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Abstract

Watershed development and management has been adopted as a new approach for
land and water resources management in India. Water resources are created (in the
form of small tanks) in these watersheds along with other development activities.
These tanks are primarily used for irrigation or groundwater recharge or for both

purposes. Since gaps were found in the literature on the optimum design of
watershed based tank irrigation systems this research was carried out with the aim to
“Design an optimum tank irrigation system for the watershed".

The philosophy of watershed management and the nature of tank system in the
watershed required a new approach for their optimum design. Therefore a
comprehensive methodology has been developed in this research for design of
optimum tank system in the watersheds of semi arid and sub humid tropics. A new
classification of tank system is proposed. The concept of tank strategy is introduced
and used in the methodology of optimum tank system design. The methodology
takes into account the effect of in situ rainwater harvesting practices on the tank
system, inflow coming to the watershed from upstream watersheds and downstream
release from the candidate watershed. The methodology is based on the concept of
Integrated Water Storage System (IWSS) in which three storage media in the
watershed i.e. soil, tank and aquifer are integrated to derive the optimum tank
system. Field, tank and aquifer water balances are simulated for deriving optimum
tank system. The methodology has been converted into computer code which
resulted into a computer model ~-SOFTANK (Simulation Optimization For TANKS).

The SOFTANK model was applied to two case study watersheds - Akola and
Pimpalgaon Ujjaini. Both these watersheds come under semiarid region of
Maharashtra state of India. When optimum tank strategies were derived for these

watersheds, it was found that tank system was not economical for Akola watershed
whereas it was economical for Pimpalgaon Ujjaini watershed. Accordingly the
optimum tank system for the Pimpalgaon Ujjaini watershed was derived.

This research is expected to make an innovative and practical contribution to the
literature on the design of optimum tank systems for watersheds in semiarid and sub

humid tropics.
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Chapter-1
INTRODUCTION

1.1 Summary

This chapter introduces the research thesis by discussing the background of the
research, presenting research gaps and lack of knowledge in the area of research;
and the need and main aim of the research; and finally defines the research problem
with the proposed hypotheses and objectives.

1.2 Preamble

“Water is fundamental for life and health. The human right to water is indispensable
for leading a healthy life in human dignity. It is a pre-requisite to the realization of all
other human rights”- The United Nations Committee on the Economic, Cultural and
Social Rights (ENS, 2002).

The above quote highlights the importance of water in human life. Recently the
General Assembly of the United Nations proclaimed, in its resolution A/RES/58/217,
the period from 2005 to 2015, the International Decade for Action, 'Water for Life',
commencing on World Water Day, 22" March 2005. The Decade will focus on water-

related issues, at all levels and on the implementation of programmes and projects,
and the furtherance of cooperation at all levels, in order to help to achieve the
internationally agreed water-related goals contained in the United Nations Millennium
Declaration, and in Agenda 21 and the Johannesburg Plan of Implementation (Water
tor life 2005). While launching the 'Water for Life' decade on 22nd March 2005, Kofi
Annan, Secretary-General of the United Nations said

“The world’s water resources are our lifeline for survival, and for sustainable
development in the 21st century. Together, we must manage them better’.

From the above quote and declaration it is clear that water has been given the top
priority by the United Nations as many countries are facing acute water related
problems. Almost all developing countries face increasing demands for water due to
rapid population growth, urbanisation and industrial growth, as well as from increases
in irrigation. Much of this demand comes from agriculture. One such country- India is
no exception to this. The problems of land and water resources management in India
in relation to agriculture are discussed below.
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1.3 Problems of land and water resources management for agriculture in
India

India is blessed with good water resources but its distribution is uneven in time and
space resulting in floods and droughts at the same place at different times of the year
or at different places at the same time. Though we cannot control mighty hydrological
cycle but certainly we can regulate the hydrological cycle to some extent for our

benefits.

India has a land area of 329 Mha. The all India average annual rainfall is 1170 mm,
but it varies from 100 mm in western deserts to 11000 mm north-eastern regions,
respectively. More than 50% of the rainfall takes place in about 15 days and less
than 100 hours altogether in a year (Chaturvedi, 2001). Hence the problems of land
and water resources management for agriculture in India arise mostly on account of
high temporal and seasonal rainfall variability. Rainfall is highly erratic and often falls
as convective storms, with high rainfall intensity and extreme spatial and temporal
variability.

The poor distribution of rainfall over time therefore often constitutes a more common
cause for crop failure than absolute water scarcity due to low cumulative annual

rainfall. Occurrence of dry spells is a common feature of the monsoon rainfall in

India. The frequency and length of dry spells may vary in different agro-climatic
zones. At Solapur, in the semi-arid belt in Maharashtra state of India, these dry spells
may extend from 2 to 13 weeks at a stretch (Patil et al., 1981). The crop failure due
to dry spells can be avoided if some form of supplementary irrigation is made
available. Hence adapting to dry spells by creating storages is a key to improved
water productivity in rainfed agriculture in semi-arid and dry sub-humid regions of the
country.

Most of India falls in semi-arid tropics where rainfed areas cover 75% of the total
cropped area and account for about 42% of food grain production (Gajri et al., 1982).
The semi-arid regions in India are the areas where annual rainfall is less than 1000
mm and are characterised by either tropical dry climate with 2-4.5 humid months or
wet dry tropical climate with 4.5 -7 humid months. Water scarcity is therefore
considered to be the primary factor limiting crop production in these areas. These
regions cover an estimated area of 53% of the 329 Mha geographical area (Virmani
et al., 1978). Most of the rivers in this region are dry except during monsoon seasons
and the landscape does not offer many sites for building large storage reservoirs. It is
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estimated that even after achieving the full irrigation potential, nearly 50% of the total
cultivated area in India and 70% in Maharashtra state (a major semi-arid state in the
country from which the case studies are drawn) will remain rain-dependent (Katyal
and Venkateswarlu, 1993; Pathak et al., 1999)

Due to high proportion of cultivated area in the country depending on the rain,
rainwater harvesting plays a key role in boosting and sustaining crop production in

this rainfed area.

1.4 Rainwater harvesting

As long as mankind has inhabited semi-arid areas and cultivated agricultural crops, it
has practised some kind of rainwater harvesting (Evenari et al., 1971). Rainwater
harvesting can be practised as in situ or ex situ. In situ rainwater harvesting consists
of practices such as ridges and furrows, mulching, contouring, deep ploughing, tied
ridging and terracing. Whereas ex situ rainwater harvesting consists of collecting rain
and runoff from a catchment, storing it in a pond or tank and using it for irrigation to
the crops in the command area. The tank thus forms an important and integral
component of this ex situ rainwater harvesting, the system often called ‘tank

Irrigation’ system.

Rainwater harvesting is not a new concept in India. On the contrary, the country has
a long and ancient history of rainwater harvesting. Ancient rainwater harvesting
systems (in the form of different tank systems) are found in almost all states ranging
from Rajasthan in western India with a very low rainfall of 100 mm to the north
eastern states with rainfall as high as 11000 mm. An excellent comprehensive review
and discussion of rise and fall of ancient and contemporary rainwater harvesting
systems in India has been given by Agarwal and Narain (1997).

1.6 Tank Irrigation systems

Since tanks join two domains i.e. water harvesting domain and irrigation domain they
are referred interchangeably as water harvesting systems or tank irrigation systems.
India has a long history of tank irrigation. In the southern states in semiarid tropical
India, small irrigation systems have existed since Vedic times. In India as a whole
tanks account for over 20% of the total irrigated area (Li and Gowing 2005). These
systems take different names from region to region like nadi, nalla bund, check dam
etc. (They are described in detail in Chapter 4). But they are commonly called ‘tanks’
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to differentiate them from big irrigation reservoirs. These tanks are created by
construction of earthen dams across minor valleys. Although some tanks are new,
most have existed for a long time and some for centuries. The tanks are primarily
used for supplemental irrigation during the rainy season and full irrigation in the dry
season and runoff is the main source of water to these tanks.

1.7 Design of tank irrigation systems

Tank irrigation system must be designed scientifically to get optimum performance in
terms of net benefits from the system. Design procedures for big reservoirs can not
be used for tank system design due to entirely different set of characteristics of the
latter. Some of these characteristics are listed below.

1. These tank systems are location specific catering to the needs of local people
with the scale ranging from a single farmer to a group of farmers.

2. The source of water is the flash floods during the rainy season.

3. The water is stored during the wet spells and Immediately used during the
following dry spells. Hence annual volume of irrigation is more than its one
time storage capacity.

4. They are suitable for irrigating rainy season and post rainy season crops only.

Design of tank system involves determination of location, storage capacity and
dimensions of the tank. In the stand alone systems, location is often decided with the
knowledge of the site and convenience to the beneficiaries. Dimensions can be
optimised once the storage capacity of tank is known with the help of site information.
Hence storage capacity remains an important parameter in the design of a tank
system. At present, they are determined based on local experience of the users.
Analytically, Palmer et al. (1982 a) showed that tank capacity can be determined by
matching the supply of and demand for water for a given crop situation. Tank
capacity Is increased or decreased till the supply and demand are met. This is done
through a simulation modelling of the cropped area water balance and tank water
balance. This approach for tank design was later followed by Panigrahi and Panda
(2003) and Srivastava (1996 and 2001) for Indian conditions.

These tank systems were constructed as stand alone systems catering to the needs
of local people. The issues of integration of different rainwater harvesting systems,
resource conservation, upstream downstream conflicts etc. did not appear
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prominently in these systems. However later these issues became important. The
solution to these issues was felt to be possible through the concept of watershed for
the land and water resources management in the country.

1.5 Watershed development and management- a new approach for
ralnwater harvesting in India

A watershed is an area from which all water drains to a common point, making it an
attractive unit for technical efforts to harness scarce water resources and conserve
soil for agricultural production and natural resource conservation. Watershed
management IS seen as a way to raise rainfed agriculture production, conserve
natural resources, and reduce poverty in the region. Watershed development and
management implies an integration of technologies within the natural boundary of a

drainage area for optimum development of land, water and plant resources, to meet
people’s basic needs in a sustained manner.

Indian watershed development programmes started from late 80s to develop semi-
arid areas that the Green Revolution bypassed. By the late 90s watershed
development became the focal point for rural development in the country, with an
annual budget of over $450 million (Kerr, 2002). A wide variety of donors and
development agencies have been promoting watershed development, including the
central government, several state governments, the World Bank, bilateral assistance
programmes with countries like UK, Germany, and Sweden. Government of India has
set the guideline that the watershed is the most rational unit for planning and
implementation of the programmes dealing with agricultural production.
Subsequently, watershed management has become the cornerstone of planning and
development of land and water resources in the country (Singh et al., 1999).

The watershed development activity is a long term project and a typical watershed of
say 1000 ha may take 3-5 years for development. Main development activities
involve planning, designing and implementing different in-situ and ex-situ rainwater
harvesting techniques in the watershed. However, according to Vaidyanathan (2001)
a great deal of knowledge about the catchment hydrology is required for effective
watershed development. Knowledge of contribution of in situ RWH systems as an
Individual practice and as a combination of practices is required. The mix of in situ
and ex situ RWH systems for specific locations should be developed. He further

stresses that knowledge on these aspects is far from adequate for a massive
decentralised watershed programme adapted to varying local condition.
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1.8 Watershed based tank irrigation systems

Due to the advent of watershed approach to the management of land and water
resources, tanks are planned as an integral component of the watershed. Tanks are

often constructed along with other in situ rainwater harvesting (RWH) practices like
bunds, trenches, ridges to harvest maximum possible rainfall in the watershed.

These in situ practices harvest considerable volumes of water, reducing the flow to
the tanks; increasing soil water storage and groundwater recharge. Crops in the
watershed are provided with irrigation from tank and/or groundwater. In this way the
watershed approach of RWH attempts to make use of three water storage media in
the watershed for productive water use i.e. soil, tank and aquifer. Due to the different
nature of watershed based tank systems from stand-alone tank systems, the existing
approaches of design of isolated tank systems (Palmer et al 1982, Panigrahi and
Panda,2003, Srivastava, 1996)) can not be used and there is a need of new research
approach to design such tank systems. Therefore a new research approach is
proposed for the design of watershed based tank systems on the concept of
“Integrated Water Storage System (IWSS)". Following sections describe the concept
of IWSS and the research approach for design of tank systems in the watershed.

1.9 Integrated Water Storage System (IWSS)

The concept of Integrated Water Storage System (IWSS) is proposed in this research
for the optimum design of tank system and is explained below.

Water can be stored in the watershed for crop production in three storage media-
soil, surface tanks and aquifer. There are different techniques of rainwater harvesting
which can be adopted to make use of these three storages. For example in-situ RWH
techniques like tillage practices, trenches etc make use of the soil medium to store
the harvested rainwater. Part of the rainfall which is in excess of the storage capacity
of these practices flows downstream as surface runoff. This runoff is harvested by ex
situ RWH techniques like irrigation tanks for irrigation to the crops in the watershed.
Part of the water harvested by in situ RWH practices and ex situ RWH practices
tflows down the soil medium as deep percolation and joins the groundwater table.
This groundwater is used for irrigating the crop in the watershed.

Thus three storage media are interlinked in the watershed and changes in one
storage medium affects the storage in another medium. For example soils with in situ
RWH practices harvest more rainwater than soils without such practices. This results
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in less runoff flowing downstream for tanks. (Chittaranjan et al., 1997, MPKV, 2002).
Irrigation requirements of crops (which may have met from the tank) cultivated on
such soils are less, thus affecting both the supply and demand parameters of tank.
This affects the tank design. Sandy soils allow more water to infiltrate down to the
aquifers making less storage available in the soil and surface tanks and more storage
available in the aquifers. In this case irrigation from groundwater iIs more important
than tank irrigation. Hence integration of these storages is imperative and is referred
to as IWSS in this study.
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Figure 1.1 lllustration of the concept of IWSS

1.10 Research approach

Watershed based tank systems have some unique characteristics which are not
found in the isolated tanks and need to be described. For example a typical
watershed may have 1 to 5 numbers of tanks and their locations may vary on the
main drainage line. The water from the tank can be used on downstream side or
upstream side of the tank, changing the orientation and area of command of tank
(This is discussed under ‘tank type’ in Chapter-4). In the proposed methodology

these aspects have been integrated into a term ‘tank strategy’ (explained in Section
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4.3.4). Moreover there is a need for downstream release of water for downstream
users and ecological reasons (Sakthivadivel and Scott 2005, Sikka and Paul 2005).
Hence the methodology should take into account all these factors when designing a

tank system for the watershed.

Previous studies reviewed in Chapter 5 considered a ‘tank’ as an individual (or
isolated) entity and did not consider the influence of different storages on each other
while designing the tank system. Hence at present, gaps are found in the literature
on the design aspect of tank system for rainwater harvesting and irrigation in

watershed.

In a nutshell scientifically sound manipulation of the relationship between rainfall,
runoff and recharge offers a vast opportunity for augmenting water availability and for
alleviating the wide spatial and temporal vagaries of monsoon precipitation. The most
effective option is to harvest rainwater in situ and ex situ in ponds, tanks etc. from
properly developed micro-catchments, thereby conserving water in the soil profile,
subsoil aquifers and small tarm ponds. This research is based on this concept.

1.11 Aim

The aim of the research is to “Design an optimum tank irrigation system in the
watershed for maximum net benefits”.

1.12 Hypotheses

1. In situ RWH systems influence the storages of downstream ex situ RWH
systems (tanks) and hence both in situ and ex situ RWH systems should be
considered together in the methodology for optimum design of a tank system
in the watershed.

2. Rational design of tank system for the watershed should be obtained by
investigating different scenarios that result from the combination of number of
tanks, their locations and types (hereinafter called ‘tank strategy’) as tank
strategies affect greatly the outputs from the system (such as water available

for consumptive use, crop production, benefits).
3. There is a need for integrating different storage systems (soil, tank and

aquifer) while optimizing the use of available water for crop production and
thus in turn for the optimum design of tank system.
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It is possible to design the optimum tank system for the watershed for a

desired downstream release of water (from the watershed).
The variability in supply and demand parameters influences the optimum

design of tank system.

1.13 Objectives

Based on the above hypotheses the objectives of the study are

. To study the effect of in situ RWH system i.e. continuous contour trenches on

inflows to tanks and groundwater recharge (output of hypothesis 1)

To define tank strategies in terms of number of tanks, their types and
locations and develop the methodology for generating these tank strategies
(output of hypothesis 2).

To develop the methodology for optimally designing the tank system by
Integrating three storage media - soil, tank and aquifer and by simultaneously
considering the downstream release of water (output of hypotheses 3 and 4).
To develop the methodology for obtaining a stable tank system for
watersheds to account for stochastic nature of water supply and demand
parameters (output of hypothesis 5)

To test the validity of the developed methodologies for design of tank system
for watersheds in different agro-climatic zones of semi-arid tropics (output of

hypothesis-3, 4 and 5).

1.14 Organisation of thesis

The thesis is organised in 11 chapters as discussed below.

1.

Chapter 1: The chapter presents the background and need of research and
introduces the problem of research in the form of hypotheses and objectives.

Chapter 2: This chapter reviews the role of in situ rainwater harvesting
techniques in reducing runoff and presents case studies of adoption of
integrated rainwater harvesting systems in watersheds in India.

Chapter 3: This chapter presents one in situ RWH practice i.e. continuous
contour trenches (CCT) popular in India. The modelling approach for CCT is
discussed.
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. Chapter 4: This chapter reviews the tank irrigation systems in India. A
classification system for tanks Is proposed and discussed. Data on some
existing tank systems are analysed to study different aspects of tank systems.

. Chapter 5: This chapter discusses the approaches used in the past for
determining the storage capacity of tanks and ponds. It discusses the merits
and limitations of these approaches in the context of the proposed
methodology for IWSS for the watershed.

. Chapter 6: The chapter presents the detailed methodology for deciding the
optimum tank system for the watershed. It also describes the simulation
optimization model - SOFTANK developed by converting the methodology
into a computer code.

. Chapter 7: This chapter discusses two case study watersheds in the semi-
arid region of Maharashtra state in India and the results of the model
calibration for these two case study watersheds.

. Chapter 8: This chapter describes the results of evaluation of existing tank
systems in the case study watersheds.

. Chapter 9: This chapter presents the results of simulation of alternate tank
strategies for the case study watersheds.

10. Chapter 10: This chapter discusses the results of optimization of tank

systems for the case study watersheds.

11.Chapter 11: This chapter presents the conclusions and findings of the

research work along with suggestions for future work.

12. Appendix: Appendices contain the case study data used in the analysis and

some sample calculations.

10
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IN-SITU RAINWATER HARVESTING SYSTEMS IN INDIA

2.1 Summary

This chapter discusses different in-situ rainwater harvesting (RWH) systems, which
make use of soil profile for storing harvested rainwater. The chapter also discusses
the watershed approach for rainwater harvesting adopted in India since 80s, where
different in-situ and ex-situ RWH systems are integrated to derive maximum RWH
benefits. The popularity of the approach is shown with the help of some case studies
on integrated RWH systems in the watershed.

2.2 Introduction

Rainwater harvesting has been an essential component of the agriculture in the arid
and semiarid tropics of the world. A vast range of RWH systems can be found all over
the world. Boers and Ben-Asher (1982) have given a review of such RWH systems.
All these techniques involve collection of rainwater in some form and its application for
successful crop production. The collected rainwater is stored for immediate or later
use. The storage medium is soil, a surface structure or aquifer.

The concept of-Integrated Water Storage System (IWSS) proposed in this study is
explained in the first chapter. According to this concept, different storages (i.e. soll,
surface and aquifer) should be integrated while adopting the rainwater harvesting
(RWH) systems in the watershed. Different RWH systems are adopted to make use of
these storage media. Therefore these systems are discussed under three storage
media i.e. soil, surface structure (i.e. tanks in the present study) and aquifer

The first step in RWH is the adoption of in-sitt RWH systems. Hence this chapter is
devoted to review the different in situ RWH systems that are commonly adopted in the
semiarid and subhumid tropics. The discussions are mainly drawn from reviews of in
situ RWH practices from India, though some appropriate references from other
countries of semiarid tropics are also included in the discussions. (The reference of
the country is not given when the references are from India, where as it is mentioned
for references from other countries). One special in-situ RWH practice i.e. continuous
contour trenches which forms an important part of this study is discussed in detail in
Chapter 3, whereas ex-situ RWH systems (referred to as tank irrigation systems) are

11
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discussed in detail in Chapter 4. This Chapter also discusses the watershed approach
for rainwater harvesting adopted in India since 80s, where difterent in-situ and ex-situ
RWH systems are adopted to derive maximum RWH benefits. Some case studies on
integrated RWH systems in the watershed are also discussed to emphasize the
popularity of these systems.

2.3 Why In-situ RWH systems need consideration?

The in-situ RWH systems increase the infiltration capacity of the soil, increase the
opportunity time for water to infiltrate and reduce surface sealing. All these eftects
result in the reduction of runoff. This further reduces the runoff available for
downstream ex-situ RWH (or tank irrigation systems) in the watershed. Following two
examples are cited in support of this observation.

Chittaranjan et al. (1997) conducted an experiment at Bellary, Karnataka, with three
ponds. The catchments of individual ponds were given single treatment of graded
bunds, contour bunds or conservation ditches. During four years of study they found
that it was possible to give supplementary irrigation to 30% of the catchment area in
all the four years with the runoft stored in the pond with the catchment treated with
graded bunds. But it was possible to do so in only one year in the case of ponds with
the catchments treated with contour bunds and conservation ditches. In another study
emphasizing the consideration of the in-situ RWH practice for design of ex-situ RWH
system, Arnold and Stockle (1991) considered the effect of furrow diking in deciding
the optimum farm pond size in USA. Furrow diking is a practice of building small
temporary dikes across furrows to conserve water for crop production. In the model
they considered specified amount of runoff (model input), the dikes are allowed to
hold. If the estimated runoff from a storm is less than the furrow-dike storage, no
runoff occurs and all precipitation is allowed to infiltrate. If estimated runoff exceeds
the furrow-dike storage, the exceedence runs off while an amount equal to the furrow-
dike storage is allowed to infiltrate.

The above two examples strengthened the hypothesis (hypothesis-1) that in-situ RWH
practices store considerable volume of water resulting in less runoff available for
downstream tanks/ponds. This assumes importance in the context of IWSS concept. It
thus led to the motivation to review the effect of different in-situ RWH practices on

runoff reduction.

12
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2.4 Definitions

Some specific terms are used during the discussion of review, which need to be
defined at the outset.

2.4.1 Drylands

Drylands are defined as terrestrial areas with a ratio of mean annual precipitation to
mean annual potential evapotranspiration (aridity index) of less than 0.65 (excluding
polar regions and some high mountain areas with a cold climate year-round that meet
this criterion but have completely different ecological characteristics from other). Dry
lands consist of hyper arid to dry sub-humid areas, the aridity criteria for which are
given below (UNEP, 2005).

Climate type Aridity index
Hyper arid less than 0.05
Dry sub-humid 0.510 0.65

(Source UNEP, 2005)

2.4.2 Rainfed agriculture

Rainfed agriculture here means the crop production is predominantly dependent on
rain for its water needs. There is absence of any irrigation practice for meeting crop
water requirements.

2.4.3 In-situ rainwater harvesting systems

In-situ RWH system comprises different techniques that harvest and conserve the
rainwater where it falls or travels for a small distance. Normally these systems
conserve rainfall and/or some form of sheet flow and make use of soil as storage

medium. Examples of such systems are deep tillage, ridges and furrows, contour
cultivation, bunds, terraces, trenches etc.

13
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2.4.4 Ex-situ rainwater harvesting systems

Ex-situ RWH systems are the systems where water is collected from a catchment

area, conveyed to a storage facility (usually a tank or pond) and then applied to the
crop at a later period. These systems are discussed under the title of tank irrigations

systems in Chapter-4.

2.4.5 Tank

This term is used for small reservoirs (to differentiate them from big irrigation
reservoirs) that store the rain and runoff water from a catchment. The stored water is
used for irrigating the crops in the command area and/or for groundwater recharge.
They are characterised by their small scale in size, operation and management. In this
study, this will be a broad umbrella term covering all small water harvesting reservoirs
like farm ponds, check dams etc. used for irrigation and/or for groundwater recharge.

2.4.6 Watershed

This term needs to be elaborated as it is used in different contexts in different
countries. Watershed is a concept for land and water resources development on
sustainable basis. It is the geographical area draining to a common point. A
watershed may be as small as a flowerbed or a parking lot or as large as a river basin
covering hundreds of thousands of square kilometres (Singh, 2002). For planning,
development and management purposes, it is often defined on the basis of its size
and assumes the names as micro-watershed, mini-watershed, watershed, meso-
watershed, river basin etc. The terms like watershed, catchment, and basin are
conceptually the same. Watershed is a commonly used term in USA and India
whereas catchment is a commonly used term in Europe. Though basin refers to big
watershed of river, it is also often used for small plots on the field like ‘check basin’.
To avoid such confusion, in this study the term watershed (except where it is cited
from the references of other scientists) is used to denote an area of around 500 to
2000 ha draining to a common point on the stream. This is the area, which is
considered for watershed planning in India. Normally it encompasses a village and
such area is found convenient for planning, development in a period of 3-5 years and
later its management by the village community.

l""'*-..____
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Catchment-2
Catchment-1
< Tan&-2
Tank-1 f
Catchment-3

\

Watershed boundary

NI
Tank-3

Figure 2.1 lllustration of watershed and catchment

2.4.7 Catchment

In the watershed development programme in India, tanks are constructed in the
watershed. In this study the term catchment (again except where it is cited from the

references of other scientists) is defined as that part of the watershed, which drains to

the tank site in the watershed. Hence there can be number of catchments In a
watershed depending on the number of tanks (Fig 2.1).

2.4.8 Command

This Is the area in the watershed to which irrigation from tank can be applied for crop
production. In addition to water stored in the tank, the source of water may also come
from the water stored in groundwater storage, which may be recharged by the tank.

Other specific terms are explained in the thesis at appropriate places.

2.5 Soil storage for rainwater harvesting

When rainfall occurs some part of it is stored in the soil medium. This soil moisture is
available in the unsaturated zone (i.e. the zone above the water table). This zone
consists of root zone of crops and deeper layers, which support tree growth. The
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unsaturated zone can retain moisture up to its field capacity, where water is held
under capillary tension. Any increase in water content, will gravitate further below and

recharges the groundwater.

Different soils have different ability to supply moisture to crops. Some soils have large
water holding capacity to supply water required for evapotranspiration of crops
between two rainfall events. Whereas some soils have very low water holding
capacity and plant stress occurs even during short rainless periods. Annual
evapotranspiration will be more and annual runoff less from the soils with large water
holding capacity than that from the soils with small water-holding capacity under the
same climatic conditions.

There are different soil groups in India and the water holding capacity of these soils
ditfer. For example in the lateritic soil areas of drought prone regions of India, it is
estimated that about 60% of annual rainfall would be stored in the unsaturated zone.
The 40% balance of rainfall would be in the shape of groundwater and surface water
of almost equal proportion (Rao, 1996). About 15-18 Mha of vertisols are fallowed
during the monsoon and only a post-monsoon season crop is grown on residual soil
moisture in India. The residual soil moisture is determined by the amount of rain
stored in the root zone. These soils often store less than 50% of the actual rainfall in
the low rainfall areas and as low as 25% in high rainfall zones (Sharma and Helweg,
1982).

Apart from the above percentages, it has to be appreciated that a substantial quantity
of rainfall is stored as soil moisture. This component is almost fully consumed during
the cycle of a year through transpiration of crops (and trees) and evaporation. Storage
in the soil profile is extremely important for crop production, but it is relatively short-
term storage, often only sufficient for a period of days. The following sections describe
different methods of rainwater harvesting that utilize soil medium to store rainwater.

2.5.1. In-situ rainwater harvesting systems

The first step in any rainwater harvesting (RWH) system involves methods to increase
the amount of water stored in the soil profile by holding the rain where it falls. In-situ
RWH is sometimes called ‘water conservation' and is basically a prevention of net
runoff from a given cropped area by holding rainwater and prolonging the time for
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infiltration. This system works better where the water holding capacity of soil is large
enough and the rainfall is equal or more than the crop water requirements, but
moisture amount in the soil is restricted by the amount of infiltration and or deep

percolation.

Before discussing the in-situ RWH systems, it needs to be clarified here that
conservation of soil and water goes hand in hand and many in-situ RWH practices
discussed below have evolved as soil conservation techniques and hence are more
popular as soil conservation techniques. The subtle differences start to begin when
the runoff area and the collection area are different as in bunds, terraces and
trenches. The concept of RWH involves inducement of runoff from larger area for use
on a smaller area and hence treatments are often given to the catchment to increase
runoff production. Whereas no such efforts are made in bunds, terraces and trenches
since the objective is conservation and not harvesting. On the contrary eftorts are
made to decrease runoff in the inter-bund space by soil manipulation or land
management. But these practices are discussed in literature as both i.e. soil
conservation and water harvesting techniques. The reason must be lying in the fact
that these practices slow down runoff, reduce soil erosion and store significant
quantities of water, which recharges soil profile and groundwater, and hence meet
twin objectives of soil conservation and water harvesting.

2.5.1.1 Deep tillage

Deep tillage normally assists in increasing the soil moisture holding capacity through
increased porosity, increasing the infiltration rates and reducing the surface runoft by
providing surface micro-relief or roughness which helps in temporary storage of
rainwater, thus providing more time for infiltration. Dongale (1987) found that tillage
enhanced cumulative infiltration and infiltration rate by 28.63 and 95.7 % respectively
in medium black soil in Konkan region of Maharashtra. Rao et al. (1998) conducted
experiments on the effect of tillage systems on infiltration and runoff, at ICRISAT,
Hyderabad for six years consecutively. For a six-year period, they found that on a
bare plot, cumulative runoff was 1168 mm for zero tillage, 1084 mm for shallow tillage
and 929 mm for deep tillage.
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2.5.1.2 Contour cultivation

Contour cultivation involves carrying out crop cultivation practices along the contours.
The system is practically more feasible for less undulating lands. All farm husbandry
practices are done along contours so as to form cross-slope barrier to the flow of
water (Fig 2.2-a, b). Where this is not enough, it is complemented with ridges, which
are sometimes tied (referred to as tied ridges as shown in Fig 2.2(c) to create a high
degree of surface roughness to enhance the infiltration of water into the soil. At
Rahuri, in the semiarid region of Maharashtra, Bangal et al. (1990) found that runoff
(average of 2 years) was 13 mm from the plot with contour ridges and 21 mm from the
control plot. Average soil moisture in the crop season was 32.6% in the plot with tied
ridges and 23.7% in the control plot. In another experiment, Patil and Bangal (1991)
reported that sowing crop across the slope (on a uniformly sloping research plot of
1.5% slope) reduced runoff by 18.7% as compared to sowing down the slope. Kale et
al. (1994) found that runoff (average of 5 years) was 180 mm in the fallow plot and
112 mm in the strip-cropping plot of pearl millet, red gram and horse gram at Solapur
in Maharashtra. Sahoo and Mohanty (1990) reported that at Hyderabad runoff from a
ridged plot was 77 mm as against 141 mm in control plot. Singh et al. (1993) reviewed
the research on different tillage systems and their role in soil and water conservation
in south Asia. Tillage showed a marked influence on soil hydraulic characteristics.

They emphasized the importance of conservation tillage in reducing runoff, soil loss
and in ensuring sustainable agricultural production in the region. They also discussed
the role of other tillage practices, like contour cultivation, contour bunding, terracing
and tied ridging, in increasing the profile water storage.

2.5.1.3 Mulching

Mulch is a natural or artificial layer of plant residue or other materials on the surface of
soil with an objective to reduce the loss of moisture, runoff and soil erosion, weed
infestation and control the fluctuation of soil temperature and improve physical and
chemical properties of soil. Common plant residues like wheat straw, sugarcane trash,
paddy husk and dry leaves are often used as mulch in the dryland agriculture (Fig 2.2-
d). As reported in Gupta and Sachan (1990), Rockwood and Lal (1974) observed
runoff losses of 6.9, 4.9, 4.4 and 6 times higher in ploughed plots as compared to
mulch plots of maize having slopes 1, 6, 10 and 15% respectively. Li (2003) studied
the effect of gravel mulch on runoff and soil loss in China. There were 18 runoff
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| producing storms from 91 rainfall events, producing total of 48.4 mm runoff from the
~ bare plots while only 6 events produced 3.4 mm runoff from the gravel-sand mulched

- plots. Bhatt and Khera (2005) found that mean runoff was highest (50%) in no mulch

plot while it was only 17% in the plot covered with rice straw mulch in Punjab.

2.5.1.4 Bunding

Bunding (or terracing) and trenching (discussed below) are the practices, which
involve much earthwork. They are looked upon as second line of defence after the
above-discussed in-situ RWH practices. They involve careful design, the parameters
of design being mainly cross section and spacing between the two bunds or trenches.
Two popular systems in India are contour and graded bunding. In these systems, a
small earthen embankment is constructed along the contour lines for contour bunds
(Fig 2.2-e) where as some grade is given for safe disposal of excess runoff in graded
bunds. Embankments trap the water flow behind the bunds allowing deeper infiltration
into the soil. The water is stored in the soil profile and above the ground to the
elevation of the bund. Contour bunding in cultivated lands intercepts the runoff,
reduces soil loss and provides increased opportunity time for water intake.

In the high rainfall outer Himalyan region of Palampur, terracing and bunding reduced
runoff in an agricultural watershed of 26 ha from 65 to about 30-35% (Kumar, 1992 as
reported in Sharda and Shrimali, 1994). On average, contour bunds had 27% higher
soil moisture and 14 to 181 % higher fodder yield than flat surfaces on grasslands of
western Rajasthan (Wasi-Ullah et al., 1972). Graded bunding is recommended for
areas having higher rainfall (>700 mm) for safe runoff disposal (Singh 1990). Sahoo
and Mohanty (1990) reported 40.3 mm runoff from a graded bunded plot compared to
51.8 mm in cultivated fallow plot at Dehradun. Chittaranjan et al,, (1997) studied
different soil and water conservation measures in vertisols of semiarid region on a
small research watershed of 10 ha at Bellary in Karnataka. For seasonal rainfall of
497 mm they found 39 mm runoff in graded bunded plot, 10 mm in contour bunded
plot, 34 mm in conservation ditch plot and 48 mm in control plot.

2.5.1.5 Trenches

These are excavations in the soils with typical cross section of 0.6 m width x 0.3 m
depth and running across the full width of the field. These trenches are used both on
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hill slopes as well as on degraded and barren wastelands for soil and moisture
conservation and afforestation purposes. The trenches break the slope and reduce
the velocity of surface runoff. They are adopted on all slopes irrespective of rainfall
conditions (i.e. in both high and low rainfall conditions), varying soil types and depths.
Trenches can be continuous or interrupted. The interrupted trenches are in series or
gtaggered (Fig 2.2-f). They are adopted in high rainfall areas. Continuous trenches are
used for moisture conservation in low rainfall areas and require careful layout. (Fig
2.2-g). The trenches are to be constructed strictly on contours irrespective of the
category. The size of the trench depends upon the soil depth. Studies have shown
that it is possible to harvest 60-80 per cent rainfall with the continuous contour
trenches (Deoulgaonkar 2004). Since continuous contour trenches (CCT) form an
important part of the present study, they are discussed separately in Chapter-3.

2.5.1.6 Vegetative barriers

Vegetative barriers when taken on contour are called contour vegetative barriers
(CVB). They are also called vegetative bunds since small soil bund is formed with the
vegetative barrier due to erosion from the inter-barrier space. Perennial grasses or
shrubs are planted at a regular interval on contours for conserving soil and water in

sloping rainfed crop-fields (Fig 2.2-h). Generally, locally adopted, native, fast growing
perennial grasses with extensive root system that form a dense hedge when planted
in rows, are preferred. These vegetative barriers spread surface flow laterally, thus
reducing the depth and velocity of flow. More water gets infiltrated into the soil and
less runoff available past the vegetative barriers. Sharma et al. (1999) found that
runoff volume and specific peak discharge were reduced by 28 to 97% and 22 to 96%
respectively using CVB in Rajasthan, In an experiment with vegetative bunded fields
at Kolhapur in sub humid region of Maharashtra, it was found that runoff was reduced
by 65.60% (77.41 mm) in vegetative bunded field over the non bunded field (224.97
mm) (MPKYV, 1999).
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(e) Contour bunds (Cnrchley and Sfegert 1991) (f) Staggered trenches (Maharashtra 2005)
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(g) Continuous contour trenches (MPKV2001) (h) Contour vegetative barriers (MPKV200T1)
Figure 2.2 In-situ rainwater harvesting systems
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2.5.2 Modeling /n-situ rainwater harvesting systems

Due to the motivation of including in situ RWH systems in my modelling approach of
tank system design, literature was searched on the modelling aspects of these
practices. But the literature obtained has been limited to that discussed in the
preceding paragraphs. Most of the research results on in-siftu RWH systems reported
the effect of these systems in terms of some visible indicators like increase in soil
moisture and crop yield; decrease in runoff and soil loss etc. Detail water balance of
these systems is not reported. The research is highly location specific and results are
assumed to be valid for the region. Though it is not possible to conduct field
experiments for each location due to time and money constraints, modelling can be
used for extrapolating the results spatially and temporarily. As stated in Chapter 1,
Vaidyanathan (2001) also expressed concern about the lack of technical knowledge
on the interrelationship among different techniques of conservation. Hence studies on
the modelling of these RWH systems are important. One study on the design of
vegetative barriers conducted in Rajasthan was found and is described below.

Sharma et al. (1999) derived the optimum spacing of contour vegetative barriers
(CVB) at Jodhpur. Hydrologic processes with respect to crop response for digitally
generated CVB layouts were simulated using the distributed numerical rainfall-runoff
model SWAMREG and moisture storage- crop yield model SWACROP and a
personal computer based geographic information system (GIS) for designing optimum
CVB spacing. Inputs needed for these models were soil hydraulic parameters, daily
meteorological data, and crop characteristics. Simulated outputs were validated with
the observed runoff, soil moisture storage and pearl millet yield data. At an optimum
simulated vertical spacing of CVB between 0.5 and 0.6 m, 24% reduction in runoff
resulted in better moisture regime and crop yield improvement by 70% over control.

2.5.3 Conclusion

Different in-situ RWH systems discussed above harvest rainfall and runoff to varying
degrees depending upon rainfall, soil, vegetation and topographic characteristics. The
findings of different studies are summarised in Table 2.1 (at the end of the Chapter).
The decrease in runoff (over control) ranged from 20 to 80% by adoption of in situ
RWH practices. Normally these practices are more effective in normal to dry years
and with low to average intensity storms. In wet years or heavy storms, these systems
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get saturated immediately and excess runoff flows downstream. However when

integrated in the watershed, the knowledge of runoff harvested by these systems and
their contribution to the groundwater table is necessary to design the storage
capacities of downstream structures (irrigation tanks) with the concept of integrated
water storage system. The methodology developed for the design of tanks in this
study considers the influence of these systems on infiltration volume and runoff that
eventually influences the amount of water stored in tanks.

The studies conducted in the past on in-situ RWH systems were mostly based on field
experiments and hence are location specific. This was due to the fact that their focus
was to investigate and demonstrate the soil and water conservation techniques to the
policy makers and farmers. However it is necessary to mathematically model these
systems to study their influence on the tank systems and make their findings
transferable or applicable to other areas/regions. The literature indicates that the
researchers have just begun to realise their importance in RWH. This study therefore
attempts to model one popular in-sitt RWH system i.e. CCT in the state of
Maharashtra. The study further advances to analyse the influence of CCTs on design
of tank systems. The detailed modelling procedure for CCT is explained in Chapter 3.

2.6 Integration of storages

Each of the three water storage systems l.e. soil, surface tanks and aquifers has
comparative advantages and drawbacks under specific conditions. Storing water in
the soil is the cheapest method but it is only available for few days or for duration of
crop growth. Tanks can store substantial volume of water but they are faced with
excess evaporation and seepage losses. Groundwater is not subjected to evaporation
but aquifers should have sufficient capacity to store required water and at the same
time there are cost implications associated with lifting of water. However, combining
technologies of in-situ RWH, small tanks, and groundwater storage can achieve
substantial gains in an integrated manner. A number of combinations already exist
and work satistactonly (Keller, 2000). Through integrated watershed development
program carried out in India integration of these storages is considered. The results
are very encouraging in terms of runoff reduction and groundwater recharge.
Following paragraphs discuss the watershed approach for resource conservation
adopted in India. This is followed by the description of case studies of integrated
watershed development in India.
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2.7 Watershed approach to rainwater harvesting

Water and watershed are difficult to separate for management purposes (Scott and
Silva-Ochoa, 2001). Watershed development and management involves integration of
technologies within the natural boundary of a drainage area for optimum development
of land, water and plant resources to meet people’s basic needs in a sustainable

manner. Each watershed is an independent hydrological unit. It has become an
acceptable unit of planning for optimum use and conservation of soil and water
resources. The development efforts focus on conserving soil moisture for rainfed
agriculture, recharging aquifers to augment groundwater irrigation, and capturing
surface runoff water in small ponds. Water harvesting systems are combined with
conservation systems for sustainable development since productivity and
conservation objectives are highly complementary. The soil and water conservation
management and water-harvesting programmes are implemented in an integrated
manner on a watershed basis as shown in Fig 2.3.

2.7.1 Watershed development in India

A watershed development project in India is an ongoing process due to ever
increasing demand for water in different sectors. Indian watershed projects spread
widely in the late 80s and 90s in an effort to develop semi-arid areas that the Green
Revolution had bypassed (Kerr, 2002). The country has made significant investments
in watershed development projects during the decade from 1996-97 to 2006-07. The
investment was. to the tune of US$ 2.9 billion in 1996-2001(9" five year plan) and
US$ 3.7 billion in 2002-07(10™ five year plan)periods (Sakthivadivel and Scott, 2005).
Watershed development programmes range from state and centrally sponsored to
internationally sponsored like the DFID funded Karnataka Watershed Development
(KAWAD) project, Indo-German Watershed Development Programmes (IGWDP) and
Danish watershed development programme (DANWADEP).
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\ 1. Contour trenching

2. Contour stone walls
3. Contour hunds

4. Check dams or gully plugging
5. Farm ponds

6. Percolation ponds
7. Wells

8. Irrigation tanks

9 In-situ moisture conservation,
measures

Figure 2.3 Soil and water conservation works in the watershed
(Source: Sivanappan, 1995)

2.7.2 Watershed development projects in Maharashtra

Maharashtra is the third largest state in the country with 30.8 Mha geographical area.
The entire state broadly falls under tropical monsoon climate. Most of the area of the
state comes under semiarid tropics. It is a pioneering state for watershed
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development in India. Many success stories like the watershed projects of Ralegan
Siddhi and Hiware Bajar paved the way for watershed development programmes not
only in the state but other parts of the country. The status of watershed development
projects under different programmes in the state of Maharashtra as on 2002 is given

in Table 2.2.

Table 2.2 Status of watersheds development projects under different programs in
Maharashtra state (Source: GOM, 2002)

Schemes No of No of watersheds No of watersheds to be
watersheds developed developed
IWDP* 22302 7048 15254
NWDPRA 917 646 271
WGDP 97 43 54
| DPAP | 856 132 724
| Adarsh Gaon 645 100 545

EAS 50% 1582 1393

CAPART 78 78
IGWDP 41 75 |

26707 8258 18449

("IWDP= Integrated Wasteland Development Programme, NWDPRA= National Watershed Development
Programme for Rainfed Areas, WGDP= Western Ghat Development Programme, RBP= River basin
projects, DPAP= Drought Prone Area Programme, EAS= Employment Assurance Scheme, CAPART=
Council for Advancement of People’s Action and Rural Technology, IGWDP= Indo-German Watershed

Development Programme)

In western Maharashtra, the scarcity of water and favourable topography make water
harvesting a high priority and focus of most projects. In these areas there are many
opportunities to capture water behind small dams on the slopes for irrigation in the flat
lands below. Soils in these areas are more porous and favour percolation of harvested
water into groundwater aquifers. The structures include mainly check dams on
drainage lines and continuous contour trenches in the uncultivated catchment areas.
Since almost all the structures are built on non-arable lands with common access by
all village inhabitants, the projects also promote collective action to protect vegetation
in the catchment area. This reduces erosion and limits the silting that would reduce
the storage capacity of water harvesting structures.
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2.7.3 Effect of Integrated watershed development on water resources

Following paragraphs describe some important studies on integrated watershed
development from different regions of India. Their detail description was found
necessary to understand the range of practices adopted in these watersheds. In these
studies the effect of watershed development was studied by observing the visual
effect in terms of reduction in runoff, increase in groundwater recharge, number of
wells in the watershed, and increase in cropped area over the predevelopment period.
The studies were conducted over a period of 5 to 10 years. These studies are also
summarised in a nutshell in Table 2.3 (at the end of the Chapter).

Maheshwari (1990) reported the study on watershed development at Tejpura
watershed (Jhansi in Uttar Pradesh). This watershed was developed with integrated
watershed development approach. Average annual rainfall at the watershed is 931
mm. Watershed development started in November 1983 and was completed in
December 1985. Area of the watershed was 775.7 ha. The watershed was treated
with contour bunding on 23.38 ha, field bunding on 558.94 ha. About 70 masonry
drainage structures were constructed for field-to-field excess water disposal. A storm
water diversion drain at the foothilis measuring 1657 m in length was constructed. An

area of 64.38 ha benefited with gully plugging and an area of 4.6 ha provided with
land levelling. Four check dams were constructed across the seasonal nala of 6.5 km
in length. The total water storage in the watershed was estimated to be 30 ha-m with
12 ha-m in 4 check dams, 4 ha-m in gully plugs and 14 ha-m in 2 water harvesting
bundhis. This all helped in increasing the irrigated area from 20.2 ha to 510 ha during
a period of six years. The underground water levels in wells increased by 3 to 7
meters, number of dug wells increased from 5 to 47 and average pumping of
groundwater increased from 1-2 hour to 8-10 hours per day. Crop yields increased by
2.2 to 7.33 times. The crop productivity increased from 6 g/ha to 19.6 g/ha. The
availability of water in check dams was found for 9 to 10 months. Cropping intensity
increased from 83 t0 185%

A case study of Gunj watershed in Akola district of Maharashtra was reported by
Urade and Sagare (1993). Area of the watershed was 507.90 ha with an average
slope of 1.58%. The watershed was treated with different soil and water conservation
measures like graded bunding on 445.70 ha, stream bank training (1200 m), one farm
pond with storage capacity of 960 m3, vetivera plantation on contours at vertical
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interval of 0.5 m on an area of 72.50 ha. Observations from 20 wells in the watershed
revealed that the increase in the water table depth was 13.87% within the 5 years
period from 1985-86 to 1989-90.

Gaur et al. (1995) reported the study of two watersheds with areas 1381 and 500 ha
in Bundelkhand region. They found that integrated watershed management helps in
the rejuvenation of degraded lands. Various soil and water conservation (SWC)
measures like contour trenches, furrows, shallow pits and stone dykes, ponds,
boulder check dams etc. were planned and executed on watershed concept. The
specifications of different structures are given in Table 2.4. As a result an additional 2
ha-m in situ rainwater was harvested. Through trenching about 1.40 ha-m of runoff
harvesting was accomplished during storms.

Table 2.4: Specifications of different in-situ RWH systems in a watershed in the
Bundelkhand region

4-4.3 1.0-1.2 | 0.05-0.1 0.09- 4500
0.11

3469 | 2765 | 0511

Shallow depth
staggered pits

m m Volume, m
contour trenches No. -
contour trenches
~ Contour furrow [ 20km [ 20(Vvl) | 68355 | 04 | 03 | 1600
_18No |

(*SWC = Soil and Water Conservation)

Singh (1995) reported the case study of integrated watershed development
programme at Rendhar in Jalaun district of Uttar Pradesh, Bundelkhand region of
India. The mean annual rainfall at the site is 880 mm. The area of watershed was
747.83 ha. The watershed was treated with contour bunding on 31.65 ha, field
bunding on 577.95 ha, levelling on 26.89 ha, gully plugging and check dams on
197.58 ha, and water harvesting bundhies (a water impounding structure) on 47 ha
were constructed. 25 check dams were constructed for water harvesting. Vegetative
bunds were taken on 88.50 ha area. The watershed development started in 1983-84
and subsequently observations were taken each year till 1991-92. Results showed
that water table rose by 3.7 m due to runoff control and its storage in water
impounding structures over a period of 9 yeas as compared to the pre-project period.
This increased recharge was used for irrigation and drinking purposes. The number of
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dug wells increased from 10 to 31 and shallow tube wells from nil to 51. The
enhanced availability of water led to the increased cropping intensity from 100 to 185
per cent. The irrigated area went up from 56 to 690 ha. About 18 ha-m water was
harvested every year in check dams, which was used for supplemental or protective
irrigation on 180 ha land.

Rao et al. (1996) reported the results of hydrological analysis of a watershed of 143
ha at Bellary in Karnataka, before and after the treatment with different soil and water
conservation measures. The measures included diversion drains and staggered
contour trenches on non-arable land, graded bunds and stone checks on arable lands
and rockfill dams, archweir and nala bund across the gully. These measures were
implemented during 1984-86. Water levels were monitored at weekly interval in the 47
open wells in the watershed along with water levels in the wells located outside the
watershed to assess the influence of conservation measures on groundwater
recharge. Observations on well water levels and area cropped in the watershed were
recorded consecutively for 8 years. Hydrological analysis revealed that integrated
management of land and water resources consistently improved the groundwater
regime. Surface runoff from the treated forest and agricultural catchment were only
27.4 and 57.4% of the untreated agricultural catchment at the end of eight years,
reflecting in high infiltration of rainwater due to enhanced opportunity time.
Consequently, water levels in the open wells rose by 0.5 to 1.0 m at the end of eight
years, thereby increasing the area irrigated by wells by 172% when compared to the
pre-project period, which in turn improved crop yields by 70%.

Goyal et al. (1997) reported the results of study of Jhanwar watershed in Rajasthan. It
was a small 30 ha watershed. The watershed was treated with structures like stone
check dams, brush wood dams, anicuts in 1987. Groundwater table in the area
recorded average rise by 0.61 m/year during the period from 1987-94.

Mittal and Samra (2001) found that the integrated watershed development activities
provided solution to the degraded fragile hill eco-systems in 3 Mha area in the
Shiwalik hills regions of northern India. In the case study reported by them the
watershed of 59 ha was treated with staggered contour trenches on slopes; stone
check dams, g