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Due to increased agricultural production, irrigated land has increased in 
the arid and sub-humid zones around the world. Agriculture has started 
to compete 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 and innovative technologies for 
the adequate management of water. The intelligent use of water for crops 
requires understanding of evapotranspiration processes and use of effi-
cient irrigation methods.

Micro irrigation is sustainable and is one of the best management prac-
tices. I attended the 17th Punjab Science Congress on February 14–16, 2014 
at Punjab Technical University in Jalandhar and the 49th Annual Convention 
of Indian Society of Agricultural Engineers (ISAE) on February 22–25, 
2015 at Punjab Agricultural University in Ludhiana. At these conventions, 
I was shocked to learn that the underground water table has lowered to a 
critical level in Punjab. My father-in-law, Mahasha Partigya Pal (he does 
not hold a university degree and in not involved in farming) in Dhuri, told 
me that his family bought the 0.10 acres of land in the city for US$100.00 
in 1942 because the water table was at 2 feet depth. In 2012, it was sold for 
US$233,800 because the water table had dropped to greater than 100 feet. 
This has been due to luxury use of water by wheat-paddy farmers. This 
implies that even a layperson is able to identify the problems and benefits 
of water scarcity. The water crisis is similar in other countries, including 
Puerto Rico where I live. Year 2015 has been a drought year in most of the 
countries of the world. Who should be blamed for water scarcity: God or 
human beings? What has caused drought? I leave it to the reader to answer. 
We can, however, conclude that the problem of water scarcity is rampant 
globally, creating the urgent need for water conservation. The use of micro 
irrigation systems is expected to result in water savings, and increased 
crop yields in terms of volume and quality.

Our planet will not have enough potable water for a population of 
>10 billion persons in 2115. The situation will be further complicated by 
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multiple factors that will be adversely affected by global warming. The 
website at http://www.un.org/waterforlifedecade/scarcity.shtml indicates, 
“Water scarcity already affects all continents. Around 1.2 billion people, 
or almost one-fifth of the world’s population, live in areas of physical scar-
city, and 500 million people are approaching this situation. Another 1.6 
billion people, or almost one quarter of the world’s population, face eco-
nomic water shortage (where countries lack the necessary infrastructure 
to take water from rivers and aquifers). Water scarcity is among the main 
problems to be faced by many societies and the World in the 21st century. 
Water use has been growing at more than twice the rate of population 
increase in the last century, and, although there is no global water scarcity 
as such, an increasing number of regions are chronically short of water. 
Water scarcity is both a natural and a human-made phenomenon. There 
is enough freshwater on the planet for seven billion people but it is dis-
tributed unevenly and too much of it is wasted, polluted and unsustainably 
managed.”

Micro/drip/trickle/pulse irrigation system can partially help to alleviate 
this rampant crisis, because of high irrigation efficiency. Every day, news 
on the importance of micro irrigation appear around the world indicating 
that government agencies at central/state/local levels, research and educa-
tional institutions, industry, sellers and others are aware of the urgent need 
to adopt micro irrigation technology that can have an irrigation efficiency 
up to 90% compared to 30–40% for the conventional irrigation systems.

It is important to adopt a suitable drip irrigation system to grow agri-
cultural crops, space plants, forest trees, landscape plants and shrubs, and 
garden plants because all vegetation requires different water intake. For 
better results, one should plan and install a proper irrigation system for 
the land under consideration. Micro irrigation is one of the most efficient 
watering methods, as it can save water and give better quality of prod-
ucts. The trickle irrigation system can be designed and adapted to varying 
irrigation needs for: the arid, semi-arid and humid regions; wide range 
of crops; climatic and soil conditions. Drip irrigation can save our planet 
from the water scarcity.

The trickle irrigation design must be carried out by a professional reg-
istered engineer who is qualified and has the necessary knowledge. It is 
not a job of a layperson. Investment in the design phase will pay off in the 
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long run. In November of 1979, a hydraulic technician came to my office 
and tried to convince me that he could design drip irrigation better than 
the engineer. One of his systems at a 500-hectare vegetable farm in Puerto 
Rico failed during the first crop. I helped to save this farm from total fail-
ure. We had to do the necessary modifications to the existing design and 
replace the necessary parts. I recommend 100% to consult an engineer to 
design the drip irrigation system.

Micro irrigation, also known as trickle irrigation or drip irrigation or 
localized irrigation or high frequency or pressurized irrigation, is an irri-
gation method that saves water and fertilizer by allowing water to drip 
slowly to the roots of plants, either onto the soil surface or directly onto 
the root zone, through a network of valves, pipes, tubing, and emitters. It 
is done through narrow tubes that deliver water directly to the base of the 
plant. It is a system of crop irrigation involving the controlled delivery of 
water directly to individual plants and can be installed on the soil surface 
or subsurface.

The other important benefits of using micro irrigation systems include 
expansion in the area under irrigation, water conservation, optimum use of 
fertilizers and chemicals through water, and decreased labor costs, among 
others. Micro irrigation systems are often used in farms and large gardens, 
but are equally effective in the home garden or even for houseplants or 
lawns. They are easily customizable and can be set up even by inexpe-
rienced gardeners. Putting a drip system into the garden is a great do-it-
yourself project that will ultimately save the time and help the plants grow. 
It is equally used in landscaping and in green cities.

The mission of this book volume is to serve as a reference manual for 
graduate and undergraduate students of agricultural, biological and civil 
engineering as well as horticulture, soil science, crop science and agron-
omy. I hope that it will be a valuable reference for professionals who work 
with micro irrigation and water management; for professional training 
institutes, technical agricultural centers, irrigation centers, Agricultural 
Extension Services, and other agencies that work with micro irrigation 
programs. I cannot guarantee the information in this book series will be 
enough for all situations. One must consult an irrigation engineer for an 
optimum design.



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. To get more details on these 10-book volumes, 
please visit www.appleacademicpress.com.

This book volume is part of the book series Innovations and Challenges 
in Micro Irrigation. This book volume includes reports and studies on 
technologies to estimate evapotranspiration and to evaluate parameters 
that are needed in the management of micro irrigation, with worldwide 
applicability to irrigation management in agriculture. Both book series are 
musts for those interested in irrigation planning and management, namely, 
researchers, scientists, educators and students.

The contributions by the cooperating authors to this book volume have 
been most valuable in the compilation. Their names are mentioned in each 
chapter and in the list of contributors. This book would not have been writ-
ten without the valuable cooperation of these investigators; many of them 
are renowned scientists who have worked in the field of micro irrigation 
throughout their professional careers.

I 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 also due to the 
AAP production staff. We request that the reader offer us your constructive 
suggestions that may help to improve the future editions. 

I express my deep admiration to my family for their understanding 
and collaboration during the preparation of this book, especially my wife 
Subhadra Devi Goyal. With my whole heart and best affection, I dedicate 
this book to her, who has taught me patience, perseverance and love for 
humanity. My salute to her for her social legacy. 

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, irri-
gate the life with His Grace of rain trickle by trickle, because our life must 
continue trickling on…”

—Megh R. Goyal, PhD, PE, Senior Editor-in-Chief
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The goal of this compendium, Performance Evaluation of Micro 
Irrigation Management, is to guide the world community on how to 
manage efficiently for economical crop production. The reader must be 
aware that dedication, commitment, honesty, and sincerity are the most 
important factors in a dynamic manner for complete success. This refer-
ence is not intended for a one-time reading; we advise you to consult it 
frequently. To err is human. However, we must do our best. Always, there 
is a place for learning from new experiences.

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

The editor, the contributing authors, the publisher, and the printer 
shall have neither liability nor responsibility to any person, organization, 
or entity with respect to any loss or damage caused, or alleged to have 
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 are only for tech-
nical purposes and does not imply endorsement. The editor, contributing 
authors, educational institutions, and the publisher do not have any prefer-
ence 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 
printing company shall have neither liability nor responsibility if any of 
the weblinks are inactive at the time of reading of this book.
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I congratulate the editors on the completion and publication of these 
book volumes under book series on Innovations and Challenges in 
Micro Irrigation. Water for food production is clearly one of the Grand 
Challenges of the 21st Century. Hopefully this book series will help irriga-
tors and famers around the world to increase the adoption of water savings 
technology such as micro irrigation. I have known Dr. Goyal since 1982.

—Vincent F. Bralts, PhD, PE
Professor and Ex-Associate Dean

Agricultural and Biological Engineering Department
Purdue University, West Lafayette, Indiana

This textbook is user-friendly and is a must for all irrigation planners 
to minimize the problem of water scarcity worldwide. Father of Irrigation 
Engineering in Puerto Rico of 21st Century and World Pioneer on Micro 
Irrigation, Dr. Goyal [my longtime colleague] has done an extraordinary 
job in the presentation of this book series.

—Miguel A Muñoz, PhD
Ex-President of University of Puerto Rico; and Professor/Soil Scientist

I am moved by recalling my association with Dr. Megh Raj Goyal 
while at Punjab Agricultural University, India. I congratulate him on his 
professional contributions and the distinction in irrigation. I believe that 
this innovative book series on micro irrigation will aid the irrigation fra-
ternity throughout the world.

—A. M. Michael, PhD
Former Professor/Director, Water Technology Centre – IARI

Ex-Vice-Chancellor, Kerala Agricultural University, Trichur, Kerala

In providing these resources in micro irrigation, Megh Raj Goyal, as 
well as the Apple Academic Press, is rendering an important service to 
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irrigators. Dr. Goyal, Father of Irrigation Engineering in Puerto Rico, and 
his colleagues have done an unselfish job in the presentation of this book 
volume that is thorough and informative. I have known Megh Raj since 
1973 when we were working together at Haryana Agricultural University 
on an ICAR research project in “Cotton Mechanization in India.”

—Gajendra Singh, PhD
Ex-President (2010–12) of ISAE, Former Vice Chancellor, 

Doon University, Dehradun, India, Former Deputy Director General 
(Engineering) of ICAR, and Former Vice-President/Dean/Professor and 

Chairman, Asian Institute of Technology, Thailand

Water is becoming increasingly a scarce resource and limiting agricul-
tural development in many developing and developed economies across 
the world. Developing infrastructure for the water resources development, 
conservation and management has been the common policy agenda in 
many economies. The water use efficiency in the agricultural sector, which 
still consumes over 80% of water, is only in the range of 30–40% in India, 
indicating that there is considerable scope for improving the existing water 
use efficiency. Therefore it is necessary to efficiently utilize water to bring 
additional areas under irrigation so as to reduce the cost of irrigation and 
increase the productivity per unit area and unit quantum of water. Micro 
irrigation, particularly drip and sprinkler irrigation, is followed in many 
developed countries such as the USA, Austria, Germany, Israel, and Great 
Britain. It is in this context, the present book series by Dr. Megh R. Goyal 
serves a critical and timely challenge. I sincerely hope that this book series 
well read across the globe. This book would be very useful for research-
ers, scholars, and development personnel, commercial firms dealing with 
micro irrigation equipments, non-government organizations, and policy 
makers.

—D. Suresh Kumar, PhD
Professor in Agricultural Economics,  

Tamil Nadu Agricultural University

Irrigation has been a vital resource in farming since the evolution of 
humans. Sustained availability of water cannot be possible in the future, 
and there are several reports across the globe that severe water scarcity 

Book Endorsements	 xxiii



might hamper farm production. Hence, in modern-day farming, the most 
limiting input being water, much attention is needed for conservation and 
judicious use of the irrigation water for sustaining the productivity of food 
and other cash crops. Though the availability of information on micro 
irrigation is adequate, its application strategies must be expanded for the 
larger benefit of the water-saving technology by clients. I wish the editors 
of this book series success in all their endeavors, for helping the users of 
micro irrigation.

—B. J. Pandian, PhD
Dean and Professor, College of Agricultural Engineering,

Tamil Nadu Agricultural University
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1.1  INTRODUCTION

Knowledge of evapotranspiration (ET) is essential for efficient agri-
cultural water management. Efficient use of water for agricultural pro-
duction has become a moral and ethical issue, considering such factors 
as increasing global population, dwindling water supplies, widespread 
degraded water quality, climate variability, and 70% of all water with-
drawn is used for agriculture, and most of this is used for irrigation 
[22, 53]. The purpose of this chapter is to summarize recent ET studies 
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conducted in Puerto Rico. Each of these studies has had at its core, the 
goal of more accurately estimating crop water requirements and increas-
ing water use efficiency.

Puerto Rico is located in the Greater Antilles between the islands of 
Hispaniola and the U.S. Virgin Islands and has a land area of approxi-
mately 9,100 square kilometers. The climate varies significantly over the 
island. Rainfall is highly influenced by the Eastern Trades Winds and the 
orographic effect of the Cordillera Central, a chain of east-west-oriented 
mountains located along the center of the island. Elevations vary from 
0 m mean sea level (msl) along the coasts to approximately 1,300 m 
msl at Cerro de Punta. Annual rainfall varies from 735 mm at Ponce in 
Southwest Puerto Rico, to 2,160 mm at Mayaguez in Western Puerto 
Rico, to 4,370 mm at El Yunque National Forest in Northeast (Pico del 
Este), Puerto Rico. Puerto Rico has wet and dry seasons. The dry season 
is from December to April and is caused by a low-level temperature 
inversion in the easterly trade winds [4]. The wet season is generally 
from May through October, with some reduction in rainfall during the 
Caribbean mid-summer drought [5]. Angeles et al. [3] provided insight 
into the influence of Saharan dust and high level wind shear on the rain-
fall reduction during mid-summer in Puerto Rico. In much of Puerto 
Rico, it is difficult to establish a new crop during the dry season without 
irrigation, while in southern Puerto Rico, irrigation is essentially manda-
tory for crop production because the annual rainfall is only half of the 
potential ET.

1.2  EARLY EVAPOTRANSPIRATION STUDIES IN PUERTO RICO

Numerous ET studies have been conducted in Puerto Rico over the years. 
Harmsen [27] presented a review of ET studies in Puerto Rico prior to 
2000, while Goyal and Harmsen [21, 34] reported on several additional 
studies that have occurred since 2000.

Early efforts to determine crop water requirements in Puerto Rico 
(1950–1980), by necessity, relied on field measurements based on non-
weighing lysimeters or soil water balance methods [10: sugarcane; 51: guinea 
grass, para grass and guinea grass-kudzu and para grass-kudzu mixtures; 
52: sugarcane; 1: plantains; 48: rice]. During  the 1980s, meteorological 
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methods were employed to estimate crop water requirements. A number 
of studies were conducted for various crops using the Blaney Criddle 
[50] method [13: fifteen different vegetable crops]. See also Goyal and 
González [15; 14: papaya], Goyal and González-Fuentes [20: sugarcane; 
16: sorghum; 18: plantain].

The Hargreaves-Samani [HS, 25] reference ET (ETo) method was 
employed by González-Fuentes and Goyal [12], in combination with a crop 
coefficient, to estimate the consumptive use for corn. The HS ETo has been 
estimated at various locations in Puerto Rico, including: Central Aguirre, 
Fortuna and Lajas substations [16], Vieques Island [17], and at thirty-four 
separate locations in Puerto Rico in one study alone [19].

A number of pan evaporation studies were conducted to estimate ETo 
by Goenaga and his colleagues at USDA-TARS – Mayaguez [1993 – 
plantains under semiarid conditions, 1994 tanier, 1995 – bananas under 
semiarid conditions, 1998 – banana under mountain conditions] and 
Santana Vargas [2000 – watermelon under semiarid conditions].

1.3  RECENT EVAPOTRANSPIRATION STUDIES IN PUERTO RICO

Harmsen and Torres-Justiniano [29] compared estimates from the Penman-
Monteith ETo method [PM, 2], based on estimated climate data [30], with 
estimates of HS ETo for thirty-four locations in Puerto Rico and found 
reasonably good agreement between the two methods. A user-friendly 
computer program, available to the public, was developed for the climate 
parameter estimation procedure called PRET [28].

Harmsen et al. [31] evaluated pan coefficient data for evaporation pans, 
derived by González and Goyal [11]. The objective of the study was to 
compare pan coefficients, based on pan evaporation data from 1960–1980 
with pan coefficients based on pan evaporation data from 1980–2000. The 
pan coefficient is derived from the equation: kp = E/ETo, where kp is the 
pan coefficient, E is pan evaporation. In the González and Goyal [11] kp 
study, they used the Blaney-Criddle method to estimate ETo. The study of 
Harmsen et al. [31] concluded that there were significant differences in kp 
values between the two periods, and presented recommendations for new 
kp values, based on pan data from the later time period (1980–2000) and 
use of the Penman-Monteith ETo.
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Harmsen et al. [33] developed a field methodology for estimating actual 
ET. The goal of the project was to develop an instrument that provided 
accurate ET but at a much lower cost than eddy covariance or weighing 
lysimeter systems. The “ET station” consisted of a movable temperature 
and humidity sensor raised and lowered between two vertical positions 
at two-minute intervals (twelve readings at each position) to obtain the 
humidity gradient. In the theoretical formulation, a humidity gradi-
ent flux equation [38] is equated with the generalized Penman Monteith 
(GPM) equation (equation 3 in 2) and resolved for the bulk surface resis-
tance (rs). Once rs is obtained, all parameters and variables were available 
for estimating ET using the GPM method. The instrument was compared 
against an eddy covariance system at the University Florida Agricultural 
Experiment Station near Gainesville Florida in 2004 and at the University 
of Puerto Rico Agricultural Experiment Station at Lajas, Puerto Rico in 
2005. The ET station compared favorably with the Eddie covariance sys-
tems. The advantage of the ET station is that its cost is approximately 1/7 
the cost of an Eddie covariance system and about 1/20 of the cost of a 
weighing lysimeter.

Ramirez-Builes [47] conducted several ET studies for common bean 
(phaseolus vulgaris) in Puerto Rico, with topics including: develop-
ment of linear models for non-destructive leaflet area estimation; physi-
ological response of different common bean genotypes to drought stress; 
ET and crop coefficients for two common bean genotypes with and with-
out drought stress; surface resistance estimates from micro-meteorological 
data; crop measurements under variable leaf area index and soil mois-
ture; crop water stress indices and yield components for common bean 
genotypes in greenhouse and field environments; and water use effi-
ciency and transpiration efficiency for the two common bean genotypes. 
See also Ramirez et al. [46], Ramirez et al. [45], Porch et al. [41], and 
Ramirez et al. [43, 44]

Collaboration was initiated in 2009 between the University Puerto 
Rico and the University of Alabama in Huntsville, resulting in the avail-
ability of a remotely sensed solar radiation product for the northern 
Caribbean region [34]. Solar insolation estimates are developed from 
GOES visible data at 1 and 2-km resolution over Puerto Rico and the 
Caribbean, respectively, and are provided at 30-min time frequency 
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each day (~5 am through 8 pm Local Time). The methods of Diak and 
Gautie [6], Diak et al. [7] and Paech et al. [40] are utilized, with valida-
tion of the solar insolation provided in Otkin et al. [39] and Mecikalski 
et al. [37]. These GOES solar radiation data are a critical input parameter 
for ETo equations, for example the GPM, the Hargreaves radiation [24] 
and the Priestly-Taylor [PT; 42] methods, among others. As noted, 
the spatial resolution of the GOES product is 2-km, however, there is 
a sub-set of data available for Puerto Rico and the US Virgin islands, 
which provide 1-km spatial resolution that is critical for obtaining accu-
rate insolation estimates between cumulus convective clouds [40]. The 
remotely sensed solar radiation product represents a valuable tool for 
Puerto Rico, because prior to 2009, there were very few solar radiation 
sensors distributed across the island.

Rojas González [49] evaluated the performance of the Hargreaves radi-
ation equation [24] and Hargreaves-Samani [25] temperature difference 
equation for estimating ETo under the humid conditions of western Puerto 
Rico. The daily temperatures were estimated using a lapse rate approach 
developed by Goyal et al. [23] for Puerto Rico. Authors concluded that 
ETo is very sensitive to solar radiation and that its estimation using the 
square root of the temperature difference times the extraterrestrial radia-
tion did a poor job as compared to the estimation of ETo using measured 
solar radiation. It was suggested that, in the absence of pyranometer data, 
remotely sensed solar radiation data should be used.

Harmsen et al. [35] developed a geographic information system for ref-
erence ET, based on remotely sensed solar radiation, which included esti-
mates of the Penman-Monteith [2], Hargreaves radiation [24] and Priestly 
and Taylor [42] methods, all based on remotely sensed solar radiation 
[34]. Currently the algorithm produces daily reference ET for Puerto Rico, 
Hispaniola and Jamaica. Figure 1.1 shows an example of daily ETo for the 
three islands for February 1, 2014 (PM method only). Figure 1.1 illustrates 
a potential problem related to the remotely sensed solar radiation product, 
for example, a “banding” error in the ETo that was produced by errors in the 
satellite-derived insolation data (see northern Puerto Rico in Figure 1.1). 
From January 1, 2009 through the present, the daily ETo images are avail-
able at a public website: http://pragwater.com/daily-reference-evapotrans-
piration-eto-for-puerto-rico-hispaniola-and-jamaica/.
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FIGURE 1.1  Estimated daily reference evapotranspiration for January 20, 2014 for 
Puerto Rico, Hispaniola and Jamaica.

Harmsen [26] developed a web-based methodology for irrigators to 
schedule their irrigation based on the daily ETo estimates for Puerto Rico, 
Hispaniola and Jamaica. The goal for the methodology is to assist irrigators to 
replace crop ET (i.e., Kc ETo, where Kc is the crop coefficient) with irrigation 
(or rainfall) throughout the crop season. In Puerto Rico, the user can access 
NEXRAD radar rainfall data if they do not have a rain gauge on their farm.

Furthermore, Harmsen et al. [32] modified the algorithm described in 
the previous paragraph to include the water and energy balance compo-
nents (the algorithm is called GOES-PRWEB). The water balance is based 
on the actual ET, which is estimated at 1-km spatial resolution. Actual ET 
is derived from an energy balance approach similar to the methodology 
described by Yunhao et al. [54]. Surface runoff is estimated using the Natural 
Resource Conservation Service Curve Number (CN) method [8]. Rainfall 
is obtained from the National Oceanic and Atmospheric Administration’s 
(NOAA’s) Advanced Hydrologic Prediction Service (AHPS) website. Soil 
moisture is estimated using a simple soil reservoir concept [34] in which 
infiltrated water in excess of the field capacity becomes aquifer recharge. 
Figures 1.2 and 1.3 show examples of the energy and water balance com-
ponents, respectively, for February 1, 2014. Image data for twenty-five 
hydro-climate variables are available on a public website: http://pragwa-
ter.com/goes-puerto-rico-water-and-energy-balance-goes-web-algorithm/. 
Archived images are available from January 2009 through the present.
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FIGURE 1.2  Daily energy balance components produced by GOES-PRWEB for 
January 20, 2014.

FIGURE 1.3  Continued
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1.4  FUTURE WORK

Current and future efforts on several of the projects are listed below.

a.	 A mobile/desktop application is being developed for the web-based 
irrigation scheduling procedure [27]. The application will allow the 
user to create an account, which will store their irrigation history in 
a database.

b.	 The 25 hydro-climate variables are currently only available as 
images (jpg format). With an improved user interface and web 
database structure, the user will be able to select their location on a 
map and obtain time series data for any variable for any date range. 
Alternatively, the user will be able to download map data for any 
date range. This latter option will be useful for modelers who may 
want to use map data (e.g., soil moisture) for initializing model 
simulations.

c.	 Currently the surface runoff, aquifer recharge and total stream 
flow components of GOES-PRWEB are being calibrated using US 
Geological Survey (USGS) stream gauge data.

d.	 Rojas (2012) showed that the bias-corrected AHPS rainfall 
data have a low accuracy in western Puerto Rico. We plan to 
develop a real-time (daily) bias correction factor for each of the 
USGS gauged watersheds in Puerto Rico. The correction fac-
tor will be derived using a methodology similar to Fekete and 
Vorosmarty [9].

FIGURE 1.3  Daily water balance components produced by GOES-PRWEB for 
January 20, 2014.
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1.5  CONCLUSIONS

This chapter summarizes recent ET studies in Puerto Rico. Studies included 
the development of procedures for estimating climate parameters for use 
in the PM ETo equation and a computer program for implementing the 
method; recalculation of evaporation pan coefficients for estimating ETo, 
development of the field instrument for measuring actual ET in the field, 
and algorithm for estimating reference ET in Puerto Rico, Hispaniola and 
Jamaica, a irrigation scheduling procedure which utilized the ETo map 
data for the three islands, and an algorithm that produces a daily water and 
energy balance at 1-km spatial resolution in Puerto Rico.

1.6  SUMMARY

Since 2000, several evapotranspiration (ET) research projects have been 
conducted in Puerto Rico. These projects involved the development of 
procedures for estimating weather variables for use in the Penman-
Monteith ET equation, design and testing of field equipment for mea-
suring actual ET, derivation of crop coefficients and the application of 
satellite remote sensing techniques for estimating reference and actual ET. 
The climate parameter estimation project resulted in a software product 
called PR-ET, which allows the user to estimate the reference and crop 
evapotranspiration for any location in Puerto Rico with only day-of-year, 
site latitude and elevation. An “ET-Station” was designed and compared to 
eddy-covariance systems in Florida and Puerto Rico. The new equipment 
performed well and could be produced for a fraction of the cost of tradi-
tional field ET measurement equipment. A three-year study employed the 
ET-Station in southern Puerto Rico where crop coefficients were derived 
for three varieties of common bean. Recently, a research project was con-
ducted in which an operational water and energy balance algorithm called 
GOES-PRWEB was developed based on 1-km resolution satellite-derived 
solar radiation. GOES-PRWEB data are published daily for Puerto Rico, 
and can be used by the scientific community, private companies and citi-
zens, and the government. Reference ET and the related input variables 
are also published each day for the islands of Hispaniola and Jamaica. 
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Recent outreach efforts have resulted in an online procedure for schedul-
ing irrigation at any location throughout the three islands.
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2.1  INTRODUCTION

Evapotranspiration from earth’s surface is one of the most important 
components of the global water cycle. There is a lack of knowledge in 
quantification of evapotranspiration and its partitioning into components 
(bare soil evaporation and plant transpiration). Bare soil evaporation is 
an important water balance component during early growth stages of irri-
gated field crops, row crops with incomplete cover and in soils with high 
water table. Quantification of bare soil evaporation can help in irrigation 
and environmental management. Evaporation is known to be influencing 
many other hydrologic and ecological processes too.

Evaporation from bare soil surface is the loss of water surrounding 
the soil particles as thin films (hygroscopic water) and the water filling 
the pore spaces (soil water) into the atmosphere. Knowledge of evapora-
tion is important in hydrologic water balances, irrigation scheduling, crop 
yield forecasting, water resource management, irrigation system design 
and climate change forecasting, etc. The prediction of evaporation and 
transpiration together is referred to as evapotranspiration, and is required 
for a reliable project planning, design and operating of an irrigation system 
in an irrigation command, water resources monitoring, water harvesting 
and storage of rainwater, and management of catchments for efficient uti-
lization [45].

In arid ecosystems, where vegetation and transpiration is minimized 
and drainage is low, evaporation can be dominant sink of soil moisture and 
can influence soil water redistribution. The magnitude of loss of water by 
evaporation can be of great importance in the fields of land management, 
liquid waste disposal and ecosystem management [53]. The effect of soil 
texture and climatic water demand on evaporation dynamics is important 
for developing a good understanding of ecosystems where evaporation 
plays an important role in the water balance [15, 27].

The magnitude and rate of removal of water as evaporation is gov-
erned by atmospheric evaporativity as well as soil transmission proper-
ties. This process results into considerable losses of water in both irrigated 
and unirrigated agriculture if not checked properly. Evaporation depletes 
large amounts of soil moisture from soil surface during tillage operations, 
planting, germination and early seedling growth stages when soil largely 
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remains bare, thus hampering the growth of young plants during their most 
vulnerable stage. In early vegetative phases of plant growth, when the 
plants are young and a high leaf area index has not been achieved, evapo-
ration from bare soil result into considerable moisture depletion from the 
soil [2, 33, 48].

Evaporation from the soil surface especially in semi-arid regions con-
stitutes a large fraction of the total water loss not only from bare soils, 
but also from cropped fields [34, 74]. In annual field crops, the soil sur-
face remains bare for many weeks resulting into substantial evaporation. 
It is more prominent during periods of seed germination and seedling 
establishment as well as during the subsequent growth of the young crop. 
Evaporation from bare soils results in a considerable loss of moisture and 
has a direct impact on crop yield in rainfed agriculture of arid and semi-
arid regions. In orchards too, the soil surface between the trees is kept bare 
by frequent tillage and is continuously subjected to evaporation [48].

Transpiration through crops is regarded as a beneficial depletion, but 
the evaporation from the bare soil in irrigated fields, with a partial canopy 
cover or from weeds, can be considered as a non-beneficial depletion [19]. 
The transpiration from the canopy layers and evaporation from the soil 
can be separately calculated using equations of the Penman–Monteith 
type [14]. Acs [1] analyzed the bare soil evaporation using different meth-
ods and compared the performance of each. In most biophysical models 
evapotranspiration is split into transpiration and bare soil evaporation [22]. 
Transpiration is biologically regulated through plant stomata, while soil 
evaporation occurs through the soil pores.

Under natural field conditions, evaporation from bare soil surfaces is 
extremely variable in time and space. It strongly depends on both surface 
soil moisture and meteorological conditions. However, most experimental 
studies of soil evaporation have been conducted under controlled condi-
tions mainly in the laboratory. Only a few measurements of soil evapora-
tion have been made under natural field conditions over a relatively long 
period, therefore, the actual state of soil evaporation under such conditions 
has not yet been fully investigated.

Evaporation from bare soil (Es) is often characterized as occurring in 
two distinct stages [25, 38, 62–64]. The first stage is termed the “energy 
limited” stage. During this stage, moisture is available at or is transported 
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to near the soil surface at a rate sufficient to supply the potential rate of 
evaporation, defined as the rate of evaporation constrained by energy 
availability at the soil surface. The second stage is termed as the “falling 
rate stage” or “soil limited stage,” where hydraulic transport of subsurface 
moisture to near the soil surface is unable to supply water at the potential 
evaporation rate. During falling rate stage, the soil surface appears dry and 
a portion of the evaporation occurs below the soil surface. The subsurface 
evaporation is caused by transport of heat from the soil surface into the 
soil profile [3].

Several simplified models have been advocated for the relation between 
soil evaporation and water potential. Ehlers et al. [20] and Aydin [5] esti-
mated evaporation from bare soils as a function of soil water potential 
(matric potential) at the surface layer, neglecting the influence of the 
hydraulic gradient. Similarly, Beese et al. [8] quantified the relationship 
between soil evaporation and water potential at the soil surface.

The global average surface air temperature is projected to increase by 
1.4–5.8°C over the period of 1990–2100 [29]. Precipitation is not likely to 
increase in semi-arid regions, where the effects of climate change on soil 
water balance are of major concern as the increased temperature stimu-
lates the evaporative demand of the atmosphere. In such regions, where 
summer fallow is practiced, the bare soil evaporation may result into the 
loss of the most of the incoming precipitation. The soil surface in such 
areas remains bare for sufficiently long times ranging from days to weeks. 
In absence of good or sufficient rainfall, soils of these regions experience 
sever soil moisture deficit. If attempts are made to grow field crops in 
these areas soon after the onset of first rain, the seed germination, seedling 
establishment, and/or subsequent growth of the young crop may result into 
a failure.

In the era of global climate change and consequently the reducing mois-
ture availability, the knowledge of bare soil evaporation is of paramount 
importance for planning and executing agricultural operations for growing 
crops. In India too, this phenomenon has got special significance as during 
the summer season large barren tracts experience intense heat and wind, 
resulting into a completely dry soil profile. The climatic water demands 
remains quite high even with the onset of monsoon for few days so much 
so that almost whole amount of first rain gets soaked and redistributed 
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into the soil profile. Subsequently, this moisture gets evaporated and lost 
without any beneficial use. A quantitative assessment of bare soil evapora-
tion from the agricultural lands will help the planners to design appropri-
ate strategies for land preparation, sowing and growing crops with less or 
limited water supply situations.

Hence, the present study was planned with the following specific objec-
tives: (i) To estimate the bare soil evaporation from different soil types. 
(ii) To develop bare soil evaporation prediction equations. (iii) To validate 
prediction equation from observed data.

2.2  LITERATURE REVIEW

Soil is the basis of human’s living. Soil moisture plays a significant role 
in studying the matter and energy exchanges in global hydrologic sphere. 
The evaporation of soil moisture has an influence on the water vapor 
cycle. Soil moisture is one of the primary measurable parameters in crop 
yield estimation and water resources management [32]. Evaporation or 
the net rate of vapor transport to the atmosphere has great importance in 
many disciplines, including irrigation system design, irrigation schedul-
ing, hydrologic and drainage studies etc.

Evaporation from the bare soil surface is essentially the evaporation 
of water surrounding the soil particles as thin films (hygroscopic water) 
and filling the pore spaces between them (soil water). Therefore, the atmo-
spheric conditions that govern the evaporation from the free water sur-
face will also govern the rate of evaporation from the bare soil surface. 
However, in case of evaporation from the free water surface, the supply 
of water is not a limiting factor while the evaporation from the bare soil is 
affected by the insufficient supply of water. Furthermore, the water mol-
ecules escaping from the soil will have to overcome greater resistance due 
to the attraction of soil particles (adhesive forces) than while escaping 
from a free water surface (cohesive forces). When the water content of 
the surface soil reduces below a threshold value, evaporation practically 
ceases to exist.

The above discussion highlights that evaporation of water from the 
bare soil demands three basic physical requirements to be fulfilled:
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	 (i)	 A continuous supply of heat to change the state of water from 
liquid to vapor should be available;

	(ii)	 a vapor pressure gradient between the soil surface and the sur-
rounding atmosphere should be maintained; and

	(iii)	 a continuous supply of water from or through the soil profile at 
the surface.

The first two conditions, namely, supply of energy and removal of vapor 
are external to the evaporating body and are influenced by the meteoro-
logical factors such as maximum/minimum ambient air temperature, rela-
tive humidity, wind velocity and solar radiation, which together determine 
the evaporative demand of the atmosphere or evaporation potential. The 
evaporation potential is defined as the maximum evaporation rate from 
the surface of free water in bulk under the given meteorological condi-
tions. The third condition determines the maximum rate at which soil can 
transmit water to the plane of evaporation. Thus, the evaporation rate is 
determined either by the evaporation potential or by the soil’s own ability 
to transmit water to the plane of evaporation under the given condition, 
whichever is lesser [23].

2.2.1  SOIL EVAPORATION STAGES

Evaporation occurs when water is converted in water vapor. The rate is 
controlled by availability of energy at the evaporating surface, and the 
ease with which water vapor can be diffused into the atmosphere. Different 
physical processes are responsible for the diffusion, but the physics of 
water vapor loss from open water surface and from soil and crops is 
essentially identical. The evaporation is defined as the rate of liquid water 
transformation to vapor from open water, bare soil, or vegetation with soil 
beneath. Unless otherwise stated, this rate is in millimeter of evaporated 
water per day. In the case of vegetation growing in soil, transpiration is 
defined as that part of the total evaporation, which enters the atmosphere 
from the soil through the plants. The soil evaporation (Es) is a key compo-
nent in the water balance especially under dryland farming system where 
the soil is exposed to the atmosphere for a long time from the beginning 
of the growing season to the canopy development and maturity in some 
sparsely growing crops.
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The rate of evaporation has traditionally been estimated using metrolo
gical data from climate stations located at particular points within region. 
It has been assumed that the evaporation area is sufficiently small and 
that the evaporation has no effect on regional climate or air movement. In 
reality, this simplified approach approximates a more complex situation in 
which local evaporation is a function of both local climate and regional air 
movement.

Ritchie [62] described a model for estimating Es and also evapora-
tion from the soil under crop. The model is based on a two-stage evapora-
tion theory in which the “First Stage (ES1w)” comes into effect soon after 
recharge of the soil profile and depends on the “Potential Evaporation Rate 
(Esp)” until reaching a theoretical threshold. The “Second Stage (ES2w)” 
comes into effect afterwards that depends on the moisture content and the 
hydraulic conductivity of the soil. Therefore, evaporation from bare soil is:

	 ∑Es = ∑ES1w + ∑ES2w	 (1)

where:

	 ∑ES,1 = ∑E0 when ∑Es ≤ U	 (2)

	 ∑ES,2 = C t ½  when ∑Es > U	 (3)

where, E0 is the potential evaporation determined with the equation of 
Priestley and Taylor [57]. The amount of water that can be evaporated 
from a given soil type during ES,1 is denoted by U. Time is denoted by t and 
C represents a soil parameter which can be expressed using Eq. (4) given 
by Black et al. [9].

	 C = 2(θi – θ0) (D/π)1/2	 (4)

where, θ0 is the moisture content at the soil surface at a particular time dur-
ing the drying period, θi is the initial moisture content at any given depth, 
and D is the soil water diffusivity.

Black et al. [9] also showed that C can be taken as the slope of the 
regression of ∑ES,2 on the square root of time (t), after the onset of ES,2. 
Studies, however, showed that U and C are sensitive to E0 [24, 31, 
35,  37]. Johns  [37] found that U is inversely proportional to E0 while 
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Jackson et al. [31] reported an almost linear increase in C with seasonal 
temperature. Thus, estimates of ∑ES by the Ritchie’s model [62] should 
depend on the conditions under which these parameters were determined.

Boesten et al. [11] and Stroosnijder [71] proposed an alternative model 
in which both U and C were replaced by a single parameter β that depended 
on E0. The parameter β is similar to the parameter C, but is obtained by 
regressing ∑ES,2 on the square root of ∑E0. According to this model, ∑Es is 
estimated as:

	 ∑ES,1 = ∑E0, when ∑E0 ≤ β2	 (5)

	 ∑ES,2 = β(∑E0)
1/2 when ∑E0 ≥ β2	 (6)

where, E can be determined from the Penman-Monteith equation [50].
Jalota and Prihar [36] evaluated the effects of atmospheric evapo-

rativity, soil type and redistribution time on evaporation from the bare 
soil. Experiments were conducted with silt loam, sandy loam and loamy 
sand soils with 0 and 2 days redistribution time before commencement of 
evaporation under high (15.1 ± 0.50 mm day–1), medium (10.1 ± 0.50 mm 
day–1) and low (6.3 ± 0.52 mm day–1) E, to ascertain if cumulative evap-
oration (CE) was always greater under higher E, irrespective of experi-
mental conditions, and if the evaporation rates during falling rate stage 
were insensitive to changes in E, in all soils. They concluded that where 
evaporation commenced immediately after wetting, CE up till 30 days was 
always higher under higher than lower E, values in the silt loam and sandy 
loam soils. In the loamy sand, however, CE under medium E, conditions 
exceeded that under high E, conditions after 2 days. When evaporation 
commenced after 2 days of redistribution CE under medium and low E, 
values exceeded that under high E, values after 8 and 12 days in the sandy 
loam, and 2 and 6 days in loamy sand, respectively. Where evaporation 
was commenced after the 2-day redistribution, CE at 30 days in the silt 
loam and sandy loam was 12% less than where evaporation commenced 
immediately after infiltration under all the E, values. In loamy sand these 
differences were 17% and 40% under low and high E, values, respec-
tively. CE as well as evaporation rate (ER) were sensitive to E, in the 
initial period of falling rate stage in the silt loam and the sandy loam but 
not in the loamy sand.
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2.2.2  ESTIMATION OF EVAPORATION

Many approaches are available for measurement of evaporation. The fol-
lowing methods or approaches embody the estimation of evaporation from 
bare soil surface:

•	 the aerodynamic method;
•	 the energy balance method;
•	 the combination method; and
•	 the soil water evaporation estimation from the solution of water flow 

from equations using water transport properties of the soil.

Since the present study confines to the field experiments and soil column 
studies in the laboratory simulation by following the approach of evapora-
tion measurement using water balance approach, a comprehensive review 
pertinent to this subject has been presented in the following subsections.

2.2.2.1  Soil Moisture Depletion Methods

Evaporation under field conditions can be determined by measuring the 
change of soil water content over a period of time. The soil water content 
can be measured by gravimetric sampling, tensiometers, gypsum blocks, 
neutron moisture meter, gamma attenuation technique, pressure transduc-
ers, time domain reflectrometry (TDR), and frequency domain reflectrom-
etry (FDR) or by using infrared thermometers etc. Other methods used 
for measuring soil water content include tensiometer and gypsum blocks. 
These techniques require calibration to determine the amount of water that 
must be applied to refill the profile.

Deki et al. [16] studied the sensitivity of bare soil evaporation schemes 
to soil surface wetness, using the coupled soil moisture and surface tem-
perature prediction model. The performance of evaporation schemes with 
α and β approach and their combination within resistance representation 
of evaporation from bare soil surface was discussed. For this purpose nine 
schemes, based on different functions of α or β on the ratio of the volumet-
ric soil moisture content and its saturated value were used. A sensitivity 
analysis was made using two sets of data derived from the volumetric soil 
moisture content of the topsoil layer. One with values below the wilting 
point (0.17 m3m–3) and the second with values above 0.20 m3m–3.
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Ventura et al. [73] used continuous soil moisture measurements and 
hourly reference evapotranspiration data to estimate a soil hydraulic fac-
tor (β) for modeling soil evaporation. A two stage soil evaporation model 
was proposed using the β factor by assessing the end of the energy lim-
ited soil evaporation phase (Stage 1) and the evaporation rate during 
the soil hydraulic limited phase (Stage 2) which uses a hydro-probe soil 
moisture measuring device to estimate the continuous soil evaporation. 
The estimation of evaporation with soil moisture sensors was simpler 
and less expensive as compared to the energy balance technique. When 
daily soil evaporation from soil moisture measurements was compared 
with soil evaporation estimated from energy balance measurements, the 
root-mean-square error was 1.3 mm day–1. Direct soil monitoring method 
had bigger error, but the method is less costly.

2.2.2.2  Lysimeter Studies

Singh, et al. [66] has discussed the design requirements for installation and 
proper use of lysimeters. A lysimeter is a container located in hydrologi-
cally isolated conditions from its surroundings, which contains a volume 
of soil; with or without crop. For accurate and reliable measurement of 
evapotranspiration the lysimeter should be constructed [77], installed and 
operated properly. Weighing type lysimeters are preferred over the non-
weighing type ones due to the accuracy of measurements.

Boast and Robertson [10] used a “micro-lysimeter” for estimating 
evaporation from soil. It consisted of a thin-walled cylinder of 76 mm in 
diameter. The unit was pushed into the field soil. The soil-filled cylinder 
was removed from the field and made watertight by closing at the bot-
tom. Thus, by determining the mass of the micro-lysimeter, replacing it 
in the field with its top surface even with the surrounding soil, leaving it 
exposed to environmental conditions for a period of time (typically 1 day), 
and re-determining its mass. Evaporation loss from the micro-lysimeter is 
the difference between the two masses. The deviations are quantified by 
comparing short micro-lysimeters with effectively “infinitely long” ones. 
The deviation is influenced by the time that the micro-lysimeter is exposed 
to environmental conditions and by the length of the soil sample.

For a silty clay loam soil under evaporativity conditions ranging from 
2  to 9 mm/d, the measurement error for micro-lysimeter of 70 mm in 
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length was found to be <0.5 mm for 1 or 2 days, depending on whether the 
initial soil condition was “wet” or “dry,” respectively (0.26 or 0.13 g of 
H2O per gram of dry soil in the top 20 mm). Hence, for many applications 
the method is valid for 1 or 2 days. Correction equations for deviations of 
up to 0.5 mm were also given. This method required little instrumentation 
and made it possible to measure the evaporation under field conditions 
(e.g., at large numbers of sites or in areas of partial crop shading) where 
micrometeorological, water balance, and traditional lysimeter methods 
were unpractical or impossible [77].

Jackson et al. [30] studied evaporation from soil (Es) in an agroforestry 
system using soil micro-lysimeter, where the trees and crops were grown, 
in monoculture, two components grown separately, and in bare soil at an 
equatorial field site in Kenya. Es varied according to the different shade 
regimes and as a function of proximity to trees and/or crops. Over periods 
of 3–12 days, the maximum reduction in Es compared to completely bare 
soil was 40%. This was observed under a maize canopy when the crop leaf 
area index (LAI) was 2.0. When the trees had similar values of LAI (1.9), 
the reduction in Es was lower at 23%. However, in contrast over an entire 
rainy season, the presence of trees over bare soil reduced total seasonal Es 
by 24%, compared to an 8% reduction in Es by the maize crop. The maize 
crop was less effective in reducing Es largely because of its shorter duration.

Qiu et al. [59] developed a method to estimate daily soil evaporation 
using differential measurements of temperature. They adopted the basic 
concept of differential temperature measurements to estimate soil evapora-
tion. Evaporation was estimated from the temperature difference between 
wet soil and a reference dry soil in which negligible evaporation was 
assumed. Experiments were conducted in a field with sandy soil that was 
irrigated with sprinklers and included a weighing lysimeter to measure 
actual evaporation. Regression between modeled and actual evaporation 
on a daily basis produced a slope of 1.05 (R2 = 0.9). It was observed that the 
cumulative evaporation calculated by the model was in reasonably good 
agreement with the actual value, both qualitatively and quantitatively.

Wythers et al. [76] measured soil water in lysimeters filled with three dif-
ferent soils. He measured daily evaporation gravimetrically and estimated 
evaporation rates using the energy balance method. The estimated soil water 
content at depths 3.8 cm, 11.4 cm, 19.0 cm, 26.6 cm, and 34.2 cm with time 
domain reflectometry rods and with soil cores. Bare-soil evaporation during 
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the first 15 days of the experiment was 25% higher in the silt loam than 
the sandy loam, and 42% higher than the clay loam. By Day 30, bare-soil 
evaporation in all soils was 0.5 mm d–1. Soil water content decreased in all 
five lysimeters layers, it was related to time and depth (r2 values ranged from 
0.60 to 0.95). The slope describing change in soil water content was greatest 
in the top 3.8-cm layer in all soil types (–0.52 in the clay loam, −0.32 in the 
silt loam, and −0.21 in the sand loam). At 14 day, bare-soil evaporation had 
the greatest influence on the upper 4.62 cm in the sand loam and the upper 
7.18 cm in the clay and silt loams. At 51 day bare-soil evaporation had the 
greatest influence on the upper 7.36 cm in the sand loam, the upper 9.79 cm 
in the silt loam and the upper 14.1 cm in the clay loam.

2.2.2.3  Advanced Methods for Evaporation Measurements

Kumar et al. [43] estimated the daily soil water evaporation using an arti-
ficial neural network. In field water balance studies, one of the major dif-
ficulties was the separation of evapotranspiration into plant transpiration 
and soil evaporation components. In this study the Radial Basis Function 
Neural Network (RBFNN) was implemented using C language to estimate 
daily soil water evaporation from average relative air humidity, air tem-
perature, wind speed and soil water content in a cactus field study. The 
RBFNN learned rapidly and converged after about 1000 training iterations. 
The optimum number of hidden neurons was found to be six. The RBFNN 
achieved good agreement between predicted and measured values. The 
average absolute error and the root mean squared errors were 21% and 
0.17 mm for the RBFNN and 30.1% and 0.28 mm for the Multiple Linear 
Regression (MLR). The RBFNN technique appears to be an improvement 
over the MLR technique for estimating soil evaporation.

2.2.3  EVAPORATION FROM BARE SOIL

Lascano et al. [44] used a numerical model simulate evaporation, water and 
temperature profiles for a bare soil over drying cycles of 8, 9, and 20 days 
using soil hydraulic characteristics and meteorological data as input. The 
model was also used to evaluate the effect of the thickness of the surface 
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layer in the model on the simulated evaporation rates. The  simulated 
values were compared to actual measurements made over the same period 
of time. It was postulated that the model was highly accurate to predict the 
bare soil evaporation rates, as well as soil water and temperature profiles.

Matthias et al. [47] conducted two field studies to estimate bare soil 
evaporation for 7 days following surface trickle irrigation from a point-
source emitter. A micro-lysimeter and an infrared thermometer were used 
to estimate evaporation at several sites from both wetted and non-wetted 
areas surrounding the emitter. Based on data collected from both meth-
ods it was concluded that evaporation accounted for about 33–40% of 
the applied water in both the studies. The micro-lysimeter method tended 
to estimate higher values than the infrared thermometer method. For dry 
soil conditions, the infrared thermometer method estimates were slightly 
higher. Agreement between the two methods was found to be good for the 
cumulative 7-day total evaporation estimates in both studies.

Soares et al. [70] used active microwave instruments to remotely sense 
the variations in soil moisture in space and time up to 10 cm below the 
surface. The thermal infrared radiance was also related to soil evaporation 
through the energy balance at the soil-air interface. If those two measure-
ments were made simultaneously over a long period, it might be possible 
to monitor the actual evaporation and the soil water budget. Airborne 
remote sensing equipment gave the surface temperature and the surface 
water content of an essentially bare agricultural region (surface tempera-
ture from an infrared radiometer and the surface water content from radar). 
To validate the results, the sensible heat fluxes derived were compared 
with regional fluxes measured using a vertical Doppler SODAR.

Plauborg [55] studied the evaporation from bare soil in a temperate 
humid climate using micro-lysimeter and TDR. The use of TDR for mea-
suring soil water content was investigated using a manual interpretation 
of the trace. It was reported that the accuracy of daily measurement was 
about +/– 0.5 mm H2O day–1. The micro-lysimeter method was not valid 
in periods with high precipitation. The use of time domain reflectometry 
(TDR) for measuring soil water content was investigated using a manual 
interpretation of the trace. The precision of changes in soil water content 
calculated from daily measurements with TDR was about 1.3 mm H2O, 
when using probes of 50 cm length. However, improved precision may be 
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obtained by the use of an automatic interpretation of the trace. Estimates of 
daily evaporation from bare soil calculated from the water balance equa-
tion and measurements of soil water content with TDR were compared 
with measurements with micro-lysimeters. The TDR technique was suit-
able for estimating bare soil evaporation when the soil water content was 
integrated over a 0–50 cm soil profile and drainage had ceased at the lower 
depths of the profile. Evaporation during a 13-day drying period in spring, 
just after the soil had been fully rewetted, was about 26 mm. During a 
23-day drying period later in the season the evaporation from the bare soil 
was about 30 mm. In both periods the accumulated evaporation was rather 
high and equivalent to about 65% and 50% of the accumulated potential 
evapotranspiration in the first and second drying period, respectively, even 
though the soil water content in the 0–50 cm profile was well below field 
capacity at the beginning of the second drying period.

Qiu et al. [58] proposed a method for estimating evaporation from 
bare soil. The necessary input variables for the suggested method were 
temperature, net radiation and soil heat flux. There were three advantages 
of the proposed method over the conventional methods. In this method 
the soil surface resistance and aerodynamic resistance were not required. 
Secondly, the number of variables included in the method was fewer. 
Thirdly, measurement and analysis of the parameters involved are rela-
tively easy. Sensitivity analysis showed that the suggested method is sen-
sitive to temperatures.

Surface soil wetness determines whether evaporation occurs at the 
potential rate or is limited by soil water supply. Many land surface models 
calculate evaporation by parameterizing the relative humidity at the soil 
surface (a method) or the soil water diffusion resistance. The relationships 
of a and b to the average moisture content of soil surface layer thicknesses 
ranging from 0.5 to 10 cm were examined using Bowen ratio/energy bal-
ance measurements of evaporation from a bare loam/silt-loam soil at two 
adjacent sites, one of which was multi-packed while the other was disc-
harrowed [75]. It was found that the relationships were sensitive to the 
surface layer thickness and tillage treatment and became better defined 
with larger thicknesses.

Denisov et al. [17] studied a method of calculation of soil moisture 
evaporation from bare soils, which was based on the theory of exchange 
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processes in porous media. Studies were conducted to quantify the physical 
process of soil moisture evaporation. It was established that water vapor 
transfer in soil, as a porous medium, follows diffusion laws, and water 
vapor released into the atmosphere occurs due to turbulence. On the basis 
of this assumption, a theoretically grounded equation of soil moisture 
evaporation has been obtained. The parameters of the equation were the 
soil water content of soil and the characteristics of the surface atmospheric 
layer. Comparison of calculated evaporation data from bare soil, taking 
into account weather conditions for different climate zones and measured 
data, showed rather good agreement with evaporation values (correlation 
coefficient, R = 0.71).

Shriyangi and Kunio [67] developed an evaporation chamber for 
evaporation measurement. This device was unique in the sense that it 
used a chamber that was completely open at one end and thereby, mini-
mizes the effect of the chamber on the natural profiles of temperature, 
humidity, and turbulence. It was used in estimating a newly formulated 
surface resistance to bare soil evaporation under dry topsoil conditions. 
Asimple energy balance model incorporating the depth of evaporating sur-
face, blended with a new approach for describing surface resistance was 
developed and successfully tested with limited set of data obtained from 
a simple experiment, assuming ideal conditions. In addition to the newly 
formulated surface resistance, the depth of the dry soil layer was also esti-
mated and was relatively comparable with measured value. The newly 
formulated surface resistance was found to be insignificant compared to 
the resistance imposed by the dry soil layer. The total surface resistance 
was modeled as a power function of soil moisture in the top 0–1 cm of soil, 
while the newly formulated resistance did not show any relation with the 
soil moisture.

Polyakov [56] developed an expression for calculating the evapora-
tion intensity from bare wet soil derived from a joint consideration of heat 
and water flow dynamics in adjacent air and soil media. This expression 
refined well-known theoretical formulae to determine potential evapora-
tion. Estimation was performed for the effect of transitional soil processes 
due to dramatic change in meteorological conditions and physical param-
eters characterizing soil state. In case of turf-podzolic soil the duration 
of the first stage, unsaturated soil water flows were computed at several 
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depths of the water table and initial moisture distributions in the aeration 
zone. A preliminary estimation was made to study the effect of soil seal 
formed due to rainfall on the physical evaporation. It is established that 
soil compaction because of falling drops can noticeably intensify or reduce 
outflow from the soil surface. A theoretical analysis was also done to esti-
mate the evaporation from the bare soil. Also, the evaporation in second 
and third stages were modeled based on a stationary model of consistent 
heat and water transfer in the system soil-atmosphere (subsurface layer). 
The effect of thermal, hydro-physical soil properties and meteorological 
elements on evaporation intensity and thickness of a dried layer was inves-
tigated. It was postulated that the soil hydraulic conductivity decides the 
movement of water. A boundary condition at the soil surface was found 
which reflected the peculiarities of water exchange between soil and air 
media at the stages under consideration. The calculations were performed 
for five widespread soil types.

Rushton et al. [65] introduced a new concept to account for continuing 
evapotranspiration on days following heavy rainfall even though a large 
soil moisture deficit exists. Algorithms for the computational model were 
provided. The methodology for recharge estimation using a soil moisture 
balance was applied to two contrasting case studies. The first case study 
referred to a rainfed crop in semi-arid northeast Nigeria, where ground 
water recharge occurs during the period of main crop growth. For the sec-
ond case study in England, a location was selected where the long-term 
average rainfall and potential evapotranspiration were of similar magni-
tudes. For each case study, detailed information was presented about the 
selection of soil, crop and other parameters. The plausibility of the model 
outputs was examined using a variety of independent information and 
data. Uncertainties and variations in parameter values were explored using 
sensitivity analyzes. These two case studies indicate that the improved 
single-store soil moisture balance model is reliable approach for potential 
recharge estimation in a wide variety of situations.

Zhi et al. [78] carried out an experiment of measuring soil moisture by 
using dual-frequency microwave radiometer designed by the authors. The 
measured data were analyzed by using statistical regression method and 
the empirical regression models for retrieving soil moisture in L and C 
bands were developed. The soil moisture in a rainfall event was retrieved 



Modeling of Evaporation from Bare Soil	 35

using the experiential regression model, which is consistent well with the 
field sampling value. The results showed that at low soil moisture (>75%) 
the brightness temperature is linear with soil moisture. However, when 
soil moisture is higher than 75%, the brightness temperature is not linear 
with soil moisture, so it is difficult for microwave radiometer to measure 
the changes of soil moisture.

Aydin et al. [7] studied that quantitative changes in evaporation from 
bare soils in the Mediterranean climate region of Turkey in response to 
the projections of a regional climate model (hereafter RCM) developed 
in Japan. Simulation of actual soil evaporation (Ea) was carried out using 
Aydin model combined with Aydin and Uygur model for estimating soil 
water potential of bare fields. It was found that the combination of mod-
els appeared to be useful in estimating water potential of soils and actual 
evaporation from bare soils, with only few parameters.

Braud et al. [13] studied the evaporation fluxes from bare soil columns, 
as well as to the corresponding isotopic composition of the water vapor, 
under non-steady state conditions. The experiment allowed an accurate 
determination of these quantities. The formulae propounded in the litera-
ture were used to estimate the isotopic composition of the evaporated water 
vapor. None of them was able to correctly reproduce the measured isotopic 
composition of water. The data were then used to estimate the value of 
the isotopic composition of the soil water, which should be used to get the 
right results for the isotopic composition of the evaporated water vapor. 
Results suggested that, when liquid transfer was dominant within the soil, 
the isotopic composition of evaporation could be controlled by the isotopic 
composition of the liquid water within very thin soil surface layers.

2.2.4  EVAPORATION STUDIES BASED ON ANALYSIS OF 
METROLOGICAL DATA

There are a number of meteorological parameters, which affect the rate of 
evaporation. The measurement by evaporation is mainly affected by vari-
ables such as vapor-pressure deficit, wind movement, soil temperature, 
air pressure, relative humidity, wind velocity; solar radiation and effective 
sun shine hours, etc. In this sub-section the review of some recent studies 
using the meteorological approach has been done.
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Singh et al. [66] developed linear regression equations between weekly 
evaporation and different meteorological parameters to establish a suitable 
relationship between them on yearly and seasonal basis. Highest correla-
tion was found to exist between evaporation and wind velocity in both sea-
sonal and weekly analysis. Least correlation was found to exist between 
evaporation and sunshine hours. It was also noted that during summer 
season (April–June) correlation coefficient between evaporation and wind 
velocity was lower than in the rest of the year; due to the fact that during 
summer season the wind velocity was higher as compared to rest of the 
year when steady airflow conditions prevailed.

Hussain et al. [27] studied the relationship between observed and esti-
mated crop evapotranspiration and its variation with other climatic param-
eters. The observed reference evapotranspiration was obtained by the ratio 
of measured crop evapotranspiration and crop coefficient published by 
FAO. Five methods to estimation of reference evapotranspiration were 
used. The modified Penman method made the best performance as it pos-
ses the real correlation with weather parameters.

Desborough et al. [18] collected atmospheric and land surface data 
from the HAPEX-MOBILHY field experiment those were used to com-
pare the bare soil evaporation simulations of 13 land surface schemes and 
to examine the relationship between differences in evaporation and soil 
moisture. Computed total evaporation ranged between 100 and 250 mm 
for a 120-day period in which there were no vegetation present (bare soil). 
This large range in evaporation was not related to soil moisture differ-
ences. Prescribing surface soil moisture and temperature did not reduce 
the range in evaporation instead it increased. The model predictions of 
evaporation were in close agreement with each other when they were 
allowed to select their own surface conditions than when they were forced 
to use the same conditions.

Kimura et al. [40] developed a canopy model for estimating the diurnal 
and seasonal variations of heat balance component, surface temperature and 
soil water content. The model was composed of one canopy layer and two 
soil layers. The meteorological parameters used for the simulation were pre-
cipitation, temperature, sunshine duration, wind speed and vapor pressure.

Aydin et al. [7] studied quantitative changes in evaporation from 
bare soils in the Mediterranean climate region of Turkey in response to 
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the projections of a regional climate model (RCM) developed in Japan. 
Daily RCM data for the estimation of reference evapotranspiration (ETo) 
and soil evaporation (ETs) were obtained for the periods of 1994–2003 
and 2070–2079. Potential evaporation (PET) from bare soils was cal-
culated using the Penman–Monteith equation with a surface resistance 
of zero. Simulation of actual soil evaporation (Ea) was carried out using 
Aydin model [7].

2.2.5  EVAPORATION MODELING

Kondo et al. [41] developed a simple model for evaporation from a bare 
soil surface. This model combined two processes of water vapor transport. 
The first process was the vapor transport in air expressed by the bulk for-
mula, and the second, the molecular diffusion of vapor in the surface soil 
pores. The vapor was assumed to have been carried from the interior of 
the soil pores to the land surface. The resistance to the vapor diffusion in 
the soil pore was expressed using a new parameter, estimated by experi-
mental means. General formulation of the so-called “surface moisture 
availability” was expressed with this model. The formulation showed that 
the “surface moisture availability” depended not only on volumetric soil 
moisture content but also on wind velocity and ratio of the specific humid-
ity of the air. This was in good agreement with experimental findings with 
loam and sand under various conditions. A model was constructed for esti-
mating evaporation from bare-soil surfaces. In the model, the evaporation 
was parameterized with the soil-water content for the upper 2 cm of the 
soil [42], and the heat and water transport within the soil layer below 2 cm 
was explicitly described by the heat conduction and moisture diffusion 
equations. Experiments on evaporation from loam packed in pans were 
also carried out. The present model simulated the observed evaporation 
and vertical profiles of soil temperature and water content very well.

Alvenas and Jansson [4] presented a modeling approach for predicting 
soil surface temperature and soil evaporation. The procedure was based on 
the equations for heat flow at the soil surface and included vapor diffusion 
and a semi-empirical correction function for the surface vapor pressure. 
The impact of changes in three important model parameters was studied by 
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means of multiple model simulations. The first parameter determined the 
steepness of the water potential gradient close to the surface. The second 
parameter was the water vapor enhancement factor and the third one limits 
the lowest possible hydraulic conductivity during drying. Measurements 
of soil water content and soil temperature in a bare sandy loam were used 
to evaluate the models behavior. Results from the temperature tests indi-
cated enhanced vapor diffusion and a probable value of the diffusion tortu-
osity coefficient close to 1.0, whereas a value close to 0.7 was more likely 
according to the soil water contents and calculated evaporation.

Bonachela et al. [12] formulated a functional model to estimate Es at 
daily time steps. During the energy-limiting stage, Es was calculated as 
the sum of the equilibrium evaporation at the soil surface and an aerody-
namic term, derived from the Penman equation. For the falling rate stage, 
Ritchie’s approach was adopted for the Es calculations [62]. The model 
was successfully tested in an orchard of 6 × 6 m2 spacing, typical of inten-
sive olive orchards, under a wide range of evaporative demand conditions.

Snyder et al. [69] developed a model that used a daily mean evapotrans-
piration ETo rate to estimate energy – limited soil evaporation (potential or 
Stage 1). It also used daily mean ETo and a soil hydraulic factor β to esti-
mate soil hydraulic property – limited evaporation (Stage 2). The model 
provided good estimates of cumulative soil evaporation on both hourly 
and daily basis when compared to observed soil evaporation in three field 
trials. Crop coefficient Kc values from cumulative hourly and cumulative 
daily soil evaporation estimates and ETo data were compared. Using a soil 
hydraulic factor (β) equal to 2.6 the model gave a fair approximation for 
the widely used Kc curves for initial growth of crops (FAO-24). However, 
it was postulated that a site-specific β factor might improve soil evapora-
tion and Kc estimates for site-specific applications.

Acs [1] analyzed the transpiration Ev and bare soil evaporation Eb pro-
cesses, assuming homogeneous and inhomogeneous areal distributions 
of volumetric soil moisture content θ. For a homogeneous areal distri-
bution of θ; a deterministic model was used, while for inhomogeneous 
distribution of θ; a statistical-deterministic diagnostic surface energy bal-
ance model was applied. In the experiments different parameterizations 
for vegetation and bare soil surface resistances and strong atmospheric 
forcing were used. The results suggested that Ev was much related 



Modeling of Evaporation from Bare Soil	 39

non-linearly to environmental conditions than Eb. Both Ev and Eb depend 
on the distribution of θ, the wetness regime and the parameterization used. 
With the parameterizations, Eb showed greater variations than Ev. These 
results were valid for conditions having no advective effects or mesoscale 
circulation patterns and the unstable stratification.

Aydin et al. [6] tested a simple model for estimating evaporation 
from bare soils in different environments. The model was based on the 
relations among potential and actual soil evaporation and soil–water 
potential at the top surface layer of the soil, with some simplifying 
assumptions. Input parameters of the model were simple and relatively 
obtainable viz., climatic parameters for the calculations of potential soil 
evaporation and metric potential measured near the soil surface. And 
after experiments it was found that the simple daily time step model 
depending upon the period considered for the calculation of potential 
soil evaporation, was capable of estimating actual evaporation from soils 
as a function of matric potential measured at 1 cm soil depth accurately. 
But it was unable to provide good estimates in the case of using water 
potential at deeper layers.

Molina et al. [49] developed a multilayer model, based on the discreti-
zation of the pan water volume into several layers. The energy balance 
equations established at the water surface and within the successive in-
depth layers were solved using an iterative numerical scheme. The model 
was calibrated and validated using hourly measurements of the evapora-
tion rate and water temperature, collected in a Class-A pan located near 
Cartagena (Southeast Spain). The simulated outputs of both water tem-
perature and Epan proved to be realistic when compared to the observed 
values. Experimental data evidenced that the convective mixing process 
within the water volume induced a rapid homogenization of the tempera-
ture field within the whole water body. This result led them to propose a 
simplified version of the multilayer model, assuming an isothermal behav-
ior of the pan.

Torres et al. [72] tested the FAO-56 model [2] on different conditions 
of evaporative demand and soil moisture. The data analysis showed that 
under low evaporative demand conditions the results from the model 
and the weighting lysimeter differ just about 7% for cumulative evapo-
ration, while on high evaporative demand the results are more sensitive 
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to initial soil humidity. The model assessed the bare soil evaporation 
more accurately when the initial water content was medium, while at 
low soil water content the model underestimated evaporation and at high 
soil water content evaporation was overestimated. These results allowed 
firmly concluded that the FAO-56 methodology might be implemented 
with confidence at regional scale in semi-arid conditions to estimate bare 
soil evaporation.

Malik et al. [46] developed a model for predicting evaporation from 
bare and freely drained soils with a deep water table. The model delin-
eated three classical and one transitional drying stage as the drying front 
advances into the soil profile. Daily evaporation was estimated from the 
daily potential evaporation rate and depth of the drying front, attained at 
the start of the day. The approximating relations used for calculating soil 
evaporation rate as a function of advancing drying front under different 
drying stages. Input parameters of the model are simple and easily measur-
able under field conditions viz.; daily potential evaporation rate, wilting 
point and field capacity moisture contents.

Fatih [21] used the Penman equation that which calculated potential 
evaporation, to include in it the relative vapor pressure of an unsaturated 
soil to predict actual evaporation from a soil surface. This improved 
the prediction when the difference between the temperature of the soil 
surface and ambient air was relatively small. Although the new method 
provided accurate solutions for a wider range of water content from 
saturation to the lower limit of the liquid phase of a particular soil, the 
modification did not respond to the vapor phase of the soil moisture. 
Therefore, in the dry range (i.e., in the vapor phase in which the flow 
was entirely as vapor), either resistance models or a Fickian equation 
should be used.

Ranatunga et al. [60] provided an overview of soil water models and 
the basic modeling techniques employed by each model. Considerable 
emphasis was given to matching existing data availability with input data 
requirements for each model to identify the limitations of model application 
in terms of data availability. A comprehensive review of the application of 
soil water models was also given, supported by assessments of individual 
model performance. The limitations and assumptions made under various 
approaches to soil water modeling are subsequently examined.
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2.3  MATERIALS AND METHODS

Bare soil evaporation is a complex and non-linear phenomenon because of 
its dependence on several interacting meteorological factors. Field experi-
ments were conducted in Block No. 1 of the experimental farm of the 
Water Technology Centre, and Block No. 14 of IARI, New Delhi Farm to 
measure the bare soil evaporation from two different soil types. The labora-
tory simulation studies were also conducted in the Soil Physic Laboratory 
of the Water Technology Center, Indian Agricultural Research Institute, 
New Delhi. Mathematical models were also developed to establish the 
relationship between evaporation and meteorological variables. This sec-
tion includes methodology adopted for field experimentation, laboratory 
simulation studies and model development.

2.3.1  EXPERIMENTAL SITE

The sites for conducting field experiments were located at the experi-
mental farm of IARI, situated in West Delhi, India, between 28°37’22// to 
28°39/05// N latitudes and 77°08/45// to 77°10/24// E longitudes at an aver-
age elevation of 230 m above the mean sea level.

Climate of Delhi is categorized as semi-arid, subtropical with hot 
dry summer and cold winter. It falls in the Agroecoregion – IV of India. 
The mean annual temperature is 25°C. The maximum temperature in the 
months of May–June reaches up to 45°C and an average minimum of 
20°C is recorded during the month of December–January. The average 
annual rainfall is 714 mm, of which as much as 75% is received during 
the monsoon season (June–September). The average relative humid-
ity varies from 34.1 to 97.9%. The average wind speed ranges between 
0.45 to 3.96 m.s–1 [51].

2.3.1.1  Soil Types

Soils of IARI represent a typical alluvium profile of Yamuna origin. The 
entire IARI farm is covered with several soil series. The soil type ranges 
from sandy loam of Meharuli series to clay loam of the Jagat series [39]. 
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The texture of the soil upto a depth of about 150 cm is almost uniform. As 
per USDA textural classification, major portion of the study area belongs 
to sandy loam class (SLC). There are only minor pockets representing 
clay, sandy clay and sandy clay loam textural classes. At some places, 
calcium layer with hard kankar exist below 150 cm depth. Porosity of the 
soils in general is about 40%. The soils of IARI farm belong to good class 
as far as its permeability is concerned.

To study the evaporation from different types of soils, two sites were 
selected having texturally different soils, namely: Sandy Loam (SL) and 
Silty Clay Loam (SCL). Two sites were specifically chosen due to clear 
distinction of soil properties. Soil samples were collected from different 
layers (from surface till depth of 0.6 m at an interval of 15 cm) and were 
analyzed to determine physical and chemical properties of SCL and SL.

2.3.1.1.1  Chemical Properties of Soil

The pH was determined by digital pH meter in 1:2 soil water suspensions. 
Electrical conductivity (EC) was determined by digital electrical conduc-
tivity meter in 1:2 soil water supernatant.

Experimental soil type-1 site was located in the Block No.1 of IARI, 
near WTC experimental plot. The chemical properties like pH and EC are 
presented in Table 2.1. The pH of the soil varied from 7.1 to 7.2 in dif-
ferent layers, which remained almost constant throughout the soil profile 
studied (Profile average pH was 7.18). The Electrical Conductivity varied 
from 0.11 to 0.17 dS/m. The average EC for the profile was 0.13 dS/m.

TABLE 2.1  Chemical Properties of the Soil of First Experimental Site

Depth (cm) pH EC (dS/m) pH EC (dS/m)

Soil type-1 
Sandy loam (SL)

Soil type-2 
Silty clay loam (SCL)

0–15 7.2 0.17 7.8 0.17
15–30 7.2 0.13 7.8 0.13
30–45 7.2 0.11 7.5 0.11
45–60 7.1 0.11 7.3 0.11
Average 7.18 0.13 7.6 0.13
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TABLE 2.2  Physical Properties of Soil

Soil properties Soil I Soil II

Sand (%) 80.4 37.2
Silt (%) 4.9 28.1
Clay (%) 14.7 34.7
Texture Sandy loam Silty clay loam
Saturation percentage (by weight) 34.2 40.9

Experimental soil type-2: The second field experiment was conducted 
on the Plot No. 2 of the Block No. 14 of experimental farm of IARI, 
New Delhi. The pH of the soil was 7.8, which reduced to 7.3 with the 
increase in soil depth up to 60 cm. The electrical conductivity varied 
from 0.17 to 0.11 dS/m from top to bottom layers (Table 2.1). The pro-
file average of soil pH was 7.6 while the profile average of EC remained 
0.13 dS/m, same as site 1.

2.3.1.1.2  Physical Properties of Soil

The soil physical properties were determined in the Soil Physics 
Laboratory of WTC, IARI, New Delhi, using the standard analytical pro-
cedures. The  particle size distribution was analyzed using International 
Pipette Method [54]. Core cutters of standard dimensions were used for 
determination of soil bulk density. Soil moisture characteristic curve was 
determined using the Pressure Plate Apparatus. The soil physical proper-
ties are presented in Table 2.2.

Mechanical analysis of the soils was done by International Pipette 
Method [54]. The texture was determined from textural diagram of the 
International Society of Soil Science. The soil was saturated through cap-
illary flow of water and the saturated moisture content was determined 
gravimetrically.

Soil moisture retention characteristics of both the experimental soils 
at various metric potentials were determined by Richard’s Pressure Plate 
Apparatus [61]. The pressure chamber containing ceramic plates of 1, 5 
and 15 bars was used. The soil moisture characteristic curves for two soils 
are shown in Figure 2.1.
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2.3.2  EXPERIMENTAL PLOTS

Experimental plots of 2 × 2 m2 were selected for conducting field 
experiments. There were 3 plots in each field and a buffer strip of 1.5 m 
was maintained for separating the plots from one another. All vegeta-
tion, crop or grasses were removed, when necessary. The plots were 
kept bare throughout the experimental period. Pre-calibrated gypsum 
blocks were used to measure the soil water content in conjunction with 
tensiometers. Tensiometers of different sizes were installed in experi-
mental plots to measure the soil water tension at soil depths of 15, 30, 
45, and 60 cm. A corner of the plots was chosen for taking soil samples 
using gravimetric method. A screw auger was used for this purpose 
and the soil samples were transferred to the moisture canes soon after 
sampling. Care was taken to immediately transfer the samples to the 
laboratory for weighing and drying. The holes created during the gravi-
metric sampling were immediately filled with wet soil soon after tak-
ing the sample so that no cavities remained to affect the evaporation 
from deeper layers.

FIGURE 2.1  Relationship between soil matric potential and volumetric water content.
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2.3.3  DETAILS OF LABORATORY SIMULATION STUDIES

2.3.3.1  Fabrication of Experimental Soil Columns

Rigid acrylic pipes, 310 mm in diameter × 600 mm long × 4 mm wall 
thickness, were used for containing soil columns of desired specification. 
All the pipes were sealed at the bottom by a square acrylic sheet of 8 mm 
thickness. The fabrication of experimental units was initiated by cutting 
the 8 mm acrylic sheet of the desired dimension and fixing by an adhesive 
to strongly join the edges of box. The rectangular sheet served not only 
as a physical support for the acrylic pipes filled with soil. The sheet was 
drilled with small holes of 1 mm diameter for an equal to the inner diam-
eter (300 mm) of circular pipe. Holes of appropriate size were drilled at 
appropriate distances on bottom sheet purposefully to allow excess water 
to drain freely. The size of the hole and coverage area was designed based 
on the porosity of the soil. In addition to this, as a filter material, a porous 
cotton cloth was uses to avoid any mass wastage of soil during packing or 
saturation of the soil column. This was done to ensure that the small size 
soil particles are not flown down with soil.

2.3.3.2  Preparation of Soil Columns

Two texturally different soils [Soil I: Sandy loam (SL) and soil II: Silty clay 
loam (SCL)], were sampled from top 0–60 cm with 15 cm interval layer 
of Block No. 1 and Block No. 14 of Indian Agricultural Research Institute 
farm; respectively. The soils were air-dried ground to pass through 2 mm 
sieve before packing in the transparent acrylic soil columns. The soils 
were packed in the acrylic columns by varying the bulk density as mea-
sured at field up to 60 cm at 15 cm depth interval, in order to simulate the 
field conditions. The bulk densities of different layers of the experimental 
sites as measured in the field are given in Table 2.3.

For this purpose, weight of dry soil required to give the desired density 
in the space the acrylic pipes column was calculated. The soil was spread 
uniformly over a plain floor and covered with jute bags. Appropriate 
amount of distilled water was sprinkled uniformly over the bags and the 
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soil was allowed to remain undisturbed for duration of 24 hours. Later on, 
the moist soil was thoroughly mixed to facilitate proper compaction while 
packing in the soil column. The moist soil thus prepared was compacted 
in the column in an incremental layer of 5 cm and so on so that the desired 
density could be attained. The soil surface was scratched before adding the 
successive increment of moist soil to insure proper contact between two 
soil layers and avoiding local compaction. The top 5 cm of the column was 
left unfilled to facilitate the saturation (Figure 2.2).

TABLE 2.3  Bulk Densities of Experimental Soils

Depth cm Bulk density, gm cm-3

Sandy loam Silty clay loam

0–15 1.51 1.43
15–30 1.56 1.45
30–45 1.58 1.50
45–60 1.57 1.53
Profile Average 1.56 1.48

FIGURE 2.2  Schematic diagram of the soil column and soil packing.
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To measure the bare soil evaporation from two different types of soil, 
a total of six numbers of soil columns (two treatments and three replica-
tions) were used that were especially fabricated in the workshop and Soil 
Physics Laboratory of W.T.C. All six-soil columns were placed in the safe 
enclosure to avoid any disturbances from external sources.

2.3.4  FABRICATION OF GYPSUM BLOCKS

Gypsum blocks of size 2 cm × 2 cm × 2 cm were specially fabricated, cali-
brated and installed at 15 cm depth intervals and at appropriate places in the 
field as well as soil columns to determine the in-situ soil moisture content 
(or corresponding suction) in different layers of soil columns by measuring 
their resistance using digital resistance meter (range 0–1000 ohms). A total 
number of 24 such gypsum blocks were fabricated by pouring gypsum 
slurry (gypsum:water; 1:1) into wooden molds in which two electrodes were 
already placed, separated by a distance of 0.5 cm and connected to copper 
wires for external connections. After the solidification of the slurry, the molds 
were opened, blocks taken out carefully and kept for sun drying for 5 days.

Gypsum blocks were calibrated for both types of soil. Half the num-
ber of blocks was placed in sandy loam and half in silty clay soils on two 
ceramic plates separately. Soil with embedded gypsum blocks on ceramic 
plates were saturated with water, each time for at least 24 hours, before 
subjecting these saturated soils on ceramic plates to a particular pressure in 
pressure plate apparatus. The pressure applied represented suction values 
of 0.1, 0.3, 0.5, 1, 2, 3, 5, 7, 10, 12, 15 bars. The resistance was measured 
for each block embedded in soil at different suctions. For each applied 
suction value, the gravimetric soil moisture content was also determined. 
Finally, a linear relationship was established between suction value and 
corresponding resistance value for each gypsum block. A digital multime-
ter was used for recording the electrical conductivity of the gypsum blocks 
in various layers in the soil columns.

2.3.5  TENSIOMETERS

Tensiometer consisted of water filled porous cup in contact with soil con-
nected with water filled tube to a vacuum gauge. Water retained within the 
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soil matrix came into equilibrium with the moisture in the porous cup, and 
since the system is closed, these forces were transmitted to the water col-
umn in contact with cup. When placed in dry soil water moved out of cup 
creating a negative suction that could be recorded using the manometer. 
In order to determine the soil moisture content at different depths in the 
experimental fields, the tensiometers and tube auger were used. The tensi-
ometers of sizes 15, 30, 45, 60 cm were installed in the field at correspond-
ing depths. Tensiometers provided direct measurement of soil moisture 
tension in the field and these readings were converted to the soil moisture 
using soil moisture characteristic curve of different soils.

2.3.6  TUBE AUGER

To determine moisture content at different depths, a tube auger was used in 
the field for collecting the soil samples from different soil depths.

2.3.7  CLIMATIC PARAMETERS

Keeping in view the objective of the research work and review of differ-
ent models, the required data on climatic parameters were acquired from 
the meteorological observatories at the Division of Agricultural Physics 
and the Water Technology Center, IARI, New Delhi. The climate of Delhi 
region can be characterized as semi-arid, sub-tropical with hot dry sum-
mer and cold winter. Data pertaining to a total number of eleven climatic 
variables were collected for the period of study. However, while analyz-
ing the data, it was observed that some data particularly related to solar 
radiation and wind speed were incorrect. Hence, these variables were not 
considered for model formulation although quite pertinent.

2.3.8  OBSERVATIONS

2.3.8.1  Soil Moisture Content

Soil moisture content was determined using gravimetric method. Soil 
samples were collected by tube auger sampler for different layers in 15 cm 
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incremental depth up to 60 cm depth for the entire study period. Soil 
moisture samples were collected four times a day at four hours interval: 
starting from 8.00 a.m. in the morning till 8.00 p.m. in the night, to deter-
mine the depth of water evaporated in one day. The volumetric content of 
the soil moisture was determined from following equations:

	 θw
Wetsoil Drysoil

Drysoil
=

−
×100 	 (7)

	 θv = θw ×  ρb	 (8)

where, θw = soil moisture content on dry weight basis (%), θv = soil mois-
ture content on volume basis (cm/m), and ρb = bulk density of the soil 
(g.cm–3).

The field measurement of soil moisture contents in different soil layers 
were made using the procedure described as above. The bare soil evapora-
tion was estimated on four hourly and daily bases. For this purpose, the 
final soil moisture of the layer was subtracted from the initial soil mois-
ture. This way, the soil moistures of each layer were determined at four 
hours intervals and on daily bases. The experimentation started after fully 
saturation of the profiles in plots as well as column studies and after ensur-
ing that the gravity drainage has completely ceased. It was assumed that 
all inflow and outflow were zero in the field study and care was taken to 
protect the soil columns from any moisture inflow particularly from rain-
fall for which appropriate measures were taken.

2.3.9  WATER BALANCE APPROACH FOR ESTIMATION OF 
BARE SOIL EVAPORATION

Rates of bare soil evaporation from experimental fields were measured 
using a simple water balance approach. For this purpose, the soil moisture 
contents of the profile at 15 cm interval up to a depth of 60 cm were mea-
sured using gravimetric and tensiometer methods. The loss of soil moisture 
was only attributed to evaporation, considering that there were no inflows 
or outflows from the boundary of experimental plots as well as columns; 
and no inflow such as rain or irrigation after starting the experiments.
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2.3.10  MODEL DEVELOPMENT AND VALIDATION

Relationships between evaporation and climatic parameters were devel-
oped for top surface at the end of the study and validated with the known 
results after conducting the sensitivity analysis for the parameters. For this 
purpose, multiple linear regression (MLR) technique was applied to each 
set of data of two different soil types and regression analysis was carried 
out to obtain the values of different statistical parameters. The correspond-
ing equations for prediction of evaporation from 15 cm soil depth for two 
soils were developed.

The following types of model equations were developed for bare soil 
evaporation by using appropriate standard statistical techniques of data 
fitting. The developed models were calibrated and validated using the field 
information collected in the present study.

	 Bare soil evaporation (Es) = f (Meteorological parameters)	 (9)

	

Bare soil evaporation (E ) = f (maximum air temperature, 
m

s

iinimum air temperature, 
maximum relative humidity, 
minimumm relative humidity, 
solar radiation) 	 (10)

2.4  RESULTS AND DISCUSSION

The present study was under taken with objectives to quantify the bare soil 
evaporation from field and laboratory conditions. It was also indented to 
develop and validate models for prediction of bare soil evaporation and 
to determine the patterns of evaporation from deeper layers from sandy 
loam (SL) and silty clay loam (SCL). In this study, measurements of soil 
evaporation from soil columns and field plots for two different soil types 
and four depths were recorded over a long period of time. Results obtained 
from field experiments and laboratory simulations are presented in this 
section. Mathematical models were developed for bare soil evaporation 
relating the meteorological parameters. Model performances were also 
evaluated through statistical analysis: coefficient of determination (R2) 
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and coefficient of correlation (r). The use of the developed models was 
made in predicting values of bare soil evaporation.

2.4.1  MEASUREMENT OF BARE SOIL EVAPORATION

2.4.1.1  Estimation of Bare Soil Evaporation in Experimental 
Field Conditions

It was found that the bare soil evaporation from all the layers under study 
varied from 1.8 to 3.9 mm per day in all the layers in SCL soil. In SL soil, 
the bare soil evaporation ranged from 1.3 to 3.7 mm per day during the 
period of studies. Upper two layers experienced high evaporation losses as 
compared to the deeper layers. The evaporation from 15 and 30 cm depths 
were approximately similar except in the initial few days after saturation. 
Whereas, the soil moisture contents in lower layers remained higher than 
upper layers indicating low evaporation. The general behavior of bare soil 
evaporation from the field experiments are shown in Figure 2.3.

It was observed that the evaporation from SCL soil ranged between 
1–3.0 mm per day during 28th March, 2009 to 17th April, 2009. In the same 
period however, the evaporation losses from SL soil was found to be vary-
ing from 1.5 to 3.5 mm per day. It can be concluded therefore, that the 
evaporation from both soils during the reporting period did not vary too 
much. However, the layer wise comparison shows a clear-cut distinction 
between the bare soil evaporation of SCL and SL soils.

It was found that the bare soil evaporation from all the layers under 
study, varied from 1.0 to 3.9 mm per day in SCL soil. The upper layers 
experienced higher evaporation losses as compared to the deeper layers. 
The evaporation from 15 and 30 cm depths were approximately similar 
except in the initial few days after saturation. The soil moisture content in 
lower layers remained higher than upper layers indicating low evaporation. 
It was also recorded that the bare soil evaporation from the upper layers 
(0–15 and 15–30 cm) was constantly higher as compared to all other lay-
ers. The bare soil evaporation from 0–15 cm, 15–30 cm, 30–45 and 60 cm 
layers in SL soil varied between 2.0–2.8 mm per day after saturation (first 
phase), which increased to 3 mm per day in second phase (drying phase). 
The bare soil evaporation rose from 33 mm per day to 3.8 mm per day in 
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FIGURE 2.3  Bare soil evaporation from different depths. (a) Silty clay loam soil (field 
experiment); (b) sandy loam soil (field experiment).
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the third phase when the root zone soil moisture reached wilting point. 
It was due to low water holding capacity of SL as compared to SCL soil. 
The pattern of change in evaporation was greatly affected by the ambient 
conditions, which had identical effect on both soils.

In both type of soils, the deeper layer (45–60) were not much affected 
by the ambient conditions. Therefore, this layer contained relatively 
higher soil moisture in the third phase when the rate of evaporation from 
lower most layers (60 cm) was recorded higher than all of the layers. 
It was due to the reason that while the soil moisture in all other layers 
have already been exhausted only this layer contained enough soil water 
for evaporation. It was observed that the patterns of evaporation in lower 
most layer were comparatively less similar in sandy loam soil as com-
pared to silty clay loam soil because less amount of moisture was avail-
able in this type of soil for evaporation in later stages due to excess losses 
in previous phases.

2.4.1.1.1  Bare Soil Evaporation from Silty Clay Loam Soil in 
Experimental Field Conditions

The general behavior of bare soil evaporation from silty clay loam soil 
in the experimental field conditions is presented in Figure 2.3a. It was 
observed that the daily evaporation was almost constant up to five days 
after saturation in all layers, which decreased due to reduction in the ambi-
ent climatic conditions (reduction in temperature and increase in humid-
ity) due to a minor amount of rainfall on 9th April, 2009. However, as the 
experiment field was well protected by covering the same with plastic 
sheet for not allowing any moisture to seep in to the ground, the reduction 
in the evaporation was mainly due to drop in temperature and increase in 
relative humidity.

It was observed that the bare soil evaporation from the upper layer 
(0–15 cm) was always higher as compared to all other layers. The bare 
soil evaporation from 0–15 cm, 15–30 cm, 30–45 cm and 60 cm layers 
varied between 1.8–2.8 mm per day after saturation (first phase), which 
rose to 3.0 mm per day in second phase (drying phase). The bare soil 
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evaporation rose from 3.0 mm per day to 3.9 mm per day in the third phase 
when the root zone soil moisture reached wilting point. In the third phase 
when the rate of evaporation from lower most layer (60 cm) was recorded 
higher than all of the layers due to the reason that this layer contains rela-
tively higher soil moisture while the soil moistures in all other layers have 
already been exhausted.

It is clear from Figure 2.3a that the evaporation rates decreased with 
increased the soil depth. The deepest layer has exhibited higher evapora-
tion after 22nd April when the maximum temperature rose steadily from 25 
to 40 degrees Celsius. With decrease in temperature from 43 to 38 degrees 
Celsius all layers exhibited a steady decline in the evaporation, but with 
varying rates.

2.4.1.1.2  Bare Soil Evaporation from Sandy Loam Soil in 
Experimental Field Conditions

It was found that the rate of evaporation in sandy loam soil (SL) was higher 
than silty clay loam soil (SCL). This is because the water holding capacity 
of clay particles are more due more porosity; hence, adhesive forces are 
higher. Evaporation rates measured at 15 cm depth intervals from sandy 
loam soil in field during the same duration are shown in Figure 2.3b.

It was observed that patterns of evaporation in lower most layer were 
comparatively less similar in sandy loam soil as compared to silty clay 
loam soil because less amount of moisture was available for evapora-
tion in later stages due to excess losses in previous phases. In silty clay 
loam soil the differences in evaporation of different layers were not very 
high. In case of sandy loam soil there are large variations among the rates 
of evaporation in different layers as compared to silty clay loam soil 
Figure 2.3b.

2.4.1.2  Estimation of Bare Soil Evaporation in Experimental 
Laboratory Conditions (Column Study)

The evaporation from column studies for two different soils was measured 
by following the methodology as explained in the section on materials and 
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methods. There were three replications for both types of soils. Evaporation 
from these replicates was averaged after measuring for drawing meaning-
ful conclusions.

It was hypothesized that the evaporative area can have marked effect 
on bare soil evaporation from the soil columns as compared to the field 
experiments. It was however, not confirmed. The evaporation from col-
umns varied from close to 1.0 mm per day to about 2.8 mm per day SCL 
soil during the periods of early April to early May. In the same period the 
evaporation from column studies in SL soil varied from 1.6 to 3.4-mm per 
day. The behavior of evaporation pattern of sandy loam soil was slightly 
different than silty clay soil. In sandy loam soil, three upper most layers 
(0–15, 15–30 and 30–45 cm) showed similar evaporation patterns, while 
the lower most layer (45–60 cm) showed lower rate of evaporation than 
upper layers (Figure 2.4b). There was marked reduction in evaporation 
rates due to the drop in temperature and higher humidity due to small 
amount of rain fall on 29 March and 9th April 2009 respectively that is 
reflected in Figure 2.4b.

The higher evaporation rates in the SL soil can be attributed to its low 
porosity due to which the water holding capacity was less. Initially the 
rates were high which reduced in later stages due to low availability of 
moisture for evaporation. Pattern of these variations can be attributed to 
the change in ambient climatic conditions.

In both type of soils the evaporation from the top surface layer 
(0–15 cm) was found to be higher than the bottom layers. Initially this 
system prevailed but due to the higher losses of moisture from 0–15 cm 
layer the moisture availability in this particular layer reduced. Hence, in 
the later stages, the evaporation from 15–30 cm, 30–45 cm and 45–60 cm 
layers have become more predominant due to more available moisture for 
evaporation. The deeper layers were less affected as compared to the top 
two layers due to the ambient climatic abrasions.

2.4.1.2.1  Estimation of Bare Soil Evaporation in Experimental 
Laboratory Conditions for Silty Clay Loam Soil

For silty clay loam soil, the evaporation from the column studies has 
been presented in Figure 2.4a. The perusal of the figure confirms the fact 
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that the evaporation from columns varied from close to 1.0 mm per day 
to about 3.8 mm per day during the periods of early April to early May. 
The variations were due to change in ambient climatic conditions.

The evaporation from the top surface layer (0–15 cm) was found 
to be higher than the bottom layers. Initially this system prevailed but 
due to the higher losses of moisture from 0–15 cm layer the moisture 

FIGURE 2.4  Evaporation from different depths (column study). (a) Silty clay loam soil 
(column study); (b) Sandy loam soil (column study).
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availability in this particular layer reduced. Hence, in the later stages 
the evaporation from 15–30 cm layer has become more due to more 
available moisture for evaporation. The deeper layers were less unaf-
fected as compared to the top two layers. However, the change in rate 
of evaporation varied according to the variations in the temperature 
(Figure 2.4b).

2.4.1.2.2  Estimation of Bare Soil Evaporation in Experimental 
Laboratory Conditions for Sandy Loam Soil

The evaporation from column studies for sandy loam soil was also mea-
sured by following the methodology as explained in the section on materi-
als and methods. After profile saturation it took less time for soil to come 
to field capacity moisture content. There were three replications for this 
soil too. In this section the results obtained from the laboratory simulation 
have been presented. The general pattern of evaporation was similar but 
the effect of changing ambient conditions was felt in deeper layers more 
in sandy soils than silty clay loam soil.

The behavior of evaporation pattern of sandy loam soil was slightly 
different than silty clay soil. In sandy loam soil, three upper most layers 
(0–15, 15–30 and 30–45 cm) showed similar evaporation patterns, while 
the lower most layer (45–60 cm) showed lower rate of evaporation than 
upper layers (Figure 2.4b). There was marked reduction in evaporation 
rates due to the drop in temperature and higher humidity due to small 
amount of rain fall on 29th March and 9th April 2009 respectively that is 
reflected in Figure 2.4b.

2.4.2  COMPARISON OF BARE SOIL EVAPORATION 
BEHAVIOR IN EXPERIMENTAL FIELD AND LABORATORY 
(SOIL COLUMN) STUDY

A comparison of field experiments and laboratory simulation was done to 
ascertain the effect of controlled conditions on evaporation behavior from 
two types of soils and development of mathematical models.



58	 Performance Evaluation of Micro Irrigation Management

2.4.2.1  Comparison of Bare Soil Evaporation Behavior in 
Experimental Field and Laboratory (Soil Column) Studies for 
Silty Clay Loam Soil

A comparison of field experiments and laboratory simulation can be made. 
The evaporation rates obtained from field experiments were higher than 
the laboratory experiments throughout the period of study. The differences 
between the evaporations of 0–15 cm layers in experimental plots and lab-
oratory simulation were not pronounced in SCL soil. In SL soil the evapo-
ration rates obtained from field experiments were lower as compared to 
the laboratory experiments throughout the period of study except soon 
after rainfalls. The field and laboratory simulation responded identically 
to the changing ambient climatic conditions (Figure 2.5a). The difference 
between the evaporations of 0–15 cm layers in experimental plots and 
laboratory simulation was higher than silty clay loam soil but not much 
pronounced.

2.4.2.2  Comparison of Bare Soil Evaporation Behavior in 
Experimental Field and Laboratory (Soil Column) Studies for 
Sandy Loam Soil

In sandy loam soil, the evaporation rates obtained from field experiments 
were lower than the laboratory experiments throughout the period of study 
except soon after rainfalls. The field and laboratory simulation responded 
identically to the changing ambient climatic conditions in this case too 
(Figure 2.5b). The difference between the evaporations of 0–15 cm layers 
in experimental plots and laboratory simulation was higher than silty clay 
loam soil but not pronounced.

2.4.3  EVAPORATION IN RELATION TO METEOROLOGICAL 
PARAMETERS

Evaporation from bare soil surface depends not only on soil properties 
but also on atmospheric conditions. Evaporation is mainly affected by the 
supply of heat and the vapor pressure gradient, which in turn depend on 
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different meteorological parameters. The significance of air temperature, 
relative humidity, bright sunshine duration and wind speed influencing 
evaporation and soil type influencing evaporation was evaluated by linear, 
multiple regression and correlation analysis.

FIGURE 2.5  Comparison of evaporation between field and column studies. (a) Silty clay 
loam soil; (b) Sandy loam soil.
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2.4.3.1  Correlation Analysis Between Bare Soil Evaporation and 
Meteorological Parameters for Sandy Clay Loam (SCL) Soil

The correlation coefficient between bare soil evaporation from SCL soil 
and meteorological parameters such as maximum temperature, minimum 
temperature, RH1, RH2 and solar radiation were estimated to be 0.95, 
0.96, −0.94, and −0.95, respectively. It was felt necessary to fit the lin-
ear regression but a loss of R2 was observed. It was concluded that there 
was a positive correlation between bare soil evaporation and meteorologi-
cal parameters. However, the relative importance of the meteorological 
parameter was ranked based on correlation coefficient (r) and it was found 
that for SCL soil the meteorological parameters affecting the bare soil 
evaporation can be arranged in sequence: maximum temperature, mini-
mum temperature, RH1, RH2 and solar radiation. The wind speed and 
solar radiation data being erroneous were left out of the analysis, but it is 
a known fact that this has very strong positive correlation with evapora-
tion. The relations among the evaporation from SCL soil and maximum 
temperature, maximum relative humidity and minimum relative humidity 
are shown in Figure 2.6.

FIGURE 2.6A  Relationship between daily-observed evaporation and daily maximum 
temperature: sandy clay loam (SCL) soil.
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2.4.3.2  Correlation Analysis Between Bare Soil Evaporation and 
Meteorological Parameters for Sandy Loam Soil

The correlation coefficients between bare soil from SL soil and maximum 
temperature, minimum temperature, RH1, and RH2 were 0.96, 0.94, 
−0.91, and −0.79, respectively. It was concluded that there was good cor-
relation between bare soil evaporation and meteorological parameters. 
However; the relative importance of the meteorological parameter was 

FIGURE 2.6B  Relationship between daily evaporation and maximum relative humidity: 
sandy clay loam (SCL) soil.

FIGURE 2.6C  Relationship between daily evaporation and minimum relative humidity: 
sandy clay loam (SCL) soil.
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ranked based on correlation coefficient (r). It was also found that for SL 
soil the meteorological parameter affecting the bare soil evaporation can 
be arranged in sequence: maximum temperature, minimum temperature, 
RH1, RH2. For SL soils, these linear regressions are shown in Figure 2.7.

2.4.3.3  Linear Regression Analysis of Evaporation for Silty Clay 
Loam Soil

Regression equations of polynomial type of third order were also fitted 
between meteorological parameters and evaporation. Fitting the third order 
polynomial functions was not too difficult using the computerized pro-
grams. The predictions by interpolations as well as extrapolations, do suffer 
due to the fact that the polynomials are known to change shapes. Therefore, 
it was found appropriate that linear relations should also be tried. Finally 
the linear relations have been retained due to the fact that the bare soil 
evaporation was known to vary linearly with meteorological parameters.

Maximum air temperature has been found to correlate well with soil 
evaporation at both the experimental sites. Maximum and minimum rela-
tive humidity have shown consistently the negative correlation with soil 
evaporation at both sites. This confirms that evaporation is directly related 
with air temperature and indirectly with relative humidity. The higher the 
temperature, warmer is air and the rate of evaporation is also high. Due to 

FIGURE 2.7A  Relationship between daily-observed evaporation and daily maximum 
temperature: sandy loam soil.
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this reason, the evaporation loss is comparatively more in summer sea-
son than in winter season. The regression results are highly significant. 
Pawar [52], Sharma and Hassan [26, 66] had observed a significant cor-
relation between evaporation and maximum temperature (Tmax).

2.4.3.4  Linear Regression Analysis of Bare Soil Evaporation from 
Sandy Loam Soil

There is a positive correlation between daily maximum temperature 
and daily-observed evaporation from bare soil. Pawar [52] and Hassan 

FIGURE 2.7B  Relationship between daily-observed evaporation and daily maximum 
relative humidity: sandy loam soil.

FIGURE 2.7C  Relationship between daily-observed evaporation and daily minimum 
relative humidity: sandy loam soil.
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[26, 66] also reported that relative humidity (RH) had an inverse corre-
lation with evaporation. The higher the atmospheric humidity, the lower 
will be the evaporation. During evaporation process, the water molecule 
move from higher moisture to lower moisture levels. The rate of this 
movement was governed by difference of moisture content or moisture 
gradient of the atmospheric air. Hence, if humidity is more, the evapo-
ration will be less and vice versa. In this study, it was recorded that the 
evaporation reduced with reduction in temperature and increase in rela-
tive humidity.

2.4.4  DEVELOPMENT OF EVAPORATION ESTIMATION 
EQUATIONS (EVAPORATION MODELING)

Evaporation estimation equations on daily basis were developed from 
the combined meteorological parameters using multiple linear regression 
(MLR) analysis. Multiple linear regression technique was purposefully 
applied to each set of data as the program for data analysis was avail-
able for MLR. However, nonlinear multiple regression (MNLR) technique 
could have served our purpose better but the availability of the appropriate 
software restricted the analysis. Nevertheless, statistical analysis carried 
out with the data for month from March to April on daily basis showed 
that the values of regression coefficients were positive for temperature, 
sunshine hour and wind velocity indicating that increment in any of these 
values would enhance the rate of evaporation. The developed models for 
SCL and SL soils are shown below:

	� For SCL soil:
	 Es = �C+F (B, X) = C+ B1 X1+ B2 X2 +B3 X3 +  

B4 X4 = 2.59 + 0.0380 (Tmax) – 0.0021 (Tmin) –  
0.0130(RH1) – 0.138 (RH2), R2 = 0.95	 (11)

	 For SL soil:
	 Es = �C+ F (B, X) = C+ B1 X1+ B2X2 + B3 X3 +  

B4 X4 = 2.15 + 0.0632 (Tmax) – 0.0090 (Tmin) –  
0.0176 (RH1) – 0.0006 (RH2), R2 = 0.87	 (12)
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2.4.5  MODEL VALIDATION

To see the combined effect of all parameters on evaporation, initially mul-
tiple linear regression models were developed using the meteorological 
parameters (maximum and minimum temperature, maximum and mini-
mum relative humidity, sunshine duration and wind speed). However, on 
finding that the solar radiation and wind speed data were erroneous they 
were left out from the model development. Model development for all the 
layers were attempted but it was found appropriate that only 0–15 cm layer 
is affected more due to the changing ambient conditions. Hence, models 
for 0–15 cm layers only were considered for validation. The model devel-
opment was done based on the laboratory experiments and validation with 
field experimental data for both soil types.

The parameters were incorporated into single equation and analyzed 
for t-statistic test for estimation of significance among the meteorologi-
cal parameters. Meteorological parameters with non-significant t value for 
their coefficients were removed from the estimation equation. Since the 
evaporation takes place at topsoil surface and atmospheric interphase, the 
models were developed for 0–15 cm soil layers only.

The other details for statistics analysis are given in Tables 2.4 and 2.5. 
Daily evaporations were estimated from the developed multiple linear 
regression models. The estimated values were then compared with the 
observed values of evaporation as shown in Figure 2.8 for both soils. The 
developed equations were validated with observed information and rela-
tions between observed evaporation and predicted evaporation for silty 
clay soil and sandy loam soil were shown in Figure 2.8. After validation, 
it was found that both equations predicted values close to observed values. 
Hence, developed equation to predict the bare soil evaporation showed 
high value of accuracy.

Maximum temperature, wind velocity and solar radiation are highly 
positively correlated with the bare soil evaporation. The correlation coef-
ficient between bare soil evaporation for SCL soil and meteorological 
parameters (maximum temperature, minimum temperature, RH1, and 
RH2) were 0.95, 0.96, −0.94, and −0.95, respectively. The correlation 
coefficient between bare soil evaporation for SL soil and meteorological 
parameters were 0.96, 0.94, −0.91 and −0.79, respectively. Pawar  [52], 
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TABLE 2.4  Meteorological Parameters Influencing the Evaporation and Their Statistical 
Significance for SCL Soil (15 cm)

Predictor variable (Xi) Regression coefficient, (Bi) Standard error t-value

Max. Temperature (T), °C 0.0380 0.897 2.239
Min. Temperature (T), °C –0.0021 0.017 –0.261
Relative humidity (RH1), % –0.0130 0.0080 –2.945
Relative humidity (RH2), % –0.0138 0.0044 –1.284
Constant (C) 2.59 0.010 2.288
Multiple, R = 0.097
Coefficient of determination, R2 = 0.95
Standard error = 0.120
Adjusted, R = 0.94
Prediction equation for, bare soil evaporation, from SCL soil (15 cm):

Es = �C+F (B, X) = C+ B1 X1+ B2X2 +B3 X3 + B4 X4 = 2.59 + 0.0380 (Tmax) + 
 0.0021 (Tmin) – 0.0130 (RH1) – 0.0138 (RH2) 

TABLE 2.5  Meteorological Parameters Influencing the Evaporation and Their Statistical 
Significance for SL Soil (15 cm)

Predictor variable (Xi) Regression coefficient (Bi) Standard error t-value

Max. Temperature (T), °C 0.0632 0.68 5.57
Min. Temperature (T), °C –0.0090 0.024 –0.05
Relative humidity (RH1), % –0.0176 0.0085 –3.94
Relative humidity (RH2), % –0.0006 0.0073 –2.39
Constant, (C) 2.1 1.331 1.61
Multiple R = 0.98
Coefficient of determination, R2 = 0.87
Standard error = 0.15
Adjusted, R = 0.93
Prediction equation for, bare soil evaporation, from SL soil (15 cm)

Es = �C+ F(B, X) = C+ B1 X1+ B2X2 + B3 X3 + B4 X4 = 2.15 + 0.0632 (Tmax) –  
0.0090 (Tmin) – 0.0176 (RH1) – 0.0006 (RH2) 

Sharma  and  Hassan [26, 66] had observed a significant correlation 
between evaporation and maximum temperature (Tmax). Consequently 
with increased temperatures, the bare soil evaporation has shown an 
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increasing trend, whereas with lowering in temperature due to rainfall, 
the bare soil evaporation reduced in both the soils. Humidity was nega-
tively correlated with bare soil evaporation, which has been reflected in 

FIGURE 2.8  Comparison between observed evaporation and predicted evaporation. 
(a) Silty clay loam (SCL) soil; (b) Sandy loam (SL) soil.
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the trends of evaporation from both soil types. These effects are not felt 
by deeper layers in the same intensity as the top layers and that has been 
reflected in the figures.

Many approaches have been tried in past to model the bare soil evap-
oration. Some of them were too simple and some of them too complex. 
A detailed review on this aspect has been presented in this chapter. At pres-
ent, looking to the limitations of instrumentations, time availability and 
availability of meteorological parameters, it was considered to attempt the 
fitting of multiple linear regression equations for modeling bare soil evapo-
ration knowing fully well that evaporation is a complex non-linear phenom-
enon. The main emphasis, however, was on simplifying the process for its 
wider applicability and ease of operation by less technical manpower mainly 
farming community for its possible field application in and around Delhi.

Model validation resulted in close agreement of observed and predicted 
evaporations for both type of soils. It is already known that many complex 
models already exist in literature, which requires collection of large data 
for their possible application. In this regard, it suffices here to mention 
that the present model can be used for predicting bare soil evaporation 
from SCL soil and SL soil with fairly good accuracy. Also as the present 
model requires less inputs, it can be used by the users in far-flung areas 
of Delhi where standard Class-A pan observatories are not available, but 
a few instruments to measure maximum and minimum temperatures and 
relative humidity are on hand.

2.5  SUMMARY

Field and laboratory experiments were conducted to measure the bare 
soil evaporation from silty clay loam soil of Jagat series and sandy loam 
soil of Mehrauli series of IARI farm, New Delhi during the months of 
March–April 2009. Soil moisture content in different layers (0–15, 15–30, 
30–45 and 45–60 cm depths) below ground level (b.g.l.) were measured 
using gypsum blocks, tensiometers and gravimetric methods at a 4 hours 
interval daily after field saturation and ensuring the absence of any influx 
or efflux. To measure the evaporation from soil columns gypsum blocks of 
size 2 cm × 2 cm × 2 cm were specially prepared and used to determine the 



Modeling of Evaporation from Bare Soil	 69

in-situ soil moisture content in different layers of soil columns by measur-
ing their resistance. Bare soil evaporation was estimated following a water 
balance approach from the measured soil moisture content. Laboratory 
simulation studies were also conducted to characterize the behavior of 
different soil types. Quantitative estimates of bare soil evaporation from 
identical depths, as in case of field experiments, were made during the 
same period as field experiments.

In order to develop bare soil evaporation prediction models, the evapo-
ration patterns from soil columns were considered for 0–15 cm soil depth 
only. It was assumed that the effects of meteorological variables are more 
profound in the top surface as compared to deeper layers. Linear multiple 
regression modeling technique was used to develop the models for pre-
dicting bare soil evaporation using air temperature, relative humidity and 
solar radiation.

The results obtained from the present studies indicated the bare soil 
evaporation from 0–15 cm soil layer (top layer) in silty clay loam soil 
varied from 2.0 to 3.0 mm per day in the first phase which rose to 3.9 mm 
per day in the drying stage. For sandy loam soil, the bare soil evaporation 
varied from a minimum of 2.0 mm to a maximum of 3.8 mm per day in 
uppermost layer. In both soils, the changes in soil moisture in other two 
layers were large though, the same cannot be referred to as evaporation 
in strict sense. The laboratory simulation with two soils indicated almost 
identical behavior. The bare soil evaporation from the laboratory simula-
tion was recorded less as compared to field condition due to the controlled 
environmental conditions.

The model validation was undertaken with the data collected from the 
field studies. The model validation with observed bare soil evaporation 
data from field resulted in a close agreement with predicted. Coefficient of 
determination (R2) for silty clay loam soil was 0.95 and for sandy loam soil 
was 0.87. The study concluded that the bare soil evaporation can be pre-
dicted reasonably well by the equations (developed models) for both soils 
for 0–15 cm soil depth. Since the agro-climatology of the Delhi region 
does not vary much, these results can be successfully applied to this region 
outside IARI for the assessment of bare soil evaporation from similar soil 
types. From this study the following major conclusions can be drawn:
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1.	 The ambient temperatures showed maximum influence on bare soil 
evaporation in both soil types.

2.	 Relative humidity is negatively correlated with bare soil 
evaporation.

3.	 Multiple linear regression models can be used fairly accurately for 
estimation of evaporation from SCL and SL soils of IARI farm.

4.	 There were marked differences in the evaporation behavior of SCL 
and SL soils, wherein the evaporation rates were higher in SCL as 
compared to SL soils.

5.	 During the Months of March and April 2009, the evaporation rates 
in SCL soils varied from 1.8 to 3.9 mm per day and in SL soil 2.0 
to 3.8 mm per day.

2.6  SUGGESTIONS FOR FUTURE WORK

Based on the results of the present study and discussion thereafter, it was 
felt that more attention should be paid to the following points for future 
research work to get better results:

a.	 Sensitivity analysis of the meteorological parameters should be 
done prior to developing modeling strategies.

b.	 To improve the performance of regression model, measurements of 
the soil temperature should also be made.

c.	 Use of improved instruments to measure the soil evaporation and a 
data logger facility would be more appropriate.
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3.1  INTRODUCTION

With only a small portion of cultivated area under irrigation and with 
the scope to the additional area, which can be brought under irrigation, 
it is clear that the most critical input for agriculture today is water. It is 
accordingly a matter of highest importance that all available supplies of 
water should be used intelligently to the best possible advantage. Recent 
research around the world has shown that the yields per unit quantity of 
water can be increased if the fields are properly leveled, the water require-
ments of the crops as well as the characteristics of the soil are known, and 
the correct methods of irrigation are followed. Very significant gains can 
also be made if the cropping patterns are changed so as to minimize stor-
age during the hot summer months when evaporation losses are highest, if 
seepage losses during conveyance are reduced, and if water is applied at 
the critical times when it is most useful for plant growth.

The main objective of irrigation is to provide plants with sufficient 
water to prevent stress that may reduce the yield. The frequency and quan-
tity of water depends upon local climatic conditions, crop and stage of 
growth and soil-moisture- plant characteristics. Need for irrigation can be 
determined in several ways that do not require knowledge of evapotrans-
piration [ET] rates. One way is to observe crop indicators such as change 
of color or leaf angle, but this information may appear too late to avoid 
reduction in the crop yield or quality. Other similar methods of schedul-
ing include determination of the plant water stress, soil moisture status 
or soil water potential. Methods of estimating crop water requirements 
using ET and combined with soil characteristics have the advantage of 
not only being useful in determining when to irrigate, but also enables us 
to know the quantity of water needed. ET estimates have not been made 
for the development countries though basic information on weather data 
is available. This has contributed to one of the existing problems that the 
vegetable crops are over irrigated and tree crops are under irrigated.

Water supply in the world is dwindling because of luxury use of 
under ground sources; competition for domestic, municipal and industrial 
demands; declining water quality (as happened in other drought areas); and 
losses through seepage, runoff, and evaporation. Water rather than land is 
one of the limiting factors in our goal for self-sufficiency in agriculture 
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(e.g., Puerto Rico imported 70% of its food consumption from Dominican 
Republic and other countries). Intelligent use of water will avoid problem 
of sea water entering into aquifers. Introduction of new irrigation methods 
has encouraged marginal farmers to adopt these methods without taking 
into consideration economic benefits of conventional, overhead and drip 
irrigation systems. What is important is “net in the pocket” under limited 
available resources. Irrigation of crops in tropics requires appropriately 
tailored working principles for the effective use of all resources peculiar to 
the local conditions. Irrigation methods include border-, furrow-, subsur-
face-, sprinkler-, sprinkler, micro, drip/trickle and xylem irrigation.

3.1.1  DEFINITION OF TREE INJECTION IRRIGATION

Tree injection irrigation is a direct application of irrigation waters along with 
plant nutrients/growth regulators or inhibitors, pesticides or other chemicals 
into xylem of the tree trunk, by using series of injection sites depending 
upon the age of the tree. Tree injection irrigation is also called ultra-, micro-, 
high frequency-, tension-, tree injection-, trunk-, agro-stoichiometric-, 
sap-, internal circulatory-, or chemotherapy irrigation. There is no difference 
in the concept these names represent. The basic idea originated when vari-
ous chemicals were injected into the internal circulatory system of tree. It is 
simple to inject water, fertilizers, micronutrients, growth promoters, growth 
inhibitors, pesticides, trace elements, gases, precursors of flavors/color and 
aroma, and in general any substance valuable for the improvement of fruit 
quality.

3.2  PRINCIPLES OF SOLUTE MOVEMENT IN TREES

3.2.1  STRUCTURE AND GROWTH OF THE TREE TRUNK

Dicot and monocot stems have number of structures and cell types in 
common, but have certain differences in the arrangements of their tissues 
(Figures 3.1–3.4). Both have an outer layer of epidermis, usually cov-
ered on the outside with waxy cuticle. The parenchyma, consists of large, 
thin walled, and relatively undifferentiated cells. Outside the vascular 
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bundles is the cortex, usually composed of smaller, more differentiated 
parenchyma, and inside is the pith, composed of somewhat larger, thinner-
walled parenchyma cells. The vascular bundles of monocots are scattered 
throughout the parenchyma, where as those of dicots are arranged in a ring. 
Each vascular bundle contains xylem cells toward the center and phloem 
toward the outside.

The phloem is composed mainly of large diameter, thin walled cells 
with characteristic sieve like end plates called sieve elements that are 
lined up end to end to make sieve tubes. These are associated with small 
parenchyma cells called companion cells. Vessels and tracheids die as 
they mature and lose their cell contents, but phloem cells, as well as the 
non-specialized parenchyma cells of the cortex and pith, stay alive and 

FIGURE 3.1  Cross section of a monocot and a dicot stem.
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retain some of its structural integrity. Sieve elements may lose their nuclei 
and undergo extensive modifications in structure, but these stay alive and 
apparently are able to metabolize.

Xylem is primarily composed of dead, thick-walled conducting cells, 
either vessels (large cells with no cross walls, forming tube like pipes that 

FIGURE 3.2  Cross section of a monocot and a dicot stem.
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run longwise through the stem) or tracheids (much smaller in diameter, 
having end walls, and usually heavier secondary thickening). The xylem 
may contain fibers (similar to tracheids but with longer, narrower tips) that 
serve primarily for structural support. The strands or sheets of parenchyma 

FIGURE 3.3  Diagram of the bulk flow system in a tree.
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cells penetrate the xylem. The main difference between monocot and 
dicot stems is in the organization of the bundles, and the existence of 
meristematic tissue in dicot bundles.

Monocots have bundles scattered throughout the parenchyma, each 
containing xylem toward the inside and phloem toward the outside. The 
first-formed xylem, called proto-xylem is nearest the center and later xylem, 
called metaxylem, is nearest the phloem. No cell division takes place once 
the bundles are formed. A large part of the maturation and differentiation 
of the tissue takes place before elongation of the monocot stem.

Dicot stems are more complex and almost invariably capable of sec-
ondary growth. Initially the bundles are arranged in a circle around a cen-
tral core of pith. The xylem and phloem are separated by a layer of cells 

FIGURE 3.4  Cross sections of a woody stem with secondary growth. These cross 
sections can be related to the longitudinal section at the right.
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capable of division, called the cambium. Secondary growth occurs from 
this cambium by divisions that are tangential to the circumference of the 
stem, giving rise to new phloem cells to the outside and new xylem cells to 
the inside. Later, interfascicular cambium (inner fascicle, between bundles) 
develops by rejuvenation of parenchyma cells between the bundles.

Thus a complete circle of cambium is formed, which forms a circle 
of xylem to the inside and a circle of phloem to the outside. The stele is 
the whole central section of the stem, including the phloem and every-
thing inside it. The outer cortex and the outer layers of phloem give rise 
periodically to cork cambium or phellogen, which produces the cork cells 
(phloem) that mainly constitute the bark. As the dicot stem enlarges in 
diameter, older bark sloughs off and new bark is formed from cork and the 
crushed layers of old phloem.

Perennial (woody) dicots may continue to expand for a prolonged 
period of time by secondary growth (Figure 3.4). Secondary xylem is 
deposited in annual rings containing large celled spring wood, which often 
contains the majority of vessels in woody angiosperms or hardwoods and 
smaller-celled summer wood. The perennial dicot stem seldom retains 
more than two years of phloem growth; the older phloem dies and sloughs 
off as the stem enlarges. The bases of branches are surrounded by new 
wood, forming knots in the wood.

3.2.2  XYLEM TRANSPORT

When the water is lost by transpiration, it must be replaced through the 
roots. Water loss from leaves implies the decrease in the amount of water 
in the plant, consequently its potential is lower (becomes more strongly 
negative) and water diffuses into roots down the potential gradient. The 
larger absorbing surface of the roots provides the necessary contact 
between the aerial part of the plant and the soil water.

Water can diffuse from cell to cell down a potential gradient and may 
enter the xylem with sufficient force to generate pressure as high as 2–3 
bars or higher. However, this root pressure is never sufficient to raise the 
water to the top of a tall tree, and it may be very low most of the time, 
particularly at times when water loss is greatest. Furthermore, the flow 
from root pressure is not great enough to account for the volume of water 
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that actually moves through a tree. It requires a pressure of 10 bars to raise 
water to a height of 300 feet, and more pressure is required to overcome 
resistance in the trunk and to maintain an adequate flow. Clearly this pres-
sure cannot be supplied from below since root pressure of this magnitude 
has not been measured. Capillary and the matrix potential of a system with 
narrow passages may be sufficient to raise water a short distance in stems 
but not to the height or in the quantities required.

It may imply that water may move due to a potential gradient from soil 
to atmosphere via xylem. It means that a very low potential of water in 
the atmosphere, relative to the potential of water in the soil, supplies the 
force that moves water up the plant to the leaves. In other words, as water 
evaporates from the leaf surface, more water is “pulled” up by the tension 
created. It seems incredible that the fragile cells of the leaf could withstand 
tensions of 150 psi or greater without collapsing. In fact due to small size, 
cells can withstand much greater tensions. The water potential of air is 
very low. For about 50% relative humidity, it is close to [–1000] bars and 
it is much greater at low RH:

	 RH = [–10.7(θ)] * log [100/RH]	 (1)

where, θ = temperature in degrees absolute, and RH = relative humidity 
in percent.

The water potential difference [“A”] between the leaf cells and the 
atmosphere is often very high, and water loss from leaf-cell surfaces 
induces tremendous tension inside the cells. It is relieved by the flow of 
water from internal cells, and ultimately from the xylem of leaf veins, so 
the tension is transmitted to the water in the xylem. Cohesion of water: 
The problem now is, how can water be pulled by a tube or pipe system, 
such as the xylem, for distances greater than the height of a water column 
supported by 1 atmosphere [30 feet]? If one tries to pull water up a pipe 
by applying suction at the top, the column will break and a vacuum will 
form for a column height greater than 30 feet. In fact water molecules 
have great affinity for each other, and narrow columns of water may with-
stand a tension up to 1000 atmospheres without breaking due to cohesive 
properties of the molecules. The theory that water could be pulled up very 
tall trees in long threadlike columns in the xylem was advanced in 1894. 
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Such columns do not normally cavitate because the cohesive property of 
water molecules is sufficient to prevent their pulling apart or pulling away 
from the walls of the vessels.

Evidence supporting the theory that water is pulled up by the forces 
of evaporation from the leaves is indirect. It has been clearly shown by 
injecting dyes, radioactive tracers, or small pulses of heat into a tree trunk 
and following the movement of marker that water does move in xylem.

The fact that the xylem water is under tension can be observed by cut-
ting into the stem of a plant; water will snap back into the xylem, and 
if water is added to the cut surface it is pulled in. If a sensitive micro-
phone is placed against the stem, the snapping of xylem water threads may 
be heard, particularly on dry hot days. Extensive cavitations may cause 
severe wilting, because a broken column can no longer transmit to the 
roots, the tension required to lift water. It is these broken threads that are 
presumed to be reunited by root pressure at night when the tension caused 
by evaporation of water from the leaves is low.

One problem with this theory of water movement in stems is that 
breaks in water column do occur as a result of excess drought, the forma-
tion of gas bubbles from dissolved gas; and from mechanical leaks. Such 
breaks ought to theoretically inactivate the xylem strand in which they 
occur and reduce the capacity of the system to move water. Many such 
breaks do occur but they do not appear to affect water movement seri-
ously. Presumably when the tension is relaxed at night, the columns again 
rejoin. If cuts are made in the tree trunk so that no continuous vertical 
columns of xylem remain, water is still able to ascend in a zigzag path, at 
a reduced rate. It seems possible that a lateral transport, that must occur, 
takes place as a result of diffusion in the xylem parenchyma (living tissue 
of xylem).

3.2.2.1  Vessel Size

It has been shown that in small vessels, the flow rate of water varies with 
the vessel radius (Poiseuille’s law):

	 Q = [πR4 ∆P]/[8 μL]	 (2)
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where, Q = volume flow rate in cubic liters per second, R = radius in m, 
∆P = change in pressure, N/ m2, L = length in m, and μ = absolute viscos-
ity in N-s/m2.

Plants with long narrow stems, such as vines, tend to have large diam-
eter vessels that permit high flow rates. Since flow rate varies inversely 
as length, this arrangement permits the efficient transfer of water through 
long distances in a stem of small cross section. However, such vessels are 
more subject to cavitations or breakage of the water column and the high 
root pressure of vines may be associated with the need to refill vessels that 
were emptied by cavitations.

On the other hand, trees, with a much larger cross section in relation to 
their length, tend to have smaller xylem conducting elements. This means that 
water can be drawn to greater heights by greater forces, and the reduction in 
carrying capacity caused by smaller diameter vessels is offset by the increased 
diameter of the trunk and the correspondingly greater number of conducting 
elements.

Extremes of temperature change are likely to cause bubble formation 
in water under tension. Plants in colder temperature zones tend to have 
smaller vessel size than plants living in tropical zones. Coniferous trees 
have no vessels at all but only tracheids.

3.2.3  ALTERNATE THEORIES

The water may ascend trees largely as vapor. However, most of the water 
in the xylem is known to be liquid, not vapor. Various suggestions of 
active pumping systems have been made, but no mechanical or biochemi-
cal devices that could accomplish such pumping have been found. Active 
water transport in living cells of trees seems unlikely. First the resistance of 
living cells to flow would be very great and would add greatly to the forces 
required to move quantities of water. If roots are cut off a wilted plant and 
the stem is placed in water, the plant recovers for more quickly than when 
the roots of the intact plant are placed in water. It shows the much greater 
resistance to water transport offered by living tissue and suggest that water 
moves through the stem in nonliving tissue. The application of poisons to 
the stem of tree also has little or no effect on water movement, reinforcing 
the concept that nonliving cells are involved in water transport and that no 
energy input occurs in the stem itself. Thus the theory that water ascends 
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in the xylem of high plants largely under the influence of forces of water 
evaporation from the leaf seems correct.

3.2.4  SOLUTE MOVEMENT

Since the xylem represents an open-ended water transport system with 
essentially one way movement, it seems likely that solutes move passively 
in the xylem by solvent-drag. They need not to move at the same rate as 
water, since their movements may be influenced by adsorption to the walls 
of the vessels or by diffusion down a potential gradient within the flowing 
system. Provided that some active transport system is available to transfer 
solutes to the xylem apoplast, in other words to load the translocation stream 
at the bottom, no motive power other than flow of water is required to move 
them to the top of the open xylem system. At this point solutes could be 
removed by active transport or by diffusion, depending on the concentration 
of solutes in the leaf cells and their requirements. It may be noted that:

1.	 Salts and inorganic substances move upward in the xylem and 
downward in the phloem.

2.	 Organic substances move up and down in the phloem.
3.	 Organic nitrogen may move up in the xylem (e.g., in trees) or 

phloem (herbaceous plants).
4.	� Organic compounds like sugar may be present in the xylem sap in 

large concentrations during the spring when the sap rises in trees 
before the leaves emerge.

5.	 Lateral translocation of solutes from one tissue to another occurs, 
presumably by – normal mechanisms of transfer (diffusion, active 
transport, and so on).

3.3  TREE INJECTION IRRIGATION: PRINCIPLES AND PRACTICES

3.3.1  ADVANTAGES

3.3.1.1  Efficient Use of Water

1.	 No evaporation from the soil surface into the atmosphere.
2.	 No infiltration into the subsoil where roots are incapable of 

absorbing moisture.
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3.	 No runoff.
4.	 No wetting of foliage.
5.	 Inhibits non beneficial consumptive use of water by weeds because 

the terrain is free – of weeds.
6.	 One can irrigate the entire field up to edges.
7.	 Accurate quantity of irrigation water can be applied according to 

transpiration rate – of the plant.
8.	 Overall water application efficiency can go up to 99%.
9.	 Savings up to 95% of water use can be achieved.

3.3.1.2  Plant Response

1.	 Crop growth characteristics can be manipulated.
2.	 Better fruit quality and uniformity of crop is expected.

3.3.1.3  Root Environment

1.	 Shallow root system.
2.	 Effective soil aeration.
3.	 Provision of required amount of nutrients.

3.3.1.4  Pest and Diseases

1.	 Pesticides can be injected into the plant system.
2.	 Frequency of sprays can be reduced.
3.	 Reduction in incidence of insects and diseases.
4.	 Reduced application rates of pesticides.

3.3.1.5  Weed Growth

1.	 It is minimum.
2.	 No weeds in dry surface between trees.

3.3.1.6  Agronomical Benefits

1.	 Irrigation activities do not interfere with cultivation, spraying, 
picking and handling.
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2.	 Less inter-cultivation, soil crusting, and compaction problems.
3.	 No surface runoff.
4.	 No soil/water erosion due to irrigation.
5.	 Fertigation system is possible thus savings in energy and quantity.
6.	 Other necessary chemicals can be applied along with irrigation water.

3.3.1.7  Engineering and Economic Benefits

1.	 Significant savings in energy.
2.	 Cost is low compared to surface sprinkler and drip irrigation 

systems.
3.	 Pipe sizes are significantly smaller compared to pipe sizes in other 

irrigation systems.
4.	 Conveyance efficiency and water use efficiency can be increased 

up to 99%.
5.	 System can be installed in uneven terrains.
6.	 It requires constant discharges at low pressures.
7.	 Water and chemical use can be programed with the crop response.

3.3.2  DISADVANTAGES

1.	 May not be applicable in vegetable crops as it is more convenient 
to inject into tree – trunks.

2.	 May not be used in monocot species as the xylem is not as 
differentiated.

3.	 Introduction of new substances can cause toxic effects just as a 
man can overdose on – drugs.

4.	 May cause fungus growth at the injection site.
5.	 Holes in tree trunk must be made to install injection tips thus 

causing physical injury – to the plant.

3.3.3  OPERATIONAL PROBLEMS

1.	 No information is available on number of injection sites, water 
application rates, dosages of various chemicals depending upon the 
age of the tree.
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  2.	 At what height and depth, should the injection points be located?
  3.	 Injection tips can be easily clogged by gum, wax and resins of tree.
  4.	 Effective cleaning agent needs to be found to avoid clogging of 

tips.
  5.	 Algae formation in the injector lines.
  6.	 Laterals may contain air [from the tree] and thus obstructing the 

flow.
  7.	 Leakage of water at the contact point between the injector tip and 

tree surface.
  8.	 Excess pressure might loosen the sealing agent [silicon] and may 

throw out the – injection tip.
  9.	 Expert advice is needed to locate xylem.
10.	 Chemigation might disturb the osmotic and electrical internal equi-

librium in the plant.
11.	 Screening of pesticides and chemicals suitable for xylem irrigation.
12.	 Salts in excess of 300–500 ppm may require desalinization of 

water.
13.	 A clean, pure or soil water is necessary.

3.3.4  PRINCIPLE OF OPERATION

It is based on utilizing natural negative sap pressures within a plant to suc-
tion liquids and gases directly into the inner circulatory system, analogous 
to a human blood transfusion. The technique is accomplished by placing 
an injection tip (e.g., a ceramic implant) directly in the xylem layer, the 
negative pressure area. Liquid or gas is then made available to the implant 
through a plastic tubing at very little or no pressure. Fluids can then tra-
verse in the plant in any direction. The roots of the plant continue to be 
nourished by the natural way, with sap, water and nutrients. The roots still 
seek moisture and grow down using a stimulus called geotropism.

Plants give off water through a process called transpiration. The 
amount of water a plant “throws off” and the amount it needs are two dif-
ferent situations. A well-known “Hill Reaction” is defined below:

	 6 CO2 + 6 H2O + H2 = C2H1206 + 6 – 02	 (3)
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Opposite of transpiration is called respiration. By careful measurement 
of the quantities of sugar synthesized in the leaves by unitary surface and 
time (10–15 mg of hexose/dm2–h), it is readily calculable what stoichiomet-
ric quantity of water is required under the same conditions (e.g., 50–80 ml 
for a period of 8 hrs considering a canopy surface from 8–10 m2). This 
quantity is very approximate to the quantity of water consumed by xylem 
irrigation during the same period under the same conditions. Primary water 
uptake occurs only during photosynthesis or day light [12].

3.3.5  SYSTEM MODIFICATION

It is accomplished by simply placing the ceramic piece in the root zone 
of house or commercial indoor plants, nursery stock or almost any plant 
too small to receive an implant in the trunk. The same efficient use 
of water and nutrients are applicable but some of the metabolic engi-
neering techniques (modulation of the plant metabolism with the aim 
of obtaining better fruits by injection of substances such as promoters 
of color, bouquet, flavor, aroma, metabolites, enzymes or coenzymes) 
may not be effective. Seeds for greenhouses can also be germinated and 
grown from an implant in the soil. The seed can actually be glued to the 
implant, then planted and grown through maturity. Tree crops can be 
raised with other irrigation systems and then xylem tips can be installed 
after first year of growth. Water usage of 40 ounces/day on older trees, 
5 ounces/day for grapes has been reported. This calculates to be approx-
imately 0.05 gpm/acre of irrigation during 12 hours photosynthesis or 
36 gallons/day/acre.

3.4  DESCRIPTION OF TREE INJECTION IRRIGATION SYSTEM

The system consists of a water resource, pump, chemigation system, 
filter, main line, sub main, laterals, and injection tips. The installation of 
injection tip should be done in the following manner:

1.	 Select the size of a ceramic tip.
2.	 Select the best location on the tree trunk.
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3.	 Bore a hole through the cambium layer approximately 1/4 diameter 
larger than the – injector.

4.	 Use a sharp instrument to remove the plug of bark. It is important 
to bore past the – phloem to cause leakage out of the plant.

5.	 Continue the bore into xylem (sapwood) portion to the same dimen-
sion as length of – ceramic portion of the injector. The hole should 
allow a snug fit.

6.	 Use an inert sealing agent (silicone) for sealing the injector to tree.
7.	 Hook water to be injected to the tip at a pressure of 1 to 8 ft. of 

head (necessary – pressure can be allowed by gravity, low-pressure 
pump).

8.	 Very minute quantities of chemical can be injected into the water 
stream using a plastic syringe (doctor’s needle).

3.4.1  PRECAUTIONS FOR TREE INJECTION IRRIGATION 
SYSTEM

1.	 Sterilize the drill bit.
2.	 Hole should allow a perfect fit.
3.	 Use a good sealing agent.
4.	 Water should be free from pathogens.
5.	 Use a pesticide to avoid fungal growth.
6.	 Injector site should be allowed to dry before starting irrigation.
7.	 No leakage can be allowed between the tree and tip, as it will break 

the suction.
8.	 High precaution is essential in determining dosage of the chemicals 

to avoid toxic – hazards in the plant.
9.	 Any injection holes, which cannot be used, should be left open. 

They heal with time.

3.5  CURRENT STATUS

Table 3.1 reveals current information available in different areas of tree 
injection irrigation. Most of the information is available on injection 
of pesticides into tree trunk using syringe, plastic bottle by gravity, etc. 
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The  information on tree injection irrigation needs to be developed. 
This offers new challenges for researchers and students, who want to 
pursue MSc/PhD/Postgraduate diploma/Post-doc. The opportunities 
are infinite. The 1984 Spring issue of Drip/Trickle Irrigation describes 
briefly the technology involved. Table 3.2 reveals measured potentials 
in different parts of the tree. Monthly mean intensity of solar radiation 
is  given in Table 3.3. The percentage of daily sunshine hours is indi-
cated  in Table 3.4. Differences between dicot and monocot trees are 
detailed in Appendices 1 and 2.

3.6  PRELIMINARY STUDIES

To establish a basis for irrigation scheduling in tree injection irrigation, 
the tensiometers were installed in the soil and tree trunk in drip irrigated, 
flood irrigated and micro sprinkler irrigated mango trees. Tensiometers 
were read for 13 days at 7:00 a.m., 12:00 Noon and 3:00 p.m. on each 
day. In all cases, it was observed that the tree tensiometer did not respond 

TABLE 3.1  Current Status for Tree Injection Irrigation

Description References

A. Chemigation: 5, 8, 14, 15, 16, 20, 22, 25, 26, 34, 35
1. Fertilizer/micronutrients 7, 38
2. Growth regulator/inhibitor 2, 3, 21, 29, 33, 42, 44, 46
3. Pesticide 4, 6, 13, 18, 19, 20, 24, 27, 36, 37, 39, 40, 41, 43, 

46, 49
B. Irrigation: technology and 
principles:

12

C. Injection principles and 
technology:

5, 20, 32, 42, 48, 50

1. Equipment 2, 4, 17, 19, 25, 28, 31
2. Injectors 19, 39, 45, 50
3. Methods 5, 6, 7, 8, 13, 17, 18, 25, 26, 28, 33, 35
4. Pressure injection 17, 19, 22, 29, 31, 34, 38, 41, 42, 43, 45
D. Measurement of xylem water 
potential

1, 23

Note: Numbers refer to appended references.
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TABLE 3.2  Actual Measured Water Potentials in Soil and Different Parts of Trees at 
Various Times

Parameter Species

Juniper us scopulorum  
(juniper)

Ulmus parvifolia  
(elm)

September

Date 17 18 20 22 12 16 17
Time, hr 1500 500 200 1500 1400 1400 400
Conditions Clear night rain clear clear Clear (irrigation) night
Temperature, °C 18 10 12 11 27 16 7
ψ Soil, bars -5.7 -6 -7.1 -0.2 -4.6 -0.1 -0.1
ψ trunk, bars -8.6 -6.6 -7.9 -5 -7 -2.6 -2.6
ψ branches, bars -12 -9.4 -8.7 -8 -7.6 -5.3 -4.1
ψ twigs, bars -21.8 -11.8 -12.2 -15.6 -23 -16.8 -5.7
ψ leaves, bars -40 -25 ------ ------ -24.5 -23.9 -10.7

 
Parameter Species

Elaeagnus angustifolia  
(Russian olive)

Acer glabrum 
(maple)

September

Date 16 17 17 18
Time,hr 1500 500 1500 500
Conditions clear night clear night
Temperature, °C 16 7 16 7
ψ Soil, bars -3.3 -3.3 -5.7 -6
ψ trunk, bars -7.4 -3.7 -8.9 -6.8
ψ branches, bars ----- ------ ------ ------
ψ twigs, bars -17.7 -10.7 -25.2 -8.8
ψ leaves, bars -31.9 -17.9 -43 -32.2

Source: H. H. Wieber, R. W. Brown, T. W. Daniel and E. Campell. Bioscience. 20:226 [1970].  

after few days of operation. This implied that the tips might get clogged. 
The variations in tension readings for tree tensiometers followed the same 
pattern as soil tensiometers. Soil tension readings were more pronounced 
as shown in Figure 3.5.
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TABLE 3.3  Monthly Mean Intensity of Solar Radiation [Ra], Which is Measured Over 
a Horizontal Surface, in Millimeter of Water Evaporated Per Day (Following Blaney – 
Criddle)

Northern Hemisphere

Month 90° 80° 70° 60° 50° 40° 30° 20° 10°

Jan — — — 1.3 3.6 6 8.5 10.8 12.8
Feb — — 1.1 3.5 5.9 8.3 10.5 12.3 13.9
March — 1.8 4.3 6.8 9.1 11 12.7 13.9 14.8
April 7.9 7.8 9.1 11.1 12.7 13.9 14.8 15.2 15.2
May 14.9 14.6 13.6 13.6 15.4 15.9 16 15.7 15
June 18.1 17.8 17 16.5 16.7 16.7 15.8 14.8 13.4
July 16.8 16.5 15.8 15.7 16.1 16.3 16.2 15.7 14.8
Aug 11.2 10.6 11.4 12.7 13.9 14.8 15.3 15.3 15
Sept 2.6 4 6.8 8.5 10.5 12.2 13.5 14.4 14.9
Oct — 0.2 2.4 4.7 7.1 9.3 11.3 12.9 14.1
Nov — — 0.1 1.9 4.3 6.7 9.1 11.2 13.1
Dec — — — 0.9 3 5.5 7.9 10.3 12.4

Southern Hemisphere

Month 0° 10° 20° 30° 40° 50° 60° 70° 80° 90°

Jan 14.5 15.8 16.8 17.3 17.3 17.1 16.6 16.5 17.3 17.6
Feb 15 15.7 16 15.8 15.2 14.1 12.7 11.2 10.5 10.7
March 15.2 15.1 14.6 13.6 12.2 10.5 8.4 6.1 3.6 1.9
April 14.7 13.8 12.5 10.8 8.8 6.6 4.3 1.9 — —
May 13.9 12.4 10.7 8.7 6.4 4.1 1.9 0.1 — —
June 11.6 9.6 7.4 5.1 2.8 0.8 — — — —
July 13.5 11.9 10 7.8 5.6 3.3 1.2 — —
Aug 14.2 13 11.5 9.6 7.5 5.2 2.9 0.8 — —
Sept 14.9 14.4 13.5 12.1 10.5 8.5 6.2 3.8 1.3 —
Oct 15 15.3 15.3 14.8 13.8 12.5 10.7 8.8 7.1 7
Nov 14.6 15.7 16.4 16.7 16.5 16 15.2 14.5 15 15.3
Dec 14.3 15.8 16.9 17.6 17.8 17.8 17.5 18.1 18.9 19.3

Source: Shaw, N. 1986. Manual of Meteorology. Volume II. Second edition. Pages 4–5. Cambridge 
University Press. 

Note: The values in the table have been multiplied by 0.86 and divided by 59 to calculate radiation 
in millimeters of water per day.



98	 Performance Evaluation of Micro Irrigation Management
TA

B
LE

 3
.4

 
Pe

rc
en

ta
ge

 o
f D

ai
ly

 S
un

sh
in

e 
H

ou
rs

 fo
r N

or
th

 a
nd

 S
ou

th
 H

em
is

ph
er

e

L
at

itu
de

Ja
n

Fe
b

M
ar

A
pr

M
ay

Ju
ne

Ju
ly

A
ug

Se
pt

O
ct

N
ov

D
ec

N
or

th
er

n 
H

em
is

ph
er

e

0
8.

5
7.

76
8.

49
8.

21
8.

5
8.

22
8.

5
8.

49
8.

21
8.

5
8.

22
8.

5
5

8.
32

7.
57

8.
47

8.
29

8.
65

8.
41

8.
7

8.
6

8.
23

8.
42

8.
07

8.
3

10
8.

13
7.

47
8.

45
8.

37
8.

81
8.

6
8.

9
8.

71
8.

25
8.

34
7.

91
8.

1
15

7.
94

7.
36

8.
43

8.
44

8.
98

8.
8

9.
1

8.
83

8.
28

8.
2

7.
75

7.
88

20
7.

74
7.

25
8.

41
8.

52
9.

15
9

9.
3

8.
96

8.
3

8.
18

7.
58

7.
66

25
7.

53
7.

14
8.

39
8.

61
9.

33
9.

23
9.

5
9.

09
8.

32
8.

09
7.

4
7.

42
30

7.
3

7.
03

8.
38

8.
72

9.
53

9.
49

9.
7

9.
22

8.
33

7.
99

7.
19

7.
15

32
7.

2
6.

97
8.

37
8.

76
9.

62
9.

59
9.

8
9.

27
8.

34
7.

95
7.

11
7.

05
34

7.
1

6.
91

8.
36

8.
8

9.
72

9.
7

9.
9

9.
33

8.
36

7.
9

7.
02

6.
92

36
6.

99
6.

85
8.

35
8.

85
9.

82
9.

82
10

9.
4

8.
37

7.
85

6.
92

6.
79

38
6.

87
6.

79
8.

34
8.

9
9.

92
9.

95
10

9.
47

8.
38

7.
8

6.
82

6.
66

40
6.

76
6.

72
8.

33
8.

95
10

10
.1

10
9.

54
8.

39
7.

75
6.

72
7.

52
42

6.
63

6.
65

8.
31

9
10

.1
10

.2
10

9.
62

8.
4

7.
69

6.
62

6.
37

44
6.

49
6.

58
8.

3
9.

06
10

.3
10

.4
10

9.
7

8.
41

7.
63

6.
49

6.
21

46
6.

34
6.

5
8.

29
9.

12
10

.4
10

.5
11

9.
79

8.
42

7.
57

6.
36

6.
04

48
6.

17
6.

41
8.

27
9.

18
10

.5
10

.7
11

9.
89

8.
44

7.
51

6.
23

5.
86

50
5.

98
6.

3
8.

24
9.

24
10

.7
10

.9
11

10
8.

46
7.

45
6.

1
5.

65
52

5.
77

6.
19

8.
21

9.
29

10
.9

11
.1

11
10

.1
2

8.
49

7.
39

5.
93

5.
43

54
5.

55
6.

08
8.

18
9.

36
11

11
.4

11
10

.2
6

8.
51

7.
3

5.
74

5.
18



Tree Injection Irrigation: Principles, Perspectives and Problems	 99

L
at

itu
de

Ja
n

Fe
b

M
ar

A
pr

M
ay

Ju
ne

Ju
ly

A
ug

Se
pt

O
ct

N
ov

D
ec

56
5.

3
5.

95
8.

15
9.

45
11

.2
11

.7
12

10
.4

8.
53

7.
21

5.
54

4.
89

58
5.

01
5.

81
8.

12
9.

55
11

.5
12

12
10

.5
5

8.
55

7.
1

4.
31

4.
56

60
4.

67
5.

65
8.

08
9.

65
11

.7
12

.3
12

10
.7

8.
57

6.
98

5.
04

4.
22

So
ut

he
rn

 H
em

is
ph

er
e

L
at

itu
de

Ja
n

Fe
b

M
ar

A
pr

M
ay

Ju
ne

Ju
ly

A
ug

Se
pt

O
ct

N
ov

D
ec

0
8.

5
7.

66
8.

49
8.

21
8.

5
8.

22
8.

5
8.

49
8.

21
8.

5
8.

22
8.

5
5

8.
68

7.
76

8.
51

8.
15

8.
34

8.
05

8.
3

8.
38

8.
19

8.
56

8.
37

8.
68

10
8.

86
7.

87
8.

53
8.

09
8.

18
7.

86
8.

1
8.

27
8.

17
8.

62
8.

53
8.

88
15

9.
05

7.
98

8.
55

8.
02

8.
02

7.
65

8
8.

15
8.

15
8.

68
8.

7
9.

1
20

9.
24

8.
09

8.
57

7.
94

7.
85

7.
43

7.
8

8.
03

8.
13

8.
76

8.
87

9.
33

25
9.

46
8.

21
8.

6
7.

84
7.

66
7.

2
7.

5
7.

9
8.

11
8.

86
9.

04
9.

58
30

9.
7

8.
33

8.
62

7.
73

7.
45

6.
96

7.
3

7.
76

8.
07

8.
97

9.
24

9.
85

32
9.

81
8.

39
8.

63
7.

69
7.

36
6.

85
7.

2
7.

7
8.

06
9.

01
9.

33
9.

96
34

9.
92

8.
45

8.
64

7.
64

7.
27

6.
74

7.
1

7.
63

8.
05

9.
06

9.
42

10
.0

8
36

10
.0

3
8.

51
8.

65
7.

59
7.

18
6.

62
7

7.
56

8.
04

9.
11

9.
51

10
.2

1
38

10
.1

5
8.

57
8.

66
7.

54
7.

08
6.

5
6.

9
7.

49
8.

03
9.

16
9.

61
10

.3
4

40
10

.2
7

8.
63

8.
67

7.
49

6.
97

6.
37

6.
8

7.
41

8.
02

9.
21

9.
71

10
.4

9
42

10
.4

8.
7

8.
68

7.
44

6.
85

6.
23

6.
6

7.
33

8.
01

9.
26

9.
82

10
.6

4
44

10
.5

4
8.

78
8.

69
7.

38
6.

73
6.

08
6.

5
7.

25
7.

99
9.

31
9.

94
10

.8
46

10
.6

9
8.

86
8.

7
7.

32
6.

61
5.

92
6.

4
7.

16
7.

96
9.

37
10

.0
7

10
.9

7

TA
B

LE
 3

.4
 

C
on

tin
ue

d



100	 Performance Evaluation of Micro Irrigation Management

FIGURE 3.5  Tension readings based upon the tensiometer installed at 12 cm depth in 
the soil and tensiometer installed in the xylem of drip irrigated mango tree. Reading was 
recorded at 3:00 pm daily.

3.7  SUMMARY

The main objective of irrigation is to provide trees with the correct amount 
of water to prevent stress that can reduce yield. The frequency and quan-
tity of water depends on the climatic conditions, the type of crop, and the 
stage of growth and soil-moisture-plant status. With only a small portion 
of cultivated area and the hope to have additional area under irrigation, 
it is clear that water is critical for agriculture and it is of vital importance.

Recent research has shown that the yields per unit quantity of water 
can be increased if we properly level the fields, if we know the crop 
requirements, the soil characteristics and if we use the correct methods 
of irrigation. Water supply is dwindling because of the excessive use of 
underground sources; domestic and industrial demands; declining water 
quality; and losses through seepage, runoff and evaporation. Water is 
one of the limiting factors in our goal for self-sufficiency in agriculture. 
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The  introduction of new irrigation methods has encouraged farmers to 
adopt these methods without considering the economical benefits of con-
ventional, overhead and drip irrigation systems. What is really important 
is “net in the pocket” under limited available resources. Some irrigation 
methods are border-, furrow-, subsurface, sprinkler-, micro sprinkler- drip/
trickle and xylem irrigation.

Tree injection (xylem) irrigation is a direct application of water along 
with nutrients, growth regulators or inhibitors, pesticides or other chemi-
cals into the xylem of the tree trunk, by using a series of injection sites 
depending upon the age of the tree. The advantages of tree injection irriga-
tion are: if water is used efficiently, one can save up to 95%. It prevents 
weeds from appearing because of the dry surfaces between the trees. Crop 
growth and better fruit quality can be expected. Pesticides can be injected 
into the plants reducing the frequency of application and the reduction of 
insects and diseases. Irrigation operations do not interfere with cultivation, 
spraying, picking and handling. Farmers can use fertilizers efficiently. 
Other necessary chemicals can be applied through with irrigation water. 
There are significant savings in energy and money.

Some disadvantages are: It may not be applicable in vegetable crops. 
It may not be used in monocot species. Introduction of new substances 
can cause toxic effects. It may cause fungus to grow at the injection sites. 
Holes in tree trunk must be made to install injection tips thus causing 
physical injury to the plant.

KEYWORDS

•• chemigation

•• dicot

•• drip irrigation

•• fertilizers

•• flood irrigation

•• monocot

•• pesticide
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•• phloem

•• relative humidity

•• tensiometer

•• tree

•• tree crop

•• tree injection

•• tree injection irrigation

•• vegetable crop

•• xylem

•• xylem irrigation
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4.1  INTRODUCTION

Agricultural water demand with conventional resources, using treated 
waste water represents a viable option [6, 9]. Emitter clogging hazards are 
major considerations in selecting drip irrigation systems for use with water 
from open reservoirs, and particularly from that storing secondary treated 
sewage water. Most clogging factors and agents can be found in these 
waters [5, 12]. Reservoir water contains a variety of phytoplankton and 
zooplankton that develop during storage according to the specific condi-
tions prevailing in the reservoir. Suspended particles, which can agglom-
erate with filaments, slimy or otherwise sticky by-products of microbial 
activity, are also abundant, especially in earthen reservoirs [14]. There are 
also aquatic organisms that can grow and proliferate within the pipeline 
system and, in certain circumstances can develop into a biomass that can 
clog almost any component of the drip irrigation system [12, 14]. Such 
problems might be intensified by longer supply lines and slower stream 
velocities. The nutrients and organic matter brought into the reservoir with 
wastewater effluent will enhance algae bloom, particularly the slimy blue 
algae species. Microbial activity in deeper layers increases in reservoirs 
storing sewage effluent.
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Filtration, chemical treatment of the water and flushing of laterals are 
the means generally applied to control emitter clogging [12]. Changes in 
procedures and a more careful selection of the system components must be 
considered for treated sewage water use in drip irrigation. Drip irrigation 
systems supplied with these treated sewage waters are widely used [8]. 
Operational difficulties, and even system failures, associated with clog-
ging problems have often been encountered. Filtration is, in fact, manda-
tory for all drip irrigation systems. A common filtration system consists 
of primary and secondary filters. Screen or disks filters are used as the 
secondary downstream safety filters, at the head of the plot’s manifold. 
Usually these filters are cleaned manually. Most manufacturers of drip 
systems recommend high filtration levels. Consequently, in many cases of 
low quality waters, the main problems in the operation of drip irrigation 
systems have been with clogged filters, rather than emitter clogging.

Chlorination to control microbial activity is, apparently, needed when 
the irrigation water source is a reservoir containing wastewater. In view of 
the above, an experimental program was initiated in 2013 to test filters and 
emitters with domestic treated sewage water supplied from tank storing 
secondary effluent and well water. The trials, carried in field conditions, 
enabled to closely study the functioning and clogging of various types of 
emitters and filters and how to alleviate the clogging problems. The aim 
of this study was to determine the effects of different qualities of domestic 
treated waste water and well water on clogging of different emitters and 
filters.

4.2  MATERIALS AND METHODS

4.2.1  EXPERIMENTAL DESIGN

The experiment was conducted under open field conditions in black cotton 
soil at Agricultural College Campus, Dr. PDKV, Nagpur to study the field 
performance of different types of emitter and filters under different qualities 
of water. The filtration units consisted of sand filter followed by disk filter. 
The study included twelve treatments, which represented the combination 
between:
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A:	 Two treatments of domestic treated sewage water through phytorid 
sewage treatment plant at Agriculture college campus and well water 
(fresh water), 

B:	 Two types of emitters: inline and online, and
C:	 Three times of operation: 0, 60, and 120 hours.

The measured data included percentage of partial and total clogging 
of emitters. The collected data were analyzed by using MSTAT program, 
in a split plot design with three replications.

4.2.2  CHARACTERISTICS OF DOMESTIC TREATED SEWAGE 
WATER AND WELL WATER

Domestic treated sewage water (DTSW) and well water (WW) were used 
to test their effects on the performance of the filters and emitters. The 
domestic treated sewage water was from phytorid sewage treatment plant 
installed at Agriculture College Campus, Nagpur. The fresh water was 
from the municipal potable watering system. The treated domestic sewage 
water (TDSW) and well water (WW) were analyzed in the laboratory for 
chemical and organic analysis (Table 4.1).

4.2.3  SPECIFICATIONS OF DRIP IRRIGATION SYSTEM

In surface drip irrigation system, two emitters were fitted in and on laterals 
polyethylene pipe. Table 4.2 shows hydraulic characteristic of two types of 
emitters. The specifications of sand and disk filter are shown in Table 4.3. 
The disk filter specifications included 5 cm diameter outlet and inlet, 
120 mesh size and maximum flow rate of 30 m3.h−1.

Two different types of filters (sand and disk filters) and two types of 
emitters (inline and online) were tested. The field layout consisted of a flow 
meter, two pressure gages installed before and after each filter, and two 
polyethylene lateral lines per treatment. Lateral line was 45 m long and 
had 90 emitters connected at a spacing of 0.5 m. The external diameters 
(O.D.) of the laterals were 20 mm. During each treatment, the system was 
in operation for about 120 hours with daily operation (4 h) at an operating 
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TABLE 4.1  Characteristics of Treated Sewage Water and Well Water

Parameter Sewage water Treated 
sewage water

Well water

pH 7.0±0.09 7.1±0.92 7.5±0.84
EC, (dSm–1) 0.756 0.602 0.412
SAR – 0.656 0.615
Carbonates, CO3, (mg) L−1) – 0.57 0.30
Bicarbonates, HCO3–, (mg) (mg L−1) – 3.81 3.18
Chlorides, Cl–, (mg L−1) – 3.68 1.48
Calcium, (mg L−1) – 5.12 2.68
Magnesium, (mg L−1) – 2.42 0.72
Sodium, Na, (mg L−1) – 1.09 0.80
BOD, (mg.L−1) 128 24 12
COD, (mg.L−1) 478 60 32
TDS, (mg.L−1) 351 399 278
TSS, (mg.L−1) 35 19 6
Nitrogen, (mg L−1) 3.9 3.70 1.10
Phosphate, (mg L−1) – 1.30 0.26
Potassium, (mg L−1) – 0.32 0.22
Iron, (mg L−1) – 2.85 2.32
Manganese, (mg L−1) – 0.98 0.72
Feacal coli form, cfu per 100 ml >1100 34 0.0

TABLE 4.2  Hydraulic Characteristic of the Two Emitter Types

Type of 
emitter

Emitter 
discharge 
L.h–1

Emitter 
discharge 
exponent

Emitter manufacturing 
coefficient of variation

Type of 
emitter 
discharge

On line Turbo 
key emitter

3.9 0.4264 4.55 Turbulent

In line 3.97 0.453 4.30 Turbulent
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pressure of 10 m. On each day of operation and for each type of filter, 
data observations were the exact time of operation, the total flow volume, 
clogged emitter’s percentage (partially and totally). The number of filter 
cleaning operations was recorded. Because the head loss in lateral lines 
was very small, the pressure along the lateral was considered essentially 
constant. The filters were connected in series.

The filters were cleaned by back flushing, whenever the pressure drop 
caused by partial clogging of the filter increased to 0.2 kg/cm2 [10]. Disk 
filters were also manually cleaned, by pulling out the filter disks and 
washing it. All types of filters were manually cleaned and dried at the end 
of each day of operation. Experimental layout is shown in Figure 4.1.

4.2.4  CRITERIA FOR ASSESSMENT OF EMITTER 
PERFORMANCE

4.2.4.1  The Reduction of Main Discharge Qreduction Percent

The partial clogging of emitter was calculated as follows [11]:

	 Q Q Q
Qreduction
ini m

ini

=
−







100 	 (1)

TABLE 4.3  Specifications of Sand and Disk Filters

Specifications Sand filters Disk filters

No. of Filters 1 1
Recommended maximum flow rate (m3h–1) 20 30
Maximum operating pressure (kg) 1.0 1.0
Inlet and outlet diameter (inch) 2 2
Length (mm) 900 417
Tank Diameter (mm) 500 25
Wall Thickness (mm) 5.0 3.0
Thickness of media layer (mm) 600 —
Back washing diameter (inch) 2 —
Specification of Media
Bed area (m2) 0.952 —
Effective diameter of granular media (mm) 1.0 – 1.5 —
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where, Qreduction is reduction of mean discharge in percentage, Qm is the mean 
emitter discharge of each lateral of last operation, and Qini is the correspond-
ing mean discharge of 540 new, unclogged emitter at the same operating 
pressure.

FIGURE 4.1  A typical drip irrigation system (top) with filtration/irrigation controller 
(center); and layout of the experiment (bottom).
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4.2.4.2  Manufacturer’s Coefficient of Emitter Variation (CV)

The manufacturer’s coefficient of emitter variation is the measure of the 
variability of the discharge of random sample of a given make, model and 
size of a emitter as produced by the manufacturer before any field opera-
tion or aging has taken place [2]. The manufacturer’s variation is mainly 
caused by pressure and heat instability during emitter production. The 
manufacturer’s coefficient of variation is determined from the flow rate 
measurements at different locations and is calculated as follows:

	 CV = [(q1
2 + q2

2 + q3
2 + q4

2 + … qn
2 – nq2) 1/2] ÷ [q (n–1)1/2]	 (2)

where, CV = manufacturer’s coefficient of variation; q1, q2, …., qn = dis-
charge of emitter in lph; q = average discharge of the emitter in lph; and 
n = number of emitter tested.

Classification of CV value according to ASAE standards is shown in 
Table 4.4 [2]. High CV can occur due to heterogeneous mixture of material 
used in production of the emitters. Typical values of CV range from 5 to 
15%, although higher values are possible [3]. The dripper manufacturing 
coefficient variation is one of the statistical terms, which can be used to 
show the drip irrigation system uniformity. Different guidelines have been 
suggested for Cv, but authors used those recommended by ASAE [2].

4.2.4.3  Field Emission Uniformity Coefficient, EU (%)

At the end of the treatment, the flow from 25 emitters within an irrigation 
block is collected. Then field emission uniformity coefficient is calculated 
by Eq. (3) as given by EI Tantawy et al. [7].

	 EU, % = (qmin1/4/qave) x 100	 (3)

TABLE 4.4  ASAE Recommended Classification of Dripper Manufacture Coefficient of 
Variation [2]

Classification Excellent Average Marginal Poor Unacceptable

Cv (%) < 5.0 5.0–7.0 7.0–11.0 11.0–15.0 > 15.0
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where: EU = the emission uniformity (%); qmin1/4 = measured mean dis-
charge of the lowest quartile in lph; and qave = measured mean discharge 
of all emitter in lph.

4.2.4.4  Dripper Exponent (x)

The emitters are the most important part of the drip irrigation. Emitters 
with high degree of pressure compensation (x = 0) are technically pos-
sible, although the ideal emitter has not yet been designed. The emitters 
flow rate may fluctuate due to pressure variation along the dripper line, 
and accidental restriction resulting in non-uniform water application [4]. 
Emitters discharge rate is a function of operating pressure that is described 
by a power law.

	 q = k [H]x	 (4)

where, q = emitter discharge rate in lph; k = emitter constant, includ-
ing a conversion factor to make units uniform on both sides of equation; 
H  =  operating pressure in m; and x = emitter exponent. The constants 
k and x define characteristics of an emitter.

For fully laminar flow regime, emitter must be very sensitive to pres-
sure variation and the value of x must be 1.0. This means that the pressure 
variation of 20% may result in ± 20% emitter flow rate variation. Most non-
compensating emitters are always fully turbulent with x = 0.5, indicating 
the pressure variation of approximately 10%. On other hand for compen-
sating emitter, pressure variation cause very small variation in discharge. 
For compensating emitter, the x ranges from 0.1 to 0.4. An ideal pressure 
compensating emitter would have an x = 0 [3, 4]. Equation (4) was used to 
calculate x values in this study.

4.2.4.5  Emitter Flow Variation (qvar)

Emitter flow rate variation q var is given by following equation [2, 10].

	 qvar = 100 x [qmax – qmin] ÷ [qmax]	 (5)
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where, qvar = variation of the average flow rate (%); qmax = maximum flow 
rate at pressure of 1.0 kg/cm2 at the same water temperature along the 
line; qmin = minimum flow rate at pressure of 1.0 kg/cm2 at the same water 
temperature along the line. Emitter flow rate variation less than 10% is 
considered desirable.

4.3  RESULTS AND DISCUSSION

4.3.1  WATER QUALITY

The data pertaining to the characteristics of domestic treated sewage 
water and well water used for irrigation were analyzed and are reported 
in Table 4.1. The characteristics of irrigation water (domestic treated sew-
age water and well water) was assessed for its suitability for irrigation 
with respect to pH, EC, SAR, carbonate, bicarbonate, calcium, magne-
sium, sodium, BOD, COD, nitrogen, phosphate, TDS and potassium [1]. 
The domestic treated sewage water as well as the well water was slightly 
alkaline in reaction.

The pH of the treated sewage was 7.1 slightly lower than the well 
water, whereas EC of 0.602 dS.m–1 was found higher than well water 
(EC = 0.412 dS.m–1). Calcium was the dominant cation followed by 
magnesium and sodium, although the sodium content was slightly 
higher in treated sewage water. The sodium adsorption ratio (SAR) of 
treated sewage and well water was observed less than the critical limits. 
Carbonate and bicarbonate contents in the treated sewage water were 
observed slightly higher than in well water, whereas chloride content 
was observed 2 to 3 folds higher in sewage water than in well water. 
SAR of treated and well water was noticed minimum, which indicated 
that both waters were suitable for irrigation. Looking to the concentra-
tion of BOD and COD, the raw sewage water was rated as unsuitable for 
irrigation purpose when compared with the prescribed limit of 100 and 
250 mg.L–1 for BOD and COD, respectively. In treated sewage water, the 
higher contents of NPK were observed. In treated sewage water, N and P 
was observed 3 and 5 times higher, respectively. However, the K content 
was noticed slightly higher than the well water [13].
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4.3.2  MEAN DISCHARGE REDUCTION

Emitter discharge generally decreases from the beginning to the end of lat-
eral due to pressure loss in the lateral [15]. The difference in mean emitter 
discharge between first ¼ emitters and last ¼ emitter was 0.3% for the first 
measurement using fresh water. The emitter discharge in DTSW treatment 
was lower than that of WW treatment. The reduction of discharge was 
more in inline emitter than online emitter.

4.3.3  EFFECTS OF DTSW AND WW TREATMENTS AND EMITTER 
TYPE ON PARTIAL AND TOTAL CLOGGING  
OF EMITTERS

In case of total emitter clogging percentage, the differences between all the 
treatments [DTSW and WW, emitters type (Inline and Online) and opera-
tion time (0, 60, 120 h)] were significantly different except the combination 
difference between water types in their effects on partial emitter clogging 
and total emitter clogging percentage. The partial clogging and total clog-
ging percentage were significantly different due to different concentrations of 
organic matter and chemical in DTSW and WW. The results revealed that the 
on line emitter were better than inline emitter under different treatments. The 
data in the Table 4.5 revealed that low clogged emitters were in T2 and high 
clogged emitters were in T1. The CV for DTSW treatment is similar to that 
of the for the well water treatment. The CV was increased with operational 
time reaching a value of 7.98% at the end of the experiment [11]. The effect 
of the source of the water on emitter is presented in Table 4.5. It is evident 
that with partial clogging levels, WW at 120 hours was reached with DTSW 
in 60 hours itself. However, in case of total clogging, level with DTSW was 
higher at 60 hours than that of WW at 120 hours. This indicates that if DTSW 
is used then emitters have to be cleaned more frequently.

4.3.4  EFFECTS OF DTSW AND WW TREATMENTS  
ON PARTIAL FILTER CLOGGING PERCENTAGE

The effects of different DTSW and WW on partial clogging percentage 
in sand and disk filters are shown in Figure 4.2. The partial clogging 
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TABLE 4.5  The Effects of DTSW and WW Treatments, and Emitter Types on Partial 
and Total Clogging of Emitters

Treatment Emitter 
type

Partial clogging Total clogging

Time of operation (h) Mean Time of operation (h) Mean

0 60 120 0 60 120

T1 In line 3.97 6.95 15.54 8.82 2.0 5.61 7.37 4.99
On line 3.00 6.06 13.44 7.50 1.26 4.45 5.58 3.76

Mean 3.49 6.51 14.49 8.16 1.63 5.03 6.48 4.38
T2 In line 1.75 3.01 6.84 3.87 0.88 2.46 3.24 2.19

On line 1.32 2.76 6.08 3.39 0.67 2.33 2.78 1.93
Mean 1.54 2.89 6.46 3.63 0.76 2.40 3.01 2.06

Mean In line 2.86 4.98 11.19 6.35 1.44 4.04 5.31 3.59
On line 2.16 4.41 9.76 5.45 0.97 3.39 4.18 2.85

Mean 2.51 4.70 10.48 5.90 1.21 3.72 4.75 3.22
L.S.D at 0.05

A NS NS
B 0.23 0.15
C 0.28 0.20
AxB 0.32 0.22
AxC 0.40 0.27
BxC 0.40 0.27

FIGURE 4.2  Effects of DTSW and WW on partial filter clogging percentage.
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percentage of sand and disk filters ranged from 3.12 to 10.15% and 2.10 
to 7.12%, respectively in T1. Similarly in T2, partial clogging was 2.18 to 
4.98% in sand filter and 1.3 to 3.98% in disk filter. The partial clogging 
percentage in sand and disk filter in T1 was higher that may be because of 
increasing the organic matter and chemical contents in the DTSW than 
WW [7]. This indicates that use of DTSW may clog the filters earlier than 
the WW. The partial clogging percentages of sand filter in T1 is 5.17% 
more than that in T2. In disk filter, it is 3.94% after 120 hours of operation.

4.3.5  MEAN DISCHARGE REDUCTION PERCENTAGE FOR 
DIFFERENT TYPES OF FILTERS

Percentage of reduction of mean discharge for different types of filters (sand 
and disk filters) at the start and end of the experiment during 120 hours of 
operation of 120 is shown in Figure 4.3. The reduction of mean discharge 
percentage of sand filter ranged from 4.65 to 12.56% in T1 compared to 2.94 
to 7.69% in T2. The reduction of mean discharge percentage in T1 is more 
due to increasing of organic matter and chemical content in the DTSW. The 
increasing discharge reduction of filters increased the filtration efficiency 
due to preventing organic matter and nonorganic sedimentations in the 
DTSW and WW and effect on the clogged emitters. The clogged emitters 
range is not sufficient to account for the reduction in mean discharge so there 
must be the problems of partial clogging as well. The discharge reduction 

FIGURE 4.3  Effects of DTSW and WW on mean discharge reduction percentage for 
different types of filters.
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percentage of sand filter in T1 is more than T2 by 14.01%. Similarly in disk 
filter, the discharge reduction percentage in T1 is more than T2 by 22.36% 
after 120 hours of operation.

4.3.6  FIELD EMISSION UNIFORMITY COEFFICIENT

Field Emission uniformity coefficient (EU, %) measured at the end of 
two irrigation water treatments is shown in Figure 4.4. The EU (%) clas-
sification shows: 90.0% excellent, 80.0–90.0% good, 70.0–80.0% fair, 
60.0–70.0% poor, and <60.0% unacceptable [2]. Emission uniformity 
coefficient values equal to zero mean that at least one quarter of the drip-
per tested were completely clogged. EU (%) was generally better in T2 
than treatment T1 as expected in both inline and online drippers; online 
emitter gave better EU (%) than inline dripper. Online T2 was good for 
120 hours of operation. The performance of the emitter with TSW was in 
range of good upto 60 hours and then fair upto 120 hours, which is similar 
to partial clogging of the emitters. The results showed that increasing the 
total suspended solids, BOD in T1 more than T2 led to decreasing of EU 
percentage in T1 as compared to T2.

4.3.7  INFLUENCE OF THE DTSW AND WW CHARACTERISTIC 
ON PERFORMANCE OF EMITTERS AND FILTERS

The inline emitters with a similar discharge were more sensitive to clog-
ging compared to online emitter. The results showed that there was more 

FIGURE 4.4  Field Emission uniformity coefficient (EU) of drippers.
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influence of the domestic treated sewage water on the performance of the 
drip irrigation systems, for the same type of emitter and filter as compared 
to the well water. When the total suspended solids (TSS) and organic mat-
ter were increased, the percentage of totally clogged emitters was also 
increased, whereas the mean emitted discharge, emission uniformity coef-
ficient, and the operating time of the filters between cleaning operation 
were decreased. The highest mean manual operation and lowest back 
flushing operation were recorded in disk filters.

4.4  CONCLUSIONS

This chapter discusses effects of DTSW and WW characteristics on the 
performance of the drip irrigation systems for different types of the emitters 
and filters. With increase in total suspended solids and organic matter con-
tent, the percentage of total clogged emitters was also increased, whereas 
the mean discharge of emitters, emission uniformity coefficient, and the 
operating time of the filters between cleaning operation were decreased.

The inline emitters with a similar discharge were more sensitive to clog-
ging compared to online emitters. Gravel media filter decreased the emitter 
clogging and increased the performance. The disk filter of good quality is 
cheaper and simpler to manage and give good performance similar to sand 
filter, provided there should not be algae present in the water. The results 
showed that although DTSW can be used through drip system, it requires 
cleaning at half intervals than well water. Thus there is a need to develop 
drippers compatible to such water quality, because treated water is costly 
and has to be used with efficient irrigation methods. Automatic back flush-
ing systems are also preferable to avoid the contact between wastewater and 
irrigator with short operating times of the filters between the manual cleaning 
operations. Increasing the total suspended solids and organic matter, BOD 
and Ca++, Mg++ in T1 more than T2 led to decrease in clogging percentage.

4.5  SUMMARY

The experiment was carried out under open field condition in black cotton 
soil at Agricultural College Farm in Nagpur to study the performance of 
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filters and emitters under domestic treated sewage water treated through 
phytorid sewage treatment plant and well water during 2013. The trials 
were conducted with two water supplies: domestic treated sewage water 
(DTSW, T1) and well water (WW, T2). The measured data included partial 
and total clogging emitter percentage. The collected data were analyzed by 
using MSTAT program, in a randomized block design.

The results show a significant difference due to increasing concentra-
tion of wastewater organic materials (BOD and TSS) and Calcium, Iron and 
Magnesium contents. The sand media filter followed by the disk filter gave 
better performance in T2 than T1 after 120 hours of operation, respectively. 
The partial clogging percentages of sand filter in T1 was more than in T2 
by ratios 5.02% and in disk filter 3.14%; and the mean discharge reduction 
percentages 1.76% in sand filter and 1.72% in disk filter. Emitter’s emission 
uniformity percentage in T2 was better than T1. The highest mean manual 
operation and lowest back flushing operation were recorded in disk filters.
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5.1  INTRODUCTION

Agriculture is by far the largest consumer of fresh water, contributing 
to approximately 70% of all withdrawals annually on a global scale. 
However, with the increasing human population, it is facing competition 
for the scarce water resources from domestic and industrial users. This has 
led to the promotion of irrigation methods, particularly the drip system, 
that are considered to be more water and labor efficient [10].

The performance of a drip irrigation system, commonly evaluated in terms 
of the uniformity of water application, is largely influenced by the hydraulic 
design of the system, the manufacturer’s preciseness in the production of the 
drippers and emitter spacings [10, 15]. The significance of the influence of 
the manufacturer’s preciseness is attributed to the fact that emitter flow paths 
are small (typically less than 2 mm in diameter), and therefore a small devia-
tion in diameter would result in relatively large deviations in discharge [12]. 
As opposed to the sprinkler method and other systems of irrigation where 
water is spread over the entire surface, drippers supply water directly to small 
areas in the vicinity of the plant roots at low flow rates (typically 0.5–20 lph). 
Therefore drippers or emitters, and the uniformity with which they supply 
water are of vital components of any drip irrigation system design.

Drip systems may be evaluated under laboratory conditions or in situ. 
Tests that require a higher degree of precision, for instance the assessment 
of the manufacturer’s variation in the flow rate of a batch of drippers, are 
ideally undertaken in a laboratory where environmental conditions can 
easily be controlled. On the other hand, the efficiency of a drip irrigation 
design is normally evaluated on site. This chapter covers both the labora-
tory and field evaluations of drip systems using data collected in Australia 
and identifies criteria for their improvement.

Full potential of any irrigation technology is achievable when matched 
with on-farm water management regimes. The capacity of drip system to 
supply water directly close to a restricted target areas (root zone) makes it 
particularly suited for orchard irrigation allowing water supply to individ-
ual tree/vine system be effectively managed. Thus the common technique 
of crop factor (Kc), which is an empirical parameter and often applied to 
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the whole farm would not generally be appropriate for orchards where 
trees and/or vine are grown. For such systems, water management with 
drip irrigation systems should be based on temporal water for demand to 
meet potential transpiration, rather than evapotranspiration that includes 
losses through soil evaporation from exposed soil surfaces. Such an 
approach would also subsume considerations soil factors, such as texture, 
structure and hydraulic characteristics. Simple approaches are needed that 
improve on the commonly used Kc concept.

This chapter deals with both the field and laboratory performance evalu-
ation of drips systems with the primary goal of assessing the effectiveness of 
the technology in terms of optimizing water-use efficiency and minimizing 
water losses in irrigated systems. The field design of the system, including irri-
gation scheduling approaches for efficient water application is also discussed.

5.2  REVIEW OF HYDRAULICS OF DRIP IRRIGATION

Emitters or dippers are generally classified according to their hydraulic 
characteristics. Traditionally, they are categorized according to how they 
are attached to the lateral, discharge characteristics, and their design and 
construction [6] (Table 5.1). The relationship between flow rate, q, and 
inlet pressure in the emitter, p, can be characterized by the generalized 
orifice equation of the form:

	 q = k × pm	 (1)

where, k is a constant and m is the emitting discharge exponent.
Using the values of flow rates q and their corresponding inlet pressure p, 

the ISO 9261 [11] recommends the use of the least square method to deter-
mine the coefficient k and exponent m:
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where, i is 1, 2, 3, … n; n is the number of pressure values; q is the mean 
flow rate; and pi is the emitter inlet pressure. Equation (3) is used to deter-
mine the constant k:
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where all the variables are as defined above. Alternatively, k and m may be 
determined directly using the Excel regression function. It is obvious from 
Eq. (1) that the higher the value of exponent m, the more will the flow rate 
q be affected by pressure, and vice versa. The value of the exponent m for 
pressure and non-pressure compensating (nPC) orifice and nozzle emit-
ters is approximately 0 and 0.5, respectively [12]. However, using a power 

TABLE 5.1  Categories of Drippers*

Classification Description

Attachment to the 
lateral

Online

Emitters have to be installed into the drip line or lateral

Inline

Emitters are embedded or integrated into the drip line during 
manufacturing 

Discharge 
characteristics

Pressure compensating (PC)

Designed to discharge at constant flow rates over a wide range of 
operating pressure

Non-pressure compensating (nPC)

Flow rates vary according to pressure
Design and 
construction

Long-path emitters

Emitters with smooth and long flow paths

Tortuous-path emitters

Emitters with relatively long flow paths characterized by sharp 
bends, contractions, expansions and wall friction

Short-path emitters

Emitters with short flow paths

Orifice emitters

Water exits through a small-diameter openings or series of 
openings

Vortex emitters

The discharge has a circular pattern due to the design of the flow 
path

*Adapted from Dutta [6].
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function to characterize the flow rate-pressure profiles for pressure com-
pensating (PC) drippers may be inappropriate; a linear relationship is ide-
ally expected and hence a linear function is most applicable. The constant 
k is a function of the size of the opening and its characteristics.

Both hydraulic and agronomic factors are considered in the design of drip 
irrigation systems. The operating pressure, frictional losses, size and length 
of the lateral and water temperature are the key hydraulics factors that will 
influence the design of the system. On the other hand, agronomic factors con-
sidered include the soil infiltration characteristics and the plants to be grown.

5.2.1  UNIFORMITY OF WATER APPLICATION  
IN DRIP SYSTEMS

Uniformity of water application in irrigation is a critical performance cri-
terion for drip systems since it determines the evenness of the distribution 
of water across the targeted area. A high uniformity reflects a fairly even 
application, whereas a low uniformity is characterized by portions of area 
having significantly higher or lower than the average application. This may 
mean that crop growth may be hampered either by water logging or insuffi-
cient water. Therefore one of the goals of a good irrigation design is a water 
distribution pattern that that achieves an acceptable uniformity threshold.

The procedure used to determine the uniformity of water application 
in drip systems involves the use of catch-cans or buckets placed under 
each dripper to determine the flow rate. This methodology is described in 
greater detail in the next section of this chapter.

The ISO 9261 [11] and ASAE [3] recommend the use of the coefficient 
of variation, cv, to determine the uniformity of flow or emission rates of a 
sample of drippers. This requires the determination of average flow rate 
(q) and the standard deviation (sq) of the sample. The cv (%) of the sample 
is as follows:

	 c
s
qv
q= *100 	 (4)

Equation (4) is normally used in laboratory testing to determine the manu-
facturing variability of flow rate of a random sample of a dripper model 
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before they are used in the field. The distribution uniformity (DU) is com-
monly used to determine uniformity of water application in situ  [14]. 
DU  emphasizes the under-watered portions of the field and may be 
expressed as:

	 DU Meanof thelowest of applied depths
Meanapplied depths

=
25% 	 (5)

5.3  EVALUATION PROCEDURES

Understanding the hydraulic characteristics of the drip system is important 
in improving the water-use efficiency, reduction of water losses and over-
all success of the system. The relationship between the operating pressure 
and the discharge of the emitter, and the uniformity of water application 
are the two most commonly used parameters to characterize the drip sys-
tem. As mentioned above, this can be undertaken under controlled condi-
tions, for instance in a laboratory, or in the field.

5.3.1  LABORATORY METHOD

Laboratory approach often adopt the international standard, ISO 9261 
[11], which provides guidelines on emitter test specimens and conditions, 
as well as test methods and requirements. The standard specifies that tests 
are conducted at ambient and water temperature of 23°C ± 3°C using a 
sample of 25 emitters. Three categories of tests are undertaken: (i) uni-
formity of flow rate; (ii) flow rate as a function of inlet pressure; and 
(iii) determination of emitter/emitting unit exponent. We implemented this 
procedure recently at the Australian Irrigation and Hydraulics Technology 
Facility (AIHTF), University of Australia, and will now be described. The 
tests were undertaken using: (i) online nPC drippers with nominal flow 
rates of 2, 4 and 8 L/h and recommended operating pressure of 100 kPa, 
and (ii) online PC drippers with nominal flow rate of 4 L/h and recom-
mended operating pressure of 100–400 kPa.

The test rig consisted of a water reservoir, a pump, 40 mm manifold 
and short lengths of 12 mm pipe attached to either sides of the manifold. 
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A close mesh metal bar grating was used to cover the reservoir, which also 
acts as a platform on which the one-liter plastic catch-cans used to collect 
water from each emitter were placed. The drippers, spaced at 30 cm, were 
attached to the 12 mm nominal diameter pipes.

The system was left running for approximately one hour before com-
mencing the tests in order to expel any air that may have been trapped in the 
pipe network or the drippers. Testing was undertaken by sequentially (after 
about 5 seconds) placing catch-cans under the emitters while the pump was 
running. The same order was maintained when removing the catch-cans 
from the test rig at the end of the test. The test duration was approximately 
5 minutes, measured using a stop watch. The test pressures ranged from 
80–240 kPa, with increments of 20 kPa, leading to 9 pressure levels or 
tests. The inlet pressure, water temperature and salinity, and ambient tem-
perature were measured for each test. To estimate the mass of water lost due 
to evaporation, a catch-can half full of water was placed in the vicinity of 
the test rig. The difference in the mass of water before and after each test 
was assumed to be evaporative loss, and was consequently added to the 
mass of water collected in each catch-can, determined by weighing. The 
flow rate, Q (m3/s), of each emitter was determined as follows:

	 Q m
t

=
ρ

	 (6)

where m (kg) is the mass of water in each catch-can, ρ (kg/m3) is the den-
sity of water and t (seconds) is the test duration. The density of water in 
Eq. (6) was corrected for temperature, pressure and salinity, which are the 
main factors affecting density of water.

The relationship between the flow rate and pressure was determined by 
plotting the data in Excel, and determining the exponent m and coefficient 
k using Eqs. (2) and (3) respectively, while the cv was calculated using 
Eq. (4).

5.3.2  FIELD METHOD

The general principles used in the laboratory evaluation of drip-
pers described above are also applicable in the field assessment of the 
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drip system. However, the DU (Eq. 5) rather than the cv (Eq. 4), is normally 
used to characterize the distribution of water application. This implies that 
the water collected in catch-cans will be converted into depths.

An example of a field evaluation procedure for a drip system is 
described in WATERWISE [14]. The procedure includes two key steps 
that are not applicable to tests undertaken in a laboratory: (i) the need to 
select a representative sample of drippers; and (ii) to measure area wetted 
by drippers. This is done by selecting four dripper laterals along an operat-
ing sub-main; one each near the inlet and the outer end of the sub-main, 
and two in between. Four drippers are then selected from each lateral for 
evaluation, one each must be near inlet and end of the lateral. The selec-
tion of the drippers is meant to account for the variation of the dripper 
hydraulics characteristics according to the length of the lateral and the 
sub-main. To estimate the area wetted by each dripper, it is necessary to 
dig out the soil directly beneath the dripper to about 15–30 cm.

5.3.3  QUANTIFYING UNCERTAINTY IN MEASUREMENTS

Uncertainty is a parameter that characterizes the dispersion of values 
caused by random and systematic errors associated with the measurement. 
Practically, this means that the true value of a measurement differs from its 
measured value by the magnitude of the associated measurement uncertainty. 
The procedure commonly used by metrological facilities to determine uncer-
tainties in measurements is described in Bentley [4], an ISO guide resource 
book to uncertainty in measurement [11]. According to this standard, the true 
measurement of the flow rate (Q) from a dripper may be expressed as:

	 Q = Qm + U	 (7)

where Qm is the measured flow rate and U is the uncertainty associated 
with the measured flow rate. The sources of errors or uncertainty compo-
nents may be quantified using statistical methods, for instance variances 
or standard deviations. An example of an uncertainty assessment of the 
variation coefficient of drip irrigation emitter flow rate is illustrated by 
Zhao et al. [20]. It is clear from Eq. (4) that the magnitude of the uncer-
tainty is an indication of the quality of the measurement. A low uncertainty 
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signifies a better control of the measurement process or a higher accuracy 
of measurement, and vice versa.

An important step in the calculation of measurement uncertainty is the 
identification of all potential sources of error, both random and systematic. 
Some of these error sources relate to the equipment used, while others may 
be caused by the actual procedure used during testing. In the dripper tests 
undertaken at the Australian Irrigation and Hydraulics Technology Facility 
(AIHTF), the following were identified as uncertainty components: cali-
bration, drift and resolution of the measuring scale, correction of water 
density for uncertainty in temperature and salinity, stop watch resolution, 
test time error, uncertainty in evaporation loss, correction for buoyancy 
(air displaced from collector) and uncertainty due to error in pressure.

5.4  RESULTS AND DISCUSSION

The results and the key descriptive statistics obtained from this labora-
tory case study are presented in Figures 5.1–5.4. The results are discussed 
below in three subsections: uniformity of flow rate; flow rate as a function 
of inlet pressure; and determination of emitter/emitting unit exponent.

FIGURE 5.1  Relationship between cv and pressure (nPC drippers).
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5.4.1  UNIFORMITY OF FLOW RATE

The cv (Eq. 4) of the flow rate of the of the dripper samples are shown in 
Figures 5.1 and 5.2 for the nPC and the PC drippers, respectively. The cv in 
this case reflects the manufacturer’s variation in the flow rate of the dripper 
samples tested since the drippers were unused. The maximum cv was found 
to be 2.59, 2.41, and 4.34% for the 2, 4 and 8 L/h dripper model respec-
tively (Figure 5.1). There was no distinct pattern of cv with the operating 
pressure for the 2 and 4 L/h model. The cv of the 8 L/h model generally 
seemed to increase with pressure. It is clear from Figure 5.1 that the cv of 
the 8 L/h model are generally higher than that of the other two models in the 
nPC category. It is also worth noting that the uncertainty of measurement 
increases with the dripper nominal flow rate rating. This is because the test 
duration for the 8 L/h model was lower than the other two models, and as 
indicated earlier, the test time is a potential source of error in measurement. 
The shorter the test duration (and therefore less volume collected in the 
catch-can), the higher the uncertainty in measurement, and vice versa.

The pattern of cv and the pressure for the PC dripper is shown in 
Figure 5.2. The pressure range covered (100–400 kPa) is the manufacturer’s 

FIGURE 5.2  Relationship between cv and pressure (PC dripper).
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recommended operating pressure for this particular dripper model. The 
is cv is shown in this figure to be higher both in the minimum and the 
maximum operating pressure level. There is a general increase in cv with 
pressure from the 150 kPa pressure level. The nPC and PC drippers were 
of different models and therefore the results cannot be compared directly. 
Suffice to say that the cv of PC (with a nominal flow rate of 4 L/h) was 
generally higher than corresponding nPC of the same flow rate rating.

As indicated earlier, non-uniform irrigation water application may 
mean that plant growth will be adversely affected. An analysis of the man-
ufacturer’s cv of drippers (Figures 5.1 and 5.2) is therefore important for 
the design of a drip system. The field uniformity of water application of 
drippers is likely to be lower because on non-uniform terrain and emitter 
clogging, among other factors.

5.4.2  FLOW RATE-PRESSURE PROFILES

The profiles of flow rate and nominal pressure for the nPC and the PC 
drippers are shown in Figures 5.3 and 5.4, respectively. For each pres-
sure level, the average flow rates of the 25 emitters were used to plot the 
graphs. Whiskers have been used in these figures to depict the standard 
deviations in the flow rates.

For the nPC, whose flow rate is influenced by the operating pressure, 
the data best fitted a power function with R2 of 0.99 or better (Figure 5.3). 
For all the three dripper models, the emitter exponent (m) was approxi-
mately 0.5, which is consistent with results presented in literature [12]. 
On the hand, the coefficient k, which is a function of the emitter size, as 
expected increased with the flow rate rating of the emitters. The regression 
functions shown in Figure 5.3 may be used to design a drip system.

One advantage of nPC is the possibility of increasing the flow rate 
in instances where the pressure in the drip system can be increased, for 
instance using a variable speed water pump. In this case the regression 
equations (Figure 5.3) will be valuable in the design of the system.

Figure 5.4 shows that at the average emitter discharge was highest 
and lowest at the operating pressure of 200 and 400 kPa respectively. 
The figure also shows that the average flow rate measured was slightly 
lower than the nominal flow rate specified by the manufacturer for this 
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FIGURE 5.3  Continued
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FIGURE 5.4  Average flow rates (PC drippers).

FIGURE 5.3  Distribution of flow rates according to operating pressure (nPC emitters). 
(a) Model 2 L/h; (b) Model 4 L/h; (c) Model 8 L/h.
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sprinkler model. The polynomial function best suited the data, with R2 of 
0.8463. Ideally, the discharge [rate] estimated by these models is supposed 
to be independent of pressure. The PC drippers are ideal for use in areas 
with an uneven terrain, and in cases whereby plant nutrients are distributed 
through the drip system.

Deriving the full benefits in water-use efficiency from drip systems 
when deployed to field requires an ability to match water delivery to tran-
sient requirements for water by crop for transpiration. This is generally 
approached based on soil, crop and/or environmental parameters, and will 
be discussed in the following sections.

5.4.3  EFFICIENT WATER APPLICATION WITH DRIP SYSTEMS

By confining water application to a confined space, drip irrigation systems 
potentially minimize water wastage and should be expected to produce 
high water-use efficiency for irrigated crops. Drip irrigation systems are 
quite ideal for row crops, such as trees and vines since the drippers the 
distribution of the drippers can be aligned with the discrete arrangement of 
individual plants in orchards. This is unlike broadacre cropping systems in 
which high planting rates often results in complete canopy cover at some 
stage during the season. Profitable and sustainable irrigation practices 
require three key groups of factors:

1.	 Water requirement by the crop at any given period during the 
season. This depends on the type of crop grown, its morphology 
(canopy and rooting characteristics), phenology (phasic develop-
ment and length of growing season), and its sensitivity to soil and 
ambient characteristics.

2.	 Evaporative demand of the location. This sums the impact of local 
meteorological variables such as ambient weather conditions, mainly 
solar radiation, temperature, wind, humidity, and exposure, which 
exert water demand on the local vegetation.

3.	 Soil hydrologic characteristics that determine distribution and stor-
age of water, and its subsequent availability to the crop. Properties 
such as texture, structure, depth, infiltration and internal drain-
age have direct influence on spatial and temporal availability 
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of soil water. The topography of the landscape would also have an 
impact on soil-water availability since it affects the depth of the 
soil, hence its water storage capacity, and the potential for runoff 
from rainfall and/or irrigation.

Each of these three factors needs to be considered in designing efficient 
on-farm irrigation practices. This however, not easily attainable since each of 
the factors has its own complex internal dynamics that are not easily charac-
terized and integrated, and to be readily applied for on-farm irrigation water 
management. For practical purposes, therefore, on-farm water management 
relies on satisfying crop water requirements for optimum evapotranspira-
tion (ET) under prevailing management and meteorological conditions. This 
concept groups all the key drivers to just two factors that are relatively easier 
to quantify, viz. (i) temporal crop water-use and (ii) temporal potential water 
demand. Temporal water-use sums the influence of management, weather 
and immutable soil characteristics; whereas the potential water demand sets 
the upper limit for water-use/requirement needed to support the crop if all 
other factors are optimized. These two components are integrated into one 
single and simple concept of crop factor (Kc):

	 K ET
Ec
o

= 	 (8)

where, the Eo is potential evaporation that integrates the influence of tem-
perature, humidity, rain fall, solar radiation. The concept derives from the 
understanding that the water a crop uses or requires is dependent on the 
local weather conditions. Although the Kc concept seems to be simple, it 
presents several critical challenges in terms of precisely determining the 
Eo and also the ET. Historically Eo was obtained from pan evaporation, 
but pan evaporimeters have since become anachronistic due to uncertain-
ties arising from their location, correcting for rainfall, and difficulty in 
estimating rates at fine (hourly) time scales. Nowadays pan evaporimeters 
have been replaced with micrometeorological techniques to calculate ref-
erence evapotranspiration (ETo) based on Penman-Monteith equation [2]. 
This replaces the Eo in Eq. (7) with ETo.

The Kc concept as given in Eq. 7 is empirical in nature since it requires 
some foreknowledge of optimum ET with the crop expressing minimal 
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constraints. This may not always be possible especially with new crops 
and in new environments. Under such circumstance, reliable estimates of 
ET need to be undertaken. This used to rely on growing crops on lysime-
ters and calculating the amount of water used [1, 17, 18], but the technique 
is not easily replicated due to cost. Micrometeorological approaches such 
as the Penman-Monteith and even energy balance systems, for example, 
the Bowen ration and eddy covariance, require quantifying canopy con-
ductance to quantify water use by plants as distinct from combined soil 
and plant surfaces.

An overarching objective of the Kc concept is to align irrigation sched-
uling and amounts with crop requirement and soil characteristics. This 
is more readily achievable in broadacre cropping systems with largely 
homogeneous crop canopies, and in which the whole farm needs to be 
watered during irrigation. It is less appropriate for widely spaced trees or 
vines in orchards that even at the peak of vegetative development do not 
fully cover the ground surface. For orchards significant ground surface 
remains bare and to which applying water amounts to wastage.

5.4.4  SIMPLIFYING IRRIGATION SCHEDULING WITH DRIP 
SYSTEM FOR TREE CROPS

Aligning water application with crop needs is especially difficult for row 
crops (vines and trees) where the canopy is distributed in discrete patterns 
with often bare ground in-between. For the full advantage of drip technol-
ogy in orchard systems to be realized reliable estimates of ET are critical. 
For trees, shrubs and vines sapflow have proven reliable in estimating ET 
[8, 19] or micrometeorological [16] techniques. Both of these techniques 
present difficulties in converting raw data into meaningful quantities of 
water-use for scheduling irrigation with drip systems.

Effective and efficient irrigation scheduling that avoids many of 
the uncertainties is possible by simply approximating optimum crop water-
use (ET) with a surrogate obtained by using fraction of canopy cover to scale 
local ETo. The fraction of groundcover can be effectively used as putative 
fraction of solar radiation intercepted by the vegetation. Fractional canopy 
cover can be easily estimated from tree density and dimensions, and it 
is a parameter with both physiological and management significance [5]. 
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TABLE 5.2  Crop and Water Use Characteristics for Four Olive Groves During the 
2000–2001 Irrigated Growing Season (September–May) in South Australia [16]

Features Waikerie Two Wells Balaklava Grenock

Grove Characteristics

Location 34° 9′S;

140° 0′E

34° 34′S;

138° 22′E

34° 7′S;

138° 22′E

34° 27′S;

139° 0′E
Tree spacing 
(trees/ha)

8 x 5 m2 (156) 7 x 7 m2 (204) 10.5 x 5.0 m2 (190) 15 x 5 m2 (129)

Fraction of tree 
cover (i)

0.52 0.40 0.17 0.41

Irrigation system Full-cover 
sprinkler

Drippers Drippers Rainfed 

Groundcover Mowed 
grasses and 
weeds

Mostly bare Green manure crop 
in winter

Unmanaged 
annual weeds

Water Use Characteristics

Potential 
evapotranspiration 
(ETo, mm)

1492 1370 1370 1223

Rainfall (mm) 118 153 171 206
Irrigation (mm) 486 371 318 —
Total water input 
(mm)

604 524 489 206

Water required 
for olive tree 
transpiration 
(iETo, mm)

687 415 181 418

Crop factor (Kci) 0.46 0.30 0.13 0.34
Water requirement 
based on Kc 0.8 
for the grove 
(ETKc, mm)1

1238 1178 1178 1051

Potential water 
saving. mm = 
ETkc – iET 

551 763 997 633

1Kc based on seasonal average for mature olive groves [7].
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When used to scale the ET in Eqn. 8 provides putative upper limits of 
water required for transpiration through the tree canopies (ETc):

	 ETc = iETo	 (9)

Thus i is a putative estimate of fraction of incident radiation intercepted 
by the crop canopy, and ETc then represents water that has to be supplied 
to avoid water-stress. The ETo is readily available and routinely published 
by meteorological authorities around the world.

5.4.5  APPLICATION OF FRACTIONAL GROUNDCOVER IN 
IRRIGATION SCHEDULING

The concept of fractional groundcover for irrigation management in row 
crops was explored using a number of olive groves that differed widely 
in their tree and management characteristics (Table 5.2). Water balance 
analysis was undertaken to determine ET for these groves as reported pre-
viously by Yunusa [16]. Implementation of Eq. (9) produced a wide range 
in temporal water rates for the upper limits of transpiration, and reflecting 
the diverse management strategies adopted by the growers that produced 
the different canopy covers. In all cases late spring (November) to end 
of summer (February) represented peak transpirational water requirement 
(Figure 5.5) when it exceeded 45 kL/ha/d at Waikerie compared with just 
10 kL/ha/d at Balaklava. Transpirational water requirement increased 
exponentially with fractional groundcover:

	 y = 96.118e3.6992x, r2 = 0.9947	 (10)

Thus while the difference in the seasonal transpirational water require-
ment between Two Wells and Balaklava was about 40%, which was of the 
similar magnitude as the difference in their fractional canopy cover, the 
24% difference in the canopy cover between the groves at Waikerie and 
Two Wells induced as much as 40% difference in their seasonal transpira-
tional water requirement.

In both dip irrigated groves at Two Wells and Balaklava the amount 
of water input was sufficient to meet that required for transpiration by the 
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FIGURE 5.5  Daily rates of transpiration for olive trees during the 2000–2001 irrigation 
season in groves at Waikerie, Two Wells, Grenock and Balaklava in South Australia.

olive  trees (Table 5.2). The crop coefficient for satisfying the tree water 
requirement (Kci) in the two groves was well at the low end of the range 
(0.15–0.85) commonly reported for irrigated olives [9, 13]. The advantage 
of scaling water requirement with canopy cover becomes apparent when 
seasonal water requirements are based on Kc of 0.86 found for mature 
olives under non-water stressed conditions in Spain [7]. For all the four olive 
groves, at least 500 mm (0.5 ML/ha) of water could be saved when fractional 
canopy was taken into account (Table 5.2). This represented more than half 
of what would have been applied if the conventional Kc was applied.

To take full advantage of drip systems therefore, irrigation water 
requirements should aim to meet demand by the trees rather than the 
whole of the orchard or the grove. This means that the commonly used 
crop factor is somewhat anachronistic when simply applied to row crops 
with incomplete canopy cover. Drip systems that deliver water to the plant 
with little or no wetting of the groundcover and/or bare ground needs to be 
matched with a system that restricts water delivery to other surfaces in the 
orchard. By restricting water supply to the tree crop, drip systems ensures 
that transpiration that drives physiological processes, including fruit pro-
duction, would be fully supported.
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5.5  CONCLUSIONS

In this chapter, we have demonstrated that the coefficient of variation for 
the nPC dripper model evaluated was 2.59, 2.41 and 4.34% for the 2, 4 
and 8 dripper (nPC) model respectively. In the case of the PC model, the 
minimum coefficient of variation was approximately 5% and appeared 
to increase with pressure from the 150 kPa pressure point. Also, efficient 
management of dripper systems in orchards requires a capacity to match 
water application with crop requirements. This can be achieved by scaling 
evaporative demand by the fraction of canopy cover, since the drip system 
supplies water directly within the confined space containing the bulk of the 
tree/vine root system. Advantages of such a system include substantial water 
saving and improved water-use efficiency. It is concluded that for drip irri-
gated orchards, irrigation schedule should aim to meet transpirational water 
demand for trees rather than evapotranspiration for the whole orchard.

5.6  SUMMARY

As compared to the conventional pressured irrigation methods, drip sys-
tems are generally considered to be more water and labor efficient, espe-
cially for row crops such as trees and vines. This is largely because in this 
system water drips to a confined space within the vicinity of the plant 
roots at low flow rates. This chapter focuses on the field and laboratory 
evaluation of drip systems as an integral part of assessing the efficacy of 
the technology in terms of optimizing water-use efficiency and minimiz-
ing water losses in irrigated cropping systems. The uniformity of flow 
rate and the flow rate-pressure profiles for a sample of pressure compen-
sating (PC) and non-pressure-compensating (nPC) drippers were evalu-
ated in this study. The capacity of drip system to supply water directly 
close to a restricted target areas (root zone) makes it particularly suited 
for orchard irrigation allowing water supply to individual tree/vine system 
be effectively managed. Using olive groves in South Australia as exam-
ples, we demonstrated how water-use efficiency can be optimized through 
water saving for tree/vine orchards. By simply scaling the commonly used 
crop coefficient concept with the fraction of canopy cover temporal and 
seasonal water requirements can be approximated that is consistent with 
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transpirational potential of the crops. Significant water savings can be 
achieved with drip irrigation system when matched with potential water 
demand of trees rather than the whole of the orchard.
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6.1  INTRODUCTION

Intensive cultivation of crops with surface irrigation along with heavy 
surface application of fertilizers has affected the environment in several 
ways (including ground water depletion and pollution with nitrates) and 
created economic problems in different areas of the world. It is estimated 
by FAO that the annual increase rate of world fertilizer consumption in 
the period of 2008–2013 is 2.2% for N, 3.8% for P2O5 and 5.3% for K2O. 
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Forecasts for world-wide fertilizer consumption in 2013 and 2016 are 184 
and 194 million tons of nutrients, respectively. Thus, the only reasonable 
way to solve this problem is to improve fertilizer and water management 
using advanced management systems like drip fertigation. The demand 
for irrigation water has gone up due to increased cultivation. The climatic 
changes and decline in rainfall further added to water woes of the state in 
the form of inadequate recharging of ground water.

In irrigated agriculture, one of the most practical management methods 
to apply fertilizers is to inject them directly into the irrigation water. This 
process is known as fertigation [13]. Some important advantages of fer-
tigation in comparison with traditional fertilizer application methods 
include flexibility and manageability, cost-effectiveness, the potential 
for improved fertilizer distribution uniformity and application efficiency 
(which results in more uniform crop growth along the field), lower losses 
due to reduced osmotic pressure (low fertilizer concentration), and the 
possibility to split nutrients application during the growing season. 
Fertigation can be effectively used to control fertilizer losses and the 
resulting pollution risk.

The Ballalpur Industrial Packaging Company Limited (BIPCO), located 
at the foothills of Western Ghats of Thekkampatty Village, Coimbatore 
District is producing fine quality duplex paper and paperboard from waste 
papers discharges around 2100–2600 m3 d–1 wastewater which is being used 
to irrigate about 40 ha of high water requirement crop like banana crop 
through surface irrigation that led to ground water contamination. Moreover 
another 60 ha of land is left uncultivated due to lack of water facilities. This 
area could possibly be brought under cultivation if the crop is drip irrigated 
with treated effluent without any impact on ground water quality.

This chapter discusses the effects of fertigation on ground water quality 
under effluent irrigation under drip-irrigated banana.

6.2  LITERATURE REVIEW

Industrialization is believed to cause inevitable problem of pollution of 
water, soil and air. Pulp and paper industries use large volume of water, 
the bulk of which is released as effluent requiring proper treatment and 
disposal. Since these water fall in borderline as saline water, they can be 
considered as potential source for irrigation [11]. These effluents not only 
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contain nutrients that enhance the growth of crop plants but also have toxic 
materials especially sodium, which increases the exchangeable sodium 
percentage (ESP) to harmful level during land disposal. The effect of high 
ESP is manifested by reduced soil permeability and specific ion toxicity to 
crops. Further waste water having appreciable concentration of carbonate 
and bicarbonate alkalinity exhibits a tendency to precipitate calcium in the 
soil as CaCO3 [18]. Heavy metals tend to accumulate in the soil and plants 
in undesirable amounts and proportions as a result of disposal of paper 
mill effluents [37]. Therefore, it is essential that the impact of effluent on 
crop yield and their effect on soil properties should be assessed before they 
are recommended for irrigation.

Trickle irrigation has the greatest potential in increasing yields of crops 
with significant savings in water and nutrients as compared to other con-
ventional methods [26]. Brackish water could effectively be used in drip 
irrigation. When brackish water is applied frequently under drip irrigation 
the salinity and sodicity of the soil especially in the root zone of the crop 
is maintained at low level. Muthuchamy and Valliappan, [27] suggested 
that the treated paper mill effluent which is saline in nature and devoid 
of heavy metal pollutants as per State Pollution Control Board (SPCB) 
norms could possibly be used in drip irrigation for high water requiring 
crops like banana and sugarcane to alleviate soil salinity hazards in the 
root zone and to prevent the possible ground water contaminations with 
organic and inorganic pollutants. Several studies [3, 5, 21, 23, 25, 36] 
have also indicated that the irrigation water with total salt concentration of 
2 g L–1 could safely be utilized in drip irrigation.

Fertigation is a technique that combines irrigation with fertilization 
through any micro irrigation system especially through drip irrigation. 
Fertigation could bring an accurate control of water and nutrients in the 
immediate vicinity of the root system. Hence, it is easy and efficient to 
fertilize the crop and prevents fertilizer contamination of ground water 
through leaching below the crop root zone [13]. Slow and frequent water-
ing eliminates wide fluctuation of soil moisture under drip irrigation 
resulting in better growth and yield [3].

Among the fruit crops, banana is well known for its high water 
requirement, high evaporative demand, high transpiration, shallow root 
system, poor ability to draw water from soil beneath field capacity and 
high sensitivity to soil water deficiency. Thus, it requires liberal supplies 



154	 Performance Evaluation of Micro Irrigation Management

of irrigation water throughout its life cycle, emphasizing the importance 
of correct irrigation scheduling. Fertigation has been proved to be of great 
success in banana in terms of water and labor saving with increased water 
use efficiency culminating in early cropping and heavy yield [33] and 
it is an environmentally safer technology which prevents ground water 
contamination [21].

The advantage of micro-irrigation over surface irrigation is applica-
tion of water and nutrients to only to the part of the soil volume, where 
active roots are concentrated, enhances the fertilizer use efficiency and 
reduces leaching of nutrients to deep ground water by seasonal rains. The 
main advantage of N micro-fertigation over broadcast N fertilization in 
orange was reduced nitrate leaching below the soil root volume [3]. The 
nitrate concentration remained higher in the root zone with frequent trickle 
irrigation to sweet corn than with flood irrigation. Reduced NO3 leaching 
under micro-fertigation with an increase in fruit yield and quality has been 
recorded in tomato and celery [10].

Hagin and Lowengart [13] reported that intensification of  agricul-
ture by irrigation and enhanced use of fertilizers may generate pollution 
by increased level of nutrients in underground and surface waters. Most 
of the irrigation is by open system having a relatively low efficiency 
of water application. A higher efficiency may be gained by pressurized 
irrigation system. Drip irrigation generates restricted root system requiring 
frequent nutrient supply that may be satisfied by applying fertilizers in 
irrigation water (fertigation). Maximization of crop yield and quality 
and minimization of leaching below the root volume may be achieved 
by managing fertilizer concentration in measured quantities of irrigation 
water, according to crop requirement.

Fertigation had invariably increased the efficiency of applied nutri-
ents in banana over manual application [21]. The fertilizer applied in 
solution form directly to the active root zone in small quantities has been 
efficiently absorbed and utilized showing reduced possibilities of leach-
ing and utilization by banana plants in a better way than those under 
conventional system. The efficiency of fertigation has been exhibited 
by lower nutrient status (N and K) corresponding to higher leaf nutri-
ent status over control during peak vegetative stage and at harvest. On 
the other hand high volatilization and leaching are commonly associ-
ated with conventional system of fertilization wherein large quantity of 
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fertilizer were applied at wider intervals causing every possibilities of 
leaching below crop root zone leading to ground water contamination 
of applied nutrients. Hence, conventional fertilizer application in huge 
quantities at longer intervals can be replaced with fertigation at small 
quantities at shorter intervals to prevent ground water contamination and 
maintain soil health. Finally they concluded that fertigation could be 
taken up as an environmentally safer technology to prevent ground water 
contamination.

The above foregoing literature reveals that either saline water or 
treated industrial effluents having salt concentration < 2 g L–1 could be 
used for drip irrigation without any adverse effect on yield and quality of 
crop produce, soil and ground water. Use of drips for effluent irrigation 
will increase the area under cultivation, reduce labor consumption, fertil-
izer losses and prevent soil and ground water contamination. The litera-
tures pertaining to effluent irrigation to banana through drip irrigation are 
meager. So the present study was proposed. 

6.3  MATERIALS AND METHODS

The investigation on the effect of fertigation of treated paperboard mill 
effluent and solid amendments on ground water quality besides improving 
soil characteristics, crop growth, quality of crop produce and are carried 
out at the Bipco Paper Board Industries Pvt. Ltd, Thekkampatti village, 
(Mettupalayam taluk) and in the Department of Environmental Sciences, 
TNAU, Coimbatore located in Coimbatore district of Tamil Nadu (India) 
during May, 2002 to April, 2003.

The experiment was conducted in split plot design with two replica-
tions and banana (Robusta) was selected as test crop. The treatments were 
assigned in main plots and sub plots. Irrigation treatments were assigned in 
main plot that consisted of seven treatments (I1 – Farmer’s practice as con-
trol (Surface Irrigation with river water (RW)+ 100% NK), I2 – RW + Drip 
irrigation (DI) + 75% NK thro’ fertigation, I3 – RW + DI + 50% NK thro’ 
fertigation, I4 – Treated effluent (TE) + Basin irrigation (BI) + 100% NK 
thro’ soil application I5 – TE + BI + 75% NK thro’ soil application, I6 – 
TE + DI + 75% NK thro’ fertigation, I7 – TE + DI + 50% NK thro’ fertiga-
tion). Amendments were applied in Sub-plot. Three types of amendments 
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were applied in the soil (A1 – Fly ash @ 6 t ha–1, A2 – Biocompost @ 5 t 
ha−1, A3 – Fly ash @ 6 t ha–1 + Biocompost @ 5 t ha–1 + Green manure @ 
6.25 t ha–1 recommended 100% NPK is 110: 35:330 g of NPK plant–1 y–1). 
The entire P was applied through single super phosphate as basal dressing 
in the pit before planting the suckers uniformly for all the treatments.

The experimental area was irrigated with river water obtained from 
River Bhavani and treated paperboard mill effluent from Bipco accord-
ing to the treatments. The treated effluent was neutral in reaction with 
high salinity, contained appreciable amounts of nutrient cations viz., 
Na, Ca, Mg and anions viz., Cl, SO4 and HCO3 with less sodium hazard 
(SAR <10). The percent sodium was well below the tolerance limit of 
60 and the parameters recorded were well within the range of permis-
sible limit prescribed by the Tamil Nadu State Pollution Control Board 
norms (TNSPCB). The effluent was rich in microbial load with  the 
dominance of bacteria over fungi and actinomycetes. The characteris-
tics of the effluent and river water used for the study were given in the 
Table 6.1.

The drip system was installed as described by Udayasoorian and 
Prabakaran [38]. Piezometers were installed as per the procedure 
described by Latha et al. [20] in each plot to study the ground water 
quality. Water samples were collected from treated effluent out let and 
piezometers of the respective plots and the samples for the analysis of 
dissolved oxygen (DO) were added with one ml of manganese sulfate 
solution and one ml of alkaline potassium iodide solution. Samples for 
the determination of Biochemical Oxygen Demand (BOD) were pre-
served by adding five ml of washed chloroform (Chloroform and dis-
tilled water were taken in a separating funnel, shaken well and the water 
layer was discarded) per liter of the sample [2]. The pH was measured 
in the spot itself. Carbonates and bicarbonates were analyzed immedi-
ately after bringing the sample from field to laboratory. Samples were 
analyzed for various properties like BOD, COD, total hardness, CO3, 
Cl, SO4, Na, Ca, Mg, K contents and percent sodium values by following 
standard procedures.

The data on the observation recorded and the characters studied were 
statistically analyzed by the procedure described by Gomez and Gomez 
[12] using AGRES software. Wherever the results are significant, the criti-
cal difference at 5% level was presented.
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TABLE 6.1  Characteristics of Treated Effluent and River Water Used for Irrigation

Characteristics Treated effluent River water 

pH 7.50 7.05
Electrical conductivity (EC) (dS m–1) 1.8 0.05
Biological oxygen demand (BOD) (ppm) 18 4.2
Chemical oxygen demand (COD) (ppm) 90 4.5
Total dissolved solids (TDS), (ppm) 900 47
Total suspended solids (TSS) (ppm) 90 20
NH4-N (ppm) 155 Nil
NO3 N (ppm) 42 Nil
Total P (ppm) 1.7 Nil 
Total K (ppm) 6.6 1.00
Ca (cmol L–1) 11.6 0.84
Mg (cmol L–1) 6.03 0.53
Na (cmol L–1) 11.5 0.09
SAR 3.87 0.11
CO3 (ppm) Nil Nil
HCO3 (ppm) 117 1.4
Cl (ppm) 350 37
SO4 (ppm) 127 42
Bacteria ((×106 ml–1 CFU)) 33 7
Fungi (×104 ml–1 CFU) 10 5
Actinomycetes (×103 ml–1 CFU) 20 2

6.4  RESULTS AND DISCUSSION

The pH values of the ground water samples collected from the piezometer 
varied from 6.59 to 7.42 at harvest stage (Table 6.2). Neither the irrigation 
treatments nor the amendments and their interactions were effective in 
influencing significant changes on pH of the ground water.

Significant increase in ground water EC (Table 6.3) was observed in 
effluent irrigation treatments over river water irrigation. It varied from 0.02 
to 1.75 dS m–1 at harvest stage. Among the irrigation treatments, basin irri-
gation of effluent (I4, I5) significantly increased the EC, while river water 
fertigation (I2, I3) on par with I1 and I6 significantly reduced it. Among the 
amendments, lower EC values were recorded in combined application of 
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TABLE 6.2  Effect of Effluent Irrigation and Amendments on pH of Piezometer Water 
Samples at Harvest Stage

Irrigation (I)/Amendments (A) A1 A2 A3 Mean

I1 – Farmer’s practice (surface irrigation) 7.31 7.00 6.90 7.07
I2 – River water fertigation with 75% NK 7.00 7.00 7.00 7.00
I3 – River water fertigation with 50% NK 7.01 7.00 6.99 7.00
I4 – Effluent basin irrigation with 100% NK 7.42 7.33 7.31 7.35
I5 – Effluent basin irrigation with 75% NK 7.33 7.30 6.59 7.07
I6 – Effluent fertigation with 75% NK 7.01 7.00 7.12 7.04
I7 – Effluent fertigation with 50% NK 7.12 7.02 7.00 7.05
Mean 7.17 6.99 7.09

I A IxA A X I
SEd 0.26 0.19 0.48 0.49
CD (0.05) NS NS NS NS 

(A1 – Fly ash @ 6 t ha–1; A2 – Biocompost @ 5 t ha–1 and A3 – Fly ash @ 6 t ha–1 + Biocompost @ 
5t ha–1 + green manure @ 6.25 t ha–1).

TABLE 6.3  Effect of Effluent Irrigation and Amendments on EC (dS m–1) of Piezometer 
Water Samples at Harvest Stage

Irrigation (I)/Amendments (A) A1 A2 A3 Mean

I1 – Farmer’s practice (Surface irrigation) 0.13 0.11 0.06 0.10
I2 – River water fertigation with 75% NK 0.02 0.02 0.02 0.02
I3 – River water fertigation with 50% NK 0.02 0.02 0.02 0.02
I4 – Effluent basin irrigation with 100% NK 1.75 1.40 0.84 1.33
I5 – Effluent basin irrigation with 75% NK 1.64 1.31 0.78 1.24
I6 – Effluent fertigation with 75% NK 0.21 0.17 0.11 0.16
I7 – Effluent fertigation with 50% NK 0.32 0.25 0.15 0.24
 Mean 0.58 0.47 0.29

I A I at A A at I
SEd 0.07 0.04 0.10 0.09
CD (0.05) 0.17 0.08 0.23 0.20

(A1 – Fly ash @ 6 t ha–1; A2 – Biocompost @ 5 t ha–1 and A3 – Fly ash @ 6 t ha–1 + Biocompost @ 
5 t ha–1 + green manure @ 6.25 t ha–1)

fly ash + compost + green manure (A3), while higher values were recorded 
in fly ash alone (A1). The interaction effects were significant.
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TABLE 6.4  Effect of Effluent Irrigation and Amendments on BOD (ppm) of Piezometer 
Water Samples at Harvest Stage

Irrigation (I)/Amendments (A) A1 A2 A3 Mean

I1 – Farmer’s practice (Surface irrigation) 48.4 39.9 35.7 41.3
I2 – River water fertigation with 75% NK 8.4 8.4 6.3 7.7
I3 – River water fertigation with 50% NK 10.5 10.5 8.4 9.8
I4 – Effluent basin irrigation with 100% NK 54.1 45.1 40.5 46.6
I5 – Effluent basin irrigation with 75% NK 50.3 42.1 37.5 43.3
I6 – Effluent fertigation with 75% NK 10.5 10.5 8.4 9.8
I7 – Effluent fertigation with 50% NK 8.4 8.4 6.3 7.7
Mean 27.2 23.6 20.4

I A I at A A at I
SEd 2.7 1.2 3.7 3.1
CD (0.05) 6.7 2.5 NS NS 

(A1 – Fly ash @ 6 t ha–1; A2 – Biocompost @ 5 t ha–1 and A3 – Fly ash @ 6 t ha–1 + Biocompost @ 
5 At ha–1 + green manure @ 6.25 t ha–1)

The BOD of piezometer water samples significantly increased due to 
basin irrigation of effluent, while it was decreased due to fertigation treat-
ments either through effluent or river water (Table 6.4). Application of fly 
ash (A1) alone increased the BOD values, whereas it was decreased due to 
incorporation of fly ash + compost + green manure (A3).

Fertigation treatments decreased the COD of ground water samples. 
It ranged from 52 to 443 ppm at harvest stages (Table 6.5). Among the irri-
gation treatments, fertigation either through river water (I2, I3) or effluent 
(I6, I7) significantly reduced the COD values, while basin irrigation of 
effluent (I4, I5) increased the COD values and it was on par with farmer’s 
practice (I1). Addition of fly ash (A1) alone increased the COD compared 
to rest of the amendments. Interaction between irrigation treatments and 
amendments was not significant.

The Ca content of ground water sample at harvest stage varied from 
0.04 to 3.85 cmol L–1 (Table 6.6). Effluent irrigation, amendments or inter-
action had non-significantly influenced the Ca content.

The Mg content of ground water samples varied from 0.02 to 
4.12  cmol  L–1 (Table 6.7). Similar to Ca content of piezometer water 
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TABLE 6.6  Effect of Effluent Irrigation and Amendments on Ca (cmol L–1) of 
Piezometer Water Samples at Harvest Stage

Irrigation (I)/Amendments (A) A1 A2 A3 Mean

I1 – Farmer’s practice (Surface irrigation) 0.29 0.24 0.13 0.22
I2 – River water fertigation with 75% NK 0.04 0.04 0.04 0.04
I3 – River water fertigation with 50% NK 0.04 0.04 0.04 0.04
I4 – Effluent basin irrigation with 100% NK 3.85 3.08 1.85 2.93
I5 – Effluent basin irrigation with 75% NK 3.61 2.88 1.72 2.74
I6 – Effluent fertigation with 75% NK 0.46 0.37 0.24 0.36
I7 – Effluent fertigation with 50% NK 0.70 0.55 0.33 0.53
Mean 1.28 1.03 0.62

I A I at A A at I
SEd 1.45 0.85 2.30 2.20
CD (0.05) NS NS NS NS

(A1 – Fly ash @ 6 t ha–1; A2 – Biocompost @ 5 t ha–1 and A3 – Fly ash @ 6 t ha–1 + Biocompost @ 
5 t ha–1 + green manure @ 6.25 t ha–1)

TABLE 6.5  Effect of Effluent Irrigation and Amendments on COD (ppm) of Piezometer 
Water Samples at Harvest Stage

Irrigation (I)/Amendments (A) A1 A2 A3 Mean

I1 – Farmer’s practice (Surface irrigation) 397 328 293 339
I2 – River water fertigation with 75% NK 69 69 52 63
I3 – River water fertigation with 50% NK 86 86 69 80
I4 – Effluent basin irrigation with 100% NK 443 369 332 382
I5 – Effluent basin irrigation with 75% NK 413 345 308 355
I6 – Effluent fertigation with 75% NK 86 86 69 80
I7 – Effluent fertigation with 50% NK 69 69 52 63
Mean 223 193 168

I A I at A A at I
SEd 23.0 9.6 31.0 25.0
CD (0.05) 55.0 21.0 NS NS 

(A1 – Fly ash @ 6 t ha–1; A2 – Biocompost @ 5 t ha–1 and A3 – Fly ash @ 6 t ha–1 + Biocompost @ 
5 t ha–1 + green manure @ 6.25 t ha–1)

samples Mg content was non-significantly different due to irrigation treat-
ments, amendments or its interaction.
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TABLE 6.7  Effect of Effluent Irrigation and Amendments on Mg (cmol L–1) of 
Piezometer Water Samples at Harvest Stage

Irrigation (I)/Amendments (A) A1 A2 A3 Mean

I1 – Farmer’s practice (Surface irrigation) 0.13 0.11 0.06 0.10
I2 – River water fertigation with 75% NK 0.02 0.02 0.02 0.02
I3 – River water fertigation with 50% NK 0.02 0.02 0.02 0.02
I4 – Effluent basin irrigation with 100% NK 4.12 3.30 1.98 3.13
I5 – Effluent basin irrigation with 75% NK 3.85 3.07 1.85 2.92
I6 – Effluent fertigation with 75% NK 0.21 0.17 0.11 0.16
I7 – Effluent fertigation with 50% NK 0.34 0.27 0.17 0.26
Mean 1.24 0.99 0.60

I A I at A A at I
SEd 1.50 0.72 2.23 2.18
CD (0.05) NS NS NS NS

(A1 – Fly ash @ 6 t ha–1; A2 – Biocompost @ 5 t ha–1 and A3 – Fly ash @ 6 t ha–1 + Biocompost @ 
5 t ha–1 + green manure @ 6.25 t ha–1)

Effluent irrigation significantly increased the ground water Na content 
than river water irrigation (Table 6.8). Among the effluent irrigation treat-
ments, basin irrigation of the effluent (I4, I5) recorded higher values of Na 
than effluent fertigation. Application of fly ash (A1) increased the Na content 
in ground water and combined application of fly ash + biocompost + green 
manure reduced the Na content. The interaction effect was also significant.

The K content of ground water samples at harvest stage ranged from 
0.01 to 2.75 cmol L–1 (Table 6.9). The same trend as above in Na was 
observed here also in irrigation treatments and amendments and interaction.

Basin irrigation with effluent recorded higher SSP values than fertiga-
tion treatments either through effluent or river water indicating the pos-
sibilities of polluting ground water. The SSP of water samples collected 
in the piezometer varied from 43.54 to 80.31 (Table 6.10). The SSP of 
ground water samples was not significantly influenced by the incorpora-
tion of amendments and their interactions with irrigation treatments.

The ground water chloride content was significantly increased due to 
effluent irrigation compared to river water irrigation (Table 6.11). Among 
the effluent treatments, fertigation with effluent reduced the Cl contami-
nation than basin irrigation. Among the amendments, incorporation of 
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TABLE 6.9  Effect of Effluent Irrigation and Amendments on K (cmol L–1) of 
Piezometer Water Samples at Harvest Stage

Irrigation (I)/ Amendments (A) A1 A2 A3 Mean

I1 – Farmer’s practice (Surface irrigation) 0.11 0.08 0.06 0.08
I2 – River water fertigation with 75% NK 0.02 0.02 0.01 0.02
I3 – River water fertigation with 50% NK 0.02 0.02 0.02 0.02
I4 – Effluent basin irrigation with 100% NK 2.75 0.34 1.66 1.58

I5 – Effluent basin irrigation with 75% NK 2.59 0.32 1.56 1.49

I6 – Effluent fertigation with 75% NK 0.19 0.15 0.08 0.14
I7 – Effluent fertigation with 50% NK 0.27 0.23 0.13 0.21
Mean 0.85 0.17 0.50

I A I at A A at I
SEd 0.08 0.05 0.14 0.14
CD (0.05) 0.21 0.11 0.31 0.29

(A1 – Fly ash @ 6 t ha–1; A2 – Biocompost @ 5 t ha–1 and A3 – Fly ash @ 6 t ha–1 + Biocompost @ 
5 t ha–1 + green manure @ 6.25 t ha–1)

TABLE 6.8  Effect of Effluent Irrigation and Amendments on Na (cmol L–1) of 
Piezometer Water Samples at Harvest Stage

Irrigation (I)/ Amendments (A) A1 A2 A3 Mean

I1 – Farmer’s practice (Surface irrigation) 0.19 0.17 0.11 0.16
I2 – River water fertigation with 75% NK 0.04 0.02 0.02 0.03
I3 – River water fertigation with 50% NK 0.04 0.04 0.02 0.04
I4 – Effluent basin irrigation with 100% NK 6.18 4.94 2.96 4.70
I5 – Effluent basin irrigation with 75% NK 5.76 4.63 2.78 4.69
I6 – Effluent fertigation with 75% NK 0.34 0.27 0.17 0.26
I7 – Effluent fertigation with 50% NK 0.50 0.40 0.23 0.38
Mean 1.87 1.50 0.90

I A I at A A at I
SEd 0.23 0.12 0.35 0.33
CD (0.05) 0.57 0.27 0.81 0.70

(A1 – Fly ash @ 6 t ha–1; A2 – Biocompost @ 5 t ha–1 and A3 – Fly ash @ 6 t ha–1 + Biocompost @ 
5 t ha–1 + green manure @ 6.25 t ha–1)

fly ash  + compost + green manure (A3) decreased the chloride content, 
whereas addition of fly ash increased the chloride content of ground water 
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TABLE 6.10  Effect of Effluent Irrigation and Amendments on SSP Values of 
Piezometer Water Samples at Harvest Stage

Irrigation (I)/ Amendments (A) A1 A2 A3 Mean

I1 – Farmer’s practice (Surface irrigation) 51.63 52.86 56.24 53.58
I2 – River water fertigation with 75% NK 60.66 43.54 43.54 49.24
I3 – River water fertigation with 50% NK 60.66 60.66 43.54 54.95
I4 – Effluent basin irrigation with 100% NK 80.19 80.18 80.18 80.18
I5 – Effluent basin irrigation with 75% NK 80.10 80.18 80.31 80.20
I6 – Effluent fertigation with 75% NK 54.02 54.11 52.86 53.67
I7 – Effluent fertigation with 50% NK 53.63 53.96 53.07 53.55
Mean 49.23 49.24 49.09

I A I at A A at I
SEd 1.1 21.0 22.1 22.1
CD (0.05) 2.2 NS NS NS

(A1 – Fly ash @ 6 t ha–1; A2 – Biocompost @ 5 t ha–1 and A3 – Fly ash @ 6 t ha–1 + Biocompost @ 
5 t ha–1 + green manure @ 6.25 t ha–1)

samples. The interaction effect was found to be significant. The treatment 
combination I4 A1 recorded the highest value of 9.48 cmol L–1 of chloride 
and it was on par with I5A1. The least values were recorded under I2 A3.

The sulfate content of ground water samples varied from 0.10 to 3.74 cmol 
L–1 (Table 6.12). The same trend as that of Cl was observed here also where 
as the magnitude of SO4 contamination was being less compared to Cl.

Fertigation treatments lowered ground water nitrate pollution than 
surface irrigation. The magnitude of NO3 pollution was higher in effluent 
basin irrigation (I4, I5) than rest of the irrigation treatments. Addition of fly 
ash + compost + green manure (A3) reduced the ground water nitrate pol-
lution and fly ash alone increased the NO3 pollution and the values ranged 
from 7.6 to 79.2 ppm (Table 6.13).

In general, fertigation treatments (I6, I7, I2, I3) recorded higher yield 
than basin irrigation treatments (I4, I5) and farmer’s practice (I1). The 
yield obtained from the field trial varied from 21.5 to 57.5 kg plant–1 
(Table 6.14). The yield was increased (57.5 kg plant–1) due to effluent 
fertigation with 75% NK (I6) was on par with other fertigation treat-
ments. Application of amendments or interaction did not show any dif-
ferences in yield.
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TABLE 6.11  Effect of Effluent Irrigation and Amendments on Cl (cmol L-1) of 
Piezometer Water Samples at Harvest Stage

Irrigation (I)/Amendments (A) A1 A2 A3 Mean

I1 – Farmer’s practice (Surface irrigation) 2.96 2.37 1.78 2.37
I2 – River water fertigation with 75% NK 0.59 0.59 0.00 0.39
I3 – River water fertigation with 50% NK 0.59 0.59 0.59 0.59
I4 – Effluent basin irrigation with 100% NK 9.48 7.76 4.68 7.30
I5 – Effluent basin irrigation with 75% NK 8.88 7.28 4.38 6.85
I6 – Effluent fertigation with 75% NK 5.33 4.15 2.37 3.95
I7 – Effluent fertigation with 50% NK 5.13 4.34 2.37 3.95
Mean 4.71 3.87 2.31

I A I at A A at I
SEd 16.9 6.9 22.7 18.4
CD (0.05) 41.4 14.9 52.5 39.6

(A1 – Fly ash @ 6 t ha–1; A2 – Biocompost @ 5 t ha–1 and A3 – Fly ash @ 6 t ha–1 + Biocompost @ 
5 t ha–1 + green manure @ 6.25 t ha–1)

TABLE 6.12  Effect of Effluent Irrigation and Amendments on SO4 (cmol L–1) of 
Piezometer Water Samples at Harvest Stage

Irrigation (I)/Amendments (A) A1 A2 A3 Mean

I1 – Farmer’s practice (Surface irrigation) 1.17 0.93 0.70 0.93
I2 – River water fertigation with 75% NK 0.23 0.23 0.10 0.19
I3 – River water fertigation with 50% NK 0.23 0.23 0.23 0.23
I4 – Effluent basin irrigation with 100% NK 3.74 3.06 1.85 2.88
I5 – Effluent basin irrigation with 75% NK 3.50 2.87 1.73 2.70
I6 – Effluent fertigation with 75% NK 2.10 1.64 0.93 1.56
I7 – Effluent fertigation with 50% NK 2.02 1.71 0.93 1.55
Mean 1.86 1.52 0.92

I A I at A A at I
SEd 0.19 0.08 0.25 0.21
CD (0.05) 0.46 0.17 0.58 0.44

(A1 – Fly ash @ 6 t ha–1; A2 – Biocompost @ 5 t ha–1 and A3 – Fly ash @ 6 t ha–1 + Biocompost @ 
5 t ha–1 + green manure @ 6.25 t ha–1)
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TABLE 6.14  Effect of Effluent Irrigation and Amendments on Fruit Yield (kg Plant–1)

Irrigation (I)/ Amendments (A) A1 A2 A3 Mean

I1 – Farmer’s practice (Surface irrigation) 34.0 30.5 38.0 34.2
I2 – River water fertigation with 75% NK 53.0 51.5 52.5 52.3
I3 – River water fertigation with 50% NK 51.5 50.5 53.5 51.8
I4 – Effluent basin irrigation with 100% NK 25.5 22.5 28.0 25.3
I5 – Effluent basin irrigation with 75% NK 24.0 21.5 24.0 23.2
I6 – Effluent fertigation with 75% NK 55.0 56.0 57.5 56.2
I7 – Effluent fertigation with 50% NK 56.5 54.5 56.5 55.8
Mean 42.8 41.0 44.3 42.7

I A I at A A at I
SEd 5.7 3.0 8.6 5.7
CD (0.05) 14.1 NS NS 14.1 

(A1 – Fly ash @ 6 t ha–1; A2 – Biocompost @ 5 t ha–1 and A3 – Fly ash @ 6 t ha–1 + Biocompost @ 
5 t ha–1 + green manure @ 6.25 t ha–1)

TABLE 6.13  Effect of Effluent Irrigation and Amendments on NO3 (ppm) of Piezometer 
Water Samples at Harvest Stage

Irrigation (I)/Amendments (A) A1 A2 A3 Mean

I1 – Farmer’s practice (Surface irrigation) 42.1 33.6 25.2 33.6
I2 – River water fertigation with 75% NK 8.4 8.4 7.6 8.1
I3 – River water fertigation with 50% NK 8.4 8.4 8.4 8.4
I4 – Effluent basin irrigation with 100% NK 79.2 64.8 39.1 61.0
I5 – Effluent basin irrigation with 75% NK 74.2 60.8 36.6 57.2
I6 – Effluent fertigation with 75% NK 38.0 29.6 16.9 28.2
I7 – Effluent fertigation with 50% NK 36.6 31.0 16.9 28.2
Mean 41.0 33.8 21.5

I A I at A A at I
SEd 3.8 1.6 5.2 4.4
CD (0.05) 9.4 3.5 12 9.3

(A1 – Fly ash @ 6 t ha–1; A2 – Biocompost @ 5 t ha–1 and A3 – Fly ash @ 6 t ha–1 + Biocompost @ 
5 t ha–1 + green manure @ 6.25 t ha–1)
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6.4.1  DISCUSSIONS

The result obtained due to analysis of piezometer water samples col-
lected during harvest stage are discussed here under. The pH is the nega-
tive logarithm of the hydrogen ion concentration or simply the log of the 
reciprocal of the hydrogen ion concentration and indicates the degree of 
acidity or alkalinity of water. In the present investigation, three was no 
drastic change in pH of water collected in the piezometer. Due to irrigation 
sources amendments or interaction, this might be due to buffering capacity 
of soil that might have prevented drastic change of ground water pH. 

The concentration of soluble salts in water can be measured in terms 
of electric conductivity. In the present investigation surface irrigation 
of treated effluent with 100% NK increased the EC of ground water 
(Figure 6.1). The reason was due to surface application of higher amount 
of effluent that might have reached the ground water through percolation 
and seepage. Among the amendments, application of fly ash increased the 
EC. The EC was decreased in the plots applied with fly ash + biocompost + 
green manure. It was due to addition of organic matter by green manure 

FIGURE 6.1  Effect of irrigation sources on electrical conductivity (EC) of ground water 
at harvest.
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that prevented the downward movement of salts. Increase in ground water 
EC might be due to increase in concentration of salts like Ca, Mg, Na, K, 
etc., present in the seepage. 

The BOD is defined as the amount of oxygen required by bacteria for sta-
bilizing decomposable organic matter under aerobic conditions. In the pres-
ent investigation surface irrigation of effluent increased the ground water 
BOD. It might be due to eutrophication of the ground water with nutrients 
present in the effluent and applied nutrients. Similarly application fly ash 
alone increased the BOD, while decreased BOD was recorded in the plots 
applied with fly ash + biocompost + green manure. This might be due to 
slow release of applied nutrients and continuous uptake by crop might have 
reduced the nutrient content of ground water collected in the piezometers.

The chemical oxygen demand (COD) is a measure of oxygen equiva-
lent to that portion of organic matter present in the wastewater sample that 
is susceptible to oxidation by potassium dichromate. This is an important 
and quickly measured parameter for stream, sewage and industrial waste 
samples to determine their pollution strength. Among irrigation treat-
ments, higher COD values were recorded in surface irrigation treatments. 
Similarly, application of fly ash alone increased the COD.

The cations viz., Ca, Mg, Na and K were increased due to surface 
irrigation of effluent with application of fly ash alone, while river water 
irrigation along with combined application of fly ash + biocompost + 
green manure decreased cations of ground water. Increased cations and 
anions due to surface irrigation of effluent was reported by Elayarajan [9]. 
Decrease in ions due to combined application of amendments might be 
due to precipitation of Ca and Mg by green manure.

Among the irrigation treatments, surface irrigation of effluent with 
100% NK increased the Na (Figure 6.2) and K content. Increase in Na and 
K content might be due to their high mobility that favored to contaminate 
the ground water easily when compared to other constituents. Similarly, 
application of fly ash alone increased the Na and K content. It might be 
due to high Ca and Mg content of the fly ash which had replaced the native 
Na leach out to ground water. 

Among the irrigation sources, surface irrigation of the treated effluent 
increased the chloride content. Among the amendments, application of fly 
ash alone increased the chloride concentration. This was due to higher 
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chloride content of the treated effluent. Increase in chloride content in the 
ground water samples collected in and around the continuously effluent 
irrigated area was reported by Elayarajan [9]. 

Very frequently ground water contain high amount of nitrate. When 
such type of irrigation water is applied on soils continually, various 
physical properties will be affected badly, which causes poor growth of 
plants. In the present investigation, among the irrigation sources, surface 
application of treated effluent increased the concentration of nitrate 
(Figure 6.3). Similarly, application of fly ash increased the concentration. 
The permissible limit for safe drinking water is 50 ppm above which this 
may cause “blue baby disease.” In the study, surface application of treated 
effluent with fly ash and surface application of treated effluent with bio-
compost at harvest stage exceeded the critical limit of 50 ppm. This indi-
cates that surface irrigation of the effluent either with fly ash or biocompost 
alone should be avoided to protect the wells from nitrate pollution. The 
result indicates that fertigation treatments were effective in protecting the 
ground water from leaching and percolation of effluent water irrigation.

Yield of banana ha–1 was increased due to effluent fertigation with 
75% NK. Increased yield in the present study might be due to increase in 

FIGURE 6.2  Effect of irrigation sources on Na content of ground water at harvest.
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bunch weight plant–1 [28]. Banana requires very moist conditions for opti-
mum growth and production. A decrease in soil matrix potential adversely 
affects its performance [14]. Robinson and Alberts [31] and Robinson and 
Bower [32] have noticed initiation of stress in banana plants at a soil mat-
ric potential of around –20 to –25 kpa. As the drip irrigation system main-
tains very high soil matric potential, at least a part of the root zone without 
much stress, there were probably ideal conditions exists for better growth 
and yield of banana compared with basin irrigation where plants are liable 
to experience increasing stress each day following an irrigation. Increased 
yield due to fertigation was reported in different crops viz., tomato [4], 
cotton [7], sweet corn [39], avocado [24], mandarin [35], apricot [30], sug-
arcane [34], orange [1, 6, 8, 16], papaya [17], hybrid tomato [29], banana 
[15, 31, 33], and potato [19].

6.5  CONCLUSIONS

The ground water quality parameters (EC, BOD, COD, TDS, Ca, Mg, Na, 
K, Cl and SO4) were increased due to basin irrigation of treated board mill 

FIGURE 6.3  Effect of irrigation sources on nitrate content of ground water at harvest.
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effluent. Basin irrigation with effluent recorded higher SSP values and 
higher nitrate content than fertigation treatments either through effluent or 
river water indicating the possibilities of polluting ground water source. 
Surface application of treated effluent with fly ash and surface application 
of treated effluent with biocompost at harvest stage exceeded the critical 
limit of 50 ppm.

This indicates that surface irrigation of the effluent either with fly ash 
or biocompost should be avoided to protect the wells from nitrate pol-
lution in and around Bipco factory area. It is evident that the fertigation 
treatments, which are more effective in protecting the ground water and 
reduce leaching and percolation of effluent water in this study.

6.6  SUMMARY

The investigation on the effects of fertigation using treated paperboard 
mill effluent and soil basal application of solid amendments on ground 
water quality (besides improving crop growth, yield and quality of 
banana) under banana cultivation were carried out at the Bipco Paper 
Board Industries Pvt. Ltd, Thekkampatti village, (Mettupalayam taluk) 
and in the Department of Environmental Sciences, TNAU, Coimbatore 
located in Coimbatore district of Tamil Nadu (India) during May, 2002 to 
April, 2003.

The experiment was conducted in split plot design with two repli-
cations. Irrigation treatments were assigned in main plot while amend-
ments were applied as basal in sub plots. Both well water and treated 
effluent were compared by using drip irrigation system and surface irri-
gation along with half and three fourth of the recommended dose of NK 
fertilizers. Main plot treatments were compared with farmers practice 
(surface irrigation of river water with 100% NK, plant–1y–1) while recom-
mended dose was 110:35:330 g of NPK plant–1 y–1. Entire dose of P was 
applied as basal dressing in the pit before planting the suckers uniformly 
for all the treatments. Either fly ash (6 t ha–1), biocompost (5 t ha–1) or 
combination of both with green manure (6.25 t ha–1) were applied as 
basal in subplots.

Piezometers were installed at center of each plot. Water samples were 
collected from the piezometers installed in the plot of respective treatments 
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indicated that the ground water quality parameters viz., BOD, COD, EC, 
TDS, Na, K, Cl, SO4, NO3 contents and SSP values were low in drip ferti-
gation treatments while the above contents were higher due to basin irri-
gation of treated board mill effluent. Moreover, the result indicated basin 
irrigation of treated effluent with basal application of fly ash or compost 
alone at harvest stage exceeded the critical limit of 50 ppm. Hence it is 
recommended to adopt drip fertigation for recycling of treated board mill 
effluent for banana along with combined basal soil application of fly ash, 
biocompost and green manure at recommended rates to protect the wells 
from contamination in and around Bipco factory.
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CHAPTER 7

PERFORMANCE OF PULSE DRIP 
IRRIGATED POTATO UNDER 
ORGANIC AGRICULTURE PRACTICES 
IN SANDY SOILS

ABDELRAOUF RAMADAN

aThis chapter is an edited version of Abdelraouf Ramadan Eid Abdelghany, 2009. Study the perfor-
mance of pulse drip irrigation in organic agriculture for potato crop in sandy soils. PhD Dissertation 
at Department of Agricultural Engineering, Faculty of Agriculture, Cairo University, Egypt.
bIn this chapter: 1 feddan = 0.42 hectares = 4200 m2 = 1.038 acres = 24 kirats. A feddan (Arabic) 
is a unit of area. It is used in Egypt, Sudan, and Syria. The feddan is not an SI unit and in Classical 
Arabic, the word means ‘a yoke of oxen’: implying the area of ground that can be tilled in a certain 
time. In Egypt the feddan is the only non-metric unit, which remained in use following the switch 
to the metric system. A feddan is divided into 24 Kirats (175 m2). In Syria, the feddan ranges from 
2295 square meters (m²) to 3443 square meters (m2).
cOne L.E. = 0.14 US$. The Egyptian pound (Arabic:‎ Geneh Masri-EGP) is the currency of Egypt. It is 
divided into 100 piastres, or (Arabic: 100 kersh), or 1,000 Millimes (Arabic:‎ Millime). The ISO 4217 code 
is EGP. Locally, the abbreviation LE or L.E., which stands for (Egyptian pound) is frequently used. E£ and 
£E are rarely used. The name Geneh is derived from the Guinea coin, which had almost the same value of 
100 piastres at the end of the 19th century.
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7.1  INTRODUCTION

Pulse irrigation is used throughout the world because of its positive effects on 
yield, fruit quality, water saving, less clogging, and reduction in consumption 
of energy. Pulse irrigation refers to the practice of irrigating for a short period, 
then waiting for another short period, and repeating this on-off cycle until the 
entire irrigation water is completed [28]. Drip irrigation, nowadays, is most 
efficient plant watering system [37]. For efficient use of water, drip irrigation 
and pulse technique can be combined.

Pulse drip irrigation (PDI) has been used in combination with 
organic agriculture to get a major utilization from organic agriculture. 
Organic farming covers agriculture systems that implement the envi-
ronmentally, socially and economically sound production of food and 
fibers. The production of organic agriculture products without inputs 
of chemical pesticides and fertilizers has become a profitable area of 
farming as consumers become more concerned about possible effects 
of chemicals.

Potatoes are largest horticultural export crop in Egypt. Organic 
production of potatoes is growing in Egypt to take significant place in 
the European market and to attract consumers who are willing to pay 
high price for a healthy safe product. In most recent years, the Euros 
united has accounted for about 70–90% of Egyptian potato market. In 
2004, the total value of potato exports to the Europe was about 65 mil-
lion Euros, about 43.5% of Egypt’s agricultural exports to the Euros 
united [12].

This research study discusses results on the performance of pulse drip 
irrigation under organic agriculture for: saving water, saving fertilizers, 
increasing yield of potato, increasing the energy use efficiency, improving 
potato quality, decreasing the costs and increasing income under Egyptian 
growing conditions. The performance parameters were:

	 i.	 Soil moisture distribution.
	ii.	 Water application efficiency.
	iii.	 Clogging ratio of emitters.
	iv.	 Emission uniformity.
	 v.	 Potato yield.
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	 vi.	 Water use efficiency.
	vii.	 Energy use efficiency.
	viii.	 Fertilizer use efficiency.
	 ix.	 Quality characteristics of potato tuber.
	 x.	 Economic analysis.

7.2  LITERATURE REVIEW

7.2.1  PULSE IRRIGATION

Pulse irrigation involves providing small amounts of water during the 
morning to modify the microclimate and keep the plants photosynthesiz-
ing longer. The main irrigation is applied during the early evening. This 
approach is used in countries such as Israel where crops such as avocado 
are grown in ‘stressful’ environments [17, 28, 65].

How often to irrigate (irrigation frequency)? The irrigation frequen-
cies used in drip irrigation are typically quite different from those used 
in other methods of irrigation. The drip systems allow applying small 
amounts of water daily or several times a week without significant loss 
to evaporation or surface runoff. This ability to use frequent irrigation 
to keep the soil moisture level near field capacity is a unique advantage 
of drip irrigation. During consecutive days of hot dry weather, or when 
young seedlings are grown in coarse textured soil, daily irrigation is good 
practice to ensure that plants are not stressed. Irrigating several times daily 
may result in reduced distribution uniformity, since the repeated filling 
and draining of sub main and laterals with each irrigation results in heavier 
irrigation at low points of the field. As described above, “pulse irrigation” 
can help in the development of an adequate wetting pattern [65].

In recent years, scientists and engineers of the All-Russian Research 
Institute of Irrigation Systems and Rural Water Supply (RADUGA) under 
the Ministry of Agriculture and Food of the Russian Federation in col-
laboration with scientists of some institutes of the country have carried out 
theoretical and experimental studies, pilot elaboration and development of 
new technologies and equipment for pulse micro irrigation. The efficiency 
of synchronous pulse sprinkling has also been studied in Germany, Cuba, 
Poland, Puerto Rico, India, and Bulgaria. The technologies of localized 
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pulse irrigation were studied under greenhouse conditions in vegetable 
crops in Moscow and the Krasnodar Territory. The technologies of fertil-
izer application according to plant requirements have been worked out in 
tea plantations of the Krasnodar Territory and in vegetable plantations of 
the Ivanovo and Moscow regions [52, 60].

Characteristics of pulse irrigation (for sprinkler, micro irrigation, local-
ized trickle irrigation, mist irrigation) in Russia have been described along 
with water and fertilizer application technologies. Special emphasis was 
given to the agro-biological efficiency of systems and technologies. The 
effects of pulse Micro irrigation and localized irrigation technologies on 
yields of different crops (tea, orchards, beetroots, grass and grain crops) in 
some regions of Russia have been studied by Kolganov [51].

7.2.1.1  Effects of Pulse Drip Irrigation (PDI) on Wetted Zone

Approximately 70% of water used by plants is removed from the upper 
half of the plant root zone (Figure 7.1). Optimum crop yields result, when 
soil-water tensions in the root zone are kept below 5 atmospheres. Root 
penetration can be extremely limited due to dry soil, a water table, bed-
rock, and high salt concentration zones [27].

To schedule irrigation, amount of water available in the crop root zone is 
compared with the tree’s daily water requirement. If the daily water require-
ment exceeds the amount of water that can be held in the root zone, one will 

FIGURE 7.1  Amount of water uptake by roots in the upper half of the plant root zone.
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need to irrigate more than once a day. There is an option of irrigating when 
the available water is depleted (called a deficit irrigation) [40]. Redesign of 
the irrigation system is necessary if the wetted area is too small (limiting) 
and pulsing is not an option [40]. Drip irrigation permits greater control and 
precision of irrigation timing and the amount of water applied [70]. Most 
growers scheduled a pulse irrigation when soil moisture tension in the main 
part of the root zone (15–20 cm) reached about −10 cbars [75].

Studies in Israel indicate that on Israeli sandy loam soils, pulse irrigated 
citrus had the main root zone within the first 30 centimeters [36]. Based 
on reports from other regions (where soil types are different), it is often 
believed that the size of the wetted zone can be increased if irrigation is 
pulsed [28].

The results showed a consistent trend that pulsing irrigation reduce 
the vapor pressure deficit about the trees. As increasing vapor pressure 
deficit can increase the plants internal water deficits, it can be assumed 
that the pulsing irrigation regime was effective in reducing water 
stress within the tree. Information from the USA and Israel provides 
some evidence that the Open Hydroponic Principle of maintaining soil 
moisture as close as possible to field capacity can provide productivity 
and water saving improvements. This form of irrigation management 
includes pulse irrigation and low output continuous irrigation during 
the day. Research on sandy soils in Florida indicates that trees begin 
to experience water stress when soil moisture levels fall below field 
capacity [10].

For most crops, the soil in the root zone should be kept near field 
capacity at all times. This means that irrigation should be frequent, and the 
amount of water applied each time should be equal to the amount used by 
the plants since the last irrigation. In general, short irrigation cycles with 
high application rates help promote lateral movement of water, resulting 
in better wetting patterns for light soils. Pulse irrigation can further widen 
the wetted pattern. Long duration at a low application rate results in better 
infiltration of water in heavy (high clay content) soils. The right irrigation 
cycle depends on the specifics of your field – experiment to find out what 
works best (Table 7.1).

The goal of drip irrigation scheduling is to select an irrigation duration 
and frequency that results in a properly sized wetted area around plants 
and keeps the soil in the root zone at or near field capacity. Adjustments 
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throughout the season based on monitoring of field conditions allow one to 
fine-tune the irrigation schedule to the needs of your crop [65].

Irrigation frequency is one of the most important variables in drip 
irrigation scheduling. Due to the differences in soil moisture and wetting 
pattern, crop yields may be different when the same quantity of water is 
applied under different irrigation frequencies. High irrigation frequency 
might provide desirable conditions for water movement in soil and for 
uptake by roots [68]. Several experiments have shown positive responses 
in some crops to high frequency drip irrigation [31, 68, 69].

Drip irrigation only wets soil near the plants. Roots only develop in 
the wetted area. This normally does not cause problems, but it makes irri-
gation frequency critical. Because the water holding capacity in the root 
zone is smaller, an extended period of time without irrigating can easily 
cause plant stress. During hot weather conditions, daily irrigation may be 
necessary to avoid crop damage from water stress [65]. Pulse irrigation 
system, irrigating amount and timing are the objectives for reducing run 
off, decreasing percolation of water beneath the root zone and reducing 
water evaporation after irrigation [23].

TABLE 7.1  Effects of Wetted Area on Crops

Small wetted area Large wetted area

• � Restricts roots to a small volume of soil.

• � Reduces uptake of needed minor nutrients from 
soil.

• � Increases potential for plant water stress during 
periods of high temperature and wind. 

• � Wastes water and fertilizer.

• � Increases the numbers of 
weeds.

• � Does not improve crop 
performance.

Ideal wetted area

• � The ideal wetted area is shaped as shown here.

• � The wetted area should be maintained at the same size throughout the season to 
prevent salts near the edges from damaging the crops.

• � Soil type and field preparation affect the shape of the cross section dramatically.
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El-Adi [21] reported that soil moisture content and wetted area were 
increased with surge irrigation compared with traditional irrigation. Soil 
moisture content was increased by increasing irrigation water level.

Applying irrigation water in stages or pulses rather than all at one time can 
save water by giving the media time to moisten from the first pulse of water 
thereby allowing it to absorb subsequent irrigation more readily and reducing 
the total amount of water required. For example, instead of irrigating 4 differ-
ent areas for 1 hour each (four hours total), studies have shown that by water-
ing each area sequentially for 15-minute intervals and repeating this process 
twice, a 25% reduction in water usage (3 hours total irrigation time) can be 
obtained [66]. High irrigation frequency might provide desirable conditions 
for water movement in soil and for uptake by roots [68].

Micro irrigation enables the increase in irrigation frequency from 
weeks to daily or even shorter time periods, and enables management of 
soil water. The spatial fluctuations in water content enable plants to extract 
water from zones where water content is higher than field capacity, with-
out the growth inhibiting effects of poor aeration. Augmented mass flow in 
the soil caused by the high water content found in high-frequency irriga-
tion regimes increases water availability due to higher water potential and 
hydraulic conductivity. High-frequency irrigation resulted in greater water 
consumption and greater yields of sunflower under lysimeter conditions. 
Continuous irrigation resulted in even greater growth than irrigation con-
sisting of 8 pulses per day [68].

One of the most common problems encountered with drip irriga-
tion is that irrigation is applied in excess of crop requirements, whereby 
the water saving potential of drip is forfeited. According to Bravdo and 
Proebsting [11], the water distribution pattern under a dripper normally 
forms a bulb- or onion-shaped zone [37]. If over irrigation occurs, the 
bulb-shaped wetted zone gradually becomes carrot-shaped and eventually 
may form a “chimney” leading the excess water downward towards the 
water table [43]. Valuable nutrients may be leached out of the root zone 
and become unavailable for the plants, while contaminating the ground-
water. Temporary aerobic conditions may then occur in the rooting zone, 
hampering growth and development and eventually yield and quality of 
tubers. According to Van Loon [81], the depth and horizontal water flow 
can be manipulated by changing the frequency of irrigation.
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7.2.1.2  Effects of Pulse Drip Irrigation on Fertilizer Use 
Efficiency (FUE)

The benefits of pulse irrigation method are: reducing surface soil water 
evaporation, decreasing fertilizers leaching, enhancing yield [85]. The 
design modules have been elaborated with regard to the technologies of 
pulse low-volume application of water and fertilizers in accordance with 
plant requirements: pulse sprinkler micro irrigation with self-oscillating 
sprinklers and sprinklers operating in a “waiting mode”; pulse mist irriga-
tion with pneumatic hydraulic sprayers to be mainly used under green-
house condition; pulse trickle localized irrigation for greenhouse and 
open-ground conditions [50].

Using ebb-and-flood or pulse irrigation, fertilizer amounts can be 
reduced to avoid high electrical conductivity build up in the media due to 
reduced leaching. However, leaching is recommended from time to time to 
avoid salt buildup and crop damage. Leaching should be based on the elec-
trical conductivity measurements of the soil solution [53]. The advantages 
of pulsing are that plant growth is generally greater than with standard 
irrigation and lower fertilizer rates can be used [16].

7.2.1.3  Effects of Pulse Drip Irrigation on Clogging Ratio of 
Emitters

Pulse trickle localized irrigation systems can be used for vegetables under 
greenhouse conditions. It is possible to use these systems under open-
ground conditions on relatively small land plots. These systems permit 
water application automatically, continuously, with low intensity and in a 
cyclic mode. Water is delivered to the sites at a relatively high discharge 
and for a short period of time. This mode of operation favors water appli-
cation without thorough treatment of irrigation water. The probability of 
water outlets clogging is low, because their cross-sections exceed the sizes 
of particles, which remain in water after pretreatment. The distinctive fea-
ture of pulse irrigation systems with cyclic water delivery makes it pos-
sible to put into practice the technology of dosed application of dissolved 
fertilizers during each cycle of water delivery. This noticeably simplifies 
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the mechanisms of dosing and operation of fertigators. The technique of 
dissolved fertilizer application within the systems of pulse irrigation should 
involve a container for fertilizer solution (mother liquor) and a device for 
pulse dosed delivery of this solution into an irrigation network [37]. The 
alternatives of centralized (at the head of the system) and decentralized 
(immediately at sprinklers) patterns of fertilizer delivery into an irrigation 
network are possible. The degree of automation of technological processes 
of water and fertilizer application within pulse micro irrigation systems 
with different design modules depends on the use of supplementary tech-
nological equipment and automation facilities [51].

In recent years, farms of Daghestan have gained positive experience in 
growing row crops (tomatoes) under drip irrigation, the equipment being 
supplied by the firms of Israel. At present, micro irrigation practices in 
Russia are limited by the following socioeconomic and technical fac-
tors: high capital investments in construction of micro irrigation systems, 
including water treatment, and insufficient reliability of structural elements 
of these systems; high disparity in prices of crop production, on the one 
hand, and expensive industrial equipment, on the other hand; increased 
demand of the used equipment for pure water; relatively low general level 
of irrigation farming and lack of confidence in new technologies of micro 
irrigation; clogging of micro-outlets for water. The main trends in devel-
opment and use of micro irrigation equipment are as follows: increase 
in ability of operation of micro-outlets, provision of the high degree of 
water distribution within irrigation systems in time and space using simple 
devices. As a consequence, there is a reduction of capital investments in 
construction of systems; optimization of parameters and regimes of micro 
irrigation systems, which provide environmental safety and high economi-
cally sustainable crop yields. To a great extent, these requirements are met 
by the technologies of pulse micro irrigation developed in Russia [51].

Drip tape can become non-uniform to a point where it is completely 
debilitated in the midst of a growing season if emitters become plugged, 
due to: (1) Organic or inorganic sediment in the irrigation water. (2) A vac-
uum condition inside of the drip tape causing dirt to siphon back in through 
the outlet. (3) Root intrusion. (4) Mineral buildup in the flow channel or at 
the outlet. The primary features of an emitter that determine its likelihood 
of plugging are the cross-sectional area of its flow channel and the amount 
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of turbulence created within the flow channel. A large cross-section gives 
plenty of room for contaminants to pass through without accumulating 
into clogs. A highly turbulent channel keeps dirt particles suspended as 
they move through the emitter. Other emitter features also play important 
role in plugging resistance. Some drip tape products have emitter outlets 
that resist root intrusion. The design of the emitter inlet can also affect clog 
resistance. Finally, some emitters provide mechanisms that help to remove 
clogs if they should occur [73]. Pulsed water flow can increase resistance 
to blockages in self-regulated trickle irrigation and avoid costly and bulky 
filters. It ensures more uniform irrigation over the whole cycle [83].

One effective means of avoiding emitter clogging in drip irrigation is to 
use larger emitter orifices. However, to maintain the application rate at opti-
mum, the system has to be operated in pulses rather than continuously [4]. 
A laboratory study on a sandy loam soil demonstrated that pulsed flows up 
to three times the equivalent continuous flow can be used with little change 
to the soil wetting pattern, enabling a significant increase in emitter sizes 
and a reduced tendency to clog [44].

7.2.1.4  Effects of Pulse Irrigation on Water Application 
Efficiency (WAE)

It is important that the system be well-designed hydraulically to assure high 
uniformity and distribution of water efficiently. Efficiency of water appli-
cation depends on the system, design, management skills, and irrigation 
scheduling. Irrigation application efficiency is the ratio of the volume of 
irrigation water stored in the root zone and available for crop use (evapo-
transpiration) to the volume delivered from the irrigation system. This ratio 
is always less than 1.0 because of losses due to evaporation, wind drift, and 
leaching, which may occur during irrigation. Improved irrigation efficiency 
can lead to reductions in water and energy consumption, more effective 
nutrient use and disease management, better yields, and improved crop 
quality and erosion control management systems [34].

The systems have undergone immense development in recent years 
and now allow the simple and accurate timing of irrigation events. The 
level of control includes the ability to “pulse” irrigation events to meet the 
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needs of soils that have less than desirable infiltration rates, thus minimiz-
ing run off [80]. Bader et al. [5] concluded that the emission uniformity of 
drip irrigation system ranged from 81 to 83%, due to the effects of emitter 
discharge rate, which have been affected by emitter clogging.

Potential groundwater contamination can be reduced due to the 
decreased leaching of irrigation solution and reduced fertilizer concentra-
tions. The pulse irrigation system virtually eliminates irrigation solution 
from leaching out of the pot. The irrigation solution is not leaching from the 
pot that means the solution fails to make it to the ground, thus decreasing the 
potential of contaminating the groundwater. The other advantage of reduc-
ing flow of solution through the soil profile is that other contaminates that 
exist in the ground may not get a chance to leach into groundwater sources. 
Instead of paying exorbitant amounts of money to reconstruct a facility 
to reduce groundwater contamination, greenhouse operations now have an 
alternate plan for reducing potential groundwater contamination for a lower 
cost. The operation must first obtain a time clock that can irrigate by sec-
onds, not minutes like many controllers used in the industry do. Second, 
each individual working with the crops must learn how to produce a high 
quality crop with the pulse irrigation system. Recommendations for using 
the pulse irrigation strategy are to first lower fertility rates that are applied 
to the crops. Institute an aggressive and consistent soluble salt monitoring 
program, especially for crops that are sensitive to high soluble salt levels. 
Soluble salt levels can rapidly increase throughout the crop cycle due to 
the reduction of soluble salt leaching. Once individuals learn how to grow 
with the pulse irrigation system, a marketable crop can be produced that is 
similar to the quality they produced before using the pulse strategy [67].

Continuous water application is associated with increased water perco-
lation under root zone. Intermittent irrigation strategy based on discharge 
pulses followed by breaks could improve water management in the field 
and increase irrigation efficiency [61].

7.2.1.5  Effects of Pulse Drip Irrigation on Energy Consumption

A low-pressure system for pulse trickle irrigation on small farms is char-
acterized by a comparatively low opening head (0.2–1.5 m) together with 
lower power requirements than conventional trickle irrigation systems [32]. 
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Pulse drip irrigation systems, which realize substantial savings of water and 
energy, are regarded in Bulgaria as an efficient means of irrigating small 
plots, home yards and greenhouses from limited water supplies, without 
requiring an external energy source [33].

7.2.1.6  Effects of Pulse Drip Irrigation on Yield and Water Use 
Efficiency (WUE)

It is necessary to get maximum yield in agriculture by using available water 
in order to get maximum profit from per unit area because existing agri-
cultural land and irrigation water are rapidly diminishing due to the rapid 
industrialization and urban development. Therefore, one needs to know 
and supply the right amount of water needed for the plants. Furthermore, 
it is essential to develop the most suitable irrigation scheduling to get opti-
mum plant yield for different ecological regions as plant water consump-
tion depends mostly on plant growth, soil and climatic conditions [29]. 
Higher yield with saving in water results in high WUE [37].

Pulse irrigation is used in countries such as Israel where crops such 
as avocado are grown in atmospherically ‘stressful’ environments. Pulse 
irrigation under these conditions results in larger fruit which has a major 
impact on farm profitability. The ability to produce fruit of the size required 
by markets such as the US and Canada will be vital to develop an export 
industry [15].

Feng-Xin et al. [30] evaluated effects of irrigation frequency on soil 
water distribution, potato root distribution, and potato tuber yield and water 
use efficiency during 2001 and 2002. They used six different drip irriga-
tion frequencies: N1 (once every day), N2 (once every 2 days), N3 (once 
every 3 days), N4 (once every 4 days), N6 (once every 6 days) and N8 
(once every 8 days), with total drip irrigation water equal for the different 
frequencies. The results indicated that drip irrigation frequency did affect 
soil water distribution, depending on potato growing stage, soil depth and 
distance from the emitter. Under treatment N1, soil matric potential (cm) 
Variations at depths of 70 and 90 cm showed a larger wetted soil range 
than was initially expected. Potato root growth was also affected by drip 
irrigation frequency to some extent: the higher the frequency, the higher 
was the root length density in 0–60 cm soil layer and the lower was the 
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root length density in 0–10 cm soil layer. On the other hand, potato roots 
were not limited in wetted soil volume even when the crop was irrigated 
at the highest frequency. High frequency irrigation enhanced potato tuber 
growth and water use efficiency. Reducing irrigation frequency from N1 
to N8 resulted in significant yield reductions by 33.4 and 29.1% in 2001 
and 2002, respectively [30].

Total potato tuber yield was highest for scheduling based on soil water bal-
ance. Irrigation frequency influenced yield differently for the different sched-
uling methods. Tuber relative density was improved by pulse irrigation [76].

The effects on crop yield of drip-irrigation frequencies of two irriga-
tions per day (2/day), one irrigation per day (1/day), two irrigations per 
week (2/week), and one irrigation per week (1/week) was investigated for 
lettuce (Lactuca sativa), pepper (Capsicum annuum), and onion (Allium 
cepa) grown on sandy loam and processing tomato (Lycopersicon escul-
entum) grown on silt loam during experiments during 1994 to 1997. All 
treatments of a particular crop received the same amount of irrigation water 
per week. Results showed that the one/week frequency should be avoided 
for the shallow rooted crops in sandy soil. Irrigation frequency had little 
effect on yield of tomato, a relatively deep-rooted crop. These results sug-
gest that drip irrigation frequencies of 1/day or 2/week are appropriate in 
medium to fine texture soils for the soil and climate of the project site. 
There was no yield benefit of multiple irrigations per day [39].

Kolganov and Nosenko [51] present brief information on the types of 
systems and technologies of micro irrigation used in Russia, along with the 
analysis of the available experience in micro irrigation practices. It offers 
the data on the peculiarities of systems and design modules of pulse irriga-
tion (sprinkler micro irrigation, localized trickle irrigation, mist irrigation) 
as well as the data on the specific features of water and fertilizer applica-
tion technology synchronous with plant requirements. Special emphasis was 
given to the agro-biological efficiency of systems and technologies of pulse 
micro irrigation. Empirical and field test results of studying the impact of 
pulse micro irrigation and localized irrigation technologies on yields of dif-
ferent crops (tea, orchards, beetroots, grass, and grain crops) in some regions 
of Russia are presented in the chapter by Kolganov and Nosenko [51].

Segal et al. [68] stated that high frequency and low flow irrigation 
can increase WUE and yield by providing favorable conditions for 
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water movement in soil and for uptake by roots. As soil water condi-
tions become more constant, plants are able to utilize water and increase 
production. Further study is necessary to evaluate these finding on other 
crops and to develop economically feasible methods for low discharge 
and high frequency irrigation.

In micro irrigation, the water application rate is adjusted to plant water 
demands. High-frequency pulse application was compared with conven-
tional drip irrigation in Israel. The two methods were applied to avocado 
and citrus orchards and to carnation plants in greenhouse experiments. In the 
orchard plots, no runoff was generated using high-frequency pulse applica-
tion, saving 40% of water. In the greenhouse experiment, the total amount of 
water applied was 18,680 m3/ha for conventional irrigation and 9,970 m3/ha 
for high-frequency pulse application. The reduced amounts of water applied 
did not change the soil moisture significantly. Yields for both treatments were 
similar [47]. Beeson [8] also stated that total canopy dry weight was greater 
with pulse irrigation in Elaeagnus pungens, Ligustrum japonica, and Photinia 
X fraseri. Research with pulse watering and lower fertilizer rates may allow 
micro-tubes to be more water efficient and produce less runoff [84].

With low-volume pulse water application close to the evapotranspi-
ration, the crop yields (clover, rye grass, timothy, fescue, tip onion, let-
tuce) were usually 1.3–2.5 times higher than the crop yields grown 
under traditional irrigation method. Similar results were obtained at the 
Russian Research Institute of Irrigation Systems and Rural Water Supply 
(RADUGA) during the experiments on plants in early periods of develop-
ment. Field experiments in some regions of Russia proved the possibility 
of stable increment in yields of crops grown under the alternatives with 
a high degree of compliance of water application rates with evapotrans-
piration: 35% increment for tea, 15–30% increment for fruits and berries, 
30–50% for sugar beet, 37% for fodder beet [60].

7.2.1.7  Effects of Pulse Drip Irrigation on the Quality of Crops

Effect of different irrigation scheduling techniques and drip irrigation 
frequencies were studied in potato on water use, tuber yield and quality. 
No significant differences in frying chip color were observed between any 
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of the treatments. Regarding tuber specific gravity, significant differences 
only occurred between irrigation frequencies. The tuber density in pulse 
method (average of the three scheduling methods) was significantly better 
than that of the non-pulse treatment (Figure 7.2). According to Bravdo and 
Poebsting [11], an even water supply in high frequency irrigation resulted 
in better fruit quality in orchards, due to a constant volume of wetted soil, 
which ensured that a certain portion of roots were continuously exposed 
to air at the interface between irrigated and non-irrigated soil. Tuber spe-
cific gravities were increased with increasing irrigation frequency, pos-
sibly because of a constant volume of wetted soil which was conducive to 
optimal gas exchange [77].

Pulse irrigation gave marketable plants at lower fertility levels and the 
quality of pulse irrigated plants were similar to that of 10% leaching and 
ebb-and-flood irrigated plants. This enabled growers to efficiently use water 
resources and apply lower fertilizer concentrations while reducing potential 
groundwater contamination. Growers cannot use high rates of fertilizer with 
the pulse irrigation strategy due to the rapid increase of soluble salts (EC). 
Once growers learn how to grow with this new system, a marketable crop 
can be produced that is similar in quality to that produced before using the 
pulse strategy [67].

Regular soil samples should be analyzed to track the soluble salt level. 
When using the pulse strategy, salt levels must be maintained at low 
levels especially for crops sensitive to high soluble salts such as Vinca or 

FIGURE 7.2  Potato tuber specific gravity for three scheduling methods at two irrigation 
frequencies.
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New Guinea impatiens [16, 18]. Pulsing can be used with micro-tube and 
ebb-and-flood. With ebb-and-flood, most nutrient solution uptake was 
completed within the first 5 to 10 minutes of flooding [9]. Beeson [8] 
stated that pulse-irrigated plants tended to cause less daily water stress. 
With less water stress, plants grew faster and remained healthier than 
plants that were stressed on a daily basis. Also disease prevention was 
less difficult. Just as with ebb-and-flood and micro-tube strategies, foli-
age stays dry. Photonic leaf spot was shown to spread in the overhead 
irrigation system, while absent in the pulse-irrigated treatment.

The operation must first obtain a time clock that can irrigate by sec-
onds, not minutes like many available controllers. Second, each individual 
working with the crops must learn how to produce a high quality crop with 
the pulse irrigation system. Recommendations for using the pulse irrigation 
strategy are to first lower fertility rates that are applied to the crops [67].

7.2.1.8  Automation of Irrigation

Rain bird [63] manufactured ESP-LX Modular controller, that is an irriga-
tion timing system designed for commercial and residential use. The con-
troller’s modular design can accommodate from 8 to 32 valves. The 
controller includes many advanced features to help manage water effi-
ciently. These include: (1) Programmable valve delay. (2) Cycle+Soak™. 
(3) Sensor connection with bypass switch. (4) Built-in diagnostic and 
validation software. (5) Compatibility with all Rain Bird remote systems, 
including one-button and multi-function systems.

The ESP-LX Modular controls when your drip system turns on, and 
how long the emitters run. The controller has several valves connected 
to it. Each valve opens when it receives power from the controller, and the 
emitters lines connected to that valve turn on. When these emitter lines 
have run for the programed time, the controller shuts off the valve and 
opens the next valve in sequence. For example, Figure 7.3 shows that 
valve 2 is currently watering. When valve 1 is finished, the controller will 
shut it off and start valve 2. In the same way, valve 3 will begin watering 
when valve 2 is finished.

Programming is the process of signaling the controller (Figure 7.4) 
exactly when and how long one wants to water. The controller opens and 
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closes the remote control valves according to the setting on the keyboard. 
Each program contains: (1) Days to water: the specific days of the week on 
which watering takes place (e.g., Monday, Wednesday, and Friday), or the 
watering interval (e.g., every third day, or only on even or odd days of 
the month). (2) Watering start time(s): the time(s) of day that the program 
begins; this is the time that the first valve in the program begins watering; 
all other valves in the program then follow in sequence. (3) Valve run time: 
the number of minutes (or hours and minutes) that each valve runs.

Autonomic irrigation scheduling is a promising method to assist grow-
ers in conducting pulse irrigation. Although this technology is in its infancy 
and only applicable to small orchard situations, there is a lot of potential 
for its use in larger orchards. Controllers can be designed to accept from 
data electronic tensiometers and have inbuilt safety mechanisms to check 

FIGURE 7.3  Layout of irrigation controller system.

FIGURE 7.4  Keyboard of controller.
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if too much or too little water is being applied to the orchard. Some mod-
ular irrigation controllers already have the option of installing a special 
“PC card” that can conduct a form of autonomic irrigation control. Low 
output continuous irrigation should not be overlooked as a viable option 
to pulse irrigation. The principle is currently used by the Martinez Open 
Hydroponic Technology programs that design the irrigation systems to 
apply about 0.5 mm per hour. During summer, irrigation may occur for 
10 hours per day during daylight hours. The method is an easy way to 
maintain soil moisture near field capacity. A recent desktop study dem-
onstrated that pulse irrigation can maintain soil moisture closer to field 
capacity than continuous irrigation [36].

Selection of irrigation controller depends on: 

1.	 Level of automation required. 
2.	 Power source availability. 
3.	 The number of stations to be irrigated. 
4.	 Location of the controller. 

For irrigation systems that have to be expanded over a period of 
time, then it may be more cost effective to install a controller with 
enough stations for the final system, or install a controller that allows 
for modular expansion. This also requires the need for provision for 
wiring for the final system. The basic function of a valve is to operate 
‘gates’ to control the flow of water through the lateral lines. The two 
types of valves on the market are: 

1.	 Manual – simple ball valve, gate valve and require an operator to 
activate the scheduling. 

2.	 Automatic – hydraulic or electric hydraulic valves require a hydraulic 
command to open and close. 

These valves use a small micro-tube (or a small diameter command 
tube) operating on the changes in water pressure through the command 
tube to open and close the valve. Electric valves require an electrical 
input from the controller to operate the valve. In-rush current is the power 
required to open a valve and the holding current is the power required to 
keep the valve in either the opened or closed position. Irrigation valves 
are normally closed, that is, require an inrush current to open and thus 
allowing water to flow through the valve. Latching valves only require 
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a current to open or close the valve and do not require a holding current 
thus increasing wire run lengths. The valve configuration can be: 

1.	 Angle: water enters through the base of the valve. 
2.	 Globe: water enters the valve through the side. 

The internal operation of the valve is hydraulic requiring venting of the 
water on or off the internal diaphragm to open or close the valve. Wiring 
for valves should be laid alongside the pipe work. The wiring size will 
depend upon the maximum run length between the controller and the 
valve. Each valve for a multi-core system will require a common solenoid. 
Black is the industry standard used for the common wire [59].

7.2.1.9  Economics of Pulse Drip Irrigation

A variety of computers and irrigation scheduling software is available. The 
cost of such a system can be a worthwhile investment. Install rain sensors 
to ensure irrigation does not occur during rain events. To lower costs and 
runoff, irrigate plants when needed based on media moisture content. This 
can be assessed by: (a) appearance or feel, (b) remote sensor tensiometers, 
(c) weight of media moisture, (d) light accumulators, and (e) moisture con-
ductivity. Several devices relate media moisture to electrical conductivity. 
When the growing media dries to a preset level, the electronic circuit acti-
vates the solenoid valve [34].

The capital investments in the construction of irrigation systems of 
new type decrease by 20–60% in comparison with the systems of regular 
operation. This reduction is due to water flow distribution and minimiza-
tion of diameters of the water conveyance network and also due to elimi-
nation of thorough water treatment necessary for drip irrigation systems. 
The empirical studies and optimization calculations have shown that the 
minimum discharge capacity and the minimum coefficient for the water 
conveyance network and equipment are provided by the system of contin-
uous operation, when the degree of equipment use-in-time is equal to one. 
Energy consumption by pulse localized irrigation system is much lower 
than by drip irrigation system, because the required pressure for a design 
module is less than 3–5 mm of water column [51].
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Salt movement in soil horizons and the mechanism of secondary sali-
nization are dependent on moisture gradients and soil suction. Stable 
maintaining of the soil moisture level under new technologies without 
spasmodic changes inherent in the traditional irrigation prevents salt 
transport into upper soil horizons. The technologies of pulse fertigation 
are resource-saving. More productive use of natural precipitation in the 
zone of unsteady moistening contributes to the reduction of seasonal 
water application by 15–25% compared to the traditional technologies. 
The consumption of water and fertilizers per unit of crop yield decreases 
by 20–50% and 30–40%, respectively [51].

The new technologies of synchronous pulse irrigation are environmen-
tally safe. Low intensity of water delivery, which approximates the inten-
sity of evapotranspiration, eliminates the occurrence of the surface runoff 
and deep-water percolation in all soil types. This, in turn, prevents water 
erosion and secondary salinization, which are the main adverse effects of 
irrigation of lands under complicated soil and hydro-geological conditions 
as well as geomorphological conditions [51].

With the advent of new irrigation technologies, water management can 
become a less expensive task. With the new automatic irrigation systems, 
(ebb-and-flood, capillary mats, micro-tube, and pulse) irrigation requires 
less labor. Other benefits of these new systems are: 

1.	 Uniform plants: All plants get very similar amounts of water. 
2.	 Nutrient solution is recalculated or leach ate eliminated: Potential 

for groundwater pollution is eliminated. Growers who are using the 
system change the nutrient solution every few months. Therefore, 
less water is needed to grow a crop. 

3.	 Flexibility: Pot sizes and spacing can be varied. 
4.	 Adaptability: Systems can be used in most existing greenhouses 

and work well with fixed or movable benches. 
5.	 Humidity: leaves remain dry. The dry bench surface also results in 

a lower humidity and increased temperature in the crop area [7].

Pulse irrigation offers one of the most economical alternatives when it 
comes to limiting runoff. In the future, more pulse irrigation research is 
needed to develop fertilizer recommendations and to investigate media-
fertilizer interactions relevant to crop production [24].
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7.2.1.10  Drip Irrigation System for Potato Crop

Mohamed and Abel-Rahman [57] studied the effects of surface drip irriga-
tion, subsurface drip irrigation (SDI) and sprinkler irrigation with differ-
ent soil moisture contents on potato production and WUE. The significant 
conclusions were: 

1.	 Total quantity of water use under SDI was lower than the total quantity 
of water under surface drip irrigation and sprinkler irrigation. 

2.	 Subsurface drip irrigation used less water consumption compared 
with surface drip irrigation and sprinkler irrigation.

3.	 Decreasing application efficiency with increasing the moisture con-
tent in the soil before irrigation; SDI was able to increase application 
efficiency compared with surface drip irrigation and sprinkler irriga-
tion; maximum application efficiency was with surface drip irrigation 
at 0.25 moisture content of the field capacity before irrigation. 

4.	 Increasing in WUE with increasing in moisture content before 
irrigation from 0.25 to 0.7 of field capacity, and maximum WUE 
was at 0.7 from field capacity.

7.2.1.11  Organic Agriculture and Importance of Potato Crop to 
Egypt

Organic agriculture covers agriculture systems that implement the environ-
mentally, socially and economically sound production of food and fibers. The 
production of organic agriculture products without inputs of chemical pesti-
cides and fertilizers has become a profitable area of farming as consumers 
become more concerned about possible health risks of chemicals [3].

Organic agriculture is developing rapidly, and statistical information 
is now available from 138 countries of the world. Its share of agricultural 
land and farms continues to grow in many countries. Figure 7.5 shows 
latest survey on organic farming worldwide [41]. The various issues on 
the benefits of organically produced food are [49]:

a.	 Food safety: Organic agriculture reduces the risks of pathogens 
(zoonoses), mycotoxins, bacterial toxins and industrial toxic pol-
lutants, compared to conventional agriculture. Reduced resistance 
to antibiotics in zoonotic pathogens indicates a better prognosis 
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for patients if an infection does occur. For natural plant toxins, the 
content in plants appears to systematically be 10–50% higher than 
in conventional plants.

b.	 Pesticide poisoning: This is an area where very substantial health 
problems have been documented, especially among farmers and 
their families. Pesticide poisoning causes some 20,000 deaths per 
year globally and an average of 11 days wages is lost due to illness, 
per farmer per incidence. Even symptom-free workers often exhibit 
biomarker changes indicating increased risk of diseases, including 
Parkinson’s disease. With the present level of knowledge, elimina-
tion of such horrible conditions, which can be achieved on a short 
timescale, is the quantitatively single most important benefit of 
organic farming in terms of human health.

c.	 Pesticide residues: The levels in organic products are consistently 
4 to 5 times lower than in conventional products. However, no 
definitive causal connection with harm to consumers has ever been 
demonstrated for food produced in accordance with general (con-
ventional) food safety rules.

d.	 Food quality: Consumers generally appreciate that food is authen-
tic and trustworthy and produced with care for them and the envi-
ronment. So reduced food additives and pesticide residues, good 
traceability and emphasis on animal welfare all support the percep-
tion of organic food as being of high-quality.

e.	 Nutritional adequacy: In developing countries, organic agricul-
ture has several advantages for the provision of nutrients, such 
as higher Zn/phytate ratio and better amino acid composition in 

FIGURE 7.5  Organic farming worldwide.
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cereals. Also, a more balanced diet due to the greater diversity of 
organic rotations, including legumes and various types of vege-
tables, and the need for animals on each farm provide important 
nutritional benefits. In developed countries, nutritional value is 
much more difficult to determine. However, the higher levels of 
plant secondary metabolites and conjugated fatty acids in milk may 
provide important protection against cardiovascular disease, can-
cer and other diseases known to be influenced by diet.

f.	 Human health: Epidemiological studies have shown better health 
scores among consumers of organic food for immunological char-
acteristics and weight control, and similar benefits have been 
reproduced in animal studies, supporting a possible causal role of 
the food production system.

g.	 Post-harvest operations: Higher activity of plant defense mecha-
nisms in organic plants reduces the losses during transport and storage.

h.	 Pollution of drinking water: Organic farmers have substantially 
higher economic incentives than conventional farmers to establish 
and maintain sufficient capacity for collection, composting and 
incorporation of animal and human wastes as valuable fertilizer. This 
is particularly important in areas where sanitation is not provided or 
standards are not enforced by the authorities. Such measures will 
also substantially reduce contamination with nitrates and phospho-
rus. There is little evidence that these minerals have any harmful 
effects on humans, if the drinking water is free of pathogens, except 
by promoting blooms of toxic algae.

i.	 Pollution of the environment: Organic agriculture protects the local 
environment against all types of pesticides (DDT) and has potential 
to benefit the global situation if the proportion of land under organic 
management becomes large enough to reduce the total use. Pollution 
with nitrate and phosphorus are major causes of eutrophication. 
Organic farms leach lower levels of phosphorus into drainage water 
than conventional ones. For nitrate, the loss from organic farms 
tends to be slightly lower than conventional, except when compar-
ing organic outdoor pig production with conventional indoor pro-
duction. However, recent data indicate that organically managed soil 
may be more efficient at denitrification, releasing most of the nitrate 
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into the atmosphere as harmless N2. If this is a general trend, the 
benefits of organic farming are much higher than mentioned here.

Certified Organic Agriculture started in Egypt 23 years ago in a small farm 
(SEKEM) of about 17 ha in the eastern desert to produce medicinal herbs 
for the export market. Expansion of this activity was quite slow until 1988. 
Thereafter a rapid growth occurred in the bio-dynamic production of vegeta-
bles, fruits, cereals, and cotton, beside the medicinal herbs. This rapid growth 
was initiated mainly by SEKEM and some other growers in Fayum and 
Kalubia governorates. In the fall of 1994, a new group of organic growers ini-
tiated the establishment of the Union of Growers and exporters of organic and 
bio-dynamic agriculture products. Members of this union produce and trade 
mainly in organic herbs, vegetables, fruits, potatoes, onion, and some cereals. 
Shortly after in the summer of 1998, a new organic project was started by 
Al-Hoda for agro-manufacturing due to the market demands for organic fruits 
and vegetables. In the meantime, Ever Green Egypt, Sonak, Sultan Farm, 
Fayum Society of Small Organic Farmers and others have been involved in 
the organic movement in Egypt. The expansion of organic agriculture activity 
in Egypt is growing very fast due to public awareness as well as the increas-
ing demands for organic food and fibers in both local and export markets. 
The number of farms reached more than 500 with total acreage of more than 
10,000 hectares. The total cultivated area in Egypt according to the Egyptian 
Ministry of Agriculture survey in the year 2000 is 3,083,333 hectares. Thus, 
organic farmed areas represent about 0.72% of the total area. Beside the certi-
fied Organic Agriculture production, there are more than 210,000 hectares that 
are cultivated traditionally without any use of chemicals in the remote areas, 
which depend on rain or underground water for irrigation [54].

By respecting the natural capacity of plants, animals and the landscape, 
organic agriculture aims to optimize quality in all aspects of agriculture 
and the environment. Organic agriculture dramatically reduces external 
inputs by refraining from the use of chemosynthetic fertilizers, pesti-
cides, and pharmaceuticals. Instead, it allows the powerful laws of nature 
to increase both agricultural yields and disease resistance. Organic agri-
culture adheres to globally accepted principles, which are implemented 
within local social-economic, climatic and cultural settings. Organic agri-
culture may also be called ecological or biological agriculture or similar 
expressions in other languages than English [38].



204	 Performance Evaluation of Micro Irrigation Management

Organic farming is based on the following approaches and production 
inputs: (1) Strict avoidance of synthetic fertilizers and synthetic pesticides. 
(2) Crop rotations, crop residues, mulches. (3) Animal manures and com-
posts. (4) Cover crops and green manures. (5) Organic fertilizers and soil 
amendments. (6) Bio-stimulants, humates, and seaweeds. (7) Compost 
teas and herbal teas. (8) Marine, animal, and plant by-products. (9) Bio-
rational, microbial, and botanical pesticides, and other natural pest control 
products [74].

In 1996, Egypt produced 2.6 million metric tons of potatoes and 
exported 411,000 metric tons valued at nearly US $80 million to Europe 
and the Arab countries. Small farmers grow 65% of these potatoes. In year 
2000, Egypt produced 1.784 metric tons on an area of 83,000 ha with aver-
age yield of 21.49 tons per ha [26].

The potato is the 5th most important crop in the world. It is nutritious 
and highly productive, has a good value when sold, and is an effective 
cash crop for a developing country that has both local and export mar-
kets. This is the case in Egypt, where agriculture accounts for 28% of the 
national income. Almost 50% of the country’s work force is dependent on 
the agricultural sub-sector. Rising population and the resulting increase in 
domestic demand for agricultural products are putting pressure on agri-
cultural exports. However, the potato tuber moth, which mines the foliage 
and feeds on the tubers, is a serious pest of potatoes in both the field and 
in storage. Controlling the problem can increase Egypt’s export volume by 
15%: an additional $12 million in export income [14].

7.2.2  DEFICIT IRRIGATION

Over the past decade, Oregon State University Malheur Experiment 
Station at Ontario, Oregon, has evaluated drip irrigation on potato. The 
researchers investigated crop response to drip tape flow rate, bed con-
formation, and drip tape placement with respect to potato rows, micro 
irrigation criteria, and plant population. When compared to furrow irriga-
tion, drip irrigation of potato reduces water use, nitrate leaching, erosion, 
and deep percolation, while increasing marketable yield. Drip irrigation 
of potato uses less water than sprinkler irrigation for comparable yield. 
Growers have many options for custom fitting a drip system to the spe-
cific situation. The publication by Shock et al. [71] provides a framework, 
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general recommendations, and rationales to aid potato growers interested 
in maximizing their land use and crop yield through drip irrigation.

Deficit irrigation between jointing and anthesis significantly increased 
grain yield and WUE compared to rain fed treatment. The increased yield 
under irrigation was mainly contributed by increasing number of spikes, 
and seeds/m2 and seeds/spike. The increased WUE under deficit irriga-
tion was contributed by increased harvest index. When photosynthesis 
and biomass were reduced by water stress during grain filling, remobi-
lization of pre-anthesis carbon reserves significantly contributed to the 
increased grain yield and harvest index. The irrigation timing is important 
for increasing yield and WUE under deficit irrigation [62].

Metin et al. [56] examined the effects of different irrigation regimes on 
yield and water use of bell pepper (Capsicum annuum) irrigated with a drip 
irrigation system under field conditions in 2002 and 2003 growing seasons in 
the Mediterranean region of Turkey. Irrigation regimes consisted of three irri-
gation intervals based on three levels of cumulative pan evaporation (Epan) 
values (I1, 18–22 mm; I2, 38–42 mm; and I3, 58–62 mm). Irrigations occurred 
on the respective treatments when Epan reached target value. Three plant-pan 
coefficients were evaluated as irrigation levels (Kcp1 = 0.50, Kcp2 = 0.75 and 
Kcp3 = 1.00). In conclusion, I1Kcp3 irrigation regime is recommended for 
field grown bell pepper in order to attain higher yield with improved quality.

Although the control of vegetative vigor in high-density orchards was the 
original objective of regulated deficit irrigation [35], yet increased WUE has 
become a critical issue in areas of water scarcity. Regulated deficit irrigation 
is an ideal water saving technique. Its application and adaptation in various 
environments have led to improved understanding of the process, the benefits, 
and the requirements for adoption. Scheduling has evolved to include weather 
and soil-based monitoring. As a consequence, this wealth of knowledge has 
enabled the implementation of a practical and achievable programmer for 
grower adoption of regulated deficit irrigation regulated deficit irrigation [35].

Agronomic measures such as varying tillage practices, mulching and 
anti-transpirants can reduce the demand for irrigation water. Another 
option is deficit irrigation, with plants exposed to certain levels of water 
stress during either a particular growth period or throughout the whole 
growth season, without significant reduction in yields [48].

Furthermore, yield reductions from disease and pests, losses during 
harvest and storage, and arising from insufficient applications of fertilizer 
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are much greater than reductions in yields expected from deficit irriga-
tion. On the other hand, deficit irrigation may increase crop quality. For 
example, the protein content and baking quality of wheat, the length and 
strength of cotton fibers, and the sucrose concentration of sugar beet and 
grape all increase under deficit irrigation [48].

Climate, agronomic and varietals factors determine total water use 
by a crop. Water deficit stress during the vegetative phase of develop-
ment can increase WUE significantly. Soil moisture deficit stress during 
vegetative growth increased total biomass accumulation and pod yield, 
due to increases in leaf area during reproduction, and partitioning of more 
dry matter to the reproductive parts. In addition, the yield advantage due 
to water stress in the vegetative phase was due to improved synchrony 
in flowering and the increased peg-to-pod conversion. Moreover, stress 
during vegetative growth may have promoted root growth, an area which 
requires further study. The results show that it is possible to increase 
WUE and dry matter production, including the economic yield of ground-
nut crops cultivated under irrigated conditions by the imposition of tran-
sient  soil moisture deficit stress during the vegetative phase. However, 
exact scheduling may differ in different environments [58].

Deficit irrigation can be used to increase the soluble solid content of 
fruits or vegetables by deliberately maintaining soil moisture below field 
capacity. This is usually done at the end of the growing season, shortly 
before harvest, and is common with grapes, sugar cane, tomatoes, cotton 
and several other crops. Precise control of application rates make drip irri-
gation ideally suited for deficit irrigation when necessary [65].

7.3  MATERIALS AND METHODS

7.3.1  CHEMICAL ANALYSIS AND PHYSICAL PROPERTIES OF 
SOIL, IRRIGATION WATER AND COMPOST

The soil excavation pit (Figure 7.6) was to obtain soil samples for determi-
nation of soil physical and chemical properties. The soil at the experimen-
tal site is sandy soil. Soil physical and chemical properties are presented 
in Table 7.2. Table 7.3 presents the analysis of compost (organic fertilizer) 
and irrigation water.
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FIGURE 7.6  Soil excavation pit to obtain soil samples.

Property Soil depth, (cm)

0–15 15–30 30–45 45–60

Particles Size distribution, (%)

Very coarse sand, % 26.67 24.80 29.88 9.79

Coarse sand, % 21.70 23.52 24.71 15.82

Medium sand, % 24.80 30.64 30.40 24.86

Fine sand, % 19.10 15.96 12.37 41.60

Very fine sand, % 5.23 3.42 1.46 7.01

Silt + Clay, % 2.50 1.66 1.18 0.92

Soil texture Sandy Sandy Sandy Sandy

Soil physical property

CaCo3, (%) 8.5 8.5 8.0 7.6

Field capacity, (%) 10 10 10 9

Wilting point,(%) 3.6 3.5 3.4 3

Bulk density, g/cm3 1.49 1.55 1.59 1.61

Soil chemical property

pH 7.43 7.60 7.75 7.79

EC, (ds/m) 3.72 3.50 3.20 2.87

Anions
(meq./L)

HCO-3 + Co=
3 2.40 1.20 1.50 1.25

CL- 23.0 22.5 18.1 14.5

SO4= 25.0 25.3 17.5 13.9

TABLE 7.2  Soil Physical Properties at Experimental Site
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TABLE 7.3  Chemical Analysis of Compost (Organic Fertilizer) and Irrigation Water

Property Compost Irrigation water

pH 5.92 7.55

EC, (ds/m) 0.70 1.90

Anions 
(meq./L)

HCO-3 + Co=
3 1.20 2.97

CL- 3.50 3.94
SO4= 2.90 11.36

Cation 
(meq./L)

Ca++ 2.00 6.53
K+ 2.20 0.22
Mg+ 1.00 4.72
Na+ 2.40 6.80

Organic matter, (%) 97.2 —

Moisture content, (%) 18.00 —

Nitrogen, (%) 0.91 —

Phosphorus, (%) 0.85 —

Potassium, (%) 0.90 —

7.3.2  DESCRIPTION OF THE IRRIGATION SYSTEM

The irrigation system consisted of: control head (pumping and filtration 
unit) as shown in Figure 7.7. It consisted of: submersible electrical pump 
with 45 m3/h discharge screen filter, back flow prevention device, pres-
sure regulator, pressure gages, flow-meter, control valves. Main line was 

Cation
(meq./L)

Ca++ 28.5 30.0 17.0 16.7

K+ 0.70 0.80 0.60 0.65

Mg+ 8.5 8.0 7.0 5.0

Na+ 12.7 10.2 12.5 7.3

Organic matter, (%) 1.36 1.70 1.35 2.00

Boron, (ppm) 2.0 2.1 2.4 2.5

TABLE 7.2  (Continued)
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FIGURE 7.7  Pumping and filtration units for drip irrigation system.

PVC pipes with 110 mm in diameter (OD) to convey the water from the 
source to the main control points in the field. Sub-main lines were PVC 
pipes with 75 mm diameter (OD) and were connected to the main line. 
Manifold lines consisted of PE pipes of 63 mm in diameter (OD) and were 
connected to the submain line through a 2″ control and discharge valves. 
Emitters were built-in with a dripper spacing of 30 cm on the laterals tubes 
of PE of 16 mm diameter (OD) and of 30 m in length. Emitter discharge 
was 2.1 lph at 1.0 bar of operating pressure.

7.3.3  EXPERIMENTAL SITE

During two summers of growing seasons in 2006 and 2007, the field experi-
ment was carried out in Abo-Ghaleb farm, Cairo – Alexandria Rood, 60 Km 
away from Cairo. The soil is sandy. Seed tubers (var. Spunta Netherland) were 
planted on 2nd February and were harvested on 28th May in the two seasons.

7.3.4  FERTILIZATION METHOD AND BIO-FERTIGATION

Fertilizer requirements of potato crop were based on the recommendation 
of Field Crop Research Institute, ARC, Ministry of Agriculture and Land 
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Reclamation. The recommended dose of fertilizer for potato was 11 kg of 
Microbin mixed with one ton of seed tubers, and was directly before plant-
ing. The compost had 0.91% nitrogen and potato required from 150 kg of 
nitrogen. Therefore, total amount of compost was 150/9.1 = 16.48 tons/fed-
dan and was applied each year. Microbin reduces it by 25% from applied 
compost. Hence, actual amount of compost for 2 years was = [(16.48 x 2) – 
0.25(16.48 × 2)] = 24.72 tons/feddan. The compost was applied 20 days 
before planting and was added in middle of the row. Bio-fertigation (com-
post tea) was prepared by mixing 200 liters of water in 40 kg of compost 
and stored for 48 hours, and this mixture was injected through drip irriga-
tion network two times weekly as shown in Figure 7.8. Table 7.4 shows 
physical properties at experimental site after adding compost.

7.3.5  EXPERIMENTAL DESIGN

The experimental design was a split-split plot with three replications. 
Irrigation systems and water regime treatments were used as main plots and 

FIGURE 7.8  Injection of the compost tea in drip irrigation network.

TABLE 7.4  Physical Properties of Experimental Site After Adding Compost

Soil layers, cm (0–15) (15–30) (30–45)

Field Capacity, (%) 12.6 11.8 11.6
Bulk density, g/cm3 1.40 1.48 1.52
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submain plots (Figure 7.9). The pulse irrigation treatments were used as 
sub-sub main plots. Two irrigation systems were selected to irrigate potato 
plants. The surface drip irrigation consisted of built-in drip lines system with 
30 cm emitters spacing; and PE laterals with 16 mm diameter at 70 cm spac-
ing. The subsurface drip irrigation (SSDI) consisted of built-in drip lines 
system with 30 cm emitters spacing; and PE laterals with 16 mm diameter 
at 70 cm spacing and at 15 cm depth below soil surface [22]. Three water 
application rates were used: 50, 75 and 100% of actual water requirements 
(WRa) for potato. Three levels for pulse irrigation (2 times per day, 3 times 
per day and 4 times per day and the time-off between pulses was 30 minute) 
were compared with continuous drip irrigation (one time per day).

FIGURE 7.9  Layout of irrigation system with the experimental design.
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7.3.6  ESTIMATION THE TOTAL IRRIGATION WATER

The total irrigation water for potato crop was estimated according to the 
meteorological data of the Central Laboratory for Agricultural Climate 
(CLAC) as shown in Figure 7.10 and Appendix I. It can be observed that 
the volume of applied water was increased with the plant growth, and 
then declined after the peak rate. The seasonal irrigation water applied was 
3476 m3/fed. Tables 7.5 and 7.6 show the scheduling of pulse drip irriga-
tion at maximum actual water requirements.

FIGURE 7.10  The potato plant growth versus and irrigation water application (m3/day).

TABLE 7.5  Scheduling of Pulse Drip Irrigation at Maximum Actual Water 
Requirements According to Experimental Design: One Pulse Per Day for Continuous 
Drip Irrigation (CID)
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Criteria CID, one pulse/day

A.W. O.T.

m3 min.

100 53 75.7
75 39.75 56.8
50 26.50 37.8

Time-off between pulses 0
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TABLE 7.6  Scheduling of Pulse Drip Irrigation At Maximum Actual Water 
Requirements According to Experimental Design: 2, 3 and 4 Pulses/Day

Criteria Pulse drip irrigation, pulses per day

Pulses per day

2 3 4

A.W. O.T. A.W. O.T. A.W. O.T.

m3 min. m3 min. m3 min.

%
 fr

om
 a

ct
ua

l w
at

er
 r

eq
ui

re
m

en
ts

100 26.5

+

26.5

37.8

+

37.8

17.7

+

17.7

+

17.7

25.2

+

25.2

+

25.2

13.3

+
13.3

+
13.3

+
13.3

18.9

+
18.9

+
18.9

+
18.9

75 19.8

+

19.8

28.4

+

28.4

13.3

+

13.3

+

13.3

18.9

+

18.9

+

18.9

9.9

+

9.9

+

9.9

+

9.9

14.2

+

14.2

+

14.2

+

14.2

50 13.3

+

13.3

18.9

+

18.9

8.8

+

8.8

+

8.8

12.6

+

12.6

+

12.6

6.6

+

6.6

+

6.6

+

6.6

9.4

+

9.4

+

9.4

+

9.4

Time-off 
between 
pulses

30 30 30

d = day, A.W. = Amount of water, CDI = Continuous drip irrigation,  
O.T. = Operating time.
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7.3.7  DETERMINATION OF SOIL MOISTURE DISTRIBUTION

Soil moisture distribution was determined according to Liven and Van 
Rooyen [55]. The soil samples were taken at maximum actual water 
requirements by auger before and 2 hours after irrigation and from dif-
ferent locations. In case of 70 cm spacing between rows, the sample 
locations were taken at 0, 10, 20, 30 on the X- direction. In the case of 
30 cm emitter spacing, the sample locations were at 5, 10, and 15 cm 
on the Z-direction (space between the emitters). For each of these loca-
tions, soil samples were collected from different depths from soil sur-
face, which were 0, 15, 30 and 45 cm on the Y-direction. Soil moisture 
content was measured by the gravimetric methods. Soil moisture content 
percentage (S.M.W.) was determined on dry basis with the following 
equation:

	 S.M.W = [(W1 – W2) × 100]/W2	 (1)

where: W1 = weight of the wet soil sample (g), and W2 = weight of the 
oven dried soil sample (g) at 105ºC after 72 hours.

By using contour program Surfer, contour maps were plotted for 
different moisture levels at varying soil depths.

7.3.8  DETERMINATION OF APPLICATION EFFICIENCY

According to El-Meseery [25], application efficiency (AE) was calculated 
using the following equation:

	 AE = [Vs/ Va] × 100	 (2)

	 Vs = (θ1 – θ2) × d × ρ × A	 (3)

where: AE = application efficiency (%); Vs = volume of stored water 
in root zone (cm3) by calculating the wetted soil volume surrounded 
by contour line 12 that approximately represents the field capacity and 
the wetted soil volume surrounded by contour line 12 was converted 
to uniform volume; Va = volume of applied water (cm3); A =  wetted 
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surface area of root zone (cm2); d = soil layer depth (cm); θ1 = soil 
moisture content after irrigation (%) at 15 m distance from lateral 
(at  the middle of treatment); θ2 = soil moisture content before irriga-
tion (%) at 15.3 m distance from lateral; and ρ = relative bulk density 
of soil (dimensionless).

7.3.9  DETERMINATION OF CLOGGING RATIO OF EMITTERS

According to Sultan [79], the clogging ratio of emitters (CRE, %) was 
determined as follows:

	 CRE = 100 × [1 – η], and η = qused / qnew	 (4)

where: η = efficiency of emitter (fraction), qused = average discharge for 
used emitters (lph); and qnew = Average discharge for new emitters (lph).

7.3.10  DETERMINATION OF EMISSION UNIFORMITY (EU)

Emission uniformity of drip irrigation system is a measure of the unifor-
mity of emission from all the emission points within an entire drip irriga-
tion system in the field. EU was determined according to the method by 
Keller and Karmeli [46]:

	 EU = (qmin./qa) × 100	 (5)

where: EU = field emission uniformity (%); qmin.= average rate of emit-
ter discharge readings of the lowest one-fourth of the field data (lph); 
and qa = average discharge rate of the emitters checked in the field (lph).

7.3.11  PLANT GROWTH PARAMETERS

A random sample of plants was taken at 60, 80 and 100 day after planting 
(DAP) for determination of plant height, number of stems/plant, num-
ber of leaves/plant, fresh weight/plant, dry weight/plant, and leaves area/
plant [3].
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7.3.12  POTATO YIELD

At the end growing season, potato yields (tons/fed.) for each treatment 
was calculated as follows: (1) measure the area to determine the yield; 
(2) collect potato for each treatment; (3) weigh the potatoes for each 
treatment in the marked area; and (4) calculate yield in ton/fed.

7.3.13  DETERMINATION OF WATER USE EFFICIENCY (WUE)

Water use efficiency is an indicator of effectiveness irrigation unit for 
increasing crop yield. WUE (kg/m3) of potato yield was calculated 
according to James [45]:

	 WUE = [Total yield (kg/fed.)]/[Total applied water (m3/fed.)]	 (6)

7.3.14  DETERMINATION OF ENERGY USE EFFICIENCY (EUE)

Energy Use Efficiency (kg/kW.h)) was determined according to Abdel-
Aal [2]:

	 EUE = [Total yield (kg)]/[Energy consumed (kW.h)]	 (7)

  Energy consumed (kW. h) = BP × operating hours of irrigation  (8a)

	 BP = (Q × TDH × YW)/(Ei × EP × 1000)	 (8b)

where: BP = brake power (kW); Q = discharge (m3/sec); TDH = total 
dynamic head (m); EP = pump efficiency (%); YW = water specific weight 
(9.81 kN/m3); and Ei = electric engine efficiency (%).

7.3.15  DETERMINATION OF FERTILIZER USE EFFICIENCY (FUE)

Fertilizer use efficiency for N, P, K was determined according to Barber [6]:

	 FUE = yield (kg/fed.)/Fertilizer applied (kg/fed.) for N, P and K	 (9)

	 FUEN (kg/kg of N) = �[Yield (kg/fed.)]/ 
[Nitrogen applied (kg-N/fed.)]	 (10)
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FIGURE 7.11  Cutting the tubers into small pieces for determination of dry matter 
content, specific density and total carbohydrates.

	 FUEK (kg/kg of K) = �[Yield (kg/fed.)]/ 
[Potassium applied (kg-K/fed.)]	 (11)

	 FUEP (kg/kg of P) = �[Yield (kg/fed.)]/[Phosphorous  
applied (kg-P/fed.)]	 (12)

7.3.16  QUALITY OF POTATO TUBERS

A random sample of 20 tubers were selected from each experimental plot, 
then washed, dried and cut into small pieces (Figure 7.11) for determination 
of dry matter content, specific density and total carbohydrates.

1.	 Determination of dry matter content (TDMC) was determined after 
drying in an oven at 65ºC for 72 hours using the standard methods 
as illustrated by A.O.A.C. [1].

2.	 Determination of tuber specific density (TSD, gm/cm3) was 
measured as follows [13]:

	 TSD = [(Dry matter content – 24.182)/211.04] + 1.0988	 (13)

3.	 Determination of tuber total carbohydrates (TTC) were determined 
(as glucose) after acid hydrolysis and spectro-photometrically 
using phenol sulfuric acid regent according to Dubbois et al. [20].
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7.3.17  ECONOMIC ANALYSIS

Table 7.7 shows some details of economic analysis by Rizk [64]. Net 
income was determined by the following equation:

  Net income (NI) = Total income for output – Total costs for Inputs	 (14)

7.3.18  COST ANALYSIS OF IRRIGATION, LE/FED

Partial cost was conducted to evaluate differences between tested variables 
according to Worth and Xin [82]. The total cost (LE/year) for each treat-
ment was calculated per feddan (60 m × 70 m), and described in Eq. (15). 
The market price level of 2007 was used for equipment and installation. 
Authors used following procedure.

TABLE 7.7  Method for Calculation of Net Income for Potato Production Under 
All Treatments

All treatments Irrigation systems

Water regime treatments
Number of pulses

List of inputs Cost of irrigation, LE/fed.
Cost of land preparation, LE/fed.
Cost of tuber seeds, LE/fed.
Cost of compost, LE/fed
Cost of Microbin, LE/fed
Cost of weed control, LE/fed.
Cost of pest control, LE/fed.
Cost of harvesting, LE/fed.
Rent (on season), LE/fed.
Total cost for inputs, LE/fed.

Output Yield, ton/fed.
Price, LE/ton.
Total income for output, LE/fed.

Net income = list of outputs – list of inputs.
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1.	 Annual fixed cost (F: LE/year) for the irrigation system was calcu-
lated using Eq. (16). Depreciation cost was calculated using Eq. (17). 
Interest rate/year (I.R.) was assumed as 14%. Taxes and overhead 
ratio (T, LE/year) were taken as 1.5% of initial cost. Annual oper-
ating cost (O: LE/year) on the capital investment for the irrigation 
system was calculated with equation (19). Energy cost (E) was cal-
culated with Eq. (20).

	 Total annual cost (LE/year) = �Annual fixed cost (F)  
+ Operating cost (O)	 (15)

	 F = D + I + T	 (16)

	 D = (I.C. – E.C.)/E.L	 (17)

	 I = (I.C. + E.C.) × I.R. /2	 (18)

	 O = L + E + (R&M) + IS	 (19)

	 E = Energy consumed (kW.h) × Energy unit price (LE/kW.h)	 (20)

In Eqs. (15)–(20): D = depreciation rate (LE/year), I = interest (LE/
year), T = taxes and overhead ratio (LE/year), I.C. = initial cost (LE/
fed.) = irrigation network item price = (LE) × (item quantity per fed.), 
E.C. = price after the depreciation (LE), E.L. = expected life (year), 
L = labor cost (LE/year), E = Energy cost (LE/year), R&M = repair 
and maintenance cost (LE/year) = 3 % of initial cost, and IS = cost for 
installation of laterals (LE/year).

7.3.19  STATISTICAL ANALYSIS

The standard analysis of variance procedure by Snedecor and Cochran 
[72] for split-split plot design with three replications was used. All data 
were calculated from combined analysis for the two growing seasons of 
2006 and 2007. The treatments were compared based on the least square 
difference test (L.S.D.) at 5% level of significance.
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7.4  RESULTS AND DISCUSSION

7.4.1  EFFECT OF PULSE DRIP IRRIGATION ON SOIL 
MOISTURE DISTRIBUTION IN THE ROOT ZONE

Soil moisture distribution is the main factor in the evaluation process for 
pulse drip irrigation (PDI) performance; and is affected by amount of 
applied water and number of pulses (frequency of irrigation in one day). 
Figures 7.12–7.23 indicate the relationship between PDI and wetted soil 
volume (more than or equal to 100% of field capacity: WSV≥100%FC) in root 
zone and the effects of PDI on moisture content in root zone (MCRZ under 
100%, 75% and 50% of actual water requirements (WRa).

FIGURE 7.12  Three-dimensional soil moisture distribution and wetted soil volume 
(more than or equal 100% of FC) for sandy soil under surface drip irrigation at 100% of 
peak actual water requirements under continuous drip irrigation.
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7.4.1.1  PSDI on WSV≥100%FC at 100% of WRa

WSV≥100%FC in root zone was determined by calculating the wetted soil 
volume surrounded by contour line 12, which approximately represents 
the field capacity. Figures 7.12 and 7.13 show the relationship between 
pulse surface drip irrigation (PSDI) on WSV≥100%FC at 100% of WRa. The 
WSV≥100%FC in the root zone was increased by increasing number of irriga-
tion pulses. Average of maximum width for contour line 12 from the emit-
ter to 15 cm length was 8 cm and maximum depth was 45 cm, implying 

FIGURE 7.13  Three dimensional soil moisture distribution and wetted soil volume 
(more than or equal 100% of FC) for sandy soil under pulse surface drip irrigation (PSDI) 
at 100% of peak actual water requirements: (Top) on 2 pulses; (Center) on 3 pulses; and 
bottom) on 4 pulses.
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FIGURE 7.14  Three dimensional soil moisture distribution and wetted soil volume 
(more than or equal 100% of FC) for sandy soil under subsurface pulse drip irrigation at 
100% of peak actual water requirements under continuous drip irrigation (CDI).

the area of WSV≥100%FC was 360 cm2 and average of maximum width 
for contour line 12 cm from the emitter across lateral was 6 cm. Hence, 
WSV≥100%FC was 8640 cm3 under continuous drip irrigation (CDI).

However, after applying the pulse technique with 4 pulses, the average 
of maximum width for contour line 12 from the emitter to 15 cm length was 
15 cm and maximum depth was 31 cm, implying that the area of WSV≥100%FC 
was 465 cm2 and average of maximum width for contour line 12 cm from 
the emitter across lateral was 12 cm. Hence, WSV≥100%FC was 22320 cm3. 
WSV≥100%FC in root zone was increased from 8640 cm3 under CDI to 22320 cm3 
under pulse technique with 4 pulses recording an increase of 61%. 

7.4.1.2  PSSDI on WSV≥100% FC at 100% from WRa

Figures 7.14 and 7.15 indicate the relationship between pulse subsur-
face drip irrigation (PSSDI) on WSV≥100% FC at 100% from WRa. The 
WSV≥100%FC in the root zone was increased by increasing number of irri-
gation pulses. Average of maximum width for contour line 12 from the 
emitter to 15 cm length was 7.5 cm and maximum depth was 35 cm, 
this means that the area of WSV≥100%FC was 262.5 cm2 and average of 
maximum width for contour line 12 cm from the emitter across lateral 
was 6 cm hence, WSV≥100%FC was 6300 cm3 under CDI. However, after 
applying the pulse technique with 4  pulses the average of maximum 
width for contour line 12 from the emitter to 15 cm length was 15 and 
maximum depth was 22 cm, this means that the area of WSV≥100%FC was 
330 cm2 and average of maximum width for contour line 12 cm from 
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FIGURE 7.15  Three dimensional soil moisture distribution and wetted soil volume 
(more than or equal 100% of FC) for sandy soil under PSSDI at 100% of peak actual water 
requirements on: (TOP) 2 pulses, (CENTER) 3 pulses, and (BOTTOM) 4 pulses.

the emitter across lateral was 11 cm. Therefore, WSV≥100%FC was 14520 
cm3. WSV≥100%FC in root zone was increased from 6300 cm3 under CDI 
to 14520 cm3 under pulse technique with 4 pulses recording an increase 
of 57%.

7.4.1.3  PSDI on WSV≥100%FC at 75% from WRa

Figures 7.16 and 7.17 show the relationship between PDI on WSV≥100%FC 
at 75% from WRa. The WSV≥100%FC in the root zone was increased by 
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increasing number of irrigation pulses. Average of maximum width for 
contour line 12 from the emitter to 15 cm length was 7 cm and maximum 
depth was 38 cm, this means that the area of WSV≥100%FC was 266 cm2 and 
average of maximum width for contour line 12 cm from the emitter across 
lateral was 6 cm. Hence, WSV≥100%FC was 6384 cm3 under CDI. However, 
after applying the pulse technique with 4 pulses, the average of maximum 
width for contour line 12 from the emitter to 15 cm length was 10.5 cm 
and maximum depth was 38 cm, this means that the area of WSV≥100%FC 
was 399 cm2 and average of maximum width for contour line 12 cm from 
the emitter across lateral was 9 cm. Hence, WSV≥100%FC was 14364 cm3. 
WSV≥100%FC in root zone was increased from 6384 cm3 under CDI to 14364 
cm3 under pulse technique with 4 pulses recording an increase of 56%.

7.4.1.4  PSSDI on WSV≥100%FC at 75% from WRa

Figures 7.18 and 7.19 show the relationship between PSSDI on 
WSV≥100%FC at 75% from WRa. The WSV≥100%FC in the root zone was 
increased by increasing number of irrigation pulses. Average of maxi-
mum width for contour line 12 from the emitter to 15 cm length was 6 
and maximum depth was 22 cm, this means that the area of WSV≥100%FC 
was 132 cm2 and average of maximum width for contour line 12 cm from 

FIGURE 7.16  Three dimensional soil moisture distribution and wetted soil volume 
(more than or equal 100% of FC) for sandy soil under surface drip irrigation at 75% of 
peak actual water requirements under continuous drip irrigation (CDI).
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FIGURE 7.17  Three dimensional soil moisture distribution and wetted soil volume 
(more than or equal 100% of FC) for sandy soil under PSDI at 75% of peak actual water 
requirements on: (TOP) 2 pulses, (CENTER) 3 pulses, and (BOTTOM) 4 pulses.
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the emitter across lateral was 6 cm. Hence, WSV≥100%FC was 3168 cm3 
under CDI. However, after applying the pulse technique with 4 pulses, 
the average of maximum width for contour line 12 from the emitter to 
15 cm length was 15 cm and maximum depth was 17 cm, this means that 
the area of WSV≥100%FC was 255 cm2 and average of maximum width for 
contour line 12 cm from the emitter across lateral was 10 cm. Therefore, 
WSV≥100%FC was 10200 cm3. The WSV≥100%FC in root zone increased from 
3168 cm3 under CDI to 10200 cm3 under pulse technique with 4 pulses 
recording an increase of 69%.

7.4.1.5  PSDI on WSV≥100% FC at 50% of WRa

Figures 7.20 and 7.21 show the relationship between PSDI on WSV≥100% FC at 
50% of WRa. In WSV≥100% FC in the root zone, there was increasing horizon-
tal movement of water along contour lines by increasing number of pulses. 
WSV≥100%FC in the root zone was too small under continuous drip irrigation 
CDI. However, after applying the pulse technique with 4 pulses, the average 
of maximum width for contour line 12 from the emitter to 15 cm length was 
5 cm and maximum depth was 5 cm, this means that the area of WSV≥100%FC 
was 25 cm2 and average of maximum width for contour line 12 cm from the 
emitter across lateral was 4 cm. Hence, WSV≥100%FC was 400 cm3. WSV≥100%FC 

FIGURE 7.18  Three dimensional soil moisture distribution and wetted soil volume 
(more than or equal 100% of FC) for sandy soil under subsurface drip irrigation at 75% of 
peak actual water requirements under continuous drip irrigation (CDI).
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FIGURE 7.19  Three dimensional soil moisture distribution and wetted soil volume 
(more than or equal 100% of field capacity) for sandy soil under subsurface drip irrigation 
at 75% of peak actual water requirements on: (TOP) 2 pulses, (CENTER) 3 pulses, and 
(BOTTOM) 4 pulses.
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in root zone was increased from point under CDI to 400 cm3 under pulse 
technique with 4 pulses.

7.4.1.6  PSSDI on WSV≥100% FC at 50% of WRa (Figures 7.22 and 
7.23)

Figures 7.22 and 7.23 show the relationship between PSSDI on WSV≥100% FC 
at 50% of WRa.

7.4.2  EFFECTS OF PULSE DRIP IRRIGATION (PDI) ON SOIL 
MOISTURE CONTENT IN ROOT ZONE (MCRZ)

7.4.2.1  PSDI on Moisture Content in Root Zone “MCRZ” at 
100% from WRa

Tables 7.8 and Figure 7.24 show that MCRZ in root zone was increased 
by increasing number of pulses. Average of moisture content was 12.18% 
in soil layer (0–15 cm), 10.43% in soil layer (15–30 cm), 7.53% in soil 
layer (30–45 cm) and MCRZ was 10.04%. Under CDI it was increased to 
13.26% in soil layer (0–15 cm), 12.14% in soil layer (15–30 cm), 9.40% 
in soil layer (30–45 cm). The MCRZ was 11.60% after applying the pulse 
technique with 4 pulses recording an increase of 13.45%.

FIGURE 7.20  Three dimensional soil moisture distributions for sandy soil under pulse 
surface drip irrigation at 50% of peak actual water requirements under continuous drip 
irrigation (CDI).
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7.4.2.2  PSSDI on MCRZ at 100% of WRa (Table 7.9 and Figure 7.25)

MCRZ was increased by increasing number of pulses. Average moisture 
content (MC) was 8.76% in soil layer (0–15 cm), 11.89% in soil layer 
(15–30 cm), 8.88% in soil layer (30–45 cm). MCRZ was 9.84% under 
CDI, but it changed to 9.39% in soil layer (0–15 cm), 12.45% in soil 

FIGURE 7.21  Three dimensional soil moisture distribution for sandy soil under PSDI 
at 50% of peak actual water requirements on: (TOP) 2 pulses, (CENTER), 3 pulses, and 
(TOP) 4 pulses.
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layer (15–30 cm), 10.30% in soil layer (30–45 cm). MCRZ was 10.71% 
after applying the pulse technique with 4 pulses recording an increase 
of 8.12%.

7.4.2.3  PSDI on MCRZ at 75% of WRa (Tables 7.10 and Figure 7.26)

The MCRZ was increased by increasing number of pulses. Average of MC 
was 10.81% in soil layer (0–15 cm), 9.27% in soil layer (15–30 cm), 6.95% 
in soil layer (30–45 cm). The MCRZ was 9.00% under CDI but it changed 
to 12.60% in soil layer (0–15 cm), 11.23% in soil layer (15–30 cm), 8.25% 
in soil layer (30–45 cm). The MCRZ was 10.69% after applying the pulse 
technique with 4 pulses recording an increase of 15.8%.

7.4.2.4  PSSDI on MCRZ at 75% of WRa (Tables 7.11 and 
Figure 7.27)

The MCRZ was increased by increasing number of pulses. Average of MC 
was 7.84% in soil layer (0–15 cm), 9.96% in soil layer (15–30 cm), 7.25% 
in soil layer (30–45 cm). The MCRZ was 8.35% under CDI but it changed 
to 8.86% in soil layer (0–15 cm), 11.50% in soil layer (15–30 cm), 8.93% 
in soil layer (30–45 cm). The MCRZ was 9.76% after applying the pulse 
technique with 4 pulses recording an increase of 14.44%.

FIGURE 7.22  Three dimensional soil moisture distribution and wetted soil volume 
(more than or equal 100% of FC) for sandy soil under subsurface drip irrigation (PSSDI) at 
50% of peak actual water requirements under continuous drip irrigation (CDI).
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FIGURE 7.23  Three dimensional soil moisture distribution and wetted soil volume 
(more than or equal 100% of field capacity) for sandy soil under subsurface drip irrigation 
at 50% of peak actual water requirements on: (TOP) 2 pulses, (CENTER), 3 pulses, and 
(TOP) 4 pulses.



TABLE 7.8  Moisture Content in Root Zone Under Surface Drip Irrigation at 100% of 
Actual Water Requirements

Soil 
depth

Distance from emitter 
(across lateral)

Distance from emitter 
(along lateral)

Moisture 
content in 
soil layer

Moisture 
content in 
root zone0 10 20 5 10 15

Continuous drip irrigation (CDI)

cm %

0 16.6 12.1 5.0 16.2 12.1 13.0
15 16.5 12.0 4.6 16.0 12.0 10.0
30 16.0 8.0 4.0 12.0 8.00 6.00
45 12.6 4.5 3.7 7.0 4.5 4.0
0–15 16.6 12.1 4.8 16.1 12.1 11.5 12.18
15–30 16.3 10.0 4.3 14.0 10.0 8.00 10.43
30–45 14.3 6.25 3.9 9.5 6.3 5.0 7.53 10.04
PSDI, two pulses

0 15.8 12.2 5.7 15.7 12.8 13.5    
15 15.7 12.1 5.6 15.6 12.3 10.5    
30 15.0 10.0 4.5 12.7 8.5 6.5    
45 12.5 6.3 3.7 6.5 4.8 4.5    
0–15 15.7 12.1 5.6 15.6 12.5 12.0 12.29  

15–30 15.3 11.0 5.0 14.1 10.4 8.5 10.75  
30–45 13.7 8.15 4.1 9.6 6.65 5.5 7.96 10.33
PSDI, three pulses

0 16.0 12.5 6.6 15.8 13.0 13.6    
15 15.9 12.3 6.5 15.0 12.6 12.0    
30 13.0 11.5 5.0 13.0 12.0 10.0    
45 11.3 8.1 4.4 6.6 8.4 5.0    
0–15 15.9 12.4 6.5 15.4 12.8 12.8 12.65  

15–30 14.4 11.9 5.7 14.0 12.3 11.0 11.57  

30–45 12.1 9.8 4.7 9.80 10.2 7.5 9.03 11.08
PSDI, four pulses

0 16.2 13.3 7.5 15.9 13.5 13.8    
15 16.0 13.0 8.5 15.5 12.9 13.0    
30 13.2 12.0 6.1 13.4 12.0 10.1    
45 11.4 8.20 5.4 7.00 8.60 5.40    
0–15 16.1 13.1 8.0 15.7 13.2 13.4 13.26  
15–30 14.6 12.5 7.3 14.4 12.4 11.5 12.14  
30–45 12.3 10.1 5.7 10.2 10.3 7.75 9.4 11.60
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FIGURE 7.24  Effects of pulse surface drip irrigation on moisture content in root zone 
(MCRZ, Y-axis) under 100% of actual water requirements.

FIGURE 7.25  Effect of pulse subsurface drip irrigation on moisture content (MCRZ, 
Y-axis) in root zone under 100% of actual water requirements.

FIGURE 7.26  Effect of pulse surface drip irrigation on moisture content in root zone 
(MCRZ, Y-axis) under 75% of actual water requirements.



TABLE 7.9  Moisture Content in Root Zone Under Subsurface Drip Irrigation at 100% 
of Actual Water Requirements

Soil 
depth

Distance from emitter 
(across lateral)

Distance from emitter 
(along lateral)

Moisture 
content in 
soil layer

Moisture 
content in 
root zone0 10 20 5 10 15

Continuous drip irrigation (CDI)

cm %

0 5.00 4.50 4.0 4.50 4.00 4.10    
15 16.0 12.1 8.0 15.9 15.0 12.0    
30 15.2 9.0 7.0 13.5 11.0 8.00    
45 13.6 5.20 5.7 9.00 5.40 4.00    
0–15 10.5 8.30 6.0 10.2 9.50 8.05 8.76  
15–30 15.6 10.5 7.5 14.7 13.0 10.0 11.89  
30–45 14.4 7.10 6.3 11.2 8.20 6.00 8.88 9.84
PSSDI, two pulses

0 4.80 4.10 4.1 4.60 4.50 4.40    
15 16.0 12.3 8.3 16.0 15.5 12.50    
30 15.0 10.4 7.3 13.7 11.3 8.40    
45 12.5 6.00 5.7 9.40 5.50 4.20    
0–15 10.4 8.20 6.2 10.3 10.0 8.45 8.93  

15–30 15.5 11.3 7.8 14.8 13.4 10.45 12.23  
30–45 13.7 8.20 6.5 11.5 8.40 6.30 9.12 10.09
PSSDI, three pulses

0 4.30 4.20 4.30 4.30 4.20 4.20    
15 15.5 13.8 9.0 15.4 15.4 13.4    
30 13.0 12.0 7.5 13.0 12.5 10.0    
45 12.0 7.00 5.8 11.0 7.00 6.50    
0–15 9.90 9.00 6.6 9.85 9.80 8.80 9.00  

15–30 14.2 12.9 8.2 14.2 13.9 11.7 12.54  

30–45 12.5 9.50 6.6 12.0 9.75 8.25 9.78 10.43
PSSDI, four pulses

0 5.40 5.30 5.0 5.30 5.20 5.20    
15 14.5 13.0 11 14.4 14.4 14.0    
30 12.3 12.2 7.7 12.2 12.1 11.6    
45 12.0 8.40 5.9 12.0 9.00 8.20    
0–15 9.95 9.15 8.0 9.85 9.80 9.60 9.39  
15–30 13.4 12.6 9.3 13.3 13.2 12.8 12.45  
30–45 12.1 10.3 6.8 12.1 10.5 9.90 10.30 10.71



TABLE 7.10  Moisture Content in Root Zone Under Surface Drip Irrigation (PSDI) at 
75% of Actual Water Requirements

Soil 
depth

Distance from emitter 
(across lateral)

Distance from emitter 
(along lateral)

Moisture 
content in 
soil layer

Moisture 
content in 
root zone0 10 20 5 10 15

Continuous drip irrigation (CDI)

cm %

0 16.1 11.0 4.0 13.5 12.0 12.0    

15 16.0 10.4 4.0 13.0 10.6 7.00    
30 15.4 7.60 3.5 11.5 7.80 4.40    
45 11.5 4.40 3.2 6.00 4.60 3.50    
0–15 16.0 10.7 4.0 13.2 11.3 9.50 10.81  
15–30 15.7 9.00 3.7 12.2 9.20 5.70 9.27  
30–45 13.4 6.00 3.3 8.75 6.20 3.95 6.95 9.00
PSDI, two pulses

0 15.8 11.2 4.7 13.7 12.4 12.20    
15 15.7 11.1 4.6 13.4 11.0 7.60    
30 15.4 8.7 3.8 11.7 7.90 4.50    
45 11.2 5.0 3.1 6.10 4.70 3.70    
0–15 15.7 11.1 4.6 13.5 11.7 9.90 11.12  

15–30 15.5 9.90 4.2 12.5 9.45 6.05 9.62  
30–45 13.3 6.85 3.4 8.90 6.30 4.10 7.15 9.29
PSDI, three pulses

0 16.0 11.4 5.6 14.0 12.7 12.5    
15 15.8 12.2 5.8 13.5 11.5 7.90    
30 15.5 10.0 4.5 13.0 8.00 4.80    
45 11.0 7.10 3.4 6.50 4.90 4.00    
0–15 15.9 11.8 5.7 13.7 12.1 10.2 11.58  

15–30 15.6 11.1 5.1 13.2 9.75 6.35 10.21  

30–45 13.2 8.55 3.9 9.75 6.45 4.40 7.73 9.84
PSDI, four pulses

0 16.3 11.5 5.7 16.0 13.0 13.4    
15 16.2 13.4 6.7 15.8 12.2 11    
30 15.0 10.2 5.0 14.0 8.30 7.00    
45 10.8 7.5 4.0 7.10 5.10 5.00    
0–15 16.2 12.4 6.2 15.9 12.6 12.2 12.60  
15–30 15.6 11.8 5.8 14.9 10.2 9.00 11.23  
30–45 12.9 8.85 4.5 10.5 6.70 6.00 8.25 10.69



TABLE 7.11  Moisture Content in Root Zone Under Subsurface Drip Irrigation at 75% 
of Actual Water Requirements

Soil 
depth

Distance from emitter 
(across lateral)

Distance from emitter 
(along lateral)

Moisture 
content in 
soil layer

Moisture 
content in 
root zone

0 10 20 5 10 15

Continuous drip irrigation (CDI)

cm %

0 4.20 4.10 3.5 4.20 4.10 4.30    
15 15.0 11.6 6.0 13.5 11.6 12.0    
30 13.6 7.00 4.5 10.3 7.00 7.40    
45 12.0 4.60 4.0 7.50 4.60 4.50    
0–15 9.60 7.85 4.7 8.85 7.85 8.15 7.84  
15–30 14.3 9.30 5.2 11.9 9.30 9.70 9.96  
30–45 12.8 5.80 4.2 8.90 5.80 5.95 7.25 8.35
PSSDI, two pulses

0 4.30 4.20 3.70 4.30 4.20 4.50    
15 15.2 11.8 6.2 13.8 12.4 12.20    
30 13.8 8.00 4.6 10.6 7.40 7.60    
45 12.0 5.50 4.2 7.70 4.70 4.70    
0–15 9.75 8.00 4.9 9.05 8.30 8.35 8.07  

15–30 14.5 9.90 5.4 12.2 9.90 9.90 10.30  
30–45 12.9 6.75 4.4 9.15 6.05 6.15 7.57 8.64
PSSDI, three pulses

0 4.30 4.20 3.7 4.30 4.30 5.00    
15 15.3 12.5 6.6 14.6 13.1 12.4    
30 13.9 8.80 5.5 12.5 8.10 8.00    
45 11.8 7.50 4.5 10.2 5.50 5.00    
0–15 9.80 8.35 5.1 9.45 8.70 8.70 8.36  

15–30 14.6 10.6 6.0 13.5 10.6 10.2 10.94  

30–45 12.8 8.15 5.0 11.3 6.80 6.50 8.44 9.25
PSSDI, four pulses

0 4.80 4.70 4.3 4.80 4.50 5.00    
15 14.9 12.7 8.8 14.8 14.0 13.0    
30 13.1 10.5 6.6 12.9 8.50 8.20    
45 11.9 7.90 5.2 11.0 6.00 5.30    
0–15 9.85 8.70 6.5 9.80 9.25 9.00 8.86  
15–30 14.0 11.6 7.7 13.8 11.2 10.6 11.50  
30–45 12.5 9.20 5.9 11.9 7.25 6.75 8.93 9.76
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7.4.2.5  PSDI on MCRZ at 50% of WRa (Tables 7.12 and Figure 7.28)

The MCRZ was decreased by increasing number of pulses. Average of MC 
was 7.41% in soil layer (0–15 cm), 7.00% in soil layer (15–30 cm), 5.53% 
in soil layer (30–45 cm). MCRZ was 6.64% under CDI but it changed to 
5.68% in soil layer (0–15 cm), 5.15% in soil layer (15–30 cm), 3.82% in 
soil layer (30–45 cm). The MCRZ was 4.88% after applying the pulse 
technique with 4 pulses recording decrease of 26.5%.

7.4.2.6  PSSDI on MCRZ at 50% of WRa (Tables 7.13 and Figure 
7.29)

MCRZ was decreased by increasing number of pulses. Average of MC 
was 5.99% in soil layer (0–15 cm), 7.66% in soil layer (15–30 cm), 6.08% 
in soil layer (30–45 cm). The MCRZ was 6.58% under CDI but it changed 
to 5.78% in soil layer (0–15 cm), 7.28% in soil layer (15–30 cm), 5.65% 
in soil layer (30–45 cm) and MCRZ was 6.24% after applying the pulse 
technique with 4 pulses recording decrease of 14.28%.

Maximum WSV≥100% FC was 22320 cm3 at 100% of WRa with 4 pulses 
under SDI and minimum WSV≥100% FC was at 50% of WRa with CDI under 
SSDI. Maximum MCRZ was 11.60% at 100% of WRa with 4 pulses 
under SDI and minimum MCRZ was 4.88% at 50% of WRa with 4 pulses 
under surface drip irrigation. It is evident from the results in this section that 
there are significant differences in the soil moisture content in the root zone 
after applying pulse technique compared with continuous drip irrigation, 
because increasing number of pulses cause increase in water movement 

FIGURE 7.27  Effect of pulse subsurface drip irrigation on moisture content (MCRZ, 
Y-axis) in root zone under 75% from actual water requirements.



TABLE 7.12  Moisture Content in Root Zone Under Surface Drip Irrigation at 50% of 
Actual Water Requirements

Soil 
depth

Distance from emitter 
(across lateral)

Distance from emitter 
(along lateral)

Moisture 
content in 
soil layer

Moisture 
content in 
root zone

0 10 20 5 10 15

Continuous drip irrigation (CDI)

cm %

0 10.30 9.00 3.80 9.50 9.00 3.70    
15 10.20 8.70 3.50 9.00 8.70 3.50    
30 10.00 7.60 3.40 8.80 7.60 3.00    
45 7.00 4.10 3.20 5.00 4.10 2.50    
0–15 10.25 8.85 3.65 9.25 8.85 3.60 7.41  
15–30 10.10 8.15 3.45 8.90 8.15 3.25 7.00  
30–45 8.50 5.85 3.30 6.90 5.85 2.75 5.53 6.64
PSDI, two pulses

0 10.30 8.50 3.50 9.00 8.50 3.20    
15 10.00 8.20 3.00 8.50 8.20 3.00    
30 9.00 7.10 2.90 8.30 7.10 2.50    
45 8.00 3.60 2.70 4.50 3.60 2.00    
0–15 10.15 8.35 3.25 8.75 8.35 3.10 6.99  

15–30 9.50 7.65 2.95 8.40 7.65 2.75 6.48  
30–45 8.50 5.35 2.80 6.40 5.35 2.25 5.11 6.19
PSDI, three pulses

0 10.20 7.90 2.90 8.40 7.90 2.40    
15 9.00 7.60 2.40 7.90 7.60 2.40    
30 8.00 6.50 2.30 7.50 6.50 2.00    
45 7.00 3.00 2.10 3.90 3.00 2.00    
0–15 9.60 7.75 2.65 8.15 7.75 2.40 6.38  

15–30 8.50 7.05 2.35 7.70 7.05 2.20 5.81  

30–45 7.50 4.75 2.20 5.70 4.75 2.00 4.48 5.56
PSDI, four pulses

0 10.20 6.60 2.70 6.80 6.60 2.20    
15 9.00 6.20 2.40 6.80 6.20 2.40    
30 7.50 5.50 2.30 6.00 5.50 2.00    
45 6.00 2.00 2.00 3.00 2.00 2.00    
0–15 9.60 6.40 2.55 6.80 6.40 2.30 5.68  
15–30 8.25 5.85 2.35 6.40 5.85 2.20 5.15  
30–45 6.75 3.75 2.15 4.50 3.75 2.00 3.82 4.88
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FIGURE 7.28  Effect of pulse surface drip irrigation on moisture content in root zone 
(MCRZ, Y-axis) under 50% from actual water requirements.

FIGURE 7.29  Effect of pulse subsurface drip irrigation on moisture content in root zone 
(MCRZ, Y-axis) under 50% of actual irrigation requirements.

in horizontal direction than vertical direction. These results are agreement 
with those obtained by El-Adi [21], Segal et al. [68], RO-DRIP® User 
Manual [65], Helen [40], Helmy [42], Shock et al. [70], Bouma et al. [10] 
Eric [28], and Zin El-Abedin [85]. Not only soil moisture content in the 
root zone was increased by increasing number of pulses but also pulse tech-
nique made enhancement in soil moisture distribution inside root zone and 
increased the WSV≥100%FC. The best conditions were determined according 
to the highest values of WSV≥100%FC, where increasing in WSV≥100%FC means 
increasing in volume of available water in root zone.

Both MCRZ and WSV≥100%FC were increased by increasing number of 
irrigation pulses, whereas MCRZ was increased from 10.04% under CDI 
to maximum value where it changed to 11.6% after applying pulse tech-
nique with 4 pulses at 100% of WRa under surface drip irrigation, record-
ing an increase of 13.45%. Also, WSV≥100% FC in root zone was increased 
from 8640 cm3 under CDI to a maximum value where it was 22320 cm3 
after applying pulse technique with 4 pulses at 100% of WRa under sur-
face drip irrigation, recording an increase of 61%.



TABLE 7.13  Moisture Content in Root Zone Under Subsurface Drip Irrigation at 50% 
of Actual Water Requirements

Soil 
depth

Distance from emitter 
(across lateral)

Distance from emitter 
(along lateral)

Moisture 
content in 
soil layer

Moisture 
content in 
root zone

0 10 20 5 10 15

Continuous drip irrigation (CDI)

cm %

0 3.50 3.10 3.00 3.30 3.10 3.50    
15 12.00 9.70 5.00 11.00 9.70 5.00    
30 10.50 6.60 3.50 8.50 6.60 3.80    
45 10.00 4.50 3.80 7.20 4.50 3.50    
0–15 7.75 6.40 4.00 7.15 6.40 4.25 5.99  
15–30 11.25 8.15 4.25 9.75 8.15 4.40 7.66  
30–45 10.25 5.55 3.65 7.85 5.55 3.65 6.08 6.58
PSSDI, two pulses

0 3.50 3.10 3.00 3.30 3.10 3.60    
15 12.00 9.40 5.00 11.50 9.70 5.20    
30 9.50 6.60 3.50 8.80 6.60 3.80    
45 9.40 4.50 3.80 5.50 4.50 3.50    
0–15 7.75 6.25 4.00 7.40 6.40 4.40 6.03  

15–30 10.75 8.00 4.25 10.15 8.15 4.50 7.63  
30–45 9.45 5.55 3.65 7.15 5.55 3.65 5.83 6.50
PSSDI, three pulses

0 3.50 3.10 3.00 3.20 3.20 3.60    
15 12.00 7.40 6.00 10.30 9.70 5.20    
30 10.20 5.50 4.60 7.50 7.00 3.80    
45 9.50 4.50 3.30 5.00 4.70 3.50    
0–15 7.75 5.25 4.50 6.75 6.45 4.40 5.85  

15–30 11.10 6.45 5.30 8.90 8.35 4.50 7.43  

30–45 9.85 5.00 3.95 6.25 5.85 3.65 5.76 6.35
PSSDI, four pulses

0 3.50 3.10 3.00 3.40 3.20 3.20    
15 12.00 8.00 6.30 9.00 9.50 5.20    
30 9.90 5.10 4.70 7.60 6.00 4.00    
45 9.50 4.50 3.30 5.00 4.70 3.50    
0–15 7.75 5.55 4.65 6.20 6.35 4.20 5.78  
15–30 10.95 6.55 5.50 8.30 7.75 4.60 7.28  
30–45 9.70 4.80 4.00 6.30 5.35 3.75 5.65 6.24
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7.4.3  EFFECT OF PULSE DRIP IRRIGATION ON WATER 
APPLICATION EFFICIENCY (AE)

Application efficiency was calculated by dividing the volume of stored 
water in root zone by the volume of applied water. Tables 7.14 and Figures 
7.30–7.31 show the relationship between pulse drip irrigation (PDI) and 
AE at 100%, 75% and 50% of WRa.

PSDI and AE: Table 7.14 and Figures 7.30 and 7.31 show that AE 
was increased by increasing number of pulses at 100% of WRa. AE was 
increased from 89% under CDI to 94% under pulse technique with 4 pulses, 

TABLE 7.14  Application Efficiency Under Surface Drip Irrigation (PSDI) and Pulse 
Subsurface Drip Irrigation (PSSDI) at 100, 75%, and 50%% of Peak Actual Water 
Requirements (WRa) Under Continuous Drip Irrigation (CDI) and Number of Pulsing

Depth, 
cm

Application efficiency, %100%

At percentage of peak actual water requirements (WRa)

100 75 50 100 75 50

Pulse surface drip  
irrigation, PSDI

Pulse subsurface drip 
irrigation, PSSDI

CDI

0–15 – – – – – –
15–30  –  –  –  –  –  –
30–45 89 94 97 86 93 98.5
2 pulses

0–15  – – – – – –
15–30  –  –  –  –  –  –
30–45 92 92 96 88 94 98
3 pulses

0–15  – – – – – –
15–30  –  –  –  –  –  –
30–45 93.5 92 94 90.5 95.5 97.4
4 pulses

0–15  – – – – – –
15–30  –  –  –  –  –  –
30–45 94 97.5 91.5 93.4 96.2 97
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recording an increase of 5.3% of AE. AE was increased by increasing the 
number of pulses at 75% of WRa. AE was increased from 94% for CDI to 
97.5% under pulse technique with 4 pulses, recording an increase of 3.6% 
of AE. AE was decreased by increasing number of pulses at 50% of WRa; 
and was decreased from 97% for CDI to 91.5 % under pulse technique 
with 4 pulses, recording a decrease of 6%.

PSSDI and AE: Table 7.14 and Figures 7.30 and 7.31 show that AE 
was increased by increasing number of pulses at 100% of WRa. AE was 
increased from 86% for CDI to 93.4% under pulse technique with 4 pulses, 
recording an increase of 7.9% of AE. AE was increased by increasing the 
number of pulses at 75% of WRa. AE was increased from 93% for CDI to 
96.2% under pulse technique with 4 pulses, recording an increase of 3.3% 
of AE. AE was decreased by increasing number of pulses at 50% of WRa. 

FIGURE 7.30  Effect of pulse surface drip irrigation on application efficiency (AE in %, 
Y-axis).

FIGURE 7.31  Effect of pulse subsurface drip irrigation on application efficiency (AE 
in %, Y-axis).
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AE was decreased from 98.5% for CDI to 97% under pulse technique with 
4 pulses, recording a decrease of 1.55%.

From the data in this section, we can conclude that AE was increased 
by increasing the number of irrigation pulses at 100% and 75% of WRa 
under surface and subsurface drip irrigation systems, due to decreasing 
of water movement downward by increasing of initial moisture content 
that was increased by increasing number of irrigation pulses. Hence, pulse 
technique can increase the water movement in horizontal direction than 
vertical direction. This action was also increased in wetted soil volume 
inside root zone thus meaning an increase in water volume which was 
stored in root zone. These results are in agreement with those reported by 
Scott [66] and Oron [61].

AE was decreased by increasing the number of irrigation pulses at 50% 
of WRa under surface and subsurface drip irrigation systems. This may be 
due to the ability of pulse technique to increase the wetted area of small 
amount due to applied water in addition increasing the time-off, hence the 
increasing the evaporation rate.

AE was decreased by increasing the amount of applied water. This 
is due to decrease in volume of stored water in root zone compared with 
increasing the volume of applied water. The values of AE under surface 
drip irrigation are higher than values of AE under subsurface drip irriga-
tion, due to escaping the water out of root zone by deep percolation.

AE increased from 89% under CDI to a maximum value where it 
changed to 94% after applying pulse technique with 4 pulses at 100% of 
WRa under surface drip irrigation, recording an increase of 5.3%. On the 
other hand, maximum values of AE under deficit irrigation were 97.5% 
for 75% of WRa with 4 pulses under surface drip irrigation and 98.5% for 
50% of WRa with CDI under subsurface drip irrigation.

7.4.4  EFFECTS OF PULSE DRIP IRRIGATION ON CLOGGING 
RATIO OF EMITTERS

Clogging ratio of emitters (CRE) is one of the important parameters for the 
evaluation of pulse drip irrigation performance. Clogging ratio of emitters 
was estimated from discharge of used emitters (after two years) and dis-
charge of new emitters. Tables 7.15 and 7.16 and Figures 7.32 and 7.33 show 
the relationship between PDI and CRE under 100%, 75% and 50% of WRa.
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TABLE 7.16  Effects of Number of Irrigation Pulses Under Subsurface Drip Irrigation 
(PSSDI) on Clogging Ratio of Emitters at 100%, 75% and 50% of Actual Water Requirements

Number of pulses in PSSDI

4 3 2 Continuous 

Clogging ratio of emitters, CRE

100% WRa 7.00 8.11 9.40 10. 85
75% WRa 6.93 8.05 9.30 10. 78
50% WRa 6.89 7.99 9.29 10.73
L.S.D. = 0.12 ns ns ns ns
Mean 6.94 8.05 9.33 10.79

TABLE 7.15  Effects of Number of Irrigation Pulses Under Surface Drip Irrigation (PSDI) 
on Clogging Ratio of Emitters at 100%, 75% and 50% of Actual Water Requirements

Number of pulses in PSDI

4 3 2 Continuous 

Clogging ratio of emitters, CRE

100% WRa 5.50 6.60 7.93 9.85
75% WRa 5.45 6.52 7.86 9.81
50% WRa 5.38 6.49 7.85 9.79
L.S.D. = 0.12 ns ns ns ns
Mean 5.44 6.54 7.88 9.83

FIGURE 7.32  Effects of number of irrigation pulses under surface drip irrigation on 
clogging ratio of emitters.
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PSDI and CRE at 100%, 75% and 50% of WRa (Table 7.15 and 
Figure 7.32): CRE was decreased by increasing the number of pulses at 
100%, 75%, and 50% of WRa. CRE was decreased from 9.85% for CDI 
to 5.50% under pulse technique with 4 pulses, recording a decrease of 
44%. At 75% of WRA, CRE was decreased from 9.81% for CDI to 5.45% 
under pulse technique with 4 pulses, recording a decrease of 44%. At 50% 
of WRa, CRE was decreased from 9.79% for CDI to 5.38% under pulse 
technique on 4 pulses, recording a decrease of 45%. There were no signifi-
cant differences among values of CRE and amount of applied water. This 
means that no relationship existed between amount of water and CRE. 
It was possible to take the average of these values to form a general rela-
tionship (Logarithmic model) between CRE and NIP (number of irrigation 
pulses, 1 to 23) in for sandy soils under surface drip irrigation system:

	 CRE = –[3.13] loge (NIP) + 9.914	 (21)

The limitations of Eq. (21) are:

•	 for surface drip irrigation system;
•	 for sandy soils;
•	 range of irrigation pulses number (from 1 to 23 pulses);
•	 under organic agriculture;
•	 the kind of emitter is built in with discharge 2.1 L/h at 1 bar;
•	 time-off between pulses 30 minutes.
PSSDI and CRE at 100%, 75% and 50% of WRa (Table 7.16 and 

Figure 7.33): CRE was decreased by increasing the number of pulses at 

FIGURE 7.33  Effects of number of irrigation pulses under subsurface drip irrigation on 
clogging ratio of emitters.
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100% of WRa. CRE was decreased from 10.85% for CDI to 7% under 
pulse technique with 4 pulses, recording an increase of 35%. The CRE was 
decreased by increasing the number of pulses at 75% and 50% of WRa. 
At 75%: CRE was decreased from 10.78% for CDI to 6.93% under pulse 
technique with 4 pulses, recording a decrease of 36%. At 50% of WRa: 
CRE was decreased from 10.73% for CDI to 6.89% under pulse technique 
with 4 pulses, recording a decrease of 36%. Under PSSDI, there were no 
significant differences among the values of CRE and amount of applied 
water. This means that under SSDI no relationship existed between amount 
of water and CRE. Therefore, it is possible to form a general relationship 
(linear model) between CRE and NIP (1 to 9 pulses) in sandy soils under 
subsurface drip irrigation system:

	 CRE = – [1.283] NIP + 11.98	 (22)

The limitations of Eq. (22) are:

•	 for subsurface drip irrigation system for sandy soils;
•	 range of irrigation pulses number (from 1 to 9 pulse);
•	 under organic agriculture;
•	 the kind of emitter is built in with discharge 2.1 lph at 1 bar;
•	 time-off between pulses 30 minutes.
•	 maximum operating time per one pulse is 75 minutes.

Maximum value of CRE was 10.85% under 100% of WRa with CDI 
under SSDI and minimum value of CRE was 5.38% under 50% of WRa 
with 4 pulses under SDI. In general, CRE was decreased by increasing the 
number of irrigation pulses at 100%, 75% and 50% of WRa, under sur-
face and subsurface drip irrigation. This may be due to the fact that pulse 
technique (cycle on-off) was able to create turbulence in the flow channel 
and this turbulence prevented particles in suspension from accumulation in 
flow channel and emitters. These results are agreement with those obtained 
by Solomon [73], Kolganov and Nosenko [51], Yardeni [83], Al-Amoud 
and Saeed [4] and Jackson [44].

CRE was increased by increasing the amount of applied water. This may 
be due to two reasons: Increasing amount of applied water meant increas-
ing in number of operating hours hence increasing in probability of clog-
ging; and increasing amount of applied water meant increasing in relative 
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saturation of soil around emitter hence easily pull particles suspended in 
soil water during cycle on-off.

The values of CRE under pulse surface drip irrigation were lower than 
values of CRE under pulse subsurface drip irrigation, because pulse tech-
nique makes vacuum in the network and this vacuum with subsurface drip 
system will pull more particles around the emitters.

Using statistical analysis for values of CRE indicated that there are 
significant differences between pulse drip irrigation and continuous drip 
irrigation (L.S.D. at 5% level was 0.12).

7.4.5  EFFECT OF PULSE DRIP IRRIGATION ON EMISSION 
UNIFORMITY

In drip irrigation, water is carried in a pipe network to the point where it 
infiltrates into the soil. Therefore, the uniformity of application depends on 
the uniformity of emitter discharges throughout the system. Non-uniform 
discharge is caused by differences due to friction loss and elevation, varia-
tions between emitters due to manufacturing tolerances and clogging, pres-
sure variations. Emission uniformity of drip irrigation system is a measure 
of the uniformity of emissions from all the emission points in the field.

Emission uniformity was calculated by dividing average rate of emit-
ter discharge readings of the lowest one-fourth of the field data by average 
discharge rate of the emitters in the field. Tables 7.17 and Figures 7.34 and 
7.35 show the relationship between pulse drip irrigation and emission uni-
formity under 100%, 75% and 50% of actual water requirements (WRa).

PSDI and EU under 100%, 75% and 50% of WRa: EU was 
increased by increasing number of pulses at 100%, 75% and 50% of Wra. 
At 100% of Wra, EU increased from 84.38% for continuous drip irrigation 
to 89.81% under pulse technique with 4 pulses, recording an increase of 
6.4%. At 75% from Wra, EU increased from 84.95% for CDI to 90.26% 
under pulse technique with 4 pulses, recording an increase of 6.3 %. 
At 50% from Wra, EU increased from 85.02% for CDI to 90.48% under 
pulse technique with 4 pulses, recording an increase of 6.4%.

PSSDI and EU under 100%, 75% and 50% of WRa: EU was 
increased by increasing the number of pulses at 100%, 75% and 50% of 
WRa. At 100% of WRa, EU increased from 81.37% for CDI to 84.88% 
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TABLE 7.17  Effects of Pulse Surface Drip Irrigation (PSDI) and Subsurface Drip 
Irrigation (PSSDI) on Emission Uniformity

WRDI  
(m3)

Number of 
Pulses

qmin  
L/h

qa  
(L/h)

Emission 
uniformity (%)

Surface drip irrigation, PSDI

3476 CDI 1.62 1.92 84.38
2 Pulses 1.74 2.02 86.14
3 Pulses 1.88 2.11 89.10
4 Pulses 1.94 2.16 89.81

2707 CDI 1.75 2.06 84.95
2 Pulses 1.67 1.93 86.53
3 Pulses 1.91 2.14 89.25
4 Pulses 1.76 1.95 90.26

1938 CDI 1.76 2.07 85.02
2 Pulses 1.85 2.11 87.67
3 Pulses 1.81 2.02 89.60
4 Pulses 1.90 2.10 90.48

Subsurface drip irrigation, PSSDI

3476 CDI 1.66 2.04 81.37
2 Pulses 1.52 1.83 83.06
3 Pulses 1.54 1.84 83.70
4 Pulses 1.74 2.05 84.88

2707 CDI 1.69 2.03 83.25
2 Pulses 1.76 2.11 83.41
3 Pulses 1.72 2.04 84.31
4 Pulses 1.89 2.18 86.70

1938 CDI 1.81 2.17 83.41
2 Pulses 1.79 2.12 84.43
3 Pulses 1.78 2.09 85.17
4 Pulses 1.88 2.15 87.44

Note: Average of the two growing seasons; qmin.= Minimum emitter discharge of low quarter,  
qa = The average discharge rate of all emitters, and WRDI = water regime under deficit irrigation.
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under pulse technique with 4 pulses, recording an increase of 4.3%. 
At 75% of WRa, EU increased from 83.25% for CDI to 86.70% under 
pulse technique with 4 pulses, recording an increase of 4.1%. At 50% of 
WRA, EU increased from 83.41% for CDI to 87.44% under pulse tech-
nique with 4 pulses, recording an increase of 4.8%. Maximum value of EU 
was 90.48% at 50% of WRa with 4 pulses under PSDI and minimum value 
of EU was 81.37% at 100% from WRa with CDI under PSSDI.

Based on results in this section, we can conclude that EU was increased 
by increasing the number of irrigation pulses (at 100%, 75% and 50% of 
WRa) under surface and subsurface drip irrigation systems. This was due 

FIGURE 7.34  Effects of pulse surface drip irrigation on emission uniformity: PSDI.

FIGURE 7.35  Effects of pulse subsurface drip irrigation on emission uniformity: PSSDI.
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to the positive effect of pulse drip irrigation on reducing CRE as shown in 
Figures 7.36 and 7.37. These results are in agreement with those obtained 
by Bader et al. [5]. EU increased from 85.02% under CDI to maximum 
value, where it changed to 90.48 % after applying pulse technique with 
4 pulses at 50% of WRa under SDI, recording an increase 6.4%.

7.4.6  EFFECTS OF PULSE DRIP IRRIGATION ON POTATO YIELD

The relationship between pulse drip irrigation and potato yield (tons/feddan) 
under 100%, 75% and 50% of WRa are shown in Figures 7.38 and 7.39. 
Under PSDI (Figure 7.38), yield was increased by increasing the num-
ber of pulses at 100% and 75% of WRa. At 100% WRa, yield increased 
from 4.35 (ton/fed.) for CDI to 6.50 (ton/fed.) under pulse technique with 

FIGURE 7.36  Effects of pulse surface drip irrigation on emission uniformity and 
clogging ratio of emitters: PSDI.

FIGURE 7.37  Effects of pulse subsurface drip irrigation on emission uniformity and 
clogging ratio of emitters: PSSDI.
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4 pulses, recording an increase of 49%. At 75% of WRa, yield increased 
from 3.54 (ton/fed.) for CDI to 6.35 (ton/fed.) under pulse technique with 
4 pulses, recording an increase of 79%. At 50% of WRa, yield was decreased 
by increasing the number of pulses. It decreased from 2.41 (ton/fed.) for CDI 
to 1.56 (ton/fed.) under pulse technique with 4 pulses, recording a decrease 
of 35.3%.

Figure 7.39 for PSSDI indicates that yield was increased by increas-
ing the number of pulses at 100% and 75% of WRa. Yield increased from 
4.70  (ton/fed.) for CDI to 6.57 (ton/fed.) under pulse technique with 
4 pulses, recording an increase of 40%, at 100% of WRa. At 75% of WRa, 
yield increased from 3.89 (ton/fed.) for CDI to 6.39 (ton/fed.) under pulse 
technique with 4 pulses, recording an increase of 64%. At 50% of WRa, 

FIGURE 7.39  Effect of pulse subsurface drip irrigation on yield of potato.

FIGURE 7.38  Effects of pulse surface drip irrigation on potato yield.
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yield decreased from 2.60 (ton/fed.) for CDI to 1.75 (ton/fed.) under pulse 
technique with 4 pulses, recording a decrease of 32.7%.

Maximum value was 6.57 (ton/fed.) at 100% of WRa with 4 pulses 
under PSSDI and minimum value was 1.56 (ton/fed.) at 50% from WRa 
with 4 pulses under PSDI.

At 100% and 75% of WRa, the increase in yield was due to increase in 
the available nutrients in the root zone. These nutrients are more available 
for plant by increasing wetted soil volume (more than or equal 100% of 
field capacity) and moisture content in root zone. Previous data indicated 
the positive role of pulse drip irrigation with increasing AE. These results 
are in agreement with those obtained by Zin El-Abedin [85], Feng-Xin [30], 
Segal et al. [68], Beeson [8] and Nosenko, et al. [60]. Values of AE at 50% 
of WRa under surface and subsurface drip irrigation systems were very high 
but the depth of water stored was not sufficient for growing of potato plant 
and made high stress for plant and the harm effect of pulse drip irrigation 
with small amount of water and increasing in time-off. Small amount of 
water with more pulses with increasing in time-off will concentrate the salts 
around the plant, which increases the osmotic potential hence increase in 
probability of plasmolysis (Loss of water through osmosis is accompanied 
by shrinkage of protoplasm away from the cell wall). Hence, yield of potato 
was decreased especially under surface drip irrigation.

The statistical analysis for values of yield indicated that there are sig-
nificant differences between yield values in pulse drip irrigation and con-
tinuous drip irrigation (L.S.D. at 5% level was 0.19). Yield was increased 
by increasing number of irrigation pulses at 100% and 75% of WRa). 
Yield increased from 4.70 (ton/fed.) under CDI to maximum value, where 
it changed to 6.57 (ton/fed.) after applying pulse technique with 4 pulses 
at 100% of WRa under subsurface drip irrigation, recording an decrease 
40%. There were no significant differences between 6.50 (ton/fed.) at 
100% of WRa with 4 pulses under SDI) and 6.39 (ton/fed.) at 75% of WRa 
with 4 pulses under SSDI, respectively.

7.4.7  EFFECTS OF PULSE DRIP IRRIGATION ON WATER USE 
EFFICIENCY

Water use efficiency (WUE) is an indicator of effective use of irriga-
tion water unit for increasing crop yield. The WUEpotato was calculated by 
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dividing total yield by total applied irrigation water. WUEpotato was evaluated 
for drip irrigation systems (surface and subsurface), water regimes under 
deficit irrigation (100%, 75% and 50% of WRa) and pulse irrigation (once 
per day = CDI, 2 pulses per day, 3 pulses per day and 4 pulses per day), 
as shown in Table 7.18.

Pulse surface drip irrigation (PSDI) and WUEpotato under 100%, 75% 
and 50% of WRa (Table 7.18): The WUEpotato was increased by increas-
ing the number of pulses at 100% and 75% of WRa. At 75% of WRA, 
WUE  potato increased from 1.25 kg/m3 for continuous drip irrigation to 
1.87 kg/m3 under pulse technique with 4 pulses, recording an increase of 
49.6%. At 75% of WRa, WUE potato increased from 1.31 kg/m3 for CDI 
to 2.35% under pulse technique with 4 pulses, recording an increase of 
79.4%. WUE potato was decreased by increasing number of pulses at 50% of 
WRa. WUE potato decreased from 1.24 kg/m3 for CDI to 0.80 (kg/m3) under 
pulse technique with 4 pulses, recording a decrease of 35.5%.

Pulse subsurface drip irrigation and WUE potato under 100%, 
75% and 50% of WRa: Table 7.18 shows that WUE potato was increased 
by increasing the number of pulses at 100% and 75% of WRa. WUE potato 
increased from 1.35 (kg/m3 for CDI to 1.89 kg/m3 under pulse technique 
with 4 pulses, recording an increase of 40% at 100% of WRa. WUE potato 
increased from 1.44 kg/m3 for CDI to 2.36 kg/m3 under pulse technique 
with 4 pulses, recording an increase of 63.9% at 75% of WRa. However, 
WUE potato was decreased by increasing the number of pulses at 50% 
of WRa. WUE potato decreased from 1.34 kg/m3 for CDI to 0.90 kg/m3 
under pulse technique with 4 pulses, recording a decrease of 32.8%.

Maximum value of WUE potato was 2.36 kg/m3 at 75% of WRa with 
4 pulses under SSDI and minimum value of WUE potato was 0.80 kg/m3 at 50% 
of WRa with 4 pulses under SDI. In general, there are significant differences 
between 2.36 kg/m3 at 75% of WRa with 4 Pulses under SSDI and 1.89 kg/m3 
at 100% of WRa with 4 Pulses under SSDI. This may be due to the reduced 
amount of water applied that did not change the soil moisture significantly. 
Yields for both treatments were similar. These results are in agreement with 
those by Kenig et al. [47] and Segal et al. [68]. Statistical analysis for values 
of WUE potato indicated that there are significant differences between pulse 
drip irrigation and continuous drip irrigation (L.S.D. at 5% level was 0.08).

WUE potato was increased by increasing number of irrigation pulses 
especially at 100% and 75% from WRa. WUE potato increased from 
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TABLE 7.18  Effects of Pulse Surface Drip Irrigation (PSDI) and Subsurface Drip 
Irrigation (PSSDI) on Water Use Efficiency of Potato: Average of Two Growing Seasons

WRDI 
(m3)

Number of 
Pulses

Y., (kg/fed.) TAW 
(m3/fed./season)

WUE (kg/m3)

Surface drip irrigation, PSDI

3476 CDI 4350 3476 1.25
2 Pulse 4690 3476 1.35
3 Pulse 5290 3476 1.52
4 Pulse 6500 3476 1.87

2707 CDI 3540 2707 1.31
2 Pulse 4450 2707 1.64
3 Pulse 5240 2707 1.94
4 Pulse 6350 2707 2.35

1938 CDI 2410 1938 1.24
2 Pulse 2360 1938 1.22
3 Pulse 2010 1938 1.04
4 Pulse 1560 1938 0.80

L.S.D. at 5% level 0.08
Subsurface drip irrigation, PSSDI

3476 CDI 4700 3476 1.35
2 Pulse 5420 3476 1.56
3 Pulse 6160 3476 1.77
4 Pulse 6570 3476 1.89

2707 DI 3890 2707 1.44
2 Pulse 4500 2707 1.66
3 Pulse 5900 2707 2.18
4 Pulse 6390 2707 2.36

1938 CDI 2600 1938 1.34
2 Pulse 2560 1938 1.32
3 Pulse 2040 1938 1.05
4 Pulse 1750 1938 0.90

L.S.D. at 5% level 0.08

Y = Yield of potato; WUE = Water Use Efficiency; SDI = Surface Drip Irrigation; WRDI = Water 
regime under deficit irrigation; IS = Irrigation Systems; TAW = Total applied water.
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1.44 (kg/m3 under CDI to maximum value, where it changed to 2.36 kg/m3 
after applying pulse technique with 4 pulses at 75% from WRa under 
SSDI, recording an increase 63.9%. This means that one can save 25% 
of actual water requirements per season, which is equivalent to 769 m3 of 
irrigation water.

7.4.8  EFFECTS OF PULSE DRIP IRRIGATION ON ENERGY USE 
EFFICIENCY

Energy use efficiency (EUE) is an indicator of effective use of energy unit 
in crop production. EUEpotato was calculated by dividing total yield by total 
energy consumption per season. EUEpotato was evaluated for: drip irrigation 
systems (surface and subsurface), water regime under deficit irrigation 
(100%, 75% and 50% of WRa) and pulse irrigation (once per day = CDI, 
2 pulses per day, 3 pulses per day and 4 pulses per day). Total consumption 
energy was estimated by estimation the power requirements and operating 
time per season as shown in Tables 7.19 and 7.20.

Pulse surface drip irrigation and EUEpotato under 100%, 75% and 
50% of WRa (Tables 7.19 and 7.20): EUEpotato was increased by increasing 
the number of pulses at 100% and 75% of WRa. EUEpotato increased from 
2.94 kg/kw.h for continuous drip irrigation to 4.39 kg/kw.h under pulse tech-
nique with 4 pulses, recording an increase of 49% at 100% of WRa. At 75% 
of WRa, EUEpotato increased from 3.07 kg/kw.h for CDI to 5.51 kg/kw.h under 
pulse technique with 4 pulses, recording an increase of 79.5%. However, 
at 50% of WRa, EUEpotato was decreased by increasing number of pulses. 
EUEpotato decreased from 2.93 kg/kw.h for CDI to 1.90 kg/kw.h under pulse 
technique with 4 pulses, recording a decrease of 35%.

Pulse subsurface drip irrigation and EUEpotato under 100%, 
75% and 50% of WRa (Tables 7.19 and 7.20): EUEpotato was increased 
by increasing the number of pulses at 100% and 75% of WRa. EUEpotato 
increased from 3.18 kg/kw.h for CDI to 4.44 kg/kw.h under pulse tech-
nique with 4 pulses, recording an increase of 39.6% at 100% of WRa. 
At  75% of WRa, EUEpotato increased from 3.37 kg /kw.h for CDI to 
5.54 kg/kw.h under pulse technique with 4 pulses, recording an increase 
of 64%. However, at 50% of WRa, EUEpotato was decreased by increas-
ing number of pulses. EUEpotato decreased from 3.16 kg/kw.h for CDI to 
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2.13 kg/kw.h under pulse technique with 4 pulses, recording a decrease 
of 32.6%. Maximum value of EUEpotato was 5.54 kg/kw.h at 75% of WRa 
with 4 pulses under SSDI and minimum value of EUEpotato was 1.9 kg/kw.h 
at 50% ofWRa with 4 pulses under SDI.

In general, EUEpotato was increased by increasing number of pulses 
at 100% and 75% of WRa. This may be due to two reasons: Increasing 
the yield by increasing irrigation pulses; and operating time will increase 
with increasing amount of applied water. These results are in agreement 
with those obtained by Georgiev [33] and Georgiev and Conley [32]. The 
statistical analysis for values of EUEpotato indicated that there are signifi-
cant differences between pulse drip irrigation and continuous drip irriga-
tion at 100% and 75% of WRa (L.S.D. at 5% level was 0.19). EUEpotato 
was increased from 3.37 kg/kw.h under CDI to maximum value, where 
it changed to 5.54 kg/kw.h after applying pulse technique with 4 pulses 
at 75% of WRa under SSDI, recording a decrease of 64%. This means 
that one can save 25% of energy consumption per season, which is equiv-
alent to 327 kw.h. There were no significant differences between maxi-
mum value of EUEpotato and 5.51 kg/kw.h at 75% of WRa with 4 pulses 
under SDI.

TABLE 7.19  Estimation of Energy Consumption Per Season

No. Items Value

1 Power requirement 
(kw)

Discharge = 45 m3/h 17.88
2 Total dynamic head = 105 m
3 Pump efficiency = 80 %
4 Water specific weight =9.81 kN/m3

5 Electric engine efficiency = 90 %
6 Operating time 

(hours/season)
Operating time for 3476 m3/season 82.8

7 Operating time for 2707 m3/season 64.5
8 Operating time for 1938 m3/season 46
9 Energy consumption for 3476 m3/season 1480 kw.h
10 Energy consumption for 2707 m3/season 1153 kw.h
11 Energy consumption for 1938 m3/season 822 kw.h
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TABLE 7.20  Effects of Pulse Surface Drip Irrigation (PSDI) and Pulse Subsurface Drip 
Irrigation (PSSDI) on Energy Use Efficiency: Average of Two Growing Seasons

WRDI (m
3) Number of Pulses EUEpotato (kg/kw.h)

Surface drip irrigation, PSDI

3476 CDI 2.94
2 Pulses 3.17
3 Pulses 3.57
4 Pulses 4.39

2707 CDI 3.07
2 Pulses 3.86
3 Pulses 4.54
4 Pulses 5.51

1938 CDI 2.93
2 Pulses 2.87
3 Pulses 2.45
4 Pulses 1.90

L.S.D. at 5% level 0.18
Subsurface drip irrigation, PSSDI

3476 CDI 3.18
2 Pulses 3.66
3 Pulses 4.16
4 Pulses 4.44

2707 CDI 3.37
2 Pulses 3.90
3 Pulses 5.12
4 Pulses 5.54

1938 CDI 3.16
2 Pulses 3.11
3 Pulses 2.48
4 Pulses 2.13

L.S.D. at 5% level 0.19
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7.4.9  EFFECTS OF PULSE DRIP IRRIGATION ON FERTILIZER 
USE EFFICIENCY

Fertilizer use efficiency (FUE) is an indicator of effective use of fertilizer 
unit in crop production. Fertilizer use efficiency of potato was calculated by 
dividing total yield by total amount of fertilizer application (N, P and K). 
NUEpotato, PUEpotato and KUEpotato were studied for: drip irrigation systems 
(surface and subsurface), water regime under deficit irrigation (100%, 75% 
and 50% of WRa) and pulse irrigation (once per day = CDI, 2 pulses per 
day, 3 pulses per day and 4 pulses per day). Total amount of N, P and K was 
225 kg, 210 kg and 222.5 kg, respectively. Values of NUEpotato, PUEpotato and 
KUEpotato were calculated as shown in Table 7.21.

Under PSDI and 100% of WRa, Table 7.21 indicates that NUEpotato, 
PUEpotato and KUEpotato were increased by increasing number of pulses. The 
NUEpotato was increased from 19.55 kg/kg-N under continuous drip irriga-
tion but it changed to 29.21 kg/kg-N after applying the pulse technique 
with 4 pulses. PUEpotato was increased from 20.71 kg/kg-P under CDI but it 
changed to 30.95 kg/kg-P after applying the pulse technique with 4 pulses. 
KUEpotato was increased from 19.33 kg/kg-K under CDI but it changed to 
28.89 kg/kg-K after applying the pulse technique with 4 pulses.

Under PSSDI and 100% WRa, Table 7.21 indicates that NUEpotato, 
PUEpotato and KUEpotato were increased by increasing number of pulses. 
NUEpotato increased from 21.12 kg/kg-N under continuous drip irrigation to 
29.53 kg/kg-N after applying the pulse technique with 4 pulses. PUEpotato 
increased from 22.38 kg/kg-P under CDI to 31.29 kg/kg-P after applying 
the pulse technique with 4 pulses. KUEpotato increased from 20.89 kg/kg-K 
under CDI to 29.20 kg/kg-K after applying the pulse technique with 
4 pulses.

Under PSDI and 75% of WRa: Table 7.21 indicates that NUEpotato, 
PUEpotato and KUEpotato were increased by increasing number of pulses. 
NUEpotato increased from 15.91 kg/kg-N under continuous drip irrigation to 
28.54 kg/kg-N after applying the pulse technique with 4 pulses. PUEpotato 
increased from 16.86 kg/kg-P under CDI to 30.24 kg/kg-P after applying 
the pulse technique with 4 pulses. KUEpotato increased from 15.73 kg/kg-K 
under CDI to 28.22 kg/kg-K after applying the pulse technique with 
4 pulses.
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TABLE 7.21  Effects of Irrigation Systems and Number of Pulses on Fertilizers Use 
Efficiency of Potato: Average of the Two Growing Seasons

I.S WRDI (m
3) Number of 

Pulses
NUE,  
(kg/kg-N)

PUE,  
(kg/kg-P)

KUE,  
(kg/kg-K)

PSDI 3476 = 100% CDI 19.55 20.71 19.33
2 Pulses 21.08 22.33 20.84
3 Pulses 23.78 25.19 23.51
4 Pulses 29.21 30.95 28.89

2707= 75% CDI 15.91 16.86 15.73
2 Pulses 20.00 21.19 19.78
3 Pulses 23.55 24.95 23.29
4 Pulses 28.54 30.24 28.22

1938 = 50% CDI 10.71 11.48 10.83
2 Pulses 10.61 11.24 10.49
3 Pulses 9.03 9.57 8.93
4 Pulses 7.01 7.43 6.93

PSSDI 3476 = 100% CDI 21.12 22.38 20.89
2 Pulses 24.36 25.81 24.09
3 Pulses 27.69 29.33 27.38
4 Pulses 29.53 31.29 29.20

2707 = 75% CDI 17.48 18.52 17.29
2 Pulses 20.22 21.43 20.00
3 Pulses 26.52 28.10 26.22
4 Pulses 28.72 30.43 28.40

1938 = 50% CDI 11.56 12.38 11.69
2 Pulses 11.51 12.19 11.38
3 Pulses 9.17 9.71 9.07
4 Pulses 7.87 8.33 7.78

L.S.D. at 5% level 0.84 0.90 0.85

NUE = Nitrogen Use Efficiency, PUE = Phosphorus Use Efficiency, KUE = Potassium 
Use Efficiency, PSDI = Surface drip irrigation, PSSDI = Subsurface drip irrigation, 
WRDI = Water regime under deficit irrigation, IS= Irrigation systems.
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Under PSSDI and 75% of WRa: Table 7.21 shows that NUEpotato, 
PUEpotato and KUEpotato were increased by increasing number of pulses. The 
NUEpotato increased from 17.48 kg/kg-N under continuous drip irrigation to 
28.72 kg/kg-N after applying the pulse technique with 4 pulses. PUEpotato 
increased from 18.52 (kg/kg-P) under CDI to 30.43 kg/kg-P after applying 
the pulse technique with 4 pulses. KUEpotato increased from 17.29 kg/kg-K 
under CDI to 28.40 kg/kg-K after applying the pulse technique with 4 pulses.

Under PSDI and 50% of WRa: Table 7.21 indicates that NUEpotato, 
PUEpotato and KUEpotato were decreased by increasing number of pulses. 
NUEpotato decreased from 10.71 kg/kgN under continuous drip irrigation 
to 7.01 kg/kg-N after applying the pulse technique with 4 pulses. PUEpotato 
decreased from 11.48 kg/kg-P under CDI to 7.43 kg/kg-P after applying 
the pulse technique with 4 pulses. KUEpotato decreased from 10.83 kg/kg-K 
under CDI to 6.93 kg/kg-K after applying the pulse technique with 4 pulses.

Under PSSDI and 50% of WRa: According to data in Table 7.21, 
NUEpotato, PUEpotato and KUEpotato were decreased by increasing number of 
pulses. NUEpotato decreased from 11.56 kg/kg-N under continuous drip irriga-
tion to 7.87 kg/kg-N after applying the pulse technique with 4 pulses. PUEpotato 
decreased from 12.38 kg/kg-P under CDI to 8.33 kg/kg-P after applying the 
pulse technique with 4 pulses. KUEpotato decreased from 11.69 kg/kg-K under 
CDI to 7.78 kg/kg-K after applying the pulse technique with 4 pulses.

Maximum values of NUEpotato, PUEpotato and KUEpotato were 
29.53 kg/kg-N, 31.29 kg/kg-P and 29.20 kg/kg-K, respectively at 100% of 
WRa with 4 pulses under SSDI and minimum values were 7.01 kg/kg-N, 
7.43 kg/kg-P and 6.93 kg/kg-K at 50% of WRa with 4 pulses under SDI.

It can be concluded from the data on fertilizers use efficiency (nitrogen, 
phosphorus and potassium use efficiencies) in Table 7.21 that FUE was 
increased by increasing number of irrigation pulses at 100% and 75% from 
WRa under surface and subsurface drip irrigation. This was due to the posi-
tive effect of pulse drip irrigation on increasing the wetted soil volume in 
root zone hence increasing the ability of roots to absorb more fertilizers. 
Statistical analysis for values of NUE potato, PUE potato and KUE potato indicated 
that there are significant differences among pulse drip irrigation and contin-
uous drip irrigation at 100%, 75% and 50% of WRa. The L.S.D. at 5% level 
was 0.84 for NUEpotato, 0.90 for PUEpotato and 0.85 for KUEpotato. NUEpotato, 
PUEpotato and KUEpotato were increased from 21.12 kg/kg-N, 22.38 kg/kg-P 
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and 20.89 kg/kg-K under CDI to maximum values, where these changed to 
29.53 kg/kg-N, 31.29 kg/kg-P and 29.20 kg/kg-K, respectively after apply-
ing pulse technique with 4 pulses at 100% of WRa under SSDI.

7.4.10  EFFECTS OF PULSE DRIP IRRIGATION ON QUALITY OF 
POTATO TUBERS

7.4.10.1  Effect of Pulse Drip Irrigation on Tuber Dry Matter

Table 7.22 shows the relationship between tuber fry matter (TDM) and 
pulse drip irrigation under 100%, 75% and 50% of actual water require-
ments (WRa), for two irrigation systems.

PSDI and WRa: TDM was increased by increasing the number of 
pulses at 100% and 75% of WRa. TDM increased from 14.83 gm for con-
tinuous drip irrigation to 18.78 gm under pulse technique with 4 pulses, 
recording an increase of 26.63% at 100% of WRa. TDM increased from 
13.98 gm for CDI to 17.15 gm under pulse technique with 4 pulses, 
recording an increase of 22.67% at 75% of WRa. However, at 50% of 
WRa, TDM decreased from 13.02 gm for CDI to 10.00 gm under pulse 
technique with 4 pulses, recording a decrease of 23.2%.

PSSDI and WRa: TDM was increased by increasing the number of 
pulses at 100% and 75% of WRa. TDM increased from 14.73 gm for CDI 
to 18.99 gm under pulse technique with 4 pulses, recording an increase of 
28.92% at 100% of WRa. TDM increased from 14.97 gm for CDI to 18.82 gm 
under pulse technique with 4 pulses recording an increase of 25.71% at 75% 
of WRa. However, at 50% of WRa, TDM decreased from 13.52 gm for CDI to 
10.57 gm under pulse technique with 4 pulses recording a decrease of 21.8%.

Maximum value of TDM was 18.99 gm at 100% of WRa with 4 Pulses 
under PSSDI and minimum value of TDM was 10 gm at 50% of WRa with 
4 pulses under PSDI.

7.4.10.2  Effect of Pulse Drip Irrigation on Tuber Specific Density

Table 7.22 shows the relationship between pulse drip irrigation and tuber 
specific density (TSD) at 100%, 75% and 50% of actual water require-
ments (WRa), for two irrigation systems.
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TABLE 7.22  Effects of Irrigation Systems, Number of Pulses and Water Regimes 
(WRDI: 100%, 75% and 50%) on Quality Characteristics of Potato Tubers

I.S. WRDI (m
3) Number of 

Pulses
Tuber characteristics

Dry matter, 
(%)

Specific 
density, 
(gm/cm3)

Total 
carbohydrates, 
(%)

PSDI 3476 CDI 14.83 1.0545 39.71
2 Pulses 16.14 1.0607 42.93
3 Pulses 18.21 1.0705 44.46
4 Pulses 18.78 1.0732 45.07

2707 CDI 13.98 1.0505 38.79
2 Pulses 16.20 1.0610 41.50
3 Pulses 16.82 1.0639 42.14
4 Pulses 17.15 1.0655 42.66

1938 CDI 13.02 1.0459 39.00
2 Pulses 12.11 1.0416 38.19
3 Pulses 11.44 1.0384 38.11
4 Pulses 10.00 1.0316 37.55

PSSDI 3476 CDI 14.73 1.0540 40.52
2 Pulses 16.46 1.0622 43.84
3 Pulses 18.68 1.0727 44.55
4 Pulses 18.99 1.0742 45.58

2707 CDI 14.97 1.0551 41.29
2 Pulses 16.41 1.0620 41.60
3 Pulses 17.73 1.0682 42.53
4 Pulses 18.82 1.0734 43.14

1938 CDI 13.52 1.0483 37.58
2 Pulses 12.41 1.0430 37.56
3 Pulses 12.00 1.0411 34.57
4 Pulses 10.57 1.0343 34.00

L.S.D. at 5% level 0.91 0.0042 0.84

PSDI = Surface drip irrigation, PSSDI = Subsurface drip irrigation, WRDI = Water regime under 
deficit irrigation, IS = Irrigation systems.
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PSDI and WRa: According to data for 100%, 75% and 50% of WRa in 
Table 7.22, it can be observed that TSD was increased by increasing the num-
ber of pulses at 100% and 75% of WRa. At 100% of WRa, the TSD increased 
from 1.0545 gm/cm3 for continuous drip irrigation to 1.0732 gm/cm3 under 
pulse technique with 4 pulses recording an increase of 1.77%. At 75% of 
WRa, TSD increased from 1.0505 gm/cm3 for CDI to 1.0655 gm/cm3 under 
pulse technique with 4 pulses recording an increase of 1.43%. However, at 
50% of WRa, TSD was decreased by increasing the number of pulses. TSD 
decreased from 1.0459 gm/cm3 for CDI to 1.0316 gm/cm3 under pulse tech-
nique with 4 pulses recording a decrease of 1.37%.

PSSDI and WRa: According to data for 100%, 75% and 50% of WRa 
in Table 7.22, it can be observed that TSD was increased by increasing 
the number of pulses at 100% and 75% of WRa. TSD increased from 
1.0540 gm/cm3 for CDI to 1.0742 gm/ cm3 under pulse technique with 
4 pulses recording an increase of 1.92% at 100% of WRa. At 75% of WRa, 
TSD increased from 1.0551 gm/cm3 for CDI to 1.0734 gm/cm3 under 
pulse technique with 4 pulses recording an increase of 1.73%. However, 
at 50% of WRa, TSD was decreased by increasing number of pulses. TSD 
decreased from 1.0483 gm/cm3 for CDI to 1.0343 gm/cm3 under pulse 
technique with 4 pulses recording an decrease of 1.34%.

Maximum value of TSD was 1.0742 gm/cm3 at 100% of WRa with 
4 pulses under PSSDI and minimum value of TSD was 1.0316 gm/cm3 
at 50% of WRa with 4 pulses under PSDI.

7.4.10.3  Effect of Pulse Drip Irrigation on Tuber Total 
Carbohydrates

Table 7.22 shows the relationship between pulse drip irrigation and tuber 
total carbohydrates TTC) at 100%, 75% and 50% of actual water require-
ments (WRa).

PSDI and WRa (Table 7.22): TTC was increased by increasing num-
ber of pulses at 100% and 75% of WRa. At 100% WRa, TTC increased 
from 39.71% for continuous drip irrigation to 45.07% under pulse tech-
nique with 4 pulses recording an increase of 13.49%. At 75% of WRa, 
TTC increased from 38.79% for CDI to 42.66% under pulse technique 
with 4 pulses recording an increase of 9.98%. However, at 50% of WRa, 



264	 Performance Evaluation of Micro Irrigation Management

TTC was decreased by increasing number of pulses at 50% of WRa. 
TTC decreased from 39% for CDI to 37.55% under pulse technique with 
4 pulses recording a decrease of 3.72%.

PSSDI and WRa (Table 7.22): TTC was increased by increasing num-
ber of pulses at 100% and 50% of WRa. At 100% of WRa, TTC increased 
from 40.52% for CDI to 45.58% under pulse technique on 4 pulses 
recording an increase of 12.49%. At 75% from WRa, TTC increased from 
41.29% for CDI to 43.14% under pulse technique with 4 pulses recording 
an increase of 4.48%. However, at 50% of WRa, TTC was decreased by 
increasing number of pulses. TTC decreased from 37.58% for CDI to 34% 
under pulse technique with 4 pulses recording a decrease of 9.52%.

Maximum value of TTC was 45.58% at 100% of WRa with 4 pulses 
under PSSDI and minimum value of TTC was 34% at 50% of WRa with 
4 pulses under PSDI.

It can be noticed in Table 7.22 that there is a effect of pulse drip irriga-
tion on increasing the tuber dry matter, tuber specific density and tuber 
total carbohydrates compared with continuous drip irrigation especially at 
100% and 75% of WRa. This may be due to increase of AE under pulse 
irrigation, which increased the ability of roots to absorb more fertilizer 
nutrients. Also, pulse irrigation increased the water balance inside root 
zone. In conclusion, pulse irrigation helped plants to grow faster and 
healthier than plants that were stressed. These results are in agreement 
with those obtained by Bravdo and Poebsting [11], Steyn, et al. [77, 78], 
Sean [67] and Beeson [8]. No clear trend was observed for effects of pulse 
drip irrigation on quality of potato at 50% of WRa. This may be due to 
small amount of applied water with increasing number of pulses that 
increased salt accumulation inside root zone. Statistical analysis for val-
ues of TDM, TSD and TTC indicated that there are significant differences 
between pulse drip irrigation and continuous drip irrigation especially at 
100% and 75% of WRa. The L.S.D. at 5% level was 0.91 for TDM, 0.0042 
for TSD and 0.84 for TTC.

TDM, TSD and TTC increased from 14.73%, 1.0540 gm/cm3, 
40.52% under CDI to maximum values, where these changed to 18.99%, 
1.0742 gm/cm3, 45.58%, respectively, after applying pulse technique with 
4 pulses at 100% of WRa under PSSDI. This is in agreement with the data 
in Table 7.23 that indicates increasing dry weight of stems and leaves/plant 
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TABLE 7.23  Effects of Irrigation Systems and Water Regimes (WRDI: 100%, 75%, 
50%) on Dry Weight of Stems and Leaves/Plant: Average of the Two Growing Seasons

IS WRDI 
(m3)

Number 
of 
Pulses

Dry weight of stems and 
leaves of plant, gm

Leaf area/plant, cm2

60 day 
after 
sowing

80 day 
after 
sowing

100 day 
after 
sowing

100 day 
after 
sowing

80 day 
after 
sowing

60 day 
after 
sowing

PSDI 3476 CDI 20.28 28.37 36.46 1630 1300 974
2 Pulses 22.97 31.96 40.95 1755 1400 1049
3 Pulses 23.09 32.12 41.15 1817 1450 1085
4 Pulses 25.43 35.24 45.05 1850 1477 1106

2707 CDI 19.92 27.90 35.87 1570 1255 940
2 Pulses 21.62 30.16 38.70 1696 1357 1016
3 Pulses 24.55 34.06 43.58 1830 1459 1093
4 Pulses 24.27 33.69 43.11 1826 1461 1094

1938 CDI 15.40 21.86 28.33 1539 1230 921
2 Pulses 15.20 21.60 28.00 1508 1201 900
3 Pulses 15.18 21.58 27.97 1256 1000 750
4 Pulses 13.47 19.30 25.12 1231 980 734

PSSDI 3476 CDI 21.33 29.78 38.22 1668 1330 995
2 Pulses 23.19 32.26 41.32 1754 1400 1050
3 Pulses 25.06 34.75 44.44 1838 1471 1100
4 Pulses 26.07 36.10 46.12 1875 1500 1124

2707 CDI 20.99 29.32 37.65 1631 1305 977
2 Pulses 24.27 33.69 43.11 1725 1380 1034
3 Pulses 25.39 35.18 44.98 1841 1468 1100
4 Pulses 24.80 34.40 44.00 1839 1470 1100

1938 CDI 17.33 24.44 31.55 1560 1250 938
2 Pulses 16.68 23.58 30.47 1509 1200 906
3 Pulses 15.91 22.55 29.19 1457 1160 873
4 Pulses 15.73 22.31 28.89 1378 1100 824

WRDI = Water regime under deficit irrigation, PSDI = Surface drip irrigation, PSSDI = Subsurface 
drip irrigation. 
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and leaves area/plant. The highest value of dry weight of stems and 
leaves /plant was 46.12 gm and the highest value of leaves area/plant was 
1875 cm2 under PSSDI + 100% of WRa + 4 pulses. The increase in leaves 
area/plant led to increase of photosynthesis process that increased yield 
and enhanced the quality of potato tubers.

7.4.11  ECONOMIC ANALYSIS

The prices were based on the prices by exporting companies in Egypt. 
The price of organic potato in 2007 was 5000 L.E./ton. Basic data for 
economic analysis is presented in Table 7.24. The data on total costs of 
inputs, total income of output and net income are presented in Table 7.25.

Table 7.25 shows the relationship between irrigation systems and net 
income (NI) under 100%, 75% and 50% of actual water requirements (WRa).

TABLE 7.24  Basic Data for Calculation of Net Income: Potato Production

Items All treatments: 
Irrigation systems; Water regime treatments; Number of pulses

List of inputs Cost of Irrigation, LE/fed. 100% 75% 50%
574 530 487

Cost of Land preparation, LE/fed. 300
Cost of tuber seeds, LE/fed. 6900
Cost of compost, LE/fed 4944
Cost of Microbin, LE/fed 55
Cost of weed control, LE/fed. 160
Cost of pest control, LE/fed. 100
Cost of harvesting, LE/fed. 170
Rent (on season), LE/fed. 1920
Total cost for inputs, TCI, LE/fed. 15123 15079 15036

 Output Yield, ton/fed. Yn

Price, LE/ton. 5000
Total income for output, LE/fed. = Yn × 5000

Net income = list of outputs – list of inputs [Yn × 5000] – TCI

Yn = Y is yield, and n = number of treatment (from 1 to 24 treatments);

TCI = Total costs for inputs; The prices in 2006/2007: where US$ 1.00 = 5.5 L.E.
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TABLE 7.25  Effects of Irrigation Systems, Number of Pulses and Water Regimes 
(WRDI: 100%, 75%, 50%) on Total Costs, Total Income and Net Income for Potato 
Production: Average of Two Growing Seasons

I.S WRDI (m3) Number of 
Pulses

TCI LE/
fed. = A

Total 
output,  

LE/fed. = B

Net income, 
LE/fed. = 

B – A

PSDI 3476 CDI 15123 21750 6627
2 Pulses 15123 23450 8327
3 Pulses 15123 26450 11327
4 Pulses 15123 32500 17377

2707 CDI 15079 17700 2621
2 Pulses 15079 22250 7171
3 Pulses 15079 26200 11121
4 Pulses 15079 31750 16671

1938 CDI 15036 12050 –2986
2 Pulses 15036 11800 –3236
3 Pulses 15036 10050 –4986
4 Pulses 15036 7800 –7236

PSSDI 3476 CDI 15123 23500 8377
2 Pulses 15123 27100 11977
3 Pulses 15123 30800 15677
4 Pulses 15123 32850 17727

2707 CDI 15079 19450 4371
2 Pulses 15079 22500 7421
3 Pulses 15079 29500 14421
4 Pulses 15079 31950 16871

1938 CDI 15036 13000 –2036
2 Pulses 15036 12800 –2236
3 Pulses 15036 10200 –4836
4 Pulses 15036 8750 –6286

L.S.D. at 5% level 896

PSDI and WRa (Table 7.25 and Figure 7.40): Net income (NI) was 
increased by increasing number of pulses at 100% and 75% of WRa. 
At 100% WRa, NI increased from 6627 LE/fed. for continuous drip irri-
gation to 17377 LE/fed. under pulse technique with 4 pulses. At 75% of 
WRa, NI increased from 2621 LE/fed. for CDI to 16671 LE/fed. under 
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pulse technique with 4 pulses. However, at 50% of WRa, value of NI 
was less than zero at 50%. NI decreased from −2986 LE/fed. for CDI 
to −7236 LE/fed. under pulse technique with 4 pulses.

PSSDI and WRa (Table 7.25 and Figure 7.41): NI was increased 
by increasing number of pulses at 100% and 50% of WRa. At 100% 
WRa, NI increased from 8377 LE/fed. for CDI to 17727 LE/fed. under 
pulse technique with 4 pulses. At 75% of WRa, NI increased from 
4371 LE/fed. for CDI to 16871 LE/fed. under pulse technique with 
4 pulses. However, at 50% of WRa, NI was less than zero. NI decreased 
from −2036 LE/fed. for CDI to −6286 LE/fed. under pulse technique 
with 4 pulses.

Maximum value of NI was 17727 LE/fed. at 100% of WRa with 
4  pulses for PSSDI and minimum value of NI was −7236 LE/fed. at 
50% of WRa with 4 pulses for SDI. The increase in NI was due to 
the increase in tuber yield. Statistical analysis for values of NI indi-
cated that there are significant differences between pulse drip irriga-
tion and continuous drip irrigation. The L.S.D. at 5% level was 896. 
NI increased from 8377 LE/fed. under CDI to maximum value, where it 
was 17727 LE/fed. after applying pulse technique with 4 pulses at 100% 
of WRa under PSSDI. There were no significant differences between 
maximum value of NI and 17377 LE/fed. and 16871 LE/fed. at 100% of 
WRa with 4 Pulses under PSDI and at 75% of WRa with pulses under 
PSSDI, respectively.

FIGURE 7.40  Effects of pulse surface drip irrigation on total costs, total income and net 
income (NI: solid bars).
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7.5  CONCLUSIONS AND RECOMMENDATIONS

Moisture content in the root zone was increased by increasing number of 
irrigation pulses, where moisture content in the root zone was increased 
from 10.04% under continuous drip irrigation to maximum value where 
it changed to 11.6 % after applying pulse technique with 4 pulses at 100% 
of actual water requirements under surface drip irrigation, recording an 
increase of 13.45%. Wetted soil volume (more than or equal 100% of field 
capacity) in root zone was increased by increasing number of irrigation 
pulses where wetted soil volume in root zone increased from 8640 cm3 under 
continuous drip irrigation to maximum value of 22320 cm3 after applying 
pulse technique with 4 pulses at 100% of actual water requirements under 
surface drip irrigation, recording an increase of 61%. Therefore, it is rec-
ommended to use pulse drip irrigation to irrigate sandy soils.

Application efficiency was increased by increasing number of irriga-
tion pulses at 100% and 75% of WRa under surface and subsurface drip 
irrigation systems. AE increased from 89% under CDI to maximum value 
of 94% after applying pulse technique with 4 pulses at 100% of WRa 
under surface drip irrigation, recording an increase of 5.3%. Maximum 
values of AE under deficit irrigation were 97.5% for 75% with 4 pulses 
under surface drip irrigation and 98.5% for 50% with CDI under subsur-
face drip irrigation.

Clogging ratio of emitters was decreased by increasing number of 
irrigation pulses. Clogging ratio of emitters decreased from 9.79% under 

FIGURE 7.41  Effects of pulse subsurface drip irrigation on total costs, total income and 
net income (NI: solid bars).
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continuous drip irrigation to minimum value of 5.38% after applying pulse 
technique with 4 pulses at 50% of actual water requirements under surface 
drip irrigation, recording a decrease 45%.

EU was increased by increasing number of irrigation pulses. EU 
increased from 85.02% under CDI to maximum value of 90.48 % after 
applying pulse technique with 4 pulses at 50% of WRa under SDI, record-
ing an increase 6.4%.

Potato yield was increased by increasing number of irrigation pulses at 
100% and 75% of actual water requirements. It increased from 4.70 ton/fed. 
under continuous drip irrigation to maximum value of 6.57 ton/fed. after 
applying pulse technique with 4 pulses at 100% of actual water require-
ments under subsurface drip irrigation, recording an increase 40%.

There were no significant differences between maximum yield and 
6.50 ton/fed. and 6.39 ton/fed. at 100% of actual irrigation requirements 
with 4 pulses under surface drip irrigation and 75% of actual water require-
ments with 4 pulses under subsurface drip irrigation, respectively.

Avoid using pulse technique at 50% of actual water requirements. 
Because, increasing number of irrigation pulses with small amount of 
applied water, will increase salt accumulation inside the root zone, hence 
causing decrease in yield.

Water use efficiency of potato was increased by increasing num-
ber of irrigation pulses at 100% and 75% of actual water requirements. 
It increased from 1.44 kg/m3 under continuous drip irrigation to maximum 
value of 2.36 kg/m3 after applying pulse technique with 4 pulses at 75% of 
WRa under SSDI, recording an increase 63.9%. This implies a 25% water 
saving that is equivalent of 769 m3 of water.

Energy use efficiency of potato was increased by increasing number of 
irrigation pulses especially at 100% and 75% of WRa. It increased from 
3.37 kg/kw.h under CDI to maximum value of 5.54 kg/kw.h after apply-
ing pulse technique with 4 pulses at 75% of WRa under SSDI, recording 
a decrease of 64%. It amounted to 25% saving in energy consumption per 
season, which is equivalent to 327 kw.h. There were no significant dif-
ferences between maximum value of energy use efficiency of potato and 
5.51 kg/kw.h at 75% of WRa with 4 pulses under SDI.

Fertilizers use efficiency (nitrogen, phosphorus and potassium use effi-
ciencies) were increased by increasing number of irrigation pulses at 100% 
and 75% of actual water requirements. FUE increased from 21.12 kg/kg-N, 
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22.38 kg/kg-P and 20.89 kg/kg-K under continuous drip irrigation to max-
imum values of 29.53 kg/kg-N, 31.29 kg/kg-P and 29.20 kg/kg-K, respec-
tively after applying pulse technique with 4 pulses at 100% of actual water 
requirements under subsurface drip irrigation.

Tuber dry matter, tuber specific density and tuber total carbohydrates 
were increased by increasing number of irrigation pulses at 100% and 
75% of actual water requirements. Tuber dry matter, tuber specific den-
sity and tuber total carbohydrates increased from 14.73%, 1.0540 gm/cm3, 
40.52% under continuous drip irrigation to maximum values of 18.99%, 
1.0742 gm/cm3, 45.58%, respectively after applying pulse technique with 
4 pulses at 100% of actual water requirements under subsurface drip 
irrigation.

Net income was increased by increasing number of irrigation pulses 
at 100% and 75% of actual water requirements. Net income increased 
from 8377 LE/fed. under continuous drip irrigation to maximum value 
of 17727 LE/fed. after applying pulse technique with 4 pulses at 100% 
of actual water requirements under subsurface drip irrigation. From the 
results in this chapter, author recommended following:

a.	 To get maximum yield, quality of potato and net income, one 
must apply pulse technique with 4 pulses at 100% of actual water 
requirements under subsurface drip irrigation.

b.	 In the case of water and energy limitations, one has to apply pulse 
technique with 4 pulses at 75% of actual water requirements under 
subsurface drip irrigation.

7.6  SUMMARY

This study was conducted to study the performance of pulse drip irriga-
tion under organic agriculture for potato crop in sandy soils for saving 
water and fertilizers, increasing yield of potato, increasing the energy use 
efficiency, improving potato quality, decreasing the costs and increasing 
income under Egyptian growing conditions. In the research study, author 
used two drip irrigation systems, three water application rates and three 
types for pulse irrigation. The experiment was carried out in a sandy soil 
during two summer growing seasons 2006 and 2007, in Abo-Ghaleb 
farm, Cairo- Alexandria Rood, 60 Km away from Cairo. The evaluation 
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parameters were: (1)  Soil  moisture distribution, (2)  Application effi-
ciency (AE), (3) Clogging ratio of emitters (CRE), (4) Emission unifor-
mity (EU), (5) Potato yield, (6) Water use efficiency of potato (WUEpotato), 
(7)  Energy use efficiency (EUE), (8)  Fertilizer use efficiency (FUE), 
(9) Quality characteristics of potato tubers, and (10) Net income (NI). The 
salient results are summarized as follows:

i.	 Moisture content in the root zone and wetted soil volume (more 
than or equal 100% of field capacity) in root zone were increased 
by increasing number of irrigation pulses.

ii.	 AE was increased from 89% under continuous drip irrigation 
to maximum value of 94% after applying pulse technique with 
4 pulses at 100% of actual water requirements under surface drip 
irrigation, recording an increase of 5.3%.

iii.	 CRE was decreased from 9.79% under continuous drip irrigation 
to minimum value of 5.38% after applying pulse technique on 
4 pulses at 50% of actual water requirements under surface drip 
irrigation, recording a decrease 45%.

iv.	 EU was increased from 85.02% under continuous drip irrigation 
to maximum value of 90.48% after applying pulse technique on 
4 pulses at 50% of actual water requirements under surface drip 
irrigation, recording an increase 6.4 %.

v.	 Potato yield was increased from 4.70 ton/fed. under continuous 
drip irrigation to maximum valube of 6.57 ton/fed. after applying 
pulse technique with 4 pulses at 100% of actual water requirements 
under subsurface drip irrigation, recording an increase 40%.

vi.	 To get maximum yield, best quality characteristics of tubers and 
net income, we must apply pulse technique on 4 pulses at 100% of 
actual water requirements under subsurface drip irrigation.

vii.	Under water and energy limitations, we have to apply pulse tech-
nique on 4 pulses at 75% of actual water requirements under sub-
surface drip irrigation.
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APPENDIX I

Estimation of Actual Irrigation Requirements for Potato Crop According 
to the Meteorological Data of the Central Laboratory for Agricultural 
Climate

Date Eto  
(mm/ 
day)

Kc Etc  
(mm/
day)

WR  
(mm/day)

WR  
(L/plant/
day)

WR  
(m3/fed./
day)

WRa  
(m3/fed./
day)

Feb., 2 3.64 0.50 1.82 0.33 0.07 1.40  —
Feb., 3 3.67 0.52 1.91 0.35 0.07 1.47 —
Feb., 4 3.71 0.53 1.97 0.36 0.08 1.51 —
Feb., 5 3.74 0.55 2.06 0.38 0.08 1.58 —
Feb., 6 3.78 0.56 2.12 0.39 0.08 1.63 —
Feb., 7 3.81 0.58 2.21 0.40 0.08 1.70 9.3
Feb., 8 3.85 0.59 2.27 0.42 0.09 1.75 —
Feb., 9 3.89 0.61 2.37 0.43 0.09 1.82 —
Feb., 10 3.92 0.63 2.47 0.45 0.09 1.90 —
Feb., 11 3.96 0.64 2.53 0.46 0.10 1.95 —
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Date Eto  
(mm/ 
day)

Kc Etc  
(mm/
day)

WR  
(mm/day)

WR  
(L/plant/
day)

WR  
(m3/fed./
day)

WRa  
(m3/fed./
day)

Feb., 12 3.99 0.66 2.63 0.48 0.10 2.02 —
Feb., 13 4.03 0.67 2.70 0.49 0.10 2.07 11.5
Feb., 14 4.06 0.69 2.80 0.51 0.11 2.15 —
Feb., 15 4.10 0.71 2.91 0.53 0.11 2.24 —
Feb., 16 4.14 0.72 2.98 0.55 0.11 2.29 —
Feb., 17 4.17 0.74 3.09 0.56 0.12 2.37 —
Feb., 18 4.21 0.75 3.16 0.58 0.12 2.43 —
Feb., 19 4.24 0.77 3.26 0.60 0.13 2.51 4.0
Feb., 20 4.28 0.78 3.34 0.92 0.19 3.85 4.1
Feb., 21 4.31 0.80 3.45 0.95 0.20 3.97 4.1
Feb., 22 4.35 0.80 3.48 0.96 0.20 4.01 4.1
Feb., 23 4.39 0.81 3.56 0.98 0.20 4.10 4.1
Feb., 24 4.42 0.82 3.62 0.99 0.21 4.18 4.1
Feb., 25 4.48 0.83 3.72 1.02 0.21 4.29 4.1
Feb., 26 4.49 0.84 3.77 1.38 0.29 5.80 6.1
Feb., 27 4.53 0.85 3.85 1.41 0.30 5.92 6.1
Feb., 28 4.56 0.86 3.92 1.44 0.30 6.03 6.1
Mar., 1 4.60 0.87 4.00 1.46 0.31 6.15 6.1
Mar., 2 4.65 0.88 4.09 1.50 0.31 6.29 6.1
Mar., 3 4.70 0.89 4.18 1.53 0.32 6.43 6.1
Mar., 4 4.75 0.90 4.28 1.96 0.41 8.21 8.7
Mar., 5 4.80 0.91 4.37 2.00 0.42 8.39 8.7
Mar., 6 4.85 0.92 4.46 2.04 0.43 8.57 8.7
Mar., 7 4.90 0.93 4.56 2.08 0.44 8.75 8.7
Mar., 8 4.95 0.94 4.65 2.13 0.45 8.94 8.7
Mar., 9 5.00 0.96 4.80 2.20 0.46 9.22 8.7
Mar., 10 5.05 0.97 4.90 2.69 0.56 11.29 11.9
Mar., 11 5.10 0.98 5.00 2.74 0.58 11.52 11.9
Mar., 12 5.15 0.99 5.10 2.80 0.59 11.75 11.9
Mar., 13 5.20 1.00 5.20 2.85 0.60 11.99 11.9
Mar., 14 5.25 1.01 5.30 2.91 0.61 12.22 11.9
Mar., 15 5.30 1.02 5.41 2.97 0.62 12.46 11.9
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Date Eto  
(mm/ 
day)

Kc Etc  
(mm/
day)

WR  
(mm/day)

WR  
(L/plant/
day)

WR  
(m3/fed./
day)

WRa  
(m3/fed./
day)

Mar., 16 5.35 1.03 5.51 4.54 0.95 19.06 20.0
Mar., 17 5.40 1.04 5.62 4.62 0.97 19.42 20.0
Mar., 18 5.45 1.05 5.72 4.71 0.99 19.79 20.0
Mar., 19 5.50 1.06 5.83 4.80 1.01 20.16 20.0
Mar., 20 5.55 1.07 5.94 4.89 1.03 20.54 20.0
Mar., 21 5.60 1.08 6.05 4.98 1.05 20.91 20.0
Mar., 22 5.65 1.09 6.16 6.76 1.42 28.40 29.1
Mar., 23 5.70 1.10 6.27 6.88 1.45 28.91 29.1
Mar., 24 5.75 1.10 6.33 6.94 1.46 29.16 29.1
Mar., 25 5.80 1.09 6.32 6.94 1.46 29.15 29.1
Mar., 26 5.85 1.09 6.38 7.00 1.47 29.40 29.1
Mar., 27 5.90 1.08 6.37 7.00 1.47 29.38 29.1
Mar., 28 5.95 1.07 6.37 8.15 1.71 34.25 34.5
Mar., 29 6.00 1.07 6.42 8.22 1.73 34.53 34.5
Mar., 30 6.05 1.06 6.41 8.21 1.72 34.50 34.5
Mar., 31 6.10 1.06 6.47 8.28 1.74 34.78 34.5
Apr., 1 6.10 1.05 6.41 8.20 1.72 34.45 34.5
Apr., 2 6.16 1.04 6.41 8.21 1.72 34.46 34.5
Apr., 3 6.22 1.04 6.47 8.88 1.86 37.28 37.5
Apr., 4 6.29 1.03 6.48 8.89 1.87 37.34 37.5
Apr., 5 6.35 1.02 6.48 8.89 1.87 37.33 37.5
Apr., 6 6.41 1.02 6.54 8.97 1.88 37.68 37.5
Apr., 7 6.47 1.01 6.53 8.97 1.88 37.66 37.5
Apr., 8 6.53 1.00 6.53 8.96 1.88 37.64 37.5
Apr., 9 6.60 1.00 6.60 9.66 2.03 40.57 40.7
Apr., 10 6.66 0.99 6.59 9.65 2.03 40.53 40.7
Apr., 11 6.72 0.98 6.59 9.64 2.02 40.49 40.7
Apr., 12 6.78 0.98 6.64 9.73 2.04 40.85 40.7
Apr., 13 6.84 0.97 6.63 9.71 2.04 40.79 40.7
Apr., 14 6.91 0.97 6.70 9.81 2.06 41.21 40.7
Apr., 15 6.97 0.96 6.69 10.41 2.19 43.71 43.9
Apr., 16 7.03 0.95 6.68 10.39 2.18 43.62 43.9
Apr., 17 7.09 0.95 6.74 10.48 2.20 44.00 43.9
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Date Eto  
(mm/ 
day)

Kc Etc  
(mm/
day)

WR  
(mm/day)

WR  
(L/plant/
day)

WR  
(m3/fed./
day)

WRa  
(m3/fed./
day)

Apr., 18 7.16 0.94 6.73 10.47 2.20 43.96 43.9
Apr., 19 7.22 0.93 6.71 10.44 2.19 43.86 43.9
Apr., 20 7.28 0.93 6.77 10.53 2.21 44.22 43.9
Apr., 21 7.34 0.92 6.75 11.12 2.34 46.70 46.8
Apr., 22 7.40 0.91 6.73 11.09 2.33 46.57 46.8
Apr., 23 7.47 0.91 6.80 11.19 2.35 47.01 46.8
Apr., 24 7.53 0.90 6.78 11.16 2.34 46.87 46.8
Apr., 25 7.59 0.89 6.76 11.12 2.34 46.72 46.8
Apr., 26 7.65 0.89 6.81 11.21 2.35 47.09 46.8
Apr., 27 7.71 0.88 6.78 11.79 2.48 49.53 49.7
Apr., 28 7.78 0.88 6.85 11.90 2.50 49.98 49.7
Apr., 29 7.84 0.87 6.82 11.86 2.49 49.79 49.7
Apr., 30 7.90 0.86 6.79 11.81 2.48 49.60 49.7
May, 1 7.90 0.86 6.79 11.81 2.48 49.60 49.7
May, 2 7.97 0.85 6.77 11.78 2.47 49.46 49.7
May, 3 8.05 0.85 6.84 12.52 2.63 52.58 52.8
May, 4 8.12 0.84 6.82 12.48 2.62 52.42 52.8
May, 5 8.19 0.84 6.88 12.59 2.64 52.87 52.8
May, 6 8.27 0.83 6.86 12.56 2.64 52.75 52.8
May, 7 8.34 0.83 6.92 12.67 2.66 53.19 52.8
May, 8 8.41 0.82 6.90 12.62 2.65 52.99 52.8
May, 9 8.49 0.81 6.88 12.58 2.64 52.85 53.0
May, 10 8.50 0.81 6.89 12.60 2.65 52.91 53.0
May, 11 8.63 0.80 6.90 12.63 2.65 53.05 53.0
May, 12 8.71 0.79 6.88 12.59 2.64 52.88 53.0
May, 13 8.78 0.79 6.94 12.69 2.67 53.30 53.0
May, 14 8.85 0.78 6.90 12.63 2.65 53.05 53.0
May, 15 8.93 0.78 6.97 11.47 2.41 48.17 42.6
May, 16 9.00 0.77 6.93 11.41 2.40 47.93 42.6
May, 17 9.07 0.76 6.89 11.35 2.38 47.67 42.6
May, 18 9.15 0.76 6.95 8.91 1.87 37.41 42.6
May, 19 9.22 0.75 6.92 8.86 1.86 37.20 42.6
May, 20 9.29 0.74 6.87 8.80 1.85 36.98 42.6
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APPENDIX II

Typical Drip Irrigation Systems

Date Eto  
(mm/ 
day)

Kc Etc  
(mm/
day)

WR  
(mm/day)

WR  
(L/plant/
day)

WR  
(m3/fed./
day)

WRa  
(m3/fed./
day)

May, 21 9.37 0.74 6.93 6.34 1.33 26.64 26.6
May, 22 9.44 0.73 6.89 6.30 1.32 26.48 26.6
May, 23 9.51 0.73 6.94 6.35 1.33 26.67 26.6
May, 24 9.59 0.72 6.90 6.32 1.33 26.53 26.6
May, 25 9.66 0.71 6.86 3.76 0.79 15.81 15.9
May, 26 9.73 0.71 6.91 3.79 0.80 15.93 15.9
May, 27 9.81 0.70 6.87 3.77 0.79 15.83 15.9
Applied water per season (m3) 3076
Amount of applied water before planting (m3) 400
Actual water requirements per season (m3) = WRa 3476
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8.1  INTRODUCTION

Increasing population, growing urbanization, and rapid industrialization 
combined with the need for raising agricultural production generates com-
peting claims for water from domestic, industrial and agricultural sector. 
There is a growing perception of a sense of an impending water crisis in 
India. In the past few decades, over exploitation of surface and ground-
water has resulted in water scarcity in some regions. Irrigation, being 
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the major water user, its share in the total freshwater demand is bound to 
decrease from the present 83% to 74% due to more pressing and compet-
ing demands from other sectors by 2025 AD [10], and the country will 
face water scarcity if adequate and sustainable water management initia-
tives are not implemented.

Water is the major limiting factor for crop diversification and production. 
Reductions in water availability for irrigation use increases the importance 
of implementation of water conservation practices in agriculture. Optimizing 
water use is an economic and environmental concern for agricultural pro-
ducers. Therefore, irrigation is required for profitable production. There is 
a need to double annual food grain production from the present 210 mil-
lion tons to 420 million tons within next 10 years. Since land is a shrinking 
resource for agriculture, the pathway for achieving this goal has to be higher 
productivity per unit of arable land and water. Thus, the objective of irriga-
tion in the present era is not only to provide supplementary water for crop 
production but also to increase crop per drop of water.

Improper irrigation management practices not only waste expensive 
and scarce water resources but also decreases crop yield, quality, water use 
efficiency and economic return. It might lead to water logging and salinity, 
as well, which can be partly corrected by expensive drainage system.

Drip irrigation applies small quantity of water at frequent intervals, 
and it is superior in terms of water productivity and fruit quality [2, 3, 6]. 
It also makes possible the application of fertilizers and other chemicals 
along with irrigation water to match the plant requirements at various 
growth stages. Water application efficiency in the drip irrigation is higher 
than other methods of irrigation. Drip irrigation system accounts 40–50% 
of water saving and also results in 15–20% more yield coupled with 30% 
saving of fertilizer and labor compared with surface irrigation method. 
Only limitation of this system is initial high investment.

Crop productivity was enhanced with use of mulches [1, 4, 11]. Use 
of mulch has many benefits like increase in soil temperature especially in 
early spring, reduction in weeds, moisture conservation and higher crop 
yields [7, 9]. Mulching also helps in improving the soil structure, soil fer-
tility and soil biological regime. Use of drip irrigation in combination with 
mulch can increase the crop yield significantly over drip irrigation alone 
to the tune of 20–30%.
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Cabbage is one of the most common cole crops, which thrives best 
in cool weather. Nutritional value of 100 g of edible portion of cabbage 
contains: 1.8 g protein, 0.1 g fat, 4.6 g carbohydrate, 0.6 g mineral, 29 mg 
calcium, 0.8 mg iron, 14.1 mg sodium, besides enriched in Vitamins A 
and C. Cabbage has a number of varieties both wild as well as cultivable. 
Average annual production of cabbage in India is 8,395 thousand tons 
and in Maharashtra it is 421 thousand tons [8]. Productivity of cabbage 
in India, Maharashtra and Vidarbha region is 22.04, 21.00, and 20.1 t/ha, 
respectively.

Irrigation scheduling plays a vital role in crop productivity. Full irri-
gation scheduling (ETo) is observed as the best by the researchers for 
drip irrigated crops under field conditions, while in case of limited 
water supply, adopting deficit irrigation strategies could be an alterna-
tive for irrigation scheduling of crop under semi-arid region. There is a 
need of local experimental verification of effects of mulching with drip 
irrigation under different irrigation scheduling to improve the water 
productivity.

This chapter focuses on the feasibility of use of different colored 
mulches along with drip irrigation in increasing the water productivity for 
cabbage production in semi-arid area.

8.2  MATERIALS AND METHODS

8.2.1  EXPERIMENTAL SITE

The experiment was conducted at research farm of Department of Irrigation 
and Drainage Engineering, Dr. PDKV, Akola, situated in Western Vidarbha 
region of Maharashtra State and comes under subtropical zone. It is situ-
ated at an altitude of 307.4 m above mean sea level at the intersection of 
20°42′ North latitude and 77°02′ East longitude. Average annual precipita-
tion of Akola is 760 mm.

The minimum temperature over the period of study varied from 7.4 to 
21.5°C whereas maximum temperature varied from 24.8 to 33.6°C. Mean 
daily relative humidity, daily sunshine hours, wind speed and evapora-
tion ranged between 45 to 89%, 0.2 to 9.0 h, 0.03 to 1.61 m.s–1 and 2.2 to 
9.0 mm.day–1, respectively.
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FIGURE 8.1  Soil profile at experimental site.

8.2.2  DATA COLLECTION

8.2.2.1  Soil Characterization

Soil profile study (Figure 8.1) was carried out to characterize the soil at 
experimental plot. Soil samples were collected from a pit, dug at the cen-
ter of field, from the depths of 0–18 cm, 18–42 cm and 42–68 cm under 
supervision of soil physicist. Soil samples were tested for physio-chemical 
analysis in the laboratory and results are presented in Tables 8.1 and 8.2.

8.2.2.2  Water Retention Properties of Soil

Water retention of soil at 0, 0.33, 3, 5 and 15 bars was determined using 
pressure plate apparatus. The soil moisture retention curves were devel-
oped using these observations (Figure 8.2). The porosity of soil was deter-
mined using porosity cup. It is estimated as 0.51, 0.51, 0.40 cm3cm–3, 
for soil horizon AP, A and C, respectively.

8.2.2.3  Water Source and Its Quality

The source of water was water distribution network of university. The water 
was analyzed for its suitability for irrigation (Table 8.3).
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TABLE 8.3  Chemical Analysis of Irrigation Water

Property Value

pH 7.52
EC (ds.m–1) 0.46
HCO3 (meq.lit–1) 1.30
Cl (meq.lit–1) 1.20
Ca + Mg (meq.lit–1) 1.60
Na (meq.lit–1) 3.95
K (meq.lit–1) 0.70
S.A.R. 4.90
R.S.C. 0.30

FIGURE 8.2  Soil moisture retention curves. (a) Soil horizon Ap; (b) Soil horizon A; 
(c) Soil horizon C.
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8.2.3  EXPERIMENTAL DESIGN AND TREATMENTS

The field experiment (Figure 8.3) was laid in randomized block design. 
The  experiment consisted of four treatments with six replications. 
Following treatments were used:

T1 Irrigation scheduling at 50% moisture depletion of available water 
capacity under black polyethylene mulch with drip irrigation 

T2 Irrigation scheduling at 50% moisture depletion of available water 
capacity under silver polyethylene mulch with drip irrigation 

T3 Irrigation scheduling at 50% moisture depletion of available 
water capacity with drip irrigation 

T4 Irrigation scheduling at 100% replenishment of evapotranspira-
tion with drip irrigation 

TABLE 8.4  Details of Experiment

Items Specification

Name of the crop Cabbage
Scientific name Brassica oleracea Var. capitata.
Variety Golden acre
Planting time Rabi season
Design RBD (Randomized Block Design) 
Number of treatments 4
Number of replications 6
Crop spacing 45 cm x 50 cm
Plot size 3.5 m x 3.6 m
Number of plants/plot 42
Number of plots 24
Seed rate 500 g.ha-1

Duration of crop 120 days
Mulch Black and silver polyethylene mulch
Date of sowing 12–10–2013
Date of transplanting 26–11–2013
Date of last harvesting 19–02–2014
Fertilizer dose, NPK 150:50:0 kg ha–1
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FIGURE 8.3  Crop stand in the experimental plots.

8.2.4  EXPERIMENTAL SET UP

8.2.4.1  Land Preparation

Land was prepared with deep plowing followed by harrowing. Using broad 
bed furrow maker, the soil bed were raised to 15 cm, as shown in Figure 8.4.

8.2.4.2  Polyethylene Mulch

The polyethylene mulch film (silver and black) of 50 µm thickness was 
used to cover soil in the mulch treatments.

8.2.4.3  Laying of Gypsum Block Sensors in the Soil

Before installation, gypsum blocks were soaked in the water for two 
hours. Three holes of 30 cm depth were made in each plot in a zigzag 
fashion with the help of a screw auger (Figure 8.5), considering average 
30 cm of root depth of cabbage. Tied paired gypsum blocks (Figure 8.5) 
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were installed into the augured holes. The holes were then filled with soil 
resembling the original soil conditions.

8.2.4.4  Calibration of Moisture Meter

A table (chart, as well) was provided by the manufacturer showing rela-
tionship between moisture meter reading and soil moisture tension. Using 
developed soil moisture retention curves and chart provided by manufac-
turer, the moisture meter was calibrated for the soil at experimental site. 
An example of reading of a soil moisture sensor is shown in Figure 8.6.

Verification of Moisture Meter Reading

Before start of experiment, practically observed gravimetric soil moisture 
content and moisture content from soil moisture characteristic curve in 
reference to moisture meter reading were verified against each other.

FIGURE 8.5  Installation of gypsum block in the soil at experimental plot.

FIGURE 8.4  Dimensions of raised bed plot.
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8.2.4.5  Irrigation System Set Up

The irrigation system consisted of: pump, suction pipe, delivery pipe, 
inline drip and other accessories, such as control valve, tee, elbow, cou-
pling, reducer, G.T.O, etc. The water was conveyed to the experimental 
plot through installed pipeline at experimental site.

8.2.4.6  Fertilizer Application

The recommended dose of fertilizer in all plots was given through urea 
and phosphate at the rate of 150 kg and 50 kg per hectare, respectively. 
Half dose of N and full dose of P was given at the time of transplanting and 
remaining dose of N was given after one month of sowing.

8.2.4.7  Crop Harvesting

As all cabbage heads were not ready for harvest at one time, therefore these 
were harvested in stages based on the maturity of the heads and cumulative 
yield was recorded. Cabbage head was harvested on 20, 22, 27th January 
and 3, 11 and 19th February 2014, when the heads were firm and mature.

FIGURE 8.6  Observation of moisture meter reading.
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8.2.5  ESTIMATION OF IRRIGATION EFFICIENCY

8.2.5.1  Emission Uniformity

Irrigation efficiency is used to judge the performance of irrigation system. 
The application efficiency in the form of emission uniformity for inline 
drip system was calculated by using equation below [5]:

	 E q
qu
n

a

= ×100 	 (1)

where, Eu = emission uniformity in %, qn = average of lowest ¼th of emis-
sion point discharges for field data in lph, and qa = average emission point 
discharge of test samples operated at the reference pressure head in lph.

8.2.5.2  Water Use Efficiency

Water use efficiency is the ratio of crop yield to the amount of irrigation water 
applied during crop period. It was calculated by using following equation:

	 E Y
WRui = 	 (2)

where, Eui = irrigation water use efficiency in (100 kg).ha–1.cm–1, Y = crop 
yield in 100 kg, and WR = water requirement in ha-cm.

8.2.6  IRRIGATION SCHEDULING

Common irrigation was applied on 25th November 2013 to the experimen-
tal plot, to bring soil to field capacity. The first irrigation was given on 27th 

November 2013 up to field capacity in all treatments.

8.2.6.1  Irrigation Water Requirements for Treatments Based on 
Irrigation Scheduling At 50% Moisture Depletion of Available 
Water Capacity

Total available water (TAW) was determined using soil moisture constants 
of the soil and 30 cm root zone depth. Depth of irrigation water (IW) per 
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irrigation was calculated considering 50% maximum allowable depletion, 
in T1, T2 and T3. The soil moisture was observed every day with the mois-
ture meter (Figure 8.6). Irrigation was provided, when moisture reduced 
to 50% of TAW. Irrigation water need at 50% depletion of AWC was cal-
culated using following formula:

	 d
Yfci Mbi
100

A Di i
i=1

n

=
−( )

× ×∑ 	 (3)

where, d = net amount of water to be applied during an irrigation in cm, 
Mfci = field capacity of moisture content in the ith layer of the soil in per-
cent, Mbi = moisture content before irrigation in the ith layer of the soil in 
percent, Ai = bulk density of the soil in the ith layer, Di = depth of the ith 
soil layer within the root zone in cm, and n = number of soil layers in the 
root zone D.

8.2.6.1.1  Gross Irrigation Requirement

Gross irrigation requirement was calculated for experimental plot, consid-
ering appropriate losses using following relationship:

	 IR d
E(application)i=1

n

=∑ 	 (4)

where, IR = gross irrigation requirement at the field head in cm, d = net 
irrigation requirement in cm, E(application) = water application efficiency in %, 
and n = number of irrigations in a season.

8.2.6.2  Irrigation Water Requirements for Treatments Based on 
Irrigation Scheduling At 100% Reference Evapotranspiration

Water requirement of the crop under drip irrigation at 100% replenishment 
of evapotranspiration was computed on daily basis based on pan evapora-
tion by using following equation for treatment T4:

	 ETc = Ep × Kc × Kp 	 (5)
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where, ETc = crop evapotranspiration in mm.day–1, Kc = crop coefficient, 
Kp

 = pan coefficient, and Ep = pan evaporation, mm.day–1. The volume of 
water to be applied per treatment was calculated with following equation: 

	 V = ETc × A × N	 (6)

where, V = volume of water per treatment in liters, ETc = crop evapotrans-
piration in mm.day–1, A = area of one plot in m2, and N = number of plots.

Values of pan coefficient and crop coefficients were taken from Food 
and Agricultural Organization (FAO) Paper 56. Water requirement of 
cabbage crop was estimated on daily basis over the crop period. Irrigation 
was scheduled on daily basis. The value of pan coefficient was assumed 
as 0.7 [12].

8.2.7  BIOMETRIC OBSERVATIONS

In order to observe growth, yield and quality of cabbage as affected by dif-
ferent irrigation methods, biometric observation (number of leaves/plant, 
plant height, leaf area) were observed at 15, 30, 45, 60 days after trans-
planting (DAT). Total yield of cabbage obtained for each harvesting was 
recorded and cumulated over crop period. Diameter of fully developed, 
cabbage head was also measured.

8.2.8  COST ECONOMICS OF CABBAGE PRODUCTION

Cost analysis (benefit–cost ratio) for all treatments was worked out to 
compare the net returns. For this purpose, the life period of polyvinyl 
chloride items was considered as 10 years and 25 years for G.I. items and 
motor pump set. Standard market rates were considered for each Item. 
Fixed cost, operating cost, net return and benefit–cost ratio for each treat-
ment were worked out using standard formulae. Benefit–cost ratio was 
calculated using following relationship [13]:

	 B:C ratioo Net benefits per crop season
Total cost of produ

=
cction of cabbage

	 (7)



Impact of Polyethylene Mulch on Micro Irrigated Cabbage	 297

TABLE 8.5  Irrigation Water Requirement of Cabbage

Parameter Value

Total available water (TAW), % 13.92
Depth of water applied during each irrigation (IW), mm
Treatment: T1, T2, and T3 26.4
Treatment T4 = ETc

8.3  RESULTS AND DISCUSSION

8.3.1  IRRIGATION SCHEDULING

Depth of irrigation required in both cases of scheduling was determined. 
Table 8.5 indicates that irrigation of 26.4 mm was required to bring the soil 
to field capacity in case of treatment T1, T2, and T3. The period after which 
irrigation is required depends on crop growth stage, soil type and climate. 
Therefore, it varied from treatment to treatment.

8.3.2  WATER REQUIREMENT OF CABBAGE

For each crop stage, irrigation water applied and effective rainfall received 
were summed to determine water requirement of cabbage in each crop growth 
stage, as influenced by different irrigation scheduling. Table 8.6 shows that 
maximum water was required by cabbage during mid season stage fol-
lowed by crop development stage, initial and late season stage. Treatment T2 
required minimum water for cabbage production. Therefore maximum sav-
ing of water in Treatment T2 took place during mid season stage.

8.3.3  WATER SAVING UNDER DIFFERENT TREATMENTS

Number of irrigations, water applied and water saving are presented in 
Table 8.7. It is observed that the highest number of irrigations was used 
in the treatments T4, followed by T3, T1 and T2. Irrigation applied under 
different treatments varied from 327.4 mm to 252.2 mm. Total water 
requirement of cabbage was highest (327.4 mm) under irrigation schedul-
ing at 100% ETc (T4), followed by T3 (305 mm), T1 (278.6 mm) and T2 
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(252.2 mm). The maximum water saving over control treatment was in 
treatment T2 (22.97%), followed by T1 (14.91%) and T3 (6.84%).

8.3.4  SOIL MOISTURE DEPLETION

Soil moisture depletion study was undertaken in treatments T1, T2 and T3 while 
soil moisture was not observed in case of T4 as irrigation was scheduled daily 
equal to 100% crop evapotranspiration (ETc), a regular practice. Soil moisture 
was observed daily in treatments T1, T2 and T3. Soil moisture depletion pattern 
is depicted in Figure 8.7. It is observed from Figure 8.6 (a, b and c) that the soil 
moisture was always maintained in allowable depletion regime.

8.3.5  PERFORMANCE OF CABBAGE

The statistical analysis of recorded biometric observations was carried out 
and is presented in Table 8.8.

TABLE 8.6  Water Requirement for Each Growth Stage

Crop growth stage Water requirement under different treatments, mm

T1 T2 T3 T4

Before transplanting 41.0 41.0 41.0 41.00
Initial 52.8 52.8 52.8 55.52
Crop development 52.8 52.8 79.2 88.96
Mid season 105.6 79.2 105.6 110.64
Late season 26.4 26.4 26.4 31.28
Seasonal water requirement 278.6 252.2 305.0 327.4

TABLE 8.7  Water Saving

Treatment No. of 
Irrigations

Water 
applied, IW 
(mm)

Effective 
rainfall, ER 
(mm)

Total water 
applied, 
IW+ER 
(mm)

Water 
saving over 
control, 
(%)

T1 9 278.6 0.0 278.6 14.91
T2 8 252.2 0.0 252.2 22.97
T3 10 305.0 0.0 305.0 6.84
T4 (control) 81 327.4 0.0 327.4 0.00
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FIGURE 8.7  Soil moisture depletion pattern. (a) Treatment T1; (b) Treatment T2; 
(c) Treatment T3.
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It can be observed in Table 8.8 that all growth parameters were influ-
enced significantly by different irrigation/mulch treatments. Treatments T1 
and T3 showed cabbage head yield at par with each other, while T2, and T4 
showed significantly highest yield as compared to treatments T1 and T3.

8.3.6  IRRIGATION EFFICIENCIES

Effects of irrigation scheduling and mulching on emission uniformity and 
water use efficiency (WUE) are presented in Table 8.9.

The emission uniformity of 92.5% for inline drip system was used in 
the experiment. It was observed that the maximum yield was obtained in 
treatment T4 while minimum was recorded in treatment T3. Maximum water 
was applied in treatments T4 followed by T3, T1 and T2. Table 8.9 shows that 
the treatment T2 (drip + silver mulch, irrigation scheduling at 50% of AWC) 
recorded highest WUE followed by treatment T4 (control), T1 and T2. Highest 
WUE was recorded in treatment T2, which is due to the lowest water use.

8.3.7  COST ECONOMICS

Cost analysis of cabbage production under various treatments was car-
ried out as shown in Tables 8.10 and 8.11. Fixed cost remained same 

TABLE 8.8  Statistical Analysis of Biometric Observations

Treatment Average value at 15, 30, 45 and 60 DAT Diameter 
of cabbage 
head, cm

Yield 
(100 kg). ha-1

Plant 
height, cm

Number of 
leaves

Leaf area, 
cm2

T1 12.39 11.67 2.92 11.47 100.73
T2 12.56 12.18 3.04 12.04 126.25
T3 13.08 12.78 3.19 10.84 99.00
T4 (control) 14.44 12.30 3.08 11.99 143.11
Mean 13.56 12.24 3.06 11.77 122.62
F-test Sig. Sig. Sig. Sig. Sig.
SE (m) + 0.060 0.052 1.065 0.043 4.989
CD at 5% 0.184 0.158 3.208 0.132 15.030
CV (%) 0.899 0.857 2.762 0.745 8.139
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TABLE 8.9  Irrigation Efficiency Under Different Treatments

Treatment Emission 
uniformity, %

Yield (100 kg).
ha-1

Consumptive 
use ha-cm

Water use 
efficiency 
(100 kg)/ha-cm

T1 92.5 100.73 27.86 3.62
T2 126.25 25.22 5.01
T3 99.00 30.50 3.25
T4 (Control) 143.11 32.74 4.37

TABLE 8.10  Total Cost For Cabbage Production (1.00 Rs. = 0.01566 US%)

Items Treatments

T1 T2 T3 T6

Fixed cost, Rs ha–1 5537 5537 5537 5537
Operating cost, Rs ha–1 40081 40081 19011 19011
Total cost, Rs ha–1 45618 45618 24548 24548

TABLE 8.11  Cost Analysis of Cabbage Production

Treatment Yield of cabbage Gross return* Total cost Net return BC ratio

100 kg/ha (Rs ha–1) —

T1 100.73 100730 45618 55112 1.21
T2 126.25 126250 45618 80632 1.77
T3 99.00 99000 24548 74452 3.03
T4 143.11 143110 24548 118562 4.83

*The market rate of cabbage was Rs. 1000 per 100 kg or Rs. 10/kg.

in all treatments and only operating cost changed in each treatment. 
Therefore operating cost was calculated for each treatment separately. 
Total cost for cabbage production benefit–cost ratio for all treatments 
were estimated.

The BC ratio varied between 1.21 and 4.83. It was maximum for con-
trol treatment T4, while it was minimum for treatment T1. It was maximum 
for treatment T4 due to less total cost as it does not include cost of mulch. 
Similarly, another non-mulch treatment T3 also resulted in higher BC 
ratio (3.03). In mulch treatments, BC ratio was maximum for treatment T2 
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followed by T1. Under silver mulch, the BC ratio for cabbage production 
was highest as compared to that under black mulch.

8.4  CONCLUSIONS

On the basis of water use efficiency and benefit–cost ratio data, it was con-
cluded that under water constraints, cabbage should be grown under silver 
mulch with drip irrigation having irrigation scheduling at 50% of AWC.

8.5  SUMMARY

The randomized block design field experiment having four treatments 
with six replications was conducted on cabbage at research farm of 
Department of Irrigation and Drainage Engineering, Dr. PDKV, Akola for 
its response under different irrigation/mulch treatments on water saving 
during November 2013 to February 2014. Irrigation was scheduled when 
moisture reduced to 50% of total available water TAW in case of first three 
treatments (T1, T2, and T3), while in fourth treatment (T4), daily irrigation 
equal to evapotranspiration was provided. Non-mulch drip irrigated treat-
ment T4 was the control. Silver and black colored polyethylene mulch of 
50μ thickness was used in this study. Seasonal water requirement of cab-
bage was highest (327.4 mm) under irrigation scheduling at 100% ETo 
(T4, T5, and T6). It was lowest (252.2 mm) under irrigation scheduling at 
50% moisture depletion of available water capacity under silver polyeth-
ylene mulch with drip irrigation. The highest saving of water over control 
treatment was achieved in T2 (22.97%), followed by T1 (14.91%) and T3 
(6.84%). It is also clear that the treatments with irrigation @ 50% deple-
tion of AWC resulted in lower yield as compared to treatments with irri-
gation equal to 100% evapotranspiration. No specific pattern of yield in 
response to water/mulch was observed. Treatment T2 (drip + silver mulch, 
irrigation @ 50% of AWC) gave highest water use efficiency followed 
by treatment T6 (control), T5, T4, T1 and T3. The BC ratio was maximum 
for control treatment, for example, T6, while it was minimum for treat-
ment T1. BC ratio for non-mulch treatments was higher than mulch treat-
ments. It is observed that treatments with mulch and irrigation scheduling 
at 100% replenishment of evapotranspiration, resulted in higher BC ratio 
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as compared to treatments with mulch and irrigation scheduling at 50% 
depletion of AWC. Under silver mulch, the BC ratio for cabbage produc-
tion was higher as compared to that under black mulch in both cases of 
irrigation scheduling.
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9.1  INTRODUCTION

Water is a precious natural resource, a basic human need and prime national 
asset. India will be a highly water stressed country 2020 onwards  [7]. 
Population of India is expected to reach from 1027 million to 1930 mil-
lion by 2025. Food grain requirement will be raised to 350 million tons by 
2025 [1]. To meet this requirement there are two options either increase the 
gross area under irrigation or increase the water use efficiency. As water 
is becoming limiting resource, there is no scope to increase irrigated area 
by using additional water. Hence, only way to increase food production 
is by increasing the water use efficiency. For this purpose water saving 



306	 Performance Evaluation of Micro Irrigation Management

and more yielding irrigation methods have to be used. Micro-irrigation 
systems satisfy this requirement.

The traditional surface irrigation methods are required to be replaced 
by modern water saving-more yielding irrigation methods like sprin-
kler, drip and micro irrigation. These are effective means of water sav-
ing. Micro-irrigation systems account 40–50% of water saving and also 
resulted in 15–20% more yield coupled with 30% saving of fertilizer and 
labor as compared with surface irrigation [6]. Only limitation of this sys-
tem is high initial investment.

Garlic (Allium sativum L.) is second most important bulbous crop 
grown throughout the country. Garlic has higher nutritive value as com-
pared to other bulbous crops. It is rich source of carbohydrates, proteins 
and phosphorus. Laboratory studies pointed out the protective values of 
garlic against heart disease, cancer and infectious disease. India rank sec-
ond in area and production of garlic next to China. Production of garlic in 
India is 4.36 x 105 metric tons over total area of 1.07 x 105 hectare. The 
total productivity of garlic is 4.1 metric tons per hectare. Water require-
ment of garlic is 425 mm. Traditionally, garlic is irrigated with flood irri-
gation methods [4].

Various types of micro irrigation systems are now available in market. 
The selection of appropriate type of micro irrigation system is a critical 
task. Considering above mentioned aspects with view to grow more crop 
per drop of water, a field experiment aiming to check the performance of 
garlic under different irrigation systems was conducted.

9.2  MATERIALS AND METHODS

9.2.1  EXPERIMENTAL SITE

The experiment was conducted during rabi season of 2008 to 2011 at 
research farm of Department of Irrigation and Drainage Engineering, 
Dr.  PDKV, Akola that is situated in Western Vidarbha region of 
Maharashtra State (India) and comes under subtropical zone. It is situ-
ated at an altitude of 307.415 m above mean sea level at the intersec-
tion of 20º42′ North latitude and 77º02′ East longitude. Average annual 
precipitation is 760 mm.
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TABLE 9.1  Mechanical Composition of Soil

Particulars % composition

Sand 20.40%
Silt 40.59%
Clay 39.10%
Soil texture class Clay loam

TABLE 9.2  Chemical Composition of Soil

Particulars Soil depth, cm

10 20 30

Organic carbon 0.44 0.42 0.38
Available nitrogen (kg/ha) 281.08 270.19 265.93
Available P2O5 (kg/ha) 16 13 8
Available K2O (kg/ha) 301 300 280
EC (ds/m) 0.44 0.47 0.48
pH 7.53 7.52 7.50

TABLE 9.3  Soil Moisture Constants at Experimental Plot

Particulars Value

Depth of soil 30 cm
Field capacity 30.85%
Permanent wilting point 20.95%
Bulk density, g cc-1 1.37

The climate of the area is semi-arid, characterized by three distinct 
seasons, namely summer being hot and dry from March to May, the 
warm and rainy monsoon from June to October and winter with mild cold 
from November to February. The maximum and minimum temperatures 
are 48.23ºC and 22.05ºC in summer and 32.88ºC and 14.35ºC in winter, 
respectively. Mechanical and chemical composition of soil at experimen-
tal site is presented in Tables 9.1 and 9.2. The soil moisture constants in the 
term of field capacity and permanent wilting point were determined using 
pressure plate apparatus and are given in Table 9.3. The source of water 
was analyzed to check its suitability for irrigation (Table 9.4).
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9.2.2  EXPERIMENTAL SET UP

The water was conveyed to online drip, micro sprinkler and check basin 
plots through installed pipeline at the experimental site. The irrigation 
system consisted of pump, suction pipe, delivery pipe, emitters, micro 
sprinklers and other accessories such as control valve, tee, elbow, cou-
pling, reducer and G.T.O., etc. Details of experimental layout are as 
shown in Figure 9.1. The control head unit comprised of sand filter, 
screen filter, pressure gage, flow control valve and pressure regulating 
valve, etc.

The experiment was set in randomized block design having three treat-
ments with seven replications. The details of treatments and experiment 
are given in Tables 9.5 and 9.6, respectively.

Plant height, number of leaves and yield were observed. After harvest-
ing of garlic, it was cured in shed for about a month. Yield was observed 
before drying and after drying. The statistical analysis of the yield obser-
vations was carried out. Benefit–cost analysis was also worked out.

9.2.3  IRRIGATION MANAGEMENT

The amount of irrigation water required for all treatments to bring the soil 
to field capacity was calculated by using following equations [3].

TABLE 9.4  Chemical Analysis of Irrigation Water

Particulars Value

pH 7.52
EC, ds.m–1 0.46
HCO3, meq.lit–1 1.30
Cl, meq.lit-1 1.20
Ca + Mg, meq.lit–1 1.60
Na, meq.lit–1 3.95
K, meq.lit–1 0.70
S.A.R. 4.90
R.S.C. 0.30
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TABLE 9.6  Details of Experiment

Particulars Specification

Crop Garlic 
Scientific Name Allium sativum L.
Variety G-41
Experimental design Randomized Block Design 
Number of treatments Three
Number of replications Seven
Number of plots 21
Plot size 3.6 m x 3.6 m
Interspaces between plots 2 m
Crop Spacing 15 cm x 10 cm
Seed rate 500 kg/ha
Recommended fertilizer dose (N.P.K.) 100:50:50 kg/ha in two split
Date of sowing 17.11.2008; 24.11.2009; 19.11.2010 
Date of harvesting 23.03.2009; 23.03.2010; 19.03.2011 

TABLE 9.5  Details of Treatments

Treatment Irrigation system Specification

T1 Online drip Dripper of 4 lph each, spacing 40 cm
T2 Micro sprinkler Single micro sprinkler of 64 lph discharge
T3 Check basin IW/CPE =1.2 with CPE = 40 -mm 

FIGURE 9.1  Crop stand in experimental plots.

	 d Mfc Mbi As Ds=
−

× ×
100

	 (1)
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	 Q = d x A	 (2)

where, Q = quantity of water required per plot in liter, Mfc = moisture con-
tent at field capacity in %, Mbi = moisture content before irrigation in %, 
As = apparent specific gravity in g/cc, Ds = depth of effective root zone 
in mm, d = net amount of water to be applied during an irrigation in mm, 
and A = area of plot, m2.

9.2.3.1  Irrigation Scheduling

9.2.3.1.1  Micro Irrigation Treatments

The irrigation for micro irrigation treatments (inline drip and micro irri-
gation) was scheduled daily. After first common irrigation, the daily 
irrigation water requirement was determined using class A open pan 
evaporation, crop coefficient and pan coefficient. Daily evaporation 
data was obtained from the Meteorological Observatory, Department of 
Agronomy, Dr. PDKV, Akola during the period of investigation. The val-
ues of crop coefficient for different growth stages of garlic [2] are pre-
sented in Table 9.7.

The value of pan coefficient was taken as 0.7. The water requirement 
for garlic crop per day was calculated by using following equation [5]:

	 Q = A x Epan x Kp x Kc	 (3)

where, Q = quantity of water required in liters per day, A= area of plot in m2, 
Epan = pan evaporation in mm/ day, Kp = pan coefficient, and Kc = crop 
coefficient.

TABLE 9.7  Crop Coefficients for Garlic

Crop stages Duration (days) Crop coefficient

Initial 18 0.48
Crop development 60 0.94
Mid season 28 1.07
Late season 15 0.86
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9.2.3.1.2  Check Basin Irrigation System

For check basin method, irrigation was scheduled at calculated pan evapo-
ration (CPE = 40 mm with IW/CPE = 1.2). The amount of water (IW) 
required for each plot in the check basin irrigation system was calculated 
by using following equations:

	 IW
CPE

=1 2. 	 (4)

	 Q = IW x A	 (5)

where, IW = net amount of water to be applied during irrigation in mm, 
CPE = cumulative pan evaporation in mm/day, Q = quantity of water 
delivered in liters per plot, liters, and A = area of plot in m2.

9.3  RESULTS AND DISCUSSION

9.3.1  IRRIGATION WATER REQUIREMENT

The amount of water applied to each plot under inline drip, micro irriga-
tion and check basin irrigation method during various growth stages is 
presented in Table 9.8.

Table 9.8 clearly indicates that the maximum water was required by 
garlic during crop development stage compared to lowest during ini-
tial stage. During crop development stage, maximum vegetative growth 
took place and also it was longest duration stage. The mid-season stage 
is characterized with ceasing of vegetative growth and development of 
bulbs. Water requirement was decreased during the late season stage. 
During this stage, vegetative growth as well as bulb development com-
pletely ceases. Cumulative irrigation water requirement of garlic dur-
ing cropping period under micro irrigation treatments was 47.49 ha-cm 
compared to 87.59 ha-cm under check basin irrigation treatment. Thus 
45.78% water was saved through the use of micro-irrigation system over 
check basin irrigation system. Hence on an average, an additional area of 
0.84 ha under garlic can be irrigated by using saved water adopting the 
micro irrigation system.
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TABLE 9.9  Pooled Analysis of Yield of Garlic Over the Period of Experiment 
(1.00 quintal, q = 100 kg)

Treatments Yield of crop

Weight of Garlic before 
drying (q/ha)

Weight of Garlic after 
drying (q/ha)

Weight of 
bulb, (mg)

T1 72.71 45.80 17.8
T2 66.32 44.24 17.25
T3 49.6 30.86 16.6
Mean 61.86 39.74 17.11
F-test Sig Sig Non Sig
SE (m) ± 1.20 0.72 0.48
CD at 5% 2.62 1.57 1.04
CV (%) 7.54 7.00 10.83
2008–09 60.97 40.11 16.75
2009–10 40.39 26.37 16.46
2010–11 84.23 52.72 18.13
Mean 61.86 39.73 17.11
F (test) Sig Sig Sig
SE (m) ± 1.19 0.70 0.39
CD at 5% 2.42 1.43 0.79
CV (%) 8.65 7.94 10.26

9.3.2  WATER USE EFFICIENCY (WUE)

The Table 9.9 indicates average weight of bulb, yield before drying, and 
yield after drying during 2008–09, 2009–10 and 2010–11. Yield before 
drying and after drying was maximum in online drip treatment compared 
to lowest yield in micro irrigation treatment. Yield obtained in online drip 
treatment was significantly higher than that in check basin treatment. 
While yield obtained in micro irrigation treatment was significantly lower 
than that in check basin treatment. Weight of bulb was found significantly 
higher in online drip irrigation treatment over that in check basin treatment.

Water use efficiency (WUE) for various irrigation treatments is pre-
sented in Table 9.10. WUE was maximum for online drip irrigation system 
followed by inline, micro irrigation and was lowest in case of check basin 
treatment.
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9.3.3  BENEFIT–COST ANALYSIS

Benefit–cost (BC) analysis was carried out for garlic production. Market 
rate of garlic was assumed as Rs. 5000 per 100 kg. Total cost for micro-
irrigation system was taken into consideration (Table 9.11). Benefit–cost 
ratio for various treatments are presented in Table 9.12.

Benefit–cost ratio for online irrigation treatment was maximum (1.96) 
followed by micro irrigation and check basin irrigation treatments. Hence, 
online drip irrigation system should be preferred for garlic production.

9.4  CONCLUSIONS

Inline drip irrigation system resulted in 20% higher yield and 46% water 
saving compared to traditional check basin irrigation method. Therefore, 
inline drip irrigation system is recommended to for garlic production.

9.5  SUMMARY

The field experiment in a randomized block design with three treatments 
and seven replications was conducted on garlic (Allium sativum L.) to 
study its performance under different irrigation methods during 2008 to 
2011. The three treatments were online drip, micro irrigation and check 
basin irrigation system. The irrigation for online drip and micro irriga-
tion was scheduled daily, based on crop evapotranspiration; and for check 
basin it was scheduled at 40 mm CPE with IW/CPE ratio equal to 1.2. 

TABLE 9.10  Water Use Efficiency Under Different Irrigation Treatments

Year Water applied,  
ha-cm

Yield, 100 kg /ha Water use efficiency 
(100 kg)/(ha-cm)

T1, T2 T3 T1  T3 T1 T3

2008–09 48.53 96.18 46.92 23.72 0.96 0.49
2009–10 46.58 83.06 28.70 24.90 0.61 0.53
2010–11 47.36 83.51 61.79 43.97 1.30 0.93
Average 47.49 87.58 45.80 30.86 0.95 0.65
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Average  irrigation water requirement of garlic was 87.59 ha-cm under 
check basin while 47.49 ha-cm under micro irrigation system. Online 
drip irrigation system was best for the garlic production, due to 45.78% 
water saving over traditional check basin method with 20 % more yield 
[water use efficiency of 0.95 (100 kg)/ha-cm] and having average BC ratio 
of 1.96.
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•• BC ratio

•• bulb yield

•• check basin irrigation

•• CPE

•• garlic

•• irrigation scheduling

•• micro irrigation

•• water use efficiency
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APPENDICES
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Irrigation edited by Megh R. Goyal. New Jersey, USA: Apple Academic 
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APPENDIX A  CONVERSION SI AND NON-SI UNITS

To convert the 
Column 1 in the 
Column 2, Column 1 Column 2

To convert 
the Column 
2 in the 
Column 1,

Unit Unit
Multiply by SI Non-SI 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	 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
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0.446 	  ton per hectare	 ton (2000 lb) per 		   2.24
		  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	 centimeter 
2.09 × 10–2 	  pascal, Pa	 pound per square 		   47.9
		  feet
1.45 × 10–4 	  pascal, Pa	 pound per square 		   6.90 ×3 10
		  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
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2.387 × 105 	  Joule per square	 calories per 	  4.19 × 104

	  meter	 square centimeter
105 	  Newton, N	 dynes 		   10–5

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) 		   0.227
	  hour	 per 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
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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
 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
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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–1 °C–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
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APPENDIX E  Continued

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

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

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
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APPENDIX F  Continued

T °C Δ kPa/°C T °C Δ kPa/°C T °C Δ kPa/°C T °C Δ kPa/°C

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

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
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Day Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

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

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 G  Continued

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}
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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

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
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
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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.

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:

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

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 H  Continued
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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]

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 tempera-
ture. 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]
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cp, specific heat of moist air = 1.013 [kJ kg–1 °C–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 ÷ (e° Twet)]°
.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]
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 
average 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:
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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 φ2]

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 trans-
mission 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 modi-
fying 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
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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 posi-
tions, ridge shapes and watering patterns.
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APPENDIX L

From: Vincent F. Bralts, 2015. Chapter 3: Evaluation of the uniformity 
coefficients. In: Sustainable Micro Irrigation Management for Trees and 
Vines, Volume 3 by M. R. Goyal (Ed.). Apple Academic Press Inc. 

1.	 Uniformity classification.

Classification Statistical Uniformity Emission Uniformity

Excellent For U = 100–95% 100–94%
Good For U = 90–85% 87–81%
Fair For U = 80–75% 75–68%
Poor For U = 70–65% 62–56%
Not Acceptable For U < 60% <50%

2.	 Acceptable intervals of uniformity in a drip irrigation system.

Type of dripper Slope Uniformity interval, %

Point Source: located in planting 
distance > 3.9 m.

Level* 90–95
Inclined** 85–90

Point Source: located in planting 
distance < 3.9 m.

Level* 85–90
Inclined** 80–90

Drippers inserted in the lines for 
annual row crops.

Level* 80–90
Inclined** 75–85

* Level = Slope less that 2%. ** Inclined = Slope greater than 2%.

3.	 Confidence limits for field uniformity (U).

Field uniformity 18 drippers 36 drippers 72 drippers

Confidence limit Confidence limit Confidence limit

NSum* % NSum % NSum %

100% 3 U ± 0.0 6 U ± 0.6% 12 U ± 0.0%
90% 3 U ± 2.9 6 U ± 2.0% 12 U ± 1.4%
80% 3 U ± 5.8 6 U ± 4.0% 12 U ± 2.8%
70% 3 U ± 9.4 6 U ± 6.5% 12 U ± 4.5%
60% 3 U ± 13.3 6 U ± 9.2% 12 U ± 6.5%

*NSum = 1/6 part of the total measured drippers. This is a number of samples that will be 
added to calculate Tmax and Tmin.
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4.	 Nomograph for statistical uniformity

5.	 The field uniformity of an irrigation system based on the dripper 
times and the dripper flow rate.



Performance of Garlic Under Different Irrigation Systems 	 339

6.	 The field uniformity of a drip irrigation system based on the time 
to collect a known quantity of water or based on pressure for 
hydraulic uniformity.
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