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In recent years, modeling aspects have added a new dimension in research innovations in all 
branches of engineering. In the field of soil and water engineering, they are increasingly used for 
planning, development, and management of land and water resources, including analysis of 
quantity and quality parameters of surface and ground water, flood forecasting and control 
measures, optimum allocation and utilization of irrigation water, increasing water productivity in 
rainfed and irrigated commands, reclamation of waterlogged areas, etc. The application of these 
models saves considerable time in decision support systems and helps in conservation and proper 
and optimum allocations of scarce precious natural resources, such as soil and water, in enhancing 
agricultural production. 

This new book discusses the development of many useful models and their applications in the 
field of soil and water engineering. Organized into four sections, the book covers 
•  modeling soil water engineering systems in rainfed areas
•  modeling irrigation systems in canal commands
• research advances in soil and water 
•  rainfall analysis for crop planning
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• Engineering Practices for Agricultural Production and Water Conservation: 
An Interdisciplinary Approach

• Flood Assessment: Modeling and Parameterization
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PREFACE 1 BY BALRAM PANIGRAHI

In recent years, modeling aspects have added a new dimension in research 
innovations in all branches of engineering. In the field of soil and water 
engineering, they are increasingly used for planning, development, and 
management of land and water resources, including analysis of quantity and 
quality parameters of surface and ground water, flood forecasting and control 
measures, optimum allocation and utilization of irrigation water, increasing 
water productivity in rainfed and irrigated commands, reclamation of water-
logged areas, etc. The application of these models saves considerable time in 
decision support systems and helps in conservation and proper and optimum 
allocations of scarce precious natural resources such as soil and water in 
enhancing agricultural production. 

This book Soil and Water Engineering: Principles and Applications of 
Modeling, discusses the development of some useful models and their appli-
cations in the field of soil and water engineering. The book is organized into 
four parts with 15 chapters. Part I titled Modeling Soil Water Engineering 
Systems in Rainfed Areas contains five chapters; Part II titled Modeling 
Irrigation systems in Canal Commands contains three chapters; Part III titled 
Research Advances in Soil and Water Engineering contains four chapters; 
and the Part IV titled Rainfall Analysis for Crop Planning contains three 
chapters.

The book addresses the modeling and design of on-farm reservoir irriga-
tion systems, watershed planning and management, water conservation in 
rainfed areas, and modeling optimum dyke heights to conserve maximum 
rainfall in rainfed. The volume goes on to examine modeling methods used 
in canal water delivery systems, the use of remote sensing and geographical 
information systems in rice irrigated canal commands, and irrigation man-
agement using decision support systems. Other topics include the applica-
tion of aquifer simulation models in study of ground water, ground water 
quality analysis by artificial neural networks, carbon sequestration study in 
restoring degraded soils and management of waterlogged areas by bio-drain-
age, and integrated farming systems.

Rainfall is the main source for supplying water to the crops in both 
rainfed and irrigated areas. Its analysis is very essential for effective crop 



planning. Since it is a stochastic variable, analysis of time series of rainfall 
is very important. A special chapter on a sustainability concept to evaluate 
performance of rainfall time series is presented, and a study of annual daily 
extreme precipitation of different rain-gauge stations is presented and will 
be of immense help in planning and management of water resources. 

The book will serve as an invaluable resource for graduate and under-
graduate students in the field of agriculture, agricultural, biological and civil 
engineering and also other branches of natural resources engineering. The 
book will be helpful for all academicians, research investigators, field engi-
neers, agronomists, soil scientists and extension personnel who directly or 
indirectly deal with Soil and Water Engineering. The contributions by the 
authors of different chapters of this book are very valuable which are duly 
acknowledged. The authors are well experts in their fields and have long 
years of experience in these areas. It is needless to mention that without their 
support this book would have not been published successfully. Their names 
are mentioned in each chapter and also separately in the list of contributors.

I take the opportunity to offer my heartfelt obligations to Prof. Dr. Megh 
R. Goyal “Father of Irrigation Engineering of 20th Century in Puerto Rico” 
and editor of this book series who has benevolently given me an opportunity 
to serve as a lead editor of the book. Through his arduous task of editing var-
ious books in agricultural engineering, Dr. Goyal has benefitted educators, 
planners, decision makers and farmers throughout the world. I feel proud to 
mention here Prof. Goyal has earlier given me an opportunity to edit a book 
entitled Modeling Methods and Practices in Soil and Water Engineering 
as lead editor in which he also serves as an author. My special thanks to all 
the editorial staff of Apple Academic Press Inc. for making every effort to 
publish both the books.

Readers are requested to offer constructive suggestions that may help to 
improve the next edition. 

I express my deep obligations to my family, friends and colleagues and 
contributors for their help and moral support during preparation of the book.

—Balram Panigrahi, PhD
January 19, 2016
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PREFACE 2 BY MEGH R. GOYAL

Due to increased agricultural production, irrigated land has increased in the 
arid and sub-humid zones around the world. Agriculture has started to com-
pete for water use with industries, municipalities, and other sectors. This 
increasing demand, along with increments in water and energy costs, have 
made it necessary to develop new innovative technologies for the adequate 
management of natural resources. The intelligent use of soil and water for 
crops requires understanding of evapotranspiration processes and use of effi-
cient irrigation methods under limited resources.

Our planet will not have enough potable water for a population of >10 
billion persons in 2115. The situation will be further complicated by mul-
tiple factors that will be adversely affected by global warming. The crisis 
is rampant. I will not be here in 2115, but my great grandchildren will be 
among the habitants then. We live on our mother planet and not on extra-
terrestrial planet. Therefore, it is our ethical and moral responsibility to join 
hands with the nature, people, and Almighty Creator, to solve this crisis.

I have been involved in soil and water conservation engineering (SWCE) 
since 1971. I have worked on soil and water conservation measures, irriga-
tion projects, soil crusting, precision farming, acid delinting, pressurized irri-
gation systems, as well as a professor/researcher/extension specialist/social 
worker as Pastor throughout my professional career of 51 years. This has 
helped me to be familiar with innovations and challenges in soil and water 
conservation engineering. Therefore, I know what the cooperating authors 
have emphasized in their chapters for this book volume. I am a staunch sup-
porter of preserving our natural resources. The updated seventh edition of 
Soil and Water Conservation Engineering by http://www.asabe.org empha-
sizes engineering design of soil and water conservation practices and their 
impact on the environment, primarily air and water quality. Other books 
on SWCE advocate the same. Importance of the wise use of our natural 
resources has been taken up seriously by universities, institutes/centers, gov-
ernment agencies and nongovernment agencies. I conclude that the agencies 
and departments in SWCE have contributed to the ocean of knowledge.

Our book also contributes to the ocean of knowledge on SWCE. 
Agricultural and biological engineers (ABEs) with expertise in SWCE work 



to better understand the complex mechanics of natural resources, so that they 
can be used efficiently and without degradation. ABEs determine crop water 
requirements and design irrigation systems. They are experts in agricultural 
hydrology principles, such as controlling drainage, and they implement 
ways to control soil erosion and study the environmental effects of sediment 
on stream quality. Natural resources engineers design, build, operate and 
maintain water control structures for reservoirs, floodways and channels. 
They also work on water treatment systems, wetlands protection, and other 
water issues. 

While making a call for chapters for a book volume on SWCE, we men-
tioned to the prospective authors the following focus areas:

• Academia to industry to end user loop in soil and water engineering;
• Aquaculture engineering;
• Biological engineering in SWE;
• Biotechnology applications in SWE;
• Climate change and its impact on SWE;
• Design in irrigation and drainage systems;
• Drainage principles, management, practices;
• Education in SWE: curricula/scope/opportunities;
• Energy potential in SWE;
• Environment engineering;
• Extension methods in SWE;
• Flood damage in crop production;
• Flow through porous media;
• Global warming due ill effects of SWCE;
• Ground water and tube-wells: principles, management, practices;
• Groundwater simulation for sustainable agriculture;
• Human factors engineering in SWE;
• Hydrologic applications in SWE;
• Irrigation principles, management, practices;
• Management of water resources;
• Nanotechnology applications in SWE;
• Natural resources engineering and management;
• Principles of hydraulics in SWE;
• Robot engineering in SWE;
• Simulation, optimization and computer modeling;
• Society and natural resources;
• Soil and water engineering;
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• Waste management engineering
Therefore, I conclude that scope of SWCE is very wide, and focus areas 

may overlap one another. The mission of this book volume is to serve as a 
reference manual for graduate and undergraduate students of agricultural, 
biological and civil engineering; and horticulture, soil science, crop science 
and agronomy. I hope that it will be a valuable reference for profession-
als who work with soil and water management, for professional training 
institutes, technical agricultural centers, irrigation centers, Agricultural 
Extension Service, and other agencies. I cannot guarantee the information in 
this book series will be enough for all situations.

After my first textbook on Drip/Trickle or Micro Irrigation Management 
by Apple Academic Press Inc., and response from international readers, 
Apple Academic Press Inc. has published for the world community the ten-
volume series on Research Advances in Sustainable Micro Irrigation, edited 
by Megh R. Goyal. I have already published five book volumes under book 
series Innovations and Challenges in Micro Irrigation.

At the 49th annual meeting of Indian Society of Agricultural Engineers at 
Punjab Agricultural University during February 22–25 of 2015, a group of 
ABEs convinced me that there is a dire need to publish book volumes on the 
focus areas of agricultural and biological engineering (ABE). This is how 
the idea was born on a new book series titled Innovations in Agricultural & 
Biological Engineering. Here we present the volume titled Soil and Water 
Engineering: Principles and Applications of Modeling.

My long-time colleague, Dr. Balram Panigrahi, joins me as a Lead Editor 
of this volume. Dr. Panigrahi holds exceptional professional qualities in addi-
tion to Professor and Head for Department of Soil and Water Conservation 
Engineering in College of Agricultural Engineering & Technology (CAET) 
at Orissa University of Agriculture & Technology, Bhubaneswar, India. His 
contribution to the contents and quality of this book has been invaluable.

We will like to thank editorial staff, Sandy Jones Sickels, Vice President, 
and Ashish Kumar, Publisher and President, at Apple Academic Press, Inc., 
for making every effort to publish the book when the diminishing water 
resources are a major issue worldwide. Special thanks are due to the AAP 
Production Staff for the quality production of this book. We request that 
readers to offers us your constructive suggestions that may help to improve 
the next edition. 
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I express my deep admiration to my family for understanding and col-
laboration during the preparation of this book. Our Almighty God, owner of 
natural resources, must be very happy on the publication of this book. As an 
educator, there is a piece of advice to one and all in the world: “Permit that 
our almighty God, our Creator and excellent Teacher, irrigate the life with 
His Grace of rain trickle by trickle, because our life must continue trickling 
on… and Get married to your profession”

—Megh R. Goyal, PhD, PE, Senior Editor-in-Chief
January 19, 2016
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FOREWORD

Ever-increasing global population along with industrialization and urbaniza-
tion has urged upon us more efficient utilization and conservation of natural 
resources. Moreover, indiscriminate interference with nature’s biological 
systems by mankind has exacerbated the situation, threatening the liveli-
hood and security through the degradation of land and water resources all 
over the world. Innovations in research, especially in the development and 
applications of new models in the field of soil and water engineering, are 
very much essential for conservation and development of natural resources 
besides optimally utilizing them for enhancing agricultural production.

In this context, this book, titled Soil and Water Engineering: Principles 
and Applications of Modeling edited by Dr. Balram Panigrahi, Professor and 
Head, Soil and Water Conservation Engineering, College of Agricultural 
Engineering and Technology, Orissa University of Agriculture and 
Technology, Bhubaneswar and distinguished Professor Dr. Megh R. 
Goyal, under the book series, Innovations in Agricultural and Biological 
Engineering, will definitely serve as an invaluable resource for academi-
cians, practicing engineers, planners, managers, research scientists, and stu-
dents in the field of soil and water engineering, irrigation engineering and 
water resources engineering.

I compliment the commendable endeavors of the editors of the book and 
wish the publication a great success.

—Prof. M. Kar 
Vice Chancellor, Orissa University of Agriculture and  

Technology, Bhubaneswar
9th October, 2015
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WARNING/DISCLAIMER

PLEASE READ CAREFULLY

The goal of this compendium, Soil and Water Engineering: Principles and 
Applications of Modeling, is to guide the world engineering community on 
how to efficiently design for economical crop production. The reader must 
be aware that the dedication, commitment, honesty, and sincerity are the 
most important factors in a dynamic manner for a complete success. 

The editor, the contributing authors, the publisher and the printer have 
made every effort to make this book as complete and as accurate as possible. 
However, there still may be grammatical errors or mistakes in the content or 
typography. Therefore, the contents in this book should be considered as a 
general guide and not a complete solution to address any specific situation in 
irrigation. For example, one size of irrigation pump does not fit all sizes of 
agricultural land and to all crops.

The editor, the contributing authors, the publisher, and the printer shall 
have neither liability nor responsibility to any person, any organization or 
entity with respect to any loss or damage caused, or alleged to have been 
caused, directly or indirectly, by information or advice contained in this 
book. Therefore, the purchaser/reader must assume full responsibility for 
the use of the book or the information therein.

The mention of commercial brands and trade names is only for technical 
purposes. It does not mean that a particular product is endorsed over another 
product or equipment not mentioned. The author, cooperating authors, edu-
cational institutions, and the publisher Apple Academic Press Inc. do not 
have any preference for a particular product.

All weblinks that are mentioned in this book were active on December 
31, 2015. The editors, the contributing authors, the publisher, and the print-
ing company shall have neither liability nor responsibility, if any of the web-
links is inactive at the time of reading of this book.
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Conservation of soil and water resources is an urgent need to save our 
planet from degradation. Agricultural Engineers can help to alleviate these 
crises. Editors of this book volume have contributed a drop in the ocean. It 
is our ethical duty to educate our fraternity on this topic.

—Miguel A Muñoz, PhD

In providing these resources in soil and water engineering, Balram 
Panigrahi and Megh R. Goyal, as well as the Apple Academic Press, are 
rendering an important service to the conservationists.

—Gajendra Singh, PhD

Water is increasingly scarce and extremely valuable resource, with-
out which sustainable development is impossible. Agriculture is the larg-
est water-using sector worldwide. The gross irrigated area in the world has 
increased from 94 M-ha in 1950’s to about 280 M-ha at present. Most of the 
areas are in the developing countries, especially in India, the gross irrigated 
area is more than 100 M-ha. Research in water resources, quantity, quality 
of water, water management in agriculture including drip irrigation is taken 
up seriously by the scientists especially for Rice, fruits, vegetables, cotton, 
banana, sugarcane plantations crops, etc. According to the FAO (1990), 60% 
of the water supplied for irrigation goes unused and leads to water logging 
and salinization.

Hence, water requirements for various crops are worked out in surface 
irrigation, sprinkler and drip irrigation methods to use water efficiently. 
There are two strategies, which are used to meet challenges: i) Supply 
management and ii) Demand management. To solve the problems related 
to water management, water should be considered as an economic asset. 
The increase in the value of water, demand management will become more 
important than supply management. This book volume addresses emerging 
technologies in SWCE.

—R. K. Sivanappan, PhD



The emerging technologies have potential to conserve water that can 
facilitate timely sowing of crops under the delayed monsoon situation that 
has occurred in 2014 and provide solutions to monsoon worries. Agricultural 
Engineers need to provide leadership opportunities for in water resources 
and water management sector, water resources, irrigation, soil conservation, 
watersheds, environment and energy for stability of agriculture and in turn 
stable growth of Indian economy. This book volume is an asset in this path.

—V. M. Mayande, PhD

Visualizing invisible resources using modern tools and modeling 
approach so as to conserve and manage soil and water resources particularly 
in the wake of climate change are going to be immensely helpful to the aca-
demician and policy makers. I wish the book will be a milestone to deal the 
important issue of water management.

—Sunil Kumar Ambast, PhD
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EDITORIAL

Apple Academic Press Inc., is publishing the AAP book series titled 
Innovations in Agricultural and Biological Engineering. Over a span of 
8–10 years, Apple Academic Press Inc., will publish volumes in the spe-
cialty areas defined by American Society of Agricultural and Biological 
Engineers (http://www.asabe.org). The mission of this series is to provide 
knowledge and techniques for agricultural and biological engineers (ABEs). 
The series aims to offer high-quality reference and academic content in 
Agricultural and Biological Engineering (ABE) that is accessible to acade-
micians, researchers, scientists, university faculty, and university-level stu-
dents and professionals around the world. The following material has been 
edited/modified and reproduced below [Goyal, Megh R., 2006. Agricultural 
and biomedical engineering: Scope and opportunities. Paper Edu_47 at the 
Fourth LACCEI International Latin American and Caribbean Conference 
for Engineering and Technology (LACCEI’ 2006): Breaking Frontiers and 
Barriers in Engineering: Education and Research by LACCEI University of 
Puerto Rico – Mayaguez Campus, Mayaguez, Puerto Rico, June 21 – 23]:

WHAT IS AGRICULTURAL AND BIOLOGICAL ENGINEERING (ABE)?

“Agricultural Engineering (AE) involves application of engineering to pro-
duction, processing, preservation and handling of food, fiber, and shelter. 
It also includes transfer of technology for the development and welfare of 
rural communities,” according to http://www.isae.in. “ABE is the discipline 
of engineering that applies engineering principles and the fundamental con-
cepts of biology to agricultural and biological systems and tools, for the 
safe, efficient and environmentally sensitive production, processing, and 
management of agricultural, biological, food, and natural resources sys-
tems,” according to http://www.asabe.org. “AE is the branch of engineer-
ing involved with the design of farm machinery, with soil management, 
land development, and mechanization and automation of livestock farm-
ing, and with the efficient planting, harvesting, storage, and processing of 



farm commodities,” definition by: http://dictionary.reference.com/browse/
agricultural+engineering.

“AE incorporates many science disciplines and technology practices 
to the efficient production and processing of food, feed, fiber and fuels. It 
involves disciplines like mechanical engineering (agricultural machinery 
and automated machine systems), soil science (crop nutrient and fertiliza-
tion, etc.), environmental sciences (drainage and irrigation), plant biology 
(seeding and plant growth management), animal science (farm animals and 
housing), etc.,” by: http://www.ABE.ncsu.edu/academic/agricultural-engi-
neering.php.

“According to https://en.wikipedia.org/wiki/Biological_engineering: “BE 
(Biological engineering) is a science-based discipline that applies concepts 
and methods of biology to solve real-world problems related to the life sci-
ences or the application thereof. In this context, while traditional engineering 
applies physical and mathematical sciences to analyze, design and manufac-
ture inanimate tools, structures and processes, biological engineering uses 
biology to study and advance applications of living systems.”

SPECIALTY AREAS OF ABE

Agricultural and Biological Engineers (ABEs) ensure that the world has 
the necessities of life including safe and plentiful food, clean air and water, 
renewable fuel and energy, safe working conditions, and a healthy environ-
ment by employing knowledge and expertise of sciences, both pure and 
applied, and engineering principles. Biological engineering applies engi-
neering practices to problems and opportunities presented by living things 
and the natural environment in agriculture. BA engineers understand the 
interrelationships between technology and living systems, have available a 
wide variety of employment options. “ABE embraces a variety of following 
specialty areas,” http://www.asabe.org. As new technology and information 
emerge, specialty areas are created, and many overlap with one or more 
other areas.

1. Aquacultural Engineering: ABEs help design farm systems for rais-
ing fish and shellfish, as well as ornamental and bait fish. They spe-
cialize in water quality, biotechnology, machinery, natural resources, 
feeding and ventilation systems, and sanitation. They seek ways 
to reduce pollution from aquacultural discharges, to reduce excess 
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water use, and to improve farm systems. They also work with aquatic 
animal harvesting, sorting, and processing.

2. Biological Engineering applies engineering practices to prob-
lems and opportunities presented by living things and the natural 
environment.

3. Energy: ABEs identify and develop viable energy sources – bio-
mass, methane, and vegetable oil, to name a few – and to make these 
and other systems cleaner and more efficient. These specialists also 
develop energy conservation strategies to reduce costs and protect 

Editorial xliii



the environment, and they design traditional and alternative energy 
systems to meet the needs of agricultural operations.

4. Farm Machinery and Power Engineering: ABEs in this specialty 
focus on designing advanced equipment, making it more efficient 
and less demanding of our natural resources. They develop equip-
ment for food processing, highly precise crop spraying, agricultural 
commodity and waste transport, and turf and landscape maintenance, 
as well as equipment for such specialized tasks as removing seaweed 
from beaches. This is in addition to the tractors, tillage equipment, 
irrigation equipment, and harvest equipment that have done so much 
to reduce the drudgery of farming.

5. Food and Process Engineering: Food and process engineers com-
bine design expertise with manufacturing methods to develop eco-
nomical and responsible processing solutions for industry. Also food 
and process engineers look for ways to reduce waste by devising 
alternatives for treatment, disposal and utilization.

6. Forest Engineering: ABEs apply engineering to solve natural 
resource and environment problems in forest production systems and 
related manufacturing industries. Engineering skills and expertise are 
needed to address problems related to equipment design and manu-
facturing, forest access systems design and construction; machine-
soil interaction and erosion control; forest operations analysis and 
improvement; decision modeling; and wood product design and 
manufacturing.

7. Information and Electrical Technologies Engineering is one of the 
most versatile areas of the ABE specialty areas, because it is applied 
to virtually all the others, from machinery design to soil testing to 
food quality and safety control. Geographic information systems, 
global positioning systems, machine instrumentation and controls, 
electromagnetics, bioinformatics, biorobotics, machine vision, sen-
sors, spectroscopy: These are some of the exciting information and 
electrical technologies being used today and being developed for the 
future.

8. Natural Resources: ABEs with environmental expertise work to 
better understand the complex mechanics of these resources, so that 
they can be used efficiently and without degradation. ABEs deter-
mine crop water requirements and design irrigation systems. They 
are experts in agricultural hydrology principles, such as controlling 
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drainage, and they implement ways to control soil erosion and study 
the environmental effects of sediment on stream quality. Natural 
resources engineers design, build, operate and maintain water control 
structures for reservoirs, floodways and channels. They also work on 
water treatment systems, wetlands protection, and other water issues.

9. Nursery and Greenhouse Engineering: In many ways, nursery 
and greenhouse operations are microcosms of large-scale production 
agriculture, with many similar needs – irrigation, mechanization, 
disease and pest control, and nutrient application. However, other 
engineering needs also present themselves in nursery and greenhouse 
operations: equipment for transplantation; control systems for tem-
perature, humidity, and ventilation; and plant biology issues, such 
as hydroponics, tissue culture, and seedling propagation methods. 
And sometimes the challenges are extraterrestrial: ABEs at NASA 
are designing greenhouse systems to support a manned expedition to 
Mars!

10. Safety and Health: ABEs analyze health and injury data, the use 
and possible misuse of machines, and equipment compliance with 
standards and regulation. They constantly look for ways in which 
the safety of equipment, materials and agricultural practices can be 
improved and for ways in which safety and health issues can be com-
municated to the public.

11. Structures and Environment: ABEs with expertise in structures 
and environment design animal housing, storage structures, and 
greenhouses, with ventilation systems, temperature and humidity 
controls, and structural strength appropriate for their climate and 
purpose. They also devise better practices and systems for storing, 
recovering, reusing, and transporting waste products.

CAREER IN AGRICULTURAL AND BIOLOGICAL ENGINEERING

One will find that university ABE programs have many names, such as bio-
logical systems engineering, bioresource engineering, environmental engi-
neering, forest engineering, or food and process engineering. Whatever the 
title, the typical curriculum begins with courses in writing, social sciences, 
and economics, along with mathematics (calculus and statistics), chemistry, 
physics, and biology. Student gains a fundamental knowledge of the life 
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sciences and how biological systems interact with their environment. One 
also takes engineering courses, such as thermodynamics, mechanics, instru-
mentation and controls, electronics and electrical circuits, and engineering 
design. Then student adds courses related to particular interests, perhaps 
including mechanization, soil and water resource management, food and 
process engineering, industrial microbiology, biological engineering or pest 
management. As seniors, engineering students team up to design, build, and 
test new processes or products.

For more information on this series, readers may contact:
Ashish Kumar, Publisher and 
President
Sandy Sickles, Vice President
Apple Academic Press, Inc.,
Fax: 866-222-9549; E-mail:  
ashish@appleacademicpress.com
http://www.appleacademicpress.
com/publishwithus.php

Megh R. Goyal, PhD, PE
Book Series Senior 
Editor-in-Chief
Innovations in Agricultural and 
Biological Engineering
E-mail: goyalmegh@gmail.com
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1.1 INTRODUCTION

The half of annual rainfall in Eastern India (1200–1700 mm) is through 
storms and about 66%, falls during June to September. The uneven dis-
tribution of spatial temporal variability of rainfall causes: surface flood-
ing, runoff, erosion and nutrient losses and water scarcity at the critical 
crop growth stages [16, 45, 56]. The water management strategy in paddy 
requires in depth knowledge of soil water dynamics under such monsoon 
climate.

Water conservation methods in paddy can be through construction of 
dykes. The Surface runoff, lateral seepage through the dykes, vertical deep 
percolation and evapotranspiration reduce water application efficiency 
[82]. All these processes affect nitrogen availability as nitrate-nitrogen 
(NO3

–-N) that accumulates in aerobic either lost through leaching beyond 
root zone and contaminate the groundwater [30, 87] or get diffused into 
the anaerobic (reduced) soil layer below and denitrified to the N2 and N2O 
gaseous forms, which are lost to the atmosphere contributing to global 
warming/climate change [9, 10, 20]. In situ conservation of rainwater in 
the cropped field, harvesting of excess rainwater in the on-farm reservoirs 
(OFRs) and utilized for providing supplemental irrigation to rice followed 
by non-rice crops in dry winter season such as mustard with diversified 
cropping system are some of the rainwater management strategies for 
increasing the overall agricultural productivity of rainfed eco-system in a 
region [13, 28, 31, 76].

The major challenge of the rainfed agriculture is sustainable manage-
ment of rainwater and nitrogen so that a favorable environment is created for 
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crop growth. Cultivation of non-rice winter crops following rice depends on 
the availability of residual soil water and water resources. In the absence of 
groundwater resources, the monsoon rains available in the crop field can be 
harvested in the OFR for supplying life-saving irrigation to rice in the rainy 
season and the balance can be usefully utilized for cultivating non-rice crops 
in winter season. But no efforts has been done yet to investigate the effect 
of variable ponding depths in rice fields, which leads to different soil water 
regimes and also generates variable runoff that can be harvested and stored 
in the lined and unlined OFRs for future use. Much more studies are required 
on the effect of lining, as the availability of water in the OFR depends on it, 
for increasing the water use efficiency. Depending on the storage capacity 
of the OFRs, the crops will be differentially irrigated leading to seasonal 
variation in soil water regime, which in turn controls the availability and 
movement of water and NO3

–-N.
In India nitrogen fertilizer is generally applied in the form of urea. When 

urea is applied in flooded rice fields, it is converted to ammonium-nitrogen 
(NH4

+-N) by the process of hydrolysis and finally to NO3
– by nitrification. 

With the onset of monsoon and flooding of soil, NO3
–-N, which is soluble in 

water, either moves with the percolating water and leaches down to ground-
water or is lost through denitrification [9, 11]. This results in a net reduction 
of the mineral nitrogen pool at the beginning of the rice growing period [66]. 
The two major factors controlling leaching losses of nitrate are concentra-
tion of nitrate in the soil profile at the time of leaching and quantity of water 
leaving the root zone. Ammonium is generally considered immobile, as it 
gets adsorbed on the soil particles and absorbed by the plants, and is not 
transported by the percolating water [84] except when fertilizer is applied in 
very large quantities or soil is coarse textured and has low cation exchange 
capacity [9]. Thus, one needs a much better understanding of the underly-
ing processes of water extraction and nutrient uptake under the fluctuating 
conditions of the rainfed rice fields.

Research on the measurement and modeling of water flow and solute 
transport and transformation processes under transient soil water regime has 
recently been recognized as an important area of research for paddy produc-
tion system [77]. Predicting water flow under different soil water regimes 
is a challenging task because of high variability of soil hydraulic proper-
ties with time and space, and the complex nature of underlying flow field. 
Computer models are becoming increasingly important tools for analyzing 
complex problems involving water flow and solute transport in the vadose 
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zone [12]. However, studies simultaneously estimating water flow and sol-
ute transport parameters for transient variably-saturated media are less com-
mon [37], especially in a layered soil-profile and for field conditions.

The two-dimensional HYDRUS-2D model is one such model that has 
been successfully used for simulating soil water transport by various workers 
[1, 67].More studies are to be required to evaluate suitability HYDRUS-2D 
model to simulate movement of soil water under variable soil water regimes 
in rice and mustard fields. The present investigation has, therefore, been 
undertaken to assess the influence of runoff and supplemental irrigation 
from the OFR on soil water and NO3

–-N dynamics under rainfed upland rice 
(Oryzasativa L.) and irrigated mustard (Brassica campestris L.).

This chapter discusses research results: to simulate soil water under 
rice-mustard cropping system using HYDRUS-2D; to evaluate the effect 
of runoff induced soil water regimes on water and nitrate-nitrogen dynam-
ics under rainfed upland rice; to study the effect of soil water regimes, as 
induced by frequency of irrigation from the lined and unlined on-farm res-
ervoirs, on water and nitrate-nitrogen dynamics under rainfed mustard; and 
to assess the effect of runoff and the OFR irrigation induced soil water 
regimes on root growth, nutrient uptake, yields, and economics of rice-
mustard cropping system.

Although the impact of soil water regimes on the productivity of rice based 
cropping system is well conceived, its variation under changing conditions 
of rainfall distribution, runoff and irrigation from the OFR as well as their 
impact on the dynamics of water and NO3

–-N are scarcely understood. Not 
enough attempts have been made till-date to know the complex dynamics of 
the lateritic (Oxyaquichaplustalf) tract of eastern India where rice is tradition-
ally adopted as a rainfed crop during monsoon season and a low duty crop like 
mustard during the post-monsoon dry winter season. Moreover the impact of 
lined and unlined OFRs on volume of storage, water losses and frequency of 
supplemental irrigation on yields of crop has been requiring more attention.

1.2 REVIEW OF LITERATURE

1.2.1 EFFECT OF SUBMERGENCE AND WATER STRESS ON 
NITROGEN DYNAMICS

Rainfed upland rice encounters an environment more complex and unpre-
dictable than other crops. It is grown in diked fields without water control, 
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and it, therefore, experiences hydrologic conditions fluctuating from com-
plete submergence of the crop to drought situation, often during the same 
growing season. Such severe changes have marked effects on soil condi-
tions and the availability of nutrients and water [47, 80]. The alternating 
periods of soil oxidation and reduction resulting from changing hydrologic 
conditions lead to gaseous loss of N and immobilization of other nutrients, 
together with changes in soil acidity and the concentrations of toxic iron and 
aluminum.

In porous soils under rice, continuous flooding cannot be maintained due 
to high water percolation rates. The high urea application rates that exceed 
crop demands to the dry season crops [51], resulting in large N losses that 
range from 34 to 549 kg per cropping sequence [78]. Excessive applied N, 
not used by the crop, accumulates as NO3

–-N in the soil profile during the 
dry season. Soil and crop management during both the dry season and dry 
to wet transition substantially influences soil NO3

–-N [78]. With the onset of 
monsoon and soil flooding, NO3

–-N either leaches down to groundwater or 
is lost through denitrification.

Ponding of water in the field was not essential for NO3
–-N losses to occur 

[69]. When water-filled porosity exceeded 70%, NO3
–-N was lost from all 

soil layers. Since N did not accumulate in deeper soil layers, losses of NO3
–-N 

were attributed to denitrification. In most of these studies, the distribution of 
NO3

–-N in the soil profile has been determined at the end of different field 
experiments. With the application of nitrogen fertilizer, no studies are avail-
able that report changes in NO3

–-N and NH4
+-N, during and after the harvest 

of each crop grown in a rotation, occurring under dry and flooded cycles.
Rice is particularly susceptible to soil water deficit [38], and drought 

affects its growth in about 50% of the world production area [32]. A stress of 
12 days during anthesis, adversely affects spikelet fertility with severe reduc-
tion in grain yield [24]. Numerous studies conducted on the manipulation of 
depth and interval of irrigation to save water use without any yield loss have 
demonstrated that continuous submergence is not essential for obtaining high 
rice yields [89]. Tabbal [74] reported that maintaining a very thin water layer, 
saturated soil condition, or alternate wetting and drying could reduce water 
applied to the field by about 40–70% compared with the traditional prac-
tice of continuous shallow submergence, without a significant yield loss. Soil 
nitrate and ammonium concentrations were similar in continuously shallow-
flooded and saturated soil water regimes, implying that plant N availability 
were not adversely affected when a saturated soil regime was maintained.
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In order to predict the concentration of nitrate in the water percolating 
out of the root zone, it is necessary to determine a nitrate and water bud-
get in the root zone. Since nitrate moves with water, nitrate movement is 
linked to the output of the soil water balance model developed for rice fields. 
Quantification of N losses from a rice field requires information of daily per-
colation rates and daily standing water depths in the fields [89].

1.2.2 EFFECT OF SOIL WATER ON CROP ROOT GROWTH

Soil water availability estimation is critical for assessing crop development 
and performance. During periods of soil water deficits, the capability of crop 
roots to extract soil water depends on the distribution and depth of its root 
system [17]. Most water uptake models assume a relationship between root 
water extraction and root length density [19, 88].

During early growth stages, root length growth was very sensitive to soil 
water deficit. Rice is commonly regarded as having a poor root system, often 
failing to extract water from deeper layers of the soil profile, relative to other 
crops [38]. Yoshida and Hasegawa [85] reported significant variation in root 
length density in rice below 30 cm. Consequently, several reviews have con-
cluded that a drought avoidance strategy (maximum rooting depth, a greater 
root length density at depth, and a greater capacity to conduct water from 
depth) would be helpful for upland conditions [27].

In puddle rice fields, the bulk density increased with time, due to the set-
tling of particles. Bulk density further increases on drying because of shrink-
age. Root growth and grain yield in transplanted rice is negatively correlated 
with bulk density and soil strength [46]. In contrast, use of deep cultivation 
or a tap-rooted legume to perforate the hardpan resulted in higher yields of 
rainfed rice on compaction-prone soils [7].

1.2.3 NUTRIENT UPTAKE AND RICE-BASED CROPPING 
SYSTEM

For rainfed agriculture, compared to other agricultural systems, it is not 
clear to what extent rice yields are limited by nutrients, water, and the inter-
actions between them, over the diverse soil types, cultural practices and 
seasonal conditions. Few of the many experiments have obtained the data 
essential for thorough interpretation, and none has attempted to develop an 
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understanding of prospects for manipulating nutrient and water interactions 
across the varied combinations of flood, drought, soil type and cultural prac-
tices. More understanding is required of the processes of nutrient release 
and capture under the fluctuating soil water regimes of the rainfed areas. 
Furthermore, adoption of proper cropping system that aims to combine max-
imum capture of water and nutrient resources with minimum use of external 
inputs is only sustainable if the inputs and outputs of water and nutrients are 
balanced at the level of a particular target yield [86].

The average recovery efficiency of fertilizer nitrogen in irrigated rice 
can be as low as 30% [21], but an adequate supply of nitrogen is essen-
tial for high yields. By generating wide ranges of dry-season soil NO3

–-N, 
George [29] demonstrated the significance of N uptake by plants in reducing 
NO3

–-N loss. If rainfed soils were properly managed, they could conserve 
up to 130 kg N ha–1 for plant uptake, supporting a grain yield of more than 
4 tonn ha–l without additional fertilizer-N inputs. Rainfed upland rice is also 
grown on coarse-textured Alfisols and Ultisols. These soils lose a consider-
able amount of water and nutrients by deep percolation. The productivity of 
these soils could be increased if water percolation and leaching of nitrogen 
were minimized. Under such condition direct seeding may permit a second 
crop to be grown before or after the main crop of rice, where otherwise it 
may not be possible. If the additional crop is a legume, this may result in a 
net input of biologically fixed N into the system [29].

The adoption of legumes into rice-based cropping systems, offers oppor-
tunities to increase and sustain productivity and income of small rice farm-
ers in South East Asia. In the irrigated areas, legumes (soybean (Glycine 
max L. Merr.), peanut (Aracishypogaea L.) and mungbean (Vignaradiata 
(L.)Wilzek)) are generally grown in rotation of rice-rice-legume or rice-
legume-legume with two or more irrigations during the season [46]. 
Yield increase  anged from 42 to 140% as reported by Adisarwanto and 
Suhartina [4] in experiments conducted in East Java, Indonesia.

1.2.4 MODELING OF WATER AND SOLUTE TRANSPORT

The water status in the rice field, whether rainfed or irrigated, greatly 
influences nutrient-use efficiency as well as nutrient balances in crop-soil 
systems. However, owing to the complexity of the soil media, such as the 
complex fracture system and large heterogeneity of the various hydraulic 
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properties, and limited available field data, flow and solute transport in 
the complex subsurface environments have not been fully understood. 
The Richards’ equation for water flow and the convection-dispersion equation 
for solute transport are frequently used to describe water and solute transport 
experiments in undisturbed soil columns and field soils [26, 61]. Sometimes, 
however, significant differences are observed between observations and the 
results of model calculations [40], which is especially the case in structured 
or macro-porous soils. Jacques [41] evaluated the applicability of Richards’ 
equation for water flow and the convection-dispersion equation for solute 
transport to model field-scale flow and transport under natural boundary 
conditions by using detailed experimental data and inverse optimization.

The research on water and solute transport in complex subsurface envi-
ronments is growing rapidly at present. A number of one-dimensional soil 
water models have been published over the last decade for predicting the 
movement of solutes through the soil profile [3, 35, 42, 43]. These models 
each describe solute transport differently: SLIM is a capacity layer model 
using mobile/immobile water segmentation, LEACHM is a numerical solu-
tion of the Richards’ and the Convection-Dispersion equations, CRACK is a 
model based on the entry of water into soil peds, and MACRO which divides 
water flow into macropore and micropore domains and applies gravity flow 
and Richards’ equation to micropore water [33].

Chen[18] used a three-dimensional FEM-WATER finite element model 
developed by Lin [48] to differentiate the lateral seepage and vertical 
percolation from surface infiltration under varying wet and dry conditions 
in rice fields, since the one-dimensional SAWAH model cannot simulate 
both horizontal and vertical water movements. The two-dimensional 
HYDRUS-2D model is one such model that has been successfully used for 
simulating soil water transport by various workers [67]. Abbasi [1] calibrated 
and experimentally validated a two-dimensional numerical flow/transport 
model (HYDRUS-2D) using data from long furrow irrigation experiments.

1.3 THEORETICAL CONSIDERATIONS

The present study is undertaken with the main objective to evaluate the 
effect of different soil water regimes due to variable runoff and irrigation 
from the OFRs on water and nitrogen dynamics. It needs to quantify differ-
ent inflow and outflow components of the field under different weir heights 
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(0, 5 and 10 cm) and the OFRs (lined/unlined) to study soil hydraulic param-
eters and also economic analysis for feasibility study of the OFR system. 
The present chapter includes the following theoretical procedures.

1.3.1 SIMULATION OF SOIL WATER USING HYDRUS-2D

Model description
HYDRUS-2D [68] model has been used for simulating soil water in the rice 
and mustard fields under variable runoff and supplemental irrigations from 
the OFR. Two main inputs that were required for conducting simulations in 
HYDRUS-2D environment are long-term weather data and soil hydraulic 
properties.

Governing water flow equations
Variably-saturated water flow in porous media is usually described by the 
Richards’ equation[68]:

 ∂
∂

=
∂
∂

∂
∂

+ −
θ
t x

K K h
x

K S
i

ij
A

j
iz
A[ ( )]   (1)

where, θ = volumetric water content [L3L–3]; t = time [T]; h = pressure 
head [L]; xi(i =1,2) = spatial coordinates [L]; S = sink term [T–1]; Kij

A = 
components of a dimensionless anisotropy tensor KA; and K = unsaturated 
hydraulic conductivity function [LT–1] given by 

 K h x z K x z K h x zs r( , , ) ( , ) ( , , )=   (2)

where, Kr= relative hydraulic conductivity; and Ks = saturated hydraulic 
conductivity [LT–1].

The sink term, S, in eq. 1, represents the volume of water removed per 
unit time from a unit volume of soil due to plant water uptake. Feddes [25] 
defined S as:

 S(h) = a(h)Sp  (3)

where, a(h) = water tress response function, which is a prescribed dimen-
sionless function of the soil water pressure head (0≤a≤1); and Sp = potential 
water uptake rate [T–1].
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The Richards equation has been solved numerically using the initial and 
boundary conditions and two constitutive relations: the soil water reten-
tion θ(h); and hydraulic conductivity, K(h), functions. The soil-hydraulic 
function of van Genuchten [79], who used the statistical pore size distribu-
tion model of Mualem [53] to obtain a predictive equation for the unsat-
urated hydraulic conductivity function in terms of soil water retention 
parameters, is given by:

 θ θ
θ θ

α
( )

[ ]
h

h
hr

s r
n m

= +
−

+
<

1
0   (4)

 K h K S Ss e
l

e
m m( ) [ ( ) ]/= − −1 1 1 2   (5)

where, Se = effective water content.
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where, θr = residual water content of soil [L3 L–3]; θs = saturated water con-
tent of soil [L3 L–3]; a = shape factor, approximately equal to the inverse of 
the air-entry value (or bubbling pressure) [L–1]; n = pore-size distribution 
index [–]; and l = pore-connectivity parameter [–].

In this chapter, the simulation period was spanned from the date of sowing 
to date of harvest of the crops and also included the turn-in-period. The data 
were analyzed using the Richards’ equation for water flow under different soil 
water regimes. Initially, the HYDRUS-2D model was calibrated using 2002 
data and validated using 2003 and 2004 data from the rice and mustard fields 
with three different weir height experiments. Optimization was accomplished 
by means of the Levenberg-Marquardt optimization method. HYDRUS-2D 
was also adopted to estimate percolation of water below the root-zone.

1.3.1.1 Initial and Boundary Conditions

Measured soil water contents before the experiments were used as initial 
conditions within the field. Time-space dependent flow depths (surface 
ponding) under natural rainfall was specified as the upper boundary condition 
in the field, while measured pan evaporation rates and estimated reference 
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evapotranspiration rates with the Penman-Monteith method were used as 
atmospheric boundary conditions during redistribution phase. Free-drainage 
condition was applied to the lower boundary of the field.

1.3.2 FIELD WATER BALANCE

The field water balance parameters were rainfall (P), runoff (RO) generated 
at different weir heights, actual evapotranspiration (AET), supplemental 
irrigation (SI) at critical growth stage, vertical percolation (VP), and lateral 
seepage (LS) through the dyke (Figures 1.1 and 1.2).

The generalized daily soil water balance model in the effective root-zone 
of the crops (rice and mustard) ignoring upward flux because of capillary 
rise from the groundwater is given as:

 SWC  SWC   P   SI  - AET  - RO  VP  - ijt ijt-1 ijt ijt ijt ijt ijt= + + − LLS   ijt   (8)

where, SWC = soil water content in the effective root-zone of the crop 
(rice and mustard) (mm); P = rainfall (mm); AET = actual evapotranspira-
tion (mm); VP = vertical deep percolation from effective root-zone (mm); 
LS = lateral seepage across the boundaries (mm); SI = supplemental irriga-
tion (mm); RO = surface runoff from the cropped field to the OFR (mm); 
i = index for the field with OFR (i= 1 for polyethylene lined and i= 2 for 
unlined); j = index for weir heights (j =1 for 0 cm, j = 2 for 5 cm, and j = 3 
for 10 cm); and t = index for time in day.

FIGURE 1.1 Schematic presentation of water balance parameters in rice field with the OFR.
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1.3.2.1 Ponding Depth

If soil water content is more than the saturation level, then ponding will 
occur in the rice field. However, for the mustard field, standing water depth 
was not considered, i.e., (ponding depth = 0). The ponding depth in the rice 
field on any day is given as:

 H SWC SATijt ijt= −   (9)

where, H = ponding depth in the rice field (mm); and SAT = saturation soil 
water content in the effective root-zone of rice (mm).

Under the ponding phase, the water balance in the rice field with different 
weir heights can be expressed as

 H H P SI AET VP LS ROijt ijt-1 ijt ijt ijt ijt ijt ijt= + + − − − −   (10)

1.3.2.2 Actual Evapotranspiration (AET)

The evapotranspiration (ET) of a crop depends on three factors: (i) Plant 
characteristics, extent of ground cover, and stage of growth; (ii) Availability 

FIGURE 1.2 Schematic presentation of water balance parameters in mustard field with 
the OFR.
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of soil water; and (iii) Meteorological parameters or evaporative demand. 
Under adequate soil water conditions, evapotranspiration of plants occur 
at potential rate. However, as the ponding water depth from the rice field 
decreases so that soil in the effective root-zone of rice remains at water stress 
condition, ET of plants decreases from the potential rate. The AET of rice 
under soil water stress condition on any day is given [36] as:

 AET Kc Ksf ETijt ijt ijt= ( ) ( )0   (11)

where, Kc = crop coefficient; Ksf = soil water stress factor; and ET0 = reference 
crop evapotranspiration (mm).

Daily reference crop evapotranspiration (ET0) was estimated by FAO 
Penman-Monteith method for the simulation period [8]. The Kc Values of rice 
for the prevailing climatic conditions of the study area were assumed as 1.05 dur-
ing the crop establishment, 1.10 during both crop development and mid-season, 
and 0.95 for late season stage [23]. The value of Ksf in eq. 4 was assumed as 
1.0 under no water stress conditions. But as the ponding water disappears from 
the rice fields, soil water stress occurs that consequently decreases AET, which 
is governed by Ksf. In this chapter, Ksf was assumed to vary linearly with the 
relative available SWC (ratio of SWC to saturation soil water content in the crop 
effective root-zone) in the field under unsaturated condition [5, 44, 59] as:

 (Ksf)
SWC
SATijt

ijt=   (12)

Under adequate soil water conditions, potential evapotranspiration on tth day 
(PETijt) is given by:

 PET Kc ETijt ijt=  ( )0   (13)

Values of crop coefficient (Kc) of mustard for crop establishment, crop 
development, mid-season, and late season stages of crop growth were 0.34, 
0.61, 0.88, and 0.82, respectively [60]. Under water stress condition, actual 
evapotranspiration (AET) of mustard is given as:
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where, FC = field capacity (mm); WP = wilting point (mm); and p = soil 
water depletion factor that was computed with a method by Doorenbos and 
Kassam [22].

1.3.2.3 Surface Runoff

In this chapter, for 15 days after sowing (DAS) of rice and last 10 days 
to harvest, no standing water is allowed in the field. During these periods 
surface runoff (RO) is given as:

 ROi = SWCijt-1 + Pijt – SAT  (15)

During rest of the periods, except the fields with 0 mm weir height, i.e., 
Hjmax = 0, ponding depth of 5 and 10 cm in the field were taken as the maximum 
limit (Hjmax) corresponding to 5 and 10 cm weir heights, respectively; and any 
excess ponding above Hjmax was considered as the surface runoff contribution 
to the OFR and is given as:

 ROijt = SWC ijt-1 + Pijt + SIijt – SAT – Hjmax  (16)

1.3.2.4 Vertical Percolation

Vertical percolation under variably saturated condition of the cropped field 
was estimated using HYDRUS-2D model, whereas under ponding condition 
the vertical percolation was computed using Darcy approach [6, 34, 60, 82], 
respectively. The vertical percolation (VP) was calculated using Darcy’s 
functional relationship

 VP
K h h

Tijt
s ijt ijt=

−( )1 2
  (17)

where, Ks= saturated hydraulic conductivity (mm day–1); h1 and h2 = hydraulic 
head at the upper and bottom layer of the root-zone (mm), respectively; and 
T = thickness of the effective root-zone (mm).

1.3.2.5 Bare Soil Evaporation During Germination Period of Rice 

For computation of different parameters in water balance model during germi-
nation period (5 days) of rice, AET was replaced by bare soil evaporation (E) 
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in Eq. (8). Bare soil evaporation is estimated from ET0 subjected to rainfall 
condition of the day [44, 71] as below:
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1.3.2.6 Bare Soil Evaporation During Turn-In and Germination 
Period of Mustard

Soil water balance of rice field is extended till the end of turn-in period 
(sowing of mustard). During the said period (15 days), the soil is under bare 
conditions. During this period soil water is at greater than wilting point. 
As proposed by Sanchez-Cohen [63] and Abraham and Tiwari [2], when the 
soil water in the top 150 mm layer is greater than field capacity (FC), the 
bare soil evaporation during the turn-in period (Etijt) occurs at its potential 
rate of ET0ijt as:

 Et
ET SWC FC
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For computation of soil water balance, AETijt is replaced by Etijt using eq. 12 
during turn-in period and also in germination period of mustard.

1.3.3 OFR WATER BALANCE

The proper size of the lined and unlined OFR must be designed by considering 
all the inflows and outflows components of the OFR. The inflow components 
are the direct rainfall received to the OFR and surface runoff contribution 
to the OFR from the crop field through different weir heights. The outflow 
components are SI (supplement irrigation) supplied to crop, evaporation, 
and seepage losses. The water balance model for the lined and unlined OFR 
at different weir heights for rice-mustard cropping system with the provision 
of supplemental and pre-sowing irrigation can be expressed as:

 W W W Q Q Q Q Qijt ijt ijt RO P E SI SPijt ijt ijt ijt ijt
− = = + − − −−1 ∆   (20)
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where, W= OFR water storage (m3); QRO = runoff water coming from the 
field to the OFR (m3); QP = direct rainfall contribution to the OFR (m3); 
QE = water lost as evaporation from the OFR (m3); QSI = water used as 
supplemental irrigation (m3); and QSP = water lost as seepage and percolation 
from the unlined OFR (m3).

Best quality low density polythene (SILPAULIN Company) of 90 gram 
per square meter (GSM)was used for the lining of OFR. Therefore, volume 
of water lost from the lined OFR as seepage was assumed negligible. Total 
storage of water in the OFR (TWijt) is:

 TW Wijt ijt
t 1

ND

=
=
∑∆   (21)

where, ND = number of days since simulation started; and TW= total storage 
of water in the OFR (m3).

1.3.4 ECONOMIC ANALYSIS OF OFR SYSTEM

The total costs of OFR irrigation and the returns from the increased yield 
of the crops from the OFR irrigation should be evaluated for the lined and 
unlined OFR system. Net present value (NP), benefit-cost ratio (BCR) and 
payback periods are the factors considered for economic analysis of the 
system. Present worth analysis, proposed by Samra [62], is used to evaluate 
the economics of the OFR system for which following items were considered:

a. Initial investment for the construction of the OFR.
b. The OFR maintenance cost.
c. Irrigation cost.
d. Land lease cost for the construction of the OFR.
e. Returns from the OFR system over without OFR system.
f. Interest rate of 12% and 25 years life span of the lined and unlined 

OFR are assumed in the present study.

1.3.4.1 Present Worth of Cost (PWc)

 PW I PWc inv ac= +   (22)

where, Iinv= initial investment; and PWac= present worth of annual cost.
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where, A = annual cost; r = interest rate; and t = life span of the OFR.

1.3.4.2  Present Worth of Benefit (PWb)
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  (24)

where, B = benefit.

1.3.4.3 Net Present Value of the OFR System

The net present value (NP) of the OFR is calculated as:

 NP = PWb – PWc  (25)

1.3.4.4  Benefit–Cost Ratio of the OFR System

Benefit–cost ratio is the present worth of benefits divided by present worth 
of costs. This is calculated as:

 BCR PW
PW

b

c

=   (26)

The initial investment of the OFR irrigation system consisted of the construc-
tion cost of the OFR and material cost for lining of the OFR. The annual cost 
comprised of repair and maintenance cost, land lease cost for the construc-
tion of the OFR, and irrigation costs. Repair and maintenance cost was 
assumed to be 2% of Iinv [52, 55]. Land lease cost for the construction of the 
OFR was taken Rs. 3000 ha–1 year–1. Irrigation cost depends on the amount 
of SI applied to the crop, area served by SI as well as the hire charge of pump 
set. The hiring charge of 5 HP diesel pump set in the region was Rs. 300 
for providing 5 cm SI to one hectare area. The minimum government sup-
port price per 100 kg of rice grains and mustard seeds is taken as Rs. 450 
and 1500, respectively. The price of rice straw and mustard stover in the 



22 Soil and Water Engineering: Principles and Applications of Modeling

study area was taken as Rs. 30 and Rs 15 per 100 kg, respectively. The aver-
age returns obtained from the increased yields of rice, mustard including its 
byproduct are used for estimating the net present value.

1.3.4.5 Payback Period

The payback period (PBP) is the period of time that takes to recover its 
initial investment of the OFR system. The PBP is computed as the reciprocal 
of the investment and annual cash inflows [52, 58]. The better investment is 
the one with the shorter payback period. It will evaluate the time period for 
recovering of the investment in the OFR system.

1.3.5 MODEL EVALUATION

The performance was evaluated by graphical presentation (scattered diagram) 
between the observed and simulated results, coefficient of determination 
(R2) and statistical analysis. The statistical characteristics such as the root 
mean square error (RMSE) and prediction efficiency (PE) were used for 
model evaluation [6, 57]. These statistical terms can be expressed as:

 RMSE  1
N 

(C -C )  sds ods
2

1

N 

= 




=
∑
ds

0 5.
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where, N = total number of data samples (ds); Csds = simulated data sample; 
Cods= observed data sample; and CO  = mean of data sample.

1.4 EXPERIMENTAL STUDY

1.4.1 STUDY AREA

The site selected for the present investigation is an agricultural farm of 
the Department of Agricultural and Food Engineering, Indian Institute 
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of Technology (IIT), Kharagpur, West Bengal State in eastern India located 
at a latitude of 22o 19’ N, longitude of 87o 19’ E with an altitude of 48 m 
above the mean sea level. The site lies in sub-humid, sub-tropical climate 
zone and receives 1500 mm as mean annual rainfall of which about 80% are 
received during the rainy season from June to September.

1.4.2 FIELD EXPERIMENTS

Rainfall and hydrograph of ponding in the rainfed upland rice fields are random 
variables, therefore, substantial damage to crop and yield due to submergence 
or long dry spell at critical crop growth stages takes place. Keeping these 
factors and water requirement of rainfed upland rice varieties in view, different 
weir heights with low-density polyethylene lined and unlined OFRs were 
considered for the present experiment. Three years (2002, 2003 and 2004) of 
field experiments were undertaken in the experimental farms of Agricultural 
and Food Engineering Department, IIT, Kharagpur, West Bengal, India.

The field experiment consists of lined (L1) and unlined (L2) OFRs with 
three weir heights (H1 = 0 cm, H2 = 5 cm, H3 = 10 cm) replicated thrice 
(Figure 1.3). In addition, three plots without the OFR were cultivated for eco-
nomic evaluation of the OFR system over the traditional method. Each plot 
is 40 × 20 m2 size with 30 cm dyke height around. Initially square shaped 
pyramidal 9 lined and 9 unlined OFRs were constructed at one corner of 
each plot in an area of 10% of the plot size with 1:1 side slope and 2.4 m 
depth. The berm width of the OFR at the ground level is 30 cm. Height, 
top width, bottom width, and side slope of the embankment of the OFR are 
30, 30, 90 cm, and 1:1, respectively (Figure 1.4). One inlet pipe fitted with 
mechanical water meter was placed in each OFR to quantity the runoff water 
to the OFR. A staff gauge of 3 m long was installed in each OFR to compute 
the volume of storage. Figures 1.5 and 1.6 present the overview of field 
experimental setup and data monitoring in the study site.

Different weirs with reference to field level were placed 10 days after 
germination of rice and removed 10 days before its harvest so as to facilitate 
quick drain out of any ponding water from the rice field to the OFR.

1.4.3 SOIL

The soil at the site is sandy loam, lateritic (Oxyaquichaplustalf) with pH 
ranging from 4.8 to 5.6. The layer-wise physical properties of soil collected 
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FIGURE 1.3 Layout of experimental setup.

FIGURE 1.4 Cross-section of the on-farm reservoir.
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FIGURE 1.5 View of experimental setup.

FIGURE 1.6 View of rice and mustard field with the lined OFR.
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TABLE 1.2 Chemical Properties of the Experimental Soil (0–15 cm Profile)

Property Value Method, [Ref.]

pH (1 : 2.5 soil : water) 5.20 Glass electrode pH meter
EC (1 : 1 soil : water) (dS m–1) 0.60 EC meter
Cation exchange capacity [cmol (p+) kg–1] 7.57 NH4Ac-leaching [39]
Organic carbon (g kg–1) 4.2 [83] 
Available N (kg ha–1) 178 [72] 
Available K (kg ha–1) 165 [14]
Available P (kg ha–1) 12 [15] 

TABLE 1.1 Soil Physical and Hydraulic Properties of the Experimental Site

Soil layers 
(cm)

Sand 
(%)

Silt 
(%)

Clay 
(%)

Bulk density 
(g cm–3)

(cm day–1) (cm3 cm–3) (cm3 cm–3)

0–15 66.4 18.6 15.0 1.65 12.24 0.37 0.0306
15–30 62.5 21.5 16.0 1.60 7.01 0.39 0.0364
30–45 63.0 20.6 16.4 1.58 5.94 0.38 0.0386
45–60 64.2 20.0 15.8 1.60 4.01 0.40 0.0405
60–75 62.8 20.5 16.7 1.62 3.19 0.42 0.0407
75–90 62.7 20.8 16.5 1.61 2.14 0.42 0.0428
90–105 62.5 19.5 18.0 1.68 1.01 0.43 0.0470

from the experimental plot are shown in Table 1.1 and the chemical properties 
of top 15 cm soil layer are presented in Table 1.2. The soil water retention 
characteristics of the soil were measured using pressure plate apparatus and 
depicted in Figure 1.7. The water retention characteristics of soil were used 
for estimation of its hydraulic parameters.

1.4.4 METEOROLOGICAL PARAMETERS

The meteorological parameters namely rainfall, solar radiation, wind 
velocity, air temperature, and relative humidity were collected from 
the meteorological center as well as Automatic Weather Station of IIT, 
Kharagpur, which is located in the close vicinity of the experimental site.

The site is coming under sub-humid and sub-tropical climate. Total sea-
sonal rainfall during monsoon varies from 787 to 1600 mm. However, the 
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annual rainfall varies from 1034 to 2100 mm. The annual and seasonal rainy 
days varies from 46 to 124 and 34 to 83 days, respectively. Total rainfall 
during the rice growing season in 2002, 2003, and 2004 were 1275, 972 and 
1037 mm, respectively. Total rainfall during the mustard growing season in 
2002, 2003, and 2004 were 57, 106, and 4 mm, respectively.

During rice-growing season in the experimental year of 2002, the 
maximum and minimum temperatures range from 26.5 to 36.3°C and 22.8 to 
29.6°C, respectively. The maximum and minimum relative humidity ranged 
from 85.6 to 99.2% and 33.6 to 93.9%, respectively. Wind speed ranged 
from 0.58 to 23.62 km hr–1. 

In the experimental year of 2003, the maximum and minimum temper-
atures range from 27.50 to 41.98°C and 22.96 to 27.96°C, respectively. 
The maximum and minimum relative humidity ranged from 85.57 to 
98.50% and 33.63 to 93.98%, respectively. Wind speed ranged from 0.90 
to 47.70 km hr–1. During the experimental year of 2004, the maximum and 
minimum temperatures range from 23.19 to 37.64°C and 21.78 to 31.76°C, 
respectively. The maximum and minimum relative humidity ranged from 
87 to 98% and 40 to 87%, respectively. Wind speed ranged from 0.86 to 
39.06 km hr–1.

During mustard growing season in the experimental year of 2002, 
the maximum and minimum temperatures were recorded in the range 
of 25.2 to 33.2°C and 10.2 to 25.8°C, respectively. The maximum 
and minimum relative humidity varied from 79.8 to 99.0% and 25.7 

FIGURE 1.7 Soil water retention curves for different soil profile.
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to 84.5%, respectively. The wind speed was found to range from 0.10 to 
31.2 km hr–1. For the experimental year of 2003, maximum and minimum 
temperatures were recorded in the range of 20.55 to 33.87°C and 12.03 
to 26.17°C, respectively. The maximum and minimum relative humidity 
varied from 80 to 98% and 26 to 86%, respectively. The wind speed was 
found to range from 0.82 to 27.72 km hr–1. For the experimental year of 
2004, maximum and minimum temperatures were recorded in the range 
of 20.20 to 31.36°C and 12.03 to 29.80°C, respectively. The maximum 
and minimum relative humidity varied from 81.44 to 98.50% and 25.94 
to 82.80%, respectively. The wind speed was found to range from 0.90 
to 22.86 km hr–1.

Reference crop evapotranspiration was estimated on daily basis by the 
FAO Penman-Monteith method [8]. Temporal variations of rainfall and ET0 
during rice and mustard-growing seasons for three years (2002, 2003, and 
2004) are given in Figures 1.8 and 1.9, respectively.

1.4.5 CROP CULTIVATION

During the monsoon season, rice (Oryzasativa L., cv. MW 10) of duration 
101 days and in winter season, mustard (Brassica campestris L. cv. B 54) 
of 70 days duration were grown in the experimental field. Dry seeding of 
rice @ 100 kg ha–1 with 20 cm row spacing was done on the onset day of mon-
soon. Farmyard manure was applied @ 5 ton ha–1 15 days before dry seeding 
of rice. A basal fertilizer dose, 30:45:45 kg ha–1 of NPK was applied through 
urea, single super phosphate and muriate of potash. Remaining 30 kg N was 
applied 30 days after sowing. Mustard seed @ 5 kg ha–1 was sown with 20 cm 
row spacing 15 days after harvest of rice with basal fertilizer dose of 40:20:20 
kg ha–1 of NPK. All cultural operations were followed as recommended for 
both the crops (Table 1.3).

1.4.5.1 Irrigation Strategies

In the present study, a water-saving irrigation technique was considered in 
which, supplemental irrigation (SI) from the OFR to the rice and mustard 
crop was applied during the critical growth stages (CGS), if required. The 
CGS of rice started at the 45th day after germination of seed (booting stage) 
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FIGURE 1.8 Temporal variation of rainfall and reference evapotranspiration during rice 
growing including turn-in period.
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FIGURE 1.9 Temporal variation of rainfall and reference evapotranspiration during 
mustard growing period.
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TABLE 1.3 Schedules of Different Cultural Operations Followed During Field 
Experiments

Operation Rice Mustard 

2002 2003 2004 2002 2003 2004

Sowing of 
seeds

June, 9–15 June, 
6–12

June, 
9–15

October, 
8–12

October, 
10–15

October, 
6–10

Fertilizer application

Basal dose 
(N, P, K)

June, 9–15 June, 
6–12

June, 
9–15

October, 
8–14

October, 
10–15

October, 
6–12

Top dressing 
(N only)

July, 
10–13

July, 
7–10

July, 
10–13

— — —

First SI — — — November, 
15

November, 
27

November, 
12

Second SI — — — November, 
30

December, 
8

November, 
27

Harvesting September 
22–26

September 
20–24

September 
22–26

December 
20–23

December 
22–26

December 
18–22

and continued up to the end of the milking stage. Supplemental irrigation to 
rice was provided when the soil water content in the 45 cm effective root-
zone depth depleted 40% (deficit irrigation) from the saturation soil water 
content [73].

Supplemental irrigation was applied to rice for raising the soil water con-
tent up to field capacity or the effective depth of available water in the OFR 
(whichever was minimum). Supplemental irrigation (SI) was provided to 
mustard when the soil water content in the effective root-zone depleted 25% 
below the available soil water content during the CGS [81]. Depth of irriga-
tion of 5 cm or the actual amount of water available in the OFR (whichever 
was minimum) will be supplied from the OFRs to the mustard field during 
CGS (31st to 60th DAS) when the soil water content in the effective root-zone 
depths depleted to 25% of available soil water content. In this chapter during 
all the experimental years, SI was not given to rice because the soil water 
content in the effective root-zone was not depleted 40% of saturation soil 
water content during the CGS. However, 5 cm depth of SI was applied to the 
mustard field from the OFRs first at 37, 47 and 37 days after sowing (DAS) 
from the lined and unlined OFR and second at 52, 58 and 52 DAS from 
the lined OFR only during the year 2002, 2003 and 2004, respectively. The 
residual soil water after the harvest of rice was sufficient for the germination 
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of mustard seeds and so no pre-sowing irrigation (PSI) was applied to mus-
tard in all three experimental years.

1.4.6 EVALUATION OF SOIL AND CROP PARAMETERS

1.4.6.1 Soil Properties

Core samples were collected with auger at seven soil depths: 0–15, 15–30, 
30–45, 45–60, 60–75, 75–90 and 90–105 cm of the experimental plots before 
sowing of crops. Soil characteristics like bulk density, particle size distribu-
tion, water retention, saturated hydraulic conductivity, etc. were determined. 
The initial nutrient status in 0–15 cm layer was also determined.

1.4.6.2 Soil Hydraulic Parameters

In rice field, piezometers and tensiometers at 15, 30 and 45 cm depths were 
installed to monitor daily pressure heads under saturated and unsaturated 
conditions, respectively; while only tensiometers were installed in mustard 
field. Access tubes were installed in each experimental plot and daily soil 
water content was measured using Aqua-pro sensor. Variation in pressure 
heads and soil water content in space and time were used in monitoring 
water fluxes and to estimate the soil hydraulic parameters of different soil 
layers using HYDRUS-2D model.

1.4.6.3 Distribution of Nitrate-N in Soil

Soil water samplers were installed in each plot at 15, 30 and 45 cm depths 
in rice field while soil core samples were used in mustard field upto 105 cm 
depth at an interval of 15 cm for first three layers and at 30 cm interval for 
lower two layers, for monitoring NO3

–-N transport. The extract was analyzed 
for NO3

–-N by phenoldisulfonic acid method [39].

1.4.6.4 Root Growth and Distribution

Soil samples with root auger were periodically taken from the upper three 
soil depths (0–15, 15–30 and 30–45 cm) for rice and seven soil depths 
(0–15, 15–30, 30–45, 45–60, 60–75, 75–90 and 90–105) for mustard. 
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Sampling depth was 15 cm at first sampling and it was increased at later stage 
according to rooting depth. The total root length (Eq. 29) of each sample was 
determined by Newman’s [54] method as modified by Tennant [75]. From 
root length, root density was calculated (Eq. 30).

 RL 11
14

NC G= × ×   (29)

 RLD Root length (cm)
Volume of soil sample (cm )3=   (30)

where, RL = root length (mm); NC = sum of horizontal and vertical cross-
ings; G = length of the grid unit (1 cm, in this case); and RLD = root length 
density(cm cm–3).

1.4.6.5 Crop Yield and Nutrient Uptake

At harvest, yields of rice and mustard (grain and straw) were determined. 
Crop samples were also taken and oven dried at 70°C for 72 hours. 
Concentration of N, P and K in grain and straw of both rice and mustard 
samples were determined. Nutrient uptake was calculated by multiplying 
with respective yields.

1.5 RESULTS AND DISCUSSION

1.5.1 WATER DYNAMICS IN THE CROPPED FIELD

In order to assess the depth and time variation of soil water content (SWC) 
under different weir heights, which led to variable soil water regimes, SWC 
was determined periodically upto 45 cm depth for rice and up to 105 cm for 
mustard. Vertical percolation (VP) is the important parameter in the cropped 
field water balance, in addition to actual evapotranspiration (AET) that 
influence the soil water status in the effective root-zone. Hence, there is need 
to simulation soil hydraulic parameters against the independently observed 
data. The details of HYDRUS-2D model calibration and validation for the 
prediction of soil water content (SWC) and vertical percolation (VP) in the 
field with different weir heights are discussed below.
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1.5.1.1 Simulation of Water Movement Using HYDRUS-2D

Inverse modeling technique was used to calibrate HYDRUS-2D model. The 
calibration was carried out considering the observed soil hydraulic parameters 
and boundary conditions. It is assumed that fields are level and field scale 
spatial variability for each soil layer is uniform during the experiments. It is 
assumed that the observed data at a particular depth of soil layer are uniform 
for the entire layer. The initial calibrated parameters, coefficient in soil water 
retention function (α) and pore size distribution index (n), for each layer of 
soils were estimated using neural network prediction and van Genuchten and 
Mualem hydraulic models. The inputs used for neural network predictions 
were measured soil texture, bulk density, field capacity, and wilting point 
values for each soil layer. Simulation for soil water content of 7 soil layers 
for mustard and 3 for rice (15 cm increment) was carried out with respect 
to observation nodes in the model domain and field observation points. The 
model simulated parameters for rice and mustard field were tested with the 
field observations of the year 2002–2004. The optimized model calibrated 
parameters for each layer of soils were determined using inverse modeling 
with 95% confidence intervals (Table 1.4).

1.5.1.2 Soil Water Content

Using optimized calibrated parameters, HYDRUS-2D model was used 
to simulate soil water content for rice and mustard fields under variably 
saturated conditions. The regression analysis of observed and simulated 

TABLE 1.4 Initial and Optimized Calibrated Parameters for Different Soil Layers

Soil depth (cm) α	(cm–1) n

Initial Optimized Initial Optimized

0–15 0.0070 0.0072 1.4634 1.4500
15–30 0.0077 0.0057 1.4893 1.4749
30–45 0.0122 0.0039 1.5000 1.5619
45–60 0.0094 0.0036 1.5000 1.5611
60–75 0.0070 0.0035 1.5000 1.5669
75–90 0.0070 0.0034 1.2000 1.5597
90–105 0.0070 0.0018 1.2000 1.6945
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FIGURE 1.10 Regression analysis of observed and simulated soil water content (mm3/mm3) 
for different soil layers of mustard field for 2002.

SWC for different soil layers of mustard field for the experimental year 
2002 are shown in Figure 1.10. The slope of the regression line is close 
to unity, which further indicates good agreement between the observed 
and simulated SWC. The clustering of observed and simulated SWC 
around the 1:1 line and the high value of R2 (more than 0.72) indicate that 
HYDRUS-2D model is efficient in predicting daily variation of SWC in the 
root-zone of mustard in the rainfed ecosystem. In addition to scattered and 
regression presentation, the performance of HYDRUS-2D model was also 
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evaluated using error statistics such as prediction efficiency (PE) and root 
mean square error (RMSE) for simulation of SWC in different soil layers 
of mustard and rice fields for the year 2002, 2003, and 2004. The error 
statistics revealed that the PE and RMSE values are within the acceptable 
limit (Tables 1.5 and 1.6). The high value of R2, PE (more than 0.90), and 
low value of RMSE (less than 0.05) indicates that the HYDRUS-2D model 
is quite efficient in predicting daily variation of SWC in the cropped field 
with variably saturated condition.

Daily variation of simulated and observed SWC for seven soil lay-
ers of mustard field with rainfall and supplemental irrigation (SI) for the 
year 2002, 2003, and 2004 are shown in Figures 1.11–1.13, respectively. 
Similarly, Figures 1.14–1.16 show daily variations of simulated and 
observed SWC with rainfall for three soil layers of rice field with 0 cm 
weir height (H1) for the year 2002, 2003, and 2004, respectively. However, 

TABLE 1.5 Error Statistics for HYDRUS-2D Simulation of Soil Water Content in Mustard 
Field

Soil layer 
(cm)

2002 2003 2004

PE RMSE 
(mm3 mm–3)

PE RMSE 
(mm3 mm–3)

PE RMSE 
(mm3 mm–3)

0–15 0.9337 0.0317 0.9335 0.0318 0.9620 0.0239
15–30 0.9342 0.0315 0.9345 0.0313 0.9530 0.0266
30–45 0.9432 0.0291 0.9353 0.0311 0.9503 0.0273
45–60 0.9457 0.0283 0.9518 0.0266 0.9588 0.0247
60–75 0.9612 0.0240 0.9525 0.0263 0.9442 0.0289
75–90 0.9700 0.0211 0.9616 0.0236 0.9408 0.0297
90–105 0.9796 0.0174 0.9708 0.0263 0.9357 0.0309

TABLE 1.6 Error Statistics for HYDRUS-2D Simulation of Soil Water Content in Rice 
Field 

Soil layer 
(cm)

2002 2003 2004

PE RMSE 
(mm3 mm–3)

PE RMSE 
(mm3 mm–3)

PE RMSE 
(mm3 mm–3)

0–15 0.9326 0.0230 0.9132 0.0263 0.9523 0.0207
15–30 0.9475 0.0225 0.9360 0.0209 0.9623 0.0278
30–45 0.9531 0.0221 0.9525 0.0294 0.9709 0.0191
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rice field with 5 (H2) and 10 cm weir height (H3) remains under both pond-
ing and variably saturated condition. So, the soil water status and/ponding 
were simulated by the field water balance model and presented in the sub-
sequent sections.

FIGURE 1.11 Daily variation of simulated and observed soil water content in mustard field 
during 2002.
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During the mustard growing period, soil water content in different soil 
layers of crop root-zone depths was found varying due supplemental irriga-
tion over a period of time. The variation in soil water content in upper three 
layers of crop root-zone depths (0–45 cm) was found higher than the lower 
depths (45–105 cm) during three years of experiment (Figures 1.11–1.13). 

FIGURE 1.12 Daily variation of simulated and observed soil water content in mustard field 
during 2003.
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FIGURE 1.13 Daily variation of simulated and observed soil water content mustard field 
during 2004.
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The variation in soil water content in upper layers of crop root-zone depths 
affects the availability of water and nutrient to mustard and ultimately 
affects crop yields.



40 Soil and Water Engineering: Principles and Applications of Modeling

Variation of soil water content in different soil layers of crop root-zone 
depths was found to have cyclic experience in rice fields due to variation in 
rainfall. However, during the period when there was no rainfall or no SI is 
applied, SWC was found to decline gradually because of uptake of water by 
the plant roots and VP from the root-zone (Figures 1.14–1.16). The aver-
age value of PE and RMSE for simulated soil water content in rice field 

FIGURE 1.14 Daily variation of simulated and observed soil water content in rice field 
during 2002 with 0 cm weir height.
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was found as 0.9467 and 0.0235, respectively (Table 1.6). So, the calibrated 
parameters can be used for the simulation of soil water content in the rice 
field with variably saturated condition.

FIGURE 1.15 Daily variation of simulated and observed soil water content in rice field 
during 2003 with 0 cm weir height.
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1.5.1.3 Vertical Percolation in the Cropped Field

Vertical percolation (VP) losses in the rice field with 0 cm weir height were 
simulated using HYDRUS-2D model under variably saturated condition, 

FIGURE 1.16 Daily variation of simulated and observed soil water content in rice field 
during 2004 with 0 cm weir height.
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FIGURE 1.17 Regression analysis of simulated and observed vertical percolation (mm) in 
the rice field with different weir heights for 2002.

whereas in case of 5 and 10 cm weir heights (ponding condition) Darcy’s 
approach was used. The regression analysis of observed and simulated VP 
losses in the root-zone of rice at different weir heights and mustard field for 
the year 2002 are shown in Figures 1.17 and 1.18, respectively. The regression 
analysis revealed that the simulated fluxes were matched reasonably well with 
the observed values with acceptable R2 (more than 0.90). The daily variation 
of simulated and observed VP from the rice field with different weir heights 
for the year 2002, 2003 and 2004 are presented in Figures 1.19, 1.20, and 
1.21, respectively. The performance of the model was also evaluated using 
error statistics such as PE and RMSE to simulate VP from the rice field at 
different weir heights for the year 2002, 2003 and 2004 (Table 1.7).

The statistical analysis revealed that the PE, and RMSE values are 
also within acceptable limit. The high value of R2, PE (more than 0.90), 
and low value of RMSE indicate that the HYDRUS-2D model is quite 
efficient for simulation from the cropped field under variable saturated 
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condition. The observed values of VP are higher than the simulated VP. 
The development of preferential flow which is common phenomenon in 
near-saturated soil because of inherent structure of soil and macropores 
created by soil fauna, decayed root channels, and shrinking clay materials 

FIGURE 1.18 Regression analysis of simulated and observed vertical percolation (mm) in 
the mustard field during 2002.

FIGURE 1.19 Daily variation of observed and simulated vertical percolation in rice field 
with different weir heights for 2002.
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FIGURE 1.20 Daily variation of observed and simulated vertical percolation in rice field 
with different weir heights for 2003.

TABLE 1.7 Error Statistics of Vertical Percolation in the Rice Field with Different Weir 
Heights

Parameter 2002 2003 2004

PE RMSE (mm) PE RMSE (mm) PE RMSE (mm)

0 cm weir height (H1)

VP 0.921 0.636 0.984 0.102 0.979 0.159
5 cm weir height (H2)

VP 0.948 0.856 0.908 0.266 0.949 0.582
10 cm weir height (H3)

VP 0.903 0.563 0.867 0.955 0.891 0.754

which leads to observed vertical percolation higher compared with that of 
simulated one [40, 64, 65, 70].

The observed VP under 0, 5, and 10 cm weir heights in the rice growing 
and turn-in period was ranging, respectively, from 0 to 22.59, 0 to 25.90, and 
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0 to 33.80 mm day–1 for 2002; 0 to 20.90, 0 to 21.70, and 0 to 22.00 mm day–1 
for 2003; and 0 to 5.60, 0 to 8.35, and 0 to 11.59 mm day–1 for 2004. The 
average observed values of VP under 0, 5, and 10 cm weir heights in the 
rice growing and turn-in period was found, respectively, as 2.68, 3.14, and 
3.62 mm day–1 for 2002; 1.36, 1.67, and 1.90 mm day–1 for 2003; and 1.61, 
2.20, and 2.56 mm day–1 for 2004.

The VP was found same in the rice field with 0, 5, and 10 cm weir heights 
during initial stage (up to 15 days after sowing), 10 days to harvesting and 
turn-in period because no ponding water was allowed in the field.

The variation of VP was found because of deterministic and stochastic input 
variables such as supplemental irrigation, available soil water in the crop root-
zone, and rainfall. The simulated and observed cumulative VP in the effective 
root-zone depths of mustard and rice fields with different weir heights is given 
in Table 1.8. Total depth of rainfall received during rice growing season and 
turn-in period was, respectively, 1175 and 100 mm in 2002; 693 and 279 cm 
in 2003; and 848 and 189 mm in 2004. Total value of VP was found more in 
rice field with 10 cm than 0 and 5 cm weir heights because of higher depth 

FIGURE 1.21 Daily variation of observed and simulated vertical percolation in rice field 
with different weir heights for 2004.
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of ponding. Out of total rainfall received in 2002 during rice growth period 
including turn-in period, the percentage observed total VP was 21.78 for 0 cm; 
25.90 for 5 cm; 30.58 for 10 cm weir heights. Under similar rice growth period 
as stated above, the percentage of VP in 2003 was found as 12.29 for 0 cm; 
14.54 for 5 cm; and 18.94 for 10 cm weir heights, respectively. Similarly for 
2004, the percentage of VP out of total rainfall received during rice growing 
season including turn-in period was found as 15.07 for 0 cm; 21.74 for 5 cm; 
and 26.08 for 10 cm weir heights, respectively.

Three years of observations revealed that minimum loss of the VP in the 
rice fields with 0 cm weir height (184.44 mm) than the field with 5 cm weir 
height (232.27 mm) and 10 cm weir height (281.43 mm), which indicates 
that 0 cm weir height in the rice field can minimize 47.83 and 96.99 mm 
loss of VP than the 5 and 10 cm weir height, respectively. So, the rice field 
without standing water (0 cm weir height) may be adopted to minimize these 
major losses and in other words fields with standing water may enhance 
groundwater recharge processes.

However, out of three years (2002, 2003 and 2004) of average rain-
fall (1095 mm) during the rice growing and turn-in period, the percentage 
of average total VP loss found from the field with 0, 5, and 10 cm weir height 
are 16.38, 20.72 and 25.20, respectively, which indicates that the fields with 
0 cm weir height can conserve 4.34 and 8.82% of excess rainfall in the OFR 
for sustainable integrated farming in rainfed ecosystem.

TABLE 1.8 Total Simulated and Observed Vertical Percolation (mm) in the Rice with 
Different Weir Heights and Mustard Field

Year

2002 2003 2004

Simulated Observed Simulated Observed Simulated Observed

Rice Field with 0 cm weir height 

241.15 277.67 122.82 119.40 149.95 156.26
Rice Field with 5 cm weir height 

303.72 330.10 157.66 141.25 194.34 225.47
Rice Field with 10 cm weir height

374.62 389.78 204.06 184.01 253.85 270.50
Mustard Field

66.45 65.43 66.00 64.43 41.57 40.22
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Figure 1.22 shows the daily variation of observed and simulated VP 
losses in the mustard field for the year 2002, 2003, and 2004. In mustard 
field VP was observed ranging from 0 to 1.28 mm day–1 for 2002; 0 to 
1.13 mm day–1 for 2003; and 0 to 1.61 mm day–1 for 2004. Three years aver-
age observed VP from the mustard field is found as 57 mm. The observed 
and simulated VP in three years of experiment is varied with SI, rainfall and 
available soil water in the crop root-zone.

1.5.2 WATER BALANCE IN THE CROPPED FIELDS

Actual evapotranspiration (AET), surface runoff (RO) and supplemental irri-
gation (SI)/pre-sowing irrigation (PSI) simulated by the field water balance 
simulation model were validated using field experimental data of three years 
(2002–04). The parameters such vertical percolation (VP) from the effective 
root-zone of rice field with different weir heights and mustard field were 

FIGURE 1.22 Daily variation of observed and simulated vertical percolation in the mustard 
field.
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FIGURE 1.23 Daily variation of ponding depth in the rice field with 5 and 10 cm weir 
heights.
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simulated by using HYDRUS-2D model as explained in earlier sections and 
used as inputs to the field water balance model. However, the simulated and 
observed findings of soil water content/ponding depth, AET, RO and SI/PSI 
in the cropped field were explained in the following sections.

1.5.2.1 Soil Water Content and Ponding Depth

Prediction of soil water content (SWC) in the root-zone and ponding depth 
in the rice field with different weir heights is used to reveal the period 
when there is supplemental irrigation requirement and need of drainage to 
the OFR.

The simulated soil water content and ponding depth in the rice field with 
different weir heights was compared with its corresponding daily measured 
values for all the three experimental years. The observed ponding depth in 
the rice field with 5 and 10 cm weir heights for 2002 is shown in Figure 1.23.
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Values of R2 between the observed and simulated values of ponding 
depth in the rice field were found more than 0.92. The performance of the 
field water balance simulation model was also evaluated using error statis-
tics such as PE and RMSE to predict ponding depth in the rice field with 
different weir heights for the year 2002, 2003, and 2004 (Table 1.9). Since 
the values of R2 for the prediction of ponding depth is high and RMSE is 
less, the field water balance simulation model can be safely used to simulate 
variably ponding conditions.

Occurrence of rainfall and/or application of irrigation during crop 
growing season controls daily variation in SWC in the effective root-zone 
of rice and mustard fields. This is because of the VP and root water uptake 
from different soil layers. Daily variation of SWC with rainfall/irrigation 
during three years of field experiments are shown in Figures 1.11–1.13, for 
mustard; and Figures 1.14–1.16 for rice.

Daily variation of simulated and observed ponding depth in the rice field 
with 5 and 10 cm weir heights for the year 2002, 2003, and 2004 are shown 
in Figure 1.23. The weir heights were introduced 15 days after sowing 
and 10 days before harvest of rice out of total 105 days of crop duration. 
So in remaining 80 days, the ponding was found occasionally in the field 
with 5 and 10 cm weir heights and the excess water beyond 5 and 10 cm 
depth of ponding in the field was drained to the OFR.

TABLE 1.9 Error Statistics for Ponding Depth (H), Actual Evapotranspiration (AET) and 
Runoff (RO) for the Rice Field

Parameter 2002 2003 2004
PE RMSE (mm) PE RMSE (mm) PE RMSE (mm)

Rice field with 0 cm weir height 
AET 0.8781 0.414 0.9542 0.243 0.9420 0.306
RO 0.9897 1.052 0.9896 0.332 0.9890 1.545
Rice field with 5 cm weir height 

H 0.9819 2.111 0.9355 3.660 0.9601 2.946
AET 0.9147 0.363 0.9465 0.271 0.9760 0.209
RO 0.9867 0.865 0.9892 0.342 0.9880 1.427
Rice field with 10 cm weir height 

H 0.9805 3.597 0.9454 5.451 0.9786 4.582
AET 0.9633 0.288 0.9718 0.201 0.9783 0.198
RO 0.9876 0.856 0.9900 0.592 0.9627 2.587
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Total days of ponding in the rice field with 5 and 10 cm weir heights were 
observed, respectively, as 30 and 71 in 2002; 46 and 68 in 2003; and 42 and 
52 in 2004. The variation in ponding depth has shown cyclic trend depend-
ing on the rainfall intensity and duration during the rice-cropping season. 
During three experimental years of 2002, 2003, and 2004, sufficient quantity 
of rainfall of 217, 174, and 290 mm occurred during CGS of rice (49 to 78 
days after sowing), respectively, that created ponding in fields for which SI 
was not required. More number of days of ponding was observed in 10 cm in 
comparison to 5 cm weir heights. During three years of experiment on winter 
mustard, it was observed that PSI was not required for the germination of 
mustard because residual soil water content was not depleted below 75% of 
available water. However, SI was applied during mustard growing period.

1.5.2.2 Actual Crop Evapotranspiration

Actual crop evapotranspiration (AET) is one of the important parameters 
of water balance that influences the soil water status of rainfed crop fields. 
Total seasonal observed and simulated AET for rice and mustard for 2002, 
2003, and 2004 are presented in Table 1.10, which demonstrates higher AET 
in rice with 10 cm in comparison to 0 and 5 cm weir heights because of 
relatively more days of ponding. Out of total rainfall received in a cropping 
season, percentage total observed AET of rice under 0, 5, and 10 cm weir 
heights were, respectively, 31.06, 37.62, and 39.19 for 2002; 49.89, 57.48, 
and 58.59 for 2003; and 44.21, 48.16, and 48.20 for 2004. Three years 
average observed total AET of rice under 0, 5, and 10 cm weir heights was 
found, respectively, as 44.21, 48.16, and 48.20% of average total rainfall 
(905 mm). Total AET of rice at 0 cm weir height was 6 and 7% less than the 
AET at 5 and 10 cm weir heights because of variably saturated condition.

1.5.2.3 Surface Runoff

Total surface runoff (RO) generated from the rice fields with 0, 5, and 
10 cm weir heights were observed, respectively, as 324.00, 298.79, and 
285.97 mm for 2002; 91.14, 40.86, and 15.46 mm for 2003; and 81.84, 
44.21, and 4.96 mm for 2004. However, the total rainfall measured during 
rice cropping season of 2002, 2003, and 2004 were 1175, 693 and 848 mm, 
respectively. While rainfall and runoff observed during turn-in period was 
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100  and 0 mm for 2002; 279 and 136 mm for 2003; and 189 and 84 mm 
for 2004, respectively. Values of RO are found maximum from the rice 
fields with 0 cm weir height and the values decreased with the increas-
ing weir heights (Table 1.10). The variations are found only due to rainfall 
intensity and weir heights. It is further observed that percentage seasonal 
(120 days) RO generated from rainfall in the rice field with 0, 5, and 10 cm 
weir heights are 27.57, 25.43, and 24.33 for 2002; 13.15, 5.90, and 2.23 for 
2003; 9.65, 5.21, and 0.06 for 2004, respectively. Thus there is more scope 
for harvesting RO in the OFR by generating from the rice field with 0 cm 
weir height in comparison to the field with 5 and 10 cm weir heights and 
reuse the harvested water for integrated farming. However, there was no 
RO observed from the mustard field in all the three years of experiments.

1.5.2.4 Supplemental Irrigation Requirement

Strategies for supplemental irrigation (SI) from the OFR to the rice field 
were kept at 40% depletion of SWC from saturation soil water content 

TABLE 1.10 Total Seasonal Values of Simulated and Observed Runoff and Actual 
Evapotranspiration in the Rice and Mustard Fields During Three Years of Study

Parameter Year
2002 2003 2004

Simulated Observed Simulated Observed Simulated Observed
Rice Field with 0 cm weir height

Rainfall (mm) 1175 693 848
Runoff (mm) 340.03 324.00 95.33 91.14 106.25 81.84
AET (mm) 363.02 364.97 336.22 345.68 374.79 374.79
Rice Field with 5 cm weir height

Runoff (mm) 290.03 298.79 45.27 40.86 56.25 44.21
AET (mm) 449.85 442.01 394.58 398.34 400.03 408.32
Rice Field with 10 cm weir height

Runoff (mm) 240.03 285.97 17.21 15.46 6.25 4.96
AET (mm) 471.06 460.48 401.82 405.98 402.63 408.63
Mustard Field

Rainfall (mm) 57 106 4
Runoff (mm) 0.00 0.00 0.00 0.00 0.00 0.00
AET (mm) 133.50 130.45 142.92 138.64 129.66 133.94
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(170 mm) in the effective root-zone depth during the reproductive stage. 
During rest of the periods, rice was grown under purely rainfed condition. 
During three years of field experiments SI was not applied to the rice due to 
uniform temporal distribution of rainfall.

However, PSI and SI to mustard was applied at 25% depletion of 
available soil water content. Field experimental study from 2002 to 2004 
revealed that PSI to mustard was not required due to availability of sufficient 
residual soil water contents after the harvest of rice. But first SI of 5 cm was 
applied to mustard field using sprinkler irrigation on 37, 47 and 37 days 
after sowing (DAS) from the lined and unlined OFR and second at 52, 58 
and 52 DAS from the lined OFR only during the year 2002, 2003 and 2004, 
respectively.

1.5.3 WATER BALANCE IN THE ON-FARM RESERVOIR (OFR)

For sustainable farming, it is imperative to observe the inflow and outflow 
components of the OFR system using cropped field. The actual capacity of 
the OFR (120 m3) used for field experiment is not the same as the simulated 
capacity. Daily variation of water storage in the lined and unlined OFRs with 
different weir heights for the experimental year 2002, 2003, and 2004 are 
shown in Figures 1.24–1.27.

Average observed volume of water storage in the OFR was found less in 
comparison to the simulated value, which may be due to the seepage through 
the lining material as a result of natural and/or manmade damage. Simulated 
maximum storage in the lined OFR with 0, 5, and 10 cm weir heights was 
found, respectively, as 300.42, 268.55 and 236.43 m3 for 2002; 211.40, 
181.36 and 164.57 m3 for 2003; and 189.48, 158.14, and 126.51 m3 for 2004. 
However, the simulated maximum storage in the unlined OFR at 0, 5, and 
10 cm weir heights was found respectively, as 185.94, 173.57, and 159.16 m3 
for 2002; 138.45, 130.48, and 125.42 m3 for 2003, and 110.51, 99.38, and 
86.45 m3 for 2004.

1.5.3.1  The OFR Inflows

The components of observed and simulated OFR inflows and outflows for 
the years 2002, 2003 and 2004 are presented in Table 1.11, which indicates 
higher total inflow to the OFR during the entire experimental period of rice-
mustard cropping season that requires proper sizing.
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1.5.3.2 Rainfall Contribution

Rainfall constituted the major components of total inflows. Rainfall 
contribution to the OFRs during rice and mustard growing seasons are, 

FIGURE 1.24 Daily variation in water storage in the lined and unlined OFRs during rice 
growing season.
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respectively, 101.98 and 4.53 m3 in 2002; 77.71 and 8.48 m3 in 2003; and 
82.95 and 0.32 m3 in 2004 (Tables 1.11 and 1.12).

FIGURE 1.25 Daily variation in water storage in the lined and unlined OFRs during rice 
growing season.
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FIGURE 1.26 Daily variation in water storage in the lined and unlined OFRs during 
mustard growing season: 2002.

0

50

100

150

200

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73
0

25

50

75

100

125

150
Rainfall SI L2H1 L2H2 L1H3 

Days after sowing

W
at

er
 st

or
ag

e 
in

 th
e 

O
FR

 (m
3 )

R
ai

nf
al

l (
m

m
)2002



56 Soil and Water Engineering: Principles and Applications of Modeling

FIGURE 1.27 Daily variation in water storage in the lined and unlined OFRs during 
mustard growing season: 2003 and 2004.
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TABLE 1.11 Seasonal Water Balance Parameters of the OFR During Rice Growing and 
Turn-In Periods

Parameters Year

2002 2003 2004

Lined Unlined Lined Unlined Lined Unlined

0 cm weir height

Rainfalla (m3) 101.98 77.71 82.95
Runoffb (m3) 244.82 166.47 137.19
Total Inflow (m3) 346.80 244.18 220.14
Evaporation (m3) 53.04 41.99 32.78 24.37 30.66 24.29
SP (m3) 0.00 173.93 0.00 81.49 0.00 85.59
Total Outflow (m3) 53.04 215.92 32.78 105.86 30.66 109.88
5 cm weir height

Rainfalla (m3) 101.98 77.71 82.95
Runoffb (m3) 208.82 130.43 101.19
Total Inflow (m3) 310.80 208.14 184.14
Evaporation (m3) 48.53 38.56 26.78 19.67 26.01 20.36
SP (m3) 0.00 150.03 0.00 58.12 0.00 64.65
Total Outflow (m3) 48.53 188.59 26.78 77.79 26.01 85.01
10 cm weir height

Rainfalla (m3) 101.98 77.71 82.95
Runoffb (m3) 172.82 110.22 65.19
Total Inflow (m3) 274.80 187.93 148.14
Evaporation (m3) 44.24 35.04 23.37 16.73 21.63 16.40
SP (m3) 0.00 127.62 0.00 45.91 0.00 45.54
Total Outflow (m3) 44.24 162.66 23.37 62.64 21.63 61.94

aDirect rainfall contribution to the OFR, b Runoff contribution from the cropped field.

1.5.3.3 Surface Runoff Contribution

Out of total volume of inflows to the OFR during rice-growing season, the 
percentage of surface runoff (RO) contribution to the OFRs with 0, 5, and 
10 cm weir heights are, respectively, 70.59, 67.19, and 62.89 in 2002; 68.18, 
62.66, and 58.65 in 2003; and 62.32, 54.95, and 44.01 in 2004. Highest per-
centage of RO contribution to the OFR with 0, 5, and 10 cm weir heights 
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was due to relatively more seasonal rainfall in 2002 (1175 mm) in com-
parison to 2003 and 2004. Three years (2002, 2003, and 2004) average 
percentage of RO contributed to the OFR with 0, 5, and 10 cm weir heights 
was 67.03, 61.60, and 55.18, respectively. During mustard growing season, 
there was negligible quantity of rainfall for three years, which did not gen-
erate any runoff.

TABLE 1.12 Seasonal Water Balance Parameters of the OFR During Mustard Growing 
Periods 

Parameters Year

2002 2003 2004

Lined Unlined Lined Unlined Lined Unlined

0 cm weir height

Rainfalla (m3) 4.53 8.48 0.32

Total Inflow (m3) 4.53 8.48 0.32

Evaporation (m3) 23.35 10.55 20.83 11.68 17.57 8.47

SP (m3) 0.00 68.69 0.00 77.63 0.00 54.75

SI/PSI (m3) 72.00 36.00 72.00 36.00 72.00 36.00

Total Outflow (m3) 95.35 115.24 92.83 125.31 89.57 99.22

5 cm weir height

Rainfalla (m3) 4.53 8.48 0.32

Total Inflow (m3) 4.53 8.48 0.32

Evaporation (m3) 21.98 10.02 19.20 11.21 15.82 7.63

SP (m3) 0.00 63.64 36.00 72.96 0.00 48.29

SI/PSI (m3) 72.00 36.00 72.00 36.00 72.00 36.00

Total Outflow (m3) 93.98 109.66 91.20 120.17 87.82 91.22

10 cm weir height

Rainfalla (m3) 4.53 8.48 0.32

Total Inflow (m3) 4.53 8.48 0.32

Evaporation (m3) 20.50 9.36 18.22 10.90 13.82 6.41

SP (m3) 0.00 57.77 0.00 70.00 0.00 40.83

SI/PSI (m3) 72.00 36.00 72.00 36.00 72.00 36.00

Total Outflow (m3) 92.50 103.13 90.22 116.90 85.82 83.24
aDirect rainfall contribution to the OFR.
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1.5.3.4  The OFR Outflows

The OFR outflows (evaporation, pre-sowing/supplemental irrigation, and 
seepage) during rice and mustard growing seasons for all the experimental 
years are shown in Table 1.11 and 1.12, respectively.

1.5.3.5 Evaporation Loss

The outflows from the lined OFR during rice growing season are evaporation 
loss and SI. Since, SI for rice was not required during the experimental years, 
so only outflow from the lined OFRs was evaporation loss. Evaporation loss 
from the lined OFR with 0, 5, and 10 cm weir heights during rice-growing 
season was, respectively, as 53.04, 48.53, and 44.24 m3 in 2002; 32.78, 26.78, 
and 23.37 m3 in 2003; and 30.06, 26.01, and 21.63 m3 in 2004. Evaporation 
loss from the lined OFR was observed to be more in 2002, than that of 2003 
and 2004 because of more volume of water storage that leads to larger water 
surface area. However, in the unlined OFRs with 0, 5, and 10 cm weir heights, 
the outflow components are evaporation, supplemental irrigation, and seepage. 
Out of total outflows in the rice-growing season, the percentage of evaporation 
loss from the unlined OFRs with 0, 5, and 10 cm weir heights was, respectively, 
21.54, 20.45, and 19.45 in 2002; 26.71, 25.29, and 23.02 in 2003; and 26.48, 
23.95, and 22.11 in 2004. Average evaporation loss from the unlined OFR with 
0, 5, and 10 cm weir heights during the rice-growing season was 21.52, 23.23, 
and 24.91% of the total outflow, respectively. The percentage of evaporation 
loss from the OFR was decreased with the increase in weir heights due to the 
decrease in OFR water storage that leads to reduction in water surface area.

Whereas during the mustard growing season, total evaporation loss from 
the carry-over water volume of the lined OFR with 0, 5, and 10 cm weir 
heights was, respectively, 23.35, 21.98, and 20.50 m3 in 2002; 20.83, 19.20, 
and 18.22 m3 in 2003 and 17.57, 15.82, and 13.82 m3 in 2004. Similarly, 
evaporation loss from the unlined OFRs with 0, 5, and 10 cm weir heights 
was, respectively, 10.55, 10.02, and 9.36 m3 in 2002; 11.68, 11.21, and 
10.90 m3 in 2003; and 8.47, 7.63, and 6.41 m3, in 2004.

1.5.3.6 Pre-Sowing Supplemental Irrigation

During three years of experiments, SI to rice and PSI to mustard was not applied 
because SWC not depleted below 75% of ASW. However, first SI of 5 cm 
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(equivalent volume of the OFR water = 36 m3) was applied to mustard on 
37, 47 and 37 days after sowing (DAS) from the lined and unlined OFR and 
second at 52, 58 and 52 DAS from the lined OFR only during the year 2002, 
2003 and 2004, respectively, of all the weir heights. It was observed that 
there was negligible quantity of water available in the unlined OFR after 
giving one SI to mustard.

1.5.3.7 Seepage

In the lined OFRs, the seepage was considered negligible due to the 
application of a better quality LDPE lining material of 90 GSM. However, 
out of the total water outflow during rice-growing season, percentage of 
seepage (includes seepage and vertical percolation) loss from the unlined 
OFRs with 0, 5, and 10 cm weir heights was, respectively, 80.55, 79.55, 
and 78.46 in 2002; 76.98, 74.71, and 73.29 in 2003; and 77.89, 76.05, and 
73.52 in 2004. Average SP loss from the unlined OFRs with 0, 5, and 10 cm 
weir heights during the rice-growing season was 78.48, 76.77 and 75.09% 
of total water outflow, respectively. Whereas, during the mustard growing 
season, the SP loss from the total carry-over water volume of the unlined 
OFR with 0, 5, and 10 cm weir heights was 58.91, 57.23 and 54.98% of the 
total water outflow.

1.5.4 ROOT GROWTH UNDER VARIABLE SOIL WATER 
REGIMES

For nutrient-use efficiency in rainfed ecosystems, the special challenge is the 
dynamic of the water regime. If water is available but nutrients are limiting, 
the crop may not be able to utilize the water efficiently. Root development 
may be critical in this regard. Figures 1.28 and 1.29 showed the root growth 
of rice and mustard, respectively.

From Figure 1.28 it is evidenced that different weir heights does not affect 
the root growth in rice but in mustard weir heights affect the root growth and 
its density (Figure 1.29). The SI from the lined OFR with 0 cm weir height 
contributes more soil water at upper layer of the soil depicting more root 
length density in 0 cm as compared to 10 cm weir height. It is evidence that 
with less irrigation the root tends to grow deeper in the soil profile.
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During periods of soil water deficits, the capability of crop roots to 
extract soil water depends on the distribution and depth of its root system. 
Most water uptake models assume a relationship between root water extrac-
tion and root length density [19].

1.5.5 NITROGEN DYNAMICS IN THE CROPPED FIELD

For rainfed upland rice as compared to other agricultural systems, it is 
not clear to what extent rice yields are limited by nutrients, water, and the 

FIGURE 1.28 Effect of different weir heights on root growth of rice.

H1

15

20

25

30

35

40

45

50

0.0 0.2 0.4 0.6 0.8 1.0
Root length density (10-4 m m-3)

S
o

il
 d

ep
th

 (c
m

)

30 DAS
60 DAS
90 DAS

H2

15

20

25

30

35

40

45

50

0.0 0.2 0.4 0.6 0.8 1.0
Root length density (10-4 m m-3)

S
o

il
 d

ep
th

 (c
m

)
30 DAS
60 DAS
90 DAS

H3

15

20

25

30

35

40

45

50

0.0 0.2 0.4 0.6 0.8 1.0

Root length density ( 10-4 m m-3)

S
o

il
 d

ep
th

 (
cm

)

30 DAS
60 DAS

90 DAS

FIGURE 1.29 Effects of different weir heights on root growth of mustard.
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interactions between them, over the diverse soil types, cultural practices and 
seasonal conditions. Few of the many experiments have obtained the data 
essential for thorough interpretation, and none has attempted to develop 
an understanding of prospects for manipulating nutrient and water interac-
tions across the varied combinations of flood, drought, soil type and cul-
tural practices. The average temporal changes of NO3

–-N at different soil 
depths in rice and mustard field with various weir heights are presented in 
Figures 30 and 31.

The initial concentration of NO3
–-N in the soil profile ranged between 

3.5 and 4.5 ppm, respectively, at the time of rice and mustard sowing. After 
the application of first dose of fertilizer, the NO3

–-N concentration found 
increasing noticeably with different weir heights. Leaching losses of NO3

–-N 
in the rice field is more due to more water storage in 10 than 0 cm weir 
heights. The NO3

–-N concentration during the experiment found as high as 
20 ppm in 10 cm weir height within upper 15 cm soil layer [49, 77].

FIGURE 1.30 Temporal variation of NO3
–-N at different depth in the rice fields at various 

weir heights.
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In mustard, NO3
–- N concentration was found increasing at a slow rate 

as compared to rice fields. Variation in NO3
–-N concentration in mustard 

is governed by the application if SI from the OFR [9]. The NO3
–-N 

concentration during the experiment was found as high as 20 ppm in all the 
treatments within upper 15 cm soil layer while it was 10 ppm at lower soil 
layer (Figure 1.31)

1.5.5.1 Nitrate Leaching

The leaching loss of NO3
–-N in the rice field was affected by distribution 

and amount of rainfall occurred during growing period. The leaching loss of 
NO3

–-N was 32.34, 41.41, 55.01 kg ha–1 in 2002; 13.91, 17.72, 25.97 kg ha–1 

in 2003; and 18.20, 28.28, 38.17 kg ha–1 in 2004 with 0, 5, and 10 cm weir 
heights, respectively (Table 1.13). The leaching rate of NO3

–-N in the rice 
field was found higher in 10 cm than 0 cm weir height field as VP is higher 

FIGURE 1.31 Temporal variation of NO3-N at different depths in the mustard fields with 
the lined OFR at various weir heights.
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in 10 cm weir height field Nitrate is soluble and moves with the percolat-
ing water through the soil. Nitrogen loss by leaching is mainly as NO3

–-N 
because it is soluble in water and negatively charged [9, 11, 78]. From the 
mustard it was found to be 15.17, 13.08, 8.87 kg ha–1 with 0, 5, and 10 cm 
weir heights, respectively. The leaching loss of NO3

–-N was reduced with 
0 cm weir height in the rice field.

1.5.6 NUTRIENT UPTAKE AND CROP YIELDS

Uniform rice yield was observed during the course of three years of 
experimentation when no SI was applied, but affected by the amount 
and distribution of rainfall (Table 1.14). The rice yields were found to 
be 4748–5455 kg ha–1 during 2002, which was higher over traditional 
method by 1000 -1500 kg ha–1. This was due to better soil environment 
for root growth and nutrient uptake. In 2003, the rice yields were found to 
be 3867–4065 kg ha–1, which was lower than 2002 mainly due to low and 
uneven distribution of rainfall.

Mustard was greatly affected due to the frequency of SI applied from the 
lined and unlined OFRs. The mustard yields were found to be 560–917 kg ha–1 
in the field with the lined OFR while these were recorded 318–633 kg ha–1 in 
the field with the unlined OFRs.

TABLE 1.13 Effect of Different Weir Heights on Leaching Losses of Nitrogen (kg ha–1)

Weir height (cm) Year 

2002  2003  2004

Rice

0 30.04 d 12.61 d 16.72 e
Lined 5 39.10 cd 16.21 cd 26.03 cd
10 53.74 ab 24.01 ab 36.02 ab
0 34.64 d 15.21 d 19.68 e
Unlined 5 43.72 c 19.23 c 30.53 bc
10 56.28 a 27.93 a 40.32 a
Mustard

— 15.17  13.08  8.87

Note: Within a column for each year, means (average of three replications) followed by the same letters 
are not significantly different according to LSD (0.05). 
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The variation in crop yield among different years can be explained by 
erratic distribution of rainfall. The yields of rice were not affected much 
by weir heights and lined/unlined system but affected significantly from 
year-to-year due to magnitude and distribution of rain [50]. Mustard yield 
obtained more (1.5 times) in lined than the unlined field. The variation in 
yield during different treatment in a particular year can be attributed due to 
more frequency of supplemental irrigation.

Nitrogen uptake is calculated from the yield and N concentration in 
plant shoot. Nitrogen uptake was found to be more in the lined field com-
pared to unlined plots for both the crops. Total nitrogen removal from the 

TABLE 1.14 Effect of Different Weir Heights in Lined and Unlined OFR on Yield and 
Nitrogen Uptake by Rice and Mustard

Weir height (cm) Yield (kg ha–1) Nitrogen uptake (kg ha–1)

Rice Mustard Rice Mustard

2002

0 5455 a 832 a 122.74 a 30.78 a
Lined 5 5114 a 787 a 115.07 a 29.12 a
10 5191 a 772 ab 116.80 a 28.56 ab
0 5434 a 448 c 122.27 a 15.24 c 
Unlined 5 4945 a 440 c 111.26 a 16.58 c
10 4748 a 412 c 106.83 a 16.28 c
2003

0 4016 a 917 a 90.36 a 33.93 a 
Lined 5 3977 a 858 a 89.48 a 31.75 a
10 4030 a 793 ab 90.68 a 29.34 ab
0 3859 a 633 c 86.83 a 23.42 bc
Unlined 5 3867 a 564 c 87.01 a 20.87 c
10 4065 a 552 c 91.46 a 20.42 c
2004

0 5299 a 732 a 119.23 a 27.08 a
Lined 5 5574 a 577 b 125.42 a 21.35 b
10 5457 a 560 bc 122.78 a 20.72 bc
0 4811 a 441 d 108.25 a 16.32 d
Unlined 5 5108 a 402 de 114.93 a 14.87 de
10 5381 a 318 e 121.07 a 11.77 e
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rice-mustard cropping system was highest in 2002 followed by 2004 and 
2003. Crop-wise rice removed more nitrogen as compared to mustard, which 
was due to its high internal requirement of nitrogen.

The nitrogen uptake in rice field was influenced by variation in crop yields 
obtained as a result of distribution pattern of rainfall. While in mustard field, 
it was affected to a great extent by different yields as influenced by various 
weir heights of the lined and unlined OFR. The minimum and maximum 
nitrogen uptake by rice during three growing seasons was observed as 90 
and 122 kg ha–1, respectively. The nitrogen uptake by mustard was found 
as 20–30 kg ha–1 and 11–23 kg ha–1 with the lined and unlined OFRs, 
respectively. The variation in uptake of nitrogen by mustard was due to 
amount of water available in the OFR and the magnitude and frequency of 
supplemental irrigation applied.

1.5.7 ECONOMIC ANALYSIS OF OFR SYSTEM

The factors considered for the economic evaluation were initial invest-
ment, the OFR maintenance cost, land lease cost, irrigation cost, and annual 
returns from the OFR system. Initial investment in the lined and unlined 
OFR was Rs. 5788 (1 US $ = INR Rs. 48) (earthwork Rs. 2108, lining mate-
rial Rs. 3680 and labor cost for lining Rs. 200) and Rs. 2108 (only earth-
work), respectively.

Considering 12% bank interest rate and 25 years life span of the lined 
and unlined OFR, present worth value of total annual cost for the lined and 
unlined OFR was calculated. From the increased production of rice and 
mustard against the traditional rainfed condition (without the OFR), present 
worth value of the total return was estimated and net profit (NP), benefit 
cost ratio (BCR) and payback period (PBP) was calculated. Three years of 
economic analysis of the OFR system over traditional rainfed system reveal 
that the OFR systems are economically viable as BCR is more than one 
(Tables 1.15–1.17).

Average BCR for the lined and unlined OFR systems was found as 1.1 
and 1.7, respectively, revealing the fact that rice yields are almost same 
in both the system, whereas mustard yields were higher in lined than the 
unlined OFR system. Lower BCR in the lined system is due to the higher 
initial cost incurred for lining material. The PBP was found around two years 
for unlined and 8 years for the lined OFR system.
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TABLE 1.15 Economic Viability Study of OFR Systems for Farm Area of 800 m2 in 2002

Particulars Lined OFR Unlined OFR

0 (cm) 5 (cm) 10 (cm) 0 (cm) 5 (cm) 10 (cm)
Returns obtained – A

Increase of rice grain (Rs.) 462.35 351.86 376.81 455.54 297.11 233.28
Increase of mustard 
seeds (Rs.)

744.75 694.13 677.25 272.25 312.75 303.75

Increase of rice straw (Rs.) 46.23 35.19 37.68 45.55 29.71 23.33
Increase of mustard 
stover (Rs.)

14.30 13.33 13.00 5.23 6.00 5.83

Total returns (Rs.) 1267.63 1094.50 1104.75 778.58 645.57 566.19
Present worth of 
returns (Rs.)

8527.97 7363.25 7432.16 5237.85 4343.09 3809.03

Cost incurred – B

Construction cost (Rs.) 2108 2108 2108 2108 2108 2108
Lining material cost (Rs.) 3680 3680 3680 0 0 0
Initial investment (Rs.) 5788 5788 5788 2108 2108 2108
Maintenance cost (Rs.) 115.76 115.76 115.76 42.16 42.16 42.16
SI to mustard applied (cm) 10 7 7 5 5 5
Cost of SI to mustard (Rs.) 43.2 30.24 30.24 21.6 21.6 21.6
Irrigation cost (Rs.) 43.2 30.24 30.24 21.6 21.6 21.6
Land lease cost (Rs.) 24 24 24 24 24 24
Total annual cost (Rs.) 182.96 170 170 87.76 87.76 87.76
Present worth of annual 
cost (Rs.)

1231 1144 1144 590 590 590

Total cost (Rs.) 7019 6932 6932 2698 2698 2698
Net present value (Rs.) 1509 432 500 2539 1645 1111
Benefit-cost ratio 1.22 1.06 1.07 1.94 1.61 1.41
Payback period (years) 4.65 16.06 13.85 1.06 1.64 2.43

TABLE 1.16 Economic Viability Study of OFR Systems for Farm Area of 800 m2 in 2003

Particulars Lined OFR Unlined OFR
0 (cm) 5 (cm) 10 (cm) 0 (cm) 5 (cm) 10 (cm)

Returns obtained – A

Increase of rice grain (Rs.) 318.49 305.86 323.03 267.62 270.22 334.37
Increase of mustard 
seeds (Rs.)

817.88 751.50 678.38 498.38 420.75 407.25

Increase of rice straw (Rs.) 31.86 30.60 32.31 26.77 27.03 33.45
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TABLE 1.17 Economic Viability Study of OFR Systems for Farm Area of 800 m2 in 2004

Particulars Lined OFR Unlined OFR

0 (cm) 5 (cm) 10 (cm) 0 (cm) 5 (cm) 10 (cm)

Returns obtained – A

Increase of rice grain (Rs.) 420.88 509.98 462.35 327.56 423.79 512.24
Increase of mustard 
seeds (Rs.) 

609.75 435.38 382.50 282.38 238.50 144.00

Increase of rice straw (Rs.) 42.09 51.00 46.23 32.76 42.38 51.22
Increase of mustard 
stover (Rs.) 

11.71 8.36 7.34 5.42 4.58 2.76

Total returns (Rs.) 1084.42 1004.71 898.43 648.12 709.25 710.23
Present worth of 
returns (Rs.)

7295.42 6759.15 6044.15 4360.20 4771.47 4778.08

Particulars Lined OFR Unlined OFR
0 (cm) 5 (cm) 10 (cm) 0 (cm) 5 (cm) 10 (cm)

Increase of mustard 
stover (Rs.)

15.70 14.43 13.02 9.57 8.08 7.82

Total returns (Rs.) 1183.93 1102.38 1046.74 802.34 726.08 782.88
Present worth of 
returns (Rs.)

7964.87 7416.25 7041.94 5397.74 4884.67 5266.84

Cost incurred – B

Construction cost (Rs.) 2108 2108 2108 2108 2108 2108
Lining material cost (Rs.) 3680 3680 3680 0 0 0
Initial investment (Rs.) 5788 5788 5788 2108 2108 2108
Maintenance cost (Rs.) 115.76 115.76 115.76 42.16 42.16 42.16
SI to mustard (cm) 10 10 10 5 5 5
Cost of SI to mustard (Rs.) 43.2 43.2 43.2 21.6 21.6 21.6
Irrigation cost (Rs.) 43.2 43.2 43.2 21.6 21.6 21.6
Land lease cost (Rs.) 24 24 24 24 24 24
Total annual cost (Rs.) 182.96 182.96 182.96 87.76 87.76 87.76
Present worth of annual 
cost (Rs.)

1231 1231 1231 590 590 590

Total cost (Rs.) 7019 7019 7019 2698 2698 2698
Net present value (Rs.) 946 397 23 2699 2186 2568
Benefit-cost ratio 1.13 1.06 1.00 2.00 1.81 1.95
Payback period (years) 7.42 17.66 304.18 1.00 1.23 1.05

TABLE 1.16 Continued
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TABLE 1.17 Continued

Particulars Lined OFR Unlined OFR

0 (cm) 5 (cm) 10 (cm) 0 (cm) 5 (cm) 10 (cm)

Cost incurred – B

Construction cost (Rs.) 2108 2108 2108 2108 2108 2108
Lining material cost (Rs.) 3680 3680 3680 0 0 0
Initial investment (Rs.) 5788 5788 5788 2108 2108 2108
Maintenance cost (Rs.) 115.76 115.76 115.76 42.16 42.16 42.16
SI to mustard (cm) 10 7 7 5 5 5
Cost of SI to mustard (Rs.) 43.2 30.24 30.24 21.6 21.6 21.6
Irrigation cost (Rs.) 43.2 30.24 30.24 21.6 21.6 21.6
Land lease cost (Rs.) 24 24 24 24 24 24
Total annual cost (Rs.) 182.96 170 170 87.76 87.76 87.76
Present worth of annual 
cost (Rs.)

1231 1144 1144 590 590 590

Total cost (Rs.) 7019 6932 6932 2698 2698 2698
Net present value (Rs.) 277 -173 -888 1662 2073 2080
Benefit-cost ratio 1.04 0.98 0.87 1.62 1.77 1.77
Payback period (years) 25.38 -- -- 1.62 1.30 1.30

1.6 CONCLUSIONS

The present investigation was undertaken to assess the influence of runoff 
and the OFR induced irrigation on soil water regimes and NO3

–-N dynamics 
under rainfed upland rice (Oryzasativa L.) and irrigated mustard (Brassica 
campestris L.). The movement of soil water under rice and mustard crops 
was simulated using HYDRUS-2D model. Brief description about the results 
obtained from the study is discussed in this section.

The impact of the on-farm reservoir with different weir heights on the 
dynamics of water and NO3

–-Nitrogen under variable soil water regime has 
been studied for rainfed upland rice based cropping system in eastern India. 
Based on three years of field experimental studies (2002–2004), the follow-
ing conclusions have been drawn:

1. Calibration and validation of HYDRUS-2D model based on three years 
of field experiments resulted high coefficient of determination (more 
than 0.72), and low root mean square error (less than 0.032) revealing 
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its suitability to predict soil water dynamics in the effective root-zone 
of rainfed rice and mustard under varying saturated condition.

2. In rice fields, soil water content was found cyclic due to the variation 
of rainfall. However, no supplemental irrigation was applied to rice 
as soil water content was not depleted 40% below saturation during 
critical growth stage while in mustard; the variation in soil water 
content in the root-zone affects the availability of water and nutrient 
and ultimately impact on crop yields.

3. Vertical percolation (VP) loss in the rice field with 0 cm weir height 
(without allowing any standing water) is found to be 4.34 and 8.82% 
less than the fields with 5 and 10 cm weir heights, respectively. The 
rice field without standing water may be adopted to minimize VP 
losses.

4. Seepage loss from the unlined OFR is found to be 2 and 4% more for 
0 cm weir height field than that of 5 and 10 cm weir heights, respec-
tively. This indicates the need to adopt technology to minimize seep-
age losses from the unlined OFR. In other words, the unlined OFR 
enhances the scope for groundwater recharge to the tune of 79, 78 and 
76% of total outflow with 0, 5 and 10 cm weir heights, respectively.

5. The leaching loss of NO3
–-N in the rice field was reduced to 50% 

with 0 cm weir height as compared to 10 cm weir height without 
affecting yields. The leaching loss of NO3

–-N in mustard field with 
the lined OFR was 50% higher than the unlined system due to more 
frequency of irrigation.

6. The nitrogen uptake by rice during its growth period was affected by 
rainfall amount and its distribution pattern. The variation in uptake of 
nitrogen by mustard was due to amount of water available in the OFR 
and the frequency of supplemental irrigation applied.

7. The rice yields were not affected by weir heights so rice cultivation 
without weir height is a feasible option. The mustard yields obtained 
were 1.5 times more in lined than the unlined OFR system as gov-
erned by quantity and frequency of supplemental irrigation.

8. Cost benefit ratio (BCR) for the unlined OFR system was found to 
be 1.7 with payback period (PBP) of around two years while for the 
lined OFR system the BCR is 1.1 with PBP of 8 years knowing the 
fact that rice yields are almost same and mustard yields were 1.5 times 
higher than the unlined OFR system. The difference in BCR was due 
to higher initial cost of investment incurred towards lining material.
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1.7 SUMMARY

Calibration and validation of HYDRUS-2D model
Simulation for soil water content of 7 soil layers for mustard and 3 for rice 
(15 cm increment) fields was carried out with respect to observation nodes 
in the model domain and field observation points. The model simulated 
parameters for rice and mustard fields were tested with the field observa-
tions of the year 2002–04. The optimized model calibrated parameters for 
each layer of soils were determined using inverse modeling with 95% con-
fidence intervals.

The slope of the regression line is close to unity, which further indi-
cates good agreement between the observed and simulated soil water content 
indicate that HYDRUS-2D model is efficient in predicting daily variation 
of soil water content in the root-zone of mustard in the rainfed ecosystem. 
In addition to scattered and regression presentation, the performance of 
HYDRUS-2D model was also evaluated using error statistics such as predic-
tion efficiency (PE) and root mean square error (RMSE). The average value 
of PE and RMSE for simulated soil water content in rice field was found as 
0.9467 and 0.0235, respectively. The high value of R2, PE (more than 0.90), 
and low value of RMSE (less than 0.05) indicates that the HYDRUS-2D 
model is quite efficient in predicting daily variation of soil water content in 
the cropped field with variably saturated condition.

1.7.1 WATER DYNAMICS IN THE CROP FIELD

In rice fields variation of soil water content in different soil layers of crop 
root-zone was found to have cyclic experience due to variation in rainfall. 
However, during the period when there was no rainfall or no supplemental 
irrigation is applied, soil water content was found to decline gradually 
because of uptake of water by the plant roots and vertical percolation from 
the root-zone. During the mustard growing period, soil water content in 
different soil layers of crop root-zone depths was found varying due to 
supplemental irrigation over a period of time. The variation in soil water 
content in upper three layers of crop root-zone depths (0–45 cm) was found 
higher than the lower depths (45–105 cm) during three years of experiment. 
The variation in soil water content in upper layers of crop root-zone depths 
affects the availability of water and nutrient to mustard and ultimately affects 
crop yields.
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The variation in ponding depth has shown cyclic trend depending on the 
rainfall intensity and duration during the rice-cropping season. More number 
of days of ponding was observed in 10 cm in comparison to 5 cm weir heights. 
During three years of experiment on winter mustard, it was observed that 
pre-sowing irrigation (PSI) was not required for the germination of mustard 
because residual soil water content was not depleted below 75% of available 
water. However, supplemental irrigations were applied during mustard 
growing period.

Vertical percolation (VP) losses in the rice field with 0 cm weir height 
were simulated using HYDRUS-2D model under variably saturated condi-
tion, whereas in case of 5 and 10 cm weir heights (ponding condition) Darcy’s 
approach was used. Three years of experiments revealed that minimum loss 
of the VP in the rice fields with 0 cm weir height (184.44 mm) than the field 
with 5 cm weir height (232.27 mm) and 10 cm weir height (281.43 mm). It 
indicates that 0 cm weir height in the rice field can minimize 47.83 and 96.99 
mm loss of VP in comparison to 5 and 10 cm weir height, respectively. Out 
of three years average rainfall (1095 mm) during the rice growing and turn-in 
period, the percentage of average total VP loss found from the field with 0, 5, 
and 10 cm weir heights were 16.38, 20.72 and 25.20, respectively. It indicates 
that the fields with 0 cm weir height can conserve 4.34 and 8.82% of runoff in 
the OFR, which was supposed to loss as VP. So, the rice field without stand-
ing water (0 cm weir height) may be adopted to minimize these major losses 
and in other words, fields with standing water may enhance groundwater 
recharge processes. In mustard field vertical percolation was found as 57 mm.

Actual crop evapotranspiration (AET) is one of the important parameters 
of water balance that influence the soil water status of rainfed crop fields. 
Higher AET of rice was observed with 10 cm weir height in comparison to 
0 and 5 cm weir heights because of relatively more days of ponding. Three 
years average observed total AET of rice under 0, 5, and 10 cm weir heights 
was found, respectively, as 44.21, 48.16, and 48.20% of average total rain-
fall (905 mm). Total AET of rice at 0 cm weir height was 6 and 7% less than 
the AET at 5 and 10 cm weir heights because of variably saturated condition.

The variations in total surface runoff (RO) are found only due to rainfall 
intensity and weir heights. The percentage seasonal (120 days) surface 
runoff generated from rainfall in the rice field with 0, 5, and 10 cm weir 
heights are 27.57, 25.43, and 24.33 for 2002; 13.15, 5.90, and 2.23 for 2003; 
9.65, 5.21, and 0.06 for 2004, respectively. However, there was no surface 
runoff observed from the mustard field in all the three years of experiments.
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1.7.2 WATER BALANCE IN THE OFR

For sustainable farming, it is imperative to observe the inflow and outflow 
components of the OFR system using cropped field. The actual capacity of 
the OFR (120 m3) used for field experiment is not the same as the simulated 
capacity. Average observed volume of water storage in the OFR was found 
less in comparison to the simulated value, which may be due to the seepage 
through the lining material as a result of natural and/or manmade damage.

Rainfall constituted the major components of total inflows. Direct rain-
fall contribution to the OFRs during rice and mustard growing seasons are, 
respectively, 101.98 and 4.53 m3 in 2002; 77.71 and 8.48 m3 in 2003; and 
82.95 and 0.32 m3 in 2004.

Out of total volume of inflows to the OFR during rice-growing season, 
the highest percentage of surface runoff (RO) contribution to the OFR with 
0, 5, and 10 cm weir heights was due to relatively more seasonal rainfall 
in 2002 (1175 mm) in comparison to 2003 and 2004. Three years average 
percentage of RO contributed to the OFR with 0, 5, and 10 cm weir heights 
was 67.03, 61.60, and 55.18, respectively. During mustard growing season, 
there was negligible quantity of rainfall for three years, which did not gener-
ate any runoff.

The outflows from the lined OFR during rice growing season are 
evaporation loss and supplemental irrigation. Since, supplemental irrigation 
for rice was not required during the experimental years, so only outflow 
from the lined OFRs was evaporation loss. Evaporation loss from the lined 
OFR was observed to be more in 2002, than that of 2003 and 2004 because 
of more volume of water storage that leads to larger water surface area. 
However, in the unlined OFRs with 0, 5, and 10 cm weir heights, the outflow 
components are evaporation, supplemental irrigation, and seepage. Average 
evaporation loss from the unlined OFR with 0, 5, and 10 cm weir heights 
during the rice-growing season was 21.52, 23.23, and 24.91% of the total 
outflow, respectively. The percentage of evaporation loss from the OFR was 
decreased with the increase in weir heights due to the decrease in OFR water 
storage that leads to reduction in water surface area. Whereas during the 
mustard growing season, total evaporation loss from the carry-over water 
volume of the lined OFR with 0, 5, and 10 cm weir heights was, respectively, 
23.35, 21.98, and 20.50 m3 in 2002; 20.83, 19.20, and 18.22 m3 in 2003 and 
17.57, 15.82, and 13.82 m3 in 2004. Similarly, evaporation loss from the 
unlined OFRs with 0, 5, and 10 cm weir heights was, respectively, 10.55, 
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10.02, and 9.36 m3 in 2002; 11.68, 11.21, and 10.90 m3 in 2003; and 8.47, 
7.63, and 6.41 m3, in 2004.

During three years of experiments, supplemental irrigation to rice and pre-
sowing irrigation (PSI) to mustard was not applied because soil water content 
not depleted below 75% of available soil water content (ASW). However, 
first supplemental irrigation of 5 cm (equivalent volume of the OFR water = 
36 m3)was applied to mustard on 37, 47 and 37 days after sowing (DAS) from 
the lined and unlined OFR and second at 52, 58 and 52 DAS from the lined 
OFR only during the year 2002, 2003 and 2004, respectively, of all the weir 
heights. It was observed that there was negligible quantity of water available 
in the unlined OFR after giving one supplemental irrigation to mustard.

In the lined OFRs, the seepage was considered negligible. However, 
average seepage (SP) loss from the unlined OFRs with 0, 5, and 10 cm 
weir heights during the rice-growing season was 78.48, 76.77 and 75.09% 
of total water outflow, respectively. Whereas, during the mustard growing 
season, the SP loss from the total carry-over water volume of the unlined 
OFR with 0, 5, and 10 cm weir heights was 58.91, 57.23 and 54.98% of the 
total water outflow.

1.7.3 ROOT GROWTH AND NITROGEN DYNAMICS IN THE 
FIELD

For nutrient-use efficiency in rainfed ecosystems, the special challenge is 
the dynamic of the water regime. Root development plays critical role in 
this regard. The different weir heights does not affect the root growth in 
rice but in mustard weir heights affect the root growth and its density. The 
supplemental irrigation from the lined OFR with 0 cm weir height leads 
more soil water content at upper depth of the soil layer. Due to high water 
content at upper soil layer root length density was found more in 0 cm as 
compared to 10 cm weir height. It is evidence that with less irrigation the 
root tends to grow deeper in the soil profile. During the periods of soil water 
deficits, the capability of crop roots to extract soil water depends on the 
distribution and depth of its root system.

For rainfed upland rice as compared to other agricultural systems, it is 
not clear to what extent rice yields are limited by nutrients, water, and the 
interactions between them, over the diverse soil types, cultural practices and 
seasonal conditions. The initial concentration of NO3

–-N in the soil profile 
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ranged between 3.5 and 4.5 ppm, respectively, at the time of rice and mustard 
sowing. After the application of first dose of fertilizer, the NO3

–-N concentra-
tion found increasing noticeably with different weir heights. Leaching losses 
of NO3

–-N in the rice field is more due to more water storage in 10 than 0 cm 
weir heights. The NO3

–-N concentration during the experiment found as high 
as 20 ppm in 10 cm weir height within upper 15 cm soil layer. In mustard, 
NO3

–- N concentration was found increasing at a slow rate as compared to 
rice fields. Variation in NO3

–-N concentration in mustard is governed by the 
application if supplemental irrigation from the OFR. The NO3

–-N concentra-
tion during the experiment was found as high as 20 ppm in all the treatments 
within upper 15 cm soil layer while it was 10 ppm at lower soil layer.

The leaching loss of NO3
–-N in the rice field was affected by distribu-

tion and amount of rainfall occurred during growing period. The leach-
ing rate of NO3

–-N in the rice field was found higher in 10 cm than 0 cm 
weir height field due to high vertical percolation in 10 cm weir height 
field. The leaching loss of NO3

–-N was 32.34, 41.41, 55.01 kg ha–1 in 2002; 
13.91, 17.72, 25.97 kg ha–1 in 2003; and 18.20, 28.28, 38.17 kg ha–1 in 2004 
with 0, 5, and 10 cm weir heights, respectively. From the mustard it was 
found to be 15.17, 13.08, 8.87 kg ha–1 with 0, 5, and 10 cm weir heights, 
respectively. The leaching loss of NO3

–-N was reduced with 0 cm weir 
height in the rice field.

1.7.4 CROP YIELDS AND ECONOMIC ANALYSIS

Uniform rice yield was observed during the course of three years of 
experimentation when no supplemental irrigation was applied, but affected 
by the amount and distribution of rainfall. The rice yields were found to be 
4748–5455 kg ha–1 during 2002, which was higher over traditional method 
by 1000 -1500 kg ha–1. This was due to better soil environment for root 
growth and nutrient uptake. In 2003, the rice yields were found to be 3867–
4065 kg ha–1, which was lower than 2002 mainly due to low and uneven 
distribution of rainfall.

Mustard yield was greatly affected due to the frequency of supplemen-
tal irrigation applied from the lined and unlined OFRs. The mustard yields 
were found to be 560–917 kg ha–1 in the field with the lined OFR while these 
were recorded 318–633 kg ha–1 in the field with the unlined OFRs. Mustard 
yield obtained more (1.5 times) in lined than the unlined field. The variation 
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in yield during different treatment in a particular year can be attributed due 
to more frequency of supplemental irrigation.

Total nitrogen removal from the rice-mustard cropping system was 
highest in 2002 followed by 2004 and 2003. Rice removed more nitrogen 
as compared to mustard, which was due to its high internal requirement of 
nitrogen. The nitrogen uptake in rice field was influenced by variation in 
crop yields obtained as a result of distribution pattern of rainfall. While in 
mustard field, it was affected to a great extent by different yields as influenced 
by various weir heights of the lined and unlined OFR. The minimum 
and maximum nitrogen uptake by rice during three growing seasons was 
observed as 90 and 122 kg ha–1, respectively. The nitrogen uptake by mustard 
was found as 20–30 kg ha–1 and 11–23 kg ha–1 with the lined and unlined 
OFRs, respectively. The variation in uptake of nitrogen by mustard was due 
to amount of water available in the OFR and the magnitude and frequency 
of supplemental irrigation applied.

The factors considered for the economic evaluation were initial invest-
ment, the OFR maintenance cost, land lease cost, irrigation cost, and annual 
returns from the OFR system. Initial investment in the lined and unlined OFR 
was Rs. 5788 (1 US $ = INR Rs. 48) (earthwork Rs. 2108, lining material 
Rs. 3680 and labor cost for lining Rs. 200) and Rs. 2108 (only earthwork), 
respectively. Considering 12% bank interest rate and 25 years life span of the 
lined and unlined OFR, present worth value of total annual cost for the lined 
and unlined OFR was calculated. From the increased production of rice and 
mustard against the traditional rainfed condition (without the OFR), present 
worth value of the total return was estimated and net profit (NP), benefit cost 
ratio (BCR) and payback period (PBP) was calculated.

Average BCR for the lined and unlined OFR systems was found as 1.1 
and 1.7, respectively, revealing the fact that rice yields are almost same 
in both the system, whereas mustard yields were higher in lined than the 
unlined OFR system. Lower BCR in the lined system is due to the higher 
initial cost incurred for lining material. The PBP was found around two years 
for unlined and 8 years for the lined OFR system.
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2.1 INTRODUCTION

India receives annual rainfall of 1200 mm (4000 km3), out of which 70–80% 
occurs during monsoon season. Potential irrigable area is 113.5 Mha with 
gross and net irrigated area being 75.14 and 54 Mha, respectively, out of 
which 53% and 40.5% area are fed by groundwater and surface water, respec-
tively. Despite large area under irrigation, stress during crop growth is inevi-
table as out of 139.7 Mha net cultivated areas, 85.7 Mha still remains rainfed 
which faces different water management related problems viz. extreme spa-
tial and temporal variability in rainfall; higher evaporative demand than 
rainfall, drought and water scarcity; greater exploitation of already depleted 
ground water resources; low rainwater use efficiency and low crop produc-
tivity; and poor ground water quality, and deterioration of soil health under 
changing climate. In other way also human population of India will rise to 
1500 million by 2025 and 1800 million by 2050. By the same time, livestock 
population will be 600 million.

The food, green fodder and fuel wood requirements shall be 275 M tons, 
1000 M tons, and 235 Mm3, respectively against present status of 259 M tons 
of food grain, 513 M tons of green fodder and 40 Mm3 of fuel wood. Each 
year 5 to 6 M tons of food grains shall have to be added to ensure food 
security in the country. The additional productions are to meet from the 
declining per capita cultivable land [24]. Table 2.1 shows the water needs 
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of India by 2025. Entire water potential (i.e., utilizable water) of 1122 km3 
needs to be developed by 2025 through all means of surface and ground 
water development and efficient management.

Agriculture consumes major quantity of water and is estimated that in 
2010, total water withdrawal was 761 km3 of which 91% (688 km3), has 
been for irrigation, about 56 km3 for municipal and 17 km3 for industrial 
use [10]. Scenario analysis shows that approximately 7100 km3 year−1 is 
consumed globally to produce food, of which 5500 km3 year−1 is used in 
rainfed agriculture and 1600 km3 year−1 in irrigated agriculture [8]. Limited 
availability of soil moisture at critical stages of crop growth is major con-
straint of rainfed agriculture in semi-arid regions [18]. Approximately 40% 
(600 M ha) of the world cropland area is affected by low and unpredictable 
rainfall, with 60% of these lands located in developing countries.

This chapter discusses innovations in water conservation for rainfed 
areas of Eastern India.

2.2 RAINFED AGRICULTURE AND ITS PROBLEMS

Population growth and economic development will lead to an increasing 
competition for scarce water resources. World population is projected to 
increase 35% by 2050, which will require a 70–100% rise in food produc-
tion. Rainfed agriculture plays and will continue to play a dominant role in 
providing food and livelihoods to ever increasing world population. Rainfed 
agriculture covers 80% of the world’s agricultural area. It produces 62% of 
staple food. Of the 1.5 billion ha of cropland worldwide, 1.223 billion ha 
(82%) is rainfed. These regions cover about 40% of the world’s land area and 
host nearly 40% of the world’s population. Further, about 70% of the world’s 

TABLE 2.1 Estimates of Water Needs for India (Mham)

Activity 1990 2000 2025

Domestic 2.5 3.3 5.2
Energy 1.9 2.7 7.1
Industrial 1.5 2.7 12.0
Irrigation 46.0 63.0 77.0
Others 3.3 3.5 3.7
Total 55.2 75.2 105.0



88 Soil and Water Engineering: Principles and Applications of Modeling

staple food continues and will continue to be harvested from rain-fed areas, 
since the scope for further expansion of irrigation is limited due to growing 
competition for water and the high investment cost [11]. However, high-
untapped productivity and income potential exists in these areas. Growing 
population numbers and changing consumption patterns in fast-developing 
economies are increasing global food demand [19].

In developing countries, rainfed grain yields average 1.5 tons ha−1, com-
pared with 3.1 tons ha−1 in irrigated agriculture. India ranks first among 
the countries that practice rainfed agriculture both in terms of extent and 
value of production. Out of the 329 Mha of total geographical area of the 
country, about 146 Mha is degraded and 85 Mha is rainfed arable land. Out 
of 140.3 Mha net cultivated area, 79.44 Mha (57%) is rainfed, contribut-
ing 44% of the total food grain production. It is estimated that even after 
achieving the full irrigation potential; nearly 50% of the net cultivated area 
will remain dependent on rainfall. Rainfed agriculture supports nearly 40% 
of India’s estimated population of 1.21 billion. Cultivation of coarse cere-
als (91%), pulses (91%), oilseeds (80%) and cotton (65%) predominates 
in these rainfed regions [2]. Moreover, two-thirds of livestock and 40% of 
human population of the country live in rainfed regions.

The “green revolution” era had largely by-passed the rainfed agriculture. 
Subsequently, several development programs were initiated for improving 
rainfed farming. In the rainfed area, it is not the amount of rainfall that is the 
limiting factor of production; rather, it is the extreme variability of rainfall, 
few rain events with high rainfall intensities and poor spatial and tempo-
ral distribution of rainfall. Rainfed crop production, which uses infiltrated 
rainfall that forms soil moisture in the root zone, accounts for most of the 
crop water consumption in agriculture. In these regions yield gaps are large, 
not due to lack of water per se, but due to inefficient management of water, 
soils and crops. The core of achieving this prospect is resource conserva-
tion through watershed management in which rainwater management plays 
a pivotal role [24].

2.3 LAND DEGRADATION AND SCOPE FOR DEVELOPMENT

Natural resource management (NRM) based on scientific principles plays a 
crucial role for an inclusive and sustainable growth in India. The Approach 
Paper to the 12th Five-Year Plan aptly notes that ‘Economic development will 
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be sustainable only if it is pursued in a manner which protects the environ-
ment. With acceleration of economic growth, these pressures are expected to 
intensify, and we therefore, need to pay greater attention to the management 
of natural resources, viz. water, forests and land (India’s looming freshwater 
crisis. The Financial Express, 18 January 2007). In other way also land 
degradation continues to be a threat to the food and nutrition security of the 
country.

According to the latest estimate by the Indian Council of Agricultural 
Research (ICAR), New Delhi and National Academy of Agricultural Sciences 
(NAAS), out of total geographical area of 328.73 Mha, about 120 Mha 
(37%) is affected by various kinds of land degradation [16]. According to 
the latest estimate, the primary causal factor of land degradation is water and 
wind erosion (94.87 Mha), followed by soil acidity (17.93 Mha), sodic soils 
(3.71 Mha), soil salinity (2.73 Mha), waterlogging (0.91 Mha), and mining 
and industrial waste (0.26 Mha). The topsoil is most vulnerable to erosion, 
the loss of which causes depletion in quantity as well as quality of soil. 
About 1 mm of topsoil is lost every year in the country due to soil (water) 
erosion at an average rate of 16.4 tons/ha/year against the permissible limit 
of 4.5–11.2 tons/ha/year. This results in over 5.3 billion tons of soil being lost 
annually due to soil erosion, causing the loss of around 8 million tons (mt) of 
plant nutrients every year (http://cssri.nic.in/).

Degradation is particularly severe in regions with sloping and hilly ter-
rains and those affected by unsustainable land management practices such 
as shifting cultivation. The sloping and hilly regions of eastern India, called 
eastern Ghats region with a geographical area of 19.8 Mha [21] is such an 
erosion prone zone, having characteristic link of poor lands with people’s 
poverty. For instance, the share of good quality soil in Odisha is one of the 
lowest, merely 10.4% of the land area of the state [13]. It also happens to 
be the most backward state of India with 46.4% of the population below 
poverty line.

Shifting cultivation is prevalent in the hill slopes of the region. However, 
reduction in restoration or fallow cycle from 15 to 20 years to the current 
level of 2–3 years due to population pressure resulted in reduced farm out-
put and increased land denudation [14]. This shifted focus of the people to 
settled cultivation on the sloping and undulated uplands and medium lands, 
with average slope varying from 2 to 5% and characterized by coarse tex-
tured Alfisols. These lands are located downside the denuded hillocks and 
are the major alternatives for the predominantly subsistence agriculture 
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practiced in this rainfed region of India. Low soil fertility and erosion due to 
overland flow from denuded hill slopes do not permit more than one crop per 
year and a crop yield of more than 1.0 tons ha−1 in these lands.

The Eastern Ghats are discontinuous range of mountains, hills and 
plateaus on the east coast of India, which occupy an area of 19.76 Mha 
between 770 22’ and 850 20’ E longitudes and 110 30’ to 210 0’ N latitudes 
and spread over the states of Odisha, Chhattisgarh, Andhra Pradesh, Tamil 
Nadu and Karnataka [17]. The region has predominance of tribal people 
(54 tribal communities) constituting about 30% of the total population of 
37.9 M [1]. Koraput and its adjoining districts in Odisha, Andhra Pradesh 
and Chhattisgarh, situated in midst of this region, are quite vulnerable 
considering around fifty per cent tribal inhabitants along with a sensitive 
upland habitat plagued with problems of natural resource erosion. Land use 
practices like shifting cultivation, uncontrolled grazing, large-scale mining, 
faulty agriculture and over-exploitation of forests have resulted in severe 
degradation of the region’s natural resource base. High silt production rates, 
i.e., 2.07 to 8.96 ham/100 sq. km in Koraput region, endangers not only sus-
tainable agriculture but also life of reservoirs in the downstream [23].

Participatory and integrated watershed development approach is viewed 
as a developmental paradigm to transform the impoverished livelihoods 
and degraded landscapes in India. With the investment and attention to 
this developmental approach, it has become imperative to blend outputs of 
multidisciplinary research into the planning and implementation domains 
to transfer the intended benefits effectively to the people and their support 
systems. The shortcomings of available technological options with respect 
to their nature (outcomes of isolated soil and water conservation research 
lacking watershed approach) or applicability (legacy of alien environments 
or recommendations emanating from controlled conditions) or adoptability 
(formulated which lacks appreciation of the needs of local conditions and 
people, for which they are intended) points to the need of watershed based 
interactive research [3]. In ecologically sensitive and economically poor, 
tribal dominated Eastern Ghats of India, lack of research initiatives in the 
field of NRM in general and the watershed management in particular poses 
multiple roadblocks in augmenting productivity for in-situ development as 
well as in rehabilitating these deteriorating upper catchment ecosystems for 
downstream services. Therefore, innovations in developing different criteria 
for development, implementation, monitoring, evaluation and adoptability 
of resources conservation at different topo-sequences were brought through 
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two model watersheds, i.e., Kokriguda and Malipungar in Koraput district of 
Odisha representing the eastern Ghats shown in Figure 2.1.

2.4 WATER RESOURCE DEVELOPMENT AND CONSERVATION 
TECHNIQUES

Ever declining per capita land and freshwater availability, soil erosion and 
land degradation are posing serious threat to food, economic and ecological 
security of India. Prudent use and management of these basic natural resources 
and effective conservation practices are the issues of prime importance for 
the sustainable development of the country. Among various approaches, inte-
grated watershed management could reverse the process of land degradation, 
conserve water and ensure sustainability of productivity. This approach com-
prises of appropriate planning of natural resources, especially land, water and 
vegetation to sub-serve the socio-economic and community needs of the soci-
ety or the community concerned [9]. Since poverty is strongly correlated with 
regions prone to drought, deserts, hilly areas and regions of rainfed agricul-
ture, the focus has to be is on augmenting soil conservation and other measures 
to retain soil moisture in these regions to mitigate the harsh living conditions.

FIGURE 2.1 Location map of the study area.
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A brief description of rainwater resources development and management 
techniques is given below:

• In-situ water conservation
• Drainage line treatment
• Water harvesting and its efficient utilization
• Groundwater recharge

These techniques are appropriate for following agro-climatic zones with 
their priority mentioned below (Table 2.2).

2.4.1 PRE-REQUISITES AND PLANNING FOR SOIL AND WATER 
CONSERVATION MEASURES

Followings steps can be followed for planning to implement soil and water 
conservation measures:

1. Prepare the map of the watershed area on a scale of 1:5,000 or 
1:10,000 with all topographical features

2. Identify local issues and concern including land and resources 
inventory

3. Develop goals and objectives
4. Collect information on

a. Annual and daily rainfall, its pattern and other rainfall analysis
b. Intensity-Duration-Frequency (IDF) curve
c. Soil depth and other properties
d. Soil texture
e. Land slope of watershed
f. Vegetative cover and choice of crop

TABLE 2.2 Suitability of Water Conservation Techniques for Different Agro-Climatic 
Zones

Agro-Climatic Zone Annual rainfall (mm) Priority

Arid 100–500 1, 2
Dry Semi-arid 500–750 1, 2, 4
Wet Semi-arid 750–1000 2, 3, 4, 1
Sub-humid 1000–2500 2, 3, 1, 4
Per-humid >2500 2, 3, 1
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g. Physiography of the area, i.e., size, shape, relief, elevation, slope, 
drainage density and pattern etc.

h. Socio-economic factors viz. sociological and demographic fea-
tures, land tenure structures, farm structures, and attitude and 
behavior of stakeholders

5. Land capability assessment and erosion potential estimation
6. Estimate design peak rate of runoff and runoff volume
7. Investigate and evaluate alternatives
8. Select best management practices (BMPs) according to its cost-

effectiveness, availability, feasibility, durability and compatibility 
w.r.t. selection of materials with due regard to community acceptance 
and environmental sensitivity

9. Design of required structures or measures’ various components
10. Mark the structures on the map
11. Mark the layout in the field
12. Adjust for adjustments if any after ground truthing
13. Execute the work and maintain the program with supporting docu-

mentation and specifications and construction details
14. Monitoring and quantify impacts on landscape and productivity with 

following indicators

a. Increase in yield (crop)
b. Changes in cropping sequence/rotation/intensity
c. Increase in number of wells in the vicinity
d. Increase in groundwater table
e. Changes in flora and fauna
f. Changes in micro-organisms
g. Prolonged life of water harvesting structures at downstream
h. Watershed health and eco-index

2.4.2 APPROACHES AND METHODOLOGY FOLLOWED FOR 
IMPLEMENTATION AND ADOPTABILITY OF SOIL AND WATER 
CONSERVATION MEASURES

The main approach for land and water resources development and conserva-
tion in Kokriguda and Malipungar watersheds was inducing and encouraging 
people’s participation. In the beginning, much difficulty was faced in mobi-
lizing the local people to participate because of their past bad experience 
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with other development agencies. Exhaustive Participatory Rural Appraisal 
(PRA), selection of leader farmers, frequent visits, discussions on problems 
and government’s policy with leader-farmer and the followers, listening to 
their problems and sharing some of their burdens, helped to build up rapport 
and induce people’s participation.

Most part of the watersheds is sloping and undulated with shallow and 
poor soil health and having severe erosion problems. The rainfall pattern 
combined with slope features and presence of denuded hillocks was result-
ing in enormous soil and nutrient losses and also wastage of water through 
runoff every year and causing damage to the agricultural fields in the mid-
dle and lower reaches. Again this runoff with high velocity breaches the 
field bunds, compelling the farmers to revamp the earthen bunds every year. 
Some part of the eroded soil was getting deposited in the jhola lands spoil-
ing the standing rice crop. Jhola lands (low lands-widened and terraced 
gully beds) comprising 5% of the landscape of the Eastern Ghat High Land 
(EGHL) zone of Odisha are rich in water due to flow of perennial streams 
and springs. Farmers grow rice only in these lands. However, great scope 
exists for efficient utilization of this perennial water.

Keeping in view the heavy erosion and excess runoff problems, under-
development and under-utilization of water resources, unscientific manage-
ment of natural resources, traditional crops, low yielding desi genotypes 
and absence of use of modern inputs, low cropping intensity and low crop 
productivity, different soil and water conservation interventions were under-
taken based on priorities and technical feasibility. Due to extreme poverty 
and illiteracy of villagers, emphasis was given on bio-engineering measures 
instead of conventional masonry structures. The approaches adopted were 
participatory, eco-friendly and ridge to valley. Structures that are cheap, 
made up of locally available materials, simple, easily adoptable, feasible, 
viable and require no/less skill for construction and maintenance were given 
top priority. Series of such structures were constructed as per the need of 
the area. The implementation work was started in a participatory decision-
making process involving the villagers and the action planning were formu-
lated with involvement of different user groups. These user groups have also 
been taking up all works including watch & ward and maintenance beyond 
the project also. They contributed 5% of their earning to the maintenance 
fund and principal right holders of the usufruct sharing.

Villagers have closed the site to open grazing by observing social fenc-
ing. Stopping of stone quarrying was ensured through linkage with revenue 
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department and one year old Mango grafts were procured at subsidized rates 
through collaboration of the District Horticulture office. Similarly seedlings 
were obtained at subsidized rate from forest department and grass slips were 
brought from Department of Animal Resource Development. Awareness 
created through formal and informal discussions, meetings and exposure 
visits, considering their traditional knowledge and motivating the farmers 
to allow such constructions in their lands initially, which in turn created 
opportunity for wider implementation of these measures through the since 
long tried and tested principle of “seeing is believing.” Following the above 
criteria, different soil and water conservation measures were implemented in 
different types of topography.

2.4.2.1 Study Area

The Kokriguda and Malipungar watersheds are located in Semiliguda block 
of Koraput district in the state of Odisha. More precisely, both the water-
sheds are situated by the left side of NH-43 at a distance of 5 and 10 km, 
respectively from Semiliguda towards Visakhapatnam. The total areas of 
the watersheds are 317 and 275 ha, respectively. These represent topogra-
phy, socio-cultural set up and agro-ecology of the Eastern Ghats region. The 
watersheds are sloping and undulating. The altitude ranges from 750–1850 m 
above mean sea level with an average slope of 12.25–16.43% and drains to 
river Kolab, a tributary of river Godavari. Hillocks on three sides with pres-
ence of Jhola land (widened and stabilized terraced gully beds with peren-
nial water) and two more perennial streams running through it make the 
watersheds, a typical geo-hydrological unit of the region. Basically, both the 
watersheds are of fern shaped with dendritic type of streams. Groundwater 
available in plenty has not been used for irrigation purpose. The earthen 
channels constructed for conveying water of mainstream for irrigation and 
domestic use suffered seepage loss as high as 70% [28].

Red and lateritic soils are dominant in the watersheds with small patches 
of fine textured black soil in the low land (jhola) patches. Four distinct soil 
groups could be identified, viz., gravelly and loamy sand in hillocks, sandy 
loam in the uplands, sandy clay loam in the medium and fine textured silty 
clay loam to silty loam near low lands. In general, water-holding capac-
ity is low. Soils are acidic (pH 4.5–6.2), low in organic matter, N and P 
contents but rich in iron and aluminum oxides. Potassium status of the soils 
is medium to high [18, 22].
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Climate of the area is moist sub-tropical. Minimum temperature in 
winter hovers around 1–2°C. Mean minimum temperature is 10.1°C and 
mean maximum 34.8°C. Annual rainfall of 1400 mm with 77 rainy days 
is received, 85% of which occurs during June to October. Relative humid-
ity in monsoon period ranges from 67 to 96% and in post-monsoon season 
48 to 95%. Bright sunshine hours in monsoon period range from 1.8 to 6.4 
whereas in non-monsoon season from 6.8 to 9.4 hours. Mean evaporation 
varies between 2.56 and 6.27 mm day–1.

In spite of being located near developed industrial townships, the winds 
of development seem to have bypassed the Kokriguda and Malipungar 
villages. Kokroguda and Malipungar villages had 78 and 179 house-
holds, respectively with, all belonging to paraja tribe in Kokriguda and in 
Malipungar they are of paraja and Kandh tribe with Mali community and 
with 90% people living below poverty line. Literacy rate was only 25%. The 
villages lacked all the basic amenities, like potable water facilities, elec-
tricity facilities, etc. Drinking country liquor was an addiction. Subsistence 
farming was the main occupation. However, about 40% of families were 
intermittent wage laborers in nearby towns.

Cultivable area comprises of upland, medium and low lands out of 
which 80% was rainfed. Non-arable land constituted about 47 to 50.2% of 
the total geographical area of the watersheds. Forest area was about 90 and 
108 ha, respectively out of which 40% was under protected secondary forest 
of mixed vegetation lying on southern side hillocks and the rest 60% was 
degraded scrub on north-eastern and eastern side hillocks. Net sown area 
was 127.25 and 93 ha, respectively in Kokriguda and Malipungar watershed.

2.4.2.2 Topography in the Watersheds of Koraput District

In Koraput district, mainly the topography varies from ridge to valley as 
shown in Table 2.3.

However, the landforms in the study watersheds are varied from steep 
hill slope to valley bottomlands as shown in Figure 2.2. Soil and water con-
servation measures suitable in different topo-sequences are discussed in the 
following subsections.

A. Steep slope
The main hillocks possess higher slope degree even some places beyond 
100%. Being in the proximity of the village habitation, these are totally 
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deforested. However, in certain pockets regeneration potential in terms of cop-
picing exists. Soil has washed out and thus at certain places rocky out crops are 
exposed. But, different perennial streams are emerged from these hills.

For rehabilitation of denuded hillocks in steep slopes, conservation plans in 
the form of regeneration and protection of secondary forest were adopted. The 
villagers were motivated not to cut any of the live trees and protect the forest. 
The forest is being looked after by a watchman appointed from neighboring 
village who is remunerated collectively in kind by the villagers. The extrac-
tion of wood from forest for household purposes was strictly as per need and 
season specific; only dry wood or bushes are cut. This type of conservation 

TABLE 2.3 Land Situations in the Region as Per Tribal Nomenclature

Name Position in toposequence Characteristics

Bada Back yard Gently sloping with good soil depth; mostly 
irrigated put under vegetables and fruit trees, 
forest trees found in the boundary

Beda Low land Wider stabilized streambed
Dangar Hill top and slopes May be with or without trees. Not suitable 

for agriculture
Jhola Low land Stabilized streambed used for cultivation. 

Generally narrower with uplands/mala/
dangar and trees on both sides

Mala Lower hill slopes Past history of forest/shrub forest. Have been 
cleared for agriculture. More stones and 
pebbles

Pada Upland below Mala Gently sloping with better soil depth and less 
of stones and pebbles.

Saria Medium land surrounded by 
low land in all sides

Higher soil depth 

FIGURE 2.2 Schematic cross section of land physiography in study watershed.



98 Soil and Water Engineering: Principles and Applications of Modeling

increased 8.3 times the plant population after six years. There was increase in 
stream flow by 27.8%, whereas perenniality increased by 15.81% due to dense 
vegetation in steep slope and increase in interception loss.

B. Small hills/dangar land
Degraded hills with nil or sparsely covered canopy of denuded/secondary 
scrub forests and lost top soils are the common features of the eastern Ghat 
ranges dominated by tribal population. The carrying capacity of this life sup-
port system is decreasing while the inhabitants are increasing. “Podu” or 
shifting cultivation was the main livelihood option for the tribal population 
here, before a few years ago. But now, due to degradation, many hill tops 
have been left out of frustrations. However, the hill slopes in many patches 
are under sedentary cultivation now, leading to further loss of soil and aid-
ing to formation of gullies below in flatter lands apart from water scarcity. 
Greening these barren hills for conservation of precious resources and aug-
menting production has been the great challenge.

Graded and stone bunds
Graded bunds with top width 0.3 m, bottom width 0.6 m and depth 0.45 m 
with 0.2 per cent grade were constructed at 1 m vertical interval. A continu-
ous small trench with equalizers was provided in upstream side to capture 
runoff water. Stone bunds of top width 0.3 m, bottom width 0.45 m and 
height 0.3 to 0.45 m having provision for safe disposal of runoff water were 
constructed at 10 m horizontal interval in land slope of 12–15%.

Sunken ponds
At the bottom of the hillocks, sunken ponds of size 30 m × 30 m × 1.5 m 
were constructed to reduce the runoff velocity as well as increasing the 
ground water recharge. A temporary storage of 0.03 ha-m resulted from 
these sunken ponds.

Inward sloping contour bench terrace
On the hillock, inward contour bench terraces of 1 m width were constructed at 
5 m horizontal intervals in 12 per cent slope. Guava was planted in the terrace.

Trench-cum-bunds
Continuous contour bunds and trench-cum-bund (trench 0.3 m × 0.3 m) 
were constructed at 10 m horizontal interval. Vegetative barriers (sambuta, 
hybrid Napier, broom grass) and hedge row species (Assam shade, Gliricidia 
and Crotolaria) were planted on bunds, and mango, cashew, teak, etc. were 
planted in the inter-bund space.



Innovations in Water Conservation for Rainfed Areas of Eastern India 99

Soil working techniques
Micro catchment, saucer, crescent shaped and tick ditch/v-ditch (1.5 m  width 
and 0.3 m height) in-situ water harvesting and conservations were imposed 
in mango and cashew at different slopes (Table 2.4). A comparison of these 
showed that the runoff contributing area per plant is highest at 36 sq.m for 
both micro-catchment and tick ditch (See appendix – I at the end of this 
chapter), where has the tick ditch has got the maximum water storage area of 
0.34 cum, which is marginally higher than that of micro-catchment. But the 
water receipt by the mango tree under micro-catchment system was high-
est considering the loss through evaporation and competition for the water 
resource by the other system component of grasses.

Diversion channel
To divert the excess runoff from the hillock, 200 m long diversion channels 
having top width 0.65 m, bottom width 0.3 to 0.45 m and depth 0.3 to 0.65 m 
were made. All these diversion channels were diverted to a large pit resulted 
from stone quarries for safe disposal.

TABLE 2.4 In-Situ Water Conservation Practices and Additional Components in the 
Integrated Systems

In-situ water 
conservation

Description Additional components

T 1 Micro 
catchment

Two diagonal micro ridges 
diverts the runoff water to a 
0.45 m x 0.45 m x 1.5 m half 
moon concave trench at 0.5 m 
upstream of the plant.

Grass (Brachiariahumidicola) 
as filter strip before trench in 
u/s at 0.3 m x 0.3 m in double 
row staggered. Aonla as filler 
in quincunnex

T 2 Tick Ditch 
(slanting 
trench)

A bund with cross sectional 
area of 0.1 sq.m formed at a 
distance of 0.5 m upstream 
of plant row by scooping soil 
from further 1.5 m upstream 
by making a slanting trench 
for runoff impounding.

Grasses (Andropogon, B. 
mutica) in the Tick ditch in 
two rows with former tall 
species near bund at 1 m 
spacing in single row and later 
spreading species at the tail of 
the ditch in single row at 0.3 
spacing in single row. Teak as 
filler in quincunnex

T 3 Saucer and 
Pitcher (2 liter 
capacity)

Soil working at 0.5 m 
diameter around the plant to 
allow water collection in that 
region. Pitcher provided only 
in the first year.

Hedge row of Indigofera 
teysmannii at 1 m contour 
interval planted at 0.3 m apart
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Safe disposal structures 
Farmers of the watersheds were not concerned about the disposal of water 
through a particular outlet. Runoff water was flowing haphazardly and dete-
riorating the agricultural lands. Therefore, numbers of safe disposal cut out-
let structures of stones each with of 15 cm height, 30 cm crest length and 
slope 3:1 to 4:1 were constructed at different places.

Summer plowing 
Summer plowing was promoted by demonstrating its benefits for suppres-
sion of thick population of annual and perennial weeds, in-situ conservation 
of pre-monsoon showers, facilitation of early sowing and better establish-
ment of seedlings of rainfed crops like suan, groundnut and upland paddy. 
Summer plowing was done during last week of April-May and depth of 
plowing was kept about 20 cm [5] as the farmers use only indigenous plows 
drawn by small size indigenous bullocks.

Agro-forestry systems/Alternate land use systems
In addition to these mechanical measures, different agro-forestry systems 
like horti-pasture and horti-silvi-pasture systems were imposed. Plantations 
of fruit (cashew and mango) and forest trees (Acacia mangium, Melia aza-
derach, Teak, aonla and Tasmania, Eucalyptus) were taken up on denuded 
hill slope with different in-situ water harvesting techniques along with other 
production and conservation components under system approach. Seasonal 
components like pastures (Stylosanthushamata) have been introduced to 
get returns early. Fuel wood components were added to fruit systems to 
provide intermittent and quick income. Bio-barriers (Eulaiopsisbinata, 
Andropogonspp, Brachiariaspp, hill broom) are incorporated to add to con-
servation and production efforts. Bio-fencing was done with sisal on bound-
aries and minor rill trainings carried out with loose boulder bunds and safe 
disposals for protection and a group of local youths was formed, trained 
and involved in all activities to take care of assets in post- projects phase 
and augment its sustainability dimension. A drastic reduction in runoff and 
soil loss from second year onwards was observed and this could be due to 
canopy development of trees coupled with thick grass cover of stylo and 
effects of in-situ moisture conservation techniques.

In another system of integrating conservation cum production for rehabili-
tation of degraded hillocks horti-pastoral models supplemented with in-situ 
moisture conservation techniques were implemented in a participatory mode. 
Fruit trees like cashew and guava were planted in integration with natural 
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grass and Stylosanthus hamata as pasture component with in-situ moisture 
conservation practice like trench (1 m x 0.45 m x 0.45 m) at 0.5 m distance 
from fruit tree in upstream and no trench in a participatory mode. Three years 
average runoff and soil loss data showed that Guava+ Stylo + trench was most 
conservation effective with less runoff and soil loss (7.7 % and 3.6 tons ha–1, 
respectively) followed by Cashew + Stylo + trench. Lower runoff and soil loss 
was observed in stylo + trench plots as compared to natural grass + no trench. 
Further, effectiveness of stylo + no trench in reducing erosion was as good as 
of grass + trench. However, a considerable difference between stylo + trench 
and stylo + no trench was observed. This shows that there is the positive effect 
of trench as well as stylo grass cover on runoff and soil loss [14].

Integration of grain and pulse crop intercropping
Finger millet (ragi) + pigeon pea and finger millet + blackgram both in 
4:2 row ratio produced 77.7% and 67.4% higher finger millet equivalent 
yield (FMEY) over broadcast sown finger millet (farmers’ practice). The 
highest land equivalent ratio (1.34), net returns (Rs. 9,665/ha) and benefit 
cost: ratio (1.00) however, was obtained with finger millet + pigeon pea 
(6:2 ratio). However, black gram on contours recorded the lowest runoff 
(10.2%) and soil (4.7 tons/ha) and nutrient (N, P and K) losses through ero-
sion. Ragi + pigeon pea intercropping (6:2) give a ragi equivalent yield of 
18.18 q/ha on dangar-1 (lower hill slope), 16.87 q/ha on danger-II (middle 
hill slope) and 15.71 q/ha on danger-III (upper hill slope: 1 q = 100 kg). 
It yielded average net returns of Rs. 3459 with benefit–cost ratio of 1.24:1 
(1.00 US$ = 60.00 Rs.). The average reduction in runoff and soil loss was 
observed 5.31% and 41%, respectively over farmer’s practice [7].

C. Pediment slope (Medium land)
The foothill slope (up to 10–20%) is under permanent cultivation of rainfed 
crops. The runoff of water emanating from the upper part of hill accumulates 
in these varied fields and creates initiation of gully along with rill erosion. 
The continuous wash out has reduced production potential and arable crop-
ping paddy needs conservation measures for enhancing production potential 
and water-holding capacity of these utterly degraded soils.

Vegetative barriers with planting methodologies/miniature bunds in the 
lower reach of sloping medium lands
To reduce the soil erosion in sloping arable lands planting of vegetative 
barriers of locally available grasses in integration with trench-cum-bund 
was considered to be an appropriate low cost soil and water conservation 
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technology. Different grass species viz: vetiveria zizanoides, Eulaliopsis 
binata (vern. Sambuta) and lemon grass were grown under double row stag-
gered planting (30 cm x 30 cm spacing) in association with soil working 
measures (bund and berm planting). The system showed that lowest average 
runoff (8.1%) and soil loss (4.0 tons/ha) was observed in sambuta + Bund 
treatment followed by vetiver + Bund (Table 2.5). Between two planting 
techniques, bund planting of barriers was far better than berm planting [6]. 
Keeping in view the above results and local availability, sambuta with bund 
planting is recommended as the most effective barrier in sloping lands. Better 
performance of sambuta in comparison to vetiver in reducing runoff and soil 
loss from 11% sloping lands has also been reported by [24] (Table 2.6).

Hedgerows for resource conservation in the upper reach of sloping 
medium lands
Apart from curbing land and water degradation and augmenting crop yields, 
factors like soil health improvement as well as increase in fodder and fuel 
availability are quite desirable for watershed development in this region. 
Therefore, different hedge row species viz: Assam shade (Indigofera), 

TABLE 2.5 Runoff and Soil Loss Under Different Vegetative Barriers in 5% Slope

Treatment Run off (%) Soil loss (tons ha–1)

Sambuta + Bund 8.1 4.0
Sambuta + Berm 11.0 5.2
Vetiver + Bund 9.8 4.5
Vetiver + Berm 13.0 7.2
Lemon grass + Bund 11.8 5.8
Lemon grass + Berm 14.7 8.3

TABLE 2.6 Conservation Potential of Mechanical and Vegetative Barriers

Treatment Run off (%) Soil loss (tons ha–1)

Stone bund 11.9 5.64
Hill broom 13.6 6.7
Vetiver 8.8 4.0
Sambuta 9.5 4.4
Control 25.9 14.0
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Gliricidia and Perennial Arhar supplemented with sambuta grass in a min-
iature field bunds of 0.15 m × 0.60 m (height × width) can be use with 
spacing for shrubs as 0.5 m x 0.5 m and for grass 0.3 m x 0.3 m (double row 
staggered). Gliricidia is a medium size leguminous tree, which yields upto 
20 tons ha–1 nutrient-rich and easily decomposable biomass. It was observed 
that hedge row reduced runoff by 33% (10.7% runoff compared to 16.1% 
in control), soil loss by 35% (6.3 tons ha−1 compared to 9.71 tons ha−1 
in control) (Table 2.7), With higher soil moisture storage by 28–37 mm and 
22–43 mm at 12 and 17 days of dry spell, respectively, the grain yield of 
finger millet increased by 49% from 952 kg ha−1 in control to 1413 kg ha−1 
in Gliricidia + sambuta. Addition of sambuta grass as filter strip signifi-
cantly reduced the losses of water runoff and soil. The grass filter strip also 
improved soil moisture storage by 9–12 mm and 6–15 mm at 12 and 17 days 
of dry spell, respectively [15].

Bunding
Contour bunds of 0.3 m height, 0.3 m top width and 0.6 m bottom width were 
constructed. To impart stability, these bunds were planted with grasses like 
sambuta (the local grass) and vetiver in double row staggered at 0.3 m × 0.3 m 
spacing; hedge row species like Assam shade and Gliricdia (0.5 m plant to 
plant distance) and fruit species like papaya and drumsticks. At some places 
where stone were available, stone bunds were also constructed. Continuous 
trench-cum-bunds with dimension of trench (0.3 m x 0.45 m) were con-
structed along with equalizers at every 5 m distance.

Land shaping
Most of the land in the watershed was undulated leading to erosion, ill distribu-
tion of water and low productivity. Because of shallow soil depth and high cost 
involved in land leveling, only land shaping was carried out in critical areas.

TABLE 2.7 Runoff and Soil Loss Under Different Hedge Rows System

Treatment Run off (%) Soil loss (t ha−1)

Indigofera 12.75 7.75
Indigofera + sambuta 8.88 5.04
Gliricidia 11.87 6.41
Gliricidia + sambuta 10.71 6.33
Sole sambuta 13.80 7.48
Control 16.07 9.71
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Field bund strengthening
The sloping agricultural lands below the foothills had undergone erosion, 
and had become undulated with multi directional slopes. Small- shallow gul-
lies and rills were common. Moreover, in the jhola, bunds were in dilapi-
dated shape and needed renovation. Thus, field bund strengthening was 
carried out by enhancing the height and width of bunds and planted with 
sambuta grasses on the bund.

Multi-tier cropping system
Multitier cropping systems with boundary plantation of forest tree and square 
plantation of two fruit trees Papaya and Drumstick and different intercrop 
combinations (Ginger + Pigeon pea (8:2), Runner bean + Pigeon pea (8:2), 
Ragi + Pigeon pea (6:2) and Ragi broadcasting (as per farmers’ practice) 
resulted a significant decrease of 50% (on average basis) both in runoff and 
soil loss in all the treatments in comparison to control. The comparative 
study shows Ginger cultivation with Pigeon pea had ameliorative effect to 
the soil by increase in the pH and available nitrogen of the soil. Among dif-
ferent crop combinations maximum percent increase in nutrients availability 
was found in Ginger + Pigeon pea (8:2) treatment in all the models to the 
tune of 12–23 for phosphorus and 17–59 for potassium [12].

Drainage line treatment
Interventions for drainage line treatments were made for different orders of 
gully networks as follows:

i. Loose boulder check dams 
The watershed area is ripped to many parts with gullies crisscrossing as 
a result of inappropriate land use and deforestation. These gullies were 
expanding and damaging agricultural lands. To curb their further expan-
sion, different gullies were treated. Loose boulder check dam (LBCD) 
reinforced with Ipomea was quite effective in small gullies with head wall 
extension 0.45 m, height of head wall 0.5 m and bottom width and top 
width of head wall and head wall extension 0.3 m is suitable. In upstream 
Ipomoea planted and slope in upstream kept as 1:1 and in downstream 3:1. 
LBCD reinforced with Ipomea having head wall extension 0.6 m, height of 
head wall 1–1.2 m and bottom width and top width of head wall and head 
wall extension 0.45 m is very much suitable in medium and deep gullies. 
In upstream Ipomea was planted and slope in upstream kept as 2:1 and in 
downstream 4:1.
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ii. Brushwood check dams
Single and double brushwood check dams consisting of Gliricidia and Simli 
posts of 5 cm diameter and Ipomoea as binding material, with post-to-post 
distance 0.15 m, row-to-row distance of 0.5 m, below ground depth of 0.3 m 
and above ground height 1.5 to 2.0 m, were constructed at suitable locations 
in small and medium and deep gullies, respectively.

iii. Renovation of earthen channels
Channels passing through the farmers’ fields were eroded badly causing 
damage to the adjacent fields. These channels were renovated, by widening 
the bed to bottom width of 0.45 m and top width of 0.6 m. For stabilization 
of the bed of the channel, sambuta grass was planted in staggered pattern 
keeping row to row and plant to plant spacing of 30 cm. Small loose boulder 
structures were constructed at suitable locations to reduce the velocity of 
runoff water to a non-erosive level. Due to this, scouring action of flowing 
water was reduced.

iv. Retards and vegetative measure
Agave sislana, sambuta and bamboo were planted on gully beds, whereas 
gully banks were protected by planting of bamboo. Retards of sambuta and 
Agave with different rows and alternate arrangements were also constructed 
in small gully beds. Field bunds were stabilized by planting trees/grasses 
like Bixa, Simaruba, bamboo, Subabul and Sambuta.

v. Valley bottom lands
These are widened and stabilized terraced gully beds, locally known as jhola 
lands and used for paddy cultivation only as water is available throughout 
the year. All the excess runoff out of these hills and pediment slopes passes 
through this jhola lands.

Valley bottom lands are jhola lands, which are rich in water due to flow 
of perennial streams and springs. Farmers grow rice only in these lands. Due 
to heavy flow of runoff water the field bunds were generally damaged, there-
fore field bund strengthening works with sambuta plantation were done. 
Within the field bunds safe disposal structures of small rectangular weirs 
were also constructed. The perennial water was also harvested using jhola 
kundis as described in this chapter.

vi. Development of water resources: jhola lands
Water resource development is a key element in any watershed develop-
ment program. Therefore, as per the suitability and need, different water 
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harvesting systems were developed in both the watersheds. In Kokriguda 
watershed one perennial stream and in Malipungar watershed three peren-
nial streams were cascading down the hillocks. Also there is the existence of 
jhola lands, which are rich of perennial source of water. So all these water 
along with runoff water were harvested and reutilized as follows:

Masonry water harvesting structure with underground pipeline (UGPL) 
system: Perennial stream flowing down the hillock had been diverted by 
the villagers through earthen channel, which had conveyance efficiency of 
less than 30%. Therefore, one masonry water harvesting structure was con-
structed at the foothill and then one UGPL system of PVC pipes (internal 
diameter 150 mm) with a total length of 1248 m was installed to convey the 
perennial stream for irrigation of remunerative crops and also for domestic 
use. This system was with eight outlets and potential command area of 35 ha.

Farm pond: The villagers did not have any water storage facility for taking 
bath and providing water to cattle. So a farm pond was constructed in upper 
jhola land to harvest the water flowing in these lands. After a participatory 
site selection, villagers took the initiative for constructing the pond. The 
storage capacity of the pond was 0.06 ham and depth 2 m. The defunct diver-
sion weir at the downstream end of the pond was used as spillway. This pond 
was used for multipurpose.

Jhola kundi: In Eastern Ghats region, a typical land feature is the existence of 
jhola lands, which remains submerged throughout the year. Jhola lands are at 
1 to 1.5 m lower elevation than the adjoining medium and uplands. No sound 
mechanism was available to trap and utilize this water. Even community 
based structures suffered from lack of maintenance and operational difficul-
ties. In the medium lands, which are located at higher elevations adjacent to 
jhola lands, farming of remunerative crops is not practiced due to unavail-
ability of adequate water resources, except rainfed paddy, finger millet, etc. 
Taking the advantage of the perennial water resources in the Jhola system, 
a number of Jhola kundis were designed and constructed in a participatory 
mode along the periphery of the Jhola system in Malipungar watershed.

Jhola kundi is a low cost water recharging device of circular shape; dug 
manually with depth varying from 2 m to 4 m and diameter of 3 m approxi-
mately for easy lifting of water through traditional water lifting devices at 
individual farmer’s will or need. After observing water availability in jhola 
land (low lands) and the water table fluctuations in jhola kundi, it was found 
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that farmers can irrigate 0.5–1 ha in rabi and 0.2–0.4 ha in summer. Only 
one person is required at a time for operating the water-lifting device and 
for irrigation on plot-to-plot basis. Traditional water lifting devices (locally 
called as Tenda) (see appendix at the end of the chapter), whose optimum 
operation lift is 1.2–4.0 m or paddle operated Krishak Bandhu Pump whose 
optimum operation lift is 5–7 m are recommended for these structures. The 
technology is quite affordable as it is cost effective. Cost of excavation of 
approximately Rs. 2000/unit only is required for construction of capacity of 
30 m3 jhola kundi (Rs. 65 per m3 of earth work), which can be met out from 
the farmer’s own contribution.

Traditional water lifting device can be fabricated by the farmer himself 
using locally available materials like wood, bucket, rope and bamboo, thus 
involving almost no fund. Cost of the water lifting device operated through 
pedal operated Krishak Bandhu (reciprocating) pump ranges between 
Rs. 1200 and Rs. 1500 approximately. Being a farmer’ friendly water lifting 
devices, subsidy schemes of the State Govt. are available also. Net income 
from important cash crops ranged from Rs. 23,027–64,700 per hectare, 
respectively with increased cropping intensity (Table 2.8). It was attracted 
the attentions of visitors and farmers of Koraput district. Farmers of other 
nearby villages and EAS and IWDP watersheds of DRDA, Blocks and KVK 
are now adopting this technology [26].

TABLE 2.8 Crops, Overall Productivity and Income Before and After Installation of jhola 
kundi

Attributes Before installation After installation

Crops Millets, maize, 
vegetables (in small 
patches)

Cash crops (vegetables, ginger, maize 
etc.)

Fishes for consumption in home. 
Flowers for fulfilling esthetic needs 
and beautification of hairs of tribal 
women

Yield (100 kg/ha) 48.5 172
Net returns (Rs./ha/
year)

4900 52,178

Cropping intensity (%) 127 270
B:C ratio - 2.80



108 Soil and Water Engineering: Principles and Applications of Modeling

Earthen dam-cum–UGPL system (spring pond): There was a perennial 
stream (perched aquifer) emerged at the bottom of one of the hillocks in 
Malipungar watershed. Its water was going waste and the downside fields 
were getting water logged. Looking into the feasibility and Mali (OBC) 
farmers’ demand, an earthen dam of 360 m3 capacity was constructed at the 
foot of the hillock. For efficient conveyance of the harvested/tapped water, 
200 m long PVC underground pipeline system was laid. This system could 
bring 4 ha area under irrigation, which has been put under the cultivation of 
paddy in kharif and vegetables in winter. Farmers earned average net profit 
of Rs. 10,381/ha (excluding the cost of WHS), whereas before construction 
of this WHS, farmers were earning only Rs. 974/ha.

Surface pond: Another earthen dam (surface pond) of 36,000 m3 capacity 
with masonry spillway was constructed to harvest spring and runoff water 
and 30 m PVC pipeline was laid for conveyance as per the demand of Paraja 
tribe farmers and the stored water was used by the villagers for irrigation to 
the cultivated land.

Dugout farm pond with lined channel: As perceived during PRA exer-
cise, the capacity of existing farm pond was very small to accumulate water 
diverted from jhola land. Again water from another spring for irrigation of 
the vegetable crops grown in bada (irrigated uplands) lands was not suffi-
cient. Thus, small pond was renovated and its size was increased to accumu-
late 12,000 m3 water. A lined channel of 100 m length was constructed for 
increasing the conveyance efficiency and bringing more area under irriga-
tion. Excess water from perennial stream and above earthen dam was also 
diverted to this pond and stored otherwise it would have gone waste. Total 
area irrigated by this system is 9 ha belonging to 48 vegetable growing farm-
ers. Farmers are taking up intensive cultivation of a variety of vegetables 
and earn net income of Rs. 59,713/ha/seasons. Water user’s association was 
formulated for maintenance of these systems [22].

Conversion of stone quarry pits into water harvesting structures: 
In Kokriguda watershed there were four large and three small but suffi-
ciently deep depressions, which were created by the outsiders through stone 
quarries in non-arable lands. It was decided to renovate and convert these 
quarries in to ponds for storage of water to irrigate plantation crops during 
dry spell periods. A storage capacity of 0.22 ham was created. Application of 
cow dung and clayey soil mixture helped in water retention in these ponds.
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2.4.2.3 Impact of Different Soil and Water Conservation Techniques

2.4.2.3.1 Changes in Surface Water Storage

Due to construction of farm pond, jhola kundis, conversion of stone quar-
ries into storage structures, sunken ponds and inlet structure of underground 
pipeline (UGPL) irrigation system in Kokriguda watershed, the availability 
of surface water was enhanced. An additional storage capacity of 1.212 ham 
was created due to these water harvesting structures. The UGPL system 
was very successful and revolutionized the water supply for domestic needs 
and irrigating winter vegetables and other crops. It reduced drudgery of 
women (for fetching potable water) by 55%; saved time could be diverted 
to income generation activities and family care. It created employment 
potential of 208 man-days ha–1year–1 and reduced male out migration. The 
overall efficiency of this UGPL system was increased by 122%. Net returns 
from vegetable cultivation in its command were Rs. 15,625.00 per farmer 
(Rs. 14,245 ha–1) amounting to a total of Rs. 1.5 x 105 year–1. The system is 
being maintained by the Water User’s Association (45 members) [22, 28, 29].

Due to construction of jhola kundis’, dugout, surface, spring pond with 
underground pipeline system and lined conveyance channel in Malipungar 
watershed, the availability of surface water was enhanced and an additional 
storage capacity of 11.8 ham was created. Due to this, an additional area 
of 30 ha (mostly medium and uplands) belonging to 62 beneficiaries could 
be brought under irrigation. This irrigation facility improved crop yield by 
56 to 76% and net profit by 281–504% (Table 2.9). Due to underground 
pipeline and lined channel, conveyance efficiency increased by 89.2%, 
which increased vegetable area with additional area, also brought under rice 
[26, 27]. Drudgery of women decreased substantially as water resources 
developed deliver water for domestic use very near to the village.

2.4.3.2.2 Impact of Soil and Water Conservation Works

Reduction in surface runoff and soil loss
It was observed that there is decrease in water flow in Jhola land by 8.52% 
due to different in-situ moisture conservation measures and tapping water 
from jhola land through jhola kundis. Runoff from whole watershed dur-
ing pre project period was 42.5%, which was declined to 24.2% during 
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TABLE 2.9 Improvement in Crop Yield and Profit Due to Water Resource Development at Malipungar Watershed

Resources Yield (100 kg/ha) % increase Net returns (Rs./ha/season) Increase in net 
returns (%)

No. of beneficiaries

Before After Before project After project

Dugout pond 115.4 180 55.98 15660 59713 281.3 48
JholaKundi 48.5 172 254.6 4900 52178 964.9 24
Spring pond 12.8 22.5 75.78 974 5881 503.8 10
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post project period, might be due to various soil and water conservation 
interventions taken up in the watershed. Impact of different soil and water 
conservation measures viz: loose boulder check dams, trench cum bund, 
micro catchments, saucer pits, V-ditch, vegetative barriers and hedgerows in 
Malipungar watershed on reduction of soil loss was recorded in the water-
shed. The soil loss was reduced by 3.5 times due to these measures.

Imposition of different conservation measures including graded bunds, 
trench-cum bunds, vegetative barriers, hedgerows, etc. in Kokriguda water-
shed remarkably improved the yield of different crops; the range of increase 
varying from 15.4% in little millet to 38.2% in upland paddy. Additional 
returns due to these measures were Rs. 914, 1867, 330, 3806 and 115 per ha 
in ragi, upland paddy, Niger, groundnut and suan, respectively, at an expense 
of about Rs. 3000 per ha (cost of SWC measures). In the first year of land 
shaping, yield of ragi, groundnut and Niger decreased by 0.45, 0.2 and 
0.22 q ha–1, respectively. However, in the subsequent year, there was a net 
gain of 1.55, 1.07 and 0.46 q ha–1 in the yield of respective crop. Additional 
monetary returns accruing from this intervention were highest with ground-
nut (Rs. 1450 ha–1) followed by ragi (Rs. 956 ha–1). Additional returns with 
Niger were very marginal (Rs. 515 ha–1). Benefit: Cost ratio calculated keep-
ing in view the 25 years project life and 10% discount rate was 1.37.

Rise in water table depth in open wells
There was 9.42% increase in ground water table in Malipungar watershed, 
whereas an average rises of 0.325 m in water table in Kokriguda. This rise 
in water table could be attributed to overall impact of soil and water conser-
vation measures. Increased recharge in well ensured year-round sufficient 
water supply in the village.

Overall impact of conservation measures on watershed water yield
In Kokriguda watershed due to intensive different soil and water conser-
vation measures implemented, there was decrease in surface water flow in 
jhola land by 51.16% and increase in water flow in stream 1 and stream 2 by 
27.8 and 20.2%, respectively were recorded. Decrease in stream water flow 
in jhola land could be due to more use of water by the villagers as area under 
cropping increased. There is also decrease in perenniality of stream flow 
by 37.35% from pre-project period to after-project period near the foothill. 
Increase in stream flow in two perennial streams might be due to increased 
secondary forest vegetation in the catchment [18].
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Variation in water yield recorded at the outlet of the watershed showed 
that there was decrease in water yield by 51.16% from pre-project to post-
project period. This happened due to use of greater quantity of water by the 
villagers as crop-sown area increased and brought under remunerative crops. 
Net area sown, area sown more than once and gross cropped area under dif-
ferent crops before implementation of the project increased from 127, 3.5 
and 130.8 ha in pre-project period to 156, 38.6 and 200.4 ha, respectively 
during post project period [18]. There was also decreased in perenniality 
of stream flow by 37.35%, because farmers were using more water dur-
ing the month of May and less water during October; during May, farmers 
have been growing vegetable crops that required greater volume of water 
for irrigation and during October month rainy season cereal crops approach 
maturity requiring no irrigation [4]. This implies that due to different soil 
conservation treatments in hill slopes and medium lands, there is reduction 
of runoff at the outlet, but there was increase in water yield within watershed 
area. The additional water available was used by the farmers by bringing 
their lands under cultivation, which was not possible before implementation 
of the project.

2.5 CONTRIBUTION AND AWARENESS AMONG THE 
STAKEHOLDERS ABOUT SWC MEASURES

Farmer’s were convinced to participate in the implementation of SWC mea-
sures and their contribution of 4–10% was obtained in the form of labor, 
which was converted into cash. Some amount from labor wage of farmers 
as agreed by them was deducted as their contribution towards the devel-
opmental activities and deposited in the Watershed Development Fund.

A survey was carried out to find out the awareness among farmers about 
the soil and water conservation technologies after its implementation. It was 
found that stakeholder’s awareness about the SWC measures was 80%, 
100%, 100% and 100% among landless, marginal, small and large farmers, 
respectively, with an overall figure of 95%. Resource conservation potential 
actually studied in the watershed was demonstrated to researchers, develop-
ment officers, students, farmers, state Govt. officials, development workers 
of NGOs through exposure visits and presenting the performance of these 
measures in workshops, meetings or trainings. The impact of these efforts 
was studied by visiting the watersheds developed by NGOs and State Govt. 
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in the district and discussing with local farmers to know the adoptability and 
sustainability of these measures.

The soil and water conservation technologies implemented at Kokriguda 
and Malipungar watersheds hold potential of wider replicability within 
and outside the eastern Ghats region. Village youths of the watershed were 
trained to handle such interventions and have capability to replicate in the 
nearby places. The enthusiastic participation of villagers across the develop-
mental stages of the project led to imparting of sustainability dimension to 
the project. Most of the assets created in the watershed were fully made use 
of and adequately maintained by the sensitized villagers. Further the link-
ages developed with the external agencies resulted in the exposure of villag-
ers to various Govt. and Non-govt. developmental agencies and helped them 
for maintenance and sustainability of watershed assets.

2.6 SUMMARY

Very high priority has been accorded to the holistic and sustainable develop-
ment of rainfed areas by the Government of India in last few years following 
Watershed Approach. Indeed, the watershed approach represents the princi-
pal vehicle for transfer of rainfed agricultural technology. This approach was 
adopted for developing two model watersheds Kokriguda and Malipungar 
in Semiliguda block of Koraput district of Odisha. Different cost effective 
soil and water conservation measures were implemented from ridge to val-
ley due to which there was a tremendous decrease in runoff and soil, rise in 
groundwater table and increase in crop yield and cropping intensity during 
the project of four- to six-years period.

Due to water resource development area under remunerative crops like 
vegetables increased and conveyance efficiency increased from 23–95%. 
People’s participation in different activities was also very encouraging. 
From this study, it could be concluded that adoption of participatory bot-
tom-up approach, implementation of easily maintained and low cost bio-
engineering SWC measures using locally available materials, promoting, 
refining the ITKs and facilitating its blending with modern technology from 
ridge to valley and their demonstrations and field visits will surely make the 
wider adoption of SWC measures in any watershed for reduction of further 
natural degradation. By adopting the appropriate management practices it is 
not only possible to attain very high returns from the rainfed areas but also 
the resources could be put to most optimal use with long-term sustainability.
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APPENDIX I

Examples of Soil Conservation Measures
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3.1 INTRODUCTION

Water productivity in agriculture can be enhanced by storing water where it 
is scanty and by disposing water where it is excess. Water harvesting refers 
to storing rainwater or runoff water in the soil profile or in structures for use 
mainly by the plants. However, the stored water can also be used for domes-
tic consumption, livestock, poultry and fishery purposes. Contour bunding, 
trenching, terracing, land leveling and grading, pond construction, etc. are 
the common structures of water harvesting. They promote groundwater 
recharge, which becomes available for use. The system of rainfall and runoff 
water utilization through water harvesting existed in India and other coun-
tries long ago before the development of irrigation projects. Due to changes 
in social structures and as a consequence of availability of water from the 
reservoirs, barrages, deep tube wells and urbanization with piped potable 
water supply, gradually the interest on water harvesting waned and they 
become non-functional. However, due to the ever-increasing population and 
climate change the decreasing share of freshwater for irrigation, domestic 
use, and industrial need, the water harvesting is again gaining its importance 
among the end users and policy makers.

A typical water harvesting system usually consists of a catchment or 
water collecting area, a water storage facility and auxiliary components like 
conveyance, sediment control structure and spillway to dispose excess water 
coming into the storage. In slopping land runoff flows out faster without let-
ting the soil to be soaked to deeper depths. Leveling and grading slows down 
the runoff flow rate and allows the soil to absorb larger amount of water. 
Land leveling is done manually in small areas and by machines in large 
areas. Fast and accurate laser grade controlled leveling equipment are used 
for precision leveling and grading works. The design grade to slow down the 
runoff flow rate is less than 0.5%. In shallow soil and steep slope, providing 
a slope of less than 0.5% will entail large earthwork, which will expose the 
unproductive soils of the lower depth and hence is not recommended for 
such conditions.
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The design procedure involves surveying of the target land at close inter-
val (usually 30 m) grid points by finding the difference between the plane 
of the land; calculating the cut and fills at the grid pints by finding the dif-
ference between the plane of the desired slope and the existing elevations; 
identifying these points of cuts and fills and marking the quantum of cut 
or fill in stakes; followed by manual and machine operation till the desired 
grade obtained. In this book chapter the details of the design and construc-
tion of water harvesting pond especially the low cost technology of in-situ 
rainwater harvesting is discussed.

Water harvesting ponds are constructed to store rainwater in-situ or runoff 
water. The stored water is used for gravity irrigation to the lower elevation 
or by lift irrigation to higher elevation. The catchment treatments to enhance 
runoff are removing depressions and channelization of runoff through a drain 
network towards the pond. Water harvesting ponds may be irregular, circular, 
rectangular or square cross section. Accordingly, a pond may be an inverted 
frustum of a cone or a pyramid. The side slope is usually not steeper than 1:1. 
A circular pond has minimum perimeter for given area, however rectangular 
or square ponds are easy to construct. Pond water is lost due to evaporation 
and seepage. Seepage may be controlled by compaction and lining.

There is no satisfactory method for evaporation control. For better 
groundwater recharge, it is desirable to ensure a high infiltration rate from 
the pond. Percolation tanks are cleaned by scrapping away the deposited silt 
and the scrapped silt is spread on cropland for soil enrichment. In this way, a 
good water percolation rate through the pond is maintained. If all the runoff 
cannot be stored in the pond, the excess water may be diverted or the pond is 
provided with spillway. Ponds may be sunken type (dug out) or embankment 
type. In sunken pond, the entire pond depth for water storage lies below the 
local ground level and in the latter, the pond storage is partially above the 
ground and partially below.

Ponds are also useful in low-lying plain/foothill areas of high rainfall 
regions where crops are inundated during the monsoon and face water short-
age during dry period. In such areas, a part of the land holding may be exca-
vated to develop a pond and the excavated earth is spread over the remaining 
part of the holding to raise its elevation above the expected depth of runoff 
accumulation. Adoption of this option helps farmers to save the kharif crop 
from waterlogging damage and allows giving life- saving irrigation to the 
crops during the dry season using the pond water.

This chapter presents design of ponds for water harvesting.
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3.2 WATER HARVESTING PRINCIPLES

The design principle of water harvesting structures is similar to the other 
hydraulic structures requiring a wide range of input. In many regions local 
thumb rules are used for designing the ponds. For hydrological design a 
more or less universal criterion is followed which is basically “the ratio 
of the catchment area to the command area.” Where this ratio is known or 
assumed, the possible size of the field to be irrigated, i.e., the command area 
by the harvested water can easily be determined.

The size of catchment area can be assessed either by conducting field 
survey to estimate in the field or measured from the topographic map of the 
catchment, provided that the map is available. In several parts of the world, 
the value of thumb rule varies from 1:5 to 1:4, depending on rainfall mag-
nitudes and its distribution; watershed characteristics, runoff coefficient and 
water requirements of the existing crops to be irrigated.

3.3 POND DESIGN CONSIDERATIONS

Assessment of water requirement and gross storage, rainwater availability 
and estimation of runoff are the three most important hydrologic consider-
ations for the design of water harvesting pond. More often the area avail-
able for pond construction may be limited, in which case it is known that 
for a given depth how much water could be stored in the pond. Then the 
hydrologic design will comprise estimation of the runoff volume from the 
catchment area of the pond and deciding the excess water beyond the pond 
capacity that needs to be diverted or spilled through the pond. Thus, runoff 
estimation is required whether or not the pond is designed to store the entire 
runoff. A few simpler methods for ascertaining water requirement and gross 
storage, rainfall availability and runoff estimation are discussed here.

3.3.1 SIZE

Size of a pond is usually dictated by the availability of adequate land in the 
vicinity of the village. In rare cases do we have the option to design and build 
a pond of a desired size to meet the water requirements of the community 
including irrigation? Where we have such an option, the first step is to work 
out the water requirement for various needs. The next step is to determine 
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the rainfall availability and the catchment area, above the pond site, from 
where the monsoon run off would be available to fill the pond. Thereafter the 
location, alignment and height of the earthen bund are decided, as also the 
location and size of the spillway to evacuate the surplus monsoon discharge.

3.3.2 WATER REQUIREMENT AND GROSS STORAGE

Unless otherwise prescribed for an area, following general guidelines may 
be used to determine the water requirements of a village community and the 
gross storage capacity of the pond.

a. Irrigation: Provide about 0.67 hectare meter of capacity for a hect-
are of irrigation. However, irrigation demand may be calculated from 
the irrigation requirement of the crops to be grown in the command 
area and their allotted area.

b. Animal Needs: Provide at the following rates:

i. Beef Cattle: 54–68 liters/day
ii. Dairy Cows: 68 liters/day (drinking)
iii. Dairy Cows (drinking + barn needs): 158 liters/day
iv. Pigs: 18 liters/day
v. Sheep: 9 liters/day

c. Domestic Water Needs: 40 liters per head per day
d. Fish Culture: Ensure about 1.85 m depth to provide proper tempera-

ture environments.

The storage capacity should be at least double the total water requirement 
to take care of evaporation and seepage losses. As a rough guide, 10 per 
extra storage may be provided for sediment deposition. For example if the 
total annual water requirement is 3000 cum and pond will have only one fill-
ing, its gross capacity should be 6600 cum (2 × 3000 + 10%).

3.3.3 ANALYSIS FOR RAINFALL AVAILABILITY

This is done by using probability concept. After the analysis, one is able to 
forecast at least or at most what amount of rainfall may be available during 
a certain time interval (a week, a fortnight, etc.). The probability analysis, 
for example, would tell us whether a weekly rainfall of 50 mm or more 
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(i.e., at least 50 mm) may be expected to occur every year, every alternate 
year or every 5th year, and so on. Alternatively, the weekly rainfall of 50 mm 
is said to have a Recurrence interval (RI) of l-year, 2-years or 5-years, respec-
tively. The same concept applies to daily, fortnightly, monthly, seasonal and 
annual rainfall and the concept is used for the design of any work based upon 
rainfall availability, be it a small water harvesting pond or a large reservoir 
in an irrigation project.

The simplest probability analysis is done by ranking method. Weekly 
(or of any chosen duration) rainfall values are culled out from the long-term 
rainfall record and are arranged in a descending order, taking one value from 
one year of the same chosen period. Thus, if fortnightly rainfall availability 
is to be assessed, then the total rainfall for the first fortnight (January 1 to 
January 15) for all the years of available record are arranged in a descending 
order table, giving rise to as many entries as there are number of years of 
record. Actually, however, analysis of data of the whole year is not required, 
as runoff producing rainfalls occur during the monsoon period only. Thus, 
effectively one has to analyze the data of four monsoon months, namely 
June, July, August and September (122 days in a year) of every year of avail-
able record.

For a meaningful analysis the length of record should be large, say at 
least 25 years. The descending order table has the largest value at the top and 
the lowest value at the bottom. The values are then ranked from 1 (assigned 
to the highest value) to n (assigned to the lowest value) where n is the num-
ber of years of record. The probability (p) is calculated using the simple 
formula: p = (Rank number)/(n + 1) and the recurrence interval in years 
is calculated as the reciprocal of p. Thus, if in a descending order table of 
35 weekly rainfall totals (n = number of years of record = 35), the sixth 
rank value of rainfall is 45 mm, then its associated probability is 6/(35 + 1) 
and the recurrence interval RI = 36/6 = 6 years. The analyst concludes that 
a weekly rainfall of 45 mm or more may occur at least once on six years 
(Alternatively: A one-week total rainfall of 45 mm may be expected to be 
equaled or exceeded at least once in six years).

Following the procedure described above, one gets an idea of the maxi-
mum rainfall expected in a certain period. A pond however, may store runoff 
generated from smaller rainfall events also. Such events will not be included 
in the above analysis. To account for such events, the desired analysis 
method will be through water budgeting, which may be done for a chosen 
unit time period of l-day, 1-week, l-fortnight, etc. Water budgeting involves 
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calculation of balance extra water that may be diverted towards the pond for 
it’s filling or diverted elsewhere bypassing the pond in the pond is full. In 
this case, the probability analysis will be done on the available runoff, for the 
total number of years of record, analysis being done on annual cumulative 
maximum water available in the chosen time of the monsoon months.

3.3.4 RUNOFF ESTIMATION

Simple and commonly adopted methods for runoff estimation are by using 
the SCS USDA Curve Number method and Rational method [2–4]. The 
standard Curve Numbers theoretically vary from 0 to 100 and runoff coef-
ficient varies from 0 to 1.

3.3.5 POND CAPACITY

Pond capacity is determined [1] by taking into consideration the amount of 
water available for storage, the water requirement, the proposed pond site 
features, and the economic implication of the pond construction (i.e., its cost 
and the expected benefits from it). While determining pond capacity, the 
continuous losses through seepage and evaporation and the expected with-
drawals of water from the pond for irrigation or other use are taken into 
account. It is possible to include the pond design activity within the ambit of 
the water balance calculation, involving the input and output of water with 
respect to the pond.

Based on the result of the above analysis to finalize the pond capacity, the 
pond side slope, ratio of bottom area to top area, inlet and outlet structures, 
spillways, diversion ditches, lining options, etc. are considered. Finally, to 
ascertain the economic viability of incurring expenditure on pond construc-
tion and maintenance, an economic analysis is done. The following formulae 
are used in determining the circular, rectangular and square water harvesting 
ponds.

Circular Water Harvesting Pond

 Volume = [h/6][A1 + A2 + 4A] (1)

 1

2 2 1 2
1 2 2

A +AA  = d , A  = d , A = 
4 4 2
π π  
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where, A1 and A2 are the areas of ends, top and bottom; A= Area of the 
mid-section parallel to end areas. Sectional view of circular water harvesting 
pond is shown in Figure 3.1.

Rectangular Water Harvesting Pond
Sectional view of rectangular water harvesting pond is shown in Figure 3.2.

 Volume = [h/6][A1 + A2 + 4A] (2)

where, A1 and A2 are the areas of ends at top and bottom; A1= a1 × b1; 
A2= a2 × b2; A= Area of the mid-section parallel to end areas which can be 
approximately taken as = (A1 + A2 )/2.

Square Water Harvesting Pond
Sectional view of square water harvesting pond is shown in Figure 3.3.

 Volume = [h/3][A1 + A2 + (A1 + A2)
0.5] (3)

A1 = a1 × a1; A2 = a2 × a2

where, A1 and A2 are the areas of ends, top and bottom;

FIGURE 3.1 Sectional view of circular water harvesting pond.



Design of Water Harvesting Pond 127

FIGURE 3.2 Sectional view of rectangular water harvesting pond.

FIGURE 3.3 Sectional view of square water harvesting pond.
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However, the capacity of irregular size pond is also determined with the 
help of contour map of the watershed area, contributing runoff to the site of 
the pond construction. Usually, Trapezoidal and Simpson’s rules are used 
for this purpose. The Simpson’s rule gives more accurate value than the 
trapezoidal rule [2].

3.3.6 SITE SELECTION OF POND

The selection of suitable site for construction of pond, the preliminary stud-
ies on different possible sites are carried out through survey. Each possible 
site should be studied separately. A site which proves most practical and 
economical is selected for construction of pond. However, some important 
features for site selection of a farm pond are given below:

a. From an economic point of view, a pond should be located at that site 
where the largest storage volume can be obtained with least amount 
of earthwork. This condition generally occurs at the site, where the 
valley is narrow and side slopes are relatively steep. Such sites tend 
to reduce the area of shallow water, which is very conducive to 
reduce the evaporation loss. However, the site must also be checked 
carefully, against adverse geologic conditions of the area.

b. If ponds are constructed for the purpose of livestock storage, then 
they should be formed at such a distance, so that the transportation 
distance of water will not be more than one-quarter mile in rough 
areas.

c. The pond site should be such that, water can be conveyed for various 
uses, such as for irrigation or fire protection, very easily.

d. Ponds to be used for fishing or other forms of recreation; should be 
readily accessible by transportation facilities.

e. The pond site should be such that, the drainage from farmsteads, 
feeding lots, corrals, sewage lines, mines dumps and other similar 
things should not reach there. However, if it is not practically pos-
sible, then drainage line from the site should be diverted.

f. That site should also not be selected, for pond construction, where 
sudden release of the water due to failure of dam is suspected, because 
this type of happening can result to loss of human lives, injury to 
the persons or livestock, damaging of residences or industrial build-
ings, rail roads or highways or interruptions in use of service of public 
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utilities. If there is only one suitable site is available in the area, then 
one or more of above hazards, should be studied very carefully.

g. The site, where low hanging power lines are present in the area, 
should be avoided for pond construction because they create the 
problem for use of farm pond.

h. For selecting the pond site, a check should also be made to ensure 
that there is no a buried pipe line or cables at the construction site. 
Otherwise, they might be damaged by the excavating equipments, 
which can also result injury to the operator of the equipment. Where 
use of such site is essential, the land-owners must be contacted before 
starting the construction work.

3.3.7 DESIGN OF MECHANICAL SPILLWAY

Dam design must provide a suitable means for disposing the water from 
the pond. Most commonly, the spillways are used for disposing the water 
from water storage bodies. The kind of spillway to be used depends upon 
the size of watershed contributing the runoff to the pond. For a pond having 
watershed area less than 4 hectares, the vegetative spillway can be used for 
the purpose. A combination of vegetative and mechanical spillway should 
always be preferred if the area of watershed is from 4 to 12 hectares. On the 
contrast, when watershed area is more than 12 hectares, then the type, design 
and location of spillway should be performed carefully.

The kind of spillway to be used in the dam also depends upon the water-
shed characteristics and site conditions. If the drop height is less than 4 meter 
and there is less possibility of silt deposition, then a drop spillway may be 
used. The rectangular weir type inlet drop structures are also preferred, as 
they are less susceptible to make the structure clog as compared to the others. 
When drop height exceeds 4 meter and there is chance of silt accumulation, 
the drop inlet type spillways are mostly preferred; it may have a box type 
inlet or an arched type inlet. Arched inlets are more preferred as they provide 
additional advantage of arch strength in case of masonry structures.

The outlet of the spillway should be so designed and constructed that the 
kinetic energy gained by flowing water, as falls from the top of structure to 
the stilling basin, must be dissipated in maximum amount and or converted 
into potential energy before the flow is discharged into the stream. The still-
ing basin or rock riprap is provided for this purpose at the outlet end.
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The spillways are generally constructed on a firm foundation and with 
the help of durable materials, for providing long life. When a drop structure 
is used in embankment of farm pond, then it is also referred by the name of 
surplus weir [2, 3]. The design and construction of this structure is the same 
as discussed earlier in the chapter of permanent gully control structures. 
The mechanical spillway is shown in Figure 3.4.

3.3.8 DESIGN OF EMERGENCY SPILLWAY

The main function of emergency spillway is to protect the embankment from 
overtopping action due to unexpected increase of inflow into the pond storage. 
The emergency spillway should be located at one end of the embankment. 
It should also be kept in view that the bottom of the emergency spillway should 
be fixed at the maximum expected flood level for the selected frequency of 
runoff, used for design of the pond. The dimensions of the emergency spillway 
are determined on the basis of the runoff rate to be disposed through it. If the 
peak flow rate for the design of emergency spillway, is known, then the dimen-
sion of it can be have, using the weir formula, given as under [2, 4]:

 Q = CLHm  (4)

where, Q = discharge rate, m3/s; C = coefficient of discharge; H = head on 
the crest, m; L = length of weir’s crest, m and m = exponent.

FIGURE 3.4 Sectional view of a typical mechanical spillway.
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The values of C and m depend upon the shape of the weir’s opening. The 
value of C varies according to the types of weir. The values of C and m for 
different types of weir are given in Table 3.1.

Regarding the side slopes of the emergency spillway, 2:1 is recom-
mended. The depth of flow over the spillway should not be more than 30 cm. 
The spillway and its outlet should be fully protected against scouring caused 
by water flow, either by establishing the vegetation or by stone pitching. 
However, the emergency spillway may not be necessary, if a surplus weir 
has already been installed as mechanical spillway in the farm pond, which is 
sufficient to discharge the excess runoff.

3.3.9 DESIGN OF PIPE SPILLWAY

The pipe spillway is used as a passage of water under an embankment 
where storage of water is provided on the upstream side of the embankment. 
The spillway dissipates the energy of the falling water. A closed conduit 
is used below the embankment to carry the water under pressure. If low 
discharge flows and the conduit is only partially full, it behaves like an open 
channel flow. Figure 3.5 shows the components of a pipe spillway. The main 
components are inlet, conduit and outlet. An earth dam or embankment con-
structed across the conduit stores water behind it. The pipe spillway is also 
used as a culvert under a road or as a passage of surface water through a spoil 
bank along a drainage ditch. For higher heads, it requires less material for 
construction than a mechanical spillway.

Where the available storage is high, the capacity of the spillway can be 
reduced without any difficulty. Due to reduction in discharge, the peak flow 
in the downstream channel becomes lower and helps in channel grade sta-
bilization and flood prevention. However, drop inlets made of small diam-
eter pipes are subject to clogging by debris. Construction of a satisfactory 
earthen embankment is a prerequisite for the spillway.

TABLE 3.1 Values of C and m

Type of weir C m

Rectangular 0.0184 3/2
Triangular (V-notch) 0.0138 2.48
Trapezoidal 0.0186 3/2
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3.3.10 DESIGN OF DROP-INLET SPILLWAY

The design of a drop inlet spillway involves the design of the earthen 
embankment, emergency spillway, inlet, conduit and the outlet of the drop 
inlet spillway. As in other structures, due consideration should be given to 
hydrologic, hydraulic and structural designs. In this case hydrologic design 
should include both peak rate of runoff and also the inflow hydrograph. 
As the embankment creates storage, inflow and outflow cannot be same at 
a particular moment. Flood routing procedure is adopted to fix the height of 
the embankment from the inflow-outflow characteristics. The side slope and 
width of the embankment are designed by taking into account stability and 
seepage problems.

Hydraulic design includes the determination of the inlet and the conduit 
size. Initially the flow is controlled by the inlet when the weir formula is 
applicable. As the stage (height) of water increases, the pipe flows full and 
the pipe or orifice formula holds good. The flow through the pipe depends 
on the neutral slope and slope given to it. Under most situations pipe flow 
occurs if the slope is less than the neutral slope. The neutral slope, Sn is 
defined as:

FIGURE 3.5 Plan and elevation sketch of pipe spillway.
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 Sn = [(KcV
2)/2g] /{[1 – ((KcV

2)/2g)2]0.5}  (5)

where, Kc = friction loss coefficient; V = velocity of flow, m/s; L= Length 
of pipe, m.

Frictional head loss, Hf for flow through the pipe is given by

 Hf = L[(KcV
2)/2g] (6)

Different flow conditions do exist depending on the position of inlet and 
outlet of the pipe spillway. The inlet losses may be very large under some situa-
tions and pipe flow may not occur even though its slope is less than the neutral 
slope. Therefore, checking is required to ensure whether the inlet or the conduit 
controls the flow. For pipe flow condition, the discharge is given by:

 Q = [a (2gH)0.5]/[1 + Ke + Kb + KcL]0.5 (7)

where, Q = discharge, m3/s; a = cross-sectional area of conduit, m2; H = head 
causing flow, m; Ke = entrance loss coefficient and Kb = loss coefficients for 
bends.

The values of different loss coefficients are given in Appendix – I in this 
chapter. In case the slope S is greater than the neutral slope Sn, the outlet is 
not submerged and the conduit has a short length then orifice flow formula 
holds good. Discharge is given by”

 Q= [a (Cd) (2gH)0.5]  (8)

The discharge coefficient, Cd for different inlet conditions can be obtained 
from standard tables in hydraulics book. For a sharp edged orifice, the value 
can be taken equal to 0.6. The inlet and the conduit sizes are determined 
using the above formulae and flood routing procedure. However, in case the 
runoff becomes higher than the design value, the structure may fail due to 
overtopping. To provide safety against this failure, an emergency spillway 
should be provided at suitable location. The spillway should have a good 
grass cover or stone pitching. Also the upstream side of the embankment and 
if possible the downstream side beyond the outlet should be stone pitched.

To prevent the failure due to piping and seepage anti-seep collars are pro-
vided below the conduit. The collars may be constructed of brick masonry 
or preferably of concrete. For placement of the collars, the saturated zone 
should be located as the collars are required to be placed in that zone. 
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The slope of the seepage line depends upon the type of soil and it may 
vary from 4:1 to 5:1 for most of the soils. The outlet of the spillway should 
discharge few meters away from the toe of the embankment to prevent its 
scouring. For this purpose, the conduit may project out by about 2 meters 
from the embankment and should be properly supported from the ground.

3.3.11 CONSTRUCTION OF WATER HARVESTING POND

The characteristics of watershed should be studied and analyzed before con-
struction of the water harvesting pond (WHP). The surface profile at the 
construction site should also be surveyed for estimating the earthwork and 
design of spillways, etc. The contour map of the construction site is also 
prepared to determine the pond’s capacity. Prior to start the construction 
work, the location of core wall, earth fill for embankment, mechanical and 
emergency spillways, height of dam etc., are fixed and indicated by stakes. 
The area to be used as base of the dam is also cleaned from trees, bushes, 
boulders, root stumps, etc. whatever present on the soil surface and stock 
piled out of the way which can be used to cover the back side of dam to 
provide better soil for grass seeding. The entire width of the dam site should 
be disked or plowed before starting to place the soil materials. While placing 
the earth materials, a berm towards downstream side, should also be formed 
to check the Sliding action.

The moisture content of earth fill plays a great role in construction of 
a stable earthen embankment. Generally, the ‘optimum moisture content’ 
is preferred for the purpose. Optimum moisture content may be defined as 
the moisture content at which soil is sufficient wet for good tilth but not 
so enough as to cause the moisture out from the soil under compaction. 
The moisture content of the fill material at the time of compaction should 
be such that, the maximum density of the soil can be obtained after compac-
tion. A greater density makes the dam section more stable and impervious 
to seepage.

Construction of earthen embankment should be performed by the con-
struction of core wall first, just by filling the impervious earth material in 
center and compacting them properly. The compaction should be continued 
upto the time when 85–100% density is developed there. This is obtained by 
rolling at optimum moisture content.
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For compacting, the earth-fill materials should be placed in layer of 
20–25 cm thick at the site. It should have a mild slope, away from the center 
of the dam. At the same time a test should also be conducted for determining 
the amount of water needed for spreading over the fill materials and number 
of passes of roller for compacting the soil, to get the desired density. It is 
obtained by knowing the value of initial soil moisture content. If the initial 
moisture content of the fill material is less then the required amount of water is 
sprinkled and compacting roller is put into operation. In case, when fill mate-
rial is already sufficient wet, then disking for exposure of fill materials should 
be done to reduce the moisture content by increasing the evaporation loss.

The nature of the fill material should also be determined as it plays an 
important role in compaction. From study it has been observed that the soils 
having high clay content should be compacted at moisture level, slightly 
lower than the plastic limit to have better compaction. The construction of 
spillway should be started, when the embankment reaches to the level at 
which spillway is to be installed. Special care needs to be taken for compact-
ing the soil around the components of spillway. Finally, the embankment 
should be trimmed, to get the designed slopes.

3.4 CASE STUDY

A low cost in-situ rainwater harvesting technology is developed at the 
College of Horticulture & Forestry, Central Agricultural University, Pasighat, 
Arunachal Pradesh is discussed. The climate here at Pasighat is humid sub-
tropical climate, with hot summers and mild winters and receives high aver-
age annual rainfall of 4510 mm (Figure 3.6). The soil is porous, gravely 
and sandy and is characterized by low water-holding capacity and excessive 
drainage of rain and irrigation water below the root zone, leading to poor 
water and fertilizer use efficiency by the crops (Figures 3.7a and 3.7b).

Most of the horticultural crops are grown in these soils have low produc-
tivity because of excessive drainage of water and leaching of nutrients. The 
crops are subjected to acute water stress during five months from November 
to March, which acts as a major cause of low productivity of crops. The 
pisciculture in these soils is also difficult as storage of water is not possible 
in such soils. The high rainfall of the state can be managed well through har-
vesting of rainwater by polyethylene lined water harvesting pond.
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FIGURE 3.6 Monthly variation of rainfall and evaporation showing dry months at Pasighat, 
Arunachal Pradesh.

FIGURE 3.7A Porous and gravelly soil of East Siang, Arunachal Pradesh (Site-1).
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The developed location specific low-cost technology, which is adopted 
by the farmers is found to be a successful one. The construction of rein-
forced cement concrete (RCC) made water-harvesting pond is costly and 
needs skill in its design and its construction takes a long time. Utilization 
of unused naturally depressed areas can be converted into low cost poly-
thene lined water harvesting ponds. The hydrologic, hydraulic and structural 
design of the water harvesting pond is made as discussed above. Then based 
on the design the construction of the pond is accomplished within a month.

The site is selected first. Then with the help of earth moving machine the 
excavation is made based on the design dimensions. The excavated gravely/ 
stony soil is kept as an embankment surrounding the pond by leaving a berm 
of at least 2 m. A trench of 30 cm × 30 cm is made surrounding the upper 
surface of the pond as shown in the Figure 3.8.

The surface of the pond is then laid by 5–15 cm soil cushioning with 
subsequent laying of 250–300 GSM (gram per square meter) finish size sil-
paulin film as shown in the Figures 3.9 and 3.10. It is found that the pond 
can be made full of water up to depth of 3 m by in-situ rainwater harvest-
ing as the annual average rainfall is 4510 mm as shown in the Figure 3.11. 

FIGURE 3.7B Porous and gravelly soil of East Siang, Arunachal Pradesh (Site-2).



138 Soil and Water Engineering: Principles and Applications of Modeling

FIGURE 3.8 Sketch of polythene lined water harvesting pond.

FIGURE 3.9 Unfolding of silpaulin film.

FIGURE 3.10 Spreading of silpaulin film.
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No catchment area is needed in this case. This reduces the overall cost of the 
system. In this case pipe spillway is used to dispose the excess rainfall com-
ing into the water-harvesting pond. A free board of at least 30 cm is found to 
be useful (Figure 3.12).

The construction work should be completed before the onset of monsoon 
(prior to March–April). The harvested water can be used for irrigation as 
well as pisciculture activities successfully. Micro-irrigation system can be 
effectively used for life saving irrigation. Pisciculture can also be practiced. 
Oil palm variety Tenera (Elaesis guineensis) has shown good growth in the 
porous and gravelly soils due to the fact that the crops are well-irrigated and 
fertigated (Figure 3.13). The micro-jet irrigation is successfully provided to 
the oil palm crop by utilizing the harvested water from the water-harvesting 
pond. The six year old irrigated oil palm crop has productivity of 10 t/ha in 
comparison to the without irrigated productivity of 2 t/ha. Mean yield of 
fishes from the silpaulin-lined pond is 15.1 q/ha by practicing composite 
fish farming system, which is shown in the Figure 3.14. Fish species Silver 
carp, Catla and Grass carp shows better growth in the polythene-lined pond 
in comparison to Common carp, Rohu and Mrigala.

The average life of the silpaulin-lined pond is about six years and the cost 
per liter of storage of the water is less than 50 paisa even if depreciation cost 
of the silpaulin film is taken into account. One of the major causes for its 
low cost is that the water harvesting system does not need any extra catch-
ment area as the high rainfall is able to fill a water-harvesting pond up to 3 m 
depth. As a micro-mode adoption of the technology by the small farmers 
are carried out. Series of small water harvesting ponds of sizes 10 m ×10 m 
or less are constructed in their hilly terraces. The excavation work is done 
manually and the harvested water is utilized to irrigate the fruit trees planted 

FIGURE 3.11 Harvested water in silpaulin lined pond.
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FIGURE 3.12 Pipe Spillway disposing of excess water.

FIGURE 3.13 Micro-jet irrigation in the Oil palm.



Design of Water Harvesting Pond 141

in lower terraces through gravity operated micro-irrigation system during 
lean period only.

3.5 SUMMARY

Water harvesting refers to storing rainwater or runoff water in the soil profile 
or in structures for use mainly by the plants. Water harvesting in the porous, 
gravely and sandy soils is a unique experience in the humid sub-tropical 
climate, with hot summers and mild winters climatic conditions, where the 
average annual rainfall is 4510 mm. The crops in these soils suffer from 
severe water stress during the water scarce months from October to March. 
The rainwater in-situ can be harvested in low-cost silpaulin lined water har-
vesting ponds for utilizing water in lean periods mainly for irrigation. One 
of the major factors in making its cost low is that it does not need any extra 
catchment area as the high rainfall is sufficient to fill the water harvesting 
pond upto a height of 2.5 m. The harvested water can be used economically 
through micro-irrigation system as well as pisciculture. The technology is 
proven to be successful one and is adopted by the citrus growers of the state.

FIGURE 3.14 Pisciculture in the Silpaulin lined water harvesting pond.
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APPENDIX I

TABLE 1A Friction Loss Coefficient for Circular or Square Pipe at Bends

 [R/D] Bend coefficient, Kb

45° bend 90° bend

0.5 0.7 1.0
1.0 0.4 0.6
2.0 0.3 0.4
5.0 0.2 0.3

[R/D] = [Bend radius to pipe center line/pipe diameter].

TABLE 1B Head Coefficients for Circular Pipe Flowing Full:Kc = {[57765 n2]/[d]4/3} 
where, d = pipe diameter, cm

Pipe 
diameter 
(cm)

Manning’s coefficient of roughness, n

0.010 0.013 0.016 0.020 0.025

Head coefficient

1.25 4.2899 7.2500 10.9822 17.1598 26.8121
2.50 1.7024 2.8772 4.3583 6.8099 10.6404
5.00 0.6756 1.1418 1.7296 2.7025 4.2226
7.50 0.3935 0.6650 1.0073 1.5739 2.4592
10.00 0.2681 0.4531 0.6864 1.0725 1.6758
12.50 0.1991 0.3365 0.5098 0.7965 1.2445
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TABLE 1C Head Loss Coefficients for Square Conduits Flowing Full: Kc = [19.60 n2]/
[R4/3], where, R = Hydraulic radius (m) = Wetted area/Wetted perimeter

Conduit size 
(m×m)

Manning’s roughness coefficient, n

0.012 0.014 0.016 0.020

Head loss coefficient for square conduit

0.61 0.0347 0.0472 0.0616 0.0963
0.91 0.0203 0.0277 0.0361 0.0564
1.22 0.0138 0.0187 0.0245 0.0382
1.52 0.0103 0.0140 0.0182 0.0285
1.83 0.0080 0.0109 0.0142 0.0222
2.13 0.0065 0.0089 0.0116 0.0181
2.44 0.0055 0.0074 0.0097 0.0152
2.74 0.0047 0.0064 0.0083 0.0130
3.05 0.0041 0.0055 0.0072 0.0113

Pipe 
diameter 
(cm)

Manning’s coefficient of roughness, n

0.010 0.013 0.016 0.020 0.025

Head coefficient

15.00 0.1562 0.2639 0.3997 0.6246 0.9757
20.00 0.1064 0.1798 0.2724 0.4256 0.6650
25.00 0.0790 0.1335 0.2023 0.3161 0.4939
30.00 0.0619 0.1047 0.1586 0.2479 0.3873
37.50 0.0460 0.0778 0.1178 0.1841 0.2876
45.00 0.0361 0.0610 0.0924 0.1444 0.2256
50.00 0.0314 0.0530 0.0803 0.1254 0.1960
60.00 0.0246 0.0416 0.0630 0.0984 0.1537
75.00 0.0183 0.0309 0.0468 0.0731 0.1141
90.00 0.0143 0.0242 0.0367 0.0573 0.0895
120.00 0.0098 0.0165 0.0250 0.0390 0.0610
150.00 0.0072 0.0122 0.0185 0.0290 0.0453

TABLE 1B Continued
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4.1 INTRODUCTION

Natural resource bases of agriculture, which provides for sustainable pro-
duction, is shrinking and degrading, and is adversely affecting production 
capacity of the ecosystem. However, demand for agriculture is rising rapidly 
with increase in population and per caput income and growing demand from 
industry sector. India’s economic security continues to be predicated upon the 
agriculture sector, and the situation is not likely to change in the foreseeable 
future. Even now, agriculture supports 58% of the population, compared to 
75% in 1947. In the same period, the contribution of agriculture and allied 
sector to the Gross Domestic Product (GDP) has fallen from 61 to 19%. As of 
today, India supports 16.8% of world’s population on 4.2% of world’s water 
resources and 2.3% of global land and per capita availability of resources is 
about 4 to 6 times less as compared to world average. This will decrease further 
due to increasing demographic pressure and consequent diversion of the land 
for non-agricultural uses. Around 51% of India’s geographical area is already 
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under cultivation as compared to 11% of the world average. There is also an 
unprecedented degradation of land (107 M-ha) and groundwater resource, and 
also fall in the rate of growth of total factor productivity. This deceleration 
needs to be arrested and agricultural productivity has to be doubled to meet 
growing demands of the population by 2050. Efficiency-mediated improve-
ment in productivity is the most viable option to raise production.

There is, thus, an urgent need to identify severity of problem confront-
ing agriculture sector to restore its vitality and put it back on higher growth 
trajectory. Optimal utilization of available resources is very much necessary 
in order to meet the demand of the people. There may be several objectives 
as per the choice of decision maker (DM), which is to be selected as objec-
tive function. As there are many objective functions, therefore it comes 
under multi-objective programming. The solution of these multi-objective 
programming equations will give rise to the optimum planning for that area.

4.1.1 WATERSHED MANAGEMENT

Watershed management is the study of the relevant characteristics of a water-
shed aimed at the sustainable distribution of its resources and the process 
of creating and implementing plans, programs, and projects to sustain and 
enhance watershed functions that affect the plant, animal, and human com-
munities within a watershed boundary. The different objectives of water-
shed management program are: proper land use, soil conservation, control 
damaging runoff, flood protection, enhancement of the ground water stor-
age, increase of food production, appropriate use of the land resource of the 
watershed, thus developing forest and fodder resources, improving socio-
economic condition of the inhabitants.

These management activities are within the boundaries of a drainage 
basin, which includes agricultural lands, forest lands, grass lands and land 
deteriorated by erosion. Integrated planning of watershed helps in establish-
ment and maintenance of the ecological balance and equilibrium between 
man and environment. Before preparing the comprehensive watershed man-
agement plan, it is necessary to collect and analyze the rainfall data. The 
analysis of rainfall data helps in knowing the characteristics of rainfall, its 
occurrence and peak rate of runoff at different probability levels. The analy-
sis of rainfall data is also used to assess the maximum water available from 
rainfall in kharif season. The land use and land capability are to be analyzed 
for planning of the cultivation practices and land treatments of the watershed. 
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The existing water resources of the watershed should be assessed and the total 
need for life saving irrigation for crops in rabi season must be determined.

4.1.2 MULTI-OBJECTIVE PROGRAMMING APPROACH

Managing watershed for satisfying the inhabitant’s demand is a difficult task 
if one has to maintain a reasonable balance between usually conflicting envi-
ronmental flows and demands. The solution to these complex issues requires 
the use of mathematical techniques to take into account conflicting objec-
tives. Many optimization models exist for general management systems but 
there is a knowledge gap in linking practical problems with the optimum use 
of all land resources under conflicting demands in a watershed. There are a 
number of interactive techniques used for land and water management plan-
ning problems. The step method is one of them. It is commonly used for its 
efficiency, simplicity, and capacity to handle and accommodate problems of 
the size encountered. Further it uses the efficient simplex method, which is 
familiar to the watershed planners. This interactive multi-objective model 
seeks to identify the best compromise solution to the decision maker with 
each solution reflecting the decision maker’s preferences.

Today, the application of all of these methods that are termed a sys-
tems approach remains critical. Perhaps now more than ever before, system 
approach is needed to solve watershed management problems due to the 
emergence of numerous new concerns relating to stakeholder participation, 
environmental ethics, life-cycle analysis, sustainability, industrial ecology, 
and design for ecological (as opposed to engineering) resilience [3].

4.1.3 OBJECTIVE OF THE STUDY

The watershed selected for the present study is Badabandha Nala Watershed 
of Banapur block of Khurda district, Odisha, India. It is located at latitude: 
85° 10′ 30″ N and longitude: 19° 49′ 0″ E. The distance of the watershed 
from blockhead quarter is 10 kms. The major problems of the watershed are: 
though the annual rainfall of the area is very high, water is available only in 
monsoon; a huge water crisis is there in other seasons; present grain produc-
tion is insufficient to meet the needs of the people; present fodder produc-
tion is insufficient for the live-stocks of the area; most of the area is barren, 
which can be bought under either grass land or forestry which may solve 
the fodder and fuel wood problem of the area and the economic condition of 
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the farmers is not good, etc. Keeping all these problems of the watershed in 
view, a research study was under taken with the following objectives:

1. to analyze the rainfall data of the watershed.
2. to analyze the land use and land capability maps of the watershed.
3. to develop an efficient compromise land allocation plan for different 

crops and plantation activities using multi-objective programming 
approach.

4.2 REVIEW OF LITERATURE

4.2.1 WATERSHED MANAGEMENT

Research studies on resource management have been carried out in Padalsinghi 
watershed in Beed district of Maharashtra, India in rainfed ecosystem [21] and 
productivity of tall traditionally grown crops like bajra, red gram, etc. have been 
found to increase due to the resource management. The area under irrigation as 
well as the water table was increased due to construction of cement plugs, nala 
bunds and percolation tanks. The per capita income of farmers was increased 
by large extend. Watershed management program, in a typically hilly water-
shed in Hoshiarpur, Shiwaliks, Punjab [1], demonstrated the minimization of 
soil erosion from the hills and flood problems, in the plain while boosting hill 
economy through development of hill resources with community participation.

Impact of operational research project on agricultural production through 
integrated watershed management in Rabni watershed situated in Panchamalin 
Gujarat was assessed [11]. Under the integrated watershed management pro-
gram, the area was treated with different soil and water conservation measures 
like land leveling, contour bunding, gully plug, check dam, etc. The study 
revealed that the integrated watershed management program increased the 
ground after recharge due to different soil conservation measures. The man-
agement program gave a positive impact in increasing the cropping intensity 
in food grain production, fodder availability and animal population, etc. in 
the watershed. Efficient management of soil and water resource can act as a 
tool for rehabilitation of degraded watershed. Research works [18] in Bagar-
Ganiyar watershed in Mohindergarh district of Haryana revealed that demand 
of fertilizers, seeds, plant protection measures and agricultural implements 
increased with time, which resulted in an increase in crop production by 20 to 
25% in the given watershed. The watershed management program provided 
about 22% higher employment opportunity in various sectors, income of vil-
lage Panchayat increased three fold during the period.
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Impact of watershed management on runoff, water resource devel-
opment and productivity of arable lands in Chhajawa watershed of Bara 
district in eastern Rajasthan [22] indicated that integrated watershed 
development treatments such as provision of graded bunds, gully control 
structures, etc. halted the process of land degradation and improved the 
ground water recharge, which could be successfully exploited and utilized 
for increasing the productivity of arable lands. The investment made was 
recovered in 4 years indicating that the program is economically viable. 
The sustainability and equity issues in the watershed management program 
in semi-arid tropics of Gujarat [19] revealed that the net returns were not 
only by 2.3 to 2.4 times but also had fair distribution across the commu-
nity. Watershed management further resulted in higher investment on farm 
assets ranging from two to five times with better distribution in post project 
period as compared to project period.

A study to assess the impact of participation and integration in water-
shed management program in eastern African region [12] reported that ‘par-
ticipation’ in problem diagnosis and program implementation must move 
beyond community-level for a socially-disaggregated processes and explicit 
management of trade-offs to diverse groups. Secondly, ‘integration’ does 
not come about through implementation of parallel interventions, but rather 
through an explicit analysis of potential trade-offs and synergies of inter-
ventions to diverse system components, and strategies to define and reach 
systems-level goals.

Alemayehu et al. [2] conducted a study to assess the impact of inte-
grated watershed management system (IWSM) and to determine the land 
use and cover dynamics that is induced in upper Agula watershed, in semi-
arid Eastern Tigray (Ethiopia). The results revealed significant modification 
and conversion of land use and cover of the watershed over the last four 
decades (1965–2005). The study further showed that IWSM decreased soil 
erosion, increased soil moisture, reduced sedimentation and run off, set the 
scene for a number of positive knock-on effects such as stabilization of gul-
lies and river banks, rehabilitation of degraded lands. IWSM also resulted in 
increased recharge in the subsurface water.

The core of the proposed methodology the impact of watershed man-
agement on coastal morphology using numerical modeling in North Greece 
[23] refers to a coupled-calibration approach of the watershed and the 
coastal models, incorporating three scenarios of data availability regard-
ing the parameters of interest. To support the applicability of this approach, 
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a brief presentation of its successful application for an area in North Greece 
is also presented. The study retains the viewpoint of Integrated Coastal 
Zone Management and is deemed to provide an operational tool for future 
researchers and policy planners. The impact of rainwater harvesting (RWH) 
has been assessed inside the watersheds within the Albemarle-Pamlico river 
basins in the South-eastern USA [8]. The design strategy of runoff water 
harvesting (RWH) and use of the Soil and Water Assessment Tool (SWAT) 
model to simulate baseline and RWH scenarios for urban and agricultural 
land uses was proposed by them. A high adoption rate (75–100%) of RWH 
throughout the watersheds reduced the downstream average monthly water 
yield up to 16%. A lower adoption rate (25%) reduced water yield approxi-
mately 6% for the Back Creek watershed.

4.2.2 ANALYSIS OF RAINFALL

The two main components of watershed are land and water and thus for 
watershed management the study of both the land and water available is 
necessary. The water available can be studied by analyzing the rainfall of the 
area. The study of rainfall is stochastic in nature and is essential for forecast-
ing of water availability of the area, crop planning, design of water harvest-
ing structures and soil conservation structures.

Annual maximum rainfall data for Amaravati district of Maharashtra has 
been analyzed [17]. In this analysis authors considered annual daily rainfall 
data for 30 years (1966 to 1995) and fitted these data to four different proba-
bility distribution functions, i.e., Normal, Log normal, Extreme value type-I, 
Log Pearson type-III distribution; and probable rainfall values for differ-
ent return periods were estimated and compared with the values obtained 
by Weibull’s Method. The analysis indicated that the Log Pearson type-III 
distributions gave the closest fit to the observed data, hence it may be used 
to predict maximum rainfall. Sheng [28] employed bivariate extreme value 
distribution, namely the Gumbel mixed model constructed from Gumbel 
marginal distributions to analyze the joint distribution of correlated storm 
peak (maximum rainfall intensity) and amount. Based on its marginal dis-
tributions, the joint distribution, the conditional probability distribution and 
the associated return periods can be deduced. Parameters of the bivariate 
distribution model were estimated based on its marginal distributions by the 
method of moments (MM). The usefulness of the model is demonstrated by 
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using it to represent multivariate storm events at the Niigata meteorological 
station in Japan.

Effect of global warming in the daily rainfall distribution used a mixed 
gamma distribution [4]. A mixed distribution was used to overcome the limi-
tation of conventional frequency analysis, which uses a continuous distri-
bution, as this is not applicable for the assessment of the effects of global 
warming. It is summarized that even though the variation of daily rainfall 
distribution is high due to the variation of monthly rainfall amounts, the 
scale parameter and the wet probability of a mixed Gamma distribution are 
found to be closely related to the monthly rainfall amounts. On the other 
hand, the shape factor remains almost the same regardless of the monthly 
rainfall amount. The rainfall quantities are estimated using the daily rainfall 
data from June to September were found to be the most similar to those 
using the annual maximum data. Regardless of the increasing uncertainty as 
the return period becomes longer, flood risk is found to be increasing as a 
result of global warming.

Intensity-duration-frequency curves of rainfall at Najran and HafrAlbatin 
regions in the Kingdom of Saudi Arabia (KSA) were derived [6] by con-
ducting frequency analysis with 34 years rainfall (1967–2001) and using 
Gumbel and Log Pearson type-III distribution. The chi-square goodness-of-
fit test was used to determine the best-fit probability distribution. The results 
showed that Gumbell distribution was best fitted than the Log Pearson 
type-III.

4.2.3 LAND USE AND LAND CAPABILITY

The two principal ways of increasing crop production are to increase new 
lands or to improve the productivity of present cropland. The development 
of new land is brought about primarily by drainage, irrigation and removal of 
shrubs, trees and rocks. A major challenge is to develop systems for greater 
precision in water and plant control so as to increase use efficiency of soil, 
water, energy resources and to improve the environment for humans.

Land capability of land areas for sustaining crops differ depending on 
the purpose for which the land is to be used. The value of land capability 
assessment lies in identifying the risks attached to cultivating the land and in 
indicting the soil conservation measures, which are required. Improvements 
to the classification rest on making the conservation recommendations more 
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specific as in the case with treatment oriented scheme developed in Taiwan 
and tested in hilly islands in Jamaica [27]. Over population, decreased crop 
production, energy crisis and pollution (agricultural and industrial) problems 
in many countries are becoming much more serious. Compared to developed 
countries, under developed countries of the world have a higher popula-
tion, much lower economic growth rate per capita and greater need for an 
increase in food production. The availability of tillable and pasture lands, 
which must produce most of our foods will require ever increasing soil and 
water conservation measures and more intensive land use to meet the future 
food demand of the people [23].

Land use varies from region to region, state to state and so also from coun-
try to country, which is dependent upon the geological structure, climate, 
hydrology, soils, and vegetation, human and animal life. In passing from the 
macro to the micro scale, gradual changes occur in the dominant variable. As 
far as soil erosion is concerned, climate is dominant at the macro-scale but 
at the smaller scales, is fairly uniform over the size of the areas being con-
sidered, and soils and vegetation becomes important (Morgan, 1986). A field 
study was conducted [29] to determine the soil erosion problems and the 
factors that affect the adoption of soil and water conservation measures in 
Fincha watershed, Western Ethiopia. The study showed that the annual soil 
loss ranges between 24 and 160 Mg ha–1. The soil erosion has a significant 
effect on the land capability. Due to this reason, they proposed integrated 
soil and water conservation planning at the watershed scale.

4.2.4 MULTI-OBJECTIVE PROGRAMMING

Multiple objective programming (MOP) is related with planning models 
where several conflicting goals and objectives are to be optimized simulta-
neously. Most of the research studies for multi objective planning are based 
on linear programming and Goal programming approaches. Besides these, 
there are some interactive approaches are also developed for analysis of 
MOP problems formulated. A linear programming model was formulated 
[25] to find optimum cropping patterns subjected to land, water and labor 
constraints with the objective to maximize net return and production under 
various levels of canal release for assisting management. The model was 
applied to command area of distributary No. 6 of Kendrapara canal, Odisha, 
India. Incorporating the price fluctuations of yield, labor and fertilizer, an LP 
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model was developed to allocate land under different crops for Kharagpur 
Block-I area for the year 2001 [9]. In this model, it was found that net ben-
efits obtained by the linear programming model without considering the 
price fluctuations seems to be exaggerated whereas that given by the model 
considering price fluctuations results in reasonable and reliable estimates.

A suitable cropping pattern based on the availability of surface and ground 
water for the command has been developed using multi objective approach 
for the planning of Mahanadi delta command [3]. The objective functions 
were maximization of production, maximization of benefit, minimization 
of labor under consideration of constraints like area, water, labor, fertilizer 
and capital. An interactive multi-objective linear programming approach to 
watershed planning for the Bishunpur watershed of Gumla district of Bihar 
[24] took different objective functions such as maximization of food produc-
tion, fodder production, fuel wood production, labor employment genera-
tion, net income generation from field crops and runoff water augmentation. 
The above objectives were to be maximized under a set of resource con-
straints like land, water, labor and nutrients, etc. The multi-objective plan-
ning for the watershed was analyzed with an interactive technique (STEP 
method) and an efficient and compromise solution was generated.

To derive optimal crop plans for an irrigation system with conjunctive 
utilization of water from surface reservoir and ground water aquifer, a fuzzy 
linear programming (FLP) model was [16] compared with classical linear 
programming (LP) model. The LP model maximizes the net benefits from 
irrigation activities subjected to various physical economical and water 
availability constraints. The FLP model maximizes the degree of satisfaction 
subjected to physical and economic constraints. The increase in the degree 
of satisfaction or truthiness with increase in number of fuzzy variables was 
studied and the results were reported. It was found that the fuzziness in the 
ground water pumping plays a prominent role in deriving the optimal opera-
tional strategies. From the optimal results, it was found that the FLP model 
resulted an optimal crop plan with a degree of truthiness of 0.78 taking into 
account the fuzziness in different variables.

A study was initiated to estimate the sediment yields under prevailing 
resource management systems and to design a LP based optimized land 
use plan for soil loss reduction for the Nagwan watershed situated in the 
Damodar-Barakar catchment in India [10]. The proposed spatial decision 
support system (DSS) was validated on 9 years (1981–1983, 1985–1989 
and 1991) of sediment data yield for the watershed. The results showed that 
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not only decrease in sediment yield was about 14.61% but also an increase 
in its paddy and corn crop productivities by 2.80 and 68.14%, respec-
tively. Paul et al. [20] conducted a study, for the optimal crop planning in 
the Barapitanallah mini-watershed, Odisha using multi objective program-
ming approach. In this study, the steps were taken for optimal utilization of 
land, water and human resources. The result indicates that benefit-cost ratio 
for the proposed plan was 1.3:1 and the cropping intensity was found to be 
142% (kharif 86% and rabi 56%).

A model that aims at the simultaneous maximization of farmer’s 
welfare and the minimization of environmental burden using goal pro-
gramming has been proposed [12]. These techniques are implemented in 
Luodias River Basin in Greece to seek compromise solution in terms of 
area and water allocation (under different crops) resulting an figure that 
will come as close as possible to the DM’s economic, social and environ-
mental goals. A timber allocation model using data envelopment analysis 
(DEA) [13] was able to allocate forest stands, referred to as steward-
ship units, to different forest products companies without the need for 
weighting or prioritizing the allocation criteria. The allocation procedure 
was demonstrated in a case considering two allocation criteria: profit 
and employment. The allocation generated by the model was compared 
with random, profit based and employment-based allocations. The results 
showed that the model was capable of producing practical solutions and 
balancing the two allocation criteria. However, adding other allocation 
criteria was complicated by procedural concerns. Despite its current limi-
tations, the model opens the door to future applications of DEA in forest 
resource allocation problems.

A technique to generate optimal results during resource allocation has 
been presented [26], discussed and solved. A new integer programming (IP) 
model was presented that supports the optimal allocation or useful resources 
in a university environment during the process of daily timetable genera-
tion keeping in view the priorities of both the teachers and administration. 
New models of planning problems based on the framework of Markov deci-
sion processes (MDPs) was developed [5]. Given these models, authors 
designed algorithms based on linear and integer programming that simulta-
neously solve for optimal allocations of resources and strategies for acting 
in the stochastic environments. These algorithms then formed the core of 
the mechanisms for allocating resources in cooperative as well as competi-
tive multi agent settings. They showed analytically and empirically that the 
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integrated approach leads to drastic (in many cases, exponential) improve-
ments in computational efficiency over methods that consider the problems 
separately.

Massimo and Maurizio [14] presented a lexicographic goal program-
ming (LGP) approach to define the best strategies for the maintenance of 
critical centrifugal pumps in an oil refinery. For each pump failure mode, the 
model allows to take into account the maintenance policy burden in terms 
of inspection or repair and in terms of the manpower involved, linking them 
to efficiency-risk aspects quantified as in FMECA methodology through the 
use of the classic parameters occurrence (O), severity (S) and detect ability 
(D), evaluated through an adequate application of the Analytic Hierarchy 
Process (AHP) technique. An extended presentation of the data and results 
of the case analyzed was proposed in order to show the characteristics and 
performance of this approach.

A fuzzy goal-programming model having multiple conflicting objec-
tives and constraints pertaining to the machine-tool selection and operation 
allocation problem, and a new random search optimization methodology 
termed Quick Converging Simulated Annealing (QCSA) has been used 
[15]. The main feature of the proposed QCSA algorithm is that it out-
performs genetic algorithm and simulated annealing approaches as far 
as convergence to the near optimal solution was concerned. Moreover, 
it is also capable of eluding local optima. Extensive experiments were 
performed on a problem involving real-life complexities, and some of 
the computational results were reported to validate the efficacy of the 
proposed algorithm.

The components of the study to find out a preferable solution for the 
local agencies in Lake Qionghai watershed in China [30] were agriculture, 
tourism, macroeconomics, cropland use, water supply, forest coverage, soil 
erosion and water pollution using an interval fuzzy multi objective pro-
gramming (IFMOP). This study showed that the interval fuzzy multi objec-
tive programming for Lake Watershed system (IFMOPLWS) is a powerful 
tool for integrated watershed management planning and can provide a solid 
base for sustainable watershed management. William et al. [31] applied 
an integrated multiple criteria decision making approach to the resource 
allocation problem. In the approach, the Analytic Hierarchy Process (AHP) 
was first used to determine the priority or relative importance of pro-
posed projects with respect to the goals of the universities. Then the Goal 
Programming (GP) model incorporating the constraints of AHP priority, 
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system and resource was formulated for selecting the best set of projects 
without exceeding the limited available resources. The projects include 
‘hardware’ (tangible university’s infrastructures), and ‘software’ (intan-
gible effects that can be beneficial to the university, its members, and its 
students). In this paper, two commercial packages were used: Expert choice 
for determining the AHP priority ranking of the projects and LINDO for 
solving the GP model.

The study in this chapter was undertaken for the management of such 
a watershed identified by soil conservation department of Govt. of Odisha. 
The prime aim is to maximize the different basic objectives like food, fod-
der, fuel wood, net income generation, labor employment generation and 
runoff water augmentation of the watershed using multi-objective program-
ming approach.

4.3 THEORETICAL CONSIDERATIONS

Multi-objective programming (MOP) involves optimization of two or more 
objective functions. The MOP differs from the single objective optimization 
problem only in the expression of respective objective functions. Watershed 
management involves a number of conflicting goals and objectives. These 
goals are to be treated with a set of operational constraints, in order to find 
the best compromise solution. In this present study an interactive multi-
objective mathematical model for the watershed was developed and ana-
lyzed by an interactive step method.

4.3.1 ASSUMPTIONS IN THE MODEL

1. The relationship between the variables in objective functions and the 
constraints are linear.

2. The soil and climate characteristics of the watershed are uniform 
throughout.

3. Planning is done for two seasons in a year, i.e., kharif and rabi season.
4. The water requirement in the kharif season is met from rainfall at dif-

ferent probability of occurrence and in rabi season assured water from 
ponds is provided.

5. The management practices of the land and cropping pattern is similar. 
Hence the yield and benefit under a particular crop is constant.
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FIGURE 4.1 Components of a linear programming model.

4.3.2 MATHEMATICAL PROGRAMMING MODEL

4.3.2.1 Single Objective Models

The most commonly used optimization technique in any sphere of man-
agement is linear programming model that consists of a linear algebraic 
objective function and linear algebraic constraints. The general linear pro-
gramming model can be defined as follows:

 Maximize (minimize), Z= ∑ Cjxj (1)

 Subjected to ∑∑ aijxj (≤=≥) bj (2)

 xj≥ 0  (3)

For i = 1, 2, 3, x and j = 1, 2, 3, n
Here Eq. (1) is the objective function, which is to be maximized or min-

imized under a set of constraints given by Eqs. (2) and (3). The Eq. (3) 
is known as non-negative constraints. The most common method used to 
solve linear programming is simplex method. There are a number of stan-
dard computer programs now a day available to solve the problems. A figure 
showing ingredients of linear programming model is shown in Figure 4.1.
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4.3.2.2 Multi-Objective Models

Multiple objective programming (MOP) model is a mathematical technique 
concerned with a problem, in which several functions are to be optimized 
simultaneously under a set of management and operational constraints. The 
general description of a MOP problem involving, ‘p’ objectives, ‘n’ decision 
variables and m constraints can be expressed as:

 Max Z(x) = [Zk(x)], for k=1, 2, …, p (4)

 Subjected to: gi(x) (≤=≥) b, for i=1,2, …, m  (5)

 and x ≥ 0  (6)

where, ‘Z’ is a vector valued function consisting of the objective functions 
Zk(x), for k = 1,2,…, p and ‘x’ is a vector consisting of decision variables, 
they are x1,x2,x3 …, xn.. Equation (5) is a set of constraints, defining the fea-
sible regions of the decision variables.

If Zk(x) and gi(x) for i=1, 2, …, x and k=1, 2, …, p are linear, then the 
MOP formulation is referred as multiple objective linear programming 
(MOLP).

The concept of optimal solution in single objective optimization has a 
different interpretation in MOP. In MOP, the compromise solution concept 
is more important than the optimal solution, because the solution, which 
maximizes one objective will not in general maximize the other objectives. 
Therefore, a non-inferior solution is obtained by making trade-offs between 
the different objectives to improve and attain a satisfactory level for each 
objectives.

4.3.2.3  Classification of Multi Objective Programming Techniques

Multiple objective programming techniques have been classified into four 
major categories as follows.

 I. Generating techniques:
 i. Weighting method.
 ii. Constraint method.
 iii. Derivation of a functional relationship for the non-dominated set.
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 II. Non interactive technique:
(Techniques which rely on prior articulation of preferences)
 i. Goal programming.
 ii. Assessing utility functions.
 iii. Estimation of optimal weights.
 iv. Electro method.
 v. Surrogate worth trade-off method (SWT).

 III. Interactive technique:
(Techniques which rely on progressive articulation of preferences)
 i. Step method.
 ii. Iterative weighting method.
 iii. Sequential multi objective problem solving (Sempos).

 IV. Techniques that generate alternatives:
i. Hop skip and Jump (HSJ) method.

In the present study, the step method (one of the interactive technique) 
was used to analyze the multi-objective approach for watershed manage-
ment, because of its simplicity, easy to understand and also its capacity to 
accommodate the size of the problem.

4.3.2.4 The Step Method

The step method is an interactive technique that converges to the best com-
promise solution, in no more than ‘p’ iterations, where ‘p’ is the number of 
objectives. The method is based on a geometric notation of the best fit: The 
minimum distance from an ideal solution with modifications to a generated 
solution. The step method involves following algorithm:

Step 1: Construction of the payoff table
 i. All the ‘p’ individual maximization problems are solved and optimal 

solutions for each of the ‘p’ objectives are found out.
 ii. Let the solution that maximizes objective ‘K’ where K = 1,2, …, p be 

Xk = (X1
k, X2

k, X3
k, …, Xn

k).
iii. If there are alternative optima for any of these problems, then those 

solutions are chosen among the alternative optima that are non-inferior.
 iv. The values of each objective, at each of the ‘p’ optimal solutions 

are computed. Let they are: Z1 (X
k), Z2 (X

k), Z3 (X
k), …, Zn (X

k), for 
K = 1,2,3, …, p. which gives us p values of each of the ‘p’ objectives.
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 v. The ‘p’ values of each of the ‘p’ objectives are arranged in a table, in 
which the rows correspond to X1, X2, X3, …, Xp and the columns are 
labeled by the objectives Z1(X

k), Z2 (X
k), Z3 (X

k), …, Zn (X
k).

Payoff Table (Matrix):
Solution Objectives

Z1 (x
k) Z2 (x

k) …, Zp(x
k)

X1 Z1(x
1) Z2(x

1) …, Zp(x
1)

X2 Z1(x
2) Z2(x

2) …, Zp(x
2)

…

Xp Z1 (x
p) Z2 (x

p) …, Zp(x
p)

Step 2: From the payoff table, the maximum and the minimum values for 
each individual optimization of the kth objective is found out. Let Mk be the 
maximum and nk be the minimum value.

Step 3: From the objective function, the value of normalizing tem, 

Σ( )Cjk 2
1

2 
−

 i.e., is computed, where Cjk 2

 are the coefficients of the objec-
tive functions assuming that they are linear:

Zk(x) = C1
kX + C2

kX + ------- + Cn
kX

Cn
k2= C1

2 + C2
2 + C3

2 + ----- + Cn
2, where:

K = 1,2, -------, p and j = 1,2, ------, n

Step 4: Calculation	of	‘α’	value

 αk (alpha) = M n
M

Cjk k

k

k−  ∑
−

( )2
1

2 ,  (7)

 M n
M

Scaling termk k

k

−
=  and ∑  =

−

( )Cj Normalizing termk 2
1

2

Step 5: Computation of the weights Wk

 Wk = ∑
α
α
k

k

  (8)
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Step 6: From the values of Wk, the values, which are zero or nearer to zero 
such objectives have already attained maximum value. For other objectives 
the compromise solution is to be obtained.

Step 7: Solve the linear programming

 Minimize ‘d’ (9)

 Subjected to Wk [Mk – Zk(x)] – d ≤ 0  (10)

For k= 1, 2, ..........p

 d ≥ 0 (11)

Step 8: Let the solution obtained be x(i). Then the value of each objective 
function is calculated.

Step 9: The above solution, Zk[x(i)], is showed to the decision maker (DM).

a. If the DM is satisfied then the process will be stopped and the current 
solution is the best compromise solution.

b. If the DM is not satisfied, then some trade-offs are done and a new 
set of compromise solution may be obtained.

c. If the DM is not satisfied, then some other interactive techniques may 
be followed.

4.3.3 MULTI OBJECTIVE WATERSHED MANAGEMENT

4.3.3.1 Objective Functions

The present study considered the following objectives for proper man-
agement of land and water resources of Badabandha Nala Watershed 
(0407010801100104) of Banapur block of Khurda district (Odisha):

1. Food production.
2. Fodder production.
3. Fuel wood production.
4. Net income generation.
5. Labor employment generation.
6. Runoff water augmentation.
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Food production
According to Maslaw’s theory, food ranks first among other objectives con-
sidered for land and water management problems. Therefore, to meet the 
food demands of the people of the watershed, and to meet their nutritional 
requirement, different crops are proposed. Among the crops two cereals, two 
pulses and one oilseed crop is the preferred choice, basing on the require-
ment of the people. It is presumed that the existing water potential and cre-
ated water potential will meet the future water demands of the crops that 
would be eventually taken in that area. The objective function for maximiza-
tion of food production is given by

 Max Z1(X) =∑∑ yijxij (12)

where, yij is the yield of jth crop in ith season in tons/ha, and xij is the area under 
jth crop in ith season in ha; j= 1, 2, 3, 4, 5 represents upland paddy (paddy-I), 
medium land paddy (paddy-II), low land paddy (paddy-III), maize, arhar in 
kharif, and j=1, 2, 3 represents paddy-III, mustard and mung in rabi season.

Fodder production
The fodder production is to be maximized in order to meet the demand of 
the livestock in the watershed. Livestock management is considered as an 
important parameter in the process of integrated watershed management 
planning. The green fodder produced from the developed grass and the dry 
fodder produced from the cereal crops would meet the requirement of the 
bovine population of the watershed.

The objective function for maximization of fodder production is given by

 Max Z2(X) =∑∑ fijxij (13)

where, fij is the fodder yield from jth crop or plantation in ith season, tons/ha, 
xij is the area under jth crop/ plantation in ith season in ha; j=1, 2, 3, 4 repre-
sents paddy-I, paddy-II, paddy-III and maize in kharif, and j = 1 for paddy-
III in rabi season, j= 6, 7 represents hybrid Napierbajra grass and subabool 
in kharif and 4, 5 represents the above in rabi season.

Fuel wood production
To meet the demands of fuel wood and other domestic uses of the people of 
the watershed, the plantation of fuel wood and timber trees are mostly nec-
essary. For this purpose, the plantation crop Subabool is preferred as it can 
serve the purpose of fuel wood and fodder for the livestock. It also utilizes 
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the wasteland and contributes to the economic upliftment of the individual 
farmers as well as the people in the watershed. The objective function for the 
maximization of fuel wood production is given by

 Max Z3(X) =∑∑wijxij (14)

where, wij is the fuel wood production from jth plantation in ith season in t/ha 
and xij represents area under fuel wood plantation in ha; j = 7 represents sub-
abool plantation in kharif and 5 in rabi season.

Net income generation from field crops and plantation
Maximization of net income from cereals, pulses and oilseed crops and 
plantation helps the farmers to boost their economic status. The farmers are 
provided with 12% interest loans for their agricultural inputs. The objective 
function for the maximization of net income generation is

 Max Z4(X) =∑∑ Nijxij (15)

where, Nij is the net income from jth crop in ith season in Rs/ha and xij is area 
under jth crop/plantation in ith season in ha; j=1, 2, 3, 4, 5, 6, 7 represents 
paddy-I, paddy-II, paddy-III, maize, arhar, hybrid Napierbajra grass and 
subabool in kharif, and j=1, 2, 3, 4, 5 represents paddy-III, mustard, mung, 
hybrid Napierbajra grass and subabool in rabi season.

Labor employment generation
In order to boost the job prospects of the rural population like small, 
marginal farmers and landless laborers, generation of employment and 
enhancement of present employment facility is considered in this plan-
ning. The objective function for the maximization of labor employment 
generation is given by

 Max Z5(X) =∑∑Lijxij (16)

where, Lij is the labor need of the jth crop in ith season in man-days/ha and xij 
is area under jth crop in ith season in ha; j=1, 2, 3, 4, 5, 6, 7 represents crops 
like paddy-I, paddy-II, paddy-III, maize, arhar, hybrid Napier bajra grass 
and subabool in kharif, and j=1, 2, 3, 4, 5 represents the crop like paddy-III, 
mustard, mung, hybrid Napier bajra grass and subabool in rabi.

Runoff water augmentation
It is assumed that water requirement in kharif season is to be met from the 
rainfall at desired probability levels, whereas the water requirement in rabi 
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season is met from the storage structures. As the existing source of water in 
the watershed is insufficient to meet the demand of the crops, so an effort 
is made to augment (store) the runoff water in ponds for use by the crops in 
rabi season. The objective function for maximization of runoff water aug-
mentation is given by

 Max Z6(X) =∑ Cjxij (17)

where, Cj=capacity per unit ha, i.e., ha-m/ha and xj=Area under ponds in ha.

4.3.3.2 Constraints

1. Land
a. Total treatable watershed area
The area allocated for different land practices and treatments should be 
less than or equal to the total treatable area of the watershed.

 ∑∑xij+ 2∑xj≤2TA  (18)

where, TA is the total treatable area of watershed, in ha. The coefficient 2 
is coming because the area is used in both the seasons: Kharif and Rabi.

b. Total agricultural land
The area allocated for different field crops should be equal to or less than 
the total cultivable area of the watershed.

 ∑∑xij≤ 2CA  (19)

where, CA is the total cultivable area available for field crops in the 
watershed in ha.

c. Total forest and Gochar land
The land allocated for the grass cultivation and forestry plantation 
should be less than or equal to the total land available in the watershed 
for forest and grass cultivation.

 ∑∑xij+ 2 ∑xj≤ 2FA  (20)

where, FA is the total forest land, land to be used for grass and forestry 
cultivation which also include area required for ponds.
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d. Total cultivable upland
Here in the present study crops proposed for upland are upland paddy 
(paddy-I), maize and arhar in kharif. So the total area allocated to these 
crops should be equal to or less than total cultivable upland.

 ∑xj≤UL  (21)

where, j=1, 4, 5 represents to the crops paddy-I, maize, arhar; UL= total 
cultivable up land of the watershed.

e. Total cultivable medium land and low land of the watershed
The crops proposed for medium land and low land are medium land 
paddy (paddy-II), arhar and low land paddy (paddy-III) respectively. 
The total area allocated to these crops should be less than or equal to the 
total cultivable medium land and low land respectively.

 ∑xij≤ML  (22)

where, j=2, 5 represents paddy-II and arhar, I = 1, i.e., kharif season; 
j= 2,3 represents mustard and mung, I = 2, i.e., rabi season; ML=Total 
cultivable medium land.

 ∑xj≤ LL  (23)

where, j= 3 represents paddy-III, LL=Total cultivable low land.

2.  Water requirement
The quantity of water needed for each crop and plantation should be less 
than or equal to the water resource available from rainfall and different 
storage structures. It was assumed that the water requirement in kharif 
will be met from the rainfall and during rabi it will be met from the water 
storage structures.

a. For kharif season

 ∑WR1jx1j ≤WRe (24)

where, WR1j is the water requirement of jth crop in kharif, m; x1j is the 
area under jth crop in kharif, ha; WRe is the total water resource available 
at desired probability level (%P), ha-m.
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b. For rabi season

 ∑WR2jx2j ≤ WRe (tar) (25)

where, WR2j is the water requirement of jth crop in rabi, m; x2j is the area 
under jth crop in rabi, ha; WRe(tar) is the total water made available from 
different storage structure, i.e., ponds.

3.  Nutritional requirements
For good health the basic source of nutrition is protein and calorie. The 
total nutritional component available from individual crops must be 
equal to or greater than the total requirement of people.

a. Protein

 ∑∑ Pijxij≥PR  (26)

where, Pij is the protein available from jth crop in ith season in kg/ha; xij 
is the area under jth crop in ith season in ha; and PR is the total protein 
requirement of the people in kg.

b. Calorie

 ∑∑ Cijxij≥ CR  (27)

where, Cij is the total calorie available from jth crop in ith season in Kcal/
ha; xij is the area under jth crop in ith season in ha; CR is the total calorie 
requirement of the people in Kcal.

4.  Labor
The manpower required for cultivation of different crops should be less 
than or equal to labor force available in the watershed. The labor need 
by different crops monthly and total manpower available in a month is 
considered.

 ∑∑Lijxij≤ LA  (28)

where, Lij is the labor need for jth crop in every month in ith season in 
man-days/ha; xij is the area under jth crop in ith month in ha; LA is the 
total labor force available in man-days.
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5.  Fodder requirement
The fodder available from the field crops (i.e. dry fodder) and plantation 
(i.e. green fodder) should be more than or equal to the requirement of the 
livestock population of the area.

a. Field crops

 ∑∑ fijxij≥FDR  (29)

b. Plantation crops

 ∑∑ fijxij≥FDR  (30)

where, fij is the fodder available from jth crop/plantation in ith season in 
t/ha and xij is the area under jth crop in ith season in ha; FDR is the total 
fodder requirement of the livestock in the area, ton

6.  Fuel wood requirement
The fuel wood produced from the plantation crops must be more than or 
equal to the fuel wood requirement of the people of the watershed.

 ∑∑Wijxij≥ Wr (31)

where, Wij is the wood available from jth plantation in ith season in t/ha,  
xij is the area under jth crop in ith season in ha and Wr is bulk fuel wood 
need of the people, ton.

7.  Food requirement
Total production of paddy, maize, arhar, mustard, mung should be 
greater than or equal to the actual demand of the total population in the 
watershed area.

a.  Paddy requirement

 y11x11+ y12x12+ y13x13+ y21x21≥ Pd  (32)

where, y11, y12, y13, yield of paddy –I, paddy-II, paddy-III in kharif 
respectively, tons/ha; y21 represents yield of paddy-III in rabi season, 
tons/ha; x11, x12, x13, x21 area under different paddy varieties in, ha; Pd 
bulk requirement of paddy in tons
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b.  Maize requirement

 y14x14 ≥Mz (33)

where, Md is the bulk need of maize, tons.

c.  Arhar requirement

 y15x15 ≥Ar (34)

where, Ads the bulk need of arhar, tons.

d.  Mustard requirement

 y22x22 ≥ Msd (35)

where, Msd is the bulk requirement of mustard, tons.

e.  Mung requirement

 y23x23 ≥Mng (36)

where, Mng is the bulk requirement of mung, tons.

8.  Area under ponds

 x3≥Atar (37)

where, Atar is the area required for proposed ponds in ha.

9.  Non-negative constraints
Area under different crop/plantation, and reservoir should be either posi-
tive or zero, it should not be negative.

 ∑∑xij≥ 0 (38)

 ∑xj≥0  (39)

The above multi-objective watershed management model consists of six 
objectives, thirteen decision variables subjected to a set of constraints. Steps 
are taken to solve these multi-objective problems using computer software 
and analyze the same by an interactive technique (step method).
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4.4 DATA AND METHODOLOGY

4.4.1 WATERSHED

4.4.1.1 Location

The watershed selected for this study is Badabandha Nala watershed a micro 
watershed (code No.-0407010801100104) which lies in Banapur block of 
Khurda district (Odisha). The watershed is located at a distance of 10 Kms. 
From block headquarter. The watershed has latitude: 850 10′ 30″ N and lon-
gitude: 19° 49′ 0″ E.

4.4.1.2 General Information

The selected watershed, i.e., Badabandha Nala micro watershed comprises 
of five villages namely Jadupur, Ghasediha, Panchugaon, Barapatana and 
Nachhipur with total geographical area of 240 ha. Out of this total area, the 
treatable area is 234 ha. The project area comes under the east and south-
eastern coastal plain agro climatic zone of the state. The index map of the 
watershed is given in Figure 4.2. All raw data are presented in appendices 
I to XIV at the end of this chapter.

4.4.1.3 Land use Pattern

The total geographical area of the watershed is 240 ha, out of which 6 ha 
comes under homestead, nallahs, roads, etc. So the total treatable area 
of the watershed is 234 ha. It is around 97.5 % of the total area. Under 
agricultural land upland consists of 22.19 ha which is the main foci of 
soil erosion as these are present in upper reaches of the watershed. The 
medium and low lands of the watershed are 130.19 and 18.28 ha respec-
tively. The details are shown in Table 4.1. The forestland which consti-
tutes 14.80 ha is now completely depleted due to over exploitation. So 
these areas need fresh plantation and conservation practices. The gochar 
land constitutes 10.23 ha and this is almost barren. It needs treatment 
and proposed to be under fodder cultivation. The culturable wasteland 
constitutes 21.56 ha.
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FIGURE 4.2 Index map of the watershed.

TABLE 4.1 Land Use Pattern of the Watershed

S. No. Land use type Area (ha) % of total Area

1. i) Up land 22.19 9.25

ii) Medium land 130.19 54.25

iii) Low land 18.28 7.61

Total cultivable land 170.66 71.11

2. Forest land 14.80 6.17

3. Gochar land 10.23 4.26

4. Culturable wasteland 21.56 8.98

5. Unculturable wasteland 16.75 6.98

6. Home stead, Nallah ground, 
roads, etc.

6.00 2.5

Grand Total 240.00 100
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4.4.1.4 Soil Type of the Watershed

In the watershed black soils are formed due specific lithology or topogra-
phy. Parent rocks of basic granulites, calc-gniess, pyroxenites and grano-
dorites are conducive to formation of black soils. These rocks invariably 
contain plagioclases in appreciable amounts, which on weathering make 
the soil environment rich in calcium. A lime kankar zone at some depth 
in the profile and free carbonates are usually present. Soils exhibit deep 
and wide cracks in summer seasons. The texture is clay and the struc-
ture is angular blocky. Infiltration in these soils is slow and erosion on 
upland situation is severe. Soils are low to moderate in nitrogen and 
potassium, rich in calcium and respond 10 nitrogen and phosphorus. 
Soils are moderately alkaline (pH 7.9 to 8.5). There are also presences of 
hillock the white calcareous soils are found at the foothill of the most of 
the project area.

4.4.1.5 Agricultural Practices

The main crop grown in the watershed is paddy. However, in kharif, maize 
and arhar are grown in some areas. In rabi season, crops like mustard, mung 
and low land paddy are grown in some area. Due to lack of irrigation facility, 
crops grown in limited areas in rabi season. Most of the rainfall in monsoon 
flows as runoff and ultimately lossed due to limited storage structures. This 
causes moisture deficit in upland and medium land areas. The area under 
crop cover is more in kharif than rabi season.

The cropping intensity is highest in Kharif season (65%) covering most 
of the lands. But it is less than one third (28%) in Rabi season and in sum-
mer season (0%). The cropping intensity in Rabi season is contributed 
mostly from the relay and mixed cropping in uplands during rainy season 
and due to fresh crops in medium lands. Seasonal cropping pattern is rich 
in Kharif and lean in Rabi season. It is poor in summer season. The entire 
seasonal cropping pattern is dependent of the receipt and harvest of rain-
water. So the measures to improve the moisture storage, recharge of soil 
pores, and storage of runoff and considerate use of moisture by cropping 
patterns as per the water availability would miraculously prosper the crop-
ping pattern of the area.
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4.4.1.6 Socio-Economic and Population

The socio-economic study reveals that most of the people in the watershed 
have poor economic status. They are annual income is very low. Most of 
the farmers have very less land holding, i.e., within one hectare. They come 
under small and marginal farmer’s category. Moreover the land is very much 
fragmented and scattered. Most of the people depend upon the agriculture 
for their income, though some of them are engaged in other activities like 
industrial worker, smithy and pottery, etc. Productivity is less in the area due 
to lack of irrigation facility, agricultural inputs, traditional farming system, 
and restricted use of improved technology. Human resource is the important 
on as he is the user as well as the abuser of all the above resources. It is his 
requirement and decision that can help to keep the resources sustainably pro-
ductive. The population base of the watershed area is given in the Table 4.2.

4.4.1.7 Livestock Population of the Watershed

For the economic upliftment of the people in watershed livestock plays an 
important role. To estimate the total fodder requirement of the watershed, 
knowledge of livestock population is utmost necessary. The village wise 
livestock population of the watershed is given in the Table 4.3.

4.4.1.8 Climate of the Watershed

The climate of the watershed area is hot and dry sub humid. The mean maxi-
mum temperature is 39°C during the month April and may and the mean 
minimum temperature is 15°C during the month of December and January. 

TABLE 4.2 Population Details of the Watershed

Name of the village Male Female Children Total

Ghasedehi 370 328 74 772
Barapatana 175 147 21 343
Panchugaon 459 430 73 962
Nachhipur 120 90 17 227
Jadupur 0 0 0 0
Total 1124 995 185 2304
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The average annual rainfall is 1250.43 mm and the portion of rainfall 
received during the monsoon (June September) constitutes about 70–75% 
of the total annual rainfall. As such irrigation becomes extremely momen-
tous not only for overcoming the enigma of moisture stress for the rest part 
of the year, but also at the time of failure of monsoon.

4.4.1.9 Types of Existing Water Source of the Watershed

1.  Dugout pond constructed by soil conservation department.
2. Dugout pond owned by village panchayat

From these two water sources, small patches of land have been covered 
in rabi season. Therefore, it is necessary to quantify the water available for 
its reuse to rabi season crops.

4.4.1.9.1 Pond No.1

The inside dimensions, side slope and the depth from bottom up to the crest 
level of the spillway were measured for quantifying the storage volume. 
The storage capacity of the water harvesting pond no.1 up to crest level was 
estimated following trapezoidal rule. Assuming 20% as losses occurred due 
to evaporation, seepage and percolation, the rest 80% is considered as utiliz-
able water for irrigation purpose.

4.4.1.9.2 Pond No.2

The dimensions of the second pond are collected to estimate the capacity of 
the pond. The capacity of the pond was quantified at different depths taking 

TABLE 4.3 Livestock population of the watershed

Name of the 
village

Livestock population(Nos.)

Cow Bullock Buffalo Sheep Goat

Ghasedehi 68 42 8 17 33
Barapatana 25 12 2 7 17
Panchugaon 81 20 7 25 38
Nachhipur 27 8 3 9 24
Jadupur 0 0 0 0 0
Total 201 82 20 58 112
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contour interval of 0.5 m through trapezoidal rule. A water depth of 1.5 m 
is kept as dead storage for bathing and other purposes of the people and the 
domestic animals. The storage volume between the crest level of the spill-
way and the dead storage level was considered to be available for crop use. 
Net quantity of water available for its utilization is obtained after satisfying 
the unavoidable losses (assumed 20%).

4.4.1.10 Collection and Analysis of Rainfall Data

The monthly rainfall data for the watershed was collected from OUAT metro-
logical laboratory, Bhubaneswar for 34 years, i.e., from 1978 to 2012. These 
rainfall data has been fitted into different probability distribution functions, 
i.e., Normal, Log Normal, Gumbel extreme value maximum, Log Pearson 
type-III and Weibull and probable rainfall values are obtained according to 
their best fit distribution. The probability analysis of the rainfall is carried 
out with the help of “FLOOD” software.

4.4.1.10.1 Types of Probability Distribution Functions

All the probability functions are taken while checking for the best fit dis-
tribution. Then depending upon the RMSE value and Mean error value, 
the best distribution for a particular month of 34 years is tested, using the 
“FLOOD” software. The results obtained are shown in the results and dis-
cussions section.

1. Normal distribution
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where, μ and σ are mean and standard deviation of the variate ‘x’ respectively.

2. Log normal distribution
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where, y = logx, μy and σy are the mean and standard deviation of variate, 
respectively.
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3. Gumbel extreme value maximum
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where, α
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4.  Log Pearson type-III distribution

 f x y
x{ }

e
1

( t)( ) = −
−

− −λ ε
β

β β
λ τ( )  (43)

where, λ
β
β=

√
=

( )












Sy
Cs y

, 2
2

; ε =y’-sy√β; and y= log x; y’, sy and cs(y) are the 

mean, standard deviation and skewness coefficient of variate, respectively.

5. Weibull’s distribution

 f x k x e
k x k

( ) = 





 ×













−
−







λ λ
λ

1

 (44)

where, k>0 is the shape parameter and λ >0 is the scale parameter.

4.4.2 LAND AND WATER MANAGEMENT PLAN FOR THE 
WATERSHED

Successes of any project depend on its integrated work plan. The planning 
should be such that it includes the details of the land treatment measures, 
their design, operation and maintenance of the measures. The different cat-
egories of land and their main treatment program are briefed below:

  I. Arable Land Suggested Treatment Programs
a. Eroded up land 1. Crop with specified rotation
b.  Weakly bunded medium l and 2.  Contour bunding and graded 

bunding
3.  Strip cropping

c.  Some portion of low land that 
are subjected to water logging.
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4.  Conservation farming
5.  Provision of disposal system 

from one field to another field.
6.  Crop demonstrations.
7.  Reclamation of waterlogged 

area.
 II. Non Arable Land Suggested Treatment Programs

a. Area under forest 1.  Forestry promotion
b. Culturable wasteland 2.  Horticultural development
c. Hills 3.  Pasture development
d. Hill slopes 4.  Breaking of slopes by terracing
e. Pediments 5.  Reclamation of wastelands
f. Gochar 6. Reclamation of wastelands

III. Natural Drainage Line Suggested Treatment Programs
It includes the natural drains of  
the watershed which carries run-
off to the outlet point. 

1.  Gully control structures.
2.  Construction of runoff har-

vesting structures
3.  Renovation of tanks.

4.4.2.1 Suggested Measures for the Slope Groups of the Watershed

By analyzing the data available for the watershed, the lands covered under 
different slope groups are distinguished and appropriate measures for each 
slope group are recommended below in Table 4.4.

TABLE 4.4 Suggested Measures for Different Slope Groups of the Watershed

Slope groups (%) Suggested land measures

0–1% Any crop with crop rotation, contour farming
1–3 Some specified low duty crops with intensive agronomical 

measures such as strip cropping, contour bunding with some areas 
under pasture grasses

3–5 Pasture with control grazing, forestry with restricted cutting, 
contour trenching and terracing

5–7 Forest plantation with restricted cutting of trees
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4.4.3 DEVELOPMENT OF MULTI-OBJECTIVE MODEL

A Multiple objective programming model has been developed for optimum 
allocation of land and water to different activities of agriculture and forestry 
in the watershed. The proposed crops in the planning are paddy, maize, arhar 
in kharif and paddy, mustard and mung in rabi season. Besides this there 
was a proposal for hybrid Napierbajra grass as a fodder and subabool as a 
forestry crop for the watershed throughout the year.

The decision variables are xij, that is the area under jth crop in ith season:

• j = 1,2,3,4,5,6,7 represents upland paddy (paddy-I), medium land paddy 
(paddy-II), lowland paddy (paddy-III), maize, arhar, hybrid Napierbajra 
grass and subabool in kharif season (i = 1)

• j = 1, 2, 3, 4, 5 represents paddy-III (lowland), mustard, mung, hybrid 
Napierbajra grass and subabool in rabi season (j = 2).

4.4.3.1 Multiple Objective Functions

For the watershed management program six basic objectives have been taken 
in the model. They are maximization of food production, maximization of 
fodder production, maximization of fuel wood and timber production, maxi-
mization of net income generation from field crops, maximization of labor 
employment generation and maximization of runoff water augmentation. 
These objectives aim at improving the status of the farmers and ensure judi-
cious utilization of land, water and human resources of the watershed. There 
are 13 variables taken in the MOP model they are listed in Table 4.5.

TABLE 4.5 Variables With Their Notations

S. No. Variables Used for the crop in ha

A. Kharif

1. x11 Area under up land paddy(paddy-I)
2. x12 Area under medium land paddy(paddy-II)
3. x13 Area under low land paddy(paddy-III)
4. x14 Area under maize
5. x15 Area under arhar
6. x16 Area under hybrid Napierbajra grass
7. x17 Area under subabool plantation
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S. No. Variables Used for the crop in ha

B. Rabi

1. x21 Area under low land paddy(paddy-III)
2. x22 Area under mustard
3 x23 Area under mung
4. x24 Area under hybrid Napierbajra grass
5. x25 Area under subabool plantation
6. x3 Are under ponds

I. Food production
Food is one of the basic needs of human being. So maximization of food 
production is considered as one of the prime objectives, which will help in 
achieving the self-sufficiency of the food grains for the people of the water-
shed. The yield of the different field crops in tons/ha is given in Table 4.6. 
These values are used for fixing the objective function. The objective func-
tion for maximization of food production is expressed as:

 Z1(x) = 2.4x11+3.4x12+3.9x13+3.6x14+1.6x15+4.2x21+1.3x22+x23  (45)

II. Fodder production
Fodder is inevitable for the livestock population of the watershed. Keeping 
in view, the fodder requirement of the livestock’s of the watershed, which 
is an important component of farming is to be maximized. The fodder yield 
from different crops and plantation crops are given in Table 4.6. The objec-
tive function for maximization of fodder production is given by:

 Z2(x) = 6.5x11+7.1x12+8x13+2x14+30x16+7x17+8.5x21+20x24+3x25 (46)

III. Fuel wood production
Fuel wood and timber is essential for the livelihood of the rural people. To 
satisfy the requirement of the people and also to utilize the culturable waste-
land for the purpose of plantation activities, the objective function for the 
maximization of the fuel wood production is considered in the planning. 
The fuel wood yield from the plantation trees is given in Table 4.6. The 
objective function for maximization of fuel wood production is given by:

 Z3(x) =15x17 + 15x25 (47)

TABLE 4.5 Continued
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IV. Net income generation from field crops
Most of the people of the watershed are small and marginal farmers. They 
depend on agriculture for their livelihood. So to improve the economic con-
dition of the farmers, it is necessary to get more income from the field crops. 
This will be achieved by providing basic agricultural inputs such as seed, 
fertilizer, pesticides and loans at a reasonable interest rate (12%) to the farm-
ers. The details of the inputs, investment cost, net return per hectare of land 
is presented in Appendix I to X. The net return from various crops and plan-
tation activities are given in Table 4.7. The objective function for maximiza-
tion of net income generation from field crops is given by:

Z4(x) = 7051x11+13822x12+14458x13+10378x14+40073x15+10800x16 

                        +12444x17+15606x21+9108 x22+24263x23+7200 x24+9516 x25

(48)

TABLE 4.6 Grain, Fodder, Fuel Wood Yield of Different Crops and Plantation

S. No. Crop/plantation Variable 
name

Grain yield 
(tons/ha)

Fodder yield 
(tons/ha)

Fuel wood yield 
(tons/ha)

A. Kharif

1. Up land 
paddy(paddy-I)

x11 2.6 6.5 -

2. Medium land 
paddy(paddy-II)

x12 3.4 7.1 -

3. Low land 
paddy(paddy-III)

x13 3.9 8.0 -

4. Maize x14 3.6 2.0 -
5. Arhar x15 1.6 - -
6. Hybrid 

Napierbajra grass
x16 - 30.0 -

7. Subabool x17 - 7.0 15.0
B. Rabi

1. Low land 
paddy(paddy-III)

x21 4.2 8.5 -

2. Mustard x22 1.3 - -
3. Mung x23 1.0 - -
4. Hybrid 

Napierbajra grass
x24 - 20.0 -

5. Subabool x25 - 3.0 15.0
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V. Labor employment generation
The objective of maximization of labor employment is considered in the 
plan to ensure livelihood security to the weaker section of the rural popula-
tion like small and marginal farmers and landless laborers. So the aim is to 
utilize the existing human resources and provide employment to maximum 
number of people that may be possible.

The total labor need for different crops and plantation for the entire 
season are given in Table 4.7. So taking into consideration the total labor 
required by crops in man days, the objective function for maximization of 
labor employment generation is given by

Z5(x)= 102x11 + 132x12 + 165x13 + 160x14 + 93x15 + 60x16  

                           + 185x17 + 165x21 + 100x22 + 65x23 +90 x24+ 185x25 

(49)

VI. Run off water augmentation
To meet the water requirements of the crops and plantation, it is essential 
to store as much as water possible for use in rabi season. So the objective 
for maximization of the stored volume of water in ponds are considered and 
mathematically expressed as below:

TABLE 4.7 Net Income and Labor Requirement of Field Crops

S. No. Crop/plantation Variable 
name

Net income 
(Rs./ha)

Labor required 
(Man-days/ha)

A. Kharif

1. Up land paddy(paddy-I) x11 7051 102
2. Medium land paddy(paddy-II) x12 13,822 132
3. Low land paddy(paddy-III) x13 14,458 165
4. Maize x14 10,378 160
5. Arhar x15 40,073 93
6. Hybrid Napierbajra grass x16 10,800 60
7. Subabool x17 12,444 185
B. Rabi

1. Low land paddy(paddy-III) x21 15,606 165
2. Mustard x22 9108 100
3. Mung x23 24,263 65
4. Hybrid Napierbajra grass x24 7200 90
5. Subabool x25 9516 185



184 Soil and Water Engineering: Principles and Applications of Modeling

 Z6(x) = 2.1 X3 (50)

4.4.3.2 Constraints of Multi Objective Model

I. Land area
The total watershed area is 506.67 ha, out of which 49.67 ha comes under 
homestead land, nallahs, roads, etc. So the net area allocated to different 
crops/ plantation activities should not exceed 457 ha, i.e., the treatable area 
of the watershed. Therefore:

 x11+ x12+ x13+ x14+ x15+ x16+ x17+ x3 ≤ 234 (51)

 x21+ x22+ x23+ x24+ x25+ x3 ≤ 234 (52)

From the land capability classification it is shown that 282.22 ha land is suit-
able for agriculture. So the land allocated to field crops should be less than 
or equal to 170.66. Therefore:

 x11+ x12+ x13+ x14+ x15 ≤ 170.66 (53)

Similarly in rabi season total land cultivable is limited to sum of medium 
land and low land, i.e., 148.17

 x21+ x22+ x23 ≤ 148.47 (54)

Out of 170.66 ha of arable land, 22.19 ha is under up land, 130.19 ha is 
medium land and 18.28 ha is low land. In upland the crops suggested is 
up land paddy, maize, arhar and in medium land the crops suggested are 
medium land paddy and arhar. Similarly in low land, low land paddy is sug-
gested. So the respective constraints equations are as below:

 x11+ x14+ x15 ≤ 22.19 (55)

 x12+ x15 ≤ 130.19 (56)

 x13≤ 18.28  (57)

Similarly in rabi season, the total medium land is distributed between mus-
tard and mung and the low land is to be cultivated with low land paddy. 
The respective constraints are shown below:
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 x22 + x23 = 130.19 (58)

 x22 + x23≤ 130.19 (59)

 x21≤ 18.28 (60)

The total land under degraded forest, gochar, culturable and unculturable 
wasteland which can be bought under plantation, fodder and also for making 
the water storage structures is 174.78. So the constraints equations are

 x16+ x17+ x3≤ 63.34 (61)

 x24+ x25+ x3≤ 63.34 (62)

As subabool and hybrid Napierbajra grass is grown in both seasons, so total 
area cultivated in kharif season must be equal to the total area in rabi season.

 x16 – x24 = 0 (63)

 x17 – x25 = 0 (64)

II. Water quantity
The total quantity of water needed by different crops/plantation should be 
less than or equal to the total volume of water available from rainfall in 
kharif season at the desired probability level and from different storage 
structures in rabi season. The water requirement of the crops/plantation is 
given in Table 4.8.

The required constraint equations are as below:

 a. 1.2x11+1.2x12+x13+0.45x14+0.35x15+0.4x16+0.35x17≤ 149.76 ha-m (65)

(70% probability level)* 

 b. x21+0.4x22+0.4x23+0.2x24+0.1x25≤ 79.85 ha-m (66)

A rough guide for estimating effective rainfall has been developed by U.S. 
Bureau of reclamation for arid and semi-arid regions (1969) in which the 
mean seasonal precipitation of transpiration/precipitation ratio method 
based on extensive field basis has been used for the determination. Rainfall 
values of 70% probability levels are considered in calculation for irrigation 
planning.
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TABLE 4.8 Water Requirement (WR, m) of Different Crops

S. No. Crop/plantation Variable name WR (m)

A. Kharif

1. Up land paddy (paddy-I) x11 1.20
2. Medium land paddy (paddy-II) x12 1.20
3. Low land paddy (paddy-III) x13 1.00
4. Maize x14 0.45
5. Arhar x15 0.35
6. Hybrid Napierbajra grass x16 0.40
7. Subabool x17 0.35
B. Rabi

1. Low land paddy (paddy-III) x21 1.00
2. Mustard x22 0.40
3. Mung x23 0.40
4. Hybrid Napierbajra grass x24 0.20
5. Subabool x25 0.10

III. Nutritional requirement
Protein and calorie are two main nutrients required by a man for better 
health. The quantity of food produced from different crop should meet the 
minimum nutritional requirements of the people. The recommended nutri-
tional requirements per day per person of different age groups and the pro-
tein and calorie content of the crops are given in Tables 4.9 and 4.10.

A. Protein constraint
The total protein need of the people of the watershed is 51391 Kg. for 
one year. Therefore, the total protein available from different crops must 
be greater than or equal to the total requirement.

163x11+231x12+265x13+306x14+392x15+286x21+260x22+240x23 ≥ 51391 
(67)

TABLE 4.9 Nutritional Requirements of Different Age Groups/Day

S. No. Age group Protein (g) Calories (Cal.)

1. Male 70 3000
2. Female 55 2400
3. Children 40 2200
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B. Calorie constraint
The total calorie need of the people of the watershed for one year is 
2250955.6 Kcal. Therefore the total calorie available from different 
crops must be greater than or equal to the total requirement.

8280x11+11730x12+13455x13+112348x14+5568x15+14490x21 
+ 3792x22 + 3240x23 ≥ 2250955.6

(68)

IV. Labor requirement
The kharif season is taken from June to October and rabi from December 
to April. The labor requirement by the plantation and fodder crops is taken 
throughout the year. The labor required by different crops in a particular 
month should be less than or equal to the available labor of the watershed in 
that month. Assume that maximum 30% of the population can be engaged 
as laborers for agricultural practices. So the number of people available as 
laborers in a day is 690.

Total man-days available in a month= 690 × 30 = 20,700
Taking into consideration the labor requirement by different crops and 

total labor available for the watershed, the constraint equations are given 
below:

 Jun 30x11+30x12+30x13+35x14+15x15+25x16+20x17 ≤ 20700 (69)

 Jul 20x11+35x12+35x13+30x14+20x15+10x16+10x17 ≤ 20700 (70)

 Aug 15x11+20x12+30x13+15x14+10x15+10x16+30x17 ≤ 20700 (71)

 Sep 7x11+12x12+30x13+20x14+23x15+5x16+25x17 ≤ 20700 (72)

 Oct 30x11+35x12+40x13+60x14+25x15+10x17 ≤ 20700 (73)

TABLE 4.10 Protein and Calorie Contents of the Crops

S. No. Crop Protein (gms/kg) Calories (Cals/kg)

1. Paddy 68 3450
2. Maize 85 3430
3. Arhar 245 3480
4. Mustard 200 2917
5. Mung 240 3240
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 Nov 10x16+110x17 ≤ 20700 (74)

 Dec 30x21+20x22+10x23+10x24+20x25 ≤20700 (75)

 Jan 35x21+15x22+10x23+10x24+20x25 ≤20700 (76)

 Feb 30x21+10x22+10x23+15x24+15x25 ≤20700 (77)

 Mar 30x21+25x22+10x23+15x24+10x25 ≤20700 (78)

 Apr 40x21+30x22+25x23+10x24+10x25 ≤20700 (79)

 May 30x24+90x25 ≤ 20700 (80)

V. Bulk Requirement
The total quantity of food, fodder and fuel wood required per year by the 
people and livestock of the watershed is given in Table 4.11.

VI. Food Requirement
Food produced under each category of food should be more than the food 
requirement.

a. Paddy
The total requirement of the paddy for the watershed in one year is 
estimated as 309.78 tons. So yield of paddy is greater than or equal 
to the need.

 2.4x11+3.4x12+3.9x13+4.2x21 ≥ 309.78 (81)

TABLE 4.11 Estimated Food, Fodder and Fuel Wood Requirements of the Watershed

S. No. Items Estimated Quantity (tons)

1. Food requirements
Paddy 309.78
Maize 143.28
Arhar 36.72
Mustard 34.57
Mung 30.47

2. Fodder requirement 1420
3. Fuel wood requirement 1680
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b. Maize
The total requirement of maize is 143.28 tons. So the total yield of 
maize should be greater than or equal to 143.28 tons

 3.6x14 ≥ 73.45  (82)

c. Arhar
The total requirement of arhar is estimated as 36.72 tons. So the total 
yield of arhar should be more than or equal to the estimated value.

 1.6x15 ≥ 36.72 (83)

d. Mustard
The total requirement of mustard is estimated as 34.57 tons. So the 
total yield of mustard should be greater than or equal to 36.96 tons.

 1.3x22 ≥ 34.57 (84)

e. Mung
The total requirement of mung is estimated as 30.47 tons. So the total 
yield of mung should be greater than or equal to 32.28 tons.

 x23≥ 30.47 (85)

VII. Fodder Requirement
The total quantity of fodder available from different crops and plantation 
should be greater than or equal to the total requirement of the livestock 
of the watershed, i.e., 1420 tons each green and dry fodder as given in 
Appendix-XV.

Dry fodder

 [6.5x11+7.1x12+8x13+2x14+8.5x21] ≥ 1420 (86)

Green fodder

 [30x16+7x17+20x24+3x25]≥ 1420 (87)

8. Fuel wood Requirement
The total fuel wood requirement of the watershed is 1680 tons. Therefore, 
the total fuel wood available from plantation crops should be greater than or 
equal to 1680 tons.



190 Soil and Water Engineering: Principles and Applications of Modeling

 [15x17+15x25] ≥ 1680 (88)

VIII. Area required for ponds
The total area needed for constructing the required number of ponds should 
be greater than or equal to 27.54 ha: The area required to augment the quan-
tity of water needed for irrigation purpose in rabi season, which is:

 X3≥ 27.54 (89)

IX. Non negative constraints
All the variables should be either greater than or equal to zero. (Should be 
non-negative). Therefore, the constraint equations are:

 x11 ≥0, x12 ≥0, x13 ≥0, x14 ≥0, x15 ≥0,  x16≥0, 

 x17 ≥0, x21 ≥0, x22 ≥0, x23 ≥0, x24 ≥0,  x25 ≥0, x3≥	0 (90)

These six objective functions along with thirty eight constraints are entered 
into the Quick Statistical Business (QSB) software to find out the required 
solutions.

4.5 RESULTS AND DISCUSSIONS

4.5.1 RAINFALL ANALYSIS

In the proposed multi-objective model, the assumption was that water 
requirement in kharif was met from rainfall and water requirement in rabi 
season was met from water harvesting structures. So the water available 
from the rainfall at different probability level was estimated. The monthly 
rainfall data of 34 years were gathered from the historical records. The col-
lected data was tested with different probability distribution functions, in 
order to find out the best-fit probability distribution function. The probabil-
ity distribution functions considered were: Normal distribution, Log normal 
distribution, Gumbel maximum, Log Pearson type-III and Weibull distribu-
tion. The rainfall data was analyzed using ‘FLOOD’ software.

The best-fit function was determined using Chi-square goodness of fit test. 
The probability function, which has least mean error, was selected as best 
fit distribution. The distribution function best fit for different months along 
with their RMSE value and mean error are given in Table 4.12. After that, 
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the rainfall values at different probability level were calculated, using the 
same ‘FLOOD’ software. Monthly variations of rainfall at different prob-
ability levels were estimated and are given in Table 4.13. The rainfall values 
at different probability level are shown graphically in Figures  4.3–4.5.

TABLE 4.12 Best Fit Probability Distribution Function for Different Months

Month Best fit distribution Corresponding 
RMSE value

Corresponding Mean 
error

January Log Pearson 0.0335 0.0268
February Generalized Extreme value 0.04358 0.03258
March Gamma 0.03929 0.03331
April Exponential 0.03241 0.02619
May Lognormal 0.03179 0.02743
June Extreme value type III 0.02022 0.017
July Gamma 0.02479 0.01951
August Weibull 0.02919 0.0239
September Gumbel maximum 0.03968 0.03299
October Lognormal 3 parameter 0.03898 0.03187
November Log Pearson 0.03858 0.03137
December Weibull 0.04382 0.03384

TABLE 4.13 Expected Month Wise Rainfall (mm) at Different Probability Levels

Month Probability level (%)
90 80 70 60 50 40 30 20 10

Jan 0 0 0 0 1.339 7.817 15.62 26.688 45.952

Feb 0 0 0 2.263 14.403 24.746 35.492 48.456 67.982

Mar 0 0 1.03 5.186 11.12 19.167 30.41 47.707 83.018

Apr 1.908 6.742 12.221 18.546 26.028 35.184 46.989 63.627 92.069

May 22.838 32.916 42.844 53.667 66.245 81.772 102.44 133.36 192.32

Jun 88.379 114.156 136.81 158.73 181.2 205.45 233.19 267.78 319.11

Jul 150.707 192.602 227.43 260.42 294.06 330.49 372.67 426.35 508.77

Aug 187.918 239.894 279.45 314.1 346.89 379.87 415.17 456.29 512.69

Sep 124.998 153.67 176.91 198.77 221.11 245.54 274.3 311.85 371.92

Oct 29.587 51.824 72.362 93.648 117.29 145.23 180.75 231.26 321.35

Nov 0 0 2.023 5.919 12.167 21.893 37.441 64.43 121.79

Dec 0 0 0 0 0 0 1.874 7.804 21.36
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FIGURE 4.4 Monthly variation of rainfall at 60%, 50% and 40% probability levels.

FIGURE 4.5 Monthly variation of rainfall at 30%, 20% and 10% probability levels.

FIGURE 4.3 Monthly variation of rainfall at 90%, 80% and 70% probability levels.
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4.5.2 WATERSHED TREATMENTS

4.5.2.1 Cultivation Practices for Different Slope Groups

The slope of the culturable lands of watershed varies between 0 and 5%. 
The degraded forests need renovation and afforestation, in wastelands and 
gochars. The grasslands needs controlled grazing. In the culturable waste-
land some portion may be under plantation and some portion under fodder 
crop. The proposed cultivation practices are presented in Table 4.14.

Along with these measures, crop rotation and improved varieties of dif-
ferent crops should be grown in that watershed. The improved varieties 
grown in that watershed should be suitable for the climate of the watershed. 
The improved varieties not only increase the yield but also farmers will be 
more benefited from the crops. In the watershed management program some 
crop rotation and improved varieties of the crops are taken. The suggested 
crops along with their varieties are given in Table 4.15.

4.5.3 LAND ALLOCATION PLAN USING MULTI-OBJECTIVE 
APPROACH

The multi-objective functions along with the various constraints were formu-
lated. The equations were solved and analyzed by an interactive technique, 
i.e., step method. The optimal solution was obtained for each objective func-
tion considering the resource constraints and requirement of the people. 
From the sets of optimal solution, a compromise solution for allocation of 
land under different crops and plantation was found out in kharif and rabi 
seasons.

TABLE 4.14 Suggested Cultivation Practices

Slope group (%) Proposed cultivation practices

0–1 Any crop with proper crop rotation and green manuring to 
maintain soil fertility. 

1–3 Some specified low duty crops with agronomical measures such 
as strip cropping and contour farming.

3–5 Grassland and forestry with controlled grazing and limited cutting 
of forestry trees.
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4.5.3.1 Optimal Solutions for the Objective Functions

The six objective functions along with 38 constraints were solved for maxi-
mization separately using Quick Statistical Business (QSB) software. There 
is a feasible solution for each objective function. From the feasible solution 
the optimal solution for each function is obtained considering the other alter-
native optima, which are non-inferior. The set of optimal solution is given 
in Table 4.16.

4.5.3.2 Pay-Off Table (Matrix)

After finding out six set of optimal solution they are to be put in the expression 
for the objective functions. In the construction of pay-off table (Table 4.17), 
the rows correspond to the optimal solution and the columns are labeled by 
the objectives.

TABLE 4.15 Suggested Crop Varieties for Different Types of Land

Type of land Crops suggested Varieties Follow-up crop

Upland (Plain) Paddy Hira

Parijat

Kalinga-III

Niger

Mustard

Maize Ganga-5

Deccan-103

Niger

Mustard
Maize + Arhar Ganga-5

UPAS-120

Mustard

Sesamum
Sloppy agricultural 
land (contoured 
lands)

Mixed cropping Maize/jawar

Arhar + cowpea

Arhar + Biri + Ragi

Mustard

Sesamum

Medium land Paddy Annapurna

Cavery

Parijat

Mung

Mustard 

Arhar + Ragi UPAS-120

Dibyasinga

Mung

Mustard
Low land Paddy Swarna

Jagannath

Jajati

Sesamum

Mung
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The coefficients of different objective functions are selected. From the 

coefficient of objective functions, the value of [ ( ) ]∑
−

Cj
k 2

1
2  (normalizing 

term) was calculated and given in Table 4.18.

TABLE 4.16 Optimal Value Under Different Objective Functions

Crop 
variables

Area allocation under different objectives, ha

Z1 Z2 Z3 Z4 Z5 Z6

x11 0 0 0 0 0 0
x12 64.732 87.012 81.64 86.78 64.74 91.11
x13 18.28 18.28 18.28 18.28 18.28 18.28
x14 42.30 22.19 22.19 22.19 42.30 22.19
x15 22.95 22.95 22.95 22.95 22.95 22.95
x16 28.40 28.40 28.40 26.55 28.40 28.40
x17 38.38 58.13 58.13 58.13 58.13 38.38
x21 18.28 18.28 18.28 18.28 18.28 18.28
x22 26.59 26.59 26.59 26.59 26.59 26.59
x23 32.28 32.28 32.28 32.28 32.28 32.28
x24 28.40 28.40 28.40 26.55 28.40 28.40
x25 38.38 58.13 58.13 58.13 58.13 38.38
x8 27.54 27.54 27.54 27.54 27.54 27.54
Optimal 
value of 
objective

Z1= 624 
tons

Z2=2965.08 
tons

Z3= 1743.9 
Tons

Z4=Rs. 
5678832

Z5= 54005 
Man-days

Z6= 57.84 
ha-m

TABLE 4.17 Pay-Off Table (Matrix)

Optimal 
Solution*

Z1(x) Ton Z2(x) Ton Z3(x) ton Z4(x) Rs. Z5(x) 
man-days

Z6(x) 
ha-m

Objective functions

X1 624 2649.62 1151.4 5182377 46697 57.84
X2 627.36 2965.08 1743.9 5715339 53728 57.84
X3 609.10 2926.95 1743.9 5641087 53018 57.84
X4 626.57 2870.94 1743.9 5678832 53419 57.84
X5 624.03 2847.17 1743.9 5616197 54006 57.84
X6 641.30 2796.68 1151.4 5338272 46961 57.84

Note: * optimal solution set for objective function Z1, i.e., (x11, x12, x13, x14, x15, x16, x17, x21, x22, x23, x24, 
x25, x8.)
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After calculation of the normalizing term the value of scaling term 

�M
M
k k

k

−









n  is calculated, and the multiplication of the normalizing term 

with scaling term will give the value of ‘αk’.
The calculation of ‘αk’ is given in Table 4.19. From the values of ‘αk’ val-

ues of initial set of weights (Wk) are calculated and tabulated in Table 4.20. 
The above values of weights are used to derive the first compromise solution, 
by minimizing the deviation from the optimal solution. The objectives having 
largest difference between maximum and minimum value of objective func-
tions are assigned with larger weights. From the above calculation the sixth 
objective having weight equal to zero, has already attain the optimal value. 
There is no necessity for calculation of compromise solution for this objective.

4.5.3.3 First Compromise Solution

Simultaneous optimization of all the six objectives is not possible, that is 
why the compromise solution is obtained by the initial set of weights as 

TABLE 4.18 Calculation of Normalizing Term

Parameter Objective functions
Z1 Z2 Z3 Z4 Z5 Z6

X11 2.4 6.5 0 7051 102 0
X12 3.4 7.1 0 13822 132 0

X13 3.9 8 0 14458 165 0
X14 3.6 2 0 10378 160 0
X15 1.6 0 0 40073 93 0
X16 0 30 0 10800 60 0
X17 0 7 15 12444 185 0
X21 4.2 8.5 0 15606 165 0
X22 1.3 0 0 9108 100 0
X23 1 0 0 24263 65 0
X24 0 20 0 7200 90 0
X25 0 3 15 9516 185 0
X3 0 0 0 0 0 2.1

Σ( )Cjk 2 68.38 1590.9 450 349,242,9723 210,902 4.41

[ ( ) )Σ Cjk 2
1

2
−

0.121 0.025 0.047 0.00001692 0.0022 0.4762
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calculated in Table 4.20. From Table 4.20, it is clear that the objectives Z1, 
Z2 and Z3 exhibit larger relative variations in their maximum and minimum 
values. Therefore, larger weights are assigned to these objective functions. 
The compromise solution is obtained for objectives one to five except objec-
tive No. 6. The first compromise solution will be obtained by solving the 
following linear programming:

 Minimize the deviation ‘d’ subjected to: (91)

 Wk [Mk – Zk(x)] – d ≤ 0, or 

WkMk – WkZk(x) – d ≤ 0, or

WkZk(x) + d – WkMk ≥ 0, or

TABLE 4.19 Calculation of ‘αk’

Objective 
function

Maximum value 
of objective 
function Mk

Minimum 
value of 
objective 
function nk

M
M
k k

k

− n αk

Z1(x) 641.29 609.10 0.050 0.12093 0.006
Z2(x) 2965.08 2649.62 0.106 0.02507 0.0026
Z3(x) 1743.9 1151.4 0.339 0.04714 0.0159
Z4(x) 5715339 5182377 0.093 0.00001692 0.0000015
Z5(x) 54006 46697 0.135 0.002177 0.0002293
Z6(x) 57.84 57.84 0 0.47619 0

TABLE 4.20 Calculation of ‘Wk’ (Initial Set of Weights)

Objective function Value	of	αk Value of Wk  Wk

Z1(x) 0.006 0.2429
Z2(x) 0.0026 0.1052
Z3(x) 0.0159 0.6437
Z4(x) 0.0000015 0.00000607
Z5(x) 0.0002293 0.00928
Z6(x) 0 0

∑	αk = 0.0247 ∑	Wk	=0.99≈1.00
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 WkZk(x) + d ≥ WkMk,(This is the required constraint equation) (92)

 d ≥ 0 (93)

Now the requisite equations are:

 Minimize ‘d’, subjected to: (94)

 0.2429 (2.4 x11 + 3.4 x12 + 3.9 x13 + 3.6 x14 + 1.6 x15 + 4.2 x21  
 + 1.3 x22 + x23) + d ≥ 0.2429 × 641.29, or 

 0.582 x11 + 0.826 x12 + 0.947 x13 + 0.875 x14 + 0.389 x15  

 + 1.02 x21 + 0.315 x22 + 0.2429 x23+ d ≥ 155.77 (95)

 0.1052 (6.5 x11 + 7.1 x12 + 8 x13 + 2 x14 + 30 x16 + 7 x17  

 + 8.5 x21 + 20x24 + 3 x25) + d ≥ 0.1052 × 2965.08, or 

 0.684 x11 + 0.746 x12 + 0.841 x13 + 0.210 x14 + 3.156 x16  

 + 0.736 x17 + 0.894 x21 + 2.104 x24 + 0.315 x25 + d ≥ 311.92  (96)

 0.6437 (15 x17 + 15 x25) + d ≥ 0.6437 × 1743.9, or  
 9.65 x17 + 9.65 x25 + d ≥ 1122.54   (97)

 [0.00000607 (7051 x11 + 13822 x12 + 14458 x13 + 10378 x14  

 + 40073 x15 + 10800 x16 + 12444 x17 + 15606 x21 + 9108 x22  

 + 24263 x23 + 7200 x24+ 9516 x25)] + d ≥ 0.00000607 × 5715339, or 

 0.0428 x11 + 0.0838 x12 + 0.0877 x13 + 0.063 x14 + 0.2432 x15  
 + 0.0655 x16 + 0.0755 x17 + 0.0947 x21 + 0.0552 x22 + 0.1472 x23  
 + 0.0437 x24+ 0.0577 x25 + d ≥ 34.692 (98)

 [0.00928 (102 x11 + 132 x12 + 165 x13 + 160 x14 + 93 x15  
 + 60 x16 + 185x17 + 165 x21 + 100 x22 + 65 x23 + 90 x24  
 + 185 x25)] + d ≥ 0.00928 × 54005, or 

 0.946 x11 + 1.224 x12 + 1.531 x13 + 1.484 x14 + 0.863 x15  
 + 0.556 x16 + 1.716 x17 + 1.531 x21 + 0.928 x22 + 0.603 x23  
 + 0.835 x24+ 1.716 x25 + d ≥ 501.166 for (99)

 d ≥ 0  (100)
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Solving equations 94 to 100, the first compromise solution set is obtained. 
These compromise solution set gives new function values. The percentage 
difference between these compromise value and optimum value is calcu-
lated. These values will help in deciding the achievement levels and trade-
off between different objectives. The solution of the above equation gives 
the value of the variable as follows:

 x11 = 0    x21 = 18.88 

 x12 = 81.64 x22 = 26.59 

 x13 = 18.88 x23 = 32.28 

 x14 = 22.79 x24 = 28.80 

 x15 = 22.95 x25 = 58.93 

 x16 = 28.80 x8 = 27.54 

 x17 = 58.93 d = 3.4 

Putting these values, 1st compromise solution for different objectives is 
obtained. Differences in percentage of 1st compromise solution from the 
maximum value are given in Table 4.21.

From Table 4.21, it is observed that the objectives 2, 3, 4, and 6 have 
been satisfactorily achieved the maximum value, whereas objectives 1 and 
5 are within the permissible range. Decision maker (DM: here the author) is 

TABLE 4.21 First Compromise Solution

Objective function Maximum value First compromise 
solution

% difference from 
maximum value

Z1(x) 641.29 616.30* 3.89
Z2(x) 2965.08 2964.37* 0.24
Z3(x) 1743.9 1743.9* 0
Z4(x) 5715339 5690950* 0.04
Z5(x) 54006 53676* 0.7
Z6(x) 57.84 57.84* 0

*Satisfactorily achieved objectives (if percentage difference between first compromise solution and 
maximum value is within 5% then the objective function is considered to be satisfactorily achieved).
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satisfied with this solution, so there is no need of further iteration. So from 
the above solution, the DM believed that if the land is put under the follow-
ing crops and plantation activities taken with desired inputs, the achieve-
ment levels will be satisfactory (Table 4.22).

Achievement level of the selected objectives

1. Food production   = 616.30 ton
2. Fodder production   = 2964.37 ton
3. Fuel wood production   = 1743.90 ton
4. Net income from field crops  = Rs. 56,90,950.00
5. Labor employment generation  = 53676 man-days
6. Run off volume augmentation  = 57.84 ha-m

4.5.3.4 Food Grain Production

Food grain production from different crops based on the feasible land alloca-
tion plan is given in Table 4.23. It is found that the percent increase of food 

TABLE 4.22 Land Allocation Proposals for the Watershed

Crop Land allocation, ha

Kharif

1. Paddy (medium land) 81.64
2. Paddy(low land) 18.88
3. Maize 22.79
4. Arhar 22.95
5. Hybrid Napierbajra grass 28.80
6. Subabool 58.93
Subtotal 234 = A
Rabi

1. Paddy(low land) 18.88
2. Mustard 26.59
3. Mung 32.28
4. Hybrid Napierbajra grass 28.80
5. Subabool 58.93
Subtotal 165.48 = B
Grand total, A + B = 399.48
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grains of paddy and maize as per land allocation plan is more than 100% and 
the highest being obtained from the mustard (1510.46%), whereas the other 
crops just meet the requirement of the people of the watershed. The result 
of requirement versus achievement of different food grains inside the water-
shed is shown graphically in Figure 4.6.

4.5.3.4.1 Achievement of Calorie and Protein

The total calorie and protein available from different field crops as per land 
allocation plan are estimated and the values are presented in Table 4.24. 
The table showed that the calorie and protein requirements are sufficiently 
more than the requirements for the people of the watershed.

4.5.3.5 Fodder and Fuel Wood Production in the Watershed

Fodder and fuel wood productions from different crop activities are pre-
sented in Table 25.

TABLE 4.23 Food Grain Productions in the Watershed

Crop Food grain requirement 
in the watershed(ton)

Food grain achieved 
in the watershed(ton)

Percent increase 
over requirement

Paddy 325.54 420.65 29.22
Maize 73.45 79.89 8.77
Arhar 36.72 36.72 0
Mustard 34.57 34.57 0
Mung 30.47 32.28 5.94
Total 500.75 604.11 20.64

FIGURE 4.6 Food grain requirements vs. Food grain achievement.
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4.5.3.6 Economics of the Proposed Planning

The compromised land allocation plan obtained for different crops was 
found out. The economics of the suggested crops in compromised land allo-
cation planning is given in Table 4.26.

TABLE 4.24 Achievement of Calorie and Protein

Nutrients Nutrient 
requirement in the 
watershed

Total nutrient 
achievement in the 
watershed

Percent increase over 
requirement

Calorie, Kcal 2,000,711 2,075,676 3.74
Protein, kg 51,391.00 59,378.26 15.54

TABLE 4.25 Fodder and Fuel Wood Achievement in the Watershed

Materials Requirement 
(tons)

Dry 
fodder 
achieved 
(tons)

Green 
fodder 
achieved 
(tons)

Fuel wood 
achieved 
(tons)

Total 
(tons)

Percent 
increase 
over 
requirement

Fodder 1420 925.64 2001.30 2926.94 106.12
Fuel wood 1680 - - 1743.9 1743.9 3.80

TABLE 4.26 Economics of the Suggested Crops in Compromised Land Allocation 
Planning

Crop Area 
allocated 
(ha)

Cost of 
produce 
Rs./ha

Total cost 
of produce 
(Rs.)

Cost per 
ha(Rs.)

Total cost of 
production 
(Rs.)

Net benefit B-C 
ratio

Kharif season – A

Medium 
land paddy

81.64 51640 4215889.6 37818 3087461.52 1128428.08

Low land 
paddy

18.88 59090 1115619.2 44632 842652.16 272967.04

Maize 22.79 48160 1097566.4 37782 861051.78 236514.62
Arhar 22.95 68800 1578960 28727 659284.65 919675.35
Hybrid 
Napierbajra 
grass

28.80 45000 1296000 34200 984960 311040

Subabool 58.93 52250 3079092.5 40172 2367335.96 711756.54

Total = A 12383127.7 8802746.07 3580381.63 1.40
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From the results obtained for maximization of different objectives, maxi-
mization of production of food, fodder, fuel wood is more compromising to 
the policies of the government, because government is interested in maxi-
mum production. Similarly the maximization of benefit is beneficial to the 
farmers. Maximization of labor employment is best suited to the unemploy-
ment status of the area and economic status of the watershed. It is left to the 
Govt. and the people of the watershed either to adopt compromise solution 
or one of the optimal solutions described earlier, as per their own option 
depending upon the situation.

4.6 CONCLUSIONS

1. Among different methods and interactive techniques, the step method 
is found to be best suited method to derive the compromise solution in 
watershed management program, because it can accommodate the prob-
lems encountered and is easy to understand.

2. As watershed management involves multi-disciplinary activities with 
special objectives like food, fodder, fuel wood production, maximiza-
tion of net income from field crops, etc. Multi objective approach is 
found to be suitable approach for watershed management program.

Crop Area 
allocated 
(ha)

Cost of 
produce 
Rs./ha

Total cost 
of produce 
(Rs.)

Cost per 
ha(Rs.)

Total cost of 
production 
(Rs.)

Net benefit B-C 
ratio

Rabi season – B

Low land 
paddy

18.88 63520 1199257.6 47914 904616.32 294641.28

Mustard 26.59 39000 1037010 29787 792036.33 244973.67
Mung 32.28 45000 1452600 20260 653992.8 798607.2
Hybrid 
Napierbajra 
grass

28.80 30000 864000 22800 656640 207360

Subabool 58.93 42750 2519257.5 32868 1936911.24 582346.26
Total = B 7072125.1 4944196.69 2127928.41 1.43
Grand Total, A + B = 19455252.8 13746942.76 5708310.04 1.42

TABLE 4.26 Continued
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 3. The interactive method gave the best result for the planning of the water-
shed from the farmers social and economical point of view.

 4. Various biological measures have been suggested for the watershed 
depending upon the soil, slope and land capability of the area.

 5. The compromise solution developed will help the decision maker to 
generate new compromise solution by judging satisfactory objectives.

 6. The optimal land allocation plan in ha for kharif and rabi season obtained 
was as follows:

Optimal land allocation, ha

Kharif Rabi

Paddy (medium land) 81.64 Paddy(low land) 18.88
Paddy(low land) 18.88 Mustard 26.59
Maize 22.79 Mung 32.28
Arhar 22.95 Hybrid Napierbajra grass 28.80
Hybrid Napierbajra grass 28.80 Subabool 58.93
Subabool 58.93

 7. The optimal value of different objectives obtained in the model is given 
below:

a. Food production  616.30 ton
b. Fodder production 2964.37 ton
c. Fuel wood production 1743.90 ton
d. Net income from field crops Rs. 56,90,950.00
e. Labor employment generation 53676 man-days
f. Run off volume augmentation 57.84 ha-m

 8. The cropping intensity of the proposed planning is found to be 170.71% 
against the existing cropping intensity of 104%

 9. The cost economics of the crops suggested in the proposed plan-
ning has been calculated and it has been found that the total benefit is 
Rs. 5,690,950.00

10. The benefit-cost ratio of the proposed planning in kharif season is 1.40 
and in rabi season, it is 1.43. The resultant benefit-cost ratio of the 
planning is 1.42, which shows the economic viability of the proposed 
program.
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11. The planning shows that, total land resources utilized in both the sea-
son is 399.48 ha and total water resources utilized in both the season is 
229.61 ha-m.

12. The results obtained from maximization of production and maximization 
of income appears to be more compromising and beneficial to govern-
ment and to the farmers as the farmer is interested in maximum income 
from his crops and government has the aim for maximum production of 
food grains and fodder from unit land area.

If the proposed planning with the suggested measures is taken, then the 
socio-economic standard of the watershed inhabitants can be increased to a 
reasonable stage. It is hoped that this compromise land allocation plan along 
with suggested land treatment measures, if implemented will help to boost 
the standard of living of the people of the watershed.

4.7 SUMMARY

In this chapter, the main objective was to come out with a solution to 
react against the different problems in the watershed considering various 
requirements and resources available for planning. The planning for proper 
management of the Badabandha Nala watershed was carried through inter-
active multi objective linear modeling considering six basic objectives. 
The interactive multi objective model comprises objectives like maximi-
zation of food, fodder, fuel wood, net income generation from field crops, 
labor employment generation and runoff water augmentation. These objec-
tives were solved under a set of 38 resource constraints and requirement of 
the people and the livestock in the watershed. The management plan also 
includes some biological measures proposed for future development of the 
watershed. In biological measures, the management plan consists of proper 
agricultural inputs, improved varieties of crops, crop rotation and fertilizer 
management.

The multi objective mathematical model was formulated and the solution 
was obtained by one computer software package Quick Statistical Business 
software (QSB). The solution was analyzed with an interactive technique 
known as step method. By this method a compromised land allocation plan 
under different crops and plantation activities was obtained.
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APPENDIX I COST OF CULTIVATION AND NET RETURN OF 
PADDY (UP LAND) AND KHARIF (BROADCASTED): RS./HA

S, No. Components Unit Rate (Rs.) Total (Rs.)

1. Cost of seed 80 kg/ha Rs. 15/kg 1200.00
2. Cost of seed treating 

chemical
2 gm/kg Rs. 1.60/gm 256.00

3. Farm yard manure 5MT Rs. 600/MT 3000.00
4. Chemical Fertilizer

N 60 kg Rs. 12.70/kg 762.00
P2O5 30 kg Rs. 37.50/kg 1125.00
K2O 30 kg Rs. 20.80/kg 624.00

5. Micro nutrient 500.00
6. Cost of PP chemicals 2 Nos. Rs. 400/No. 800.00
7. Weedicide 1 kg Rs. 400/kg 400.00
8. Tractor operation 11 hrs. Rs. 400/hr 4400.00
9. Bullock labor 5 Nos. Rs. 150/Nos. 750.00
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APPENDIX II COST OF CULTIVATION AND NET RETURN OF 
PADDY (MEDIUM LAND) – KHARIF (BROADCASTED): RS./HA

S. No. Components Unit Rate (Rs.) Total (Rs.)

1. Cost of seed 80 kg/ha Rs. 15/kg 1200.00
2. Cost of seed treating chemical 2 gm/kg Rs. 1.60/gm 256.00
3. Farm yard manure 5MT Rs. 600/MT 3000.00
4. Chemical Fertilizer

N 80 kg Rs. 12.70/kg 1016.00
P2O5 40 kg Rs. 37.50/kg 1500.00
K2O 40 kg Rs. 20.80/kg 832.00

5. Micro nutrient 500.00
6. Cost of PP chemicals 2 Nos. Rs. 400/No. 800.00
7. Weedicide 1 kg Rs. 400/kg 400.00
8. Tractor operation 14 hrs. Rs. 400/hr 5600.00
9. Bullock labor 5 Nos. Rs. 150/Nos. 750.00
10. Human labor 132 MD Rs. 150/MD 19800.00
11. Irrigation - - -
12. Total investment 35654.00
13. Interest on investment 6 month 12% 2139.00
14. Land revenue 25.00
15. Total cost of cultivation 37818.00

S, No. Components Unit Rate (Rs.) Total (Rs.)

10. Human labor 102 MD Rs. 150/MD 15300.00
11. Irrigation - - -
12. Total investment 29117.00
13. Interest on investment 6 month 12% 1747.00
14. Land revenue 25.00
15. Total cost of cultivation 30889.00
16. Total yield

Grain 24 qt Rs. 1310/qt 31440.00
Straw 65 qt Rs. 100/qt 6500.00

17. Gross income 37940.00
18. Net return = S. No. 17 – S. No. 15 = 7051.00

Continued
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APPENDIX III COST OF CULTIVATION AND NET RETURN OF 
PADDY (LOW LAND)- KHARIF (BROADCASTED), RS./HA

S. No. Components Unit Rate ( Rs.) Total (Rs.)

1. Cost of seed 60 kg/ha Rs. 15/kg 900.00
2. Cost of seed treating 

chemical
2 gm/kg Rs. 1.60/gm 192.00

3. Farm yard manure 5MT Rs. 600/MT 3000.00
4. Chemical Fertilizer

N 84 kg Rs. 12.70/kg 1066.80
P2O5 44 kg Rs. 37.50/kg 1650.00
K2O 42 kg Rs. 20.80/kg 873.00

5. Micro nutrient 500.00
6. Cost of PP chemicals 2 Nos. Rs. 400/No. 800.00
7. Weedicide 1 kg Rs. 400/kg 400.00
8. Tractor operation 18 hrs. Rs. 400/hr 7200.00
9. Bullock labor 5 Nos. Rs. 150/Nos. 750.00
10. Human labor 165 MD Rs. 150/MD 24750.00
11. Irrigation - - -
12. Total investment 42082.00
13. Interest on investment 6 month 12% 2524.00
14. Land revenue 25.00
15. Total cost of cultivation 44632.00
16. Total yield

Grain 39 qt Rs. 1310/qt 51090.00
Straw 80 qt Rs. 100/qt 8000.00

17. Gross income 59090.00
18. Net return = (S. No. 17 – S. No. 15) = 14458.00

S. No. Components Unit Rate (Rs.) Total (Rs.)

16. Total yield
Grain 34 qt Rs. 1310/qt 44540
Straw 71 qt Rs. 100/qt 7100.00

17. Gross income 51640
18. Net return = (S. No. 17 – S. No. 15) = 13822.00

Continued
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APPENDIX V COST OF CULTIVATION AND NET RETURN OF 
ARHAR (KHARIF), RS./HA

S. No. Components Unit Rate (Rs.) Total (Rs.)

1. Cost of seed 20 kg/ha Rs. 25/kg 500.00
2. Cost of seed treating chemical 3 gm/kg Rs. 1.60/gm 96.00
3. Farm yard manure 5 MT Rs. 600/MT 3000.00

APPENDIX IV COST OF CULTIVATION AND NET RETURN OF 
MAIZE (KHARIF), RS./HA

S. No. Components Unit Rate (Rs.) Total (Rs.)

1. Cost of seed 15 kg/ha Rs. 40/kg 600.00
2. Cost of seed treating 

chemical
2 gm/kg Rs. 1.60/gm 72.00

3. Farm yard manure 5MT Rs. 600/MT 3000.00
4. Chemical Fertilizer

N 80 kg Rs. 12.70/kg 1016.00
P2O5 40 kg Rs. 37.50/kg 1500.00
K2O 40 kg Rs. 20.80/kg 832.00

5. Micro nutrient - - -
6. Cost of PP chemicals 2 Nos. Rs. 400/No. 800.00
7. Weedicide 1 kg Rs. 600/kg 600.00
8. Tractor operation 8 hrs. Rs. 400/hr 3200.00
9. Bullock labor - - -
10. Human labor 160 MD Rs. 150/MD 24000.00
11. Irrigation - - -
12. Total investment 35620.00
13. Interest on investment 6 month 12% 2137.00
14. Land revenue 25.00
15. Total cost of cultivation 37782.00
16. Total yield

Grain 36 qt Rs. 1310/qt 47160.00
Straw 20 qt Rs. 50/qt 1000.00

17. Gross income 48160.00
18. Net return = (S. No. 17 – S. No. 15) = 10378.00
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S. No. Components Unit Rate (Rs.) Total (Rs.)

4. Chemical Fertilizer
N 20 kg Rs. 12.70/kg 254.00
P2O5 40 kg Rs. 37.50/kg 1500.00
K2O 20 kg Rs. 20.80/kg 416.00

5. Micro nutrient 1000.00
6. Cost of PP chemicals 2 Nos. Rs. 500/No. 1000.00
7. Weedicide 0.75 kg Rs. 600/kg 450.00
8. Tractor operation 5 hrs. Rs. 400/hr 2000.00
9. Bullock labor 3 Nos. Rs. 150/Nos. 450.00
10. Human labor 93 MD Rs. 150/MD 13950.00
11. Irrigation - - -
12. Total investment 24616.00
13. Miscellaneous 10% 2461.60
14. Interest on investment 6 month 12% 1264.65
15. Land revenue 25.00
16. Total cost of cultivation 28727.00
17. Total yield

Grain 16 qt Rs. 4300/qt 68800.00
18. Gross income 68800.00
19. Net return = (S. No. 18 – S. No. 16) = 40,073.00

APPENDIX VI COST OF CULTIVATION AND NET RETURN OF 
PADDY (LOW LAND)-RABI (TRANSPLANTED): RS./HA

S. No. Components Unit Rate (Rs.) Total (Rs.)

1. Cost of seed 60 kg/ha Rs. 15/kg 900.00
2. Cost of seed treating chemical 3 gm/kg Rs. 1.60/gm 288.00
3. Farm yard manure 5MT Rs. 600/MT 3000.00
4. Chemical Fertilizer

N 84 kg Rs. 12.70/kg 1066.80
P2O5 44 kg Rs. 37.50/kg 1650.00
K2O 42 kg Rs. 20.80/kg 873.00

5. Micro nutrient 500.00
6. Cost of PP chemicals 2 Nos. Rs. 400/No. 800.00
7. Weedicide 1 kg Rs. 400/kg 400.00
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APPENDIX VII COST OF CULTIVATION AND NET RETURN OF 
MUSTARD (RABI): RS./HA

S. No. Components Unit Rate (Rs.) Total (Rs.)
1. Cost of seed 10 kg/ha Rs. 30/kg 300.00
2. Cost of seed treating chemical 3 gm/kg Rs. 1.60/gm 48.00
3. Farm yard manure 5MT Rs. 600/MT 3000.00
4. Bio-fertilizer 200.00
5. Chemical Fertilizer

N 60 kg Rs. 12.70/kg 762.00
P2O5 30 kg Rs. 37.50/kg 1125.00
K2O 30 kg Rs. 20.80/kg 624.00

6. Micro nutrient 1000.00
7. Cost of PP chemicals 2 Nos. Rs. 500/No. 1000.00
8. Weedicide 0.78 kg Rs. 600/kg 468.00
9. Tractor operation 8 hrs. Rs. 400/hr 3200.00
10. Bullock labor 3 Nos. Rs. 150/Nos. 450.00
11. Human labor 100 MD Rs. 150/MD 15000.00
12. Irrigation 3 Nos. Rs. 300/Nos. 900.00
13. Total investment 28077.00
14. Interest on investment 6 month 12% 1684.62

S. No. Components Unit Rate (Rs.) Total (Rs.)

8. Tractor operation 18 hrs. Rs. 400/hr 7200.00
9. Bullock labor 5 Nos. Rs. 150/No. 750.00
10. Human labor 165 MD Rs. 150/MD 24750.00
11. Irrigation 15 Nos. Rs. 200/No. 3000.00
12. Total investment 45178.00
13. Interest on investment 6 month 12% 2710.70
14. Land revenue 25.00
15. Total cost of cultivation 47914.00
16. Total yield

Grain 42 qt Rs. 1310/qt 55020.00
Straw 85 qt Rs. 100/qt 8500.00

17. Gross income 63520.00
18. Net return = (S No. 17 - S No. 15) = 15606.00

Continued



Watershed Planning Using Interactive Multi Objective 215

APPENDIX VIII COST OF CULTIVATION AND NET RETURN OF 
MUNG (RABI): RS./HA

S. No. Components Unit Rate (Rs.) Total (Rs.)

1. Cost of seed 25 kg/ha Rs. 30/kg 750.00
2. Cost of seed treating chemical 3 gm/kg Rs. 1.60/gm 120.00
3. Farm yard manure 3 MT Rs. 600/MT 1800.00
4. Chemical Fertilizer

N 20 kg Rs. 12.70/kg 254.00
P2O5 40 kg Rs. 37.50/kg 1500.00
K2O 20 kg Rs. 20.80/kg 416.00

5. Micro nutrient - - -
6. Cost of PP chemicals 2 Nos. Rs. 500/No. 1000.00
7. Weedicide 0.75 kg Rs. 600/kg 450.00
8. Tractor operation 5 hrs. Rs. 400/hr 2000.00
9. Bullock labor 3 Nos. Rs. 150/Nos. 450.00
10. Human labor 65 MD Rs. 150/MD 9750.00
11. Irrigation 2 Nos. Rs. 300/No. 600.00
12. Total investment 19090.00
13. Interest on investment 6 month 12% 1145.40
14. Land revenue 25.00
15. Total cost of cultivation 20260.00
16. Total yield

Grain 10 qt Rs. 4500/qt 45000.00
Straw - - -

17. Gross income 45000.00
18. Net return = (S. No. 17 – S. No. 15) = 24263.00

Continued

S. No. Components Unit Rate (Rs.) Total (Rs.)
15. Land revenue 25.00
16. Total cost of cultivation 29787.00
17. Total yield

Grain 13 qt Rs. 3000/qt 39000.00
18. Gross income 39000.00
19. Net return = (S No. 18 - S No. 16) = 9108.00
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APPENDIX X COST OF CULTIVATION AND NET RETURN 
FROM THE SUBABOOL PLANTATION THROUGHOUT THE YEAR 
(KHARIF & RABI): RS./HA

S. No. Components Unit Rate (Rs.) Total (Rs.)

1. Site preparation including soil 
work

80 MD Rs. 150/MD 12000.00

2. Alignment & staking 60 MD Rs. 150/MD 9000.00
3. Cost of plants 5500 Nos. Rs. 3/No. 16500.00
4. Planting and gap filling 70 MD Rs. 150/MD 10500.00
5. Weeding, mulching, etc. 80 MD Rs. 150/MD 12000.00

APPENDIX IX COST OF CULTIVATION AND NET RETURN OF 
HYBRID NAPIER BAJRA GRASS THROUGHOUT THE YEAR-(KHARIF 
& RABI): RS./HA

Season wise Net return from the grass

Season Yield Price

Kharif 30 10800

Rabi 20 7200

Total 18000

S. No. Components Unit Rate (Rs.) Total (Rs.)

1. Cost of planting 40000 slips/ha Rs. 0.40/slips 16000.00
2. Farm yard manure 8 MT Rs. 600/MT 4800.00
3. Chemical Fertilizer 4000.00
4. Tractor operation 7 hrs. Rs. 400/hr 2800.00
5. Bullock labor 2 Nos. Rs. 200/Nos. 400.00
6. Plant protection 4 Nos. Rs. 500/No. 2000.00
7. Human labor 150 MD Rs. 150/MD 22500.00
8. Irrigation 4500.00
9. Total investment 57000.00
10. Total yield

Fodder 500 qt Rs. 150/qt 75000.00
11. Gross income 75000.00
12. Net return = (S No. 11- S No. 9) = 18000.00
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S. No. Components Unit Rate (Rs.) Total (Rs.)

6. Cost of insecticides 440.00
7. Protection and fencing 80 MD Rs. 150/MD 12000.00
8. Irrigation 2 Nos. Rs. 300/No. 600.00
9. Total investment 73040.00
10. Total yield

Fuel wood 30 t/yr Rs. 3000/t 90000.00
Leafs 100 qt/yr Rs. 50/qt 5000.00

11. Gross income 95000.00
12. Net return = (S.No. 11 – S.No. 9) = 21,960.00

Season wise Net return from the Subabool plantation

S. No. Season Yield (t/ha) Total

Fodder Fuel wood

1. Kharif 7 15 12444
2. Rabi 3 15 9516
Total 21960

APPENDIX XI CALCULATION OF FOOD REQUIREMENT

Per capita food requirement

F MF N FF N CF N
Total populationn

n m n f n c=
+ + , where:

MFn, FFn, CFn are the food requirements of male, female and children respec-
tively in gms/day. Nm, Nf, Nc are the number of male, female and children 
respectively.

Total food requirement in quintals = Fn× total population × 365

1. Paddy, Fn= 400 1124 350 995 275 185
2304

× + × + ×  = 368.37 gms/person/day

Paddy requirement for the total watershed  = 368 37 2304 365
1000000

. × ×  

 = 309.78 ≈ 310 ton

Continued
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2. Maize, Fn= 200 1124 150 995 100 185
2304

× + × + ×  = 170.38 gms/person/day

Maize requirement of the watershed = 170 38 2304 365
1000000

. × ×  = 143.28 tons

3. Arhar, Fn= 50 1124 40 995 25 185
2304

× + × + ×  = 43.67 gms/person/day

Arhar requirement of the watershed = 43 67 2304 365
1000000

. × ×  = 36.72 tons

4. Mustard, Fn= 50 1124 35 995 20 185
2304

× + × + ×  = 41.11 gms/person/day

Mustard requirement of the watershed = 41 11 2304 365
1000000

. × ×  = 34.57 tons

5. Mung, Fn = 40 1124 35 995 20 185
2304

× + × + ×  = 36.23 gms/person/day

6. Mung requirement of the watershed = 36 23 2304 365
1000000

. × ×  = 30.47 tons

SUMMARY

S. No. Food requirement Estimated quantity (tons)

1. Paddy 309.78
2. Maize 143.28
3. Arhar 36.72
4. Mustard 34.57
5. Mung 30.47

APPENDIX XII CALCULATION OF NUTRITIONAL REQUIREMENT

1. Calorie Need:
Calorie need/person/day(C)

 C = C ×N +C ×N +C ×N
Total population

m m f f c c

where, Cm, Cf and Cc are the calorie need of the male, female and chil-
dren respectively. Total calorie need of the people (CP)
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CP = C × population × days, where:

C = 2600 1124 2200 995 2000 185
2304

× + × + ×  = 2379.08 cal/person/day

Total calorie need of the people of the watershed = (2379.08×2304× 
365)/1000 = 2000711 Kcal

2. Protein need:
Protein need/person/day (P)

P = P ×N +P ×N +P ×N
Total population

m m f f c c

Where: Pm, Pf and Pc are the protein need of the male, female and chil-
dren respectively. Total protein need of the people (PP)
PP = P × population × days; P = 70 1124 55 995 40 185

2304
× + × + ×  = 61.11 gms/

person/day
Total protein need of the people of the watershed = (61.11 × 2304 × 
 365)/1000 =25556 kg

APPENDIX XIII MONTH WISE LABOR REQUIREMENT OF 
DIFFERENT CROPS PROPOSED IN THE WATERSHED

Crop Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1. Kharif

Paddy-I - - - - - 30 20 15 7 30 - -

Paddy-II - - - - - 30 35 20 12 35 - -

Paddy-III - - - - - 30 35 30 30 40 - -

Maize - - - - - 35 30 15 20 60 - -

Arhar - - - - - 15 20 10 23 25 - -

2. Rabi

Paddy-III 35 30 30 40 - - - - - - - 30

Mustard 15 10 25 30 - - - - - - - 20

Mung 10 10 10 25 - - - - - - - 10
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Total labor requirement of different crops

Paddy- 
I

Paddy-
II

Paddy-
III

Maize Arhar Paddy- 
III

Mustard Mung Hybrid 
Napier 
Bajra 
grass

Subabool

102 132 165 160 93 165 100 65 150 370

APPENDIX XIV CALCULATION OF FODDER REQUIREMENT OF 
LIVESTOCK IN THE WATERSHED

S. No. Animals Body weight 
of animal (qt)

No. of 
animals

Feed rate per 
qt of body 
weight (kg/day)

Fodder requirement 
(kg/day)

1. Bullock 4.5 82 3.0 1107
2. Cow 4.0 200 2.7 2160
3. Buffaloes 6.0 20 3.5 420
4. Sheep 0.7 58 2.5 102
5. Goat 0.45 112 2.0 100.8

Total 3889.80 kg/day

Total fodder requirement in a year = 3889.80 × 365/1000 = 1419.77 ≈1420 ton (each green and dry 
fodder)

APPENDIX XV CALCULATION OF FUEL WOOD REQUIREMENT

S. No. Name of the village No. of families per village

1. Jadupur 0
2. Ghasedihi 208
3. Barapatna 111

Crop Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Hybrid Napierbajra 
grass

10 15 15 10 30 25 10 10 5 - 10 10

Subabool 20 15 10 10 90 20 10 30 25 10 110 20

Continued
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S. No. Name of the village No. of families per village

4. Panchugaon 230
5. Nachhipur 61

Total 610

By analyzing the data it is found that the no of house hold, which are well-
off according to their economic and social scenario are 210. Assuming the 
average family consumption of fuel wood as 350 kg/family/month, the total 
annual fuel wood requirement is = 350 × 400 × 12/1000 = 1680 ton.

Continued
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5.1 INTRODUCTION

Paddy (Oryza sativa) is grown over a total area of 159 million ha [5]. It is the 
largest consumer of irrigation water [20]. The contribution of paddy yield as 
a percentage of global paddy yield from irrigated, rainfed, upland and food 
prone ecosystems is 76%, 17%, 4% and 3%, respectively [9]. About 25–33% 
of world’s fresh water is used for irrigation exclusively in paddy cultivation. 
In Asia, more than 80% of the developed freshwater resources are used for 
irrigation of which, paddy cultivation consumes more than 90% of irrigation 
water. By 2025, it is expected that 2 million ha of Asia’s irrigated dry-season 
rice and 13 million ha of its irrigated wet season rice will experience physi-
cal water scarcity, and most of the approximately 22 million ha of irrigated 
dry season rice in South and Southeast Asia will suffer economic water scar-
city [19]. Drought is one of the main constraints to high yield in rainfed rice 
production systems in both the lowlands and the uplands. In India, paddy is 
grown over an area of 43 million ha with an annual production of 124 mil-
lion tons [10] and average productivity is only 2–3.5 tons/ha [24].

As paddy is one of the high water requiring crops, which likes to grow 
“with the feet in the water,” the large volume of water should be applied 
efficiently minimizing loss constraints. However, poor water use efficiency 
(WUE) is a major management constraint in lowland paddy production sys-
tems. The WUE for transplanted paddy is only 20–30% [19, 21]. Generally, 
a substantial amount of applied water is lost during land preparation of soil 
from bypass flow through cracks [4], by deep percolation from root zone, 
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seepage through bunds [11–13] and evapotranspiration [7, 8, 17]. Wopereis 
et al. [22] estimated cumulative seepage and percolation (SP) losses during 
a crop cycle for a well-puddled paddy field alone to be as high as 350 cm. 
Paddy crop has some sensitivity to water stress and some tolerance to water 
excess. Therefore, water condition of paddy field is to be controlled to keep 
adequate water supply under submergence condition, usually eliminating the 
risk of water deficit.

Field experiment was conducted in a site in Bhubaneswar [15] for water 
balance study in order to estimate optimum dike height in an irrigated paddy. 
Proper irrigation management demands application of water at the time of 
actual need of the crop with just enough water to wet the effective root zone 
soil. The interval between two irrigations should be as wide as possible 
to save irrigation water without adversely affecting the growth and yield. 
Hence, water saving irrigation practices are being promoted during the last 
two decades of research on enhancing rice productivity [1, 2, 14, 24]. It is 
important to calculate the irrigation water requirement and other water bal-
ance parameters of paddy grown under various water management practices 
in the area of interest. Moreover, typical water-saving schemes in paddy 
production systems involve alternate wetting and drying conditions in low-
land paddy soils [3, 18] leading to unsaturated soil water regimes. Recently, 
Yang et al. [23] showed 7–11% increase in yield with up to 38% reduction in 
irrigation water by maintaining critical soil water potential (SWP) at 15 kPa. 
This will help in assessing how yield will be affected by different water 
management practices saving different amount of irrigation water.

Because of the intensification of agriculture, per capita availability of 
water resources is declining day by day in many Asian countries. It is esti-
mated that in India by the year 2050, the share of water for irrigation in 
agriculture will dwindle to 70% from the present share of 80% now. The 
declining water resources and the reduced share of its availability for agri-
culture have affected all the rainfed rice farmers. It is high time now to save 
the costly irrigated water and economize its use in agriculture. Since rice is 
a major water-consuming crop, it is important to save the irrigation water 
in rice field with new and innovative techniques of irrigation and water 
management.

In rainfed ecosystem, there is no facility of providing supplemental irri-
gation to crop and rice farmers entirely depend on rainfall and its distribu-
tion for growth and production of crop. Since, rainfall is highly erratic and 
uneven in distribution and onset and withdrawal of monsoon in the study 
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region are highly erratic, users prefer to store maximum amount of rainfall 
in the field (high ponded depth) by increasing dike height. This eliminates 
the chances of failure of the crop yield, minimizes irrigation frequencies and 
amounts. But they are not aware what should be the optimum dyke height in 
their rice fields. The study has revealed some farmers keep more than 60 cm 
dyke height, which is oversize and hence causes losses of crop field towards 
construction of dyke. Some keep as low as 10–15 cm dike height, which is 
undersize and cannot store maximum rainwater in the field. Hence, there is 
a need to study and find out what should be the optimum dyke height so that 
it will be economical and at the same time can store maximum rainwater in 
the rice field.

Ponding water depth is related to many hydrologic parameters like rain-
fall, evapotranspiration, seepage and percolation, surface runoff, and irrigation 
depth, etc. It is necessary to analyze the water balance for long term, which 
takes into account the variation of rainfall over several years in order to obtain 
the estimate of the ponding condition in the field. Hence the present study was 
undertaken with the following objectives to: (i) develop a water balance model 
for rice grown in kharif season under rainfed condition; and (ii) determine 
optimum dike height in rice field for conservation of maximum rain water.

5.2 MATERIALS AND METHODS

5.2.1 STUDY SITE AND BASIC DATA

The present study on simulation of dike height of paddy field was under-
taken for the Bhubaneswar region of Odisha, Eastern India. Geographically, 
Bhubaneswar is situated in the eastern coastal plain of Odisha (Figure 5.1) and 
southwest of the Mahanadi River between 21°15’ North latitude 85°15’ East 
Longitude and at an altitude of 45 m above MSL. The study area has a tropi-
cal climate, specifically a tropical wet and dry climate. Average temperature 
ranges between a minimum of around 10°C in the winter to a maximum of 
42–45°C in summer. Sudden afternoon thunderstorms are common in April 
and May. The southwest monsoon appears in June with an average annual 
rainfall is 154 cm, most of which is recorded between June and October. 
The mean relative humidity ranges from 15.5 to 90.5%. The dominant soil 
group in the study area is sandy loam, acid lateritic with pH ranging from 
4.8 to 5.6, and poor in organic matter. The soil has very low water holding 
capacity and dries up quickly after cessation of rainfall. Hence, cultivation 
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of crop on residual moisture is difficult. Values of field capacity, wilting 
point and saturation moisture content of rice field in the study area within 
45 cm root zone depth are found to be 120, 42, and 170 mm, respectively. 
The meteorological data includes daily rainfall and pan evaporation col-
lected for 22 years from 1992 to 2013 from the meteorological station of 
Orissa University of Agriculture and Technology (OUAT), Bhubaneswar.

In the present study, dry seeded rice (DSR) grown in upland topo 
sequence in wet season/kharif (rainy) without any provision of supplemental 
irrigation (SI, i.e., rainfed) forms the basis of the modeling. The dike heights 
of the field are adequate to check any inflow to and outflow from the field. 
The rice fields are considered as leveled fields. The model uses daily rainfall 
and other climatological data, soil, and crop data of the study area. Effective 
root zone depth of rice (DSR or broadcast rice) is taken as 45 cm.

5.3 DEVELOPMENT OF WATER BALANCE MODEL

The various water balance parameters considered in the model are shown 
in Figure 5.2. The inflow to the field consists of total water supplied from 

FIGURE 5.1 Index map of study area.
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rainfall and out flow from the field consists of actual evapotranspiration, 
seepage and percolation, and surface runoff. Considering the effective root 
zone of rice as a single layer and neglecting the capillary rise of groundwater 
in upland topo sequence where groundwater lies more than 1.5 m below crop 
effective root zone, the generalized water balance model is given as:

 Si = Si-1 + Ri – AETi – SPi – SRi  (1)

where, S = soil moisture content, R = rainfall, SP = seepage and percolation 
loss, AET = actual evapotranspiration, SR = surface runoff from the field 
and sub-script i = time index taken as 1 day in the study. In the above water 
balance model, all parameters are considered in mm.

If soil moisture content in the effective root zone of rice is more than 
saturated moisture content (SAT), then ponding will occur in field. Under the 
ponding phase, water balance in rice field is given as:

 PDi =PDi-1 + Ri – AETi – SPi- SRi  (2)

where, PD is the ponding depth, mm and other terms are defined as above 
and are given in mm.

FIGURE 5.2 Water balance of rice field.
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5.3.1 WATER MANAGEMENT PRACTICE

The crop is grown under rainfed condition. Hence, there is no provision of 
supplemental irrigation to crop at any time during its growth period. The 
dike height is so constructed that it can store maximum rainwater in the 
field. However, during the initial stage when the rice seeds are broadcast in 
field and the seedlings are small, the ponded (standing) water in the field 
is harmful since it may rot the seedlings. Similarly, during the ripening/
maturity stage of rice, no standing water is allowed in the field, which will 
delay the harvest and interfere in crop reaping. In this study, no ponded 
water was allowed in the field during first 15 and the last 15 days of the 
crop growth period. Any ponding water in the field during these periods was 
drained out as surface runoff.

5.3.2 ACTUAL EVAPOTRANSPIRATION

The actual evapotranspiration (AETi) on any day ‘i’ is expressed as:

 AETi =KciKsiEToi  (3)

where, Kc = crop coefficient that depends on growth stage of the crop; Ks = 
crop stress coefficient that is a function of the relative available soil moisture 
content in the field; and ETo = reference crop evapotranspiration.

Daily ETo was estimated by Pan evaporation method for the simulation 
period. In pan evaporation method, evaporation pan provides a measurement 
of the combined effect of temperature, humidity, wind speed and sunshine 
on the reference crop evapotranspiration ETo. The value of ETo can be cal-
culated as:

 ETo= Kpan. Epan (4)

where, ETo = reference crop evapotranspiration; Kpan = pan coefficient; 
Epan = pan evaporation.

Different types of evaporation pans are being used. The best known pans 
are the class A evaporation pan (circular pan) and the Sunken Colorado pan 
(Square pan) [6]. If the water depth in the pan drops too much (due to lack 
of rain), water is added and the water depth is measured before and after the 
water is added. If the water level rises too much (due to rain) water is taken 
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out of the pan and the water depths before and after is measured. For the 
class A evaporation pan, the Kpan varies between 0.35 and 0.85, average 
Kpan = 0.70 [6]. For the sunken Colorado pan, the Kpan varies between 
0.45 and 1.10, average Kpan =0.80 [6]. The value of pan coefficient was 
taken as 0.8 for this study.

Values of Kc for rice are assumed as 1.05 during crop establishment (CE), 
1.10 during both (crop development) CD and Reproductive stage (RS), and 
0.95 for maturity stage (MS) [6]. The value of Ks in Eq. (3) is 1.0 under 
no water stress condition. But as the ponding water vanishes from the rice 
fields, soil moisture stress occurs that is usually provided by Ks, which conse-
quently decreases the value of AET. In the present study, under unsaturation 
case, Ks is assumed to vary linearly with the ratio of soil moisture content (Si) 
to saturation moisture content (SAT) that is termed as relative available soil 
moisture content [1, 17] and under ponded case it is assumed as 1. Value of 
SAT is 170 mm in 45 cm effective root zone depth of rice.

 Ksi = Si/SAT  (5)

5.3.3 SEEPAGE AND PERCOLATION

Water loss due to seepage and percolation (SP) in rice fields is often insep-
arable and so both the terms are considered as single component [21]. 
The value of SP in the rice field is an extremely variable factor depending on 
soil and drainage condition. Under different cultural and water management 
practices, the values of SP are reported to vary from one to 25 mm/day [9]. 
For rainfed upland rice when most of the time soil in the effective root zone 
depth remains under unsaturated, SP is estimated [17] as below:

 SPi = – 16.45 + 0.145 (Si-1 + Ri – AETi – SRi)  (6)

Under ponding stage, SP is estimated [17] as below:

 SPi = – 16.45 + 0.145 (PDi-1 + SAT + Ri – AETi – SRi) (7)

All terms in Eqs. (6) and (7) are expressed in mm. The value of SP in the 
model is computed at the end of each day whereas R and SR if any are 
assumed to occur at the beginning of the day. Water balance model for rain-
fed rice is run using Eqs. 1 to 6 mentioned as above on daily basis for all 
22 years of simulation from June 16 to October 3 of each year.
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5.3.4 SIMULATION OF RICE YIELD

The yields of rice are affected by soil water deficits that might occur at any 
point in the growing season due to differential irrigation. The authors have 
used the rice yield model as developed by Panigrahi [16]:

 Yar= –13.06 + 0.05 AETa1+ 0.07 AETa2 + 0.75 AETa3 + 0.45 AETa4 (8)

where, Yar = actual yield of rice (1000 kg/ha); and AETa1, AETa2, AETa3, and 
AETa4 = values of AET (cm) during CE, CD, RS and MS, respectively.

The authors have taken a short duration rice of 110 days for simulation 
of water balance model. The duration of growth stages of CE, CD, RS, and 
MS of the rice from the day of germination till harvest, and these stages were 
assumed as 25, 25, 35, and 25 days, respectively.

A computer program was written in C++ language to estimate the water 
balance model parameters. The model parameters were obtained on daily 
basis from which total values in each stage as well as that of the whole 
season were calculated. Seasonal values of water balance parameters for 
22 years are presented in Table 5.1.

The simulated water balance model parameters and the yield data are 
found to be stochastic varying from year to year. Hence, they were subjected 

TABLE 5.1 Seasonal Values of Water Balance Parameters (cm) and Yield Obtained During 
Simulation Period

Year Rainfall Actual 
evaporation

Seepage and 
percolation

Surface 
runoff

Maximum 
ponded 
depth

Yield, 
kg /ha

1992 104.4 38.5 56.8 9.1 19.9 1717.0
1993 100.9 37.7 54.4 8.8 19.0 1422.4
1994 110.2 40.1 58.8 11.3 23.3 2298.7
1995 85.7 31.2 48.9 5.6 17.2 1019.4
1996 90.7 33.5 51.2 6.0 16.5 1438.7
1997 99.5 36.8 56.6 6.1 16.2 1091.1
1998 105.6 38.9 57.2 9.5 22.4 1864.3
1999 112.7 41.0 59.6 12.1 25.6 2637.4
2000 94.6 34.4 55.6 4.6 16.9 1414.9
2001 114.7 41.1 60.8 12.8 26.1 2617.2
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to probability analysis by fitting different probability distribution functions. 
In total, the following 12 distribution functions were studied through software 
“Flood.” The distributions are (i) Normal (ii) Log Normal (2-p), (iii) Log 
Normal (3-p), (iv) Gamma (v) Extreme value (maximum), (vi) Extreme value 
(minimum), (vii) Exponential, (viii) Pearson, (ix) Log Pearson, (x) Extreme 
value type III, (xi) Generalized extreme value and (xii) Generalized Pareto 
distribution. Seasonal values of the water balance model parameters and the 
yield were predicted by different distributions at different probability levels 
(PE) from 10 to 90%. The predicted values of maximum ponding depth and 
yield are presented in Tables 5.2 and 5.3, respectively. The trend was same 
for other water balance parameters like ponding depth. Since at a given PE 
level, each distribution gives different values, it is suggested to use a best-
fit distribution to predict the variates. In the present study five statistical 
criteria are used to find out the best-fit distribution. They are (i) Chi-square 
test, (ii) mean absolute relative error (MARE), (iii) model efficiency (ME), 
(iv) root mean square error (RMSE); and (v) coefficient of determination 
(CD). These tests are described as follows:

Year Rainfall Actual 
evaporation

Seepage and 
percolation

Surface 
runoff

Maximum 
ponded 
depth

Yield, 
kg /ha

2002 100.4 36.9 55.5 8.0 21.4 1127.9
2003 111.0 40.3 63.9 6.8 22.2 2379.7
2004 103.8 38.2 58.5 7.1 18.7 1606.5
2005 78.3 29.7 43.8 4.8 16.8 919.2
2006 88.0 32.6 50.4 5 15.3 1315.9
2007 102.5 38.4 57.9 6.2 21.4 1680.1
2008 115.1 40 64.4 10.7 27.4 2269.3
2009 100.5 37.3 53.1 10.1 22.7 1275.2
2010 87.7 32 48.5 7.2 19.2 896.9
2011 90.4 33.2 51.2 6 20.1 1036.5
2012 100.4 37.8 55.5 7.1 22.6 1459.2
2013 96.6 38.6 53.3 4.7 20.1 1153.8

TABLE 5.1 Continued
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TABLE 5.2 Maximum Ponding Depth at Different Probability of Exceedance by Various Distributions

Types of distribution Probability, %

10 20 30 40 50 60 70 80 90

Normal distribution 27.9 26.6 25.5 25.0 23.8 23.1 21.8 21.0 20.1
Log normal (2-p) distribution 28.1 27.2 26.2 25.8 24.3 24.0 22.9 22.0 20.4
Log normal (3-p) distribution 28.0 27.4 26.0 25.1 24.0 23.2 22.5 21.6 21.0
Gamma distribution 27.5 26.0 25.1 24.0 22.9 22.0 21.1 20.3 19.6
Extreme value (max) distribution 25.2 24.3 23.8 23.0 22.1 21.0 19.3 18.2 17.0
Extreme value (min.) distribution 26.0 25.3 24.5 23.7 22.0 20.3 19.0 17.9 16.4
Exponential distribution 26.6 25.2 24.3 23.0 22.1 20.7 19.1 18.0 16.8
Extreme value (Type III) dist. 26.9 25.6 24.1 22.7 21.0 19.1 17.4 16.1 15.8
Log Pearson distribution 28.0 26.5 25.1 23.8 22.4 21.3 20.7 19.1 17.2
Pearson distribution 28.2 27.0 25.3 23.7 22.8 21.6 20.1 19.2 18.0
GEV distribution 28.0 26.3 25.6 24.0 22.7 21.5 20.0 18.4 17.1
Generalized Pareto distribution 26.2 25.1 23.5 22.1 21.0 20.3 19.2 18.6 16.7
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TABLE 5.3 Simulated Rice Yield (kg ha–1) at Different Probability of Exceedance by Various Distributions

Types of distribution Probability, %

10 20 30 40 50 60 70 80 90

Normal distribution 2488.3 2164.8 1890.3 1648.3 1441.6 1273.5 1138.9 1043.7 985.9
Log normal (2-p) distribution 2486.7 2167.8 1887.9 1647.0 1442.6 1275.2 1140.3 1044.6 986.2
Log normal (3-p) distribution 2480.2 2163.8 1885.3 1645.0 1440.2 1274.5 1140.0 1042.8 987.4
Gamma distribution 2482.4 2165.7 1886.4 1647.2 1441.5 1275.8 1142.5 1043.4 988.0
Extreme value (max) 
distribution

2468.8 2147.8 1867.8 1626.6 1421.6 1250.7 1123.5 1029.4 970.0

Extreme value (min.) 
distribution

2468.0 2146.5 1868.8 1625.6 1420.0 1250.1 1121.8 1028.8 968.9

Exponential distribution 2465.0 2144.3 1865.6 1624.7 1418.8 1248.7 1120.0 1027.5 968.0
Extreme value (Type III) dist. 2471.0 2148.9 1868.5 1627.3 1421.9 1250.2 1121.7 1028.9 970.1
Log Pearson distribution 2468.9 2147.9 1874.3 1630.2 1420.6 1254.9 1126.7 1028.5 970.0
Pearson distribution 2494.3 2167.8 1889.4 1652.1 1448.2 1273.8 1145.2 1055.9 991.8
GEV distribution 2498.1 2165.7 1890.2 1650.3 1445.7 1274.6 1143.7 1050.1 990.4
Generalized Pareto distribution 2470.3 2150.1 1870.0 1628.7 1422.8 1253.9 1124.5 1030.1 971.5
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The value of the Chi-square is given as:
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where, x2 is the value of chi-square, O is the observed value, and P is the pre-
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where, O and P are as defined earlier. Summation is done from i = 1 to 9, 
i.e., 10 to 90% PE and n is number of data point, i.e., 9.

Model efficiency is defined as:
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where, O
−

 is the mean of the observed data, and other parameters are as 
defined earlier.

Root mean square error is given as:
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Coefficient of determination (CD) is defined as:
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The RMSE, MARE and chi-square values indicate the extent to which 
the simulations are overestimating or underestimating the observed values. 
The smaller the RMSE, MARE and chi-square, the closer are the simulated 
values to the observed values. The CD statistics describe the ratio of the 
scatter of the simulated values to that of the observed values. CD value of 1 
indicates that the simulated values perfectly match the observed values. The 
model efficiency (ME) can have the highest value of 1. A value closer to 1 
indicates that ME is perfect and predictions are better. Observed values of 
water balance parameters and yield at 10 to 90% PE levels were predicted 
by Weibull’s distribution. The value predicted at 50% PE level by Weibull’s 
distribution is considered as the mean of the observed data. Values of Chi-
square, MARE, ME, RMSE and CD were calculated for each distribution 
using above mentioned formulae. Tables 5.4 and 5.5 represent the values of 
statistical tests for ponding depth and yield, respectively. Statistical values 
of other parameters were worked out but not presented here in this chapter 

TABLE 5.4 Statistical Parameters for Best-Fit Probability Distribution Function for 
Maximum Ponding Depth

Distribution Chi-square MARE ME RMSE CD

Normal distribution 4.47 0.169 0.969 3.37 0.71
Log normal (2-p) 
distribution

6.28 0.204 0.980 4.03 0.80

Log normal (3-p) 
distribution

5.67 0.192 0.977 3.83 0.75

Gamma distribution 2.93 0.134 0.972 2.68 0.73
Extreme value (max) 
distribution

0.55 0.052 0.960 1.12 0.68

Extreme value (min.) 
distribution

0.59 0.054 0.919 1.22 0.69

Exponential 
distribution

0.62 0.059 0.953 1.24 0.65

Extreme value  
(Type III) dist.

0.42 0.048 0.980 1.05 0.86

Log Pearson 
distribution

1.84 0.104 0.965 2.18 0.74

Pearson distribution 2.17 0.114 0.934 2.37 0.81
GEV distribution 1.75 0.099 0.946 2.15 0.76
Generalized Pareto 
distribution

0.37 0.044 0.988 0.93 0.95
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to save the space. The observed values of ponding depth and yield (worked 
out by Weibull’s distribution) and those simulated/predicted by the best-fit 
distribution as decided by the statistical tests at different PE levels are also 
shown in Tables 5.4 and 5.5, respectively.

5.4 RESULTS AND DISCUSSION

5.4.1 WATER BALANCE MODEL PARAMETERS

The water balance parameters were SMC, AET, SP, SR and ponded depth 
(PD); and these were simulated by the developed water balance model for 
kharif season for 22 years on daily basis. The daily values were used to com-
pute the seasonal values for each year. The computed seasonal values were 
found to be stochastic (Table 5.1) and so they were predicted by different 
probability density functions by using software Flood. Values of seasonal 
water balance parameters were predicted at 10–90% probability levels by 
different distributions. The values for the ponding depth and yield are pre-
sented in Tables 5.2 and 5.3, respectively.

TABLE 5.5 Statistical Parameters for Best-fit Probability Distribution Function for Yield 
Data

Distribution Chi-square MARE ME RMSE CD

Normal distribution 0.57 0.0065 0.985 5.49 0.78
Log normal (2-p) distribution 0.62 0.0069 0.976 5.09 0.76
Log normal (3-p) distribution 0.46 0.0058 0.987 4.38 0.80
Gamma distribution 0.63 0.0068 0.971 6.05 0.77
Extreme value (max) 
distribution

0.78 0.0071 0.969 7.67 0.68

Extreme value (min.) 
distribution

0.83 0.0074 0.959 10.4 0.70

Exponential distribution 0.95 0.0093 0.940 8.21 0.64
Extreme value (Type III) dist. 0.53 0.0063 0.986 4.76 0.77
Log Pearson distribution 0.89 0.0089 0.948 5.36 0.70
Pearson distribution 0.82 0.0085 0.951 3.74 0.72
GEV distribution 0.97 0.0099 0.926 4.76 0.69
Generalized Pareto 
distribution

0.38 0.0024 0.992 2.97 0.93
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5.4.1.1 Actual Evapotranspiration (AET)

Values of AET ranged from 29.7 to 41.1 cm during 22 years of simulation 
with a mean value of 36.73 cm and standard deviation of 3.37 cm. Value 
of AET was maximum for the year 2001 (41.1 cm) having experienced a 
seasonal rainfall of 114.7 cm, which is the second highest (highest rain-
fall was 115.1 cm in 2008). The lowest value of AET was associated for 
the year 2005 with a value of 29.7 cm and the rainfall in that year was 
the minimum of all the years (78.3 cm). Thus, the study concludes that 
values of AET of rice are dependent on rainfall/irrigation and since the 
rainfall in 2001 was maximum, AET was maximum for that year and simi-
larly since the rainfall in 2005 was minimum, AET for 2005 was minimum 
(Table 5.1). The average value of AET was observed to be 36.8% of the 
total average losses (total losses = AET + SP + SR). Values of AET were 
predicted by different probability distribution functions. It was observed 
that as the probability of exceedance (PE) was increased, values of AET 
were found to decrease. At 10% PE level, values of AET were maximum 
for all the distributions and at 90% level, they were minimum. From the 
statistical tests, it was revealed that Generalized Pareto distribution gave 
the best-fit value at different PE levels.

5.4.1.2 Seepage and Percolation

Values of seepage and percolation (SP) ranged from 43.8 to 64.4 cm with a 
mean value of 55.26 cm and standard deviation of 5.01 cm. The value of SP 
was minimum for the year 2005 (43.8 cm) since the seasonal rainfall in that 
year was also minimum (78.3 cm). Similarly the year 2008 had a maximum 
seasonal rainfall of 115.1 cm (highest of all 22 years) and this was conse-
quential to the highest SP value of 64.4 cm in 2008 (Table 5.1). Like AET, 
SP values were found to decrease when the PE levels were increased from 
10 to 90%, and it was highest at 10% PE level for all the probability distri-
bution functions. However, like AET, Generalized Pareto distribution was 
observed to be the best-fit distribution of all the 12 distributions from dif-
ferent statistical tests. Contribution of SP was observed to be the highest of 
all water balance parameters with an average value of 55.4% of total losses 
in the rice field.
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5.4.1.3 Surface Runoff

In the rainfed ecosystem, farmers depend only on rainfall for cultivation of 
rice. So, they want to store as much water as possible in the field through 
raised dikes and therefore they do not allow any surface runoff. But to save 
the crop from rotting when they are just sown or are small in height, they 
dispose off all the surface runoff from the field up to 15 days of sowing the 
seeds in the field. Similarly, during the harvest stage (15 days before harvest) 
they dispose off all the surface runoff from the field. In other periods, they 
store entire runoff in the diked field. Values of surface runoff (SR) ranged 
from a minimum of 4.7–12.8 cm (Table 5.1) with an average value of 7.7 cm 
and standard deviation of 2.49 cm. Value of SR was maximum for the year 
2001 (12.8 cm) and minimum for the year 2013 (4.7 cm). Values of SP were 
observed to vary with rainfall. The year with high rainfall is associated with 
high value of SR. Like AET and SP, SR was also found to vary with different 
PE levels, and was highest at 10% PE level for all the probability levels and 
lowest at 90% PE levels for all distributions. However, from various statisti-
cal tests, it was noted that Generalized Pareto distribution was observed to 
be the best-fit distribution of all the 12 distributions. Average contribution of 
SR to the total seasonal losses was 7.8%. The study reveals that the average 
value of SR of 7.7 cm if stored in an on-farm reservoir, can provide at least 
one supplemental irrigation to rice during the dry spell and thus can save the 
crop form drought.

5.4.1.4 Ponding Depth

Ponding depth is also called as standing water. Ponding depth in field is an 
important water balance parameter, which happens when the soil moisture 
content is above the saturation level. In the rainfed situation, farmers prefer 
to maintain all rainwater as ponding depth (also called as ponded depth, PD) 
in their rice field except the first and last 15 days of crop growth period as 
mentioned above. This is possible by constructing higher dikes around the 
field. In the present study, simulation of maximum ponded depth is deter-
mined by water balance model on early basis. The study reveals that the 
ponded depth depends on many factors like AET, SP and SR along with 
the pre-assigned water management practice. Values of PD ranged from 
a minimum of 15.3 cm to a maximum of 27.4 cm during the 22 years of 
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simulation (Table 5.1). Maximum PD of 27.4 cm occurred in 2008 when 
there was the highest seasonal rainfall of 115.1 cm. Similarly the year 2006 
has very little rainfall (88.0 cm), which resulted in obtaining lowest PD of 
15.3 cm. The average value of PD during the simulation period was 20.5 cm 
with a standard deviation of 3.36 cm.

Like other water balance parameters, PD was found to be stochastic. 
Hence, the PD data were fitted to different probability distribution functions 
through the software “Flood” and the values were predicted at different PE 
levels. Table 5.2 represents the values of PD by different distributions at 
10 to 90% PE levels. From these data of Table 5.2, it is noted that as PE 
increases from 10 to 90%, the values of PD decreases for all the distributions.

In order to find out the best-fit distribution out of tested 12 ones, sta-
tistical tests like Chi-square, MARE, ME, CD and RMSE were conducted 
with the observed and predicted data. Weibul’s distribution was taken as the 
observed data. Values of different statistical parameters obtained for various 
distributions are presented in Table 5.4. The statistical tests indicated that 
Generalized Pareto distribution gave the lowest values of Chi-square (0.37), 
MARE (0.044) and RMSE (0.93) and highest values of ME (0.988) and 
CD (0.95) and thus is found to be the best-fit distribution amongst all other 
distributions. The next best-fit distribution was Extreme Value Type III with 
values of chi-square (0.42), MARE (0.048) and RMSE (1.05) and highest 
values of ME (0.980) and CD (0.86) (Table 5.4). Values of PD at 10 to 90% 
PE levels were therefore calculated by Generalized Pareto distribution and 
at an average 50% PE level, PD was obtained as 21.0 cm. Since, small soil 
water conservation structures are designed at 5 years return period (20% PE 
level), value of PD was worked out to be 25.1 cm (Table 5.2). With consid-
eration of 20% free board, the dike height should be 30.1 cm. Hence, it is 
recommended that in rainfed ecosystem to conserve maximum rainwater, 
the dike heights in the rice field should be 30.1 cm. Presently, the farmers 
have dike heights in their fields ranging from 15 to 60 cm.

5.4.2 SIMULATION OF RICE YIELD

Rice yield was simulated by Eq. (8). The yield of rice ranged from 896.91 
to 2637.45 kg/ha with a mean value of 1574.6 kg/ha and standard deviation 
of 548.7 kg/ha. The yield data are found to have large deviation and disper-
sion with a large value of standard deviation. The yields are highly variable 
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depending on the magnitude and distribution of rainfall. The yield was maxi-
mum for the year 1999 (2637.45 kg/ha) and minimum for the year 2010 with 
a value of 896.91 kg/ha. Though the rainfall in 1999 (112.7 cm) was not 
the maximum as compared to 2005, which had a rainfall of 115.1 cm, but 
its distribution was more uniform in 1999 than 2008 and so, the yield was 
maximum in 1999. Similarly, the year 2010 had a rainfall of 87.7 cm, which 
is more than the drought year 2005 (rainfall = 78.3 cm). But the distribution 
of rainfall in 2010 was less uniform than 2005 and therefore, the yield was 
the lowest in this year (Table 5.1).

Since rice yields were stochastic, they were fitted to different probability 
distribution functions through the software “Flood” and the values were pre-
dicted at different PE levels. Values of rice yields by different distributions at 
10 to 90% PE levels were worked out as shown in Table 5.3. Table 5.3 indi-
cates that as PE increases from 10 to 90%, the values of rice yields decreases 
for all the distributions. In order to find out the best-fit distribution, statistical 
tests like Chi-square, MARE, ME, CD and RMSE were conducted with the 
observed and predicted data. Just like ponding depth, Weibul’s distribution 
was taken as the observed data in the statistical tests.

Values of different statistical parameters obtained for various distribu-
tions are presented in Table 5.5. The statistical tests indicated that like the 
case of PD, General Pareto distribution gave the lowest values of Chi-square 
(0.38), MARE (0.0024) and RMSE (2.97) and highest values of ME (0.992) 
and CD (0.93) and thus is found to be the best-fit distribution amongst all 
other distributions. The next best-fit distribution was Log Normal (3-p) 
distribution with values of chi-square (0.46), MARE (0.0058) and RMSE 
(4.38) and highest values of ME (0.987) and CD (0.80) (Table 5.5). Values of 
PD at 10 to 90% PE levels were therefore calculated by Generalized Pareto 
distribution and at an average 50% PE level, yield was 1422.8 kg/ha. The 
yield data at 10% PE was the highest (2470.3 kg/ha) and at 90% PE, it was 
the lowest (971.5 kg/ha) (Table 5.3).

5.5 CONCLUSIONS

The study of simulation of water balance model parameters in rainfed rice 
and yield indicates that yield of rice is very sensitive depending on the 
magnitude and distribution of rainfall. The rainfed rice yields varied from 
896.91 to 2637.45 kg/ha with a mean value of 1574.6 kg/ha. From different 
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statistical tests, it was observed that the Generalized Pareto distribution was 
the best-fit distribution and hence the yield were forecasted by this distribu-
tion. At 10% PE level, the yield was predicted as 2470.3 kg/ha and as PE 
level increased to 90%, the yield was found to decrease to 971.5 kg/ha. The 
simulation of water balance parameters indicated that seepage and percola-
tion is the major loss in rice field. The loss due to SP accounts for 53% of 
total losses in the fields.

All the water balance parameters were found to be stochastic and so 
they were fitted to 12 different probability distribution functions through a 
software “Flood” and with statistical tests the Generalized Pareto distribu-
tion was found to be the best-fit one. The value of ponding depth at 20% PE 
level by this best-fit distribution was predicted to be 25.1 cm. Hence a dike 
height of 25.1 cm can store this maximum ponding depth in the rice field. 
With consideration of 20% free board, the maximum dike height is worked 
out to be 30.1 cm. Hence, the study suggests that in rainfed rice fields in east-
ern region of India, farmers can go for construction of optimum dike height 
of 30.1 cm so that maximum rainwater can be conserved in the field which 
will enhance the yield. Presently the rainfed farmers in the region construct 
dike heights varying from 15 to 60 cm, which is highly variable.

5.6 SUMMARY

The present study investigates to find out the optimum height of dike for 
broadcast rice fields grown in kharif (rainy) season in eastern region of 
India. Simulation of water balance model parameters was done for rainfed 
rice field without provision of any supplemental irrigation. However, during 
the initial stage when the rice seeds are broadcast in field and the seedlings 
are small, the ponded (standing) water in the field is harmful. Similarly, 
during the ripening/maturity stage of rice, no standing water is allowed in 
the field. In this study, no ponded water was allowed in the field during first 
15 and the last 15 days of the crop growth stages. In all other stages, all the 
rainwater was allowed to remain present in the field which is the standard 
water management practice of the rainfed rice farmers in the region.

In the present study, a water balance model of rainfed rice was devel-
oped and the water balance model parameters were simulated for 22 years 
(1992–2013) starting from the day of onset of monsoon (rainy season) 
to withdrawal of monsoon, which is June 16 to October 3 (110 days). 
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Various water balance model parameters like seepage and percolation 
(SP), actual evapotranspiration (AET), surface runoff (SR) and ponded 
depth (PD) were simulated for each year during the simulation period 
on daily basis from which seasonal values were computed. An available 
simulated rice yield model was used to simulate the rice yield for each 
year using the data of AET.

The study revealed that the seasonal values of the model parameters 
including yield were stochastic and so these values were fitted to probabil-
ity distribution functions. Twelve different probability distribution functions 
were considered in this study. By statistical tests, Generalized Pareto distri-
bution was found to be the best-fit distribution for all the model parameters 
including yield. Hence, the values of different model parameters and yield 
were simulated at different probability levels by this best-fit distribution. The 
optimum dike (which is decided by ponding depth) height at 5 years return 
period (20% PE level) by Generalized Pareto distribution was obtained as 
25.1 cm and with 20% free board, the optimum dike height suggested is 
30.1 cm. So, the rainfed farmers in the eastern region of the country can go 
for construction of a maximum dike height of 30.1 cm, which will conserve 
maximum rainwater in the field, decrease the requirement of supplemental 
irrigation and hence can enhance the rice yield.
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6.1 INTRODUCTION

Irrigated agriculture is the largest water user at global level, consuming 
about 80% of the world’s developed water resources [62]. In India, the gross 
irrigated area is likely to reach 107 million-ha by 2025 from the existing 
79 million-ha [36]. Though, India accounts for the highest percentage of cul-
tivated area in the world, where 75% of the population relying on agriculture, 
yet its crop productivity is invariably very low as compared to other agricul-
turally advanced countries. Low productivity is due to inefficient irrigation 
management practices being followed across the country. Moreover, due to 
growing population of India, which will be expected to reach 1395 million 
by 2025, the share of water for agriculture will go down with increasing 
demand for water in industry, hydropower, and domestic sectors [57]. Thus, 
in future, the irrigation water management needs to be more efficient with 
the production of more crops per unit of water.

Irrigation is the only option for accomplishing crop productivity in arid 
and semiarid regions due to scanty and erratic rainfall. Major canal irrigation 
projects in the developing countries often suffer from inequitable distribu-
tion of water due to excess use by the upper reach farmers to grow water 
intensive crops like rice [9]. Lack of sufficient information on water dis-
tribution within an irrigation system is still a major limitation for efficient 
management of water.

The study in this chapter was carried out in the Addanki branch canal 
command of the Nagarjuna Sagar right main canal, where canal water is the 
only source of irrigation. The Nagarjuna Sagar is a major irrigation project, 
located in the lower part of Krishna basin of Andhra Pradesh, India. There 
exists stiff competition for the distribution of irrigation water among differ-
ent canal reaches. Upper reach farmers normally overdraw canal water for 
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irrigating rice. Some of the tail reach farmers, who are uncertain of getting 
canal water supply; have replaced rice by alternate rain-fed crops like Bengal 
gram and maize.

Rice requires adequate supply of canal water so as to meet its demand. 
Under persisting competition for water, one of the greatest challenges for 
water managers is to match the demand and supply as it largely influences 
the variability in productivity [39]. Hence, a comprehensive study needs 
to be done to fully understand the water use, surplus and water deficit, 
and productivity for estimating the performance of an irrigation system. 
Performance assessment is considered to be one of the most critical elements 
for improving irrigation system management [2] as water deficit phenom-
enon is becoming common in many irrigation projects of the country.

In semiarid regions, a small variability in rainfall and land parame-
ters can have profound effect on irrigation demand and crop productivity. 
Distributary-wise interpolated values of aforementioned parameters are the 
guiding factors for assessing irrigation system performance. The prevail-
ing reservoir operational policy of the irrigation project is guided by water 
availability in the reservoir and cropping pattern framed at the initial days of 
project formulation. Further, without consideration of actual crop area and 
crop growth stages, water is being released from the outlets at a constant pre-
decided rate, which is a great loss of precious water resources.

Based on aforementioned issues associated with the irrigation project, 
the following objectives were formulated to conduct the present research in 
this chapter:

• to predict rainfall, soil salinity, and rice productivity at unmeasured 
locations in the irrigated command area using Kriging technique.

• to develop land use/land cover map of the study area using satellite 
imagery.

• to assess the performance of the irrigated command using remote sens-
ing and GIS.

• to develop and validate regression models for the rice productivity for 
the irrigated command.

6.2  GEOGRAPHICAL INFORMATION SYSTEM (GIS) – 
GEOSTATISTICAL ANALYSIS

Spatial data management tools of Geographic information system (GIS) 
can analyze spatial variability in soil, crop, and water supply in a canal 
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command, while dealing with complex problems of water resources  
management [44]. GIS has the capability of generating and overlay vari-
ous data layers in order to relate them over space and time. Crop yield is an 
outcome of many complex soil and climate factors, and their effect on yield 
might be better interpreted through the use of GIS [18].

Spatial and temporal analysis of actual water supply in different parts of 
the irrigation project identifies how and where to improve the performance 
of the irrigation scheme [22]. Although documentation of variability in soil 
properties is important, it is also important to ascertain if the variability falls 
in a range where it may limit crop growth and crop productivity. For estima-
tion of soil properties at unsampled points, Kriging technique is normally 
used with different variogram models, and Kriged maps clearly showed the 
presence of both large- and small scale variability in a small field, where it is 
expected to have uniform trend [16].

GIS provides a set of powerful statistical tools for analyzing the spatial 
variability of the parameters using a number of conventional interpolation 
techniques. It generates surfaces of interesting phenomena by using mea-
sured sample points.

Geostatistical methods, based on the theory of describing the relation-
ship between the spatially random variables, are increasingly utilizing the 
spatial correlation between neighboring observations to predict the attributes 
at unmeasured locations [5, 29, 32, 59]. Several authors [6, 12, 15, 26] have 
shown that geostatistics provide a far better estimate of the attributes than 
any other conventional methods. For low-density networks of rain gauges, 
geostatistical interpolation outperforms techniques of inverse square dis-
tance or Thiessen polygon that ignore the pattern of spatial dependence, 
which is usually observed for rainfall data prediction [25].

The present investigation is undertaken to develop the spatial variability 
prediction maps for rice productivity and monthly rainfall data during the 
crop growth period by using appropriate semi-variogram model based upon 
the cross-validation error statistics.

6.2.1 GENERATION OF LAND USE AND LAND COVER FROM 
REMOTE SENSING IMAGES

Manual integration of information of the large irrigation project (>10,000 ha) 
requires huge expenditure on manpower and time. Analysis of remote sens-
ing data helps to study the different land features in a large project by its 
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capability of synoptic view. Further, working on the GIS platform is faster, 
more accurate and, therefore, cost-effective. Hence use of the satellite imag-
ery and GIS can ease the data integration and analysis of very large data sets.

Remote sensing data acquired from space-borne platforms, owing to their 
wide synosivity and multispectral acquisition, offer unique opportunities for 
the study of soils, LULC, and other parameters required for hydrologic mod-
eling of large areas. Combining information obtained from satellite remote 
sensing with ground data in a GIS format proved to be efficient in identify-
ing major crops and their condition and determining area and yield of wheat 
crop [49]. Remote sensing, with varying degrees of accuracy, has been able 
to provide information on land use, irrigated area, crop type, biomass devel-
opment, crop yield, crop water requirements, crop evapotranspiration, salin-
ity and waterlogging [8].

The spatial distribution of changes in cropping pattern was mapped using 
multi-temporal imagery from the moderate resolution imaging spectrometer, 
which could identify areas in single, double, or continuous cropping. With 
the use of these images, the study-identified areas affected by low canal 
releases and showed a widespread shift from double to single cropping sce-
nario [10, 22].

6.2.2 PERFORMANCE ASSESSMENT BASED ON REMOTE 
SENSING AND GIS

Various workers used remote sensing as a tool for assessment of irrigation 
performance by processing satellite images. Performance indicators from 
RS algorithms supplemented by ground data have been suggested by [7, 35]. 
Topographical maps are required for geo-referencing of satellite data, subse-
quently for locating the sample areas/points on the ground during field check 
and lastly for transferring thematic details [43]. Performance indicators are 
necessary for assessing and analyzing water delivery systems. Without con-
sidering the uniformity of the spatial and temporal variability of water deliv-
ery at different levels, proper assessment of variability of performance is not 
possible [30].

On developing the AREASUM indices, adequacy was computed in terms 
of relative water supply (RWS) for Tarafeni South Main Canal command, 
using ETC (SAVI based), which was found to be 0.44, that falls under high 
water deficit category (RWS < 0.5). However, the RWS for combined water 
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supply from canal and ponds is improved to 0.66, which falls under water 
deficit category (0.5 <RWS< 0.9) [23].

6.2.3 ASSESSMENT OF IRRIGATION DEMAND–SUPPLY

The irrigation simulation model, CRIWAR, has been found to be helpful 
software in estimation of crop water demand, taking into consideration dif-
ferent cropping pattern, crop areas and respective sowing dates and crop 
duration [11]. The estimation of crop evapotranspiration as well as net irri-
gation requirement for each soil type at a given meteorological station is 
calculated using CRIWAR model.

Multidate RS data of WiFS (wide field sensor) in IRS-IC satellite was 
used for crop classification and computation of crop coefficient from NDVI. 
The sensor, WiFS, has 188 m ground resolution and two spectral bands in 
red (620–680 nm) and near-infrared (770–860 nm) region. One scene for 
each month was used for generating temporal NDVI distribution. Using 
monthly climatic data, ETo values were estimated by the modified Blaney-
Criddle method because of its simplicity and normal availability of data. 
Monthly estimates of ETo by aforesaid method were observed fairly close to 
the estimates of a more rigorous Penman method [46].

The irrigation water supply and demand were analyzed for Tarafeni South 
main canal command of Kangsabati project in Paschim Midnapur district, 
West Bengal, India, using tools of RS and GIS. Reference crop evapotrans-
piration was estimated using FAO Penman-Monteith equation. The study 
concluded that the crop water demand in the command area was more than 
the supply during the months of Rabi season from December to April [37].

Crop identification and water requirement at distributary level was calcu-
lated for the Pehure High Level Canal and the Upper Swat Canal system in 
the North Western Frontier Province of Pakistan [52]. Unsupervised classifi-
cation of multi temporal satellite images were used to identify various crops 
and cropping pattern in the area. These calculated areas were compared with 
the seasonal data recorded by the irrigation department. ET was calculated 
using CROPWAT model by the Penman-Monteith method for calculating ref-
erence crop evapotranspiration at various stages of crop growth. Then water 
required for each individual crop was calculated. The results were found very 
encouraging. It was observed that results of this study could be useful for 
water managers to release the canal supplies based on crop water requirement.
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Gaur et al. [22] used integrated approach to assess how cropping patterns 
and the spatial equity of canal flow changed with the water supply variations 
in the left canal command area of Nagarjuna Sagar. The integrated approach 
was used to assess changes in the spatial equity of canal flow and land use 
with water supply variations in the head, middle, and tail reaches of the left 
main canal command of Nagarjuna Sagar during water surplus (2000–2001), 
normal (2001–2002), and deficit (2002–2003) years. A study conducted in 
the Hirakud canal command on irrigation water supply and demand estima-
tion suggested a reduction of areas under rice and replacing the rice area 
with crops of low-water demand [45].

6.2.4 REGRESSION EQUATION BETWEEN RICE PRODUCTIVITY 
AND NDVI

NDVI correlates well with the spatial and temporal changes of crop condi-
tions. Many attempts have been made to estimate crop yields from satel-
lite data [27, 42] recommended the use of NDVI at crop heading stage for 
estimating potential harvestable yield. Murthy et al. [38] observed that in 
case of non-availability of crop yield data, simplified statistical relationships 
could be used for estimating the yield from NDVI taken from single date 
image acquired during the heading stage of grain crops.

Because rice transplantation is staggered across the command area, sat-
ellite data from any one date do not represent the same growth stage at all 
locations. Consequently, an innovative approach of time composition was 
attempted, using co-registered multi-date satellite data. The maximum value 
of NDVI for each rice pixel was picked from among the satellite overpasses 
encompassing the period of rice at heading across the command area [55]. 
However, data from crop cutting experiments are necessary to validate these 
types of statistical relationships [4].

6.2.5 NON-LINEAR MULTIPLE REGRESSION EQUATIONS 
BETWEEN RICE PRODUCTIVITY AND AGRICULTURAL INPUTS

The agricultural inputs applied for increasing the crop productivity in irri-
gated commands are namely water and nutrients. The farmers are always 
under the impression, that if these inputs are applied in maximum dosages, 
the crop productivity increases considerably. But this might not be true, 
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the productivity is likely to show a nonlinear declining trend after reaching 
a certain level to input (s). Many of the water production functions presented 
in the literature were developed relating crop yield (Y) to applied water, 
which usually includes irrigation water to satisfy crop water requirements. 
Higher application of fertilizers would lead to soil and groundwater pollu-
tion along with negative effect on the produce also. Chemical fertilizer can 
be reduced significantly without yield reduction by applying with agricul-
tural waste material [54]. The research conducted on crop yield seeks to find 
a model that describes the data well and aids in defining reasonable fertiliza-
tion recommendations that result in optimum crop yield [48].

6.3 THEORETICAL CONSIDERATIONS

This section deals with theoretical concepts and error statistics of 
Geostatistical analysis, development of vegetation indices from remote sens-
ing imagery, and performance assessment of irrigation system using remote 
sensing and GIS. Besides, the expressions for performance assessment indi-
cators, the theory for estimation of evapotranspiration, and the water sup-
ply-demand estimation are covered in this chapter. The linear and nonlinear 
mathematical expressions developed for prediction of rice productivity are 
also incorporated in this chapter.

6.3.1 GEOSTATISTICAL ANALYSIS

Ordinary Kriging technique of a single variable is most robust and is fre-
quently used for accounting of data fluctuations and considerations of 
a global trend over the study region [24, 61]. In general, things that are 
close together tend to be more alike than the things farther apart, the same 
is reflected in the semi-variogram cloud obtained. It can be observed that 
as the distances between the stations remain small, the semi-variogram is 
also small, meaning that the attribute values are very similar and, therefore, 
highly dependent on one another because of their close spatial proximity. 
But, as the distance (lag) between the stations increases, a rapid increase in 
the semi-variance is observed, meaning that the spatial dependency of the 
attributes drops rapidly. With further increase in distance between the sta-
tions, as the cloud flattens it exhibits that the rainfall data can now be no lon-
ger correlated. Eventually a critical value of lag known as the range occurs, 
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at which the variance levels off and stays essentially flat [26]. It is this range 
within which the data can be said to be spatially dependent on one another 
and beyond which, the distance between the stations make no difference, 
they remain totally unrelated at any of the larger distances. The maximum 
value that the semi-variogram attains at the range is called the sill.

6.3.1.1 Framework of Calculations

Kriging technique basically comprises of various semi-variogram models 
such as Circular, Spherical, Tetraspherical, Pentaspherical, Exponential, 
Gaussian, Rational quadratic, Hole effect, K-Bessel, J-Bessel, and Stable 
functions for fitting the semi-variogram[31]. In this chapter using geosta-
tistical analysis spatial interpolation (ordinary Kriging) are conducted to 
characterize the spatial distributions of rainfall, rice productivity, and soil 
salinity parameters.

The aim of using the Kriging technique for spatially interpolating soil 
and crop yield parameters is to predict the parameter values at unmeasured 
locations (x0) within the system domain (D) using information available else-
where in D(x1, x2.................., xn). The first step in estimating or “Kriging” the 
value of (A0) at position (x0) is to assume that its value is a linear function of 
the unknown values Ai(xi)
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where, γ*(h) represents the estimated value of semi-variance for lag h; n(h)
is the number of experimental pairs separated by vector h.

6.3.1.2 Error Statistics

An appropriate semi-variogram model need to be identified in case of 
multi-year data and determination of spatial distribution of parameters con-
sidered. The model that yields the minimum standard error has to be chosen 
for further analysis [31, 32, 58]. The mean standardized error, i.e., reduced 
mean error (RME) is used to test the predictability of the developed mod-
els and should be close to zero for the model to be acceptable. RME is 
expressed as:

 RME = 
1 0

1n
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kii

n

[ ]( ( ) ( ))* −
≅
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The root mean square error (RMSE) value should be within the range 
1 2 2 1 2± [ ( / ) ]/n  for the model to be acceptable [51] and should be close 
to one. RMSE is used to check the consistency between the estimation 
errors and the standard deviation of the observed values and RMSE is 
expressed as:
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6.3.2 REMOTE SENSING APPLICATION

The classification of remote sensing data of LISS III (IRS P6) provides 
information on crops, cropping pattern and hence serves as an appropri-
ate input for crop water requirement of the command area. Similarly the 
development of vegetation indices from reflected radiation with AWIFS 
data can be helpful for crop yield modeling and assessing the crop condi-
tion in the command area. Hence, the cloud free data of LISS III (IRS P6) 
of 24 days of receptivity is selected for generation of LULC and AWiFS 
(IRS P6) data available with 5 days frequency of receptivity are selected 
for covering different stages of crop growth, because lack of frequent cov-
erage with LISS III data.
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6.3.2.1 Relation Between Remote Sensing Indices and Crop 
Parameters 

Normalized Difference Vegetation Index (NDVI) as suggested by Tucker 
[56] is well accepted index that influences crop productivity and can be used 
because of its linear relation with the crop yield. The crop/vegetation reflects 
high in near infrared radiance of the electromagnetic spectrum due to its 
canopy geometry, the health of the standing crop and absorbs high in the red 
reflected radiance due to its biomass and accumulated photosynthesis. The 
NDVI represents the integrated effect of various factors that influence crop 
production. In the present study, NDVI is estimated from series of AWiFS 
images covering crop growth period to assess the performance of irrigation 
command areas in terms of crop yield and crop condition.

6.3.2.2 Estimation of Normalized Difference Vegetation Index 
(NDVI)

The satellite derived NDVI can be used as an index to assess the crop pro-
ductivity and condition of crops across the large command area. Hence the 
index is estimated by using reflected radiation in red (0.6 µm to 0.7 µm) and 
near-infrared (0.7 µm to 1.1 µm) wave length bands and is represented in 
the expression as:

 NDVI NIR R
NIR R

=
−
+

 (6)

where, R and NIR are reflectance in red and near-infrared wave length 
regions.

Index values can range from –1.0 to 1.0, but vegetation values typically 
range between 0.1 and 0.7. Higher index values are associated with higher 
levels of healthy vegetation cover.

6.3.2.3 TCVI Generation From Series of Images

The ground truth from field visits in the study area revealed that there is con-
siderable staggering in rice transplantation in the command area. The NDVI 
also changes with respect to crop stage and crop condition (health). For any 
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particular crop, the NDVI extracted value keeps on increasing until heading 
stage. Since the use of single date satellite data cannot capture the critical 
crop growth (heading) in the entire command area, series of data is used. 
Hence, Time Composited Vegetation Index (TCVI), the maximum NDVI 
value for each pixel, is generated from series of data, in this case using eight 
images of AWiFS [40]. Thus, TCVI, which represents the NDVI value corre-
sponding to the heading stage of crop, is generated for crop yield prediction.

6.3.2.4 NDVI and Crop Productivity

The relationship between NDVI at heading stage of cereal crops (TCVI) 
with its yield can be linearly correlated [55]. A robust linear yield model has 
been developed correlating TCVI (max NDVI) with yield data observed in 
the crop cutting experimental plots of the study area. Considering the image 
acquisition dates that coincide with the crop duration, the crop yield of mid-
rice and late-rice have been related to NDVI to develop a linear regression 
equation.

6.3.2.5 Crop Condition Assessment in the Command Area

The crop condition at a given time during its growth period is influenced by 
complex interactions between soil-water-plant and atmosphere. Depending 
on the availability water and other inputs, crop condition varies. The max-
imum NDVI in the entire command area is assessed in order to observe 
the crop condition spatially. In general, crops conditions are categorized 
based on NDVI values as very good (> 0.5), good (0.4–0.5) and average 
(< 0.40) [40].

6.3.3 ESTIMATION OF CROP WATER DEMAND

6.3.3.1 Evapotranspiration

Using CRIWAR simulation model, the irrigation water requirement at 
different time periods (daily, weekly, and monthly) is estimated for dif-
ferent cropping pattern in a growing season [11]. The model initially 
estimates reference evapotranspiration rate (ETo) and then the potential 
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evapotranspiration (ETp) based on the crop coefficient, Kc, input in crop 
factor file of the model. In this study, the crop coefficient values of FAO 
56, adjusted to local conditions [53] are considered in CRIWAR simulation 
model. The sequence of computations performed by the model is repre-
sented in Eqs. (7)–(11). The reference evapotranspiration is calculated by 
the Penman-Monteith equation [3]:
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where, ETo is the reference evapotranspiration, mm/day; ∆ is the slope of the 
saturation vapor pressure temperature curve, kPa/°C; γ is the psychometric 
constant, kPa/°C; Rn is net solar radiation, MJ/m2/day; Tm is the mean daily 
air temperature, °C; (ea – ed) is the vapor pressure deficit of air, kPa; G is 
the soil heat flux density, MJ/m2/day; and U2 is the wind velocity at 2 m 
height, m/s;

The wind velocity adjustment is made by the following expression [3]:
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where, Uz is measured wind velocity at height of z (m) above the ground 
surface, m/s.

Potential evapotranspiration is calculated based on the values of crop 
coefficient, Kc, generated from the guidelines [3, 20] using expression as:

 ET K ETp c o= × . (9)

6.3.3.2 Crop Water Requirement

The monthly crop water requirements (CWR) are estimated by subtracting 
the effective rainfall (Pe) from potential evapotranspiration, ETp as:

 CWR ET Pp e= −  (10)

CRIWAR uses the following semi-empirical formula to calculate effective 
rainfall per month, Pe
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 P f Pe
ETp= −( . . ). .1 253 2 935 100 824 0 001  (11)

where, Pe is the effective precipitation in mm/month; P is the total precipita-
tion in mm/month; ETp is the total crop evapotranspiration in mm/month; 
and f is the correction factor depending on depth of irrigation application. f is 
estimated a depth of irrigation water application, Da.

If Da < 75 mm/turn, then f Da= +0 133 0 201. . ln  or
If Da ≥ 75 mm/turn, then f Da= + × −0 946 7 3 10 4. .

6.3.3.3 Gross Irrigation Water Requirement

The gross irrigation requirement (GIR) or irrigation demand is computed 
from the crop water requirement (CWR) with irrigation system efficiency 
(accounting for losses during conveyance, distribution, application, and spe-
cial purposes) [22]:

 GIR CWR
Irrigation Efficiency

=  (12)

6.3.4 PERFORMANCE ASSESSMENT INDICATORS

Irrigation system performance is assessed with three broad indicators namely, 
productivity, equity and adequacy; and after assessing these indicators, they 
are compared among different distributaries commands for categorizing the 
performance.

6.3.4.1 Productivity

An attempt is made to estimate rice productivity at unmeasured locations by 
Kriging technique using measured data obtained from crop cutting experi-
ments. The productivity of rice for different distributaries commands is 
retrieved from the Kriged surfaces.

6.3.4.2 Equity (NDVI Based Equity)

Any irrigation distribution system, which practices equity in water alloca-
tion and distribution, will have uniformity in cropped area and crop vigor. 



266 Soil and Water Engineering: Principles and Applications of Modeling

However, if there is a large and consistent variation in cropped area and 
vigor between the distributaries, the distribution system cannot be consid-
ered to be practicing equity. To assess equity, maximum and average NDVI 
of inter- and intra-distributary (head, middle, and tail reaches) commands 
belonging to a branch canal were compared [47].

6.3.4.3 Adequacy (Relative Water Supply)

The adequacy answers to what level is the quantity of water supplied is 
sufficient to meet the crops growth requirements. The most comprehensive 
measure of adequacy in terms of relative water supply (RWS) is computed 
by the following expression [33] as:

 RWS IR RN
GIR

=
+  (13)

where, IR represents the irrigation water supply; RN the rainfall; and GIR the 
gross irrigation requirement.

Gross irrigation requirement is the total amount of water including losses 
that must be applied by irrigation such that evapotranspiration may occur at 
the potential rate and optimal crop productivity may be achieved. Only part 
of the applied water is actually ‘used’ by the plant to meet evapotranspiration 
requirement, which is called as net irrigation requirement [47].

If RWS is > 3 then water surplus is excessive,
RWS within 2 to 3 represents high water surplus,
1.1 to 2.0 represents moderate water surplus,
0.9 to 1.1 represents adequate water surplus
0.5 to 0.9 represents water deficit.

6.3.5 PREDICTION OF RICE PRODUCTIVITY

6.3.5.1 Simple Linear Regression Model

In the entire rice growth period, maximum NDVI (TCVI) from RS and corre-
sponding rice productivity from crop cutting experiments (CCE) is recorded 
at different locations of the command area. A simple linear regression has 
been developed between NDVI and rice productivity. The developed rela-
tionship is used for predicting rice for the entire command area.
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6.3.5.2 Multiple Nonlinear Regression Model

A multiple nonlinear regression equation has been developed between crops 
input (total depth of water and nutrients application in a season) and output 
parameter(s) (crop productivity from CCE). The quadratic form of equation 
for two variables in the production surface is used for relating rice produc-
tivity with application of input parameters [28]:

 Y a b X b X b X b X b X X= + + − − +1 1 2 2 3 1
2

4 2
2

5 1 2  (14)

where, Y is the rice productivity; X1 is the total depth of water applied in a 
season; X2 is the quantity of total nutrients (NPK) applied to rice in a season; 
and a, b1,......,b5 are regression coefficients.

From the developed regression coefficients, one can get an overall idea 
about the sensitivity of the input variable (s) on rice productivity.

6.4 STUDY AREA AND DATA COLLECTION

This section deals with acquisition of data namely, irrigation water supply, 
crop parameters, and weather data. The remote sensing images are used 
for identification of crops and vegetation indices with the help of software 
(ERDAS Imagine and ArcGIS).

6.4.1 LOCATION OF THE STUDY AREA

The study area is situated in Prakasam district of Andhra Pradesh State 
of India and lies between latitudes of 15° 40′ 48″ to 16° 1′ 12″ North and 
longitudes of 79° 56′ 24″ to 80° 22′ 48″ East. The main source of irriga-
tion is water from the Addanki Branch Canal and some portion of water 
received through precipitation from both the South-West and North-East 
monsoon seasons.

6.4.2 DATA COLLECTION

The information on canal supplies, crops, and soils is obtained from differ-
ent sources. The general tendency of upper reach farmers is extraction of 
maximum amount of canal water as compared to the lower reach. The soil 
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and land use data were procured from the Department of Agriculture. 
Information on crop acreages, administrative block level precipitation, 
and changes in cropping pattern in the command area were obtained from 
the Handbook of Prakasam district statistics [14]. The groundwater level 
data for period from 1990 to 2004 covering certain points in the com-
mand area was also collected from the Deputy Director, State Groundwater 
Department, Prakasam district.

6.4.3 IRRIGATION SUPPLY

The data pertaining to water supply to Addanki branch canal and to differ-
ent distributaries is collected from the Deputy Executive Engineer office, 
Addanki. In view of poor water level in the Nagarjuna Sagar reservoir dur-
ing 2004–2005 due to prevailing drought situation in the region, irrigation 
water was supplied very late to the command area.

6.4.4 DISTRIBUTARY NETWORK

The index sketch of the study area is procured from I&CAD office. The 
toposheets in 1:50000 scale and district map is procured from the Survey 
of India (SOI), Hyderabad. These maps have been used to identify the com-
mand area network. The important features of the study area and constituent 
distributaries and their locations with respect with branch canal are shown in 
Figure 6.1. The length and culturable command area (CCA) of five distribu-
taries under the study area are presented in Table 6.1. Rajupalem distributary 
has been observed to have smaller CCA and length as compared to all other 
distributaries. Rajupalem and Nutalapadu distributaries are located at upper 
and lower reaches of the command area.

6.4.5 CROP PRODUCTION DATA

General soil, available water and crop features of the command area at 
three reaches (upper, middle, and lower) have been procured from various 
agencies and shown in Table 6.2 [14, 19]. In spite of control measures put 
forth by authorities of Department of Agricultural (DOA) on aerial extent 
for growing of rice, farmer’s top preference continued to be on their staple 
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FIGURE 6.1 Location of distributaries in the command area.

TABLE 6.1 Significant Features of Distributaries in Command Area

Name of the distributary Length (m) Culturable command 
area (ha)

Rajupalem 8,000 2,434
Paidipadu 28,000 15,005
Kotapadu 24,400 11,008
Dronadula 17,000 7,565
Nutalapadu 19,300 7,925
Culturable command area = CCA.

TABLE 6.2 General Features of Three Reaches of the Command Area

Parameter Upper reach Middle reach Lower reach
Available water 
capacity (mm/m)

High 150–200 Medium 100–150 Low 50–100

Principal crops 
in Kharif season 

Red gram, Cotton, 
Chillies

Red gram, Cotton, 
Chillies

Cotton, Red gram, 
Chillies

Principal crops 
in Rabi season

Rice, Bengal gram, 
Tobacco, Maize

Rice, Bengal gram, 
Maize, Tobacco

Bengal gram, 
Tobacco, Rice, Maize

Soil type Deep, well-
drained, red clayey, 
calcareous soils. 

Moderately deep, well-
drained, red clayey soils.

Deep, well-drained, 
red coastal loamy 
soils.
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food, rice only. Bengal gram (Chickpea, Cicer arietinum) became highly 
attractive crop in the area so much so the crop area increased from 20,000 to 
80,000 ha during the period from 2004 to 2008. Maize (Zea mays) is another 
alternative crop that is already being adopted by few farmers in the lower 
reach of the command area.

Among these crops, rice is water intensive wet crop and all other crops 
are supplied with intermittent irrigation. The identification of crops grown 
in the command area is carried out by remote sensing images. The dura-
tions of crop growth stages of identified crops are collected from the State 
Department of Agriculture (Table 6.3), which are subsequently used while 
incorporating the cropping pattern file in the CRIWAR model for crop water 
demand simulation.

6.4.5 CROP COEFFICIENT

The information about duration of irrigated wet and dry crops is generated out 
of discussions with the Department of Agriculture, and I & CAD authorities. 
Similarly, FAO crop coefficients of irrigated wet and dry crops are adjusted 
for the local area [50, 53], which is furnished in Table 6.4. The ground truth 
information shows that in upper-reach mostly rice is grown along with some 
ID crops, whereas in lower-reach mostly ID crops along with small area under 
rice is grown. Crop coefficient (KC) information so generated is used by incor-
porating into the CRIWAR model in crop factor file. Consideration of KC value 
plays an important role in estimation of crop water demand for irrigated crops.

TABLE 6.3 Duration of Crop Growth Stages

Crop Duration of different crop growth stages (days) Total crop 
duration 
(days)

Initial stage Development 
stage

Mid 
season

Late 
season

Bengal gram 20 30 25 20  95
Chillies 45 60 70 35 210
Cotton 30 50 50 45 175
Maize 20 25 35 20 100
Red gram 35 60 65 40 200
Rice 20 40 45 15 120
Tobacco 20 30 40 30 120
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6.4.6 WEATHER DATA

The overall climatic condition of the command area resembles with the 
semiarid tropics with prolonged dry spells, which are critical for the survival 
of crops. The Kharif (monsoon) and Rabi (winter) cropping season extends 
from June–October and November–February, respectively. The meteoro-
logical data consists of monthly rainfall, maximum and minimum tempera-
tures, relative humidity, wind speed, and sunshine hours for the period from 
1990 to 2005, was procured from Indian Meteorological Department (IMD), 
Hyderabad. The data collected from the nearby weather station namely, 
Ongole in Prakasam district was used in the analysis.

The analysis of 15-year rainfall data, shows that the annual average rain-
fall of the command area is 849 mm, which is received almost in equal 
proportion during south-west (June–September) and north-east (October–
December) monsoons. Monthly rainfall is recorded at different administra-
tive block headquarters within the command area [14]. Using rainfall of 
measured locations, distributary-wise rainfall for different months in 2004–
2005 was predicted from the spatially interpolated Kriged surfaces.

6.4.7 SOIL SALINITY AND NUTRIENTS

Soil salinity is a problem of arid and semiarid regions referring to the amount 
of soluble salt present in the soil. In general, EC of soil varies depending 
on the amount of moisture held by the soil particles, their size and texture. 
The electrical conductivity (EC), pH, phosphorous, potash, and organic car-
bon status at 30 locations of the command area are collected at 30 cm soil 
depth to assess soil salinity and nutrient status. While testing soil samples 
in the command area, it is ascertained that alkalinity problem is persistent 
(pH = 7.9 to 8.3) as compared to salinity level (EC<1.0 dS/m), which is 

TABLE 6.4 Crop Coefficient (FAO 56) Adjusted for the Study Area

Crop Initial stage Development stage Mid season Late season

Chillies 0.55 0.78 1.00 0.71
Cotton 0.80 0.91 1.01 0.70
Red gram 0. 84 0.93 1.02 0.56
Rice 1.10 1.15 1.20 0.90
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under the safe limit. The residual amounts of fertilizers observed in the 
samples indicated high level of application of nutrients.

6.4.8 GROUND WATER LEVEL

The information obtained from Prakasam district map has indicated that very 
deep water table conditions are prevalent in the command area. Water table 
is located as deep as 100–150 m at upper reach to 20–50 m at lower reach 
of the command area, which is 10 km away from the sea shore. Hence, due 
to deep table condition and huge cost of pumping, farmers of upper reach 
are not inclined to use of groundwater. During visit to the command area, 
it is noticed that farmers are mostly dependent on canal water for irrigation 
due to its low unit cost. However, the data obtained from the groundwa-
ter department confirmed deep water table conditions in the command area 
and at certain places it was observed that tubes wells have already dried up 
because of lowering of water table.

6.4.9 REMOTE SENSING (RS) IMAGES

The Resource-Sat-1 satellite, also known as IRS-P6, consists of LISS-III and 
AWiFS sensors, both containing four spectral bands is especially designed for 
land and water management and agricultural applications. These four spec-
tral bands are band 2 (green), band 3 (red), band 4 (near infrared, NIR) and 
band 5 (short wave infrared, SWIR). The radiometric characteristics of these 
four bands are 0.52 to 0.59, 0.62 to 0.68, 0.77 to 0.86 and 1.55 to 1.70 μm, 
respectively. The LISS-III sensor has radiometric quantization of 7 bits and 
provides a combined swath of 141 km with a spatial resolution of 23.5 m. 
The AWiFS sensor has radiometric quantization of 10 bits and provides a 
combined swath width of 740 km with a spatial resolution of 56 m at nadir.

6.4.10 ERDAS IMAGINE AND ARCGIS SOFTWARE

The ERDAS (Earth Resource Data Analysis System) integrated software is 
used by thousands of professionals worldwide for urban and regional plan-
ning, and natural resource management. The LISS III and AWiFS data of the 
study area are processed in ERDAS Imagine for making extensive analysis.



Performance Assessment of Rice Irrigation Project Using Remote Sensing 273

ArcGIS is an integrated collection of GIS software products that provides 
a standards-based platform for spatial analysis, data management, and 
mapping. Using Kriging analogy, the spatial interpolation is carried out in 
ArcMap of ArcGIS software for rainfall, soil and crop productivity param-
eters of the command area.

6.5 METHODOLOGY

This section includes methodology for analysis of command area data. 
Geostatistics tool is used to analyze soil, rainfall, and crop productivity 
parameters using ArcGIS software. ERDAS imagine software is used to 
process remote sensing images for generation of LULC.

6.5.1 FORMULATION OF CROP CALENDAR

The ground truth observed during personal visits and crop area information 
obtained from the Handbook of Prakasam district statistics [14] indicated 
that rice is a prominent crop in the upper reach of the study area. Crops like 
Bengal gram, maize and tobacco are predominantly grown along with other 
rain-fed crops at lower-reach. Along the aforementioned cropping scenario, 
some ID crops are also grown in the entire command area. Hence, numer-
ous field visits were made in the command area for collecting ground truth. 
In addition, the Prakasam district atlas [19] has been used to identify some 
relevant information on crops and soils for making preliminary overview of 
the study area.

6.5.2 GEOSTATISTICAL AND REMOTE SENSING ANALYSIS

Availability of scanty rainfall plays an important role in crop productivity in 
semiarid climate. Similarly, salinity and nutrient status of soil that influence 
crop yield, are important parameters. Hence, geostatistical analysis (Kriging) 
of rainfall, salinity, and productivity is used to predict reliable estimates at 
unmeasured locations of the command area.

Crop areas/phenology, land features, and hydrological conditions of 
the canal commands is precisely identified by processing multi-satellite 
images in ERDAS Imagine software. Further, the water demand and supply 
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relationship in the command area is assessed effectively by the use of remote 
sensing derived crop areas. Spatial variation in irrigation system perfor-
mance is better assessed by integration of remote sensing, GIS, and simula-
tion of crop water demand.

6.5.3 DATA PROCESSING IN ArcGIS

6.5.3.1 Geostatistical Analysis

The geostatistical (Kriging) analysis has been performed on rainfall, salin-
ity, and rice productivity parameters of 2004–2005 for the study area using 
ArcMap in ArcGIS software. These parameters have shown a clear trend in 
interpolated surfaces. These afore mentioned parameters were transformed 
to the real world coordinate system using geoprocessing feature of ArcGIS 
followed by a complete analysis. Using Arc toolbox, the point, line, and 
polygon feature classes of the irrigation command were transformed from 
geographic to coordinate system of NAD 1983 projection datum of 44N 
grid under UTM zone. The transformation ensured that the point, line, and 
polygon feature classes represent uniform map scale and actual latitudes and 
longitudes over land surface, which were required for the geostatistical anal-
ysis. The layers are then added and viewed in ArcMap. The elementary step 
of geostatistical analysis is exploratory data analysis in which the histogram, 
normality, trend of data, voronoi mapping, semi-variogram cloud and cross 
covariance cloud of the raw data are observed. These steps ensure that the 
data points are normally distributed and there are no global or local outliers 
[51]. The best-fit model is confirmed only after performing the cross valida-
tion and verifying the error statistics.

6.5.3.2 Semi-Variogram Model

The mean square prediction error should be minimum for a model to pro-
vide accurate predictions. If the predictions are close to the measured values, 
the mean standardized prediction error should be close to 0, and the reduced-
mean-square standardized error should be close to 1. When the average esti-
mated prediction standard errors are close to the root-mean-square prediction 
standard errors from cross-validation, one can be sure that the prediction 
standard errors are appropriate. Thus, utilizing the spatial variance structure 
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available in a semi-variogram, the most appropriate model was chosen to 
yield the best linear unbiased estimate of the parameter calculated from 
weighted values measured in its local neighborhood.

6.5.4 DATA PROCESSING WITH ERDAS IMAGINE

6.5.4.1 Generation of Base Map

The ERDAS Imagine software has been used for processing of toposheets 
and the Prakasam district administrative map. The procured toposheets 
(1:50,000 scale) and the index map of the study area have been scanned 
and geo-referenced for further analysis. The canal network and significant 
features of the irrigation command area have been developed by digitization 
using ERDAS imagine. Base map is thus extracted by clipping the mosaic 
of toposheets to boundary shape of the study area. All data of the study area 
is modeled keeping the base map as reference area.

6.5.4.2 Geo Referencing the Images

Remote sensing images are geo-referenced in ERDAS Imagine software. 
Initially, one of the IRS LISS III images (reference image) was geo-ref-
erenced by registering with GCP’s (Ground Control Points) observed 
toposheets. Images of other dates were geo-referenced using image-to-image 
GCP’s. The 3 images of LISS-III and the 8 images AWiFS of Resourcesat-1 
(IRS P6) have been geo-corrected for carrying out further analysis.

6.5.5 GENERATION OF LAND USE/COVER MAP

In the image classification approach, all the images were registered to 
the same datum, projection, and coordinate system. The thematic maps in 
Prakasam district atlas [19] for the study area are also used to support the 
crop identification from the satellite images.

The aerial extent of any distributary could be extracted from the classified 
image of LULC of the command area by clipping to the respective distribu-
tary boundary. Crop area statistics, derived from LULC of each distributary, 
is used as an input for estimation of crop water requirement in CRIWAR 
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model. In order to generate composite LULC map based on multi-images, 
it is necessary to delineate each image into two classes, i.e., vegetated areas 
(V), and non-vegetated areas (NV).

6.5.5.1 Delineation of Vegetated and Non-Vegetated Areas

Delineation of vegetated and non-vegetated areas could be made in a simple 
form by visually separating the areas that appear to have no-vegetation on 
each image and also verifying from toposheets. However, visually interpreting 
each image would be very time consuming and cumbersome, hence, an auto-
mated process to delineate the vegetated and non-vegetated areas for each sat-
ellite image was made by using the NDVI for three images in the season [56].

The derivation of NDVI is based on vegetation, which have a charac-
teristic spectral response that is significantly different soil and other land 
targets. The spectral signature of vegetation in the electromagnetic spec-
trum is determined by plant pigments (chlorophyll), which preferentially 
absorbs blue and red light for photosynthesis, leading to a low reflectance 
in the visible wavelengths (0.4–0.7 µm). The spectral response becomes pri-
marily controlled by the cellular microstructure of the leaf in near infrared 
(NIR) wavelengths (0.7–1.3 µm). Subsequently, unsupervised classification 
with ISODATA clustering was performed on each NDVI image and iterative 
labeling was done by examining the NDVI cluster image with FCC image 
having RGB combination. By labeling the NDVI cluster image, it was possi-
ble to create a binary map of vegetation (V) and non-vegetation (NV) areas.

6.5.5.2 Land Use/Land Cover

For identification of land cover dynamics, NDVI binary (vegetation, non-
vegetation) images were generated from three time periods by examining 
their RASTER attributes with corresponding FCC images. A composite 
image that indicates land cover dynamics for three time periods was gener-
ated by adding all the NDVI binary images.

Pixels with vegetation are assigned the values of 1 and 2 for November 19, 
2004 and December 13, 2004 images, respectively, and the overlapping 
pixels would have a value of 3 as a result of the image addition. The pos-
sible classes after addition of these two images are given in the Table 6.5. 
Further, this composite image is added to third image having vegetation with 
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a pixel value of 4. Overall, the resultant composite layer will result in 8 
possible combinations of land cover dynamics in the study area. Possible 
land cover dynamics in three time period composite image are presented in 
Table 6.6. Subsequently, all the reclassified NDVI images are overlaid by 
addition. Resultant classes were labeled as different LULC classes based on 
the GCPs, crop calendar, and NDVI. The decision rules framed for identify-
ing different classes were discussed in subsequent sections.

TABLE 6.5 Land Cover Dynamics in Composite Image of Two Time Periods

Type of 
Vegetation

Time 1 image Time 2 image Time 1 + Time 2

November, 19 
2004

December, 13 
2004

Composite image of two time 
periods

Reclassed value Reclassed value Reclassed 
values after 
addition

Land cover 
dynamics

NV 0 0 0 NV-NV
V 1 2 1 V-NV

2 NV-V
3 V-V

Note: NV = non-vegetation; V = vegetation.

TABLE 6.6 Land Cover Dynamics in Composite Image of Three Time Periods

Land cover 
dynamics

Time 1 + 
Time 2 images

Type of 
vegetation

Time 3 
image

Time 1 + Time 2 + Time 3

Composite image of three 
time periods

Reclassed 
value

Reclassed 
value

Reclassed 
values after 
addition

Land cover 
dynamics

NV-NV 0 NV 0 0 NV-NV-NV
V-NV 1 V 4 1 V-NV-NV
NV-V 2 2 NV-V-NV
V-V 3 3 V-V-NV

4 NV-NV-V
5 V-NV-V
6 NV-V-V
7 V-V-V

Note: NV = non-vegetation; V = vegetation.
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6.5.5.3 Labeling of LULC Classes in the Composite Image

Classification of multi-date LISS III images based on some heuristic rules, 
is more useful in comparison to single date image for crop identification 
[41, 60]. Thus, in the present study, heuristic/decision rules and feedback 
knowledge were envisaged for labeling the combination of eight land cover 
dynamics into individual crops in the command area (Table 6.6). The feed-
back from local farmers and technical personnel of the State DOA and I & 
CAD enabled to formulate crop calendar (Table 6.7).

The decision rules used for image classification are based on planting, 
harvesting, and phenology of major crops in the command area (Table 6.8). 
An overlay process of the branch canal and distributaries was done for iden-
tification of rice area, knowing that rice needs a constant source of water and 
grown in close proximity to irrigation canals.

Vector point coverage of GCPs, indicating crop types in the study area, was 
overlaid on an image to get more accurate LULC map. The criteria of com-
bining GCP’S along with land slope (usually rice areas are flat and adjacent 
to canal) was also used for labeling the clusters of composite image. Further, 
the job of labeling the classes was made easy by the use of March 19, 2005 
image, because by this date majority of irrigated crops has been harvested.

TABLE 6.7 Crop Calendar for the Command Area During 2004–2005

Crop Sowing 
Date

Harvest 
Date

Initial 
Stage 
(Days)

Development 
Stage (Days)

Mid 
Season 
(Days)

Late 
season 
(Days)

Crop 
duration 
(Days)

Early rice 15/Oct 15/Feb 20 40 45 15 120
Mid rice 10/Nov 10/Mar 20 40 45 15 120
Late rice 5/ Dec 5/Apr 20 40 45 15 120
Bengal 
gram

15/Nov 20/Feb 20 30 25 20 95

Chillies 1/Sep 30/Mar 45 60 70 35 210
Cotton 1/Sep 25/Feb 30 50 50 45 175
Early 
maize 

10/Aug 20/Nov 20 25 35 20 100

Late 
maize 

01/Jan 10/Apr 20 25 35 20 100

Red gram 15/Aug 5/Mar 35 60 65 40 200
Tobacco 20/Oct 20/Feb 20 30 40 30 120
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6.5.5.4 Segregation of V-V-NV Class

Crop is seen both in November 19 and December 13 images and could not be 
seen in March 19 image in V-V-NV class. The crop calendar shows majority 
of crops, namely early rice, mid rice, cotton, red gram, and tobacco, are iden-
tified under the aforementioned class. Further identification of individual 
crops is carried out with decision rules mentioned in Table 6.9.

TABLE 6.8 Decision Rules for Land Use Map Based on the Temporal Data

Land cover 
dynamic

Description of land 
feature

Possible class Remarks

NV-NV-NV (Non cropped area) 
uncultivable land or 
wasteland/water 

Settlement/water 
bodies/bare land 

Delineated into various 
individual classes using 
ISO clustering technique

V-NV-NV Crop seen only in 
November image and 
not in subsequent 
images

Other crops From crop calendar, 
crops like early maize are 
harvested by November 20 
and not seen in subsequent 
images

NV-V-NV Crop seen only in 
December image

Bengal gram Crop is seen in December 
13 image only and not in 
other images

V-V-NV Early crops seen 
in November and 
December

Early rice & mid 
rice, red gram, 
cotton, tobacco

Further segregation of 
crops was presented in 
Section 6.5.6.3.1

NV-NV-V Late crops seen only 
in March image.

 Other crops From farmers feedback and 
crop calendar information, 
classified as other crops

V-NV-V Double cropped area Maize In this class, vegetation is 
seen two times, verifying 
with the ground truth 
and crop calendar, it is 
classified as maize

NV-V-V Late crops seen in 
December and March 
images

Late rice The late-rice, which starts 
from December 5 are seen 
in December and March 
images

V-V-V Long duration crop Chillies Chillies with duration from 
1 September to 30 March 
is covered in all the three 
images.

Note: NV = non-vegetation; V = vegetation.
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TABLE 6.9 Decision Rules for Labeling of V-V-NV Class

Crop cover 
dynamics

Possible 
crops

Landmark 
criteria.

Labeled 
crop

Heuristic 
knowledge

Identification 
of crop

V-V-NV Early rice, 
mid rice, red 
gram, cotton, 
tobacco

Slope < 
2% & 
proximity 
to canal

Rice NDVI, ground 
truth

Early rice 

NDVI, crop 
calendar

Mid rice

Slope > 2% 
and away 
from canal

Non- rice Scattered 
ground truth, 
NDVI

Red gram

Proximity to 
tobacco barns, 
ground truth, 
NDVI 

Tobacco

NDVI, ground 
truth

Cotton

Hence, identification of individual classes is carried out by the use of 
guiding rules, ground truth, and feedback knowledge. Other crops such as 
maize, grams, vegetables, fruit crops, plantation, etc., for which ground truth 
is not available have been classified into one group as ‘other crops’. The 
sequence of methodology for LULC classification and identification of dif-
ferent crops is shown in the flow chart (Figure 6.2).

6.5.5.5  Segregation of NV–NV–NV Class

Iterative labeling was done to NDVI cluster images of November 2004 and 
March 2005 images. In order to identify water bodies, settlement, and other 
land features like hilly terrain, scrubs that are seen clearly in toposheets, 
were also digitized and used for labeling these non-crop classes. Similarly, 
water bodies, which were also labeled in this particular class, can be easily 
identified in the multispectral image. The objective of generating LULC is 
to depict the cropping pattern that will estimate the crop water demand of 
the canal command.

6.5.5.6 Accuracy Assessment

The accuracy of classification depends on several factors; such as spectral 
separability of the land cover classes, heterogeneity of the land surface, and 



Performance Assessment of Rice Irrigation Project Using Remote Sensing 281

extent of ground truth. Accuracy analysis was performed on the classified 
image with the accuracy assessment function of ERDAS Imagine software. 
Random method is selected for carrying out accuracy assessment. It lists two 
sets of class values for the randomly selected points. One set of class value 
is automatically assigned to these random points according to classification 
and the other set of classified value is input by the user. These reference 
values are based on ground truth data and information collected from field 
visits and available maps.

These class values are reported in a contingency table, where overall clas-
sification accuracy and misclassification between categories are identified. 
It usually takes the form of a (m × m) confusion matrix, where m are the num-
ber of classes under investigation. The rows represent the assumed true classes, 
while the columns are associated with remote sensing derived land use classes. 
One of the most important characteristics of such matrix is their ability to sum-
marize errors of omission and commission. Errors of the commission/omission 
occur when some of the pixels of the specified class actually belong to other 
category. The total column on the extreme right summarizes the assumed true 

FIGURE 6.2 Methodology for land use/land cover classification.
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number of pixels in each class found on the classification map. The diagonal 
element represents the number of pixels correctly classified. Error or omission/
commission for each class were computed by summing the number of pixels 
assigned to incorrect categories along each row and column and by dividing 
this number by total number of true pixels in this category.

Further, Kappa coefficient (k) was calculated to check the classifi-
cation accuracy. The k (“KHAT”) statistic is a measure to differentiate 
between actual (between the reference data and an automated classifier) and 
chance (between the reference data and a random classifier) agreements. 
Conceptually k can be defined as stated below

 k observed accuracy chance agreement
chance agreement

 =
−

−1
 (15)

As observed accuracy approaches 1 and chance agreement approaches 0, k 
approaches 1, this is an ideal case. In case where chance agreement is large 
enough, k can take a negative value, which is an indication of very poor clas-
sification performance. In reality, k usually ranges between 0 and 1, which 
is computed by:
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where, N is the total number of observations; r is the number of rows in the 
error matrix; xii is the number of observations in row i and column i (on the 
major diagonal); xi+ is the total observations in row i (shows as marginal 
total to right of the matrix); and x+i is the total observations in column i 
(shown as marginal total at bottom of matrix).

In this chapter, the accuracy was estimated by selecting 500 random samples 
representing various LULC categories. The Kappa coefficient was originally 
developed to test classification accuracy. Kappa coefficient, k = 1, indicates 
perfect agreement between the classification categories, while k = 0, indicates 
the observed agreement equals the chance agreement [17]. The k value greater 
than 0.75 indicates very good to excellent agreement, while a value between 
0.40 and 0.75 indicates fair to good agreement. A value of less than or equal 
to 0.4 indicates poor agreement between the classification categories [23, 34].
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6.5.5.7 Estimation of Vegetation Indices

The vegetation index, NDVI (Normalized Difference Vegetation Index) shows 
an integrated effect of applied water and soil nutrients on crop condition/vigor. 
The NDVI is observed to vary spatially in distributaries along the length of 
branch canal [13]. The crop condition also exhibits expected crop yield.

During crop growth season of 2004–05, the NDVI has been estimated by 
using reflectance received in NIR and Red bands, for selected eight images 
of AWiFS. The eight NDVI images have been overlaid sequentially, one 
over the other, for extracting the maximum NDVI for all the pixels. These 
images provide critical crop condition spatially in the entire command.

6.5.6 ASSESSMENT OF PERFORMANCE INDICATORS

The objective of performance assessment of the irrigation project is to iden-
tify problem distributaries and analyze reasons for further improvement in 
the functioning of the irrigation project. The indicators considered in the 
performance assessment are crop productivity, equity, and adequacy.

6.5.6.1 Crop Productivity

The recorded values of rice productivity in kg/ha (Chief Planning Officer, 
2006) were taken from CCE plots (5 m × 5 m size). The geometric position 
of CCE plots at different village locations was recorded using GPS (Global 
Positioning System) instrument. The location-wise measured rice productiv-
ity was used to predict the productivity at any unmeasured locations of the 
distributary by using Kriging interpolation techniques.

6.5.6.2 Equity

Equity is a measure of the uniformity of water allocation in the distribution 
system. The equity is estimated in terms of NDVI based equity, irrigation 
depth, and irrigation and cropping intensity.

6.5.6.3 Adequacy of Irrigation

The adequacy in the present study is estimated in terms of two parameters 
namely, relative water supply and water utilization index. The relative water 
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supply (RWS) is estimated as the ratio of seasonal water supply to the irri-
gation water demand in any distributary. WUI is the area covered per one 
million m3 of irrigation water.

6.5.6.4 CRIWAR for Irrigation Demand

CRIWAR 2.0 (Crop Irrigation Water Requirement) software was developed 
by ILRI, Wageningen. It is a useful tool in the operation of irrigation sys-
tems. Crop water requirement (CWR) is calculated by subtracting the effec-
tive rainfall from the ETp. Gross irrigation requirement (GIR) for selected 
command is estimated by considering an irrigation system efficiency of 
60% (Gaur et al., 2008), which accounts for conveyance and other losses. 
In CRIWAR model, crop factor (Kc) values are adjusted to local weather 
conditions of right canal command area of Nagarjuna Sagar project [53] in 
accordance with FAO guidelines [3].

6.5.6.5 Irrigation Supply Demand Gap in Crop Growth Season

The simulation by CRIWAR model is carried out for estimation of crop 
water demand on monthly basis. Monthly supply-demand gap is computed 
to study its impact on crop productivity. Steps used in water supply-demand 
relationship are shown in Figure 6.3.

FIGURE 6.3 Irrigation supply-demand analysis in the command area.
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6.5.7 PREDICTION OF RICE PRODUCTIVITY

Regression models have been developed to predict rice productivity in a 
cropping season using two approaches (NDVI and crop inputs).

6.5.7.1 Simple Linear Regression Model

The correlation between the NDVI and crop yield has been tested by some 
researchers. The correlation was reported to be highest at the heading stage of 
crop. Before and after heading stage, the correlation found weaker. In the pres-
ent study, a simple regression model was developed between NDVI and the rice 
yield of 2004–05 in the selected command area.

The individual values of TCVI (maximum NDVI) and average NDVI 
values for different locations and the respective rice yields are plotted to get 
scatter diagram. The line of best-fit in each case is generated by discarding 
extreme points so as to keep the sufficient degree of coefficient of determi-
nation (R2). The model, showing higher correlation of NDVI on crop yield, 
is selected for the prediction of rice productivity in the irrigation project.

6.5.7.2 Multiple Nonlinear Regression Model

Application of total depth of water and nutrients (NPK) are the two major factors 
for influencing crop productivity. A nonlinear second order multiple regression 
model has been developed using central composite design (CCD) after consider-
ing its parameters at three levels, where total seasonal water depth and nutrients 
(NPK) applied has been considered as input variables and crop productivity as 
output. The range of input variables has been chosen as 0.612–1.546 m and 
284–660 kg/ha for water depth and nutrients (NPK), respectively. The signifi-
cance of the parameters and their interaction terms on the response has been 
studied by conducting analysis of variance (ANOVA) to check the adequacy 
of the model. The effect of parameters and their interactions on the output was 
depicted through the surface plot using MINITAB 14 software.

6.6 RESULTS AND DISCUSSIONS

This section deals with the results related to spatial analysis of rainfall, land 
parameters and productivity. It also deals with depiction of land use and land 
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cover classes, crop area statistics and vegetation indices from remote sens-
ing images. The estimated values of performance indicators are compared 
among different distributary commands. Regression models for rice produc-
tivity are also dealt in this chapter.

6.6.1 VARIABILITY IN RAINFALL AND CANAL WATER SUPPLY

From the data of canal supply, it is noticed that upper reach distributary 
received fairly adequate amount of supply as compared to lower reaches. 
Supply-design ratio of lower reach distributary was observed to be 50% 
of the upper reaches during effective months of crop growth period from 
November 2004 to February 2005. It is also an indication of inequality in 
water distribution system of the command area.

6.6.2 VARIABILITY IN RICE PRODUCTIVITY

Rice is the prominent crop grown in the command area. Initial observation 
of rice productivity at point locations shows its variation from upper to lower 
reaches of the command area. The productivity trend noticed in the study 
area is in close agreement with the results observed by Ref. [1] that unequal 
distribution of water has a direct influence on productivity. Reduction in rice 
productivity in the lower reach of the command area could be attributed due 
to deficit supply of canal water during critical crop growth stage.

6.6.3 VARIABILITY IN SOIL MOISTURE

Spatial distribution of soil moisture content in the study area during irriga-
tion period was retrieved (Figure 6.4) from the Prakasam district atlas [19]. 
High (> 150 mm/m), medium (100–150 mm/m), and low (50–100 mm/m) 
soil moisture content was observed in upper, middle, and low reaches, 
respectively. It is thus evident from Figure 6.4 that the soil moisture con-
tent during the cropping season has been observed to be in accordance with 
the canal water release pattern at different reaches, and not based on the 
ground water contribution, which is quite deep. For example, poor level of 
soil moisture content in lower reaches of the command area is due to low 
canal releases pattern.
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6.6.4 GEOSTATISTICAL ANALYSIS

The geostatistical analysis of rainfall, salinity, and rice productivity is per-
formed using Kriging technique to compare interpolated parameters among 
different distributaries.

6.6.4.1 Rainfall

Kriging is performed for monthly rainfall data from October 2004 and 
March 2005. Cross validation statistics have been performed on monthly 
rainfall using different models (Table 6.10). The Gaussian model gave 
the desired error statistics as compared to other models tested. Hence, it 
is finally selected for spatial interpolation and correlation of monthly 
rainfall. The interpolated surfaces have been generated for October 2004, 
November 2004, January 2005, February 2005, and March 2005 (Figure 6.5). 
During December 2004 as there was no rainfall recorded in the entire com-
mand area, hence Kriged surface could not be generated.

During November 2004 to March 2005, scanty monthly rainfall below 
35 mm is received that exhibits prominent dry spell condition in the 

FIGURE 6.4 Soil moisture content in command area.
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FIGURE 6.5 Rainfall prediction map in different months.

TABLE 6.10 Cross Validation Statistics for Monthly Rainfall Using Different models

Model Month Mean standardized error RMS standardized error
Spherical November 2004 –0.040 0.960

February 2005 –0.002 0.960
Exponential November 2004 –0.030 0.930

February 2005 0.002 0.960
Gaussian November 2004 –0.040 0.990

February 2005 0.002 0.970
K-Bessel November 2004 –0.040 0.980

February 2005 0.003 0.960
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command area (Table 6.11). The total rainfall during the crop period from 
October 2004 to March 2005 has been recorded as 178.7 mm at upper dis-
tributary (Rajupalem) and 183.8 mm at lower distributary (Nutalapadu). 
Similarly, depth of canal water application for the same period in case of 
Rajupalem and Nutalapadu distributaries was 904 and 570 mm, respectively.

6.6.4.2 Rice Productivity

The spatial Kriged surface of interpolated value of rice productiv-
ity in the command area varied from 6277 kg/ha at upper distributary to 
3386 kg/haat lower distributary (Figure 6.6). Based on water release pattern, 

TABLE 6.11 Monthly Rainfall (mm) in Different Distributaries

Month Rajupalem Paidipadu Kotapadu Dronadula Nutalapadu

Oct 04 125.1 125.0 111.5 125.0 131.5
Nov 04 26.0 31.2 33.0 32.5 31.2
Dec 04 0.0 0.0 0.0 0.0 0.0
Jan 05 0.4 1.4 0.4 0.4 0.4
Feb 05 1.1 2.2 4.5 5.5 7.5
Mar 05 26.1 12.0 12.5 14.0 13.2
Total 178.7 171.8 161.9 177.4 183.8

FIGURE 6.6 Spatial distribution of rice yield.
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crop productivity has shown spatial variation in irrigation performance 
in the command area under scanty rainfall of 185 mm during the crop season 
of 2004–05. The adequate supply of canal water released in the upper reach 
resulted in higher productivity, whereas declined irrigation supply resulted 
in poor crop productivity at the tail reach of the command area.

Generally in an irrigation project, the upper reach farmers draw much 
more water as compared to the lower reach farmers, resulting in inequitable 
distribution of water across the region. The present case also revealed that 
there is a significant variation in the productivity of rice along the length 
of the branch canal and also along the length of all distributaries as well. 
Figure 6.6 shows spatial variability in rice productivity within the canal 
command. Poor crop productivity noticed in the lower reach could be attrib-
uted to inadequate canal water supply during critical crop growth period.

6.6.4.3 Trend Analysis of Rice Productivity

A 3-D representation of rice productivity demonstrates its spatial variabil-
ity in the study area (Figure 6.7). Each vertical stick in the trend analysis 
plot represents the location and value (productivity) of each data point. The 
points are projected into the perpendicular planes, an east-west and a north-
south plane. A best-fit curve is then placed through the projected points. 
Productivity curve shows that the value of productivity starts out with a high 
value towards west and gradually decreases as it moves towards east until 
it levels out. The 3-D representation apparently demonstrates that the data 

FIGURE 6.7 Trend analysis plot for rice productivity.
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seems to exhibit a strong trend in the west-east direction and a weaker one in 
the north-south direction (Figure 6.7).

Hence, the present study validates that there is a considerable variation in 
canal water release pattern along its length showing a significant impact on 
rice productivity. Consequently, productivity declined gradually along the 
canal length from upper to lower reaches of the irrigation project

6.6.4.4 Soil Salinity on Crop Productivity

Salinity is a measure of concentration of soluble salts in the soil. Some salts 
are useful (many chemical fertilizers are in salt form), but too much salt 
of any kind is detrimental to plants and other organisms. Soil salinity levels 
are spatially interpolated for the entire command area, based on collected 
soil samples analyzed at the Soil Testing Laboratory of Prakasam district 
(Figure 6.8).

The salt affected soils are generally characterized by pH and EC (electri-
cal conductivity). The pH readings of the study area varied from 7.7 to 8.5 
shows soil alkalinity problem even though variation is insignificant. The 
crop yield decreased with the increase in salinity above 2.0 dS m–1 [63]. 
Hence, soil salinity status at any unmeasured locations of the study area, is 
assessed from the interpolated values measured data (Figure 6.8).

FIGURE 6.8 Soil salinity in the command area.
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The prediction map was generated with ordinary Kriging method by 
inputting the core sample data along with corresponding coordinates of lati-
tude and longitude for the study area. However, it is observed that soil salin-
ity levels are not posing any threat to crop yield. The prediction map shows 
EC values of 0.7–0.9, 0.7–0.8, and 0.6–0.7 for upper, middle, and lower 
reaches, respectively. Hence, the predicted soil EC values in the entire com-
mand area are well below 2 dS/m (safe limit), making the soils classified as 
non-saline category.

6.6.4 ANALYSIS OF REMOTE SENSING IMAGES

The IRS P6 images of both LISS III and AWiFS, which are processed in the 
ERDAS Imagine 8.5 software, enabled to obtain reliable crop area statis-
tics and vegetation indices that have been further used in estimation of crop 
water demand and performance assessment, respectively. Based on the crop 
water demand, supply-demand relationship of irrigation project has been 
analyzed and results are interpreted.

6.6.4.1 Generation of Land Use/Land Cover (LULC)

The unsupervised classification performed in ERDAS Imagine on LISS III 
data has resulted in twelve LULC classes, containing rice staggered in three 
sowing dates (early-rice, mid-rice, and late-rice), irrigated dry crops (chil-
ies, cotton, and red gram), rain-fed crops (Bengal gram and tobacco), other 
crops, water bodies, waste land, and settlement (Figure 6.9).

Areas under each distributary commands are obtained by clipping to its 
respective boundaries from LULC map. The LULC maps so extracted for 
five distributaries commands (Rajupalem, Paidipadu, Kotapadu, Dronadula, 
and Nutalapadu) in the study area are represented in Figure 6.10. The study 
area consists of multiple crops being grown during the satellite data acquisi-
tion period. Accordingly, classified LULC map has resulted in twelve LULC 
classes. The crop area statistics that have been derived from the LULC of 
distributaries are indicated in Table 6.12.

The LULC of distributaries show that rice was observed to decrease in 
aerial extent in successive distributaries along the branch canal, whereas 
ID crops have successively increased towards its lower-reach. The 
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FIGURE 6.9 LULC of the command area.

FIGURE 6.10 LULC of distributary commands.
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TABLE 6.12 Crop Area (ha) Statistics of Different Distributaries

Land use/land cover Rajupalem Paidipadu Kotapadu Dronadula Nutalapadu

Early rice 308.20 3386.50 1079.95 953.21 1319.75
Mid rice 184.62 426.22 367.07 121.19 103.31
Late rice 188.22 771.71 956.27 601.16 265.03
Bengal gram 157.06 1941.96 2592.36 1483.05 1386.77
Chillies 64.06 524.29 453.67 410.98 623.00
Cotton 103.90 1042.39 599.30 852.22 926.60
Other crops 795.77 3224.63 2146.42 1845.10 1949.37
Red gram 216.89 717.06 305.44 197.85 235.35
Settlement 28.30 109.61 183.56 95.38 147.43
Tobacco 3.60 1439.20 1703.70 759.38 396.01
Waste land 381.09 1394.60 558.04 215.88 537.78
Water bodies 2.49 26.93 62.16 29.78 34.81

crop area statistics obtained for different distributaries are represented 
in Table 6.12. Based on classified LULC map, the attribute values was 
prepared incorporating the areas occupied by different LULC classes in 
respective distributaries.

6.6.4.2  Classification Accuracy

The error (confusion) matrix is prepared for testing LULC classification 
accuracy using three time images of IRS P6 LISS III (Table 6.13). The rows 
of matrix represent the true classes while the columns represent classes asso-
ciated with remote sensing derived LULC and the diagonal element repre-
sents the number of pixels correctly classified.

Considering 500 random points, the classification accuracy has been 
estimated in ERDAS Imagine software using random points method. High 
value of Producer’s accuracy was observed in case of rice (early rice – 96.9, 
mid rice – 83.3 and late rice – 97.2%). User’s accuracy of rice (early rice – 
80.0, mid rice – 68.2 and late rice – 87.5%) was also observed. Bengal gram 
has highest User’s accuracy. The accuracy assessment of LULC classifica-
tion has been estimated in terms of overall classification accuracy (81.2%) 
and Kappa statistics (0.7787). Crop/non-crop features identified in the study 
area and corresponding accuracy statistics are represented in Table 6.14. 
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The classification accuracy estimated from image classification is in the 
range of very good to excellent category [34].

TABLE 6.13 Error (Confusion) Matrix of LULC Classification for Command Area

Classified Data Reference Data

1 2 3 4 5 6 7 8 9 10 11 12 Total

1 2 2
2 1 15 2 2 1 1 22
3 1 35 1 1 1 1 40
4 5 1 6
5 81 2 2 2 1 1 89
6 1 21 4 1 3 30
7 1 1 4 53 4 63
8 3 5 2 9 100 2 4 125
9 2 2 9 64 1 2 80
10 2 6 8
11 3 1 2 16 22
12 1 1 1 2 8 13
Total 4 18 36 8 100 27 66 126 66 11 27 11 500

Note: Class 1 – water bodies; 2 – mid-rice; 3 – late-rice; 4 – settlement; 5 – Bengal gram; 6 – tobacco; 
7 – waste land; 8 – other crops; 9 – early rice; 10 – chilies; 11 – cotton; and 12 – red gram.

TABLE 6.14 LULC Classification Accuracy

Class Name Producer’s accuracy, % User’s accuracy, %

Early-rice 96.97  80.00 
Mid-rice 83.33  68.18 
Late-rice 97.22  87.50 
Bengal gram 81.00  91.01
Chillies 54.55  75.00 
Cotton 59.26  72.73 
Other crops 79.37  80.00
Red gram 72.73  61.54
Settlement 62.50  83.33 
Tobacco 77.78  70.00 
Waste land 80.30  84.13 
Water bodies 50.00 100.00 
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6.6.5 NDVI BASED CROP CONDITION ASSESSMENT

The Normalized difference vegetation index (NDVI) for the command area 
is estimated using digital number (DN) data in visible red (R) and near-
infrared (NIR) wavelengths of IRS P6 AWiFS sensor. The NDVI is observed 
to vary spatially in the entire command area in relation to cropping inten-
sity/crop vigor. The NDVI generated from eight images of AWiFS data are 
shown in Figure 6.11, which shows temporal variability of NDVI in differ-
ent locations of the command area.

FIGURE 6.11 NDVI distribution within the ABC command area.
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6.6.6 PERFORMANCE INDICATORS

The performance indicators for assessment of irrigation project under study 
are productivity, equity, and adequacy.

6.6.6.1 Productivity

The rice productivity retrieved from the Kriged surface has been recorded as 
6277, 4874, 4469, 4065 and 3386 kg/ha, respectively, for the five distributary 
commands of Rajupalem, Paidipadu, Kotapadu, Dronadula and Nutalapadu 
(Figure 6.12). The continuous decline in rice productivity has been observed 
from the upper to lower distributaries, which is due to non-uniform supply of 
canal water in different reaches of the command with scanty rainfall during 
the cropping season.

6.6.6.2 Equity (NDVI Based)

The crop vigor that is explained by remote sensing based NDVI has shown 
considerable variations in the command area. To assess equity, NDVI val-
ues of distributary commands are analyzed. The maximum NDVI has var-
ied from 0.72 to 0.35 and average NDVI from 0.43 to 0.32 from upper to 
lower distributary commands, respectively (Table 6.15). The maximum, 

FIGURE 6.12 Rice productivity in different distributaries.
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average, and minimum NDVI of mid-rice indicate declining trend from 
upper to lower distributary commands (Figure 6.13). This implies that the 
crop canopy growth has considerably reduced from upper to lower distribu-
tary commands.

6.6.6.3 Adequacy (Relative Water Supply)

Seasonal irrigation water supply and demand for each distributary com-
mands are compared for assessing surplus or deficit water supply situa-
tions (Figure 6.14). During the entire cropping season, the relative water 
supply (RWS) of 1.13, 0.47, 0.89, 0.61, and 0.64 has been experienced in 
Rajupalem, Paidipadu, Kotapadu, Dronadula, and Nutalapadu distributary 
commands, respectively. The RWS of 1.13 received at Rajupalem made 
it to come under ‘adequately water surplus distributary’ [47] category and 
remaining four distributaries classified as ‘water deficit distributaries’ as all 
of them recorded a RWS of <1.0. However, the supply-demand relationship 
at monthly intervals is discussed in subsequent section to assess the gap dur-
ing critical crop growth stage.

FIGURE 6.13 NDVI variability among distributaries.

TABLE 6.15 Spatial Distribution of NDVI of Mid-Rice Among Distributaries

NDVI Rajupalem Paidipadu Kotapadu Dronadula Nutalapadu

Max. 0.72 0.65 0.63 0.43 0.35
Ave. 0.43 0.40 0.38 0.36 0.32
Min. 0.32 0.30 0.25 0.26 0.27
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6.6.6.4 Performances of Different Distributaries

The performance indicators estimated in different distributary commands of 
the irrigation project are compared in Table 6.16.

The Rajupalem distributary recorded higher productivity (6277 kg/ha) 
than that of average productivity (3529 kg/ha) of Prakasam district atlas 
of Andhra Pradesh [19]. Moreover, Rajupalem distributary (upper reach) 
shows greater irrigation performance indicators (productivity, equity, and 
adequacy) in comparison to Nutalapadu distributary (lower reach), which 
has exhibited poor performance with low productivity and inadequate 
water supply.

6.6.6.5  Impact of Supply–Demand Relationship on Irrigation 
Performance

Crop productivity is the most prominent indicator in any irrigation perfor-
mance assessment. In the command area, the entire farmers community are 
habituated of applying higher quantity of inorganic fertilizers (nitrogen: 
phosphorus; potassium) than the recommended dosages of 240–300 kg/ha, 
whereas the release of canal water at the head regulator is controlled by the 
State I & CAD authority. Therefore, the variation in rice productivity at vari-
ous reaches of the irrigation command is influenced by another major input 
such as irrigation water. The ratio of irrigation water supply to its crop water 

FIGURE 6.14 Relative water supply in the canal command.
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demand on monthly-basis could be a better parameter for comparing the 
variation in productivity.

Rice of 120 days duration is cultivated in the command area. The criti-
cal crop growth period of rice is falling within 35 to 65 days from the date 
of transplanting, which coincides within November 2004 to February 2005. 
Hence, assessment of irrigation water supply and crop demand gap in the 
entire crop growth period and particularly during critical growth stage is a 
driving parameter to regulate crop productivity.

6.6.6.6 Water Supply-Demand Ratio

Using CRIWAR model, monthly net irrigation requirement (NIR) of crop-
ping pattern, derived by RS is calculated for each distributary commands. 
The crop water demand (gross irrigation requirement) is estimated by divid-
ing NIR by irrigation system efficiency of 60% [22]. Temporal variability in 
supply-demand ratio during November 2004 to February 2005 for two dis-
tributary commands is shown in Figure 6.15. The supply-demand ratios for 
Nov-04, Dec-04, Jan-05, and Feb-05 are found to be 1.65, 1.00, 0.87, and 0.79 
in Rajupalem distributary command (upper-reach), and 0.50, 0.61, 0.68, and 
0.49 in Nutalapadu distributary (lower-reach), respectively (Table 6.17). The 
upper reach distributary recorded an average irrigation supply-demand ratio 
of 1.07 against 0.57 in the lower reach. It is observed that Rajupalem received 
dominant canal supply in comparison to Nutalapadu distributary (Figure 6.15).

Hence, crop water demand simulation based on integrated use of geo-
statistical and RS image classification, enabled to quantify water supply-
demand relationship in the command area during the cropping season. Timely 
and required quantity of irrigation water supply to upper distributary has 
resulted in doubling crop productivity in comparison to lower distributary. 

TABLE 6.16 Comparison of Performance Indicators Commands

Distributary Productivity (kg/ha) Equity (Max NDVI) Adequacy (RWS)

Rajupalem 6277 0.72 1.13
Paidipadu 4874 0.70 0.47
Kotapadu 4469 0.63 0.89
Dronadula 4065 0.43 0.61
Nutalapadu 3386 0.35 0.64

Note. M m3 – million m3.
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Quantity of irrigation water supply to any distributary command depends on 
its shape and size. Hence, lower distributary with larger command area of 
8800 ha and canal length of 20 km has recorded lower performance in terms 
of crop productivity as compared to upper distributary with smaller com-
mand area of 2648 ha and 8 km length of irrigation canal.

6.6.7 PREDICTION OF RICE PRODUCTIVITY

6.6.7.1 Simple Linear Regression Model

Two models have been developed for prediction of rice productivity against 
NDVImax (denoted as TCVI) (Figure 6.16) and NDVIave (Figure 6.17) of dif-
ferent pixels.

FIGURE 6.15 Monthly supply-demand ratio.

TABLE 6.17 Supply–Demand Ratio Between Upper and Lower Distributaries

Month Rajupalem Nutalapadu

October 2004 1.20 1.43
November 2004 1.65 0.50
December 2004 1.00 0.61
January 2005 0.87 0.68
February 2005 0.79 0.49
March 2005 2.49 2.40
Average during Nov. 04–Feb. 05 1.07 0.57
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FIGURE 6.16 Rice productivity based on NDVImax.

FIGURE 6.17 Rice productivity based on NDVIAve.

The crop productivity models are plotted by regression in scatter dia-
grams between crop productivity (y) and the NDVI (x). Since AWiFS 
images acquisition period covers the growing period of mid-rice (date of 
sowing = 10th Nov 2004) and late-rice (date of sowing = 5th Dec 2004) com-
pletely, the models have been developed for productivity data of mid-rice 
and late-rice and represented in the following expressions. In both the mod-
els, the productivity increased linearly with NDVI.

 Y NDVI= −12439 2349 3max . , R2 =0.78 (17)
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 Y NDVIave= +11135 304 94. , R2=0.58 (18)

The model based on NDVImax yielded higher R2 (coefficient of determina-
tion) of 0.78 as compared to model developed on NDVIave with R2 of 0.58. 
Hence, model that shows higher statistical significance (R2) is selected and 
validated for productivity of early-rice at disaggregated village level CCE 
data in the command area (Table 6.18).

The maximum deviation of predicted yields from observed yields was 
less than 10 percent (Table 6.18), indicating the acceptability of the model. 
Using this model, further spatial rice yield map of the study area is devel-
oped by extrapolating the predicted rice yield for the entire command area 
(Figure 6.18). It shows that more rice intensity is seen at upper reaches and 
near to the canal in comparison to tail reach areas.

6.6.7.2 Non-Linear Multiple Regression Model for Crop 
Productivity

Based on the CCD experiments, which have been carried out in triplicates, 
the crop productivity was expressed as a non-linear function of input param-
eters as follows:

 
Y WD NPK

WD NPK WD NPK
= − + + −

− − ×

3586 35 10850 7 8 8 3243 5
0 004 2 512 2

. . . .
. .  (19)

where, Y = rice productivity (kg/ha), WD = water depth (m); and NPK = total 
chemical fertilizer applied (kg/ha).

Based on the ANOVA (analysis of variance) results (Table 6.19), it 
is observed that linear (ANOVA, p=0.000) and square terms (ANOVA, 
p = 0.004) have significant effect on crop productivity. But contribution of 
interaction term is found to have insignificant effect on productivity. Further 
surface plot indicates non-linear relationship between interaction and pro-
ductivity (Figure 6.19). The predicted values are in close agreement with 
the experimental results (Table 6.20) and range of residuals lie within the 
limits, which indicates the good prediction accuracy and generalization 
ability of the predicted model. The coefficient of multiple regression equa-
tion, adjusted R2, was found to be 96.8%, which indicate the fitness and 
adequacy of the model. The coefficient of the regression model indicates 
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FIGURE 6.18 Spatial rice map (NDVI based).

TABLE 6.18 Validation of Linear Regression Model

Village in the 
command area

NDVImax Rice productivity (kg/ha)

Predicted Observed % Deviation from 
observed yield

Ballikurava 0.64 5587 6048 7.63
Cherukuru 0.64 5664 5958 4.94
Darsi 0.57 4704 5208 9.68
Guntupalli 0.68 6153 6479 5.04
Kopperapalem 0.61 5239 5616 6.72
Nagulapalem 0.59 4935 5447 9.40
Santhamagullur 0.69 6234 6115 –1.94
Veerannapalem 0.67 5978 5916 –1.04
Vinjanampadu 0.55 4475 4858 7.88
Yanamadala 0.43 3018 3306 8.73

that depth of water applied influence crop productivity to a large extent as 
compared to nutrients application in the command area.
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The Response surface plot of rice productivity with water depth and 
NPK (Figure 6.19) indicates sensitivity of the use of these parameters on 
crop productivity. The productivity is linearly increased up to 5956 kg/ha 
against a depth of 1.08 m of applied water and use of 284 kg/ha of NPK. 
Thereafter, the effect of input seemed to be ineffective as rice productivity 
is declining with the application of higher depth of water and doses of fertil-
izer. Hence, the proposed model facilitates the better understanding of the 
effect of water management and nutrients usage on rice productivity and can 

TABLE 6.19 Analysis of Variance for Rice Productivity (kg/ha)

Source DF Seq SS Adj SS Adj MS F p

Regression  5 12154854 12154854 2430971 62.12 0.000
Linear  2 10393083 10393083 5196542 132.80 0.000
Square  2 1566407 1566407 783203 20.01 0.004
Interaction  1 195364 195364 195364 4.99 0.076
Residual error  5 195656 195656 39131
Lack-of-fit  3 185508 185508 61836 12.19 0.077
Pure error  2 10149 10149 5074

Total 10 12350511

SS = 197.8; R2 = 98.4%; R2 (adj) = 96.8%

Note: Seq SS = Sequential sum of squares; Adj SS = Adjusted sum of squares; Adj MS = Adjusted mean 
squares.

FIGURE 6.19 Rice productivity with application of water depth and nutrients (NPK).
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be also verified with field trails. On studying the coefficients of input param-
eters, the sensitivity of crop parameters can be very well understood. The 
optimum doses of fertilizer and irrigation water application can maximize 
production and minimize wastage on agricultural inputs.

6.7 CONCLUSIONS

a. Based on error statistics, Gaussian model is found to be the best among 
all other models for geostatistical (Kriging) analysis of rainfall, soil 
salinity, and crop yield of the command area.

b. Using unsupervised classification procedure, the image processing of 
LISS III satellite imageries is carried out to develop accurate land use/
land cover of the irrigation command with Kappa statistics of 0.7787.

c. The upper reach of the irrigation system (Rajupalem distributary) 
recorded nearly double in rice productivity in comparison to the lower 
reach (Nutalapadu distributary).

d. The maximum and average NDVI values from upper to lower reach 
distributary commands varied considerably from 0.72 to 0.34 and from 
0.43 to 0.32, respectively, which indicates a great variation in canal water 
availability from upper to lower reaches of the canal network.

TABLE 6.20 Central Composite Design (CCD) with Experimental and Predicted 
Responses

Water depth 
(m)

Nutrients 
NPK (kg/ha)

Crop productivity 
(experimental)

Crop productivity 
(predicted)

Residual

0.612 284 3386 3579 –6.89388
1.546 660 7040 6928  1.35170
1.079 472 6277 6324 –0.24920
1.079 660 6568 6612 –0.28839
0.612 660 4814 4882 –0.72222
1.546 284 6496 6508 –0.12183
1.079 472 6338 6324  0.07407
1.079 284 5956 5751  1.76428
1.546 472 6760 6860 –0.68342
0.612 472 4634 4373  3.12366
1.079 472 6196 6324 –0.71581
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e. During four months of critical growth period of rice (November 2004 to 
February 2005), Rajupalem distributary recorded higher performance in 
terms of water supply-demand ratio (1.65, 1.00, 0.87, and 0.79) as com-
pared to Nutalapadu distributary (0.5, 0.61, 0.68, and 0.49).

f. On relating the rice productivity with other parameters (total depth of 
water, NPK, NDVI), the following findings have been observed:

g. The linear regression model developed correlating rice productivity 
with TCVI (R2 = 0.77) could be able to predict the productivity spatially 
for the entire command area.

h. The development of non-linear multiple regression model for rice produc-
tivity against seasonal depth of water and nutrients applications (R2 = 0.96) 
enabled to identify the sensitivity of input parameter. The model also iden-
tified the insignificant role of applied nutrients on rice yield.

i. Hence it is inferred that remote sensing based performance study not 
only helpful in estimating the irrigation demand of a large irrigated com-
mand quickly but also useful in predicting the crop productivity from 
different locations based on NDVI. It also helps to study the crop condi-
tion at various points in the command area and similarly, application of 
crop production functions is a useful technique in estimating the signifi-
cant role of input parameters on crop production.

6.8 SUMMARY

Greater challenges in irrigation projects are to bridge the gap between the 
water demand and supply as it largely influences spatial variability in crop 
productivity. An integrated approach is needed to understand spatial and 
temporal variability in water supply, water demand, and crop productivity 
for performance assessment of an irrigation project. The aim of performance 
assessment is to identify the parameters causing variability in crop produc-
tivity so as to improve the functioning of the irrigation system and there 
will be further scope to validate the criterion to other irrigation projects. 
The Addanki branch canal command, located in the right main canal of the 
Nagarjuna Sagar irrigation project, is selected for performance assessment 
in the present study.

As the study area is located in semiarid conditions, variations in rain-
fall, salinity, and nutrients status of soil play an important role on crop pro-
ductivity. Using different models of geostatistical tool of ArcGIS software, 
ordinary Kriging is performed for interpolating parameters at unmeasured 
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locations. The best-fit model is confirmed only after performing cross vali-
dation and verifying the error statistics. Cumulative rainfall of Kriged values 
during crop period from October 2004 to March 2005, has been recorded as 
178.6 mm at upper distributary (Rajupalem) and 183.7 mm at lower distribu-
tary (Nutalapadu) commands. Similarly, depth of canal water applied during 
cropping period in case of Rajupalem and Nutalapadu distributaries was 904 
and 570 mm, respectively.

Kriging surface of rice productivity has shown a significant variation 
from 6277 to 3386 kg/ha from upper to lower reach distributary commands. 
High (> 150 mm/m), medium (100–150 mm/m), and low (50–100 mm/m) 
soil moisture content was observed in upper, middle, and lower reaches of 
the command area, respectively, as noticed in Prakasam district atlas. It is 
observed that soil moisture content is in accordance with the canal water 
release pattern at upper, middle, and lower reaches.

The required satellite data sets are identified based on existing crop 
calendar and water release schedule. The LISS-III and AWiFS data of 
Resourcesat-1 satellite (IRS P6), which is especially designed for land/water 
management and agricultural applications, have been procured from NRSA. 
LISS III images are selected for LULC generation. Similarly, AWiFS images 
are selected for assessment of crop condition spatially in the entire crop 
growth period. The ERDAS Imagine 8.5 version software is used for pro-
cessing of images.

Unsupervised classification was carried out with three images of LISS 
III of November 19, 2004; December 13, 2004; and March 19, 2005. Eight 
possible land cover dynamics are generated in a composite image by aggre-
gating the vegetation and no-vegetation layers. These layers are labeled as 
individual LULC based on ground truth, crop calendar information, and feed 
back of technical personnel from the DOA and the I & CAD authority of 
Government of Andhra Pradesh. Classification of LISS III data performed in 
ERDAS Imagine has resulted in twelve LULC classes, containing rice stag-
gered in three sowing dates (early-rice, mid-rice, and late-rice) and dry crops 
(chilies, cotton, red gram, Bengal gram, and tobacco), other crops, water 
bodies, waste land, and settlement. The classification accuracy has been esti-
mated, considering 500 random points, in ERDAS imagine software, using 
random points method. The accuracy assessment of LULC classification 
has been estimated in terms of overall classification accuracy of 81.2% and 
Kappa statistics of 0.7787.
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The satellite derived NDVI has been used as an index to assess the condi-
tion of crops across the command area. NDVI is calculated using reflected 
radiation in infrared (0.7 µm to 1.1 µm) and red (0.6 µm to 0.7 µm) bands. 
The observation of NDVI has clearly depicted variability in rice crop condi-
tions during its entire growth period. The higher value of NDVI has been 
recorded at upper distributary command as compared to the lower one. The 
peak value of NDVI recorded around February 13, 2005 has clearly repre-
sented heading stage of the mid rice.

The performance of irrigation project is assessed in terms of three indica-
tors namely, productivity, equity, and adequacy. The distributary-wise rice 
productivity has been predicted as 6277, 4874, 4469, 4065 and 3386 kg/ha, 
respectively, in the canal commands of Rajupalem, Paidipadu, Kotapadu, 
Dronadula, and Nutalapadu. The continuous decline in rice productivity has 
been observed from upper to lower distributary commands, synchronizing 
with the proportional decline in canal water supply. The equity is estimated 
in terms of NDVI values among different distributary commands. Maximum 
NDVI has varied from 0.72 to 0.34 and average NDVI from 0.43 to 0.32 
from upper to lower distributary commands, respectively. This implies that 
crop canopy growth has considerably reduced from upper to lower distribu-
tary commands in proportion to irrigation water supply.

During the entire cropping season, a relative water supply (RWS) of 1.13, 
0.47, 0.89, 0.61, and 0.64 has been experienced in Rajupalem, Paidipadu, 
Kotapadu, Dronadula, and Nutalapadu distributary commands, respectively. 
The RWS of 1.13 in Rajupalem distributary is categorized as ‘adequately 
water surplus distributary.’ Comparison of performance indicators among 
the distributaries shows that Rajupalem (upper) performed best as compared 
to Nutalapadu (lower).

Irrigation water supply and demand is analyzed for each distributary com-
mands for correlating the variability in crop productivity in different canal 
reaches. Hence, the CRIWAR model is used to estimate crop water demand 
to assess monthly supply-demand ratio during the cropping season. Supply-
demand ratio for Nov-04, Dec-04, Jan-05, and Feb-05 are found to be 1.65, 1.00, 
0.87, and 0.79 in Rajupalem distributary (upper reach); and 0.50, 0.61, 0.68, and 
0.49 in Nutalapadu distributary (lower reach) command, respectively. The upper 
reach distributary recorded an average irrigation supply-demand ratio of 1.07 
against 0.57 in the lower reach. The trend shows that Rajupalem received major 
share of canal supply in comparison to Nutalapadu distributary. Integrated use 
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of geostatistical and RS image classification is enabled to quantify water supply-
demand relationship in the command area during the cropping season. Timely 
supply of required quantity of irrigation water to upper distributary has resulted 
in higher crop productivity in comparison to the lower one.

Linear regression models have been developed for the prediction of rice 
productivity relating to NDVImax (TCVI) and NDVIave. The regression model 
based on NDVImax has been selected based on higher R2 (0.78) and validated 
with crop productivity recorded at scattered points of the command area. 
Using the developed model, rice productivity can be predicted at any loca-
tions of the command area.

Another nonlinear multiple regression model has been developed for the 
prediction of rice productivity against seasonal depth of water and nutrients 
applied. It is concluded that depth of water has dominant role on crop pro-
ductivity as compared to nutrients. The model has been validated with data 
points at other locations of the command area. The model also indicates that 
higher dosages of nutrients application have insignificant impact on crop 
yield beyond certain level.
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7.1 INTRODUCTION

The rising demand for water in irrigated agriculture, which consumes more 
than 80% of the developed surface water resources of India, has been a great 
challenge for the water resources planners and managers for its efficient 
management. Irrigated agriculture of India, which covers around 40% area, 
contributes 56% of all food grain production in the country [14]. Agriculture 
has been the primary source of livelihood for 75% of the population of 
India, and it contributes to 30% of GDP and 60% employment. Provision of 
assured water supply to the agriculture is, therefore, the topmost objective 
of the water resources program of the country. Canal irrigation is one of the 
principal methods of irrigation used for the improvement of crops. This has 
been extensively used in many developing countries such as India, Pakistan, 
and Egypt. Besides providing water for irrigation, canals also act as a source 
of intensive seepage below the ground.
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The seepage contribution from a canal in the Indus basin of Pakistan, 
to the groundwater recharge was 15.1% of the inflow at the head of the 
canal [2]. Similar study by [3] yielded 26% seepage loss. Further study con-
cluded that if the canal system is not managed properly, then seepage loss 
can increase even upto 35 to 40% of the diversion into the canal resulting 
in regional groundwater table build-up, increased soil salinity and reduced 
water use efficiency (WUE) [17]. On the other hand, there exist large imbal-
ances between the irrigation water supply and demand due to faulty irriga-
tion scheduling.

In a field study conducted in the command area of Guvvalagudem major 
distributary of the Nagarjunasagar Left Canal, Andhra Pradesh it was found 
that most of the times canal supplies were lesser than the design capac-
ity and there were wide gaps between weekly canal water demands and 
supplies [15]. The mismatch between the annual supplies and the annual 
demands were lesser in magnitude (upto 20%) when compared to the weekly 
mismatches, which went up to 100% in some cases.

It has also been the most common practice in many of the canal irrigation 
projects that when the canal runs at its full capacity, the head and middle 
reach farmers draw excess water by keeping their outlet open continuously. 
Hence, over the years excessive seepage from the canal system has resulted 
in waterlogging at the head and middle reaches of canal command areas, 
whereas farmers in the tail reach suffer from severe water shortage. This 
happens mostly due to lack of adequate knowledge among the beneficiaries 
regarding the right quantum of crop-specific water allocation. On a study 
involving monitoring and quantification of water flows at four control points 
and six minor canals under the Rahad irrigated scheme in Sudan, it was 
observed that there was considerable seasonal variability in the performance 
of the indicators used and mal operation of canal structures [6]. The water 
delivery performance in the minor canal was also found to decrease towards 
the tail end. MIKE-11 hydraulic model was used in the Right Bank Main 
Canal system of the Kangsabati project in West Bengal – India to com-
pute a performance ratio, which was used as an indicator for assessing the 
degree of uniformity in flow deliveries along the length of the canal [12]. 
A sharp decline was seen in the performance ratio along the length of the 
canal because most of the distributaries of the head and middle reaches have 
drawn more than their desired shares.

It is, therefore, necessary to study various performance measures of 
irrigation water delivery systems so that proper care can be undertaken to 
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improve the system efficiency. The canal performance can be best evaluated 
by analyzing the four most important measures such as adequacy, efficiency, 
dependability and equity [13]. These measures provide a quantitative assess-
ment of the overall system performance as well as the contributions to per-
formance from the structural and management components of the system. 
A framework for the performance assessment of irrigation water manage-
ment in heterogeneous irrigation schemes has been proposed by [7]. The 
irrigation water management was divided into three phases, like planning, 
operation and evaluation. Two types of allocation measures (productivity 
and equity) and five types of scheduling measures (adequacy, reliability, 
flexibility, sustainability and efficiency) together with the methodologies for 
their estimation for an irrigation scheme during different phases of irrigation 
water management were identified. Multi-temporal RS study was undertaken 
to compute distributary-wise performance indices, namely, adequacy, equity 
and water use efficiency of the Mahi right bank canal command in Gujarat, 
India [16]. The water availability was found to be more along main canals 
and branch canals and it was less in cropped areas and crop condition was 
poor towards the tail end areas.

Water delivery performance of the Menemen Left Bank Irrigation 
System in Lower Gediz irrigation system in the west of Turkey was stud-
ied by [24]. Performance at tertiary canal level was evaluated by using 
the adequacy, efficiency, dependability and equity indicators. Water deliv-
ery performance of the canals in each irrigation season rated worse for 
adequacy, dependability and equity than for efficiency. The results of 
the spatial and temporal dimensions of these indicators showed that fac-
tors causing this problem derive in part from physical structure, and in 
part from management. Key among these are inadequate water measure-
ment and control at the head of the canals, canal capacity limitations, 
non-compliance with the rotation plan, and mismatch between the reser-
voir release plan and irrigation demand. Water delivery performance of 
a minor under the left main canal of Som-kagdar irrigation project was 
examined by [20]. Outlet-wise performance was evaluated using the ade-
quacy, equity, dependability and relative water supply indicators, which 
showed poor performance of the system. The analysis of results of the 
spatial and temporal dimensions of these indicators showed that factors 
causing the problem are derived partly due to physical state of system and 
partly due to improper operation and management.
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Hayrabolu Irrigation Scheme of the Thrace district in Turkey was eval-
uated by using the indicators, namely, agricultural, economic, water-use, 
physical and environmental performance [18]. Analyses of water-use per-
formance showed that the water distribution was not tightly related to crop 
water demand. Economic performance indicators showed that the scheme 
had a serious problem about the collection of water fees. Physical perfor-
mance, evaluated in terms of irrigation ratio and sustainability of irrigated 
land, were poor. Irrigation water delivery performance on the indepen-
dent branch of Wushantou reservoir in Taiwan Chianan irrigation associa-
tion was evaluated by [22] in which the lateral serves four tertiary canals. 
Adequacy, efficiency, equity and reliability of irrigation water delivery 
were assessed for four-rice crop growing seasons in 2005 and 2006. The 
results showed a very high irrigation efficiency of 94.5% over the two 
years while the values of adequacy indicators were 0.83 and 0.77 resulting 
to a fair and poor performance in 2005 and 2006, respectively. The values 
of reliability index of 0.22 and 0.24 were regarded as a very poor perfor-
mance over the two years.

Water delivery performance of the Menemen Left Bank Irrigation sys-
tem in Turkey at secondary and tertiary canal level for the irrigation seasons 
2005–2007 was determined by [9]. At secondary canal level, water supply 
ratio was used, and at tertiary level, the indicators of adequacy, efficiency, 
dependability, and equity were used. The water supply ratios at the second-
ary canal level was found to be more than one, whereas the performance 
indicators at the tertiary level were found to be poor for each of the three 
years of the study, with efficiency rising to “fair” level only in 2005.

Similar study was conducted to evaluate the water distribution systems 
of Igomelo irrigation scheme in Tanzania at three levels such as head, mid-
dle and tail end of the scheme [11]. Irrigation performance indicators such as 
dependability, equity and adequacy of water supply, conveyance efficiency 
and structure condition index were used to evaluate the system. The system 
was found to be performing well. Hydraulic performance of secondary canal 
based on delivery performance ratio, adequacy based on relative water sup-
ply and variability in discharges using coefficient of variation was evaluated 
to study the effect of variability in discharges on equity of water distribution 
of outlets [21]. The delivery performance ratio of minor and head outlets 
indicated that head outlets draw more than their design discharge, whereas 
the middle and tail reach of the canal receive less than allocated discharge. 
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In reality because of poor operation and technical deficiencies most of water 
is ended at the head outlets and inequity exist at system level. The rela-
tive water supply of the first head outlet indicated that supply is more than 
demand, whereas at remaining outlets supply was less than demand. The 
variability in discharges along the outlet had increasing trend.

Distributary-wise adequacy and equity on Mehasana district command 
of Sabarmati Right bank main canal in North Gujarat of India was computed 
using multi temporal, multidate remote sensing (RS) data, which was pro-
cessed using Erdas imagine software [19]. One of the notable findings of this 
study was that water availability was in excess along main canals and branch 
canals. In cropped area, it was less. It was also noted that the crop condition 
was poor towards the tail ends of the command area. Numerous techniques 
addressing the performance assessment of irrigation systems was studied 
in the past [10]. Most of them give the performance index, which is highly 
complicated. A system is said to be performing acceptable only if the sup-
plier (irrigation system manager) as well as beneficiary (farmer) are satisfied. 
From the point of view of farmer, he is satisfied when the irrigation water 
available is dependable and also to meet his requirement and the supplier 
is satisfied when he is able to supply water in a socially acceptable manner. 
To have a comprehensive view from both the sides different parameters are 
used. From the farmer’s side adequacy, dependability and deficiency can be 
taken whereas the indicators like efficiency, equity and wastage can be taken 
from the point of view of an irrigation system manager.

The Vadhavana tank-based medium irrigation project in Vadodara district 
and Panam multipurpose major irrigation project in Panchmahal district of 
Gujarat are faced with large spatiotemporal variation in irrigation water sup-
ply and demand. The canal supplies in both the command areas are mainly 
controlled in accordance with the reservoir storage availability, which in 
turn depends mainly on the monsoon rainfall in the catchments. The CCA 
of the Vadhavana command is only 4,612 ha whereas the CCA of the Panam 
canal command is around 411.16 km2. Though the Panam irrigation project 
has an irrigation potential of 493.70 km2, but so far a maximum of 32% of 
CCA and 37% of CCA has been brought under irrigation in Kharif and Rabi 
season, respectively.

This chapter presents the research results to evaluate the performance of 
irrigation water-delivery systems of the canal irrigation projects in Vadodara 
district and Panchmahal district of Gujarat.
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7.2 METHODOLOGY

7.2.1 STUDY AREA

The study was undertaken within the periphery of Vadhavana tank-based 
medium irrigation project and Panam multipurpose major irrigation proj-
ect in central Gujarat. The Vadhavana canal command is located near the 
Vadhvana village, which comes under the periphery of Vadodara district 
covering an area of 7,380 ha. It is situated in and around 22.17o N latitude 
and 73.48o E longitude. The command area gets its irrigation supply from 
the Vadhavana tank, which is fed by the Jojva-Vadhvana reservoir.

Similarly, the Panam canal command, which comes under the periphery 
of Panchmahal district, lies between latitude 22o27’ to 22o48’ N and longi-
tude 73o24’ to 73o32’ E. The command area gets its irrigation supply from 
the Panam reservoir, impounded in the upstream of Panam dam, through a 
huge network of canals.

The major crops grown in the study area are paddy, bajara, jowar/ bajra, 
cotton, castor and wheat. Kharif and Rabi are the two major crop growing 
seasons in the command area. Area under different crops during two major 
crop-growing seasons is given in Table 7.1. The selected study area has a 
CCA of 4,612 ha under Vadhvana canal command and a CCA of 3,489 ha 
under the Panam canal command. Paddy is the major crop cultivated dur-
ing Kharif season covering around 60 to 65% of CCA, whereas wheat is the 
major crop practiced during Rabi season covering about 40 to 45% of CCA.

7.2.2 DATA COLLECTION

Canal network map including canal geometry, canal flow, seasonal crop-
ping pattern, geohydrological and climatological data of both the command 
areas were collected from respective irrigation authorities/State Department 
of Agriculture. Field data related to canal flow at certain locations in the 
said command areas were monitored by using current meter and flow probe. 
Rainfall data on fortnight basis during the period 2009–2011 was collected 
from the Irrigation Department, Vadhavana Tank site, Dabhoi, Vadodara; and 
daily rainfall data for the period 2010–2012 was collected from the Veganpur 
sub-divisional office, Panam irrigation project circle, Panchmahal, which 
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was used to estimate effective rainfall by using USDA-SCS (US Department 
of Agriculture Soil Conservation Service) method.

Daily canal flow data of five main canals (Table 7.2) under the Vadhavana 
canal command for crop years 2009–10 and 2010–11 was collected from 
the Office of the Executive Engineer, Vadodara irrigation circle, Vadodara. 
Daily canal flow data of the three distributaries (26/R, 29/R and 31/R) under 
Panam irrigation project for the crop period 2010–11 and 2011–2012 were 
collected from the Veganpur sub-divisional office, Panam irrigation proj-
ect circle, Panchmahal. These data were analyzed. Daily canal flow data 
and seasonal crop data were used to estimate the seasonal water supply and 
demand of both the command areas by using standard methodology.

7.2.3 COMPUTATION OF IRRIGATION WATER REQUIREMENT

In the present context, irrigation water is applied to crops based on some 
preset thumb rules of the Government or by adopting some adhoc norms 
on farmers’ experience. Sometimes more water is applied to the crops with 
a view to combat the risk on crop failure, which result in inequitable dis-
tribution among different reaches of the canal. Hence, the adoption of any 
crop water management program mandatorily requires accurate prediction 
of crop-wise irrigation water requirement. The irrigation requirement of a 
crop can be determined as follows [23].

TABLE 7.1  Area (ha) Under Major Crops in the Study Region

Crop Vadhvana canal command Panam canal command

2009–10 2010–11 2010–11 2011–12

Kharif Rabi Kharif Rabi Kharif Rabi Kharif Rabi

Bajra/
Jowar

37 – 30 – – 220 – 101

Castor – – – – – 97 – 297
Cotton 80 – 70 – – – – –
Maize – – – – – 329 – 210
Paddy 2,920 – 2,798 – 442 – 632 –
Wheat – 2,041 – 1,820 – 426 – 340
Other 
crops

257 897 323 2,189 14 378 73 333
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where, GIR = gross irrigation requirement in field (mm); ETc = crop evapo-
transpiration (mm) which is equal to ( )ET Ko c× ; ET0 = reference evapotranspi-
ration (mm); Kc = crop coefficient; SPR = special purpose requirements (mm); 
SMC = soil moisture contribution; GWC = capillary contribution from ground-
water; RFef  = effective rainfall (mm), and ηa = field application efficiency 
(fraction). 

The two components, SMC and GWC are not considered in this study 
due to unavailability of realistic information. Various methods of estima-
tion of ET0 are available in literature [1, 5]. Although the FAO Penman-
Monteith method [5] has been recommended as the sole standard method, 
yet the Hargreaves method [8] is followed in this study due to unavailability 
of all necessary meteorological information needed for the FAO Penman-
Monteith method. This method requires the extraterrestrial radiation and 
mean monthly maximum and minimum temperature data for ET0 estimation, 
which is mathematically expressed as:

 ET R T T Ta av0
0 50 0023 17 8= × × + × −. ( . ) ( )max min
.  (2)

where, Ra = extraterrestrial solar radiation (mm/month), which is calculated 
from the information on latitude and day of the year (Allen et al., 1998); 
Tav = mean monthly air temperature ( ) /max minT T+ 2 (°C); Tmax = mean 

TABLE 7.2 Canal Data Under the Study Region
Study area Canal name Code Length (km) CCA (ha)

Vadhvana canal 
command 

Bhimpura main canal C1 3.24 431
Vadhvana Boriad main 
canal

C2 5.61 824

Dabhoi main canal C3 7.06 2398
Vasai Dangiwada main 
canal

C4 8.59 847

Simliya canal C5 1.21 112
Panam canal 
command 

26/R distributary 5.9 728
29/R distributary 10.7 1620
31/R distributary 2.8 941
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monthly maximum air temperature (°C); and Tmin = mean monthly minimum 
air temperature (°C). 

Crop coefficient (Kc) values for each crop were taken from the litera-
ture [1, 5]. The U.S. Department of Agriculture Soil Conservation Service 
(USDA-SCS) method [4] was used to determine the effective rainfall. The 
value of field application efficiency was taken as 32% for rice and 58% 
for non-rice crops [5]. Water requirements for special purpose consist of 
land preparation, nursery raising and transplanting of rice. Land prepara-
tion usually requires pre-sowing irrigation for easy plowing, disking and 
land smoothing operations. Water requirement for land preparation is con-
sidered as 70 mm for all crops other than rice, whereas rice requires 200 to 
250 mm of water for nursery raising and transplanting [23]. The lower limit 
of 200 mm has been assumed as special purpose water requirements of rice.

7.2.4 COMPUTATION OF CANAL PERFORMANCE INDICES

Canal performance measures in terms of water delivery such as adequacy 
(PIA), efficiency (PIEF), dependability (PID) and equity (PIE) were estimated 
by using the methodology adopted by Molden et al. [13]. These performance 
measures can provide the framework for assessing the system improvement 
alternatives. The performance indicators expressed in terms of measurable 
quantities are called state variables. The major state variables that determine 
water-delivery-system performance may be defined in terms of an amount 
of water Q, which may refer to rate, volume, frequency, or duration of water 
delivery. In the present study, focus has been given on volumes, which was 
estimated from the known values of rates and the duration of water delivery. 
At a point ‘x’ in the system and at time ‘t’,

The QD(x, t) is the actual amount of water delivered to the system at a 
point ‘x’ in time ‘t’ and QR(x, t) is the actual amount of water required for 
consumptive use downstream of the delivery point ‘x’.

7.2.4.1 Adequacy (PIA)

Adequacy is defined as the ability of the irrigation system to meet the crop 
water requirement. It is dependent on the water supply, the delivery sched-
ules, capacity of hydraulic structures to deliver water as per the schedules, 
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and the operation and maintenance of the hydraulic structures. Point perfor-
mance function relative to adequacy (PIA) is given by:

 PI
T T R RPA A=









∑ ∑1 1

, where: (3)

 P Q
QA
D

R

= , if QD ≤ QR (4)

 PA = 1, otherwise (5)

where, PA= point performance function relative to adequacy.

7.2.4.2  Efficiency (PIEF)

The relative amount of water lost in a reach due to canal seepage and over-
flow, termed as conveyance efficiency, is typically used to address the objec-
tive of efficiency in irrigation and water-delivery systems. The overuse, or 
loss of water not directly reflected in the concept of conveyance efficiency, 
is the delivery of a more than adequate supply of water to diversion points 
within the system. The excess water deliveries to farms promote conditions 
of waterlogging and salinity. Point Performance function relative to effi-
ciency (PIEF) is given by:

 PI
T T R RPEF EF=
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 P Q
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= , for QR ≤ QD (7)

 PEF = 1, otherwise (8)

where, PEF = point performance function relative to efficiency.
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7.2.4.3 Dependability (PID)

Dependability is a temporal uniformity of the ratio of the delivered amount 
of water to the required or scheduled amount. A system that performs in a 
consistent manner may be considered dependable. A system that depend-
ably delivers an inadequate amount of water may be more desirable than 
one that delivers an adequate but unpredictable supply. A farmer can plan 
for a dependable delivery of an inadequate supply of water by planting less 
or growing different crops or adjusting other farming inputs, but he cannot 
plan easily, when the supply of water is unpredictable. Dependability (PID) 
is expressed by:

 PI
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  = temporal coefficient of variation (ratio of standard 

deviation to mean) of the ratio Q
Q
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  over the time period T.

7.2.4.4 Equity (PIE)

Equity is defined as spatial uniformity of the ratio of the delivered amount of 
water to the required or scheduled amount, which indicates the delivery of a 
fair share of water to users throughout a system. A share of water represents 
a right to use a specified amount. The fair share of water may be based on a 
legal right for water, or may be set as a fixed proportion of a water supply, 
as is done in many rotational delivery schemes. Equity of water delivery is 
a very difficult objective to measure. Still, it is important to define measures 
relating to equity so that systems can be designed to deliver water in a judi-
cial manner to the users served by the system. Performance measure relative 
to equity is given by,
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where, CV Q
QS
D

R









  = spatial coefficient of variation (ratio of standard devia-

tion to mean) of the ratio Q
Q
D

R









  over the region S.

The standards for these indicators are furnished in Table 7.3.

7.3 RESULTS AND DISCUSSION

This chapter includes the presentation of results obtained from the analysis 
of secondary data such as canal flow, rainfall and cropping pattern and esti-
mation of irrigation water requirement for deriving the canal performance 
measures of the selected canals under the Vadhavana irrigation project and 
Panam irrigation project, located in central Gujarat.

7.3.1 VADHAVANA IRRIGATION PROJECT

7.3.1.1 Computation of Gross Irrigation Requirements

Seasonal gross irrigation requirement (GIR) of crops in Kharif and Rabi sea-
sons during 2009–10 and 2010–11 were estimated as shown in Figure 7.1. 
Kharif bajra and jowar, cotton and other crops required 152, 796 and 463 mm 
of irrigation water, respectively, whereas Kharif paddy needed 1,068 mm 
of irrigation water during 2009–10. Wheat and other Rabi crops required 
866 mm of irrigation water during 2009–10. On the other hand, Kharif bajra 
and jowar, cotton and other crops needed 48, 679 and 343 mm irrigation 
water, respectively, whereas Kharif paddy demanded 790 mm of irrigation 

TABLE 7.3 Performance Standards for Irrigation Systems

Performance indices Performance class

Good Fair Poor

PIA 0.90–1.0 0.80–0.89 < 0.80
PIEF 0.85–1.0 0.70–0.84 < 0.70
PIE 0–0.10 0.11–0.25 > 0.25
PID 0–0.10 0.11–0.20 > 0.20
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water during 2010–11. Wheat and other Rabi crops needed 866 mm of irri-
gation water during 2010–11. Low values of irrigation requirements during 
2010–11 were due to comparatively much rainfall during that year.

Total volume of irrigation water required by paddy, bajra and jowar, cot-
ton and other crops during the Kharif season and wheat and other crops during 
the Rabi season of 2009–10 were 15.1, 0.37, 0.42, 0.71, 12.1 and 5.32 M.m3, 
respectively. Similarly, total volume of irrigation water required by paddy, 
bajra and jowar, cotton and other Kharif crops and wheat and other Rabi 
crops during 2010–11 were 11.82, 0.074, 0.27, 0.67, 10.8 and 11.93 M.m3, 
respectively.

7.3.1.2 Performance Indices of Vadhavana Canals

The total operation periods during the crop year 2009–10 for the canals 
C1, C2, C3, C4 and C5 (Table 7.2) were 132, 138, 143, 120 and 55 days, 
respectively. Similarly, the total operation periods during the crop year 
2010–11 for the canals C1, C2, C3, C4 and C5 were 130, 141, 151, 132 and 
68 days, respectively. This variation was mainly due to supply position in 
the Vadhavana tank.

7.3.1.2.1 Adequacy (PIA)

The adequacy during the months September, December and March of the 
crop year 2009–10 was greater than 0.8, whereas other months possessed 

FIGURE 7.1 Gross irrigation requirement of crops under Vadhavana canal command:  
K = Kharif, R = Rabi.
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values from 0.45 to 0.75 (Figure 7.2). The average value of PIA in Vadhavana 
canal was 0.69 indicating a ‘poor’ performance as far as the adequacy is 
concerned. The low values of PIA were mainly due to uneven distribution of 
rainfall in the season. Similarly, the adequacy during the months December, 
January and February for the crop year 2010–11 was greater than 0.9 whereas 
other months possessed values between 0.4 and 0.8. The average value of 
PIA in Vadhavana canal was 0.74 indicating a ‘poor’ performance as far as 
the adequacy is concerned. The low values of PIA were mainly due to uneven 
distribution of rainfall in the season.

7.3.1.2.2 Dependability (PID)

The performance index relative to dependability was done based on their 
respective turns for year 2009–10 in order to assess the dependency of the 
farmers on canal water over the year within the Vadhavana canal command. 
The spatial variations in terms of PID in the Vadhavana canal for the year 
2009–10 were worked out and are presented in Figure 7.3. During the year 
2009–10, the calculated values of PID were above 0.2, indicating ‘poor’ per-
formance in terms of dependability of the system. It indicates that the water 
deliveries were not uniform over time in accordance to demand, thus poor 
timeliness. Also, sometimes closure of irrigation canal in response to high 
rainfall during the months of July and August might have resulted in high 
PID values. The average value of PID for the year 2009–10 was 0.3. The aver-
age value of PID for the year 2010–11 was 0.49, which fall above the upper 

FIGURE 7.2 Adequacy index (PIA) of Vadhavana canals.
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limits accounting to ‘poor’ performance. This indicates that the water deliver-
ies were not in accordance with the demand over the area. Also, sometimes, 
closure of irrigation canal in response to high rainfall during the months of 
July, August and September might have resulted in high PID values.

7.3.1.2.3 Equity (PIE)

The average value PIE in Vadhavana canal for the year 2009–10 was 0.31, 
which falls above the upper limits accounting to “poor” performance. The PIE 
values were less than 0.25 for the months October, November and December 
that indicates equitable distribution of canal water in the Vadhavana canal, 
whereas higher values in other months indicates inequitable distribution. The 
monthly PIE values for the crop year 2009–10 are presented in Figure 7.4. 
The average values PIE in Vadhavana canal for the year 2010–11 were 0.44, 
which fall above the upper limits that accounting to “poor” performance. 
The PIE values were less than 0.25 for the month October which indicate 
equitable distribution of canal water in the Vadhavana canal, whereas higher 
values in other months indicate inequitable distribution.

7.3.1.2.4 Efficiency (PIEF)

The average value of PIEF in Vadhavana canal for the year 2009–10 was 0.95 
that indicates a “good” performance. The PIEF value was equal to 1.0 dur-
ing October and January. It indicates that the system was efficient to meet 

FIGURE 7.3 Dependability index (PID) of Vadhavana canals.
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the requirements of the region. The monthly PIEF values during the crop 
year 2009–10 are presented in Figure 7.5. The average values efficiency in 
Vadhavana canal for the year 2010–11 was 0.81 that indicates a “fair” per-
formance. The lower value of PIEF indicates that the system was not efficient 
to meet the requirements of the region. The PIEF value was 1.0 during the 
month of October.

7.3.2 PANAM IRRIGATION PROJECT

7.3.2.1 Computation of Gross Irrigation Requirement

Seasonal gross irrigation requirement (GIR) of different crops grown in the 
command area during 2010–11 and 2011–12 were estimated by Hargreaves 
equation [8] considering mean monthly maximum and minimum air tempera-
ture and stage-wise crop coefficients. Seasonal GIR of crops was found to vary 
widely ranging between 137.9 and 996.5 mm over years (Figure 7.6). The GIR 
of crops during the crop year 2011–12 was comparatively low due to relatively 
more rainfall during the year that continued up to the end of September.

7.3.2.2 Performance Indices of Panam Distributaries

The performance measures of the three distributaries under the study area 
for the crop years 2010–11 and 2011–12 were assessed as follows.

FIGURE 7.4 Equity index (PIE) of Vadhavana canals.
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7.3.2.2.1 Adequacy (PIA)

The value of PIA during 2010–11 was found to vary between 0.57 and 1.0, 
average being 0.75 that indicates ‘poor’ performance of the system. Similarly, 
the value of PIA was found to vary between 0.61 and 1.00 during the crop 
year 2011–12 (Figure 7.7). The average value for all the distributaries was 
0.81 indicating a ‘fair’ performance.

7.3.2.2.2 Dependability (PID)

The performance index relative to dependability was done based on their 
respective turns for year 2010–11 in order to assess the dependency of the 

FIGURE 7.5 Efficiency index (PIEF) of Vadhavana canals.

FIGURE 7.6 Gross irrigation requirement of crops under Panam canal command: K = Kharif, 
R = Rabi.



Evaluation of Performance Indices for Water Delivery Systems 335

farmers on canal water over the year within the study area. During the year 
2010–11, the calculated values of PID were above 0.2, indicating ‘poor’ 
performance of the system. The average value of PID for the year 2010–11 
was 0.37. Similarly, the average value of PID for the year 2011–12 was 0.28 
(Figure 7.8), which fall above the upper limits accounting to ‘poor’ perfor-
mance. This indicates that the water deliveries were not in accordance with 
the demand over the area, thus poor timeliness. Also, sometimes, closure of 
irrigation canal in response to high rainfall during the months of July, August 
and September might have resulted in high PID values.

7.3.2.2.3 Equity (PIE)

The average value of PIE in the distributaries for the year 2010–11 was 0.36, 
which falls above the upper limits accounting to “poor” performance. The val-
ues were less than 0.25 for the months September, February and March, that 
indicates equitable distribution of canal water in the distributaries, whereas 
higher values in other months indicates inequitable distribution (Figure 7.9). 
Similarly, the average values of PIE in the distributaries for the year 2011–12 
were 0.29, which fall above the upper limits accounting to “poor” perfor-
mance. The PIE values were less than 0.25 for the months November, February 
and March which indicate equitable distribution of canal water in the distribu-
taries, whereas higher values in other months indicate inequitable distribution.

7.3.2.2.4 Efficiency (PIEF)

The average value of PIEF in the distributaries for the year 2010–11 was 
0.79 that indicates a “poor” performance. The value of PIEF was equal to 

FIGURE 7.7 Adequacy index (PIA) of Panam distributaries
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1.0 during November and December, which indicates that the system was 
efficient to meet the requirements of the region (Figure 7.10). Similarly, the 
average value of efficiency in the distributaries for the year 2011–12 was 
0.80 that indicates a “fair” performance.

The average values of the performance indices like adequacy, depend-
ability, equity and efficiency of the Vadhavana canals and Panam distribu-
taries under consideration during the study period 2009–10 to 2011–12 are 
summarized in Table 7.4. It can be concluded that the overall performance 
of the selected command areas are ‘poor’, which needs to be improved 
by adopting suitable remedial measures. Judicial management of irriga-
tion water needs to be done through participatory irrigation management, 
with the involvement of water users in various aspects of irrigation water 
management. Proper irrigation scheduling also needs to be followed for 

FIGURE 7.8 Dependability index (PID) of Panam distributaries.

FIGURE 7.9 Equity index (PIE) of Panam distributaries.
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achieving this goal. Improving water delivery system requires upgrading 
framers’ confidence to operate the system in addition to the good physical 
efficiency and accurate crop water requirement estimation. Since farmers are 
the real stakeholders, they have to step forward to look after their interest so 
that they get water from the system according to the predetermined time and 
space for proper crop planning.

7.4 SUMMARY

Rising demand of water for irrigation has brought new challenges to the 
water resources planners and managers for sustainable livelihood secu-
rity. Spatial temporal variation in rainfall as well as short duration rainy 
season has resulted in severe agricultural water shortage in many parts 
of India. Panam irrigation project in Panchmahal district and Vadhavana 
irrigation project in Vadodara district of central Gujarat, India, are such 
irrigation projects, where large mismatch in irrigation water supply and 
demand prevails mainly due to improper irrigation scheduling and lack of 

FIGURE 7.10 Efficiency index (PIEF) of Panam distributaries.

TABLE 7.4 Performance Indices of Irrigation Water Delivery Systems in Gujarat

Irrigation 
project

Year Adequacy 
(PIA)

Dependability 
(PID)

Equity 
(PIE)

Efficiency 
(PIEF)

Vadhavana 2009–10 0.69 poor 0.30 poor 0.31 poor 0.95 good
2010–11 0.74 poor 0.49 poor 0.44 poor 0.81 fair

Panam 2010–11 0.75 poor 0.37 poor 0.36 poor 0.79 poor
2011–12 0.81 fair 0.28 poor 0.29 poor 0.80 fair
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awareness among the beneficiaries. Realizing this situation, the study was 
undertaken to assess the performance of the irrigation projects in terms of 
adequacy, dependability, equity and efficiency. Daily water deliveries of 
different canals, climatological data and crop information during the crop 
period 2009–10 to 2010–11 for the Vadhavana irrigation project and during 
2010–11 to 2011–12 for the Panam irrigation project were collected from 
potential sources and analyzed.

The range of canal performance indices such as adequacy, dependability, 
equity and efficiency were 0.69–0.81, 0.28–0.49, 0.29–0.44 and 0.79–0.95, 
respectively, which indicates that the canals are performing under “poor” 
category. It is, therefore, highly essential to adopt suitable remedial mea-
sures for improving the performance of the system, which will be possible 
by judicial management of irrigation water through participatory irrigation 
management, with the involvement of water users in various aspects of irri-
gation water management.

7.5 CONCLUSIONS

Temporal variation in rainfall and lack of adequate management of the canal 
system has resulted in large gap in supply and demand of irrigation water 
over years that call for proper irrigation scheduling. The overall perfor-
mance of the canals under study was found to be under ‘poor’ category. It is 
therefore, necessary to enhance the performance of the system by adopting 
suitable remedial measures. The adequacy, dependability and equity indices 
are required to be improved to more than 0.80, less than 0.20 and less than 
0.25, respectively for achieving better performance of the canal system.
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8.1 INTRODUCTION

Dwindling water resources and increasing food requirements require greater 
water use efficiency (WUE), both in rainfed and in irrigated agriculture. 
Regulated deficit irrigation (RDI) provides a means of reducing water con-
sumption while minimizing adverse effects on yield. Models can play an 
important role in developing practical recommendations for optimizing crop 
production under conditions of scarce water supply. Scarce water resources 
and growing competition for water will reduce its availability for irrigation. 
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At the same time, the need to meet the growing demand for food will require 
increased crop production from less water [4, 11, 14].

Achieving greater WUE will be a primary challenge for the near future 
and will include the employment of techniques and practices that deliver 
more accurate supply of water to crops [1, 2, 5, 12]. In this context, deficit 
irrigation can play an important role in increasing WUE. In some cases, 
periods of reduced growth may trigger physiological processes that actually 
increase yield and/or income. Such processes include flower-induction in 
the case of cotton, increased root development exploring deeper soil layers, 
early ripening of grains, and improved quality and flavor of fruits. However, 
stress applied during reproductive growth can affect fruit or grain set, result-
ing in decreased yields. The effects of stress on yields are complex and may 
differ with species, cultivar, and growth stage; and they have been the sub-
ject of many studies. Extensive field research is required to better understand 
the physical and biological processes that control crop responses to moisture 
stress [18, 20–22, 26].

Models that simulate crop growth and water flow in the rootzone can be 
a powerful tool for extrapolating findings and conclusions from field studies 
to conditions not tested, allowing predictions for deficit irrigation scheduling 
under various conditions of water supply and of soil and crop management. 
Furthermore, the use of models may be important to standardize research 
procedures in such coordinated research programs and thus facilitate mean-
ingful comparisons between studies carried out in different locations and 
countries [3, 16, 18, 19, 23].

Simulation provides a tool to evaluate the water management options 
over long climatic records to address issues such as shifting to alternate 
crops, reducing water application and evaluation of adequacy of irriga-
tion water supply for specific crops. Crop growth simulation models with 
resource and management inputs are being used particularly by irrigation 
engineers. These models have permitted the analysis of resource constraints. 
The relationship between crop production and the amount of irrigation water 
applied to the crop is important to engineers, agronomists, economists and 
water resources planners. This importance is currently accentuated due to 
competition among the users and declining ground water reserves [6, 9, 24].

In the present economic environment, there is a need for computerized 
tools to help farmers, consultants, planners and policy makers in their deci-
sion making process. With restricted access to economical and biophysical 
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resources and due to the likelihood of environmental degradation, it is criti-
cal to make economically and environmentally correct decisions. Using 
computerized decision support systems, various scenarios can be analyzed 
and decisions can be made as to which scenario would be the best for a 
desired outcome. Today’s fast computing system gives us the opportunity 
to examine many different scenarios without actually having to apply these 
scenarios to ‘real life’ conditions, until the best one has been identified [7, 8, 
10, 25, 27].

This chapter discusses use of Decision Support System for Agrotechnology 
Transfer (DSSAT) for simulation modeling of effective irrigation manage-
ment in wheat, maize and peanut under Indian conditions.

8.2 DECISION SUPPORT SYSTEM FOR AGROTECHNOLOGY 
TRANSFER: CROP GROWTH SIMULATION MODELS

The Decision Support System for Agrotechnology Transfer (DSSAT) soft-
ware has been developed under the International Benchmark Sites Network 
for Agrotechnology Transfer (IBSNAT) project. IBSNAT developed the 
decision support software, DSSAT v3.5, which enables its users to match 
the biological requirements of crops to the physical characteristics of land so 
that objectives specified by the user, may be satisfied. The decision support 
software consists of:

a. a Data Base Management System (DBMS) to enter, store and retrieve 
the data needed for validation and use by the crop models for solving 
problems;

b. a set of validated crop models for simulating processes and outcomes 
of genotype by environment interactions; and

c. an application program for analyzing and displaying outcomes of 
long-term simulated agronomic experiments.

DSSAT is a collection of computer programs integrated into a single soft-
ware package in order to facilitate the application of crop simulation models 
in research and decision making. The resulting system is much more flexible 
than any other existing crop growth simulation models and has more func-
tionality for data base manipulation and model application. The DSSAT was 
developed to allow users to interactively select any of the functions without 
knowing where the programs are or how they are communicating.
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8.2.1 INPUT FILES

Input files of DSSAT and crop growth simulation models include experi-
mental data file, weather data file, soil data file and genotype data file.

8.2.1.1 Experimental Data File

The experimental file was developed to allow great flexibility in retrieving 
data needed to simulate various experiments from different locations and dif-
ferent years. The file contains the experiment code and name, the treatment 
combinations, and details of the experimental conditions (field characteris-
tics, soil analysis data, initial soil water and inorganic nitrogen conditions, 
seedbed preparation and planting geometries, irrigation and water manage-
ment, fertilizer management, organic residue applications, chemical applica-
tions, tillage operations, environmental modifications, harvest management), 
and simulation controls. The experiment code uses the same convention as 
the file naming system to provide information on institute, site, planting year, 
experiment number, and crop. The file can also contain the names of the peo-
ple supplying the data set and information on the plot sizes, etc., used in the 
experiment. It may also contain any incidents that occurred during the course 
of the experiment that may affect the interpretation of the data.

8.2.1.2 Weather Data File

Weather file contains all the available weather data. Daily weather data 
are required and must be available for the duration of the growing season, 
beginning with the day of planting and ending at crop maturity. Ideally, the 
weather file should contain data collected before planting to post-maturity. 
This would allow a simulation to be started before planting, thus providing 
an estimate of soil conditions at planting time. Weather data much prior to 
planting date would also allow users to select alternate planting dates, and 
simulate planting decisions based on weather and soil conditions. It is not 
necessary to have data for all variables, but the minimum data required for 
DSSAT v3.5 crop models are: solar radiation, minimum and maximum air 
temperature and rainfall. The standard format for variables should be fol-
lowed. In DSSAT, this file is independent of crop type.
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8.2.1.3 Soil Data File

The soil data file contains data on the soil profile properties. The file gener-
ally contains information that is available for the soil at a particular experi-
mental site. This file contains soil identifier, information on soil texture and 
depth and the country, geographic data together with taxonomic informa-
tion, information on soil properties that don’t vary with depth, data on the 
first layer and so on. The number of layers in this file and the thickness of 
each layer must be consistent with the initial conditions. The file may con-
tain properties for several soils of the same classification, provided each soil 
has its own code number.

8.2.1.4 Genotype Data File

Genotype data file contains genetic coefficient data namely: variety num-
ber and the different genetic coefficient, which describe specific cultivar 
characteristics of each crop. Three files are suggested for dealing with the 
morphological and physiological characteristics of a particular genotype: 
File for specific species (crop) characteristics, file for the “ecotype” char-
acteristics within a species and file for the specific cultivar characteristics 
within an ecotype grouping. These files would contain all genotype specific 
inputs required for simulation. The use of at least one genotype file is highly 
recommended. For such a file, a standard format is recommended with each 
line beginning with a cultivar identification code.

8.2.2 OUTPUT FILES

Output files contains the overview of input conditions and crop perfor-
mance, summery of soil characteristics and cultivar coefficient, crop and 
soil status at the main development stages, temporal distribution of simu-
lated crop variables with time, simulated soil water with time, and selected 
harvest components and development duration for management strategy 
analysis. The output files are temporary information transfer files, created 
during simulation, and they are overwritten when a new simulation session 
is started.
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8.2.3 GOVERNING EQUATIONS IN DSSAT GROUP OF MODELS

DSSAT, crop growth simulation models, was used for three major crops. 
Wheat and maize crops are under CERES model and groundnut crop under 
PNUTGRO model in DSSAT models. So the governing equations, which 
are used in DSSAT model for these three major crops, are discussed in this 
section.

8.2.3.1 Soil Water Balance

The soil water balance is calculated in DSSAT models in order to evalu-
ate the possible yield reduction caused by soil and plant water deficits. The 
model evaluates the soil water balance of a cropped field or a fallow land 
using the following equation:

 S = P + I – ET – R – D (1)

where, S = the quantity of resultant soil water (storage); P = precipitation; 
I = irrigation; ET = evapotranspiration from soil and plants; R = runoff; and 
D = drainage from the profile.

Water content in any soil layer can decrease by soil evaporation, plant 
transpiration, root absorption or flow to an adjacent layer. The values of 
drained upper limit (field capacity) and drained lower limit (wilting point) 
are quite important in situations where the water input supply is marginal. 
The values of field capacity and wilting point should be estimated in the field 
as the traditional laboratory measured wilting point and field capacity water 
contents have frequently proved inaccurate for establishing field limits of 
water availability.

8.2.3.2  Infiltration and Runoff

Infiltration of water into the soil is calculated as the difference between pre-
cipitation or irrigation and runoff. Runoff is calculated using USDA-SCS 
procedure but with a small modification. The SCS technique considers the 
wetness of the soil, calculated from the previous rainfall amount, as an addi-
tional variable in determining runoff amount. The modified technique for 
layered soils replaces the wetness of the soil in the layers near the surface for 
the antecedent rainfall condition.
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8.2.3.3 Drainage

Since the plants can take up water while drainage is occurring, therefore, 
the drained upper limit soil water content is not always the appropriate limit 
of soil water availability. Many productive agriculture soils drain quite 
slowly and may thus provide an appreciable quantity of water to plants 
before drainage practically stops. In DSSAT v3.5, drainage rates are cal-
culated using an empirical relation that evaluates field drainage reasonably 
well. The drainage formula assumes fixed saturated volumetric water con-
tent, θ0 and fixed upper limit water content, θu. Thus drainage takes place 
when the water content, θt, at any time, t, after field saturation is between 
θ0 and θu. The equation used is:

 θ θ θ θt u d uK t= −( ) −( )+0 exp  (2)

where, θt = Water content, at any time, t; θ0 = Saturated volumetric water 
content; θu = Upper limit water content; Kd  = Fraction of excess water 
drained per day; and t = time.

The value of Kd is assumed to be constant for the whole soil profile 
because, in many soils, the most limiting layer to water flow dominates the 
drainage rate from all parts of the soil profile. A problem with in Eq. (2) 
for drainage evaluation in the field is that soils seldom reach saturation and 
it becomes difficult to determine an initial value for t. Ritchie presented 
a method for drainage of water above the drained upper limit, θu L( ). The 
method was modified to account for restricting layers within the soil profile. 
The original soil water model assumed that water in access of θu L( ) would 
drain out of the profile at an exponential rate defined by:

 
d L
dt

K L Lt
d t u

θ
θ θ

( )
( ) ( )= − −( ) exp (–Kd t) (3)

where, θu L( ) = volumetric water content in layer L; θt L( ) = volumetric water 
content at time t in layer L.

Thus, drainage Dt , was computed by:
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i

N

d t u= − −( )
=
∑

1

θ θ( ) ( ) ( )  (4)

where, N = number of soil layers; z (L) = depth of layer, mm.
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In the model, constant drainage throughout a day is assumed and the 
value of Kd represents the fraction of water between θu and θt that drains in 
one day. For Eq. 4 to be used, θt must be greater than θu. The value of θt  at 
any depth is updated daily to account for any infiltration, water flow or root 
absorption.

8.2.3.4 Root Water Absorption

The model calculates root water absorption using an approach in which the 
soil or root resistance determines the flow rate of water into roots. The soil 
limited water absorption rate, qr considers radial flow to single roots and is 
expressed as:

 q K
c rr

r s=
−4

2 2

π θ ψ ψ( ) ( )
ln ( / )   (5)

where, qr = soil limited root water absorption rate, mm3 water/mm of root/d;
K θ( ) = soil hydraulic conductivity, mm/d; ψ r= water potential at the root 
surface, mm; ψ s= bulk soil water potential, mm; r = root radius, mm; and 
c = radius of the cylinder of the soil through which water is moving, mm.

The hydraulic conductivity K θ( ) is approximated based on the assump-
tion that all soils have a constant conductivity of 5×10–5 mm per day at the 
lower limit of water available to the plant (θLL). The relationship is given 
below:

 K CT t LL( ) * expθ θ θ= −( ) 
−5 10 5  (5a)

where, CT is texture dependent coefficient that is approximated from θLL and 
can be expressed as:

 CT LL= −( )100 1 2 2 5. . θ  (6)

The sum of the maximum root absorption from each soil depth gives the 
maximum possible uptake from the profile. If the maximum uptake exceeds 
the maximum calculated transpiration rate, the maximum root water absorp-
tion rates calculated for each depth are reduced proportionally so that the 
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uptake becomes equal to transpiration rate. If the maximum uptake is less 
than the maximum transpiration, transpiration rate is set equal to the maxi-
mum absorption rate.

8.2.4 DRY MATTER PRODUCTION

In DSSAT models, the potential dry matter production is a linear function 
of intercepted photo synthetically active radiation (PAR). The percentage 
of incoming PAR intercepted by the canopy is an exponential function of 
leaf area index (LAI). The actual rate of dry matter production is usually 
less than the potential rate due to the effects of non-optimal tempera-
ture or water stress. A weighted daytime temperature is calculated for the 
minimum and maximum temperature for the use in biomass evaluation. 
The optimum daytime temperature is considered as 18°C to 20°C. Water 
stress reduces dry matter production rates below the potential, whenever 
crop extraction of soil water falls below the potential transpiration rate 
calculated for the crop.

8.2.5 LEAF AREA INDEX (LAI)

Plant leaf area has an important influence on light interception and dry matter 
production. The rate of leaf area expansion is a component of plant growth 
that is quite sensitive to environmental stresses. For example, leaf growth is 
more sensitive to plant water deficits than photosynthesis. Cool temperature 
or moderate drought stresses reduce the expansion growth more than photo-
synthesis is reduced, causing increase in specific leaf weight and increasing 
the proportion of assimilate partitioned to the roots. DSSAT models accounts 
for these plant responses by using separate relationships to calculate the influ-
ence of temperatures water deficits on photosynthesis and leaf growth.

8.3 CASE STUDY: WHEAT

Data availability and adequacy determined the selection of the case studies 
from India as being appropriate for analyzing the suitability of the DSSAT 
model in deficit irrigation scheduling.
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8.3.1 MATERIALS AND METHODS

8.3.1.1 Experimental Site

Field experiments were conducted at the experimental farm of the Agric-
ultural and Food Engineering Department, Indian Institute of Technology, 
Kharagpur, India (22°19' N latitude and 87°19' E latitude). The local climate 
is sub-humid and sub-tropical with an average rainfall of 1200 mm concen-
trated over the months of June to September. The soil at the experimental 
site is an acid lateritic sandy loam. Wheat is usually a 100–110 days cereal 
crop in this region and suits the prevailing climate in the winter season 
(December–March). Experiments were conducted during three consecutive 
years between 1995 and 1998.

8.3.1.2 Field Layout and Experimental Details

The experimental area was divided into 20 plots of 5 m × 4 m size main-
taining a buffer of 1 m between adjacent plots. A seed rate of 100 kg/ha 
was used. The seed was sown at a row spacing of 20 cm and a plant 
spacing of 5 cm and the depth of sowing was 5 cm during all the three 
experiments. The three experiments were in fact three years of trial such 
as: experiment 1 (1995–96), experiment 2 (1996–97) and experiment 3 
(1997–98).

8.3.1.3 Irrigation Treatments

The irrigation treatments consisted of irrigation scheduling based on maxi-
mum allowable depletion (MAD) of available soil water (ASW) criteria. 
These were:

• T1 = 10% maximum allowable depletion (MAD) of available soil water 
(ASW)

• T2 = 30% MAD of ASW
• T3 = 45% MAD of ASW
• T4 = 60% MAD of ASW
• T5 = 75% MAD of ASW
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8.3.1.4 Irrigation Scheduling

Irrigation scheduling was based on the percentage depletion of available soil 
water in the root zone. The available soil water was taken as the difference 
between root zone water storage at field capacity and permanent wilting 
point. The maximum allowable depletion of available soil water was fixed at 
10, 30, 45, 60 and 75%. Using the data of soil moisture measured by neutron 
probe and gravimetric measurements, the percentage depletion of available 
soil water in the effective root zone was estimated [16] as below:

 Depletion
n

FC
FC WP

i i

i

n

(%) *=
−
−∑100 1

1

θ
 (7)

where, n is the number of sub-divisions of the effective rooting depth used 
in the soil moisture sampling, FCi is the soil moisture at field capacity for ith 
layer, θi is the soil moisture in ith layer and WP is the soil moisture at perma-
nent wilting point.

The amount of water applied after the attainment of predefined MAD was 
calculated as:

 V MAD FC WP Rz A
d =

−(%) * ( ) * *
100

 (8)

where, Vd is the volume of irrigation water, Rz is the effective rooting depth 
and A is the surface area of the plot. The surface area of each plot was 20 m2.

Each plot was made into a small basin, furrowed and watered indi-
vidually. Measured amounts of water were applied to the furrows using a 
hosepipe and water meters.

8.3.2 DATA COLLECTION

For modeling the water balance and crop response to deficit irrigation, it was 
necessary to collect data relating to weather variables, profile soil moisture 
content and the growth attributes of the crop.
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8.3.2.1 Weather Data

Daily values of the weather variables (solar radiation, maximum and mini-
mum temperature, maximum and minimum relative humidity, wind speed 
and precipitation) for the experimental period were obtained from an auto-
matic weather station installed near the experimental crop field.

8.3.2.2  Soil Profile Moisture Data

In order to assess the change in soil water status, soil moisture was measured 
in 0–15, 15–30, 30–45, 45–60, 60–90 and 90–120 cm soil profiles. The 
moisture content of topsoil layer (0–15 cm) was measured gravimetrically 
and that of the lower layers were measured using a neutron probe. Moisture 
measurements were done at 2–3 days interval.

8.3.2.3 Crop Data

Crop parameters were measured during different stages of growth. The crop 
data included: planting date, date of emergence, 20% cover date, full cover 
date, maturity date, harvest date, maximum rooting date, crop coefficient at 
full cover, planting depth and maximum root depth. The data on grain yield, 
above ground dry matter yield and leaf area index were recorded at different 
stages of crop growth during each crop experiment. The field water use effi-
ciency (expressed as grain yield per unit cropped area per unit water applied 
to the field) was estimated for each treatment in each experiment.

8.3.3 PERFORMANCE OF CERES WHEAT MODEL

8.3.3.1 Calibration

The model was calibrated using the experimental data on grain yield, above 
ground dry matter and maximum leaf area index. The well-watered treat-
ment (10% MAD or T1) of each experiment was selected for calibration. 
The values of genetic coefficients were estimated using the best-fit method. 
Model calibration was performed for each experiment separately and an 
average value of each genetic coefficient was considered for further use. 
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All the genetic coefficients have a pre-assigned range and calibrated values 
needs to fall within that range. A fairly good agreement was found between 
simulated and measured grain yield of wheat. It was also found that the sim-
ulated and measured above ground dry matter and leaf area index matched 
reasonably well.

8.3.3.2 Validation

The model was validated for the four treatments of irrigated crops, i.e., 30%, 
45%, 60% and 75% depletion of available soil water (ASW). The genetic 
coefficients determined by the process of calibration were used for valida-
tion. For validation, the model was run independently for the T2, T3, T4 and 
T5 treatments of each experiment.

8.3.3.3 Simulation of Wheat Grain Yield

Comparison of the simulated and measured grain yield at harvest for dif-
ferent treatments in all the experiments is presented in Figure 8.1. The 
simulated grain yields for T1, T2 and T3 were found to be at par in all the 
three-crop experiments because the plants were not under any soil water 
stress particularly under these treatments. The grain yield was reduced for 
T4 and T5 because the plants experienced some stress during the growth cycle. 

FIGURE 8.1 Measured and simulated grain yield (t/ha) of wheat under different scheduling 
of irrigation during the three experiments: 1(95–96), 2(96–97) and 3(97–98).



358 Soil and Water Engineering: Principles and Applications of Modeling

Similar trend of variation was observed in all experiments. A reasonably 
good agreement (Figure 8.4a) was found between simulated and measured 
values of grain yield of wheat during all experiments (R2 = 0.97).

8.3.3.3.1 Simulation of Above Ground Dry Matter

The simulated above ground dry matter (ADM) was found to be in good 
agreement with the measured values. Comparison of the simulated and mea-
sured above ground dry matter at harvest under different treatments during 
all experiments is presented in Figure 8.2.

In general, a good agreement was found between simulated and mea-
sured values of above ground dry matter during all experiments (Figure 8.4b) 
except the second experiment, where the model over estimated above ground 
dry matter for the treatments (R2 = 0.94).

8.3.3.3.2 Simulation of Leaf Area Index

Comparison of the simulated maximum and measured maximum leaf 
area index under different treatments during all experiments of wheat is 
presented in Figure 8.3. In general, a good agreement (Figure 8.4c) was 
found between simulated and measured values of leaf area index during all 
experiments (R2 = 0.92).

FIGURE 8.2 Measured and simulated above ground dry matter (t/ha) of wheat under 
different scheduling of irrigation during the three experiments.
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8.3.3.3.3 Simulation of Temporal Variation of Soil Water

CERES-wheat model was calibrated for the soil water variation in different 
soil layers under the irrigation schedule T1, which is based on 10% maximum 
allowable depletion (MAD) of available soil water (ASW). Comparison of 
the measured and simulated temporal variation of soil water was made for 
different soil layers such as: 0–15, 15–30, 30–45, 45–60 and 60–90 cm for 
this irrigation scheduling in experiment 1 (1995–96), as shown in Figure 8.5. 
A very good agreement was noted between measured and simulated profile 
soil moisture content for each soil layer. Regression analysis of measured 
and simulated profile soil moisture content gave the values of coefficient of 
determination (R2) as 0.91, 0.89, 0.88, 0.80 and 0.73 respectively for the soil 
layers of 0–15, 15–30, 30–45, 45–60 and 60–90 cm (Table 8.1).

8.4 CASE STUDY: MAIZE

8.4.1 MATERIAL AND METHODS

8.4.1.1 Experimental Site 

Field experiments were conducted at the experimental farm of the Agricultural 
and Food Engineering Department, Indian Institute of Technology, Kharagpur, 
India (22° 19’ N latitude and 87°19’ E latitude). The local climate is sub-
humid and sub-tropical with an average rainfall of 1200 mm concentrated 

FIGURE 8.3 Measured and simulated leaf area index of wheat under different scheduling 
of irrigation during the three experiments numbered as 1 (95–96), 2 (96–97) and 3 (97–98).
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over the months of June to September. The soil at the experimental site is an 
acid lateritic sandy loam. The soil is partly eroded due to high intensity rain-
fall in the area during the monsoon season. The field capacity and permanent 

FIGURE 8.4 Comparison of simulated and measured results of wheat crop under different 
scheduling of irrigation during experiments 1 through 3: (a) grain yield; (b) above ground dry 
matter (ADM); (c) LAI.
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FIGURE 8.5 Calibration results of CERES-wheat model showing the comparison of 
simulated and observed soil water variation (VMC, %) in different soil layers for the irrigation 
scheduling based on 10% MAD (T1) of available soil water during experiment 1.

wilting point of the soil at the crop field are 16% and 7% respectively. Maize 
is usually a 95–100 days cereal crop in this region and suits the prevailing 
climate in the summer season (March to June). Experiments were conducted 
during three consecutive years such as: 1995–98.
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8.4.1.2 Field Layout and Experimental Details

The experimental area was divided into 20 plots of 5 m × 4 m size main-
taining a buffer of 1 m between adjacent plots. A seed rate of 17–20 kg/ha 
was used. The seeds were sown at a row spacing of 60 cm and a plant spac-
ing of 25 cm during all the three experiments. The three experiments were 
in fact three years of trial such as: experiment 1 (1995–96), experiment 2 
(1996–97) and experiment 3 (1997–98).

8.4.1.3 Irrigation Treatments

The irrigation treatments consisted of irrigation scheduling based on maxi-
mum allowable depletion (MAD) of available soil water (ASW) criteria, 
defined as:

• T1 = 10% maximum allowable depletion (MAD) of available soil water 
(ASW)

• T2 = 30% MAD of ASW
• T3 = 45% MAD of ASW
• T4 = 60% MAD of ASW
• T5 = 75% MAD of ASW

8.4.2 DATA COLLECTION

For modeling the water balance and crop response to deficit irrigation, it was 
necessary to collect data relating to weather variables, profile soil moisture 
content and the growth attributes of the crop.

TABLE 8.1 Regression Analysis (Y = mX + C) of Measured and Calibrated Soil Profile 
Moisture Content Within and Below the Root Zone of Wheat for the Irrigation Schedule 
Based on 10% MAD (T1) of ASW During the First Experiment (1995–96)

Soil profile R2 value Slope of the  
equation, m

Intercept of the  
equation, C

0–15 cm 0.91 1.10 –1.51
15–30 cm 0.89 0.91 1.46
30–45 cm 0.88 1.08 –1.28
45–60 cm 0.80 1.19 –3.19
60–90 cm 0.73 1.12 –1.93
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8.4.2.1 Weather Data

Daily values of the weather variables such as: solar radiation, maximum 
and minimum temperature, maximum and minimum relative humidity, wind 
speed and precipitation for the experimental period were obtained from an 
automatic weather station installed near the experimental crop field.

8.4.2.2  Soil Profile Moisture Data

In order to assess the change in soil water status, soil moisture was measured 
in 0–15, 15–30, 30–45, 45–60, 60–90 and 90–120 cm soil profiles. The 
moisture content of topsoil layer (0–15 cm) was measured gravimetrically. 
The lower layers were measured using a neutron probe. Moisture measure-
ments were done on 2–3 day intervals.

8.4.2.3 Crop Data

Crop parameters were measured during different stages of growth. The crop 
data included planting date, date of emergence, 20% cover date, full cover 
date, maturity date, harvest date, maximum rooting date, crop coefficient at 
full cover, planting depth and maximum root depth. The data on grain yield, 
above ground dry matter yield and leaf area index were recorded at different 
stages of crop growth during each crop experiment. The field water use effi-
ciency, expressed as grain yield per unit cropped area per unit water applied 
to the field was estimated for each treatment in each experiment.

8.4.3 PERFORMANCE OF CERES MAIZE MODEL

8.4.3.1 Calibration

The model was calibrated using the experimental data on grain yield, above 
ground dry matter and maximum leaf area index. The well-watered treat-
ment (10% MAD or T1) of each experiment was selected for calibration. 
The values of genetic coefficients were estimated using the best-fit method. 
Model calibration was performed for each experiment separately and an 
average value of each genetic coefficient was considered for further use. 
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All the genetic coefficients have a pre-assigned range and calibrated values 
needs to fall within that range. A fairly good agreement was found between 
simulated and measured grain yield of maize. It was also found that the 
simulated and measured above ground dry matter and leaf area index was 
matching reasonably well.

8.4.3.2 Validation

The model was validated for the four treatments of irrigated crops, i.e., 30%, 
45%, 60% and 75% depletion of available soil water (ASW). The genetic 
coefficients determined by the process of calibration were used for valida-
tion. For validation, the model was run independently for the T2, T3, T4 and 
T5 treatments of each experiment.

8.4.3.3 Simulation of Grain Yield

Comparison of the simulated and measured grain yield at harvest pertaining 
to different treatments for all the experiments is presented in Figure 8.6. The 
simulated grain yields for T1, T2 and T3 were found to be at par during all 
the three-crop experiments because the plants were not under any soil water 
stress particularly under these treatments. The grain yield reduced for T4 and 
T5 because the plants experienced some stress during their growth cycle. 

FIGURE 8.6 Measured and simulated grain yield (t/ha) of maize under different levels of 
irrigation during all the three experiments numbered as 1, 2 and 3.
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Similar trend of variation was observed in all experiments. A reasonably 
good agreement (Figure 8.9a) was found between simulated and measured 
values of grain yield of maize crop during all experiments (R2 = 0.91).

8.4.3.4 Simulation of Above Ground Dry Matter

The simulated above ground dry matter (ADM) was found to be in good 
agreement with the measured above ground dry matter. Comparison of the 
simulated and measured above ground dry matter at harvest under differ-
ent treatments during all experiments is presented in Figure 8.7. In general, 
a good agreement was found between simulated and measured values of 
above ground dry matter during all experiments (Figure 8.9b) except the 
second experiment where the model over estimated above ground dry matter 
for the treatments (R2 = 0.93).

8.4.3.5 Simulation of Leaf Area Index

Comparison of the simulated maximum and measured maximum leaf area 
index under different treatments during all experiments of maize is presented in 
Figure 8.8. In general, a good agreement (Figure 8.9c) was found between simu-
lated and measured values of leaf area index during all experiments (R2 = 0.98).

FIGURE 8.7 Measured and simulated above ground dry matter (t/ha) of maize under 
different levels of irrigation during all the three experiments numbered as 1, 2 and 3.
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8.4.3.6 Simulation of Temporal Variation of Soil Water

CERES-maize model was calibrated for the soil water variation in different 
layers under the irrigation schedule T1, which is based on 10% maximum 
allowable depletion (MAD) of available soil water (ASW). Comparison of 
the measured and simulated temporal variation of soil water was made for 
different soil layers such as: 0–15, 15–30, 30–45, 45–60 and 60–90 cm for 
this irrigation schedule in experiment 1 (1995–96), as shown in Figure 8.10. 
A very good agreement was noted between measured and simulated profile 
soil moisture content for each soil layer. Regression analysis of measured 
and simulated profile soil moisture content gave the values of coefficient of 
determination (R2) as 0.90, 0.80, 0.83, 0.82 and 0.73 respectively for the soil 
layers of 0–15, 15–30, 30–45, 45–60 and 60–90 cm (Table 8.2).

8.5 CASE STUDY: PEANUT

8.5.1 MATERIALS AND METHODS

8.5.1.1 Experimental Site

Field experiments were conducted at the experimental farm of the Agri-
cultural and Food Engineering Department, Indian Institute of Technology, 

FIGURE 8.8 Measured and simulated leaf area index of maize under different levels of 
irrigation during all the three experiments numbered as 1, 2 and 3.
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Kharagpur, India (22°19' N latitude and 87°19' E latitude). The local climate 
is sub-humid and sub-tropical with an average rainfall of 1200 mm concen-
trated over the months of June–September. The soil at the experimental site 
is an acid lateritic sandy loam and taxonomically grouped under the order 

FIGURE 8.9 Comparison of simulated and measured results of maize crop under different 
level of irrigation during experiments 1 through 3: (a) grain yield (b) above ground dry matter 
(ADM) (c) LAI.
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ALFISOL. The soil is partly eroded due to high intensity rainfall in the area 
during the monsoon season. The average field capacity and permanent wilt-
ing point of the root zone soil in the crop field are 16% and 7%, respectively. 
The field capacity and wilting point of each soil layer in the root zone is given 
in Table 8.1. Peanut, cultivar AK-12–24, a short duration (105–115 days) 

FIGURE 8.10 Calibration result of CERES-maize model showing the comparison of 
simulated and observed soil water variation in different layer for the irrigation schedule based 
on 10% MAD (T1) of Available soil water during experiment 1.
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crop with wide adaptability and stable performance was selected for the pres-
ent study. Peanut is a popular summer (February–May) irrigated crop of this 
region, which suits to the prevailing climate. Experiments were conducted 
during three consecutive years such as: 1996, 1997 and 1998. The dates 
of sowing of peanut crop during the three experiments were 25th February 
(1996), 28th February (1997) and 20th February (1998).

8.5.1.2 Field Layout and Experimental Details

The experimental area was divided into 20 plots of 5 m × 4 m size main-
taining a buffer of 1 m between adjacent plots. The field experiments were 
designed as per Randomized Block Design (RBD) with irrigation schedules 
or treatments as the factors. There were five irrigation treatments in all the 
three experiments. There were four replications for each treatment, out of 
which results of best three replications in each case were considered for fur-
ther analysis. A seed rate of 120 kg/ha was used. The seeds were sown at a 
row spacing of 30 cm and a plant spacing of 20 cm during all the three exper-
iments. This gave a plant density of 166,666 plants per hectare. The three 
experiments were in fact three years of trial such as: experiment 1 (1996), 
experiment 2 (1997) and experiment 3 (1998).

8.5.1.3 Irrigation Treatments

The irrigation treatments consisted of irrigation scheduling based on maxi-
mum allowable depletion (MAD) of the total available soil water (ASW) 

TABLE 8.2 Regression Analysis (Y = mX + C) of Measured and Calibrated Soil Profile 
Moisture Content Within and Below the Root Zone of Maize for the Irrigation Schedule 
Based on 10% MAD (T1) of ASW During the First Experiment (1995–96)

Soil profile R2  value Slope of the  
equation, m

Intercept of the  
equation, C

0–15 cm 0.90 0.944 0.836
15–30 cm 0.80 0.799 3.128
30–45 cm 0.83 0.955 0.786
45–60 cm 0.82 1.059 –0.87
60–90 cm 0.73 1.093 –1.5
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criteria. Each irrigation treatment was based on a predefined level of MAD, 
which was a fixed percent of the total ASW. Irrigation water was applied 
whenever the threshold value of MAD for the particular irrigation treatment 
was attained. The irrigation treatments considered in the study were:

• T1 = 10% maximum allowable depletion (MAD) of available soil water 
(ASW)

• T2 = 30% MAD of ASW
• T3 = 45% MAD of ASW
• T4 = 60% MAD of ASW
• T5 = 75% MAD of ASW

8.5.2 DATA COLLECTION

For modeling the water balance and crop response to deficit irrigation, it was 
necessary to collect data relating to weather variables, profile soil moisture 
content and the growth attributes of the crop.

8.5.2.1 Weather Data

Daily values of the weather variables such as: solar radiation, maximum 
and minimum temperature, maximum and minimum relative humidity, wind 
speed and rainfall for the experimental period were obtained from an auto-
matic weather station installed close to the experimental crop field.

8.5.2.2  Soil Profile Moisture Data

In order to assess the change in soil water status, soil moisture was mea-
sured in 0–15, 15–30, 30–45, 45–60, 60–90 and 90–120 cm soil profiles. 
The moisture content of topsoil layer (0–15 cm) was measured gravimet-
rically. The lower layers were measured using a neutron probe. Moisture 
measurements were done at every 2–3 days interval. Neutron probe was 
calibrated using the measured volumetric moisture content of different soil 
layers such as: 15–30, 30–45, 45–60 and 60–90 cm and then a calibration 
curve was developed between count ratio of the neutron probe on Y-axis and 
volumetric moisture content on X-axis. The field count was divided by the 
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standard count to obtain the count ratio. The standard count was measured 
using a tank of 1 m × 1 m filled with water.

8.5.2.3 Crop Data

Crop parameters were measured during different stages of growth. The crop 
data included planting date, date of emergence, 20% cover date, full cover 
date, maturity date, harvest date, maximum rooting date, crop coefficient 
at full cover, planting depth and maximum root depth. The crop coefficient 
at full cover was determined by using the measured daily evapotranspira-
tion (ET) of peanut crop and daily reference crop evapotranspiration (ET0) 
computed by Penman-Monteith method. The reason for selecting Penmen-
Monteith method to estimate the reference crop evapotranspiration is that the 
estimated values by this method were found to be very close to the lysimeter 
measured reference ET0 using grass as a reference crop (Kashyap and Panda, 
2001). The crop parameter such as maximum root depth was determined 
by measuring the root depth through destructive plant sampling at different 
stages of the growth. Maximum root depth was obtained for treatment T1 for 
all the three experiments due to the least soil water stress experienced by the 
crop at this treatment. The data on grain yield, above ground dry matter and 
leaf area index were recorded at different stages of crop growth during each 
crop experiment. The field water use efficiency, expressed as grain yield per 
unit cropped area per unit water applied to the field was estimated for each 
treatment in each experiment.

8.5.3 PERFORMANCE OF CROPGRO PEANUT MODEL

8.5.3.1 Calibration

The model was calibrated using the experimental data on grain yield, above 
ground dry matter and maximum leaf area index. The well-watered treat-
ment (10% MAD or T1) of each experiment was selected for calibration. 
The values of genetic coefficients were estimated using the best-fit method. 
Model calibration was performed for each experiment separately and an 
average value of each genetic coefficient was considered for further use. 
All the genetic coefficients have a pre-assigned range and calibrated values 
needs to fall within that range [12].
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A fairly good agreement was found between simulated and mea-
sured grain yield of peanut. It was also found that the simulated above 
ground dry matter and leaf area index matched reasonably well with their 
measured counterparts.

8.5.3.2 Simulation of Crop Growth Parameters

The model was validated for the four irrigation treatments that is, 30%, 45%, 
60% and 75% maximum allowable depletion of available soil water (ASW) 
for the crop growth parameters such as grain yield, above ground dry matter 
and maximum leaf area index. Comparison of the simulated and measured 
grain yield at harvest pertaining to different treatments for all the experi-
ments is presented in Figure 8.11.

The simulated grain yields for T1, T2 and T3 were found to be at par dur-
ing all the three-crop experiments because the plants were not under any soil 
water stress particularly under these treatments. The grain yield was lower 
for T4 and T5 because the plants experienced some stress during their growth 
cycle. Similar trend of variation was observed in all experiments. A reasonably 
good agreement (Figure 8.14a) was found between simulated and measured 
values of grain yield of peanut crop during all the experiments (R2 = 0.95).

FIGURE 8.11 Measured and simulated grain yield (t/ha) of peanut under different levels of 
irrigation during all the three experiments numbered as 1, 2 and 3.
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The simulated above ground dry matter (ADM) was found to be in good 
agreement with the measured above ground dry matter. Comparison of the 
simulated and measured above ground dry matter at harvest under different 
treatments during all experiments is presented in Figure 8.12. In general, a good 
agreement was found between simulated and measured values of above ground 

FIGURE 8.12 Measured and simulated above ground dry matter (t/ha) of peanut under 
different levels of irrigation during all the three experiments numbered as 1, 2 and 3.

FIGURE 8.13 Measured and simulated maximum leaf area index of peanut under different 
levels of irrigation during all the three experiments numbered as 1, 2 and 3.
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dry matter during all experiments (Figure 8.14b) except the second experiment 
where the model over estimated above ground dry matter (R2 = 0.90).

Comparison of the simulated maximum and measured maximum leaf 
area index under different treatments during all experiments of peanut is 
presented in Figure 8.13. In general, a good agreement (Figure 8.14c) was 
found between simulated and measured values of leaf area index during all 
experiments (R2 = 0.96).

FIGURE 8.14 Comparison of simulated and measured results of peanut crop under different 
level of irrigation during experiments 1 through 3: (a) grain yield (b) above ground dry matter 
(ADM) (c) maximum LAI.
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FIGURE 8.15 Calibration result of CROPGRO-peanut model showing the comparison of 
simulated and observed soil water variation in different layer for the irrigation schedule based 
on 10% MAD (T1) of Available soil water during experiment 1.

8.5.3.3 Simulation of Temporal Variation of Soil Water

CROPGRO peanut model was calibrated for the soil water variation 
in different soil layers under the irrigation schedule T1, which is based 
on 10% maximum allowable depletion (MAD) of available soil water 
(ASW). Comparison of the measured and simulated temporal variation of 
soil water was made for different soil layers such as: 0–15, 15–30, 30–45, 
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45–60 and 60–90 cm for this irrigation schedule in experiment 1 (1996), 
as shown in Figure 8.15. A very good agreement was noted between 
measured and simulated profile soil moisture content for each soil layer. 
Regression analysis of measured and simulated profile soil water con-
tent gave the values of coefficient of determination (R2) as 0.90, 0.80, 
0.83, 0.82 and 0.73 respectively for the soil layers of 0–15, 15–30, 30–45, 
45–60 and 60–90 cm (Table 8.3).

8.6 SUMMARY

This chapter discusses use of Decision Support System for Agrotechnology 
Transfer (DSSAT) for simulation modeling of effective irrigation manage-
ment in wheat, maize and peanut under Indian conditions.

The CERES-Wheat, CERES-Maize and CROPGRO-peanut models can 
effectively be used to simulate yield, above ground dry matter and maximum 
leaf area index of wheat, maize and peanut respectively in sub-humid sub-
tropical regions.

The CERES-Wheat, CERES-Maize and CROPGRO-peanut models sim-
ulate the profile soil water variation with considerable accuracy. Therefore, 
these models can successfully be used for determination of irrigation man-
agement depth and scheduling of irrigation without going through the rigor-
ous experimentation and data monitoring.

TABLE 8.3 Regression Analysis (Y = mX + C) of Measured and Calibrated Soil Profile 
Moisture Content Within and Below the Root Zone of Peanut for the Irrigation Schedule 
Based on 10% MAD (T1) of ASW During the First Experiment (1995–96)

Soil profile R2 value Slope of the  
equation, m

Intercept of the 
 equation, C

0–15 cm 0.89 0.83 2.17
15–30 cm 0.82 0.90 1.32
30–45 cm 0.78 0.99 0.08
45–60 cm 0.74 0.96 0.70
60–90 cm 0.73 0.73 4.26
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9.1 INTRODUCTION

The task of providing food security to India’s burgeoning population is 
becoming increasingly difficult. Around 70% of the India’s population is 
living in rural area with agriculture as their livelihood support system. The 
vast majority of Indian farmers are small and marginal. The farm size is 
decreasing further due to population growth. The quality of land is also 
degrading due to various reasons resulting decline in agricultural productiv-
ity leading to food insecurity. Land degradation can be defined as a tempo-
rary or a permanent lowering of land productivity through deterioration of 
land’s physical, chemical and biological conditions. It represents a complex 
ensemble of water erosion, wind erosion, soil compaction, salinization and 
waterlogging. An area is said to be waterlogged when the water table rises 
to an extent that the soil pores in the root zone of a crop become saturated, 
resulting in restriction of the normal circulation of air, decline in the level of 
oxygen and increase in the level of carbon dioxide. The water table, which 
is considered harmful would depend upon the type of crop, type of soil and 
the quality of water [6].

In India the total degraded land due to waterlogging is 6.41 Mha out 
of which 1.66 Mha is mainly wasteland due to surface ponding and rest 
area of 4.75 Mha is under subsurface waterlogging [9]. High intensity 
of rainfall combined with saucer shaped physiography and flat land near 
the coastal area in deltaic alluvial region is the most important reason for 
waterlogging [7]. The problem of waterlogging is very severe in coastal 
and deltaic region of eastern India in which water stagnation and rise of 
water table above ground surface is more than 1 m in many places during 
monsoon. So no crop or paddy with an average yield of 0.5–0.75 t.ha–1 
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is obtained during kharif season. After monsoon also due to rise in water 
table no other cash crop or remunerative crop is possible except paddy 
with very low return in terms of yield and pricing. The quality of water is 
very good for irrigation as well as aquaculture purpose. Many researchers 
have worked on on-farm reservoir design, etc. using water balance model 
in medium and upland, where the pond water was used for supplemental 
irrigation or life-saving irrigation [1, 7, 10, 11]. Since the land resources are 
finite, requisite measures are required to reclaim degraded and wastelands, 
so that areas going out of cultivation due to social and economic reasons 
are replenished by reclaiming these lands and by arresting further loss of 
production potential.

There are several measures to reclaim waterlogged area. Drainage is 
one of the measures to control waterlogging, which is defined as the natu-
ral or artificial removal of surface and subsurface water from a given area. 
Traditionally management strategies to address waterlogging problem have 
often focused on engineering approaches such as deep open ditches, vertical 
drainage (groundwater pumping) or horizontal sub-surface drainage which 
all require expensive capital investment and operation and maintenance.

Biodrainage is the use of vegetation to manage water fluxes in the land-
scape through evapotranspiration, and is an alternative technique that has 
recently attracted interest in drainage and environmental management cir-
cles. Biodrainage can be either remedial, i.e., lowering water table after they 
have risen; discharge control, or preventative, i.e., intercepting soil water 
before it reaches the water table; recharge control [12]. Heuperman [5] found 
that the lowering of water table due to biodrainage for 10 years through 
planting trees has high water requirement. Biodrainage presents itself as a 
feasible and environment friendly option that farmers could adopt to reclaim 
their land. It is based on the ability of plants and trees to transpire water and 
thus remove excess water and salinity.

9.1.1 PRINCIPLES OF BIODRAINAGE

Biodrainage is a combined drainage-cum-disposal system and is less costly 
and more environmentally friendly. It relies on vegetation, rather than mechan-
ical means, to remove excess water. The driving force behind the biodrainage 
concept is the consumptive water use of plants. It is economically attractive 
because it requires only an initial investment for planting the vegetation, and 
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when established, the system could produce economic returns by means of 
fodder, wood or fiber harvested. There is consensus that biodrainage, when 
properly implemented, can lower the water table. It could solve problems 
associated with waterlogged areas and canal seepage. Biological systems 
make use of the evapotranspirative power of plants, especially of trees, to 
lower groundwater tables. Low cost technology such as biodrainage could be 
an alternative providing several advantages as below:

• the negative side effects of conventional drainage systems are reduced,
• they require less investment,
• may find quicker application,
• they are environmentally friendly,
• provide fuel wood, timber, fruits, shade and shelter,
• function as windbreaks and yield organic matter for fertilizer,
• they contribute to the enhancement of biodiversity, as flora and fauna 

flourish, and
• air pollution is diminished and they contribute to carbon sequestration.

Australian researchers [2] have reported the ability of different trees in 
influencing water table. Thus a new approach is gaining momentum to use dif-
ferent types of plants to control shallow water tables. These plants draw their 
main water supply from groundwater or from the capillary fringe just above it. 
Such types of plants are called phreatophytes. Main physiological features of 
such plants are luxuriant transpiration in contact with groundwater. Examples 
are tree species like poplar, eucalyptus, tamarix, muskit, Acacia, sissoo, etc.

Annual rate of transpiration from (Eucalyptus) plantation area over 
6 year period (1991–1997) was 3446 mm [8]. The plantations were visual-
ized as wells 500 m apart with pumping capacity of 33 m3/h. The observed 
draw down during a period of 6 years was between 7.8 and 8.0 m at various 
point of the plantation area with maximum draw down being 13–15 m [8]. 
However, the efficacy of biodrainage has been established through vari-
ous reports [4] after surveying of 80 sites in western Australia concluded 
that extensive planting covering as much as 70–80% of catchment area is 
necessary to achieve significant water table reduction in deep water table 
(often recharge area) situation. In shallow water table (often discharge areas) 
zones, for every 10 % increase in planted area water table was lowered by 
about 0.4 m. A comparative study of Casurina glanca and Eucalyptus camal-
dulensis [3] showed that former had greater potential to discharge saline 
groundwater.
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The study in this chapter was undertaken with the objectives of opti-
mizing micro-level water resources design in waterlogged area; enhancing 
productivity of waterlogged area through integrated farming system; and 
reclamation study of waterlogged area through bio-drainage and cultivation 
of water loving co-existing crops.

9.2 MATERIALS AND METHODS

9.2.1 STUDY AREA

The study was conducted in the ICAR- Indian Institute of Water Mana-
gement (IIWM) research farm, Mendhasal, Khurda, Bhubaneswar, India 
(20° 30′ 0″ N latitude and 84° 48′ 10″ E longitude). There was a patch of 3 ha 
area under severe waterlogging. Continuous waterlogging has converted 
that land to wasteland. No crop could be grown in these fields and it was 
remaining fallow in almost all years. The soil pH ranged from 3.5 to 6.5; 
soil texture is sandy clay loam; soil organic carbon was low (< 0.5%); soil 
available nitrogen was low (< 280 kg ha–1); soil available potassium was 
medium (50–170 mg/kg of soil); soil available phosphorous was medium 
(5–10 mg/kg of soil); iron toxicity was present. Depth of groundwater table 
range was 20–40 cm as minimum and 50–150 cm as maximum from ground 
surface during December to June. During monsoon, it is above ground sur-
face. The yield of shallow aquifer is low. The land was unsuitable for plow-
ing except during the months of May and early June, and was left fallow in 
almost all years.

9.2.2 ANALYSIS AND INTERVENTIONS

For determining the design and dimensions of the ponds, collection and 
analysis of climatic data (rainfall, pan evaporation, etc.) for the period 
1975–2003 for Bhubaneswar, Odisha, India was done. Different probability 
distribution functions (PDF) were fitted to the maximum one-day rainfall 
data. SMADA (Storm water Management and Design Aid) software was 
used for this analysis. From this analysis maximum one-day rainfall for dif-
ferent return periods was found out which was utilized for further design of 
different hydraulic structures. From the hydrologic data, analysis the dimen-
sions of the ponds were decided. Integrated farming system was undertaken 
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in those fields keeping some area under paddy, growing fish in the pond and 
taking vegetable on the bund. The production and productivity of the inte-
grated farming system has been discussed in this write up. Physico-chemical 
properties of the study area were done using standard laboratory procedures 
at different years to find out whether there is any improvement in soil prop-
erties over years.

9.2.3 LAY-OUT OF BIODRAINAGE EXPERIMENTAL PLOT

An area of 2640 m2 of the waterlogged wasteland was converted into four 
elevated platforms (P1, P2, P3 and P4) of 20 m x 20 m each with the exca-
vated soils from the adjacent 20 m x 10 m area (D1, D2, and D3) and also 
from a strip of 110 m x 4 m (Figure 9.1). There was a net increase in elevation 
of platforms by 0.65 m in comparison to original ground level. After the 
modification of the land there were four elevated platforms and three depres-
sions. Platform 1 (P1) and platform 2 (P2) was under acacia plantation with 
pineapple as intercrop, platform 3 (P3) was under casurina with pine apple, 
turmeric and arrowroot as intercrop, and platform 4 (P4) was under casurina. 
Depression 1 (D1) is between P1 and P2, depression 2 (D2) is between 
P2 and P3 and depression 3 (D3) is between P3 and P4 from where soil had 
been removed.

Acacia mangium and Casuarina equisetifolia planting material having 
average length of 45 cm was procured from College of Forestry, Orissa 
University of Agriculture and Technology, Bhubaneswar, Odisha, India. 
They were planted in two platforms each with a spacing of 2 m x 2 m in 
the fourth week of July 2004. The layout of the experimental plot is given 
in Figure 9.1. Normal procedure of agro-forestry planting was followed. 
Pits of 30 cm length, breadth and depth were excavated. Those pits were 
filled with well-decomposed compost and farmyard manure @ 4 kg/pit and 

FIGURE 9.1 Layout of bio drainage experimental plot.
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fertilizer (25 g DAP) was also applied per pit. One liter of water was applied 
per plant at the time of planting.

The different growth parameters observed were height (cm), collar 
diameter (mm), and diameter at breast height (DBH) (mm) at the time of 
planting and then at every 3 months after planting (MAP). Bottle gourd was 
taken as intercrop after the establishment of tree plantation for one season. 
After 12 months of planting pineapple was planted as intercrop in paired rows 
between two rows of acacia mangium as well as between two rows of casua-
rina. The spacing of pineapple between rows as well as plants was kept at 
60 cm. In platform 1 and 2 the intercrop taken was pineapple and on platform 
3 half of the area was covered with pineapple and rest half with turmeric and 
arrowroot as intercrop. The reason for taking pineapple, turmeric and arrow-
root as intercrop was due to the fact that all these crops are shade loving and 
performs better in diffused light. All of them also perform relatively better in 
acid soils (where pH is low) in comparison to other type of crop.

Soil samples were taken from the experimental field prior to planting and 
then after one year of planting and after four years of planting. Standard pro-
cedure was followed for soil analysis in the laboratory of ICAR-IIWM. The 
different parameters used to find out the change of soil quality in this study 
are pH, electrical conductivity (EC), organic carbon (OC), N (nitrogen), 
P (phosphorous), K (potassium) availability and other micro-nutrients such 
as copper (Cu), manganese (Mn), iron (Fe) and zinc (Zn). In this paper the 
results and discussions are made on change of pH, EC and OC of the soil 
over time to know whether biodrainage has improved the soil quality and 
reclaimed the waterlogged wasteland or not.

Observation wells were installed one on the platform and other in depres-
sion to measure the depth of water table from ground level throughout the 
year. The observations were taken once in a week. The transpiration and 
stomatal conductance of the trees were also measured.

9.3 RESULTS AND DISCUSSIONS

9.3.1 RAINFALL ANALYSIS AND HYDROLOGY

For determining the design and dimensions of the ponds, collection and 
analysis of climatic data (rainfall, pan evaporation, etc.) for the period 
1975–2003 for Bhubaneswar was done. Different probability distribution 
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functions (PDF) were fitted to the maximum one-day rainfall data. SMADA 
software has been used for this analysis. From this analysis, maximum one-
day rainfall for different return periods were found out, which was utilized 
for further design of different hydraulic structures.

The annual rainfall varied from 951.6 mm (1996) to 2218.7 mm (2001), 
with 55% of all the years have rainfall below normal. The 84.1% of the total 
rainfall occurs between June and October. Normal rainy days in a year are 
105: maximum was 129 (1983), and minimum was 86 days (1979). Onset of 
effective monsoon is 15th June, earliest is 7th June, latest is 23rd June (based 
on both mean and median). Similarly cessation of effective monsoon is 
8th October, earliest is 26th September, and latest is 20th October based on 
mean; and 10th October, 28th September, and 22nd October is normal, earli-
est and latest date for cessation of monsoon based on median. The weekly 
maximum, minimum and normal rainfall observed during 1975–2003 is 
given in Figure 9.2. The comparison of weekly rainfall and evaporation is 
given in Figure 9.3. From Figure 9.3, it is observed that the rainfall is higher 
than evaporation during 24th week to 43rd week causing water congestion 
and excess water is to be stored in ponds for aquaculture and for irrigating 
rabi crops including vegetable and other cash crops. Whereas evaporation 
is higher than rainfall during 44th week to 23rd week indicating irrigation is 
required if any crop is to be grown during this period.

The weekly rainfall at different probability level is given in Figure 9.4. 
Depending upon the requirement rainfall at different probability level would 
be considered for design of different structures such as field bunds, ponds, 

FIGURE 9.2 Weekly maximum, minimum and normal rainfall observed during 1975–2003.
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emergency spill way, drainage system, etc. It was found that Log Pearson 
type III PDF fits well (Figure 9.5) to the observed data. The average water 
table fluctuation in the study area with respect to rainfall (mm) in different 
standard meteorological week is given in Figures 9.6–9.8 for the years 2003, 
2004, and 2005, respectively.

The water table fluctuation in the study area with respect to rainfall (mm) 
in different standard meteorological week is given in Figure 9.9. The different 
notations used in the figure are EP stands for experimental plot number and 

FIGURE 9.3 The comparison of weekly rainfall and evaporation.

FIGURE 9.4 Weekly rainfall at different probability level at Bhubaneswar.
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FIGURE 9.5 Fitting of maximum one day rainfall with Log Pearson type III distribution.

FIGURE 9.6 The average water table fluctuation in the study area with respect to rainfall (2003).

FIGURE 9.7 The average water table fluctuation in the study area with respect to rainfall (2004).
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P denotes platform number (elevated portion where soil was deposited) and 
D denotes depressions from where soil was excavated to form the platform.

From Figure 9.9, it is observed that in Experimental plot 4 (EP 4), the 
water table below ground level is deeper in comparison to other experimen-
tal plots. The desirable condition for any crop to grow better is that the water 
table should be below root zone depth (i.e. 2 m in many cases), otherwise 
the area is called waterlogged. Hence after first year of work, where the bio 
drainage component is negligible, it is seen that the land modification alone 
has changed the water table regime making it better and suitable for crop 
growth in comparison to other plots.

FIGURE 9.8 The average water table fluctuation in the study area with respect to rainfall 
(2005).

FIGURE 9.9 Water table fluctuations in different experimental plots and rainfall in 2004.
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9.3.2 INTEGRATED FARMING SYSTEM

The climatic parameter analysis and water balance study resulted the design 
dimensions of the experimental ponds which were 27 m x 27 m, 30 m x 30 m, 
and 34 m x 34 m at the top with 2 m depth and side slope 1:1 in experimental 
plot 1, 2 and 3 respectively. The excavated soils were spread around the pond 
to elevate the surrounding area so as to keep the water table below 2 m from 
ground surface. Hume pipes of 30 cm diameter and 4 m length were used as 
inlet and emergency outlet of the pond. Since the objective of the study was to 
store excess water for reclamation of waterlogged area, the area of the ponds 
are kept within 20 to 25% of the total area considering the water balance 
component of the study area. Design and construction of three micro water 
resources covering water surface area of 625 (P1), 785 (P2) and 1025 m2 (P3) 
was completed by March 2006. Treatment implementation and stocking of 
fish fingerling (Magur, 12.2 g MBW) was done as the first crop. Population 
density was maintained at 1200, 2100 and 1700 for P1, P2 and P3 respectively.

The recorded mean minimum and maximum values of various water 
quality parameters were: water temperature 27.9–32.3°C; water pH 6.7–8.7; 
dissolved oxygen 3.6–9.1 ppm; total alkalinity 78–127 ppm; dissolved organic 
matter 1.4–6.4 ppm; nitrite –N 0.006–0.077 ppm; nitrate-N 0.06–0.57 ppm; 
ammonia 0.01–0.34 ppm; transparency 39+3 – 52+4; total suspended solid 
169–367 ppm and total plankton count 14.9 x 103 to 19.8 x 104 nos/liter. 
Average primary production in the first month of rearing ranged between 121.4 
and 149 mg C m–3 h–1, which improved further (533 + 41.3 mg C m–3 h–1) 
with the advancement of rearing period. TSS and DO concentration showed 
a decreasing trend with the advancement of rearing period while, gradual 
increase in nitrite, nitrate, ammonia were attributed by intermittent fertiliza-
tion, increased level of metabolites and decomposition of unutilized feed. 
At any given point of time, other water quality parameters did not register 
any specific trend. In this experiment, average growth performance of Magur 
was highest in pond-1 (P1) (163.5g) followed by pond-3, (P3) (141.0 g) and 
pond-2 (P2) (130.5 g). In this experiment, reductions in growth did not appear 
to be due to poor water quality, as water quality did not differ significantly 
among various treatments, may be due to behavioral interaction or physiolog-
ical response to density itself. Relatively moderate survival rate (61–64.75%) 
was mainly due to cannibalism at the initial stage of rearing. In this, crop 
yield of fish ranged between 1632 and 1710 kg/ha/200 days, survival rate 
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(SR% – 61–64.75), feed conversion ratio (FCR) – 1.39–1.47, per day incre-
ment (PDI) was 0.595–0.623 g/day.

Indian major carps (IMC) were taken as subsequent crops in coming 
years and were released during 4th week of August. The recorded mean 
minimum and maximum values of various water quality parameters were 
presented in Table 9.1. All growth parameters were undertaken regularly. 
The results obtained are presented in Table 9.2. The catla has recorded a 
maximum growth in comparison to rohu and mrigal. As age of the pond 
increased the quality of water improved as the sides of the bunds have been 
stabilized, hence IMC was undertaken in place of magur to reduce the input 
cost and preference in market.

TABLE 9.1 Minimum and Maximum Average Values of Water and Soil Quality 
Parameters (Based on Monthly Sampling) in Fishponds Under Integrated Farming System 
Approach at IIWM Research Farm

Parameters P1 (625 m2) P2 (785 m2) P3 (1025 m2)

Available-N in soil (mg 
100 g–1)

8.1–11.1 (9.8) 11.9–14.6(12.3) 16.1–21.9 (17.3)

Available-P in soil (mg 
100 g–1)

1.3–2.69 (2.21) 1.28–2.93(2.23) 1.63–2.89 (2.11)

Dissolved Organic Matter 
(ppm)

1.3–3.2 (2.2) 1.45–3.8(2.7) 0.55–3.6 (2.6)

Dissolved Oxygen (ppm) 3.7–5.3 (3.9) 3.3–6.4(4.6) 4.4–6.9 (4.3)
NH4

+ water (ppm) 0.31–0.88 (0.65) 0.34–0.97 (0.68) 0.41–0.91 (0.59)
Nitrate – N (ppm) 0.06–0.53 (0.36) 0.05–0.47(0.34) 0.16–0.6 (0.33)
Nitrite – N (ppm) 0.009–0.06 (0.04) 0.013–0.075(0.037) 0.011–0.07(0.032)
Organic carbon in soil (%) 0.24–0.56 (0.41) 0.49–0.62(0.54) 0.57–0.7 (0.61)
pH 6.7–8.6 (6.83) 6.9–8.4(7.11) 6.7–8.1 (7.32)
Phosphate – P (ppm) 0.07–0.34 (0.21) 0.06–0.33(0.21) 0.13–0.54 (0.26)
Soil pH 6.6–7.1 (6.94) 6.8–7.1(7.01) 6.8–7.1 (6.97)
Temperature (°C) 27.8–31.2 (28.4) 27.7–31.3(28.4) 27.9–31.5(28.7)
Total alkalinity (ppm) 79–88 (82) 68–109(94) 73–107 (88)
Total plankton (units l–1) 1.4x103–2.3x103 

(1.7x103)
2.9x103–3.7x103 

(3.3x103)
9.4x102–2.8x103 
(1.3x103)

TSS (ppm) 162–367 (211) 137–290 (220) 60–247 (178)

*Figures in parenthesis represent mean values. 
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TABLE 9.2 Species-Wise Growth Characteristics of IMCs (Fry to Advanced Fingerling Production)

Species C. catla L. rohita C. mrigala C. carpio

 P1  P2  P3  P1  P2  P3  P1  P2  P3  P1  P2  P3

IMBW (g) 1.8 1.8 1.8 1.7 1.7 1.7 2.2 2.2 2.2 1.6 1.6 1.6
MBW-10/6 270.4 293.5 286.0 88 95 102 110 128 145 158 165 180
PDI (g) 0.93 1.01 0.98 0.3 0.32 0.35 0.37 0.43 0.49 0.54 0.56 0.62
Kn 1.02 1.1 1.08 0.89 0.96 0.96 0.99 1.03 1.0 0.98 1.16 1.1
GP rank I IV II III
AFCR P1 (1.13) P2 (1.22) P3 (1.31)

 Stocking density (SD)=30000 fry/ha (P1 – 1900, P2 – 2400, P3 – 3100); stocking composition (SC)=30:30:40::SF:CF:BF

(P1: pond-1, P2: pond-2, P3: pond-3; IMBW: Initial mean body weight; MBW: mean body weight; Kn: Ponderal index/condition factor=(weight/cube of length); SF: 
surface feeder, CF: column feeder, BF: bottom feeder; GP rank: growth parameter rank; AFCR: average feed conversion ratio)
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The general observations on the aquaculture activities are listed below.

• Non-availability of fingerlings and stocking with fry, i.e., fry to 
advanced fingerling production option undertaken;

• Pre and post-stoking mortality due to size and transportation shock;
• Poor plankton population due to poor soil quality (newly excavated 

ponds) and thus the weak DO (dissolved oxygen) concentration;
• Recruitment of A.mola through stocking material, enhanced their 

population many fold and became competitor with IMCs for food and 
space – leading to poor growth performance.

Under on-dyke horticulture activities, there were 114 papaya, 89 banana, 
and 16 coconut plants around 1st pond, 69 banana, 9 papaya and 4 coconut 
plants around 2nd pond and 70 banana plants were planted around the 3rd pond 
(Figure 9.10). Besides another 90 banana plants were planted in adjacent 
area. The different varieties of tissue culture banana planted are G-9, Bantal, 
and Robosta. Papaya variety was “farm selection.”

In the first year under on-dyke horticulture activities vegetable such as 
bottle gourd in 386 m2 area (7.8 t/ha), tomato in 252 m2 area (2 t/ha) and 
brinjal on 66 m2 (1.52 t/ha) were taken up. Different varieties of paddy such 
as Khandagiri, Swarna, CR-1009 and Surendra were grown in four different 
plots showed average yield of 2.72 t/ha.

In subsequent years on an average 220 bunches of banana were har-
vested. Different varieties of paddy such as Khandagiri, Swarna, CR-1009 
and Surendra were grown in four different plots. During kharif the yield of 
Khandagiri was 2.1 t/ha, Surendra gave 3.2 t/ha and Swarna showed aver-
age yield of 2.7 t/ha. During rabi Khandagiri paddy gave a yield of 2.3 t/ha. 

FIGURE 9.10 Integrated farming system in waterlogged area of ICAR – IIWM farm.
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Different vegetables were taken as on-dyke horticultural activities as well as 
intercrops such as brinjal (6.25 t/ha), cowpea (1.5 t/ha), Bean (2 t/ha), ladies 
finger (4.9 t/ha) and 200 kg of bottle gourd was also obtained.

9.3.3 GROWTH PARAMETERS OF BIODRAINAGE PLANTATION

The different growth parameters observed were height (cm), collar diameter 
(mm), and diameter at breast height (DBH) (mm) at the time of planting and 
then at every 3 months after planting (MAP). In Acacia mangium, the net 
increment in plant height over initial was 128.8%, 270.8%, 632%, 803% after 
3, 6, 9 and 12 months after planting (MAP), respectively. The net increment 
(NI) in collar diameter was 154%, 1057%, 2002%, and 2528% respectively 
during the same period. However, DBH (diameter at breast height, i.e., at 
1.37 m from ground) was seen as 20.6 mm, 36.2 mm and 51.4 mm at 6, 9 
and 12 MAP respectively. In Casuarina equisetifolia plant height increased 
to 105.3 cm (net increment of 56%), 209.6 cm (NI 210%), 342.4 cm (NI 
407%), and 428.0 cm (NI 534%) after 3, 6, 9 and 12 months after planting, 
respectively. The net increment in collar diameter was 152%, 490%, 1157%, 
and 1420% after 3, 6, 9, and 12 MAP respectively. The diameter at breast 
height attained 11.3 mm, 20.7 mm and 31.1 mm after 6, 9, and 12 months 
after planting. Thus, Acacia mangium was faster both in height growth and 
collar diameter than Casuarina. However, Casuarina stem was less tapering 
than Acacia mangium at 12 months after planting. The average mortality of 
trees after one year for both the species were very less (< 6%).

After about four years of planting (during July 2008), for acacia the high-
est DBH reached up to 20.1 cm and in casuarinas it reached up to 12.5 cm. 
However, the average collar diameter at bottom, DBH, height and canopy 
area were 178 mm, 143 mm, 15.4 m and 3.7 m respectively by fourth year of 
planting. For casuarinas the average collar diameter at bottom, DBH, height 
and canopy area are 143.7 mm, 108 mm, 13.5 m and 3.85 m respectively 
by the same period. The growth characteristic curve of both the species are 
given in Figures 9.11 and 9.12.

The transpiration in acacia ranged between 1.95 and 2.32 m mol/m2/s 
with stomatal conductance 69.4 to 84.5 m mol/m2/s during March 2008 
(after 44 months of planting). In case of casuarina the range of transpira-
tion was between 2.34 and 2.75 m mol/m2/s with stomatal conductance up 
to 183.1 m mol/m2/s during the same time. The progressive shade has sig-
nificantly reduced the intensity of incident radiation to up to 50%. This has 
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affected the transpiration efficiency and stomatal conductance of mainly bot-
tom tier leaves of acacia and casuarina vegetation. However, up-tier leaves 
showed transpiration at normal range, i.e., up to 5.7 and 5.3 m/mol/m2/s in 
casuarina and acacia respectively.

FIGURE 9.11 Height and canopy diameter growth of Acacia and casurina observed in 
modified waterlogged wasteland.

FIGURE 9.12 Progressive growth of collar diameter and diameter at breast height (DBH) 
of Acacia and casurina observed in modified waterlogged wasteland.
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Intercropping of bottle gourd among the trees on the raised platforms was 
undertaken after the monsoon season was over in the first year of planting. Due 
to earth work the top soil was less fertile and the soil was acidic. Therefore, 
bottle gourd which was planted in basins was chosen over other crops. One 
pit was made among four trees. So the plant to plant spacing in bottle gourd 
was also kept at 2 m. From one platform of dimension 20 m x 20 m on an 
average 360 kg of bottle gourd was harvested which is about 9 t/ha. After one 
year of planting as it is observed from Figure 9.11 that the average height and 
canopy of acacia was 3.61 m and 1.58 m and for casuarina the height was 
4.28 m and canopy 1.62 m. The canopy cover restricted growing of other 
crops. Therefore, intercropping of crops which grow better under diffused 
light and also suit inside plantation area were chosen. Intercropping of pine-
apple, arrowroot, turmeric among the trees was done successfully. About 220 
pieces of pine apple was harvested after 18 months of planting and continuing 
and 50 kg of turmeric seed and 40 kg of arrowroot seed was produced during 
each season as intercropping in bio-drainage plantation.

9.3.4 SOIL ANALYSIS

The soil analysis done prior to the plantation showed that the experimental 
plots had highly acidic soil with pH around 3.5, which might have happened 
due to continuous water logging and washing of top soil and base materials. 
The electrical conductivity (EC) of soil was 0.14 dS/m and organic carbon 
(OC) was 0.16% prior to the plantation. The soil analysis done after one year 
of plantation showed remarkable improvement in soil pH. The pH of the soils 
of the raised beds/platforms (P1 and P4) is comparatively better and close to 
neutral or slightly acidic after one year of planting, whereas EC is well within 
the permissible limit. The available organic carbon improved from very low 
status to low-medium but was not that remarkable in elevated platform under 
plantation or in depressions after one year of plantation. However, after four 
years of plantation the pH of all the elevated platforms as well as depressions 
have become near neutral (Figure 9.13.a). The EC of the soil was well within 
permissible limit. But there was no remarkable change even after four years of 
planting (Figure 9.13.b). There was improvement in organic carbon from very 
low status prior to plantation to little improvement after one year of plantation 
and marked improvement after four years of plantation (Figure 9.13.c).

Hence from Figure 9.13, it is observed that biodrainage plantation has 
improved the soil quality and enhanced the organic carbon status of the soil. 
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Improvement in soil organic carbon is due to incorporation of dry leaves and 
addition of organic manures in soils through intercropping. The soil from 
highly acidic has been improved to neutral due to well drained condition of 
the soils and restricting the washing out of base material.

9.3.5 IMPACT OF BIODRAINAGE PLANTATION ON WATER TABLE

The water table depth was observed every week. These observations were 
taken to find out whether biodrainage plantations have positive impact 
of lowering water table or not. The depth to water table in different stan-
dard meteorological week is presented in Figure 9.14. In the first year of 

FIGURE 9.13a Change of soil pH over time in bio-drainage plantation.

FIGURE 9.13b Change of soil EC (dS/m) over time in bio-drainage plantation.
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FIGURE 9.13c Change of soil organic carbon (%) over time in bio-drainage plantation.

FIGURE 9.14 Water table fluctuation in biodrainage plantation.

experiment and prior to plantation, the water table remained above ground 
surface during 25th to 48th week whereas during the driest period it lowered 
up to 1.67 m. During the first year of planting due to land modification the 
drainage condition of the soil got improved as well as due to little consump-
tion of water by the biodrainage plants the water table got lowered to 2.20 m 
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during driest period and water table was above ground surface during 27th to 
48th week. It further lowered to 3.20 m during 2005 summer. Water table 
observation after three years of planting showed the duration of water table 
above ground surface has minimized and during driest period it was lowered 
down to 3.65 m. However, the soil profile remains almost saturated during 
33rd to 44th week.

Hence after initial years of work, where the bio drainage component is 
negligible, it is seen that the land modification has changed the water table 
regime making it better and suitable for crop growth and crop diversification 
in comparison to other plots. Once the tree grew it had prominent effect on 
water table and it is further expected that over time it would further lower 
and would help in reclaiming the waterlogged degraded land.

9.4 CONCLUSIONS

Rainfall is higher than evaporation during 24th week to 43rd week causing 
water congestion and excess water is to be stored in ponds for aquacul-
ture and for irrigating rabi crops including vegetable and other cash crops. 
Evaporation is higher than rainfall during 44th week to 23rd week indicating 
irrigation is required if any crop is to be grown during this period. Land 
modification by excavating ponds for storing excess water is desirable.

The daily water balance study had resulted the design dimensions of the 
experimental ponds which were 27 m x 27 m, 30 m x 30 m, and 34 m x 34 m 
at the top with 2 m depth and side slope 1:1 in experimental plots 1, 2 and 3, 
respectively. The excavated soils were spread around the pond to elevate the 
surrounding area so as to keep the water table below 2 m from ground sur-
face. Hume pipes of 30 cm diameter and 4 m length were used as inlet and 
emergency outlet of the pond. Since the objective of the study was to store 
excess water for reclamation of waterlogged area, the area of the ponds are 
kept within 20 to 25% of the total area considering the water balance com-
ponent of the study area.

Integrated farming system with aquaculture in the pond such as rearing 
magur in the first year followed by Indian major carps in subsequent years 
was highly profitable and helps in improving the livelihood options of poor 
farmers. On-dyke horticulture such as banana, papaya and other vegetables 
as intercrop was possible in the system and helps in crop diversification and 
rural livelihood option.
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Successful establishment of trees and intercrops and its vigorous growth 
revealed that bio drainage species of acacia and casuarinas can be adopted 
for reclamation of waterlogged wasteland. Bottle gourd can successfully be 
taken as an intercrop among biodrainage plantation during the first year of 
plantation where the canopy of the trees are limited and have not resulted 
complete shading. Pine apple, turmeric and arrowroot are suitable intercrops 
after one year of planting as they like diffused light for their better growth. 
The mortality of biodrainage plantation in highly acidic, non-fertile water-
logged wasteland is not much. Acacia mangium has better performance over 
casuarinas in the initial years of planting.

Biodrainage has improved the soil quality making the soil to near neu-
tral from highly acidic condition. There is remarkable improvement of soil 
organic carbon from low to medium due to incorporation of dry leaves of 
biodrainage plantation as well as due to intercropping. The water table which 
was above ground surface during rainy season and within 2 m during sum-
mer season before biodrainage plantation was lowered down to more than 
3.6 m depth from ground surface after three to four years of plantation. From 
all above observations it could be said that the reclamation of waterlogged 
degraded land through biodrainage gives encouraging results. Drainage 
engineers should no longer ignore the opportunities that biodrainage sys-
tems can offer. Biodrainage is an attempt for cheaper drainage technology 
that could replace some of or be complementary to the more expensive rem-
edies for solving the waterlogging/ drainage problems.

9.5 SUMMARY

A study was under taken in a coastal, perennial waterlogged area in ICAR-
IIWM research farm. Rainfall and other climatic factor analysis, soil analy-
sis, water balance study, water table fluctuation study at shallow depth up to 
2 m was done. A waterlogged wasteland was modified to elevated platforms 
and depression through land modification and plantations with high transpi-
ration trees like Acacia mangium and Casuarinas were done. Its effect on 
groundwater table fluctuation was studied. Rainfall is higher than evapo-
ration during 24th week to 43rd week causing water congestion and excess 
water is to be stored in ponds for aquaculture and for irrigating rabi crops 
including vegetable and other cash crops. Evaporation is higher than rainfall 
during 44th week to 23rd week indicating irrigation is required if any crop is 



Integrated Farming System and Biodrainage: Management of Waterlogged 405

to be grown during this period. Land modification by excavating ponds for 
storing excess water is desirable.

Integrated farming system approach enhances the production and pro-
ductivity of the waterlogged land. Acacia mangium was faster both in height, 
growth and collar diameter than Casuarina. The average mortality of trees 
after one year for both the species were very less (< 6%). After four years of 
planting, the highest diameter at breast height (DBH) reached up to 20.1 cm 
for acacia and for casuarina it reached up to 12.5 cm. However, the aver-
age values of collar diameter, DBH, height and canopy area were 178 mm, 
143 mm, 15.4 m and 3.7 m respectively. For casuarina the average values 
of collar diameter, DBH, height and canopy area were 143.7 mm, 108 mm, 
13.5 m and 3.85 m respectively by the same four years period.

Intercropping of pineapple, arrowroot, turmeric among the trees was also 
done successfully. In a year on an average 220 pieces of pineapple was har-
vested and 50 kg of turmeric seed and 40 kg of arrowroot seed was produced 
as intercropping in bio-drainage plantation. The depth to pre-monsoon water 
table changed from 0.5 m to 1.67 m due to well drained condition as well 
as due to bio drainage after one year of plantation and even went down to 
2.20 m in the next year and to 3.20 m below ground level in third year and 
continuously declining. The soils of the experimental plots were highly acidic 
(pH: 3.5–5.0), low organic carbon (0.13–0.67%), and low in available nutri-
ents (N<280 kg/ha, K: 50–170 mg/kg of soil, P: 5–10 mg/kg of soil) and 
high iron contamination which was restricting the growth and yield of crop 
prior to intervention, but got improved by land modification and biodrainage 
plantations over time. Successful establishment of trees and intercrops and its 
vigorous growth revealed that bio drainage species of acacia and casuarinas 
can be adopted for reclamation of waterlogged wasteland.
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10.1 INTRODUCTION

Groundwater is an important and invaluable natural resource on earth. 
Because of its several inherent qualities (e.g., consistent temperature, wide-
spread and continuous availability, excellent natural quality, low develop-
ment cost, limited vulnerability, resilience against drought, etc.) as well as 
the relative ease and flexibility with which it can be tapped, it has been 
considered to be a reliable and safe source of water supplies in all climatic 
regions including both urban and rural areas of developed and developing 
countries [4, 7, 22, 25]. It can be drawn on demand, and in case of emer-
gency it can be used as alternate source of water making it more attractive to 
many groups of users. It is estimated that groundwater provides about 50% 
of the current global domestic water supply, 40% of the industrial supply, 
and 20% of water use in irrigated agriculture [24]. However, the aquifer 
depletion due to over-exploitation and the growing pollution of groundwater 
are threatening our sustainable water supply and ecosystems.

In India, in spite of favorable national scenario on the availability of 
groundwater, there are several areas of the country that face water scarcity 
due to over-exploitation of groundwater. Excessive groundwater exploita-
tion has led to alarming decrease in groundwater levels in several parts of the 
country: Tamil Nadu, Gujarat, Rajasthan, Punjab and Haryana [5]. In recent 
studies, the analysis of GRACE satellite data revealed that the groundwater 
reserves in the states of Rajasthan, Punjab and Haryana are being depleted at 
a rate of 17.7 ± 4.5 km3/year [18]. The depletion of groundwater resources 
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has increased cost of pumping, caused seawater intrusion in coastal areas 
and has raised questions about sustainable groundwater supply as well as 
environmental sustainability. Therefore, efficient and judicious utilization 
of groundwater resources is essential as part of sustainable land and water 
management strategies.

The groundwater simulation models have emerged as a preferred tool 
among water resources researchers and managers for studying the impacts of 
groundwater development on future scenario [3, 19]. These models are use-
ful in simulating groundwater flow scenarios under different management 
options, and thereby taking corrective measures for the efficient utilization 
of water resources. The simulation approach attempts to replicate real world 
complexity by integrating components of the physical hydrogeologic system 
and providing insight into changes within the aquifer and their interaction 
with overlying surface water systems. Groundwater simulation models are 
currently in routine use for water supply management, pollution control, and 
environment protection.

Visual MODFLOW is a widely applied groundwater model used by vari-
ous regulatory agencies, universities, consultants and industry both in devel-
oped and developing countries. It integrates the MODFLOW for simulating 
the flow, MODPATH for calculating advective flow path lines, MT3D/RT3D 
for simulating transport and SEAWAT for simulating coupled flow and trans-
port processes. MODFLOW is a modular three-dimensional finite difference 
groundwater flow model, which simulates transient/steady groundwater 
flow in complex hydraulic conditions with various natural hydrological pro-
cesses and/or artificial activities and can be used for large areal extent and 
for multi-aquifer modeling [9].

In the last four decades, groundwater simulation models have been 
widely used for developing optimal groundwater management strategies 
in different parts of the world [2, 8, 13, 14, 16, 20, 21, 27]. However, in 
developing countries like India, basin-scale groundwater modeling studies 
are scanty probably owing to limited or absence of good-quality spatial and 
temporal field data and the lack of technical expertise. As a result, so far very 
few studies on basin-wide groundwater-flow modeling [1, 6, 15, 17] have 
been carried out in India in general and eastern India in particular.

In this chapter, the concepts of groundwater modeling has been described 
so that these can be useful for other researchers to carry out such model-
ing works to develop management strategy for integrated water resources 
management in respective river basins. Finally, a case study of groundwater 
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modeling in Kathajodi-Surua Inter-basin within Mahanadi deltaic system of 
Odisha has been presented.

10.2 BASIC CONCEPTS OF MODELING

A model is a tool designed to represent a simplified version of reality. It is a 
representation of a portion of the natural or human-constructed world. It is 
always simpler than the prototype system and can reproduce some but not 
all of its characteristics. Models can be used as a predictive tool, interpretive 
tool or generic tool. Different types of hydrologic/hydrogeologic models can 
be broadly classified into two major groups: material models and mathemat-
ical models. Material models can be either physical, scaled-down versions 
of a real system or analog, which use substances other than those in a real 
system.

Mathematical models are abstractions that represent processes as equa-
tions, physical properties as constants or coefficients in the equations, and 
measures of state in the system as variables. Mathematical models can be 
either empirical (black box) or theoretical and can be further classified as 
deterministic and stochastic. Theoretical models rely on physical laws and 
theoretical principles, whereas empirical models are based on observed 
input-output relationships only. Deterministic models mathematically char-
acterize a system and give the same response or results for the same input 
data. Conversely, stochastic models use the statistical characteristics of 
hydrologic or hydrogeologic phenomena to predict possible outcomes.

Mathematical models integrate existing knowledge about processes 
occurring in a system into a logical framework of rules, equations and rela-
tionships to quantify how a system behaves. They range from a simple lin-
ear regression equation to highly complex partial differential equations such 
as water flow and solute transport in porous media. Mathematical models 
are extensively used in hydrological sciences and can be solved analytically 
after making several simplifying assumptions or numerically. Accordingly, 
they are classified as analytical models and numerical models, respectively.

10.3 PROTOCOL FOR GROUNDWATER MODELING

A groundwater model can be defined as simplified representation of real 
world groundwater systems. The major goal of groundwater modeling is to 
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predict hydraulic head in an aquifer system and/or the concentration distri-
bution of a particular chemical in the aquifer in time and space. Numerical 
modeling of groundwater systems has been evolving since the mid-1960s 
and today computer simulation models and interactive computer programs 
(called “modeling systems,” i.e., generalized software packages) are com-
monplace. The tremendous advances in computer technology have made 
these the primary and standard tool for analysis and decision making in 
small-scale as well as large-scale groundwater problems related to quan-
tity (groundwater flow) and quality (contaminant transport). The dominance 
of numerical models in groundwater studies has led to the use of phrase 
“groundwater models” as a synonym for ‘numerical groundwater models’. 
These days, standard and robust computer programs for simulating flow and 
transport in aquifer systems are available and the model user can apply a com-
puter program to the problem under study without writing computer codes. 
However, the protocol for numerical modeling (Figure 10.1) as suggested 
by Anderson and Woessner [3] can be followed in order to obtain reliable 
and useful modeling results. In addition, it is essential that the modeler has a 
thorough knowledge of the hydrologic/hydrogeologic processes being mod-
eled and has a solid experience in modeling. The modelers should be aware 
of the details of the numerical method, including the derivative approxima-
tions, the scale of discretization, and the matrix solution techniques, other-
wise significant errors can be introduced and remain undetected. The major 
steps in groundwater modeling are discussed in this section.

10.3.1 DEVELOPMENT OF CONCEPTUAL MODEL

A key step in groundwater modeling procedure is to develop a conceptual 
model of the system being modeled. A conceptual model is a pictorial repre-
sentation of the groundwater flow system, frequently in the form of a cross-
section. The nature of the conceptual model determines the dimensions of 
the numerical model and the design of the grid. The purpose of building a 
conceptual model is to simplify the complex field problem and organize 
the associated field data to make it more amenable to modeling [3, 19]. 
Simplification is necessary as a complete reconstruction of the field system 
is not feasible. The analysis of lithologic data collected across the study area 
will be useful for building the conceptual model. Based on the conceptual 
model, the governing equation of the model is decided.
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FIGURE 10.1 Protocol for model application (modified from Ref. [3]).
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10.3.2 GRID DESIGN

In a numerical model, the continuous problem domain is replaced by a 
discretized domain consisting of an array of nodes and associated finite 
difference blocks or finite cells. The nodal grid forms the framework of the 
numerical model. The conceptual model and the selection of model type 
determine the overall dimensions of the grid. The Grid Module of Visual 
MODFLOW allows the user to define and discretize the model domain. 
The user can design a suitable grid, add or delete grid lines, change cell or 
layer elevations or remove cells from the computations. The grid cells out-
side the model boundaries can be designated as inactive or no flow cells.

These inactive grid cells are ignored by the model and are not used in any 
of the calculations of flow or contaminant transport. A scale of 500 m length 
on the field with respect to the dimension of a single grid is quite reasonable 
in groundwater modeling studies. The model layers are decided based on 
the conceptual model of the study area. The elevation of the top and bottom 
of different layers can be assigned by importing them to the model from a 
MS-Excel database. Similarly, the location of the pumping wells, observa-
tion wells and weekly groundwater levels can be imported to the model from 
MS-Excel databases.

10.3.3 ASSIGNMENT OF BOUNDARY AND INITIAL CONDITIONS

Correct selection of boundary conditions is a critical step in model design. 
Under steady state conditions, the boundaries largely determine the flow pat-
tern. Boundary conditions influence transient solutions, when the effects of 
the transient stress reach the boundary. Setting boundary conditions is a step 
in model design, which is sometimes subjected to serious error. The bound-
aries can be physical boundaries or hydraulic boundaries. For example, the 
groundwater division and the streamline boundaries are hydraulic boundar-
ies, but the river is a physical boundary. The hydrogeologic boundaries can 
be of three basic types:

a. Specified head boundaries (Dirichlet boundary conditions),
b. Specified flux boundaries (Neumann boundary conditions) and
c. Head dependent flux boundaries (Cauchy boundary conditions). 

MODFLOW has separate subroutines or packages to handle boundary 
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conditions such as constant head, river, stream, drain, evapotranspi-
ration and recharge, etc.

Initial conditions refer to the head distribution everywhere in the system 
at the beginning of the simulation and thus are boundary conditions in time. 
It is a standard practice to select the initial condition a steady state head solu-
tion generated by a calibrated model.

10.3.4 MODEL PARAMETERS

The numerical model requires assignment of model parameters: aquifer 
properties, sources and sinks, groundwater level distribution, and spatial 
and temporal distribution of recharge, evapotranspiration, etc. The aquifer 
parameters mostly include hydraulic conductivity and specific storage in 
case of confined aquifer and specific yield in case of unconfined aquifer. 
The pumping test analysis is the most ideal method of estimation of model 
parameters on a regional scale. In case of absence of pumping test data, grain 
size analysis and textural information can be used for estimation of model 
parameters like hydraulic conductivity and specific storage. However, as the 
estimation of aquifer parameters can not be guaranteed to be 100% accu-
rate, further refinement of these values can be done during the course of 
calibration. It is a standard practice in groundwater modeling that whenever 
only horizontal hydraulic conductivity data is available, the Kh to Kv ratio is 
assumed as 10 for alluvial aquifer systems [23].

The Well Package of MODFLOW software is designed to simulate 
inflows and outflows through recharge wells and pumping wells, respec-
tively. The location of the pumping and observation wells can be imported, 
added or deleted using this package. Well-screen intervals, pumping sched-
ules and observed groundwater head data can be provided to each pumping 
well either by direct assigning or importing them from MS-Excel files. The 
day-wise pumping extraction data is generally not recorded in developing 
countries like India. Therefore, questionnaire survey of farmers can be done 
to obtain the historical record of pumping data. The agricultural crop cover-
age and electric consumption can be used as indirect indicators for obtaining 
pumping extraction data. Recharge is another input parameter to the model, 
which needs to be estimated. Recharge package of MODFLOW is designed 
for zone wise and layer wise assignment of the parameter. No single recharge 
estimation method can be guaranteed to be 100% accurate. Therefore, two or 
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three different methods should be used before arriving at a recharge value. 
Simplest methods of recharge estimation are empirical methods with respect 
to the monsoon rainfall. Further refinement of the recharge value can be 
done during the calibration of the model. Evapotranspiration is another input 
parameter to the model, which can be estimated from the land use map and 
crop coverage of the study area.

10.3.5 MODEL CALIBRATION

Calibration of the numerical model refers to the demonstration that the 
model is capable of producing field measured heads and flows. Calibration 
is accomplished by estimating a set of parameters, boundary conditions, and 
stresses that produce simulated heads and fluxes that match field-measured 
values within a pre-established range of error (known as ‘calibration target’). 
Analysis of the difference between observed and simulated heads gives an 
indication as to where adjustment of calibration parameters may be neces-
sary in order to minimize the difference. Finding this set of values amounts 
to solving what is known as the inverse problem. Generally, hydraulic con-
ductivity, specific storage and recharge are considered as calibrated param-
eters for groundwater flow simulation models.

Model calibration can be performed using steady state or transient data 
sets. Most calibrations are performed under steady state conditions, which 
may also involve a second calibration to a transient data set. After the cali-
bration, the model is validated using another set of data. There are basically 
two ways of finding model parameters to achieve calibration, i.e., of solving 
the inverse problem: trial and error calibration (also known as ‘manual cali-
bration’) and automated calibration.

In the trial-and-error calibration, parameter values are initially assigned 
to each node or element in the grid. During calibration, parameter values are 
adjusted in sequential model runs to match simulated heads and flows to the 
calibration targets. This method is generally very time consuming, cumber-
some and influenced by modeler’s expertise.

Automated inverse modeling is performed using specially developed 
codes that use either a direct or indirect approach to solve the inverse prob-
lem. An inverse code automatically checks the head solution and adjusts 
parameters in a systematic way in order to minimize an objective function, 
an example of which will be to minimize the sum of the squared residuals, 
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i.e., differences between simulated and observed heads. The automated 
inverse modeling may not be subjective and is not influenced by the mod-
eler. However, it suffers from being complicated and computer intensive.

10.3.6 PERFORMANCE EVALUATION OF THE MODEL

In groundwater modeling studies, different criteria of evaluation like mean 
error (ME), mean absolute error (MAE), root mean squared error (RMSE), 
correlation coefficient (r) and Nash-Sutcliffe efficiency (NSE) are generally 
used during calibration process.

10.3.6.1 Mean Error (ME)

The mean error is a measure of the average residual value defined by the 
equation:
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where, hoi = observed groundwater level of the ith data [L], hsi = simulated/
predicted groundwater level of the ith data, and N = number of observations.

The positive values of mean error indicate overall over-prediction by the 
model, while the negative values indicate overall under-prediction by the 
model.

10.3.6.2 Mean Absolute Error (MAE)

The mean absolute error is similar to the mean error except that it is a mea-
sure of the average absolute residual value defined by the equation:
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Mean absolute error measures the average magnitude of the residuals, and 
therefore provides a better indication of calibration than the mean error.
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10.3.6.3 Root Mean Squared Error (RMSE)

The RMSE is a widely accepted performance evaluation index, and is defined 
by the following equation:
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where, ho= mean of observed groundwater levels [L], and hs= mean of simu-
lated groundwater levels [L].

Correlation coefficient determines whether two ranges of data move 
together, i.e., whether large values of one data set are associated with large 
values of the other data set, whether small values of one data set are associ-
ated with large values of the other data set, or whether values in both data 
sets are unrelated.

10.3.6.5  Nash-Sutcliffe Efficiency (NSE)

The Nash-Sutcliffe efficiency is another widely used performance evalua-
tion index for hydrological models and is defined by the following equation:
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The best-fit between observed and simulated groundwater levels under ideal 
conditions would yield ME = 0, MAE = 0, RMSE = 0, r = 1 and NSE = 1.
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10.3.7 SENSITIVITY ANALYSIS

Sensitivity analysis is another component of model evaluation, which 
addresses uncertainty in modeling results. Due to the uncertainties in esti-
mating aquifer parameters, stresses and boundary conditions, a sensitivity 
analysis is an essential step in modeling studies. This is particularly impor-
tant when many parameters are to be optimized during calibration. The main 
objective of a sensitivity analysis is to understand the influence of various 
model parameters and hydrological stresses on the aquifer system and to 
identify the most sensible parameter(s), which will need a special attention 
in future studies. Sensitivity analysis is also simultaneously done during the 
calibration of the model. Hydraulic conductivity and recharge are generally 
found to be more sensitive and specific storage or storage coefficient is nor-
mally a less sensitive parameter.

10.3.8 SIMULATION OF GROUNDWATER MANAGEMENT 
SCENARIOS

The calibrated and validated model can be used for a variety of management 
and planning studies. In a predictive simulation, the parameters optimized 
during calibration are used to predict the system response to future events. 
Different type of predictive simulation can be done to study the response of 
the aquifer to different management scenarios. This may include response of 
the aquifer to different pumping levels and to simulate groundwater levels 
in the long run under existing or different management options. Based on 
the results of this study, management strategies could be formulated for the 
efficient utilization of water and land resources in the study area.

10.4 CASE STUDY

A groundwater flow simulation model was developed for the Kathajodi-
Surua Inter-basin within the Mahanadi deltaic system of eastern India 
(Figure 10.2). The study area is a river island surrounded by the Kathajodi 
River and its branch Surua on all sides. It is a part of the Mahanadi Delta, 
which is located around the confluence of the Mahanadi River with the 
Bay of Bengal along the eastern coast of India. The area is characterized 
as a tropical humid climate with an average annual rainfall of 1650 mm, 
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of which approximately 80% occurs during June to October. Agriculture is 
the major occupation of the inhabitants and groundwater is the major source 
of water. At present there are about 70 functioning production wells, which 
supply major chunk of water required for irrigation and domestic purposes. 
Monitoring of groundwater levels in the study area was done by selecting 
nineteen tube-wells in such a way that they represent approximately four 
west-east and four north-south cross-sections of the study area (Figure 10.2). 
Weekly groundwater-level data at the nineteen sites was monitored from 
February 2004 to October 2007, which was used for studying the ground-
water characteristics in the study area and calibration of groundwater-flow 
simulation model.

The drillers log charts available at 70 different sites in the study area 
were collected from the office of Orissa Lift Irrigation Corporation (OLIC), 
Cuttack, Orissa. The log charts were analyzed by drawing geologic profiles 
and performing stratigraphic analysis across different cross-sections to char-
acterize the subsurface formation. The analysis showed that the river basin 
is underlain by a confined/semi-confined aquifer, which contributes a major 
source of groundwater. The aquifer consisted of coarse sand, medium to 

FIGURE 10.2 Location of observation and pumping wells and geologic cross sections in 
the study area [11].
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coarse sand and coarse sand with gravel; the coarse sand being the dominant 
formation. The thickness of the aquifer varies from 20 to 55 m and the depth 
from 15 to 50 m over the basin [10].

Based on the lithologic investigations, the conceptual model of the study 
area was developed. The conceptual model along the section J-J’ of the river 
basin is shown in Figure 10.3. The study area was conceptualized as a two-
layer system with the lower one representing, the confined aquifer and upper 
one representing the semi-confining layer. The upper confining layer mostly 
consists of clay and sandy clay, whereas the aquifer material is comprised of 
medium sand to coarse sand. There are patches of medium sand and coarse 
sand within the clay bed of upper confining layer, which makes it leaky 
confining layer, and hence the aquifer is characterized as a leaky confined 
aquifer. There are some scattered clay lenses present in the aquifer layer. 
These clay lenses were ignored while developing the conceptual model of 
the study area. The boundaries of the groundwater basin were modeled as 
head-dependent flux or Cauchy boundary condition.

The study area was discretized into 40 rows and 60 columns using the 
Grid module of Visual MODFLOW software (Figure 10.4). This resulted 
in 2400 cells, each having a dimension of approximately 222 m × 215 m. 

FIGURE 10.3 Conceptual model of the study area [11].
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The cells lying outside the study area were assigned as inactive cells. The 
hydrogeologic setting of the study area as conceptualized earlier was divided 
into two model layers with the lower one representing the confined aqui-
fer. The data on surface elevation, bottom elevation of the top layer and 
bottom elevation of the aquifer layer at available 19 sites were imported 
to the MODFLOW software from the database prepared using MS-Excel 
files. Similarly, the location of pumping wells, observation wells and weekly 
groundwater levels of the model period were also imported. The position 
and length of the screen in the pumping and observation wells was assigned 
using the model.

The river heads were assigned as varying head boundary conditions 
using the ‘River Package’ of Visual MODFLOW software (Figure 10.4). 
The hydraulic conductivity and specific storage values estimated by pump-
ing test analysis were assigned to the model. The pumping test analysis at 
9 sites distributed over the study area showed that the hydraulic conductivity 
values varied form 11.3 to 96.8 m/day, whereas the specific storage values 
varied form 1.43 × 10–4 to 9.9 × 10–4.

The developed groundwater-flow simulation model was firstly calibrated 
for the steady-state condition and then for the transient condition using 

FIGURE 10.4 Design of finite difference grid of Kathajodi-Surua Inter-basin with boundary 
conditions and location of pumping nodes.
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standard procedure [3, 26]. The solution of the steady-state calibration was 
used as an initial condition for the transient calibration. Transient calibra-
tion of the model was done using the groundwater level data of the period 
February 2004 to May 2006; and validation of the model using the data 
of June 2006 to May 2007. A combination of trial and error technique and 
automated calibration code PEST was used to calibrate the developed flow 
model by adjusting the hydraulic conductivity, specific storage and recharge 
within reasonable ranges. The statistical indicators and the visual compari-
son of observed and simulated groundwater level hydrographs indicated that 
there is reasonably good calibration of the model. The statistical indicators 
ME, MAE, RMSE, r and NSE during the calibration period were -0.063 m, 
0.478 m, 0.62 m, 0.957 and 0.915, respectively. The scatter diagram along 
with 1:1 line, 95% interval lines and 95% confidence interval lines for the 
validation period is shown in Figure 10.5. The figure shows that the 1:1 line 
lies within the 95% confidence interval lines which indicates satisfactory 
validation of the developed groundwater flow model. The statistical indi-
cators ME, MAE, RMSE, r and NSE during the validation period were 
0.044 m, 0.489 m, 0.632 m, 0.958 and 0.914, respectively.

The sensitivity analysis of the developed model showed that the model is 
more sensitive to river stage followed by recharge and hydraulic conductiv-
ity; it was very less sensitive to changes in specific storage. This indicated 
the importance of river in maintaining high groundwater levels in alluvial 
aquifer systems. The findings suggested that the uncertainty associated with 
hydraulic conductivity will significantly affect the model’s ability to make 
reliable predictions. On the other hand, the uncertainty in specific storage 
parameter will have little impact on the model’s predictive abilities. The sce-
nario analysis was done to simulate groundwater level after 15 years keeping 
all the existing conditions constant.

It was observed that with the continuation of existing management prac-
tices, there is no significant change in groundwater level even after 15 years 
of pumping at all the sites. The Kathajodi-Surua Inter-basin is a complete 
river island surrounded by two rivers and due to this, the effect of the bound-
ary conditions (rivers) on groundwater levels has been found very signifi-
cant. The water that is pumped from the aquifer is being replenished by the 
river, and hence there is no significant change in groundwater levels even in 
the long run. Thus, if the existing conditions continue, there is no threat to 
the groundwater lowering in the study area for coming 15 years.
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10.5 CONCLUSIONS

The concept of groundwater flow modeling and steps involved in the mod-
eling procedure has been described in the paper. The major steps involved 
in the design and development of a groundwater flow simulation model are 
development of conceptual model, discretization of the basin and grid design, 
assignment of initial and boundary conditions, input of model parameters, 

FIGURE 10.5 Scatter diagram of observed versus simulated groundwater levels for the 
pooled data during validation period [12].
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model calibration, sensitivity analysis and scenario analysis. A groundwater 
flow simulation model was developed for the Kathajodi-Surua Inter-basin 
using Visual MODFLOW software for simulating groundwater scenarios. 
A good match between the observed and simulated groundwater levels was 
observed during both calibration and validation period.

The sensitivity analysis results showed that the groundwater level was 
more sensitive to river stage followed by recharge and hydraulic conductivity 
whereas it was least sensitive to changes in specific storage. The simulation 
of the model revealed that there will be no significant change in groundwater 
levels over the study area in near future under existing pumping conditions. 
The Kathjodi-Surua Inter-basin being a complete river island surrounded by 
two rivers on both sides, the pumped water are replenished by seepage from 
river. The methodology demonstrated in this study being generic in nature, 
can also useful for other regions of the country.

10.6 SUMMARY

In this study, a groundwater flow simulation model was developed for the 
Kathajodi-Surua inter-basin within the Mahanadi deltaic system of eastern 
India. Visual MODFLOW software was used for simulating the groundwater 
scenarios. The model was calibrated and then validated using the observed 
groundwater table data. The statistical indicators and the visual compari-
son of observed and simulated groundwater level hydrographs indicated that 
there is reasonably good calibration of the model. The statistical indicators 
of mean error (ME), mean absolute error (MAE), root mean square error 
(RMSE), correlation coefficient (r) and Nash –Sutcliffe efficiency (NSE) 
during the calibration period were -0.063 m, 0.478 m, 0.62 m, 0.957 and 
0.915, respectively showing good calibration. Similarly, the statistical indi-
cators ME, MAE, RMSE, r and NSE during the validation period were 
0.044 m, 0.489 m, 0.632 m, 0.958 and 0.914, respectively which indicates 
validation to be strong. Further, sensitivity analysis results showed that the 
groundwater level was more sensitive to river stage followed by recharge 
and hydraulic conductivity whereas it was least sensitive to changes in spe-
cific storage. The simulation of the model revealed that there will be no 
significant change in groundwater levels over the study area in near future 
under existing pumping conditions.



Role of Simulation Modeling of Aquifer Systems in Water Resources 427

KEYWORDS

 • Aquifer

 • Calibration

 • Correlation coefficient

 • Groundwater

 • Hydraulic conductivity

 • Hydrograph

 • Mean absolute error

 • Mean error

 • Model

 • Model efficiency

 • Modflow

 • Nash-sutcliffe efficiency

 • Recharge

 • River stage

 • Root mean square error

 • Sensitivity analysis

 • Simulation

 • Specific storage

 • Validation

REFERENCES

 1. Ahmed, I., and Umar, R. (2009). Groundwater flow modeling of Yamuna-Krishni 
inter-stream, a part of central Ganga Plain, Uttar Pradesh. Journal of Earth System 
Science, 118(5), 507–523.

 2. Al-Salamah, I. S., Ghazaw, Y. M., and Ghumman, A. R. (2011). Groundwater modeling of 
Saq Aquifer Buraydah Al Qassim for better water management strategies. Environmental 
Monitoring and Assessment, 173(1–4), 851–860.

 3. Anderson, M. P., and Woessner, W. W. (1992). Applied Groundwater Modeling: Simulation 
of Flow and Advective Transport. Academic Press Inc., San Diego, California, 381 pp.

 4. Bocanegra, E., Hérnandez, M., and Usunoff, E., (editors) (2005). Groundwater and 
Human Development. IAH SP Publication 6, Taylor & Francis, Abingdon, U.K., 278 pp.

 5. CGWB, (2011). Dynamic Groundwater Resources of India. Central Ground Water 
Board (CGWB), Ministry of Water Resources, New Delhi, India.



428 Soil and Water Engineering: Principles and Applications of Modeling

 6. Elango, L., Brindha, K., Kalpana, L., Sunny, F., Nair, R. N. and Murugan, R. (2012). 
Groundwater flow and radionuclide decay-chain transport modeling around a proposed 
uranium tailings pond in India. Hydrogeology Journal, 20, 797–812.

 7. Foster, S., Chilton, J., Cardy, F., Schiffler, M., and Moench, M., (2000). Groundwater 
in Rural Development: Facing the Challenges of Supply and Resource Sustainability. 
World Bank Technical Paper No. 463, the World Bank, Washington D.C.

 8. Lin, Y. C., and Medina, M. A. (2003). Incorporating transient storage in conjunctive 
stream–aquifer modeling. Advances in Water Resources, 26(9):1001–1019.

 9. McDonald, M. G., and Harbaugh, A. W. (1988). A Modular Three Dimensional Finite 
Difference Groundwater Flow Model (MODFLOW). USGS Scientific Software Group, 
Washington D.C.

 10. Mohanty, S., Jha, M. K., Kumar, A., and Jena, S. K. (2012). Hydrologic and hydrogeo-
logic characterization of a deltaic aquifer system in Orissa, Eastern India. Water Resources 
Management, 26(7), 1899–1928.

 11. Mohanty, S., Jha, M. K., Kumar, A., and Brahmanand, P. S. (2013a). Optimal develop-
ment of groundwater in a well command of eastern India using integrated simulation 
and optimization modeling. Irrigation and Drainage, 62, 363–376.

 12. Mohanty, S., Jha, M. K., Kumar, A., and Panda, D. K., (2013b). Comparative evaluation 
of numerical model and artificial neural network for simulating groundwater flow in 
Kathajodi-Surua Inter-basin of Odisha, India. Journal of Hydrology, 495, 38–51.

 13. Panagopoulos, G. (2012). Application of MODFLOW for simulating groundwater flow 
in the Trifilia karst aquifer, Greece. Environmental Earth Sciences, 67(7), 1877–1889.

 14. Rahnama, M. B., and Zamzam, A. (2013). Quantitative and qualitative simulation of 
groundwater by mathematical models of Rafsanjan aquifer using MODFLOW and 
MT3DMS. Arabian Journal of Geosciences, 6(3), 901–912.

 15. Raul, S., Panda, S. N., Hollander, H., and Billib, M. (2011). Integrated water resources 
management in a major canal command in eastern India. Hydrological Processes, 25, 
2551–2562.

 16. Reeve, A. S., Warzocha, J., Glaser, P. H., and Siegel, D. I. (2001). Regional ground-
water flow modeling of the Glacial Lake Agassiz Peatlands, Minnesota. Journal of 
Hydrology, 243(2), 91–100.

 17. Rejani, R., Jha, M. K., Panda, S. N., and Mull, R. (2008). Simulation modeling for 
efficient groundwater management in Balasore coastal basin, India. Water Resources 
Management, 22, 23–50.

 18. Rodell, M., Velicogna, I., and Famiglietti, J. S. (2009). Satellite-based estimates of 
groundwater depletion in India. Nature, 460, 999–1002.

 19. Rushton, K. R., (2003). Groundwater Hydrology: Conceptual and Computational Models. 
John Wiley and Sons, Chichester, U.K., 416 pp.

 20. Sarwar, A., and Eggers, H., (2006). Development of a conjunctive use model to evaluate 
alternative management options for surface and groundwater resources. Hydrogeology 
Journal, 14:1676–1687.

 21. Ting, C. S., Zhou, Y., Vries, J. J. De., and Simmers, H. (1998). Development of a 
preliminary groundwater flow model for water resources management in the Pingtung 
Plain, Taiwan. Groundwater, 35(6), 20–35.

 22. Todd, D. K., and Mays, L. W., (2005). Groundwater Hydrology. 3rd edition, John Wiley & 
Sons, NJ.

 23. WHI, (2005). Visual Modflow Professional Edition User’s Manual. Waterloo 
Hydrogeologic Inc., Ontario, Canada, 611 pp.



Role of Simulation Modeling of Aquifer Systems in Water Resources 429

 24. World Water Assessment Program, (2003). The United Nations World Water Development 
Report 1: Water for People Water for Life. UNESCO, Paris and Berghahn Books, 575 pp.

 25. Zektser, I. S. (2000). Groundwater and the Environment: Applications for the Global 
Community. Lewis Publishers, Boca Raton, Florida, 175 pp.

 26. Zheng, C., and Bennett, G. D. (2002). Applied Contaminant Transport Modeling. 
2nd Edition, John Wiley & Sons, Inc., New York.

 27. Zume, J., and Tarhule, A. (2008). Simulating the impacts of groundwater pumping on 
stream-aquifer dynamics in semi-arid north-western Oklahoma, USA. Hydrogeology 
Journal, 16, 797–810.



This page intentionally left blankThis page intentionally left blank



CHAPTER 11

CONTENTS

11.1 Introduction ....................................................................................431
11.2  Potential of Carbon Sequestration  

in Restoring Degraded Soils ..........................................................433
11.3 Summary ........................................................................................434
Keywords ..................................................................................................435
References .................................................................................................435

11.1 INTRODUCTION

The degradation of soil is defined as an implicit or explicit change in the 
soil health status resulting in a retrograded capacity of the ecosystem in 
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providing goods and services for its habitats and beneficiaries. It is a serious 
global environmental problem and exacerbated by the climate change. Soil 
degradation are closely implicated with loss of organic matter, decline in 
structural condition, erosion, adverse changes in salinity, acidity or alkalin-
ity, decline in soil fertility, and the effects of toxic chemicals, pollutants or 
excessive flooding [6].

It is noteworthy to mention that soil degradation implies the deteriora-
tion of the physical, chemical and biological properties of soil, which is of 
grave concern encompassing ecosystem sustainability, and livelihood that 
can potentially snowball into greater international issues including food 
insecurity leading to inflation of food prices, soil erosion causing sedimen-
tation of dams and floods, reduced revenue, reduced return to investments, 
increased expenditures, and population migration creating resource and 
ecological imbalances and so on. Actually, soil is a dynamic system that 
emerges through a unique balance and interaction of its biological, chemical, 
and physical components. Hence any remediation work has to be built on a 
holistic approach to soil rehabilitation and restoration of soil processes using 
fundamental agro-technologies.

Degraded soils suffer from a multitude of shortcomings in terms of 
restoring as a functioning system. Foremost problem in degraded soils is 
poor soil structure that leads to higher bulk density, lower aggregate water 
stability, lower retention of water useful to plants, and air permeability 
[13, 24, 25, 28]. Weak aggregate stability leads to crust formation and aggre-
gate breakdown under rainfall thereby making soil susceptible for degrada-
tion and erosion washing off crucial nutrients from topsoil [16]. This, in turn, 
poses economic losses as reduced crop yields and harm to the environment 
[3, 10, 25]. Conventionally restoration of aggregate stability requires a long-
term application of natural and organic fertilizers at high rates, combined 
with NPK fertilization, liming, and crop rotation [1, 2, 4, 7]. Soil amend-
ments have been shown to be effective in restoring soil physical properties 
that include various soil polymers and biochars.

A critical point is that action for restoring degraded land has to be integrated 
across all sectors. The development areas that mandate coordination, coopera-
tion and innovation to highlight a systems approach by applying ecological 
principles should be taken in account. Therefore, it is necessary to generate eco-
system services and restore soil physical, chemical and biological productivity.

This chapter addresses strategic research challenges by developing a 
sound understanding of the precincts and embodying inherent solutions. 
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The key areas, that authors have aimed for to rehabilitate degraded lands, 
are by promoting soil physical, chemical, microbial properties, nutrient and 
water use efficiency, sequestering C and thereby mitigating the effects of 
climate change.

11.2 POTENTIAL OF CARBON SEQUESTRATION IN RESTORING 
DEGRADED SOILS

Bulk of the required increase in global food production in the future will 
need to come from intensified farming practices or the world risks high infla-
tion and renewed attack on natural resources. Indian subcontinent in par-
ticular already faces the challenge of finding ways to effectively preserve 
its natural resources, its limited forested areas, and also its soil and water 
supply. On the other hand aggressive agricultural policies through decades 
have led to degraded land and the menace continues. The long-term effect of 
climate change endangers the critical balance of soil processes and ecosystem 
services further.

Considering the soil degradation in the face of climate change and 
enhanced accumulation of carbon in air, production of biochar from organic 
waste and its application in soil can be a promising option in mitigating the 
problem of climate change by decreasing nitrous oxide (N2O) and methane 
(CH4) emissions. Biochar can be an accessible input to rehabilitate degraded 
land, improve soil fertility and play a major role in sequestering atmospheric 
carbon dioxide to mitigate climate change effects [15, 18, 19, 29]. The use 
of biochar will sequester C in soil and will potentially improve soil structure, 
soil moisture and soil physico-chemical properties. In particular, amend-
ment of soils with biochar (in the range of 0.5–135 t ha–1) has been shown to 
increase plant yield, improve chemical and physical properties [11].

Addition of biochar has been shown to increase microbial biomass and 
activity [20], microbial community composition, and abundance [12, 14, 21, 
23, 26, 30, 31]. Incorporation of biochar into soil has been reported to alter 
nitrification rates and increase N mineralization in forest soils [5, 9]. However, 
influences within agricultural and grassland soils appear to be uncertain 
[8, 9]. Biochar is the product of thermal degradation of organic materials 
in the absence of air [17] that has been promoted by the UN Convention to 
Combat Desertification for land degradation. Due to its large specific surface 
area, porous physical structure and aromatic composition [22, 27], biochars 
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have been suggested to increase cation exchange capacity and retain dis-
solved organic matter as well as generate greater biological activity [22]. The 
augmentation of microbial activity by biochar amendments has also been 
attributed to its porous structure providing a habitat for microbial coloniza-
tion [26], protection from soil micro-arthropods and enhanced availability 
of C substrates [32].

Application of biochar can provide a long term solution for the large 
acres of degraded land through innovation in land use, crop system, and use 
of soil amendments while enhancing production efficiency, improving envi-
ronmental quality while preserving natural resources and enhancing human 
well-being. The essence of this chapter echoes well with India’s National 
Agricultural Policy (NAP) that has lays emphasis on management and con-
servation of resources by promoting sustainable agriculture. Human well-
being is intimately related to soil ecosystem services, this chapter strives to 
develop this critical balance with outcomes oriented towards conservation 
of resources, rehabilitation of lands and development of an overall stronger 
economy.

Sustainable agriculture into the future will require research coordination, 
cooperation and innovation in the face of finite resources, climate change 
and disease and pest pressure. Key areas for innovation in the face of finite 
resources and climate change are greater nutrient use efficiency, multiple 
land uses and reduction of pest pressure by generating ecosystem services. 
Climate change is likely to compound the challenges in agriculture includ-
ing more erratic climatic conditions; new plant pests and animal diseases; 
increased biotic and abiotic stresses on plants. Hence a key challenge for 
research is to develop an agro-technology that can rejuvenate past degraded 
lands and provide judicious land use and ecosystem services. Therefore, there 
should be an concerted efforts towards innovations to configure restoration of 
degraded land aiming at increased resource use efficiency coupled with higher 
productivity, preservation of ecosystem services that enhances productivity 
by enriching soil and reducing environmental costs and mitigating climate 
change effects by conserving soil moisture and promoting C sequestration.

11.3 SUMMARY

A healthy and resilient soil and water system is the hallmark of successful 
environmental management, extremely vital to the society and the economy. 
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Degraded lands are major constraints for global economy and the natural 
resource system. This problem is likely to be compounded further due to 
climate change effects and is a priority issue that needs to be addressed. 
Restoring soil quality in degraded lands is of fundamental importance and is 
a major focus for environmental management, food security and responsible 
ecological stewardship. Climate change represents a serious threat to the 
natural environment because of the adverse effects it can cause to ecosys-
tems, biodiversity, and ecosystem services to society. Actions are needed to 
ensure ecosystem resilience comprising of sequestering carbon (C) in soils, 
conservation of water, restoration of nutrient cycles and microbial activities 
that form the functional basis for natural resource management. These adap-
tation and mitigation measures are inherent for restoration of degraded lands 
and countering climate change effects.
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12.1 INTRODUCTION

The fresh water on our planet is very unevenly distributed. Of the liquid 
surface fresh water, 87% is contained in lakes, 11% in swamps, and only 2% 
in rivers. In India, surface water is a major source of water for the industries 
(41%), followed by groundwater (35%) and municipal water (24%). The 
use of municipal water is limited to industries located in urban or peri-urban 
areas. A vast majority of industries use surface and groundwater in conjunc-
tion with groundwater being relied as a source when surface water availabil-
ity is on a decline or is impacted by water pollution bound to have an impact 
on the industrial process. In recent years, the rate of discharge of pollutants 
and effluents into the environment is continuously increasing due to rapid 
growth of population, urbanization and industrialization. It causes variety of 
soluble inorganic, soluble organic and organic compounds. In addition to all 
these, water can carry large amounts insoluble materials that held in suspen-
sion. The polluted water endangers not only the valuable human life but also 
causes considerable biological disorder in the organisms.

Surface water contamination and its management have become important 
issues because of far reaching impact on human health. Assessment of water 
quality measures the analysis of physical, chemical and biological charac-
teristics of water. Water quality indices (WQI) aim at giving a single value 
to the water quality of a source reducing great amount of parameters into a 
simpler expression and enabling easy interpretation of monitoring data [4]. 
The index helps in interpreting the water quality in to a single numerical 
value. WQI is strongly dependent on various correlated parameters taken for 
the study. Also, identification of the suitability of the parameters is critical 
for accurate evaluation of WQI.

Water quality is generally ascertained based on guidelines by agencies 
such as the World Health Organization (WHO) and the Bureau of Indian 
Standards (BIS). However, the interdependency of these water quality 
parameters makes the evaluation inaccurate. Therefore, it is important to 
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study the correlation among the parameters. The quality of surface water 
and ground water is studied earlier by various researchers. Among them, 
Akkaraboyina et al. [1] made a comparative study of water quality indices 
of Godavari River in India.

The principal component analysis technique (PCA) was employed to 
evaluate the seasonal correlations of water quality parameters, while princi-
pal factor analysis technique was used to extract the parameters that are most 
important in assessing seasonal variations of river quality [6]. Khandelwal 
and Singh [5] predicted the chemical parameters like sulfate, chlorine, chemi-
cal oxygen demands, total dissolved solids and total suspended solids in mine 
water using artificial neural network (ANN) by incorporating the pH, temper-
ature and hardness. The prediction by ANN is also compared with multivari-
ate variance analysis (MVRA). Stewart [8] used feed forward neural network 
modeling techniques. Two neural network models are proposed in series:

• The simulated daily mean dissolved oxygen concentration,
• Superimposed any daily periodic signals.

The final calibrated neural network models predicted the dissolved oxy-
gen concentration with acceptable accuracy, producing high correlations 
between measured and predicted values [8].

This chapter discusses application of empirical approach for classifica-
tion of water samples using Q-mode of principal component analysis (PCA) 
and prediction of water quality by artificial neural network (ANN). A case 
study is also included.

12.2 MATERIALS AND METHODS

Along the River Brahmani of Odisha – India, the gaging stations are located. 
The stations are at the down streams of Rourkela steel plant, NALCO 
Smelter Plant and Captive Power Plant, Mahanadi Coal field Limited and 
chromites mines. The river water at these locations is contaminated heavily 
resulting in acidity, toxicity, presence of heavy metal and microbes. During 
monsoon, generally these industries and mines are filled with water, which 
contaminates the river water and gradually disperses, making unsuitable for 
use. In addition, fertilizers used for agricultural purpose affect pH and nitrate 
content of river water. Hence, evaluation of water quality indices (WQI) of 
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Brahmani River is most important at these gaging stations close to industries 
and mines to prepare remedial measures.

Five gaging stations were selected on the basis of mining and industrial 
activities prevalent nearby as shown in Figure 12.1 namely: Panposh down-
stream, Talcher up-stream, Kamalanga downstream, Aul and Pottamundai. 
From these five gaging stations, the data were sampled during 2003–2012 
for monsoon season. From these five gaging stations, the data are sampled 
during 2003–2012 in the monsoon season. Eleven water quality parameters 
were used for the further analysis, such as:

• pH,
• Dissolved oxygen in mg/L (DO),
• Biological Oxygen Demand in mg/L (BOD),
• Conductivity in mmho/cm,
• Nitrogen as Nitrate in mg/L (Nitrate-N),
• Total Coli-form in MPN/100 ml (TC),
• Fecal Coli-form in MPN/100 ml (FC),
• Chemical Oxygen Demand in mg/L (COD),
• Ammonia as Nitrogen in mg/L (NH4-N),
• Total Alkali as CaCO3 in mg/L (TA as CaCO3),
• Total Hardness as CaCO3 in mg/L (TH as CaCO3).

FIGURE 12.1 Map shows the Locations Gaging Stations of Brahmani River.
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TABLE 12.1 Correlation Matrix for Water Quality Parameters in Brahmani River Basin

pH DO BOD Cond Nitrate-N TC FC COD NH4-N TA as 
CaCO3

TH as 
CaCO3

pH 1.00
DO 0.10 1.00
BOD 0.07 –0.22 1.00
Conductivity 0.10 –0.35 0.30 1.00
Nitrate-N 0.16 –0.04 0.30 –0.01 1.00
TC 0.11 –0.25 0.30 0.33 –0.05 1.00
FC 0.11 –0.17 0.43 0.36 –0.01 0.68 1.00
COD 0.10 –0.19 0.75 0.32 0.21 0.32 0.40 1.00
NH4-N 0.12 0.05 0.02 0.18 –0.16 0.12 0.12 0.11 1.00
TA as CaCO3 0.07 –0.14 0.13 0.21 0.05 0.05 0.04 0.16 –0.03 1.00
TH as CaCO3 0.13 0.03 0.34 0.20 0.37 0.18 0.23 0.46 0.08 0.28 1.00
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Pearson correlation matrix was prepared within the studied parameters 
for the data in monsoon season of nine years and shown in Table 12.1. 
It is observed that parameters such as DO, Conductivity, Nitrate-N, TC, FC, 
COD, NH4-N and TH as CaCO3 exhibit slight correlation with pH varies from 
0.10 to 0.16. BOD shows slight and moderate correlation with Nitrate-N, TC 
and TH as CaCO3 varies from 0.30 to 0.43 where as it shows significant cor-
relation with COD of 0.75. Conductivity exhibits slight correlation with TC, 
FC and COD varies from 0.32 to 0.36. Nitrate-N shows slight correlation 
with TH as CaCO3 of 0.37. As TC and FC are more related to each other, 
shows a moderate correlation of 0.68 and TC exhibit a slight correlation 
with COD of 0.32. FC shows a moderate correlation of 0.40 with COD. 
COD exhibit a moderate correlation if 0.46 with TH as CaCO3. DO show 
slight negative correlation with Conductivity of –0.35. The strong correla-
tion between some parameters could be due to changes in land use, mining, 
industrial activity and improper effluent discharge in the River.

12.2.1 DETERMINATION OF WATER QUALITY INDEX (WQI)

In the calculation of water quality for river water, the importance of various 
water quality parameters depends on the intended use of water and for the 
point of view of suitability for domestic purposes. The standards (permis-
sible values of various water quality parameters) for drinking water are rec-
ommended by Indian Council of Medical Research (ICMR). When ICMR 
standards for water quality are not available, quality parameters are used 
from the relation: the standards of United States Public Health Services 
(USPHS), World Health Organization (WHO), Indian Standard Institution 
(ISI) and European Economic Community (EEC) are considered. The water 
quality rating qi for the i-th water is given below:

 qi = 100 (vi/si)  (1)

where, vi = value of the i-th water quality parameter at a given sampling 
station, and si = standard permissible value of i-th water quality parameter.

This equation ensures that qi = 0 when a pollutant (the ith water quality 
parameter) is absent in the water while qi = 100 if the value of this param-
eter is just equal to its permissible value for drinking water. Thus, the larger 
the value of qi, the more polluted is the river water with the i-th pollutant. 
However, water quality ratings for pH and DO require special handling and 
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care. The permissible range of pH for the drinking water is 7.0–8.5. Water 
quality rating for pH can be written as:

 qpH = 100[(vpH − 7)/(8.5 −7.0)]  (2)

where, vpH = value of pH ~ 7 that implies the numerical difference between 
vpH and 7.0 ignoring algebraic sign.

Equation (2) ensures that the qpH = 0 for pH = 7.0. In contrast to other 
water quality parameters, the case of DO is slightly complicated because the 
quality of water is enhanced if it contains more DO. Therefore, the water 
quality rating qDO has been calculated as below:

 qDO = 100[(14.6 − vDO)/(14.6 − 5)] (3)

where, vDO = value of observed DO; the value 14.6 is the solubility of oxygen 
(mg/L) in distilled water at 0°C and 5.0 mg/L is the standard for drinking 
water.

Equation (3) gives qDO = 0 when DO = 14.6 mg/L and qDO = 100 when 
vDO = 5.0 mg/L. The more harmful a given water quality parameter is, the 
smaller is its permissible value for drinking water. So the ‘weights’ for vari-
ous water quality parameters are assumed to be inversely proportional to 
the standards recommended by ICMR for the corresponding water quality 
parameters, that is:

 W K
Si
i

=  (4)

where, Wi = unit weight for the ith water quality parameter (i = 1, 2, 3, . . ., 11), 
K = constant of proportionality which is determined from the condition and 
K  = 1 for sake of simplicity. So the sum of unit weight of 11 water quality 
parameters can be given as:

 Wi
i=
∑ =

1

11

1   (5)

To calculate the WQI, first the sub index (SI)i corresponding the ith water 
quality parameter is calculated as the product of the quality rating qi and the 
unit weight Wi of the ith parameter given as:

 (SI) i = qiWi  (6)
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The overall WQI of river Brahmani is then calculated by aggregating these 
sub indices (SI) linearly. Thus, WQI can be written as:

 WQI qW Wi
i

i i
i

=
− =
∑ ∑[ / ]

1

11

1

11

=
=
∑qWi i
i 1

11

 (7)

For domestic purposes, water quality can be categorized into five classifica-
tions depending on WQI values of the parameters:

Quality WQI value

Excellent 0–25
Good 26–50
Poor 51–75
Very poor 76–100
Unsuitable 100

12.2.1.1 Generation of Euclidean Distance Matrix

The parameters collected from the River Basin are normalized to reduce the 
scaling effect. A simple normalization technique of separating selected vari-
ables by their maximum values was used here, after which all data vary from 
0 to 1. To apply the factor analysis, one requires correlation matrix obtained 
from Euclidean distance matrix. Euclidean distance is defined as the sum of 
squares of the difference between the values of attributes of two samples. 
Mathematically, it may be given as:

 d x y x ui i
i

( , ) ( )= −∑ 2  (8)

where, d(x, y) = Euclidean distance, x = x1, x2, …, xm; and y = y1, y2, …, ym 
represent m attribute values of two samples.

If the distance is zero, both the parameter samples are similar. If it is above 
zero, the Euclidean distance indicates the intensity of dissimilarity between 
two samples. An entry in the matrix denotes Euclidean distance between the 
p-th row and the (p+1)-th row of the water samples. The Euclidean distance 
matrix is thus generated for the use in Q-mode PCA.
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12.2.1.2 Q-Mode Principal Component Analysis

Principal component analysis (PCA) is the most widely used method for 
transforming a given set of interrelated variables into a new set of variables 
called principal components. The components generated are orthogonal to 
each other; hence correlation between them is 0. They are linear combina-
tions of original variables for the total variance of the data. The principal 
components are generated sequentially in an ordered manner with decreasing 
values of variance. This property of variance shows that the data points are 
rigorously separated into distinct clusters projected into a space by first few 
principal components, which are called factors. These factors are achieved 
by dimension reduction objective of the factor analysis.

Based on application, PCA can be broadly classified into two categories; 
R-mode and Q-mode. If PCA is used to develop a structure among large 
variables, the analysis is named as R-mode PCA. When PCA is used in-
group cases, the analysis is called as Q-mode PCA. Rotation method is used 
to transform factors; after rotation each variable will be related to one of 
the components; and each component will have high correlation with only a 
small set of variables. Q-mode of PCA has been widely used in classification 
of water quality and gene regulatory [2, 7, 9].

Euclidean distance matrix explains the correlation between each pair of 
sample data. PCA framework is used for grouping the sample data into sepa-
rate independent clusters. In PCA, the initial clusters are extracted out by the 
eigenvalue-eigenvector analysis of the similarity coefficient matrix as given

 ( )S I Yi i− =λ 0  for i =1,2,….., P (9)

where, S is a P P×  Euclidean distance matrix, I is the identity matrix, λi are 
the eigen-values and Yi are the corresponding eigen-vectors.

Equation (9) is an eigen-value eigen-vector equation; and λ λ λ1 2≥ ≥ ..... p

are the real, nonnegative roots of the determinant polynomial of degree P 
given as:

 I S I Ii( )− =λ 0  (10)

The above equation is solved for λi and the Yi can be calculated using the 
values of λi  in Eq. (9). 
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The eigenvectors computed represent the unique set of P independent 
components of the data set, which maximize the variance [2]. According 
to PCA, each P independent principal components can be written as linear 
combination of original variables, with the elements of the P eigenvectors as 
the coefficients of linear combinations.

The elements of these eigenvectors reflect the degree of association 
between each component and the sample data, and are called the factor 
TABLE 12.2 Water Quality Index (WQI) Values for All Samples

Stations WQI Comments Stations WQI Comments

pa.03 43.34 Cluster 2, G pa.08 47.25 Cluster 2, G

ta.03 23.75 Cluster 1, Ex ta.08 20.27 Cluster 1, Ex

ka.03 14.57 Cluster 1, Ex ka.08 23.35 Cluster 1, Ex

aul.03 16.02 Cluster 1, Ex aul.08 15.71 Cluster 1, Ex

po.03 14.66 Cluster 1, Ex po.08 17.42 Cluster 1, Ex

pa.04 6.56 Cluster 1, Ex pa.09 36.59 Cluster 2, G

ta.04 9.44 Cluster 1, Ex ta.09 15.93 Cluster 1, Ex

ka.04 14.58 Cluster 1, Ex ka.09 18.97 Cluster 1, Ex

aul.04 26.41 Cluster 2, G aul.09 17.14 Cluster 1, Ex

po.04 26.51 Cluster 2, G po.09 14.15 Cluster 1, Ex

pa.05 46.69 Cluster 2, G pa.10 42.79 Cluster 2, G

ta.05 26.72 Cluster 2, G ta.10 19.51 Cluster 1, Ex

ka.05 26.73 Cluster 2, G ka.10 26.18 Cluster 2, G

aul.05 43.17 Cluster 2, G aul.10 33.73 Cluster 2, G

po.05 38.82 Cluster 2, G po.10 3.97 Cluster 1, Ex

pa.06 35.11 Cluster 2, G pa.11 46.08 Cluster 2, G

ta.06 21.21 Cluster 1, Ex ta.11 29.72 Cluster 2, G

ka.06 5.46 Cluster 1, Ex ka.11 29.02 Cluster 2, G

aul.06 22.98 Cluster 1, Ex aul.11 29.17 Cluster 2, G

po.06 11.55 Cluster 1, Ex po.11 24.99 Cluster 1, Ex

pa.07 41.68 Cluster 2, G pa.12 50.02 Cluster 3, P

ta.07 15.62 Cluster 1, Ex ta.12 31.54 Cluster 2, G

ka.07 9.92 Cluster 1, Ex ka.12 29.30 Cluster 2, G

aul.07 12.91 Cluster 1, Ex aul.12 21.86 Cluster 1, Ex

po.07 17.79 Cluster 1, Ex po.12 37.18 Cluster 2, G
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loadings of the samples on the ith principal component. Each of the P inde-
pendent principal components represents a cluster. The WQI values calcu-
lated by SPSS are given in Table 12.2.

12.2.2 ARTIFICIAL NEURAL NETWORK (ANN) BY MATLAB

The artificial neural network (ANN) has the ability to learn from the pat-
tern acquainted before. Once the sufficient numbers of sample data sets 
are trained by the neural network, it can predict on the basis of its previ-
ous learning about the output related to input data set of similar pattern. 
The data were collected from the gaging stations of River Brahmani dur-
ing monsoon season of 2003–2011. The data were normalized and used as 
input in Principal Component Analysis as described in section of Principal 
Component Analysis (PCA). Then the principal components extracted by 
SPSS Version 20 were normalized and used as an input to ANN. The output 
for each data is the WQI calculated as per procedure given in section of cal-
culation and formulation of WQI. Every network can be defined using three 
fundamental components: transfer function, network architecture and learn-
ing law. A network should be trained before interpreting some information. 
Back propagation algorithm is the most efficient learning procedure for mul-
tilayer neural network. The feed forward back propagation neural network 
(BPNN) consists of three layer: input layer, hidden layer and output layer. 
Each layer consists of neurons, which send information from the input layer 
to output layer through hidden layer. Output layers compute output vectors 
corresponding to the solution.

12.2.2.1 Architecture and Basic Learning Rules of ANN

Data is processed from the input layer through hidden layer to output layer 
(forward pass). Output values are compared with the measured output that 
is the true output and the errors between them are processed back through 
network (backward pass) for updating the individual weights of the connec-
tions and the biases of the individual neuron. The process is repeated for all 
training input and output data set, until the network error is converged to a 
threshold minimum defined by a cost function; usually Root Mean Squared 
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Error (RMS) or Summed Squared Error (SSE). In Figure 12.2, the jth neuron 
is connected to number of inputs:

 x x x x xi n= ( , , ....... ),1 2 3   (11)

The input values in the hidden layers will be:

 Net xWj i ij j
i

n

= +
=
∑ θ

1

  (12)

where, xi = Input values, Wij = Weight on the connection point of ith and jth 
neuron, θ j = Bias neuron, and n = Number of input units.

Net output from the hidden layer is calculated using a logarithmic sig-
moid function given as:

 O f Net ej j
Netj j= = + − +( ) / ( )1 1 θ  (13)

The total input to the kth unit is given as:

 Net W Ok jk j k
j

n

= +
=
∑ θ

1

 (14)

where, θk= bias neuron and Wjk= weight between jth neuron and kth output.
Total output from one unit will be given as:

FIGURE 12.2 Back Propagation Neural Network.
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 θk kf Net= ( )  (15)

The network computes its own output pattern using its weights and thresh-
olds from the given input pattern and corresponding output pattern. Now, 
actual output is compared with the desired output. Hence, the error in any 
output layer k can be given as:

 e t Ol k k= −  (16)

where, tk= desired output and Ok= actual output.
The total error function is given as:

 E t Ok k
k

n

= −
=
∑0 5 2

1
. ( )  (17)

Training of the network is the process to get an optimum weight space of the 
network. The descent down error surface is calculated by the following rule:

 ∇ = −W E Wjk jkη δ δ( / )  (18)

where, η = learning rate parameter and E = error function.
The update of the weights for the ( )n th+1  pattern is given as:

 W n W n W njk jk jk( ) ( ) ( )+ = +∇1  (19)

This network patterns are repeated for each pair of training network. Each 
pass through all training patterns is called cycle or epoch. The epochs are 
repeated to minimize the error.

All input and output parameters are scaled between 0 to 1 to utilize the 
most sensitive part of neuron. As the output neuron is sigmoid, it can range 
its value from 0 to 1. To test and validate the neural network model, a new 
data set is chosen. The results of the testing and validation give the net-
work performance, which is the correlation coefficient between predicted 
and observed values. Training was done using hidden layer. There was no 
danger of over fitting problems; hence network was trained with epochs.
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12.3 RESULTS AND DISCUSSION

The corresponding eigenvalues and eigenvectors of the water samples for 
the Euclidean distance matrix were calculated using SPSS 20 software. 
Varimax rotation is applied to obtain the optimal distribution of variances in 
various components. The number of factors or Clusters are selected on the 
basis of principal components showing eigenvalues greater than 1 or number 
of principal components forming the cliff in scree plot or Akaike’s informa-
tion criterion (AIC) [3]. It can be observed from the plot in Figure 12.3.

Four factors are extracted from the scree plot as well as from the eigen-
values calculated by SPSS 20. These four factors contribute 64.112% of 
variances. In order to compare the WQI values, the water quality can be cat-
egorized into four classifications depending on WQI values. Water quality 
can be excellent, good, poor and very good if WQI lies in the ranges 0–25, 
26–50, 51–75 and 76–100, respectively.

To assign the water samples into various Clusters, the absolute values of 
the elements of the eigenvectors (the factor loadings) are used to identify the 
Clusters for the water samples. Rotated factor matrix for the water quality 
parameters is calculated to obtain the four principal components values of 
respective stations are given in Table 12.3. For example, for NH4-N, the fac-
tor loading in Cluster 4 is 0.702, which is higher as compared to loadings in 
other Clusters, hence a stronger relationship with Cluster 4 rather than with 

FIGURE 12.3 Scree plot for selection of number of Clusters.
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Cluster 1, 2 and 3. From Table 12.2, it can be seen that WQI of samples of 
the gaging stations from 2003 to 2012 varies from excellent to good in most 
of cases in Brahmani River.

Therefore, water samples belong to cluster 1 (principal component 1 or 
PC1), cluster 2 (principal component 2 or PC2), cluster 3 (PC3) and clus-
ter 4 (PC4) are treated as of excellent, good, poor and very poor quality, 
respectively. The same procedure is repeated for all samples to find out their 
respective clusters. In the same argument, sample of the Panposh down-
stream station on 2012 belongs to cluster 3, poor quality.

After WQI analysis by Q-mode PCA, Artificial Neural Network (ANN) 
is applied for its prediction and analysis. Feed forward network is adopted 
here as architecture and is reported as a suitable tool for problem identifica-
tion. The target time steps used for neural network analysis are; 30% for train-
ing 35% each for validation and testing. The estimated mean squared errors 
(MSE) for training, validation and testing are 1.07539e-1, 84.96309e-1, and 
47.45446e-1 respectively. The response output and error (MSE) after target 
time steps for the given input and output is shown in Figure 12.4.

Furthermore, ANN provides a computationally elegant method with 
lesser dependence on choice of parameters. After the complete iteration by 
ANN model the predicted data is generated by the model and is recorded 

TABLE 12.3 Loadings for Varimax Factor Matrix of Four Factor Model

Variable Factors

1 2 3 4

pH 0.119 –0.315 0.029 0.014
DO –0.101 0.189 –0.336 0.515
BOD 0.230 0.233 –0.073 –0.093
Conductivity 0.102 –0.137 0.392 0.017
Nitrate-N –0.012 0.387 –0.095 –0.201
TC 0.352 –0.133 –0.118 –0.015
FC 0.371 –0.071 –0.166 0.032
COD 0.194 0.235 0.000 0.062
NH4-N 0.030 –0.115 0.091 0.702
TA as CaCO3 –0.233 0.055 0.684 0.075
TH as CaCO3 –0.014 0.332 0.146 0.290
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for correlation analysis for the validation of input data and the output of the 
model. The correlation graph is shown in Figure 12.5.

However, quality is a vague term that cannot be easily described as hav-
ing pH value of 7.0 or above. Above all, water quality can be best described 
based on its degree of portability and potential uses rather than expressing 

FIGURE 12.4 Response Output by ANN model.

FIGURE 12.5 Correlation between Actual and Predicted WQI.
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its constituents in numerical terms. Therefore, the non-parametric empirical 
method like Q-mode PCA and clustering was proposed in this chapter. The 
method can take any number of parameters and also classifies water samples 
into proper groups. The performance of Q-mode of clustering is improved if 
the size of the data is increased.

12.4 CONCLUSIONS

In this study, PCA base classification has been proposed to know the quality 
of sample collected. It has been seen that the methodology; Q-mode PCA 
efficiently classifies into various clusters. It can be used in the field and labo-
ratory due to easy accessibility and availability of statistical packages like 
SPSS. Classification of WQI by Q-mode PCA has resulted; out of 50 water 
samples, 27 belong to cluster 1, 22 belong to cluster 2 and only 1 belong to 
cluster 3. It means mostly the quality of water samples varies from excellent 
to good during monsoon season. There are several other advantages like; the 
physicochemical analysis of any collected water sample can be determined 
without any sophisticated laboratory set up.

After classification of water samples by Q-mode PCA, the data are nor-
malized by PCA to use as input in artificial neural network for further error 
analysis and prediction of WQI. The feed forward back propagation neural 
network (BPNN) is used to build neurons as a connection link between hid-
den and output layer. The correlation analysis by ANN of the calculated 
WQI and predicted WQI shows strong correlation of correlation coefficient 
of 0.985. The results of this ANN and Q-mode PCA study have shown that, 
with combination of computational efficiency, Statistical measures and abil-
ity of input parameters which describe physical behavior of water quality 
parameters, improve the model predictability and is possible in artificial 
neural network study.

12.5 SUMMARY

The Brahmani river basin is contaminated heavily due to acidity, alkalinity and 
effluent discharge of nearby industries at Panposh downstream and Talcher 
upstream. Evaluation of quality of water is extremely important to prepare 
its remedial measures. In this research work water samples from Panposh 
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downstream and Talcher upstream stations in monsoon seasons of nine differ-
ent years are collected to assess the quality of water.

This paper presents application of empirical approach for classification of 
water samples, i.e., Q-mode of principal component analysis and prediction 
of water quality by artificial neural network. The water quality parameters 
of the river are uncorrelated using Q-mode of principal component analysis 
with Euclidean distance matrix and varimax rotation. The water samples are 
categorized considering the parameters like pH, DO, BOD, Conductivity, 
Nitrogen as ammonia (NH4-N), Nitrogen as nitrate (NO3-N), TC, FC, TH 
of CaCO3, TA of CaCO3. The non-parametric method by Q-mode of PCA 
proposed here efficiently assesses water quality index for classification of 
water quality.
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13.1 INTRODUCTION

Rainfall is an important climatic element for global climate change indicator. 
It is part of the hydrological cycle, which gives information on water avail-
ability, long-term trends, variability, and extreme events. Extreme events 
produce very serious impacts on different parts such as: urban areas, hilly 
areas, agricultural areas, and also river basins [1, 7] and hence, are of inter-
est for water resource planning and management. Moreover, the information 
regarding changes in spatial pattern of rainfall over a region is important 
from water distribution point of view. Precipitation data may be obtained 
either from networks of rain gage stations or from remotely sensed satellite 
data, and even from climate model simulations. The India Meteorological 
Department (IMD) is the authority, which provides rainfall data for rain gage 
stations in India. Daily gridded rainfall dataset, developed by IMD [16], is 
available to the research community for non-commercial purposes. Though 
the satellite and climate model data sources include certain deficiencies [11], 
these are alternatives to gage based rainfall data. In the current climate 
change scenarios, the global climate model (GCM) simulations are use-
ful for long-term climate change studies. Moreover, Taylor et al. [12–14] 
mentioned that the Fifth Phase Coupled Model Inter-comparison Project 
(CMIP5) established by the World Climate Research Program (WCRP) can 
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provide global datasets of area-averaged and time-integrated precipitation 
based on all suitable observation techniques.

Hibbard et al. [5] added that CMIP5 strategy includes two types of climate 
change modeling experiments such as long-term integrations and near-term 
integrations. Rain gauge measurements are point measurements, which are 
locally influenced, and are contaminated by systematic measuring errors but 
they give the best estimate of the true precipitation amount, if the network 
density is sufficient. Satellite data precipitation estimates are based on indi-
rect approaches and need to be calibrated and validated.

There is an increase in extreme rainfall events in a contiguous region 
extending from the north-western Himalayas in Kashmir through most of 
the Deccan Plateau in the southern peninsula region of India and they also 
found decrease in extreme rainfall events in eastern part of the Gangetic 
plain and parts of Uttaranchal [10]. Trends in extreme rainfall indices for the 
period 1901–2000 for 100 stations over India were examined by [6] and it 
was found that most of the extreme rainfall indices show positive trends in 
extreme rainfall over the west-coast and north-western parts of peninsula. 
1° x 1° daily gridded rainfall dataset for the period 1951–2000 were used [3] 
and it was observed that there was an increasing trend in the frequency of 
extreme rainfall events and increase in the intensity of precipitation over the 
central India. The spatial variation in the trends in frequency and intensity of 
extreme rainfall indicated that the north and central India show decreasing 
trend in the frequency and intensity of extremes, while the coastal regions 
of peninsular India and eastern India have shown increasing trends [8]. 
Decrease in frequency of heavy rainfall events in major parts of central and 
north India and increasing trend in peninsular, east and north-east India have 
been found [4]. Performance of CMIP5 models in simulating the climatol-
ogy of the Greater Horn of Africa was also evaluated by [9]. Model (CMIP5) 
can capture the dominant features of the geographical distribution of tem-
perature and precipitation [15].

In this study, authors have identified, if any there is any change in spatial 
distribution in daily extreme rainfall magnitude before and after the signifi-
cant warming trend in temperature observed in seventies using both observed 
and modeled data. They also present frequency analysis with annual daily 
extreme rainfall values for 5 years, 25 years and 50 years return periods. The 
IMD and CMIP5 rainfall data of 53 years were divided into two successive 
periods of 24 years (1951–1974) and 29 years (1975–2003), respectively. 
Frequency analysis of annual daily extreme rainfall was performed for the 
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two sets of rainfall data separately and percentage changes in annual daily 
extreme rainfall depth were compared over India.

13.2 METHODOLOGY

13.2.1 INDIA METEOROLOGICAL DEPARTMENT (IMD) 
GRIDDED DATA

Daily gridded rainfall data at spatial resolution of 10 x 10 latitude/longitude 
was obtained from IMD [16]. IMD has rainfall record of 6329 rain gauge 
stations in India for the period 1951–2003. However, only 1803 stations 
having minimum 90% data availability during the analysis period were used 
for preparation of the gridded data (Figure 13.1). Methods proposed by [17] 
with directional effects were considered for the interpolation of station data 

FIGURE 13.1 Location of rain gauges over India [16].
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into 1° x 1° regular grids. This method is based on the weights calculated 
from the distance between the station and the grid point. The distribution of 
rain gauges in India is shown in Figure 13.1 [16].

13.2.2 FIFTH PHASE COUPLED MODEL INTER-COMPARISON 
PROJECT (CMIP5) DATA

Under CMIP5, the recorded data is discoverable under CMIP5 activity. Model 
records consist of collections of atomic datasets. Atomic dataset is a subset 
of the output saved from a single model run which is uniquely characterized 
by a single activity, product, institute, model, experiment, data sampling fre-
quency, modeling realm, variable name, MIP table, ensemble member, and 
version number. The activity that is selected for the study is CMIP5. The 
four options available in product are: “output,” “output1,” “output2,” and 
“unsolicited.” For CMIP5 data from the requested variable list was assigned a 
version and placed in either “output1” or “output2. Variables not specifically 
requested by CMIP5 remained designated “unsolicited.” The version number 
indicates the date of publication. Institute identifies the institute responsible 
for the model results.

In CMIP5, the rcp45 refers to a particular experiment in which a repre-
sentative concentration pathway (RCP) has been specified which leads to an 
approximate radioactive forcing of 4.5 W.m–2, whereas historical refers to an 
experiment which contains data from 1850 to 2012. Frequency indicates the 
interval between individual time-samples in the atomic dataset. Thirty-nine 
models are available for historical observation (1850–2012), out of which 
EC-EARTH is used. The data is 1.125° x 1.125° daily gridded rainfall data. 
EC-EARTH model is selected due to its nearness in resolution with the 
observed rainfall data. The data contains the entire spatio-temporal domain, 
with values reported at each included time and location. Out of this global pre-
cipitation record besides choosing Indian region by fixing latitude and longi-
tude of India, the temporal domain 1951–2003 is also fixed for the analysis of 
modeled data. Details of the currently available CMIP5 historical experiments 
and their forcing are available at: http://cmip-pcmdi.llnl.gov/cmip5/.

For both IMD and CMIP5, daily rainfall data for 53 years from 1951–2003 
for each grid points were obtained. For each year for a particular grid point, 
the highest of the 365 (366) rainfall values was selected. For handling the data, 
frequency analysis was done through programming using MATLAB soft-
ware (MATLAB R, 2010a). The study undertaken herein was for the spatial 
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coverage over India and on daily temporal scale. The annual daily extreme 
precipitation depth was found using Extreme Gumbel distribution or Value 
Type I (EVI) distribution method in both the IMD observed and CMIP5 model 
simulated rainfall data.

13.2.3 COMPUTATION OF ANNUAL DAILY MAXIMUM 
PRECIPITATION DEPTH

The 10 x 10 daily gridded rainfall data taken from India Meteorological 
Department (IMD) and 1.1250 x 1.1250 daily gridded rainfall data taken from 
EC-EARTH model were used as reference. The observed rainfall data is for 
India region and is available from the year 1951–2003 and the model rainfall 
data included the entire spatio-temporal domain, from which India region 
with year 1951–2003 is extracted. The rainfall data from both the products 
were divided into two sections: the first 24 years (1951–1974) covers the 
first section and the last 29 years (1975–2003) covers the second section. 
Annual daily maximum precipitation depth was computed by using fre-
quency analysis for 5-year, 25-year and 50-year return period. The rainfall 
distribution characteristics of India were studied by using EVI probability 
distribution as follows [2]:

 F x x u( ) exp exp -
= − −
















α
− ≤ ≤α αx  (1)

where, x is the rainfall magnitude; u is mode of distribution, and α is a 
parameter that is to be determined and u are determined from the formula as 
given below:

 α =
6
Π

s  (2)

 u x= − 0 5772. α  (3)

where, s is the standard deviation and x is the mean of annual daily maxi-
mum rainfall.

Let n be the total number of rainfall event and xi be the rainfall magnitude 
in ith event, then:
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The reduced variate y is defined as
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Substituting in Eq. (1), we get:
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Let an extreme event occur if a random variable xe greater than or equal to 
some level xT, probability (P) of occurrence of an event is the inverse of its 
return period (T):

 1
T

P x xe T= ≥( )  (9)

 F x T
TT( ) = −1  (10)

Substituting in Eq. (8), we get:
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From Eq. (6), annual daily maximum precipitation depth for T years return 
period is:

 x u yT T= +α  (12)

13.2.4 COMPUTATION OF PERCENTAGE CHANGE IN ANNUAL 
DAILY MAXIMUM PRECIPITATION

Let annual daily maximum precipitation depth for 5 year return period for 
the time period of 24 years (1951–1974) and the next 29 years (1975–2003) 
of rainfall for a single grid are x1 and x2, respectively. Therefore, change 
in annual daily maximum precipitation depth is = (x2–x1) and percentage 
change in annual daily maximum precipitation depth = ( )x x x2 1 1 100− × . 
In this way percentage change in annual daily maximum precipitation depth 
for all the grids and for 25 year and 50 year return periods were estimated. 
Similar procedure was repeated for CMIP5 rainfall data to find percentage 
change in annual daily maximum rainfall depth over the two time periods. 
Isohyetal maps were prepared for percentage change in annual daily maxi-
mum precipitation depth for both the sets of rainfall data for 5 years, 25 years 
and 50 years return periods.

13.3 RESULTS AND DISCUSSION

13.3.1 BASED ON OBSERVED (IMD) DATA AND CMIP5 DATA

In this context, spatial variation of extreme rainfall depth for 5 years, 25 years 
and 50 years return period of the observed and CMIP5 rainfall data was inves-
tigated. The data were divided in the time range 1951–1974 and 1975–2003 
for comparison. Then, percentage change in rainfall depth for the same return 
period was described. Frequency analysis were performed using Extreme 
value type I distribution over both observed and modeled annual daily maxi-
mum rainfall data for 5 year, 25 year and 50 year return periods for the period 
1951–1974 and 1975–2003. The contours of rainfall were plotted to study the 
spatial variation of rainfall depth within Indian region.
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13.3.1.1 Analyses of Spatial Variation IMD and CMIP5 Rainfall for 
1951–1974

Figure 13.2 shows the spatial variation for rainfall from IMD and CMIP5 
in case of 5 years return period. From Figure 13.2, it can be envisaged that 
the rainfall values are under-predicted by the climate models (CMIP5) than 
the observed rainfall by IMD, for the CMIP5 simulations. Despite under-
estimation, the CMIP5 rainfall shows almost similar pattern as that of IMD 
in different parts of India. In Figure 13.2a, highest rainfall is in west-coast 
and in some parts of north-east, east-coast and central India, whereas south-
ern peninsula, north-west and some portion of northern and north-east India 
have shown low rainfall values. Also it can be envisaged from Figure 13.2b 
that north-east, east-coast and west-coast has high rainfall depth, and south 
peninsula, north-west and some part of central India have low rainfall depth. 
Rainfall in north-east region and east-coast is high compared to other zones 
and is clearly visible from the these contours which is not the case in 5 years 
return periods of observed data.

Similarly, Figures 13.3 and 13.4 show the variation of annual daily maxi-
mum rainfall over 25 and 50 years return period, respectively for IMD as well 
as CMIP5 over India. From Figure 13.3a, it is envisaged that for 25 years 
return period, IMD rainfall data shows highest rainfall in west-coast and in 

FIGURE 13.2 Precipitation depth for 1951–1974 for 5 years return period (rainfall in mm) 
from: (a) IMD and (b) CMIP5 rainfall data.
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some parts of northern, north-eastern, east-coast, west and some parts of cen-
tral India whereas low rainfall is observed in southern peninsula, northwest 
and in some parts of north, north-east and eastern region. From Figure 13.4a, 
it is found that for 50 years return period, IMD rainfall shows highest val-
ues in central belt of India, north-eastern, east-coast, west-coast and western 
region whereas low rainfall is seen in southern peninsula, north-west and 
in some parts of north and northeast India. Figure 13.4b shows that north-
east, east-coast, west-coast has high rainfall depth and also south peninsula, 
northwest and some part of central India have low rainfall depth according 

FIGURE 13.3 Precipitation depth of 1951–1974 for 25 years return period from: (a) IMD 
and (b) CMIP5 rainfall.

FIGURE 13.4 Precipitation depth of 1951–1974 for 50 years return period from: (a) IMD 
and (b) CMIP5 rainfall.
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to CMIP5 model simulated rainfall data. The spatial change in CMIP5 rain-
fall pattern for 25 years return period is same to that for the 5 years return 
period except that the rainfall magnitude is increased in the later. Highest 
precipitation depth is seen in 50 years return period at northeast, east-coast 
and west-coast and lowest precipitation depth is seen in northwest and south. 
In case of IMD data for 50 years return period (Figure 13.4a) for the same 
time range, high precipitation depth is seen in west-coast, north-east and 
some parts of central India and east while in modeled data high rainfall depth 
is seen in north-east and in some parts of east-coast and west-coast.

13.3.1.2 Analysis of Spatial Variation of IMD and CMIP5 Rainfall 
for 1975–2003

Frequency analysis was conducted with rainfall dataset from both the IMD 
and CMIP5 estimates for 1975–2003. Figure 13.5 shows the pattern of rain-
fall from both the sources over India for 5 years return period. For 5 years 
return period, IMD data shows high rainfall in north-east, east-coast, west-
coast, west and in some parts of central India and low rainfall is seen in 
southern peninsula, North-west and in some parts of north and north-east 
India. However, for modeled data, north-east, east-coast, west-coast has 
high rainfall while northwest and southern India has low rainfall value. High 
rainfall depth in north-east part is very clear from Figure 13.5 and IMD data 
show clear contours of high rainfall depth in west-coast.

FIGURE 13.5 Precipitation depth of 1975–2003 for 5 years return period from: (a) IMD 
and (b) CMIP5 rainfall.
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Figures 13.6 and 13.7 shows the spatial pattern of annual daily maxi-
mum rainfall depth for 25 and 50 years return period, respectively. From 
Figure 13.6a it is understood that for 25 years return period IMD data gives 
high precipitation depth in west-coast, west, north-east, east-coast and in 
some parts of central India and rainfall depth is low in southern peninsula, 
north-west and in some parts of northern and north-eastern region. Very 
few parts are under high rainfall depth for 25 years return period for mod-
eled data (Figure 13.6b). North-east, east-coast, west-coast has high rain-
fall while North-west, some parts of central India and southern India has 
low rainfall value. For 50 years return period high precipitation depth is 

FIGURE 13.7 Precipitation depth of 1975–2003 for 50 years return period from: (a) IMD 
and (b) CMIP5 rainfall.

FIGURE 13.6 Precipitation depth of 1975–2003 for 25 years return period from: (a) IMD 
and (b) CMIP5 rainfall.
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visible (Figure 13.7a) in west-coast, west, central belt, north-east, east-coast 
and low precipitation depth is seen in southern peninsula, north-west, north 
and in some parts of north-east and east-coast. The contour of second set 
of rainfall data for 25 years and 50 years of return periods is same except 
the magnitude of precipitation. Figure 13.7b shows that using CMIP5 data, 
the rainfall contour for 50 years return period has high values in north-east, 
east-coast, west-coast and a small part of central India while northwest and 
southern India has low rainfall values.

13.3.2 PERCENTAGE CHANGE IN ANNUAL DAILY MAXIMUM 
RAINFALL DEPTH

Annual daily maximum rainfall depth estimated for 5, 25 and 50 years return 
periods from both IMD and CMIP5 were analyzed for change in rainfall over 
two historical periods: 1951–1974 and 1975–2003. From the percentage 
change in annual daily maximum precipitation depth, one can distinguish the 
areas under high, constant and low rainfall depth over the periods. The changes 
undergone in precipitation depth over the periods are plotted in Figure 13.8. 
Most of the parts in west-coast have no change in rainfall depth for the 5 years 
return period in spite of a region receiving high rainfall whereas the western 
part which receives low rainfall has shown (Figure 13.8a) increase in per-
centage change of rainfall. In Figure 13.8b, increase in percentage change in 
rainfall value is seen mostly in central belt of India. North and north-eastern 
region have decrease in rainfall amount for 25 years return periods. Most 
parts have no change in precipitation depth. North-east region that receives 
high rainfall has negative change in precipitation depth in some parts.

Western region that receives low rainfall has shown positive percentage 
change in rainfall value. For 50 years return period it is seen (Figure 13.8c) 
that most of the regions have no change in precipitation depth. North, 
north-east and some parts of central India, west-coast has decreased in 
precipitation depth. East-coast, west, east and some part of north-east has 
increased rainfall depth. From the contour map of Figure 13.8, it is clear 
that annual daily maximum precipitation depth is increased in eastern, east-
coast, western, northwest, central and north-east India. Decrease in annual 
daily maximum precipitation depth is observed in most parts of northern 
India, southern-peninsula and in some parts of east-coast, central and north-
east India. Light blue colored contour shows no change in annual daily 
maximum precipitation depth.
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FIGURE 13.8 Percentage change in annual daily maximum precipitation depth using IMD 
data for (a) 5, (b) 25 and (c) 50 years return period; using CMIP5 data for (d) 5 years return 
period, (e) 25 years return period, (f) 50 years return period.
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It is clearly shown in Figure 13.8d that annual daily maximum precipita-
tion depth is increased in east-coast, north-west, central and north-east India. 
Decreased in annual daily maximum precipitation depth is occurred in most 
parts of northern India, southern-peninsula and in some parts of central and 
north-east India. Light blue colored contour in Figure 13.8 shows no change 
in annual daily maximum precipitation depth. Major parts of India have 
shown no change in rainfall depth. From the contour above (Figure 13.8e), 
it is clear that annual daily maximum precipitation depth is increased in 
north-east, central India, north-west and a small part of west-coast. There 
is also decrease in annual daily maximum precipitation depth in south, east, 
north and some part of central India. Most parts of India have no change in 
rainfall depth.

From the contours of percentage change (Figures 13.8a–13.8c) in rain-
fall depth, it is found that precipitation depth is increased in east-coast, 
west, North-west and some parts of north-east and central India whereas 
it is decreased in north and some parts of west-coast and central India. It is 
understood from Figures 13.8d–13.8f that percentage change in rainfall 
is increased in north-east, northwest, east-coast and some parts of central 
India. Percentage change in rainfall is decreased in south, west-coast, north 
and in some parts of central India. Hence, there are some similarity about 
percentage change in rainfall between IMD and CMIP5 data.

13.4 CONCLUSIONS

In India, spatio-temporal variation of rainfall across the country is very 
high. Seasonality affects various decisions making in hydrology and agri-
culture. This study uses two sets of rainfall data from: IMD data from 
India Meteorological Department (IMD); and another is modeled rainfall 
data from Coupled Model Inter-comparison Project Phase Five (CMIP5). 
Frequency analysis was performed on both datasets for 5 years, 25 years, 
and 50 years return periods using extreme value type I (EVI) distribution.

The results of IMD rainfall show percentage increase in rainfall depth 
in east-coast, west, north-west, north-east and some parts of central India 
and percentage decrease in north, south and some parts of northeast and 
central India. Similarly, the CMIP5 rainfall shows percentage increase in 
rainfall depth in east-coast, west, north-west, north-east and some parts of 
central India and percentage decrease in rainfall depth in north, south and 
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some parts of northeast and central India. Overall, comparison of the two 
rainfall datasets concluded that CMIP5 data shows almost similar pattern of 
annual daily maximum rainfall depth as IMD data for most of the regions 
over India.

In this study, only simple comparisons between model and IMD rainfall 
are presented, there is no in depth analysis of resolution of the model itself, 
its physical process or other processes neither comparison among models 
in simulating better rainfall output has been done. Future study will focus 
on how to adopt a more rational and scientific approach to extracting useful 
information from the model simulation results and how to use better simu-
lation results for detecting and attributing climate change and comparisons 
of those results should be done with observed one in order to know the reli-
ability of the model output.

13.5 SUMMARY

In this study, observed rainfall data from India Meteorological Department 
(IMD) and modeled rainfall data from Coupled Model Inter-comparison 
Project Phase Five (CMIP5) were taken as reference data. Frequency analy-
sis is performed on both datasets for 5 years, 25 years and 50 years return 
period and their results are plotted as contours. The results of IMD rainfall 
shows percentage increase in rainfall depth in east-coast, west, north-west, 
north-east and some parts of central India and percentage decrease in rain-
fall depth in north, south and some parts of northeast and central. While the 
results of CMIP5 rainfall shows almost same as IMD result in percentage 
change in annual daily maximum precipitation depth. Annual daily maxi-
mum precipitation depth may increase by 92% (IMD) and 73% (CMIP5) 
for 5 year return period, 132% (IMD) and 108% (CMIP5) for 25 year return 
period, 144% (IMD) and 122% (CMIP5) for 50 year return period. By com-
paring the two results it is concluded that CMIP5 and IMD rainfall data 
show almost similar annual daily maximum rainfall depth for most of the 
regions.

However in the current study, only simple comparisons between 
model and IMD rainfall data are presented. There is no in-depth analysis 
of resolution of the model itself, its physical process or other processes 
neither comparison among models in simulating better rainfall output 
has been done.
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14.1 INTRODUCTION

Climate change has emerged as the single most-pressing problem glob-
ally, and accordingly, the same has received increasing attention across the 
world [4]. The rainfall and temperature are two most important climatic vari-
ables clearly evidencing the occurrence of the climate change. Rainfall is 
particularly more susceptible to the impacts of climate change as the chang-
ing rainfall patterns may ultimately lead to extreme hydrological events, 
i.e., floods/droughts in different regions [60]. In rainfed agriculture in semi-
arid and arid regions, variability of the rainfall due to climate vulnerability 
significantly affects the spatial and temporal water availability [13]. It is 
also revealed from the literature that number of studies exploring spatial and 
temporal variability of the rainfall time series at different time scales is cur-
rently increasing [5, 7, 14, 20, 39, 50]. Understanding spatial and temporal 
variability of the rainfall is further important for the arid lands, which are 
spreading over 61 million km2 worldwide (46% of the global area) [16].
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In the arid lands, the water deficit scenario is quite common due to rela-
tively less occurrence of rainfall and its low magnitudes. The arid lands in 
India, extending over 50.8 million ha (15.8% of the country’s geographi-
cal area) [46, 48], can be further sub-divided into hot arid and cold arid 
zones. A large portion of the hot arid zone in the country, i.e., 32 million ha, 
exists in western Rajasthan consisting of 62% of country’s hot arid zone, and 
another 19.6% of country’s total arid land is situated in Gujarat [28].

Time series modeling is considered as a comprehensive technique for 
exploring temporal patterns of hydrologic time series through identification/
determination of all important time series characteristics, i.e., normal-
ity, stationarity, homogeneity, presence/absence of trend and persistence 
[1, 37–39, 56]. From the statistical perspective, the term homogeneity 
determines whether or not the entire data in the time series belong to one 
population, and if true, the time series should have a time-invariant mean. 
The non-homogeneity may be introduced in the time series due to anthro-
pogenic factor when a change occurs in the method of data collection and/
or due to natural factors when the environment, in which data collection is 
done, is changed [17]. The term stationarity determines whether the statisti-
cal parameters of the time series, i.e., mean, standard deviation, etc. com-
puted from different samples change only due to sampling variations or due 
to any other reason. Presence of trend in a time series is observed when a 
significant relation is found between the observations and time as revealed 
from the values of correlation coefficient. Trends in hydrologic time series 
are incurred due to natural as well as anthropogenic activities [56]. The term 
persistence reflects the tendency for the magnitude of an event (or data) to be 
dependent on the magnitude of the previous event(s) or data.

Sustainability index (SI) is another useful tool that can be used to 
evaluate performance of the hydrologic time series based on reliability-
resilience-vulnerability approach. The SI makes it possible to evaluate and 
compare hydrologic time series of the different stations with respect to their 
sustainability. The concept of SI was first defined by Loucks [35] using 
reliability (Ry), resilience (Re) and vulnerability (Vy) as the performance 
criteria with an aim to evaluate and compare water management policies. 
Thereafter, the index has been utilized by researchers for the scientific use 
[45, 51, 55]. It is revealed from the extensive literature search that the SI has 
never been applied to evaluate the performance of the hydrologic stations 
based on their time series records.
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This chapter aims at highlighting role of time series modeling in identi-
fying vital characteristics of the hydrologic time series. Firstly, fundamen-
tal characteristics of both time series analysis and sustainability criteria 
are defined and/or described. Then, the chapter summarizes theoretical 
procedures for applying sustainability concept by explaining its historical 
development and recent applications in hydrology and water resources engi-
neering. Thereafter, a case study is presented demonstrating a comprehen-
sive methodology for analyzing the rainfall time series in an arid region of 
western India. This study introduces the sustainability approach, for the first 
time, to analyze a hydrologic time series, and demonstrates its novel appli-
cability to rainfall time series of arid region.

14.2 TIME SERIES MODELING

Time series modeling is performed by investigating a temporally sequence of 
dataset and is explained by the synthesis of a model for making predictions 
wherein time is an independent variable. Sometimes, time is not actually used 
as the independent variable to predict the magnitude of a random variable 
such as peak runoff rate, but the data are ordered by time in a series. The goal 
of time series modeling is to detect and describe quantitatively each of the 
generating processes underlying a given sequence of observations [56].

Hydrologic time series model accomplishes multiple tasks. In literature, 
time series modeling is employed mainly to detect a trend in several hydro-
logic variables especially in precipitation and temperature datasets. The time 
series analysis also help developing and calibrating a model that describes 
the time-dependent characteristics of a hydrologic variable. Additionally, the 
time series models may be used to predict future values of a time-dependent 
hydrologic variable. Besides the modeling of time-dependent hydrologic 
data series, the concept of time series modeling may also be used for space-
dependent data series of hydrologic systems, which are known as ‘spa-
tial data series’. In spatial data series, the independent variable is site and the 
dependent variable is a hydrologic parameter that may have different values 
over the space at any time. Many of the time series modeling methods can 
be adequately used for spatial data series [56].

According to Rogers et al. [52], time series modeling is a four-step pro-
cess involving detection, analysis, synthesis, and verification. The first step 
detects the systematic components, e.g. trend, periodicity, etc. of the time 
series. In detection step, physical and statistical significance of the systematic 
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components is also decided. In the third step, the systematic components 
are analyzed to identify their characteristics including magnitudes, form and 
their duration over which the effects exist. In the synthesis step, informa-
tion from the analysis step is accumulated to develop a time series model 
and to evaluate goodness-of-fit of the developed model. In the final step, the 
developed time series model is evaluated to verify using independent sets of 
data. Elaborated text on time series modeling can be found in the specialized 
books on time series analysis such as [6, 10, 11, 38, 54].

14.2.1 TIME SERIES CHARACTERISTICS

There are a set of key assumptions, which needs to be satisfied prior to use 
of any hydrologic time series for many statistical analyzes involved in water 
resources studies. These assumptions include the time series is homogenous, 
stationary, free from trends and shifts, non-periodic with no persistence [1]. 
However, either none of them or only few criteria are checked to confirm 
that the time series follow the conditions.

14.2.1.1 Normality

Normality of a hydrologic time series indicates whether the distribution 
of the hydrologic data in the series follows or not the normal distribution. 
Many statistical tests used for time series modeling are based on the assump-
tions that the data in the series were sampled from a normal distribution. 
This assumption is very critical to test reliability of the test especially of 
parametric tests which depend upon the parameters of the data distribution, 
i.e., mean and standard deviation, among others. For a normally-distributed 
hydrologic time series, value of skewness coefficient should be zero and 
value of kurtosis should be three. Otherwise, the curve of the probability 
density function on the normal probability plot will be either left-skewed/
right-skewed or platykurtic/leptokurtic.

14.2.1.2 Homogeneity

Homogeneity is the term, which checks whether any subset(s) of the entire 
time series belong to the one population. If a time series has time invari-
ant mean then homogeneity is supposed to be present in the time series. 
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The factors/causes responsible for arising the non-homogeneity in a time 
series can be anthropogenic, e.g. due to changes in the method of data col-
lection, and/or natural such as change occurring in environment in which 
data collection is done [17].

14.2.1.3 Stationarity

Stationarity in a time series is considered to be present if values of the sta-
tistical parameters such as mean and standard deviation do not significantly 
change for different samples of the series. Some changes in the statistical 
parameters of the time series may be due to sampling variations, which are 
not accounted while testing stationarity of the time series. The stationarity in 
a time series may be of two types; strict stationarity if statistical properties of 
the time series do not vary with changes of time origin, and weak stationar-
ity or second-order stationarity when the first- and second-order moments 
depend only on time differences [9]. In nature, it is rare to find strict station-
arity in a time series, and a time series with weakly stationarity is practically 
considered as stationary time series.

14.2.1.4 Presence of Trends

Trends in a time series indicate some kind of change occurring over time. 
A  change in the hydrologic time series can place in many ways. For exam-
ple, a change can occur gradually over the time where it is difficult to locate 
a clear-cut point of change. Such kind of change is known as trend. On the 
contrary, a change in the hydrologic time series may be abrupt over an instant 
time, which is known as step change or jump. The trend may also take more 
complex form completely different from gradual and abrupt changes [56]. 
A trend is determined by a unidirectional and gradual change in the mean 
value of a hydrologic variable that may be either falling or rising [56].

Trend present in the time series may or may not be statistically signifi-
cant, which may be confirmed by testing strength of relationship (positive or 
negative) between the observed values and time. Usually, trends and shifts 
in a hydrologic time series are incurred due to gradual natural or human-
induced changes in the hydrologic environment [19, 53]. Factors causing 
gradual or natural changes in hydrologic variables can be global or regional 
climate change, gradual urbanization in an area surrounding the monitoring 
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site, changes in the method of measurement at the monitoring site, or by 
moving the monitoring site even a short distance away. On the other hand, 
step changes or jumps in a time series usually result from catastrophic natu-
ral events such as earthquakes, tsunami, cyclones, or large forest fires, which 
quickly and considerably alter the hydrologic regime of an area. In addition, 
the anthropogenic changes such as the closure of a new dam, the start or 
end of groundwater pumping, or other such developmental activities may 
also cause jumps in some hydrologic time series [19]. Similar to trends, the 
jumps can also be either positive or negative.

14.2.1.5 Periodicity

Periodicity of hydrologic time series explains a steady or oscillatory form 
of movement that recurrently occurs over a fixed time interval [56]. The 
periodicity in the hydrologic time series is generally introduced by astro-
nomic cycles, e.g. earth’s cyclic rotations made around the sun [19, 30]. 
Impact of the astronomic cycles is clearly observed in most of the hydro-
logic time series such as rainfall, temperature, evapotranspiration, stream 
flow, groundwater levels, seawater levels, soil moisture, etc. [19]. In addi-
tion to annual-scale periodicity, there may be periodicity at lesser scales of 
time such seasonal, monthly and weekly periodicity. The seasonality in the 
hydrologic time series may be caused due to seasons. For example, rainfall 
in the northwest part of the India falls during four-month period (June to 
September) when southwest monsoon sets in the region. Hence, the rainfall 
will concentrate in rainy season and there will be negligible rainfall during 
the dry period. Accordingly, stream flow in seasonal rivers will exist during 
monsoon and post-monsoon seasons but the stream may be completely dry 
during pre-monsoon or summer season.

The seasons may also affect the groundwater level time series. In mon-
soon season, there will be adequate availability of the surface water, and 
negligible quantities of the groundwater will be extracted for agricultural 
purposes. However, in response to negligible rainfall received during the 
post-monsoon or rabi season, large groundwater withdrawals will be made 
and that may lower down the groundwater levels in the aquifer system. 
Even weekly cycles may also be observed in the water-use data of domes-
tic, industrial, or agricultural sectors; many times the water-use time series 
contain both annual and weekly periodicities [19]. In order to identify the 
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periodicity in the hydrologic time series, it is suggested in the literature that 
the time scale should be less than a year, e.g. monthly or seasonal [38].

14.2.1.6 Persistence

Persistence in the hydrologic time series remains present when succes-
sive members of a time series are linked in some dependent manner [56]. 
Persistence can also be defined as a memory effect or the tendency by which 
magnitude of a hydrologic event remains dependent on the magnitude of 
its previous event(s); for example, the tendency for low rainfall to follow 
low rainfall and that for high rainfall to follow high rainfall. Consequently, 
persistence is considered identical to autocorrelation [49]. Persistence, for 
the first time, was described in a comprehensive manner in the studies on a 
reservoir design across the Nile River [25, 26]. At that time, the persistence 
was defined by a parameter known as ‘Hurst’s coefficient’, having average 
value of approximately 0.73 for a time series with very large samples/data-
set. Capodaglio and Moisello [8] suggested that its theoretical value is 0.5 
for an independent Gaussian process to which hydrologic series are assimi-
lated. When the theoretical and the observed values of Hurst’s coefficient do 
not match each other, then it is known as ‘Hurst’s phenomenon’. Almost all 
the stochastic models proposed to represent hydrologic processes attempt 
to include the persistence. However, it is virtually impossible to identify 
any long-term persistence in the hydrologic time series with the time series 
records commonly available in hydrology [8].

14.2.1.7 Stochastic Component

A time series model consists of a systematic pattern explained in terms of 
two components, i.e., trend and seasonality, and a stochastic component. 
The stochastic component is usually makes the pattern difficult to be iden-
tified. The systematic pattern is deterministic in nature, whereas the sto-
chastic component accounts for the random error. In general, the stochastic 
component contains a dependent part that can be described by a p-order 
autoregressive (AR) and q-order moving average (MA) model abbreviated 
as ARMA(p,q), and an independent part that can only be described by some 
sort of probability distribution function. When p = 0, the ARMA(p,q) repre-
sents an MA(q) model, and when q = 0, it represents an AR(p) model.
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14.3 CONCEPT OF SUSTAINABILITY

It is revealed from the literature that the concept of sustainable develop-
ment was introduced, for the first time, by the World Conservation Strategy. 
Several researchers have attempted to define and develop methodologies for 
assessing the sustainability of water resources systems [3, 15, 27, 34, 35, 40, 
47, 57, 58, 59, 61, 62].

Later on, the sustainability index (SI) was proposed to initially evaluate 
the performance of alternative policies from the perspective of water users 
and the environment [35]. The SI can also be defined as a measure of a 
system’s adaptive capacity to reduce its vulnerability. For example, if imple-
menting a policy makes a system more sustainable then the SI will suggest 
that the system has larger adaptive capacity. Thus, the concept of SI described 
by Ref. [35] considered three performance criteria, i.e., reliability (Ry), 
resilience (Re) and vulnerability (Vy) in order to evaluate and compare dif-
ferent water management policies. Afterwards, the SI has been utilized in 
many scientific studies by researchers [45, 51, 55]. In literature, the R-R-V 
based sustainability concept is mainly used to evaluate performance of the 
water resources systems [2, 29, 35, 55]. It is also revealed from the literature 
that the sustainability concept has not applied for any other purpose except 
to evaluate performance of water resources systems, e.g. to assess sustain-
ability of the storage reservoirs.

14.3.1 SUSTAINABILITY OF WATER RESOURCES SYSTEMS

Before defining sustainability of the water resources systems, few impor-
tant issues need to be considered. Loucks [36] identified the most important 
issues as change, scale, technology, risk and training. The first four issues 
are said to be of direct importance to methodologies for assessing sustain-
ability and, the same are discussed in this section.

14.3.1.1 Change

In nature, stationarity seldom occurs in most of the hydrologic processes and 
environmental systems due to changing conditions over the course of time. 
It is well-known fact that the natural, economic, environmental and social 
subsystems are interrelated, and therefore, change in any of the system(s) 
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will have an effect on the other system(s) and, this will have an effect on 
the entire system. In addition, the management objectives might change 
over time and simply guessing about the future may result in wrong predic-
tions. In order to handle with such situations and to cope up with dynamic 
natural systems, adaptive management was introduced as a tool in natural 
resources management [36]. It is suggested that a method used for assessing 
sustainability should also be able to work within an adaptive management 
framework.

14.3.1.2 Scale

The sustainability should be assessed by considering the appropriate scale, 
over both time and space. When finalizing the temporal scale, both the plan-
ning horizon and the duration of the time steps used in the analysis need to 
be considered. One of the key elements of the sustainability is need of future 
or predicted events (water supply), however there is no guideline as to how 
many future events should be considered for the analysis. The appropriate 
duration of time steps may be decided by taking into account the variabil-
ity of the water supply systems. The extreme events, such as occurrence of 
droughts and floods, are naturally occurring in the water cycle, but they can 
temporarily put at risk the efforts to achieve sustainable development [32]. 
Therefore, the assessment of sustainability for the water resources system 
should adopt a time scale making the inclusion of possible extreme events. 
Loucks [35] suggested that the duration of the time steps used for the sus-
tainability analysis should be such that natural variation in a resource, like 
water, is averaged out over the period. Thereafter, many researchers recom-
mended various time lengths for the planning horizon and time steps [3, 24, 
33, 35, 36, 40, 41, 43, 44, 52, 59].

14.3.1.3 Risk

There are external causes such as extreme events (floods and droughts) and 
degraded water quality, etc., which may result in failure of water resources 
systems completely. These influencing factors should be given careful due 
considerations while planning and designing of the water resource systems. 
In most developing countries, water resources systems are not dependable 
due to political and economic constraints, however a sustainable water 
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resources system should definitely experience diminishing frequency and 
less severity of failures over time [36]. Conventionally, the water resources 
systems, e.g. reservoirs, were designed to have a high degree of reliability or 
low probability of failure. However, following the suggestions and recom-
mendations of Refs. [18, 22], generous efforts have been devoted to the two 
additional risk criteria, i.e., resilience defined as likelihood of return to nor-
mal operation after a failure, and vulnerability explaining likely magnitude 
of failure. A sustainable system should have a high degree of resilience and 
low vulnerability [15].

14.3.1.4 Technology

Advent of sophisticated technologies along with advancement of computer-
based modeling work resulted in rapid development of tools for sustainabil-
ity assessment [23, 62]. One of the advanced developed modeling system 
tools for sustainability assessment is Decision Support Systems (DSS), 
which are supposed to assist the decision-makers in making informed deci-
sions. It is well-understood fact that participation of the stakeholders is a key 
component in achieving success in the water resources management [63], 
and hence, the developed DSS should have relatively simple models with an 
easy to understand graphical user interface enhancing the user-friendly pos-
sibilities for achieving a useful shared-vision model set-up [36].

14.3.2 SUSTAINABILITY INDEX FOR HYDROLOGIC TIME SERIES

The sustainability concept to evaluate performance of the hydrologic time 
series based on R-R-V approach is applied for the first time for rainfall time 
series [39]. The performance criteria, initially defined and applied to water 
resources systems, are slightly modified in order to apply them to assess the 
sustainability of hydrologic time series. The estimators of reliability, resil-
ience, vulnerability and sustainability index along with their explanations 
are described ahead.

14.3.2.1 Reliability

Reliability of water demand in the water resources systems is defined as 
the probability at which the available water supply meets the water demand 
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during the period of simulation [22, 31]. For a hydrologic time series, the 
‘reliability’ is expressed as ratio of the number of data in a satisfactory (suc-
cessful) state to the total number of data in the time series. It is considered 
that the satisfactory state for a particular hydrologic variable will be such 
that its value in the entire time series xn with n sample size remains equal to 
or greater than the mean threshold xT, and then the reliability of the hydro-
logic time series can be expressed as [39]:

 R =f ny SE  (1)

where, Ry = reliability; fSE  = number of successful events or satisfactory val-
ues in hydrologic time series (xn), when xt≥xT (t=1, 2, … n); and n = sample 
size of time series.

14.3.2.2 Resilience

Resilience of a water resources system is defined as its capacity to adapt 
to changing conditions [64]. The ‘resilience’ of a hydrologic time series is 
described as the probability or the changes of occurrence that if value of 
a hydrologic variable in a time series is in an unsatisfactory (failure) state 
at any time, the next state will be satisfactory (successful). It may also be 
explained as the probability of having a satisfactory value or successful 
event in time period t-1, given an unsatisfactory value or failure event in any 
time period t. The resilience of the hydrologic time series can be expressed 
as shown below [39]:

 R =f fe FE-SE FE  (2)

where, Re = resilience of time series; fFE-SE = number of times a satisfactory 
value (successful event) follows an unsatisfactory value (failure event); and 
fFE = number of times an unsatisfactory value occurs in the time series.

14.3.2.3 Vulnerability

The vulnerability is defined as the probable value of deficits, if they 
occur [22]. In other words, the vulnerability can be explained as a measure 
of the extent of the differences between the threshold value and the failure 
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events among hydrologic data series. Thus, vulnerability is a probabilistic 
measure, which is also known as expected values, maximum observed val-
ues, and probability of exceedance to vulnerability measures. Considering 
an expected value measure of vulnerability is to be used, vulnerability of the 
hydrologic time series can be expressed as follows [39]:

 V = difference x -x fy
T

t
i=1

n

FE( )∑ , for t = 1, 2, … n (3)

where, Vy = vulnerability of hydrologic time series; and difference
i

n

=
∑

1
 

(x -x )T
t  = sum of positive values of (xT – xt).

14.3.2.4 Sustainability Index

It is revealed from the literature review that sustainability index was origi-
nally developed by [35] in order to evaluate different water management 
policies by making quantitative measures of sustainability of water resources 
systems. The quantitative sustainability index facilitates comparison of the 
different water management policies. The sustainability index (SI) depends 
upon quantitative values of reliability, resilience and vulnerability, and is 
expressed by the following equation [35]:

 SI=R ×R × 1-Vy e y( )  (4)

Value of the SI range from 0 to 1, and it becomes zero if value of any of three 
performance parameters, i.e., reliability, resilience and vulnerability is zero.

14.4 APPLICATION OF SUSTAINABILITY CRITERIA IN 
HYDROLOGY

The sustainability criterion has rarely been applied to hydrologic studies as 
revealed from the extensive literature search. This clearly reflects that there 
is vast scope for applying the SI concept to several types of hydrologic time 
series. Definitely, the SI concept may emerge as effective tool to measure, 
evaluate and compare the sustainability of the hydrologic stations/sites with 
respect to different hydrologic variables.
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In this section, a case study is presented demonstrating a comprehensive 
methodology for the evaluation of performance of the hydrologic stations 
based on rainfall time series in an arid region of India. The study was con-
ducted in Kachchh district of Gujarat, India.

14.5 OVERVIEW OF STUDY AREA

Kachchh (study area), the second largest district of the country, is situated 
in Gujarat State and experiences hot and arid climate over the entire 100% 
occupied land [12, 21]. It encompasses an area of 45,612 km2 and is situated 
from 22o44’08” to 24o41’30” north latitudes and 68o07’23” to 71o46’45” east 
longitude. The study area comes under sensitive seismic zones of the coun-
try with very high vulnerability of occurring earthquakes; one of the major 
earthquakes occurred in January 2001. Rainfall in the study area is highly 
erratic and unpredictable in nature. Scarcity of surface water resources is 
a common phenomenon in the study area and groundwater resources are 
mostly unusable due to deeper availability and considerably high salinity 
levels mainly due to coastal location.

14.6 METHODOLOGY

Annual rainfall data for a period of 34 years (1980–2013) of ten rain-gage 
sites (i.e. Naliya, Anjar, Bhachau, Bhuj, Gandhidham, Dayapar, Mandvi, 
Mundra, Nakhatrana and Rapar) were collected from Revenue Department, 
Gandhinagar, Gujarat, India. At Gandhidham, the rain gage was installed in 
the year 1998, and therefore, the data were available afterwards.

In this study, the sustainability concept was applied to annual rainfall time 
series of ten sites. The SI based on the reliability-resilience-vulnerability 
concept was computed for the rainfall time series of ten sites and then it was 
compared to each other in order to find the most sustainable rainfall series 
with respect to mean threshold rainfall value over the space. The vulnerabil-
ity value of the rainfall time series was further divided by the mean threshold 
rainfall in order to make them range between 0 and 1. It is worth-mentioning 
that rainfall in a year was considered as success if the annual rainfall in that 
year exceeded the mean threshold rainfall value. On the other hand, a failure 
event indicated that the rainfall in a particular year did not exceed the mean 
threshold value.
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14.7 RESULTS AND DISCUSSION

Values of reliability (Ry), resilience (Re) and vulnerability (Vy) for rainfall 
time series of ten sites are shown in Figure 14.1. It is revealed from this 
figure that value of Ry for annual rainfall time series of two rain-gage sites, 
i.e., Mundra and Mandvi is 0.50, which is relatively high compared with 
to that of other sites. On the other hand, the value of Ry for annual rainfall 
series of Bhachau and Dayapar sites is the lowest (Ry≤0.35) among all sites. 
Whereas, the Ry may be considered as moderately low for the annual rainfall 
of five sites, i.e., Naliya, Anjar, Bhuj, Nakhatrana and Rapar.

It is seen from Figure 14.1 that the value of Re is the highest (0.47) for Naliya 
and Mundra sites, which indicates that the annual rainfall time series of these 
two sites is the most resilient for a period of 34 years. However, value of Re=0.32 
for Dayapar site renders it as the least resilient for the annual rainfall time series. 
The Re values for the annual rainfall of the other sites is moderately low.

Furthermore, it is apparent from Figure 14.1 that the value of Vy is the 
lowest for two rain-gage sites, i.e., Bhachau (Vy=0.36) and Rapar (Vy=0.37), 
which suggests that the annual rainfall of these two sites is less vulner-
able among others. On the contrary, the annual rainfall of two stations, 
i.e., Mandvi (Vy=0.59) and Bhuj (Vy= 0.541) is the most vulnerable among 
other sites. A peculiar observation of the sustainability approach is the least 
vulnerability for annual rainfall series of Bhachau site (Vy=0.36), which has 
the least reliability (Ry=0.32) and moderate resilience (Re=0.43). Likewise, 

FIGURE 14.1 Reliability, resilience and vulnerability of annual rainfall time series for 10 sites.
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the annual rainfall of Rapar rain-gage site is relatively less vulnerable 
(Vy=0.37) even with less reliability (Ry=0.38) and less resilience (Re=0.43) 
of the annual rainfall time series. The site having the most dependable and 
sustainable rainfall time series is Mundra (Ry=0.50; Re=0.47; Vy=0.49) fol-
lowed by Naliya (Ry=0.44; Re=0.47; Vy=0.46).

Moreover, two most sustainable rainfall time series as revealed from 
value of the SI are Mundra (SI=0.12) and Naliya (SI=0.112) (Figure 14.1). 
The sustainability of annual rainfall time series decreases in the order of:

Mundra>Naliya>Anjar>Rapar>Nakhatrana>Bhachau>Mandvi>Bhuj>
Dayapar.

The least three sustainable rain-gage sites are Mandvi, Bhuj and Dayapar, 
where conservation and management of rainwater should be among the top 
priorities for sustainable water resources management. Overall, it is under-
stood the annual rainfall of the area is little less reliable, less resilient and 
moderately vulnerable, and there is an urgent need to manage the rainwa-
ter adequately to meet the water demands on sustainable basis in case of 
droughts or failure of monsoon.

14.8 CONCLUSIONS

In this study, sustainability concept based on reliability, resilience and vulner-
ability approach is applied to evaluate the performance of rainfall time series 
in an arid region of India. Based on integrated values of three-performance 
indicator (i.e., Ry, Re and Vy), the results indicated that the most sustainable 
and dependable annual rainfall time series is for Mundra (Ry=0.50; Re=0.47; 
Vy=0.49) and Naliya (Ry=0.44; Re=0.47; Vy=0.46). These results were fur-
ther supported by the findings of the sustainability index (SI) whose values 
for annual rainfall series of Mundra (SI=0.12) and Naliya (SI=0.112) were 
observed to be the highest. Finally, the less reliable, less resilient and mod-
erately vulnerable annual rainfall of the study area suggested necessity for 
adopting suitable management options on sustainable basis for conserving 
the rainwater to meet escalating water demands during drought years.

14.9 SUMMARY

Climate change has emerged as the single most-pressing problems globally. 
Analysis of spatial and temporal patterns of rainfall is important for detecting 
climate change or variability especially in arid and semi-arid regions where 
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the abrupt changes in the rainfall are more likely to occur. In general, the 
spatio-temporal variability of a rainfall time series is determined by employ-
ing time series modeling techniques for detecting presence/absence of trends, 
testing normality, examining persistence, identifying change points, comput-
ing drought indices, etc. by employing statistical analysis/techniques. Thus, 
time series modeling offers a comprehensive tool to investigate rainfall vari-
ability by detecting all important characteristics of a time series. It is revealed 
from the extensive literature search that time series modeling has been widely 
used to explore variability of rainfall characteristics in humid and/or semi-
arid regions. However, very few attempts have been made to analyze rainfall 
of arid regions of the world, which may be likely due to relatively less occur-
rences and low magnitudes of rainfall events in arid regions.

The concept of sustainability was originally developed for evaluating 
performance of the water resources systems to policy changes. Thereafter, 
many performance criteria and indices to measure sustainability of the sys-
tems have been reported in the literature. Among those criteria and indices, 
sustainability index comprised of three performance indicators of reliability, 
resilience and vulnerability has been widely used and discussed in the past 
studies. It is learnt from the literature that the sustainability index has rarely 
been used for evaluating performance of the hydrologic time series.

This chapter aims at highlighting role of time series modeling in identifying 
vital characteristics of the hydrologic time series. Firstly, fundamental charac-
teristics of both time series analysis and sustainability criteria are defined and/
or described. Then, the chapter summarizes theoretical procedures for applying 
sustainability concept by explaining its historical development and recent appli-
cations in hydrology and water resources engineering. Thereafter, a case study 
is presented demonstrating a comprehensive methodology for analyzing the 
rainfall time series in an arid region of western India. This study introduces the 
sustainability approach, for the first time, to analyze a hydrologic time series, 
and demonstrates its novel applicability to rainfall time series of arid region.
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15.1 INTRODUCTION

Thailand’s major economy relies on agriculture and it is expected to be seri-
ously affected by the adverse impacts of climate change due to the high 
sensitivity of agriculture on climatic variables including water resources [3]. 
Studies indicate that among Southeast Asia, Thailand has the highest per 
capita water use and 94% to total water use is accounted for agricultural 
sector [2]. The vulnerability of freshwater resources attributed to climate 
change is undoubtedly negligible in the region, since the development of the 
region depends on water resources [13]. Moreover, the observed changes in 
water regime driven by climatic factors have not only affected agriculture 
[3, 4] but also the energy production in past decades [7].

Although not many researches focusing on climate change have been 
conducted in Chi River basin of Thailand, yet the existing findings illus-
trate the presence of ambiguous and increasing trends in precipitation and 
temperature respectively [1]. An increase of 1.2 to 1.9°C in temperature 
is projected by 2050s relative to historical period under climate change in 
Thailand [8]. Further studies on climate change has illustrated that the shifts 
in precipitation pattern are not coherent and therefore it has its implications 
on regional scale [12, 18, 19]. The observed and projected changes in the 
climatic variables will have significant influence on the stream flow and 
watershed hydrology [20]. The alteration of the rainfall pattern will certainly 
influence in the seasonal reservoir inflows and therefore shift in the reser-
voir operations are necessary. Although on a global scale majority of studies 
have mainly focused on the downstream beneficial interests in large river 
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systems, yet merely a handful of studies have focused on the climate change 
implications on the reservoir inflows [10, 14].

General Circulation Models (GCMs) are tools, which provide the 
future climatic data for a given greenhouse emission scenario. However, 
due to the coarse spatial resolution, it is not suitable to apply the outputs at 
basin scale or sub-grid level hydrological assessment studies. Statistical or 
dynamic downscaling [regional climate models (RCMs)] methods are gen-
erally applied for refining the climatic data for catchment modeling. Even 
though some studies have applied RCM data directly in impact assessment 
studies, yet globally in many basins output of 20–50 km resolution are not 
sufficient to represent the true climate of the regions at station level and 
hence further downscaling or bias correction are suggested [16, 22].

In order to complement these problems, the present study was conducted 
to forecast the future reservoir inflows using bias corrected future climate 
data and hydrological model for IPCC special report on emission scenarios 
(SRES) A2 and B2 for Ubolratana dam located in Chi river basin, Northeast 
Thailand. The main objectives are to investigate: (1) The future climate 
change in the upstream of the Ubolratana reservoir and (2) Response of the 
climate change on the reservoir inflows for future periods.

15.2 STUDY AREA

The Chi River Basin is located in the north-east of Thailand extending from 
15°30’–17°30’ N latitude and 101°30’-104°30’ E longitude and covers an 
area of 49,477 km2 in twelve provinces extending about 360 km from the 
east to west and 210 km from the north to south. Figure 15.1 shows the loca-
tion of the study area in the basin. The climate is moderately tropical with 
average annual temperature ranging from 26.6–27.8oC. Further, the region 
is dominated by two monsoon seasons namely the southwest which influ-
ences from mid-May to mid-October with heavy showers and the northeast 
monsoon extending from mid-November to mid-February which accumu-
lates 1700 mm of average annual rainfall. South China Sea contributes to 
the tropical cyclone in the region from August to September. Long-term 
observations suggest the average annual runoff of the Chi river basin is 
11,244 MCM which is composed of 9638 MCM for wet and 1606 MCM for 
dry season [15].
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15.2.1 CHARACTERISTICS OF UBOLRATANA DAM

The Ubolratana is a multipurpose dam with a catchment area of 12,000 km2 

for development of electricity, irrigation, flood control, transportation, fish-
eries and tourism. The dam is located on the Nam Pong River at Kok Soong 
Sub-district, Ubolratana District of Khonkaen province. The study area is 
consisted of an earth core rock-fill dam and was constructed in 1984 with 
a height of 32 m, crest length of 885 m, crest width of 6 m. Normal Flood 
Level is 182.00 m (MSL) with a maximum storage capacity of 2,559 MCM. 
The total catchment area is 12,000 km2.

15.2.2 FLOOD PROBLEMS IN UBOLRATANA RESERVOIR

Historical data suggests that the average inflow in the reservoir is 
2,481 MCM which is equivalent to the capacity of the reservoir and there-
fore during the extreme rainfall years the water resource management is 
a big issue in the reservoir. Figure 15.2 illustrates the annual inflow from 
1970 to 2008 in the dam. It can be observed that the inflow was twice the 

FIGURE 15.1 The location of the study area showing the upstream and downstream of the 
Ubolratana dam.
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capacity in 1978 and 1980 and therefore due to the safety concerns spill-
ways had to operate far beyond the designed discharge which led to flash 
flood in downstream.

15.2.3 DATA COLLECTION

Two sets of meteorological data (rainfall and temperature) in the Pong river 
sub-basin were collected for 81 stations lying within and adjacent to the 
basin according to data availability and frequency. In addition, stream flow 
data from 26 stations were extracted for the upstream and downstream of the 
reservoir. The meteorological data was obtained from Thai Meteorological 
Department (TMD), whereas the stream flow data was retrieved from Royal 
Irrigation Department (RID).

The future climate data were retrieved from the RCM Providing Regional 
Climates for Impact Studies (PRECIS), which is developed by Hadley Center 
at UK Met Office (http://cc.start.or.th/). The model has a spatial resolution of 
20 km and derives its boundary conditions from the GCM – ECHAM4. A com-
parative study of the suitability of several GCMs in Ping river basin (an adjacent 
basin) suggests that ECHAM4 is the best suitable model in the basin in order to 
represent the precipitation and temperature for the historical climate [17].

15.3 METHODOLOGY

The Figure 15.3 illustrates the methodological flowchart used in this study. 
First of all the bias correction of the PRECIS dataset for A2 and B2 scenarios 

FIGURE 15.2 Record of annual inflow from 1970 – 2008 to Ubolratana dam.
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were done at all respective stations contributing to the basin which was 
followed by set-up of the MIKE 11 rainfall-runoff model (NAM) for the 
upstream of reservoir. Further, the calibrated and validated hydrological 
model was used for projection of future reservoir inflows under the consid-
ered climate scenarios. Additionally resilience, reliability and vulnerability 
(RRV) analysis was also conducted for the future inflow.

15.3.1 EXTRACTION OF CLIMATE PROJECTION DATA

Although there were 81 stations considered in the study, however, based 
on continuity of available dataset 39 rain gauge stations were selected to 

FIGURE 15.3 Schematic representation of the methodology used in assessing the reservoir 
inflow.
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create the Thiessen interpolation. The selection scheme of rain gauge was 
done based on the distance of each station, the completion and reliability of 
rainfall data. Existing gaps in the rain gauge station data were interpolated 
by using square inverse distance interpolation method from nearby stations, 
which had equivalent rainfall. Moreover, RCM provides the rainfall data in 
the form of grids (20 × 20 km) at its center. Data from 42 grids were retrieved 
which were covering all the upstream and downstream rain gauge stations. 
In order to get better estimation of the rainfall from the RCM data, weights 
were determined for each station based on the fraction of the Thiessen poly-
gon area lying on each RCM grid.

15.3.2 BIAS CORRECTION

Due to the spatial dependence of the biases in temperature and precipitation, 
performing bias correction is necessary for each station. The biases from the 
temperature were removed by power law transformation theorem where the 
data is normally distributed. It uses the scaling and shifting of the mean and 
variance of the dataset [11, 21]. Further the bias correction for precipitation 
was also done by non-linear method of multi-day window for correction of 
coefficient of variation (CV). The baseline period considered for correcting 
the future period dataset was 1976–2005. Future climate projections were 
done for three time windows 2010–2039 (2020s), 2040–2069 (2050s) and 
2070–2099 (2080s).

For correcting rainfall, although the block length for bias correction as 
recommended by is 5 days [12], yet if the block lengths are chosen too small, 
there are high chances of correcting the natural variability rather than cor-
recting the systematic model error. Based on this recommendation, in the 
present study a sensitivity analysis for different block lengths 15, 25, 35, 
45 and 65 days was done to represent the best performance of statistic for 
bias correction. Moreover, the performance of the multi-day analysis was 
assessed by calculating Root Mean Square Error (RMSE) and Efficiency 
Index (EI) at monthly scale.

15.3.3 HYDROLOGICAL MODEL

One-dimensional hydrodynamic model MIKE-11 was applied to simu-
late the flow and the water level of the river. The computational core of 
MIKE 11 is hydrodynamic simulation engine and complements a wide range 
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of additional modules and extensions. The general rainfall-runoff modules 
integrated in this model are the Nedbør –Afstrømnings -Model (NAM), 
the unit hydrograph method (UHM), conceptual continuous hydrological 
model, a monthly soil moisture accounting model, runoff methods tailored 
to urban environments (URBAN) and semi-distributed rainfall-runoff-
geomorphological approach (DRiFt). For this study, NAM approach was 
used due to its suitability for large river basins with numerous catchments 
with complex networks of rivers [5].

The MIKE 11-NAM model represents the various components of the 
rainfall–runoff process by continuously accounting for the water content 
in four different and mutually interrelated storages namely snow, surface, 
lower zone and groundwater storage where the each storage represents dif-
ferent physical elements of the catchment (Figure 15.4). The basic input 
requirements for the NAM model are model parameters, initial conditions, 
meteorological data and stream flow data. In the present application, the nine 
most important parameters of the NAM model are determined by calibration.

FIGURE 15.4 NAM model structure.
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Split-sample testing scheme was used for validation of the model, which 
suggests calibration of a model based on 3–5 years of data and validation for 
another period of similar length [9]. Calibration period from 2003 to 2007 
was chosen to represent the recent climate, whereas validation period was 
selected from 1998 to 2002. The selection of the calibration and validation 
periods considered all the low and extreme flows and therefore better model 
set up was expected. The future inflow projections were done for the bias 
corrected three time windows: 2020s, 2050s and 2080s. The changes in the 
future inflows were analyzed based on the average monthly flows and daily 
flow duration curves.

In addition to the projection of the change in inflows under climate 
change, reliability (CR), resilience (CRS) and vulnerability (CV) (RRV) analy-
sis was also done in order to evaluate the performance of the inflows. RRV 
criteria were evaluated under future climate conditions for both A2 and 
B2 emission scenarios. First a criterion, C is defined for the normal range 
of inflow, where an unsatisfactory condition occurs when inflow is out of 
normal range. The normal range of inflow was between 20th percentile and 
80th percentile of historical inflow data (1970–2008) [6]. If the inflow is in 
normal range, we can conclude it to be in a satisfactory (S) state, otherwise 
in an unsatisfactory (U) state (Eq. 1):

 Zt=
1, if X S
0, if X U

t

t

∈
∈





 (1)

where: Zt is a generic indicator of satisfactory or unsatisfactory. Another 
indicator, Wt, which represents a transition from S to U states, is defined in 
Eq. 2:

 wt=
1, if X U and X S
0, otherwise

t t+1∈ ∈



 (2)

Furthermore, if the periods of Xt is in unsatisfactory state then based on 
J1,…, JN where N is the number of U periods. Then reliability, resilience and 
vulnerability indices during the total time period (T) were calculated using 
Eqs. (3)–(5), respectively.
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Vulnerability time

  C J J Jv N= …max{ , , . }1 2  (5)

15.4 RESULTS AND DISCUSSION

15.4.1 PERFORMANCE OF BIAS CORRECTION FOR RCM DATA

The RCM outputs forced by ECHAM5 were bias corrected by applying the 
power law transformation for rainfall data and the linear approach for tem-
perature data. The observed data for the 30-year period of 1976–2005 were 
used as a baseline in this study due to available climate data.

The comparison of the observed and raw RCM data along with multi-
day analysis for the baseline period and two grids of RCM from the study 
area are shown in Figures 15.5(a) and 15.(b). From visual observation, all 
multi-day blocks considered followed similar patterns of monthly rainfall 
for the grid ID 1681024 except the raw data which is observed to deviate 
widely relative to the observed values. Further, for grid ID 1661016, a sig-
nificant deviation in rainfall was observed for May to August where the raw 
RCM data overestimates the rainfall significantly. However, the multi-day 
data analysis estimates suggested that larger blocks lead to greater variation 
especially in the months with higher rainfall. Moreover, low day blocks (15 
and 25 days) visually performed well in line with the observed values.
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Performance indicators (RMSE and EI) were calculated for the grids, 
and these suggest that 25 days block is the most suitable since it represents 
the least RMSE and highest EI relative to the other blocks (Table 15.1). 
As expected, lowest performance is observed for the raw data with highest 
RMSE of 75.68 and 106.14 mm and poorest EI of -45.3 and -23.17 for two 
grids. In addition, a relative low performance is also observed for the lowest 
block (15 days) compared to 25 days block. The correction of the natural 
climatic variability due to small block size may the attributing factor for the 
observed low performance. On contrary, 5 day blocks were considered for 
maximum and minimum temperature. The comparisons of the bias corrected 
results suggest good capability of the representativeness of the observed 
temperature at all stations considered.

15.4.2 PROJECTION OF RAINFALL

Projected rainfall under climate change for both scenarios indicates higher 
intensity of rainfall for all time windows relative to the historical climate 
(Figure 15.6). Moreover, it is also evident, for the past climate observed 
average annual rainfall is 1900 mm. However, by 2080s average annual 
rainfall is expected to rise to 3000 mm for both scenarios. Furthermore, a 
shift in the probability of being less precipitation is observed which is high-
est for A2 scenario relative to B2 that increases higher risks of floods. In 
addition from the annual rainfall analysis, it is clear that under both sce-
narios, the magnitude of the mean, median and the quintiles of rainfall are 
expected to rise in the future from 1200 to 1600 mm in the last part of the 
century for A2 scenario and 1650 mm as per the projection for B2 scenario 

FIGURE 15.5 Comparison of multi-day blocks for two RCM grids (a) Id 1681024 and  
(b) Id 1661016 at the study site.
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TABLE 15.1 Performance Statistics of Multi-day Analysis for Two Selected Grids at the 
Study Site for the Observed Climate

Performance indices Block lengths Grid ID 1681024 GridID 1661016

RMSE (mm) Raw 75.68 106.14
65 days 69.31 72.17
45 days 71.57 64.13
35 days 55.13 40.32
25 days 36.14 37.66
15 days 40.16 37.98

EI Raw –45.30 –23.17
65 days –1.29 –8.92
45 days –0.64 –6.67
35 days –0.17 0.16
25 days 0.62 0.73
15 days 0.16 0.55

FIGURE 15.6 Cumulative distribution function of projected annual rainfall for each time 
windows considered under A2 and B2 scenario at upstream of Ubolratana dam.

(Figures 15.7a and 15.7b). However, the median values of annual rainfall are 
1550 and 1400 mm, respectively for the corresponding scenarios.
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15.4.3 PROJECTION OF TEMPERATURE

Bias correction for maximum and minimum temperature suggests an increase 
in magnitude in future (Figures 15.8a and 15.8b). The highest increase is 
observed in case of the late century for both scenarios with A2 responds to 
be severe. Analysis on the change of the maximum and minimum tempera-
ture reveals both follows similar trend of shift (Figures 15.9a and 15.9b). 
The minimum change is observed in case of May whereas, maximum is 
predominant in July for all the scenarios and time widows considered. 
Interestingly a significant decline the change is observed for the November 
and December relative to other months although the magnitude of change 
is higher relative to May. Nevertheless, it can be summarized that the maxi-
mum and minimum temperatures for the basin is expected to increase for all 
the time periods and scenarios in the future with maximum shift in the A2 
scenario and July.

15.4.4 RUNOFF MODELING

15.4.4.1 Model Setup

The hydrological model NAM was calibrated at daily time step with the 
fine tuning of the parameters as presented in Table 15.2. The model was 
calibrated by iterating the simulation by changing values of one parameter 
within the range provided in Table 15.2 and keeping other parameter val-
ues constant. Comparison of the simulated and observed discharge in terms 
of various model evaluation indexes validates the model can simulate the 

FIGURE 15.7 Projected annual rainfall for each period under SRES (a) A2 and (b) B2 at 
upstream and downstream area of the Ubolratana dam.
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FIGURE 15.8 Projected mean monthly (a) maximum and (b) minimum temperature under 
A2 and B2 scenarios for future time windows at the study site.

FIGURE 15.9 Projected changes in the mean monthly (a) maximum and (b) minimum 
temperatures for A2 and B2 scenarios for future time periods in study site.

TABLE 15.2 NAM Model Parameters Calibrated for the Basin

Parameter Description Lower 
limit

Upper 
limit

Calibrated 
value

Umax(mm) Maximum water content in the 
surface storage. This storage can be 
interpreted as including the water 
content in the interception storage, in 
surface depression storages, and in the 
uppermost few cm’s of the soil

0 35 20

Lmax (mm) Maximum water content in the lower 
zone storage. Lmax can be interpreted as 
the maximum soil water content in the 
root zone available for the vegetative 
transpiration

50 350 300

CQOF (–) Overland flow runoff coefficient. 
CQOF determines the distribution of 
excess rainfall into overland flow and 
infiltration

0 1 0.297
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runoff in good agreement with the observed values in the basin (Table 15.3). 
Although, higher volumetric error (–11.304 %) is observed in case of vali-
dation which is probably due to the inability of the model to capture the 
extreme high flow observed in case of 2002. Also, higher Efficiency Index 
(EI) and Coefficient of Determination (R2) is observed for both calibration 
and validation reflecting the applicability of the model in the study site.

15.4.4.2 Future Runoff Projection

The comparison of the mean monthly inflow to the reservoir for the histori-
cal period and the future suggests an increase in the magnitude of the inflow 

Parameter Description Lower 
limit

Upper 
limit

Calibrated 
value

TOF (–) Threshold value for overland flow. 
Overland flow is only generated if the 
relative moisture content in the lower 
zone storage is larger than TOF

0 0.9 0.0000327

TIF (–) Threshold value for interflow. 
Interflow is only generated if the 
relative moisture content in the lower 
zone storage is larger than TIF

0 0.9 0.86

TG (–) Threshold value for recharge. 
Recharge to the groundwater storage is 
only generated if the relative moisture 
content in the lower zone storage is 
larger than TG

0 0.9 0.87

CKIF (h) Time constant for interflow from the 
surface storage. It is the dominant 
routing parameter of the interflow 
because CKIF>> CK1,2

500 1000 560.3

CK1,2 (h) Time constant for overland flow and 
interflow routing. Overland flow and 
interflow are routed through two linear 
reservoirs in series with the same time 
constant CK1,2

3 72 50

CKBF (h) Baseflow time constant. Baseflow 
from the groundwater storage is 
generated using a linear reservoir 
model with time constant CKBF

500 5000 3999

TABLE 15.2 Continued
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for future under both scenarios considered (Figure 15.10). In addition, an 
insignificant shift in the peak is also noticeable for all the future time win-
dows relative to the historical period. Surprisingly, in case of A2 scenario for 
2020s, double peak is observed the first in February and second in August. 
The maximum peak flow (18,000 m3/s) can be observed for 2080s under A2 
scenario whereas a relative lower magnitude of peak flow (13,700 m3/s) is 
observed for the corresponding time period for B2 scenario. Furthermore, a 
significant increase in the peak flow is also observed for the 2050s time win-
dow under both scenarios. The expected increase in the flow under future 
climate indicates higher intensity of flood under future climate.

The flow duration curve generated based on the simulation results 
suggests the percentage of time that inflow to the dam is likely to equal 
or exceed some specified value of interest. The shape of a flow-duration 
curve in its upper and lower regions is particularly significant in evaluating 
the flow characteristics. The projected inflows show a very steep curve in 
the high-flow region, which is expected for rain-caused floods on this basin 
(Figure 15.11). In the low-flow region, the beginning of 21st century exhibit 
high percentage of no flow which is relatively higher than the historical time 
period, until the mid of the century where there are more low flows in each 
step. In addition, an inclined curve indicates that moderate flows are not 
sustained throughout the year due to natural inflow regulation, or because 
a small groundwater capacity cannot sustains the base flow to the stream.

15.4.4.3 RRV Analysis for Future Climate

Annual inflow data of Ubolratana dam from 1970 to 2008 is used as the level 
of water for baseline period. Low annual inflow or less than 20th percentile 
of this period is assumed to cause drought whereas high inflow or more than 
80th percentile may cause flood. Flow between 20th and 80th percentiles are 

TABLE 15.3 Evaluation of Model Performance for Calibration and Validation

Evaluation indexes Calibration (2003–2007) Validation (1998–2002)

Volume error (%) –0.007 –11.304
Mean = |Qsim-Qobs|/Qobs 2.00 1.31
R2 0.811 0.826
EI 0.809 0.807
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assumed to be the appropriate inflow for which the dam operators safely. 
Table 15.4 illustrates the RRV analysis results obtained from the study based 
on the projected future runoff. Evidently number of low annual inflow (Q20) 
is expected to decrease in the future. However, the number of high annual 
inflow (Q80) is projected to increase under both the emission scenarios.

Surprisingly, although for certain years in the future is projected 
to have high intense rainfall, yet low annual inflows are observed in the 

FIGURE 15.10 Inflow to Ubolratana dam for different time windows under future climate.

FIGURE 15.11 Flow duration curve of daily inflow to Ubolratana dam.
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TABLE 15.4 Results Obtained by RRV Analysis for the Inflow to Ubolratana Dam

RRV analysis Observed SRES A2 SRES B2

1976–2005 2010–2039 2040–2069 2070–2099 2010–2039 2040–2069 2070–2099

Q20 (years) 7 9 1 0 6 5 3

Q80 (years) 7 8 18 26 14 18 17

Reliability, CR 0.533 0.433 0.367 0.133 0.333 0.233 0.333

Resiliency, CRE 0.643 0.529 0.368 0.115 0.300 0.174 0.350
Vulnerability time, CV 
(years)

3 3 7 11 6 12 8
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corresponding year. This is probably due to higher rate of evapotranspiration 
attributing to the high temperature and the contribution of more percolation 
in the aquifers. In addition our analysis show higher and lower rainfall in the 
future will decrease resilience and reliability however increases the vulnera-
bility for both A2 and B2 scenarios. The analysis also shows that 2050s time 
period for B2 scenario is the most vulnerable contributing to vulnerability 
for 12 years. However, for A2 scenario, 2080s time window is more vulner-
able relative to other time periods. Nonetheless, the future is ascertained to 
be more severe and the reservoir operation rule is necessary to be reviewed 
for future climate.

15.5 CONCLUSIONS

The present study analyzes the future inflow and the Resilience, Reliability, 
Vulnerability (RRV) analysis of the flow to Ubolratana dam in Thailand 
under future climate for 2020s, 2050s and 2080s under A2 and B2 climate 
scenarios. Climate data were collected from 39 meteorological stations and 
stream flow data from 26 gauging stations in the upstream of the dam. Bias 
correction of the climate data was done for 42 grids from upstream and 
downstream of the dam for the RCM PRECIS. Power law transformation 
was applied to correct the maximum and minimum temperatures whereas; 
non-liner method of multi-day window for correction of coefficient of varia-
tion was used to correct the precipitation. Further the bias corrected tem-
perature and precipitation was used as input for the hydrological model 
MIKE-11 NAM to simulate the future inflow. An additional RRV analysis 
of the simulated inflow is also done to analyze the vulnerability of the dam 
under future climate.

The results suggest an increase in the precipitation for both scenarios 
under future climate and all time windows considered. A significant increase 
of 36, 35 and 42% in average annual rainfall is expected for 2020s, 2050s 
and 2080s under A2 scenario whereas, 25, 19 and 40% for B2 scenarios 
for the corresponding time periods. Similarly, climate change is expected to 
induce higher temperature for the future climate with a magnitude of 0.50, 
1.36 and 2.46°C for 2020s, 2050s and 2080s under A2 scenario for mean 
maximum temperature and 0.51, 1.13 and 1.85°C for the corresponding 
time windows under B2 scenario. Likewise mean annual minimum tem-
perature is expected to increase by 0.61, 1.71 and 3.13°C for 2020s, 2050s 
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and 2080s respectively under A2 scenario and 0.60, 0.43 and 2.30°C for B2 
scenario for corresponding time periods relative to the baseline period of 
1976–2005. The simulated runoff changes are driven by combined effects of 
rainfall changes and their seasonality. Simulated inflows shows increase for 
all period and both emission scenarios, with the greatest change occurring 
in period 2080s for A2 emission scenarios. Most of extreme changes are in 
low and moderate flow quantile ranges. Compared to the historical period, 
the number of high annual inflow will increase while the number of low 
annual inflow will decrease. The RRV criteria show that with the increasing 
rainfall in future will contribute to lower resilience and reliability whereas 
higher vulnerability. The results of this study show an increase in the vol-
ume of inflow for all the projected period which will affect the storage of 
dam. Therefore, the appropriate planning and management should be ready 
to counteract this problem for the future.

15.6 SUMMARY

This study analyzes the future climate implications on the reservoir inflows 
for Ubolratana dam, Thailand. The future climate data of precipitation, max-
imum and minimum temperature was derived from regional climate model 
RCM Providing Regional Climates for Impact Studies (PRECIS) for A2 and 
B2 climate scenarios. Bias correction was performed on the climate data for 
finer spatial resolution. Future inflow was estimated by the simulation of the 
future flow by hydrological model MIKE 11 NAM module. The results sug-
gest elevated maximum and minimum temperatures relative to the baseline 
period. Similarly, higher intense rainfall is also expected in the future for 
both scenarios considered. Hydrological model simulation results for future 
climate suggests higher inflows in the future for both scenarios however 
less intense in case of B2 scenario. Resilience, reliability and vulnerability 
(RRV) analysis show that with the increasing rainfall in future will contrib-
ute to lower resilience and reliability whereas higher vulnerability.
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APPENDICES

(Modified and reprinted with permission from: Goyal, Megh R., 2012. 
Appendices. Pages 317–332. In: Management of Drip/Trickle or Micro Irrigation 
edited by Megh R. Goyal. New Jersey, USA: Apple Academics Press)

APPENDIX A CONVERSION SI AND NON-SI UNITS

To convert the Column 1 Column 2 To convert the Column
Column 1 in the Unit Unit 2 in the Column 1
Column 2, SI Non-SI Multiply by
Multiply by  

LINEAR

0.621   kilometer, km (103m) miles, mi    1.609
1.094   meter, m yard, yd    0.914
3.28   meter, m feet, ft    0.304
3.94 × 10–2   millimeter, mm (10–3) inch, in    25.4

SQUARES

2.47   hectare, he acre    0.405
2.47   square kilometer, km2 acre    4.05 × 10–3

0.386   square kilometer, km2 square mile, mi2    2.590
2.47 × 10–4   square meter, m2 acre    4.05 × 10–3

10.76   square meter, m2 square feet, ft2    9.29 × 10–2

1.55 × 10–3   mm2 square inch, in2    645

CUBICS

9.73 × 10–3   cubic meter, m3 inch-acre    102.8
35.3   cubic meter, m3 cubic-feet, ft3    2.83 × 10–2
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6.10 × 104   cubic meter, m3 cubic inch, in3    1.64 × 10–5

2.84 × 10–2   liter, L (10–3 m3) bushel, bu    35.24
1.057   liter, L liquid quarts, qt    0.946
3.53 × 10–2   liter, L cubic feet, ft3    28.3
0.265   liter, L gallon    3.78
33.78   liter, L fluid ounce, oz    2.96 × 10–2

2.11   liter, L fluid dot, dt    0.473

WEIGHT

2.20 × 10–3   gram, g (10–3 kg) pound,    454
3.52 × 10–2   gram, g (10–3 kg) ounce, oz    28.4
2.205   kilogram, kg pound, lb    0.454
10–2   kilogram, kg quintal (metric), q    100
1.10 × 10–3   kilogram, kg ton (2000 lbs), ton   907
1.102   mega gram, mg ton (US), ton    0.907
1.102   metric ton, t ton (US), ton    0.907

YIELD AND RATE

0.893   kilogram per hectare pound per acre    1.12
  hectare
7.77 × 10–2   kilogram per cubic pound per fanega    12.87
  meter
1.49 × 10–2   kilogram per pound per acre,     67.19
  hectare 60 lb
1.59 × 10–2   kilogram per pound per acre,    62.71
  hectare 56 lb
1.86 × 10–2   kilogram per pound per acre,    53.75
  hectare 48 lb
0.107   liter per hectare galloon per acre    9.35
893   ton per hectare pound per acre    1.12 × 10–3

893   mega gram per pound per acre    1.12 × 10–3

   hectare
0.446   ton per hectare ton (2000 lb) per    2.24
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  acre
2.24   meter per second mile per hour    0.447

SPECIFIC SURFACE

10   square meter per square centimeter    0.1
  kilogram per gram
103   square meter per square millimeter    10–3

   kilogram per gram

PRESSURE

9.90   megapascal, MPa atmosphere    0.101
10   megapascal bar     0.1
1.0   megagram per gram per cubic    1.00
  cubic meter cubic centimeter 
2.09 × 10–2   pascal, Pa pound per square    47.9
  feet
1.45 × 10–4   pascal, Pa pound per square    6.90 × 103

  inch

TEMPERATURE

1.00         Kelvin, K centigrade, °C    1.00
(K-273)      (C+273)
(1.8 C   centigrade, °C Fahrenheit,°F    (F-32)/1.8
+ 32)

ENERGY

9.52 × 10–4   Joule J BTU    1.05 × 103

0.239   Joule, J calories, cal    4.19
0.735   Joule, J feet-pound    1.36
2.387 × 105   Joule per square calories per square   4.19 × 104

  meter centimeter
105   Newton, N dynes    10–5
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WATER REQUIREMENTS

9.73 × 10–3   cubic meter inch acre    102.8
9.81 × 10–3   cubic meter per cubic feet per    101.9
  hour second
4.40   cubic meter per galloon (US) per    0.227
  hour minute
8.11   hectare-meter acre-feet    0.123
97.28   hectare-meter acre-inch    1.03 × 10–2

8.1 × 10–2   hectare centimeter acre-feet    12.33

CONCENTRATION

1   centimol per milliequivalents    1
  kilogram per 100 grams
0.1   gram per kilogram percents    10
1   milligram per parts per million    1
  kilogram

NUTRIENTS FOR PLANTS

2.29   P P2O5    0.437
1.20   K K2O    0.830
1.39   Ca CaO    0.715
1.66   Mg MgO    0.602

NUTRIENT EQUIVALENTS

Column A Column B Conversion Equivalent

A to B B to A

N NH3 1.216 0.822

 NO3 4.429 0.226

 KNO3 7.221 0.1385

 Ca(NO3)2 5.861 0.171
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Column A Column B Conversion Equivalent

A to B B to A

 NH4NO3 5.718 0.175

 NH4NO3 5.718 0.175

N NH3 1.216 0.822

 NO3 4.429 0.226

 KNO3 7.221 0.1385

 Ca(NO3)2 5.861 0.171

 (NH4)2SO4 4.721 0.212

 NH4NO3 5.718 0.175

 (NH4)2 HPO4 4.718 0.212

P P2O5 2.292 0.436

 PO4 3.066 0.326

 KH2PO4 4.394 0.228

 (NH4)2 HPO4 4.255 0.235

 H3PO4 3.164 0.316

K K2O 1.205 0.83

 KNO3 2.586 0.387

 KH2PO4 3.481 0.287

 Kcl 1.907 0.524

 K2SO4 2.229 0.449

Ca CaO 1.399 0.715

 Ca(NO3)2 4.094 0.244

 CaCl2 × 6H2O 5.467 0.183

 CaSO4 × 2H2O 4.296 0.233

Mg MgO 1.658 0.603

 MgSO4 × 7H2O 1.014 0.0986

S H2SO4 3.059 0.327

 (NH4)2 SO4 4.124 0.2425

 K2SO4 5.437 0.184

 MgSO4 × 7H2O 7.689 0.13

 CaSO4 × 2H2O 5.371 0.186
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APPENDIX B PIPE AND CONDUIT FLOW

Friction loss (m per 100 m length of main line) of portable aluminum 
pipe with couplings: Based on Scobey’s formula, for KS = 10 m.

Flow Pipe diameter, cm

Liters/s GPM 7.5 10 12.5 15 17.5 20 25

2.52 40 0.658 0.157 — — — — —
3.15 50 1.006 0.239 — — — — —



Appendices 531

Flow Pipe diameter, cm

Liters/s GPM 7.5 10 12.5 15 17.5 20 25

3.79 60 1.423 0.339 — — — — —
4.42 70 1.906 0.449 0.150 — — — —
5.05 80 2.457 0.584 0.193 — — — —
5.68 90 3.073 0.731 0.242 — — — —
6.31 100 3.754 0.893 0.295 0.120 — — —
7.57 120 5.307 1.263 0.413 0.170 — — —
8.83 140 7.113 1.693 0.560 0.227 — — —
10.10 160 9.169 2.182 0.721 0.293 — — —
11.36 180 11.47 2.729 0.967 0.366 — — —
12.62 200 14.01 3.333 1.102 0.448 0.209 — —
13.88 220 16.79 3.996 1.321 0.537 0.251 — —
15.14 240 19.81 4.713 1.558 0.633 0.296 — —
16.41 260 23.06 5.448 1.814 0.737 0.344 — —
17.67 280 26.55 6.316 2.089 0.849 0.397 — —
18.93 300 30.27 7.203 2.381 0.967 0.452 0.235 —
20.19 320 34.22 8.142 2.692 1.094 0.511 0.265 —
21.45 340 38.39 9.137 3.020 1.227 0.573 0.298 —
22.72 360 42.80 10.18 3.366 1.368 0.639 0.332 —
23.98 380 47.43 11.29 3.731 1.516 0.708 0.368 —
25.24 400 52.28 12.44 4.113 1.671 0.781 0.399 0.136
26.50 420 — 13.95 4.513 1.833 0.857 0.445 0.149
27.76 440 — 14.57 4.930 1.988 0.936 0.486 0.163
29.03 460 — 16.23 5.364 2.179 1.019 0.529 0.177
30.29 480 — 17.59 5.815 2.363 1.104 0.573 0.192
31.55 500 — 19.01 6.284 2.554 1.193 0.620 0.208
34.70 550 — 22.79 7.532 3.060 1.430 0.742 0.249
37.86 600 — 26.88 9.886 3.611 1.687 0.876 0.294
41.01 650 — 31.30 10.35 4.204 1.965 1.020 0.342
44.17 700 — 36.03 11.91 4.839 2.262 1.174 0.394
47.32 750 — 41.08 13.58 5.517 2.520 1.339 0.449
50.48 800 — — 15.35 6.237 2.915 1.513 0.507
53.60 850 — — 17.32 6.999 3.71 1.698 0.569
56.79 900 — — 19.20 7.801 3.646 1.893 0.635
59.94 950 — — 21.28 8.645 4.041 2.097 0.703
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Flow Pipe diameter, cm

Liters/s GPM 7.5 10 12.5 15 17.5 20 25

63.10 1000 — — 23.45 9.530 4.454 2.312 0.775
69.49 1100 — — 28.11 11.42 5.338 2.771 0.929
75.72 1200 — — 31.75 13.58 6.298 3.269 1.096
82.03 1300 — — — 15.69 7.333 3.806 1.277
88.34 1400 — — — 18.06 8.441 4.382 1.470
94.65 1500 — — — 20.59 9.624 4.996 1.675
101.0 1600 — — — 23.28 10.88 5.648 1.894
107.3 1700 — — — 26.12 21.21 6.337 2.125
14.0 1800 — — — — 13.61 7.064 2.369
120.0 1900 — — — — 15.08 7.829 2.625
126.0 2000 — — — — 16.62 8.630 2.894

Friction loss (m per 100 m length of lateral lines) of portable aluminum 
pipe with couplings: Based on Scobey’s formula.

Flow, Liters/s Pipe diameter, cm

5.0 7.5 10 12.5 15

KS = 0.34 KS = 0.33 KS = 0.32

1.26 — — — — —

1.89 0.32 — — — —

2.52 2.53 — — — —

3.15 4.40 0.565 0.130 — —

3.79 6.85 0.858 0.198 — —

4.42 9.67 1.21 0.280 — —

5.05 12.9 1.63 0.376 0.122 —

5.68 16.7 2.10 0.484 0.157 —

6.31 20.8 2.63 0.605 0.196 —

7.57 25.4 3.20 0.738 0.240 0.099

8.83 — 4.54 1.04 0.339 0.140

10.10 — 6.09 1.40 0.454 0.188

11.36 — 7.85 1.80 0.590 0.242
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Flow, Liters/s Pipe diameter, cm

5.0 7.5 10 12.5 15

KS = 0.34 KS = 0.33 KS = 0.32

12.62 — 9.82 2.26 0.733 0.302

13.88 — 12.0 2.76 0.896 0.370

15.14 — 14.4 3.30 1.07 0.443

16.41 — 16.9 3.90 1.26 0.522

17.67 — 19.7 4.54 1.47 0.608

18.93 — 22.8 5.22 1.70 0.700

20.19 — 25.9 5.96 1.93 0.798

21.45 — 29.3 6.74 2.18 0.904

22.72 — 32.8 7.56 2.45 1.02

23.98 — 36.6 8.40 2.74 1.13

25.24 — 40.6 9.36 3.03 1.26

26.50 — 44.7 10.3 3.34 1.38

27.76 — — 11.3 3.66 1.521

29.03 — — 12.3 4.00 1.66

30.29 — — 13.4 4.35 1.80

31.55 — — 14.6 4.72 1.95

34.70 — — 15.8 5.10 2.12

37.86 — — 18.9 6.12 2.52

41.01 — — 22.2 7.22 2.98

44.17 — — 25.9 8.40 3.46

47.32 — — 29.8 9.68 3.99

50.48 — — 33.8 11.0 4.54

53.63 — — 12.5 5.15

56.79 — — 14.0 5.78

59.94 — — 15.6 6.44

63.10 — — 17.3 7.14
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APPENDIX C PERCENTAGE OF DAILY SUNSHINE HOURS: FOR NORTH AND SOUTH HEMISPHERES
Latitude Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

NORTH

0 8.50 7.66 8.49 8.21 8.50 8.22 8.50 8.49 8.21 8.50 8.22 8.50
5 8.32 7.57 8.47 3.29 8.65 8.41 8.67 8.60 8.23 8.42 8.07 8.30
10 8.13 7.47 8.45 8.37 8.81 8.60 8.86 8.71 8.25 8.34 7.91 8.10
15 7.94 7.36 8.43 8.44 8.98 8.80 9.05 8.83 8.28 8.20 7.75 7.88
20 7.74 7.25 8.41 8.52 9.15 9.00 9.25 8.96 8.30 8.18 7.58 7.66
25 7.53 7.14 8.39 8.61 9.33 9.23 9.45 9.09 8.32 8.09 7.40 7.52
30 7.30 7.03 8.38 8.71 9.53 9.49 9.67 9.22 8.33 7.99 7.19 7.15
32 7.20 6.97 8.37 8.76 9.62 9.59 9.77 9.27 8.34 7.95 7.11 7.05
34 7.10 6.91 8.36 8.80 9.72 9.70 9.88 9.33 8.36 7.90 7.02 6.92
36 6.99 6.85 8.35 8.85 9.82 9.82 9.99 9.40 8.37 7.85 6.92 6.79
38 6.87 6.79 8.34 8.90 9.92 9.95 10.1 9.47 3.38 7.80 6.82 6.66
40 6.76 6.72 8.33 8.95 10.0 10.1 10.2 9.54 8.39 7.75 6.72 7.52
42 6.63 6.65 8.31 9.00 10.1 10.2 10.4 9.62 8.40 7.69 6.62 6.37
44 6.49 6.58 8.30 9.06 10.3 10.4 10.5 9.70 8.41 7.63 6.49 6.21
46 6.34 6.50 8.29 9.12 10.4 10.5 10.6 9.79 8.42 7.57 6.36 6.04
48 6.17 6.41 8.27 9.18 10.5 10.7 10.8 9.89 8.44 7.51 6.23 5.86
50 5.98 6.30 8.24 9.24 10.7 10.9 11.0 10.0 8.35 7.45 6.10 5.64
52 5.77 6.19 8.21 9.29 10.9 11.1 11.2 10.1 8.49 7.39 5.93 5.43
54 5.55 6.08 8.18 9.36 11.0 11.4 11.4 10.3 8.51 7.20 5.74 5.18
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Latitude Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

NORTH

56 5.30 5.95 8.15 9.45 11.2 11.7 11.6 10.4 8.53 7.21 5.54 4.89
58 5.01 5.81 8.12 9.55 11.5 12.0 12.0 10.6 8.55 7.10 4.31 4.56
60 4.67 5.65 8.08 9.65 11.7 12.4 12.3 10.7 8.57 6.98 5.04 4.22
SOUTH

0 8.50 7.66 8.49 8.21 8.50 8.22 8.50 8.49 8.21 8.50 8.22 8.50
5 8.68 7.76 8.51 8.15 8.34 8.05 8.33 8.38 8.19 8.56 8.37 8.68
10 8.86 7.87 8.53 8.09 8.18 7.86 8.14 8.27 8.17 8.62 8.53 8.88
15 9.05 7.98 8.55 8.02 8.02 7.65 7.95 8.15 8.15 8.68 8.70 9.10
20 9.24 8.09 8.57 7.94 7.85 7.43 7.76 8.03 8.13 8.76 8.87 9.33
25 9.46 8.21 8.60 7.74 7.66 7.20 7.54 7.90 8.11 8.86 9.04 9.58
30 9.70 8.33 8.62 7.73 7.45 6.96 7.31 7.76 8.07 8.97 9.24 9.85
32 9.81 8.39 8.63 7.69 7.36 6.85 7.21 7.70 8.06 9.01 9.33 9.96
34 9.92 8.45 8.64 7.64 7.27 6.74 7.10 7.63 8.05 9.06 9.42 10.1
36 10.0 8.51 8.65 7.59 7.18 6.62 6.99 7.56 8.04 9.11 9.35 10.2
38 10.2 8.57 8.66 7.54 7.08 6.50 6.87 7.49 8.03 9.16 9.61 10.3
40 10.3 8.63 8.67 7.49 6.97 6.37 6.76 7.41 8.02 9.21 9.71 10.5
42 10.4 8.70 8.68 7.44 6.85 6.23 6.64 7.33 8.01 9.26 9.8 10.6
44 10.5 8.78 8.69 7.38 6.73 6.08 6.51 7.25 7.99 9.31 9.94 10.8
46 10.7 8.86 8.90 7.32 6.61 5.92 6.37 7.16 7.96 9.37 10.1 11.0
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North 
South 

Jan.–
July

Feb.–
Aug

Mar –
Sept.

April–
Oct.

May–
Nov.

June–
Dec.

July–
Jan.

Aug.–
Feb.

Sept.–
Mar

Oct.–
April

Nov.–
May

Dec.–
June

50 8.5 10.1 11.8 13.8 15.4 16.3 15.9 14.5 12.7 10.8 9.1 8.1
48 8.8 10.2 11.8 13.6 15.2 16.0 15.6 14.3 12.6 10.9 9.3 8.3
46 9.1 10.4 11.9 13.5 14.9 15.7 15.4 14.2 12.6 10.9 9.5 8.7
44 9.3 10.5 11.9 13.4 14.7 15.4 15.2 14.0 12.6 11.0 9.7 8.9
42 9.4 10.6 11.9 13.4 14.6 15.2 14.9 13.9 12.6 11.1 9.8 9.1
40 9.6 10.7 11.9 13.3 14.4 15.0 14.7 13.7 12.5 11.2 10.0 9.3
35 10.1 11.0 11.9 13.1 14.0 14.5 14.3 13.5 12.4 11.3 10.3 9.8
30 10.4 11.1 12.0 12.9 13.6 14.0 13.9 13.2 12.4 11.5 10.6 10.2
25 10.7 11.3 12.0 12.7 13.3 13.7 13.5 13.0 12.3 11.6 10.9 10.6
20 11.0 11.5 12.0 12.6 13.1 13.3 13.2 12.8 12.3 11.7 11.2 10.9
15 11.3 11.6 12.0 12.5 12.8 13.0 12.9 12.6 12.2 11.8 11.4 11.2
10 11.6 11.8 12.0 12.3 12.6 12.7 12.6 12.4 12.1 11.8 11.6 11.5
5 11.8 11.9 12.0 12.2 12.3 12.4 12.3 12.3 12.1 12.0 11.9 11.8
0 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1

Mean daily maximum duration of bright sunshine hours (n) for different months and latitudes.
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Mean daily percentage (P) of annual daytime hours for different latitudes.

Latitude North 
South

Jan.– 
July

Feb.–
Aug

March 
– Sept.

April– 
Oct.

May– 
Nov.

June– 
Dec.

July– 
Jan.

Aug.– 
Feb.

Sept.–
March

Oct.– 
April

Nov.– 
May

Dec.–
June

60º 0.15 0.20 0.26 0.32 0.38 0.41 0.40 0.34 0.28 0.22 0.17 0.13
58º 0.16 0.21 0.26 0.32 0.37 0.40 0.39 0.34 0.28 0.23 0.18 0.15
56º 0.17 0.21 0.26 0.32 0.36 0.39 0.38 0.33 0.28 0.23 0.18 0.16
54º 0.18 0.22 0.26 0.31 0.36 0.38 0.37 0.33 0.28 0.23 0.19 0.17
52º 0.19 0.22 0.27 0.31 0.35 0.37 0.36 0.33 0.28 0.24 0.20 0.17
50º 0.19 0.23 0.27 0.31 0.34 0.36 0.35 0.32 0.28 0.24 0.20 0.18
48º 0.20 0.23 0.27 0.31 0.34 0.36 0.35 0.32 0.28 0.24 0.21 0.19
46º 0.20 0.23 0.27 0.30 0.34 0.35 0.34 0.32 0.28 0.24 0.21 0.20
44º 0.21 0.24 0.27 0.30 0.33 0.35 0.34 0.31 0.28 0.25 0.22 0.20
42º 0.21 0.24 0.27 0.30 0.33 0.34 0.33 0.31 0.28 0.25 0.22 0.21
40º 0.22 0.24 0.27 0.30 0.32 0.34 0.33 0.31 0.28 0.25 0.22 0.21
35º 0.23 0.25 0.27 0.29 0.31 0.32 0.32 0.30 0.28 0.25 0.23 0.22
30º 0.24 0.25 0.27 0.29 0.31 0.32 0.31 0.30 0.28 0.26 0.24 0.23*
25º 0.24 0.26 0.27 0.29 0.30 0.31 0.31 0.29 0.28 0.26 0.25 0.24
20º 0.25 0.26 0.27 0.28 0.29 0.30 0.30 0.29 0.28 0.26 0.25 0.25
15º 0.26 0.26 0.27 0.28 0.29 0.29 0.29 0.28 0.28 0.27 0.26 0.25
10º 0.26 0.27 0.27 0.28 0.28 0.29 0.29 0.28 0.28 0.27 0.26 0.26
5º 0.27 0.27 0.27 0.28 0.28 0.28 0.28 0.28 0.28 0.27 0.27 0.27
0º 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27
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APPENDIX D PSYCHOMETRIC CONSTANT (γ) FOR DIFFERENT 
ALTITUDES (Z)

γ	=	10–3 [(Cp.P)	÷	(ε.λ)]	=	(0.00163)	×	[P	÷	λ]	

γ, psychrometric constant [kPa C–1]

cp, specific heat of moist air = 1.013

[kJ kg–10C–1]

P, atmospheric pressure [kPa].

ε, ratio molecular weight of water

vapor/dry air = 0.622

λ, latent heat of vaporization [MJ kg–1]

= 2.45 MJ kg–1 at 20°C.

Z (m) γ	kPa/°C z (m) γ	kPa/°C z (m) γ	kPa/°C z (m) γ	kPa/°C

0 0.067 1000 0.060 2000 0.053 3000 0.047
100 0.067 1100 0.059 2100 0.052 3100 0.046
200 0.066 1200 0.058 2200 0.052 3200 0.046
300 0.065 1300 0.058 2300 0.051 3300 0.045
400 0.064 1400 0.057 2400 0.051 3400 0.045
500 0.064 1500 0.056 2500 0.050 3500 0.044
600 0.063 1600 0.056 2600 0.049 3600 0.043
700 0.062 1700 0.055 2700 0.049 3700 0.043
800 0.061 1800 0.054 2800 0.048 3800 0.042
900 0.061 1900 0.054 2900 0.047 3900 0.042
1000 0.060 2000 0.053 3000 0.047 4000 0.041

APPENDIX E SATURATION VAPOR PRESSURE [eS] FOR DIFFERENT 
TEMPERATURES (T)

Vapor pressure function = es = [0.6108]*exp{[17.27*T]/[T + 237.3]}

T °C es kPa T °C es kPa T °C es kPa T °C es kPa

1.0 0.657 13.0 1.498 25.0 3.168 37.0 6.275
1.5 0.681 13.5 1.547 25.5 3.263 37.5 6.448
2.0 0.706 14.0 1.599 26.0 3.361 38.0 6.625
2.5 0.731 14.5 1.651 26.5 3.462 38.5 6.806
3.0 0.758 15.0 1.705 27.0 3.565 39.0 6.991
3.5 0.785 15.5 1.761 27.5 3.671 39.5 7.181
4.0 0.813 16.0 1.818 28.0 3.780 40.0 7.376
4.5 0.842 16.5 1.877 28.5 3.891 40.5 7.574
5.0 0.872 17.0 1.938 29.0 4.006 41.0 7.778
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Vapor pressure function = es = [0.6108]*exp{[17.27*T]/[T + 237.3]}

T °C es kPa T °C es kPa T °C es kPa T °C es kPa

5.5 0.903 17.5 2.000 29.5 4.123 41.5 7.986
6.0 0.935 18.0 2.064 30.0 4.243 42.0 8.199
6.5 0.968 18.5 2.130 30.5 4.366 42.5 8.417
7.0 1.002 19.0 2.197 31.0 4.493 43.0 8.640
7.5 1.037 19.5 2.267 31.5 4.622 43.5 8.867
8.0 1.073 20.0 2.338 32.0 4.755 44.0 9.101
8.5 1.110 20.5 2.412 32.5 4.891 44.5 9.339
9.0 1.148 21.0 2.487 33.0 5.030 45.0 9.582
9.5 1.187 21.5 2.564 33.5 5.173 45.5 9.832
10.0 1.228 22.0 2.644 34.0 5.319 46.0 10.086
10.5 1.270 22.5 2.726 34.5 5.469 46.5 10.347
11.0 1.313 23.0 2.809 35.0 5.623 47.0 10.613
11.5 1.357 23.5 2.896 35.5 5.780 47.5 10.885
12.0 1.403 24.0 2.984 36.0 5.941 48.0 11.163
12.5 1.449 24.5 3.075 36.5 6.106 48.5 11.447

APPENDIX F  SLOPE OF VAPOR PRESSURE CURVE (Δ) FOR 
DIFFERENT TEMPERATURES (T)

∆	=	[4098.	e0(T)] ÷ [T + 237.3]2

 = 2504{exp[(17.27T) ÷ (T + 237.2)]} ÷ [T + 237.3]2

T °C Δ	kPa/°C T °C Δ	kPa/°C T °C Δ	kPa/°C T °C Δ	kPa/°C

1.0 0.047 13.0 0.098 25.0 0.189 37.0 0.342
1.5 0.049 13.5 0.101 25.5 0.194 37.5 0.350
2.0 0.050 14.0 0.104 26.0 0.199 38.0 0.358
2.5 0.052 14.5 0.107 26.5 0.204 38.5 0.367
3.0 0.054 15.0 0.110 27.0 0.209 39.0 0.375
3.5 0.055 15.5 0.113 27.5 0.215 39.5 0.384
4.0 0.057 16.0 0.116 28.0 0.220 40.0 0.393
4.5 0.059 16.5 0.119 28.5 0.226 40.5 0.402
5.0 0.061 17.0 0.123 29.0 0.231 41.0 0.412
5.5 0.063 17.5 0.126 29.5 0.237 41.5 0.421
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T °C Δ	kPa/°C T °C Δ	kPa/°C T °C Δ	kPa/°C T °C Δ	kPa/°C

6.0 0.065 18.0 0.130 30.0 0.243 42.0 0.431
6.5 0.067 18.5 0.133 30.5 0.249 42.5 0.441
7.0 0.069 19.0 0.137 31.0 0.256 43.0 0.451
7.5 0.071 19.5 0.141 31.5 0.262 43.5 0.461
8.0 0.073 20.0 0.145 32.0 0.269 44.0 0.471
8.5 0.075 20.5 0.149 32.5 0.275 44.5 0.482
9.0 0.078 21.0 0.153 33.0 0.282 45.0 0.493
9.5 0.080 21.5 0.157 33.5 0.289 45.5 0.504
10.0 0.082 22.0 0.161 34.0 0.296 46.0 0.515
10.5 0.085 22.5 0.165 34.5 0.303 46.5 0.526
11.0 0.087 23.0 0.170 35.0 0.311 47.0 0.538
11.5 0.090 23.5 0.174 35.5 0.318 47.5 0.550
12.0 0.092 24.0 0.179 36.0 0.326 48.0 0.562
12.5 0.095 24.5 0.184 36.5 0.334 48.5 0.574

APPENDIX G NUMBER OF THE DAY IN THE YEAR (JULIAN DAY)

Day Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1 1 32 60 91 121 152 182 213 244 274 305 335
2 2 33 61 92 122 153 183 214 245 275 306 336
3 3 34 62 93 123 154 184 215 246 276 307 337
4 4 35 63 94 124 155 185 216 247 277 308 338
5 5 36 64 95 125 156 186 217 248 278 309 339
6 6 37 65 96 126 157 187 218 249 279 310 340
7 7 38 66 97 127 158 188 219 250 280 311 341
8 8 39 67 98 128 159 189 220 251 281 312 342
9 9 40 68 99 129 160 190 221 252 282 313 343
10 10 41 69 100 130 161 191 222 253 283 314 344
11 11 42 70 101 131 162 192 223 254 284 315 345
12 12 43 71 102 132 163 193 224 255 285 316 346
13 13 44 72 103 133 164 194 225 256 286 317 347
14 14 45 73 104 134 165 195 226 257 287 318 348
15 15 46 74 105 135 166 196 227 258 288 319 349
16 16 47 75 106 136 167 197 228 259 289 320 350
17 17 48 76 107 137 168 198 229 260 290 321 351
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Day Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
18 18 49 77 108 138 169 199 230 261 291 322 352
19 19 50 78 109 139 170 200 231 262 292 323 353
20 20 51 79 110 140 171 201 232 263 293 324 354
21 21 52 80 111 141 172 202 233 264 294 325 355
22 22 53 81 112 142 173 203 234 265 295 326 356
23 23 54 82 113 143 174 204 235 266 296 327 357
24 24 55 83 114 144 175 205 236 267 297 328 358
25 25 56 84 115 145 176 206 237 268 298 329 359
26 26 57 85 116 146 177 207 238 269 299 330 360
27 27 58 86 117 147 178 208 239 270 300 331 361
28 28 59 87 118 148 179 209 240 271 301 332 362
29 29 (60) 88 119 149 180 210 241 272 302 333 363
30 30 — 89 120 150 181 211 242 273 303 334 364
31 31 — 90 — 151 — 212 243 — 304 — 365

APPENDIX H STEFAN-BOLTZMANN LAW AT DIFFERENT 
TEMPERATURES (T):

[σ*(TK)4] = [4.903 × 10–9], MJ K–4 m–2 day–1

where: TK = {T[°C] + 273.16}

T σ*(TK)4 T σ*(TK)4 T σ*(TK)4 

Units
°C MJ m–2 d–1 °C MJ m–2 d–1 °C MJ m–2 d–1

1.0 27.70 17.0 34.75 33.0 43.08
1.5 27.90 17.5 34.99 33.5 43.36
2.0 28.11 18.0 35.24 34.0 43.64
2.5 28.31 18.5 35.48 34.5 43.93
3.0 28.52 19.0 35.72 35.0 44.21
3.5 28.72 19.5 35.97 35.5 44.50
4.0 28.93 20.0 36.21 36.0 44.79
4.5 29.14 20.5 36.46 36.5 45.08
5.0 29.35 21.0 36.71 37.0 45.37
5.5 29.56 21.5 36.96 37.5 45.67
6.0 29.78 22.0 37.21 38.0 45.96
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T σ*(TK)4 T σ*(TK)4 T σ*(TK)4 

Units
°C MJ m–2 d–1 °C MJ m–2 d–1 °C MJ m–2 d–1

6.5 29.99 22.5 37.47 38.5 46.26
7.0 30.21 23.0 37.72 39.0 46.56
7.5 30.42 23.5 37.98 39.5 46.85
8.0 30.64 24.0 38.23 40.0 47.15
8.5 30.86 24.5 38.49 40.5 47.46
9.0 31.08 25.0 38.75 41.0 47.76
9.5 31.30 25.5 39.01 41.5 48.06
10.0 31.52 26.0 39.27 42.0 48.37
10.5 31.74 26.5 39.53 42.5 48.68
11.0 31.97 27.0 39.80 43.0 48.99
11.5 32.19 27.5 40.06 43.5 49.30
12.0 32.42 28.0 40.33 44.0 49.61
12.5 32.65 28.5 40.60 44.5 49.92
13.0 32.88 29.0 40.87 45.0 50.24
13.5 33.11 29.5 41.14 45.5 50.56
14.0 33.34 30.0 41.41 46.0 50.87
14.5 33.57 30.5 41.69 46.5 51.19
15.0 33.81 31.0 41.96 47.0 51.51
15.5 34.04 31.5 42.24 47.5 51.84
16.0 34.28 32.0 42.52 48.0 52.16
16.5 34,52 32.5 42.80 48.5 52.49

APPENDIX I THERMODYNAMIC PROPERTIES OF AIR AND 
WATER

1.	Latent	Heat	of	Vaporization	(λ)

λ	=	[2.501–(2.361 × 10–3) T]

where: λ	= latent heat of vaporization [MJ kg–1]; and T = air temperature 
[°C].

The value of the latent heat varies only slightly over normal tempera-
ture ranges. A single value may be taken (for ambient temperature = 20°C): 
λ = 2.45 MJ kg–1.
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2. Atmospheric Pressure (P)

P = Po [{TKo–α(Z–Zo)} ÷ {TKo}](g/(α.R))

Where: P, atmospheric pressure at elevation z [kPa]
Po, atmospheric pressure at sea level = 101.3 [kPa]
z, elevation [m]
zo, elevation at reference level [m]
g, gravitational acceleration = 9.807 [m s–2]
R, specific gas constant = 287 [J kg–1 K–1]
α, constant lapse rate for moist air = 0.0065 [K m–1]
TKo, reference temperature [K] at elevation zo = 273.16 + T
T, means air temperature for the time period of calculation [°C]

When assuming Po = 101.3 [kPa] at zo = 0, and TKo = 293 [K] for T = 20 
[°C], above equation reduces to:

P = 101.3[(293–0.0065Z) (293)]5.26

3.	Atmospheric	Density	(ρ)

ρ	=	[1000P]	÷	[TKv R] = [3.486P] ÷ [TKv], and TKv = TK[1–0.378(ea)/P]–1

where: ρ, atmospheric density [kg m–3]
R, specific gas constant = 287 [J kg–1 K–1]
TKv, virtual temperature [K]
TK, absolute temperature [K]: TK = 273.16 + T [°C]
ea, actual vapor pressure [kPa]
T, mean daily temperature for 24-hour calculation time steps.

For average conditions (ea in the range 1–5 kPa and P between 
80–100 kPa), TKv can be substituted by: TKv ≈ 1.01 (T + 273)

4. Saturation Vapor Pressure function (es)

es = [0.6108]*exp{[17.27*T]/[T + 237.3]}

where: es, saturation vapor pressure function [kPa]
T, air temperature [°C]
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5.	Slope	Vapor	Pressure	Curve	(Δ)

∆	=	[4098.	e°(T)]	÷	[T	+	237.3]2

= 2504{exp[(17.27T) ÷ (T + 237.2)]} ÷ [T + 237.3]2

where: Δ, slope vapor pressure curve [kPa C–1]
T, air temperature [°C]
e0(T), saturation vapor pressure at temperature T [kPa]

In 24-hour calculations, Δ is calculated using mean daily air temperature. 
In hourly calculations T refers to the hourly mean, Thr.

6.	Psychrometric	Constant	(γ)

γ	=	10–3 [(Cp.P)	÷	(ε.λ)]	=	(0.00163)	×	[P	÷	λ]

where: γ, psychrometric constant [kPa C–1]
cp, specific heat of moist air = 1.013 [kJ kg–10C–1]
P, atmospheric pressure [kPa]: equations 2 or 4
ε, ratio molecular weight of water vapor/dry air = 0.622
λ, latent heat of vaporization [MJ kg–1]

7. Dew Point Temperature (Tdew)
When data is not available, Tdew can be computed from ea by:

Tdew = [{116.91 + 237.3Loge(ea)} ÷ {16.78–Loge(ea)}]

where: Tdew, dew point temperature [°C]
ea, actual vapor pressure [kPa]

For the case of measurements with the Assmann psychrometer, Tdew can 
be calculated from:

Tdew = (112 + 0.9Twet)[ea ÷ (e0 Twet)]
0.125–[112–0.1Twet]

8. Short Wave Radiation on a Clear-Sky Day (Rso)
The calculation of Rso is required for computing net long wave radiation and 
for checking calibration of pyranometers and integrity of Rso data. A good 
approximation for Rso for daily and hourly periods is:

Rso = (0.75 + 2 × 10–5 z)Ra

where: z, station elevation [m]
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Ra, extraterrestrial radiation [MJ m–2 d–1].
Equation is valid for station elevations less than 6000 m having low 

air turbidity. The equation was developed by linearizing Beer’s radiation 
extinction law as a function of station elevation and assuming that the aver-
age angle of the sun above the horizon is about 50°.

For areas of high turbidity caused by pollution or airborne dust or for 
regions where the sun angle is significantly less than 50° so that the path 
length of radiation through the atmosphere is increased, an adoption of Beer’s 
law can be employed where P is used to represent atmospheric mass:

Rso = (Ra) exp[(-0.0018P) ÷ (Kt	sin(Φ))]

where:  Kt, turbidity coefficient, 0 < Kt < 1.0 where Kt = 1.0 for clean  
air and
Kt = 1.0 for extremely turbid, dusty or polluted air.
P, atmospheric pressure [kPa]
Φ, angle of the sun above the horizon [rad]
Ra, extraterrestrial radiation [MJ m–2 d–1]

For hourly or shorter periods, Φ is calculated as:

sin Φ = sin φ sin δ + cos φ cos δ cos ω

where: φ, latitude [rad]
δ, solar declination [rad] (Eq. (24) in Chapter 3)
ω, solar time angle at midpoint of hourly or shorter period [rad]

For 24-hour periods, the mean daily sun angle, weighted according to Ra, 
can be approximated as:

sin(Φ24)	=	sin[0.85	+	0.3	φ	sin{(2πJ/365)–1.39}–0.42	φ
2]

where:  Φ24, average Φ during the daylight period, weighted according to Ra 
[rad]
φ, latitude [rad]
J, day in the year.

The Φ24 variable is used to represent the average sun angle during day-
light hours and has been weighted to represent integrated 24-hour transmis-
sion effects on 24-hour Rso by the atmosphere. Φ24 should be limited to > 0. 
In some situations, the estimation for Rso can be improved by modifying 
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to consider the effects of water vapor on short wave absorption, so that: 
Rso = (KB + KD) Ra where:

KB = 0.98exp[{(–0.00146P) ÷ (Kt	sin	Φ)}–0.091{w/sin	Φ}
0.25]

where: KB, the clearness index for direct beam radiation
KD, the corresponding index for diffuse beam radiation
KD = 0.35–0.33 KB for KB > 0.15
KD = 0.18 + 0.82 KB for KB < 0.15
Ra, extraterrestrial radiation [MJ m–2 d–1]
Kt, turbidity coefficient, 0 < Kt < 1.0 where Kt = 1.0 for clean air and 
Kt = 1.0 for extremely turbid, dusty or polluted air.
P, atmospheric pressure [kPa]
Φ, angle of the sun above the horizon [rad]
W, perceptible water in the atmosphere [mm] = 0.14 ea P + 2.1
ea, actual vapor pressure [kPa]
P, atmospheric pressure [kPa]

APPENDIX J PSYCHROMETRIC CHART AT SEA LEVEL.
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APPENDIX K

[<http://www.fao.org/docrep/T0551E/t0551e07.htm#5.5%20field%20
management%20practices%20in%20wastewater%20irrigation>]

1. Relationship between applied water salinity and soil water salinity 
at different leaching fractions (FAO 1985)

2. Schematic representations of salt accumulation, planting positions, 
ridge shapes and watering patterns.
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3. Main components of general planning guidelines for wastewater reuse (Cobham and Johnson 1988)
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APPENDIX L VALUES OF Kc FOR FIELD AND VEGETABLE CROPS 
FOR DIFFERENT CROP GROWTH STAGES AND PREVAILING 
CLIMATIC CONDITIONS.

Crop Relative humidity
RHmin > 70% RHmin < 20%

Crop stage Wind speed, m/sec
Initial 1 0–5 5–8 0–5 5–8
Crop development 2 Values of Kc

Mid-season 3 0.95 0.95 1.0 1.05
Late season/maturity 4 0.9 0.9 0.95 1.0

Barley 3 1.05 1.1 1.15 1.2
4 0.25 0.25 0.2 0.2

Beans 
(green)

3 0.95 0.95 1.0 1.05
4 0.85 0.85 0.9 0.9

Beans, dry /
pulses

3 1.05 1.1 1.15 1.2
4 0.3 0.3 0.25 0.25

Beets 3 1.0 1.0 1.05 1.1
4 0.9 0.9 0.95 1.0

Carrots 3 1.0 1.05 1.1 1.15
4 0.7 0.75 0.8 0.85

Sweet corn 
(maize)

3 1.05 1.1 1.15 1.2
4 0.95 1.0 1.05 1.1

Cotton 3 1.05 1.15 1.2 1.25
4 0.65 0.65 0.65 0.7

Crucifers 
(cabbage, 
cauliflower, 
broccoli)

3 0.95 1.0 1.05 1.1
4 0.80 0.85 0.9 0.95

Cucumber 3 0.9 0.9 0.95 1.0
4 0.7 0.7 0.75 0.8

Lentil 3 1.05 1.1 1.15 1.2
4 0.3 0.3 0.25 0.25

Melons 3 0.95 0.95 1.0 1.05
4 0.65 0.65 0.75 0.75

Millet 3 1.0 1.05 1.1 1.15
4 0.3 0.3 0.25 0.25

Oats 3 1.05 1.1 1.15 1.2
4 0.25 0.25 0.2 0.2

Onion (dry) 3 0.95 0.95 1.05 1.1
4 0.75 0.75 0.8 0.85
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Crop Relative humidity
RHmin > 70% RHmin < 20%

Crop stage Wind speed, m/sec
Initial 1 0–5 5–8 0–5 5–8
Crop development 2 Values of Kc

Mid-season 3 0.95 0.95 1.0 1.05
Late season/maturity 4 0.9 0.9 0.95 1.0

Onion 
(green)

3 0.95 0.95 1.0 1.05
4 0.95 0.95 1.0 1.05

Peanuts 
(Groundnut)

Mid-season 3 0.95 1.0 1.05 1.1
Late season/maturity 4 0.55 0.55 0.6 0.6

Peas 3 1.05 1.1 1.15 1.2
4 0.95 1.0 1.05 1.1

Potato 3 1.05 1.1 1.15 1.2
4 0.7 0.7 0.75 0.75

Radish 3 0.8 0.8 0.85 0.9
4 0.75 0.75 0.8 0.85

Safflower 3 1.05 1.1 1.15 1.2
4 0.25 0.25 0.2 0.2

Sorghum 3 1.0 1.05 1.1 1.15
4 0.5 0.5 0.55 0.55

Soybeans 3 1.0 1.05 1.1 1.15
4 0.45 0.45 0.45 0.45

Spinach 3 0.95 0.95 1.0 1.05
4 0.9 0.9 0.95 1.0

Sugarbeet 3 1.05 1.1 1.15 1.2
4 0.9 0.95 1.0 1.0

Sunflower 3 1.05 1.1 1.15 1.2
4 0.4 0.4 0.35 0.35

Tomato 3 1.05 1.1 1.2 1.25
4 0.6 0.6 0.65 0.65

Wheat 3 1.05 1.1 1.15 1.2
4 0.25 0.25 0.2 0.2

Note: Values of Kc in this table are for field and vegetable crops; values of Kc for other crops are re-
ported by Doorenbos and Pruitt (1977).
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APPENDIX M CROP TOLERANCE AND YIELD POTENTIAL OF CROPS AFFECTED BY IRRIGATION WATER 
SALINITY (ECW) OR SOIL SALINITY (ECe)
Field crops 100% 90% 75% 50% 0%

Maximum

ECe ECw ECe ECw ECe ECw ECe ECw ECe ECw

Barley (Hordeum vulgare) 8.0 5.3 10 6.7 13 8.7 18 12 28 19
Cotton (Gossypium hirsutum) 7.7 5.1 9.6 6.4 13 8.4 17 12 27 18
Sugarbeet (Beta vulgaris) 7.0 4.7 8.7 5.8 11 7.5 15 10 24 16
Sorghum (Sorghum bicolor) 6.8 4.5 7.4 5.0 8.4 5.6 9.9 6.7 13 8.7
Wheat (Triticum aestivum) 6.0 4.0 7.4 4.9 9.5 6.3 13 8.7 20 13
Wheat, durum (Triticum turgidum) 5.7 3.8 7.6 5.0 10 6.9 15 10 24 16
Soybean (Glycine max) 5.0 3.3 5.5 3.7 6.3 4.2 7.5 5.0 10 6.7
Cowpea (Vigna unguiculata) 4.9 3.3 5.7 3.8 7.0 4.7 9.1 6.0 13 8.8
Groundnut (Peanut) (Arachis 
hypogaea)

3.2 2.1 3.5 2.4 4.1 2.7 4.9 3.3 6.6 4.4

Rice (paddy) (Oriza sativa) 3.0 2.0 3.8 2.6 5.1 3.4 7.2 4.8 11 7.6
Sugarcane (Saccharum officinarum) 1.7 1.1 3.4 2.3 5.9 4.0 10 6.8 19 12

Corn (maize) (Zea mays) 1.7 1.1 2.5 1.7 3.8 2.5 5.9 3.9 10 6.7
Flax (Linum usitatissimum) 1.7 1.1 2.5 1.7 3.8 2.5 5.9 3.9 10 6.7
Broadbean (Vicia faba) 1.5 1.1 2.6 1.8 4.2 2.0 6.8 4.5 12 8.0
Bean (Phaseolus vulgaris) 1.0 0.7 1.5 1.0 2.3 1.5 3.6 2.4 6.3 4.2
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Field crops 100% 90% 75% 50% 0%

Maximum

ECe ECw ECe ECw ECe ECw ECe ECw ECe ECw

Vegetables

Squash, zucchini (courgette) 
(Cucurbita pepo melopepo)

4.7 3.1 5.8 3.8 7.4 4.9 10 6.7 15 10

Beet, red (Beta vulgaris) 4.0 2.7 5.1 3.4 6.8 4.5 9.6 6.4 15 10
Squash, scallop (Cucurbita pepo 
melopepo)

3.2 2.1 3.8 2.6 4.8 3.2 6.3 4.2 9.4 6.3

Broccoli (Brassica oleracea 
botrytis)

2.8 1.9 3.9 2.6 5.5 3.7 8.2 5.5 14 9.1

Tomato (Lycopersicon esculentum) 2.5 1.7 3.5 2.3 5.0 3.4 7.6 5.0 13 8.4
Cucumber (Cucumis sativus) 2.5 1.7 3.3 2.2 4.4 2.9 6.3 4.2 10 6.8
Spinach (Spinacia oleracea) 2.0 1.3 3.3 2.2 5.3 3.5 8.6 5.7 15 10
Celery (Apium graveolens) 1.8 1.2 3.4 2.3 5.8 3.9 9.9 6.6 18 12
Cabbage (Brassica oleracea 
capitata)

1.8 1.2 2.8 1.9 4.4 2.9 7.0 4.6 12 8.1

Potato (Solanum tuberosum) 1.7 1.1 2.5 1.7 3.8 2.5 5.9 3.9 10 6.7
Corn, sweet (maize) (Zea mays) 1.7 1.1 2.5 1.7 3.8 2.5 5.9 3.9 10 6.7
Sweet potato (Ipomoea batatas) 1.5 1.0 2.4 1.6 3.8 2.5 6.0 4.0 11 7.1
Pepper (Capsicum annuum) 1.5 1.0 2.2 1.5 3.3 2.2 5.1 3.4 8.6 5.8
Lettuce (Lactuca sativa) 1.3 0.9 2.1 1.4 3.2 2.1 5.1 3.4 9.0 6.0
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Field crops 100% 90% 75% 50% 0%

Maximum

ECe ECw ECe ECw ECe ECw ECe ECw ECe ECw

Radish (Raphanus sativus) 1.2 0.8 2.0 1.3 3.1 2.1 5.0 3.4 8.9 5.9

Onion (Allium cepa) 1.2 0.8 1.8 1.2 2.8 1.8 4.3 2.9 7.4 5.0
Carrot (Daucus carota) 1.0 0.7 1.7 1.1 2.8 1.9 4.6 3.0 8.1 5.4
Bean (Phaseolus vulgaris) 1.0 0.7 1.5 1.0 2.3 1.5 3.6 2.4 6.3 4.2
Turnip (Brassica rapa) 0.9 0.6 2.0 1.3 3.7 2.5 6.5 4.3 12 8.0
Wheatgrass, tall (Agropyron 
elongatum)

7.5 5.0 9.9 6.6 13 9.0 19 13 31 21

Wheatgrass, fairway crested 
(Agropyron cristatum)

7.5 5.0 9.0 6.0 11 7.4 15 9.8 22 15

Bermuda grass (Cynodon dactylon) 6.9 4.6 8.5 5.6 11 7.2 15 9.8 23 15
Barley (forage) (Hordeum vulgare) 6.0 4.0 7.4 4.9 9.5 6.4 13 8.7 20 13
Ryegrass, perennial (Lolium 
perenne)

5.6 3.7 6.9 4.6 8.9 5.9 12 8.1 19 13

Trefoil, narrow leaf birds foot8 
(Lotus corniculatus tenuifolium)

5.0 3.3 6.0 4.0 7.5 5.0 10 6.7 15 10

Harding grass (Phalaris tuberosa) 4.6 3.1 5.9 3.9 7.9 5.3 11 7.4 18 12
Fescue, tall (Festuca elatior) 3.9 2.6 5.5 3.6 7.8 5.2 12 7.8 20 13
Wheatgrass, standard crested 
(Agropyron sibiricum)

3.5 2.3 6.0 4.0 9.8 6.5 16 11 28 19

Vetch, common (Vicia angustifolia) 3.0 2.0 3.9 2.6 5.3 3.5 7.6 5.0 12 8.1
Sudan grass (Sorghum sudanense) 2.8 1.9 5.1 3.4 8.6 5.7 14 9.6 26 17
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Field crops 100% 90% 75% 50% 0%

Maximum

ECe ECw ECe ECw ECe ECw ECe ECw ECe ECw

Wildrye, beardless (Elymus 
triticoides)

2.7 1.8 4.4 2.9 6.9 4.6 11 7.4 19 13

Cowpea (forage) (Vigna 
unguiculata)

2.5 1.7 3.4 2.3 4.8 3.2 7.1 4.8 12 7.8

Trefoil, big (Lotus uliginosus) 2.3 1.5 2.8 1.9 3.6 2.4 4.9 3.3 7.6 5.0
Sesbania (Sesbania exaltata) 2.3 1.5 3.7 2.5 5.9 3.9 9.4 6.3 17 11
Sphaerophysa (Sphaerophysa 
salsula)

2.2 1.5 3.6 2.4 5.8 3.8 9.3 6.2 16 11

Alfalfa (Medicago sativa) 2.0 1.3 3.4 2.2 5.4 3.6 8.8 5.9 16 10
Lovegrass (Eragrostis sp.) 2.0 1.3 3.2 2.1 5.0 3.3 8.0 5.3 14 9.3
Corn (forage) (maize) (Zea mays) 1.8 1.2 3.2 2.1 5.2 3.5 8.6 5.7 15 10
Clover, berseem (Trifolium 
alexandrinum)

1.5 1.0 3.2 2.2 5.9 3.9 10 6.8 19 13

Orchard grass (Dactylis glomerata) 1.5 1.0 3.1 2.1 5.5 3.7 9.6 6.4 18 12
Foxtail, meadow (Alopecurus 
pratensis)

1.5 1.0 2.5 1.7 4.1 2.7 6.7 4.5 12 7.9

Clover, red (Trifolium pratense) 1.5 1.0 2.3 1.6 3.6 2.4 5.7 3.8 9.8 6.6
Clover, alsike (Trifolium hybridum) 1.5 1.0 2.3 1.6 3.6 2.4 5.7 3.8 9.8 6.6
Clover, ladino (Trifolium repens) 1.5 1.0 2.3 1.6 3.6 2.4 5.7 3.8 9.8 6.6
Clover, strawberry (Trifolium 
fragiferum)

1.5 1.0 2.3 1.6 3.6 2.4 5.7 3.8 9.8 6.6
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Field crops 100% 90% 75% 50% 0%

Maximum

ECe ECw ECe ECw ECe ECw ECe ECw ECe ECw

Fruit crops

Date palm (phoenix dactylifera) 4.0 2.7 6.8 4.5 11 7.3 18 12 32 21
Grapefruit (Citrus paradisi) 1.8 1.2 2.4 1.6 3.4 2.2 4.9 3.3 8.0 5.4
Orange (Citrus sinensis) 1.7 1.1 2.3 1.6 3.3 2.2 4.8 3.2 8.0 5.3
Peach (Prunus persica) 1.7 1.1 2.2 1.5 2.9 1.9 4.1 2.7 6.5 4.3
Apricot (Prunus armeniaca) 1.6 1.1 2.0 1.3 2.6 1.8 3.7 2.5 5.8 3.8
Grape (Vitus sp.) 1.5 1.0 2.5 1.7 4.1 2.7 6.7 4.5 12 7.9
Almond (Prunus dulcis) 1.5 1.0 2.0 1.4 2.8 1.9 4.1 2.8 6.8 4.5
Plum, prune (Prunus domestica) 1.5 1.0 2.1 1.4 2.9 1.9 4.3 2.9 7.1 4.7
Blackberry (Rubus sp.) 1.5 1.0 2.0 1.3 2.6 1.8 3.8 2.5 6.0 4.0
Boysenberry (Rubus ursinus) 1.5 1.0 2.0 1.3 2.6 1.8 3.8 2.5 6.0 4.0
Strawberry (Fragaria sp.) 1.0 0.7 1.3 0.9 1.8 1.2 2.5 1.7 4 2.7

Source: Maas and Hoffman (1977) and Maas (1984).
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