 (1.00) › S2 (0.99) › S3 (0.97) › S4 (0.93). 

 

Table (29): Electrical conductivity ECe (dS m-1) in the root zone of wheat 

plants 

Growth stages Initial Development Mid-season Late 

Days after planting 20 68 113 134 

FW 0.59 0.45 0.86 1.11 

S1 1.80 1.93 3.50 3.91 

S2 2.01 3.01 6.11 6.73 

S3 2.10 4.02 6.82 6.92 

S4 6.14 6.30 7.21 8.27 
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Table (30): Water stress coefficient (Ks) for the four growth stages of 

wheat under irrigation with saline water 

Growth stages Initial Development Mid-season Late 

Period (d) 20 48 45 21 

FW 1.00 1.00 1.00 1.00 

S1 1.00 1.00 1.00 1.00 

S2 1.00 1.00 0.99 0.95 

S3 1.00 1.00 0.94 0.94 

S4 0.99 0.98 0.92 0.85 

 

Bandyopadhyay and Mallick, 2003, mentioned that the soil water 

stress coefficient (Ks) values of wheat, at the early of the growing season 

(4 weeks after sowing), the values of Ks = 1, i.e. the soil water deficit is 

less than the readily available water of the root zone and it decrease 

gradually until rainfall or irrigation are applied to the root zone. The 

diminution of Ks values may be attributed to the increase in water 

depletion at the root zone through the removal of water by ET and 

percolation losses that induced stress condition. Again, by the addition of 

water to the root zone through irrigation, and rainfall the root zone 

depletion decrease and Ks becomes increased as evidenced by the increase 

of Ks values on 7 and 13 weeks after sowing and on 9 weeks after sowing, 

it is also noticed that Ks values increase slightly at the end of growth 

period due to capillary contribution from ground water.  

 

4.2.5 Crop evapotranspiration under standard conditions (ETc) (Fresh 

water) and nonstandard conditions (ETc adj) (Saline water) 

 

Table (31) includes crop evapotranspiration under standard 

conditions (ETc) (using fresh water) and nonstandard conditions (ETc adj) 

(using saline water). This table illustrates that the average values of 

seasonal evapotranspiration of wheat plants were 452.6, 423.0, 418.6, 

389.9 and 378.1 mm, for FW, S1, S2, S3 and S4, respectively. During the 
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initial stage of wheat growth, evapotranspiration were quite low due to 

low temperature, short sunshine hours, and weak radiation (Liu and Luo, 

2010). At the beginning of the growth season, ETc and ETc adj were 

similar, due to low water consumption (Garcia et al., 2003). The average 

observed value of evapotranspiration was 1.02 mm d-1. During the 

development stage, the mean value raised as high as 2.20 mm d-1 because 

of high evaporative demand and growing crops (Liu and Luo, 2010). 

During the middle stage, the average evapotranspiration was 5.41, 5.41, 

5.38, 5.11 and 4.97 mm d-1 for FW, S1, S2, S3 and S4, respectively, 

because of the fully developed crop canopies and high evaporative 

demand. The average evapotranspiration in the late stage was 3.94, 3.80, 

3.61, 3.06 and 2.77 mm d-1 for FW, S1, S2, S3 and S4, respectively.  

 

Table (31): Crop evapotranspiration under standard conditions (ETc) (Fresh 

water) and nonstandard conditions (ETc adj) (Saline water) 

Growth stages 

Initial Development Mid-season Late 

Total 

season 
Treat-

ments 
mm d-1 mm mm d-1 mm mm d-1 mm mm d-1 mm mm 

FW 1.02 20.3 2.20 105.8 5.41 243.7 3.94 82.8 452.6 

S1 1.02 20.3 2.20 105.8 5.41 243.7 3.80 53.2 423.0 

S2 1.02 20.3 2.20 105.8 5.38 241.9 3.61 50.6 418.6 

S3 1.02 20.3 2.20 105.8 5.11 230.1 3.06 33.7 389.9 

S4 1.01 20.1 2.16 103.7 4.97 223.8 2.77 30.4 378.1 

 

Allen et al., 1998, mentioned that the real crop evapotranspiration 

may deviate from ETc due to non-optimal conditions i.e. pests and 

diseases, soil salinity, low soil fertility and water shortage or water 

logging. This may result in scanty plant growth, low plant density and 

may reduce the evapotranspiration rate below ETc. The same Table show 

that the large influenced of decreasing ETc were happened in late stage 

due to the maximum accumulation of soil salinity (ECe) occurred in this 

stage. This result was in agreement with that obtained by (Dudley et al., 
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2008) reported that the use saline water in irrigation causes a reduction in 

transpiration, which subsequently results in reduced ET. 

 

4.2.6 Wheat crop production 

 

Figure (14) illustrates the yield of wheat plants cultivated under 

trickle irrigation system as affected by different irrigation water salinity. 

The total yield varied between 6.05 to 2.91 ton ha-1. The highest yield was 

obtained, when using fresh water (FW) which represents nearly non-

stressed conditions and the lowest one was obtained with using saline 

water S4 treatment. The obtained yield follows the descending order of: 

FW > S1 > S2 > S3 > S4. As for the effect of irrigation water salinity on 

wheat yield, data indicate that with less stressed condition (FW) 

treatment, wheat yield increased compared with the other salinity 

treatments. There are significant differences were obtained between FW 

yield (control) and other salinity treatments. On the other hand, S1, S2 and 

S3 treatments gave the same yield approximately; where no significant 

differences between them. Where, wheat (Triticum aestivum) is a 

moderately salt-tolerant crop (Maas and Hoffman, 1977). But, there is 

significant different between all treatments and S4, whenever significant 

differences between S1 and S4 treatments.  

 

A low level of salinity may not reduce grain yield even though the 

leaf area and shoot biomass is reduced, which is reflected in a harvest 

index that increases with salinity, and the fact that grain yield may not 

decrease until a given (‘threshold’) salinity is reached (Munns et al., 

2006). The comprehensive survey of salt tolerance of crops and pasture 

species published by the US Salinity Laboratory (Maas and Hoffman, 

1977; USDA-ARS, 2005) presents for each species a threshold salinity 

below which there is no reduction in yield, and then a linear reduction in 

yield with increasing salinity. In that survey, the yield of wheat starts to 
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decline at 6 – 8 dS m-1 (NaCl), and the subsequent linear yield decline of 

wheat with increasing salinity.  
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Figure (14): Effect of water salinity levels on wheat yield 

 

4.2.7 Water use efficiency (WUE) related to ETa  

 

The data Figure (15) show water use efficiency (WUE) of wheat 

crop as a function of irrigation water salinity. The obtained data indicate 

that a slightly decrease in the WUE with increasing irrigation water 

salinity from S1 up to S3 but sharply decreased occurred with S4. The 

highest WUE value was obtained by (FW) and the lowest one was 

obtained by S4. 

 

Values of WUE were 1.38, 1.23, 1.20, 1.20, and 0.76 kg m-3 for 

FW, S1, S2, S3 and S4, respectively. Increasing salinity level of irrigation 

water progressively decreased water use efficiency. This may be due to 

the decrease of dry matter yield with increasing salinity level of irrigation 

water which increases the energy that plant must expend to acquire water 

from the soil and make the biochemical adjustments necessary to survive 

as reported by (Mostafa et al., 2004). Also, reduction in photosynthesis 
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and plant dry mass with increased salinity could be attributed to the 

difference in the efficiency of root system in limiting the transport of ions 

to shoots (Munns et al., 2006). Zhang et al., 2004, studied WUE for 

winter wheat; they found that the values of WUE ranged between 1.11 

and 1.61 kg m-3 under different irrigation schedules.  
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Figure (15): Water use efficiency (WUE) of wheat crop as affected by 

different salinity levels of irrigation water 

 

4.2.8 Irrigation water use efficiency (IWUE) related to applied water (I)  

 

The obtained results as shown in Figure (16) give a slight 

decrease in IWUE with increasing salinity level of the used irrigation 

water. The highest value of IWUE was obtained by FW and the lowest 

one was obtained by S4. The effect of increasing salinity level of 

irrigation water an IWUE could be arranged as follows; FW > S1 > S2 > 

S3 > S4. This effect was similar to that observed with WUE. 

 

The data in Figure (16) show that increase salinity level of 

irrigation water progressively decreased water use efficiency. The values 



 - ١١٤ -

of IWUE were 1.10, 0.91, 0.89, 0.84, and 0.53 kg m-3 for FW, S1, S2, S3 

and S4, respectively. Generally, IWUE for wheat yield decrease with 

increasing salt concentration of irrigation water. Sammis et al., 2004, 

mentioned that the IWUE is affected by water loss to drainage, canopy 

interception, soil type, cultural practices and plant species. IWUE can be 

increased by proper irrigation timing using irrigation scheduling model 

based soil water balance, soil moisture or soil water potential 

measurements, or plant-based measurements like the crop water stress 

index. However, if irrigation management delays irrigation past the 

optimal time then decreased yields, profits and IWUE will result. 
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Figure (16): Irrigation water use efficiency (IWUE) of wheat crop as 

affected by different salinity levels of irrigation water 
 

4.2.9 Effect of electrical conductivity (ECe) on sandy soil properties 

 

In Table (29) as mentioned before, increasing water salinity levels 

induced highly increase in ECe. In general, ECe values tended to increase 

with the progress in wheat plant growth stages. The overall mean of ECe 

values in the root zoon after 134 days indicated that the ECe was high in 

S4 as compared to other treatments. The maximum values of ECe were 

obtained in late-season stage for all saline treatments (S1, S2, S3 and S4).  
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The accumulation of excess soluble salts in the root zone of arid 

and semi-arid irrigated soils is a widespread problem that seriously affects 

crop productivity throughout the world. The predominant mechanism 

causing the accumulation of salt in irrigated agricultural soils is 

evapotranspiration, which concentrates salts in the remaining soil water. 

Effects of soil salinity are manifested in loss of stand, reduced plant 

growth, reduced yields, and in severe cases, crop failure. Salinity limits 

water uptake by plants by reducing the osmotic potential making it more 

difficult for the plant to extract water. Some constituents of salinity may 

also cause specific-ion toxicity or upset the nutritional balance of plants 

(Corwin et al., 2007). In addition, the salt composition of the soil water 

influences the composition of cations on the exchange complex of soil 

particles, which influences soil permeability. Irrigated agriculture, which 

accounts for 35–40 % of the world’s total food and fiber, is adversely 

affected by soil salinity on roughly half of all irrigated soils (totaling 

about 250 million ha) with over 20million ha severely affected by salinity 

worldwide (Rhoades and Loveday, 1990). To prevent the accumulation 

of excessive soluble salts in irrigated soils, more water than required to 

meet the evapotranspiration needs of the crops must pass through the root 

zone to leach excessive soluble salts. This additional irrigation water has 

typically been expressed as the leaching requirement (LR) (Corwin et al., 

2007). 

 

Several studies have indicated that when saline water is used for 

irrigation, due attention should be given to minimize root zone salinity 

(Fisher, 1980; Oster, 1994; Shalhevet, 1994; Shani and Dudley, 2001; 

Gideon et al., 2002; Katerji et al., 2003, 2004). Others have indicated the 

need to select appropriate irrigation systems and practices that will supply 

just a sufficient quantity of water to the root zone to meet the evaporative 

demand and minimize salt accumulation inside (Bresler et al., 1982; 

Munns, 2002). The third approach is to select crops and varieties that can 

tolerate a degree of water and salinity stress (Fisher, 1980; Letey et al., 
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1985; Mastrorilli et al., 1995; Borrell et al., 2000; Hammer and Broad, 

2003; Yuan et al., 2001, 2003; Feitosa et al., 2005). 

 

4.2.10 Effect of irrigation water salinity on some soil properties of the 

root zone of wheat plant 

 

To substantiate the influence of salt level in irrigation water on the 

electrical conductivity (ECe) and soluble cations and anions in the soil 

under investigation, the obtained results reveal that increasing salinity 

level of irrigation water increased all the cations and anions in the soil. 

These increases are proportional to the increase in salts introduced 

through irrigation water. As for soluble cations, the increase in Na+ 

concentration was more pronounced than the other cations, the increase in 

Na+ concentration due to irrigation was 6.8, 9.7, 16.1 and 16.7 times, of 

that of FW, for S1, S2, S3 and S4 salinity level, respectively, concerning 

anions concentration, the results revel that increase in Cl- concentration 

due to the increasing salinity of irrigation water was 7.0, 10.5, 20.1 and 

18.0 times, of that of FW, for S1, S2, S3 and S4 salinity level, respectively, 

Cations concentrations in the experimental soil have the following order: 

Na+  > Mg++  > Ca++  > K+, but for anions concentrations of experimental 

soil were:  Cl- > SO4
-- > HCO3

-, see Table (32). 

 

The increase in Na+ level gives cause for concern due to the 

negative effects observed on the soil structure, albeit related to the surface 

layer. Degradation of the structural stability of the surface layer may lead, 

irrespective of the behavior of the deeper layers, to generally unfavorable 

agronomic conditions, such as a reduction in soil permeability and the 

consequent reduction in infiltration rate, lower water storage capacity, 

higher risks of water ponding and possible surface crusting, with ensuing 

problems for plant growth and soil use, and greater probabilities of 

erosion (Tedeschi and Dell’Aquila, 2005). 
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Table (32): Effects of saline irrigation water on some soil chemical 

properties for different soil depths 

Depth pH EC Soluble anions (meq l-1) Soluble cations (meq l-1) Treat- 

ments (cm) (1:2.5) (dS/m) Cl- HCO3
- SO4

-- Ca++ Mg++ Na+ K+ 

0-15 8.98 0.94 2.44 3.33 1.22 1.33 2.33 2.72 0.61 

15-30 8.82 0.95 2.56 1.83 1.56 2.07 1.13 2.33 0.42 

30-45 8.48 0.44 1.22 2.17 0.47 1.27 1.40 0.96 0.23 

45-60 8.66 0.60 1.33 2.00 1.21 1.07 1.67 1.52 0.29 

60-75 8.68 0.43 1.33 2.17 0.27 1.00 1.33 1.18 0.26 

FW 

75-90 8.88 0.38 1.22 2.00 0.25 1.00 1.27 1.05 0.16 

0-15 8.74 2.54 16.56 3.67 1.36 2.07 2.13 16.95 0.44 

15-30 8.36 3.29 18.56 3.50 2.83 2.13 4.13 17.55 1.06 

30-45 8.62 1.43 7.78 3.17 2.94 2.60 1.13 9.91 0.24 

45-60 8.75 1.40 8.44 3.50 1.43 1.73 1.20 10.16 0.28 

60-75 8.47 1.56 8.22 3.83 1.46 2.40 1.87 8.49 0.76 

S1 

75-90 8.70 1.20 6.56 3.17 1.96 1.60 1.33 8.52 0.22 

0-15 8.20 5.62 31.22 3.00 5.34 3.20 5.53 29.58 1.25 

15-30 8.38 3.17 21.11 2.83 1.37 1.33 3.80 19.49 0.69 

30-45 8.85 1.20 6.67 3.50 1.21 1.33 1.33 8.35 0.36 

45-60 8.86 1.52 9.11 2.50 0.43 1.40 1.07 9.15 0.42 

60-75 8.61 1.97 12.44 2.50 1.35 1.13 1.53 13.12 0.50 

S2 

75-90 8.54 1.29 8.00 2.33 0.80 1.00 1.20 8.60 0.34 

0-15 8.63 7.49 58.56 2.67 5.12 9.27 12.07 44.17 0.84 

15-30 8.56 6.36 42.11 2.50 11.23 7.67 10.33 36.97 0.88 

30-45 8.37 3.25 16.78 2.17 11.45 3.07 3.80 22.95 0.58 

45-60 8.69 3.42 20.11 3.00 7.57 3.07 5.47 21.41 0.75 

60-75 8.65 2.97 16.33 3.17 7.95 2.27 6.00 18.51 0.67 

S3 

75-90 8.51 2.40 15.67 3.33 2.48 1.73 3.53 15.68 0.53 

0-15 8.75 4.97 36.44 4.33 1.53 1.67 3.67 35.28 1.68 

15-30 8.41 7.64 53.67 3.50 2.70 2.33 7.67 48.89 0.98 

30-45 8.53 4.47 30.44 3.00 0.66 1.80 3.40 28.54 0.36 

45-60 8.53 4.20 28.56 3.17 0.13 1.80 2.60 27.10 0.35 

60-75 8.56 3.56 20.33 3.67 0.91 1.07 1.93 21.64 0.27 

S4 

75-90 8.51 2.28 13.11 3.17 0.17 1.33 1.27 13.62 0.22 
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4.2.11 Effects of irrigation water salinity on some parameters of 

wheat crop  

 

Table (33) illustrates the effect of irrigation water salinity on some 

wheat crop properties. The obtained result show that the weight of 100 

grain weight decreased with increasing irrigation salinity level from FW 

up to S4. The effect of increasing salinity of irrigation water on 100 grain 

weight could be arranged as follows; FW > S1 > S2 > S3 > S4. There were 

significant differences between the weight of 100 grain weight obtained 

with fresh water and the weight of 100 grain weight obtained other 

salinity treatments i.e. S1, S2, S3 and S4. Also, there is a significant 

difference between the number of spikes that obtained with S4 treatment 

and that obtained with other treatments S1, S2, and S3, but, opposite 

observation was notified with plant height, there are significant 

differences were obtained between FW and other salinity treatments. The 

osmotic or water stress effect of salt in the soil quickly reduces the growth 

rate in proportion to the salinity level. In species that produce multiple 

stems such as wheat, the growth reduction occurs mainly in the reduction 

of tiller number (Maas and Grieve, 1990; Francois et al., 1994; Husain 

et al., 2003) which, for a farmer, means fewer spikes and therefore less 

potential yield per plant. Developing salt injury will cause the sensitive 

genotypes to grow even slower than the more tolerant, the osmotic effect 

of 15 dS m-1 NaCl reduces the biomass after 40 day by roughly 75 % and 

the salt-specific effect by another 20 % (Munns et al., 2006). 

 

In wheat, the two responses occur sequentially, giving rise to a 

two-phase growth response to salinity (Munns, 1993). The first phase of 

the growth response results from the effect of salt outside the plant. The 

salt in the soil solution (the ‘osmotic stress’) reduces leaf growth and, to a 

lesser extent, root growth. The second phase of the growth response 

results from the toxic effect of salt inside the plant. The salt taken up by 

the plant concentrates in the old leaves; continued transport of salt into 
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transpiring leaves over a long period of time eventually results in very 

high Na+ and Cl- concentrations, and the leaves die. The cause of the 

injury is probably due to the salt load exceeding the ability of the cells to 

compartmentalize salts in the vacuole. Salts then would rapidly build up 

in the cytoplasm and inhibit enzyme activity. Alternatively, they might 

build up in the cell walls and dehydrate the cell (Flowers et al., 1991). 

Once the number of dead leaves increased above about 20 % of the total, 

plant growth slowed down and many individuals started to die (Munns et 

al., 1995). 

 

Species which cannot effectively exclude salt from the 

transpiration stream must have ways to handle the salt arriving in leaves 

as the water evaporates and salt gradually builds up with time. The salt 

concentrations in older leaves are much higher than in younger leaves at a 

given time. In the older leaves, the salt concentration eventually becomes 

high enough to kill the cells, unless they can compartmentalize the salt in 

vacuoles, thereby protecting the cytoplasm from ion toxicity (Munns et 

al., 2006). 

 

Table (33): Effects of saline irrigation water on some parameters of wheat 

crop  

Plant height No. of Spike 100 grain  
Treatments 

cm x 10
3
 ha

-1
 g 

FW 84.9 a 2767 a 4.818 a 

S1 71.1 b 2758 a 4.229 ab 

S2 71.2 b 3123 a 3.752 bc 

S3 71.7 b 2741 a 3.537 bc 

S4 62.7 c 2136 b 3.236 c 
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5. SUMMARY 

 

Field experiments were conducted at the Farm of Soil and Water 

Research Department, Nuclear Research Center, Atomic Energy 

Authority, Inshas, Egypt. Situated at 30o 24` N latitude, 31o 35` E 

longitude, while the altitude is 20m above sea level, to study the effect of 

fresh and irrigation water salinity on actual evapotranspiration (ETa), crop 

coefficient (Kc), water stress coefficient (Ks), yield, water use efficiency 

of both groundnut and wheat plants cultivated in sandy soil under trickle 

irrigation system. Complete randomized block design (CRBD) was used 

with four replicates and five different irrigation water treatments; Fresh 

water as a control FW (0.50 dS m-1) and other four saline water 

treatments containing; S1 (2.4 dS m-1), S2 (2.7 dS m-1), S3 (3.3 dS m-1), 

and S4 (4.4 dS m-1) for groundnut crop while they were S1 (4.9 dS m-1), S2 

(6.3 dS m-1), S3 (8.7 dS m-1), and S4 (13.0 dS m-1) for wheat crop.  

Penman-Monteith equation was used to calculate reference 

evapotranspiration (ETo) based on the agro-metrological data collected 

for the studied area using CROPWAT v.7.0 program. Soil moisture 

content was monitored after and before the next irrigation using neutron 

moisture meter. The obtained results could be summarized as follows: 

 

1 - Emission uniformity (EU):  

The emission uniformity (EU) of the trickle irrigation system under 

studied area was (96.13 %), it is classified as Excellent. 

 

2 - Reference evapotranspiration (ETo):  

 

a - Groundnut experiment:  

The total value of reference evapotranspiration (ETo) during the 

growth season was 871.6 mm. The value of reference 

evapotranspiration (ETo) through the growth season indicate they 

were high at the beginning of season and decreased till harvesting. 



 - ١٢٢ -

b - Wheat experiment:  

The total value of reference evapotranspiration (ETo) during the 

growth season was 504.4 mm. The value of reference 

evapotranspiration (ETo) through the growth season indicate they 

were high at the beginning of season and increased till harvesting. 

This is may be due to the changes in the climatologically norms and 

cultivated season in this area. 

 

3- Actual evapotranspiration (ETa):  

 

a - Groundnut experiment:  

Values of actual evapotranspiration (ETa) reveal that the total amount 

of water consumed by plants during the plant growth season under the 

effect of the increased irrigation water salinity follows the order: FW 

(629.8 mm) > S1 (608.9 mm) > S2 (598.9 mm) > S3 (596.8 mm) > S4 

(545.1 mm). 

 

b - Wheat experiment:  

Values of actual evapotranspiration (ETa) reveal that the total amount 

of water consumed by plants during the plant growth season under the 

effect of the increased irrigation water salinity follows the order: FW 

(439.4 mm) > S1 (408.8 mm) > S2 (408.7 mm) > S3 (384.4 mm) > S4 

(382.3 mm). The ETa may deviate from ETc due to non-optimal 

conditions such as soil salinity. This may reduce the actual 

evapotranspiration (ETa) rate below crop evapotranspiration (ETc). 

 

4 - Crop coefficient (Kc):  

The calculated crop coefficient (Kc) values during the crop 

development and late-season stages of both groundnut and wheat 

crops are similar to those suggested by FAO-33. But, the initial and 

mid-season stages were less than that suggested by FAO-33. 
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5 - Water stress coefficient (Ks):  

The effects of water stress coefficient (Ks) on crop evapotranspiration 

(ETc) are described by reducing the value of the crop coefficient (Kc), 

by multiplying the Kc by Ks. 

 

a - Groundnut experiment:  

The average values of water stress coefficient (Ks) follow this order:  

FW (1.00) › S1 (0.91) › S2 (0.86) › S3 (0.77) › S4 (0.71) 

 

b - Wheat experiment:  

The average values of water stress coefficient (Ks) follow this order:     

FW (1.00) = S1 (1.00) › S2 (0.99) › S3 (0.97) › S4 (0.93). 

 

6- Crop evapotranspiration (ETc): 

 

a - Groundnut experiment:  

Under standard conditions the total value of crop evapotranspiration 

(ETc) was (677.3 mm). For non-optimal conditions the total values of 

ETc adj were; S1 (598.9 mm) > S2 (565.6 mm) > S3 (515.2 mm) > S4 

(472.7 mm). 

 

b - Wheat experiment:  

Under standard conditions the total value of crop evapotranspiration 

(ETc) was (452.6 mm). For non-optimal conditions the total values of 

ETc adj were; S1 (423.0 mm) > S2 (418.6 mm) > S3 (389.9 mm) > S4 

(378.1 mm). 

 

7 - Vegetative growth and yield 

 

a - Groundnut experiment:  

The total (shelled nuts) yield following these order: FW (3893 kg ha-1) 

> S1 (2193 kg ha-1) > S2 (1627 kg ha-1) > S3 (1541 kg ha-1) > S4 (1185 
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kg ha-1). Very high significant differences were obtained between FW 

yield and other salinity treatments; also, between S1 and S4 treatments, 

S1, S2 and S3 treatments gave the same yield approximately; where 

there is no significant difference between them. As well as, there are 

no significant differences between S2, S3 and S4 treatments,  

 

b - Wheat experiment:  

The obtained yield follows the descending order of: FW (6053kg ha-1) 

> S1 (4989 kg ha-1) > S2 (4906 kg ha-1) > S3 (4631 kg ha-1) > S4 (2909 

kg ha-1). Significant differences were obtained between FW yield and 

other salinity treatments. On the other hand, S1, S2 and S3 treatments 

gave the same yield approximately; where no significant differences 

between them, whenever there is significant different between all 

treatments and S4, also, there is significant differences between S1 and 

S4 treatments. 

 

8 - Water use efficiency (WUE) and irrigation water use efficiency 

(IWUE):  

 

a - Groundnut experiment:  

Increasing salinity level of irrigation water progressively decreased 

WUE and IWUE. The values of WUE and IWUE were 0.62, 0.36, 

0.27, 0.26, and 0.22 kg m-3 and 0.56, 0.31, 0.23, 0.22 and 0.17 kg m-3 

for FW, S1, S2, S3 and S4, respectively.  

 

b - Wheat experiment:  

The values of WUE and IWUE were 1.38, 1.23, 1.20, 1.20, and 0.76 

kg m-3 and 1.10, 0.91, 0.89, 0.84 and 0.53 kg m-3 for FW, S1, S2, S3 

and S4, respectively. 
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9 - Changes in soil chemical properties by the end of cultivation:  

 

The values of electrical conductivity (ECe) tended to increase with 

the progress in growth stages of groundnut and wheat plants. The 

maximum values of ECe in the root zoon of groundnut plant was obtained 

at the mid-season stage, whereas in the case of wheat at was obtained at 

the late stage of growth. Na+ concentration in the saturation soil past 

extract (collected in the active root zoon from 0-30 cm approximately) 

was higher than the other cations. It was 10.2, 10.2, 12.1 and 12.4 times, 

that of the FW, in the case of groundnut, whereas it was 6.8, 9.7, 16.1 and 

16.7 times that of the FW in the case of wheat plant, for S1, S2, S3 and S4, 

respectively. However, data reveal that the increase in Cl- concentration 

due to irrigation with S1, S2, S3 and S4 by 12.5, 13.3, 16.6 and 16.4 times, 

and 7.0, 10.5, 20.1, 18.0 times for groundnut and wheat crops, 

respectively, higher than those irrigated with FW. Cations concentrations 

in groundnut and wheat experiment soil have the following order: Na+  > 

Mg++  > Ca++  > K+, but for the anions concentrations of groundnut 

experiment soil were:  Cl- > HCO3
- > SO4

--, and Cl- > SO4
-- > HCO3

- for 

wheat crop.  

 

According to the obtained results the following recommendations are 

recommended: 

• Water stress coefficient (Ks) could be used under nonstandard 

conditions (low-quality irrigation water) to optimize irrigation water 

requirements under these circumstances. 

• Available crop data reported in FAO texts could be used only as a 

guide because it does not reflect the real conditions of most farming 

areas in the world. 

• Under high saline water > 2.7 dS m-1 groundnut just grows for oil 

production or as green manure in newly reclaimed lands. 
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• It possible to cultivate wheat crop in sandy soil irrigated with saline 

water < 8.7 dS m-1, where the reduction of yield was less than 25 % 

which is acceptable in Egypt.  

• It could be emphasis that the importance of adding excess water as a 

leaching requirement before the next cultivation in the soils which 

previously irrigated using saline water to keep it is from deterioration.  

• The use of neutron scattering method led to save time and effort 

especially when using to estimate soil moisture content and the actual 

evapotranspiration. 
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 ا�����
 

�����  ���� ��ر���� ����� �����ث ا�را���� و ا������� ،       �أ$#"��! ا� ����رب ا��
3��2 ا� �#��� ����    . �#آ� ا�/��ث ا�.�و"� ، ه�,�� ا�+���� ا�*ر"�� ، أ()��ص ، �&�#              

 @�#�� ��� F��G آ��ن ا?ر��D3ع      `31o 35 @���? ، و5�6 <��ل     `5630o 24 ��#ض 
� ا�S*��� و ا������� ����    و ذ�P� Qرا�NO3 �I# ا��#ي �������       .  � # ��٢٠ق H+I ا�/�#    

 ��SDا� H ) #T/ا� F� Uآ(ETa) ا���&�ل [��S� و (Kc) �^د ا����`$aا [��S� و 
(Ks)        H����� و اa( ����ج و آ����Dءة اPT ���Iام ا�������� ���&������ ا�����Dل ا������دا(� و ا�

    5�����3 اPT ���Iام 3&������  . ا��.���ر��F ����� ا� #���� ا�#������� ����g) !���3م ا���#ي ������ .
^�� �2 أر�j� 2#رات U���S� i��6 !��3ت ��F ����� ا��#ي            ا��+���ت آ���� ا�S)�ا  

       و أر�U����S� ���Sت ������ ������� وه���    FW (0.5 dS/m)ا������� ا�S*����  : وه���
2.4, 2.7, 3.3, and 4.4dS/m    ،�)ل ا����دا��D8.7 ,6.3 ,4.9 ���&��ل ا�, 

and 13dS/mH��و ���P  ��3 ا6 ���ر ��Sد��� ��.���ن ���( �i �����ب        .  ���&�ل ا�
 #�T/ا�   ��S$#ا�� H �) (ETo)   x���)#�  امPT �I��  (CROPWAT v.7.0)  دا�. �Iا 

   �IراPا� ��+.�� �`S���3 �3 � �3 ����س ا��� ��ى   . إ�� ���(�ت ا�ر��د ا��.���6 و ا�
ا�#<������ ����� ا�رض �P���S ا����#ي  و �/���] ا�#"���� ا� ������� ��PT ���Iام $`����ز ا� )��� !   

3���T أه� ا�. �^x ا�� �&] . ا�.� #و(� Fj�" �N Fو��آ�� �� �`���: 
 

١- 
  :(EU) ا������� ا��ز�
             ��IراPا� ���+.� ��� 5��% ٩٦�١٣آ�(! ا( ����g ا� �ز"�g) !�3 2م ا�#ي ��� .

 .و ��� ��� 3&.� ��� أ(`� �� �زة
 
٢- ���� :(ETo) ا� �� ��� ا��
 
�'� ا�&ل ا�$دا��-ا()  : 

  ���S$#ا�� H ��) #��T/�� �������$aا ������)�����! ا�ETo(���I�� ء���.Nأ  �ا����G ����.ا� 
٨٧١�٦�� .    �S$#ا�� H ) #T/�� ���� U6ل ���I ا�.��� 3)��# إ���    (ETo)ه*� ا�

 . أ(`� آ�(! �P� 2� �SD3#ا"� ا����I و �G !&��.3 �N F � و�! ا��&�د
 
�'� ا�+��-ب() :  

  ���S$#ا�� H ��) #��T/�� �������$aا ������)�����! ا�ETo(  �ا����G ����.ا� ���I�� ء���.Nأ 
٥٠٤�٤�� .  �� ���� U6ل ���I ا�.��� 3)��# إ���    H ) #T/(ETo) ا��#$S�  ه*� ا�
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 و ه�*ا  .أ(`� آ�(! �.P� 2� ��DTا"� ا����I و ��N F �3ا"Pت G � و�! ا��&�د           
�� .��j" Pن ��/� ا� ��#ات ا��.���6 أو ���I ا�.�� �� ه*� ا��.+

 
٣- ��� :(ETa) ا� �� ��� ا�&
 
�'� ا�&ل ا�$دا��-ا() :  

     ���SDا� H �) #T/ا� ���(ETa)        لU�6 ا�./���3ت [�/� F�� �j� j3)�� أن ا������ ا���� `
 : ���I ا�.�� و�NO3 !�3# ا�#ي ����� ����� 3 /2 ه*ا ا� ��3#

FW (629.8 mm) > S1 (608.9 mm) > S2 (598.9 mm) > S3 
(596.8 mm) > S4 (545.1 mm) 

 
�'� ا�+��-ب() :  

     ��SDا� H ) #T/ا� ���(ETa)     �j���F �/�] ا�./���3ت U�6ل      j3)� أن ا����� ا���� `
 : ���I ا�.�� و�NO3 !�3# ا�#ي ����� ����� 3 /2 ه*ا ا� ��3#

FW (439.4 mm) > S1 (408.8 mm) > S2 (408.7 mm) > S3 
(384.4 mm) > S4 (382.3 mm) 

          ���SDا� H ) #T/3.�#ف ���(�ت ا� P� �N Fو�(ETa)       ����&ا��� H �) #�T/ا� F�� 
(ETc)      ������ #وف ا���#gا� �/��       F�� [���" �)O�@ F�� ا� #�� و ه*ا �G��� [��
 .F� (ETc) (ETa) ���� ال

 
) ����1 ا��0/ل -٤Kc(: 

                    ���G#3+��ر ا���&��ل و ا�� ���G#� لU�6 ا���&��ل [���S� F�� رةP�ا���� ا��
  F�����&ا��� U6#ة ���� آ��O�� ا��)H�������D 3 ���2 ا�� �&��] ) ا����Dل ا�����دا(� و ا�

 F��� ���`���(FAO-56) ?ا ����G#ا�� ���� F��jا�.����    و� ���I�� ���& .� ا^���� وP �
 .(FAO-56) ا�] �F ا��� #F� �G �/] آ�(!

 
) ����1 ا7��6د ا����5 -٥Ks(: 

) ��� ا�/H ) #T ا���&��� ��S� #�NO3(Ks)] اa$`�د ا���^� ETc( F� ���" 
�����] ������� ������S] ا���&����ل  � وذ����U���6 F���� Qل ����#ب �U���6(Kc)  [�����Sل 3

 .^�(Ks)�  �� ���S] اa$`�د ا��(Kc)ا���&�ل 
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�'� ا�&ل ا�$دا�� -ا():  
 :  آ�ن " /2 ه*ا ا� ��S� ��� 5I� �(Ks)��3#] اa$`�د ا���^� 

FW (1.00) › S1 (0.91) › S2 (0.86) › S3 (0.77) ›S4 (0.71) 
 
ل ا�+�� -ب/0�:  

 :  آ�ن " /2 ه*ا ا� ��S� ��� 5I� �(Ks)��3#] اa$`�د ا���^� 
FW (1.00) = S1 (1.00) › S2 (0.99) › S3 (0.97) › S4 (0.93) 

 
٦- �� :(ETc) ا� �� ��� ا��0/
 
�'� ا�&ل ا�$دا��-ا() :  

�/H ) #T ا���&��� � ���jا� ���� ه� (ETc)�3! ا�g#وف ا����� آ�(! ا�
(677.3mm) �� : آ�� ���(ETc adj) و �Fj �3! ا�g#وف ا���# ��

S1 (598.9 mm) > S2 (565.6 mm) > S3 (515.2 mm) > S4 
(472.7 mm) 

 
�'� ا�+��-ب() :  

�/H ) #T ا���&��� � ���jا� ���� ه� (ETc)�3! ا�g#وف ا����� آ�(! ا�
(452.6mm) �� : آ�� ���(ETc adj) و �Fj �3! ا�g#وف ا���# ��

S1 (423.0 mm) > S2 (418.6 mm) > S3 (389.9 mm) > S4 
(378.1 mm) 
 

٧-��� : ا�<� ا��=�ي و ا���7
 
�'� ا�&ل ا�$دا��-ا() : 

��Dل ا���دا(� ��)#ة آ�ن " /2 ه*ا ا� ��3#� ��jج ا�� )aا : 
FW (3893 kg ha-1) > S1 (2193 kg ha-1) > S2 (1627 kg ha-1) >  
S3 (1541 kg ha-1) > S4 (1185 kg ha-1) 
 F� ����G  أن ه.�ك �#ق �S.�ي ���� �� اa( �ج ��F اa( �ج ا�� �&] �

����Sا�� ����Sا�� F�� Q�*ت ا�6#ى وآU��Sو $��2 ا�� ��*Sا��#و"� ������� ا� 
 �G���� ا�#ا�(S1) �Sا�و�� �� ا����S) و ا��S4ت . (U��Sو �� ا��S1, S2, S3 
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 P$�" ? Q�*و آ �/"#�? "�$P �#ق �S.�ي ��.`� �G  أ(`� أ�+! (iD اa( �ج 3
F�� ي�.S� ت�#قU��Sا��  S2, S3, S4. 

 
  :'� ا�+�� ()�-ب

�� ���&�ل ا���H آ�ن " /2 ه*ا ا� ��3#jج ا�� )aا: 
FW (6053 kg ha-1) > S1 (4989 kg ha-1) > S2 (4906 kg ha-1) >  
S3 (4631 kg ha-1) > S4 (2909 kg ha-1). 
 F� ����G  أن ه.�ك �#ق �S.�ي ���� �� اa( �ج ��F اa( �ج ا�� �&] �

�*Sا��#و"� ������� ا� ����Sق ا��#� P$�" ? Fj� ت ا�6#ى وU��Sو $��2 ا�� �
 F�� ي�.S�S1, S2, S3 ه.�ك �#ق Fjو� �/"#� �(`� أ�+! (iD اa( �ج 3

� �F و آ*�P$�" Q �#ق �S.�ي ��S�S4F.�ي ��F $��2 ا��U��Sت و ��Sا��  
S1, S4. 

 
 :(IWUE) وآ&�ءة اB��Cام ���@ ا��ي (WUE) آ&�ءة اB��Cام ا����@ -٨
 
  :� ا�&ل ا�$دا�� ()�'-ا

F� Uا�#ي "¡دى إ�� 3.��� آ ���� �� �G��. WUE, IWUE ز"�دة �� �ى ا��
�¤ ه*ا ا?(�DTض �� � P� وWUE, IWUEإ��  : 

For WUE: 0.62 kg m-3, 0.36 kg m-3, 0.27 kg m-3, 0.26 kg m-3, 
0.22 kg m-3  

For IWUE: 0.56 kg m-3, 0.31 kg m-3, 0.23 kg m-3, 0.22 kg m-3, 
0.17 kg m-3  

��U��Sت �FW, S1, S2, S3, S4��3# ا� ��� .  
 
�'� ا�+��-ب() : 

 :  آ�(!���WUE, IWUE ال 
For WUE: 1.38 kg m-3, 1.23 kg m-3, 1.20 kg m-3, 1.20 kg m-3, 

0.76 kg m-3  
For IWUE: 1.10 kg m-3, 0.91 kg m-3, 0.89 kg m-3, 0.84 kg m-3, 

0.53 kg m-3  
S���� ا� U��FW, S1, S2, S3, S4��3#ت �� . 
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 ٩-JC�M ا���'� KL ��6�� ا���� KL ��Nا��  : 
  ����#`jأن ����� ا� �����] ا� P��$و (ECe)   ���� مP�������3] إ���� ا��"���دة ���2 ا� 

����  ����ECeو آ�(��! أ����� ا������ ا�� �&��] ���`��� ���F    . �#ا��G] ����# ا�./���ت +.� 
�� �. &�ا��*ور ���&�لG#� �� �)ل ا���دا�Dا�  ��G#آ�(! �� ا�� Fjا�.�� و� 

 H������ ���.��� ا� #����   .ا�� ��6O#ة ���� ��&���ل ا�T ���� ���� 3#آ���� ا�&���د"�م ¤����
  �S/(ا��)        F� �+(.*ور ا��ا� ��+.� �� �S�$ �3٣٠-٠ �/"#�3 �I (   F�� #�/آ�� اآ# �

 :���� ا���3�j(�ت ا�6#ى ��P آ�ن
١0.2, 10.2, 12.1 and 12.4 times, and 6.8, 9.7, 16.1 and 16.7 
times for S1, S2, S3 and S4 

���� ا� ���ا��، � ،H����3���Q ا��#و"��� و ذ���Q ���&����� ا����Dل ا�����دا(� و ا� F��� ����أ�
��*� ����� . 

���ر، ���/� ا��#ي ������ �������            j3#آ��� ا� �ا�/��(��ت أن ا��"��دة �� ��(j3 ،Qو��2 ذ��
 :  و��! إ��

12.5, 13.3, 16.6 and 16.4 times, and 7.0, 10.5, 20.1, 18.0 times 
for S1, S2, S3 and S4 

���� ا� ���ا��، � ،H����3���Q ا��#و"��� و ذ���Q ���&����� ا����Dل ا�����دا(� و ا� F��� ����أ�
 ��*� ����� .                     ���و �P آ��ن 3#آ��� ا���3�j(��ت ���  3�#� �� ا���Dل ا����دا(� وا����H و�

� #��3 ا� ����: 
Na+  >Mg++  > Ca++  > K+ 

   :ل ا���دا(� آ�� ��� �� 3�#�� ا��D ا?"�(�تو�Fj � #آ��ات
Cl- > HCO3

- > SO4
-- 

Cl- > SO4  : و�� ا���H آ�� ���
-- > HCO3

- 
 

������' KO>L �6��P 1/0ا��� Q5��>ا� @R6� �+ Sو: 
 ����6 ��3! ا��g#وف ا����# ������I           (Ks)"�� اPT Iام ���S] اa$`�د ا���^�       •

وا^��� ��3! ه�*�    � ���gS ا?G ��$��ت ا���^��� ا�ر   ) ا�#ي ������ �.���DT ا����دة    (
 .ا�g#وف

"��� اPT �Iا�`� �IU #@��د �����G 5  إ(`�� ? i�jS3         ا�� ����FAO  ��G(�ت ال   •
��¯� �����  .�.�<� ا��را�� �� ا����S ا�g#وف ا��

•              ��G���F ا���Fj اPT Iام ��&�ل ا���Dل ا����دا(� ا��.��رع ��3! ��� �"�ت �
   F��� ����ي �����  a( ���ج ا��"��! أو �PT ��IUام آ�����د �����     dS m-1 2.7أ�

��"PG ��� .ا�را�� ا��� &
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•        �� G ������ ������ �3#وى �ا��.��<� ا� � �� H�� �F ا���Fj زرا�� ��&�ل ا�
dS m-1ى إل   ?ن٨�٧PS " ? �`� P�Dل �� �&#% ٢٥ا��/�� PG وه�. 

�� أه��� إ���� آ��� ���� إ����� �� ��ر اG ��$�ت ¯����� �°رض      •� Pآ�O ا�
���Dظ ��� ا�رض �F ا� Pه�ر�/] زرا�� ا���&�ل ا� ���� وذ�� Q. 

•          P���.� �����6 `���د������3# ���� ا�����! وا�� �ا� )�� ! ا�.� #و(�� ����اPT ��Iام <#"
��SDا� H ) #T/و ا� �ا��� �ى ا�#<�� #"P�  .اPT Iا�� � 
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 جامعة عين شمس 

  كلية الزراعة 

 
 رسالة دكتوراه

 
  د عبدالعال أحمد سالمةمحم: بم الطالــاس

  تحت ظروف لتقدير االستهالك المائي لبعض المحاصي:  عنوان الرسالة
 اإلجهاد باستخدام طريقة التشتت النيتروني                      

 ) أراضي(دكتور فلسفة فى العلوم الزراعية : م الدرجةــاس
 

 

 :�L,� ا��Kاف

 /��� ا�5!� �)ل. د


 &"%ا��را��، آ��� ،*#( ا)را�' �'،ا�را ���مأ��ذ    �� ����� ) '#� )ا�".!ف ا�!,

 


7ت 
���. د ���* 


 &"%ا��را��، آ��� ا��را���، ا������ *#( ،"#���ا� ا��را���أ��ذ ا������    �� �����  

 


$�ا��,#@ /���. د ���/ 

 ه��7 ا��6*� �،ا���و5 �!آ� ا��14ث وا�"��2، ��1ث ا�را�'  *#(،ا�را�' ���م أ��ذ   

 ا�9ر�5

 

 

 D*ر�� !L5٢٠٠٧ / ٩/ ٣ :ا�� 

 ا��را��ت ا�#	!�

 
 

    D*ا���زة أ�!7ت ا������ ���ر @�O 

٢٠١١ / ٧ / ١٧           

�#/�Lا� P	L/ ���ا/ �!	Qا� P	L/ ���ا/ 

       /   /٢٠١١    /    /  ٢٠١١ 


