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Abstract

In the last century, India has progressed from a famine prone country to one that is food

self-sufficient. However, India’s water resources are now under threat from a growing population

with increasing demands, a changing climate and water mismanagement. Developing realistic

and sustainable solutions to water resource management in India requires an understanding of

local scale water use practices, leading to improved water management tools which incorporate

and examine the potential impacts brought by changes in socio-economic and environmental

conditions.

This research involved the collection of field level data within four districts of the Indian

Gangetic Basin; one of the most intensely populated areas of the world, improving understand-

ing of irrigation water use practices in the region. Semi-structured interviews; a method more

commonly used in social sciences and healthcare, were used to collect both qualitative and quan-

titative hydrological information on individuals’ water use. The approach provides an effective

and efficient method for the collection of information in data scarce regions along with detailed

insights into the drivers behind many water use practices. The importance of collecting and

incorporating local scale information into large scale understanding is also highlighted, with sig-

nificant differences between modelled irrigation water requirements, and field reported volumes

shown.

The information collected and insights gained were used to develop a modelling framework

that is capable of accounting for changes in water level and farmer income, resulting from vari-

ations in climate, farmer irrigation behaviour, water source and agricultural costs. Calibrated

model outputs match observed values of groundwater levels and crop yield in each of the four

districts. The modelling framework is used to investigate how predicted and plausible changes

in boundary conditions may impact water resources and farmer livelihood. Results show that

predicted future climate is likely to have little direct impact on water resources or farmer income,

and may lead to increased water availability. Utilising this increase in precipitation through an

additional abstraction event suggests an increase in crop yields of up to 0.5 tonnes/ha. Results

also suggest additional abstraction is likely to be more sustainable in certain districts if man-

aged appropriately, highlighting the need for local scale understanding and tailor-made solutions.

This practice can also help decrease incidences of flooding, and reduce runoff resulting from high

groundwater levels in aquifers. The research undertaken could have significant implications for

model development, water resource management and policy, as well as poverty alleviation in

India and similar developing world settings.
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Chapter 1

Introduction

1.1 Research Motivation

Water resources are facing unprecedented challenges due to a growing population and shifting

lifestyles. These are further exacerbated by changes in climate, including more frequent extreme

weather events such as droughts and storms. The effects are experienced by many millions of

people worldwide, with the impacts often felt most acutely by the vulnerable in society. Adap-

tation to these challenges depends on an in-depth understanding of the drivers and practices

behind water use, leading to improvements in current management strategies and future sus-

tainability. Such understanding is also necessary to develop a society which is better equipped

to manage the challenges facing water management, taking into account how future scenarios

are likely to impact water resources and societal welfare. Many regions face such water resource

issues including the United States, Iran and China (Döll et al., 2014). However, in terms of the

rate of change in water demand, and the number of people affected, India represents one of the

most important research areas. Here, the effects of increased demand are clear, and a failure

to understand the processes and risks associated with changes in water resources resulting from

variations in climate and socio-economic behaviour may significantly affect the lives of many

millions of people.

Historically, water resource issues have comprised some of India’s most significant challenges;

challenges which are expected to continue into the future (Amarasinghe A. Upali et al., 2009;

Briscoe and Malik, 2006). India is home to 1.3 billion people, the majority of whom live in the

north of the country; one of the most densely populated regions in the world. The fertile plains

of the Ganges and Indus rivers are also among the world’s most intensely irrigated areas, which

coupled with urban water demands, place an enormous strain on the region’s water resources

(Briscoe and Malik, 2006; Tiwari et al., 2009). The dependence on water by such a significant
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population, and their vulnerability to environmental and socio-economic change, highlight the

importance of good water resource management practices.

Indian agriculture expanded rapidly during the 1960’s, encouraged by the policies of succes-

sive Governments to cope with the growing population and to counter the food security issues

historically prevalent in the region. The introduction of high yielding drought-resistant seed va-

rieties and the use of artificial fertilisers allowed India to go from a famine prone country, to one

that was food self sufficient (Jewitt and Baker, 2007; Singh, 2000a). Among the major contribu-

tions were the improvements in irrigation technologies, particularly the widespread adoption of

the groundwater abstraction pump. This allowed farmers to irrigate when crops required water,

not just when water was available, and enabled irrigation to take place outside of the canal

command regions and areas close to rivers (Shah, 2008). The green revolution however, for all

the benefits that it brought to Indian society, has led to a number of problems. Among them

is a significant depletion in the region’s water resources, largely as a result of water abstraction

continuing unchecked (Rodell et al., 2009). Given future population and demand projections,

Indian water resources are likely to face increased strain (Amarasinghe A. Upali et al., 2009;

Briscoe and Malik, 2006). Consequently, in order to develop sustainable and realistic solutions

which will help safeguard India’s water supplies, an understanding of the drivers behind water

resources is vital. This understanding is also central for developing tools to investigate the im-

pacts of changes in boundary conditions on water resources and farmer welfare, and in developing

realistic and sustainable solutions for water resource management.

Hydrological models provide a way of conceptualising anthropogenic and physical processes

of a hydrological system, which can be a useful way to identify and understand feedbacks. In the

context of this study, such models can be of particular use in examining the potential impacts

caused by changes in social and environmental boundary conditions, helping identify improved

coping mechanisms and management strategies. While many complex physical processes can be

accounted for within hydrological models, little progress has been made on incorporating hu-

man behaviour; representing a major gap in scientific knowledge (Nazemi and Wheater, 2015;

GEWEX, 2012a). Including water user practices within the modelling framework allows for

better understanding of the complex processes behind water use, leading to improved informa-

tion for water management (Nazemi and Wheater, 2015). Among the major challenges facing

the inclusion of human behaviour in developing and improving such tools, however, is a lack of

suitable and relevant insight and data to inform, drive and constrain the models. In addition,

many of the hydrological models concerned with the management of water resources cover large

regions. Applications for representing local scale processes, however, particularly water use and
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anthropogenic drivers, are scarce. The improvement of hydrological models through the incor-

poration of human behaviour represents an important aspect of hydrological research, leading to

improved understanding of the complex processes behind water use, leading to more sustainable

and realistic water use decision making.

1.2 Research aims and objectives

The overall aim of this research is to develop a field-observation based understanding of irrigation

water use and its drivers in the Indian Ganges basin, and use the insights gained to develop a

conceptual modelling framework, enhanced by the inclusion of observed human behaviour. The

developed tool aims to examine the impacts of potential changes in environmental and socio-

economic boundary conditions on farmers’ irrigation water use. This will be addressed through

the following objectives:

1. The collection of field level qualitative and quantitative information on irrigation water use

and the drivers behind irrigation practices

2. The use of insights gained to develop a transferable and adaptable modelling framework,

which realistically represents the most pertinent aspects of farmers environment, and how

changes are likely to impact on water resources and farmer welfare

3. The use of the modelling framework to examine how predicted and plausible changes in

boundary conditions, including changes in climate and policy, will affect water resources

and farmer livelihood

1.3 Research context

This research forms part of a large, multi-disciplinary project; Hydroflux India, a collaborative

project between a number of UK and Indian institutions. The overall aim of the project is to

investigate if, and to what extent, the large scale anthropogenic changes which have occurred in

the Ganges Basin of North India over the last 50 to 100 years, have influenced the climate and

hydrological systems in the region. The project employed large scale land use change, climate and

groundwater models, the results of which feed into management and policy recommendations.

This PhD project allowed further constraining of the models used through data collected and

insights gained at field level, and allowed the testing of potential management policies and

changes in climate, in order to assess their possible impacts. The project also compliments

other research within the Civil and Environmental Engineering Department at Imperial College
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Figure 1.1: Map of the study region highlighting the four study districts along with major

regional rivers and cities.
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London; including water resource projects in the United States, Nepal, Ethiopia and South

America. The overall aim of the Hydroflux India project was to examine processes over the

entire Ganges Basin. Conducting the research outlined in this thesis on a basin scale is beyond

the scope of this PhD project. Instead the research was undertaken on four districts in Uttar

Pradesh, which were deemed to be representative of conditions found across the region as a

whole.

1.4 Outline of thesis

This thesis comprises four different sections. Chapter 2 presents an overview of the issues facing

India’s water resources. It outlines the history of water use in India, and how little some aspects

have changed, before describing the benefits and changes brought about by the green revolution.

It also highlights the increase in pressure that rising populations and associated demands are

likely to place on water resources. Chapter 3 describes a methodology for the collection of hydro-

logical information in data scarce regions. Semi-structured interviews were employed as a means

for obtaining both qualitative and quantitative information; including the volume of irrigation

water applied, the cost of irrigation and insights into the various constraints facing farmers, along

with other important insights gained from 200 field level farmer interviews. Chapter 4 begins

with an overview of the pertinent aspects of developing a suitable hydro-economic modelling

framework to represent the farmers’ environment. This includes groundwater, crop production

and water user decision making, which are subsequently incorporated into a modelling frame-

work comprising groundwater, climate, crop yield and socio-economic aspects, all of which are

influenced by information and insights collected in the field. Chapter 5 describes the applica-

tion of the modelling framework to the study districts. The model is verified and calibrated

using observed groundwater and recorded crop yield from each study district. Following model

verification, the impacts of changing climate are examined along with how possible changes in

Government policy are likely to propagate through the water resource and socio-economic sys-

tem. Chapter 6 summarises the main outcomes of the project, and highlights further potential

research.
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Chapter 2

Background to India’s water crises

2.1 Introduction

India is one of the most populated countries in the world, accounting for nearly 17% of the plan-

ets inhabitants. It is also one of the poorest, where approximately 30% of the population live

below the poverty line (Government of India, 2011; James, 2011; Government of India Planning

Commission, 2014). With limited livelihood or welfare security, many in India are vulnerable;

acutely feeling the impacts of climate change or shifts in economic policy. This is particularly

true for the 75% of the population who rely on agriculture for a living (The World Bank, 2012).

Water resource issues form some of the most significant challenges faced by farmers, and indeed

the Indian population as a whole. In the first 5 months of 2016 alone, over a quarter of India’s

population have faced severe water shortages due to a combination of failed rains, contami-

nated supplies and water mismanagement leading to a reduction in irrigated area and crop yield

(France-Presse, 2016; Gleick, 2016). Parts of Telangana and its capital Hyderabad are in 2016

suffering the worst droughts in recorded history. This has led to acute drinking water shortages,

a depletion in the region’s major reservoirs and crop failures. The expansion of gross irrigation

area, from 22.6 million hectares in 1950-51, to 92 million hectares in 2011-12 (Government of

India (GoI) et al., 2014), and the subsequent increase in food grain production; from 50 mil-

lion tonnes in 1951 to over 250 million tonnes in 2013-14 (Mall et al., 2006; Indian Council of

Agricultural Research, 2014; FAO, 2016), has been of great benefit to India, both in terms of

national food security and rural welfare. This progress however, has come at a cost of reduced

water resources and increased uncertainty.

Research has highlighted the impacts large scale irrigation has had on water resources in

India, particularly in the North-Western states of Punjab and Haryana which have seen signif-

icant depletions in water levels (see Rodell et al., 2009; Tiwari et al., 2009). This is largely as
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a result of large scale adoption of improved technology, cheap energy and a lack of restrictions

on water use. Increased climate variability could further exacerbate water resource depletion,

with farmers forced to rely on groundwater to ensure crops get sufficient water, even during the

monsoon season. While the North West of India has seen the largest growth in terms of water

use over the last half century, other regions are following suit. Uttar Pradesh (UP) is the most

densely populated state in India, home to over 200 million people; the overwhelming majority of

whom depend on farming for a living (Government of India, 2011). UP also has seen enormous

expansion in irrigated area since the advent of the green revolution, with farmers moving away

from more regimented canal irrigation, to the atomistic expansion of groundwater abstraction

through diesel pumps. This has been facilitated by the geology of the region, predominantly silty

sands and gravels (Shah, 2008), which are highly permeable and make access to, and abstraction

of groundwater relatively straightforward. While farmers have not experienced the dramatic re-

ductions in water resources seen in other parts of India, availability is still under threat; through

increased demand from a growing population, deteriorating quality and uncertainty due to cli-

mate change. To date, this demand has largely been held in check by a lack of reliable electricity;

forcing farmers to instead turn to more expensive diesel pumps, in contrast to their counterparts

in Haryana and Punjab who have benefited from cheap and sometimes free electricity. According

to the United Nations, by 2021 India will have surpassed China as the most populous country in

the world, and by 2050 the total number of people living in India is expected to exceed 1.6 billion

(United Nations, 2011). Providing sufficient food and water is paramount but will inevitably

lead to increasing stress on available resources. This chapter explores the growth of water man-

aged agriculture in India, from the major irrigation projects of colonial engineers through to the

advent of the green revolution. It highlights the benefits of improved agriculture techniques, as

well as the water security problems now faced by water users, and how they are expected to

play out in the future. Potential pathways to solutions, and possible barriers are then examined.

While water use across India is described within the sections of the chapter, much of the chapter

will focus on the main study area; Uttar Pradesh.

2.2 Water resources in India

India occupies a large and environmentally varied area. As a result, its water resources differ

significantly across the country’s regions and river basins (Amarasinghe A. Upali et al., 2009).

Overall, India has significant quantities of water. Variations in its temporal and spatial avail-

ability however lead to flooding at certain times of the year, and droughts at others (Justin

Rowlatt, 2016), with the same place often affected by both. Indeed in many parts of India,
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it is this mismatch between water demand and seasonal availability that drive much of India’s

water resource issues (Khan et al., 2014). India receives annual precipitation of approximately

4,000km3, 3,000km3 of which falls during the monsoon (Kumar et al., 2005). Rainfall is pre-

dominantly supplied either through the south-west or north-east monsoons, however it is the

south-west monsoon, which takes place between June and September, that supplies the majority

of India’s water. While precipitation is the most significant contributor, snow and ice melt also

supply a large volume of water to India’s northern rivers, with some of the country’s largest and

most important water ways, including the Ganges, Brahmaputra and the Indus along with their

tributaries, originating in the Himalayas. This annual snow and ice melt from the mountains,

along with base flow entering in the plains, contributes to stream-flow during the dry months,

providing the perennial Himalayan rivers with almost twice the annual flow of their southern

peninsular counterparts (Kumar et al., 2005).

While surface water forms an important and visible part of India’s water supply, groundwa-

ter makes up the majority of water resources across the country. It is estimated that approx-

imately 700 million of India’s rural inhabitants are dependent on groundwater for their daily

needs (Kulkarni et al., 2015). Geologically, the region can be divided into three regions; the

mountainous Himalayas in the north, the peninsular hard rock to the south, and the extensive

alluvial plains which run from east to west in between, stretching from the Pakistani to the

Bangladeshi borders. The regions’ aquifers can also be divided into three types; unconsolidated,

semi-consolidated, and consolidated (Bobba Ghosh et al., 1997). In terms of the number of

people it supports, and the volume of food grains it produces, the unconsolidated Indo-Gangetic

Basin is the country’s most important. The vast river basins in the region which include the

Indus, Ganges and Brahmaputra are underlain by deep alluvial sediments and form a 3,000km

long drainage system, transporting snow and glacial melt, monsoon rainfall run-off and base flow

from the mountains and plains to the sea. The rivers also played an important role in supplying

and depositing the various types of sediment which form the regions extensive unconsolidated

aquifers. Consisting predominantly of clays, silts and gravels, these aquifers form some of the

country’s most important water resource assets, with yields of over 150m3/hr reported in some

areas. This is in contrast to the semi-consolidated and consolidated aquifers, predominantly

found in the hard rock peninsular regions in the south which have a higher spatial variability

of aquifer properties and less uniformity in water levels. Groundwater yields are also typically

lower, with reported values between 0.4 and 1m3 per hour, although yields as high as 90m3/hr

have been reported in a number of tubewells (Bobba Ghosh et al., 1997).

Uttar Pradesh, India’s most populous state, occupies an area of 240,928km2 and is situated
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in the centre of the alluvial aquifers of the Ganges Basin. According to the Central Groundwater

Board (CGWB), part of the Government of India’s Ministry of Water Resources, the state can

be divided into 5 different hydrogeological units, beginning in the north of the state with the

Bhabar, and followed in a southerly direction by the Tarai, the Central Ganga plains, marginal

alluvial plains and the southern Peninsular zone (Central Ground Water Board, 2016). The

Bhabar and Tari units provide groundwater yields of between 100 to 300m3/hr and are also

occasionally artesian in nature. The CGWB identify 4 major aquifers in the Central Ganga

plains unit which range in depth to 700 meters below ground level (mBGL), and comprise the

region’s most promising groundwater repository (Central Ground Water Board, 2016). These

multi-layered formations typically provide well yields of between 90 and 200m3/hr. Well yields

in the marginal alluvium, despite sediment thickness of up to 300 meters, is even lower with a

typical maximum value of 70m3/hr. Groundwater yields in the crystalline hard rock formations

in the southern peninsular regions are considered limited (Central Ground Water Board, 2016).

Uttar Pradesh has an annual net groundwater availability of approximately 7.7 x 1010 m3, with

groundwater development across the state estimated to be over 70% (Central Ground Water

Board, 2016). There are 820 blocks (a subdivision of a district which is in turn a subdivision

of a State) in Uttar Pradesh, 559 are considered safe, 82 semi-critical, 68 critical and 111 over

exploited. There were no areas in Uttar Pradesh reported to be impacted by salinity (Central

Ground Water Board, 2016). In their Dynamic Ground Water Resources of India report Central

Ground Water Board (2016), the CGWB highlight that while renewable groundwater resources

have increased by approximately 2.5% across the state since 2009, there has also been an increase

of almost 7% in groundwater overdraft.

India’s population has increased steadily over the last century. This has also led to an increase

in water demand, both for supplying drinking needs, and for irrigation in order to facilitate the

growing food requirements. According to the FAO, food grain production has increased from

approximately 50 million tonnes during the 1950s, to over 250 million tonnes in 2014 (FAO, 2016).

In addition, India has become one of the world’s largest exporter of food grains, contributing $39

billion to the economy (Service, 2014). The strain placed on water resources has led to severe

water shortages in many regions of India, with the problems further exacerbated by problems of

salinity and water logging. While sufficient water does exist in the region to meet India’s water

needs, a mismatch of demand with resources, issues with mismanagement and a lack of available

resources have led to significant problems with water resources. With increasing population and

demands, it is likely that these issues will become more acute (Briscoe and Malik, 2006).
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2.3 History of water use in India

Irrigation has played an important role in India’s history, from the extensive overflow irrigation

systems built by the Chola Kings 2,000 years ago, to the cross state canal systems constructed

during colonial rule, and the more recent large scale river linking plans (Alley, 2004; Shah, 2008).

Due to the aridity of much of India’s land, and it’s enormous demand for food, irrigation is vital

for growing crops, particularly outside of the monsoon season. As a result, access to water is

extremely important and plays a major role in the wealth and well-being of the nation.

Managing India’s water resources however, has always proved challenging. Access, partic-

ularly beyond the land adjacent to river banks, requires engineering know how and sufficient

human resources. There are records of large scale water management infrastructure construction

in India dating back over 2,000 years, however, despite their lasting influence on subsequent

irrigation management, it is unlikely that the benefits of these inititives would have been seen

by many Indian farm households (Shah, 2008). Then, as now, the majority of farmland in India

was irrigated through community based hydro-agriculture rather than Government and state

run centralised initiatives. Indeed the collective use of water resources dates back to at least

the early 1800s in India, where the operation of infrastructure was controlled by the local com-

munity, along with rules of use and enforcement (Shah, 2008). While in many ways this shows

an advanced form of resource management for the period, it also served to highlight how little

some aspects of irrigation in India have changed since, as much of the “warabandi” approaches;

whereby water users irrigate on cycles of fixed duration, frequency and priority level, still exist

and are in operation today (Ambast et al., 2006; Bosworth et al., 2002; Shah, 2008). Irrigation

in the early part of the 19th century, however, largely took place in areas with easy access to

surface water, and regions where it was possible to advance dug wells to the water table. A major

advance in Indian irrigation however came in the latter part of the 19th century, when the East

India Company, the British vehicle under which rule in India was advanced, realised that they

could combine the interests of charity and commerce by constructing irrigation canals across

the region (Shah, 2008). This represented a major shift in irrigation thinking, one that was to

dominate Indian agriculture throughout British rule in India, through to Indian independence

and beyond. Unlike many parts of the world at the time where irrigation was largely advanced

through private concerns, the accelerated canal construction backed by the East India Company

allowed for the use of the country’s rivers on a massive scale, making it possible to sustain exten-

sive areas of irrigated agriculture in otherwise arid and unproductive land (Shah, 2008). Much

of these irrigation systems still exist and operate today, a testament to the engineering abilities

and determination of those who saw their potential. Much of the major irrigation infrastructure
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construction in India took place in the north of the country, particularly in the regions of Punjab,

Uttarakhand and Uttar Pradesh, with little investment reaching the rest of the country. The

construction of canals, was justified on the grounds of improving the economic outlook of the

region and preventing famine. However, some researchers point to the increase in famines after

canal construction, including the great Bengal famine of 1942, which resulted in the deaths of 4

million people (Shah, 2008).

Indeed while irrigated area in India increased enormously during colonial rule, reaching 28.2

million hectares by 1948 (Shah, 2008), the nature of canal irrigation dictated that only land

within the canal command benefited. The solution to this was of course groundwater abstrac-

tion, which has come to dominate the Indian irrigation scene during the last half century, far

surpassing canals’ influence in terms of irrigated area. However, that has not stopped successive

Governments willingness to fund “major irrigation” projects. Indeed over 90% of public invest-

ments in agriculture during the first 40 years after India’s independence were devoted to the

construction of dams and canals (Kishore, 2002), along with a large proportion of $20 billion

lent by the World Bank between 1970 and 1985 with Pakistan, a part of British India before inde-

pendence, also claiming a large share (Briscoe and Malik, 2006). An extensive canal network is in

place across Uttar Pradesh, taking water from the Ganges and Yamuna rivers. The Upper Ganga

Canal, diverted by the Bhimgoda Barrage at Haridwar from the Ganges river where it descends

from the Himalayan Mountains to the Indian plains, is approximately 430km in length and helps

irrigate a command area between the Ganges and Yamuna. However, much of this canal system

no longer functions, and farmers are forced to contend with unreliable water supply in regions

where it does work. As a result, farmers now tend to use more easily accessible groundwater,

helped significantly by cheaper abstraction pumps, and where available, cheap electricity.

Uttar Pradesh, in addition to being India’s most populated state, is one of the country’s

largest agriculture producers, growing more food grains and sugarcane than any other (Hagirath

et al., 2011). While the demand is maintained by its 200 million inhabitants, and India’s vast

population beyond its borders, farming success in Uttar Pradesh has been made possible by

its water resources. This was initially achieved by the canal systems, but more recently, and

much more effectively, by the extensive alluvial aquifers of the Ganges Basin. This resource has

encouraged an atomistic, farmer led revolution, with few Governmental restrictions on drilling

wells, or water abstraction. While this has undoubtedly led to improvements in farmer welfare

and brought India from a famine prone country to one that is now food self-sufficient, progress

has not been without consequence and the future sustainability of resources or welfare is far from

certain.
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2.4 The Green Revolution

The green revolution, the most important period of Indian agriculture, began in the early 1960s

(Singh, 2000b). This was encouraged by the Government’s five year plans which helped put

Indian agriculture at the forefront of public spending. The policies served to encourage farmers

to grow more, and utilise more of their resources, and helped lift India from a famine prone

country to one that was food self sufficient, while ensuring livelihood security for millions of

India’s rural inhabitants. During the latter part of the 20th century India, along with much of

South Asia, experienced an agrarian boom. Among the reasons behind this drive for improved

food security and welfare were advances in agriculture research, including the development of

high-yielding, more drought-resistant seed varieties along with inorganic fertilisers and improved

pest control. Crop varieties developed during this period included plants which thrived when

grown in conjunction with inorganic fertiliser. Incorrect application of fertiliser however, can

lead to lodging, where crops bend over close to ground level (Duxbury, 2001). Lodging can lead

to uneven crop maturity, an increase in grain moisture content, a decrease in grain quality and an

increase in harvesting costs (Ottman, 2011). With new, high yielding crop varieties, farmers were

able to increase crop yields considerably (Khush, 2001). The fertiliser industry has become an

important part of Indian agriculture with production growing from 201,000 tonnes in 1951, to 39

million tonnes in 2015 (The Fertiliser Association of India, 2016), with Urea and Diammonium

Phosphate (DAP) the most widely used varieties (Department of Fertilizers, 2015). A major

reason for the almost universal use of fertiliser is its price, which has been held at an artificially

low level since the early 1960s (Department of Fertilizers, 2015). This has allowed consumption

to increase significantly, despite some well documented environmental impacts (Singh, 2000a).

With these improvements, food grain production in India has increased from approximately 50

million tonnes in 1950, to over 257 million tonnes in 2014-2015 (FAO, 2016).

The large scale advance in irrigation during the constructive imperialism phase, spearheaded

by British colonial powers, was strongly facilitated by the endorsement and continuation of

successive Governments, including in 1970 by India’s second irrigation commission (Shah, 2008).

However, changes in behaviour and practice of the stakeholders themselves have also played a

major role, and in particular the adoption of small pump irrigation in the 1970s. This new era

of atomistic irrigation was in stark contrast to the large scale plans envisaged by India’s rule

makers. With little State involvement, the country’s farming community saw an opportunity to

improve their own water security through shallow boreholes and deeper tubewells, with water

abstracted using cheap diesel pumps. Not only was the water of higher quality than that typically

obtained from canals, it was more easily accessible. This allowed farmers to irrigate when their
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crops needed water, not just when water was available. As a result of the relative affordability,

irrigation by pump set spread rapidly, beginning inside canal command areas, supplementing

unreliable Government controlled water supply, to outside the canal reach, tripling the total

irrigated area to 33 million hectares between 1970 and 1999 (Rodell et al., 2009) and advancing

into regions previously considered too arid for intensive irrigation. More than any other aspect

of agricultural advancement, the diesel pump is responsible for the increase in crop yields and

improvement in welfare. From the 1970s onwards, the role of Government officials and engineers

who had been at the forefront of irrigation and agricultural control, was largely reduced to that

of onlookers (Shah, 2008).

India’s green revolution began in the 1960’s as a part of the five year plans under Prime

Minister Nehru to create an India self-sufficient in food. New farming technologies including

the introduction of high yielding drought-resistant seeds along with increased fertilisers led to

significant increases in agricultural outputs, among other improvements in farming practices

(Jewitt and Baker, 2007). In addition, irrigation techniques changed and large quantities of water

abstracted from irrigation canals, many of which contain water diverted from the Ganga River,

were augmented by increasing use of ground water (Scott and Sharma, 2009a). Electrification

has also had a large role, as electric pumps are now becoming a common sight in fields across the

basin, particularly in western Uttar Pradesh. Electricity rates are often charged at suboptimal

levels (Siddiqui et al., 2012), making it cheap to pump irrigation water. As a result, water

abstraction often takes place unchecked and water availability across the Ganga Basin has reduced

considerably, with some areas in Uttar Pradesh, experiencing severe water scarcity problems

(Bobba Ghosh et al., 1997; Rodell et al., 2009).

The green revolution has led to significant gains in agricultural productivity in India (see Mall

et al. (2006), Shah (2008) and Briscoe and Malik (2006)). This has involved the use of more

reliable seeds, crops which reach maturation faster and embracing improved irrigation technology;

particularly the drilling of deeper tubewells and use of submersible pumps (Alberts, 1998). The

technical and socio-economic advances which took place have enabled India to become food

self-sufficient and in doing so have raised Asian per capita food production by 27% (Jewitt and

Baker, 2007).

2.5 Issues with water resources and water use

The green revolution has received much criticism for its environmental and socio-economic im-

pacts, despite creating substantial extra employment for the rural poor and keeping food prices

in check (Jewitt and Baker, 2007). Agricultural intensification over the years has led to stag-
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nating yields, declining soil quality and a reduction in available water resources, leading some to

call the green revolution a technical shortcut to development (Jewitt and Baker, 2007). Singh

(2000b) refers to the ongoing environmental degradation, particularly of soil, vegetation and

water resources in Haryana. Soil organic matter levels are declining and the use of chemical

inputs are intensifying. Instances of the water table periodically rising due to irrigation have

also been recorded, leading to patches of salinity and an increase in land unsuitable for farming.

This is further exacerbated by flooding after heavy rains, resulting in water logging, salinity and

increases in alkalinity (Singh, 2000b). While improved crop varieties have increased yields in the

region, this has necessitated the increase of fertiliser and crucially, irrigation water. Even on a

larger scale India stands out as a particularly irrigation intensive country. This can be seen in

Figure 2.1, taken from a study by Shamsudduha et al. (2009), which shows the percentage of

irrigated surface area in South Asia. With such a large proportion of the region in cultivation,

the scope for increased productivity lies in further intensification, which is dependent on more

energy intensive inputs.

Figure 2.1: Map showing the major rivers of South and Southeast Asia. Irrigated area is shown

as a percentage of the surface area. This map is taken from Shamsudduha et al. (2009).
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Groundwater, in particular, is over exploited in the western section of the Ganges Basin, and

as a result of socio-economic factors is underexploited in the eastern section (Scott and Sharma,

2009a). This is due to a number of demand and policy issues including farmer investment,

subsidies and markets, population density, groundwater recharge, energy supply and pricing.

Since the 1970s growth in electrical pumps across the entire Gangetic Basin was followed by

stagnation in advancement in the eastern section of the basin in the 1990s (Scott and Sharma,

2009a). This represents differences in pricing policy and electricity supply which vary from state

to state and has led to a slow expansion of groundwater development in the eastern Gangetic

Basin; a region relatively wealthy in terms of resources but with poor electrical supply. A lack

of reliable electrical power sources have fostered a reliance on diesel powered pumps for water

abstraction; a more expensive option for irrigation (Shah et al., 2009b)). The western section

of the basin however, has a relative abundance of cheap or free electricity. The introduction of

rural electrification, which grew significantly during Government programs in the 1980s (Scott

and Sharma, 2009a), brought electrical power directly to the fields. This has allowed farmers to

build pump houses, drill deeper wells and use more powerful submersible pumps (Alberts, 1998).

It has also allowed farmers further away from the traditionally more productive canal irrigated

lands to tap into the groundwater.

The cheap or, in many cases, free electricity supplied in the western sections of the Ganges

Basin has resulted in an exponential increase in water consumption, and an unprecedented de-

pletion in groundwater levels (Siddiqui et al., 2012). This practice however, is not just limited to

North West India; In Gujarat, a rapidly industrialising state on the western coast, energy subsi-

dies resulted in a bankrupt electricity company and depleted aquifers (Shah et al., 2008). This

continued from the 1970s until 2003 when a Jyotigram (lighted village) scheme was introduced.

Separate power lines were installed; one for agricultural and another domestic use which ensured

a constant feed for villages and an eight hour per day full voltage supply for tubewells on an

agreed schedule. This resulted in a number of improvements including the reduction in ground-

water overdraught. Groundwater overdraught occurs when extraction exceeds both natural and

induced aquifer recharge over long periods (Harou and Lund, 2008). Despite the successes of

this scheme, there have been some negative results, particularly to marginal and small farmers

who depend on access to water markets for irrigation water. Due to the fact that water is now

effectively rationed, the scheme has led to water prices increasing by up to 50%, putting an

additional strain on farmers (Shah et al., 2008).

Rodell et al. (2009) use terrestrial water storage change observations from the NASA Gravity

Recovery and Climate Experiment (GRACE) satellites and simulated soil water variations from
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integrating hydrological modelling systems. This shows that groundwater is being depleted at

a rate of approximately 4.0cm per year across the states of Haryana, Rajasthan, and Punjab,

equating to a loss of 109km3 of water from August 2002 to October 2009. Tiwari et al. (2009)

conclude that a region, covering 2,700,000km2 across the north of India, centred on New Delhi

has lost approximately 54km3 (+/- 9km3) of groundwater between April 2002 and June 2008.

GRACE provides monthly global field solutions at scales of a few hundred kilometers or greater

which can be interpreted in terms of changes in water storage. The readings are equally sensitive

to water at all depths including surface water, soil moisture, and groundwater. They are also

sensitive to anthropogenic effects (Tiwari et al., 2009). Figure 2.2 shows the rate of change in

water storage in centimetres per year across the north of India. The image on the right has

been corrected for natural water storage variability as predicted by hydrological models, and so

represents groundwater loss most likely as a result of anthropogenic drivers. According to the

authors it represents the most significant large scale negative trend in water storage anywhere

in the world, aside from glacier and ice sheet depletion (Tiwari et al., 2009). The use of satellite

data provides a useful method of assessing changes in storage and fluxes in water availability,

particularly in a data scarce region. However this needs to be coupled with field studies and an

understanding of the often highly localised spatial variations in water abstraction.

Figure 2.2: Maps derived from GRACE data showing changes in terrestrial water storage in

cm/yr (left) and groundwater loss as a result of anthropogenic practices (right) (Tiwari et al.,

2009).
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Uttar Pradesh has also experienced reductions in groundwater levels (Ambast et al., 2006;

Scott and Sharma, 2009b). Traditionally Uttar Pradesh’s dominant source of irrigation has been

via canal, most of which has come from the Ganga and Yamuna rivers. However, according to

Amarasinghe A. Upali et al. (2009) canal irrigation has declined by approximately 40% during

the last three to four decades, with a thirteen fold increase in irrigation by tubewells. Figure

2.3 shows the area irrigated by major irrigation water sources in Uttar Pradesh from 1951 to

2009. This was constructed using information taken from the Economics and Statistics Division,

State Planning Institute (2010) and the Government of India Planning Commission (1999).

Total irrigated area has increased steadily, from approximately 5 million ha in 1951, to over 13

million ha in 2009. This is predominantly as a result of the increase in groundwater supplied

irrigation, which has risen in line with total irrigated area. Canal irrigated area however, has

reduced slightly over the past 20 years, suggesting farmers who have access to both sources may

prefer the independence afforded by tubewell ownership, or having access to water supplied by

a tubewell.

Figure 2.3: Area irrigated by various irrigation water sources in Uttar Pradesh 1951-2009. In-

formation taken from Uttar Pradesh Development Report (2009) and the Statistical Abstract of

Uttar Pradesh (2010).

Uttar Pradesh; the highest producer of food grains and sugarcane in the country (Hagirath

et al., 2011), comprises one of the largest regions of the area of interest within the Ganges

Basin. According to research into agricultural systems, using remote sensing carried out by Singh
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et al. (2011), twelve different cropping patterns were identified and mapped in the Gangetic

plain of Uttar Pradesh. The net cropped area was 20 million hectares, with rice the single

most dominant crop in the state occupying 33% of the total geographic area during Kharif (the

monsoon season from June to October). This was followed by maize and jowar respectively.

During Rabi (November to April) wheat covered 33% of the total area, with pulses/oilseed

comprising another 15%. The dominant cropping pattern is rice-wheat, followed by sugarcane

and rice-pulses (Singh et al., 2011).

2.6 Future projections

India is home to the world’s second largest population and is due to overtake the largest, China,

by 2021; growing to a predicted 1.6 billion inhabitants by 2050 (United Nations, 2011). India is

also home to the world’s largest poor population; the majority of whom live in rural areas and

depend on subsistence agriculture for their food security as well as their livelihood (Hagirath

et al., 2011; Sudhira and Gururaja, 2012). Despite this, India is also one of the most intensely

irrigated areas of the world, and among the world’s highest producers of cereals and pulses

(Mueller et al., 2012; Amarasinghe A. Upali et al., 2009). In addition, through expansion in

sectors outside of agriculture, India has grown to become one of the world’s largest economies.

Water has played an important role in this progress and is vital to the lives of India’s rural

poor (Amarasinghe A. Upali et al., 2009; Briscoe and Malik, 2006; Shah, 2008). Managing water

resources will be central to maintaining current welfare standards and allowing future growth.

Suitable management options however, depend on realistically constraining future projections.

While challenging, this allows for the identification of trigger points and hotspots, and to highlight

potential and realistic solutions. Identification of drivers forms an important part in examining

future water use and water supply projections. Drivers are many and varied, and according to

Amarasinghe A. Upali et al. (2009) may be exogenous (as a result of something which takes

place outside of the system; e.g. increasing world food trade), which typically form the primary

drivers, or endogenous (take place within the system; e.g. expanding groundwater irrigation),

which are secondary and often as a response to primary drivers. Examining the key drivers and

the subsequently developed scenarios allows for an understanding of possible outcomes.

The total renewable water resources (TRWR) of a country is the total amount of water

available for use within its borders, including rainfall and the inflows from other countries, which

in India is estimated to be approximately 1 x 1012 m3 per year (Kumar et al., 2005). The high

temporal and spatial variability in rainfall however, means that this figure is disproportionally

distributed across the country. With increasing variations in climate, this is likely to become
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exacerbated, with an increase in runoff likely in northern India, including along the Ganges basin,

and a decrease in peninsular India (Gosain et al., 2011). In terms of groundwater, total renewable

resources are estimated to be approximately 4.3 x 1011 m3. However, it is estimated that only

37% is withdrawn. Yet, some areas experience high water stress, highlighting the variability in

water use and demand across the country.

Among the most important drivers influencing water use is population growth. In addition

to the overall increase in population however, changes in population demographics also form

an important aspect in changing regional water demand (Döll and Siebert, 2002). While the

majority of people live in rural areas, rapid urbanisation has been taking place, and continues

to take place across India. It is estimated that by 2050 over 50% of the population will live

in urban environments. This will lead to additional water stresses, creating new water demand

hotspots in addition to the increasing burdens placed on agricultural demand to feed the growing

population. Rural water demand is likely to remain high, with increases in many areas to cope

with rising food demand. More than two thirds of the food consumed in India is produced under

irrigated conditions. Due to the large population however, and the small and marginal size of

most farms, producers are also the main consumers of food. As a result, local food consumption

patterns play an important role in the cropping and irrigation decisions. Water demand will be

further exacerbated by increasing income, with an increase in people moving towards more water

intensive foods, including meat.

According to Amarasinghe A. Upali et al. (2009) India withdrew approximately 6.8 x 1011 m3

of water during the year 2000 in order to meet its water requirements. The authors further

estimate that in order to match current growth patterns, water demand will increase up to 22%

by 2025, and 32% by 2050. The majority of this water is likely to be supplied by groundwater,

with rivers facing severe water stress problems. In order to assess the impacts that changes in

drivers and associated boundary conditions will have on water resources, and on farmer welfare,

a framework whereby different scenarios can be tested is important. This will form an important

tool in devising sustainable and realistic solutions to future water management issues.

2.7 Sustainable water resources: working towards a solution

India faces many water resource related challenges. It is likely, considering current water use

scenarios and predicted changes in drivers, that these challenges are will intensify in the coming

years. India is also a diverse country, both in terms of anthropogenic factors, and the natural

environment; meaning that the issues faced in one region will differ from another. As a result

there is no “silver bullet” solution which will ensure the long term sustainability of India’s water
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resources. Indeed, solutions that may be effective in one region, may not be suitable in another,

and in some situations, may lead to further deterioration in water security and farmer welfare.

The most important challenges however, are those of water management, including the existing

infrastructure and the resource itself (Briscoe and Malik, 2006). In order to develop realistic

and sustainable solutions to help manage India’s water resources, developing an understanding

of water use practices on a local level is essential. This requires collecting information on all

aspects of agricultural practices, not only those relating directly to irrigation. In addition to the

volume of irrigation water applied, the irrigation cost and timing, information on the reasons

behind the decisions made by farmers is essential. Unless a detailed understanding of the drivers

of water use is achieved, examining the impacts of potential changes in boundary conditions

is less robust. The creation and development of tools to investigate how changes in boundary

conditions are likely to propagate through the system also requires understanding practices on a

local scale. Typically taking the form of a modelling framework, these tools need to incorporate

the most important aspects of the farmer’s environment, both in terms of natural factors, such

as climate and geology, and human influences such as farming practices, government policies and

market prices.

The dearth of reliable and relevant information forms a significant barrier to the development

of potential solutions (O’Keeffe et al., 2016; Nazemi and Wheater, 2015). Addressing these

concerns and utilising this information for the development of different tools will form a central

role in addressing the water resource challenges facing India’s growing population.
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Chapter 3

Characterisation of farmer irrigation

practices: data collection and analysis

For the development of sustainable and realistic water security, generating information on the

behaviours, characteristics and drivers of users, as well as on the resource itself is essential. In

this Chapter a methodology for the collection of qualitative and quantitative data on water use

practices through semi-structured interviews is presented. This approach facilitates the collection

of detailed information on actors’ decisions in a convenient and cost-effective manner. Semi-

structured interviews are organised around a topic guide, which helps lead the conversation in a

standardised way while allowing sufficient opportunity for relevant issues to emerge. In addition,

they can be used to obtain certain types of quantitative data. While not as accurate as direct

measurements, they can provide useful information on local practices and users’ insights. I

present an application of the methodology on farmer water use in four districts in the State of

Uttar Pradesh in North India. By means of 200 farmer interviews, information was collected

on various aspects of irrigation practices, including irrigation water volumes, irrigation cost,

water source and their spatial variability. Statistical analyses of the information, along with

data visualisation reveals a significant variation in irrigation practices both within and between

districts. The application shows that semi-structured interviews are an effective and efficient

method of collecting both qualitative and quantitative information for the assessment of drivers,

behaviours and their outcomes in a data scarce region. The collection of this type of data could

significantly improve insights on water resources, leading to more realistic management options

and increased water security in the future.

37



3.1 Literature review

The interactions between humans and water resources are often poorly understood; an issue which

can be reflected in the decisions behind water resource planning. While some anthropogenic

influences, such as greenhouse gas emissions and land use change, have been incorporated in

much of the current modelling and decision making framework, less work has been carried out

on the human-water interface (Nazemi and Wheater, 2015). This shortfall is seen as a major

challenge in Earth System Modelling (GEWEX, 2012b) and consequently decisions on water

resource management. Given that human induced issues of water scarcity affect many parts

of the world (Döll et al., 2014; Famiglietti, 2014; Rodell et al., 2009; Voss et al., 2013; Wada

et al., 2010), there is a need to understand anthropogenic - hydrological linkages in order to

better manage water resources in the future. Socio-hydrology provides a means of supporting

sustainable societal development in a changing environment (Montanari, 2015). Indeed, the

significance of including so-called soft data has been well documented (see Seibert and McDonnell,

2002; Fenicia et al., 2011). Winsemius et al. (2009) argue the importance of including qualitative

information to improve model realism, and while this may lead to reduced model efficiency, it

can help produce a more realistic representation of catchment behaviour. Making use of this

“experimental common sense” (Döll and Siebert, 2002) is an important step in more accurately

representing anthropogenic water use in models. While this Chapter is primarily concerned with

data collection, the importance of obtaining and using soft, qualitative data is implied. Globally,

irrigation water consumption accounts for some 70% of total groundwater and surface water

withdrawals (Wisser et al., 2008). This figure has increased dramatically over the last sixty

years, largely as a result of population growth, market expansion and technological advances in

water abstraction. Consequently irrigation water use needs to be explored in more detail than

non-irrigative demand (Nazemi and Wheater, 2015).

Representing water use presents many challenges, much of which stem from a lack of data

(Gao et al., 2012; Portmann et al., 2010). This often leads to oversimplification, either in res-

olution (Döll and Siebert, 2002) or in user behaviour, which can subsequently be reflected in

model outputs. For example, irrigation water requirements are often calculated based on the

ideal crop water requirement (Allen et al., 2005; McKenney and Rosenberg, 1993) giving a false

representation of what is actually taking place on the ground; as users will often over or under

irrigate depending on prevailing social, economic or environmental conditions. Large scale model

outputs or data representations also provide excellent tools for examining water use or resource

trends (Döll and Siebert, 2002; Rodell et al., 2009). While such approaches are useful as an

overview of large scale issues, they are inadequate for developing realistic solutions at a mean-
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ingful, implementable level. The data collection methods described in this Chapter are aimed at

providing information for more local scale models and decision making, particularly in instances

where such information is scarce. This dearth of information includes both quantitative and

qualitative data. In order to come up with suitable options for the use of water, it is important

to generate information at a realistic spatial resolution, not only on the water resource itself, but

also on the behaviours, characteristics and drivers of its managers and users.

In social sciences and healthcare the collection of both qualitative and quantitative informa-

tion through interviews is relatively common practice (Barriball and While, 1994; Ellis and Chen,

2013; Fallon, 2008; Gibson, 1998), however such methods are less used in the fields of earth and

engineering sciences. For the purposes of data collection for hydrological studies little guidance

exists. In both a time and resource constrained setting the use of semi-structured interviews

provides an efficient and effective method for qualitative and quantitative data collection. This

is particularly true of data scarce regions, as in the case study, where limited field level informa-

tion exists. According to Calheiros et al. (2000), using an ethnographic methodology is useful in

instances where the theory is incomplete, the phenomena are observable and important at a local

level. For the most part little room exists for the inclusion of “non-experts” into the application

of scientific research methods Calheiros et al. (2000); Harrison et al. (2013). The incorporation

of local knowledge can have many advantages, including better defining the research questions

and raising locally important, as well as unimportant, factors. Unlike a structured interview

which contains a series of set questions asked the same way to all interviewees, a semi-structured

interview is organised around a topic guide. The topic guide ensures the main points of interest

are satisfied during the interview (Mason, 2002), while still allowing the overall direction to be

shaped by the participants own understanding, so called experiential or traditional knowledge, of

their environment. This naturally highlights issues which are of most importance to the intervie-

wee and allows room to incorporate new themes. Semi-structured interviews can quickly produce

rich and detailed data sets (Fallon, 2008) offering an accurate assessment of the characteristics

of individuals and phenomena. Importantly it can also shed light on the drivers of these events

and the motivations behind user decisions, providing a valuable contribution to earth systems

modelling. Semi-structured interviews allow for the collection of qualitative and quantitative in-

formation efficiently and cost effectively, in an unobtrusive and open manner. While qualitative

approaches such as semi-structured interviews are widely recognised and regularly applied by

social scientists working on water resources, they are scarcely used by natural scientists in the

context of hydrology and modelling. In this chapter how the method can be used for hydrological

research is shown, however, there is much greater scope for interdisciplinary dialogue on semi-
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structured interviews and its broader relevance in addressing hydrological model uncertainties.

Aspects of the approach reported herein may differ from traditional methods (see Burnard et al.,

2008; Creswell, 2009), for example; in terms of sampling. However, semi-structured interviews

can provide an effective tool for data collection on water use. In this study, the approach is

applied to two districts in the Northern Indian State of Uttar Pradesh to study irrigation water

use and the results are presented as a case study in Section 3.4, with the methodology used

described in Section 3.2.

3.2 Study region: the Ganges Basin, North India

The “green revolution” has led to enormous gains in agricultural productivity in India, largely

through the use of more reliable seeds and improved irrigation technology (Singh, 2000a). This

has allowed India to become food self-sufficient (Jewitt and Baker, 2007) and has improved

life for the majority of rural poor. Yet, the Indian green revolution has also received much

criticism for its environmental and socio-economic impacts. This includes a reduction in India’s

water resources while becoming one of the most intensely irrigated areas of the world (Rodell

et al., 2009; Tiwari et al., 2009; Mueller et al., 2012). However, to correctly investigate water

security, field studies and an understanding of the often highly localised spatial variations in

water abstraction need to be considered. While the large scale impacts on water resources are

known, the factors influencing irrigation practices on a local level are much less understood. In

order to develop realistic and socially acceptable options for water use in the future, this local

variability needs to be taken into account.

Uttar Pradesh (UP), located on the plains of the Ganges Basin, is the highest producer of

food grains and sugarcane in the country (Hagirath et al., 2011) and the most densely populated

(Government of India, 2011). Rice, grown during Kharif (the monsoon season from June to

October), and wheat during Rabbi (November to April), are the two most dominant crops (Singh

et al., 2011). In the past, the dominant irrigation method in Uttar Pradesh has been via canal,

much of which is supplied by the Ganges and Yamuna rivers. However according to Amarasinghe

A. Upali et al. (2009), canal irrigation has declined by approximately 40% during the last four

decades, with a thirteen fold increase in irrigation by tubewells. Based on irrigation water source

information contained within the statistical abstract of Uttar Pradesh (Economics and Statistics

Division, State Planning Institute, 2013), four districts, described below, were chosen. A map of

the study area, along with the interview locations, is presented in Figure 3.1.

Sitapur

40



Figure 3.1: Map of the study region including the locations of field interviews carried out.
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Sitapur, also considered one of Uttar Pradesh’s less developed districts (Ministry of Panchayati

Raj, 2014), and is located to the north of the state capital Lucknow. It has a population of

approximately 4.5 million (Economics and Statistics Division, State Planning Institute, 2013).

The average rainfall in Sitapur is 903 mm; 66% of which falls during the monsoon months

(ICRISAT-ICAR-IRRI Collaborative Research Project, 2012). On a district scale it is one of

the largest irrigators in Uttar Pradesh and supplies its 374,445 ha of irrigated land largely using

groundwater, with canal water only accounting for 17,914 ha. Using electricity for groundwater

abstraction in this region is rare, and farmers predominantly use diesel pumps. As with Jalaun,

lack of regulations and difficulty in counting wells indicate a larger number of pumps in use across

the district. The main crops grown are rice, wheat and sugarcane, with most farmers carrying

out a rice-wheat rotation on their land.

Sultanpur

Sultanpur is the only district which was investigated which is not a recipient of the Backwards

Region Grant Fund (Ministry of Panchayati Raj, 2014). It is located to the east of Lucknow

and covers an area of approximately 4,400km2, split by the Gomti River which flows through the

centre of the district, passing through the state capital. It is home to a population of approx-

imately 3.8 million people (Economics and Statistics Division, State Planning Institute, 2013).

The average rainfall in Sultanpur is approximately 1030mm, which is again largely supplied

through monsoon rainfall (ICRISAT-ICAR-IRRI Collaborative Research Project, 2012). It is

a fertile region, growing wheat, rice and sugarcane on soils comprising alluvial sands and clays

(Chauhan, 2007). It has a net irrigated area of 233,000ha, 69% of which is irrigated by tubewells

and a further 27% by canal (Chauhan, 2007). Given the lack of restrictions on groundwater use,

these figures should be taken as an indication only as the actual number of tubewells in operation

is likely to be higher.

Jalaun

Jalaun is located in the south central region of Uttar Pradesh, and is bounded by the Yamuna

River to the north and the Betwa River to the east, covering an area of 4,565 km2. It is

home to over 1.5 million people (Economics and Statistics Division, State Planning Institute,

2013). Jalaun receives an average annual rainfall of 811 mm, about 70% of which falls during

the monsoon season of June to August (ICRISAT-ICAR-IRRI Collaborative Research Project,

2012). Approximately 139,000 hectares of land is irrigated per year using canal water, making

it one of the highest users of this resource in the State. While canal water is generally applied

through gravity flow along irrigation channels, groundwater is abstracted predominantly via

42



diesel pumps. It was noted that there were approximately 10,421 diesel pump sets recorded in

2012 in the district, with electricity powering just 356 units. As there is no restriction on the

number of wells that can be drilled or on pump specifications, it is likely that there are many

more diesel pumps in use. The main crop grown in the district is wheat; with a total cropped area

of 146,307 ha. Jalaun is classed as one of Uttar Pradesh’s 35 more deprived districts (Ministry

of Panchayati Raj, 2014), and is known to be one of the more drought prone regions of the State

(Avtar et al., 2011).

Hamirpur

The district of Hamirpur is located to the south of the UP and is bordered by the Betwa River to

the west which joins the Yamuna River to the north. It covers an area of approximately 4,100km2

and has a population of 1.1 million people making it one of the least populated districts in Uttar

Pradesh (Economics and Statistics Division, State Planning Institute, 2013). Located in the

Bundelkhand region of India, it has a slightly lower annual rainfall than the northern study

districts, receiving 850mm/year, primarily during the monsoon season (ICRISAT-ICAR-IRRI

Collaborative Research Project, 2012). Of the 196,000ha of net irrigated area, approximately

69% is irrigated by tubewell with canal accounting for 20%. In Hamirpur, farmers overwhelmingly

rely on diesel pumps for irrigation water abstraction with approximately 104,000 units recorded,

in contrast to 2,300 electric pump sets (ICRISAT-ICAR-IRRI Collaborative Research Project,

2012). As in Jalaun, farmers in Hamirpur do not grow rice, relying instead on wheat and

sugarcane as the dominant sources of agricultural livelihood.

3.3 Methodology

The following sections comprise a description of a methodology and its application in which data

was collected through a series of semi-structured interviews. This was carried out in a data scarce

region, with the collected information, through mapping and statistical analyses, used to gain a

better insight into regional irrigation practices and the motivations of users.

3.3.1 Study preparation and interview design

The collection of qualitative and quantitative data in the field requires an understanding of the

social nuances that exist in a study region, as well as the relevant existing published research.

This knowledge is essential in the planning phase, including the design of the topic guide, around

which the semi-structured interview is based (Ellis and Chen, 2013). The literature review

and pre-fieldwork planning, which should also take practicalities such as logistics and cost into
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account, help define the main study area and the target interview participants. In this chapter,

semi-structured interviews are treated purely as a tool for the collection of hydrological data in

the field. Careful and consistent phrasing of questions in the interview is important and draws on

the pre-fieldwork research as well as knowledge of the local characteristics. Questions should be

unambiguous and easily understood by interviewees, related to their own experiences, ethically

and culturally sensitive, and ensure that they assist, rather than impede, the flow of information.

In addition, the interviewer must ensure that the questions provide data which will address the

research questions appropriately (Mason, 2002). Interviewees may not be able to give a direct

answer to a technical question, however, skilfully crafted component questions can be combined

to produce the required information. For example, no farmers knew exactly how much water

they each applied to irrigate their crops. Instead, farmers irrigated to a particular depth, which

is a function of local influences, including soil type. In order to get an estimate of the volume of

water used by farmers during irrigation, reported irrigated area and the depth to which water

was applied, was used.

Farmer 1, Chhani, Hamirpur.

JOK: “....OK can you ask him how much land he’s got?”

Translator: “ 5bh’ ’

JOK: “....and for his wheat how many times does he irrigate?”

Translator: “ Total 4 ”

JOK: “....OK and about how much water does he normally apply in inches? ”

Translator: “ 3 inches ”

JOK: “....and same every time? or different?”

Translator: “Same everytime”

In the above example, the interviewee has a farmed area of 0.4 ha (5bh x 0.08). He applies

irrigation water to a depth of 0.076 meters (3 inches) 4 times during the wheat season, suggesting

a total of 1,219 m3 is applied by the farmer each season.

Given that the approach is based on reported data; information provided by the interviewee

from memory rather than measurement, there is considerable room for uncertainty, which is

exacerbated by variations in local environmental conditions, including soil and evaporation; which

increase or decrease the rate and volume of irrigation water application. This uncertainty is likely

to propagate through subsequent statistical analyses. While this approach is not as accurate as

observed data, collected using water level sensors, flow meters, and groundwater level divers for
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example, it does provide an indication of the volumes of water applied by farmers, and does

so in a cost effective and time efficient manner. Where possible the reported values can be

verified using observed data from other sources, helping to quantify uncertainty, and highlight

any potential errors.

A significant advantage of semi-structured interviews is that they provide an opportunity

for previously unknown information to emerge. Participants can be regarded as experts by

experience, therefore when sufficient opportunity to speak freely is provided; new and novel

information can emerge. This approach allows both quantitative and qualitative data extraction,

for example the volume of water a farmer takes from a particular source and their reason for

this. This approach can yield considerable benefits in terms of cost whilst ensuring a useful

representation of parameters. Semi-structured interviews are traditionally comprised of open-

ended questions. The collection of quantitative data, however, is best obtained through direct

questions. For this reason the topic guide contains both. The topic guide for the semi-structured

interviews, used in the case study, contain both open-ended and direct questions (see Appendix

A). While acquiring quantitative information in this manner is not as accurate as, for example,

metered data, the approach can provide a useful representation of the important parameters and

has a place in situations where other measures could be considered unacceptable to the sample,

or unfeasible in the environment.

The main focus of this study was to investigate farmer irrigation behaviour in the Ganges

Basin of North India and to collect relevant quantitative, as well as qualitative information, all of

which may be used for informing and driving models. Following a review of relevant literature, a

methodology employing semi-structured interviews was designed and a topic guide was organised

around the following themes:

• Farm and Crop Information (farm size, soil type, crop type, crop calendar, yield)

• Irrigation Practices (number of irrigation events, irrigation volume, irrigation methods)

• Water Source (water source reliability, irrigation cost, irrigation method, influences on

irrigation, presence of water market, power source, constraints)

• Other (perceptions of challenges faced, potential rationales, changes in water availability,

livelihood sustainability)

The topic guide was designed to collect relevant information with as much flexibility as possi-

ble, allowing the interview to be shaped by the interviewees own understandings, the interests of

the researcher, as well as any unexpected themes that emerge. The topic guide used during the
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interviews is presented (see Appendix A). While the contents of the topic guide are presented as

questions, they were treated as prompts. This allows the conversation to progress with as much

flexibility as possible while still keeping the interviews relevant to the research questions. How-

ever, while the aim is to highlight new data through open-ended questions and a fluid interview

structure, some direct questions are included, for example relating to farm size or the depth of

water.

3.3.2 Sampling

Sampling comprises an integral part of study design. It allows us to select cases from a wider

population, too big to be studied completely, enabling us to generalise the final research con-

clusions to an entire population, not just to the individual participants of a study (Flick, 2014).

This is an important consideration when collecting information which could be used in policy,

as any decisions arising from this data should be as applicable as possible to the wider popu-

lation. The sampling procedure traditionally adopted with semi-structured interviews does not

aim to achieve a representative sample. However, seeking a representative sampling was a useful

strategy for the purpose of the case study reported herein, in order to produce more universally

acceptable results. This is achieved through a combination of sampling techniques. For example,

purposive sampling provides a useful starting point by selecting participants who are thought to

be information rich. Purposive sampling involves the random selection of sampling units from

a part of the population likely to contain the most information on the characteristics of interest

to the researcher Guarte and Barrios (2006). Purposive sampling allows subjects to be selected

based on their characteristics, and while this approach is often used to highlight and study ex-

treme or deviant cases, it can allow the researcher to target sample populations which are likely

to provide information of most relevance to the research questions. Once a sample group has

been identified randomisation should take place to ensure a representative cross section of the

study group is achieved. Prior to undertaking fieldwork it is necessary to set participant inclu-

sion and exclusion criteria, as it is likely that potential interviewees who fall outside the research

area interests will be approached. Inclusion and exclusion criteria help promote the best use of

available resources.

As described, field work was undertaken in four districts, chosen using their irrigation water

source. Sitapur and Hamirpur irrigate almost exclusively using groundwater, with Sultanpur

and Jalaun conjunctively using surface and groundwater, with the latter district the highest

user of canal water in Uttar Pradesh. This initial targeted approach was deemed necessary to

capture a representative sample of water users, including both conjunctive and groundwater only
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users producing as rich a dataset as possible, whilst also considering logistics and other resource

constraints, such as time and finances. Following the identification of the field work regions, a

list of villages in each district was obtained (Government of India, 2011). These were randomised

with 15 villages picked as data collection points. Between 3 and 5 interviews were conducted

in each of the attended villages, with 50 farmers interviewed in each of the four districts. After

approaching a potential interviewee, inclusion and exclusion criteria were used to determine

whether or not the participant was suitable. Interview participant inclusion criteria were: (1) A

farmer who grew wheat and/or rice, (2) irrigated their crops rather than depended on rain fed

only, (3) The farmers land must be within approximately 5 km from the village centre and (4)

must have the authority to answer the questions. Participants were excluded if they were: (1)

too young or did not have the authority to answer the questions, or (2) if their land was too

close to a previously interviewed farmer.

3.3.3 Conducting the interview

Correct introduction of the study to potential participants is essential when gaining informed

consent. This involves a clear and concise explanation of the purpose of the research, what

the interview will involve and how you are going to use and store the information collected.

It should also be highlighted that the respondent is under no obligation to answer any of the

questions if they do not wish to Mottram (2011). This component of the research is important

not only in creating the right kind of environment where the interviewee feels they can provide the

information, but also in building good rapport with the individual (Rabionet, 2011). The subject

of ethics is an important consideration when entering other peoples environments and collecting

data on their livelihoods. While it is outside the scope of this thesis to provide guidelines on

ethics, it is strongly recommended that they are taken into account during the planning stage of

the study.

Semi-structured interviews may need to be carried out via translator(s). Pre-project training

should be provided to translators beforehand to ensure consistency in terms of interview style. In

the field, interviews may be conducted in the presence of family members or neighbours. While

for practical and cultural reasons it may not be possible to avoid this, care should be taken at

all times to address the question to and receive the response from the designated participant,

bearing in mind the potential impact others’ presence may have on the answers received.

It is important that the interview is recorded in as much detail as possible, ideally through a

mixture of field notes and a voice recorder. Again, consent should be sought from the interview

participant prior to the recording of any conversation. GPS readings of where the interview takes
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place and any other pertinent locations, for example wells or canal access points, should also be

taken, along with photos and samples where applicable. Data should be stored safely and securely

following all applicable institutional guidelines. It should be made clear to the participants that

their privacy and confidentiality will be maintained to the highest degree possible.

The field work team consisted of the researcher, a translator and a driver. All interviews

were conducted through the translator. Prior to any interviews taking place, all field personnel

were provided with training, which included practice interviews, to ensure data was collected

rigorously and with minimum bias. A topic guide was used throughout and the same themes

were investigated during each interview. Translators were instructed to relay only what was said

by the interviewee verbatim, with no embellishment or additional clarification. If clarification of

a point was necessary, this was provided through the interviewee. This approach ensured that as

long as the questions were asked as per the training and were relayed correctly by the translator,

the risk of bias from the use of different translators was reduced. Random translation checks were

also carried out with independent researchers, fluent in the local language. Potential interviewees

were approached when seen in the field. No “gatekeeper”, such as a village head or government

official was approached in order to facilitate meetings with participants as it was unnecessary,

could have impeded the data collection and potentially impacted on the information received.

Once a potential participant was identified, he was approached by the researcher and translator,

who made an introduction, described the project, and asked if they would be willing to answer

questions. It was made clear that the interviewee was under no obligation to take part if they

did not wish to, and that all information collected would be treated in the strictest confidence.

It was also highlighted that if participants had any questions they were free to ask. During the

interview the participant was given as much opportunity as possible to expand on topics that

were of most interest to them. All interviews were recorded using a dictaphone and field notes,

with GPS readings of pertinent locations and photographs taken throughout.

3.3.4 Data processing and analyses

Following the collection of data, all interviews should be transcribed verbatim. While time

consuming, a full transcription is paramount in avoiding bias introduced through selective data

extraction by the researcher; who may have particular themes or research questions in mind. It

also ensures that all data remains available for further analyses, rather than only retaining what

is of interest to the researcher at that time. This approach was used across all field work programs

conducted during this research. Using the same technique throughout also helped reduce bias as

all interviewees were approached and questioned in the same manner. Reading the transcripts
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results in various themes emerging from the text; from which a thematic analysis begins. Themes

are referred to as codes during the analysis. As the analysis progresses, commonality of codes

across interviews may become apparent. However, thematic analysis allows new themes or ideas

to constantly emerge. The use of qualitative data analysis software, for example RQDA (Huang,

2014) provides a useful platform for processing large amounts of qualitative data. Words or

sections from a discussion are coded, allowing the frequency and relationships across topics to

be analysed (Barnes et al., 2013). While the analysis of textual data can be a difficult process,

it is made more straightforward using the appropriate software. It is also important to note

that such tools do not analyse the data, which is the task of the researcher, they only make the

handling of such data more straightforward (Burnard et al., 2008). This also allows information,

both qualitative and quantitative, on each theme to be recalled easily. Once the data has been

coded, the dominant themes can be identified. Overviews of the distributions of variables within

the database can also be produced. A significant portion of the data collected may also be

quantitative and suitable for some statistical analyses and modelling purposes.

Once data collection was completed, all interviews were transcribed verbatim and uploaded

to the qualitative data analysis package, RQDA (Huang, 2014) to allow for thematic analyses of

the data. During the interviews and while reading the transcripts, a number of themes emerged

as being important to the farmers; for example the cost of irrigation, the reliability of their water

source, and the importance of conjunctive surface and groundwater use. These themes were

coded to different sections from the transcribed interviews, allowing commonality of themes to

emerge across interviews, yet also allowing unique perspectives to be highlighted. A significant

portion of the data collected was quantitative. This allowed for statistical analyses of variables

to assess differences in irrigation practices between and within the four districts. These included

the volume of water applied (m3/ha), the volume of water required to produce 1 tonne of wheat

(m3/t), the cost of wheat irrigation during the growing season (INR/ha), the crop yield in

tonnes per hectare (t/ha), the farm area (ha) and the cost of irrigation water per cubic meter

(rupees/m3). The cost of water in m3 was calculated by taking into account the cost of irrigation

and the volume of water applied per hectare. This case study analysis focuses on wheat and rice.

While both wheat and rice are grown in Sitapur and Sultanpur, rice is not commonly cultivated

in either Jalaun or Hamirpur, with only one farmer out of 100 interviewed growing the crop. The

results of the analyses can be found in Figures 3.2 to 3.9, with a description of results in Section

3.4.

Due to logistical and time constraints, it was not possible to undertake all interviews at the

same time; field work was conducted during September 2013, and February 2015. However, all
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questions asked of interviewees during the field visits related to overall farming practices, not

just those which were taking place at that particular time. Overall the strength of the monsoon

is strongly linked to the fortunes of India’s farming community. In the Ganges Basin area of

Uttar Pradesh, the vast majority of irrigation water is supplied from Monsoon fed aquifers,

highlighting the significant impact a poor monsoon can have on the country’s water resources.

Conversely, a strong monsoon can lead to widespread flooding (Menon et al., 2013). According to

the Indian Institute of Tropical Meteorology (IITM), both the 2014 and 2015 monsoons produced

less than average precipitation and are highlighted as drought years. The monsoon season of

2013, however, is considered a normal year (??). While there is a possibility the strength of the

monsoon could influence the stakeholder’s response to interview topics, the questioning approach,

which focused on long term farming practices and challenges, helped to alleviate potential bias.

3.4 Results

3.4.1 Quantitative results

Wheat The results presented in Figure 3.2, and in the maps in Figures 3.3 and 3.4 shows there is

significant variance in the wheat irrigation practices between farmers in all districts. This can be

seen in the volumes of irrigation water used, with farmers in Sitapur applying on average 2,711

m3/ha more than farmers in Sultanpur. Farmers in the southern districts of Hamirpur and Jalaun

apply similar volumes, although median irrigation application rates are 1,222 m3/ha higher in

Hamirpur. Irrigation costs were found to be similar across Sultanpur, Hamirpur and Sitapur

with mean figures of 11,300 INR/ha/season, 13,200 INR/ha/season, and 12,700 INR/ha/season

reported respectively. Farmers in Jalaun reported lower irrigation costs with participants paying

on average 5,700 INR/ha/season to irrigate their wheat crop, reflecting the median low cost of

irrigation water in the district; 1.03 INR/m3 in Jalaun, 4.78 INR/m3 in Hamirpur, 7.38 INR/m3

in Sultanpur and 2.86 INR/m3 in Sitapur (see Figure 3.2).

Sitapur is by area one of the largest irrigators in Uttar Pradesh, and for the most part relies

on water from the underlying aquifers. The primary method of abstraction is by diesel pump,

which although reliable and versatile, is expensive, with farmers in Sitapur paying on average

12,700 INR/ha/season to irrigate their crops. Farmers in Hamirpur also rely on tubewells for

irrigation paying approximately 13,200 INR/ha/season; the highest of all study districts. Jalaun,

however, is one of the highest irrigators using canal water in Uttar Pradesh, with the majority of

farmers interviewed (33/50) making use of the resource, often in conjunction with groundwater.

This provides a cheap and sometimes free source of irrigation water. While the canal irrigation
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Figure 3.2: Main characteristics of irrigation practices for all farmers in all study districts, and

those who rely on tubewells only. The boxplots represent variability between farmers in each

district. The boxes represent the 25 to 75 percentiles; the whiskers represent 1.5 times the

interquartile range (IQR). The P values give the chance of equal means between the districts

obtained through ANOVA.
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network is also operational in Sultanpur, a lower number of farmers have access to the resource

(15/50). Despite this, and the fact that the cost per m3 of irrigation water is significantly higher

than in other districts, farmers in Sultanpur produce some of the highest wheat yields among

all farmers interviewed. Farmers in Sitapur produce the smallest yields, despite applying up

to 800 m3 more irrigation water for each tonne of wheat produced than their counterparts in

Sultanpur (429 m3/tonne, 219 m3/tonne, 1,017 m3/tonne, 319 m3/tonne for farmers in Hamirpur,

Sultanpur, Sitapur and Jalaun respectively).

Figure 3.3: Spatial variations in the annual price paid for the irrigation of wheat by farmers in

the study region districts, Uttar Pradesh, northern India.

When comparing tubewell users only in all districts further differences emerged. In terms of

production efficiency farmers in Sitapur required an average of 1,017 m3 of irrigation water per
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tonne of wheat produced, while their counterparts in Jalaun and Sultanpur required approxi-

mately 800 m3 less. Farmers in Hamirpur require on average 429 m3/tonne of wheat produced

(Figure 3.2). When only tubewell users were taken into account, the price paid per m3 of ir-

rigation water in Jalaun was found to be significantly different, with farmers who have access

to canals paying on average 5 INR/m3 less for irrigation water than those with canal access.

Farmers in Sitapur paid an average of 3.58 INR/m3 whereas farmers in Jalaun paid significantly

more; 8.71 INR/m3. The most expensive district to irrigate was found to be Sultanpur where

farmers pay approximately 10 INR/m3 of water. The fact that farmers applied less irrigation

water in Sultanpur, Hamirpur and Jalaun however is reflected in the overall cost of irrigation by

all groups (Figure 3.2). Farmers in Sitapur paid an average of 12,700 INR/ha to irrigate their

wheat crops, a similar value to irrigation costs in Sultanpur and Hamirpur, despite the fact that

the cost per cubic meter of water was less.

In Jalaun, and to a lesser extent Sultanpur, many of the interview participants had access to

both tubewells, and the cheaper but less reliable, Irrigation Department supplied canal water.

Conjunctive use of surface and groundwater is often promoted as a realistic option to solving

groundwater overdraft caused by irrigation (Harou and Lund, 2008; Shah, 2008) and developing

an understanding of farmer behaviour in this type of environment is important when formulating

solutions. To investigate irrigation behaviour between farmers who have a choice in their water

source (canal and tubewell) and those who don’t (tubewell only), a comparison of the data

collected within the district of Jalaun and Sultanpur was undertaken, the results of which can

be seen in Figure 3.5. In terms of the volume of irrigation water applied by farmers in Jalaun,

a statistically significant difference was found between both groups, with farmers who had canal

access, applying over 1,700 m3 of water more than those who relied on tubewells only. While more

water was used by farmers who have access to canals to produce one tonne of wheat, the difference

between the two groups was not found to be statistically significant. The cost of irrigation water

per m3 however, was found to be significantly different between both users; canal users paid an

average of 2.09 INR/m3, whereas farmers who use tubewells paid an average of 8.71 INR/m3.

As can be seen in Figure 3.5, in terms of the overall price paid for irrigation by both groups,

farmers who had access to canal water were applying more, and also paid 7,805 INR/ha/season

less to irrigate their wheat.

In terms of the volume of irrigation water applied by farmers in Sultanpur, there was not a

statistically significant difference between groups, with farmers who had canal access, applying

233 m3 of water less than those who relied on tubewells only; the converse of irrigation practices

in Jalaun. Slightly less water was used by farmers who have access to canals to produce one
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Figure 3.4: Spatial variations in the volume of water applied per tonne of wheat produced in the

study region districts, Uttar Pradesh, northern India.
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Figure 3.5: Differences in wheat irrigation practices within the districts of Sultanpur and Jalaun

between farmers who have access to canals and tubewells, and those who have access to tubewells

only. The boxplots represent variability between farmers in each district. The boxes represent

the 25 to 75 percentiles; the whiskers represent 1.5 times the interquartile range (IQR). The P

values give the chance of equal mean obtained from Student’s t-test.
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tonne of wheat, although the difference between the two groups was not found to be significant.

In addition, the cost of irrigation water per m3 was not found to be significantly different; canal

users paid an average of 6.3 INR/m3, whereas farmers who use tubewells paid approximately 10

INR/m3. As can be seen in Figure 3.5, in terms of the overall price paid for irrigation by both

groups, farmers who had access to canals both applied less, and paid less to irrigate their wheat.

Rice Rice was grown in Sultanpur and Sitapur, but not in Jalaun or Hamirpur. The collected

data is compared in Figures 3.6 and 3.7. In terms of the volume of irrigation water applied

there was not a statistically significant difference between districts, despite farmers in Sultanpur

applying approximately 2,100 m3/ha more water than those in Sitapur, although median levels

were found to be similar (9,800 m3/ha/season in Sitapur, 9,650 m3/ha/season in Sultanpur).

Irrigation costs however, were found to be significantly different, with mean figures of 45,000

INR/ha/season in Sultanpur and 15,400 INR/ha/season in Sitapur. This is reflected in the unit

cost of irrigation water, with farmers in Sultanpur paying on average 4 INR/m3, and those in

Sitapur paying 2 INR/m3.

Sitapur relies on groundwater irrigation for both its wheat and rice crops. In Sultanpur how-

ever, a proportion of farmers (15/50) have access to canals with many making use of both water

sources. Despite access to this cheaper water source, rice irrigation costs were found to be highest

in Sultanpur, with farmers spending almost 30,000 INR/ha/year more than their counterparts in

Sitapur. While there is little or no charge for canal water, the high cost of groundwater, which

48/50 interviewees rely on for at least a proportion of their irrigation, significantly increases the

overall irrigation cost. Despite the higher cost per m3 of irrigation water, farmers in Sultanpur

produce the highest rice yields among interviewed farmers; approximately 4 tonnes more than

their counterparts in Sitapur. This is despite farmers in Sultanpur applying approximately 750

m3/ha less water for each tonne of rice produced.

Farmers in Sultanpur and Sitapur who had tubewell only access were also compared. Farmers

in Sultanpur were found to apply approximately 3,400 m3 of irrigation water per hectare more

than farmers in Sitapur each season. However, in terms of production efficiency, farmers in

Sitapur required an average of 2,200 m3 of irrigation water per tonne of rice produced, while their

counterparts in Sultanpur apply almost 700 m3 less. The price paid per m3 of irrigation water

when only tubewell users were taken into account was significantly more expensive in Sultanpur,

with farmers in Sitapur paying on average 2.8 rupees less per cubic meter of water. This can

also be seen in the overall cost of irrigation with farmers in Sultanpur (51,800 INR/ha/season)

paying significantly more than their counterparts in Sitapur (15,500 INR/ha) (Figure 3.4).

In Sultanpur, 15 out of 50 interview participants had access to both tubewells and canal
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Figure 3.6: Differences in rice irrigation practices between all farmers, and those who rely on

tubewells only within the districts of Sultanpur and Sitapur. The boxplots represent variability

between farmers in each district. The boxes represent the 25 to 75 percentiles; the whiskers

represent 1.5 times the interquartile range (IQR). The P values give the chance of equal mean

obtained from Student’s t-test.
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Figure 3.7: Differences in rice irrigation practices within the districts of Sultanpur between

farmers who have access to canals and tubewells, and those who have access to tubewells only.

The boxplots represent variability between farmers in each district. The boxes represent the 25

to 75 percentiles; the whiskers represent 1.5 times the interquartile range (IQR). The P values

give the chance of equal mean obtained from Student’s t-test.
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water. To investigate irrigation behaviour between farmers who have a choice in their water

source (canal and tubewell) and those who do not (tubewell only), a comparison of the data

collected within the district was undertaken, the results of which can be seen in Figure 3.7. In

terms of the volume of irrigation water applied, the difference between farmer groups was not

significant, although farmers who had canal access applied an average of 3,500 m3 of water less

than those who relied on tubewells only, which is reflected in the slightly lower irrigation cost

(32,200 INR/ha/season for farmers with canal access, 51,800 INR/ha/season for farmers with

tubewell access only). The volume of water used to produce 1 tonne of rice was found to be

similar between both groups, as was the cost of irrigation water per m3; 3 INR/m3 for farmers

with access to both canals and tubewells and 5 INR/m3 for those with access to tubewells only.

Despite applying less irrigation water, farmers who had canal access tend to produce higher rice

yields; on average up to 1.5 tonnes more that those who rely on tubewell alone. Overall, farmers

in Sultanpur who have access to canals apply less irrigation water to their rice crops, receive the

benefits of slightly cheaper irrigation costs, and produce higher yields than those who had access

to tubewells only.

The data reported in this section provides an example of the type of information that can

be collected using this methodology. While it reveals a considerable amount of detail on the

irrigation behaviour of farmers in the region, it is envisaged that this type of information can

be further utilised, particularly in the set up and driving of hydro-economic and groundwater

models of the region, as will be demonstrated in Chapters 4 and 5.

3.4.2 Qualitative results

The most commonly reported theme during the interviews was poor water availability. While no

exact measurements were taken by respondents, a significant proportion of farmers in Sitapur

and Jalaun, and to a lesser extent in Sultanpur and Hamirpur, reported that they had noticed

water levels were falling. Among groundwater users, this was predominantly perceived to be as

a result of overuse by other farmers and low rainfall:

Farmer 1, Dafrapur, Sitapur. Translator: “Maybe because of many people extracting the water”

In some cases farmers reported that while they usually got water eventually, it was often too late

to meet their crop water needs:

Farmer 1, Kishun Kheara, Sitapur. Translator:“...always get but not always on time”

This problem is exacerbated as water levels decrease during the post monsoon season, causing
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farmers to rely on deeper tubewells, which are fewer in number, leading to delays in access.

This highlighted that mismatches between seasonal water availability and demand often affected

farmers. Indeed the perception among many interviewees was that while seasonal fluctuations

in water availability could make irrigation challenging, overall water levels were not decreasing,

suggesting that any proposals to curb groundwater abstraction could be difficult to implement.

Farmer 10, Lohgi, Sultanpur. Interviewer: “Over the last 30 years, has he noticed any differences

in water levels? Is there more water in the ground or less water in the ground?”

Translator: “Only seasonal up and down but no change”

A proportion of farmers in Sitapur highlighted that they had no issues with water supply when

they had reliable access to a deep well, or had land in an area with a high water table. Farmers in

Sitapur and Hamirpur are dependent on groundwater; however, many in Sultanpur and Jalaun

have access to both canal and surface water. Canals, while beneficial, particularly in terms of

affordability, were perceived as unreliable, with the Irrigation Department supplied water often

arriving late or early for irrigation. This sometimes forced farmers to turn to the more expensive

groundwater where available, to ensure their crops were irrigated. Indeed in Jalaun, the lack of

access to a reliable water source was deemed to be the main reason for farmers’ not growing rice,

despite many saying that their soil was suitable:

Farmer 6, Barha Jalaun. Translator: “So he is telling me that he generally grows wheat, and

don’t grow rice because of lack of water, so soil is good for rice, but because of lack of water, they

generally don’t grow”

While canals were operational in Sultanpur, not all farmers had access, despite close proximity.

This was perceived as an issue by many farmers. However, leakage from canals was highlighted

as advantageous, maintaining higher groundwater levels locally than land further from the canal

network; benefiting farmers who did not have canal access.

Farmer 4 Lohgi, Sultanpur. Interviewer: “He mentioned that there’s a difference in water levels

due to proximity to canal, if you move away from the canal, do they think they have more trouble

with groundwater, does water level go down, does he think that the closer you are to a canal the

better it is for your well? Does he notice that?”

Translator: “Yes, big problem”

Farmer 8 Lohgi, Sultanpur. Interviewer: “Canal is the reason there is or there is not more
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change?”

Translator: “It [canal] maintains the water level”

The lack of a dependable electricity supply was also perceived as a significant barrier to accessing

a sustainable source of water for irrigation among farmers. Electric submersible pumps allow

for deeper water abstraction, and are generally considered to be a cheaper option for farmers

than the common diesel pump. Indeed the introduction or improving of electricity in an area

was seen as an obvious solution to water issues. The fact that this could lead to further drops in

water levels was not mentioned by participants, highlighting the often myopic nature of farmers.

Interviewees also singled out the Government for criticism, blaming them for poor infrastructure

such as badly maintained wells, the poor electricity supply and corruption:

Farmer 2, Gulriha Sitapur. Translator: “He is saying Government is not doing what they want

here”

Farmer 1, Mania Sitapur. Interviewer:“And what do you think are the biggest problems you face

at the moment?” Translator:“Lack of fertiliser, lack of water lack of electricity everything, what

they say first is everything! Major thing is [Government] corruption”.

In Sultanpur and Jalaun however, a number of farmers highlighted the benefits of some Govern-

ment policies, particularly that of free, or cheap, canal water. While welcome, farmers saw this

practice as a means for local politicians to secure votes. As the participants were given freedom

to elaborate where they saw fit, additional information emerged in a number of interviews. In

Sitapur this included a system whereby access to water was shared between farmers who owned

their own wells. This was outside the water market, a common method of irrigation water ac-

cess in districts, and was more prevalent in parts of Sitapur where farms were fragmented. The

system allowed farmers to use tubewells owned by farmers neighbouring more distant pieces of

their land, in return allowing their own well(s) to be used by others. Farmers would move their

own pumps around to different wells as needed. A lack of labour was also highlighted as an issue

for farmers. This emerged as an important reason why farmers did not use sprinklers for much

of their wheat crop, and while most were aware of the potential benefits, particularly in Jalaun,

implementation was curtailed by the lack of available labour. Climate, particularly the lack of

rainfall emerged as a challenge for farmers; however a number of interviewees in Sitapur spoke of

the onset of “westerly”; a drying wind which had a dramatic effect on crop water requirements:

Farmer 3, Lilsi, Sitapur. Translator: “Because of westerlies, the wind can carry more and more
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moisture from the soil”

Poor neighbour relations was also highlighted as a potential problem in accessing water when

needed, but was more prevalent in Jalaun, particularly in terms of access to canal supply, with

farmers further down the canal receiving less water. Interviewees also spoke of the damming of

canals by farmers upstream as a problem in receiving water on time:

Farmer 4, Kusmra Bavani Jalaun. Translator: “There is a conflict between the villages because

the water distribution and what happens is that the upstream villagers they dam the canal as we

have seen and they stop the water for 2 or 3 days”

Farmers also highlighted the impact of increasing numbers of tubewells on aquifers, and while

no alternatives were suggested, interviewees perceived the practice as being responsible for de-

creasing water levels.

Farmer 2, Baije Islampur, Hamirpur. Translator: “He said that people bored lots deeper, that’s

why the water level is going down”

The perception among farmers was that irrigation water was not cheap. However, this did

not appear to change their attitude to irrigation as a reduction in water could lead to a reduction

in crop yield. When asked if an increase in costs would affect their irrigation practices, farmers

commonly reported that they would not compromise.

Farmer 5, Bilhadi, Hamirpur. Interviewer: “If the price of his water went up, would that make

any difference to the way he irrigates?” Translator:“He said that no compromises, he said that

that leads to reduction of wheat, so that’s why he don’t compromise”

3.4.3 Comparison with modelled irrigation requirement results

Crop water requirements can be estimated through various algorithms, for example Hargreaves-

Samani (Hargreaves and Samani, 1985) or Penman-Monteith (Allen et al., 2005). These ap-

proaches are useful as they can provide results without the need for field level measurements.

It is important however, to compare the modelled outputs to field data where possible as re-

sults can vary considerably. The reported volume of irrigation water applied by farmers to

both their wheat and rice crops are compared to values obtained through modelling of require-

ments using Hargreaves-Samani’s (Hargreaves and Samani, 1985) potential evapotranspiration

method. Temperature data was obtained from the Indian Meteorological Department (IMD).
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Values for precipitation were obtained from both IMD and the TRMM (Tropical Rainfall Mea-

suring Mission) multi precipitation analysis products, version 7, obtained from the NASA archive

(Huffman et al., 2007). The crop coefficients used in the calculation are provided by Choudhury

et al. (2013), which are estimated through field experiments in North India. This data allowed

for the modelling of wheat and rice irrigation requirements from 1971 – 2013. The results are

then compared with irrigation volumes reported by farmers during field work undertaken in 2013

and 2015. All results are presented in Figures 3.8 and 3.9. The model used the best available

dataset for the region, and while the results do not overlap with all reported values, the difference

between modelled and information obtained in the field is clear.

Figure 3.8: Differences between wheat irrigation volumes reported by farmers (boxplots) and

modelled irrigation water requirements (time series). The boxes represent the 25 to 75 percentiles;

the whiskers represent 1.5 times the interquartile range (IQR). Circles represent outliers: values

which exceed 1.5 times the IQR.

For wheat irrigation requirements, the mean value reported by farmers in Sitapur is 4,050

m3/ha of irrigation water during the wheat season. This is 460 m3/ha below the modelled 2013
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Figure 3.9: Differences between rice irrigation volumes reported by farmers (boxplots) and mod-

elled irrigation water requirements (time series). The boxes represent the 25 to 75 percentiles;

the whiskers represent 1.5 times the interquartile range (IQR). Circles represent outliers: values

which exceed 1.5 times the IQR.
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result of 4,510 m3/ha. The difference in Jalaun is more significant, with a mean reported value of

2,494 m3/ha, 2,154 m3/ha less than modelled result of 4,648 m3/ha. Farmers in Sultanpur apply

3,292 m3/ha less water than modelled predictions 4630 m3/ha, whereas farmers in Hamirpur

apply 2,997 m3/ha, 1,712 m3/ha less than the modelled output of 4,630 m3/ha. The median

reported values for both districts are also significantly lower than the modelled result (Sultanpur:

1,270 m3/ha, Sitapur: 3,800 m3/ha, Jalaun: 1,445 m3/ha, Hamirpur: 2,667 m3/ha), highlighting

that the majority of farmers apply considerably less water than would be predicted through

modelling.

Some of the variation between modelled and observed values be explained by differences

in soil type. Soil in Sitapur has a high sand content (Chauhan, 2009) and as a result requires

larger volumes of water to maintain the optimal amount of soil moisture for crop growth. Jalaun,

conversely, has much more clay and silt rich soils (Indian Council of Agricultural Research, 2010)

and requires a lower irrigation water application volume. As the observed volumes of irrigation

water are reported by the farmers themselves and are unique to their individual settings, all

drivers are taken into account, including soil type, irrigation cost, water availability and local

farming practices, as can be seen in the below example from Sitapur;

Farmer 1, Hariaya, Sitapur. Interviewer:“....and why do they put 4 to 5 irrigations, why do they

need to put so much water?”

Translator:“....lack of productivity of the ground, less productivity of the ground, because it con-

tains so much sand”

While model outputs tend to overestimate wheat irrigation requirements, reported values for

rice irrigation are higher than modelled results (Figure 3.9). For rice irrigation water require-

ments, the mean value reported by farmers in Sitapur is 10,478 m3/ha of water applied during

the rice season. This is 4,468 m3/ha more than the modelled 2013 result of 6,010 m3/ha. Mean

reported values in Sultanpur were found to be 12,585 m3/ha, 7,210 m3/ha more than the mod-

elled results of 5,575 m3/ha. The median reported values for both districts, were also higher than

the modelled result (Median values of 9,652 m3/ha for farmers in Sultanpur and 9,800 m3/ha

for farmers in Sitapur), highlighting that the majority of farmers apply considerably more water

than would be predicted through modelling. The comparison shows the importance of using field

collected information to address model uncertainties. The variance found between the districts

is potentially due to differences in soil type; with a higher proportion of sandy soil in Sitapur

(Chauhan, 2009, 2007; Indian Council of Agricultural Research, 2010) requiring larger amounts

of irrigation to maintain soil moisture. Rainfall rates are largely similar across both districts.
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The purpose of Figures 3.8 and 3.9, however, is not to show that farmers over or under

irrigate their crops, but to highlight that there can be a marked difference between reported and

modelled irrigation water requirements, thus showing the importance of undertaking field work

and ground-truthing model representation, data and results. The Hargreaves-Samani approach

calculates the reference crop evapotranspiration as a function of temperature, with actual crop

water requirements obtained using a crop specific coefficient; in this case published field results

Choudhury et al. (2013), and effective rainfall (as described in Smith (1992)). This calculates the

volume of water required for irrigation in order for the crop to adequately grow. This approach

is known to perform well on different crop types and environmental settings (Allen et al., 2005),

and is particularly useful for application in data scarce regions such as Northern India. Like other

modelling approaches, however, some shortcomings exist, predominantly as a result of its inherent

simplicity. This is largely due to non-consideration of many influencing variables, including some

climatic factors, soil type, crop dynamics and farmer behaviour (Nazimi and Wheater 2015a);

important drivers to take into account in regions which have shown such high variability in water

use practices. It does not consider the management practices of the farmers across the districts

who are experts at fine tuning the volume of water applied in order to maximise the crop yield

while avoiding over irrigation and the associated costs where possible.

In terms of rice irrigation water volumes, the modelled results are lower than those reported

by interviewees. As discussed, the modelling approach calculates the volume of irrigation water

required by the crop without taking into account many other important factors, such as variety

of seed, fertiliser used and CO2 concentration (see Lobell and Field (2007) and Xiong et al.

(2014)). Evaporation also plays a role in irrigation volume application, particularly in terms of

flood irrigation as large volumes of water will be evaporated from the field without benefitting

the crop. As a result, farmers are likely to apply more water than is required by the crop to

compensate for evaporative and run off losses. It is not always possible within the modelling

framework to account for all the possible factors which may influence the volumes of irrigation

water applied. In addition, farmers in India, and indeed farmers in general, are as efficient as

they can be given the available resources. For this reason, it is likely that the reported volumes of

water applied are closer to reality than the modelled outputs, further highlighting the importance

of conducting field work to verify model results and improve model representation.

3.5 Discussion and limitations

The lack of reliable quantitative and qualitative information is a major barrier in developing

realistic water security options. In data scarce regions of the world, information is typically
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downscaled from larger regional datasets; however this ignores the often significant spatial vari-

ability that exists on a finer scale. The use of qualitative, as well as quantitative information

is essential in identifying the drivers behind water use practices, however the collection of this

information is often expensive and time consuming. Semi-structured interviews provide a means

of developing information rich datasets in a time and resource efficient manner. Direct contact

with water users and the opportunity to allow participants to expand on the issues of most

importance to them provides a unique opportunity to develop an understanding of the human

water interface in a given location.

Despite the usefulness of semi-structured interviews, some limitations in both the data col-

lected and the approach used are identified. The information collected, while useful for informing

large scale models, is most applicable to the scale at which it was collected, which ideally should

coincide with a scale in which decisions on policy can be made and implemented; in this case

district level. The type of data collected, both quantitative and qualitative, is useful for driving

models, through numerical inputs and in setting rules; for example who has access to which wa-

ter source and when. As can be seen in Section 3.4.3, the differences between modelled outputs

and collected field data can be significant. Incorporating field level information where possible

is an important consideration for modellers in order to highlight bias and uncertainty. This also

applies to water users and water managers, as the approach allows for more realistic conclusions

to be drawn from model outputs. In the case studies, interviews took place from September to

November; a time of peak water availability following the monsoon, and January to February; a

more water scarce period. It is possible that the timing of interviews influenced farmer responses.

In addition, out of 212 farmers approached, only 11 declined to be interviewed. While this high

participatory rate made field work straightforward, it highlights a potential propensity for inter-

viewees to please the interviewers, providing statements indicative of social desirability response

bias (Collins et al., 2005), which may be reflected in the collected information. This should be

a consideration in all similar studies, and while it has been observed in Indian culture, social

desirability response bias is not culturally specific (Hebert et al., 1998) and should be considered

at all stages of data collection and analysis. In the case study reported above, interviews required

the use of translators. Shortfalls associated with using a translator(s) are described in Kapborga

and Berterö (2002), however to limit the potential for discrepancy, training should be provided

prior to fieldwork. It is also important to remember that in their environment the interviewee

is the expert and should be treated as such. This also helps break down some of the barriers

which may exist when a researcher and participant are from different cultures. It is important to

take these factors into consideration at all stages of the research including subsequent analyses.
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While the case study sample size (n=50 per district) is small relative to the population [Sitapur

= 623,000 farms, Sultanpur = 579,000 farms, Jalaun = 253,000 farms, Hamirpur = 328,000

farms (Economics and Statistics Division, State Planning Institute, 2013)], it presents a good

representation of farming practices across the district as a whole. Verification of the objective

accuracy of self-reported data is also an important consideration. Reported information can

be triangulated with, if available, socio-economic data, outputs from other models, or ideally,

field level monitoring of water levels, abstraction rates and surface water availability. While

validation of collected data through objective measures is a necessary step in data collection, it

is outside the scope of this thesis. To address these shortcomings, further field work should be

undertaken, focusing on different regions of Uttar Pradesh during more water scarce , and water

plentiful times of the year, and importantly gaining objective measures of the data reported

herein, i.e. via direct observation and metering of the phenomena. This would help in quan-

tifying the differences between modelled, reported and collected information, leading to more

accurate hydrological model development and outputs, allowing for more realistic predictions to

changes in boundary conditions, including those from climate change.

3.6 Conclusions

Limits in our current understanding of the human-water interface are a major constraint in

developing options for future water security. One of the significant barriers to developing this

understanding is a lack of suitable qualitative and quantitative data. In this Chapter a method-

ology to facilitate the collection of information for hydrological and engineering purposes in data

scarce regions through semi-structured interviews is presented. The approach is used to investi-

gate farmer irrigation practices in the Ganges basin of North India, collecting information from

200 farmers across four districts. Information was obtained on topics such as irrigation water

volumes, the cost of irrigation, water sources and the drivers behind various practices. Statisti-

cal analyses and visualisation of the data is presented. The data collected highlight a significant

variability is water use practices across the region both between, and within the four study dis-

tricts. This variability is important to consider when developing sustainable and realistic water

resource management solutions. While environmental conditions such as soil type play a role in

irrigation practices, where farmers get their water from is also found an important factor, both

in terms of irrigation behaviour and welfare. In addition, the approach highlights the importance

of collecting field data, as reported volumes of applied water were found to vary considerably

from information gained through modelled approaches alone.

Semi-structured interviews provide a useful platform for the collection of qualitative and
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quantitative information simultaneously. This has clear benefits, including directly linking be-

haviours and their drivers to reported numerical values. Semi-structured interviews facilitate

the collection of detailed information quickly, easily and relatively cost effectively while indicat-

ing themes which may not have been obvious beforehand, as well as highlighting aspects of the

study which may no longer be relevant. The data collected also lends itself to hydrological and

hydro-economic modelling, as well as providing more realistic representations of user behaviour;

an essential component in model development. The data collected and insights developed are

utilised in Chapter 4 of this thesis. While some limitations do exist, I am confident that this

approach can be employed by natural scientists as an effective and efficient method of collect-

ing both qualitative and quantitative hydrological information for the assessment of drivers,

behaviours and their outcomes in a data scarce region.
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Chapter 4

Modelling farmer irrigation behaviour

and its impacts

Understanding farmer irrigation behaviour and its potential outcomes; including crop yield,

farmer income and water resources, is important for relevant policy design. Models provide

a useful aid to examine the interactions between different environmental and anthropogenic

variables; including climate, aquifer conditions, farming, irrigation practices and existing policy.

Model application includes how changes in these variables and their propagation throughout the

system impact water resources and farmer livelihood. In developing countries, such changes can

have significant consequences. In addition, information relating to boundary conditions can be

scarce, so decision making may take place with limited data. However, to make the best use

of the data that is available, there is a need to represent and examine the interaction between

different components as a means of showing trends, identifying tipping points and highlighting

how potential outcomes could affect resources and stakeholder welfare. The model outlined in this

chapter conceptualises and proceduralises farmer irrigation practices and their impacts on the

environment and livelihood. The model building process was informed by field work experience,

and available data. The use of data collected through interviews with farmers allows for the

incorporation of real world insights into the model; creating a more realistic representation.

The framework outlined, while not a fully predictive model, can be used to examine trends and

potential outcomes of changes in conditions, providing a useful tool for policy analysis.

The following chapter begins with an introduction to hydro-economic modelling, quantifying

crop water requirements, groundwater modelling and modelling farmer decisions. This is followed

by a description and verification of a model developed to represent the agricultural environment

and water use in North India. Lastly, limitations of the model are discussed.
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4.1 Literature review

4.1.1 Hydro-economic modelling

Hydro-economic models represent regional scale hydrologic, engineering, environmental and eco-

nomic aspects of water resources within a coherent modelling framework (Harou et al., 2009). In

addition, they provide a useful tool for investigating institutional and environmental processes,

helping to highlight alternative water management practices. Such models can help investigate

the implications of different policies, including water allocation and markets, as well as potential

means of adaptation, for example to climate change or economic policy, helping form a basis

for water regulation and law (Harou et al., 2009). Hydro-economic models represent the most

relevant aspects of a water resource system. Ideally, this should also include the decisions made

by water users and constraints imposed on them which will, along with aquifer conditions, vary

over time in relation to changing boundary conditions (Foster, 2015).

Hydro-economic models typically focus on the climatic, anthropogenic and environmental

factors that influence and impact water resources. Within the model, water allocation is driven

or evaluated by the economic values it generates (Harou et al., 2009). This is particularly the case

in developed countries with advanced markets and technologies. In developing countries such

as India however, where irrigation makes up the majority of all water use, subsistence farming

is the norm. In such cases the cost of irrigation is less likely to form a significant driver in

water use practices until it reaches a critical point whereby the cost makes water use prohibitive.

While counterintuitive, research highlights that there is little practical evidence to support that

volumetric pricing changes farmers’ water use behaviour (Bosworth et al., 2002; de Fraiture and

Perry, 2002; Shah et al., 2009a). In such cases hydro-economic models may highlight changes

in the many variables which impact farmer welfare, providing a valuable tool for conducting

integrated water resource management. Indeed an important aspect of hydro-economic model

development involves working with the water users themselves. This also extends the relevance

of the tools outside academic and policy circles (Harou et al., 2009).

Incorporating the costs and benefits of a particular outcome is important to highlight the

advantages and disadvantages of a given approach or scenario. Hydro-economic models have

been designed and used for a variety of applications including agricultural (Brozović et al., 2010;

Foster et al., 2015; de Frutos Cachorro et al., 2014; Pande et al., 2011) and to a lesser extent,

urban water use (Srinivasan et al., 2010). Approaches vary in complexity from straightforward

single cell models examining outcomes in different management strategies (Gisser and Sanchez,

1980), to crop simulation models coupled with detailed finite difference groundwater models

incorporating well scale radial flow (Foster, 2015).
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It is also important to highlight the need to strike a balance between over complicating or over

simplifying models. While simplistic models may put too much pressure on a reduced parameter

data set, there is a risk of creating complex tools which deviate too far from reality and the

approaches used by practitioners (Harou et al., 2009). Using relatively simple models to capture

the dominant hydrological processes and economic behaviour in a meaningful way, while avoiding

excessive data intensity, is usually preferable (Pande et al., 2011).

4.1.2 Quantifying irrigation water requirements

An important step in understanding the impact of agriculture on water resources is quantifying

the volume of water used in irrigation. In many cases, particularly in developing countries,

data is scarce and direct measurement is expensive and time consuming. As a result, it may be

necessary to estimate irrigation water requirements indirectly, using various algorithms or via

interviews.

The basic premise behind calculating irrigation water requirements is that under particular

conditions, a crop will require a certain volume of water to grow. Some of this water will be

provided through rainfall, with any shortfalls in crop water needs supplied by the farmer in

the form of irrigation. The amount of water required to compensate evapotranspiration (ET)

loss is defined as the crop water requirement (Allen et al. 1998). There are many algorithms

available for calculating reference crop evapotranspiration (ET
o

) , which vary in complexity and,

as a result, their suitability for a particular application (Itenfisu et al., 2003; McKenney and

Rosenberg, 1993). Such approaches utilise climatic factors and individual crop characteristics.

While the theory behind each method is similar, the data requirements and computational power

needed varies considerably. There are many limitations in the estimation of ET
o

, largely due

to the fact that they are all to some degree empirical in nature (Hargreaves and Samani, 1985),

often relying on data which is low quality or of coarse resolution. Penman-Monteith for example

is considered one of the more robust approaches, but requires a significant amount of detailed

information on a large number of variables. This can be a major drawback in data scarce regions.

It is possible, however, to obtain satisfactory estimates of ET
o

in most situations using global

solar radiation and mean air temperature (Hargreaves and Samani, 1985; Shih, 1984). Hargreaves

and Samani (1985), developed a simplified equation (Equation 4.1 below) using temperature, day

of the year and the latitude of the study region to calculate ET
o

(mm/day) (Shahidian et al.,

2012).

ET
o

= 0.0135 ⇤K
T

(T + 17.78)(Tmax� Tmin)0.5Ra (4.1)
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Where K
T

is a location dependant empirical coefficient, T, Tmin, and Tmax are respectively

the daily mean, minimum and maximum temperature (�C), and RA is extraterrestrial radiation

(mm/day). The Hargreaves-Samani equation requires less information and has a lower compu-

tational requirement (Hargreaves and Samani, 1985), making it more suitable for data scarce

regions and more parsimonious models. Typically, the calculation of crop water requirements

through evapotranspiration takes the following approach; First, the potential evapotranspiration

of a reference crop (ET
o

), the evapotranspiration rate from a hypothetical grass reference crop

with specific characteristics and not short of water is calculated (using for example Equation 4.1

above). This value is then multiplied by a crop specific coefficient, Kc, in order to estimate the

evapotranspiration of a particular crop, ETc (Equation 4.2). The irrigation water requirement

refers to the difference between the crop water needs and effective precipitation (Allen et al.,

1998); the volume of rainfall that can actually be used by the crops.

ETc = Kc ⇤ ET
o

(4.2)

The methods described above provide a useful approach to estimating irrigation water re-

quirements. However, they can differ significantly from reality as they only calculate crop water

needs based on environmental conditions. While the data used, for example climate information,

may be of coarse resolution or low quality, another major drawback is that the aforementioned

algorithms do not take the many social and economic factors into consideration. These can play

an important role in farmer irrigation behaviour. Fieldwork involving direct interaction with

farmers provides an additional approach to the collection of information on irrigation behaviour;

obtaining data from the users themselves on the volumes and timings of their irrigation practices

and the reasons behind them. Not only does this provide a more realistic representation of water

use, it also highlights variability which may exist, and the potential reasons behind it, allowing

the researcher to build these insights into the model framework.

4.1.3 Crop water production functions

An important component in linking water use to farmer livelihood is quantifying the yield pro-

duced for the amount of water applied. This forms a core part of any hydro-economic model

examining agricultural water use. The methods used can range from complex crop simulation

models to more simplistic evapotranspiration approaches, which utilise the linear relationship

between ET and yield. Equation 4.3, developed by the FAO (Food and Agriculture Organiza-

tion) (Doorenbos and Kassam, 1979), describes the relationship between crop production and

ET, where a relative yield reduction is related to a corresponding relative reduction in crop ET
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(Smith and Steduto, 2012).

(1� Y a

Y x
) = Ky(1� ETa

ETx
) (4.3)

Where Y
x

= maximum yield, Y
a

= actual yield, ET
x

= maximum evapotranspiration and ET
a

= actual evapotranspiration. Ky is the yield response factor, a crop specific value which changes

according to the growth stage of the crop. A Ky value less than 1 is more tolerant to water

deficits, greater than 1 is more sensitive, and a Ky value of 1 leads to a yield reduction directly

proportional to reduced water use. This equation captures some of the more complex linkages

between crop production and water use. Importantly, this approach has shown remarkable

validity worldwide across many applications and all agricultural crops (Smith and Steduto, 2012).

However, the approach links crop water requirements to yield only and does not take into account

inputs such as fertiliser application and its impact on yield.

During the Green Revolution, significant research was conducted into crop technology. This

included more varieties of higher yielding, drought resistant crops which were more resilient to the

harsher conditions often faced by farmers in developing regions. In addition, improved fertiliser,

better irrigation technologies and more informed agricultural practices allowed farmers to increase

their yields significantly, for example from 0.97 tonnes/ha in 1961, to 2.31 tonnes/ha in 2001

across India as a whole (?). It is important to consider these improvements when representing

agriculture in India as they are responsible for much of the variation in yield outputs during

the last half century. Incorporating such aspects, however, is challenging, due to the associated

complexity, and the lack of suitable data.

More complex approaches include empirically fitting the crop water production function to

field level observational data, such as irrigation application rates and their resulting yields, also

taking into account some of the negative impacts such as water logging. However, they do not

consistently take intra-seasonal water requirements into account nor do they perform well out-

side of the conditions the function is fitted to. In addition, the data used is resource and time

consuming to collect. Among the more computationally and data intensive approaches is that

of a crop simulation model such as AQUACROP (Steduto et al., 2009) or InfoCrop (Aggarwal

et al., 2006). Crop simulation models allow for a detailed representation of crop growth and

returns to inputs, and provide a useful method of examining the impacts on crop growth from

variables such as weather. Their performance is linked to data quality and as a result they are

rarely used outside developed regions, making them unsuitable for data scarce environments.
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4.1.4 Groundwater modelling

A model representing the fluctuations in water resources in relation to inputs and outputs forms

the basic component in understanding the impacts of water use. There are many different

approaches to modelling water resources, from detailed three dimensional numerical groundwater

flow models, to more basic single cell and bucket representations. The major advantages and

disadvantages of each approach are discussed below.

The most simplistic method of representing changes in water resources is through a single

cell model; whereby the aquifer is represented as a “bath-tub”, with spatially homogeneous hy-

drogeological characteristics, including groundwater level. Any variations in water level (H),

for example through rainfall recharge or groundwater abstraction are instantaneously applied

throughout the entire cell. This is regardless of where within the cell the abstraction takes place.

The basic model can be described in Equation 4.4 below where Q represents all the inflows and

outflows to the cell, S is the aquifer storativity and A is the cell area (Brozović et al., 2010;

Foster, 2015; Gisser and Sanchez, 1980; Rubio and Casino, 2001).

H.new = H.old+
Q

S ⇤A (4.4)

Single cell models are commonly used in the field of water resource economics and there is

an extensive body of literature describing their use (see de Frutos Cachorro et al., 2014; Gisser

and Mercado, 1973; Koundouri, 2004). One of its more well known applications is by Gisser and

Sanchez (1980), which compares optimal versus unregulated competitive water resource extrac-

tion, the results of which show, rather paradoxically, that the benefits gained from optimally

managing groundwater are insignificant. This highlights some of the shortfalls associated with

single cell models, particularly how their simplicity may misrepresent the actual field and user

decision making conditions. Brozović et al. (2010) highlight that for large aquifers the marginal

pumping externality predicted by single cell models can be significantly less than those predicted

by spatially explicit groundwater models, although the approach can be adequate when applied

to smaller aquifers of a few hundred square km or less. In addition, as groundwater level is

uniform throughout the model, the interaction between wells and their overlapping cones of de-

pression is not taken into account, an occurrence which can have a significant impact on water

use behaviour (Madani and Dinar, 2012).

While the disadvantages of single cell models are clear, they still provide an extremely use-

ful tool to investigate the feedbacks between water use and environmental influences on water

resources. This is particularly true in areas where data is scarce. More complex modelling ap-
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proaches require more complex data sets and while they may provide detailed and seemingly

realistic outputs, they are only as accurate as the data used. Semi-distributed models are a

technical improvement on the single cell approach, providing a better representation of spatial

variability through discretisation of the model area. Semi-distributed models comprise a number

of single cell blocks, with water flow through each cell represented by Darcy’s flow equation.

While the representation of heterogeneity within the model is improved, and with it the scope

for optimisation of the various parameters, the level of accuracy in outputs produced by the

model again needs to be considered with caution.

Fully distributed models provide fine scale representations of the aquifer, solving groundwater

flow in three dimensions. These models provide a significantly improved and accurate approach

to describing the aquifer, spatially and temporally representing water level fluctuations more

realistically and helping highlight hotspots and interactions between individual wells. Exam-

ples include MODFLOW (Harbaugh, 2005) and ZOOMQ3D (Jackson, C.R. and Spink, 2004).

A recent improvement to ZOOMQ3D includes SPIDERR, a version of the Darcy-Forchheimer

radial flow model, which coupled with the main groundwater model can accurately represent

pumped water levels at individual wells (Upton, 2014). This approach is capable of producing

a significantly more accurate representation of groundwater conditions. While semi and fully

distributed models have the potential for superior accuracy than single cell approaches, the data

required to drive them can be an obstacle. This is a particularly important consideration in

data scarce regions. In addition, they are more computationally intensive, particularly when

combined with additional modelling components, such as those for crop or economic outputs.

As with all modelling, the approach chosen should reflect the data and computational resources

available and the target use of the end product.

4.1.5 Farmer decision making

In order to model agricultural water use realistically and accurately, it is important to represent

farmer decisions at a high resolution. Many models which incorporate the actions of water users

do so by aggregating and applying their characteristics to large areas. The same approach is

often applied to environmental factors such as geology and climatic conditions. While this may

alleviate computational burden and improve system understanding, it may also mask impor-

tant characteristics which potentially exist at a finer resolution, impacting model behaviour and

outputs.

More traditional, centralised modelling tools which operate from a top down perspective

(Harou et al., 2009) typically run at a lower resolution in terms of water user decision making.
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Attributes pertaining to farmer or environmental characteristics are aggregated across the whole

model area. These can be conceptually and computationally simple, but as a result so too are

the outputs produced, limiting the relevance to real world management problems (Foster, 2015).

Agent Based Models (ABM’s) represent the individual decisions of each actor. In ABM,

individual farmers are represented within the system as a collection of autonomous decision

making entities. Each agent makes decisions based on their individual situations within a set of

rules; in essence, modelling the farmers and the relationships between them (Bonabeau, 2002).

These bottom up approaches represent a more distributed method of modelling agent decisions

and have increasingly been employed in hydro-economic and agricultural modelling frameworks

(Becu et al., 2003; Bulatewicz et al., 2010; Holtz and Pahl-Wostl, 2011; Ng et al., 2011; Sen-

gupta and Bennett, 2003). With such an approach it is possible to represent the heterogeneity

in environmental and anthropogenic factors, for example access to water or policy and how

they impact the welfare of individual farmers. While a decentralised modelling approach has

many advantages, they are not without limitations. Detailed decentralised models tend to be

computationally demanding, with even the most straightforward varieties potentially containing

significant levels of complexity (Bonabeau, 2002). In addition, a lack of relevant insight into wa-

ter user practices can form a barrier to the construction of credible and accurate decision rules

(Zenobia et al., 2009). Indeed, the data requirements are considerably higher than for profit

maximising behaviour (Ng et al., 2011), forming a significant challenge to accurate decentralised

modelling.

4.2 Model Development

4.2.1 Perceptual and conceptual model development

Perceptual Model Development

In order to develop a realistic representation of water use within the model environment, it is

important to incorporate the rules and drivers of stakeholder water use. How this is perceived

by the researcher will ultimately determine the structure and operation of the model as a whole.

Indeed the development of the perceptual model largely depends on the background of the re-

searcher, the available data, their field experience and how they have interacted with the study

environment (Beven, 2012). An appreciation of the perceptual model is important as it allows

us to recognise the complexities of the environment in a purely qualitative manner; as all math-

ematical descriptions used for making predictions will be simplifications of the perceptual model
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(Beven, 2012). The following section describes the most dominant themes that were highlighted

by farmers during interviews. While the overall perceptual modelling framework is based around

the components representing hydrology, climate, crop production and changes in farmer welfare,

the rules which drive their operation are guided by insights gained through farmer interviews.

These are described below;

Conjunctive use of water sources

Irrigation canals exist in many regions of the Ganges basin and provide an important source

of water to farmers. However, they rarely form the sole source of irrigation water with farm-

ers typically supplementing their needs with groundwater. As canal water is generally cheaper,

stakeholders will use it in preference to groundwater where possible. Fieldwork also highlighted

that not all farmers have the right to use canals, and proximity to an operational canal is not

always an indicator of access.

Irrigation scheduling

Farmers try to follow a set irrigation schedule rather than using any kind of soil moisture trigger

value; a common way of modelling irrigation. As access or availability to water is often an issue,

farmers may not be able to irrigate on their ideal day, instead irrigating within a “window”, a

few days on either side of this date.

Farmers will continue to irrigate despite increasing prices

While the price of irrigation was found to be a major concern for farmers, it did not appear

to have a significant influence on irrigation practices. Farmers highlighted their overwhelming

dependence on agriculture for a living, with many just a step above subsistence farming. With

other options for income scarce, farmers focus on maintaining crop yields, meaning irrigation

volumes are maintained where possible with irrigation only ceasing when the farmer is too far

in debt to afford to irrigate.

Canal recharge

While not all farmers have access to working canals, if their land is located close to one, benefits

can still be gained through aquifer recharge due to canal leakage. Canals are predominantly

lined with clay and can facilitate high levels of recharge due to poor maintenance. This leads to

higher groundwater levels in areas surrounding operational canals, with farmers benefiting from

more stable levels and lower pumping costs.
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Water application is not measured

Farmers do not record the volume of water they apply to crops, instead observing the approxi-

mate depth water reaches within the bunded fields (e.g. approximately 10 cm). While farmers in

a region generally applied a similar volume of water, no two applications were the same; resulting

in variability in application rates.

Irrigation return flow

While sprinkler systems are used by a small number of farmers, the majority rely on flood irri-

gation. This results in the application of significant volumes of water which are unused by the

crop, and lost either through evaporation, or returned to the underlying aquifer. Thus aquifer

return flow forms an important consideration when modelling groundwater levels.

Irrigation time increases with decreasing water tables

Increasing depth to groundwater results in an increasing irrigation cost. This is due to the larger

time and energy component required to pump water from greater depths (Martin 2003). During

fieldwork, farmers highlighted an increase in irrigation time when groundwater levels were low,

particularly in the dry, pre-monsoon season.

Farmers’ solution to lack of water: drill deeper wells

Many farmers highlighted access to a reliable source of irrigation water as a major issue, par-

ticularly towards the end of the dry season. The most common solution reported by farmers

was to drill deeper wells. This is a practice which has been taking place across the region for

many years (ICRISAT-ICAR-IRRI, 2012; Uttar Pradesh State Planning Institute, 2012), and is

an important consideration in understanding farmer irrigation behaviour.

Impact of decreasing water levels on farmers with shallow wells

As well depths increase groundwater levels decrease. In some cases, farmers with shallow wells

may experience a cessation in water supply. This leads to reliance on groundwater markets, canal

water if available, or rainfall to irrigate their crops.

The above represents the dominant aspects and drivers of water use reported by farmers

during interviews. Based on the identification of these themes, the conceptual model in the

following section is proposed.
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Conceptual Model Development

The main points outlined in the previous sections highlight the dominant factors, such as crop

water production functions, groundwater models and farmer decisions, which need to be consid-

ered when examining changes in water resources and stakeholder welfare. These characteristics

form the basis of most hydro-economic models. However, without knowledge of the local sys-

tem it is difficult to draw relevant or reliable conclusions from the outputs of such models. In

this section, a conceptual model based on insights gained during field work and interaction with

stakeholders is developed, incorporating how irrigators behave under certain conditions and how

they are most likely to act when these conditions change. Farmer decisions are constrained

within a series of rules set around their water use requirements and their ability to access the

water when needed. The main components of the farmers’ environment include the underlying

aquifer, climate, water abstraction and canal infrastructure, crop type and irrigation methods. In

addition, the irrigation decisions made by or forced on farmers through policy or environmental

constraints are also taken into account.

The model consists of three main components with the overall framework outlined in Figure

4.1 below:

• A hydrological model representing the groundwater and it’s fluctuations, rainfall, recharge

and evaporation

• A crop yield model showing changes in agricultural output based on varying conditions

• A farmer livelihood model with net agricultural income used as an index for farmer welfare

The conceptual model comprises hydrological, crop yield and economic components. The

groundwater model is represented as a single cell aquifer model, the size and hydrogeology of

which is set by the modeller. Changes in groundwater head take place as a result of abstraction

or recharge, either through rainfall, irrigation return flow or canal leakage. The operation of

canals, and whether or not a farmer has access, is set by the user. The depth of the tubewell

is also user controlled and if groundwater decreases sufficiently, the farmer may no longer have

access to water. It is assumed that farmers will continue to irrigate as long as there is water

available and they can afford to do so. The groundwater model is updated daily.

Yield is a function of evapotranspiration (ET), which is largely dependent on irrigation water

application. If insufficient irrigation water is applied, the farmer is penalised by a reduction in
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Figure 4.1: Outline of the overall model framework including hydrological, crop production and

economic aspects.
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yield. The yield component is updated seasonally. Income is a function of crop yield, which is

dependent on market prices. The model also takes farm expenditure into account including the

cost of irrigation and fertiliser. Irrigation, the most significant cost, increases with increasing

depth to groundwater; the deeper water, the more expensive it is to abstract.

Net income is used as an indicator for welfare, with a percentage of income allocated as

savings. Savings accrue year on year and if a threshold is reached, farmers drill a new well

(as indicated by fieldwork findings). Real world information describing the saving behaviour of

farmers in India is limited. For this study, the savings practices of the modelled farmers are

based on a study undertaken by Dev (2011) in conjunction with the FAO. The report highlights

the importance of savings in the farming sector, yet highlight the limited information available.

As a result, the authors stress their reported values should be used with caution. However,

the collected data represent the best available information. In reality, the saving practices are

likely to have a significant influence on farmer behaviour and can have a direct impact on model

outcomes. If, for example, a savings value of 5% of income is used as a modelling parameter and

in reality a farmer saves 2%, the likelihood of a farmer investing in a new well is reduced. This

may affect crop yield, and subsequently farmer income in times of drought, along with water

resource availability. Thus, using the best available information to represent how farmers save is

important.

In addition, during periods of decreased income, farmers can use their savings to sustain

production. Once savings are depleted farmers may fall into debt, after which irrigation may

still take place until a lower limit, set by the modeller, is reached. In reality, this shortfall in

revenue may be compensated by income generated outside the farm, or through loans. Once

the pre-set level of income is reached, irrigation is no longer financially sustainable and rainfall

becomes the only available water source for crop irrigation.

The remainder of generated income and savings, and what the farmer does with it, which may

include day to day living, children’s education or loan repayments, are not explicitly accounted

for. These elements, while important in the daily decision making of farmers, are outside the

scope of the modelling framework in its current form. However, future iterations of the model

would benefit from the addition of these elements, along with farmer loans, repayments and the

addition of water markets; both important aspects of Indian agriculture.

4.2.2 Model components

In this section, the main hydrological characteristics of the farmers’ environment represented

within the model are detailed. This includes the sub-components of the hydrological, yield and

82



economic models, and how they are coupled together. Diagrams of the models are presented in

Figure 4.1 above, and in 4.2 and 4.3 below.

Hydrological and crop production model

The model framework has been informed by interviews with farmers across the study region.

This includes how farmers behave under certain conditions and how they are most likely to act

when these conditions change. Farmer decisions are constrained within a series of rules, set

around their water use and livelihood. Farmers are categorised into groups with different water

use options based on well depth and access to canals. Deeper wells offer a more sustainable

water source. However, advancing deeper wells is also more expensive. Actors can move into a

different category (drill a deeper well) depending on their individual savings, which is a function

of income and expenditure. Therefore, changes in drivers such as rainfall or crop prices can have

a significant influence on a farmers ability to extract water and thus on the water resource itself.

Within the hydrological model, changes in groundwater level are calculated based on irri-

gation water demand, water source and its availability, rainfall and irrigation method. The

underlying hydrological model follows a single cell bucket approach, similar to that used by

Gisser and Sanchez (1980). This allows the relationships between the various water flows, in-

cluding daily rainfall and water abstraction and their impact on the aquifer, to be accounted

for. The approach is particularly useful in instances where data is scarce, as is often the case

in developing countries such as India. In addition to precipitation, the model takes into con-

sideration the effects of recharge from canal leakage, rivers and return flow from irrigation, as

well as losses from evaporation. As the aquifers in the region are largely unconfined in nature,

specific yield (Sy) was used to characterise the hydrogeology. More detailed representation of the

aquifer is beyond the scope of this modelling framework in its current form. The hydrological

model is designed to reflect the different irrigation options available to farmers. These have been

represented in Equations 4.5 and 4.6 below.

In India the primary source for irrigation water is from aquifers, with over 60% or irrigation

water applied through groundwater (Scott and Sharma, 2009b). Indeed, for many irrigation

events the only water source available to farmers will be groundwater. This is described in

Equation 4.5 whereby if canal water is not available, the entire irrigation water requirement is

supplied through tube wells. For all irrigation scenarios the efficiency of the application method

(a) can be defined, as can the volume of water that returns to the aquifer through return flow
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Where H
new

is the newly computed groundwater level, H
old

represents the previous day’s ground-

water level, R is rainfall and Id
t

is irrigation demand from tubewells. While contributing much

less to agricultural demand, surface water supplied through canals also plays an important role

in Indian irrigation. Canals are generally controlled by the Irrigation Department and while

water supply can be unreliable, it is usually free or very cheap. As a result, farmers will always

use canal water over groundwater where possible. Within the model this results in a reduced

demand on groundwater abstraction on days where the canals are in operation.

In addition, water is recharged into the aquifer through leaky canal systems, inadvertently

making a positive contribution to local groundwater levels. Canal operation in the model is

described in Equation 4.6. The frequency of canal water availability for use on specified irrigation

days is a model parameter that needs to be defined by the modeller. This proportion can be

adjusted at the beginning of the model run and provides a useful method of exploring the

outcomes of adding more canals (changing the proportion of farmers with canal water access)

or reducing them. Water loss through evaporation and different irrigation efficiencies (sprinkler,

flood or drip) are also considered within the model framework.

H
new

= H
old

+R+ ((Id
c

+ (Id
c

⇤ a)) ⇤ rt) + (cn ⇤ l) (4.6)

Where Id
c

is irrigation demand from canals, cn represents canal volume and l is canal leakage.

This research focuses on wheat and rice; however, other crops can easily be added. Crop water

demand is obtained either through a separate irrigation water demand model, or through data

collected from farmers during field work. As described in section 4.1.2, crop water requirements

can be calculated using equations such as Penman-Monteith or Hargreaves-Samani (McKenney

and Rosenberg, 1993; Hargreaves and Samani, 1985), with effective rainfall (see Smith (1992))

also taken into account. While the shortfalls in using this approach are documented (see Nazemi

and Wheater (2015) and O’Keeffe et al. (2016)) it provides a useful indication of water use in

the absence of objective information. A more desirable approach involves the use of field data to

provide a figure for water application. Using field data allows for farmer practices to be taken

into account, as the over or under irrigation of crops is not represented in the irrigation water

demand model. As no two farmers are likely to apply exactly the same volume of irrigation

water, each user is given a unique, randomly assigned water volume, the distribution of which
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is informed by field data. This builds in a level of heterogeneity within the code and more

realistically represents farmer irrigation behaviour.

Individual farmer irrigation scheduling depends on a variety of factors, including access to a

water source. In India, not all farmers have access to tubewells (Srivastava et al., 2009) and as

a result often need to wait their turn to irrigate. During field work it was found that farmers in

a region tended to follow a similar irrigation calendar, preferring to irrigate approximately the

same number of times per crop, and at the same time. However as water is not always available

on the desired day, an irrigation event usually takes place within a window of a number of days

on either side of the ideal date. The date and the size of the window is controlled by the modeller

and is set at the beginning of each run.

Produced crop yield is calculated at the end of each season; using the FAO’s (Food and

Agriculture Organization) water production function (Steduto et al., 2012) which describes how

crop yield responds to water through changes in evapotranspiration (ET). The FAO crop yield

algorithm (Equation 4.3) allows incorporation of annual maximum crop yield, Y
x

into if this

information is available. The average annual reported crop yield values for the model region can

be found in State produced statistical abstracts (?ICRISAT-ICAR-IRRI Collaborative Research

Project, 2012). These are then multiplied by a user specified coefficient, supported by field

collected information where possible, to produce a representative maximum yield spanning the

model run period. A linear representation of this maximum yield is then used, producing a final

yield value which implicitly incorporates the many exogenous factors, including improved seed

varieties, fertilisers and farming practices which are outside the modelling framework. The model

also accounts for the amount of water available in the root zone and how that is depleted through

crop water requirements and drainage. The amount of water added to the system through rain-

fall and irrigation is also considered. If there is not enough water available to satisfy the crop

water requirement, ET is reduced resulting in a lower yield.

Farmer livelihood model

Along with the hydrological aspects of the farmers’ environment, the model conceptualises

changes in livelihoods and their impact on irrigation practices. This is an important part of

the model as it highlights the advantages and disadvantages of one practice over another, both

to the farmers themselves, and to water resources. In this model, income from crop production

and expenditure through irrigation and fertiliser are taken as an index for farmer welfare. While

there are likely to be many more factors involved, from information gathered during field work

these were found to be the most significant to the majority of farmers.
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Figure 4.2: Outline of the hydrological aspects of the model including water level fluctuation,

recharge, irrigation and the conjunctive use of water.
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Farmer expenditure is modelled as a function of the cost of fertiliser and irrigation. Like

energy, fertiliser is generally subsidised, or held at a controlled maximum retail price (MRP)

by the State. The model represents two types of fertiliser application rates. In regions where

reliable time series data is absent a figure can be set, for example the recommended application

rates as specified by Yadav et al. (2000), obtained from field studies. If time series data are

available annual rates can be used in conjunction with fertiliser prices.

The cost of irrigation depends on the source of the water. If the source is through tubewell,

cost is a function of depth to water level. The way in which farmers are charged for irrigation

can vary between regions and even villages; with some paying by time and others by area. In

this research, the cost of irrigation is calculated per hectare. Some farmers pay on an hourly

rate, however, the cost per hectare was easily calculated as farmers knew how long it took to

irrigate their land. While groundwater markets are common in many parts of India (Manjunatha

et al., 2011; Srivastava et al., 2009; Shah et al., 2009a) and provide many advantages for farmers,

particularly those considered poor or marginal, they have not been taken into account in this

model. In order to standardise calculations the varying price of diesel and depth to groundwater

is used to calculate irrigation cost. As groundwater levels decrease, the energy and the time

taken to irrigate increases. Pump type, pump efficiency and the method of irrigation also play a

role. In addition, different irrigation systems result in different pressures at the pump which also

have an impact on the amount of energy required. For instance, if a sprinkler system is attached

the pressure, and as a result the energy required to pump water, will increase. This is also

factored into Equation 4.7, based on University of Nebraska’s Extension report on estimating

savings from improving pumping plant performance (Martin, 2003). The parameters used in this

aspect of the model can be seen in Table 2.

F = ((0.1133 ⇤ dtgw) + p) (4.7)

The cost of irrigation can be significantly reduced if a farmer has access to a canal. Canal wa-

ter in this part of India is usually free or very cheap. As a result, farmers with access to a working

canal have an advantage over those who do not and will always use canal water in preference

to more expensive groundwater. It is important to take canals into consideration in the model,

both in providing an alternative to groundwater abstraction, and in contributing to groundwater

levels with further implications to groundwater cost, through leaky canals (Macdonald et al.,

2016).

Due to the unreliability of canal water the vast majority of farmers are forced to use groundwa-

ter for some, if not all, of their irrigation events. This puts a considerable strain on groundwater
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resources, with declining water levels reported across much of the region (Moors et al., 2011;

Rodell et al., 2009). As a result farmers will try where possible to improve water access through

drilling deeper wells. Indeed, this was perceived by farmers as the most suitable solution to

declining water availability. Installing a new well naturally incurs a cost and can only take place

once a farmer accrues sufficient savings. When this is achieved within the model framework a

deeper well is advanced, moving the farmer to a new category, depleting savings but improving

access to water.

wh
ic

OR r
ic

= F ⇤ (Fp ⇤ Fs) (4.8)

As described, crop yields are calculated as a function of ET. These figures are used in con-

junction with crop prices to calculate the typical farm income, which is then subtracted from

farm expenditure (irrigation and fertiliser) using equation 4.9 below. The subsidisation of agri-

culture has long formed a part of Government policy in India. The ability to facilitate this in

the model is important both to represent what is taking place on the ground, and as a means for

testing future scenarios. Subsidies in crop and energy prices and fertiliser cost are represented

as coefficients and can be seen in Equation 4.9.
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4.2.3 Representation of heterogeneity and farmer numbers

Farmer Categories

The above section describes the basic model structure, building in many of the characteristics

of farmer water use observed in the field. In general, a proportion of farmers will have access

to deep tubewells, others will not, some will have access to canals while the majority will have

no choice but to use groundwater. All farmers will, if possible, try to improve access to water

by drilling deeper wells. For this reason, the model describes the interaction between water

availability and changes in livelihood across the unique situations of multiple farmers, tracking

the outcomes of decisions for each individual; in effect, creating a simple agent based model. It

does this by dividing a group of farmers into categories giving each actor an initial livelihood

level and different water access options. The category of each farmer depends on the depth of

their well, with other attributes, including income, savings, and whether or not they have access

to a canal also taken into account. Within the model framework these attributes act as triggers

to perform certain calculations, for example whether or not to irrigate and which water source

is used. At the start of the model run, each farmer within each category is assigned a randomly
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generated savings value within a user defined range. Farmers are also randomly assigned canal

access, informed through field data collected in the region. The number of farmers with access

to canals remains fixed throughout the model run.

The farmer category is also set for year 1. In this model 3 categories are defined based on

the type of tubewells to which farmers have access; shallow, medium or deep. The number of

categories is up to the model user and is defined at the beginning of each run. If a farmer drills

a new well they move up a category. This occurs when a farmer reaches a savings threshold; the

cost of drilling a new well to a specific depth. This investment depletes the farmer’s savings and

when they enter the higher category they do so at the lower end of the livelihood distribution.

The income of each farmer is individually tracked though time. This also means that the impact

of farmer demand on water resources is registered, along with their irrigation costs and yields.

Figure 4.3 shows how the model runs and represents individual farmers’ circumstances across

time.

Stochasticity

Where possible, it is important to represent the inherent variability which exists in both the

anthropogenic and non anthropogenic environments. This is important to accurately reproduce

what was found in the field, and in generating more realistic model outputs. Much of the

quantitative variables required to drive this model are difficult to collect to a high level of

accuracy, including the volume of water applied, field level rainfall and irrigation days, as these

variables are dynamic in nature. To account for this, a value for each variable is obtained from

a distribution set by the model user and based on available data.

Farmers in the study region reported a preference to irrigate on set days following planting

rather than using any kind of trigger value for when soil moisture levels become too low, which

is a common way of representing irrigation in other modelling approaches. Field data shows

that farmers tend to irrigate approximately the same number of times over a particular time

window. This is due to similar environmental conditions, such as soil and climate, along with

anthropogenic factors including water access and traditional farming practices. To represent this

within the model, irrigation takes place during a user specified time window; a number of days

on either side of the ideal irrigation event. The actual timing of irrigation for each farmer is

randomised, and can take place at any time within an irrigation window. This approach applies

both to groundwater and canal irrigation. The volume of water applied by each farmer is also a

random value taken from a range set by the model user. The range reflects regional field data

and the volume applied can be anywhere within the minimum and maximum values reported.
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Figure 4.3: Flow diagram displaying the model representation of individual farmers, and their

progression through time. Each circle, C
1

, C
2

, C
3

, at the beginning of each time step represents

a farmer within a category, with the lines representing their progression to the next time step.

While the model accounts for farmers individually, each category may contain as many farmers

as necessary. The model accounts for individual yield production (Y
1–3

), income, (I
1–3

) and

savings (S
1–3

). If certain pre-set criteria are met, the farmer moves into a higher category at the

beginning of the next time step.
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This produces a more realistic approach than using average values, as significant variability in

irrigation water volumes can exist across a region.

This approach also applies to rainfall adding a degree of field level stochasticity to precipita-

tion. Each hectare receives a unique volume during each rainfall event, randomly assigned from

a minimum and maximum recorded range. This again helps represent regional heterogeneity.

Proximity to a canal is not an indication of access. For that reason, canal use within a model is

assigned randomly to farmers at the beginning of each run. Canal access does not change during

the model run. The proportion of farmers who have access is based on information collected

during fieldwork. The farmer category referrers to the depth of each farmers well. This is also

assigned randomly at the beginning of each model run. However, unlike canal access, farmers

can change category if savings allow.

4.3 Model verification and testing

To test the models ability to represent water use in the study region and any changes in boundary

conditions; a sensitivity analysis involving 4 different test scenarios were devised, with subsequent

outcomes on income, savings, groundwater levels and crop yield presented. The model was set

up using typical climate and water use values and farmer irrigation behaviour from North India.

The cost of fertilisers, nitrogen, potassium and phosphorus, are taken at their yearly values,

obtained from the available statistical information (Department of Fertilizers, 2015; ICRISAT-

ICAR-IRRI Collaborative Research Project, 2012). Missing data was linearly interpolated using

the zoo package (Zeileis and Grothendieck, 2005) in the R statistical environment (Team, 2015).

The main model parameters are outlined in Table 4.1.

The 4 different test scenarios were then used to test how the model responds to changes in

anthropogenic and environmental boundary conditions. The scenarios were as follows:

A : All conditions as normal with no access to canals (baseline run)

B : Access to canals

C : Increase in irrigation demand

D : Decrease in rainfall

All farmers began each run with access to the shallowest wells only, to examine how they move

throughout the categories based on different scenarios. The model was run using 5 farmers over

5 iterations of each scenario; with stochastic rainfall and irrigation abstraction rates set within

an upper and lower limit. The crop growth and irrigation calendar was based on information
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collected during farmer interviews. The outcomes of 5 iterations on a single, randomly selected

farmer (known as “farmer J”) were then compared.

Table 4.1: The parameters used in model verification runs. Some variables were removed or set

to zero for certain model experiments.

Variable Value

Model area 5ha

Surface level 140 meters above sea level (mASL)

Initial groundwater elevation 138mASL

Wheat irrigation demand range 0.05 – 0.2 m (0.1 – 0.4 m for increased demand

run

Rice irrigation demand range 0.3 – 0.6 m (0.5 – 0.8 m for increased demand

run)

Farmer category well depths Cat1:20mBGL, Cat2:40mBGL, Cat3:60mBGL

Irrigation efficiency 50%

Return flow (irrigation) 30%

Rainfall Indian Meteorological Department data set

Canal volume 1 * 5 * 300 meters

Canal leakage 30%

Initial farmer savings value Random number between 50 and 500 INR

As discussed in the previous section, farmers in the study region tend to irrigate on set days.

However, due to issues with water access, this may not always be possible. For this reason each

farmer irrigates once during a 3 day window around the irrigation day. On each day the model

applies the inputs and outputs for each farmer individually, abstracting the required volume

from the water source, applying it to crops and taking into account inputs and outputs from

rainfall, return flow and evaporation. The water source depends on whether or not the farmer

has access to canal water and if it is running. All farmers have access to groundwater through

wells, the depth of which depends on their category, but only some have access to canals which

run intermittently.

As this exercise is to test model functioning, canals were only made operational in Scenario

2. At the end of each farmers daily model run, the water level, which is common to all farmers, is

updated, as is the cost of water abstraction for that day, which varies with depth to groundwater.
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Daily changes in soil moisture and root zone depletion are also calculated and vary according

to irrigation water application, rainfall and crop water requirements. Actual evapotranspiration

can then be calculated and passed to the crop yield module, which computes the seasonal yield

values for each individual farmer. The income and expenditure for each farmer is then calculated

at the end of each year with values for income and savings produced. Savings are set to 10% of

the income if over 0 INR/year. If farmers begin to make a loss, the value of savings is reduced by

20% per year, as farmers will then use savings in place of income. If income drops below -10,000

INR per year no irrigation takes place; crops on that piece of land then only receive water from

rainfall. A flow diagram representing farmer irrigation decision making can be seen in Figure 4.4.

4.3.1 Analysis of the variables

Groundwater

Figure 4.5 illustrates the impact on groundwater levels from the 4 different scenarios. Figure

4.5, Plot A shows how water abstraction under normal climate and water demand conditions

depletes water levels at approximately 1.5 metres per year. In Figure 4.5, Plot C, under the same

conditions but with increased demand, water levels drop at approximately 4 meters per year.

This is again reflected after the year 2000 when the model predicts Farmer J will enter category

2. Some iterations in scenario 3 (Figure 4.5, Plot C) predict this will happen later due to reduced

income and savings. In Figure 4.5, Plot B, the influence canals can have on water resources is

seen; groundwater levels rise through a reduced demand on the aquifer and additional recharge

from leaky canals. The outcomes on water levels as a result of reduced rainfall can be seen in

the results of scenario 4 (Figure 4.5, Plot D), where water levels drop at approximately 2 metres

per year. While groundwater drawdown is not as steep as in scenario 3, the lack of recharge

from rainfall and absence of contribution from canals, result in groundwater levels continually

decreasing until it is out of reach of farmers’ wells. As Farmer J does not generate sufficient

income to drill a deeper well in any of the iterations in scenario 4 (Figure 4.6, Plot D and Figure

4.7, Plot D), water levels do not drop below category 1 well depth (20 mbgl).

Farmer Income

In scenario 1 (Figure 4.6, Plot A), following a steady rise to over 20,000 INR/year in the

late 1990s the model predicts farmer income to drop significantly after the year 2000. Scenario

3 (Figure 4.6, Plot C) results in a similar outcome, although with larger variations in income

after 1997 and further significant decreases in income up to 2005. The results of both of these

scenarios are due to the increasing cost of overheads including water abstraction and a reduction
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Figure 4.4: Decision tree algorithm showing model operation under different water source, water

availability and financial scenarios.
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Figure 4.5: Modelled changes in groundwater for Farmer J for all scenarios (meters above sea

level). The different colour lines correspond to the outputs of individual iterations for Farmer j

and represent the stochastic aspect of the model.
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Figure 4.6: Modelled changes in farmer income for Farmer J for all scenarios (Indian rupees

(INR)). The different colour lines correspond to the outputs of individual iterations for Farmer

j and represent the stochastic aspect of the model.
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in long term yields due to lack of water.

Figure 4.6, Plot B (scenario 2) pertains to farmer income in relation to canals use. The addi-

tion of canals to the system leads to a continual increase in income, with the exception of a slight

reduction in the late 1990s. This relates to a decrease in yield which can also be seen in Figure

4.8, Plots A, B and C. This increase in income is as a result of free canal water, which allows

farmers to negate the significant expense of irrigation. Figure 4.6, Plot D (scenario 4) shows

how a decrease in rainfall can have a major influence on farmer welfare. All water in scenario 4

is sourced from groundwater, which depletes quickly as it does not receive any recharge (Figure

4.6, Plot D). As a result, crop yields for both wheat and rice are impacted, with farmers falling

into debt.

Farmer savings

Farmer savings are a function of income and are the mechanism by which farmers can improve

their water security by moving to the next category; through drilling a deeper well. In scenario

1 (Figure 4.7, Plot A), farming under normal conditions but without the aid of canal water, all

iterations put farmer J in category 2 by 1995. This change in category is seen in Figure 4.7:

Plots A, B and C as a steep reduction in savings (13,000 INR to 0 INR), which signifies farmers

have invested in a new well. In scenarios 1 and 3 (Figure 4.7, Plots A and C), following the

category change, variations in income caused by the increasing cost of overheads and in some

cases a reduction in yield, result in reduced savings. Where income falls below zero, farmers

are forced to use any savings they may have, resulting in a 20% reduction in savings per year.

Farmer J does not reach category 3 in scenario 1 (Figure 4.7, Plot A). Scenario 3 (Figure 4.7,

Plot C) also predicts that Farmer J will amass sufficient income to reach category 2 (Figure

4.7, Plot B). Following this, savings start to reduce due to lack of income. No iteration within

scenario 3 predicts farmers will reach category 3.

Scenario 2 (Figure 4.7, Plot B) follows a similar pattern whereby farmers have access to cheap

canal water, however savings for farmer J continue to increase throughout and rebound quickly

after farmer J moves from category 1 to 2. This means that farmer J has invested in deeper

wells, future proofing irrigation infrastructure, despite the fact that farmers do not abstract water

from the aquifer at any point. In scenario 4 (Figure 4.7, Plot D), low income precludes farmers

from saving sufficiently to progress into category 2, with savings decreasing in all iterations.

This occurs as income is not generated from crops with savings decreasing at 20% per year from

the original starter amount of savings allocated to each farmer at the beginning of the model run.
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Figure 4.7: Modelled changes in farmer savings for Farmer J for all scenarios (Indian rupees

(INR)). The different colour lines correspond to the outputs of individual iterations for Farmer

j and represent the stochastic aspect of the model.
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Crop yields

Figure 4.8: Modelled changes in rice yield (tonnes/ha) for Farmer J for all scenarios. The different

colour lines correspond to the outputs of individual iterations for Farmer J and represent the

stochastic aspect of the model. The black horizontal line represents mean crop yield, with the

red dotted line showing the overall linear trend in crop yield.

Overall, there is little difference between rice yields in scenarios 1, 2 or 3 (Figure 4.8, Plots

A, B and C), with similar annual projections throughout the model runs, including a dip in the

late 1980s. In each prediction, crops receive timely irrigation and show an overall increase in

yield between 1971 and 2005, with mean values between 2.5 and 2.9 t/ha. Scenario 4 (Figure 4.8,

Plot D) represents crop yield without precipitation, showing a dramatic decrease in yield, from

over 1.5 t/ha when groundwater is available, to 0 t/ha when water levels are beyond reach of
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pumps and irrigation is not possible. For rice, monsoon rain is vital for growth; highlighting the

importance of reliable monsoons in the region; as it is responsible for both crop irrigation and

aquifer recharge. As monsoon rainfall becomes more unpredictable, investigating the impacts of

low rainfall on water resources and livelihood is vital for improving farmer coping strategies.

4.4 Model Limitations

The above described scenarios and results highlight the ability of the model to show how changes

in boundary conditions, of either anthropogenic or environmental factors, can impact farmer

livelihood and water resources. Due to a lack of data and understanding of water use in the

region, this model is a simplified representation which leads to a number of limitations.

The shortfalls of using the FAO method have been discussed earlier in this chapter. While

the relationship between yield and ET is linear in nature, crop sensitivity to the effects of water

stress changes with each growth stage. Ideally the crop stress coefficient, Ky, should be varied

across each crop season. In addition, this model estimates final crop yield by summing up the

effects of water stress in all growth periods, ignoring that some stages are more sensitive to water

stress than others. Improved disaggregation of the model, using for example multiplicative over

additive approaches would lead to a better representation of crop yield (Igbadun et al., 2007).

Also, the approach does not take into consideration the impact of fertiliser or seed variety on

crop production. More sophisticated approaches such as crop simulation models could address

this concern; however, the increase in information requirements would make its application more

challenging in this data scarce environment.

As this is a single cell groundwater model, water levels change instantaneously throughout the

aquifer, meaning individual abstraction rates are taken into account and a single daily ground-

water level applied to each farmer. This means that if water levels drop below a certain depth,

only irrigators with deeper wells can have access to water. However, the interaction between each

abstraction well is not considered. This can impact farmers’ ability to access water, as depending

on the local geology and pump depth, wells will have different sized cones of depression, meaning

farmers with deeper wells can adversely impact others in a short space of time. In addition,

aquifer properties are much more complex in the field than parameterised in the model.

Environmental and social factors vary for each farmer within upper and lower pre-set limits

across the entire model. While this captures some of the heterogeneity inherent in a water use

system, it does not represent everything, including many of the decisions made by farmers. Also,

it is assumed that if a farmer amasses sufficient savings, they will use this to advance deeper

wells in order to make their farms more water secure. Of course farmers may not always wish
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to do so, instead spending savings in an idiosyncratic manner; however this is not represented

within the model.

4.5 Conclusions

Hydro-economic models provide a useful tool for developing realistic and sustainable ways of

managing water resources and promoting improvements in farmer welfare. This chapter describes

the design and test implementation of a hydro-economic model for examining the impacts of

changes in boundary conditions on farmer irrigation decisions. Its framework is designed with

data poor regions in mind, requiring minimal information. The model represents the main

environmental and anthropogenic factors allowing each to be varied individually to test different

scenarios.

Incorporating water use practices of actors is an important aspect in realistically representing

how changes affect water resources and farmer welfare. This has been informed through farmer

interviews with insights on their water use incorporated into the model as rules. This represents

an important part of the approach as it moves the model away from the more basic overviews

that are common in hydro-economic models. For instance, the farmers’ irrigation calendar and

the reported volume of water applied are used rather than a soil moisture trigger value.

The model is comprised of three main parts; a groundwater model, a crop model and a farmer

livelihood model. The groundwater model is based on a single cell, representing the entire aquifer.

It also incorporates conjunctive use of water, with an option for farmers to abstract from canals,

in addition to tube wells. Recharge to the aquifer is represented with rainfall, return flow from

irrigation and leakage from canals, as well as loss of water through evaporation. The efficiency

of both the irrigation method and abstraction pumps can also be changed. Crop yield varies in

relation to changes in evapotranspiration; a function of how much water is applied in relation to

the crop requirement. Therefore, if a farmer does not sufficiently irrigate, there will be a penalty

in terms of yield. The livelihood model looks at farmer income in relation to expenditure with

profits used as an index for farmer welfare. Income is a function of the crop yield and the

market price, which varies according to region and year. Farm expenditure is represented within

the model as costs from irrigation and fertiliser. While there are likely to be other expenses,

these were deemed to be the most significant and relevant. Irrigation costs depend on the price

of energy and the depth to groundwater with canal water free to those who have access. In

addition, subsidies; an important part of farming in many regions of the world including India,

can also be incorporated and varied.

The model was tested by simulating the trajectory of decisions for 5 farmers over 4 different
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scenarios, in order to test how the model behaved under different environmental and water use

conditions. The model represented conditions of increased demand, drought and canal use as

expected and the results can be seen in section 4.3.1.

While the use of a parsimonious model has many advantages, its simplicity also leads to lim-

itations. These include the use of a single cell model which applies a single hydraulic head across

the entire aquifer. In addition, it does not consider how cones of depression under groundwater

pumping interact. The crop model used also ignores certain factors, such as how changes in the

crop stress coefficients, fertiliser application or seed variety affect crop yield. The model assumes

that where possible farmers try to become more water secure by investing savings in advancing

deeper wells. In reality, there are many other ways in which farmers may chose to spend savings.

However, while there are a number of limitations to this modelling approach, based on relevant

literature and field observations, the outputs produced by the model framework in this sensitivity

analysis conform to expected results.
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Chapter 5

Examining the impacts of changing

boundary conditions on farmer

livelihood and water resources

In this chapter the modelling framework developed in Chapter 4 is applied to the four dis-

tricts; Sitapur, Sultanpur, Jalaun and Hamirpur in order to examine how changes in boundary

conditions can impact water resources and farmer livelihood. In each district, the individual

characteristics are taken into account and applied to 20 farmers, each with a representative plot

of 1ha, with 50 iterations within each model run; a sufficient number to allow stochastic pro-

cesses to diverge while remaining computationally feasible. Three farmer categories are available

depending on well depth. Through modelling current and potential future environmental and an-

thropogenic conditions, the efficacy of this model as a tool for examining and exploring possible

outcomes of changes in environmental conditions and policy is shown, highlighting its potential

application for water managers and policy makers. This is achieved by applying the modelling

framework to the study region using data on water use and farming practices collected during

field work. This information is used to define the rules by which the model is run. Qualitative

and quantitative data used includes the reported volume of water applied, irrigation scheduling

and different farming constraints. In addition to collected field information, the models rely on

various environmental data. This includes daily rainfall and temperature, obtained from the

Indian Meteorological Departments (IMD) data set (Ministry Of Earth Sciences, 2015), which

is used to calculate both reference crop evapotranspiration (ET
o

), as well as soil moisture and

aquifer recharge. Crop characteristics and various types of socio-economic data obtained from

Government reports and academic papers are also used within the modelling framework.

The impacts to water resources and farmer welfare in relation to changes in boundary condi-
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tions are modelled, with the subsequent results compared to objective data, such as agricultural,

socio-economic and environmental information, where possible. It should be noted that the out-

puts generated are not intended as predictions, but plausible outcomes depending on different

scenarios. As discussed by Moss et al. (2010), the approach whereby different scenarios are

used allows for more robust decision making through improved understanding of uncertainties

under a range of possible outlooks. The following sections comprise the application of the mod-

elling framework to four districts, over six different scenarios (see Table 5.2) including a baseline

“business as usual” scenario, a policy scenario whereby the number of irrigation events are in-

creased, and two different climate scenarios using outputs from the CMIP5 multi-model ensemble

(Coupled Model Intercomparison Project Phase 5). Apart from the baseline run, which mod-

els conditions between 1971 and 2013 to coincide with the only available observed groundwater

values (see section 5.3.1), the model is run over a 35 year period, between 1971 and 2005. The

physical and economic outcomes of each model run are compared with the baseline “business as

usual” scenario, as well as objective data where available. This time period incorporates the best

available data for the region and covers the most important years of the green revolution, during

which the most significant agricultural and environmental changes took place. An overview of

the model operation sequence, the data used, scenarios and outputs is given in Figure 5.1.

5.1 Literature review

Increasing population, agricultural intensification and economic growth have lead to significant

challenges in meeting India’s increasing demand for water (George et al., 2011). To develop

realistic and sustainable solutions, policy makers and water managers require information on

both the physical and economic impacts of any future change in boundary conditions, such as

climate or the cost of energy. In addition to changes in climate, variations in boundary con-

ditions may also include changes in farmer practice or Government policy, which may, either

directly or indirectly affect welfare and resources. Many potential policies or Government ini-

tiatives have been aimed at increasing farmer access to water resources, for example through

rural electrification. These have had mixed results and while allowing farmers to irrigate more

often, have resulted in significant reductions in water resources, particularly in the north west of

India (Scott and Sharma, 2009a; Shah et al., 2009a). In addition, such initiatives are difficult to

control. In many cases however, particularly in aquifers in the central and eastern reaches of the

Ganges Basin, issues with water stem not from an overall lack of resources, but an imbalance

between water demand and seasonal availability. Approximately 80% of regional rainfall occurs

during the monsoon season, resulting in high river flows and widespread flooding (Amarasinghe
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Figure 5.1: Flow chart of models, data, scenarios and outputs used.
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et al., 2016; Khan et al., 2014). During the rest of the year, the risk of water scarcity and

its associated issues increase. The storage of monsoon rainfall for use during the dry season

represents a possible mitigation approach (Amarasinghe et al., 2016; Khan et al., 2014; Revelle

and Lakshminarayana, 1975). In addition, monsoon rainfall runoff represents a loss of water

which could be better utilised at other times of the year. A regional practice whereby additional

pre-monsoon pumping takes place, increasing the storage capacity of the aquifer, is known as

the Ganges Water Machine (GWM) and has been described in the literature since 1975 (Rev-

elle and Lakshminarayana, 1975). This involves increased groundwater abstraction for irrigation

during the months leading up to the monsoon, reducing the water table but increasing the space

available for the oncoming monsoon rains and subsequently reducing the amount of water lost

to other sinks. Given the limited potential of surface storage across the region, both in terms of

realistically useable area and funding, the augmentation of sub-surface storage (SSS) represents

a realistic and achievable goal (Amarasinghe et al., 2016). However, in order for the GWM to

work, there must be an unmet water demand during the pre-monsoon period to justify depleting

a large volume of the aquifer, and there must be an adequate volume of groundwater available

for pumping during that period. There should also be sufficient monsoon rainfall to replenish

SSS (Amarasinghe et al., 2016). Amarasinghe et al. (2016) also highlight that some regions of

the Ganges Basin are more suitable than others for pursuing this practice. Areas identified as

suitable include the 4 study districts, with Sitapur and Sultanpur considered to have a high po-

tential for SSS, and Jalaun and Hamirpur a moderate potential. From an implementation point

of view, a policy whereby farmers are encouraged to pump more water, rather than refrain from

abstraction is likely to be more straightforward.

In order to incorporate the impacts of potential future climate into analysis, climatic pro-

jections generated by General Circulation Models (GCMs) are used. These are obtained from

the Coupled Model Intercomparison Project: Phase 5 (CMIP5) database which use a series of

possible emission scenarios based on different socio-ecological variables such as economic and

population growth to produce data sets of different climate variables under a range of possible

outcomes (Wayne, 2013). While CMIP5 projections are useful, they are not without limitations.

Mean values and daily variations in rainfall can be unreliable due to the inherent shortcomings

of general circulation models (GCMs) (Raty et al., 2014; Tsarouchi, 2014). The low resolution

of GCMs also limit the accuracy of climate predictions as significant variations can exist on a

local level, for example the frequent intense convective events which occur in India, particularly

during the monsoon season. Large uncertainties have been highlighted between annually av-

eraged and seasonal rainfall over the Ganges Basin with difficulties in simulating the observed
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monsoon climatology (Lutz et al., 2014; Sengupta and Rajeevan, 2013), although this is much

more prevalent in precipitation than temperature. The method uses the change over time in

monthly simulation values of the historical and future projections of climate within the CMIP5

GCM outputs. This produces an average value for each month, which can then be used as a

change factor. These monthly change factors are then applied to the observed data, producing a

new data set predicting the future climate for that location based on the GCM model outputs.

This also acts as a method of down-scaling the coarse resolution GCM data to the local region.

For rainfall the relative change between future and historical GCM outputs is used (Equation

5.1), with the absolute value used for temperature (Equation 5.2).

CF =
V -future

V -historical
(5.1)

CF = V -future� V -historical (5.2)

5.2 Development of scenarios

The scenarios and results outlined in the following sections and in Table 5.2 were chosen as

plausible present and future versions of the water use environment in North India. These were

informed through relevant literature, as well as field work in the study region. When using a

model to investigate the impacts of potential scenarios it is important to first ensure historic

conditions can be replicated by the modelling framework. To achieve this, model runs were

undertaken on each of the 4 study districts, using data collected in the field, along with historic

climate and socio-economic information, described in more detail in Section 5.3. The farming

practices and water use behaviour observed in each of the study areas were incorporated into

each district model, with subsequent model outputs compared to objective groundwater and

crop yield information (Central Ground Water Board, 2014; ICRISAT-ICAR-IRRI Collaborative

Research Project, 2012). The scenarios are designed to reflect the most likely incarnations of

socio-economic and environmental conditions over the coming years. These initial model runs

are used as a baseline for subsequent model outputs. Following this initial application of the

modelling framework, the impacts of future climate on farmer welfare and water resources are
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tested. In this study, two potential future climate scenarios are used; RCP 8.5, and RCP 4.5

representing a worst case, and a more optimistic scenario respectively. No changes to farming

practices are made during either climate run.

In order to investigate the potential of the Ganges Water Machine in the region, a scenario

whereby an additional pre-monsoon irrigation event takes place is modelled in each of the 4

districts. The extra irrigation event takes place during the dry season in February and is similar

to all other irrigation applications in the region, including the volume of irrigation water. No

irrigation event later than April is included in the model because field collected data suggests

that farmers do not irrigate at that late stage of the growing season as this affects crop ripening.

All other variables, including climate and water access remain unchanged and follow the same

procedure as other scenarios. Following a baseline policy set of runs, further modelling is under-

taken to investigate how future climate is likely to impact water resources and farmer welfare

under this particular policy. All model results are presented in Section 5.5 below.

Table 5.1: List of climate and agricultural practice scenarios investigated in this study.

Scenario ID Scenario rationale

1 Historic To check model operation and calibration

2 Historic practices under RCP 4.5 Investigate current practices under predicted fu-

ture climate

3 Historic practices under RCP 8.5 Investigate current practices under predicted fu-

ture climate

4 Policy of increased groundwater ab-

straction

Investigate the impacts of increased groundwa-

ter abstraction

5 Increased abstraction policy under

RCP 4.5

Investigate the impacts of increased groundwa-

ter abstraction under predicted future climate

6 Increased abstraction policy under

RCP 8.5

Investigate the impacts of increased groundwa-

ter abstraction under predicted future climate

The collected field data forms a central part of the modelling process, in terms of provid-

ing driving data, constraining model parameters and in outlining rules for model operation.

Subsequently, relevant parameters were changed to represent a particular scenario of interest.

Collected data include water application rates and irrigation scheduling, with additional infor-
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mation such as fuel cost and climate information obtained from secondary data sources, such

as the Indian Meteorological Department (IMD) and the International Crops Research Institute

for the Semi-Arid Tropics (ICRISAT-ICAR-IRRI Collaborative Research Project, 2012). A full

list of the model parameters used can be found in Appendix B. In the baseline scenario, farmer

behaviour continues as close as possible to observed practices in the field; with similar irrigation

application rates, dates, and agricultural costs.

The following assumptions and rules, unless explicitly stated, apply to each scenario:

• Farmers will continue to irrigate until they cannot access water, or can no longer afford to

irrigate, after which they rely on rainfall for irrigation.

• Farmers will attempt to improve their water security by drilling deeper wells when they

can afford to.

• Demand values from field data are used throughout with stochasticity also built into the

model to replicate variance between individuals.

• Optimum application rates for fertiliser are used throughout model runs. These do not

vary.

• Fuel, fertiliser and crop process are taken from secondary data sources.

• Climate variables for individual districts are used.

• Access to canals based on field information with stochasticity included in the model.

• The initial number of farmers in each category is user defined. This may change during

the model run to reflect increase in tube wells over model period.

• Canal time table is based on field data.

5.3 Description of data

The data used to drive the different models were obtained from a number of sources and include

climate (rainfall, temperature), socio-economic (crop yield, crop price, energy cost, fertiliser cost,

savings values), hydrological and hydrogeological (observed groundwater levels, return flow, spe-

cific yield), and farmer behaviour obtained through field work and literature. Some of the more

important components of the driving data are described in the following section.
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Climate

Rainfall and temperature are used within the modelling framework and influence crop growth

and aquifer recharge. Temperature is used only to derive reference crop evapotranspiration, with

maximum crop evapotranspiration (ET
x

) estimated using crop coefficient values obtained during

field experiments in the region and published in Choudhury et al. (2013). ET
x

is calculated using

the Hargreaves Samani approach as described in Chapter 4. Observed temperature data obtained

from the Indian Meteorological Department (IMD) was used to model the period between 1971

and 2005. There were no observed data available from 2005 onwards. For modelling periods

beyond 2005, a multi-model mean extracted from three different GCM models, NOAA GDFL:

GDFL-CM3, NOAA GDFL: GDFL-ESM2G and MIROC: MIROC5 was obtained through the

CMIP5 website (World Climate Research Program, 2013). Daily temperature was obtained for

each of the four study districts. For future climate scenarios, a time slice between 2006 and 2040

was used as this matches the same length of time for which observed data is available. Data

shows temperatures across the region are expected to increase by approximately 2�C between

1971 and 2040 with little variability between districts. Minimum and maximum temperatures

across the region are 18 and 35�C respectively.

Observed precipitation data, also obtained from IMD spans the period between 1971 and

2005. Between 2005 and 2013 for baseline model runs, precipitation data was obtained from the

TRMM (Tropical Rainfall Measuring Mission) multi precipitation analysis products, version 7,

obtained from the NASA archive (Huffman et al., 2007). Similar to temperature, precipitation

in Northern India is expected to increase with extreme rainfall events becoming more frequent

(Jena et al., 2015; Menon et al., 2013; Moors et al., 2011). Unlike temperature however, there

is a high level of variability, with each district reporting different rainfall values. Sitapur, Sul-

tanpur, Jalaun and Hamirpur receive an average of approximately 902mm/year, 1096mm/year,

721mm/year and 888mm/year respectively. Observed values also show that while there is an

increase in rainfall across all districts, the amount varies considerably with Sitapur, Sultanpur,

Jalaun and Hamirpur increasing by approximately 30mm, 260mm, 15mm and 100mm respec-

tively between 1971 and 2005. When predicted future rainfall is taken into account, precipitation

is predicted to increase in Sitapur, Jalaun and Hamirpur, by 300mm, 550mm and 70mm respec-

tively between 2006 and 2040. Rainfall in Sultanpur however, is predicted to decrease by 750mm

over the same period. While the GCM models were selected based on their ability to accurately

model monsoon conditions in the region, the large spatial heterogeneity in convective rainfall

patterns make predictions difficult.

To date, there has been little research on the possible effects of changes in climate on ground-
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water resources (Holman et al., 2012). In this Chapter, future climate scenarios and their impacts

on groundwater are explored. Data was derived using the CMIP5 (Coupled Model Intercompar-

ison Project: Phase 5) projections. Two emission scenarios; RCP 4.5 and RCP 8.5, were chosen

as these represent both a worst case scenario (RCP 8.5), which assumes more or less unabated

emissions, and a more hopeful scenario (RCP 4.5) where some climate policies are enacted re-

sulting in reduced greenhouse gas emissions (Wayne, 2013). The future projections calculated

for the model scenarios for this study used the delta change bias correction technique described

in Section 5.1.1 (see Prudhomme et al. (2010)), both to downscale the data from large scale

GCM outputs to district level, and to produce future climate data under each RCP scenario.

Identification of suitable GCMs is an important step in reducing model uncertainty (Remesan

and Holman, 2015). The final data set was produced using a multi-model mean using outputs

from 3 GCMs. GCMs used were picked based on their ability to predict the Indian monsoon

as described in Jena et al. (2015) and can be seen in Table 5.1. A historic time slice from 1971

to 2005 was used, with future climatic data used from 2006 to 2040. This coincides with the

historical observed temperature and rainfall data available from the Indian Meteorological De-

partment (Ministry Of Earth Sciences, 2015) and allowed for a higher level of confidence in the

future climate data produced. Overall the data used shows increasing trends in precipitation

are likely to continue, but with extreme rainfall events more likely. There is little variation in

temperature between the 4 districts.

Table 5.2: List of CMIP5 models used in Section 5.2. The outputs were used to generate evapo-

transpiration data for driving the modelling framework, along with precipitation information for

driving the hydro-economic models.

Modelling Centre Institute ID Model Name

NOAA Geophysical Fluid Dynamics Laboratory NOAA GFDL GDFL-CM3

NOAA Geophysical Fluid Dynamics Laboratory NOAA GFDL GDFL-ESM2G

Atmosphere and Ocean Research Institute (The Uni-

versity of Tokyo), National Institute for Environmen-

tal Studies, and Japan Agency for Marine-Earth Sci-

ence and Technology

MIROC MIROC5
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Groundwater

Groundwater data was obtained from the Central Groundwater Board of India (Central Ground

Water Board, 2014), and contains water level data between 2012 and 2013. No groundwater level

information was available prior to 2012. While each district had a large number of monitoring

wells, many were excluded due to lack of data. As a result, 14 monitoring wells were used in

Sitapur, 44 in Sultanpur, 21 in Hamirpur and 26 in Jalaun. While this results in a poor spatial

distribution of boreholes (1 monitoring well/410km2 in Sitapur, 1 monitoring well/100km2 in

Sultanpur, 1 monitoring well/150km2 in Jalaun and 1 monitoring well/200km2 in Hamirpur),

it represents the best available observation data for changes in groundwater across the region.

The geology of the region; alluvial aquifers comprising silts, sands, clays and gravels, also allow

for less spatial variability than would be found in hard rock aquifers, increasing confidence in

applying these groundwater levels to the study region.

Figure 5.2 compares observed groundwater levels to cumulative rainfall departure (CRD)

across each of the four study districts. CRD shows the relationship between fluctuations in

groundwater and precipitation. Changes in rainfall are represented by departure from mean

precipitation, with an increase from the mean indicating a rise in water levels, and a decrease

indicating a fall in water levels (Xu and Van Tonder, 2001). In this way the relationship be-

tween rainfall and groundwater level change is highlighted. In instances where there is poor

correlation, additional influences, which may include anthropogenic factors such as groundwater

abstraction or artificial recharge, may be taking place. Overall, there is a strong correlation

between CRD and groundwater levels in all four districts; suggesting that rainfall significantly

influences groundwater level fluctuation.

Socio-economic data

Socio-economic data is used within the modelling framework, both as driving data for the differ-

ent model components, and as a means of verifying the outputs. Data includes crop yield for both

wheat and rice, available from India’s State Planning Institute (Economics and Statistics Divi-

sion, State Planning Institute, 2013) and information obtained from the District Level Database

Documentation provided by ICRISAT-ICAR-IRRI Collaborative Research Project (2012). This

allows comparison with yield outputs from the model itself, with information collected between

1971 and 2013. In addition, the linear increase in recorded crop yield is used within Equation

4.4 to represent changes in wheat and rice production due to improvements in seed and fertiliser

technology; factors which are outside the scope of the model to replicate explicitly. This is

described in more detail in Section 4.2.2. Fertiliser prices were obtained from the Indian De-
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Figure 5.2: Comparison of observed groundwater levels in each district and cumulative rainfall

departure (CRD). CRD is represented as departure of rainfall from the mean; increases indicate

a rise in groundwater and decreases indicate falls in areas where there is a strong relationship

between groundwater and rainfall.
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partment of Fertilizers (2015). It is assumed that farmers apply the recommended amount per

hectare per year, and for this modelling exercise application rates described by Yadav (2003) are

used throughout. As described in Section 4.2.2, only the cost of fertiliser is taken into account;

their biophysical influence is considered implicitly within the model. The average annual market

price of wheat and rice was obtained from ICRISAT-ICAR-IRRI Collaborative Research Project

(2012).

Information on the financial saving practices among farmers in India is limited. For this

study, values for farmer savings were obtained from a report by Dev (2011), compiled on behalf

of the Food and Agricultural Organization (FAO). In reality the saving and spending practices of

farmers are highly variable and depend on a range of factors which are outside the scope of this

project. The model assumes that farmers will retain between 5% and 15% of their annual income

as savings for reinvestment in their future water security. These savings also act as a buffer when

farmer income reduces to zero. As described in Chapter 4, once farmers achieve the price of

drilling a new well (13,000 INR based on farmer interviews), farmers move to the next category,

with their savings reduce accordingly. Three well categories are incorporated within the model

with category 1 the shallowest wells, and category 3 deepest. Once a particular farmer reaches

category 3, their savings increase continually, as expenses outside of irrigation and fertiliser are

not taken into account by the model. Income derived from activities other than crop production,

including loans were not considered as they were outside the project in its current form. Water

markets; an important part of Indian agriculture, were also not taken into account.

In addition to the secondary socio-economic data obtained, primary information collected

during farmer interviews, as described in Chapter 3, formed a significant part in designing the

modelling framework, and driving the model. Information includes the crop calendar from which

irrigation application is scheduled, the source of irrigation water and the actual volume of irriga-

tion water applied in the district. The type of field data collected is outlined in Chapter 3, and

its application within the model described in Chapter 4.

5.4 Model calibration

Model calibration and output verification requires observed information. However, achieving

this in a data scarce environment is challenging. This is particularly true of socio-economic

information, as details of farmer incomes, savings and expenditure is limited. Model applications

in each of the four study districts were manually calibrated. Validation was undertaken using

the best available observed data; groundwater levels and crop yields.

Calibration was carried out by iteratively adjusting a number of parameters, listed in Table
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5.3, until visual agreement with observed validation parameters was achieved. Manual calibration

relies on visual comparison between modelled outputs and observed data, with the modeller also

utilising their knowledge of the study environment and the model structure. The conceptual

model, also developed using observed local conditions, was considered throughout the procedure

to ensure all calibrated parameters remained realistic. Calibration took place during initial

baseline runs, establishing a base case (Harou et al., 2009). Subsequent model outputs are also

compared to observed groundwater levels and reported crop yields to evaluate the outcomes

of changes in scenario with the baseline conditions. While variables used for calibration and

validation are coarse in resolution, they represent the best information available. This further

highlights that generated model outputs should be treated with caution. All observed values,

along with the calibrated variables used during model runs can be seen in Table 5.3 below.

Table 5.3: List of observed (Obs) and calibrated (Cal) parameters used in each district model.

Sitapur Sultanpur Jalaun Hamirpur

Obs Cal Obs Cal Obs Cal Obs Cal

Specific yield 16% 30% 16% 30% 6% 15% 6% 12%

Evaporation loss 8-30% 15% 8-30% 20% 8-30% 30% 8-30% 25%

Max yield coeff.

(Wheat)

User set 1.8 User set 1.8 User set 2.2 User set 1.9

Max yield coeff.

(Rice)

User set 2.5 User set 1.7 User set NA User set NA

Return flow 33% 50% 33% 50% 33% 30% 33% 0.45

Canal Leakage 50% NA 50% 50% 50% 40% 50% NA

Crop coeff. (Wheat) 1.00,

1.12,

1.25,

0.46

0.80,

1.20,

1.30,

0.60

1.00,

1.12,

1.25,

0.46

0.80,

1.12,

1.25,

0.46

1.00,

1.12,

1.25,

0.46

1.00,

1.12,

1.25,

0.46

1.00,

1.12,

1.25,

0.46

1.00,

1.12,

1.25,

0.46

Crop coeff. (Rice) 0.60,

0.79,

1.20,

0.81

0.61,

0.80,

1.23,

0.74

0.60,

0.79,

1.20,

0.81

0.61,

0.80,

1.23,

0.74

0.60,

0.79,

1.20,

0.81

NA 0.60,

0.79,

1.20,

0.81

NA
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5.5 Results

The following sections describe the model results from each of the scenarios. Output variables

include changes to groundwater, crop yield and farmer income which is also displayed adjusted

for inflation. Farmer income is also shown, both in nominal and real terms, however no observed

values are available for comparison. The modelling framework was applied to each of the four

districts using the input values in Appendix B.

5.5.1 Historic conditions

Groundwater

Changes in groundwater were compared to the average groundwater levels from across each

district. The resulting outputs can be seen in Figure 5.3 and 5.4. Observed groundwater levels

in Sitapur show an initial decrease of approximately 0.14 m/year between 2001 and 2009, or

approximately 1 metre in total. This is followed by an increase of approximately 0.3 m/year

in observed groundwater levels from 2009 to 2013 (Figure 5.3). Modelled outputs (Figure 5.3

and 5.4) show an initial increase of 1 m/year between 1971 and 1976, followed by a period of

7 years where water levels remain at approximately 135 m/year, with seasonal fluctuations of

about 1 to 2 metres. From 1983 to 1994 groundwater levels decrease at a rate of 0.5 m/year,

from 135 mASL to 129 mASL, after which the rate of decline reduces to 0.1 m/year up to 2004.

From 2004 to 2013, modelled aquifer levels increase approximately 8 metres in 9 years. While

the rates of rising and falling water levels differ, the modelled and observed groundwater levels

follow similar patterns, although observed water levels continue to decrease up to 2009, whereas

model outputs decline up to 2004. Farmers in Sitapur rely almost exclusively on groundwater to

irrigate both their wheat and rice crops. Despite an extensive canal network across the district,

it is rarely operational, forcing farmers to rely on their own tube wells or the local groundwater

market for irrigation. The soil type across the district is predominantly a sandy silt with water

bearing formations typically comprising a fine to medium grained sand (Chauhan, 2009). Much

of the soil conditions observed during field work in the region were sandy in nature, reportedly

leading to a high return flow rate of applied irrigation water.

In Sultanpur, farmers have access to canals, and as a result, modelled water levels range from

a low of 90 mASL to the surface, indicating potential for flooding during periods of increased

canal availability and rainfall. Figure 5.3 shows that after an initial rise of 1 metre median

groundwater level falls from 96 mASL to 92 mASL between 1972 and 1982, approximately 0.4

metres/year, after which it increases steadily to 2013 at 0.34 m/year. Under scenarios of low

canal water availability and low rainfall, groundwater levels stay constant at approximately 93
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Figure 5.3: The range and median modelled groundwater level across the study areas between

1971 to 2013. The shaded area represents the range of values obtained from 50 model iterations

within the scenario with variations depending on stochasticity of rainfall and irrigation applica-

tion volumes. The red line represents the median groundwater level. Mean observed groundwater

levels from 2002 to 2013 are shown in black. Water levels are in metres above sea level (mASL).
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mASL. Observed groundwater level across the district of Sultanpur remains more or less constant

between 2003 and 2012, with seasonal variability of 1-2 m/year. Observed water levels peak at 100

mASL in 2008 with the lowest value of 94.5 mASL recorded in 2011. At no point does the model

predict water levels will decrease to the base of category 1 wells (83 mASL). Overall, the average

change in water levels reflects the values reported by the Central Ground Water Board (2014) of

0.03 to 0.48 m/year. While irrigation demand as reported by farmers in Sitapur is slightly higher

than that in Sultanpur (see Appendix B), farmers in Sultanpur also have access to irrigation

canals, which reduce the demand on the aquifer and positively contribute to groundwater levels

in some areas of the district. This results in a more stable groundwater level in Sultanpur. The

dominant soil type across the region is a sandy clay (Chauhan, 2007) with water return flow

rates reportedly relatively high.

The districts of Jalaun and Hamirpur are both located within the drought-prone Bundelkhand

region of India; an area long associated with water scarcity. Interestingly, Jalaun is also the

highest user of canal water in Uttar Pradesh. Despite this, farmers in the region rely on wheat

as the main crop and rice is rarely grown (Economics and Statistics Division, State Planning

Institute, 2013). According to farmers, this is due to a combination of insufficient water resources,

both ground and surface water, and soil which is mostly unsuitable for rice cultivation. Observed

groundwater levels decrease by 6 metres (1.2 m/year) between 2003 and 2008. This is followed by

an increase of 0.9 m/year between 2008 and 2012. Median groundwater levels show an increase

of approximately 0.5 m/year between 1971 and 1981. This is followed by a decrease between

1985 and 1995 of up to 0.6 m/year. Groundwater levels again increase at a rate of 0.8 m/year

between 1995 and 2000, decrease by 0.4 m/year between 2000 and 2005, and increase between

2005 and 2013 by 0.4 m/year. As can be seen in Figure 5.3, observed groundwater closely

matches minimum modelled groundwater level, suggesting there are fewer canals in operation

across the district than were observed during fieldwork, or was reported during farmer interviews.

Despite a larger number of operational canals than other districts, the higher clay content of the

soil and superficial deposits (Indian Council of Agricultural Research, 2010) reduce the amount

of aquifer recharge, either through irrigation return flow (both from surface and groundwater

sources), canal leakage, or indeed rainfall.

Modelled groundwater levels in Hamirpur show a seasonal fluctuation of approximately 5 me-

tres, with up to 8 metre variations occurring in some more extreme situations. By 2013, model

outputs show water levels within a range of 17 metres (112 mASL to 129 mASL), matching

the range of 2003 to 2012 observed water levels, (min 111 mASL in 2008 and max 128 mASL

in 2004) as can be seen in Figure 5.3. Median groundwater levels fall from 124 to 118 mASL
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between 1971 and 1980 (0.6 m/year), followed by an increase to 125 mASL from 1980 to 1988.

Water levels remain constant at 125 mASL between 1988 and 2005 with seasonal fluctuation.

Between 2005 and 2010 there is a 1 to 2 metre reduction in water levels up to 2010 (up to

0.4 m/year), followed by an increase of 4 to 5 metres from 2010 to 2013 (up to 1.6 m/year).

While not as pronounced, this variation in water levels matches that in the observed water lev-

els across the district as a whole. While farmers in Hamirpur do not enjoy the same access

to canal water as those in Jalaun, their irrigation practices are similar. Due to water and soil

quality restrictions rice is seldom grown in the region, with wheat as a result the dominant

crop (Economics and Statistics Division, State Planning Institute, 2013). In addition, farmers

in Hamirpur receive approximately 180 mm/year additional rainfall than their counterparts in

Jalaun, further contributing to water resources in the district (Ministry Of Earth Sciences, 2015).

Farmer Income

Net farmer income is derived from the revenue generated from growing crops, less the expense

of irrigation and fertiliser. The annual values for irrigation fuel and fertiliser cost, along with

the market prices for each crop were obtained from socio-economic data sets (ICRISAT-ICAR-

IRRI Collaborative Research Project, 2012). The plots in Figure 5.5 describe farmer income

in two ways; the first as a direct output of the district model runs, incorporating the reported

market price of crops along with farmer expenditure on diesel and fertiliser, and the second also

using the modelled outputs of farmer income but incorporating inflation; an important factor to

consider when assessing how farmer income has changed over the model run period. Inflation

was accounted for using the consumer price index (CPI) values (Triami, 2016), allowing income

to be adjusted to 1971 levels, providing a time series in constant rupees.

In the business as usual (baseline) scenario, there is an increasing trend in farmer income over

the model run period. Overall, districts that grow rice as well as wheat receive higher incomes

as a result of the combined revenue provided by both crops. The source of irrigation water also

plays a role in the overall cost of irrigation, with farmers who have access to canals paying less

to irrigate their crops. This can be seen in the southern districts of Jalaun and Hamirpur with

farmers in Jalaun receiving approximately 9,000 INR/ha/year, (or 600 INR/ha/year when de-

flated to 1971 levels) more than farmers in Hamirpur. Environmental conditions and irrigation

practices are similar in both districts, however farmers in Jalaun have access to both canals and

tubewells, and while canal water is unreliable it provides farmers with a low cost irrigation op-

tion. In Jalaun, modelled outputs predict an income of between 21,000 and 23,000 INR/ha/year

(or in constant rupees deflated to 1971 levels; 1,450 to 1,570 INR/ha/year) at the end of the

119



Figure 5.4: The median and range of modelled groundwater levels across the study areas between

1971 and 2005 under historical water use practices, and under historical water use practices

driven by predicted future climate between 2005 and 2040. The shaded area represents the range

of values obtained from 50 model iterations within the scenario with variations depending on

stochasticity of rainfall and irrigation application volumes. The solid lines represent the median

groundwater level. Water levels are in metres above sea level (mASL).
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model period. Farmers in Hamirpur however, are predicted to receive between 12,000 and 14,000

INR/ha/year (760 to 950 INR/ha/year in constant rupees) in 2005. As both wheat and rice

is grown in the northern districts, farmers in Sitapur and Sultanpur have considerably higher

incomes. As noted previously, Sultanpur benefits from a working system of canals, and while

field work showed many farmers did not have direct access to the canal water, they sometimes

benefit from the additional recharge provided by the infrastructure with farmers reporting that

groundwater levels remained constant closer to working canals, resulting in reduced irrigation

cost due to higher water tables. Observed and modelled wheat yields are similar in both districts,

however modelled rice yields were found to be up to 0.5 t/ha more in Sultanpur, which in con-

junction with cheaper irrigation resulted in farmers receiving up to 8,000 INR/ha (approximately

500 INR/ha/year in constant rupees) more than their counterparts in Sitapur.

Crop Yield

Wheat yields produced by the model are shown in Figure 5.6. Outputs for all districts follow an

increasing trend, with values of approximately 0.7 to 1.2 tonnes per hectare for all districts in

1971, up to 3.5 tonnes per hectare for farmers in Jalaun in 2005, approximately 0.5 tonnes/ha

more than farmers in Sitapur and Sultanpur, and over 1 tonne/ha more than farmers in Hamirpur.

Maximum wheat predictions for farmers in Hamirpur are approximately 2.1 tonnes/ha. The black

line represents recorded annual crop yields for each district (ICRISAT-ICAR-IRRI Collaborative

Research Project, 2012). While the overall trend of yield increase is represented, a number of

the peaks and troughs of the observed values are not captured by the model. This is most likely

as a result of socio-economic variables which are not included in the modelling framework, such

as disease or lack of fertiliser. Overall improvements in seed variety and fertiliser are represented

in the model by the linear increasing trend provided through observed yield value which is

incorporated into Equation 4.3. Instances where climate or access to water is an issue however

are represented in the model outputs. Despite not capturing the all peaks and troughs of the

observed values, the model gives a good approximation of likely yield based on socio-economic

and environmental conditions.

In representing rice the model performs better, matching the observed values in Sitapur and

Sultanpur more closely (Figure 5.7). Based on farmer behaviour and environmental conditions,

the model predicts farmers in Sultanpur will produce up to 0.5 tonnes/ha more than those in

Sitapur by 2013. Rice is not grown in Jalaun or Hamirpur.
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Figure 5.5: The median and range of modelled farmer income between 1971 and 2005 under

historical farming practices, and under historical farming practices driven by predicted future

climate between 2005 and 2040 (1971 to 2005 used on x-axis throughout). The shaded area

represents the range of values obtained from 50 model iterations within the scenario with vari-

ations depending on stochasticity of rainfall and irrigation application volumes. The solid lines

represent the median farmer income. Units in Indian rupees per year (INR/year).
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Figure 5.6: The median and range of modelled wheat yield between 1971 and 2005 under histor-

ical farming practices, and under historical farming practices driven by predicted future climate

between 2005 and 2040 (1971 to 2005 used on x-axis throughout). The shaded area represents

the range of values obtained from 50 model iterations within the scenarios with variations de-

pending on stochasticity of rainfall and irrigation application volumes. The solid lines represent

median crop yields. The solid black line represents crop yields recorded by the State Government

of Uttar Pradesh and published in their annual statistical abstract. Units in tonnes per hectare

(t/ha).
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Figure 5.7: The median and range of modelled rice yield between 1971 and 2005 under historical

farming practices, and under historical farming practices driven by predicted future climate

between 2005 and 2040 (1971 to 2005 used on x-axis throughout). The shaded area represents the

range of values obtained from 50 model iterations within the scenarios with variations depending

on stochasticity of rainfall and irrigation application volumes. The solid lines represent median

crop yield. The solid black line represents crop yields recorded by the State Government of Uttar

Pradesh and published in their annual statistical abstract. Units in tonnes per hectare (t/ha).
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5.5.2 Future Climate

Groundwater

In terms of overall water availability, there is little difference between baseline or future climate

results under RCP 4.5 or RCP 8.5. Mean modelled groundwater levels in Sitapur using RCP

4.5 (Figure 5.4) follow a similar pattern to the baseline results. This includes an initial increase

from 131 mASL to approximately 136 mASL between 1971 and 1985. Water levels remain at

this level, close to the surface (136 mASL), before median groundwater levels fall to 129 mASL

at a rate of 0.6 m/year between 1985 and 1995. Median water levels remain at approximately

129 mASL between 1995 and 2002, before rising 3 to 4 metres between 2002 and 2005. Between

1995 and 2005 water levels remain at approximately 1 metre above median baseline modelled

values. The maximum predicted water level drawdown is estimated to be in the region of 0.6

m/year between 1985 and 1995, with the lowest overall predicted value, 127 mASL reached in

2002.

Under RCP 8.5, modelled water levels follow the same patterns over time as those in RCP 4.5;

however median groundwater levels are predicted to sit approximately 1 metre higher between

1995 and 2005 (Figure 5.4). Median groundwater levels are also expected to be approximately

1 metre higher in Sultanpur between 1985 and 2005 than modelled outputs under RCP 4.5.

Conversely, median groundwater levels are expected to be slightly lower in the southern districts

under RCP 4.5 than under RCP 8.5, with approximately 1 metre difference between 1990 and

2003. The overall rates of increase and decrease throughout the model period, as well as seasonal

fluctuation, however, remain the same. As a result, water levels do not reach the base of category

1 wells, the shallowest wells which are available to all farmers, at any point, despite all farmers

saving enough capital to advance category 3 wells. As with the model outputs produced during

the baseline runs, there is the potential in both Sultanpur and Jalaun for flooding in the event

of high rainfall and increased canal use which occur during certain model iterations. This is less

of a threat in the other districts, but remains a possibility during high monsoon rainfall, as can

be seen in Sitapur between 1975 and 1985, and in Hamirpur from 1985 to 2005.

There is also a larger seasonal fluctuation in groundwater levels in Jalaun than either Sitapur

or Sultanpur. This is as a result of the lower specific yield in the model parameters, representing

the larger amount of clay in the soils, and a reduced irrigation demand during the monsoon

season as no rice is grown in the district. Overall there is little difference between the modelled

outputs of the baseline runs, and the climate scenarios of RCP 4.5 or RCP 8.5 with the model

indicating that climate change under either scenario will have minimal impact on water resources

under current irrigation water demand.
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Farmer Income

As with groundwater levels, a comparison of farmer income under future climate scenarios RCP

4.5, RCP 8.5 and the baseline scenario, reveals little variation (Figure 5.5). In Sitapur mini-

mum and maximum modelled income is estimated at 30,000 INR, 35,000 INR per year (2,100

and 2,300 INR/ha/year in constant rupees deflated to 1971 levels) respectively for both climate

scenarios. The median modelled baseline income for farmers in Sitapur is also predicted to reach

approximately 32,000 INR/year (2,200 INR/ha/year adjusted for inflation) by 2005, with income

increasing at a rate of approximately 900 INR/year (65 INR/ha/year when taking inflation into

account) under both scenarios. Minimum modelled income in Sultanpur is estimated to be ap-

proximately 37,000 INR, with maximum income predicted to be 41,000 INR per year by 2005

under RCP 4.5 and RCP 8.5 (2,600 to 2,800 INR/ha/year with inflation). Median modelled

income under both scenarios is predicted rise by 1,100 INR/year to reach approximately 40,000

INR by 2005 (or 80 INR/ha/year to reach 2,700 when accounting for inflation), following a similar

pattern to the baseline modelled mean income values for the model run. Modelled income levels

in Jalaun show a similar lack of variation between climate scenarios with minimum, maximum

and median income levels estimated at 21,000 INR, 28,000 INR and 24,000 INR respectively

under RCP 4.5, and 20,000 INR, 28,000 INR and 24,000 INR under RCP 8.5 by 2005. When

taking inflation into account minimum, maximum and median income levels reach 1,450, 1,600

and 1,550 INR/ha/year, showing constant rupees, deflated to 1971 levels, increase at a rate of

approximately 45 INR/ha/year. Income levels in Hamirpur are predicted to be the lowest of the

4 districts, with income levels ranging from 10,500 INR to 14,000 INR per year by 2005 under

both RCP 4.5 and RCP 8.5 with a median of 12,000 INR/year (or 750 to 1000 INR/ha/year

with a median value of 850 INR/ha/year in constant rupees). Taking inflation into account, this

suggests a mean income rise of approximately 25 INR/ha/year.

Crop Yield

In Sitapur modelled wheat yield was found to be similar under RCP 4.5 and RCP 8.5 with

minimum, maximum and mean values of 2.6 and 2.8 tonnes per hectare for each in 2005, and a

median value of 2.7 tonnes/ha. Overall modelled results follow a similar pattern of crop yield

to the baseline modelled output, with wheat yield in Sitapur increasing; approximately 0.05

tonnes/year between 1971 and 2005. Mean modelled yield values were found to be slightly higher

in Sultanpur with a median value of 3 tonnes/ha under RCP 4.5 and 2.9 tonnes/ha under RCP

8.5. Both mean outputs follow a similar pattern to the baseline wheat yield modelled outputs.
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Minimum modelled yield was found to be 2.9 tonnes/ha under RCP 4.5 and 2.7 tonnes/ha under

RCP 8.5, with maximum yields of 3.1 tonnes/ha under RCP 4.5, and 3 tonnes/ha under RCP

8.5 in 2005. Crop yields are expected to rise at approximately 0.08 tonnes/year during the model

run period. Modelled wheat yield in Jalaun also increases by a rate of 0.08 tonnes/year between

1971 and 2005. Minimum, maximum and median crop yields reach 2.9 tonnes/ha, 3.2 tonnes/ha

and 3 tonnes/ha by 2005 under RCP 4.5, with 2.8 tonnes/ha, 3 tonnes/ha and 3.2 tonnes/ha

under RCP 8.5. Overall there is little difference between model outputs under either climate

scenario, and median results in Jalaun closely mirror baseline modelled output. Modelled wheat

yield in Hamirpur is the lowest of all 4 districts investigated with minimum, maximum and

median values of 1.6 tonnes/ha, 2.2 tonnes/ha and 1.8 tonnes/ha predicted in 2005 under RCP

4.5. Minimum, maximum and median values of 1.6 tonnes/ha, 1.8 tonnes/ha and 2.1 tonnes/ha

are estimated by the model over the same period under RCP 8.5. Again, the modelled outputs

under predicted future climate mirror those produced under the base line scenario. Predicted

yield increase under both RCP 4.5 and RCP 8.5 is estimated to be 0.05 tonnes/year. There is

also a significant spike in yield in 1997 across all modelled outputs, including the baseline results.

The modelled results for rice yield are presented for Sitapur and Sultanpur. Minimum, max-

imum and median crop yield for rice in Sitapur was found to be 1.5 tonnes/ha, 1.7 tonnes/ha

and 1.6 tonnes/ha respectively under RCP 4.5 by 2005 following a peak of 2.6 tonnes/ha in 2003.

Modelled rice yields in the district increase at approximately 0.03 tonnes/ha/year, with mean

crop yield following a similar pattern to the median of the baseline model run. These values are

mirrored in modelled results under RCP 8.5. Modelled rice yields in Sultanpur under RCP 4.5

and RCP8.5 were also found to be similar, with minimum, maximum and median values of 2.3

tonnes/ha, 2.6 tonnes/ha and 2.5 tonnes/ha under both scenarios. An increase in yield of 0.05

tonnes/ha between 1971 and 2005 is predicted. Overall, mean modelled yields were found to

reflect the baseline estimated rice yields.

5.5.3 Policy change

Groundwater

As expected water levels show a significant difference from baseline practices in all districts under

a policy which encourages an increase in water abstraction (Figure 5.8). In Sitapur, groundwater

trends follow the same pattern of rise and fall, although deplete to a much lower level. Between

1971 and 1986, median water levels increase from 131 to 134 mASL, before declining at a rate of

0.7 m/year between 1986 and 2003. This is followed by an increase of 0.5 m/year up to the end
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Figure 5.8: The median and range of modelled groundwater levels across the study areas between

1971 and 2005 under a policy of increased groundwater abstraction, and under the same policy

driven by predicted future climate between 2005 and 2040. The shaded area represents the range

of values obtained from 50 model iterations within the scenario with variations depending on

stochasticity of rainfall and irrigation application volumes. The solid lines represent the median

groundwater level. Water levels are in metres above sea level (mASL).
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of the model run in 2005, reaching a high of 123 mASL. The minimum predicted water level is

116 mASL, reached in 2004. As can be seen in Figure 5.8, the maximum predicted water levels

between 1971 and 2005 are approximately 1-2 metres below median baseline values throughout,

with median water levels under the policy scenario 6 to 7 metres lower than under normal

conditions by 2005. Overall however, water levels appear sustainable, showing an increasing

trend post 2004 and at no point reaching the base of Category 1 wells.

Water levels in Sultanpur are also predicted to stabilise under the changed policy scenario.

Following a decrease of 0.6 m/year from 96 mASL in 1971, water levels are maintained at ap-

proximately 90 mASL between 1980 and 2005. The minimum water level predicted by the model

under these conditions is approximately 83 mASL at the end of the model run. As demonstrated

in the baseline “business as usual” scenario, under conditions of high rainfall and canal availabil-

ity, flooding may occur. Overall, groundwater levels are shown to be sustainable under changed

policy scenario, at no point reaching the base of category 1 wells at 78 mASL.

As with Sultanpur, the availability of canal water in Jalaun has the potential to lead to

flooding under conditions of high rainfall, signified in Figure 5.8 by the flat line at the surface

level of the water level range. The majority of iterations however suggest declining water levels.

This is represented by the median groundwater level, which declines from 132 to 127 mASL

between 1971 and 1980. This is followed by a small increase of 2 to 3 metres up to 1986, after

which water levels decline at a rate of 1.6 m/year, reaching the base of category 1 wells in

1992. Water levels fluctuate with seasonality and groundwater abstraction without going below

category 1 wells (119 mASL) until approximately the year 2000; when sufficient savings are built

up to advance deeper category 2 wells to 79 mASL. Between 2000 and 2005 water levels decrease

at approximately 0.6 m/year to reach 116 mASL in 2005 at the end of the model run. The

minimum predicted water levels in Jalaun are 114 mASL in 2005 under a policy where additional

abstraction is encouraged pre-monsoon. Overall, there is expected to be a reduction of up to 20

meters under this policy by 2005. The model outputs however suggest that groundwater levels

may not be sustainable under increased abstraction, with resources stabilising below category 1

wells though not reaching the base of category 2 wells.

Water levels in Hamirpur show a steeper decline at the initial stages of the model run, drop-

ping from 124 mASL to 111 mASL, the base of Category 1 wells, between 1971 and 1986, a rate

of approximately 0.9 m/year. Water levels remain at 111 mASL until 2000, after which farmers

begin to tap into the lower reaches of the aquifer following the drilling of deeper category 2 wells,

leading to water levels declining at a rate of up to 1.5 m/year until 2005. The minimum water

level predicted by the model is approximately 108 mASL in 2005. At no point do the water levels
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recover to 1971 levels. Overall, median water levels show a decline of approximately 16 meters

under this new policy scenario over the baseline values.

Farmer Income

As in the “business as usual” (baseline) scenario, there is an increasing trend in farmer income

over the model run period, with districts that grow rice as well as wheat receiving higher incomes

as a result of the combined revenue generated by both crops. In Sitapur, overall income follows

the same pattern as that for the baseline scenario, with an increase in crop yield provided by the

application of additional irrigation water cancelled by the increase in cost. By 2005 income levels

are predicted to increase by approximately 1,000 to 2,000 rupees/ha over historical “business

as usual” practices under the changed policy scenario. This translates into approximately 65

INR/ha/year in constant rupees when deflation is taken into account. This is similar to model

predictions in Sultanpur where, as a result of occasional canal water access, income levels are

2,000 to 3,000 INR/ha higher than under baseline scenario practices. Farmers in Jalaun, under

increased irrigation, see a slight benefit, with median income increasing by approximately 3,000

INR/year to 2005, or 50 INR/year when inflation is taken into account and values are adjusted

to 1971 levels.

Modelled outputs of farmer income in Hamirpur predict results similar to baseline values up

to the year 2000, although typically 1,000 to 2000 INR/ha higher. From 2000 to 2005, overall

income increases at a rate of 1,300 INR/year, peaking at approximately 14,000 INR/ha in 2005,

or increasing at a rate of 30 INR/year, peaking at 1,300 INR/ha/year when inflation is taken

into account. This is approximately 4,000 INR/year higher than values predicted under baseline

conditions (150 INR/year in constant rupees). Overall, the increase in irrigation is not predicted

to have a significant impact on income levels in Sitapur or Sultanpur, as the benefit gained from

an increase in crop yield is nullified by the irrigation cost increase of lifting water from deeper

groundwater levels. In the southern districts however, there is a more pronounced improvement

in income levels, with any reduction in water levels compensated by a corresponding increase in

crop yield.

Crop Yield

As expected, the introduction of an additional irrigation event for wheat results in an increase

in overall wheat yields. As can be seen in Figure 5.10, this ranges from 0.25 to 0.8 tonnes/ha.

Under increased irrigation policy conditions farmers in Sitapur are predicted to receive up to

0.35 tonnes/ha, with median yields approximately 0.25 tonnes/ha larger than baseline median
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Figure 5.9: The median and range of modelled farmer income levels across the study areas

between 1971 and 2005 under a policy of increased groundwater abstraction, and under the same

policy driven by predicted future climate between 2005 and 2040. The shaded area represents the

range of values obtained from 50 model iterations within the scenario with variations depending

on stochasticity of rainfall and irrigation application volumes. The solid lines represent the

median income level. Income levels are in Indian rupees (INR).
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values. Yield values in Sultanpur are expected to receive up to 0.5 tonnes/ha more than under

baseline conditions, with median values approximately 0.3 tonnes/ha larger.

Farmers in the southern districts of Jalaun and Hamirpur can expect slightly larger yield

increases. The median values obtained by farmers in Jalaun is predicted to be 3.2 tonnes/ha; 0.2

tonnes/ha more than under baseline conditions with a maximum increase of up to 0.8 tonnes/ha

possible according to model outputs. Similar increases are expected in Hamirpur, with median

wheat yield levels predicted at 0.5 tonnes/ha more than under baseline conditions by the end of

the model run, and a maximum of 2.2 tonnes/ha possible. There is little difference in rice yield,

however, with overall values matching those produced during the baseline run (Figure 5.11).

Median rice yields closely match under both scenarios as does the range of values between 1971

and 2005.

5.5.4 Policy change under predicted future climate

Groundwater

In terms of overall water availability, there is little variation between baseline and baseline policy

values when predicted future climate is taken into account (Figure 5.8). The exception to this

is found in Sitapur where modelled median water levels are predicted to rise. Under RCP 4.5,

increased predicted groundwater levels reach approximately 4 metres higher than baseline policy

levels by 2005. The overall pattern of rise and fall within the district is however similar. Modelled

median groundwater levels in Sultanpur are predicted to sit approximately 1 to 2 metres lower

than median baseline policy levels from 1985 to 2005.

Minimum water levels across the district may decrease to 82 mASL by 2005 under low rainfall

conditions; continually decreasing from 1972 at a rate of 0.42 m/year. Under conditions of

frequent canal availability and high rainfall, flooding may occur in the district. Flooding is also

possible in Jalaun under conditions of high rainfall and canal availability; however median water

levels show an overall decline during the model run (0.45 m/year), despite an increase of 2 to

3 metres in the 1980s. Overall median water levels under RCP 4.5 are similar to those under

historical climatic conditions, though predicted to be up to 2 metres higher from 1980 onwards.

As under the baseline policy scenario water levels are predicted to reach the base of category

1 wells by approximately 1996, 3 to 4 years later than under baseline policy conditions. As

in both the baseline and baseline policy scenarios, farmers advance to category 2 wells from

approximately 2000, with minimum groundwater levels reached at the end of the model run

(114 mASL); suggesting abstraction levels may not be sustainable in the region under these

conditions. Modelled outputs from Hamirpur suggest variations in climate predicted under RCP
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Figure 5.10: The median and range of modelled wheat yield between 1971 and 2005 under a

policy of increased groundwater abstraction, and under the same policy driven by predicted

future climate between 2005 and 2040 (1971 to 2005 used on x-axis throughout). The shaded

area represents the range of values obtained from 50 model iterations within the scenario with

variations depending on stochasticity of rainfall and irrigation application volumes. The solid

lines represent the median crop yields. Units in tonnes per hectare (t/ha).
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Figure 5.11: The median and range of modelled rice yield between 1971 and 2005 under a

policy of increased groundwater abstraction, and under the same policy driven by predicted

future climate between 2005 and 2040 (1971 to 2005 used on x-axis throughout). The shaded

area represents the range of values obtained from 50 model iterations within the scenario with

variations depending on stochasticity of rainfall and irrigation application volumes. The solid

lines represent the median crop yields. Units in tonnes per hectare (t/ha).

4.5 will have little impact on water levels when an increased abstraction policy is employed, with

median water levels under both scenarios following a similar pattern. Groundwater levels are

also predicted to stabilise at approximately 108 mASL, just below category 1 wells.

Under RCP 8.5, trends in groundwater levels are predicted to be similar to those under RCP

4.5, though 1 to 2 metres higher in Sitapur and Sultanpur (Figure 5.8). Water levels in Jalaun

are predicted to be approximately 1 metre lower between 1985 and 1991. Water levels in Hamir-

pur are expected to remain similar to those predicted under RCP 4.5, as well as under baseline

policy conditions.

Farmer Income

Similar to groundwater levels, a comparison of farmer income under future climate scenarios

RCP 4.5, RCP 8.5 and the baseline scenario, reveals little variation in any of the four districts

from results produced under the increased abstraction policy, all of which are higher than un-

der “business as usual” baseline conditions (Figure 5.9). In Sitapur, minimum and maximum

modelled income is predicted to reach 30,000 INR and 35,000 INR/ha/year respectively for both

climate scenarios, or 2,200 and 2,400 INR/ha/year when inflation is taken into account. The

median modelled baseline income for farmers in Sitapur is also expected to reach approximately
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32,000 INR/ha/year by 2005 (2,250 INR/ha/year in constant rupees), with income increasing at

a rate of approximately 900 INR/year under both scenarios (65 INR/year in constant rupees).

In Sultanpur the median modelled income under both scenarios is expected to rise at approxi-

mately 1,100 INR/year to reach 40,000 INR by 2005 (80 INR/year to reach 2,800 INR/ha/year

in constant rupees), following a similar pattern to the modelled baseline mean income values.

Minimum modelled income in the district is estimated to be approximately 37,000 INR, with

maximum income predicted to be 42,000 INR/year by 2005 (a minimum of 2,700 and a maxi-

mum of 2,950 INR/ha/year when inflation is taken into account) under RCP 4.5 and RCP 8.5.

Modelled income levels in Jalaun show little variation between climate scenarios with minimum,

maximum and median income levels estimated at 21,000 INR, 28,000 INR and 24,000 INR (1,550,

1,800 and 1,650 INR/ha/year respectively when income is deflated to 1971 levels) under RCP

4.5 and RCP 8.5 by 2005. This is up to 3,000 INR (250 INR in constant rupees) greater than

the median values expected under baseline conditions. Between 1971 and 2005, farmer income

is predicted to increase at a rate of approximately 700 INR/year, or 50 INR/year in constant

rupees. Income levels in Hamirpur are again predicted to be the lowest of the 4 districts, with

income levels ranging from 12,500 INR to 16,000 INR/year by 2005, or 850 to 1,300 INR/year

when accounting for inflation and adjusting to 1971 values, under both RCP 4.5 and RCP 8.5

with a median of just under 15,000 INR/year (approximately 1,000 INR/year in constant ru-

pees). This follows a similar trend to estimated baseline modelled income. In Hamirpur, mean

modelled farmer income increases at an approximate rate of 350 INR/year over the model period,

or 30 INR/year in constant rupees.

Crop Yield

The overall increase in crop yield as a result of an additional irrigation event is maintained

under future climate scenarios RCP 4.5 and RCP 8.5 (Figure 5.10). In the northern districts of

Sitapur and Sultanpur, wheat yield is similar throughout the model run period. Interestingly

in the southern districts of Jalaun and Hamirpur, wheat yield is predicted to increase by 0.1 to

0.2 tonnes/ha under both future climate predictions. As expected there is little change in rice

yields, which remain similar to baseline policy predictions throughout (Figure 5.11).

In Sitapur modelled wheat yield was found to be similar under RCP 4.5 and RCP 8.5 with

minimum and maximum values of 2.6 and 2.8 tonnes per hectare for each in 2005, and a median

value of 2.7 tonnes/ha. Overall modelled results follow a similar pattern of crop yield to the

baseline modelled output, with wheat yield in Sitapur increasing; approximately 0.02 tonnes/year

between 1971 and 2005. Mean modelled yield values were found to be slightly higher in Sultanpur
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with a median value of 3 tonnes/ha under RCP 4.5 and 2.9 tonnes/ha under RCP 8.5. Both

mean outputs follow a similar pattern to the baseline wheat yield modelled outputs. Minimum

modelled yield was found to be 2.9 tonnes/ha under RCP 4.5 and 2.7 tonnes/ha under RCP

8.5, with maximum yields of 3.1 tonnes/ha under RCP 4.5, and 3 tonnes/ha under RCP 8.5 in

2005. Crop yields are expected to rise at a rate of approximately 0.08 tonnes/year during the

model run period. Modelled wheat yield in Jalaun also increases by a rate of 0.08 tonnes/year

between 1971 and 2005. Minimum, maximum and median crop yields reach 2.9 tonnes/ha,

3.2 tonnes/ha and 3 tonnes/ha respectively by 2005 under RCP 4.5, with 2.8 tonnes/ha, 3

tonnes/ha and 3.2 tonnes/ha respectively under RCP 8.5. Overall, there is little difference

between model outputs under either climate scenario, and median results in Jalaun closely mirror

baseline modelled output. Modelled wheat yield in Hamirpur is the lowest of all 4 districts

investigated, minimum, maximum and median values of 1.6 tonnes/ha, 2.2 tonnes/ha and 1.8

tonnes/ha respectively predicted in 2005, under RCP 4.5. Minimum, maximum and median

values of 1.6 tonnes/ha, 1.8 tonnes/ha and 2.1 tonnes/ha respectively are estimated by the model

by 2005. Again, the modelled outputs under predicted future climate mirror those produced

under the baseline scenario. Predicted yield increase under both RCP 4.5 and RCP 8.5 is

estimated at 0.05 tonnes/year. There is also a significant spike in yield in 1997 across all modelled

outputs, including the baseline results.

The modelled results for rice yield are presented for Sitapur and Sultanpur. Minimum,

maximum and median crop yield for rice in Sitapur was found to be 1.5 tonnes/ha, 1.6 tonnes/ha

and 1.7 tonnes/ha respectively under RCP 4.5 by 2005 following a peak of 2.6 tonnes/ha in 2003.

Modelled rice yields in the district increase at approximately 0.03 tonnes/ha/year, with mean

crop yield following a similar pattern to both the median of the baseline model run. These values

are mirrored in modelled results under RCP 8.5.

Modelled rice yields in Sultanpur under RCP 4.5 and RCP 8.5 were found to be similar,

with minimum, maximum and median values of 2.3 tonnes/ha, 2.6 tonnes/ha and 2.5 tonnes/ha

respectively under both scenarios. An increase in yield of 0.05 tonnes/ha between 1971 and 2005

is predicted. Overall, mean modelled yields were found to reflect the baseline estimated rice

yields.

5.6 Discussion and limitations

Discussion

In this chapter the hydro-economic model developed in Chapter 4 is applied to investigate con-

ditions and scenarios in each of the four study districts. Results show the model is capable of
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representing conditions in the region, matching observed groundwater and crop yield outputs.

Overall, the model results mirror the trends and the range of variation in both groundwater levels

and crop yields. The model results show that across the region, there is little impact to crop

yield or farmer welfare as a result of predicted changes in climate. Indirectly however, changes

in climate may affect factors outside the modelled environment. These may include impacts to

energy, including price and availability, the cost of fertiliser or the volatility of the markets.

Under baseline conditions it can be seen that overall, median modelled water levels in all four

districts remain stable or show increasing trends, although some fluctuations occur. In Jalaun,

a 5 metre fall and rise occurs over two 15 year periods, and an 8 metre drop occurs in Sitapur

between 1990 and 2010. In Sultanpur median water levels rise for the majority of the model

run period with groundwater levels remaining at 125mASL from 1990 to 2013. Overall, it can

be seen from the model results that under current conditions, water levels appear sustainable;

which is also reflected in the observed values (Figure 5.3).

Under an increased abstraction policy, where farmers are encouraged to carry out an ad-

ditional irrigation event during the pre-monsoon period, water levels in some districts appear

sustainable despite decreasing during the initial stages of the model run. Modelled water levels

in Sitapur are predicted to decrease by up to 8 metres by 2005, although appear sustainable un-

der the potential abstraction scenario. Median modelled water levels in Sultanpur are expected

to stabilise at approximately 90mASL. Both Jalaun and Hamirpur show a more pronounced

depletion in groundwater levels, with depletion to the base of category 1 wells reached in both

districts. As a result of increasing irrigation, wheat yields also increase with 0.25 to 0.5 tonnes/ha

predicted in all districts. The changes in yields however are not reflected in the levels of farmer

income under the same policy scenario, with little change in the rice growing districts of Sitapur

and Sultanpur. Median farmer income in Jalaun and Hamirpur however increases by up to 3,000

INR/ha/year. Overall, future predicted climate is expected to have little impact on groundwater

levels under increased water abstraction practices, with the exception of Sitapur in which water

levels are predicted to increase by approximately 4 metres under RCP 4.5 and 5 metres under

RCP 8.5.

The model results show that the impacts of predicted future climate may not be significant

in terms of water resources, crop yield or farmer welfare and in many regions potential for an

increase in water abstraction exists due to increases in precipitation. Results suggest that a

policy of encouraging increased water abstraction prior to the onset of the monsoon, essentially

implementing the concept of the Ganges Water Machine (Amarasinghe et al., 2016; Revelle

and Lakshminarayana, 1975) is potentially viable and sustainable under certain conditions if
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implemented correctly.The parsimonious approach used allows for minimal data requirements,

negating one of the more challenging aspects of working in a data scarce environment. Despite

this, it is possible to identify tipping points where variations in boundary conditions, such as

climate or irrigation behaviour, are highlighted in the model outputs.

Limitations

While providing a comprehensive representation of the most pertinent factors within the farmers

environment, some limitations are identified.

The groundwater is represented within the modelling framework by a single cell where inflows

are only provided by rainfall and canal flow, and outflows only provided through abstraction,

evaporation and transpiration. Longitudinal sub-surface groundwater flow into or out of the cell

are not taken into account. A single water level is applied to all farmers across the cell. In

addition, the interaction between different wells and their cones of depression is not taken into

account. While this simplistic approach is less of an issue in unconsolidated alluvial aquifers,

such as those which are found in the Ganges Basin, uncertainty can significantly increase in

model outputs when applied to hard rock aquifers. In addition, the developed model has been

applied to an unconfined aquifer; it has not been tested to date under confined conditions.

Crop yields are determined from the linear relationships between evapotranspiration and

yield. The model does not, however, explicitly take into account changes caused by fertilisers

or improvements in seed variety, except through the linear increase in observed yield which is

included as a parameter in Equation 4.3. While the overall trends and impact to yields as a

result of water application are incorporated, the explicit inclusion of the biophysical impacts

derived from fertiliser application would provide a more realistic representation. Though not a

limitation of the model itself, due to project time constraints, only wheat and rice, the dominant

crops in the region, are investigated. Additional crops, however, can easily be incorporated.

Irrigation practices within the model are based on observed farmer behaviour recorded in

the field. This includes the volumes of water applied as well as irrigation frequency and timing.

As farmers do not physically check soil moisture levels, this represents a more behaviourally

realistic approach than more commonly used soil moisture trigger values; automatically applying

irrigation water when soil moisture drops below a predetermined level. However, how farmers

behave during periods of high rainfall that coincide with irrigation events is not considered,

with farmers’ irrigating on their allotted day regardless. Incorporating this into the modelling

framework would help improve model realism.

The representation of socio-economic factors was a significant challenge during this study,
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largely due to the lack of suitable data. While socio-economic information is difficult to obtain,

its importance is clear. Values for farmer savings were obtained from Dev (2011). In reality, how

farmers save and spend is highly variable and depends on a range of factors which are outside the

scope of this project. In addition, the model assumes that farmers will retain all their savings for

investing in improving their individual water security, i.e. through drilling deeper tubewells. The

model does not take into account the many other ways that farmers could spend their savings,

for example education or investment in aspects of their farm besides irrigation. It is also assumed

that all farmers sell their crops to the same market for the same price, and that indeed there is

a market for their produce. It does not take into account that a proportion of the crops grown

are for personal consumption; a common occurrence among interview participants.

Loans, repayments, supplementary farmer income (i.e. additional income obtained outside of

the farm) or water markets were not considered; elements which can lead to changes in farmer

behaviour including, but not limited to, drilling additional tube-wells. While inflation is typically

not taken into account in models such as that developed during this research (see Pande et al.

(2012), de Frutos Cachorro et al. (2014) and Gisser and Sanchez (1980)), it is an important

consideration. Complete omission of inflation from the modelling framework, may lead to results

which are removed from reality; indicating outcomes which may differ significantly to actual

farmer income. Explicit consideration of inflation may enable modelled farmers to invest in new

wells earlier, force them to wait until later when they can afford it, or prohibit the drilling of a

new well altogether. All possibilities are likely to impact water levels and potentially crop yield,

just as improved groundwater representation or explicit inclusion of crop fertilisation could. In

this modelling framework, inflation is not accounted for explicitly. Instead, CPI is used to adjust

modelled farmer income results as described in Section 5.3. While this is not as accurate as

explicitly accounting for inflation during the model run, it provides a more realistic indication of

generated income than omitting inflation from all calculations. This is similar to the approach

used by Srinivasan et al. (2010). While every attempt was made to produce a balanced and

realistic representation of the farmers’ environment, the scope of the research somewhat limited

the depth to which certain aspects could be considered. However, future versions of the hydro-

economic model will explicitly take inflation into account, along with other limitations described

in this section.

5.7 Conclusions

In Chapter 5, the outcomes of the application of a hydro-economic model applied to four districts

in Uttar Pradesh; Sitapur, Sultanpur, Jalaun and Hamirpur, are presented. In each district, the
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individual characteristics are taken into account and applied to 20 farmers over 20 hectares. The

results show that the model can represent observed values in each district. While the model

is not intended to accurately predict changes in variables, it is designed to represent trends

and tipping points, which is demonstrated in this chapter. The model is run over six different

scenarios for each district; baseline (“business as usual”), the impacts of predicted future climate,

the impacts of increased abstraction, and increased abstraction under predicted future climate.

Results show that under baseline conditions water levels are sustainable over the model period.

Under future climate scenarios, water levels do not show any marked change in either Sultanpur

or Hamirpur but show an increase in Sitapur and Jalaun of up to 4 metres by 2005 under RCP

8.5, with 2 metres in Sitapur and 6 metres in Jalaun under RCP 4.5. This does not translate into

any increase in yield or income in the districts but it does suggest that overall, predicted future

climate across the region is likely to have little impact to water resources, crop yields or farmer

income, not taking into account external influences such as the potential increase in energy or

fertiliser costs. Under the increased abstraction scenario, all water levels show a decline from

the baseline scenario as expected, with water levels in Jalaun and Hamirpur reaching the base

of category 1 wells. Water levels appear to stabilise in Sitapur and Sultanpur, but not in Jalaun

or Hamirpur which show a reduction in water level when compared to baseline levels. Yield

increases by up to 0.8 tonnes/ha/year in all districts under an increased abstraction policy. This

leads to an increase in income for both Jalaun and Hamirpur but not for Sitapur or Sultanpur.

This is likely due to the increase in pumping costs in districts that grow rice as well as wheat.

The results show that the increase in abstraction associated with the Ganges Water Machine,

as described by Amarasinghe et al. (2016), may be feasible under certain conditions. However,

a comprehensive understanding of farmer behaviour also needs to be considered, as it plays a

major role in the viability of policies.
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Chapter 6

Summary and conclusions

6.1 Introduction

In India, and worldwide, there is an increasing need for improved management of water resources.

Current water issues, including droughts, floods and deteriorating quality, are exacerbated by

changes in climate and increasing demands that result from an expanding population and chang-

ing lifestyles. In order to manage this resource effectively, a detailed insight into water use

practices and needs, along with their drivers, is required. This knowledge is necessary for the

creation of tools that can be used to investigate how changes in boundary conditions, including

policy, climate, technology and human behaviour, are likely to affect water resources and human

welfare. This research improved understanding of irrigation in North India, helping to further

delineate the drivers of farmer water use behaviour. It also highlighted the importance of gaining

local understanding to improve model development, and as a means of ground-truthing water

demand algorithms. The improvement of human behaviour representation in large scale mod-

els is considered to be a major challenge, and an essential component in future water resource

management. The presented research works towards addressing this through incorporation and

representation of observed human water use behaviour in an adaptable and extensible modelling

framework which is grounded in reality, and will form a base for further model development.

The model is applied to four districts in Uttar Pradesh, which are representative of conditions

typically found in the region. The thesis addresses these research areas through the following

approaches:

• The adaption of a data collection methodology and its application to obtain qualitative

and quantitative information and insights into farmer irrigation behaviours.

• The development of a hydro-economic model using the field information and insights gained
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in order to represent the most important aspects of farmers’ environment, and the impact

of changes in boundary conditions on water resources and farmer welfare.

• The application of the hydro-economic model on four study districts, to examine how

possible changes in climate and policy may affect water resources and farmer welfare.

In this chapter, a summary of how each research area has been addressed is presented, along

with some recommendations for future research.

6.2 Contribution to knowledge

This research contributes to scientific knowledge in two main ways; through improved under-

standing of the drivers behind farmer irrigation practices, and improved representation of human

behaviour in a modelling framework. To achieve this, a method typically used in social science

and healthcare is adapted and utilised to collect relevant hydrological data quickly and effectively

at a local level, helping to address deficiencies in data used to constrain models. It is envisaged

that this methodology will be utilised by hydrologists in different data scarce environments and

locations as a cost-effective and efficient method for data collection.

Human behaviour is typically not well represented in hydrological models, particularly at

large scales, and its incorporation is considered an important step in future model development.

This research involved the development of a hydro-economic model, which utilised insights and

information gained in the field, representing the most pertinent aspects of the farmers’ environ-

ment. The modelling framework comprises a tool for investigating the impacts of changes in

boundary conditions on welfare and water resources. Application of the model examined the im-

pacts of climate change on water resources and farmer welfare. Results highlight that as a result

of increased rainfall, predicted changes in climate will have little direct impact on farmers in the

region. In addition, results show that there is potential for further groundwater abstraction, and

that this may improve farmer income through increased crop yields; a practice that if suitably

managed may be sustainable.

Contributions to knowledge:

• An improved understanding of farmer irrigation behaviour and its drivers in the Indian

Ganges Basin.

• A methodology for the collection of hydrological data quickly and efficiently, which is

particularly useful in data scarce regions.
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• The development of a hydro-economic model based on insights obtained in the field which

is capable of replicating observed farmer behaviour and environmental conditions, and

assessing the impacts of changing environmental and socio-economic boundary conditions

on water resources and farmer livelihood.

• The application of the modelling framework, driven by field collected data, demonstrating

that the impacts of predicted changes in climate may not be detrimental to farmers in

the region, and may lead to benefits due to the expected increases in rainfall; potentially

allowing for an increase in abstraction

6.3 Summary of main findings

Data collection

Limitations in our current understanding of the human-water interface are a major constraint

in developing options for future water security. Among the major barriers is a lack of suitable

qualitative and quantitative information. In Chapter 3, a methodology to facilitate the collection

of information for hydrological and engineering purposes in data scarce regions through semi-

structured interviews is presented. The approach is used to investigate farmer irrigation practices

in the study region, collecting information from 200 farmers across four districts. Information

was obtained on topics such as irrigation water volumes, the cost of irrigation, water sources and

the drivers behind various practices. Statistical analyses and visualisation of the data is also

presented. The data collected highlights a significant variability in water use practices across

the region both between, and within, the four study districts. This variability is important to

consider when developing sustainable and realistic water resource management solutions. While

environmental conditions such as soil type influence irrigation practices, water source was also

found to be an important factor, both in terms of irrigation behaviour and welfare. In addition,

the approach highlights the importance of collecting field data, as reported volumes of water

applied were found to vary considerably from information gained through modelled approaches

alone.

Semi-structured interviews provide a useful platform for the collection of qualitative and

quantitative information simultaneously. This has clear benefits, including directly linking be-

haviours and their drivers to reported numerical values. Semi-structured interviews facilitate

the collection of detailed information quickly, easily and relatively cost effectively while indicat-

ing themes which may not have been obvious previously, as well as highlighting aspects of the

study which may no longer be relevant. The data collected also lends itself to hydrological and
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hydro-economic modelling, as well as providing more realistic representations of user behaviour;

an essential component in model development.

Main chapter findings:

• Semi-structured interviews were used to obtain qualitative and quantitative information

from 200 farmers across the study area. The field work highlighted the efficiency and

efficacy of the approach for obtaining useful hydrological data in data scarce regions.

• The importance of obtaining qualitative data, and its role in providing rich, detailed, and

sometimes previously unknown insights to emerge is highlighted. Qualitative information

allows for more realistic model development.

• The data collected highlighted a significant variability in water use practices across the

region. This variability is due to a combination of environmental and anthropogenic factors

including soil type, climate, water source and its reliability, as well as crops grown.

• The significant variation in field collected data and large scale modelling results highlight

the importance of incorporating local level data into model development and operation.

• The widespread differences in practices and conditions also highlight that there is no “silver

bullet” solution to manage India’s water resources, and that it is necessary to take local

level practices into account.

Model Development

Hydro-economic models provide a useful tool for developing realistic and sustainable ways of

managing water resources and promoting welfare improvements. Chapter 4 describes the design

and test implementation of a hydro-economic model for examining the impacts of changes in

physical and socio-economic boundary conditions on water resources, farmer welfare and irriga-

tion decisions. Its framework is designed with data scarce regions in mind, requiring minimal

information. The model represents the main environmental and anthropogenic factors allowing

each to be varied individually to test different scenarios. Incorporating the water use practices of

actors is an important aspect in realistically representing how changes affect water resources and

farmer welfare. The model has been informed through farmer interviews with insights on water

use incorporated into the framework as rules. The inclusion of water user behaviour represents

an important aspect of the approach as it adds an additional facet to hydro-economic modelling.
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For instance, the farmers’ irrigation calendar and the reported volume of water applied are used

rather than a soil moisture trigger value.

The model is comprised of three main parts; a groundwater model, a crop model and a farmer

livelihood model. The groundwater model is based on a single cell, representing the entire aquifer.

It also incorporates conjunctive water use, with an option for farmers to abstract from canals, as

well as tube wells. Recharge to the aquifer is represented by rainfall, return flow from irrigation

and leakage from canals, as well as loss of water through evaporation. The efficiency of both the

irrigation method and abstraction pumps can also be changed. Crop yield varies in relation to

changes in evapotranspiration; a function of how much water is applied in relation to the crop

requirement. Therefore, if a farmer does not sufficiently irrigate, there will be a penalty in terms

of yield. The livelihood model looks at farmer income in relation to expenditure with profits

used as an index for farmer welfare. Income is a function of the crop yield and the market price,

which varies according to region and year. Farm expenditure is represented within the model

as costs from irrigation and fertiliser. While additional expenses are likely, these were deemed

to be the most significant and relevant. Irrigation costs depend on the price of energy and the

depth to groundwater with canal water free to those who have access. In addition, subsidies; an

important part of farming in many regions of the world including India, can also be incorporated

and varied.

The model was tested by simulating the trajectory of decisions for 5 farmers over 4 different

scenarios, in order to test how the model behaved under different environmental and water use

conditions. The model represented conditions of increased demand, drought and canal use as

expected and the results can be seen in Section 4.3.1. While the use of a parsimonious model

has many advantages, its simplicity also leads to limitations. These include the use of a single

cell model which applies a single hydraulic head across the entire aquifer. In addition, it does

not consider how cones of depression under groundwater pumping interact. The crop model

used also ignores certain factors, such as how changes in the crop stress coefficients, fertiliser

application or seed variety affect crop yield. The model assumes that where possible farmers try

to become more water secure by investing savings in advancing deeper wells. In reality, there are

many other ways in which farmers may choose to spend savings. However, the model provides a

useful tool for investigating water use.

Main chapter findings:

• A modelling framework representing the pertinent aspects of farmers’ environments in

North India is developed. The model includes the conjunctive use of canals and ground-
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water, observed and predicted climate, variations in crop yield and farmer livelihood.

• The model represents how changes in physical and socio-economic boundary conditions

impact groundwater resources, crop yield and farmer livelihood. This may include changes

in climate, Government policy or farmer behaviour.

• The hydro-economic model is designed for application in data scarce regions, making it

particularly useful in developing countries where information on water availability and use

is often limited.

Model Application

In Chapter 5, the outcomes of the application of a hydro-economic model applied to the study

area are presented. In each district, the individual characteristics are taken into account and

applied to 20 farmers over 20 hectares. The results show that the model can represent observed

groundwater and crop yield values in each district. While the model is not intended to accurately

predict changes in variables, it is designed to represent trends and tipping points, which is

demonstrated in this chapter. The model is run over four different scenarios for each district;

baseline (“business as usual”), the impacts of predicted future climate, the impacts of increased

abstraction, and increased abstraction under predicted future climate. Results show that under

baseline conditions water levels are sustainable over the modelled period. Under future climate

scenarios, water levels do not show any significant change in either Sultanpur or Hamirpur but

show an increase in Sitapur and Jalaun of up to 4 metres under RCP 8.5, with 2 metres in

Sitapur and 6 metres in Jalaun under RCP 4.5.

Groundwater level changes do not translate into any increase in yield or income in the dis-

tricts, but they do suggest that overall predicted future climate across the region is likely to

have little adverse impact on water resources, crop yields or farmer income; not taking into

account external influences such as the potential increase in energy or fertiliser costs. Under

the increased abstraction scenario, all water levels show a decline from the baseline scenario as

expected, with water levels in Jalaun and Hamirpur reaching the base of the shallowest wells.

Water levels appear to stabilise in all districts, with the possible exception of Hamirpur which

shows a reduction in water level depletion, but not stabilisation. Under an increased abstraction

policy, yield increases by up to 0.5 tonnes/ha/year in all districts. This leads to an increase in

income for both Jalaun and Hamirpur, but not for Sitapur or Sultanpur. This is likely due to the

increase in pumping costs in districts that grow rice as well as wheat. The results show that the

increase in abstraction associated with the Ganges water machine, as described by Amarasinghe
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et al. (2016), is feasible. However, a comprehensive understanding of farmer behaviour also needs

to be considered, as it plays a major role in the viability of policies.

Main chapter findings:

• The developed modelling framework is applied to four study districts in Uttar Pradesh

which are representative of hydrological and water use conditions across the region. The

results obtained were found to match reported groundwater and crop yield values.

• The impacts of predicted and plausible changes in climate and policy are investigated

through the modelling framework. These included the impacts of climate scenarios RCP

4.5 and RCP 8.5, and a policy whereby increased water abstraction is encouraged pre-

monsoon; a practice described in a number of publications (Amarasinghe et al., 2016;

Khan et al., 2014; Revelle and Lakshminarayana, 1975).

• Results show that predicted changes in climate will not adversely impact groundwater

levels and will not directly impact farmer welfare. The model, however, does not take into

account the impacts climate will have on fuel prices or food demand.

• Increased rainfall and water resources will, if managed appropriately, allow for a sustainable

increase in water abstraction, leading to increased crop yields and improved farmer welfare.

6.4 Future work

While this study has addressed a large range of issues related to the understanding and simulation

of natural-human interactions in the context of irrigation water use in the Ganges Basin, there are

a number of research areas that would benefit from further research. These are discussed below.

The overall modelling framework, while capable of replicating observed groundwater levels, would

benefit from a more detailed groundwater modelling component. It is envisaged that the hydro-

economic model described in Chapter 4 will be coupled with the fully distributed groundwater

model ZOOMQ3D (Jackson, C.R. and Spink, 2004). A more comprehensive groundwater model

would allow for the incorporation of lateral aquifer flow, along with the impacts of large-scale

groundwater fluctuations on local water levels. In addition, coupling with ZOOMQ3D would

provide capability for more detailed investigation into the impacts of individual wells on ground-

water levels and, through the SPIDERR module (Upton, 2014), examination of the impacts of

well interaction on farmer behaviour; allowing for representation of localised groundwater levels.

While the most pertinent factors of farmer irrigation practices are taken into account, the mod-
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elling framework can be further improved by including additional behavioural aspects. These

include farmer memory; how behaviour changes in relation to a historical event, varying farm

sizes, the incorporation of additional crops, and further climate and policy scenarios. Significant

improvements can be made through additional data collection techniques. While semi-structured

interviews provide detailed quantitative and qualitative information quickly and efficiently, the

addition of objective data provided through sensors would further assist in constraining the

model, as well as highlighting discrepancies in reported information. It is envisaged that the

modelling and data collection framework developed during this project will be utilised and im-

proved in further research proposed in North India, which will also consider model up-scaling

and inclusion into the large-scale land surface models, along with the incorporation of urban

elements, an increasingly important aspect of water demand.

6.5 Concluding remarks

For the development of realistic and sustainable solutions to water resource management at all

scales, the incorporation of data representing local scale water use practices is essential. The

availability of relevant and accurate hydrological information however is limited, particularly in

developing regions of the world where the impacts of water issues are often felt most acutely.

This dearth of information forms one of the major barriers to successful water management.

Addressing this issue, and that of creating relevant tools to assess the impacts of changing

climate and socio-economic needs, represent an important aspect of hydrological research. In this

thesis, an approach whereby qualitative and quantitative information is collected through semi-

structured interviews is presented, and applied to a case study in North India with the subsequent

insights and data used to develop a hydro-economic modelling framework. The model is used

to investigate how predicted impacts in climate are likely to affect water resources and farmer

welfare in the study area. The results highlight that due to increased rainfall, there is unlikely to

be a significant impact to farmer income or water resources, and that increases in groundwater

levels may potentially allow for additional abstraction events, leading to improved crop yields

and increases in farmer income. Overall, this project combines an investigation into water use

practices in a data scare region, and the development of tools which can be used to investigate and

quantify the impacts of changes in boundary conditions. While water resource management in the

Ganges Basin is challenging; due to its uniqueness in complexity, socio-economic characteristics

and scale, the work undertaken during this research highlights pathways towards improved water

resource management and policy development, as well as poverty alleviation in India and similar

developing world settings.
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Interview Topic Guide    
 
 
Date/Time 
 

Location (name & GPS) Interviewee ID 

 

Farm and Crops 

x Farm area 
x Can you tell me what types of crops you grow? Why do you grow these types? Crop yield 
x How would you describe the soil here? Does it affect how you decide which crop type you grow?  
x Can you tell me about your crop calendar? When do you sow/harvest crops? Why these times? 

Irrigation Practices 

x Can you tell me about your irrigation practices? What makes you decide to irrigate? How often? Why? 
x How much water do you apply to your crops (depth)? Why this much water? Does this vary? Why? 
x What makes you decide how much and how often you irrigate? 
x Can you tell me about how you irrigate? (Irrigation method, time/ha, problems encountered) 

 

Water source 

x Where do you get your water from? (if multiple sources try to get % split) 
x What makes you decide where you get your water from? (Cost, distance, availability?) 
x Do you think it is cheap or expensive to irrigate your crops? (Cost of irrigating at beginning/end of 

wheat/rice season by source (canal & tubewell)) 
x Do you sell any of your water? (Price, number of customers) 
x If using well: Can you tell me about the well you use? (May be well owner or water buyer. Depth, age, 

water level at beginning end of season, well yield) 
x If using canal: Can you tell me about irrigating using the canal? (how often do you use it, reliability) 
x How long have you used your current water source(s)? Before this where did you get your water? 
x Are there any other ways of storing collecting water on your land?  
x Do you ever have problems with getting water when you need it? (water level dropping too much, 

well interference, access to well due to waiting for turn) 
x Do you think that where you get your water from changes the way you use it? (efficiency, volume, 

time) 
x Can you tell me about the pump you use? (diesel, electric, power, cost to run, problems with use) 

Other  

x What do you think are the biggest challenges you face in farming? (water, labour, costs, access to 
resources) 

x Have you noticed any changes in water availability? (Groundwater levels, canal reliability) 
x Do you think the current farming practices can last? Why?  
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Model Parameters Sitapur Sultanpur Jalaun Hamirpur Reference

Harvest Day (Julian

cal)

305 305 305 305 Farmer Interviews

Surface Level 136 103 139 129 Groundwater data set

Initial GW head 134 96 134 124 Groundwater data set

Rainfall Observed Observed Observed Observed IMD Data set

Specific yield 30% 30% 15% 12% Todd and mays

Evaporation Loss 0.85 0.8 0.7 0.75 Wallace 2000

Cost of new well 13000 13000 13000 13000 Farmer Interviews

Nitrogen/Urea applica-

tion rates (kg/ha)

120 120 120 120 Yadav 2000

Phosphorus application

rates (kg/ha)

26 26 26 26 Yadav 2000

Potassium application

rates (kg/ha)

48 48 48 48 Yadav 2000

Wheat irrigation range

(m)

0.07 - 0.15 0.1 - 0.15 0.15 - 0.22 0.15 - 0.22 Farmer Interviews

Rice irrigation range

(m)

0.15 - 0.2 0.15 - 0.2 NA NA Farmer Interviews

Pump efficiency multi-

plier

2 2 2 2 UNL extension report

Category 1 well depth

(mBGL)

30 20 20 20 Farmer Interviews

Category 2 well depth

(mBGL)

60 40 40 40 Farmer Interviews

Category 3 well depth

(mBGL)

90 80 60 60 Farmer Interviews

Max yield co-efficient -

Wheat

1.8 1.8 2.2 1.9 User Defined

Max yield co-efficient -

Rice

2.5 1.7 NA NA User Defined

Savings depletion factor 0.8 0.8 0.8 0.8 User Defined
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Percentage of income re-

tained as savings

0.05 0.1 0.15 0.15 Dev 2011

Number of farmers in

simulation

20 20 20 20 User Defined

Number of years 35 35 35 35 User Defined

Initial Root Zone deple-

tion

0 0 0 0 User Defined

Number of Runs 50 50 50 50 User Defined

Range of initial savings 50 - 500 50 - 500 50 - 500 50 - 500 User Defined

Canal access distribu-

tion (0 - 1)

NA 0.9 - 0.1 0.7 - 0.3 NA Farmer Interviews

Canal run days: Wheat NA 3,46 3,46,67 NA Farmer Interviews

Days in canal irrigation

for wheat window

NA 3 3 NA Farmer Interviews

Canal run days: Rice NA 148,168,208,

268,288

NA NA Farmer Interviews

Days in canal irrigation

for rice window

NA 3 NA NA Farmer Interviews

Return Flow 0.5 0.5 0.3 0.45 Wallace 2000

Irrigation efficiency 0.3 0.4 0.4 0.5 Perry 2009

Canal volume NA 1*5*400 1*5*400 NA User Defined

Canal Leakage NA 0.5 0.4 NA McDonald 2016

Field Capacity 0.1 0.3 0.2 0.3 Mishra 2003

Wilting Point 0.05 0.12 0.12 0.12

Rooting Depth Wheat 1.5 1.25 1.25 1.1 Mishra 1999

Rooting Depth Rice 0.6 0.65 NA NA Mishra 1997

ET Depletion factor:

Wheat

0.55 0.55 0.55 0.55 FAO

ET Depletion factor:

Rice

0.2 0.2 NA NA FAO

Rainfall runoff 0.95 0.95 0.95 0.9 User Defined

Water Stress Coeffi-

cient: Min

0 0 0 0 User Defined
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Water Stress Coeffi-

cient: Max

1 1 1 1 User Defined

Yield Response Factor:

Wheat

0.6 0.8 0.65 0.9 FAO

Yield Response Factor:

Rice

1.2 1.3 NA NA FAO

Crop Coefficient:Wheat 0.80, 1.20,

1.30, 0.60

0.80, 1.12,

1.25, 0.46

1.00, 1.12,

1.25, 0.46

1.00, 1.12,

1.25, 0.46

Choudhury 2013

Crop Coefficient:Rice 0.61, 0.80,

1.23, 0.74

0.61, 0.80,

1.23, 0.74

NA NA Choudhury 2013
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