
123

S P R I N G E R  B R I E F S  I N  WAT E R  S C I E N C E  A N D 
T E C H N O LO G Y

Samiha Ouda

Major Crops and 
Water Scarcity in 
Egypt
Irrigation Water 
Management under 
Changing Climate



SpringerBriefs in Water Science
and Technology



More information about this series at http://www.springer.com/series/11214

http://www.springer.com/series/11214


Samiha Ouda

Major Crops and Water
Scarcity in Egypt
Irrigation Water Management under
Changing Climate

123



Tahany Noreldin
Mohamed Hosney
Khaled Abd El-Latif
Fouad Khalil
Abd El-Hafeez Zohry
Ahmed M. Taha
Mahmoud A. Mahmoud
Sayed abd El-Hafez
Ahmed Said
A.Z. El-Bably

Agricultural Research Center
Giza
Egypt

ISSN 2194-7244 ISSN 2194-7252 (electronic)
SpringerBriefs in Water Science and Technology
ISBN 978-3-319-21770-3 ISBN 978-3-319-21771-0 (eBook)
DOI 10.1007/978-3-319-21771-0

Library of Congress Control Number: 2015945154

Springer Cham Heidelberg New York Dordrecht London
© The Author(s) 2016
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made.

Printed on acid-free paper

Springer International Publishing AG Switzerland is part of Springer Science+Business Media
(www.springer.com)



Contents

1 Evapotranspiration Under Changing Climate . . . . . . . . . . . . . . . . 1
Samiha Ouda, Tahany Noreldin and Mohamed Hosney
BISm Model Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
Comparison Between ET(P–M) and ET(H–S) Values . . . . . . . . . . . . . 2
Evapotranspiration Under Climate Change . . . . . . . . . . . . . . . . . . . . 14
Climate Change Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
Climate Change Scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Calculation of ET Under A1B Climate Change Scenario. . . . . . . . . . . 15
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2 Water Requirements for Major Crops. . . . . . . . . . . . . . . . . . . . . . 25
Samiha Ouda, Khaled Abd El-Latif and Fouad Khalil
BISm Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
Water Requirements for Wheat . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
Water Requirements for Maize . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
Water Requirements for Rice. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
Water Requirements for Sugarcane. . . . . . . . . . . . . . . . . . . . . . . . . . 30
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3 Significance of Reduction of Applied Irrigation
Water to Wheat Crop. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Samiha Ouda and Abd El-Hafeez Zohry
Current Situation of Wheat Production . . . . . . . . . . . . . . . . . . . . . . . 35
Potential Wheat Productivity Under Raised Beds Cultivation . . . . . . . . 36
Potential Wheat Productivity Under Sprinkler Irrigation . . . . . . . . . . . 37
Expected Wheat Production Under Climate Change . . . . . . . . . . . . . . 38
Wheat Grown Under Surface Irrigation. . . . . . . . . . . . . . . . . . . . . . . 39
Growing Wheat on Raised Beds Under Climate Change . . . . . . . . . . . 40

v

http://dx.doi.org/10.1007/978-3-319-21771-0_1
http://dx.doi.org/10.1007/978-3-319-21771-0_1
http://dx.doi.org/10.1007/978-3-319-21771-0_1#Sec1
http://dx.doi.org/10.1007/978-3-319-21771-0_1#Sec2
http://dx.doi.org/10.1007/978-3-319-21771-0_1#Sec3
http://dx.doi.org/10.1007/978-3-319-21771-0_1#Sec4
http://dx.doi.org/10.1007/978-3-319-21771-0_1#Sec5
http://dx.doi.org/10.1007/978-3-319-21771-0_1#Sec6
http://dx.doi.org/10.1007/978-3-319-21771-0_1#Sec7
http://dx.doi.org/10.1007/978-3-319-21771-0_1#Bib1
http://dx.doi.org/10.1007/978-3-319-21771-0_2
http://dx.doi.org/10.1007/978-3-319-21771-0_2
http://dx.doi.org/10.1007/978-3-319-21771-0_2#Sec1
http://dx.doi.org/10.1007/978-3-319-21771-0_2#Sec2
http://dx.doi.org/10.1007/978-3-319-21771-0_2#Sec3
http://dx.doi.org/10.1007/978-3-319-21771-0_2#Sec4
http://dx.doi.org/10.1007/978-3-319-21771-0_2#Sec5
http://dx.doi.org/10.1007/978-3-319-21771-0_2#Sec6
http://dx.doi.org/10.1007/978-3-319-21771-0_2#Bib1
http://dx.doi.org/10.1007/978-3-319-21771-0_3
http://dx.doi.org/10.1007/978-3-319-21771-0_3
http://dx.doi.org/10.1007/978-3-319-21771-0_3
http://dx.doi.org/10.1007/978-3-319-21771-0_3#Sec1
http://dx.doi.org/10.1007/978-3-319-21771-0_3#Sec2
http://dx.doi.org/10.1007/978-3-319-21771-0_3#Sec3
http://dx.doi.org/10.1007/978-3-319-21771-0_3#Sec4
http://dx.doi.org/10.1007/978-3-319-21771-0_3#Sec5
http://dx.doi.org/10.1007/978-3-319-21771-0_3#Sec6


Wheat Irrigated with Sprinkler System . . . . . . . . . . . . . . . . . . . . . . . 41
Water Requirements for Wheat Under Current and Climate Change . . . 42
Effect of Relay Intercropping Cotton on Wheat . . . . . . . . . . . . . . . . . 43
Water Productivity Under Current Climate and Under
Climate Change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
Water Productivity for Wheat Under Surface Irrigation . . . . . . . . . . . . 46
Water Productivity for Wheat Grown on Raised Beds . . . . . . . . . . . . 46
Water Productivity for Wheat Irrigated with Sprinkler System . . . . . . . 47
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4 Combating Adverse Consequences of Climate Change
on Maize Crop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
Tahany Noreldin, Samiha Ouda and Ahmed Taha
Current Situation of Maize Production . . . . . . . . . . . . . . . . . . . . . . . 55
Potential Maize Productivity Under Improved
Management Practices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

Cultivation on Raised Beds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Irrigation with Drip System. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

Contribution in Reduction of Production-Consumption Gap. . . . . . . . . 56
Expected Maize Production Under Climate Change . . . . . . . . . . . . . . 57
Maize Grown Under Surface Irrigation . . . . . . . . . . . . . . . . . . . . . . . 59
Maize Production-Consumption Gap in 2040. . . . . . . . . . . . . . . . . . . 59
Growing Maize on Raised Beds Under Climate Change . . . . . . . . . . . 59
Contribution of Raised Beds Cultivation in Reduction
of Production-Consumption Gap . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Maize Irrigated with Drip System . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Contribution of Irrigation with Drip System in Reducing
Maize Production-Consumption Gap . . . . . . . . . . . . . . . . . . . . . . . . 63
Maize Water Productivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

Water Productivity for Maize Under Surface Irrigation . . . . . . . . . . 63
Water Productivity for Maize Grown on Raised Beds. . . . . . . . . . . 64
Water Productivity for Maize Irrigated with Drip System . . . . . . . . 65

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5 High Water-Consuming Crops Under Control:
Case of Rice Crop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
Mahmoud A. Mahmoud, Samiha Ouda and Sayed abd El-Hafez
Water Requirements Under Current Climate and Climate Change . . . . 72
Present Conditions of Rice Production . . . . . . . . . . . . . . . . . . . . . . . 72
Potential Rice Yield Grown on Wide Furrows . . . . . . . . . . . . . . . . . . 72
Effect of Climate Change on Rice Grown Under Traditional
Planting Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

vi Contents

http://dx.doi.org/10.1007/978-3-319-21771-0_3#Sec7
http://dx.doi.org/10.1007/978-3-319-21771-0_3#Sec8
http://dx.doi.org/10.1007/978-3-319-21771-0_3#Sec9
http://dx.doi.org/10.1007/978-3-319-21771-0_3#Sec10
http://dx.doi.org/10.1007/978-3-319-21771-0_3#Sec10
http://dx.doi.org/10.1007/978-3-319-21771-0_3#Sec11
http://dx.doi.org/10.1007/978-3-319-21771-0_3#Sec12
http://dx.doi.org/10.1007/978-3-319-21771-0_3#Sec13
http://dx.doi.org/10.1007/978-3-319-21771-0_3#Sec14
http://dx.doi.org/10.1007/978-3-319-21771-0_3#Bib1
http://dx.doi.org/10.1007/978-3-319-21771-0_4
http://dx.doi.org/10.1007/978-3-319-21771-0_4
http://dx.doi.org/10.1007/978-3-319-21771-0_4
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec1
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec2
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec2
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec3
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec4
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec5
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec6
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec7
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec8
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec9
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec10
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec10
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec11
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec12
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec12
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec13
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec14
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec15
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec16
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Sec17
http://dx.doi.org/10.1007/978-3-319-21771-0_4#Bib1
http://dx.doi.org/10.1007/978-3-319-21771-0_5
http://dx.doi.org/10.1007/978-3-319-21771-0_5
http://dx.doi.org/10.1007/978-3-319-21771-0_5
http://dx.doi.org/10.1007/978-3-319-21771-0_5#Sec1
http://dx.doi.org/10.1007/978-3-319-21771-0_5#Sec2
http://dx.doi.org/10.1007/978-3-319-21771-0_5#Sec3
http://dx.doi.org/10.1007/978-3-319-21771-0_5#Sec4
http://dx.doi.org/10.1007/978-3-319-21771-0_5#Sec4


Effect of Temperature During Rice Growing Season Under
Climate Change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
Potential Rice Production from Wide Furrows Under
Climate Change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
Water Productivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6 High Water Consuming Crops Under Control:
Case of Sugarcane Crop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
Ahmed M. Taha, Samiha Ouda and Abd El-Hafeez Zohry
Present Production of Spring Sugarcane . . . . . . . . . . . . . . . . . . . . . . 87
Potential Sugarcane Productivity Gates Pipes Under . . . . . . . . . . . . . . 88
Effect of Climate Change on Sugarcane Grown Under
Surface Irrigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
Effect of Temperature Stress on Sugarcane Growing Season . . . . . . . . 89
Potential Sugarcane Yield Under Surface Irrigation in 2040 . . . . . . . . 90
Potential Sugarcane Productivity Irrigated with Gated Pipes in 2040. . . 91
Intercropping Oil Crops with Spring Sugarcane . . . . . . . . . . . . . . . . . 92
Soybean Intercropping with Spring Sugarcane . . . . . . . . . . . . . . . . . . 92
Sesame Intercropping with Spring Sugarcane. . . . . . . . . . . . . . . . . . . 93
Sunflower Intercropping with Spring Sugarcane . . . . . . . . . . . . . . . . . 94
Effect of Changing Irrigation System on Water
and Land Productivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

7 Unconventional Solution to Increase Water and Land
Productivity Under Water Scarcity . . . . . . . . . . . . . . . . . . . . . . . . 99
Ahmed Said, Abd El-Hafeez Zohry and Samiha Ouda
Water Requirements Under Current Climate and Climate Change . . . . 101
Crop Rotations in the Old Land. . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
Water Requirements for Old Land Rotations Under Current
and Climate Change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
Crop Rotations in the New Reclaimed Land . . . . . . . . . . . . . . . . . . . 105
Crop Rotations in Salt-Affected Soils . . . . . . . . . . . . . . . . . . . . . . . . 108
Sugarcane Rotations in Upper Egypt . . . . . . . . . . . . . . . . . . . . . . . . 109
Prevailing Crop Rotation for Sugarcane . . . . . . . . . . . . . . . . . . . . . . 110
Amount of Saved Irrigation Water Under Proposed Rotations . . . . . . . 112
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

Contents vii

http://dx.doi.org/10.1007/978-3-319-21771-0_5#Sec5
http://dx.doi.org/10.1007/978-3-319-21771-0_5#Sec5
http://dx.doi.org/10.1007/978-3-319-21771-0_5#Sec6
http://dx.doi.org/10.1007/978-3-319-21771-0_5#Sec6
http://dx.doi.org/10.1007/978-3-319-21771-0_5#Sec7
http://dx.doi.org/10.1007/978-3-319-21771-0_5#Sec8
http://dx.doi.org/10.1007/978-3-319-21771-0_5#Bib1
http://dx.doi.org/10.1007/978-3-319-21771-0_6
http://dx.doi.org/10.1007/978-3-319-21771-0_6
http://dx.doi.org/10.1007/978-3-319-21771-0_6
http://dx.doi.org/10.1007/978-3-319-21771-0_6#Sec1
http://dx.doi.org/10.1007/978-3-319-21771-0_6#Sec2
http://dx.doi.org/10.1007/978-3-319-21771-0_6#Sec3
http://dx.doi.org/10.1007/978-3-319-21771-0_6#Sec3
http://dx.doi.org/10.1007/978-3-319-21771-0_6#Sec4
http://dx.doi.org/10.1007/978-3-319-21771-0_6#Sec5
http://dx.doi.org/10.1007/978-3-319-21771-0_6#Sec6
http://dx.doi.org/10.1007/978-3-319-21771-0_6#Sec7
http://dx.doi.org/10.1007/978-3-319-21771-0_6#Sec8
http://dx.doi.org/10.1007/978-3-319-21771-0_6#Sec9
http://dx.doi.org/10.1007/978-3-319-21771-0_6#Sec10
http://dx.doi.org/10.1007/978-3-319-21771-0_6#Sec11
http://dx.doi.org/10.1007/978-3-319-21771-0_6#Sec11
http://dx.doi.org/10.1007/978-3-319-21771-0_6#Sec12
http://dx.doi.org/10.1007/978-3-319-21771-0_6#Bib1
http://dx.doi.org/10.1007/978-3-319-21771-0_7
http://dx.doi.org/10.1007/978-3-319-21771-0_7
http://dx.doi.org/10.1007/978-3-319-21771-0_7
http://dx.doi.org/10.1007/978-3-319-21771-0_7#Sec1
http://dx.doi.org/10.1007/978-3-319-21771-0_7#Sec2
http://dx.doi.org/10.1007/978-3-319-21771-0_7#Sec3
http://dx.doi.org/10.1007/978-3-319-21771-0_7#Sec3
http://dx.doi.org/10.1007/978-3-319-21771-0_7#Sec4
http://dx.doi.org/10.1007/978-3-319-21771-0_7#Sec5
http://dx.doi.org/10.1007/978-3-319-21771-0_7#Sec6
http://dx.doi.org/10.1007/978-3-319-21771-0_7#Sec7
http://dx.doi.org/10.1007/978-3-319-21771-0_7#Sec8
http://dx.doi.org/10.1007/978-3-319-21771-0_7#Sec9
http://dx.doi.org/10.1007/978-3-319-21771-0_7#Bib1


8 Recommendations to Policy Makers to Face Water Scarcity . . . . . . 117
Sayed A. Abd El-Hafez and A.Z. El-Bably
Farmers’ Perspectives in Adapting to Climate Change . . . . . . . . . . . . 119
Planning Adaptation Strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
Cooperation Between International Organizations
and Development Partners. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
Addressing Identified Knowledge Gaps . . . . . . . . . . . . . . . . . . . . . . 122
International Support to Adaptive Strategies . . . . . . . . . . . . . . . . . . . 122
Improvement of Irrigation Efficiencies . . . . . . . . . . . . . . . . . . . . . . . 123
Improvement of Drainage Conditions . . . . . . . . . . . . . . . . . . . . . . . . 124
Review of the Drainage Water Reuse Policy in Egypt . . . . . . . . . . . . 124
Research and Development Activities Needed . . . . . . . . . . . . . . . . . . 124
Further Elaborations Are also Needed for the Following
Technical Aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
General Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

viii Contents

http://dx.doi.org/10.1007/978-3-319-21771-0_8
http://dx.doi.org/10.1007/978-3-319-21771-0_8
http://dx.doi.org/10.1007/978-3-319-21771-0_8#Sec1
http://dx.doi.org/10.1007/978-3-319-21771-0_8#Sec2
http://dx.doi.org/10.1007/978-3-319-21771-0_8#Sec3
http://dx.doi.org/10.1007/978-3-319-21771-0_8#Sec3
http://dx.doi.org/10.1007/978-3-319-21771-0_8#Sec4
http://dx.doi.org/10.1007/978-3-319-21771-0_8#Sec5
http://dx.doi.org/10.1007/978-3-319-21771-0_8#Sec6
http://dx.doi.org/10.1007/978-3-319-21771-0_8#Sec7
http://dx.doi.org/10.1007/978-3-319-21771-0_8#Sec8
http://dx.doi.org/10.1007/978-3-319-21771-0_8#Sec9
http://dx.doi.org/10.1007/978-3-319-21771-0_8#Sec10
http://dx.doi.org/10.1007/978-3-319-21771-0_8#Sec10
http://dx.doi.org/10.1007/978-3-319-21771-0_8#Sec11


Introduction

Egypt is located in the eastern corner of Africa on the Mediterranean Sea. The
agricultural area in Egypt is composed of two parts: Nile Delta and Valley, which is
the main contributor to food production, trading activities and national economy. It
is also the most densely populated area in Egypt. Climate variability and change
have forced us to think about the future of water resources and its sustainability
under the current situation of water scarcity. The limited share of the Nile water that
Egypt receives is not expected to increase in the future. Taking into account the
population growth and the expected negative effect of climate change on rain in
Ethiopia, Egypt will face a problem to allocate water to agriculture to maintain food
security. The major crops involve in food security in Egypt are: wheat, maize, rice
and sugarcane. There is a gap between production and consumption of wheat,
maize and sugarcane. Whereas, for rice, there is a need to reduce its cultivated area,
as its water consumption is high and its production is enough for local consumption
at the time being.

The actual water resources currently available for use in Egypt are
55.5 BCM/year, and 1.3 BCM/year effective rainfalls on the northern strip of the
Nile Delta, non-renewable groundwater for western desert and Sinai, while water
requirements for different sectors are of the order of 79.5 BCM/year. The gap
between the needs and availability of water is about 20 BCM/year. This gap is
overcome by recycling agricultural drainage water. Egypt has reached a state where
the quantity of water available is imposing limits on its national economic devel-
opment. As indication of scarcity in absolute terms, often the threshold value of
1000 m3/capita/year is used. Egypt has passed that threshold already. As a threshold
of absolute scarcity 500 m3/capita/year is used, this will be evident with population
predictions for 2025, which will bring Egypt down to 500 m3/capita/year (Ministry
of Irrigation and Water Resources, 2014). Since 85 % of the total available water is
consumed in agriculture and most of the on-farm irrigation systems are low efficient
coupled with poor irrigation management, water scarcity will negatively affect food
security. Furthermore, surface irrigation is the major system in Egypt applied to
83 % of the old cultivated land (Nile Delta and Valley). Application efficiency of
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surface irrigation in Egypt is 60 %, which endures large losses in the applied
irrigation water to drainage canals.

Previous research on the effect of using improved agricultural management
practices on cultivated crops revealed that cultivation on raised beds could reduce
the applied irrigation water by 20 %, which result in yield increase by 15 %
(Abouelenein et al. 2009). Furthermore, changing application efficiency from 60 %
under surface irrigation to 80 % under sprinkler system or 95 % under drip irri-
gation could save large amounts of irrigation water. Under this practice, yield is
expected to increase by 15 and 18 % under sprinkler and drip system, respectively
(Taha 2012). Thus, existing agricultural water management technologies are
available to help meet the challenge of water scarcity. Furthermore, the saved
amounts of irrigation water can be used to cultivate new land and increase national
production of these crops.

The uncertain climate change impacts on the Nile flow could add another
challenge for water management in Egypt. Studies on the effect of climate change
on the Nile flow clearly show that the assessment is strongly dependent on the
choice of the climate scenario and the underlying GCM model. For temperature,
although the magnitude of the change varies, the direction of change is clear; all
models expect temperatures to rise. For rainfall, however, not only the magnitude
varies substantially across the models, but even the signal of the change varies. The
choice of the emission scenario also leads to different estimates (Sayed 2004).
There are large uncertainties attached at all the steps of scenario construction that
need to be quantified in the analysis of future impacts. In addition, the reviewed
studies show that the Nile flow is extremely sensitive to climate, and especially
rainfall changes due to the highly nonlinear relationship between precipitation and
runoff (Sayed 2004). Thus, water gap in Egypt could increase in the future and
under expected climate change (Sanchez et al. 2005).

As reported by Eid (2001), a temperature rise by 1 °C may increase evapo-
transpiration (ET) rate by about 4–5 %, while a rise of 3 °C may increase ET rate by
about 15 %. Furthermore, Attaher et al. (2006) and Khalil (2013) concluded that the
future climate change will increase potential irrigation demands, due to the increase
in evapotranspiration (ET) in 2100. While Ouda et al. (2011) developed prediction
equations to calculate total water requirements needed to support irrigation in Egypt
in 2025 and they found that an increase by 33 % in water required for irrigation is
expected to occur as a result of temperature increase by 2 °C and population
growth. Thus, crop production in Egypt will be highly vulnerable to climate change
due to increase in its water requirements that will reduce cultivated area and con-
sequently reduce total production.

Our objectives were to quantify the effect of climate change on production of
wheat, maize, rice and sugarcane cultivated in the governorates of Nile Delta and
Valley. Furthermore, quantification of the effect of strategies could be used as
adaptation to reduce the risk of climate change on these crops. These quantifications
are very important for policy makers to be included in their future plans.

The studied area is composed of 17 governorates in the Nile Delta and Valley.
These governorates are: Alexandria (latitude 31.70º, longitude 29.00º and elevation
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7.00 m), Demiatte (latitude 31.25º, longitude 31.49º and elevation 5.00 m), Kafr
El-Sheik (latitude 31.07º, longitude 30.57º and elevation 20.00 m), El-Dakahlia
(Latitude 31.03º, longitude 31.23º and elevation 7.00 m), El-Behira (latitude 31.02º,
longitude 30.28º and elevation 6.70 m), El-Gharbia (latitude 30.47º, longitude
32.14º and elevation 14.80 m), El-Monofia (latitude 30.36º, longitude 31.01º and
elevation 17.90 m), El-Sharkia (latitude 30.35º, longitude 31.30º and elevation
13.00 m), El-Kalubia (latitude 30.28º, longitude 31.11º and elevation 14.00 m),
El-Giza (latitude 30.02º, longitude 31.13º and elevation 22.50 m), El-Fayoum
(latitude 29.18º, longitude 30.51º and elevation 30.00 m), Beni Swief (latitude
29.04º, longitude 31.06º and elevation 30.40 m), El-Minia (latitude 28.05º, longi-
tude 30.44º and elevation 40.00 m), Assuit (latitude 27.11º, longitude 31.06º and
elevation 71.00 m) Suhag (latitude 26.36º, longitude 31.38º and elevation 68.70 m),
Qena (latitude 26.10º, longitude 32.43º and elevation 72.60 m) and Aswan (latitude
24.02º, longitude 32.53º and elevation 108.30 m).

Alexandria is the wettest city in Egypt. Demiatte and Kafr El-Sheik are gov-
ernorates with the least temperature fluctuation between day and night. Minia,
Assuit, Qena and Suhag are governorates with the most temperature fluctuation
between day and night. Aswan is the hottest in summer days. Figure 1 shows the
map of Nile Delta and Valley governorates.

To accomplish the quantification of the effect of climate change on production
of the selected crops, ET, crop factor and water requirements for the selected crops
should be calculated under present time. Furthermore, a similar procedure should be

Fig. 1 Map of Nile Delta and Valley of Egypt
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carried out under the future climate change scenario developed by an Atmospheric
Oceanic General Circulation model to determine the percentage of increase in water
requirements for each of the selected crops. The effect of improved water man-
agement practices, such as cultivation on raised beds or increasing water application
efficiency on the selected crops will be investigated under both present time and
climate change, where it can be used as adaptations to climate change.
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Chapter 1
Evapotranspiration Under Changing
Climate

Samiha Ouda, Tahany Noreldin and Mohamed Hosney

Abstract This chapter described methodology to calculate evapotranspiration
(ET) values similar to the values calculated with Penman–Monteith equation (P–M),
using ET values calculated by Hargreaves–Samani equation (H–S) under current and
climate change. The BISm model was used to calculate monthly values of ET using
P–M and H–S equations using weather data averaged over 10 years, from 2004 to
2013 for each of the 17 studied governorates and the values were compared. The
comparison showed that there were deviations between monthly ET values calcu-
lated for each equation in each governorate. Thus, a linear regression equation was
established with ET values resulted from P–M plotted as the dependent variable and
ET values from H–S equation plotted as the independent variable. The quality of the
fit between the two methodologies was presented in terms of the coefficient of
determination (R2) and root mean square error per observation (RMSE/obs).
ECHAM5 climate change model was used to develop A1B climate change scenario
for each governorate for the years 2020, 2030 and 2040, where ET values were
calculated. The results indicated that R2 was between close to one and RMSE/obs
values were close to zero. The results also indicated that the calibration coefficients
were capable to account for the effect of relative humidity, wind speed and potential
sunshine hours, which were not included in the H–S equation. Furthermore, under
A1B climate change scenario, the values of ET were increased. The above meth-
odology could solve a large problem that faces researchers and extension workers
in irrigation scheduling in Egypt and in other developing countries under current
climate and in calculation of water requirements under climate change.

Keywords Penman–Monteith and Hargreaves–Samani equations � BISm model �
ECHAM5 model � A1B climate change scenario

Climate plays an important role in crop production. Crops growth periods, crops
water requirements, and scheduling irrigation for crops are dependent on weather
conditions. The calculation of the evapotranspiration (ET) includes all the weather
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parameters prevailed in a specific area. ET is a combination of two processes: water
evaporation from soil surface and transpiration from the growing plants (Gardner
et al. 1985). Direct solar radiation and, to a lesser extent, the ambient temperature of
the air provide energy for evaporation, whereas solar radiation, air temperature, air
humidity, and wind speed should be considered when assessing transpiration (Allen
et al. 1998). ET is a key component in hydrological studies. It is used for agri-
cultural and urban planning, irrigation scheduling, regional water balance studies,
and agro-climatic zoning (Khalil et al. 2011).

Various equations are available for estimating ET. These equations range from
the most complex energy balance equations requiring detailed climatological data
(Penman–Monteith; Allen et al. 1989) to simpler equations requiring limited data
(Blaney–Criddle 1950; Hargreaves–Samani 1982, 1985). The Penman–Monteith
equation (P–M) is widely recommended because of its detailed theoretical base
and its accommodation of small time periods. The method requires maximum and
minimum temperature, relative humidity, wind speed, and potential sunshine hours,
whereas Hargreaves–Samani equation (H–S) requires three weather parameters
only: maximum and minimum temperatures and solar radiation.

This chapter described methodology to calculate ET values similar to the values
calculated with P–M equation, using ET values calculated by H–S equation.

BISm Model Description

The Basic Irrigation Scheduling model (BISm) was written using MS Excel to help
people plan irrigation management of crops. The BISm model calculates ET using
the Penman–Monteith (P–M) equation (Monteith 1965) as presented in the United
Nations FAO Irrigation and Drainage Paper (FAO, 56) by Allen et al. (1998). If
only temperature and solar radiation data are input, Hargreaves–Samani equation is
used (Snyder et al. 2004). The weather station latitude and elevation must also be
input. After calculating daily means by month, a cubic spline curve fitting sub-
routine is used to estimate daily ET rates for the entire year.

The BISm model was used to calculate monthly ET values as an average over
10 years, from 2004 to 2013 for each of the 17 studied governorates using P–M
equation. Furthermore, ET values using H–S equation for these governorates were
calculated and then compared to ET values of P–M equation.

Comparison Between ET(P–M) and ET(H–S) Values

The calculated values of ET(P–M) and ET(H–S) in each governorate were graphed
to ease comparison. The results for Alexandria (Fig. 1.1), Demiatte (Fig. 1.2), Kafr
El-Sheik (Fig. 1.3), and El-Dakahlia (Fig. 1.4) showed that during summer months,
the H–S equation underestimated ET values.

2 1 Evapotranspiration Under Changing Climate
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Regarding to El-Behira and El-Gharbia, the deviation of ET(H–S) from ET(P–M)
was high during all the year, especially in the summer months (Figs. 1.5 and 1.6).
Similarly, Figs. (1.7 and 1.8) show the same trend in Assuit and Aswan govern-
orates. However, the deviation in the winter months became higher.
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With respect to El-Monofia, Fig. (1.9), and El-Sharkia (Fig. 1.10), the values ET
(P–M) and ET(H–S) were close to each other from January to May, and then the
deviations were higher in the months after.

In El-Kalubia governorate (Fig. 1.11), the situation was different, where low
deviation was observed only in the summer months, whereas there was no deviation
between the values of ET(P–M) and ET(H–S) for the rest of the months. Similar
trend was observed in Beni Swief governorate with higher deviation from May to
August (Fig. 1.12). In El-Minia governorate, the deviation was very low (Fig. 1.13),
and in Suhag governorate (Fig. 1.14), the deviation was higher from May to July.
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The difference between ET(P–M) and ET(H–S) for El-Giza (Fig. 1.15) and
El-Fayoum (Fig. 1.16) was low for most of the months.

Regarding to Qena governorate, there was no difference between values of ET
(P–M) and ET(H–S) in June and July. However, for the rest of the months, there
were no differences (Fig. 1.17).

The above comparison showed that there were deviations between monthly ET
values calculated for each equation in each governorate. Therefore, to increase the
accuracy of the estimation, a linear regression equation was established with ET
values resulted from P–M plotted as the dependent variable and ET values from H–S
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equation plotted as the independent variable. The intercept (a) and calibration slope
(b) of the best fit regression line were used as regional calibration coefficients for
each governorate. This methodology was developed by Shahidian et al. (2012) as
follows:

ET P�Mð Þ ¼ aþ b � ET H�Sð Þ: ð1:1Þ

An equation for each governorate was developed, where different (a) and
(b) values were estimated. The quality of the fit between the two methodologies was
presented in terms of the coefficient of determination (R2), which is the ratio of the
explained variance to the total variance and through calculation of root-mean-square
error per observation (RMSE/obs), which gives the standard deviation of the model
prediction error per observation (Jamieson et al. 1998). Regression equations,
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coefficient of determination (R2), and root-mean-square error per observation
(RMSE/obs) are presented in Table (1.1).

The results from Table (1.1) showed that R2 was between 0.95 and 0.99 in the
Nile Delta. The variation in R2 in Middle Egypt was between 0.98 and 0.99,
whereas in Upper Egypt, the values of R2 were between 0.97 and 0.99.
Furthermore, RMSE/obs values were between 0.03 and 0.06 mm/day in Nile Delta.
It was between 0.04 and 0.05 mm/day in Middle Egypt and between 0.03 and
0.04 mm/day in Upper Egypt. The presented equation for each governorate was
used to predict monthly values of ET(P–M).

The calibration coefficients (a and b) with ET values calculated from
Hargreaves–Samani equation could be used by other researchers to predict ET
values similar to the one calculated by Penman–Monteith equation for each gov-
ernorate in Egypt with high degree of accuracy because R2 for each equation was
close to 1 and RMSE/obs was close to zero (Table 1.1). The calibration coefficients
(a and b) should be developed for each site to increase the accuracy of prediction of
ET(P–M) values.

The predicted values of ET were compared with the estimated values of ET(P–M)
and graphed together to ease comparison. Regarding to Alexandria and Demiatte
governorates, the predicted values were close to calculated values in most of the
months (Figs. 1.18 and 1.19).

Table 1.1 Prediction equations, coefficient of determination (R2), and root-mean-square error per
observation (RMSE/obs) for ET values in the studied governorates

Governorate Prediction equation R2 RMSE/obs

Nile Delta

Alexandria ET(P–M) = −0.4252 + 1.2134*ET(H–S) 0.95 0.06

Demiatte ET(P–M) = −0.2297 + 1.2714*ET(H–S) 0.98 0.05

Kafr El-Sheik ET(P–M) = −0.1280 + 1.1690*ET(H–S) 0.98 0.05

El-Dakahlia ET(P–M) = 0.0338 + 1.0745*ET(H–S) 0.98 0.04

El-Behira ET(P–M) = 0.3432 + 1.1157*ET(H–S) 0.96 0.04

El-Gharbia ET(P–M) = 0.2673 + 1.1019*ET(H–S) 0.97 0.04

El-Monofia ET(P–M) = 0.0737 + 1.1640*ET(H–S) 0.98 0.05

El-Sharkia ET(P–M) = 0.3484 + 1.0857*ET(H–S) 0.95 0.06

El-Kalubia ET(P–M) = −0.1739 + 1.0498*ET(H–S) 0.99 0.03

Middle Egypt

Giza ET(P–M) = −0.1292 + 1.1050* ET(H–S) 0.99 0.04

Fayoum ET(P–M) = 0.0702 + 1.0209* ET(H–S) 0.98 0.05

Beni Swief ET(P–M) = 0.0015 + 1.0370* ET(H–S) 0.98 0.05

El-Minia ET(P–M) = −0.0378 + 1.0033* ET(H–S) 0.98 0.04

Upper Egypt

Assuit ET(P–M) = 0.1352 + 1.1042* ET(H–S) 0.97 0.04

Suhag ET(P–M) = −0.2569 + 1.0428* ET(H–S) 0.98 0.04

Qena ET(P–M) = 0.7528 + 0.9270* ET(H–S) 0.99 0.03

Aswan ET(P–M) = 0.2727 + 1.1500* ET(H–S) 0.97 0.03
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Figures (1.20, 1.21, 1.22, 1.23, 1.24, 1.25, 1.26, 1.27, 1.28, 1.29, 1.30, 1.31,
1.32, 1.33, and 1.34) show that the deviation between calculated and predicted ET
values was either low or not exist in the rest of governorates.

The results in the above graphs proved that the calibration coefficients were
capable to account for the effect of relative humidity, wind speed, and potential
sunshine hours, which not included in the H–S equation. ET values in the studied
areas are presented in Table 1.2.
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between ET(P–M) and
predicted values of ET in
Alexandria governorate
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Predicted EToEToP-MFig. 1.19 Comparison
between ET(P–M) and
predicted values of ET in
Demiatte governorate
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Predicted EToEToP-MFig. 1.20 Comparison
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Predicted EToEToP-MFig. 1.21 Comparison
between ET(P–M) and
predicted values of ET in
El-Dakahlia governorate
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Fig. 1.25 Comparison
between ET(P–M) and
predicted values of ET in
Aswan governorate
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Fig. 1.26 Comparison
between ET(P–M) and
predicted values of ET in
El-Monofia governorate
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Fig. 1.27 Comparison
between ET(P–M) and
predicted values of ET in
El-Sharkia governorate
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Fig. 1.28 Comparison
between ET(P–M) and
predicted values of ET in
El-Kalubia governorate
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Fig. 1.29 Comparison
between ET(P–M) and
predicted values of ET in
Beni Swief governorate
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El-Minia governorate
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between ET(P–M) and
predicted values of ET in
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between ET(P–M) and
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Khalil (2013) indicated that under current climate, Aswan governorate has the
highest value of ET, in comparison with all other governorates, and Demiatte has
the lowest value of ET, which is similar to what is presented in Table (1.2).

Similar procedure could be done using ET(P–M) values obtained from
FAO AQUASTAT website: http://www.fao.org/nr/water/aquastat/gis/index3.stm.
These values can be obtained for any location on Earth. The obtained values are
normal weather parameters (average of 30 years from 1961 to 1990), in addition to
ET values calculated using P–M equation.

Furthermore, the above methodology could solve a large problem that faces
researchers and extension workers in irrigation scheduling in Egypt and in other
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Table 1.2 Yearly average
value of ET (mm/day) under
current climate

Governorate ET under current climate

Nile Delta

Alexandria 4.32

Demiatte 4.25

Kafr El-Sheik 4.28

El-Dakahlia 4.59

El-Behira 4.79

El-Gharbia 4.71

El-Monofia 4.83

El-Sharkia 4.38

El-Kalubia 5.01

Middle Egypt

Giza 4.91

Fayoum 5.01

Beni Swief 4.94

El-Minia 4.66

Upper Egypt

Assuit 5.76

Suhag 5.04

Qena 5.87

Aswan 7.01

Comparison Between ET(P-M) and ET(H-S) Values 13
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developing countries. The availability of a number of meteorological stations, to
measure weather parameters, is limited, and reliability of the measured data could
be an obstacle. There are also concerns about the accuracy of the observed mete-
orological parameters (Droogers and Allen 2002), since the actual instruments,
specifically pyranometers (solar radiation) and hygrometers (relative humidity), are
often subject to stability errors, where it is common to see a drift as high as 10 % in
pyranometers (Samani 2000). Sepaskhah and Razzaghi (2009) have observed that
hygrometers lose about 1 % in accuracy per installed month. Thus, they recommend
the use of ET equations that require fewer variables. Hargreaves and Allen (2003)
concluded that the differences in ET values, calculated by the different methods, are
minor when compared with the uncertainties in estimating actual crop evapo-
transpiration from measured weather data. Additionally, these equations can be
more easily used in adaptive or smart irrigation controllers that adjust the appli-
cation depth according to the daily ET demand (Shahidian et al. 2009).

Evapotranspiration Under Climate Change

The agricultural system in Egypt is vulnerable to climate change due to its limited
water resources and strong dependence on irrigation for crop production. Exploring
the impacts of climate change on crop evapotranspiration is important for water
management and agricultural sustainability. Climate change and its syndrome, i.e.,
higher temperature, will increase ET and that will affect the hydrological system
and water resources (Shahid 2011). In Egypt, temperature rise by 1 °C may increase
ET rate by about 4–5 % (Eid 2001). Furthermore, Khalil (2013) indicated that ET
values will increase under climate change compared to current climate. Thus,
quantifying the changes in ET due to climate change is very important for man-
agement of water resources.

Climate Change Model

Research program on Climate Change Agriculture and Food Security (CCAFS) is
one of CIGAR programs that implement a uniquely innovative and transformative
research program that addresses agriculture in the context of climate variability,
climate change, and uncertainty about future climate conditions. The details of
the methodology are presented in Jones et al. (2009). The link to this web site is the
following: http://www.ccafs.cgiar.org/marksimgcm#.Ujh1gj-GfMY. The web site
is composed of seven global climate change models. For each model, three climate
change scenarios (A1B, A2, and B1) can be downloaded.

The climate model ECHAM5 (Roeckner et al. 2003) is one of them and was
used in this analysis. The model is Atmospheric Oceanic General Circulation
model. It has been developed from the ECMWF operational forecast model cycle

14 1 Evapotranspiration Under Changing Climate
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36 (1989) (therefore, the first part of its name: EC) and a comprehensive param-
eterization package developed at Hamburg (therefore, the abbreviation HAM). The
part describing the dynamics of ECHAM is based on the ECMWF documentation,
which has been modified to describe the newly implemented features and the
changes necessary for climate experiments. Since the release of the previous ver-
sion, ECHAM4, the whole source code, has been extensively redesigned in the
major infrastructure and transferred to FORTRAN 95, ECHAM is now fully por-
table and runs on all major high-performance platforms. The restart mechanism is
implemented on top of net CDF and because of that it absolutely independent on the
underlying architecture. The resolution of the model is 1.9 × 1.9°.

Climate Change Scenario

ECHAM5 model was used to develop A1B climate change scenario for each
weather station in each governorate. IPCC (2007) describes the A1 storyline and
scenario family as a future world of very rapid economic growth, global population
that peaks in mid-century and declines thereafter, and the rapid introduction of new
and more efficient technologies. Major underlying themes are convergence among
regions, capacity building, and increased cultural and social interactions, with a
substantial reduction in regional differences in per capita income. One of its family
is A1B, where its technological balance is across all sources (balanced is defined as
not relying too heavily on one particular energy source, on the assumption that
similar improvement rates apply to all energy supply and end-use technologies).

The downloaded scenario was for the years 2020, 2030, and 2040 and composed
of maximum and minimum temperature, rain, and solar radiation. These weather
parameters were not enough to calculate ET with P–M equation. However, they are
enough to calculate ET using H–S equation. The developed equations were used to
calculate ET values under A1B climate change scenario in 2020, 2030, and 2040.

Calculation of ET Under A1B Climate Change Scenario

ET values under A1B climate change scenario in 2020, 2030, and 2040 were
calculated for each governorate, and yearly average value was calculated.
Figures (1.35, 1.36, 1.37, 1.38, 1.39,1.40, 1.41, 1.42, 1.43, 1.44, 1.45, 1.46, 1.47,
1.48, 1.49, 1.50 and 1.51) presented comparison between ET values under current
climate and under A1B climate change scenario 2020, 2030, and 2040 in each
governorate.

Climate Change Model 15
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Current 2020 2030 2040Fig. 1.35 ET values under
current climate and A1B
climate change scenario in
Alexandria governorate
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Current 2020 2030 2040Fig. 1.36 ET values under
current climate and A1B
climate change scenario in
Demiatte governorate
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Current 2020 2030 2040Fig. 1.37 ET values under
current climate and A1B
climate change scenario in
Kafr El-Sheik governorate
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Current 2020 2030 2040Fig. 1.38 ET values under
current climate and A1B
climate change scenario in
El-Dakahlia governorate
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Current 2020 2030 2040Fig. 1.39 ET values under
current climate and A1B
climate change scenario in
El-Behira governorate
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Current 2020 2030 2040Fig. 1.40 ET values under
current climate and A1B
climate change scenario in
El-Gharbia governorate

Calculation of ET Under A1B Climate Change Scenario 17



These graphs showed that the value of monthly ET under climate change
increases gradually starting from January until April and then the increase become
higher during the summer months. In the fall months until December, the decrease
became lower. This trend was found in all studied governorates.

The above graphs implied that under A1B climate change scenario, the value of
ET will increase, and consequently water requirements for crops are expected to
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Current 2020 2030 2040Fig. 1.41 ET values under
current climate and A1B
climate change scenario in
Assuit governorate
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Current 2020 2030 2040Fig. 1.42 ET values under
current climate and A1B
climate change scenario in
Aswan governorate
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Current 2020 2030 2040Fig. 1.43 ET values under
current climate and A1B
climate change scenario in
El-Monofia governorate
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Current 2020 2030 2040Fig. 1.44 ET values under
current climate and A1B
climate change scenario in
El-Sharkia governorate
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Current 2020 2030 2040Fig. 1.45 ET values under
current climate and A1B
climate change scenario in
El-Kalubia governorate
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Current 2020 2030 2040Fig. 1.46 ET values under
current climate and A1B
climate change scenario in
Beni Swief governorate
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Current 2020 2030 2040Fig. 1.47 ET values under
current climate and A1B
climate change scenario in
El-Minia governorate
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Current 2020 2030 2040Fig. 1.48 ET values under
current climate and A1B
climate change scenario in
Suhag governorate

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

Ja
n

F
eb

M
ar

A
pr

i
M

ay Ju
n

Ju
l

A
ug

S
ep O
ct

N
ov

D
ec

E
T

 (
m

m
/d

ay
)

Current 2020 2030 2040Fig. 1.49 ET values under
current climate and A1B
climate change scenario in
El-Giza governorate
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increase in all governorates with different values. Table (1.3) presents the per-
centage of increase in ET annual values in all governorates. The average ET values
were 7, 9, and 13 % in 2020, 2030, and 2040, respectively. Snyder et al. (2011)
concluded that the impact of global warming on ET will likely be less in locations
with higher wind speeds. The northern five governorates in the Nile Delta are
located on the Mediterranean Sea and characterized by high wind speeds between
4.3 and 4.9 m s−1. Furthermore, the percentage of increase in ET under A1B climate
change scenario was the lowest in the three tested future years in these five
governorates.
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Current 2020 2030 2040Fig. 1.50 ET values under
current climate and A1B
climate change scenario in
El-Fayoum governorate
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Current 2020 2030 2040Fig. 1.51 ET values under
current climate and A1B
climate change scenario in
Qena governorate
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Conclusion

Quantification of the impact of climate change on ET is very important for policy
makers when developing future plans. This requires an accurate equation to cal-
culate ET values. With only monthly maximum and minimum temperature mea-
surements and solar radiation available, monthly ET can be calculated by H–S
equation and then regressed on ET value previously calculated from P–M equation
to develop calibration coefficients for each site. The above results showed that this
method was accurate and the predicted ET values were close to the calculated ET
values by P–M equation.
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Chapter 2
Water Requirements for Major Crops

Samiha Ouda, Khaled Abd El-Latif and Fouad Khalil

Abstract The objective of this chapter was to calculate water requirements for four
crops: wheat, maize, rice and sugarcane grown in 17 governorates in Egypt under
current climate and under the A1B climate change scenario in 2040. The BISm
model was used to calculate crop coefficient water depletion from root zone. Water
requirements under A1B climate change were calculated using the model. The
results indicated that water requirements for wheat will increase by 2–19%
depending on governorate location. The effect of climate change was more pro-
nounced on maize as a summer crop, where the applied irrigation amount is
expected to increase in all governorates under climate change in 2040 by 10–19%.
Regarding rice, water requirements were increased by 10–14%. With respect to
sugarcane, which is a unique case because of its long growing season (365 days), its
water requirements under climate change conditions increased by 11–19%.

Keywords Wheat � Maize � Rice � Sugarcane
The term crop water requirement is defined as the amount of water required to
compensate the evapotranspiration loss from the cropped field (USDA Soil
Conservation Service 1993). The ICID-CIID (2000) describes it as the total water
needed for evapotranspiration, from planting to harvest for a given crop in a specific
climate, when adequate soil water is maintained by rainfall and/or irrigation so that
it does not limit plant growth and crop yield. 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 evapotranspi-
ration (ETc) refers to the amount of water that is lost through evapotranspiration
(Allen et al. 1998). Furthermore, in estimating crop water requirements, efficiency
of the irrigation system should be taken into account.

ETc accounts for variations in weather and offers a measure of the “evaporative
demand” of the atmosphere, whereas crop coefficient (kc) accounts for the differ-
ence between ETc and ET (Snyder et al. 2004). The kc takes into account the
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relationship between atmosphere, crop physiology, and agricultural practices
(Lascano 2000). Therefore, sowing date, which reflects the weather of a certain site,
could affect growth pattern of a crop and consequently affects the period of growth
stages, the value of kc, and growth period. As a crop canopy develops, the ratio of
transpiration (T) to ET increases until most of the ET comes from T and evapo-
transpiration (E) is a minor component. This occurs because light interception by
the foliage increases until most light is intercepted before it reaches the soil (Snyder
et al. 2004). Therefore, crop coefficients for field crops generally increase until the
canopy ground cover reaches about 75 % and the light interception is near 80 %.
The accurate calculation of crop kc for each growth stage is an important com-
ponent for accurate calculation of water requirements (Shideed et al. 1995).

Irrigation would help maintain optimal soil moisture during the growing period,
thereby ensuring a more stable and higher agricultural production. Irrigation and its
planning are demanding tasks, which involve a multidisciplinary approach to define
and calculate all the relevant factors and parameters. The evidence of future
warming is another reason for paying much attention to the efficiency of water use
by plants (Katerji and Rana 2008).

The objective of this chapter was to calculate water requirements for four crops:
wheat, maize, rice, and sugarcane grown in 17 governorates in Egypt under current
climate and under A1B climate change scenario in 2040.

BISm Model

The required irrigation water need to be applied to the studied crops was estimated
using BISm model (Snyder et al. 2004). The model requires planting and harvesting
dates as input. The model calculates crop coefficient (kc). The model also account
for water depletion from root zone. Therefore, it requires to input total water
holding capacity and available water in the soil. These values were obtained from
previous research done in the Water Requirements and Field irrigation Research
Department, Soils, Water and Environment Research Institute, Agricultural
Research Center, Egypt (Table 2.1).

Planting and harvesting dates under current climate for the studied crops in each
of the 17 governorates were obtained from bulletins published by Agricultural
Research Center. Wheat and maize are cultivated in all governorates. The season
length for wheat, as winter crop, is 155 days. Maize season length is 110 days.
Planting and harvesting dates are included in Table 2.2.

Season length for rice is 140 days and cultivated in the all Nile Delta govern-
orates, except El-Monofia governorate. It is cultivated on 15th of May and har-
vested on 30th of September. Sugarcane is an annual crop planted for sugar industry
in 4 governorates, i.e., El-Minia, Suhag, Qena, and Aswan. Spring sugarcane is
cultivated on 15th of February and harvested on 14th of February in the following
year.
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A1B climate change scenario was developed using ECHAM5 climate model
(Roeckner et al. 2003) in 2040 for each 17 governorates in the Nile Delta and
Valley. ECHAM5 model is an Atmospheric Oceanic General Circulation model
with low resolution, i.e., 1.9 × 1.9°. Water requirements under climate change were
calculated using BISm model (Snyder et al. 2004). The same planting date was
assumed under climate change, and harvesting date was assumed to be one week
earlier for all crops, except sugarcane. Previous research on the effect of climate
change on season length indicated that it could be reduced by 7–12 days (Khalil
et al. 2009; Ouda et al. 2009). Water requirements for selected crops were calcu-
lated under surface irrigation, where application efficiency is 60 % (Abou Zeid
2002). The calculations were done under current climate and under climate change
scenario A1B in 2040.

Table 2.1 Soil water holding capacity and available water prevailed in each governorate

Governorate Water holding capacity (m/m) Available water (m/m)

Nile Delta

Alexandria 0.373 0.206

Demiatte 0.376 0.222

Kafr El-Sheik 0.405 0.170

El-Dakahlia 0.395 0.196

El-Behira 0.408 0.230

El-Gharbia 0.380 0.220

El-Monofia 0.418 0.232

El-Sharkia 0.420 0.210

El-Kalubia 0.400 0.218

Middle Egypt

Giza 0.363 0.209

Fayoum 0.426 0.194

Beni Swief 0.429 0.245

El-Minia 0.435 0.239

Upper Egypt

Assuit 0.438 0.235

Suhag 0.446 0.244

Qena 0.454 0.293

Aswan 0.447 0.257

Table 2.2 Planting and harvesting dates for wheat and maize under current climate conditions

Governorate Wheat Maize

Planting date Harvest date Planting date Harvest date

Nile Delta and Middle Egypt 15-Nov 18-Apr 15-May 01-Sep

Upper Egypt 01-Nov 01-Apr 01-May 18-Aug
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Water Requirements for Wheat

Table 2.3 presents the applied amount of irrigation water for wheat in 2012/13
growing season and the value of water requirements in 2040. The lowest percentage
of increase between applied and required water (PI %) was found in the govern-
orates that have seashore on the Mediterranean Sea. In these governorates, the
difference between ET under current climate and under climate change during
wheat growing season was low. Starting from El-Gharbia governorate, the differ-
ence between ET under current climate and under climate change became higher.
Furthermore, the ET value for March in El-Gharbia governorate and the rest of
governorates was relatively higher, compared to the value of February. Going south
of Egypt, PI % became high, i.e., 17–19 %.

Ouda et al. (2010) and Ibrahim et al. (2012) calculated water requirements for
wheat grown in El-Behira governorate under climate change in 2030. They both
concluded that it would increase by an average of 3–4 % under A2 and B2 climate
change scenarios developed by Hadley model. In Demiatte governorate, the water
requirement for wheat is expected to increase under climate change condition by

Table 2.3 Applied irrigation water for wheat under current climate, water requirements under
A1B in 2040, and percentage of increase (PI %)

Governorate Applied irrigation under current
climate (mm)

Water requirements under
climate change (mm)

PI(%)

Nile Delta

Alexandria 462 478 3

Demiatte 495 505 2

Kafr El-Sheik 510 521 2

El-Dakahlia 519 528 2

El-Behira 501 513 2

El-Gharbia 497 585 18

El-Monofia 521 618 19

El-Sharkia 560 658 18

El-Kalubia 580 689 19

Middle Egypt

Giza 556 664 19

Fayoum 516 594 15

Beni Swief 544 644 18

El-Minia 531 631 19

Upper Egypt

Assuit 625 728 16

Suhag 546 645 18

Qena 654 776 19

Aswan 803 953 19
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3 % (Noreldin et al. 2013). Similar results were obtained by Khalil et al. (2009),
where water requirements for wheat grown in Giza were increased by 10 % under
climate change conditions in 2030.

Water Requirements for Maize

The effect of climate change was more pronounced on maize as a summer crop. The
applied irrigation amount for maize is expected to increase in all governorates under
climate change in 2040. The highest percentage of increase in the applied irrigation
water in the Nile Delta existed in El-Behira, El-Monofia, and El-Kalubia, i.e., 15 %.
Similar results were obtained by Ouda et al. (2012) and Abdrabbo et al. (2013)
under El-Behira governorate. A value of 16 % increase in the water requirements
under climate change conditions existed in all Middle Egypt and Upper Egypt
governorates, except for Aswan, where the PI % value was 19 % (Table 2.4). This
could be attributed to the difference between ET under current climate and under
climate change conditions which was high in all months of the year at Aswan.
Furthermore, Aswan is characterized by having hottest summer days in Egypt.

Table 2.4 Applied irrigation water for maize under current climate, water requirements under
A1B in 2040, and percentage of increase (PI %)

Governorate Applied irrigation under current
climate (mm)

Water requirements under
climate change (mm)

PI (%)

Nile Delta

Alexandria 772 859 11

Demiatte 735 812 10

Kafr El-Sheik 780 865 11

El-Dakahlia 703 797 13

El-Behira 728 838 15

El-Gharbia 710 809 14

El-Monofia 734 846 15

El-Sharkia 764 869 14

El-Kalubia 802 925 15

Middle Egypt

Giza 871 1013 16

Fayoum 879 1018 16

Beni Swief 881 1021 16

El-Minia 896 1040 16

Upper Egypt

Assuit 895 1039 16

Suhag 884 1023 16

Qena 890 1035 16

Aswan 1090 1295 19
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Water Requirements for Rice

The value of PI (%) between applied irrigation water for rice under current climate
and water requirements under climate change was high (Table 2.5). The value was
between 10 and 14 %, with the lowest value in Alexandria and Demiatte, i.e., 10 %
and the highest value existed in El-Kalubia governorate.

Water Requirements for Sugarcane

Sugarcane is a unique case because its growing season is 365 days and it is
cultivated in four governorates only in south Egypt. The value of PI (%) between
applied water under current climate and water requirements under climate change
conditions was between 11 and 19 %. The highest value was in Aswan, i.e., 19 %
(Table 2.6).

Table 2.5 Applied irrigation water for rice under current climate, water requirements under A1B
in 2040, and percentage of increase (PI %)

Governorate Applied irrigation under current
climate (mm)

Applied irrigation under
climate change (mm)

PI (%)

Alexandria 1045 1146 10

Demiatte 1018 1124 10

Kafr El-Sheik 1031 1141 11

El-Dakahlia 1116 1234 11

El-Behira 1162 1290 11

El-Gharbia 1104 1236 12

El-Sharkia 1145 1279 12

El-Kalubia 1113 1267 14

Table 2.6 Applied irrigation water for sugarcane under current climate, under A1B climate
change scenario, and percentage of increase (PI)

Governorate Applied irrigation under current
climate (mm)

Applied irrigation under
climate change (mm)

PI (%)

El-Minia 3140 3488 11

Suhag 3333 3758 13

Qena 3824 4246 11

Aswan 4680 5553 19
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Conclusion

Our results indicated that climate change condition in 2040 is expected to increase
ET values for all governorates in Egypt. Consequently, water requirements will also
increase. The lowest increase in water requirements was at the Nile Delta, compared
to Middle Egypt and Upper Egypt.

In semiarid regions, where Egypt is located, more pressure will be put on water
resources distribution between economic sectors under climate change, especially
agriculture. Reduction in the amount of allocated water for irrigation, increase in
water requirements for crops, and yield reduction under climate change conditions
will worsen food security situation in Egypt. Since surface irrigation is prevailing in
Egypt with low application efficiency, it is important to test options to increase it.
These options, if implemented, will save on the applied irrigation water, which can
be used to irrigate new lands under climate change conditions, which will con-
tribute in maintaining the current production. Thus, it is very important to revise
and fix the production system for cultivated crops, in terms of the used cultivars,
fertilizer, and irrigation application.
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Chapter 3
Significance of Reduction of Applied
Irrigation Water to Wheat Crop

Samiha Ouda and Abd El-Hafeez Zohry

Abstract In this chapter, we investigated options to reduce the applied water for
wheat, such as cultivation on raised beds and using sprinkler system for irrigation.
We also investigated the effect of these two options on wheat national production
under climate change in 2040. The effect of relay intercropping cotton on wheat on
national production was also explored under current climate and under climate
change. We also examined the effect of these options on water productivity under
current climate and in 2040. The results indicated that under current situation of
wheat production, which is grown under surface irrigation, production represents
only 62 % of total consumption. Cultivating wheat on raised beds or using sprinkler
system for irrigation increased total production compared to its counterpart under
surface irrigation, which resulted in reduction of the applied water, increase in
productivity and using the saved water in new land irrigation. Under climate
change, wheat production will be reduced under surface irrigation. However, cul-
tivation on raised beds or using sprinkler system for irrigation under climate change
compensated a part of these losses. The results also indicated that the potential
available water to irrigate new lands after changing water management practice can
be reduced under climate change, compared to its values under current climate. As a
result, the potential new cultivated areas will also be reduced. In relay intercropping
cotton on wheat, the total cultivated area of wheat will consist of wheat area, cotton
area and the added area as a result of water availability from raised bed cultivation
WHICH will increase wheat total production under current and in 2040. The results
also indicate that water productivity was the lowest under surface irrigation and was
the highest when sprinkler system was used under both current and climate change.

Keywords Surface irrigation � Raised beds cultivation � Sprinkler system � Relay
intercropping cotton on wheat � Water productivity
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Wheat is Egypt’s major staple crop supplies more than one-third of the daily caloric
intake and 45 % of total daily protein consumption of consumers. Wheat is planted
as a winter crop and occupies about 33 % of the total winter crop area in Egypt. In
2012, the cultivated area of wheat in the Nile Delta and Valley was 1,109,570 ha,
and the average productivity was 5.86 ton/ha. There is a gap between production
and consumption of wheat in Egypt estimated by 40 %.

Climate change will alter the normal growing conditions for wheat, which will
result in abiotic stress, such as heat and water stresses. Exposing wheat plants to
high moisture stress depressed seasonal consumptive use and grain yield (Bukhat
2005). During vegetative growth, phyllochron decreases in wheat under water stress
(McMaster 1997) and leaves become smaller, which could reduce leaf area index
(Gupta et al. 2001) and number of reproductive tillers, in addition to limit their
contribution to grain yield (Dencic et al. 2000). Furthermore, wheat is very sensitive
to high temperature (Slafer and Satorre 1999). Wheat experiences heat stress to
varying degrees at different phenological stages, but heat stress during the repro-
ductive phase is more harmful than during the vegetative phase due to the direct
effect on grain number and dry weight (Wollenweber et al. 2003).

Understanding the potential impacts of climate change is very important in
developing both adaptation strategies and actions to reduce climate change risks.
A range of valuable national studies have been carried out and published in Egypt.
Under climate change conditions, the productivity of wheat planted at Giza gover-
norate, Egypt in clay soil is expected to decrease by 40 % as an average of 3 cultivars
(Khalil et al. 2009). At the same governorate, where wheat was grown in silty clay
soil under sprinkler irrigation, the productivity was reduced by 21 % as an average
over 4 cultivars (Abdrabbo 2011).

The productivity of wheat planted in El-Behira governorate, Egypt in clay soil
under sprinkler irrigation is expected to be reduce by 21 % as an average over four
cultivars (Abdrabbo et al. 2013). Under sprinkler irrigation in the same governorate
and in sandy soil, wheat productivity was reduced by 30 % for farmer’s irrigation
(characterized by large applied irrigation water and application of fertilizer and
pesticide by broadcasting on the soil). Furthermore, yield losses under applying
fertilizer and pesticide via irrigation water through the sprinkler (chemigation)
reduced to 25 % and increased water productivity (Ouda et al. 2010). In the same
governorate and in sandy soil under sprinkler irrigation, wheat yield was reduced
38 % for farmer’s irrigation and by 27 % when irrigation was applied using 1.2 ETc
and fertigation application in 80 % of irrigation time (Ibrahim et al. 2012).

In salt-affected soil of Demiatte governorate and under surface irrigation, wheat
yield was reduced by 40 % for farmer’s irrigation, whereas when irrigation was
applied using 1.2 ETc, the reduction in yield was 37 %. However, when wheat was
planted on raised bed, the losses in yield became 27 % (Ouda et al. 2012). Wheat
yield loss under climate change average over in all these experiments was 32 %
(Ouda et al. 2013).

As a consequence for climate change effect, the production–consumption gap for
wheat will increase, as well as food insecurity. Therefore, it is important to think
about options to increase wheat productivity under current weather conditions,
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which accordingly will reduce wheat vulnerability under climate change. It has
previously been estimated that growing wheat on raised bed could reduce applied
water by 20 %, and productivity in tons per fully irrigated hectare can increase by
15 % (Abouelenein et al. 2009). Changing the irrigation system from surface to
sprinkler, where application efficiency increases from 60 to 80 %, could also enable
farmers to save 20 % of irrigation water for wheat (Taha 2012). As a result, wheat
productivity in tons per irrigated hectare will increase by 18 %.

Furthermore, another option can be used to increase wheat cultivated area, i.e.,
relay intercropping cotton on wheat. This procedure has started to spread among
farmers in Egypt (Zohry 2005), where cotton is planted after wheat has reached its
reproductive stage, but before it is ready for harvest (Vandermeer 1992). Relay
intercropping cotton on wheat saves the first two irrigations applied to cotton
(Zohry 2005). Under this system, wheat productivity is reduced by 15 %, and
cotton yield is not reduced, compared to sole cultivation (Zohry 2005; El-Bana and
Samira 2006; Toaima et al. 2007; Sultan et al. 2012), but wheat cultivated area will
increase by the area assigned to cultivate cotton, which compensate for the
reduction in productivity.

In this chapter, we investigated options to reduce the applied water for wheat,
such as cultivating wheat on raised beds and irrigating wheat with sprinkler system.
These two options, if implemented, the national production of wheat, could increase
as a result of investing this amount of irrigation water to cultivate new lands.
Furthermore, we also investigated the effect of these two options on wheat national
production under climate change in 2040. The effect of relay intercropping cotton
on wheat on wheat national production was also explored under current climate and
under climate change. We also examined the effect of these options on water
productivity under current climate and climate change in 2040.

Current Situation of Wheat Production

The cultivated area of wheat, productivity, and total production in 2011/12 growing
season were obtained from Ministry of Agriculture and Land Reclamation,
Economic Affairs Sector (Table 3.1). Water requirements per hectare were calcu-
lated by BISm model (Snyder et al. 2004) and included in Table 3.1. The data
revealed that 5,992,160,042 m3 was used to irrigate 1,109,570 ha and produced
7,398,437 ton of wheat. The total wheat amount that is needed to feed the Egyptians
is 12,000,000 ton. Thus, there is a need to increase production through increasing
productivity and the cultivated area.
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Potential Wheat Productivity Under Raised Beds
Cultivation

Cultivating wheat on raised beds could increase total production to 8,508,202 ton
(Table 3.2). Furthermore, as a result of reduction in the applied water to raised bed,
a large irrigation amount could be obtained, i.e., 1,198,432,008 m3, and could be
used to cultivate new area under sprinkler irrigation, i.e., 295,885 ha. The pro-
ductivity of the new cultivated area is usually 15 % less than its counterpart of the
old land. Thus, the total production from old and new land will be 10,185,181 ton,
with 38 % increase than its counterpart under surface irrigation.

Table 3.1 Wheat cultivated area, productivity, total production, water requirements per hectare,
and total water requirements in the studied governorates

Governorates Cultivated
area (ha)a

Productivity
(ton/ha)a

Total
production
(ton)a

Water
requirements
(m3/ha)b

Total water
requirements
(m3)

Nile Delta

Alexandria 26,231 6.24 163,680 4617 121,099,014

Demiatte 13,328 6.24 83,164 4950 65,971,125

Kafr
El-Sheik

99,833 6.48 646,920 5100 509,150,000

El-Dakahlia 125,010 6.72 840,070 5183 647,970,660

El-Behira 132,316 6.72 889,165 5017 663,786,521

El-Gharbia 61,051 6.72 410,262 4900 299,149,083

El-Monofia 46,192 7.68 354,752 5200 240,196,667

El-Sharkia 168,326 6.00 1,009,958 5600 942,627,000

El-Kalubia 20,674 6.48 133,969 5800 119,910,167

Middle Egypt

Giza 89.58 7.44 666.50 5733 513,611

Fayoum 68,171 6.72 458,108 5100 347,671,250

Beni Swief 54,425 6.96 378,798 5433 295,709,167

El-Minia 89,075 7.44 662,721 5317 473,584,299

Upper Egypt

Assuit 69,315 6.96 482,435 6250 433,221,354

Suhag 77,502 6.72 520,811 5467 423,675,778

Qena 39,274 6.72 263,922 6550 257,245,792

Aswan 18,757 5.28 99,035 8033 150,678,556

Total 1,109,570 7,398,437 5,992,160,042
aSource Central Administration for Agricultural Economics, 2012
bCalculated with BISm model
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Potential Wheat Productivity Under Sprinkler Irrigation

Using sprinkler system for irrigation could increase total production to
8,730,155 ton (Table 3.3). As a result of reduction in the applied water for wheat
under sprinkler irrigation, a larger irrigation water amount could be obtained, i.e.,
1,498,040,010 m3. If this water amount is used to cultivate new area under sprinkler
system, this land will be equal to 369,857 ha. Thus, the total production from old
and new land will be 10,826,379 ton, which represented 46 % increase than its
counterpart under surface irrigation.

Table 3.2 Potential wheat production under raised bed, available water for cultivating new land,
and total production in the studied governorates

Governorates Total
production
(old land)
(ton)

Total water
requirements
(old land) (m3)

Available
water for new
land (m3)

New
area for
wheat
(ha)

Total
production
(old + new
areas) (ton)

Nile Delta

Alexandria 188,232 96,879,211 24,219,803 6,995 225,333

Demiatte 95,638 52,776,900 13,194,225 3,554 114,489

Kafr
El-Sheik

743,958 407,320,000 101,830,000 26,622 890,593

El-Dakahlia 966,081 518,376,528 129,594,132 33,336 1,156,496

El-Behira 1,022,540 531,029,217 132,757,304 35,284 1,224,084

El-Gharbia 471,801 239,319,267 59,829,817 16,280 564,793

El-Monofia 407,965 192,157,333 48,039,333 12,318 488,375

El-Sharkia 1,161,451 754,101,600 188,525,400 44,887 1,390,375

El-Kalubia 154,064 95,928,133 23,982,033 5,513 184,430

Middle Egypt

Giza 766,48 410,889 102,722 23,89 917,55

Fayoum 526,824 278,137,000 69,534,250 18,179 630,662

Beni Swief 435,618 236,567,333 59,141,833 14,513 521,479

El-Minia 762,129 378,867,439 94,716,860 23,753 912,346

Upper Egypt

Assuit 554,801 346,577,083 86,644,271 18,484 664,153

Suhag 598,933 338,940,622 84,735,156 20,667 716,983

Qena 303,511 205,796,633 51,449,158 10,473 363,333

Aswan 113,890 120,542,844 30,135,711 5,002 136,338

Total 8,508,202 4,793,728,033 1,198,432,008 295,885 10,185,181
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Expected Wheat Production Under Climate Change

A1B climate change scenario was developed using ECHAM5 climate model
(Roeckner et al. 2003) in 2040 for each 17 governorates in the Nile Delta and
Valley. ECHAM5 model is an Atmospheric Oceanic General Circulation model
with low resolution, i.e., 1.9 × 1.9°. Water requirements under climate change were
calculated using BISm model (Snyder et al. 2004).

Table 3.3 Potential wheat production under sprinkler irrigation, available water for cultivating
new land, and total production in the studied governorates

Governorates Total
production
(old land)
(ton)

Total water
requirements
(old land) (m3)

Available
water for new
land (m3)

New
area for
wheat
(ha)

Total
production
(old + new
areas) (ton)

Nile Delta

Alexandria 193,143 90,824,260 30,274,753 8,744 239,519

Demiatte 98,133 49,478,344 16,492,781 4,443 121,696

Kafr
El-Sheik

763,366 381,862,500 127,287,500 33,278 946,660

El-Dakahlia 991,283 485,977,995 161,992,665 41,670 1,229,302

El-Behira 1,049,215 497,839,891 165,946,630 44,105 1,301,145

El-Gharbia 484,109 224,361,813 74,787,271 20,350 600,349

El-Monofia 418,607 180,147,500 60,049,167 15,397 519,120

El-Sharkia 1,191,750 706,970,250 235,656,750 56,109 1,477,904

El-Kalubia 158,083 89,932,625 29,977,542 6,891 196,041

Middle Egypt

Giza 786,470 385,208 128,403 29,86 975,31

Fayoum 540,567 260,753,438 86,917,813 22,724 670,365

Beni Swief 446,982 221,781,875 73,927,292 18,142 554,308

El-Minia 782,011 355,188,224 118,396,075 29,692 969,782

Upper Egypt

Assuit 569,274 324,916,016 108,305,339 23,105 705,964

Suhag 614,557 317,756,833 105,918,944 25,834 762,120

Qena 311,428 192,934,344 64,311,448 13,091 386,206

Aswan 116,862 113,008,917 37,669,639 6,252 144,922

Total 8,730,155 4,494,120,031 1,498,040,010 369,857 10,826,379
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Wheat Grown Under Surface Irrigation

As it was stated previously, water requirements for wheat will be increased under
climate change. Ouda et al. (2015) indicated that reduction in the cultivated area of
wheat and its total production will occur under climate change. Previous research
on the effect of climate change on wheat indicated that its productivity is expected
to be reduced by 32 % (Ouda et al. 2012), but technology advances and breeding
effort could reduce yield losses percentage to 15 % or could cause no losses. Thus,
we calculated wheat production under reduction in the cultivated area and reduction
in productivity (32 and 15 %). Moreover, we calculated the production under
reduction in the cultivated area only with no yield losses.

Results in Table 3.4 indicated that wheat production will be reduced by 39, 24,
and 10 % if wheat yield was reduced by 32, 15, or no yield losses occurred. Thus, if
we continue to use surface irrigation to cultivate wheat in 2040, high losses in
wheat national production will occur and will increase production–consumption
gap and increase food insecurity.

Table 3.4 Expected wheat production under surface irrigation in the studied governorates in 2040

Governorates Cultivated
area (ha)

Production
(32 % reduction)
(ton)

Production
(15 % reduction)
(ton)

Production (no
yield reduction)
(ton)

Nile Delta

Alexandria 25,467 108,061 135,076 158,913

Demiatte 13,066 55,442 69,303 81,533

Kafr
El-Sheik

97,876 431,280 539,100 634,235

El-Dakahlia 122,559 560,047 700,058 823,598

El-Behira 129,722 592,777 740,971 871,731

El-Gharbia 51,738 236,422 295,527 347,679

El-Monofia 38,817 202,715 253,394 298,111

El-Sharkia 142,649 582,009 727,512 855,896

El-Kalubia 17,373 76,553 95,692 112,579

Middle Egypt

Giza 75,28 380,86 476,071 560,084

Fayoum 59,279 270,881 338,602 398,355

Beni Swief 46,123 218,290 272,863 321,015

El-Minia 74,853 378,698 473,372 556,908

Upper Egypt

Assuit 59,755 282,807 353,509 415,893

Suhag 65,679 300,128 375,161 441,365

Qena 33,004 150,813 188,516 221,784

Aswan 15,762 56,592 70,739 83,223

Total 993,797 4,503,897 5,629,871 6,623,378

Wheat Grown Under Surface Irrigation 39



Growing Wheat on Raised Beds Under Climate Change

Changing cultivation method from basin cultivation to raised beds allows reducing
in the applied water for wheat and allows using that water amount to irrigate new
lands. Water requirements for the new cultivated land will increase under climate
change and will have its negative effect on new cultivated area and wheat produc-
tion. Results in Table 3.5 indicated that under raised beds, wheat production under
the assumption that 32 % of yield losses will occur was lower than its counterpart
under surface irrigation and current climate by 14 %. Under the assumption of 15 %
losses or no yield losses, total production was 9 and 16 % higher than its counterpart
under surface irrigation in current climate (Table 3.5). Noreldin et al. (2013) indi-
cated that cultivating wheat on raised beds improves growth environment for wheat
and increases its tolerance to stress prevailed by climate change.

Table 3.5 Expected wheat production under raised bed cultivation in the studied governorates in
2040

Governorates Production (32 %
reduction) (ton)

Production (15 %
reduction) (ton)

Production (no yield
reduction) (ton)

Nile Delta

Alexandria 176,892 224,745 260,135
Demiatte 76,596 97,166 112,640

Kafr
El-Sheik

595,828 755,839 876,217

El-Dakahlia 773,723 981,509 1,137,828
El-Behira 818,941 1,038,870 1,204,325

El-Gharbia 335,829 428,434 493,867
El-Monofia 288,444 368,107 424,182

El-Sharkia 826,725 1,054,692 1,215,772
El-Kalubia 108,928 139,012 160,188

Middle Egypt

Giza 541,92 691,592 796,944

Fayoum 382,800 487,852 562,942
Beni Swief 310,074 395,576 455,991

El-Minia 538,849 687,671 792,425
Upper Egypt

Assuit 400,341 510,383 588,737
Suhag 426,323 543,880 626,945

Qena 214,592 273,858 315,576
Aswan 80,524 102,764 118,418

Total 6,355,951 8,091,051 9,346,986
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Wheat Irrigated with Sprinkler System

Growing wheat under sprinkler system reduces its vulnerability to climate change
and reduced yield losses (Taha 2012). Results in Table 3.6 revealed that wheat
production is expected to increase in 2040, if we use sprinkler system for irrigation,
compared to its counterpart under surface irrigation. Wheat production under the
assumption that 32 % of yield losses will occur in the future was lower than its
counterpart under surface irrigation and current climate by 9 %. Under the
assumption of 15 % losses or no yield losses, total production was 16 and 34 %
higher than its counterpart under surface irrigation in current climate (Table 3.6).

Table 3.6 Expected wheat production under sprinkler system irrigation in the studied
governorates in 2040

Governorates Production (32 %
reduction) (ton)

Production (15 %
reduction) (ton)

Production (no yield
reduction) (ton)

Nile Delta

Alexandria 159,199 204,653 234,116

Demiatte 81,497 104,879 119,848

Kafr
El-Sheik

633,953 815,838 932,284

El-Dakahlia 823,231 1,059,422 1,210,634

El-Behira 871,342 1,121,336 1,281,386

El-Gharbia 360,008 455,576 529,423

El-Monofia 309,351 391,072 454,927

El-Sharkia 886,245 1,121,509 1,303,302

El-Kalubia 116,823 147,684 171,799

Middle Egypt

Giza 581,201 734,74 854,707

Fayoum 409,798 520,185 602,644

Beni Swief 332,398 420,637 488,821

El-Minia 577,905 730,571 849,861

Upper Egypt

Assuit 428,773 543,710 630,548

Suhag 457,016 578,336 672,082

Qena 230,145 290,943 338,449

Aswan 86,361 109,175 127,001

Total 6,764,626 8,616,260 9,947,979
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Water Requirements for Wheat Under Current
and Climate Change

Figure 3.1 presents water requirements per hectare for wheat under surface irrigation,
raised beds, and sprinkler system, as an average for all governorates. Water require-
ments under raised beds and sprinkler system were 20 and 25 % lower than its coun-
terpart under surface irrigation, respectively. This was true under both current climate
and climate change conditions. These results implied that there is substianal water
amount per hectare which can be saved, if we change water management on field level.

The potentially available water to irrigate new lands after changing water
management practice can be reduced under climate change by 50 and 38 % for
raised beds and sprinkler irrigation, compared to its values under current climate,
respectively (Fig. 3.2). Less availability of water under climate change will reduce
the new cultivated area.
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Fig. 3.1 Average water requirements per hectare for wheat under current climate and climate
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Fig. 3.2 Potentially available water to irrigate new lands under current climate and climate change
conditions
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The potential new areas that can be cultivated as a result of reduction of the
applied water for wheat under current climate and under climate change in 2040 are
presented in Fig. 3.3. The data in the figure implies that under climate change, the
potential new cultivated areas will be reduced by 52 and 42 % under raised bed and
sprinkler irrigation, respectively, compared to its values under current climate.

Effect of Relay Intercropping Cotton on Wheat

Wheat is cultivated in November and harvested in April. Cotton is cultivated in
March. Therefore, if we use this intercropping system, cotton will share its first two
irrigations with wheat last two irrigations. Thus, applied water for cotton will be
reduced. Under this system, wheat should be cultivated on raised beds in the
middle, with 75 % of plant density. Cotton should be cultivated on both sides of the
raised bed with 100 % of plant density. As a result, wheat yield will be 15 % less
and cotton yield will be the same (Zohry 2005). Thus, the total cultivated area of
wheat will consist of wheat area, cotton area, and the added area as a result of water
availability from raised bed cultivation. Thus, the cultivated wheat area will
increase from 1,109,570 ha (Table 3.1) under current climate to 1,542,068 ha and
total wheat production will be 11,565,091 ton (Table 3.7).

Under climate change, the cultivated area will be reduced to 1,166,334 ha and
wheat production will be reduced by 32 %. Thus, wheat total production will be
reduced to 6,043,115 ton (Table 3.7). Using advanced technology and breeding
effort could result in 15 % yield reduction under climate change. Thus, the total
wheat production will be 7,466,270 ton. However, if no yield losses occurred under
climate change, the production will be 9,459,700 ton (Table 3.7). Noreldin et al.
(2013) and Ouda et al. (2012) indicated that cultivation of wheat or cotton on raised
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Fig. 3.3 Comparison between potential new cultivated area with wheat under raised beds and
sprinkler irrigation
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bed reduces yield vulnerability to climate change and yield losses, as a result of
improvement in field growing conditions for either crops.

Thus, relay intercropping cotton on wheat will increase wheat production by
56 %, due to increase in its cultivated area (Fig. 3.4). Furthermore, if losses were
32 %, wheat production will be highly reduced under sole wheat cultivation and
under cotton on wheat intercropping, compared to production under current climate.
Even if technological advances and breeding efforts were successful to cause no
yield losses, wheat potential production under climate change will be lowered by
18 % under relay intercropping, but it still higher than sole wheat production
by 28 % under climate change (Fig. 3.5). Furthermore, relay intercropping cotton
on wheat will reduce yield losses climate change, compared to sole wheat pro-
duction under surface irrigation, raised beds, and sprinkler system (Fig. 3.4).
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Water Productivity Under Current Climate
and Under Climate Change

Achieving greater water productivity became the primary challenge for scientists in
agriculture. Crop water productivity is a quantitative term used to define the rela-
tionship between crop produced and the amount of water involved in crop pro-
duction. It is a useful indicator for quantifying the impact of irrigation scheduling
decisions, with regard to water management (FAO 2003). Optimizing agronomic
practices, such as appropriate cropping patterns, high yielding cultivars, irrigation,
and fertilization managements, can increase water productivity (Oweis and Hachum
2003). This should include the employment of techniques and practices that deliver
more accurate supply of water to crops (Tariq et al. 2003). Hence, the efficiency of
water use in agriculture needs to increase in a sustainable manner, i.e., food pro-
duction (quantitatively and qualitatively) per unit of water used has to be raised
(Oweis and Hachum 2003).

Water Productivity for Wheat Under Surface Irrigation

Under current climate and surface irrigation, water productivity was the highest in
El-Monofia governorate, i.e., 1.48 kg/m3 (Table 3.8). This is a result of high pro-
ductivity for wheat in this governorate (Table 3.1). The lowest water productivity
was found in Aswan governorate, i.e., 0.66 kg/m3, as a result of low productivity
and high applied water (Table 3.1). Under climate change, high losses in water
productivity will occur, even if no yield losses occurred in 2040. Loss in the
average water productivity value was observed under climate change, where it was
40 and 24 % reduction under 32 and 15 % potential reduction in wheat productivity.
However, under the assumption that no yield losses will occur, loss in water pro-
ductivity will be 11 % (Table 3.8). Mahmoud (2014) concluded that water pro-
ductivity for wheat was reduced under climate change in El-Kalubia governorates
from 1.01 kg/m3 under current climate to 0.59 kg/m3. Khalil et al. (2009) indicated
that water productivities for wheat in Giza governorate were 1.34 and 0.74 kg/m3

under current climate and climate change, respectively.

Water Productivity for Wheat Grown on Raised Beds

Similar trend for water productivity will be observed if wheat was planted on raised
beds (Table 3.9). However, the values of current water productivity were higher
under raised bed compared to its counterpart under surface irrigation. Karrou et al.
(2012) concluded that water productivity for wheat planted in El-Monofia gover-
norate on raised beds was 1.88 kg/m3.
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Under climate change in 2040, the average water productivity value will be
reduced, i.e., 37 and 20 % reduction under 32 and 15 % potential reduction in wheat
yield. However, under the assumption that no yield losses will occur under climate
change, loss in water productivity will be 8 % (Table 3.9). Noreldin et al. (2013)
indicated that water productivity for wheat grown on raised beds was reduced in
Demiatte governorate from 1.68 to 1.09 kg/m3.

Water Productivity for Wheat Irrigated
with Sprinkler System

Irrigating wheat with sprinkler system increases water productivity under current
climate and reduces the loss in water productivity under climate change
(Table 3.10). Loss in the average water productivity value was lower under climate

Table 3.8 Current and potential wheat water productivity (WP) under surface irrigation in the
studied governorates in 2040

Governorates Current
WP
(kg/m3)

Potential WP in
2040 (32 % losses)
(kg/m3)

Potential WP in
2040 (15 % losses)
(kg/m3)

Potential WP in
2040 (no losses)
(kg/m3)

Nile Delta

Alexandria 1.35 0.89 1.12 1.31

Demiatte 1.26 0.84 1.05 1.24

Kafr
El-Sheik

1.27 0.85 1.06 1.25

El-Dakahlia 1.30 0.86 1.08 1.27

El-Behira 1.34 0.89 1.12 1.31

El-Gharbia 1.37 0.79 0.99 1.16

El-Monofia 1.48 0.84 1.05 1.24

El-Sharkia 1.07 0.62 0.77 0.91

El-Kalubia 1.12 0.64 0.80 0.94

Middle Egypt

Giza 1.30 0.74 0.93 1.09

Fayoum 1.32 0.78 0.97 1.15

Beni Swief 1.28 0.74 0.92 1.09

El-Minia 1.40 0.80 1.00 1.18

Upper Egypt

Assuit 1.11 0.65 0.82 0.96

Suhag 1.23 0.71 0.89 1.04

Qena 1.03 0.59 0.73 0.86

Aswan 0.66 0.38 0.47 0.55

Average 1.23 0.74 0.93 1.09
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change when wheat was irrigated with sprinkler system (Table 3.10). Percentages
of reduction in average water productivity were 34, 18, and 6 % under 32, 15 %,
and no losses in wheat yield, respectively. Ouda et al. (2010) indicated that water
productivity for wheat planted in El-Behira governorate was reduced under climate
change by 29 %. Ibrahim et al. (2012) reported that water productivity for wheat
was 1.92 kg/m3 under current climate and 1.22 kg/m3 under climate change in
El-Behira governorate.

Figure 3.5 illustrates that the average water productivity values under surface
irrigation will drastically reduced under climate change, compared to its value
under current climate. On the contrary, water productivity for wheat under either
raised beds cultivation or sprinkler system and 15 % or no yield losses will be
higher than its counterpart under surface irrigation in the current climate.

Table 3.9 Current and potential wheat water productivity (WP) under raised beds in the studied
governorates in 2040

Governorates Current
WP
(kg/m3)

Potential WP in
2040 (32 % losses)
(kg/m3)

Potential WP in
2040 (15 % losses)
(kg/m3)

Potential WP in
2040 (no losses)
(kg/m3)

Nile Delta

Alexandria 1.86 1.46 1.86 2.15

Demiatte 1.74 1.16 1.47 1.71

Kafr
El-Sheik

1.75 1.17 1.48 1.72

El-Dakahlia 1.78 1.19 1.51 1.76

El-Behira 1.84 1.23 1.57 1.81

El-Gharbia 1.89 1.12 1.43 1.65

El-Monofia 2.03 1.20 1.53 1.77

El-Sharkia 1.48 0.88 1.12 1.29

El-Kalubia 1.54 0.91 1.16 1.34

Middle Egypt

Giza 1.79 1.06 1.35 1.55

Fayoum 1.81 1.10 1.40 1.62

Beni Swief 1.76 1.05 1.34 1.54

El-Minia 1.93 1.14 1.45 1.67

Upper Egypt

Assuit 1.53 0.92 1.18 1.36

Suhag 1.69 1.01 1.28 1.48

Qena 1.41 0.83 1.06 1.23

Aswan 0.90 0.53 0.68 0.79

Average 1.69 1.06 1.35 1.55
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Conclusion

Climate change will increase water requirements for wheat in Egypt, which con-
sequently will reduce its cultivated area and production. Since wheat is an important
cereal crop in Egypt, where its consumption is increasingly rise from one year to
another due to the population increase, such shortage is compensated through the
importation, adding a heavy burden on the country’s national budget. The appro-
priate way to overcome such existing gap is to increase the production through
increasing the irrigated area. However, with the current prevailing irrigation system,
i.e., surface irrigation, it will be impossible to achieve such approach. Thus,
reduction of the applied water for wheat through cultivation on raised beds or
replacing surface irrigation with sprinkler system could lead to save on the applied
water, increase new cultivated area with wheat, increase national production, and
increase crop water productivity. Under climate change, surface irrigation will
cause a lot of losses in wheat production, where productivity will be low, water

Table 3.10 Current and potential wheat water productivity (WP) under sprinkler system in the
studied governorates in 2040

Governorates Current
WP
(kg/m3)

Potential WP in
2040 (32 % losses)
(kg/m3)

Potential WP in
2040 (15 % losses)
(kg/m3)

Potential WP in
2040 (no losses)
(kg/m3)

Nile Delta

Alexandria 1.9 1.31 1.69 1.93

Demiatte 1.84 1.25 1.59 1.83

Kafr
El-Sheik

1.86 1.25 1.61 1.84

El-Dakahlia 1.90 1.27 1.64 1.88

El-Behira 1.96 1.31 1.69 1.94

El-Gharbia 2.01 1.21 1.52 1.78

El-Monofia 2.16 1.29 1.64 1.89

El-Sharkia 1.57 0.96 1.19 1.39

El-Kalubia 1.63 0.98 1.24 1.43

Middle Egypt

Giza 1.90 1.13 1.43 1.66

Fayoum 1.93 1.18 1.50 1.73

Beni Swief 1.87 1.13 1.43 1.65

El-Minia 2.05 1.22 1.54 1.79

Upper Egypt

Assuit 1.63 0.99 1.26 1.46

Suhag 1.80 1.08 1.37 1.59

Qena 1.50 0.89 1.13 1.32

Aswan 0.96 0.57 0.72 0.84

Average 1.80 1.18 1.48 1.70
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requirements will be high, and water productivity will be low. The production–
consumption gap will increase and food insecurity will increase.

Cultivation on raised beds does not include any extra cost, in fact, it reduces
variable costs, as it requires less fertilizers and less fuel to operate irrigation pump,
whereas implementation of sprinkler system for wheat irrigation includes extra cost
for farmers and they might not be able to pay it. Therefore, the government of
Egypt should bear this cost on behalf of the farmers to face water scarcity and
reduce food gap.
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Chapter 4
Combating Adverse Consequences
of Climate Change on Maize Crop

Tahany Noreldin, Samiha Ouda and Ahmed Taha

Abstract In this chapter we investigated the effect of cultivating maize on raised
beds and irrigation with drip system on increasing national maize production
through increasing productivity, reducing the applied irrigation water and use it to
irrigate more land with maize. Under climate change, maize vulnerability can be
reduced by the above practices. We also calculated the contribution of each option
in reducing maize production-consumption gap under current climate and under
climate change in 2040. The effect of these practices on water and land productivity
under preset time and under climate change in 2040 was also examined. The results
revealed that production-consumption gap in maize are about 45 %. The results also
indicate that cultivating maize on raised beds or using drip system for irrigation
reduced production-consumption gap under current climate and in 2040, where the
percentage of imported maize will reduce to 23 and 12 % under both systems,
respectively, under current climate and will reduce yield losses under climate
change. The results also indicate that water productivity was the lowest under
surface irrigation and was the highest when drip system was used under both
current and climate change.

Keywords Surface irrigation � Raised beds cultivation � Drip system � Maize
production-consumption gap � Water productivity

Most recent assessments of the effect of climate change on arid and semi-arid
regions concluded that these areas are highly vulnerable to climate change. The
projected climatic changes will be among the most important challenges for agri-
culture in the twenty-first century, especially for developing countries and arid
regions (IPCC 2007). The risks associated with agriculture and climate change arise
out strong complicated relationships between agriculture and the climate system,
plus the high reliance of agriculture on finite natural resources (Abou-Zeid 2002).
The inter annual, monthly and daily distribution of weather variables, such as
temperature, radiation, precipitation, water vapor pressure and wind speed affects a
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number of physical, chemical and biological processes that drive the productivity of
agricultural (IPCC 2007).

Maize is planted in Egypt as a summer crop. It is important to the national
economy, both as a source of human food and feed. Maize production in Egypt has
significantly increased over the past three decades. The cultivated area of maize in
2012 was 679,508 hectare with average productivity equal 6.87 ton/ha. There is a
gap between production and consumption of maize in Egypt estimated by around
45 %. The abiotic stress that climate change will cause, i.e. water and heat stress can
disturb physical and chemical processes in maize. Drought and temperature
extremes can cause extensive economic loss to agriculture (Peng et al. 2004). The
total yield loss depends on when the stress occurs (growth stage), as well as the
duration and the severity of the stress. Early season drought reduces plant growth
and inhibits plant development (Heiniger 2001). Drought occurring between
2 weeks before and 2 weeks after silking stage can cause significant reductions in
kernel set and kernel weight (Schussler and Westgate 1991), resulting in an average
of 20–50 % yield loss (Nielson 2007). High temperature stress at critical develop-
mental stages of maize plants also causes significant yield loss (Lobell et al. 2011).
Maize plants become susceptible to high temperatures after reaching eight-leaf stage
to seventeen-leaf stages (Chen et al. 2010), which has significant impact on plant
growth, architecture, ear size and kernel numbers (Farré and Faci 2006).

Previous research on the effect of climate change on maize revealed that
reduction in maize yield planted in clay soil under surface irrigation by 55 % is
expect to occur under climate change in Giza governorate, with deterioration in
water productivity (Ouda et al. 2009). In the same governorate, maize yield grown
in silty clay soil under drip irrigation, where its yield was reduced by 27 % as an
average of 4 hybrids (Ouda et al. 2012a, b).

The productivity of maize planted in El-Behira governorate in clay soil under drip
irrigation is expected to be reduced by 25 % (Ouda et al. 2012a, b). In the same
governorate and in sandy soil under drip irrigation, maize yield was reduced 41 % for
farmer’s irrigation and by 36 % when irrigation was applied using 1.0 ETc and
fertigation application in 80 % of irrigation time (Ouda et al. 2014). Thus, the yield of
maize will be highly reduced under future climate change. Maize yield losses under
climate change average over all these experiments were 42 % (Ouda et al. 2013). The
level of yield reduction depend on geographic location, soil type and irrigation system.

Understanding the potential impacts of climate change is very important in
developing adaptation strategies and actions to reduce future climate change risks
on maize to reduce production-consumption gap. One of these adaptation strategies
is cultivation on raised beds, which could reduce applied water by 20 % and
productivity in tons per fully irrigated hectare can increase by 15 % (Abouelenein
et al. 2009). Hobbs et al. (2000) demonstrated that raised beds planting contributed
significantly to improved water distribution and efficiency, increased fertilizer use
efficiency and reduced weed infestation, lodging and seed rate without sacrificing
yield. The other option that can be used to reduce applied water to maize is
irrigation with drip system, where application efficiency increases from 60 to 90 %
and maize productivity will increase by 18 % (Taha 2012).
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In this chapter we investigated the effect of cultivation of maize on raised beds
and irrigation with drip system on increasing national maize production through
increasing productivity, reducing the applied irrigation water and use it to irrigate
more land with maize. Under climate change, maize vulnerability can be reduced by
the above practices. We also calculated contribution of each option in reducing
maize production-consumption gap under current climate and under climate change
in 2040. The effect of these practices on water and land productivity under preset
time and under climate change in 2040 was also examined.

Current Situation of Maize Production

Table 4.1 presents maize cultivated area, productivity and total production in 2013
growing season. These data were obtained from Ministry of Agriculture and Land
Reclamation, Economic Affairs Sector. BISmmodel (Snyder et al. 2004) was used to
calculate water requirements per hectare. The table revealed that 4,618,943,455 m3

was used to irrigate 679,508 hectare and produced 5,478,125 ton maize. Since
production-consumption gap in maize is about 45 %, there is a need to increase
production through increase productivity per hectare and increase cultivated area.

Potential Maize Productivity Under Improved Management
Practices

Cultivation on Raised Beds

Table 4.2 indicated that cultivating maize on raised beds could increase total pro-
duction to 6,299,844 ton. As a result of cultivation on raised beds, an amount of
irrigation water estimated by 923,788,691 m3 can be obtained and use to cultivated
new area equal to 181,202 hectare under drip irrigation. The productivity of the new
cultivated area is usually 15 % less than its counterpart of the old land. Thus, the
total production from old and new land will be 7,541,552 ton, with 41 % increase
than its counterpart under surface irrigation.

Irrigation with Drip System

Irrigating maize with drip system could increase total maize production to
6,464,187 ton (Table 4.3). Furthermore, as a result of reduction in the applied water
for maize under drip system, a larger irrigation water amount could be obtained, i.e.
1,539,647,818 m3 and can be used to cultivated new area under drip irrigation, i.e.

4 Combating Adverse Consequences of Climate Change on Maize Crop 55



339,754 hectare. Thus, the total production from old and new land will be
8,792,391 ton, which represented 61 % increase than its counterpart under surface
irrigation.

Contribution in Reduction of Production-Consumption Gap

National maize consumption is estimated by approximately 10,000,000 ton in 2013.
Using surface irrigation for maize allows production of 5,478,125 ton, i.e. 55 %
only. Thus, there is a need to import 4,521,875 ton, which put heavy burden on
Egyptian’s government to fill that gap. Cultivation on raised beds or using drip
system for irrigation can reduce this gap. Figure 4.1 showed that importation of
maize could be reduced from 4,521,875 to only 1,207,609 ton if drip irrigation

Table 4.1 Maize cultivated area, productivity, total production, water requirements per hectare
and total water requirements in the studied governorates

Governorates Cultivated
area (ha)a

Productivity
(ton/ha)a

Total
production
(ton)a

Water
requirements
(m3/ha)b

Total water
requirements
(m3)

Nile Delta

Alexandria 13,243 7.7 102,249 6,431 85,161,991

Demiatte 735 8.8 6,472 6,125 4,504,427

Kafr
El-Sheik

23,008 9.0 206,412 6,500 149,554,167

El-Dakahlia 22,725 9.5 215,647 5,861 133,191,308

El-Behira 63,480 9.0 569,336 6,069 385,285,804

El-Gharbia 18,753 8.9 167,111 5,917 110,954,757

El-Monofia 81,058 9.8 792,751 6,111 495,356,482

El-Sharkia 100,376 8.1 812,081 6,361 638,501,829

El-Kalubia 24,799 7.8 193,668 6,681 165,669,427

Middle Egypt

Giza 20,582 8.6 177,924 7,264 149,502,940

Fayoum 25,898 6.4 165,705 7,333 189,918,056

Beni Swief 56,025 6.9 386,301 7,653 428,743,686

El-Minia 104,357 7.7 798,454 7,514 784,124,398

Upper Egypt

Assuit 51,005 7.2 365,033 7,125 363,410,625

Suhag 53,386 8.0 427,047 7,069 377,411,129

Qena 16,038 4.3 68,208 7,542 120,955,764

Aswan 4,040 5.9 23,726 9,083 36,696,667

Total 679,508 5,478,125 6,861 4,618,943,455
aSource Central Administration for Agricultural Economics, 2013
bCalculated with BISm model
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implemented. Thus, percentage of imported maize will be reduce from 45 % under
surface irrigation to 23 and 12 % when cultivation on raised beds or using drip
system for irrigation implemented, respectively.

Expected Maize Production Under Climate Change

The ECHAM5 climate model (Roeckner et al. 2003) was used to develop A1B
climate change scenario in 2040 for each 17 governorates in the Nile Delta and
Valley. The model is an Atmospheric Oceanic General Circulation model with 1.9
× 1.9 ° resolution. Water requirements under climate change were calculated using
BISm model (Snyder et al. 2004).

Table 4.2 Potential maize production under raised beds, available water for cultivating new land
and total production in the studied governorates

Governorates Total
production
(old land)
(ton)

Total water
requirements
(old land)
(m3)

Available
water for
new land
(m3)

New
area for
maize
(ha)

Total
production
(old + new
areas) (ton)

Nile Delta

Alexandria 117,586 68,129,593 17,032,398 3,532 140,763

Demiatte 7,443 3,603,542 900,885 196 8,910

Kafr
El-Sheik

237,374 119,643,333 29,910,833 6,136 284,161

El-Dakahlia 247,994 106,553,046 26,638,262 6,060 296,874

El-Behira 654,736 308,228,644 77,057,161 16,928 783,785

El-Gharbia 192,178 88,763,806 22,190,951 5,001 230,056

El-Monofia 911,663 396,285,185 99,071,296 21,616 1,091,353

El-Sharkia 933,893 510,801,463 127,700,366 26,767 1,117,964

El-Kalubia 222,719 132,535,542 33,133,885 6,613 266,617

Middle Egypt

Giza 204,613 119,602,352 29,900,588 5,488 244,943

Fayoum 190,561 151,934,444 37,983,611 6,906 228,121

Beni Swief 444,246 342,994,949 85,748,737 14,940 531,807

El-Minia 918,222 627,299,519 156,824,880 27,828 1,099,205

Upper Egypt

Assuit 419,787 290,728,500 72,682,125 13,601 502,528

Suhag 491,104 301,928,903 75,482,226 14,236 587,902

Qena 78,439 96,764,611 24,191,153 4,277 93,899

Aswan 27,285 29,357,333 7,339,333 1,077 32,663

Total 6,299,844 3,695,154,764 923,788,691 181,202 7,541,552
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Table 4.3 Potential maize production under drip irrigation, available water for cultivating new
land and total production in the studied governorates

Governorates Total
production
(old land)
(ton)

Total water
requirements
(old land)
(m3)

Available
water for new
land (m3)

New
area for
maize
(ha)

Total
production
(old + new
areas) (ton)

Nile Delta

Alexandria 120,654 56,774,660 28,387,330 6,622 164,110

Demiatte 7,637 3,002,951 1,501,476 368 10,388

Kafr
El-Sheik

243,567 99,702,778 49,851,389 11,504 331,292

El-Dakahlia 254,464 88,794,205 44,397,103 11,362 346,114

El-Behira 671,816 256,857,203 128,428,601 31,740 913,784

El-Gharbia 197,191 73,969,838 36,984,919 9,376 268,213

El-Monofia 935,446 330,237,654 165,118,827 40,529 1,272,365

El-Sharkia 958,255 425,667,886 212,833,943 50,188 1,303,389

El-Kalubia 228,529 110,446,285 55,223,142 12,399 310,838

Middle Egypt

Giza 209,951 99,668,627 49,834,313 10,291 285,569

Fayoum 195,532 126,612,037 63,306,019 12,949 265,957

Beni Swief 455,835 285,829,124 142,914,562 28,012 620,013

El-Minia 942,175 522,749,599 261,374,799 52,178 1,281,518

Upper Egypt

Assuit 430,738 242,273,750 121,136,875 25,503 585,877

Suhag 503,916 251,607,419 125,803,709 26,693 685,411

Qena 80,485 80,637,176 40,318,588 8,019 109,474

Aswan 27,997 24,464,444 12,232,222 2,020 38,080

Total 6,464,187 3,079,295,637 1,539,647,818 339,754 8,792,391
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Fig. 4.1 Current and potential maize production and importation under improved management
practices
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Maize Grown Under Surface Irrigation

Ouda et al. (2015) indicated that water requirements for maize will be increase
under climate change, which will result in reduction in the cultivated area and total
production. Furthermore, under climate change pervious research indicated that
maize yield is expected to reduce by 42 % (Ouda et al. 2013). One of the proposed
adaptations to climate change is breading for varieties with high tolerance to water
and salinity stresses and with high water use efficiency. Thus, we assumed that
technological advances and breeding effort could reduce yield losses percentage to
only 15 %. A more pessimistic assumption is that these efforts will be successful to
cause no yield losses. Thus, we calculated the maize production under reduction in
the cultivated area and reduction in productivity (42 and 15 %). Moreover, we
calculated maize production under reduction in the cultivated area only, as for the
third assumption, i.e. no yield losses will occur.

Under climate change in 2040, high yield losses are expected to happen under
the three assumptions. The potential maize production will be 2,763,357; 4,049,748
and 4,764,409 ton, if maize yield was reduced by 42 and 15 % or no yield losses
occur (Table 4.4). These results are very disturbing and indicate that growing maize
under surface irrigation in 2040 will cause high losses in maize national production
that will increase production-consumption gap, which is already high.

Maize Production-Consumption Gap in 2040

If we assumed that maize consumption in 2040 will increase by 10 % as a result of
population growth, the total consumption will be 11,000,000 ton. Thus, the con-
tribution of each of the above assumption in production-consumption gap was
calculated and presented in Fig. 4.2. The figure illustrated that the gap between
maize production and consumption will increase to 75, 63 and 57 % under the
assumption that 42 and 15 % or no yield will occur in 2040.

Growing Maize on Raised Beds Under Climate Change

Changing cultivation method from basin cultivation to raised beds increased maize
productivity by 15 % and increase production (Table 4.5). Furthermore, it allows
reduction of the applied water for maize, and consequently using that water amount
to irrigate new lands under drip irrigation. Maize water requirements for new land
will increase under climate change and the new cultivated area will decrease. Thus,
the potential maize production will be 3,913,367; 5,847,191 and 6,747,184 ton
under the assumption that 42 and 15 % or no yield losses, respectively (Table 4.5).
Karrou et al. (2012) indicated that cultivating maize on raised bed improving
growth environment for maize and increase its tolerance to prevailed stress.
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Table 4.4 Expected maize production under surface irrigation in the studied governorates in 2040

Governorates Cultivated
area (ha)

Production
(42 % reduction)
(ton)

Production
(15 % reduction)
(ton)

Production (no
yield reduction)
(ton)

Nile Delta

Alexandria 11,902 53,298 78,109 91,893

Demiatte 666 3,398 4,980 5,859

Kafr
El-Sheik

20,747 107,955 158,210 186,129

El-Dakahlia 20,044 110,324 161,681 190,213

El-Behira 55,147 286,869 420,412 494,602

El-Gharbia 16,458 85,063 124,662 146,661

El-Monofia 70,327 398,924 584,630 687,800

El-Sharkia 88,248 414,096 606,864 713,958

El-Kalubia 21,501 97,391 142,728 167,916

Middle Egypt

Giza 17,697 88,730 130,036 152,983

Fayoum 22,362 82,986 121,618 143,079

Beni Swief 48,342 193,332 283,331 333,331

El-Minia 89,907 398,981 584,714 687,899

Upper Egypt

Assuit 43,936 182,376 267,275 314,441

Suhag 46,132 214,033 313,669 369,022

Qena 13,791 34,018 49,854 58,652

Aswan 3,400 11,583 16,975 19,970

Total 590,609 2,763,357 4,049,748 4,764,409

27,63,357
40,49,748 47,64,409

82,36,643
69,50,252 62,35,591
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Fig. 4.2 Current and potential maize production and importation in 2040 grown under surface
irrigation
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Contribution of Raised Beds Cultivation in Reduction
of Production-Consumption Gap

Cultivation of maize on raised beds can reduce amount of importation by 64, 47 and
39 % under 42 and 15 % or no yield losses, respectively compared to surface
irrigation cultivation (Fig. 4.3).

Maize Irrigated with Drip System

Taha (2012) indicated that growing maize under drip system reduces its vulnera-
bility to climate change and reduced yield losses. Results in Table 4.6 revealed that
maize national production was increased to 5,007,519; 6,467,611 and 8,542,941
ton, under 42, 15 % or no yield losses compared to its counterpart under surface
irrigation.

Table 4.5 Potential maize production under raised beds cultivation in 2040 in the studied
governorates

Governorates Production (42 %
reduction) (ton)

Production (15 %
reduction) (ton)

Production (no yield
reduction) (ton)

Nile Delta

Alexandria 83,251 124,288 143,536

Demiatte 4,764 7,108 8,215

Kafr
El-Sheik

151,481 226,012 261,173

El-Dakahlia 155,469 232,163 268,049

El-Behira 405,471 605,860 699,087

El-Gharbia 119,990 179,218 206,880

El-Monofia 563,997 842,777 972,409

El-Sharkia 583,920 872,088 1,006,759

El-Kalubia 137,710 205,784 237,430

Middle Egypt

Giza 125,672 187,859 216,676

Fayoum 117,437 175,519 202,478

Beni Swief 273,629 408,972 471,775

El-Minia 564,867 844,314 973,909

Upper Egypt

Assuit 258,211 385,953 445,191

Suhag 302,841 452,606 522,140

Qena 48,180 72,021 83,070

Aswan 16,476 24,650 28,406

Total 3,913,367 5,847,191 6,747,184
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Fig. 4.3 Current and potential maize production and importation under raised beds 2040

Table 4.6 Potential maize production under drip system in the studied governorates in 2040

Governorates Production (42 %
reduction) (ton)

Production (15 %
reduction) (ton)

Production (no yield
reduction) (ton)

Nile Delta

Alexandria 121,589 129,638 168,545

Demiatte 7,039 6,514 9,873

Kafr
El-Sheik

229,139 216,560 320,486

El-Dakahlia 182,658 195,526 304,257

El-Behira 502,317 572,126 831,785

El-Gharbia 148,393 170,254 245,498

El-Monofia 683,063 812,760 1,134,945

El-Sharkia 688,526 771,981 1,146,727

El-Kalubia 164,202 205,982 273,475

Middle Egypt

Giza 161,461 212,021 266,306

Fayoum 166,953 270,991 271,558

Beni Swief 382,551 595,581 623,617

El-Minia 791,875 1,187,860 1,290,632

Upper Egypt

Assuit 305,497 448,336 509,781

Suhag 395,427 508,169 650,385

Qena 57,446 137,104 95,770

Aswan 19,384 26,208 32,464

Total 5,007,519 6,467,611 8,176,102
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Contribution of Irrigation with Drip System in Reducing
Maize Production-Consumption Gap

Using drip system to irrigate maize in 2040 could reduce production-consumption
gap, compared to its counterpart under surface irrigation. This will reduce impor-
tation to 5,992,481 ton, which represent 54 % under the assumption that 42 % yield
losses will occur under climate change. Under the assumption that 15 % losses in
productivity will occur, the importation will be 4,532,389 ton or 41 % of the total
consumption. If no yield losses occur under climate change, the importation will
represent 26 % of the total consumption (Fig. 4.4).

Maize Water Productivity

Water Productivity for Maize Under Surface Irrigation

Table 4.7 indicated that under current climate, water productivity was the highest in
El-Dakahlia governorate and the lowest was found in Qena, i.e. 1.62 and 0.56 kg/m3,
respectively. The national value of water productivity was reduced from 1.18 to 0.60
and 0.68 kg/m3 under climate change and 32 and 15 % potential reduction in maize
yield, respectively. However, under the assumption that no yield losses will occur,
water productivity was 0.80 kg/m3 (Table 4.7). Mahmoud (2014) concluded that
water productivity for maize in El-Kalubia governorate was 1.20 kg/m3 and was
reduced to 0.62 kg/m3 under climate change. Ouda et al. (2009) indicated that water
productivity was 0.88 kg/m3 in El-Giza governorate for maize grown under surface
irrigation. Under climate change, water productivity was reduced to 0.46 kg/m3.
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20,00,000
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Fig. 4.4 Current and potential maize production and importation in 2040 grown under drip system
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Water Productivity for Maize Grown on Raised Beds

Similar trend for water productivity was observed if maize was planted on raised
beds (Table 4.8). However, the values of current water productivity was higher
under raised beds compared its counterpart under surface irrigation. Under climate
change in 2040, the national water productivity value will be reduce from
1.62 kg/m3 under current climate to 0.85 and 1.27 kg/m3 under 42 and 15 %
potential reduction in maize yield, respectively. However, under the assumption
that no yield losses will occur, water productivity was 1.46 kg/m3 (Table 4.8).
Karrou et al. (2012) indicated that water productivity for maize planted in
El-Monofia governorate on raised beds was 1.99 kg/m3.

Table 4.7 Current and potential maize water productivity (WP) under surface irrigation in the
studied governorates in 2040

Governorates Current
WP
(kg/m3)

Potential WP in
2040 (42 % losses)
(kg/m3)

Potential WP in
2040 (15 % losses)
(kg/m3)

Potential WP in
2040 (no losses)
(kg/m3)

Nile Delta

Alexandria 1.20 0.63 0.92 1.08

Demiatte 1.44 0.75 1.11 1.30

Kafr
El-Sheik

1.38 0.72 1.06 1.24

El-Dakahlia 1.62 0.83 1.21 1.43

El-Behira 1.48 0.74 1.09 1.28

El-Gharbia 1.51 0.77 1.12 1.32

El-Monofia 1.60 0.81 1.18 1.39

El-Sharkia 1.27 0.65 0.95 1.12

El-Kalubia 1.17 0.59 0.86 1.01

Middle Egypt

Giza 1.19 0.59 0.87 1.02

Fayoum 0.87 0.44 0.64 0.75

Beni Swief 0.90 0.45 0.66 0.78

El-Minia 1.02 0.51 0.75 0.88

Upper Egypt

Assuit 1.00 0.50 0.74 0.87

Suhag 1.13 0.57 0.83 0.98

Qena 0.56 0.28 0.41 0.48

Aswan 0.65 0.32 0.46 0.54

Average 1.18 0.60 0.68 0.80
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Water Productivity for Maize Irrigated with Drip System

Irrigating maize with drip system increased water productivity under current climate
and reduce the loss in water productivity under climate change (Table 4.9). Loss in
the national water productivity value was lower under climate change when maize
was irrigated with drip system (Table 4.9). Water productivity was 1.10, 1.36 and
1.75 kg/m3 under 42, 15 % and no losses in maize yield under climate change,
respectively. Ouda et al. (2014) indicated that water productivity for maize planted
in El-Behira governorate irrigated with drip system was 1.36 kg/m3 under current
climate and was reduced to 1.10 under climate change. Similarly, water produc-
tivity at El-Giza governorate was 1.44 kg/m3 under current climate and reduced to
1.00 kg/m3 under climate change (Ouda et al. 2009).

Table 4.8 Current and potential maize water productivity (WP) under raised beds in the studied
governorates in 2040

Governorates Current
WP
(kg/m3)

Potential WP in
2040 (42 % losses)
(kg/m3)

Potential WP in
2040 (15 % losses)
(kg/m3)

Potential WP in
2040 (no losses)
(kg/m3)

Nile Delta

Alexandria 1.65 0.98 1.46 1.69

Demiatte 1.98 1.06 1.58 1.82

Kafr
El-Sheik

1.90 1.01 1.51 1.75

El-Dakahlia 2.23 1.17 1.74 2.01

El-Behira 2.03 1.05 1.57 1.81

El-Gharbia 2.07 1.08 1.62 1.86

El-Monofia 2.20 1.14 1.70 1.96

El-Sharkia 1.75 0.91 1.37 1.58

El-Kalubia 1.61 0.83 1.24 1.43

Middle Egypt

Giza 1.64 0.84 1.26 1.45

Fayoum 1.20 0.62 0.92 1.07

Beni Swief 1.24 0.64 0.95 1.10

El-Minia 1.40 0.72 1.08 1.24

Upper Egypt

Assuit 1.38 0.71 1.06 1.23

Suhag 1.56 0.80 1.20 1.38

Qena 0.78 0.40 0.60 0.69

Aswan 0.89 0.45 0.67 0.77

Average 1.62 0.85 1.27 1.46
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Conclusion

The gap exists between production and consumption of maize can be reduced by
improving water management on field level. Our results showed that using surface
irrigation involved wasteful use of valuable water resources in Egypt. Thus,
changing cultivation method to raised beds and irrigation with drip system can
reduce importation by 23 and 12 %, respectively. This situation could occur as a
result of increasing productivity per hectare and cultivation of new area with maize.
Furthermore, water productivity will increase under these two options compared to
its counterpart under surface irrigation.

If we continue to use surface irrigation to cultivate maize under climate change,
water requirements will increase, which will reduce maize cultivated area and
productivity losses will occur as a result of a biotic stress of climate change. Thus,
maize national production will decrease and importation will increase. However, if
we implement the above options, we can lower importation to 39 and 22 % under

Table 4.9 Current and potential maize water productivity (WP) under drip system in the studied
governorates in 2040

Governorates Current
WP
(kg/m3)

Potential WP in
2040 (42 % losses)
(kg/m3)

Potential WP in
2040 (15 % losses)
(kg/m3)

Potential WP in
2040 (no losses)
(kg/m3)

Nile Delta

Alexandria 1.93 1.43 1.52 1.90

Demiatte 2.31 1.56 1.45 2.19

Kafr
El-Sheik

2.22 1.53 1.45 2.14

El-Dakahlia 2.60 1.37 1.47 2.28

El-Behira 2.37 1.30 1.48 2.16

El-Gharbia 2.42 1.34 1.53 2.21

El-Monofia 2.57 1.38 1.64 2.29

El-Sharkia 2.04 1.08 1.21 1.80

El-Kalubia 1.88 0.99 1.24 1.65

Middle Egypt

Giza 1.91 1.08 1.42 1.78

Fayoum 1.40 0.88 1.43 1.43

Beni Swief 1.45 0.89 1.39 1.45

El-Minia 1.63 1.01 1.51 1.65

Upper Egypt

Assuit 1.61 0.84 1.23 1.40

Suhag 1.82 1.05 1.35 1.72

Qena 0.91 0.47 1.13 0.79

Aswan 1.04 0.53 0.71 0.88

Average 1.89 1.10 1.36 1.75
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changing cultivation method to raised beds and irrigation with drip system.
Furthermore, water productivity will improve compared to its counterpart under
surface irrigation.
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Chapter 5
High Water-Consuming Crops Under
Control: Case of Rice Crop

Mahmoud A. Mahmoud, Samiha Ouda and Sayed abd El-Hafez

Abstract In this chapter, we calculated the applied water amount for rice in 2013
growing season and investigated the effect of improved cultivation method on rice
national production. Moreover, we graphed maximum temperature in 2040 with
cutoff temperature to investigate suitability of growing rice in its current growing
areas. Under climate change, with the assumption that potential rice production will
be reduce by 11 %, its production was assessed in 2020, 2030 and 2040 under
traditional and improved cultivation method. The effect of the reduction in the
cultivated rice area under climate change was quantified, as well as using potential
saved water to cultivate additional area with maize. The results indicated that
changing cultivation method from traditional method to cultivation on wide furrows
saved a large amount of irrigation water. The saved irrigation amounts were
invested to cultivate 309,911 hectare of maize on raised beds, or 371,893 hectare
under drip system, which will increase maize production. The results also showed
that in 2020, 2030 and 2040 water requirements for rice under traditional planting
will increase and consequently its cultivated area will be reduced. The results also
showed that during the growing season of rice in both Alexandria and Demiatte,
maximum temperature raised above cutoff temperature for a few days during the
growing season. Thus, it is implied that Alexandria and Demiatte will be suitable to
grow rice in 2040, with probably low yield losses. However, the effect of maximum
temperature above cutoff temperature will be more pronounced in the rest of the
studied governorates, which might restrict its cultivation in the future. In 2020,
2030 and 2040, water requirements for rice under wide furrows will increase,
compared to its values under current climate. Thus, the amount of saved irrigation
water, rice productivity and total production will decrease, compared to its coun-
terpart under wide furrows and current climate. Furthermore, the saved water
assigned to be use in maize production will be reduced. Water productivity values
for rice grown on wide furrows were higher than its value under traditional method
in all governorates, either under current climate or climate change.
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Rice is considered the second important food crop after wheat, and it is a main food
crop for more than half of the world population. Rice production plays a significant
part in the strategy to overcome food shortage and improve self-sufficiency. It was
grown on 573,784 ha in 2013. The average productivity of rice was 7.96 ton/ha.
The production of rice in Egypt is higher than its consumption. Thus, it is exported
to other countries. Rice is cultivated in eight northern governorates only in the Nile
Delta to protect its lands from seawater intrusion. The conventional system for
irrigating rice is to flood and maintain free water in the field. Initial flooding
provides favorable conditions for land preparation and rapid crop establishment
through transplanting and efficient weed management. Continual flooding provides
a favorable water and nutrient supply under the anaerobic conditions. However, the
conventional system uses a large amount of water because of high water loss
through evaporation, seepage, and percolation. A challenge for sustainable rice
production is to decrease its applied water and maintain or increase yield through
improved water productivity (IRRI 2007).

Previous research on the effect of climate change on rice indicated that yields of
rice have been estimated to be reduced by 41 % by the end of the twenty-first
century (Ceccarelli et al. 2010). Potential rice yields in China will decrease without
CO2 fertilization effect. With CO2 effect, the potential yields of rice will increase
(Yin et al. 2015). In India, Mishra et al. (2013) concluded that rice yield will
decrease by 43 and 25 %, as predicted by two climate change models, i.e., REMO
and HadRM3 during 2011–2040. In Korea, significant yield decreases (−22 and
−35 %) are expected to occur in 2050 and 2100, respectively, as a result of climate
change (Kim et al. 2013). Climate change will aggravate heat, salinity, drought, and
submergence stresses for rice plants (Wassmann et al. 2009). In Egypt, Eid (2001)
indicated that the Egyptian national rice production is expected to decrease by
11 %, as a result of climate change effects in 2050.

Heat stress has a negative effect on rice growth and yield. Rice is relatively more
tolerant to high temperatures during the vegetative phase but highly susceptible
during the reproductive phase, particularly at the flowering stage (Jagadish et al.
2010). Temperatures higher than the optimum induced floret sterility and thus
decreased rice yield (Nakagawa et al. 2003). High-temperature stress during rice
flowering led to decreased pollen production and pollen shed (Prasad et al. 2006).
Matsui et al. (2001) indicated that 50 % of spikelet sterility was recorded by 3 °C
difference in critical temperature between the tolerant genotypes. Photosynthesis of
rice was reduced by 11–36 %, when it was exposed to 3.6 and 7.0 °C higher
temperature than ambient from heading to middle ripening stage, respectively (Oh-e
et al. 2007). Temperature higher than 35 °C for more than 3 days during repro-
ductive stages can affect pollen development and pollination, resulting in decreased
seed setting and production. Heat stresses occurred during the reproductive organ
developing and flowering stage resulted in severe loss of production (Zou et al.
2009). Temperatures beyond critical thresholds not only reduce the growth duration
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of the rice crop, but they also increase spikelet sterility, reduce grain-filling dura-
tion, and enhance respiratory losses, resulting in lower yield and lower quality of
rice grain (Fitzgerald and Resurreccion 2009; Kim et al. 2011). Yoshida (1981)
indicated that spikelet sterility in rice occur if temperatures exceed 35 °C at
anthesis. Heat stress occurring either during day or night has differential impacts on
rice growth and production. High night-time temperatures have been shown to have
a greater negative effect on rice yield, with a 1 °C increase above critical temper-
ature (>24 °C) leading to 10 % reduction in both grain yield and biomass (Peng
et al. 2004, Welch et al. 2010). The impact of high temperatures at night is more
devastating than day-time or mean daily temperatures. Booting and flowering are
the stages most sensitive to high temperature, which may sometimes lead to
complete sterility. Thus, under climate change, the risk of high-temperature stress
on rice productivity would increase notably (Tao and Zhang 2013).

Water shortage is a very important factor on rice production, especially on arid
and semi-arid regions, not only for the amount of water deficit but also the time of
deficit. Water deficit from booting to grain-filling stage caused greatest rice yield
reduction by 77 %, than water stress during which all the growth stages (vegetative,
panicle initiation, and boot to grain fill) reduced grain yield and its components
(Harbir and Ingram 2000). Water stress tends to delay flowering, and a larger delay
in flowering was associated with a higher reduction in grain yield, harvest index,
and percentages of fertile panicles and filled grains (Pantuwan et al. 2000). Drought
for two weeks from 48 to 62 days after transplanting using withholding irrigation
significantly reduced grain yield and grain weight (Ravindra et al. 2002). Rice
growth period from booting to grain fill (reproductive stage) was the most sensitive
to water deficit (Harbir et al. 2002).

In saturated soil culture system, water was added to raise beds using flood
irrigation to form water table that fluctuated between 8 and 15 cm below the bed
surface. Saturated soil culture system saved water by up to 32 % compared with
permanent flooding (conventional system) according to Tuong et al. (2004) and
Humphreys et al. (2004). Direct sown rice in rows or by broadcasting showed lower
yields and required 73.5 cm more irrigation water than furrow transplanted rice.
Seedlings transplanted in beds and furrows saved approximately 60 cm irrigation
water than planting seedlings in flat puddles (Devinder et al. 2005).

Irrigation water saving in rice can be attained by changing cultivation method
from basins to wide furrows. Planting in bottom of beds could be applied for the rice
cultivars in North Delta Egypt because it increased rice productivity by 3.7 %,
enhanced furrows water-use efficiency by 66 %, and saved water by 38 %, compared
with traditional planting (Meleha et al. 2008). Naresh et al. (2014) indicated that wide
raised beds saved about 15–24 % water and grain yield decreased of about 8 %.
Transplanting in the bottom of beds increased productivity of irrigation water by 46
and 33 % compared to transplanting flooded soil and transplanting in bottom of
furrows, respectively. Transplanting rice in the bottom of beds saved water by 33 %
compared to transplanting under flooding, which normally practiced in North Delta,
Egypt (Mahmoud 2012). Aboelenein et al. (2011) stated that growing rice on furrows
in Egypt saved 20 % of the applied water and increased rice productivity by 15 %.
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Thus, in this chapter, we calculated the applied water amount for rice in 2013
growing season and investigated the effect of improved cultivation method on rice
national production. As a result of climate change in 2020, 2030, and 2040, tem-
perature is expected to increase, which will negatively affect growth of rice and
might restrict rice growth in its current suitable growing area. Thus, we graphed
maximum temperature in 2040 with cutoff temperature. Under climate change, with
the assumption that potential rice production will reduce by 11 % (Eid 2001),
production was assessed in 2020, 2030, and 2040 under traditional and improved
cultivation method. The effect of the reduction in the cultivated rice area under
climate change was quantified, as well as the effect on the additional cultivated area
with maize.

Water Requirements Under Current Climate
and Climate Change

Water requirements for rice under current climate were calculated using BISm
(Snyder et al. 2004). Under climate change, A1B climate change scenario was
downloaded for each governorate in 2020, 2030, and 2040 using ECHAM5 climate
model (Roeckner et al. 2003). The model is an Atmospheric Oceanic General
Circulation model, with low resolution, i.e., 1.9 × 1.9 degree. Water requirements
under climate change were calculated using BISm model.

Present Conditions of Rice Production

Table 5.1 presents rice cultivated area, productivity, and total production in 2013 of
growing season. Rice cultivated area was 573,784 ha, which produced 5,545,652
ton of grains. About 7,598,433,590 m3 was used to irrigate that area. This large
water amount is a result of low application efficiency under surface irrigation, i.e.,
50 %. Furthermore, it is also a result of the traditional method of transplanting rice
in flat soil under continuance flooding (pudding).

Potential Rice Yield Grown on Wide Furrows

Results in Table 5.2 showed that if farmers change rice planting method from flat
as traditional method to wide furrows as induced method, it will save
1,519,686,718 m3 for all governorates and total production will also increase to
6,377,500 ton.
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The saved irrigation amounts can be invested in reducing maize production
consumption gap. Results in Table 5.3 indicated that the saved irrigation water
amounts can cultivate 309,911 ha of maize on raised beds or 371,893 ha under drip
system. The production of these cultivated areas will be 3,192,954 and 3,931,499
under raised beds and drip system, respectively.

Table 5.2 Water requirements and potential rice production grown on wide furrows and amount
of saved water in the studied governorates

Governorates Water requirements
(m3/ha)

Productivity
(ton/ha)

Total
production
(ton)

Amount of saved
water (m3)

Alexandria 10032 9.66 10,232 2,656,390

Demiatte 9773 10.21 294,416 70,438,474

Kafr
El-Sheik

9898 10.76 1,329,879 305,709,027

El-Dakahlia 10714 12.14 2,133,402 470,529,036

El-Behira 11155 11.59 1,018,579 245,049,532

El-Gharbia 10598 10.76 553,018 136,127,616

El-Sharkia 10992 9.94 978,915 270,738,685

El-Kalubia 10685 8.56 59,058 18,437,958

Total 6,377,500 1,519,686,718

Table 5.1 Rice cultivated area, productivity, total production, water requirements per hectare, and
total water requirements in the studied governorates

Governorates Cultivated
area (ha)a

Productivity
(ton/ha)a

Total
production
(ton)a

Water
requirements
(m3/ha)

Total water
requirements
(m3)

Alexandria 1,059 8.40 8,897 12,540 13,281,950

Demiatte 28,830 8.88 256,014 12,216 352,192,370

Kafr
El-Sheik

123,549 9.36 1,156,416 12,372 1,528,545,135

El-Dakahlia 175,675 10.56 1,855,132 13,392 2,352,645,180

El-Behira 87,869 10.08 885,721 13,944 1,225,247,660

El-Gharbia 51,377 9.36 480,886 13,248 680,638,080

El-Sharkia 98,522 8.64 851,231 13,740 1,353,693,425

El-Kalubia 6,903 7.44 51,355 13,356 92,189,790

Total 573,784 5,545,652 13,101 7,598,433,590
aCentral Administration for Agricultural Economics, 2013
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Effect of Climate Change on Rice Grown Under Traditional
Planting Method

Under climate change condition in 2020, water requirements for rice will increase
in all governorates ranging between 6 and 8 %, compared to current water
requirements. This increase in water requirements will cause shrinkage in cultivated
area by 7 %, compared to current cultivated area. Furthermore, as a result of
reduction in rice productivity by 11 %, the total production of rice will decrease in
all governorates by 17 %, compared to current total production (Table 5.4).

Table 5.3 Potential maize cultivated area and production using the saved irrigation water
amounts

Governorates Raised beds cultivation Drip system

Cultivated area
(ha)

Production
(ton)

Cultivated area
(ha)

Production
(ton)

Alexandria 516 4,584 619 5,645

Demiatte 14,375 145,490 17,250 179,143

Kafr
El-Sheik

58,790 606,531 70,548 746,825

El-Dakahlia 100,349 1,095,121 120,419 1,348,428

El-Behira 50,467 520,531 60,561 640,933

El-Gharbia 28,759 294,722 34,511 362,893

El-Sharkia 53,201 494,988 63,842 609,482

El-Kalubia 3,449.93 30,983.96 4,140 38,151

Total 309,911 3,192,954 371,890 3,931,500

Table 5.4 Expected rice production under traditional planting method in the studied governorates
in 2020

Governorates Percentage of increase
in water requirements
(%)

Cultivated
area (ha)

Total
production
(ton)

Percentage of
reduction in
production (%)

Alexandria 6 998 7,461 16

Demiatte 7 26,877 212,412 17

Kafr
El-Sheik

7 115,484 962,027 17

El-Dakahlia 7 163,788 1,539,341 17

El-Behira 8 81,488 731,042 18

El-Gharbia 8 47,704 397,392 17

El-Sharkia 8 91,268 701,818 18

El-Kalubia 8 6,381 42,251 18

Total 533,987 4,593,744
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Under climate change in 2030, results in Table 5.5 showed that the increase in
rice water requirements will range between 8 and 12 %, compared to current water
requirements. Moreover, the cultivated area and total production will decrease in all
governorates by 8 and 18 %, respectively, compared to current climate.

In 2040, rice water requirements will be higher than its counterpart in 2020 and
2030 ranging from 10 to 14 %, while the cultivated area and total production will be
lower than its counterpart value in 2020 and 2030, as shown in Table 5.6.

The above results implied that under climate change, rice production will be
reduced. Thus, a gap between production and consumption will be created. Taking
into consideration population growth, this will widen this food gap.

Table 5.5 Expected rice production under traditional planting method in the studied governorates
in 2030

Governorates Percentage of increase
in water requirements
(%)

Cultivated
area (ha)

Total
production
(ton)

Percentage of
reduction in
production (%)

Alexandria 8 978 7,310 18

Demiatte 9 26,561 209,913 18

Kafr
El-Sheik

9 112,924 940,706 19

El-Dakahlia 8 163,106 1,532,938 17

El-Behira 9 80,842 725,253 18

El-Gharbia 10 46,721 389,208 19

El-Sharkia 10 89,459 687,904 19

El-Kalubia 12 6,136 40,631 21

Total 526,728 4,533,864

Table 5.6 Expected rice production under traditional planting method in the studied governorates
in 2040

Governorates Percentage of increase
in water requirements
(%)

Cultivated
area (ha)

Total
production
(ton)

Percentage of
reduction in
production (%)

Alexandria 10 963 7,198 19

Demiatte 10 26,209 207,139 19

Kafr
El-Sheik

11 111,305 927,217 20

El-Dakahlia 11 158,266 1,487,449 20

El-Behira 11 79,161 710,173 20

El-Gharbia 12 45,872 382,132 21

El-Sharkia 12 87,966 676,424 21

El-Kalubia 14 6,055 43,529 22

Total 515,798 4,441,261
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Effect of Temperature During Rice Growing Season Under
Climate Change

The expected rise in the temperature under climate change could cause high stress
during rice growing season and lower productivity per hectare to an extent, where it
will be not economical to cultivate rice in this area. Thus, we graphed maximum
temperature with cutoff temperature for rice (35 °C). We did the comparison in
2040, which represent the worst-case scenario for heat stress.

Figures 5.1 and 5.2 indicate that during the growing season of rice in both
Alexandria and Demiatte, maximum temperature raised above 35 °C in few days
during the growing season. Thus, it is implied that Alexandria and Demiatte will be
suitable to grow rice in 2040, with probably low yield losses.

Regarding to Kafr El-Sheik and El-Dakahlia governorates, Figs. 5.3 and 5.4
indicate that number of days when temperature is higher than 35 °C will be more
than its counterpart in Alexandria and Demiatte governorates. These two figures
showed that temperature will reach 40 °C or be higher early in the growing season
and in mid and late growing season. This result implied that rice productivity will
be negatively affected in these two governorates.

Figures 5.5 and 5.6 indicate that number of temperature stress days (above 35 °C)
became higher than number of non-stress days (temperature less than 35 °C), which
implied that higher yield losses are expected to occur in these two governorates in
2040.
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Regarding El-Sharkia and El-Kalubia (Figs. 5.7 and 5.8), during rice growing
season in 2040, maximum temperature was higher than cutoff temperature during
most of the growing season, which will negatively affect rice productivity in these
two governorates. Maximum temperature will be higher than 40 °C in many days
during whole growing season, and in other days it will reach 45 °C.

Thus, the above results implied that climate change risk on rice production will
increase in 2040, as a result of heat stress, which will affect physiological process in
the growing plants and results in losses in rice productivity.

Potential Rice Production from Wide Furrows
Under Climate Change

In 2020, water requirements for rice under wide furrows will increase for all
governorates, compared to its values under current climate. Thus, the amount of
saved irrigation water, rice productivity, and total production will decrease, com-
pared to its counterpart under wide furrows and current climate. However, total
production of rice under wide furrows in 2020 is expected to be higher than the
productivity and total production of rice under traditional method in current climate
by 2 % (Table 5.7).
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If we invest the saved irrigation amounts in reducing maize production con-
sumption gap, it can cultivate 192,093 ha on raised beds, or 230,512 ha under drip
system. The production of these cultivated areas will be 1,148,773 and 1,414,489
under raised beds and drip system, respectively (Table 5.8).

Under climate change condition in 2030, similar trend will be observed, where
water requirements for rice will increase, while the amount of saved water will
decrease and the total production is expect to decrease. However, the losses will be
higher, compared to the expect values in 2020, as shown in Table 5.9.

Using the saved irrigation amounts maize production will result in cultivating
176,263 ha on raised beds or 211,515 ha under drip system. The production of these
cultivated areas will be 1,056,503 and 1,300,877 under raised beds and drip system,
respectively (Table 5.10).

Table 5.7 Water requirements and potential rice production grown on wide furrows and amount
of saved water in the studied governorates in 2020

Governorates Water
requirements
(m3/ha)

Productivity
(ton/ha)

Total
production
(ton)

Amount of saved
water (m3)

Alexandria 10,646 8.59 9,106 2,005,638

Demiatte 10,483 9.09 262,030 49,957,346

Kafr
El-Sheik

10,589 9.58 1,183,592 220,312,131

El-Dakahlia 11,491 10.81 1,898,728 333,923,832

El-Behira 12,029 10.32 906,536 168,287,028

El-Gharbia 11,414 9.58 492,186 94,204,256

El-Sharkia 11,866 8.84 871,235 184,669,793

El-Kalubia 11,558 7.62 52,561 12,407,934

Total 5,675,975 1,065,767,958

Table 5.8 Potential maize cultivated area and production using the saved irrigation water
amounts in 2020

Governorates Raised beds cultivation Drip system

Cultivated area
(ha)

Production
(ton)

Cultivated area
(ha)

Production
(ton)

Alexandria 350 1,804 420 2,222

Demiatte 9,229 54,173 11,074 66,703

Kafr
El-Sheik

38,204 228,607 45,845 281,485

El-Dakahlia 62,817 397,602 75,380 489,569

El-Behira 30,109 180,119 36,131 221,781

El-Gharbia 17,467 103,819 20,960 127,832

El-Sharkia 31,904 172,164 38,285 211,986

El-Kalubia 2,013 10,485 2,416 12,911

Total 192,093 1,148,773 230,512 1,414,489
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The results in Table 5.11 showed that water requirements of rice grown on wide
furrows under climate change condition in 2040 will increase by 10–14 %, while
the amount of saved irrigation water will decrease, compared to its counterpart
under current climate. The total rice productions under wide furrows in 2040 will be
higher by 28 % compared with traditional method in 2040, in addition to save an
amount of irrigation water equal to 719,873,638 m3.

Results in Table 5.12 indicated that the saved irrigation water amounts can
cultivate 129,615 ha on raised beds or 155,538 ha under drip system. Furthermore,
the production of these cultivated areas will be 775,011 and 954,274 under raised
beds and drip system, respectively.

Table 5.9 Water requirements and potential rice production grown on wide furrow and amount of
saved water in the studied governorates in 2030

Governorates Water
requirements
(m3/ha)

Productivity
(ton/ha)

Total
production
(ton)

Amount of saved
water (m3)

Alexandria 10867 8.597 9,106 1,771,774

Demiatte 10608 9.089 262,030 46,359,310

Kafr
El-Sheik

10829 9.580 1,183,592 190,660,431

El-Dakahlia 11539 10.808 1,898,728 325,491,412

El-Behira 12125 10.317 906,536 159,851,588

El-Gharbia 11654 9.580 492,186 81,873,856

El-Sharkia 12106 8.843 871,235 161,024,493

El-Kalubia 12019 7.615 52,561 9,227,262

Total 5,675,975 976,260,126

Table 5.10 Potential maize cultivated area and production using the saved irrigation water
amounts in 2030

Governorates Raised beds cultivation Drip system

Cultivated area
(ha)

Production
(ton)

Cultivated area
(ha)

Production
(ton)

Alexandria 310 1,594 371 1,963

Demiatte 8,564 50,271 10,277 61,899

Kafr
El-Sheik

33,063 197,839 39,675 243,600

El-Dakahlia 61,230 387,561 73,476 477,206

El-Behira 28,600 171,090 34,320 210,664

El-Gharbia 15,181 90,230 18,217 111,100

El-Sharkia 27,819 150,120 33,383 184,843

El-Kalubia 1,497 7,798 1,796 9,601

Total 176,263 1,056,503 211,515 1,300,877
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Water Productivity

Water productivity values for rice grown on wide furrows were higher than its value
under traditional method in all governorates, either under current climate or climate
change (Table 5.13). These results implied that using wide furrows for rice, not
only increase productivity per hectare, but also increase water productivity.

Table 5.11 Water requirements and potential rice production grown on wide furrows and amount
of saved water in the studied governorates in 2040

Governorates Water
requirements
(m3/ha)

Productivity
(ton/ha)

Total
production
(ton)

Amount of saved
water (m3)

Alexandria 11163 8.597 9,106 1,458,950

Demiatte 10797 9.089 262,030 40,921,399

Kafr
El-Sheik

10976 9.580 1,183,592 172,451,246

El-Dakahlia 12146 10.808 1,898,728 218,866,280

El-Behira 12841 10.317 906,536 96,942,672

El-Gharbia 12076 9.580 492,186 60,202,917

El-Sharkia 12503 8.843 871,235 121,903,282

El-Kalubia 12323 7.615 52,561 7,126,891

Total 5,675,975 719,873,638

Table 5.12 Potential maize cultivated area and production using the saved irrigation water
amounts in 2040

Governorates Raised beds cultivation Drip system

Cultivated area
(ha)

Production
(ton)

Cultivated area
(ha)

Production
(ton)

Alexandria 255 1,313 306 1,616

Demiatte 7,559 44,375 9,071 54,639

Kafr
El-Sheik

29,905 178,944 35,886 220,335

El-Dakahlia 41,172 260,603 49,407 320,882

El-Behira 17,345 103,758 20,813 127,758

El-Gharbia 11,162 66,347 13,395 81,694

El-Sharkia 21,060 113,648 25,272 139,935

El-Kalubia 1,156 6,023 1,387 7,416

Total 129,615 775,011 155,538 954,274
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Conclusion

Under current condition, planting rice on wide furrows is recommended because it
saves a large amount of irrigation water that can be used to grow another crop in the
same season like maize to contribute in increasing food security. Wide furrows
under current climate have the highest production and highest water productivity.
Moreover, under climate change in 2020, 2030, and 2040, wide furrows are rec-
ommended for the same reasons.

Developing heat-resistant cultivars to replace heat-sensitive cultivars with
adjustment of sowing time and choice of varieties with a short growth duration will
allow avoidance of peak stress periods which are some of the adaptive measures
that will help in the mitigation of yield reduction due to global warming.
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Chapter 6
High Water Consuming Crops Under
Control: Case of Sugarcane Crop

Ahmed M. Taha, Samiha Ouda and Abd El-Hafeez Zohry

Abstract In this chapter, we quantified the effect of the increase in water
requirements under climate change on cultivated areas of spring sugarcane.
Furthermore, we compared between prevailing temperature during growing season
under current climate and cutoff temperature to assess the suitability of these
governorates for sugarcane cultivation in 2040. We also investigated the effect
using gated pipes to reduce the applied irrigation water to sugarcane. Furthermore,
the effect of intercropping summer crops with sugarcane was also investigated to
make use of sugarcane applied water and increase water and land productivity. The
results indicate that sugarcane production was increased when gated pipes was used
for irrigation instead of surface irrigation under both current climate and in 2040.
Furthermore, an amount of saved water was attained and could be used in culti-
vating new land with sugar beet to reduce sugar production-consumption gap in two
governorates and in cultivating wheat in the other two governorates. The results
also indicate that water requirements for sugarcane will increase by 17 % as an
average over all governorates in 2040, which will reduce the cultivated area of
sugarcane. Furthermore, comparing measured temperature with predicted temper-
ature in 2040 revealed that it will higher than cutoff temperature from May to
September. However, it will be still suitable to grow sugarcane. Intercropping
summer oil crops with sugarcane can reduce production-consumption gap in edible
oil in Egypt, which will take its water requirements from the applied water to
sugarcane. The results also revealed that water and land productivity will increase
when gated pipes were used under current and climate change.
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Sugarcane is the main source of sugar in Egypt. It is produced in Upper Egypt only
in four governorates, where the prevailing weather conditions are suitable to its
production. These governorates are El-Minia, Suhag, Qena, and Aswan. Many
industries are dependent on sugarcane cultivation in Upper Egypt. Sugarcane was
cultivated on 105,879 ha in 2012/13 with an average productivity equal to 116.6
ton/ha.

Climate change is anticipated to increase temperature. To date, global mean
temperatures have increased by about 0.7 °C since the mid-1800s, although the
temperature increase is not uniform (IPCC 2007). There are inconsistent results
obtained internationally on the effect of climate change on sugarcane, where these
researchers concluded that sugarcane yield will be increased or decreased under
climate change. Singels et al. (2014) indicated that sugarcane yield will increase
under climate change in South Africa, whereas Deressa et al. (2005) reported that
an increase by 2 °C will negatively affect sugarcane yield in South Africa.
Furthermore, Chandiposha (2013) concluded that sugarcane production will
decrease in Zimbabwe. Furthermore, Knox et al. (2010) found a decreasing trend
for future projections for sugarcane yield in Swaziland, unless irrigation was
included in the simulations. On the other hand, in Brazil, Singels et al. (2014)
indicated that the yield will be increased. Furthermore, Marin et al. (2013) reported
that in South Brazil, the yield will increase as a result of rain increase in some
climate change scenarios or CO2 fertilization in other scenarios. In Egypt, there
were many published papers on the effect of climate change on several crops.
However, there was only one published paper on the effect of climate change on
sugarcane in Egypt, but we could not obtain it.

However, temperature increase is likely to have an effect on physiological
processes of sugarcane plant, since sugarcane is a C4 plant species, whose pho-
tosynthetic pathway increases carbon dioxide assimilation with increase in tem-
perature in the range of 8–34 °C (Sage and Kubien 2007). The temperature increase
due to climate change is likely to improve sugarcane growth during winter since
very low temperatures constrain leaf growth rate and photosynthesis, although this
increases sucrose accumulation (Gawander 2007). Furthermore, high temperatures
are likely to negatively affect sprouting and emergence of sugarcane (Rasheed et al.
2011). Poor emergence of sugarcane will result in a significantly low plant popu-
lation. In addition, temperatures above 32 °C results in short internodes, increased
number of nodes, and lower sucrose (Bonnett et al. 2006). Thus, climate change is
likely to reduce sugarcane and sucrose yields. Furthermore, Clowes and Breakwell
(1998) revealed that high temperatures especially at night usually result in more
flowering of sugarcane. Flowering in sugarcane ceases growth of leaves and in-
ternodes, which reduces sugarcane and sucrose yields. At tillering stage, the crop
favored higher minimum temperature (about 26.2 °C), whereas temperatures above
38 °C make sugarcane growth seize (Bonnett et al. 2006).

Furthermore, high daily crop evapotranspiration (ETc) due to high temperatures
may cause water stress in sugarcane and that might require applying more frequent
irrigation. Since water requirements for sugarcane in Egypt is between 34,255 and
51,055 m3/ha under surface irrigation with low application efficiency, i.e., 55 %, it
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is very important to consider ways to reduce these large applied amounts, without
any reduction in its productivity. Another way to make use of the high amount of
applied water to sugarcane is to use intercropping system, where summer crops,
such as soybean, sesame, and sunflower, can be intercropped with spring sugarcane.
In this case, these summer crops will use the applied water for sugarcane, without
any extra addition of water. Furthermore, under this practice, water and land pro-
ductivity will increase, as well as farmer’s net revenue (Zohry 2005).

In this chapter, we quantified the effect of the increase in water requirements
under climate change on cultivated areas of spring sugarcane. Furthermore, we
compared between prevailing temperature during growing season of spring sugar-
cane under current climate and cutoff temperature (above 38 °C) to assess the
suitability of these governorates for sugarcane cultivation in 2040. We also inves-
tigated the effect using gated pipes to reduce the applied irrigation water to sugar-
cane. It has been reported by El-Khatib and Sherif (2007) that cultivation ongated
pipes increased application efficiency by 10 % and increase productivity by 12 %.

Because water requirements for sugarcane is high, intercropping of summer
crops, such as soybean, sesame, and sunflower, with sugarcane was also investi-
gated to make use of sugarcane applied water and increase water and land
productivity.

Present Production of Spring Sugarcane

Table 6.1 presents the cultivated area of spring sugarcane, productivity, and total
production in 2012/13 growing season. Sugarcane cultivated area was 105,879 ha,
which produced 12,438,550 ton. BISm model (Snyder et al. 2004) was used to
calculate water requirements per hectare. The total water requirements for sugar-
cane cultivated area were 4,576,445,141 m3. This amount of large water is a result
of low application efficiency under surface irrigation, i.e. 55 %. Furthermore, high
temperature in these four governorates increases evaporation demand and water
requirements.

Table 6.1 Sugarcane cultivated area, productivity, total production, water requirements per
hectare, and total water requirements in the studied governorates

Governorates Cultivated
area (ha)a

Productivity
(ton/ha)a

Total
production
(ton)a

Water
requirements
(m3/ha)b

Total water
requirements
(m3)

El-Minia 16,456 114.0 1,875,965 34,255 563,687,091

Suhag 6,706 116.9 783,827 36,360 243,839,250

Qena 48,633 120.0 5,835,950 41,716 2,028,788,436

Aswan 34,084 115.7 3,942,808 51,055 1,740,130,364

Total 105,879 116.6 12,438,550 40,846 4,576,445,141
aSource Central Administration for Agricultural Economics, 2012/13
bCalculated with BISm model
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Potential Sugarcane Productivity Gates Pipes Under

Irrigation of sugarcane with gated pipes can increase water application efficiency to
70 %. This efficiency can be attributed to short irrigation period which leads to low
water percolation into the soil and low evaporation losses from soil surface
(El-Berry et al. 2006). Moreover, productivity of sugarcane will be increased by
12 % (El-Khatib and Shrief 2007). Thus, water requirements per hectare will be
decreased; productivity and total production will be increased. The total production
was increased from 12,438,550 ton (Table 6.1) to 14,926,260 ton (Table 6.2). In
addition, an amount of irrigation water could be saved, i.e., 980,666,816 m3

(Table 6.2).
The amount of saved water in El-Minia and Suhag governorates could be

invested in sugar beet cultivation to reduce sugar production–consumption
gap. Regarding Suhag and Aswan, sugar beet is not suitable for cultivation there.
Therefore, we suggest using these amounts of water to cultivate wheat to reduce its
production–consumption gap. Table 6.3 indicates that under surface irrigation,
sugar beet-cultivated area could be increased by 17,806 ha and larger area can be
cultivated under drip system, i.e., 26,709 ha over the two governorates. Regarding
wheat, 112,790 ha can be cultivated under surface irrigation or 150,386 ha can be
cultivated under sprinkler irrigation system over the two governorates (Table 6.3).

Table 6.2 Water requirements and potential sugarcane production under gated pipes and amount
of saved water in the studied governorates

Governorates Water
requirements
(m3/ha)

Productivity
(ton/ha)

Total
production
(ton)

Amount of saved
water (m3)

El-Minia 26,914 136.80 2,251,158 120,790,091

Suhag 28,569 140.26 940,592 52,251,268

Qena 32,777 144.00 7,003,140 434,740,379

Aswan 40,114 138.82 4,731,370 372,885,078

Total 14,926,260 980,666,816

Table 6.3 Suggested crops
to be cultivated in the studied
governorates and its
cultivated area

Governorates Suggested
crop

Cultivated area under

Surface Sprinkler Drip

El-Minia Sugar beet 12,751 – 19,126

Suhag Sugar beet 5,055 – 7,583

Qena Wheat 66,373 88,497 –

Aswan Wheat 46,417 61,890 –
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Effect of Climate Change on Sugarcane Grown Under
Surface Irrigation

Water requirements for sugarcane will increase by 17 % as an average over all
governorates in 2040 under climate change (Table 6.4). With the assumption that
no yield losses will occur in 2040, the cultivated area will be reduced to 90,480 ha
and the production will be reduced by average of 14 % over the studied govern-
orates (Table 6.4).

The above results are very disturbing because Egypt already has a gap in sugar
production–consumption and we need to reduce this gap.

Effect of Temperature Stress on Sugarcane Growing Season

Because we did not find any research on the effect of climate change on sugarcane
yield locally, we investigated the effect of temperature stress on sugarcane growing
season. It was stated previously that temperatures above 38 °C will seize growth
(Bonnett et al. 2006). Thus, we graphed cutoff temperature for sugarcane growth
during growing season with measured temperature under current weather and
predicted temperature under climate change in each governorate (Fig. 6.1a–d).

In El-Minia and Suhag governorates, measured temperature and predicted
temperature in 2040 were higher than cutoff temperature from May to September
(Fig. 6.1a, b). However, the number of days where temperature was higher than
38 °C in 2040 was more, compared to the measured temperature values. Similar
trends were observed in Qena and Aswan; however, the number of days where
temperature is higher than 38 °C is higher and prevailed to October in Aswan
(Fig. 6.1c, d). The results in all figures also indicated that the temperature in the
studied governorates can sour up 44 °C during the period of May to August in
El-Minia and Suhag under climate change in 2040. Furthermore, it could reach
45 and 48 °C in Qena and Aswan governorates, which will cause high temperature
stress, especially in Aswan governorate under current climate and under climate
change.

Table 6.4 Expected sugarcane production under surface irrigation in the studied governorates in
2040

Governorates Percentage of increase
in water requirements
(%)

Cultivated
area (ha)

Total
production
(ton)

Percentage of
reduction in
production (%)

El-Minia 16 14,177 1,616,216 14

Suhag 16 5,795 677,324 14

Qena 16 41,820 5,018,353 14

Aswan 19 28,688 3,318,657 16

Total 90,480 10,630,550
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These findings implied that sugarcane productivity will be reduced in 2040 in
this region and it will be still suitable to grow sugarcane. Simulation of sugarcane
yield losses under climate change in Egypt was not done. However, for the time
being, we assumed that yield losses in El-Minia, Suhage, and Qena are 10 % and in
Aswan, we assumed that yield losses will be 15 %.

Potential Sugarcane Yield Under Surface Irrigation in 2040

Extra losses in sugarcane production are expected to occur in 2040 due to the loss in
productivity, in addition to loss in cultivated area, where total production will be
reduced by 13 % (Table 6.5), compared to reduction due to loss of cultivated area
only (Table 6.4).
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Fig. 6.1 Effect of prevailing temperature (current and climate change) on sugarcane growing
season in a El-Minia, b Suhag, c Qena, and d Aswan governorates
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Accordingly, changing surface irrigation to gated pipes in sugarcane can be used
as an adaptation strategy to reduce climate change risk on sugarcane production.

Potential Sugarcane Productivity Irrigated with Gated
Pipes in 2040

Using gated pipes for irrigation under climate change will result in total production
equal to 9,890,984 ton (Table 6.6). As a result of reduction in the applied water
using gated pipes, the amount of saved water will be decreased to 362,514,761 m3

and can be used to cultivate new areas with sugar beet in El-Minia and Suhag and
wheat in Qena and Aswan.

Results in Table 6.7 reveal that under surface irrigation, sugar beet-cultivated
area could be increased by 7,378 ha and larger area can be cultivated under drip

Table 6.5 Expected
sugarcane production under
surface irrigation in the
studied governorates in 2040
(loss in cultivated area and in
productivity)

Governorates Productivity
(ton/ha)

Total production
(ton)

El-Minia 102.6 1,454,594

Suhag 105.2 609,592

Qena 108.0 4,516,518

Aswan 98.3 2,820,859

Total 9,401,563

Table 6.6 Water requirements and potential sugarcane production under gated pipes and amount
of saved water in the studied governorates in 2040

Governorates Water
requirements
(m3/ha)

Productivity
(ton/ha)

Total
production
(ton)

Amount of saved
water (m3)

El-Minia 31,240 114.91 1,890,973 49,610,216

Suhag 33,061 117.82 790,097 22,126,008

Qena 38,117 120.96 5,882,638 175,035,920

Aswan 47,659 116.61 3,974,351 115,742,616

Total 9,890,984 362,514,761

Table 6.7 Suggested crops
to be cultivated in the studied
governorates and its
cultivated area

Governorates Suggested crop Cultivated area under

Surface Sprinkler Drip

El-Minia Sugar beet 5,237 – 7,856

Suhag Sugar beet 2,141 – 3,211

Qena Wheat 26,723 35,631 –

Aswan Wheat 14,408 19,210 –
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system, i.e., 11,066 ha over the two governorates. Regarding wheat, 41,131 ha can
be cultivated under surface irrigation or 54,841 ha can be cultivated under sprinkler
irrigation system over the two governorates.

Intercropping Oil Crops with Spring Sugarcane

An intercropping system is two or more crops sharing the same piece of land for
part, or for all, of their growing season (Eskandari et al. 2009). To ensure the
optimum productivity in an intercropping system, the peak periods of growth of the
two crops should not coincide, so that one quick maturing crop completes its life
cycle before the main period of growth of the other crop starts (Parsons 2003).
Spring sugarcane (planted in February) offers a unique potential for intercropping.
It is planted in wide rows, and takes several months to develop its canopy, during
which time the soil and solar energy goes to waste. The growth rate of sugarcane
during its early growth stages is slow, with leaf canopy providing sufficient
uncovered area for growing of another crop (Nazir et al. 2002).

Thus, to take advantage of this period, summer oil crops can be intercropped with
sugarcane, which will increase land productivity and reduce production–consump-
tion gap in edible oil in Egypt (estimated by 97 %). Furthermore, the intercropped
crop will obtaine its water requirements from the applied amount of irrigation water
to sugarcane, which will increase water productivity. The intercropping could be
done on new cane only. Thus, we suggested that one-third of sugarcane cultivated
area could be assigned for intercropping with summer oil crops.

Soybean Intercropping with Spring Sugarcane

Soybean is a very important oil seed and protein crop in the world. The seed
contains about 40–45 % protein, 18–20 % edible oil, and 20–26 % carbohydrates.
According to Sundara (2000), soybean is one of the important intercrops suitable
and compatible with sugarcane. This is mainly due to the fact that soybean has
adapted well to the climatic conditions of the sugarcane producing areas and has the
greatest potential to fix nitrogen, i.e., up to 300 kg N/ha (Shoko and Tagwira 2005).
Since nitrogen fertilizer is a substantial cost component of sugarcane cropping
system, the use of soybean as intercropping plays a considerable role in reduction of
production costs. El-Geddawy et al. (1988), Zohry (1994), Eweida et al. (1996), and
Abou-Kreshe et al. (1997) intercropped soybean with spring sugarcane and they
concluded that sugarcane yield was increased, as well as land productivity.

The total cultivated area of soybean in Egypt was 9,405 ha in 2013 growing
season, and its total production was 29,576 ton. Table 6.8 indicates that in 2013
growing season, soybean was not planted in Qena and Aswan governorates. Thus,
if we added the assigned sugarcane area to soybean cultivated area, the cultivated
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soybean area will increase from 7,560 ha in these two governorates to 42,853 ha in
four governorates. This increase in the soybean-cultivated area will increase its
production and reduce edible oil gap in Egypt.

Sesame Intercropping with Spring Sugarcane

Sesame is an important edible oilseed crop. The seed contains all essential amino
acids and fatty acids. It is a good source of vitamins (pantothenic acid and vitamin E)
and minerals such as calcium and phosphorous. Furthermore, the seed cake is an
important nutritious livestock feed (Balasubramaniyan and Palaniappan 2001).
El-Geddawy et al. (1995) and Abou-Keriasha et al. (1997) intercropped sesame with
spring sugarcane and indicated that competition over solar radiation between sesame
plants and sugarcane plants was low and does not negatively affect sugarcane yield
because sesame leaves are erect and do not cause any shading over the growing
sugarcane plants.

In Egypt, the total cultivated area of sesame was 17,173 ha in 2013 growing
season, and its total production was 198,356 ton. Intercropping sesame with sug-
arcane can increase its national production by 22,754 ton (Table 6.9).

Table 6.8 Potential soybean cultivated area under intercropping with sugarcane in four
governorates

Governorates Sugarcane
cultivated area (ha)

Soybean
cultivated area
(ha)

Total area (sugarcane and
soybean area) (ha)

El-Minia 5,485 7,543 13,028

Suhag 2,235 17 2,252

Qena 16,211 – 16,211

Aswan 11,361 – 11,361

Total 35,293 7,560 42,853

Table 6.9 Potential sesame cultivated area under intercropping with sugarcane in four
governorates

Governorates Sesame
cultivated area
(ha)

Total area (sugarcane and
sesame area) (ha)

Sesame production from
sugarcane area (ton)

El-Minia 2,310 7,795 3,697

Suhag 484 2,719 1,419

Qena 473 16,684 10,651

Aswan 110 11,472 6,987

Total 3,377 38,670 22,754
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Sunflower Intercropping with Spring Sugarcane

Sunflower oil is considered as a premium oil because of its light color, mild flavor,
low saturated fat levels, and the ability to withstand high cooking temperatures
(Weiss 2000). El-Gergawi et al. (2000) indicated that land productivity was
increased when sunflower was intercropped with spring sugarcane. However,
Abou-Keriasha et al. (1997) indicated that competition over solar radiation between
sunflower plants and sugarcane plants was high because sunflower plants were
longer than sugarcane plants in that growth stage.

The national production of sunflower was 14,387 ton resulted from 6,025 ha in
2013 growing season. Table 6.10 reveals that cultivated area of sunflower in
El-Minia and Suhag governorates was 800 ha. This area can increase by including
sugarcane area in the four governorates, which is to be 36,093 ha.

Effect of Changing Irrigation System on Water and Land
Productivity

The lowest average water productivity value for sugarcane was obtained using
surface irrigation under current climate and under climate change in 2040, i.e., 2.92
and 2.23 kg/m3, respectively (Table 6.11). Using gated pipes for sugarcane irri-
gation could increase water productivity, compared to its counterpart under surface
irrigation. Similar trend was observed under climate change; however, the value of
water productivity under climate change was higher than its counterpart under
surface irrigation and current climate (Table 6.11).

Similarly, land productivity follows the same trend as water productivity
(Table 6.12). Gated pipes increase land productivity under climate change, com-
pared to its counterpart under surface irrigation and current climate.

These results proved that surface irrigation endures wasteful use of irrigation
water, which cannot be tolerated under water scarcity situation.

Table 6.10 Potential sunflower-cultivated area under intercropping with sugarcane in four
governorates

Governorates Sunflower
cultivated area (ha)

Total area
(sugarcane and sunflower area) (ha)

El-Minia 777 6,262

Suhag 23 2,258

Qena 0 16,211

Aswan 0 11,361

Total 800 36,093
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Conclusion

Sugarcane is a highly water consuming crop grown in south Egypt under surface
irrigation with low application efficiency. There is a gap between sugarcane pro-
duction and consumption compensated by importation. Changing surface irrigation
to gated pipes could increase sugarcane yield and save an amount of irrigation water
to be used in cultivation of new land in El-Minia and Suhag with sugar beet and in
Qena and Aswan with wheat. Thus, under this system, water and land productivity
will increase.

Under climate change in 2040 and under surface irrigation, sugarcane water
requirements will increase; as a result its cultivated area will decrease. Furthermore,
productivity per hectare will decrease, as well as its national production. Under this
disappointing situation, irrigation with gated pipes can reduce yield losses under
climate change. Maintain the same cultivated area and still save an amount of
irrigation water to expand in new areas with sugar beet and wheat. Thus, water and
land productivity will be higher than its counterpart under surface irrigation and
current climate. To attain that, the government of Egypt should take care of the
costs involved in the construction of gated pipes in sugarcane-cultivated areas to
achieve the above benefits.

Table 6.12 Land productivity for sugarcane using different irrigation systems under current
climate and climate change in 2040

Governorates Land productivity under current
climate (kg/m2) under

Land productivity under climate
change (kg/m2) under

Surface irrigation Gated pipes Surface irrigation Gated pipes

El-Minia 11.40 13.68 10.26 11.49

Suhag 11.69 14.03 10.52 11.78

Qena 12.00 14.40 10.80 12.10

Aswan 11.57 13.88 9.83 11.66

Average 11.66 14.00 10.35 11.76

Table 6.11 Water productivity for sugarcane using different irrigation systems under current
climate and climate change in 2040

Governorates Water productivity under current
climate (kg/m3) under

Water productivity under climate
change (kg/m3) under

Surface irrigation Gated pipes Surface irrigation Gated pipes

El-Minia 3.33 5.08 2.58 3.68

Suhag 3.21 4.91 2.50 3.56

Qena 2.88 4.39 2.23 3.17

Aswan 2.27 3.46 1.62 2.31

Average 2.92 4.46 2.23 3.18
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Another solution to increase water and land productivity in sugarcane-cultivated
area is intercropping summer oil crops with sugarcane. Soybean, sesame, and
sunflower can be intercropped with sugarcane. These crops will get its water
requirements from the applied water to sugarcane. Thus, the cultivated areas of
these crops will increase, as well as its national production. This procedure can
contribute to reduction of edible oil gap existing in Egypt.
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Chapter 7
Unconventional Solution to Increase
Water and Land Productivity Under
Water Scarcity

Ahmed Said, Abd El-Hafeez Zohry and Samiha Ouda

Abstract In this chapter we presented an example of prevailing crop rotation in the
four soil types exist in Egypt, i.e. old clay, calcareous, sandy and salt affected soils.
We also proposed one rotation in each site to replace the prevailing rotation to save
on the applied irrigation water. We calculated water requirements for each rotation
and determined the amount of saved water per hectare under current climate and in
2040. We also presented the prevailing sugarcane rotation and proposed other
rotations to increase water and land productivity. In the proposed rotations,
changing cultivation methods from flat or on rows to raised beds saved on the
applied water. Furthermore, using intercropping instead of monoculture saved on
the applied water under both current climate and in 2040. In the old land, the saved
water amounts were 1095, 1331 and 1546 m3/ha in Nile Delta, Middle and Upper
Egypt, respectively under current climate. Under climate change, 610, 996 and
1278 m3/ha in Nile Delta, Middle and Upper Egypt, respectively was saved. In the
new reclaimed land, the proposed rotation could save 3160 and 2908 m3/ha under
current climate and climate change, respectively. Regarding sandy soil, the pro-
posed rotation saved low amount of water, i.e. 53, 67 and 152 m3/ha in Lower,
Middle and Upper Egypt, respectively, under current climate. Under climate
change, the saved amounts were 58, 66 and 131 m3/ha in Lower, Middle and Upper
Egypt, respectively. In the salt-affected soils, the proposed rotation will save 3426
and 2828 m3/ha under current climate and in 2040, respectively. Regarding sug-
arcane rotations, the amount of saved irrigation water using the proposed rotations
was 3,596 and 7,609 m3/ha for spring and autumn rotation, respectively.
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Feeding adequately a population growing at an annual rate of 1.84 %, with limited
land and water resources, is considered the most important challenge for Egypt. As
a result, there is a large gap between production of all strategic crops and its
consumption, which increases importation and putting a burden on the country’s
budget. Agriculture is a vital sector in Egypt’s economy, accounting for 14.6 % of
GDP. More than 85 % of the water withdrawal from the Nile is used for irrigated
agriculture. Water availability, therefore, has a direct influence on national food
security. Thus, sustainable growth in agriculture relies on the use of the limited
water resources in the most effective and efficient way. At present, surface irrigation
was used in over 80 % of Egypt’s cultivated land. Poor water management by the
Egyptian farmers is contributing to a remarkable waste in irrigation water.

An agricultural management practice that could rationalize the applied irrigation
water is the use of crop rotation. Furthermore, it could increase land and water
productivity. Crop rotation is one of the most effective agricultural control strate-
gies. It involves arrangement of crops planted on same field and the succeeding
crops should belong to different families (Huang et al. 2003). The planned rotation
may vary from two to three years, or for a longer period. Some of the general
benefits of using rotations are to improve or maintain soil fertility, reduce the spread
of pests, reduce risk of weather damage, and increase soil water management,
which will be reflected on increasing net profit of farmers. The ultimate goal should
be to offer alternatives of different forms of crop rotations with less water
requirements and same proportions commodities (cereals, sugar crops, oil crops,
and forage crops), as compared to the prevailing crops rotations, which is less
benefit to the soil with high water requirements. Kamel et al. (2010) revealed
appreciable differences in water consumption between the prevailing rice rotation
and proposed rotation. Water consumption of the prevailing exceeded those of the
proposed system by 25.1 and 41.7 % in case of the short- and long-term crop
rotations, respectively. At present, it is estimated that wheat, clover, cotton, rice,
and maize amount for 80 % of the cropped area. Wheat and clover are the principle
winter crops. In summer, cotton and rice are important cash crops, while maize and
sorghum are major subsistence crops. The inclusion of sugar beet in the crop
structure resulted in severe competition with winter crops, particularly faba bean
and lentil, which has led to an abrupt decline in the area cultivated by legumes.
Intercropping and multiplicity of crop sequence are considered as the successful
avenues to increase the cropped area without altering the area cultivated by the
main crops in winter or summer. Intercropping is growing two or more crops in the
same field, which allow using water and nutrients more efficiently (Eskandari et al.
2009). Andersen (2005) indicated that the advantages of intercropping are as fol-
lows: it increases unit land productivity (harvest two types of crops from the same
area), increases water productivity (use less water to irrigate two crops), and
increases farmers’ income (reduce risks from crop failure).

Climate change has the potential to significantly alter the conditions for crop
production, with adverse implications on food security in Egypt. Changes in yield
behavior in relation to shifts in climate can become critical for the economy of the
Egyptian farmers. An increasing probability of low returns as a consequence of the
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more frequent occurrence of adverse weather conditions could prove dramatic for
farmers operating at the limit of economic stress (Torriani et al. 2007). Furthermore,
climate change is expected not only to affect crop production, but also it will
increase water consumption by crops (Ouda et al. 2015) and that will determine the
future of food security in Egypt. Therefore, a more rational use of irrigation must be
practiced to conserve irrigation water under current climate condition and to help in
fulfilling the anticipated demand under climate change conditions. Since we have to
deal with the future and the future by definition is uncertain, we need to be prepared
for the worst. Crop rotation could be used as an adaptation strategy to climate
change because it consists of crops with medium to low water requirements. In
addition, using improved agricultural management practices in cultivating these
crops could reduce the applied irrigation water. Previous research in Egypt dem-
onstrated that improved agricultural management practices, such as raised beds
cultivation, could save a good percentage of irrigation water, improve the growth
environment for the growing crops, and increase the yield of these growing crops,
which positively reflected on farmer’s net revenue (Abouenein et al. 2009, 2010).
Using crop rotations will help in the sustainable use of natural agricultural
resources; increase the agricultural productivity of unit land and unit of irrigation
water under the prevailing conditions of water scarcity. As a result, the probability
of attaining food security for strategic crops will increase and that will help in
improving living standards and poverty elevation of the rural population.

In this chapter, we presented an example of prevailing crop rotation in the four soil
types existing in Egypt, i.e., old clay soil, calcareous soil, sandy soil, and salt-affected
soil. We also proposed one rotation in each site to replace the prevailing rotation to
save on the applied irrigation water. We calculated water requirements for each
rotation and determined the amount of saved water per hectare under current climate
and under climate change in 2040. We also presented the prevailing sugarcane rota-
tion, and we proposed other rotations to increase water and land productivity.

Water Requirements Under Current Climate
and Climate Change

Water requirements for crops in each rotation were calculated using BISm (Snyder
et al. 2004) under current climate condition. The climate model ECHAM5
(Roeckner et al. 2003) is an Atmospheric Oceanic General Circulation model. The
resolution of the model is 1.9 × 1.9°. The model was used to develop A1B climate
change scenario for each weather station in each governorate in 2040. Water
requirements under climate change were also calculated using BISm model.
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Crop Rotations in the Old Land

The old irrigated lands are located within the Nile valley and Delta, which represent
the most fertile soils in Egypt, are now poor in organic matter content and available
nitrogen due to the intensive agricultural system and discontinuation of silt deposits
after the construction of the Aswan High Dam. Contentious growing of exhaustive
crops like cereals lowered organic matter and reduced microbial activity, which
resulted in less ability to hold water and less availability of nutrients in root zones.
On the other hand, higher rate of fertilizer to maintain yield leads to NO3 accu-
mulation in crop root systems. Intensive cropping pattern is existed, where 2 or 3
crops are cultivated each year. After agricultural liberalization in Egypt, cropping
pattern has changed gradually towards expanding the production of vegetables at
the expense of field crops. Surface irrigation system is prevailing with 60 %
application efficiency. There are problems in drainage system and high water table.

An example of the prevailing crop rotation in the old land is presented in
Fig. 7.1. It is three-year crop rotation, where the cultivated area is composed of
three hectares. Each hectare is divided into three parts and each part is cultivated by
winter and summer crops. This rotation can be implemented in all old lands in the
Nile Delta and valley. The prevailing rotation is cultivated using the traditional
method, i.e., (narrow furrows or flat). It is characterized by high applied irrigation
water and high fertilizer consumption. Figure 7.1 shows the prevailing rotation that
contained winter legume forage crop (clover), winter and summer cereal crops
(wheat and maize), and fiber crop (cotton). The figure also showed that clover is
cultivated before maize and before cotton. This practice improves soil fertility and
soil sustainability. However, cultivating maize after wheat is exhausting for the soil
because both of them are cereal crops.

In the suggested rotation (Fig. 7.2), all crops are cultivated on raised bed to
reduce the applied irrigation water and fertilizer. In the first part of the rotation,
cotton is relay intercropped with wheat (wheat is cultivated in November and cotton
is cultivated in March and harvested in September). The benefits of this system are
to increase wheat-cultivated area by the area assigned to be cultivated by cotton and
to save the first two irrigations for cotton. Under this system, the farmer obtained
two yields: the same cotton yield as if it was planted solely and 80 % of wheat yield
compared to sole wheat planting (Zohry 2005b).

Year 1 Year 2 Year 3
Clover
Maize 

Wheat
Maize

Clover (short season)
Cotton

Clover (short season)
Cotton 

Clover
Maize

Wheat
Maize

Wheat
Maize

Clover (short season)
Cotton

Clover
Maize

Fig. 7.1 Prevailing crop rotation in the old land in Egypt
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In the second part of the rotation, clover is planted as winter crop to increase soil
fertility. In the summer season, maize is intercropped with soybean to increase land
and water productivity (Ouda et al. 2007). Maize and soybean were intercropped as
2 rows of maize with 2 rows of soybean in one hectare. In this case, maize yield under
intercropping was 75 % of its counterpart under sole cultivation. Furthermore, soy-
bean yield under intercroppingwas 80%of its counterpart under sole cultivation. This
can be attributed to C4 cereal crops, such as maize, which are the dominant plant
species, whereas C3 legume crops, such as soybean, are the associated or secondary
species. Canopy structures and rooting systems of cereal crops are generally different
from those of legume crops. Maize roots can penetrate deeper in the soil (1.7 m) than
soybean roots (1.3 m) (Allen et al. 1998). Furthermore, maize can form higher canopy
structures than soybean (Ouda et al. 2007).

In the third part of the rotation, faba bean is intercropped with sugar beet as winter
crops to reduce faba bean production–consumption gap and increase land and water
productivity because no extra irrigation water or fertilizer is applied to faba bean.
Sugar beet in cultivated by 100 % of its recommended planting density in one hectare
and faba bean is cultivated by 25 % of its recommended planting density in one
hectare. As a result, the farmer can obtain 100 and 25 % of sugar beet and faba bean,
respectively (Noufal 2012). For summer crops, cowpea is intercropped with maize to
increasemaize yield and reduce associated weeds. No additional water will be applied
for cowpea (Zohry 2005a). Under this system, the farmer use 100 % of plant seeding
rate of maize and obtain about 10 % increase in maize yield. Regarding cowpea, the
farmer uses 50 % of plant seeding rate of cowpea and obtains 50 % of the yield.
Furthermore, it increased farmer's profit (Abou-Keriasha et al. 2011).

Thus, the proposed rotation contains winter and summer cereal crops (wheat and
maize) and winter and summer forage crops (clover and cowpea). The rotation also
contains winter and summer legume crops (faba bean and soybean), summer fiber
crop (cotton), and winter sugar crop (sugar beet). These diversities in the crops that
associated in the proposed rotation can serve as a remedy to food insecurity
problem existing in Egypt.

Year 1 Year 2 Year 3
Sugar beet/faba bean
Maize/cowpea forage

Clover 
Maize/soybean

Wheat/cotton Sugar beet/faba bean
Maize/cowpea forage

Wheat/cotton

Clover 
Maize/soybean

Sugar beet/faba bean
Maize/cowpea forage

Clover 
Maize/soybean

Wheat/cotton

Fig. 7.2 Proposed crop rotation in the old land in Egypt
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Water Requirements for Old Land Rotations Under
Current and Climate Change

Under current climate, water requirements for the crops cultivated in the prevailing
rotation are 45937, 50262, and 53366 m3 for three hectares in Nile Delta, Middle
Egypt, and Upper Egypt, respectively. Under climate change, water requirements
were increased to 51595, 57402, and 61520 m3 for three hectares (Table 7.1).

Regarding the proposed rotation under current climate, total water requirements
for the cultivated crops are 45937, 50262, and 53366 m3 for three hectares in Nile
Delta, Middle Egypt, and Upper Egypt, respectively. Under climate change, total
water requirements were increased to 51595, 57402, and 61520 m3 in Nile Delta,
Middle Egypt, and Upper Egypt, respectively. However, if we use the suggested
crop rotation, the saved irrigation amount per hectare will be 1095, 1331, and
1546 m3/ha in Nile Delta, Middle Egypt, and Upper Egypt, respectively, under
current climate. Furthermore, the amount of saved water under climate change will
be 610, 996, and 1278 m3/ha in Nile Delta, Middle Egypt, and Upper Egypt,

Table 7.1 Water requirements for crops cultivated in prevailing and proposed rotation in the old
land under current climate and climate change

Rotation Water requirements under current
climate (m3/ha)

Water requirements under climate
change (m3/ha)

Nile
Delta

Middle
Egypt

Upper
Egypt

Nile
Delta

Middle
Egypt

Upper
Egypt

Prevailing

Clover 8530 8850 9080 9383 9912 10260

Maize 6111 7542 7953 6967 8673 9225

Clover (short
season)

4265 4425 4540 4692 4956 5130

Cotton 15720 16470 17290 17764 18776 19884

Wheat 5200 5433 6550 5824 6411 7795

Maize 6111 7542 7953 6967 8673 9225

Total 45937 50262 53366 51595 57402 61520

Proposed

Wheat/cotton 16384 17155 18688 20480 21443 23360

Clover 6824 7080 7264 7506 7930 8208

Maize/soybean 4889 6034 6362 5573 6939 7380

Sugar beet/faba
bean

9667 9967 10050 10633 11163 11357

Maize/cowpea 4889 6034 6362 5573 6939 7380

Total 42652 46269 48727 49766 54413 57686

Saved water
for 3 ha (m3)

3285 3994 4639 1829 2989 3834

Saved water
(m3/ha)

1095 1331 1546 610 996 1278
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respectively (Table 7.1). These results proved that adopting the proposed crop
rotation could reduce the applied water under both current climate and climate
change conditions in 2040.

Crop Rotations in the New Reclaimed Land

In new reclaimed lands, calcareous or sandy, soils are deficient in macro- and
micro-nutrients. Therefore, there is a need for fertilizer application under intensive
agriculture. Nitrogen fertilizer use approximately doubles, while phosphorus
application increased. The rate of application of basic nutrients (N, P, and K) is very
high. Nitrate leaching to the water table has become a great concern as a potential
source of water pollution. Break down of rotation increased concentration of single
crop within an area, increased pest infestation, deprived certain elements, and
accumulated allelopathy.

In calcareous soil, the problems that threat agricultural sustainability are lack of
sustainable rotations, fertility imbalance and ineffective biological N-fixation, soil
crust formation, poor irrigationwatermanagement and poor drainage, and salinization
in some places. Calcareous soil exists in West Delta governorates, such as El-Behira.

An example of a prevailing rotation is presented in Fig. 7.3, where surface
irrigation is used in this rotation. Figure 7.3 reveals that the rotation contained
winter and summer cereals crops (wheat and maize), a winter forage crop (clover), a
vegetable crop (tomato), a legume crop (soybean), and a sugar crop (sugar beet).
Thus, the selected crops are suitable to sustain soil fertility; however it does not
save irrigation water.

In the suggested rotation (Fig. 7.4), all crops are cultivated on raised beds to save
on the applied irrigationwater and fertilizer. The proposed rotation includes variety of
crop groups. It contains a winter sugar crop (sugar beet), winter and summer legume
crops (faba bean and soybean), winter and summer cereal crops (wheat and maize), a
vegetable crop (tomato), and winter and summer forage crops (clover and cowpea). In
the first part of the rotation, the applied water for faba bean will be saved (Noufal
2012). In the second part of the rotation, wheat will take its water requirements.
Intercropping maize with tomato (summer crops) will save the applied irrigation
water for maize and tomato yield will increase by 13%. Regardingmaize, 60% of the

Year 1 Year 2 Year 3
Wheat

Tomato
Sugar beet
Soybean

Clover
Maize

Clover
Maize

Wheat
Tomato

Sugar beet
Soybean

Sugar beet
Soybean

Clover
Maize

Wheat
Tomato

Fig. 7.3 Prevailing crop rotation in calcareous soil in Egypt
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recommended planting density will be applied and maize yield will be 80 % of its
counterpart of sole planting (Abd El-Aal and Zohry 2003). In the third part of the
rotation, the required water for clover will be applied. In the summer season, inter-
cropping cowpea with maize will save the applied water for cowpea.

Water requirements for prevailing rotation were 47958 and 53684 m3 under
current climate and climate change, respectively, whereas water requirements for
the proposed rotation under current climate and climate change will be 38477 and
44961 m3, respectively. The proposed rotation could save 3160 and 2908 m3/ha
under current climate and climate change, respectively (Table 7.2).

Regarding sandy soil, many constrains exist to maintain sustainability, such as,
low soil fertility, ineffective biological N-fixation, poor irrigation water manage-
ment, high water table levels, and soil salinity in some areas. Sprinkler or drip system
prevailed in this region, with application efficiency 80 and 95 %, respectively.

Figure 7.5 shows the prevailed crop rotation in sandy soil. There are a winter
forage crop (clover), winter and summer cereal crops (wheat and maize), a sugar
crop (sugar beet), and a winter legume crop (peanut) included in the rotation. All
these crops are suitable and maintain soil fertility, except sugar beet followed by
maize and wheat followed by peanut.

The proposed crop rotation (Fig. 7.6) indicated that sunflower can intercrop with
soybean, where the recommended intercropping pattern should be 2:2, respectively
(El-Yamani et al. 2010). Sesame can intercrop with peanut saved, where all the
applied water to sesame can be saved. In this system, peanut planting density is
100 %, compared to its sole planting and intercropped sesame density is 25 % from
its recommended planting density (Abou-Kerisha et al. 2008). Thus, the proposed
rotation included winter and summer forage and cereal crops. It also contains oil
summer crops (sunflower and sesame) and sugar crop.

In sandy soil, the crops grown in both rotations, prevailed and proposed, were
irrigated with sprinkler or drip system. The proposed rotation saved low amount of
water, i.e., 53, 67, and 152 m3/ha in Lower, Middle, and Upper Egypt, respectively,
under current climate, whereas under climate change the saved amounts were lower
compared to its counterpart under current climate, i.e., 58, 66, and 131 m3/ha in
Lower, Middle, and Upper Egypt, respectively. The reduction in the amount of
applied water is due to replacing maize with sunflower intercropped with soybean,
which has lower water requirements than maize (Table 7.3).

Year 1 Year 2 Year 3
Sugar beet/faba bean

Maize/soybean
Wheat

Tomato/maize
Clover

Maize/cowpea forage
Wheat

Tomato/maize
Clover

Maize/ cowpea forage
Sugar beet/faba bean

Maize/soybean

Clover
Maize/cowpea forage

Sugar beet/faba bean
Maize/soybean

Wheat
Tomato/maize

Fig. 7.4 Proposed crop rotation in calcareous soil in Egypt
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Year 1 Year 2 Year 3
Clover  
Maize

Wheat 
Peanut 

Sugar beet
Soybean

Sugar beet
Maize  

Clover  
Maize

Wheat 
Peanut

Wheat 
Peanut

Sugar beet
Maize

Clover  
Maize

Fig. 7.5 Prevailed crop rotation in sandy soil in Egypt

Year 1 Year 2 Year 3
Clover

Maize/cowpea forage
Wheat

Peanut/sesame
Sugar beet/faba bean

Maize/potato

Sugar beet/faba bean
Sunflower/soybean

Clover
Maize/cowpea forage

Wheat
Peanut/sesame

Wheat
Sesame/peanut

Sugar beet/faba bean
Maize/potato

Clover
Maize/cowpea forage

Fig. 7.6 Proposed crop rotation in sandy soil in Egypt

Table 7.2 Water requirements for crops cultivated in prevailing and proposed rotation in
calcareous land under current climate and climate change

Water requirements (m3/ha) under

Rotation Current climate Climate change

Prevailing

Wheat 5017 5368

Tomato 13170 15145

Clover 8210 8949

Maize 6069 6980

Sugar beet 9561 10422

Soybean 5931 6821

Total 47958 53684

Proposed

Sugar beet/faba bean 7649 8796

Maize/soybean 4856 5730

Wheat 4013 4615

Tomato/maize 10536 12537

Clover 6568 7553

Maize/cowpea 4856 5730

Total 38477 44961

Saved water for 3 ha (m3) 9481 8723

Saved water (m3/ha) 3160 2908
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Crop Rotations in Salt-Affected Soils

The majority of salt-affected soils in Egypt are located in the Northern Nile Delta.
About 900,000 hectares of Egypt’s agricultural lands are suffering from salinity
build-up problem. Across Egypt’s agricultural land profile, salt-affected soils rep-
resent about 60 and 25 % in North and South Nile Delta regions, respectively.
Surface irrigation system with either fresh water, agricultural drainage or mixed
water is prevailing. There are several problems here, such as high water table,
seawater intrusion, and increase in soil salinity.

An example of prevailing rotation is illustrated in Fig. 7.7. The rotation is
characterized by intensive rice cultivation to leach salts away from root zone.
Furthermore, the rotation contains forage, cereal, and sugar crops. However, maize
cultivation after wheat and rice after sugar beet are exhausting to the soil.

Cultivation on raised beds is the main characteristic of the proposed rotation
(Fig. 7.8). Cultivation of short season clover after rice and before wheat increased

Table 7.3 Water requirements for crops cultivated in prevailing and proposed rotation in sandy
soil under current climate and climate change

Rotation Water requirements under current
climate (m3/ha)

Water requirements under
climate change (m3/ha)

Lower
Egypt

Middle
Egypt

Upper
Egypt

Lower
Egypt

Middle
Egypt

Upper
Egypt

Prevailing

Clover 8213 8500 8750 8787 9435 9713

Maize 5002 5740 6381 5007 6314 7019

Sugar beet 7521 8273 9101 8048 9184 10102

Maize 5002 5377 6131 5502 5915 6744

Wheat 4850 5335 5869 5335 5869 6455

Peanut 5802 6052 6252 6382 6574 6771

Total 36390 39277 42484 39062 43289 46804

Proposed

Clover 8213 8500 8750 8787 9435 9713

Maize/cowpea 5002 5740 6381 5007 6314 7019

Sugar beet/faba
bean

7521 8273 9101 8048 9184 10102

Sunflower/soybean 4843 5176 5676 5327 5694 6244

Wheat 4850 5335 5869 5335 5869 6455

Sesame/peanut 5802 6052 6252 6382 6597 6877

Total 36231 39076 42029 38887 43091 46410

Saved water for
3 ha (m3)

159 201 455 175 198 394

Saved water
(m3/ha)

53 67 152 58 66 131
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soil fertility, compared to wheat and rice cultivation only (Sheha et al. 2015).
Furthermore, the rotation contains winter and summer cereal crops and winter and
summer forage crops. Furthermore, it contains sugar crop and fiber crop.

Cultivating crops in salt-affected soil requires application of leaching require-
ments to wash salts away from root zone. Table 7.4 includes water requirements for
both prevailing and proposed crop rotations without leaching requirements. The
proposed rotation will save 3426 and 2828 m3/ha under current climate and under
climate change conditions in 2040, respectively.

Sugarcane Rotations in Upper Egypt

Sugarcane crop is considered very exhaustive to the soil, and requires great
quantities of irrigation water, fertilizers, and labor force. It is a perennial crop that
usually stays in field for three years (two ratoons, in addition to the yield of new
cane). Thereafter, the soil requires more special sustainable rotation to conserve soil
fertility. Sugarcane belt is located in the Southern governorates, where 90 % is
grown in El-Minia, Suhag, Qena, and Aswan governorates.

Usually, fields are left fallow after latter ratoon during winter, and then, farmers
grow grain sorghum. Wheat and Egyptian clover are usually grown in sugarcane
rotation (Zohry 1994).

Year 1 Year 2 Year 3
Wheat 

Rice
Clover (short season)

Sugar beet/faba been

Maize/cowpea forage

Wheat/cotton

Sugar beet/faba been

Maize/cowpea forage

Wheat/cotton Wheat 
Rice

Clover (short season)
Wheat/cotton Wheat 

Rice
Clover (short season)

Sugar beet/faba been

Maize/cowpea forage

Fig. 7.8 Proposed crop rotation in salt-affected soil in Egypt

Year 1 Year 2 Year 3
Clover 
Maize 

Sugar beet 
Rice

Wheat
Rice 

Wheat
Rice

Clover 
Maize 

Sugar beet 
Rice

Sugar beet 
Rice

Wheat
Rice 

Clover 
Maize 

Fig. 7.7 Prevailing crop rotation in salt-affected soil in Egypt
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Prevailing Crop Rotation for Sugarcane

Farmers follow this rotation in large area and in most fertile soil in Upper Egypt.
Nevertheless, this rotation suffers irregularities in income and work organization and
the scarcity of seeds (stakes) to plant the fourth year. In this rotation, sugarcane
occupies half the area, stays in field for 3 years, and renews every year. Cane is
grown in autumn, and the Egyptian clover of one cut as a cover crop is always
ploughed in the soil before planting cane. The field is divided in to six fields and this
necessitates the design of preliminary years before starting the rotation. Furthermore,
cane occupies half the area. This rotation is characterized by cultivation of wheat,
clover, and legumes in the winter and grain sorghum in the summer (Fig. 7.9).

The proposed autumn sugarcane rotation (Fig. 7.10) is characterized by using
intercropping with sugarcane, which allows saving of the applied water to the
intercropped crop as it uses the applied water to sugarcane (Zohry 2005a). Thus,
intercropping faba bean or onion with autumn planted sugarcane can be done.
Under that system, intercropping two rows of faba bean between sugarcane ridges
or five rows of onion with sugarcane was successful and profitable (Farghly 1997;
Zohry 1997). Furthermore, cowpea is intercropped with grain sorghum to improve
soil fertility, as cowpea is a legume crop (Abou-Keriasha et al. 2011). Intercropping

Table 7.4 Water
requirements for crops
cultivated in prevailing
and proposed rotation in
salt-affected land under
current climate and climate
change

Water requirements (m3/ha)
under

Rotation Current
climate

Climate
change

Prevailing

Clover 8720 9592

Maize 6361 7252

Wheat 5600 6608

Rice 13740 15389

Sugar beet 9667 10634

Rice 13740 15389

Total 57828 64863

Proposed

Wheat 4480 5617

Rice 10992 12311

Clover (short season) 2790 3069

Sugar beet/faba bean 7734 8507

Maize/cowpea forage 5089 5801

Wheat/cotton 16464 21074

Total 47549 56379

Saved water for
3 ha (m3)

10279 8483

Saved water (m3/ha) 3426 2828
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maize and soybean could replace grain sorghum, which use similar irrigation water.
Sunflower is also cultivated in this rotation, as well as maize. Thus, this rotation
consumes similar amount of irrigation water as prevailing rotation. However,
intercropping increases water and land productivity as more than one crop con-
sumed the same amount of applied water and more than one crop were harvested
from the same piece of land area.

The proposed spring sugarcane rotation (Fig. 7.11) is characterized by inter-
cropping summer crops with sugarcane, where these crops will obtain their water
requirements from the applied water to sugarcane. Intercropping soybean or sesame
with spring planted sugarcane, where two rows of soybean or sesame will be
planted between sugarcane ridges, was successful and profitable (Eweida et al.
1996; Abou-Keriasha et al. 1997). Similar to autumn sugarcane rotation, summer
crops, such as sunflower, soybean, and maize, could replace grain sorghum in some
areas in the rotation. Furthermore, intercropping maize and cowpea, as well as
maize and soybean could be implemented.

Plot 
area

First 
preliminary 

Second 
Preliminary 

First year Second 
year

Third year Fourth 
year

Fifth year Sixth
year

1/6

Egyptian 
clover (one 

cut)

New cane

1st Ratoon 2nd

Ratoon

Fallow

Grain 
sorghum

Wheat

Grain 
sorghum

Legume

Grain 
sorghum

Egyptian 
clover 

(one cut)

New cane

1st Ratoon

1/6

Legume

Grain 
sorghum

Egyptian 
clover (one 

cut)

New cane

1st Ratoon 2nd

Ratoon

Fallow

Grain 
sorghum

Wheat

Grain 
sorghum

Legume

Grain 
sorghum

Egyptian 
clover 

(one cut)

New cane

1/6

Wheat

Grain 
sorghum

Legume

Grain 
sorghum

Egyptian 
clover 

(one cut)

New cane

1st Ratoon 2nd

Ratoon

Fallow

Grain 
sorghum

Wheat

Grain 
sorghum

Legume

Grain 
sorghum

1/6

Legume

Grain 
sorghum

Wheat

Grain 
sorghum

Legume

Grain 
sorghum

Egyptian 
clover 

(one cut)

New cane

1st Ratoon 2nd

Ratoon

Fallow

Grain 
sorghum

Wheat

Grain 
sorghum

1/6

Wheat

Grain 
sorghum

Legume

Grain 
sorghum

Wheat

Grain 
sorghum

Legume

Grain 
sorghum

Egyptian 
clover 

(one cut)

New cane

1st Ratoon 2nd

Ratoon

Fallow

Grain 
sorghum

1/6

Legume

Grain 
sorghum

Wheat

Grain 
sorghum

Legume

Grain 
sorghum

Wheat

Grain 
sorghum

Legume

Grain 
sorghum

Egyptian 
clover 

(one cut)

New cane

1st Ratoon 2nd

Ratoon

Fig. 7.9 Prevailing sugarcane rotation in Upper Egypt
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Amount of Saved Irrigation Water Under Proposed
Rotations

The amount of saved irrigation water using the proposed spring rotation was cal-
culated to be 3,596 m3/ha (Table 7.5). This amount resulted from intercropping
soybean or sesame with sugarcane. This amount of water was supposed to be
applied to either crops under sole planting. Thus, it was saved because either crops
obtained it from the applied water to sugarcane. Similarly, under proposed autumn
rotation, the saved amount was 7,609 m3, as a result of intercropping faba bean or
onions (Table 7.5).

Plot 
area

First 
preliminary 

Second 
Preliminary 

First year Second 
year

Third year Fourth 
year

Fifth year Sixth
year

1/6

Egyptian 
clover (one 

cut)

New cane 
+ Faba 
bean 

1st Ratoon 2nd

Ratoon

Faba bean

Grain 
sorghum

Wheat

Soybean 
+ Maize

Faba bean

Grain 
sorghum

Egyptian 
clover 

(one cut)

New cane 
+ Faba 
bean

1st Ratoon

1/6

Faba bean

Grain 
sorghum

Egyptian 
clover (one 

cut)

New cane 
+ Onion

1st Ratoon 2nd

Ratoon

Faba bean

Grain 
sorghum

Wheat

Maize + 
Soybean

Faba bean

Grain 
sorghum

Egyptian 
clover 

(one cut)

New cane

1/6

Wheat

Grain 
sorghum + 

Cowpea 

Faba bean

Grain 
sorghum + 

Cowpea

Egyptian 
clover 

(one cut)

New cane 
+ Faba 
bean

1st Ratoon 2nd

Ratoon

Clover

Grain 
sorghum

Wheat

Soybean

Faba bean

Grain 
sorghum

1/6

Clover

Grain 
sorghum

Wheat

Sunflower

Faba bean

Maize + 
Soybean

Egyptian 
clover 

(one cut)

New cane 
+ Onion

1st Ratoon 2nd

Ratoon

Clover

Grain 
sorghum

Wheat

Maize + 
Soybean

1/6

Wheat

Sunflower

Clover

Grain 
sorghum

Wheat

Maize

Clover

Maize + 
Cowpea

Egyptian 
clover 

(one cut)

New cane 
+ Faba 
bean

1st Ratoon 2nd

Ratoon

Clover

Sunflower

1/6

Faba bean

Grain 
sorghum

Wheat

Grain 
sorghum + 

Cowpea

Clover

Maize + 
Soybean

Wheat

Grain 
sorghum

Clover

Maize

Egyptian 
clover 

(one cut)

New cane 
+ Onion

1st Ratoon 2nd

Ratoon

Fig. 7.10 Proposed autumn sugarcane rotation in Upper Egypt
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Conclusion

Climate change is expected to negatively affect water resources in Egypt and
worsen water scarcity situation that already existed. Thus, we are forced to think
about unconventional procedures to increase crops production, maintain irrigation
water, and conserve irrigation water. These procedures are implemented easily by
farmers, do not involve any extra cost, and result in an increase in farmer’s net

Table 7.5 Saved amount of irrigation water under proposed rotations

Prevailing rotation Proposed rotation

Spring Autumn Spring Autumn

Applied water per hectare (m3/ha) 19,708 20,958 19,708 20,958

Amount of saved water (m3/ha) – – 3,596 7,609

Plot 
area

First 
preliminary 

Second 
Preliminary 

First year Second 
year

Third year Fourth 
year

Fifth year Sixth
year

1/6

Egyptian 
clover (one 

cut)

New cane 
+ Soybean 

1st Ratoon 2nd

Ratoon

Faba bean

Grain 
sorghum

Wheat

Soybean 
+ Maize

Faba bean

Grain 
sorghum

Egyptian 
clover 

(one cut)

New cane 
+ Soybean

1st Ratoon

1/6

Wheat

Grain 
sorghum

Egyptian 
clover (one 

cut)

New cane 
+ Sesame

1st Ratoon 2nd

Ratoon

Faba bean

Grain 
sorghum

Wheat

Maize + 
Soybean

Faba bean

Grain 
sorghum

Egyptian 
clover 

(one cut)

New cane 
+ Sesame

1/6

Faba bean

Grain 
sorghum + 

Cowpea 

Faba bean

Grain 
sorghum

Egyptian 
clover 

(one cut)

New cane 
+ 

Soybean

1st Ratoon 2nd

Ratoon

Clover

Grain 
sorghum

Wheat

Soybean

Faba bean

Grain 
sorghum

1/6

Clover

Grain 
sorghum

Wheat

Sunflower

Faba bean

Maize + 
Soybean

Egyptian 
clover 

(one cut)

New cane 
+ Sesame

1st Ratoon 2nd

Ratoon

Clover

Grain 
sorghum

Wheat

Maize + 
Soybean

1/6

Wheat

Sunflower

Clover

Grain 
sorghum

Wheat

Maize

Clover

Maize + 
Cowpea

Egyptian 
clover 

(one cut)

New cane 
+ 

Soybean

1st Ratoon 2nd

Ratoon

Clover

Sunflower

1/6

Faba bean

Grain 
sorghum

Wheat

Grain 
sorghum + 

Cowpea

Clover

Soybean

Wheat

Grain 
sorghum

Clover

Maize

Egyptian 
clover 

(one cut)

New cane 
+ Sesame

1st Ratoon 2nd

Ratoon

Fig. 7.11 Proposed spring sugarcane rotation in Upper Egypt
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revenue. Crop rotation and intercropping can help in solving food insecurity
problem through increase in land productivity. Furthermore, implementing crop
rotation and intercropping can save sum of irrigation water and increase water
productivity. These saved irrigation water amounts can be used to cultivate new
areas and reduce food insecurity under current climate. Under climate change in
2040, these saved amounts can be used to maintain the cultivated area that is
expected to reduce, as a result of the increase in water requirements of the cultivated
crops.

The proposed sugarcane (autumn or spring) rotations can maintain soil fertility
(legumes versus cereals), increase water productivity (an amount of water irrigate
two crops), and increase land productivity (two crops harvested from the same
area). As a result, farmer's income can increase and livelihood of the farmers can be
improved.
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Chapter 8
Recommendations to Policy Makers
to Face Water Scarcity

Sayed A. Abd El-Hafez and A.Z. El-Bably

Abstract This chapter provides insights to policy makers in Egypt on how to deal
with water scarcity under current climate and in 2040 under climate change.

Policy response to climate variability and change should be flexible and sensible.
The difficulty of prediction and the impossibility of verification of predictions
decades into the future are important factors that allow for competing views of
long-term climate future. Therefore, policies related to long-term climate should not
be based on particular predictions, but instead should focus on policy alternatives
that make sense for a wide range of plausible climatic conditions. Climate is always
changing on a variety of time scales, and being prepared for the consequences of
this variability is a wise policy.

Climate change will have far-reaching effects on water management in agricul-
ture, even if adaptive capacity is relatively strong. In Egypt, the impacts will vary
considerably from location to location, but will arise through a combination of less
favorable conditions for plant growth, such as more variable rainfall, lower water
availability for irrigation, and higher crop water demands. These stresses will be
additional to the pressures to produce more food, with less water and less land
degradation in the face of the rising of the population and changing food preferences.

In response to climate change, estimates of incremental water requirement to
meet the future demand in 2040 to agricultural production under climate change
vary from 5 to 10 % of the extra water needed. It ranges from 2 to 19 % for wheat,
11 to 19 % for maize, 10 to 14 % for rice, and 11 to 19 % for sugarcane. One
consequence of greater future water demand and likely reductions in supply is that
the emerging competition between the environment and agriculture for water will
be much greater, and the matching of supply and demand consequently will be
harder to reconcile. The future availability of water to match crop water require-
ments is confounded in areas with lower rainfall those that are presently arid or
semiarid. Therefore, climate change will significantly impact agriculture by
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increasing water demand, limiting crop productivity, and by reducing water
availability in areas where irrigation is most needed or has comparative advantage.

From this point, it is expected that adaptation strategies will focus on minimizing
the overall production risk. Adaptation needs are uncertain, but can be defined by
specific prediction of likely climate impacts in a specific context. In practice,
continued refinement of soil, water, and crop management will contribute to much
of the necessary adaptation except in what are already water-stressed conditions.
The options for adaptation include the following:

• Improved agronomic practices

Cultivation of wheat, maize, or rice on raised bed (wide furrow) reduces yield
vulnerability to climate change and yield losses, as a result of improvement in field
growing conditions for these crops. Furthermore, adapting that raised bed culti-
vation under climate change by farmers could be useful for reducing production–
consumption gap.

• Irrigation system

Adapting sprinkler or drip system under climate change by farmers could be
fruitful for reducing production–consumption gap for wheat and maize. Growing
wheat and maize under sprinkler and drip system reduces its vulnerability to climate
change and reduced yield losses. Water requirements under raised beds and
sprinkler system are 20 and 25 % lower than its counterpart under surface irrigation
for wheat and maize, respectively. Improving surface irrigation using gated pipes in
sugarcane should be considered as an adaptation strategy to reduce climate change
risk on sugarcane production. Moreover, using gated pipes as a method for
developing surface irrigation in sugarcane increases land productivity under climate
change, compared to its counterpart under surface irrigation.

Planting rice on wide furrows as one of the surface irrigation methods is rec-
ommended because it saves a big amount of irrigation water that we can use to
grow another crop in the same season, like maize, to contribute to increase food
security. Wide furrows under current climate have the highest production and the
highest water productivity. Also, under climate changes in 2020, 2030, and 2040
recommend wide furrows for the same reasons.

• Intercropping systems

Wheat potential production under climate change will be lower by 18 % under
relay intercropping of cotton than sole wheat production by 28 % under climate
change. So, intercropping cotton on wheat will reduce yield losses climate change,
compared to sole wheat production under surface irrigation, raised beds, and
sprinkler system.

Summer oil crops can be intercropped with sugarcane, which will increase land
productivity and reduce production–consumption gap in edible oil in Egypt that
was estimated by 97 %. Furthermore, the intercropped crop will obtain its water
requirements from the applied amount of irrigation water for sugarcane, which will
increase water productivity.
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System level adaptation will respond to strategic policy at national level.
Farmers are likely to be highly innovative and proactive in adapting to climate
constraints. Therefore, a good understanding of what they do will be required both
to match system service to their needs and to assist in broader adoption and dis-
semination of beneficial practices across irrigation schemes catchments and basins.

• Crop rotation

In response to climate change, total water requirements are increasing with
climate change in 2040 for the prevailing and proposed crop rotation in old and new
lands as well as salt-affected soils in Egypt. But, the rate of increment was higher in
the prevailing crop rotation than the proposed crop rotation. Therefore, if we apply
the proposed crop rotation, the saved irrigation amount per hectare could be sig-
nificant in Nile Delta, Middle, and Upper Egypt.

Adopting the proposed crop rotation could reduce the applied water under both
current climate and climate change. Crop rotation and intercropping can help in
solving food insecurity problem through increase land productivity. Furthermore,
implementing crop rotation and intercropping can save sum of irrigation water and
increase water productivity. Under climate change in 2040, these saved amounts
can be used to maintain the cultivated area that is expected to be reduced as a result
of the increase in water requirements of the cultivated crops.

Farmers’ Perspectives in Adapting to Climate Change

It is important to link between strategic, system, and farm level development.
Although farmers will intuitively adapt to climate trends and more extreme vari-
ability, traditional knowledge that has served well for governorates may lose its
edge. Amid the scientific excitement of climate change, we should not forget
farmers’ daily realities and points of view.

As water becomes increasingly scarce, and more expensive, it would be logical
to specialize and intensify production to increase returns ($ productivity), although
at the cost of greater year to year risk and higher capital investment. Further, the
long-term risk associated with capital investment will also increase. Insurance can
hedge risks against extreme failures, but is less likely to protect farmers from a
generally more extreme climate. Engineered approaches to limiting crop water
demand and heat stress will only be afforded by the better-off and more commer-
cially oriented farmers. Those who do intensify are likely to require more secure
water supplies, and will need some form of high security water right.

The poorest subsistence farmers will face tough pressures to produce more, in
more adverse conditions, with limited capital resources. At the same time, they will
be expected to manage their production in a more environmentally sensitive way.
Widespread and sustained adoption of drought tolerant and other improved crop
varieties will be enhanced if farmers are able to provide their own seeds, and not
become locked into buying seeds every season. Dry land farmers and irrigators will

8 Recommendations to Policy Makers to Face Water Scarcity 119



require better use of irrigation water in winter and summer crops seasons, such as
wheat, maize, rice, and sugarcane and access to better information to adjust man-
agement practices, i.e., cultivation on raised beds, intercropping and increasing
water application efficiency using modern irrigation systems and gated pipes on the
selected crops under current climate, where it can used as adaptations to climate
change to reduce climate change risk.

The prospective impacts of climate change on water and implications for irri-
gation, the impacts of these drivers are likely to include the following:

• Reduction in crop yield and agricultural productivity where temperature con-
strains crop development. As temperature rises, the efficiency of photosynthesis
increases to a maximum and then falls, while the rate of respiration continues to
increase more or less up to the point that a plant dies. All other things being equal,
the productivity of vegetation thus declines once temperature exceeds an opti-
mum. In general, plants are more sensitive to heat stress at specific (early) stages
of growth, (sometimes over relatively short periods) than to seasonal average
temperatures. Coupled with increased rates of evapotranspiration, the potential
yield and water productivity of crops will fall. However, because yields and
water productivity are now low in many parts of Egypt, this does not necessarily
mean that they will decline in the long term. Rather, farmers will have to make
agronomic improvements to increase productivity from current levels;

• Reduced availability of water in regions in lower, middle, and upper regions; and
• Generally increased evaporative demand from crops as a result of the incre-

mental temperature.

Egypt should be supported in assisting with the development of farmer-oriented
programs, which in this case might include explaining climate change and pre-
dictive methods to farmers to illustrate the connection between climate change and
work that needs to be done to develop a better and more complete understanding of
the productivity under climate change through enhancing productivity for major
crops and reducing irrigation water; combating adverse sequences of climate
change; intercropping oil crops with spring sugarcane to production–consumption
gap such as soybean, sesame, and sunflower. These crops will get its water
requirements from the applied water to sugarcane. Thus, the cultivated areas of
these crops will increase, as well as its national production. So, this procedure can
contribute in reduction of edible oil gap exists in Egypt.

It is widely recognized that the transaction costs of monitoring small-scale
projects and subsistence farmers exceed the value of benefits, so good incentives for
subsistence farmers will be required. As for government incentives, obligatory crop
selection and rotation—possibility to introduce obligatory set crop rotation per area
in response to water scarcity and climate change impacts, including incentives such
as set higher prices for participants, subsidies on fertilizers or assistance with crop
marketing, providing security for farmers. This solution would limit farmers’
freedom on crop choices, however.

There will be strong pressures for individual farmers to harvest more water
by planting intercropping and crop rotation programs. This should happen
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spontaneously but will also be promoted through soil and water conservation
(watershed development) programs. There will be costs in terms of reduced
downstream flows (catchment yield) in both surface water, and these apply to more
distant farmers.

Planning Adaptation Strategies

Irrigation in a strategic planning context must consider risk; food security; food type;
balance of water demands and environmental impacts; substitutability with irrigated
agriculture and associated environmental trade-offs. It is timely to re-evaluate the
strategic role of irrigation in

• drought proofing of staple crops;
• high-value agriculture, with particular consideration of urban demand and

changing food preferences;
• high nutrition value agriculture targeted at subsistence farmers and the poor;
• export earnings versus import substitution; and
• minimizing ecological and climate change sensitive impacts.

The target is to develop an appropriate investment plan for climate sensitive
development that is based on future agricultural performance and the probable
availability of water resources (in the form of rain, stream flow, surface water, and
groundwater storage).

More focused local analysis can be undertaken to better understand adaptation
and mitigation options, as well as supporting strategic planning options.

The impacts of climate change on rice production will affect the lives of millions
of farmers and consumers. Some of the considerations for adapting rice production
systems and incorporating mitigation are listed below:

• Assess reduction likely in paddy area due to reduced runoff effects;
• Determine core paddy areas under climate change scenarios;
• Assess areas that will remain under rice in the summer season;
• Develop methodologies to assess consequent likely reduction in methane

emissions and, where possible, incorporate soils information into
remote-sensing-based estimates of rice area;

• Differentiate yield impacts across a new rice verities and landscape; and
• Determine rice irrigation strategies and crop diversification strategies to suit.

Development planning for specific region should also attempt better quantifi-
cation of how mitigation can be achieved in irrigated agriculture through minimal
input use (mostly N-fertilizer). Innovative thinking is required to encourage inte-
grated farming systems that combine full irrigation with deficit irrigation production
with short duration–high yielding cultivars and agricultural practices.
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It is important that planners in Egypt develop the capacity and have access to the
tools to undertake to address, and to shore up the information base for decisions
particularly with respect to actual water use and current resource availability.

Cooperation Between International Organizations
and Development Partners

A number of policy makers presented opportunities for collaboration and concerted
development in relation to climate change, food security, poverty alleviation, and
economic transitions. The challenge will be to make development assistance cli-
mate smart across as well as a wide range of interested parties, who may often have
more time-bound agendas.

Practical research on agricultural adaptation through cropping systems research
and through crop breeding and testing is required, as are partnerships between the
CGIAR centers and research units with established capacity in global and regional
climate modeling to evaluate and test resource constraints and options. Such
research support and capacity building should be aimed at mainstreaming
climate-smart development into local agencies and policy.

Addressing Identified Knowledge Gaps

In Egypt, the agriculture needs for a comprehensive assessment of climate change
impacts on agriculture and food security are identified, resulting in the elaboration
of adaptive strategies, for different scales and scenarios.

Fundamental and applied research is required to develop effective practices for
agricultural methods, irrigation systems, and empirical methods in dry areas and
salt-affected soils.

Finally, the impact of climate change on major crops in different situations
would help in planning mitigation and adaptation strategies and in finding an
appropriate, productive, and economically optimal balance. The goal of synergy
between adaptation, mitigation, and sustainable development strategies requires an
analytical framework with a sound economic basis.

International Support to Adaptive Strategies

It has identified weaknesses in the existing information bases, the institutional
arrangements to oversee water resources management, and the sustainable provi-
sion of water to agriculture.
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At scheme operational level, there is broad scope to apply management software
to calculate water requirements. National and international specialist agencies can
promote better understanding of the water resources and agriculture implications of
climate change and assist developing countries to improve regional and local
projections of impacts in order to develop planned adaptive strategies.

Advocacy would lead on the integration of climate science with agricultural
water management and include a strong focus on the preservation and enhancement
of natural ecosystems, which are tightly bound to the development and management
of irrigated agriculture. This will see further development of an integrated per-
spective at river basin level, and also across a spectrum of irrigated agriculture.

Two fundamental issues to resolve are how yields and production are likely to
change in the future, and how best to provide concrete examples for the extent to
which crop adaptation to higher temperatures is possible. The international climate
change literature is pessimistic, predicting significant reductions in yield and pro-
duction, even with adaptation strategies. It will be important to resolve the potential
for increases in productivity against a declining potential due to climate change.
A separate strand of effort could therefore be directed to the establishment of a
public access database on climate-adapted crop varieties, crop rotation, intercrop-
ping, agronomic practices, and irrigation systems as well. Some considerable
thought and preparation would need to go into the structure of such a database, and
into an easy and accessible means of abstracting relevant data. It would be very
useful if the database were validated by some testing and evaluation of the field
performance of adapted varieties, directly or from secondary data.

The following actions for improving overall water productivity in agricultural
will be considered and taken (policy consideration) to face water scarcity:

Improvement of Irrigation Efficiencies

• Carrying out further horizontal expansion, depending on the availability of
additional water.

• Prioritizing efficiency measures in affected areas.
• Continuing “Irrigation Improvement Projects” (IIP and IIIMP)-related activities

to rehabilitate water distribution systems in prioritized areas, i.e., areas, where
drainage water would otherwise flow to sinks and where reuse of drainage water
is not recommended because of its adverse effects.

• Providing irrigation advisory services that would include all new development
areas.

• Lining in stretches of canals which suffer from high leakage losses.
• Using laser land leveling where possible and where needed to increase filed

application efficiencies.
• Controlling drainage during the cultivation of rice.
• Using modern irrigation techniques in all new development areas with

light-textured soils.
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• Gradually in traducing modern irrigation techniques to replace traditional irri-
gation methods oases and gradually phasing out the cultivation of rice in these
areas.

• Controlling well discharge in desert areas.
• Improving operations and maintenance activities through private participation

(water boards and water user association).
• Reducing the irrigation supply after rainfall combined with extra storage

upstream from barrage in the Delta.

Improvement of Drainage Conditions

• Continuing the subsurface drainage program of EPADP, with the intention of
integrating activities with IIP into IIIMP.

Review of the Drainage Water Reuse Policy in Egypt

• Implementing intermediate reuse at appropriate locations.
• Prioritizing drainage water reuse in areas where:

– Drainage water would otherwise flow to sinks,
– The least harm is done to other downstream users, and
– Groundwater in least vulnerable to pollution.

• Allowing higher permissible salinity of irrigation water after mixing with
drainage water.

• Promoting the use of crops that are less sensitive to salinity.

Research and Development Activities Needed

• Update data on natural resources (land, water, and climate) using GIS and
satellite imagery data.

• Study integrated agro-climate system and develop the existing agricultural
systems (irrigated agriculture, rain fed agriculture, and rangelands)

• Implement integrated main field crops management.
• Implement integrated main horticulture management.
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Further Elaborations Are also Needed for the Following
Technical Aspects

• Water—use efficiency and water productivity.
• Crop water requirements and irrigation scheduling based on remote-sensing

techniques.
• Soil—plant—atmosphere relationships and crop growth modeling.
• Saline and marginal—quality water irrigation climate variability and changes

and their impacts on agriculture.
• Land evaluation and agro-ecological performance assessment; operational

analysis and rehabilitation.
• Energy consumption in delivering water to where it needed; irrigation water

supply and pumping station.
• Water resources management: reservoir operation and groundwater exploitation.

General Recommendations

Expanding the use of modern field irrigation system

• Implementing a mass media campaign to popularize modern field irrigation
systems, as well as the support and incentives given by the garment for this
purpose, in addition to extension campaigns to achieve this goal.

• Strengthening research in the field of planning and designing modern irrigation
systems recommended for each crop and each environment, and the application
of and in desert lands.

Enhance the protected agriculture technique

• Implementing an information campaign at the level of priority areas for pro-
tected agriculture;

• Informing farmers of the modern techniques used in protected agriculture as a
substitute for conventional agriculture in order to save the cost of agriculture
inputs;

• Strengthening research in the different fields of protected agriculture, soil-less
agriculture, and providing information on the use of information technology and
computer-based expert systems; and

• Developing intensified programs for development of human resources working
in the field of protected agriculture.

Further Elaborations Are also Needed for the Following Technical Aspects 125



Improving water use efficiency in rain fed agriculture

• Paying greater attention to rain water harvesting projects and expending such
projects in accordance with modern techniques;

• Applying supplementary irrigation systems, making use of the results of local
and international research;

• Developing infrastructure and facilitates in rain fed areas;
• Developing amps of water basins, in order to raise their use in supplementary

irrigation; and
• Media coverage of rain fed areas under development programs, social studies,

extension and increased awareness programs.

Rationalizing water use efficiency of groundwater resources

• Supporting and updating detailed studies on groundwater resources, within the
framework of developing a national map for groundwater resources, within the
framework of developing a national map for groundwater resources, under a
national plan to achieve the optimum and sustainable use of such resources;

• Applying modern techniques in monitoring and evaluation grand water and
assessing projects and activities to be based on them; and

• Establishing a notional institutional entity to survey, monitor, and manage
groundwater laws and establish strict regulations to apply such laws and
controls.

Develop unconventional water resources

• Expanding modern projects for the treatment of sewage water through the use of
modern techniques;

• Appling on effective auricular and environmental management for the use of
nonconventional water Sources (sewage and agricultural drainage water);

• Strengthening research and applied programs in the field of developing and
selecting plant varieties that can be grown using saline and low-quality water;
and

• Participating in regional and international research efforts cost efficient seawater
desalinization.
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