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P REFACE

Increase in population and change in lifestyle has created water scarcity in many parts of the
world. Microstructures for rain water harvesting, artificial recharge and reuse of water are
becoming more and more popular to solve the local water problems, to mitigate water shortage
and improve water quality. In this book, it is attempted to fill the big gap between monitoring
and performance of actual constructed structures and theoretical design in the literature. The
three main structures for artificial recharge of groundwater viz. check dam, percolation tank
and aquifer storage recovery well, are evaluated in this book. Topics related to reuse of water
and artificial rain are also discussed in length which will be necessary in the coming period.
India has a very long coastal area, so sea water intrusion and preventive structures are very
important. This topic is also included in this book. Both the rationalized and empirical approaches
found valuable have been discussed. Many Case Studies will help the field workers to adopt
optimum design of micro-structures.

For the last several years, the authors have been associated actively with research and
teaching of the subject at the undergraduate and postgraduate level. So this book will be very
much useful for the students of water management subject at the undergraduate and
postgraduate level. It will be also very much useful to the practising engineers, farmers and
policy makers.

The authors express their sincere thanks to V. P. Parekh and Manmohan Singh for their
kind help. Thanks are also due to Mrs. Prafulla Patel and Mrs. Chetna Shah who provided
continuous encouragement for this project from its inception. Special thanks are due to
Mr. Saurabh Patel for his help in composing the manuscript.
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F OREWORD

On most of the river of the world, big dams are constructed. Very few sites are left for
constructing big water storage structures. Irregular rainfall, limited rainy days has created
flood and drought situation. Microstructure becomes more and more popular to solve the local
problems, to mitigate the flood and to fight against draught. Increase population and change in
life style have increase water demand. In this situation study, analysis and design of water
conservation, rainwater harvesting, reuse of water, and artificial recharge of ground water
with the demand of time.

Groundwater being a handy resource exploited heavily and due to this reason day by day
groundwater table depleted and deterioration of groundwater quality is noticed in many parts
of the world. Existing scarcity and water quality problems experienced practically all over the
world make water harvesting a critical issue for sustainable development. India has a rich
repertoire of traditional techniques for water harvesting and it is appropriate that these practices
be evaluated and can be adopted through out the world wherever required. Many case studies
given in this book will help readers and policy-makers to select specific optimum techniques.

Water Management - harvesting, conservation and artificial recharge by Dr. A.S. Patel and
Dr. D. L. Shah is indeed a worthy contribution to the field of water management, in general
and to the education of in this field in particular. Several features make this book remarkable
among others concerned with this topic.

This book consist of various chapters such as hydrological cycle groundwater occurrence,
water losses and its prevention, water conservation, rainwater harvesting, artificial recharge
methods, their analysis and design. Many case studies of artificial recharge and rainwater
harvesting are included in this book. Some of the case studies are fully analyzed to adopt such
methods in similar situation throughout the world. Sea water intrusion is a common
phenomenon on the coastal belt. So, a special chapter on this topic describes causes, concept,
phenomenon, analysis, monitoring and structures needed for its prevention. Reuse of water
will be required at the large extent in the coming days. So, concept of reuse of water, categories
of waste water, technological innovations in the field, its reuse in different field, and case
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studies. The world becomes very small. Most of the countries export and import some
commodities. To produce their commodity, water consumed in the virtual water net export or
import of water (in kinds of commodity) will create a water problem. From this point of view
a concept of virtual water is also included. This chapter will guide the policy makers and
farmers to prepare water footprint of the country and the change in agriculture cropping
pattern depending upon the meteorological condition of the country. Artificial rain, reverse
osmosis, moisture harvesting from the air in desert area and desalination is also included in
this book.

On the whole, the book is well written, self contained and several aspects a unique
contribution to the field of Water Management in general and water harvesting, conservation
and artificial recharge in particular. I fully intend to recommend it to students, researchers,
and consultants.

(M.S. Patel)
Secretary (K)
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() INTRODUCTION

1.1 OVERVIEW

The earth’s population is projected to double from the present 5.6 billion to about 10 billion
by the year 2050 (State of World Population Report, 1993, U.N. Population Fund). Most of
this increase will occur in the Third World; where close to 90 % of the world population will
then live. Also, people will continue to migrate from rural areas to cities and already by the
end of this century, there will be 22 mega cities (population more than 10 million), 18 of
which will be in the Third World. Such cities have mega water needs, produce mega sewage
flows, and will have mega problems. Already now, it is estimated that half the people in the
Third World have no access to safe drinking water, that one billion get sick every year from
waterborne diseases, and that 12 million die, 80 % of which are children. Also, more water
will be needed for irrigation of crops to provide enough food for the expanding population.
Competition for water will become increasingly intense and can lead to unrest and war if
not properly resolved.

Populations in industrialized countries will remain rather stable, except perhaps in the
U.S. where the population may double in the next century, depending on immigration policies.
However, increasing environmental concerns in First World countries will increase water
demands for stream benefits, wetlands and other natural water areas, and recreation. This often
leads to conflicts and polarization between interest groups, as for example, in the western U. S.
where the issues are fish culture vs. farming, fish vs. hydropower, river beaches cultural vs.
hydropower, and others.

Increasing water demands require more storage of water in times of water surplus for use
in times of water need. Traditionally, this has been achieved by constructing dams. However,
dams have finite lives because of eventual structural failure and sediment deposits in the
reservoir. Also, good dam sites are becoming increasingly scarce, dams are not possible in flat
areas, and they lose water by evaporation and can have adverse environmental and socio-
economic effects. If water cannot be stored above ground by constructing dams, it must be
stored below ground, via enhanced or artificial recharge of groundwater.

Integrated water management is most vital for poverty reduction, environmental sustenance
and sustainable economic development in world because water has the potential for both
disease causation and prevention. Availability of water in any parts of the world is under
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tremendous stress due to growing population, rapid urbanization, increase in per capita
consumption, industrial growth and other demands for maintaining ecology. It is to be stressed
that nondevelopment of water storage projects is not a viable or available option in India, due
to the large temporal variations in the river flows in Indian monsoonic climate. Tremendous
progress has been made in the field of water resources development and management and
consequent boost in agricultural production leading to self-reliance, rapid industrialization
and economic growth. In spite of that, a large portion of population still lives in sub-standard
conditions, devoid of even minimum civic amenities. Vast area under agriculture still depends
on the mercy of monsoon. The pressures on our water and land resources are continuously
increasing with rise in population and urbanization. All this demands sustainable development
and efficient management of available water resources.

1.2 INCREASING RESOURCE DEMAND

Since independence, India has witnessed an unprecedented increase in population. From a
population of about 343 million in 1947, the population has grown at a rate of 2.04 % to cross the
1,000 million mark in 2000 (Fig. 1.1). With an increasing number of mouths to feed, there has
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Fig. 1.1 Population of India 1901 — 2011(source: Census of India 1991).

been an additional pressure on agriculture resulting in an increase in net sown area from 119
million hectares in 1951 to 142 million hectares in 1997; high cropping intensity has also resulted
in an increased demand for water resources. Domestic water need in the urban areas has also
grown notably with the current urban population at 4.5 times the population level in 1950s
(UNEP 1998). The water requirement of the manufacturing sector has increased in proportion
to the increase in the sector’s share in GDP from about 12% in 1950s to 20% in 1990s. By the
year 2050, the population is expected to reach around 160 crores, the per capita availability will
drastically reduced and our country shall be water stressed in many river basins. In planning
critical resources like water we need to plan on safer side. A close watch on an increase in
population is essential. The following Table 1.1 shows probable water availability against year.

Further, there is substantial variance in the different user sectors—agriculture, domestic
and industry, vis-a-vis their share of water demand, resource pricing structure and usage
efficiencies, which creates inter-sector competitions and conflicts. The agriculture sector, for
instance, accounts for about 95% of the total water demand with the subsidized and free
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Table 1.1 Water availability

Year Water availability (Kilo Litre per year per capita)
1000 70,000

1850 10,000

1950 5,177

2000 1,820

2025 1,400 — likely population 130 crores

2050 1,140 - likely population 160 crores

regime of supply of power and water resulting in the over-exploitation and inefficient usage of
water. The high resource cost for industries, on the other hand, cross-subsidizes the water
consumed by the other sectors.

The demand for fresh water has been identified, as the quantity of water required to be
supplied for specific use and includes consumptive as well as necessary non-consumptive water
requirements for the user sector. The total water withdrawal/utilization for all uses in 1990
was about 518 BCM or 609m?/capita/year. Estimates for total national level water requirements,
through an iterative and building block approach, have been made for the year 2010, 2025,
and 2050 (Table 1.2) based on a 4.5% growth in expenditure and median variant population
projections of the United Nations. The country’s total water requirement by the year 2050
will become 1,422 BCM, which will be much in excess of the total utilizable average water
resources of 1,086 BCM. At the national level, it would be a very difficult task to increase the
availability of water for use from the 1990 level of approximately 520 BCM to the desired level
of 1,422 BCM by the year 2050 as most of the underdeveloped utilizable water resources are
concentrated in a few river basins such as the Brahmaputra, Ganga, Godavari, and Mahanadi.

Table 1.2 Water requirements for different uses (in BCM)

Category 2010 2025 2050
Irrigation 536 688 1008
Domestic 41.6 52 67
Industries 37 67 81
Energy 4.4 13 40
Inland Navigation - 4 7

Flood Control - - -

Afforestation 33 67 134
Ecology 5 10 20
Evaporation 36 42 65
Total 693 942 1422

(Source: National Commission for Integrated Water Resources Development Plan, 1999)
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1.3 FLOODS AND DROUGHTS
Causes of Floods: Flooding caused due to several factors.

Natural

e Huge flows generated from rainfall occurring in a short span of time in the upstream
catchments and consequent over bank spilling of the main rivers;

e Runoff generated by heavy local precipitation that can not drain out due to high stage
in the out fall rivers;

e Landslide and glacial lake outbursts that result in high sediment deposition in the river course;

e High tide in the Bay of Bengal coupled with wind setup caused by South Westerly
monsoon winds that obstruct drainage of the upland discharge, and

e Synchronization of the peak flows of the major rivers.
Man Made

e Deforestation in the upper catchments;
e Uncoordinated development activities in the upper riparian countries and in Bangladesh.

Floods in South Asia

Nepal: The major floods experienced in the Himalaya and the mountains are mainly due to
glacier lake outburst or cloud burst and land slides. The three major rivers, the Sapt Kosi, the
Gandaki and the Karnali originate in the Himalaya are snow and glacier fed. A large part of the
drainage area is covered by snow and glacier throughout the year and play a significant role in
the hydrologic regime of the river system. These rivers receive monsoon floods form June to
September where about 85 percent of total precipitation falls.

India: All most all the rivers in India carry heavy runoff during monsoon due to intensive and
heavy rainfall in their catchments. Flood problem in the Ganges basin in India are of three
types inundation due to over bank spilling, erosion of riverbanks and changing river courses.
In the Brahmaputra basin, a number of factors cause serious floods due to physiographic
condition, meteorological situations, earthquakes, landslides and encroachment of river areas
Monsoon floods generally occur between June to September.

After the earthquake of 1950, the regime of the Brahmaputra river in the upper catchments
in India changed considerably and the depth, duration and flooded area increased. Floods in
India during 1954, 1962, 1966, 1972, 1973, 1974, 1983, 1984, 1987 and 1988 were very severe.
The average area affected by flood in India is 7.9 million ha of which 3.69 million ha is cropped.
On an average 1.25 million houses get damaged, over 1,00,000 cattle perish and about 1,500
human lives are lost. The estimated average annual loss in India is about us $ 500 million.

Bangladesh: Flooding in Bangladesh is a recurrent phenomenon. About 60 percent of the
country is flood prone, while about 25 percent of the land is inundated during monsoon in a
normal year. Bangladesh experienced severe floods in 1954, 1955, 1961, 1962, 1964, 1970,
1971, 1974, 1984, 1987, 1988 and 1993. Bangladesh through its intricate network of river
system drains catchments of about 1.75 million sq. km. Owing to the geographical location
about 90 percent of the streams flow with high sediment load from upstream catchments
which passes through Bangladesh.
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Flood problem in the Ganges area in Bangladesh is mainly due to over bank spilling. The
flood situation deteriorates when Brahmaputra remains in spate forcing backwater into the
Ganges. The water in the Ganges begins to rise in May and period of maximum flood is in July
and August. Occasionally September could be a month of severe flooding.

Flooding in the Brahmaputra is characterized by large-scale inundation of its banks, erosion
at various places, and conveyance of heavy silt load from upstream. In Bangladesh, the area
prone to flooding is 6.14 million ha which 42 per cent of total area of the country. The loss
caused by floods in a normal year is about US $ 175 million. In extreme situation, it may
exceed US $ 1 billion.

River basin development is a tool for social development. It supports economic growth and
improves living conditions and the quality of life. The Ganges, the Brahmaputra and the Meghna
are international rivers with its basin areas spread over China, Nepal, Bhutan, India and
Bangladesh. Its peculiar geographical location has given the rivers ample water resources; but
today no coordinated attempt has been made to utilize these. Piecemeal attempts for development
in individual countries have not been effective in solving the problems of flooding.

Presently each country has its own plans and programs for developments, including flood
control. But recent flood and other natural disasters have shown that such individual efforts
are not enough within the country.

The need for holistic development and management of the river basins are needed to
overcome the adverse effects of floods and maximize crop production with judicious use of water.

The construction of high dams in Nepal, Bhutan and India will generate not only cheap
hydropower needed for overall development but also augment the dry season flows and
mitigation of floods all the countries for the benefit of the people.

Management of Floods and Droughts

Floods and droughts though are natural calamities, these needs to be effectively managed, in
order to mitigate their adverse impact on humans and animals. It is estimated that around 263
million people live in drought prone area of about 108 m. ha., which works out 1/3rd of the
total Indian geographical area. Thus, more than 26 % of total population of the country faces
the consequences of recurring droughts, on a wide spectrum of social concerns. During the
drought years, there is a marked tendency of intensive exploitation of groundwater, resulting
in abnormal lowering of ground water table thus accentuating the distress. Grave adverse
impacts are borne by flora, fauna and domestic cattle and the very life itself fights against
nature for its survival. Droughts accentuate problems in cities in the form of mushrooming of
slums and pressure on the existing civil amenities thereby adversely affecting urban life.

Over 40 million hectares of the area of the country (about 1/8th of total geographical area)
experiences periodic floods. The average area affected by floods annually in India is about 7.5
m. ha. due to which crop area affected is 3.5 m. ha. Floods have claimed on an average 1529
human lives and 94000 cattles every year. Apart from loss of life and domestic property, the
devastating effects of floods, sense of insecurity and fear in the minds of people living in the
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flood plains is enormous. The after effects of floods like the agony of survivors, spread of
epidemics, non-availability of essential commodities and medicines and loss of their dwellings
make floods most feared natural disaster being faced by human kind. Large-scale damages to
forests, crops & precious plants and deaths of aquatic and wildlife, migratory and native birds
in various National Parks, Delta region, low altitude hilly areas and alluvial flood plains have
always been the matter of serious concern. River Valley Projects moderate the magnitudes as
well as frequencies of floods.

Floods and drought management, therefore, form an important part of overall water resources
development and management. Water of potable quality is essential for sustenance of life.

Besides, water is required for other domestic use and for livestock. This requirement of
water though not very large, has to be met at a huge cost due to strict quality parameters and long
conveyance. Norms of water supply in Indian cities are more than in some of the developed
countries of Europe. Users need to realize value of treated water and should inculcate habit of
conservation. The existing system should be maintained and leakage prevented to the extent
possible. Lavish consumers should be charged heavily and pricing of water should be used as a
tool for demand management. Low cost technique for recycling and reuse of grey water (Bath
room and kitchen wash) and black water (Sewerage) should be developed and encouraged.
Water requirement for industries, at present is not significant. However, with continuous
urbanization and industrialization, the demand for water for industries will increase significantly.
Further practically all industries generate some waste. As of now, the performance of affluent
treatment system in the industries is far from satisfactory and this effluent is polluting our water
bodies. The industries have to stick to the norms to treat their waste accordingly. In the process
part of their demands can be met by the industries themselves with suitable treatment and
recycling. Industries generating hazardous waste may have to be located in area having suitable
sites for waste disposal, as the present practice being adopted are very detrimental to the overall
environment. Water requirements of the country would continue to grow partly due to the rise
in population and partly as a result of the improvement in the quality of life. As the developmental
efforts to meet the water requirements take shape, simultaneously the environmental issues gain
importance. Although, less evident than the more obvious quantity related problems, these are
critically important and need to be addressed to ensure sustainable development which is a
formidable challenge, but one which can be accepted and negotiated successfully.

1.4 WATER QUALITY MANAGEMENT

Water quality is a major environmental concern in developing countries. Pollution of waters of
rivers, streams and lakes is mainly the fallout of rapid urbanization, industrialization and
inadequate storage of flood flows for meeting the needs of water supply and sanitation sectors.
The main sources of water pollution are discharge of domestic sewage and industrial effluents,
which contain organic pollutants, chemicals and heavy metals, and runoff from land based
activities such as agriculture and mining. Further, bathing of animals, washing of clothes and
dumping of garbage into the water bodies also contribute to water pollution. All these factors
have led to pollution of rivers, lakes, coastal areas and groundwaters seriously damaging the
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eco-systems. Effective environmental laws to check water pollution need to be enforced with
greater vigour. The rivers and water bodies should no be used as a source for water supplies as
well as convenient sink for wastewater discharges. The rapid urbanization, industrialization
and increasing use of chemical fertilizers and pesticides etc. have made our rivers and water
bodies highly polluted. Different organizations like Central Pollution Control Board, Central
Water Commission, and Central Groundwater Board are involved in water quality monitoring.
Water quality Assessment Authority (WQAA) has been set up recently to effectively coordinate
and improve the work of water quality monitoring by various organizations. As of now there
is no established method to assess requirements of minimum flow in the rivers. Perhaps, 50 per
cent of lean period flow before the structure is built over and above the committed use may be
passed on downstream of all existing and new structures.

1.5 FRESH WATER MANAGEMENT

The availability of fresh water is going to be the most pressing problem over the coming decades.
The stress on water resources is a result of multiple factors namely urban growth, increased
industrial activities, intensive farming, and the overuse of fertilizers and other chemicals in
agricultural production. Untreated water from urban settlements and industrial activities, and
run-off from agricultural land carrying chemicals, are primarily responsible for deterioration
of water quality and contamination of lakes, rivers, and groundwater aquifers.

The Government of India formulated the National Water Policy in 1987 to provide top
priority to drinking water supply and undertook the National River Action Plan to clean up
polluted river stretches. Following measures needed to increase the availability of fresh water.

e Emphasis should be given to adopting a river basin approach or sub-basin-based
approach, which integrates all aspects of water management namely water allocation,
pollution control, protection of water resources, and mobilization of financial resources.

e Fach state should prepare water policies. The National Water Policy of 1987 also needs
to be revised urgently. Groundwater ledislation needs to be promulgated in all states to
promote sustainable water uses and development. Incentives under the Water Cess
Act have to be made more attractive.

e Emphasis should be given to rain water harvesting to increasing water resource
availability. Watershed development must be adopted more rigorously. People’s
participation is the essential prerequisite for water shed development and to this end,
public education and training to local people is to be provided.

® An appropriate tariff structure for water services will have to be evolved to encourage
wide usage. There is also a need to develop and implement cost effective water
appliances such as low flow cistern and faucets.

e Technological intervention is required to enhance effective treatment of wastewater.
Adoption of cleaner technologies by the industry would help to safeguard surface
waterbodies.

e Data on water supply and sanitation for both urban and rural areas need to be collected
to formulate strategies and priorities and action plan. Similarly, information on water
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consumption and effluent discharge patterns for industries would help to benchmark
resource consumption and increase the productivity levels per unit of water consumed.

e The availability of utilizable water resources, demand levels and consumption patterns
needs to be analyzed for different basins. Such an analysis would help in developing a
Water Zoning Atlas to guide decisions related to the sitting of industries and other
economic activities.

1.6 WASTEWATER MANAGEMENT

Rapid industrialization calls for wastewater treatment and its disposal to be so planned and
sited so as to protect people, the quality of water (both surface and ground) and environment
from adverse impacts. The industrial units must set up effluent treatment plants for treating
the wastewater to the desired standard before releasing to waterbodies. Effective checks and
monitoring should be placed in position and deterrent punitive measure be taken against
defaulting units. These should be open for inspection by the State Pollution Control Board for
action. For small units located in various industrial estates common effluent treatment plants
be set up and the industry should share the capital and O & M cost of the plants. Toxic
effluents, however, are not segregated in the industries and are often discharged mixed with
other effluents. Generally, wastewater of industries such as sugar, distilleries, dairies, tanneries
etc. can be treated by biological methods such as stabilization ponds, activated sludge process,
trickling filtration, aerated lagoons etc. Other industrial wastes such as pulp and paper synthetic
fibre etc. have to undergo simple physico-chemical methods of treatment, but the industries
discharging toxic wastes such as electro-plating, metallurgical, caustic chlorine etc. may require
more elaborate techniques.

1.7 RECYCLING AND REUSE OF WATER

As the demand in industries is going to increase, the technological development in processing
and methods of reusing water are expected to reduce the demand of fresh water. Recycling is
defined as the internal use of wastewater by the original user prior to discharge to a treatment
system or other point of disposal. Wastewater is recovered, treated or untreated and then
recycled for repetitive use by the same user. The term reuse applies to wastewaters that are
discharged and then withdrawn by a user other than the discharger. Reclaimed waters from
wastewater after treatment are generally used for “agricultural” irrigation, cooling water, algal
cultivation and pisciculture, apart from other industrial uses. India though predominantly
rural has still a large urban population. The urban centers are also the nuclei of industrial
growth. The wastes (effluents), if reused within the industry with/without treatment as
permissible would help in minimizing fresh water requirements while achieving reduction in
wastewater volume for final treatment before discharge, deriving economy at both ends.

In most cases industrial water uses are non-consumptive making reuse possible through
recycling and conservation measures. Recycling of wastewater also helps in recovery of certain
commercially viable by-products. Process industries are major users of water and can recycle
or reuse water wastes for lesser duty purpose. Cascade concept is adopted for reusing water
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discarded from a process requiring higher purity to a process requiring lower purity. If required,
a simple treatment process may be interposed between the processes. Water reuse is more
economical if included at the design stage by modification of the existing system. In most of the
inland towns, in arid and semiarid areas, where suitable lands are generally available in the
nearby areas for development of irrigation, treated effluent can economically be used for
industrial effluents are used for irrigation. The water recovered from effluents is mainly used
for less important uses like gardening and cleaning. It is necessary to improve the production
technology, and low or no waste technology needs to be adopted. Though, such technologies
may be costly at the initial stage, it would prove economical in the long run. The municipal
wastewater and industrial effluent are being treated up to tertiary level and used for various
purposes other than drinking by various industries and cities. For example, in Chennai the
Chennai Metro Board is providing 30 mld treated municipal wastewater to Ennore Thermal
Power Plant for recycle and reuse for cooling and other purposes. Likewise in Bombay, many
of the industrial houses are using the recycled industrial effluent for purposes such as
airconditioning, cooling etc. In Pondicherry Ashram, the wastewater from housing complexes
and community’s toilets are recycled and reused for horticulture purposes and irrigation. State
Governments may create Urban Development Fund for Urban Infrastructure development
and the same can also be used for setting up of pilot projects for waste reuse, recycling and
resource recovery.

1.8 NEED FOR TECHNOLOGY DEVELOPMENT

Water requirement for Industries varies tremendously as industrial growth is also associated
with technological changes. Also with number of Thermal and Nuclear Plants coming up,
water use efficiency for cooling will have to go up to cater to the increased demand. The dry
cooling tower technique is one of the water saving method suggested for this purpose. Also
the cost of industrial water recycling varies from site to site. Recycling depends on comparison
of cost of water treatment prior to disposal with that of treatment of wastewater for reuse
within the plants. The recycling cost may work out less in future as cost of wastewater treatment
is going up. It is sugdested that our research efforts need to be oriented towards evolving
appropriate technology to ensure efficient use of cooling and process water, development of
pollution control mechanism, development of appropriate cost effective technologies for
treatment of waste water for reuse and development of cost effective technologies for recycling
of water.

Use of biotechnology is suggested for treatment of polluted water, when pollutants are
biodegradable. Domestic sewage, which contains mostly the biodegradable pollutants, has been
treated by microorganisms since the old times. Difficulty lies due to many modern vulnerable
industrial wastes, which are generally not degradable by conventional methods. New researches
in the field of biotechnology are opening the possibility of treatment of such types of industrial
wastes in cost-effective manner. At the global level, use of biotechnology has already become
popular. In India, biotechnology is now on the fast track and we should increase out share in
global market, particularly for wastewater management. With the availability of water becoming
scarce, technological upgradation is necessary in field of agronomy so as to maximize productivity
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per unit of water and land. Following measure may also be considered for adoption through
intensified efforts of academicians and field technologists.

Deficit Irrigation is the scheduling method applied under a restricted water supply, when
irrigation does not fully meet the evapo-transpiration requirements of the crop and where
certain stress conditions are allowed. The specific objective is to optimize yields and incomes
by allowing water to the most sensitive crop stages and for valuable crops. Strategies for deficit
irrigation may include allocation of less water to the most drought tolerant crops, irrigation
during critical growth stages of crops, planting crops so as to stagger the critical demand periods
and planting for an average or wetter than average weather year. In drought prone areas,
deficit irrigation, rather than full irrigation, can be planned as a norm, in order to distribute
the benefit of drought proofing over a larger area.

Agriculture is at threshold of commercialization. There is need to shift focus from routine
food grains production systems to newer cropping system to meet the ever-increasing demand
of pulses, oilseeds, fodder, fibre, fuel, spices, vegetables, medicinal and other commercial crops
and make agriculture an attractive and profitable business. This has become more important
today in the light of national policy of economic liberalization and export orientation of
agriculture. Crop diversification methods like crop rotation, mixed cropping and double cropping
have been found successful in many situations. Major advantages of these types of diversification
includes reduced erosion, improved soil fertility, increased yield, reduction in need for nitrogen
fertilizer in the case of legumes, and reduced risk of crop failure. Diversity of crop varieties can
enhance the stability of yield and result in water saving. Thus, generic diversity and location
specific varieties are essential for achieving sustainable production.

Raw wastewater has been in use for crops and fish production in several countries including
India without the approval of the competent authorities. Providing financial assistance and
technical guidance in improving existing practices, not only to minimize health risks but also
to increase productivity is preferable to outright prohibition. Generally, the upgrading of existing
schemes may take precedence over the development of new projects. Treatment of wastewater
in stabilization ponds in an effective and low-cost method of pathogen removal, and is, therefore,
suitable for schemes for wastewater reuse, particularly for irrigation of crops. Similarly, duckweed
ponds are quite effective in treating municipal wastewater and at the same time the harvested
duckweed is a good fish and chicken feed. As such, there is a need to develop appropriate and
cost-effective technologies, for treatment and reuse of municipal wastewater, suitable to Urban
Local Bodies for their adoption. Possible health risks to agricultural workers should, however,
be assessed thoroughly and monitored regularly. The treated wastewater should conform to
the pollution control standards where such reuse practice is adopted.

1.9 WATER CONSERVATION

In arid and semi-arid areas, the low and erratic rainfall normally occurs with high intensity of
short duration resulting in high run-off and poor soil moisture storage. As a result, the loss is
about 50 to 60 per cent of rainwater. Runoff varies from 10 to 30 per cent of the rainfall
depending on the amount and intensity of rain, soil characteristics and vegetation cover. This
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surface runoff if harvested over a large area can yield considerable amount of water for storage
and providing life saving irrigation to the crop during the dry spells in the monsoon season and
also for growing a second crop in rabi season. The major constraints that still limit the adoption
of this technology on a macro scale are, the high initial cost, and non-availability of cheap and
defective sealants for permeable Alfisols. Additionally, long breaks in the monsoon and low
intensity rains limit the runoff flow into the ponds during dry spells when water is needed
most. Despite these difficulties, small water storage ponds seem to be the most viable strategy
to stabilize productivity of the ecologically disadvantaged dry land regions. The surface runoff
from an area can also be increased by reducing the infiltration capacity of the soil through
vegetation management, cleaning, sloping surface vegetation and reducing soil permeability by
application of chemicals. To maximize profitability from the limited quantity of water stored in
small ponds, planning for its judicious use is most crucial. Research conducted at different
locations in India established that a supplemental irrigation of 5 — 10 cm at the critical stage of
crop growth substantially increases the yields of cotton, wheat, sorghum, tobacco, pearl, millet,
etc vis-a-vis no irrigation.

Therefore one has to conserve the surface runoff by different techniques, for use in fair weather.
These techniques are:

(a) Conservation by surface storage — Storage of water by construction of various water
resources projects has been one of the oldest measures of water conservation. The
scope of storage depends on region to region depending on water availability and
topographic condition. The environmental impact of such storage also needs to be
examined for developing environment friendly strategies.

(b) Conservation of rainwater — Rainwater has been conserved and used for agriculture in
several parts of our country since ancient time. The infrequent rain if harvested over a
large area can yield considerable amount of water. The example of such harvesting
techniques involves water and moisture control at a very simple level. It often consists of
rows of rocks placed along the contour of steps. Contour terraces have been found in
use in various parts of the world. Runoff captured by these barriers also allows for
retention of soil, thereby serving as erosion control measures on gentle slopes. This
technique is especially suitable for areas having rainfall of considerable intensity, spread
over large part i.e., in Himalayan area, North — East states, and Andaman and Nicobar
Island. In areas where rainfall is scanty and for a short duration, it is worth attempting
this technique, which will induce surface runoff, which can be stored.

(c) Groundwater conservation — As highlighted earlier, out of total 400 mham
precipitation occurs in India, about 45 mham percolates as a groundwater flow. It may
not be possible to tap the entire groundwater resources. The entire groundwater cannot
be harvested. As we have limited groundwater available, it is very important that we
use it economically and judiciously and conserve it to maximum possible. Some of the
techniques of groundwater management and conservation are as below:

(i) Artificial recharge — In water scarce areas, where there is a low and erratic rainfall,
there is an increased dependence on groundwater. There are various techniques
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to develop and manage groundwater artificially. In one of the methods, water is
spread over ground to increase area and length of time for water to remain in
contact with soil, to allow maximum possible quantity of water to enter into the
ground. Digging recharge wells, which admit water from the surface to fresh water
aquifer, can also do the artificial recharging.

(i) Percolation Tank Method % Percolation tanks are constructed across the
watercourse for artificial recharge. The studies conducted indicates that on an
average, area of influence of percolation of 1.2 km?, the average groundwater rise
was of the order of 2.5 m and the annual artificial recharge to groundwater from
each tanks was 1.5 hectare meter.

(iii)) Catchment area protection (CAP) — Catchment area protection plans are usually
called Watershed Protection or Management Plans, these are adopted as an
important measure to conserve and protect the quality and quantity of water in a
watershed. It helps in with holding runoff water albeit temporarily by a check
bund constructed across the streams on hilly terrain, which will delay the runoff
so that greater time is available for water to seep underground. Such methods are
in use in North East states, in hilly areas of tribal belts. This technique also helps
in soil conservation. Afforestation in the catchment area is also adopted for water
and soil conservation.

1.10 NEED OF ENSURING QUALITY & COST-EFFECTIVENESS OF WATER HARVESTING

It is strongly suggested that detailed studies may be undertaken to compare the unit cost and
quality indices for different alternates of groundwater recharge like large and mega dams,
small and run of river diversion schemes, small tanks, bhandaras, check dams, watershed
development, catchments area treatment, roof top harvesting, field water harvesting, contour
terracing, bunding etc. The quantitative aspects, limitations, suitability and the quantum need
of various alternates for groundwater recharging should also be studied and compared in
different Indian regions to meet competing demands particularly the bulging concentrated
demands in mega urban cities. The benefits like hydropower, irrigation, tourism, recreation,
flood moderation, drought proofing, pisciculture, horticulture, employment generation, check
on voluntary migration for want of employment particularly from dry/unirrigated areas to
irrigated agricultural areas should also be accounted for while considering the technical
feasibility, economic viability, cost effectiveness and environmental sustainability for various
alternates.

The need, procedure and budget for maintenance and repairs of above alternates should
also be considered before finalizing the proposed act/policy/guidelines for compulsory/
accelerated rooftop harvesting in various municipal area.

1.11 DEVELOPMENT OF INTERNATIONAL RIVER BASINS

With increasing demand for water for various uses conflicts arise between nations sharing the
same river basin. The importance of shared water resources has not been realized so far. As a
result, the conflicts are going to intensify in future. National boundaries divide the catchments/
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drainage basins. The problems arise when the competing demands exceed the limited water
resources available in the dry months.

On a global basis, there are 214 river basins that are shared by two or more countries.

Country River Basins
Africa 57
Asia 40
Europe 48
North & Central Africa 33
South Africa 36
214

There are 44 countries where at least 80 percentage of total area falls within an International
River Basins of which 7 are in Asia. In the South Asian sub-continent, there are three as
shown below:

Countries Total Area Area within an Percentage
km? Int. Basin Country within
km? the Int. Basin
Bangladesh 142,780 123,300 86
Bhutan 47,000 47,000 100
Nepal 140,800 140,800 100

During the past decades, conflicts have emerged over the development and management of
the shared water of International Rivers in many parts of the World. The conflict between
Bangladesh and India on the Ganges is one of them.

With increasing population and need for further economic development, the pressure on
scarce water resources will be more in the future. There is, therefore, an urgent need to identify
the existing and emerging conflicts in the basins and discuss, and resolve the issues in a spirit
of cooperation for overall development and management of the river basins.

The Ganges, the Brahmaputra and the Meghna River Basin

Three internal rivers, the Ganges, the Brahmaputra and the Meghna pass through multiple
countries. These rivers system drain an area of 1.75 sq. km in China. Nepal, India, Bhutan and
Bangladesh of which only 7 per cent lies in Bangladesh, 63 per cent in India, 8 per cent in
Nepal and 2.58 per cent in Bhutan and the rest in Tibet. The region has a population of 535
million of which 405 million in India, 120 million in Bangladesh, 18.5 million in Nepal and 1.5
million in Bhutan. The region is very large and the climatic conditions differ widely from place
to place. The area is also prone to natural disasters like flood, drought, cyclone and earthquake.

The region is one of the poorest in the World but rich in natural resources like water and
land. Cooperation among the nations is a prerequisite for development. Regional concept is
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essential for developing together for self-reliance and ecologically sustainable development for
a better future.

With increasing population and demand for food and growing concern for environmental
degradation demand for water will increase resulting in conflicts among nations sharing
international river basins.

The Ganges: The Ganges covers an area of about 1,087,300 sq. km. spread over India (860,000
sq. km.), Nepal (147,480 sq. km.), China (33,520 sq. km.) and Bangladesh (46,300 sq. km.).
The length of the main river is about 2550 km. Three major tributaries of the Ganges, the
Karnali, the Gandaki and the Kosi rise in China and flow through Nepal to join the Ganges in
India, contributing 71 per cent of the dry season flows and about 41 per cent of the annual
flows. The Ganges forms the common boundary between India and Bangladesh for about
104 km. The river then flows southeastward inside Bangladesh for about 157 km. and joins
the Brahmaputra at Goalundo. The recorded maximum and minimum flows in the Ganges at
Hardinge Bridge were 76,000 cumec and 263 cumec.

The Brahmaputra: The Brahmaputra has a total catchments area of 552,000 sq. km. spread
over China (270,900 sq. km.), Butan (47,000 sq. km.), India (195,000 sq. km.) and Bangladesh
(39,100 sq. km.). The Brahmaputra originates in the Himalayan range and collects snowmelt
and runoff form the catchments lying in China. Bhutan, India and Bangladesh. The river after
entering Bangladesh flows southward and continues to its confluence with the Ganges near
Aricha. The total length of the Brahmaputra is about 2900 km. up to Aricha. The recorded
maximum flow in the Brahmaputra at Bahadurabad was 98,300 cumec while the minimum
was 2,860 cumec.

The Meghna: The Barak, headstream of the Meghna rises in the hills of Manipur in India.
Near the Indo-Bangladesh border, the Barak bifurcates into two rivers: the Surma and the
Kushiyara which again join together at Ajmirigonj in Bangladesh. The combined flow takes
the name of Meghna and flows in a southwesterly direction to meet the Padma at Chandpur.
Below Chandpur the combined flow is known as the lower Meghna. The total length of the
river is about 902 km. of which 403 km. is in Bangladesh. The total catchments area of Meghna
is 82,000 sq. km. out of which 47,000 sq. km. and lie in India and Bangladesh respectively. The
recorded maximum discharge of the Meghna at Bhairab Bazar was 19,800 cumec.



¢) HYDROLOGICAL CYCLE

2.1 INTRODUCTION

Water is the most widespread substance to be found in the natural environment. Water exists
in three states: liquid, solid, and invisible vapour. It forms the oceans, seas, lakes, rivers and
the underground waters found in the top layers of the Earth’s crust and soil cover. In a solid
state, it exists as ice and snow cover in polar and alpine regions. A certain amount of water is
contained in the air as water vapour, water droplets and ice crystals, as well as in the biosphere.
Huge amounts of water are bound up in the composition of the different minerals of the
Earth’s crust and core.

To assess the total water storage on the Earth reliably is a complicated problem because
water is so very dynamic. It is constantly changing from liquid to solid or gaseous phase,
and back again. It is usual to estimate the quantity of water found in the so-called
hydrosphere. This is all the free water existing in liquid, solid or gaseous state in the
atmosphere, on the Earth’s surface and in the crust down to a depth of 2000 meters.
Current estimates are that the Earth’s hydrosphere contains a huge amount of water —
about 1386 million cubic kilometers. However, 97.5% of these amounts are saline waters
and only 2.5% is fresh water. The greater portion of this fresh water (68.7%) is in the
form of ice and permanent snow cover in the Antarctic, the Arctic, and in the mountainous
regions. Next, 29.9 % exists as fresh ground waters. Only 0.26 % of the total amount of
fresh waters on the Earth is concentrated in lakes, reservoirs and river systems where
they are most easily accessible for our economic needs and absolutely vital for water
ecosystems.

These are the values for natural, static, water storage in the hydrosphere. It is the
amount of water contained simultaneously, on average, over a long period of time — in
waterbodies, aquifers, and the atmosphere. For shorter time intervals such as a single year,
a couple of seasons, or a few months, the volume of water stored in the hydrosphere will
vary as water exchanges take place between the oceans, land and the atmosphere. This
exchange is usually called the turnover of water on the Earth, or the global hydrological
cycle, as shown in Fig. 2.1.
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Fig. 2.1 Global hydrological cycle.

Solar heat evaporates water into the air from the Earth’s surface. Land, lakes, rivers and
oceans send up a steady stream of water vapour; this spreads over the surface of the planet
before falling down again as precipitation. Precipitation falling on land is the main source of the
formation of the waters found on land: rivers, lakes, groundwater, and glaciers. A portion of
atmospheric precipitation evaporates; some of it penetrates and charges groundwater, while the
rest — as river flow — returns to the oceans where it evaporates: this process repeats again and
again. A considerable portion of river flow does not reach the ocean, having evaporated in the
endotherm regions, and those areas with no natural surface runoff channels. On the other hand,
some groundwater bypasses river systems altogether and goes directly to the ocean or evaporates.
Quantitative indices of these different components of the hydrological cycle are shown in Figure
2.2. Every year the turnover of water on Earth involves 577,000 km?® of water. This is water that
evaporates from the oceanic surface (502,800 km?) and from land (74,200 km?). The same amount
of water falls as atmospheric precipitation, 458,000 km? on the ocean and 119,000 km? on land.
The difference between precipitation and evaporation from the land surface (119,000 — 74,200
= 44,800 km?/year) represents the total runoff of the Earth’s rivers (42,700 km?®/year) and
direct groundwater runoff to the ocean (2100 km?®/year). These are the principal sources of
fresh water to support life necessities and man’s economic activities.
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Fig. 2.2 The hydrological cycle.
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Oceans cover most of the Earth’s surface. On average, the depth of the world’s oceans is
about 3.9 kilometers. However, maximum depths can be greater than 11 kilometers. The
distribution of land and ocean surfaces on the Earth is not homogeneous. In the Southern
Hemisphere there is 4 times more ocean than land. Ratio between land and ocean is almost
equal in the Northern Hemisphere. Geographers recognize three major ocean basins: Pacific;
Atlantic; and Indian.

The water found in the ocean basins is primarily a byproduct of the lithospheric solidification
of rock that occurred early in the Earth’s history. A second source of water is volcanic eruptions.
The dissolved constituents found in the ocean come from the transport of terrestrial salts in
weathered sediments by leaching and stream runoff. Seawater is a mixture of water and various
salts. Chlorine, sodium, magnesium, calcium, potassium, and sulfur account for 99 % of the
salts in seawater. The presence of salt in seawater allows ice to float on top of it. Seawater also
contains small quantities of dissolved gases including: carbon dioxide, oxygen, and nitrogen.
These gases enter the ocean from the atmosphere and from a variety of organic processes.
Seawater changes its density with variations in temperature, salinity, and ocean depth. Seawater
is least dense when it is frozen at the ocean surface and contains no salts. Highest seawater
densities occur at the ocean floor.

The hydrologic cycle is used to model the storage and movement of water between the
biosphere, atmosphere, lithosphere and hydrosphere. Water is stored in the following
reservoirs: atmosphere, oceans, lakes, rivers, glaciers, soils, snowfields, and groundwater. It
moves from one reservoir to another by processes like: evaporation, condensation,
precipitation, deposition, runoff, infiltration, sublimation, transpiration, and groundwater
flow.

River water is of great importance in the global hydrological cycle and for the supply of
water to humankind. This is because the behaviour of individual components in the turnover
of water on the Earth depends both on the size of the storage and the dynamics of water
movement. The different forms of water in the hydrosphere are fully replenished during the
hydrological cycle but at very different rates. For instance, the period for complete recharge of
oceanic waters takes about 2500 years, for permafrost and ice some 10,000 years and for deep
groundwater and mountainous glaciers some 1500 years. Water storage in lakes is fully
replenished over about 17 years and in rivers about 16 days.

Based on water exchange characteristics, two concepts are often used in hydrology and
water management to assess the water resources in a region: the static storage component and
the renewable waters. The static storage conventionally includes freshwater with a period of
complete renewal taking place over many years or decades such as large lakes, groundwater, or
glaciers. Intensive use of this component unavoidably results in depleting the storage and has
unfavorable consequences. It also disturbs the natural equilibrium established over centuries,
whose restoration would require tens or hundreds of years.

Renewable water resources include waters replenished yearly in the process of the water
turnover of the Earth. These are mainly runoff from rivers, estimated as the volume per unit
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of time (m?/s, km®/year, etc.) and formed either within a specific region or from external sources,
including groundwater inflow to a river network. This kind of water resource also includes
the yearly renewable upper aquifer groundwater not drained by the river systems. However,
on the global scale, these volumes are not large compared with the volume of river runoff and
are of importance only for individual specific regions.

Table 2.1 Periods of water resources renewal on the earth

Water of Hydrosphere Period of Rrenewal
World Ocean 2500 years
Groundwater 1400 years
Polar ice 9700 years
Mountain glaciers 1600 years
Ground ice of the permafrost zone 10,000 years
Lakes 17 years
Bogs 5 years
Soil moisture 1 year
Channel network 16 days
Atmospheric moisture 8 days
Biological water Several hours

In the process of turnover, river runoff is not only recharged quantitatively, its quality is
also restored. If only man could suddenly stop contaminating rivers, then with time water
could return to its natural purity. Thus, river runoff, representing renewable water resources,
is the most important component of the hydrological cycle. It exerts a pronounced effect on
the ecology of the earth’s surface and on human economic development. It is river runoff that
is most widely distributed over the land surface and provides the major volume of water
consumption in the world.

2.2 ATMOSPHERIC WATER

Atmospheric water exists as water vapour, droplets and crystals in clouds. The actual volume
of water in the atmosphere is very small and varies with changes in temperature, pressure
and geographical location. Water vapour can move long distances in the atmosphere in a
relatively short period of time because of the high velocity winds in the upper atmosphere.
The average water molecule is in the atmosphere for 12 days before it precipitates. The
atmospheric movement of water vapor from sea to land and land to sea seems to be
unbalanced. Twenty percent of water vapour from the oceans moves inland but only 12
percent moves out to sea. However, this exchange is balanced by runoff water that flows
from the land to the sea.
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2.3 PRECIPITATION

Water evaporated from oceanic surfaces (86 %) combines with water evaporated from the land
(14%) to produce clouds. Seventy-eight percent of all rain falls on the oceans. The remaining
22 % falls on land. Hence, the land receives a net moisture donation from the oceans.
Precipitation can be defined as any aqueous deposit, in liquid or solid form, that develops in a
saturated atmospheric environment and generally falls from clouds. A number of different
precipitation types have been classified by meteorologists including rain, freezing rain, snow,
ice pellets, snow pellets, and hail. Fog represents the saturation of air near the ground surface.
Classification of fog types is accomplished by the identification of the mechanism that caused
the air to become saturated. The distribution of precipitation on the Earth’s surface is generally
controlled by the absence or presence of mechanisms that lift air masses to cause saturation. It
is also controlled by the amount of water vapor held in the air, which is a function of air
temperature. A figure is presented that illustrates global precipitation patterns.

Precipitation is often intercepted by vegetation before it reaches the surface of the ground.
However, precipitation, which reaches the ground, follows two basic pathways: surface flow and
infiltration. Some water soaks into the subsurface through infiltration, this water moves through
the pores of the soil until the soil reaches saturation. Infiltration lessens with soil saturation leading
to surface flow. Once infiltrated, water continues to filter through soil or rock through vertical
movement called percolation. Percolation results in the movement of water from the soil layer to
the groundwater. This is usually seasonal, occurring only when the soil is saturated and when
roots and evaporation are not resulting in a net movement of soil water towards the surface.

In certain locations on the Earth, acid pollutants from the atmosphere are being deposited
in dry and wet forms to the Earth’s surface. Scientists generally call this process acid deposition.
If the deposit is wet, it can also be called acid precipitation. Normally, rain is slightly acidic.
Acid precipitation, however, can have a pH as low as 2.3.

The distribution of precipitation falling on the ground surface can be modified by the
presence of vegetation. Vegetation in general, changes this distribution because of the fact that
it intercepts some of the falling rain. How much is intercepted is a function of the branching
structure and leaf density of the vegetation. Some of the water that is intercepted never makes
it to the ground surface. Instead, it evaporates from the vegetation surface directly back to the
atmosphere. A portion of the intercepted water can travel from the leaves to the branches and
then flow down to the ground via the plant’s stem. This phenomenon is called stem flow.
Another portion of the precipitation may flow along the edge of the plant canopy to cause
canopy drip. Both of the processes described above can increase the concentration of the
water added to the soil at the base of the stem and around the edge of the plant’s canopy. Rain
that falls through the vegetation, without being intercepted, is called through fall.

2.4 SURFACE WATER

Despite the ecological significance of surface water, it comprises only a very small proportion
of the world’s water. Surface flow can occur in four ways: as overland flow, as through flow,
as groundwater flow and as stream flow in rivers and streams. Overland flow occurs only
when the soil layer is saturated and storage basins (lakes, wetlands, rivers) are full. It occurs at
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the end of storm events and during ice melt in spring. It is relatively rare in natural environments
(e.g. forested), but is more common in urban and even rural areas. Through flow is the movement
of water laterally through the soil and it occurs most commonly on slopes.

Groundwater flows beneath the surface beyond the soil-moisture root zone. Excess surface
water moves through soil and rock until it reaches the water table. The water table is the
upper limit of groundwater and is the contact point between saturated and aerated rocks and
soils. Groundwater flows from areas with a higher water table to areas where the water table
is lower. There is often a distinction between shallow groundwater flowing through glacial
sands and gravels and deep groundwater flowing through underlying bedrock. An aquifer is a
permeable layer of rock, which can both store and transmit large amounts of groundwater.

Eight per cent of water travels from the land to oceans via surface flow. Ninety-five percent
of this surface flow returns to the ocean as overland flow and stream flow. Only 5% returns to
the ocean by means of slow-moving groundwater. These percentages indicate that the small
amounts of water in rivers and streams are very dynamic, whereas the large quantities of sub-
surface groundwater are sluggish.

Runoff is the surface flow of water to areas of lower elevation. On the micro scale, runoff
can be seen as a series of related events. At the global scale runoff flows from the landmasses
to the oceans. The Earth’s continents experience runoff because of the imbalance between
precipitation and evaporation.

2.5 INFILTRATION

Infiltration is the movement of water from precipitation into the soil layer. Infiltration varies
both spatially and temporally due to a number of environmental factors. After a rain, infiltration
can create a condition where the soil is completely full of water. This condition is, however,
only short-lived as a portion of this water quickly drains (gravitational water) via the force
exerted on the water by gravity. The portion that remains is called the field capacity. In the
soil, field capacity represents a film of water coating all individual soil particles to a thickness
of 0.06 mm. The soil water from 0.0002 to 0.06 mm (known as capillary water) can be removed
from the soil through the processes of evaporation and transpiration. Both of these processes
operate at the surface. Capillary action moves water from one area in the soil to replace losses
in another area (biggest losses tend to be at the surface because of plant consumption and
evaporation). This movement of water by capillary action generally creates a homogeneous
concentration of water throughout the soil profile. Losses of water stop when the film of
water around soil particles reaches 0.0002 mm. Water held from the surface of the soil particles
to 0.0002 mm is essentially immobile and can only be completely removed with high
temperatures (greater than 100 degrees Celsius). Within the soil system, several different forces
influence the storage of water.

2.6 GROUNDWATER

Groundwater is all the water that has penetrated the earth’s surface and is found in one of two
soil layers. The one nearest the surface is the “zone of aeration”, where gaps between soils are
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filled with both air and water. Below this layer is the “zone of saturation”, where the gaps are
filled withwater (Fig. 2.3). The water table is the boundary between these two layers. As the
amount of groundwater increases or decreases, the water table rises or falls accordingly. When
the entire area below the ground is saturated, flooding occurs because all subsequent
precipitation is forced to remain on the surface.

Through flow is the horizontal subsurface movement of water on continents. Rates of
through flow vary with soil type, slope gradient, and the concentration of water in the soil.
Groundwater is the zone in the ground that is permanently saturated with water. The top of
groundwater is known as the water table. Groundwater also flows because of gravity to surface
basins of water (oceans) located at lower elevations.

«4—Surface Layer
<«4—Zone of Aeration
<4— Water Table

<«4——Zone of Saturation

Fig. 2.3 Groundwater zones.

The amount of water that can be held in the soil is called “porosity”. The rate at which
water flows through the soil is its “permeability”. Different surfaces hold different amounts of
water and absorb water at different rates. Surface permeability is extremely important for
hydrologists to monitor because as a surface becomes less permeable, an increasing amount of
water remains on the surface, creating a greater potential for flooding. Flooding is very common
during winter and early spring because the frozen ground has no permeability, causing most
rainwater and melt water to become runoff.

Impermeable Rock

Fig. 2.4 Groundwater flow.

Water that infiltrates the soil flows downward until it encounters impermeable rock (shown
in grey), and then travels laterally (Fig. 2.4). The locations where water moves laterally are
called aquifers. Groundwater returns to the surface through these aquifers (arrows), which
empty into lakes, rivers, and the oceans. Under special circumstances, groundwater can even
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flow upward in artesian wells. The flow of groundwater is much slower than runoff, with

speeds usually measured in centimeters per day, meters per year, or even centimeters per year.
Comparison of Advantages of Surface versus Subsurface Water Reservoirs:

The comparison of advantages between surface and subsurface storage are given
in the following Table (USDI 1985).

Table (USDI 1985)

Subsurface Reservoirs

Surface Reservoirs

Many large capacity sites are available

Few sites available

Slight to no evaporation loss

High evaporation loss even in humid climate

Require little land area

Require large land area

Slight to no danger of catastrophic
structural failure

Ever present danger of catastrophic failure

Uniform water temperature

Fluctuating water temperature

High biological purity

Easily contaminated

Reservoir serves as conveyance system

Water must be conveyed

Water must be pumped

Water may be available by gravity flow

Water may be mineralized

Water generally of relatively low mineral content

Difficult and costly to investigate,
evaluate and manage

Relatively easy to investigate, evaluate and
manage

Recharge opportunity usually dependent
on surplus surface flows

Dependent on annual precipitation

Recharge water may require
expensive treatment

No treatment required

Continuous expensive treatment of
recharge areas or wells

Little treatment required

Minor flood control value

Maximum flood control value

2.7 EVAPO-TRANSPIRATION

Evaporation and transpiration are the two processes that move water from the Earth’s surface
to its atmosphere. Evaporation is movement of free water to the atmosphere as a gas. It requires
large amounts of energy. Transpiration is the movement of water through a plant to the
atmosphere. Scientists use the term evapo-transpiration to describe both processes. In general,
the following four factors control the amount of water entering the atmosphere via these two
processes: energy availability; the humidity gradient away from the evaporating surface; the
wind speed immediately above the surface; and water availability. Agricultural scientists
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sometimes refer to two types of evapo-transpiration: Actual Evapo-transpiration and Potential
Evapo-transpiration. The growth of crops is a function of water supply. If crops experience
drought, yields are reduced, irrigation can supply crops with supplemental water. By determining
both actual evapo-transpiration and potential evapo-transpiration a farmer can calculate the
irrigation water needs of their crops.

The distribution of precipitation falling on the ground surface can be modified by the
presence of vegetation. Vegetation in general, changes this distribution because of the fact that
it intercepts some the falling rain. How much is intercepted is a function of the branching
structure and leaf density of the vegetation. Some of the water that is intercepted never makes
it to the ground surface. Instead, it evaporates from the vegetation surface directly back to the
atmosphere. A portion of the intercepted water can travel from the leaves to the branches and
then flow down to the ground via the plant’s stem. This phenomenon is called stem flow.
Another portion of the precipitation may flow along the edge of the plant canopy to cause
canopy drip. Both of the processes described above can increase the concentration of the
water added to the soil at the base of the stem and around the edge of the plant’s canopy. Rain
that falls through the vegetation, without being intercepted, is called through fall.

2.8 RECHARGE

Recharge is the process that allows water to replenish an aquifer. This process occurs naturally
when rainfall filters down through the soil or rock into an aquifer. Artificial recharge is achieved
through the pumping (called injection) of water into wells or by spreading water over the
surface where it can seep into the ground. The land area where recharge occurs is called the
recharge area or recharge zone.

When the withdrawal of groundwater in an aquifer exceeds the recharge rate over a period
of time, the aquifer is over withdrawal. There are two possible effects from the over withdrawal
of water from an aquifer.

First, when the amount of fresh water being pumped out of an aquifer in a coastal area
cannot be replaced as fast as it is being withdrawn, salt water migrates towards the point of
withdrawal. This movement of salt water into zones previously occupied by fresh water is
called salt-water intrusion. Salt-water intrusion can also occur in inland areas where briny
water underlies fresh water.

Secondly, in some areas over withdrawal can make the ground sink because groundwater
pressure helps to support the weight of the land. This is called subsidence. Sinkholes are an
example of this effect.
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GROUNDWATER
OCCURRENCE

3.1 INTRODUCTION

All that water occurs below the surface of the earth is termed as sub-surface water,
undergroundwater or simply groundwater. The role of groundwater in sustaining the race of
the man on this planet has of late acquired such an importance that presently all big and small
countries are giving top priorities to short and long-term schemes, envisaging exploration and
exploitation of groundwater reserves in their perspective regions. Groundwater is one portion
of the earth’s water. Various forms of water always move in natural circulation system, known
as the hydrologic cycle.

Seawater because of sun’s heat evaporates to the atmosphere, and by the wind it’s blown
to the above of land. In a high elevation place, these vapors will be compacted and when its
saturation point is exceeded, it falls again to the earth as rainwater. Most part of rainwater
flows at surface as surface water, such as rivers, lakes, or swamps. A small portion of rainwater
infiltrates into soil and percolates to reach saturated zone and joins groundwater. Part of water,
which infiltrates near surface, will evaporate again through plants (evapotranspiration). Direct
evaporation lasts on opened water body, whilst surface run-off will eventually gather back to
the sea, and hydrological process as mentioned above, will last over and over again.

Hydrogeology may be defined as the science of the occurrence, distribution and movement
of water below the surface of the earth, with emphasis on geology.

3.2 GROUNDWATER OCCURRENCE

Groundwater is part of water below surface (sub-surface water), in zone of saturation (Figs.
3.1 and 3.2). Vertical distribution of sub-surface water may be divided into zone of aeration
and saturated zone. Zone of aeration comprises of interstices, which are partly occupied with
water, and air, while all interstices in saturated zone is filled only with water. Water fills in
zone of aeration is called as vadose water. Vadose water, which occurs near surface and available
for roots of vegetation, is defined as solumn water. It is also called zone of non-saturation and
starts from the surface extending to different depths. In this zone, the open spaces between
the soil particles and rock spaces never get completely filled with water. Groundwater in this
zone is under a perpetual downward movement mainly under the influence of gravity. Water
in this zone is under no hydrostatic head. Within this zone, a thin belt of soil — water is
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sometimes also distinguished which comprises uppermost thickness of the ground in which
some water is held-up while percolating downwards by the root zone of vegetable cover and
some chemicals. This water is then easily lost to the atmosphere through transpiration.

ground surface

soil water zone

_|

Intermediate
vadose
zone

lll io?‘l?’
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Ciﬂﬁ'sry Water table J_ '. ". .|

. Groundwater in saturated zone

Fig. 3.1 Distribution of subsurface water. Fig. 3.2 Water in saturation zone.

am

Groundwater or

zone of
aturatio

phreatic water

E

impermeable rock

The Capillary water is the water occupies capillary zone and is observed at the boundary
between the zone of saturation and zone of aeration. Capillary fringe is characteristic of fine-
grained sediments in which the water may rise much above the main water level of the zone of
saturation. Groundwater occurs in saturated zone filled in all rock interstices or fissures
(Fig. 3.2). In many cases a significant rise and fall in the level of this zone is observed as a
characteristic feature during different part of the year. Since in this zone all the openings are
completely filled with water, there is no or very little downward movement. The predominant
movement is a type of flow and is controlled by the head of the water.

A third zone of intermittent saturation is then easily recognized which marks the depths
between the zone of aeration and zone of saturation.

3.3 SOURCE OF GROUNDWATER

Almost all groundwater can be thought of as a part of the hydrologic cycle and is derived from
one of the following sources:

Meteoric Water: (or the water derived from precipitation). Although great part of the rain
water reaches the sea through surface flows or run-off, a considerable part of water falling on
the surface in the form of precipitation infiltrates or percolates downwards, below the surface
and forms the groundwater. Most of the water obtained from underground supplies belong to
this category. The infiltration of rain water and melted water starts immediately after the
water reaches the ground, and may also take place from surface water bodies such as rivers,
lakes and sea, in an almost continuous process.

Connate Water: Water that has been out of contact with the atmosphere for at least an
appreciable part of a geological period is termed as connate water. It consists of fossil interstitial
water that has migrated from its original burial location. This water may have been derived
from oceanic or fresh water sources and, may be, is highly mineralized. Many important
sedimentary rocks, like limestone, sandstone are deposited and consolidated under water.



Groundwater Occurrence

Although compaction might squeeze out most of the water initially present in the pores between
grains, yet some water might still be retained in the inter-granular spaces of such rocks. It is
however, of not much importance in yielding supplies for human consumption.

Juvenile Water: 1t is also called magmatic water. This water is derived from magma; where the
separation is deep, the term plutonic water is applied, while volcanic water is derived from
relatively shallow depth (3 km to 5 km). New water of magmatic or cosmic origin that has not
previously been a part of the hydrosphere is referred to as juvenile water.

3.4 FACTORS CONTROLLING GROUNDWATER

Rainfall: The amount of rainfall in any area plays an important role in determining the
groundwater. It is estimated that about 5 cm rainfall in one hour facilitates more run-off and
results in less filtration. Contrarily, a rainfall of about 5 cm in 24 hours creates fewer run-offs
and more filtration. However, much depends on other factors such as topography, vedetation,
evapotranspiration and water bearing properties of rocks and soils and their nature.

Topography: this effects run-off and filtration. Steep slope of ground activates more run-off
water and less filtration. In another situation, a gentle slope region facilitates more or less
equal run-off and filtration. In horizontal ground, the run-off will be minimal and consequently
filtration increases, adding more filtrated water to the subsurface water.

Vegetation cover: Vegetation intercepts much of the rainfall and has an effect on the recharge
of groundwater. If vegetation is very less or absent, this results in more run-offs and less
filtration. However, when thick vegetation cover is covered with grassland, filtration is more
in the grassland than in the thick cover forest. Thick cover vegetation also intercepts much of
the rainfall and reduces the recharge.

Evapotranspiration: Evaporation is caused by the action of solar radiation and wind, which
evaporates water molecules from such surface bodies as rivers, lakes, reservoirs etc. This process
may also be affected to a depth of 1 to 2 meters below the soil zone. All plants transpire water
through their green leaves and take less water from the shallow water bearing formations. The
rate of transpiration depends on the atmospheric temperature and velocity of wind. The
combined process of evaporation and transpiration is commonly referred to as
Evapotranspiration.

Water bearing properties of rocks and soils: Water bearing properties such as porosity,
permeability, fissures, jointing, types of rocks etc play an important role in groundwater
formation. Highly porous and permeable rock or soil facilitates more recharge. Water bearing
properties play an important role in the circulation of groundwater.

3.5 WATER BEARING PROPERTIES OF SOILS AND ROCKS
Porosity: Porosity, a water bearing property, is the percentage ratio of volume and voids to the

total volume of rock or soil. It can be expressed as: n= v" x 100, where n is porosity, V_ is

volume of voids and V is total volume.
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During natural formation of rock pores, voids and interstices develop. Such originally
developed porosity is known as original porosity or primary porosity. Sedimentation and
crystallization of igneous rocks and the flocculation process in clay are responsible for the
formation of primary porosity. Secondary porosity is developed due to weathering and fracturing
of rocks, metamorphism, chemical reaction, biological processes such as animal and insect
burrowing, penetration of root system into the soil or rock layers etc. Grain size, shape,
roundness and angularity influence porosity. Uniform grain size provides considerable pore
space whereas poorly sorted grains restrict void space. This results in more porosity in well-
sorted grains less in poorly sorted grains. Cemented grains with mineral matter provide very
little pore space and consequently reduce porosity. Fractured and jointed blocks provide large
spaces for storage of groundwater. Open solution cavities also provide pore space.

However, porosity depends on the arrangement, shape and size of the grains. The average
porosities for some common soils and rocks are listed in Table 3.1.

Table 3.1 Average porosities of some common rocks and soils

Rock / Soil Average Porosity (%)
Soils 50 - 60
Clay 45 - 55
Silt 40 - 50
Mixture of sand 35-40
Uniform sand 30-40
Gravel 30-35
Cavernous limestone 25-35
Sandstone 10-20
Vesicular basalt 5-10
Shale 1-10
Limestone 1-10
Crystalline massive granite, Gabbros, Gneisses, etc 1-3

In other words, porosity is the capacity of the substance to store subsurface water. Storage
of groundwater depends on the porosity of the rocks or soils. All the water stored in the
subsurface layers cannot be recovered from wells. Large amounts of water are always retained
in the rock due to the peculiar capillary action forming a film around thee particles. The
volume of water available for draining out from the rocks is known as specific yield.

The volume of water retained in the rocks and not available for draining out is termed Specific
retention. Hence, the effective porosity = specific yield + specific retention. These parameters of
rocks or soils are determined with pumping and recovery tests from wells in the area.
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Permeability and Transmissibility: Permeability is defined as the capacity to transmit water
and other fluids through a unit section in a unit time under a hydraulic gradient. It is also
called the hydraulic conductivity. In other words, it is the velocity of percolation. For practical
work in groundwater hydrology, where water is the prevailing fluid, hydraulic conductivity
= k is employed. The rate of hydraulic conductivity depends on the degree and nature of
arrangement of grains from coarse to fine. For example, well-sorted materials of larger grain
size have a high hydraulic conductivity and permit the flow of large quantities of water or
other fluids.

A medium has a unit hydraulic conductivity if it transmits in unit time a unit volume of
groundwater at the prevailing kinematic viscosity through a cross-section of unit area measured
at right angles of direction of flow under a unit hydraulic gradient (dh/dl).

k = —v/(dh/dl) = (m/day)/(m/m) = m/day.

Where v = velocity of specific discharge (the negative sign indicates that the flow of water
is in the direction of decreasing head).

Hydraulic conductivity of geologic materials depends on a variety of physical factors
including porosity, particle size and distribution, shape of particles, arrangement of particles,
and other factors. A rock formation has hydraulic conductivity k and saturated thickness b,
then it has transmissibility coefficient, T = K x b = (m/day) x (m)= m?/day

Transmissibility may be defined as the rate at which water of prevailing kinematic viscosity
is transmitted through a unit width of aquifer under a unit hydraulic gradient.

The higher value of T is meant that lithology of rock is an aquifer with high potential
groundwater.

The representative values of physical parameters associated with various types of aquifer
materials are shown in Table 3.2.

Table 3.2 Representative values of physical parameters associated with
various types of aquifer materials.

Porosity Specific Hydraulic
Material (%) Yield (%) Conductivity
(m/day)
Coarse Gravel 28" 23 150
Medium Gravel 32" 24 270"
Fine Gravel 347 25 450"
Coarse Sand 39 27 45"
Medium Sand 39 28 12
Fine Sand 43 23 25

Contd.
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Porosity Specific Hydraulic

Material (%) Yield (%) Conductivity
(m/day)

Silt 46 8 0.08"
Clay 42 3 0.0002"
Fine-grained sandstone 33 21 0.2v
Medium-grained sandstone 37 27 3.1v
Limestone 30 14 0.94v
Dolomite 26 0.001¥
Dune sand 45 38 20
Loess 49 18 0.08Y
Peat 92 44 5.7
Schist 38 26 0.2v
Shale 6
Slate 0.00008Y
Till (predominantly silt) 34 6
Till (predominantly sand) 31 16 0.49"
Till (predominantly gravel) 16 30"
Tuff 41 21 0.2v
Basalt 17 0.01v
Weathered gabbro 43 0.2v
Weathered granite 45 1.4v

v - indicates vertical measurement of hydraulic conductivity,
h - indicates vertical measurement of hydraulic conductivity,
r - indicates measurement on a repacked sample

Water bearing properties such as porosity, specific retention and hydraulic conductivity
play important roles in the movement of subsurface water. Depending on their water bearing
properties, rock materials are classified as aquifers or water bearing and yielding formations.

3.6 TYPES OF AQUIFERS

Aquifer is a formation that contains sufficient saturated permeable material to yield significant
quantities of water to wells or springs. This implies an ability to store and transmit water.
Unconsolidated sands and gravels are a typical example. Synonyms frequently employed include:
water bearing formation and groundwater reservoir.
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Most aquifers are of large areal extent and may be visualized as underground storage
reservoirs. Water enters a reservoir from natural or artificial recharge. There are various types
of aquifers:

Unconfined aquifer: is a water-bearing layer where its water table is upper boundary of
aquifer itself. Groundwater in this aquifer type is called as unconfined of free groundwater,
since water pressure is equal to air pressure (Fig. 3.3). In unconfined aquifer, a water table
varies in undulating form and in slope, depending on areas of recharge and discharge.

ground surface
recharge

area

ground ) )
surface ~ Piezometric perched water table

surface .
watertable ;egian < — l

table impermeable strata
unconfined
aquifer

~_ -

confining

confined stratum water table

impermeable aquifer

strata

Unconfined Aquifer

Fig. 3.3 Types of aquifers. Fig. 3.4 Perched aquifers.

Confined aquifer: is water-bearing layer, where groundwater is confined under impermeable
strata, both at its upper and basement. Water level lies higher than the upper part of aquifer
(Fig. 3.3). Water level, in this case is called as piezometric, may be at above or below surface. If
piezometric head lies above surface, then a well, which taps this type of aquifer flowing freely
from groundwater to the surface. Groundwater in such condition is termed as artois or artesian.
Based on its confining layer, confined aquifer may be distinguished to semi-confined aquifer or
fully confined.

Perched aquifer: a special case occurs wherever a groundwater body is separated from the
main groundwater by a relatively impermeable stratum of small extent, and lying above the
main groundwater table (Fig. 3.4).

Leaky aquifer: Aquifers that are completely confined or unconfined occur less frequently
than do leaky aquifers occur. These are common feature in alluvial valleys, plains, or
former lake basins where a permeable stratum is overlain or underlain by a semi-pervious
aquitard, or semi-confining layer. Pumping from a well in a leaky aquifer removes water
in two ways: by horizontal flow within the aquifer and by vertical flow through the
aquitard into the aquifer.

Agquiclude: a saturated but relatively impermeable material that does not yield appreciable
quantities of water to wells. Clay is an example.

Aquifuge: a relatively impermeable formation neither containing nor transmitting water; solid
granite belongs to this category.

Aquitard: a saturated but poorly permeable stratum that impedes groundwater movement
and does not yield water freely to wells, but that may transmit appreciable water to or from
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adjacent aquifers and, where sufficiently thick, may constitute an important groundwater
storage zone; sandy clay is an example.

3.7 AQUIFER’S LITHOLOGY

Many types of formations serve as aquifers. A key requirement is their ability to store water in
the rock/alluvium pores. Porosity may be derived from inter-granular spaces or from fractures.
The role of various geological formations as aquifers is briefly described below.

Alluvial deposits: The deposits, which are derived as a result of erosion process from older
rocks. These deposits comprise of unconsolidated materials, such as sand and gravel (Figs. 3.5
and 3.6). Groundwater occupied rock interstices, and distributed over flat or plain areas.
Probably 90 percent of all developed aquifers consist of unconsolidated rocks. The aquifers
are recharged chiefly in areas accessible to downward percolation of water from precipitation
and from seasonal streams.
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Fig. 3.5 Pores between grains. Fig. 3.6 Colluvium - boulders and cobbles
A very unusual stack of very large rounded mixed with sand and mud in a
boulders left by Pleistocene glaciers. debris flow deposit. Very porous sediment
The lack of sediment or cement that can transmit a lot of groundwater,
between grains allows groundwater but the mud and sand fill the pores
to pass through the pores more easily. and make the rate of water flow, slow.

Young volcanic deposits: are deposits of volcanic product, consist of unconsolidated and
consolidated materials. Groundwater fills in either interstices of unconsolidated materials or
fissures of consolidated rocks. These deposits are distributed adjacent to volcano areas.

Limestomne: is originally marine deposit with carbonate contents, which due to geologic process
is being uplifted to the surface. Here, groundwater occurred in fissures, cavities and solution
channels (Figs. 3.7, 3.8 and 3.9). This rock crops out in areas where formerly, there was sea.
Owing to geologic, physical and chemical processes, in several areas it formed a particular
morphology, known as karst. Limestone varies widely in density, porosity, and permeability,
depending on degree of consolidation and development of permeable zones after deposition.
Openings in limestone may range from microscopic original pores to large solution caverns
forming subterranean channels sufficiently large to carry the entire flow of a stream.
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Sandstone: sandstone and conglomerate are cemented forms of sand and gravel. These
sedimentary rocks show great variation in their water yielding capacity, which is chiefly
controlled by their texture and nature of cementing materials. Coarse-grained sandstone with
imperfect cement may prove as excellent aquifers (fig. 3.10).
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Fig. 3.7 Groundwater occurrence in Fig. 3.8 Spring discharging groundwater
limestone aquifer. directly into stream, a common occurrence
in limestone terrain.

Fig. 3.9 Solution by acidic water flowing Fig. 3.10 Cement between grains decreases
along cracks and bedding planes enhances the permeability of sedimentary rocks,
the permeability of limestone beds. compared to non-cemented sediments.

Igneous rocks: igneous rocks are either intrusive or extrusive in nature. The intrusive igneous
rocks are dense in texture with all the component minerals very closely knitted so that very
little interstices are left. These would be barren of groundwater under normal conditions, but
sometimes fissures and cracks capable of holding some reserves traverse them. The extrusive
rocks exhibit great variation in their water bearing properties. The composition of rocks and
their mode of formation from lava as well as the nature of the original topography are factors,
which generally define the water bearing capacity of these rocks (Figs. 3.11 and 3.12).

Metamorphic rocks: metamorphic rocks behave as poor sources and sites for wells unless
joints and other cracks traverse these on a large scale. Metamorphic rocks like schist; shale and
gneisses, which are often foliated and highly fractured, may prove exceptionally good aquifers.
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But marble and quartzite are normally almost impermeable except along original bedding if the
same is not completely destroyed during metamorphism.

Fig. 3.11 Columnar joints (vertical) and lava Fig. 3.12 Cracks, both horizontal and vertical,
tubes form in many basalt flows and make are common in massive igneous and metamorphic
these geologic formations very permeable. rocks. Areas with many of these fractures

can pass a great deal of groundwater.

3.8 GROUNDWATER FLOW

Factors which influence the movement of water below surface are, energy difference in level
of groundwater itself, permeability of aquifer and, viscosity of groundwater.

Groundwater needs energy to move through interstices. The source of movement is a
potential energy. The potential energy of groundwater is reflected by phreatic/piezometric
head at given place. Groundwater flowing from higher potential energy points towards lower
potential energy points; there are no groundwater flows between points, which have same
potential energy. Imaginary line connecting points, which have same potential energy, is known
as groundwater contour line or isohypse line. There is no groundwater flows along the contour
line since groundwater flows is perpendicular to contour line (Fig. 3.13).
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Fig. 3.13 Groundwater flow net. Fig. 3.14 A thermal spring system.

Groundwater flow generally moves from recharge to discharge area and might appear to
the surface due to various factors.
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3.9 GROUNDWATER APPEARING ON SURFACE

Groundwater may appear naturally to the surface as a spring or because of man activity
through wells.

Spring: A spring is a concentrated discharge of groundwater appearing at the ground surface
as a current of flowing water. Referring to its cause of appearing, springs may be divided into
two categories (Todd, 1980), which are: (i) those resulting from non-gravitational forces, and
(i1) those resulting from gravitational forces.

Under the former category are included springs, resulting from fractures extending to
great depths in the earth’s crust. Such springs are usually thermal (Fig. 3.14).

Gravity springs result from water flowing under hydrostatic pressure. The following general
types are recognized as shown in Figure 3.15.
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Fig. 3.15 Types of gravity spring. Fig. 3.16 Examples of well formations.

Depression springs formed where ground surface intersects the water table. Contact springs
created by a permeable water-bearing formation overlying a less permeable formation that
intersects the ground surface. Artesian spring resulting from releases of water under pressure
from confined aquifers either at an outcrop of the aquifer or through an opening in the confining
bed. Tubular or fracture springs issuing from rounded channels, such as lava tubes or solution
channels or fractures in impermeable rock connecting with groundwater.

Wells: Groundwater appearing to the surface resulting from human activity may be conducted
with fully penetrated or partially penetrated to the aquifer’s thickness. Construction of well
depends on aquifer’s properties and quality of groundwater. Therefore, there are various types
of well formation (Fig. 3.16).

Shallow wells are generally less than 15m in depth and are created by digging, boring,
driving, or jetting.

Dug wells: From ancient times, dug wells have furnished countless water supplies throughout
the world. Depths range up to 20 m or more, depending on the position of the water table. Dug
wells can yield relatively large quantities of water from shallow sources of unconsolidated
glacial and alluvial deposits. In the past all dug wells were excavated by hand, and even today
the same method is widely employed. A modern dug well is permanently lined with a casing of
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wood staves, bricks, rock, concrete or metal. A properly constructed dug well penetrating a
permeable aquifer can yield 2500 to 7500 m?®/day, although most domestic dug wells yield less
than 500 m®/day.

Bored wells: Where a water table exists at a shallow depth in an unconsolidated aquifer, bored
wells can furnish small quantities of water at minimum cost. Bored wells are constructed with
hand operated or power driven earth augers. Hand bored wells seldom exceed 20 cm in diameter
and 15 m in depth. Power driven augers will bore holes up to 1m in diameter and, under
favourable conditions, to depths exceeding 30 m.

Driven wells: A driven well consists of a series of connected lengths of pipe driven by repeated
impacts into the ground to below the water table. Water enters the well through a drive point
at the lower end of the well. This consists of a screened cylindrical section protected during
driving by a steel cone at the bottom. Diameters of driven wells are small, most falling in the
range of 10-15cms. Most depths of the wells are less than 15 m although a few exceed 20 m. As
suction type pumps extract water from driven wells, the water table must be near the ground
surface if a continuous water supply is to be obtained. Yields from driven wells are small, with
discharges of about 100 - 250 m3/day.

Jetted wells: Jetted wells are constructed by the cutting action of a downward direction stream
of water. Small diameter holes of 3 to 10 cm are formed in this manner to depths greater than
15 m. Jetted wells have only small yields and are best adapted to unconsolidated formations.

Horizontal wells: Subsurface conditions often preclude groundwater development by normal
vertical wells. Such conditions may involve aquifers that are thin, poorly permeable, or underlain
by saline water. In other circumstances, where groundwater is to be derived primarily from
infiltration of stream flow, a horizontal well system may be advantageous. Infiltration galleries
and collector wells are under the category of horizontal well. An infiltration gallery is a horizontal
conduit for intercepting and collecting groundwater by gravity flow. Galleries normally
constructed at the water table elevation, discharge into a sump where a pump lifts the water to
ground surface for use. Collector wells are normally constructed to draw water for cities and
industries located near rivers. Groundwater pumped from collector wells tapping permeable
alluvial aquifers has often proved to be a successful solution. If located adjacent to a surface
water source, a collector well lowers the water table and thereby induces infiltration of surface
water through the bed of the water body to the well. In this manner, greater supplies of water
can be obtained than would be available from groundwater alone. The large area of exposed
perforations in a collector well causes low inflow velocities, which minimize incrustation,
clogging, and sand transport. Polluted river water is filtered by its passage through the
unconsolidated aquifer to the well. Yields vary with local conditions; the average yield for a
large number of such wells approximate 27,000 m*/day. Collector wells can also function in
permeable aquifers removed from surfacewater. Several such installations gave an average
yield of about 15,000 m*/day.

In order to know about the discharge of well, pumping test should be conducted. Its principles
are to pump out groundwater from a well with a certain constant discharge and observe
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drawdown of groundwater level during pumping (Fig. 3.17). From the result of observation
specific capacity of well are known — a volume of water which is resulted, in a unit volume if
water level in well is declining in a unit length (for example liter/second per meter drawdown).
Apart from that, pumping test may calculate aquifer’s parameters such as hydraulic conductivity
value. Groundwater drawdown in a single well is different with drawdown of multiple wells.
Drawdown in multiple wells will influence between each other, depends on wells’ distance
(Fig. 3.18).

Q composite drawdown (s)

1\ disch curve for all three
Ischarge wells pumping Q1 Q2 Q3

original plezometric 'T\ lT\ IP

drawdown
curve

S = drawdown

confined aquifer confined aquifer

Fig. 3.17 Effect of pumping test. Fig. 3.18 Drawdown effect on multiple wells pumping.

In an area where many wells tap the groundwater from the same aquifer, pumping will
form a cone of depression. If it happens in a coastal area, seawater encroachment may occur —
brackish or saline water flows to the land. Meanwhile, if this condition lasted in a confined
aquifer with clay layer as its confining bed, a land subsidence potentially occurs.

3.10 GROUNDWATER EXPLORATION

Groundwater is one of the earth’s most widely distributed replenishable resources. Groundwater
caters to the requirements of the agricultural, domestic and industrial sectors. The total
groundwater on the earth is 35 times greater than the surface water. Subsurface water is
available in appreciable quantities over surface water, but sometimes we are not able to tap this
groundwater resource. The reason is non-uniform distribution of groundwater resources. The
movement and availability of water is mainly controlled by aquifer parameters. The composition
and lithological variation of the earth differ in subsurface layers depending on various factors.

The main objective of groundwater exploration is to locate aquifers capable of yielding
water in sufficient quantity of suitable quality for domestic, industrial and agricultural purpose.
To estimate various parameters of groundwater resources for long term, following scheme of
investigations are normally undertaken:

Remote sensing studies: Satellite-based data provide quick and useful baseline information on
the factors controlling the occurrence and movement of groundwater. A systematic study and
interpretation of satellite imageries lead to better delineation of perspective groundwater zones
in a region. Such perspective zones identified from the satellite imageries are followed upon
the ground through detailed hydrogeological and geophysical investigations before actual drilling
is carried out for exact assessment about potential site. The usefulness of satellites data in
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identifying linear features, such as lineaments representing fractures, faults, shear zones, which
are usually the zones of localization of groundwater and certain geomorphic features such as
alluvial fans, valley fills, palaeco-channels etc. often form good aquifers as well established
perspective groundwater zones in a region.

Topographical survey: In this survey, surface map is prepared and grid lines are laid on the
ground and reduced levels are determined for each of the grid points.

Hydrogeological studies: In this survey, response of rainfall pattern is studied on water level
fluctuation and total quantity added annually by rainfall in the upper unconfined aquifer is
computed. The Central Groundwater Board, Ministry of Water Resources has published a
hydrogeological map of India. This map illustrates the overall hydrogeological parameters of
the region. The occurrence and abundances of groundwater in a given terrain mainly depends
on the water holding capacity of the lithological types and their associated structural features,
which enable the rocks to allow the surface water to percolate and accumulate in the subsurface
horizons. The distribution of groundwater directly depends on the nature of vertical and
lateral extent of rock types, their interconnected structural elements and the weathered profile
capable of yielding percolation of surface and subsurface water. In hydrogeological investigation
well inventory plays a vital role. Well inventory studies provide information on groundwater
conditions of an area than do other hydrogeological aspects. A well inventory study includes
the dimensions of existing wells, soil type, lithology, structural features, water level fluctuations,
depth of wells, length of water column, mode of extraction of water, quality of water etc. A
hydrogeological map of given area is to be prepared on the basis of such hydrogeological factors
as surface water bodies, their distribution and extent, available well inventory details and
water table contours. Aquifers are to be delineated with reference to the water table, lithological
contacts, extent and attitudes of structural features etc., recharge and discharge basins of
groundwater. These studies are carried out in order to ascertain the success of water supply
project dependent upon the aquifers traced by geological and geophysical investigations. The
study involves an evaluation of:

(i) Quantity of water that the aquifer in question receives from different sources in given
periods.

(i1) The porosity, thickness and width of aquifer.

(iii) The permeability parameters of the aquifer which are necessary for defining the rate
of flow of water through the ground, and the quantity of water lost from the aquifer to
other formations through seepage, springs and by evaporation and transpiration.

(iv) The scope for recharge or replenishing the aquifers through natural and artificial
methods and economics involved in the same.

Geophysical survey: Geophysical investigations play an important role in hydrogeological
studies. These are most successful when used in combination with geological methods.
Geophysical investigations are usually carried out after studying the geology and hydrogeology
of an area. They are employed to understand the nature of the subsurface, lithology, thickness
and depth of the water bearing horizons. Electrical, magnetic, induced polarization, seismic
magnetic and gravity methods are the most important geophysical methods used in exploration.
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These methods make use of the physical properties of electrical conductivity, magnetic
susceptibility, elasticity and density. These physical properties differ depending on the rock
type, structure, and degree of water saturation, physical, chemical and mineralogical changes.
Electrical methods are extensively used for the exploration of subsurface water.

Geoelectric monitors are deployed to evaluate electrical properties of the aquifer system
leading to determination of saturated thickness in subsurface. In this method, electrodes are
inserted in the ground and connected in a circuit to a source of electrical energy. Under such
circumstances, current flows from one electrode, passes through the ground and leaves through
the other electrodes. The depth to which the current penetrates depends upon the distance
between the two outer electrodes. Thus, it makes penetration to great depths possible by
increasing the spacing between the electrodes. The variations in the value of resistivity with
depth are plotted. The resistivity curves thus obtained are then interpreted for the presence of
water. For accurate interpretation, however, detailed knowledge of stratification is very
necessary. The range of resistivity generally encountered in various soils and rocks is given in
Table 3.3 hereunder:

Table 3.3 Resistivity range of various formations

Material Tgi;lrsntl‘r/rlvtj/
Sand 500 — 1500
Clays, saturated silt 0 -100
Clayey sand 200 — 500
Gravel 1500 — 4000
Weathered rock 1500 - 2500
Sound rock >5000

3.11 AQUIFER PERFORMANCE TEST

This test is carried out on existing tube wells or new tube wells along with nearby tube well in
the zone of influence and groundwater hydraulic parameters are determined for estimating
long-term groundwater reserves.

Based on studies mentioned above, total replenishable resources are estimated and water
extraction levels are recommended equivalent to rate of recharge. These reserves are available
for long term, unless consecutive draughts occur for 3 to 5 years. For such eventualities, static
water reserves are estimated and worked out as to how many years, these reserves can sustain
in absence of recharge. If static reserves for 3 to 5 years are available, area is suitable for long
term withdrawal of water (25 to 50 years); provided withdrawal is limited to rate of dynamic
water reserves added by various recharge components annually.

After above comprehensive studies, recommendations are made about yield potential,
qualitative and quantitative aspects and extent of utilization of water.
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WATER LOSSES

4.1 INTRODUCTION

Losses from precipitation in engineering are defined as the quantity which does not yield for
irrigation, domestic, water supply and any other such uses. Thus, for a surface water resource
engineering the difference between precipitation and runoff in a stream is, a loss which can be
taken as the sum of the losses of (i) evaporation, (ii) transpiration, (iii) interception, (iv)
depression storage and (v) infiltration. These losses form a major portion of the hydrological
cycle. Evaporation is a major loss followed by transpiration and infiltration. Infiltration, which
might be a loss to a surface water hydrologist, is a major gain to those dealing with ground
water potential and utilization.

Precipitation — Surface runoff = Total loss (Evaporation + Transpiration +
Interception + Depression Storage + Infiltration)

Before the rainfall reaches the outlet of a basin as runoff, certain demands of the catchment
such as interception, depression storage and infiltration have to be met. If the precipitation not
available for such runoff is defined as losses.

4.2 EVAPORATION

Many areas of the world are arid or semiarid. The problem caused by the loss of water stored
in lakes and reservoirs for irrigation and domestic use by evaporation during summer months
is acute and perennial, and the loss is enormous. Table 4.1 shows the estimation of water
surface area available for water evaporation control by monolayer films. The evaporation loss
of water is of the order of 1.32 x 10'? gallons.

Table 4.1 Estimation of water surface area available for water evaporation

Area of arid, semiarid and long dry spell regions of India 2,00,000 sg. km

Estimated water area in these regions (1% of above) 20,000 sq. km

Estimated water area where film application may be feasible (10% of above) | 2,000 sg. km

Evaporation loss of water over this per year (Estimated depth of 3 meters) 6x10° m?
(1.32 x 102 gallons)
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Evaporation is the process in which a liquid changes to the gaseous state at the free surface,
below the boiling point through the transfer of heat energy. Consider a body of water in pond.
The molecules of water are in constant motion with a wide range of instantaneous velocities.
An addition of heat causes this range and average speed to increase. When some molecules
possess sufficient kinetic energy, they may cross over the water surface. Similarly, the atmosphere
in the immediate neighbourhood of the water surface contains water molecules within the
water vapour in motion and some of them may penetrate the water surface. The net escape of
water molecules from the liquid state to the gaseous state constitutes evaporation. Evaporation
is a cooling process in that the latent heat of vaporization (at about 585 cal/g of evaporated
water) must be provided by the water body. The equivalent molecular weight of air is 28.95
and that of water vapour is 18, i.e., water vapour is 62% lighter than air. This helps water
vapour to rise into the atmosphere to a height where it condenses. Importance of evaporation
and its potential can be gauged from water budget of continents and oceans (Table 4.2).

Table 4.2 Evaporation from continents

Continent Precipitation Evaporation % Loss by Evaporation Runoff
(mm/year) (mm/year) (mm/year) (mm/year)
Africa 690 430 62.3 260
Asia 600 310 51.7 290
Australia 470 420 89.4 50
Europe 640 390 60.9 250
North America 660 320 48.5 340
South America 1630 700 42.9 930
Land area 730 420 57.5 310

Table 4.3 Average values of losses for North and South India for various months of the year

Month Jan | Feb|Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov Dec
Losses for North India | 70 [ 90 [130 |160 | 270 | 240 | 180 | 140 | 140 |130 90 80
(mm)

Losses for South India | 100 (100 (180 |230 | 250 | 180 | 150 | 150 | 150 |130 | 100 100
(mm)

Average annual rainfall in India is about 1120mm, which is equal to 370 million hectare-m
of water. Total runoff by all the rivers of the country is 170million hectare-m. If annual ground
water recharge is 37million hectare-m is also lost to atmosphere and transpiration. Part of the
37million hectare-m is also lost to atmosphere as transpiration. The factors affecting evaporation
are: (i) vapour pressures at the water surface and air above, (ii) air and water temperature,
(ii1) wind speed, (iv) atmospheric pressure, (v) quality of water and (vi) size of water body.



Water Losses

Factors Affecting Evaporation

Vapour pressure: The rate at which molecules leave the water depends on the vapour pressure
of the liquid. Similarly, the rate at which molecules enter the water depends on the water
pressure of the air. The rate of evaporation, therefore, depends on the difference between the
saturation vapour pressure at the water temperature, e, and the actual vapour pressure in the
air, e. Thus E, = C (e - e). Where E, = rate of evaporation (mm/day) and C = a constant;
e, and e, are in mm of mercury. This is known as Dalton’s law of evaporation. Evaporation
continues till e = e,. If e, > e, condensation takes place.

Temperature: The rate of emission of molecules from liquid water is a function of its
temperature. The higher the temperature, the greater the energy of the molecules and the rate
of emission. Regarding air temperature, although there is a general increase in the evaporation
rate with increasing temperature, a high correlation between evaporation rate and air
temperature does not exist. Thus for the same mean monthly temperature, it is possible to
have evaporation to different degrees in a lake in different months.

Wind: Since turbulence varies with speed, there must necessarily be a relation between
evaporation and wind movement. Wind aids in removing the evaporated water vapour from
the zone of evaporation and consequently creates greater scope for evaporation. However, if
the wind velocity is large enough to remove all the evaporated water vapour, any further
increase in wind velocity does not influence the evaporation. Thus the rate of evaporation
increases with the wind speed up to a critical speed beyond which any further increase in the
wind speed has no influence on the evaporation rate. This critical wind speed value is a function
of the size of the water surface. For large water bodies high-speed turbulent winds are needed
to cause maximum rate of evaporation.

Atmospheric pressure: Other factors remaining same, a decrease in barometric pressure, as
in high altitude, increases evaporation. Atmospheric pressure is so closely related to other
factors affecting evaporation that it is practically impossible to study the effect of its variations
under natural conditions. The number of air molecules per unit volume increases, with pressure.
Consequently, with high pressure there is more chance that vapour molecules escaping from
the water surface will collide with air molecules and rebound into the liquid. Hence, evaporation
would be expected to decrease with increasing pressure. The reduction in pressure with increase
in elevation acts to increase evaporation at high elevations. This effect is offset by the general
decrease in temperature with elevation and hence the relation between elevation and evaporation
is not clearly defined. It has been shown also that evaporation at high altitude is greatly
influenced by the orientation of the slope.

Quality of water: The rate of evaporation is less for salt water than for fresh water and
decreases as specific gravity increases. The evaporation rate decreases about 1 percent for
each 1 percent increase in specific gravity until crusting takes place, usually at a specific gravity
of about 1.30. Evaporation from seawater has been estimated to be about 2 to 3 percent, less
than fresh water when other conditions are the same. Turbidity appears to have noticeable
effect on evaporation rate.
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Heat storage in waterbodies: Deep-water bodies have more heat storage than shallow ones.
A deep lake may store radiation energy received in summer and release it in winter causing
less evaporation in summer and more evaporation in winter compared to a shallow lake exposed
to a similar situation. However, the effect of heat storage is essential to change the seasonal
evaporation rates and the annual evaporation rate is seldom affected. Different evaporating
surfaces like soil, barren land, forest area, houses and lakes affect evaporation to the extent
they have the potential. Black cotton soils help to evaporate the soil water faster than red soil
because such soils have the potential to absorb incoming radiation more effectively. Evaporation
from wet soil is faster and it reduces gradually as soil becomes drier.

Measuring Evaporation

It is rather impossible to measure evaporation directly in the field. Evaporation from water
surface is estimated by different methods and its values are correlated to field data. While
estimating evaporation from open storages, it is necessary to know seepage that occurs from
the bed of the reservoir. Not much information about the determination of loss of water from
storages that can be attributed solely to seepage from the bed and slides is available. In India,
attempts have been made to develop seepage meters. A seepage meter (Fig 4.1) developed by
the Irrigation Research Institute, Poondi, Chennai, was installed in the deeper section of Buderi
Tank and seepage loss through its bed measured. The device consist of two cylindrical pan,
1.2294m diameter and 0.43m high with a hole of 38.10mm diameter in the center and short
metal pipes of about 101.60mm in length welded to the holes to project outside from the bottom.
The later pipes serve to connect the pans to each other with the help of a rubber hose. One of
the pans is inverted and rammed into the bed such that at least 228.60mm of its sides penetrate
into the soil, the other pan with its open end facing upwards is supported on a framework
above first pan with its bottom at least 228.60mm below the water surface of the tank. The top
pan is covered by a lid to prevent loss of water due to evaporation, and water is poured into it
to the same level as that in the tank on the outside of it. When the water from the bottom pan
seeps through the bed of the tank, the water level in the top pan gets lowered correspondingly
and thus serves to indicate directly the loss of water due to seepage from the tank bed. It has
been reported that consistent values could not be obtained.

Lid for the pan

Framework 1_
supporting — Top pan 101.6mm¢,
the top pan [*— 0.4572mm high

= 0.4572mm .|
1T metal pipe -

Rubber

Bottom pan 101.6mm

Tank bed and 0.4572mm high

< Open and driven at 7

least 229mm into the
ground

Fig. 4.1 Seepage meter (IRI, Poondi, Chennai).
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At the Irrigation Research Institute, Roorkee, attempts were made to improve the seepage
meter developed by Regional Salinity Laboratory, Soil Conservation Service Riverside,
California, by replacing the plastic bag by a constant head vessel (Fig. 4.2) to measure seepage
in channels. The seepage meter essentially consists of seepage cup, constant head vessel and
swivel head joint. The seepage meter before use was standardized. The value obtained by a
seepage meter is to be multiplied by a coefficient greater than one for less pervious soil and less
than one for more pervious soils.
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Fig. 4.2 Seepage meter (IRIl, Roorkee).

The methods available to estimate evaporation losses from surfaces of large water bodies
are:

1. Evaporation pans

2. Empirical equations

3. Water balance method
4. Energy budget method
5. Mass transfer method

1

. Evaporation Pans: Evaporation measurement using pans is the most reliable and the
best ofall the available methods. An evaporimeter as specified by IS: 5973 - 1970 for Indian
conditions is a pan of 1.22m in diameter and 0.255m deep. It is a modified version of the US
Weather Bureau class A pan since the latter is made of galvanized iron and is not painted white
outside. The Indian Standard pan is made up of 0.90mm thick copper sheet with hexagonal
wire netting of galvanized iron mesh covering it to protect its water from birds. The details of
IS specified pan are given in Fig. 4.3. The pan is placed over a wooden platform of 10cm height
so that circulation of air is possible all around the pan. This also helps to thermally insulate the
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pan completely from ground. Water level in the pan is recorded by a point gauge arrangement
placed inside a stilling basin. Normally, an evaporation pan is placed along with other weather
measuring instruments for recording humidity, temperature, rainfall, wind speed and other
parameters. Measurement is taken at least once a day by adding water to the pan by a calibrated
cylindrical glass jar to bring the water level to the previous position. This gives directly the
evaporation depth over the time lapse. If there is rainfall exceeding the depth of evaporation,
then water is taken out of the pan in the same way by the measuring jar and knowing the
depth of rainfall from the rain gauge the evaporation depth is found out by subtraction.

o

Clamp

/_ arrangement
Thermometer

Stilling well \
\ —]
/—W\re mesh cover
I 3 sul T

0.9 mm copper sheet =

Ll 55 m
Point gauge — ’vll 25mm
Wooden _l:
base T oz A
T 00 mm
|<7 1220 mm 4’|

Fig. 4.3 IS specified evaporation measuring pan.

N

-
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US Weather Bureau Class A Land Pan - It is standard pan of 1210mm diameter and 255mm
depth. The depth of water is maintained between 18cm and 20cm (Fig. 4.4). The pan is normally
made of unpainted galvanized iron sheet. The pan is placed on a wooden platform of 15cm
height above the ground to allow free circulation of air below the pan. Measuring the depth of
water with a hook gauge in a stilling well makes evaporation measurements.

Colorado Sunken Pan - This pan, 920mm square and 460mm deep is made up of unpainted
galvanized iron sheet and buried into the ground within 100mm of the top (Fig. 4.5). The
chief advantage of the sunken pan is that radiation and aerodynamic characteristics are similar
to those of a lake.

Water level
same as GL
Water levelin pan ¢
S T 50 50 N v 6L
= T <4 — AN
255 —
e 4 . 460
GL 23 o 150 l
TR
j— 121008 —— ; l

Wooden P 920 'S |
support (SQ) ¥ 4 |

Fig. 4.4 US Weather Bureau Class A Land Pan. Fig. 4.5 Colorado Sunken Pan.
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US Geological Survey Floating Pan - With a view to simulate the characteristics of a large
body of water, this square pan (900mm side and 450mm depth) supported by drum, floats in
the middle of a raft (4.25m x 4.87m) is set afloat in a lake. The water level in the pan is kept
at the same level as the lake leaving a rim of 75mm. Diagonal baffles provided in the pan to
reduce the surging in the pan due to wave action. Its high cost of installation and maintenance
together with the difficulty involved in performing measurements are its main disadvantages.

Evaporation recorded by a pan differs from that of a lake or reservoir due to: (i) depth of
exposure of pan above ground, (ii) colour of the pan, (iii) height of the rim, (iv) heat storage
and heat transfer capacity with respect to reservoir, (v) pan diameter, (vi) variation in vapour
pressure, wind speed and water temperature. The evaporation recorded by the pan has to be
reducing to that of the lake or reservoir by multiplying a pan coefficient between 0.60 and 0.80.

Lake evaporation = Pan coefficient x Pan evaporation

A relation between pan diameter and ratio of pan evaporation to lake evaporation is given
in Table 4.4.

Table 4.4 Relation between pan diameter and pan coefficient to convert to lake evaporation

Pan diameter (m) 4.0 3.0 2.0 1.5 1.0 0.5 0.1
Ratio of pan evaporation to 1.16 1.18 1.21 1.28 1.33 1.45 1.80
evaporation from lakes of 7.3 km?

Pan coefficient 0.86 0.85 0.83 0.78 0.75 0.70 0.56

Lake evaporation is used as the potential value for computation of crop water requirement
by climatic approach. Evaporation from lake is considered the same as that of a saturated soil
covered with vegetation.

#1 Annual pan evaporation from an observatory is 150 cm. The reservoir water spread
area varies from a maximum of 12.5 sq.km in the beginning of January to a minimum of 4.2
sq.km in May and is back to a level of 12.5 sq. km at the end of December. Calculate loss of
water from the reservoir during the year. Assume pan coefficient as 0.83.

Solution: Mean area of water spread is computed by cone formula as:

1.5 1.7
A =§xE{A1+A2+(A1A2)°'5}+-3—><E{Al+A2+(A1A2)0<5}

m

1 5 1 7 .
A ==x—{125+42+(12.5%x4.2)" } + =x—1{(12.5%4.2)*°
“‘312{ ( )}312{( )}

A =3.326 14.656 =7.982m?

Therefore, annual volume of water lost from the reservoir assuming a pan coefficient of

150
0.83 is calculated as: V| = (7.982 x 10°m?) x [ﬁm) x 0.83 = 9.938 x 10°m3

Total quantity of water lost by evaporation from the reservoir is 9.938Mm®.
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#2. Calculate the daily lake evaporation from the following data from a class — A pan.
Assume pan coefficient as 0.80.

Date 10/8/03 11/8/03 12/8/03 13/8/03 14/8/03
Rainfall (mm) 10 0 19 4 10
Water added (mm) +6 +15 -6 +12 +10

Solution: Daily pan evaporation is the sum of the rainfall and the water added or taken out
from the pan. Calculation is carried out daily in the following table.

Day Water Added / Taken Rainfall | Pan Evaporation Lake Evaporation
Out (mm) (mm) (mm) (mm)
10/8/03 +6 10 16 12.80
11/8/03 +15 0 15 12.00
12/8/03 -6 19 13 10.40
13/8/03 +12 4 16 12.80
14/8/03 +10 10 15 12.00

2. Empirical Equations: A large number of empirical equations are available to estimate lake
evaporation using commonly available meteorological data. Most formulae are based on the
Dalton-type equation and can be expressed in the general form E = K. f(u) (e, - ¢ ). Where E
is lake evaporation in mm/day, e_is saturated vapour pressure at the water — surface temperature
in mm of mercury, e, is actual vapour pressure of overlying air at a specified height in mm of
mercury, f(u) is wind speed correction function and K is coefficient. The term e, is measured
at the same height at which wind speed is measured. Other commonly used empirical evaporation
formulae are as shown in Table 4.5.

Table 4.5 Lake evaporation calculation by empirical equations

Name of Equation Evaporation Rate (mm/day) Terms Used

E= [1 +%}C.(es -e,)

Meyer’s formula U is monthly mean wind speed in km/h

USA, small at 9m aboound. C = 0.36 for large

lake, 1915 deep lakes and 0.50 for shallow lakes.
Rhower’s formula E =0.77 (1.465 — 0.000732 P) x P is the mean barometric reading in mm
USA, 1931 (0.44 + 0.0733 U) (e, —&,) Hg and U the mean wind velocity at

0.6m above ground in km/h.

Penman’s formula
England, Small lake

USBR formula

E=8.9(1+0.15U) (e,-e) U is measured at 2m above ground level.

E is mm/month, t mean annual
temperature in °C.

E =0.833 (4.57 t + 43.3)

Contd...
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Name of Equation Evaporation Rate (mm/day) Terms Used

Lake Mead E =0.046 x t x w x [1-0.03 tis number of days of evaporation, t,

formula (t,-t)]e,—e) average air temperature in °C+1.9 °C, t_

(mm/day) is the average water surface temperature
°C,wis 1.85 U, e, and e_in mb.

Lake Hefner E=0.028U (e, -e) e, and e_in mb.

Fitzgerald E=(10.2+3.14 V) (e,-e)

Shahtin E=(35+0.53U)(e,—¢e) U is measured at 2m above ground.

Mamboub’s eqn.

Kuzmin formula E=(152.4+19.8U) (e,—-e) U is measured at 8m above ground.

(mm/month)

Marciano and E=0918U (e,—e) U is measured at 8m above ground.

Harbeck’s formula

Wind speed at any height h, up to 500 m above ground is calculated using the (1/7)th

17
power law given as U,. = U, %ﬁl , where U, is the wind speed measured at height h.

Among all the above equations, Meyer’s formula is widely used for the computation of lake
evaporation.

#3 A reservoir with average surface spread of 5.0 km? in December has the water surface
temperature of 30°C and relative humidity of 40 % . Wind velocity measured at 2.0m above the
ground at a nearby observatory is 15 km/h. Calculate average evaporation loss from the reservoir
in mm/day and the total depth and volume of evaporation loss for December.

Solution: For water surface temperature of 30°C, the saturation vapour pressure
e, = 31.81 mmHg. (Ref: Table 4.6)

Relative humidity (R,) = 40% = 0.40

To use Meyer’s equation, wind speed is to be converted to a height of 9 m above ground by
(1/7)* power law, U (at 9 m above ground level) = 15x (9/2)"7 = 18.6 km/h.

Saturation water pressure of air e, = e, x R, = 31.81 x 0.40 = 12.724 mmHg.

Using Meyer’s equation, evaporation loss is computed as :

E=¢C [1 +%}(es -e,)= 0.40(1 +%J(31.81 -12.724) =16.51mm/day

Depth of evaporation in December = 31 x 16.51 = 511.81 mm.
Volume of evaporated water from the reservoir for December will be

(320.5 x 5.0 x 10° x 10 =2.559 mm® = 255.9 ha.m.
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Table 4.6 Saturation vapour pressure of water

Temperature Saturation Vapour Pressure e, Slope of Plot between (1) and (2)
“C) (mmHg) (millibar)
(1) (2 (3) (4)
0.0 4.58 6.11 0.30
5.0 6.54 8.72 0.45
7.5 7.78 10.37 0.54
10.0 9.21 12.28 0.60
12.5 10.87 14.49 0.71
15.0 12.79 17.05 0.80
17.5 15.00 20.00 0.95
20.0 17.54 23.38 1.05
225 20.44 27.95 1.24
25.0 23.76 31.67 1.40
27.5 27.54 36.71 1.61
30.0 31.81 42.42 1.85
32.5 36.68 48.89 2.07
35.0 42.81 57.07 2.35
37.5 48.36 64.46 2.62
40.0 55.32 73.14 2.95
42.5 62.18 84.23 3.25
45.0 71.2 94.91 3.66

3. Water Balance Method: Water balance or water budget method balances all the incoming,
outgoing and stored water in a lake or reservoir over a period of time. The equation in its
simplest form is SInflow - SOutflow = Change in storage + Evaporation loss. Or
E = ZI - 2O + AS. It can be more generalized by taking all the factors of inflow and outflow.
Above equation can be written as: E = (P + I, + I gf) -0, + 0 et T) + =S, where P is the
precipitation, I, the ground water inflow, O, the surface water outflow, O o the ground water
outflow, T the transpiration loss, DS is the change in storage. Measurement of all quantities is
possible except I, O, and T. Therefore, this equation fails to give accurate results since ground
water inflow and outflow are very difficult to measure for a lake or reservoir. It may give fairly
good result if considered annually but should not be used for daily estimation of evaporation.
This equation is good for theoretical considerations or may be applied to watertight lakes
located on impervious rocks for budgeting annual water.

4. Energy Budget or Energy Balance Method: Like water balance, energy balance or energy
budget for lakes or reservoirs can be carried out to calculate lake evaporation. This method
uses the conservation of energy by incorporating all the incoming, outgoing and stored energy
of a lake in the following form.
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+H,-H -H =H +H,+H +H +H_+ Hgf

Long wave radiation incident on the surface of water
Solar radiation (heat) or net energy received at water surface by short wave
Reflected solar energy
Reflected long wave radiation
Increase in stored heat energy of water
Net energy converted / conducted from and out of the system by flow of water
Energy conducted from water mass to air as sensible head
Energy used for evaporation = p x E x L
Long wave radiation emitted from water
Heat flux into ground water
Density of water (cm?/g)
Evaporation rate (cm/day)

Latent heat of vaporization (cal/g)

The above energy terms are expressed in calories per unit surface area per day. A water
body and energy terms are shown in Fig. 4.6. Daily calculation of lake evaporation by this
method is unreliable due to difficulties in measuring all the parameters involved in the equation,
but good estimate can be obtained if applied to monthly or yearly values. We can measure or
calculate all other terms except the sensible heat transfer between water surface and atmosphere
Hs. It can be measure by:

B =

HS/HE
Back radiation
longwave
) (Hi + Hy)
Incoming ) )
solar Reflected Evaporation  Sensible
radiation radiation heat loss heat Ioss

to air (

\H+H) (Hs,) (H,=E .L,) /

Increased
heat energy

of water (H)

(Hy) Heat takes
out of system
by flow of water

(Hy7) Heat flux to ground water

Fig. 4.6 Energy balance for lakes.
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Above equation is known as Bowen’s ratio, defined as the ratio between heats lost by
conduction to heat lost by evaporation. Estimate of B can be made from the relation

(T,-T,)
B =cpTi00(e, -e,)]

Where p is atmospheric pressure in millibars, T and T, are the water surface and air
temperature in °C, ¢ is a constant varying between 0.58 and 0.66 (average value being 0.61),
e, and e, are the saturation vapour pressure at water surface and air temperatures in millibar.
From above equation, we get H. = B.p.L, . E

Therefore, H + H = pL, (1+p) E

(H,-H,)
[pLy(1+P)]

(Hli +Hsi _Hso _Hlo _Hi _Hif _le _Hgf)
[PLy (1+B)]

Values of radiation from sun and sky (H,, + H_) are available for different latitudes. Reflected
solar radiation is dependent on factors like spectral wavelength and turbidity of water and air.
For water, it can be taken between 5 to 15% of incident radiation. Neglecting H ,, net effect of
all the long wave radiation H,_is given in calories per square centimeter per day as the sum of
incoming long wave radiation from atmosphere H, plus reflected long wave radiation — H
and long wave radiation emitted by water — H,_ as

H, = H; - (Hlo + le) =(1-1 H,

Ir

or, E =

Therefore, E

lo

The incident solar energy is calculated by the equations proposed by Penman (1948) as

H, = (0.18 + 0.55n/N) I, Where I_is the solar radiation received at earth’s outer surface
in (cal/cm?-day), n is the actual number of bright sunshine hours, N is the possible maximum
number of hours of sunshine at the place. I converted to mm of evaporable water/day. The
net outgoing thermal radiation expressed by Penman is given as:

H = oT*[0.56 - 0.092 ¢°°] (0.1 + 0.90n/N), in which o is the Stefan-Boltzmann

net

constant = 2 x 10mm of water/day, T is the water surface temperature in °Kelvin, H, can

W, H,.T,

be calculated from the relation H = <, in which W is the specific heat of water in

H
cal/g °C. H_ can be calculated from the relation H = H, (1 -1) - H__

Net energy added into lake water, H, is measured by knowing all the volume of water in
flowing and coming out of the lake and their corresponding temperatures during the period of
water budget. This term should sum all channel inflows and outflows, evaporation, condensation,
rainfall, seepage and other losses. The term increase in stored heat energy of water for the lake or
reservoir is a difficult parameter to obtain, which can be computed by knowing precisely the
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average temperature of lake water and the volume of water at the beginning and end of the
budget period. Application of the energy budget principle gives good results for watertight lakes
and it may give highly erroneous and confusing results for other lakes.

5. Mass Transfer Method

This method is based on theories of turbulent mass transfer in boundary layer to calculate the
mass water vapour transfer from the surface to the surrounding atmosphere. Accuracy
estimation of the amount of water vapour transferred to atmosphere from a lake surface is still
investigated. With the use of quantities measured by sophisticated instrumentation, this method
can give satisfactory results. The equation proposed by Thornthwaite and Holzman (1939)
takes the following form:,

_ 0.000119(e; —e,)(u, —u,)

]

sec at heights h, and h, m respectively, e, and e, are vapour pressure of air in pascal (Pa) at
height(s) h, and h,, p is mean atmospheric pressure in Pa (1 N.m*> = 1 Pa; 1 kPa = 10 mb)
between lower height h and upper height h,. Height h, is taken close to water surface level.

E

where E is m/sec, u, and u, are the velocities of wind in m/

4.3 TRANSPIRATION

Plants absorb water from the soil through minute root hairs at the tips of their rootlets. Mineral
salts are also absorbed in very dilute solution, using water as the vehicle. The solutions are
transported through roots and stems to the leaves where plant food is produced from the sap
and carbon dioxide absorbed from the atmosphere, using the energy from the sun operating
chlorophyll. These plant foods, again using water as the vehicle, are distributed through the
plant for cell growth and tissue building. Most of the water absorbed through the roots is
discharged from the plant as vapour in the process known as transpiration. As much as 99 %
of the total water received by a plant through its roots is lost to the atmosphere by this process.

Evapotranspiration: while transpiration takes place, the land areas in which plants stand
also lose moisture by the evaporation of water from soil and water bodies. In hydrology and
irrigation practice, it is found that evaporation and transpiration processes can be considered
advantageously under one head as Evapotranspiration. Evapotranspiration also uses the term
consumptive use to denote this loss. For a given set of atmospheric conditions,
Evapotranspiration obviously depends on the availability of water. If sufficient moisture is
always available to completely meet the needs of vegetation fully covered the area, the resulting
evapotranspiration (PET). Potential evapotranspiration no longer critically depends on soil
and plant factors but depends essentially on climatic factors. The real evapotranspiration
occurring in a specific situation is called actual evapotranspiration (AET). If the water supply
to the plant is adequate, soil moisture will be at the field capacity and AET will be equal to
PET. If the water supply is less than PET, soil dries out and the ration AET/PET would be less
than 1.0. A relation between AET/PET and available moisture can be developed for different



Water Management

types of soils on the basis of experimental results. For the same AET/PET ratio, sandy soil has
more available moisture than clayey soil. In other words, for the same percentage of available
moisture, ratio of AET/PET will be less for sandy soil than clayey soil (Fig. 4.7).

1.0
Wilting
' point
3
Sojy ey
Sandy
5 soil
a 0.5
=
w
<
2 Field
& capacity
0
100 75 50 25 0

Percentage of available moisture —p
Fig. 4.7 Comparison of AET/PET ratio for sandy and clayey soils.

Factors Affecting Transpiration

1. Solar radiation: Transpiration and plant growth are related to radiation received. Thus
while 75 to 90% of daily soil evaporation occurs between sunrise and sunset, about 95% of
the daily transpiration occurs during the daylight hours. Optimum temperature and radiation
for maximum growth vary with the plant species but all activity virtually ceases when the
temperature drops to near 4.5°C.

2. Moisture: Some investigators believe that transpiration is independent of available
moistureuntil it has recorded to the wilting point (moisture content at which permanent wilting
of plants occurs) while others assume that transpiration is roughly proportional to the moisture
remaining in the soil and available to plants.

3. Rate of plant growth: The transpiration is closely related to the rate of plant growth is
well established. Thus there is a pronounced seasonal and annual variation in addition to
the diurnal cycle. Transpiration is restricted to the growing season and stage of development
is an important factor.

Measurement of Transpiration/Evapotranspiration

Transpiration

Most measurements are made with a “Phytometer” a large vessel filled with soil in which one
or more plants are rooted. The only escape of moisture is by transpiration (the soil surface is
sealed to prevent evaporation) that can be determined by weighing the plant and the container
at desired intervals of time. By providing aeration and additional water a phytometer study
may be carried through the entire cycle of a plant. It is virtually impossible to simulate natural
conditions and therefore the results of phytometer observations are mostly of academic interest
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to the hydrologist. Transpiration ratio (TR) is the ratio between the amount of water consumed
and the dry matter produced (exclusive of the roots, sometimes only the grains).

weight of water consumed

TR = e.g. TR (wheat) = 450, TR (rice) = 700.

weight of dry matter produced

The transpiration varies approximately exponentially with the temperature (Meyer).
According to him transpiration starts at 5°C and the average annual losses in the North Central
United State of America are:

(i) Grains: 22.5 to 25 cm

(i) Grass: 22.5 to 25 cm

(ii1)) Crops: 22.5 to 25 cm

(iv) Deciduous trees: 20 to 30 cm

(v) Small trees and bush: 15 to 20 cm

(vi) Conifers: 10 to 15 cm.
Evapotranspiration: There are numerous approaches to estimation of evapotranspiration,
none of which is generally applicable for all purposes. In some hydrologic studies, mean basin
Evapotranspiration is required while in other cases water used of a particular crop cover or
change in water use resulting from changed vegetal cover is required. Evapotranspiration can
be estimated by various methods such as: (1) Experimental methods, and (2) Climatic approach.

1. Experimental Methods: The measurement of evapotranspiration for given vegetation
type can be carried out in two ways: either by using field plots or by using Lysimeters.

Field Plots: Application of a water budget to field plots produces satisfactory results only under
ideal conditions that are rarely exist. Precise measurement of percolation is not possible and
consequent errors tend to be accumulative. In special plots, all the elements of the water
budget in a known interval of time are measured and the evapotranspiration determined as:

Evapotranspiration = [precipitation + irrigation input — runoff — increase in soil storage
- groundwater loss].

Measurements are usually confined to precipitation, irrigation input, surface runoff and
soil moisture. Groundwater loss due to deep percolation is difficult to measure and can be
minimized by keeping the moisture condition of the plot at the field capacity.

Lysimeters: A lysimeter is a special tank containing soil, which is set in the same surrounding
as that in the field. A lysimeter is buried to the level of natural soil and its diameter varies from
0.60m to 3.3m and depth varies from 1.8m to 3.3m. Details of a lysimeter are shown in Fig 4.8.
Arrangements are made to weigh the lysimeter whenever reading is required to be taken. A
metering device measures outflow from the lysimeter. If P is precipitation to the system, W the
water supplied, and O the quantity of water drained out of the system, then Evapotranspiration
is calculated as P + W = O + E,_ + AS, where E, is the evapotranspiration and AS the change
in soil moisture storage. P, W and O are measured directly. When arrangement for weighing a
lysimeter is made, then AS can be found out by the difference of the weight of the lysimeter
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before and after the experiments over the periods of days. Knowing all other quantities of
equation, E, can be computed. To produce results very close to field, soil conditions, moisture
content, plant types and the methods of water application should be properly chosen such
that they represent the surrounding natural condition. The vegetation around the lysimeter
should be the same as that inside in order to avoid disturbing border effects. To the same end,
the depth of lysimeter should not be less than 1.5m and area not less than 1.0 sq