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HYDROMETROLOGYHYDROMETROLOGY

HYDROLOGICAL CYCLEHYDROLOGICAL CYCLE

Water occurs on the earth in all its three states, viz. liquid, solid and gaseous,
and in various degrees of motion. Evaporation of water from water bodies such as
oceans and lakes, formation and movement of clouds, rain and snowfall, stream flow
and ground water movement are some examples of the dynamic aspects of water.
The various aspects of water related to the earth can be explained in terms of a cycle
known as the hydrologic cycle.

Figure 1 is a schematic representation of the hydrologic cycle. A convenient
starting point to describe the cycle is in the oceans. Water in the oceans evaporate
due to the heat energy provided by solar radiation. The water vapour moves upwards
and forms clouds. While much of the clouds condense and fail back to the oceans as
rain, a part of the clouds is driven to the land areas by winds. There they condense
and precipitate onto the land mass as rain, snow, hail, sleet, etc.

A part of the precipitation may evaporate back to the atmosphere even while
falling. Another part may be intercepted by vegetation, structures and other such
surface modifications from which it may be either evaporated back to atmosphere or
move down to the ground surface.

.
A portion of the water that reaches the ground enters the earth’ s surface

.through infiltration, enhance the moisture content of the soil and reach the
groundwater body. Vegetation sends a portion of the water from under the ground
surface back to the atmosphere through the process of transpiration.

The precipitation reaching the ground surface after meeting the needs of
infiltration and evaporation moves down the natural slope over the surface and
through a network of gullies, streams and rivers to reach the ocean.
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The groundwater may come to the surface through springs another outlets
after spending a considerably longer time than the surface flow. The portion of the
precipitation which by a variety of paths above and below the surface of the earth
reaches the stream channel is called runoff. Once it enters a stream channel runoff
becomes stream flow.

The sequence of events as above is a simplistic picture of a very complex
cycle that has been taking place since the formation of the earth. It is seen that the
hydrologic cycle is a very vast and complicated cycle in which there are a large
number of paths of varying time scales. Further, it is a continuous recirculating cycle
in the sense that there is neither a beginning nor an end or a pause.

Each path of the hydrologic cycle involves one or more of the following aspects

o Transportation of water
o Temporary storage
o Change of state.

For example

§ The process of rainfall has the change of state and transportation
§ The groundwater path has storage and transportation aspects

The quantities of water going through various individual paths of the
hydrological cycle can be described by the continuity equation known as water-
budget equation or hydrologic equation.

The hydrological cycle has important influences in a variety of fields
including agriculture, forestry, geography, economics, sociology and poitical
scene. Engineering applications of the knowledge of the hydrologic cycle, and hence
of the subjects of hydrology, are found in the design and operation of projects dealing
with water supply, irrigation and drainage, water power, flood control,
navigation, coastal works, salinity control and recreational uses of water.
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Figure 1  Hydrologic cycle
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Hydrometrological Factors:Hydrometrological Factors:

v Atmospheric Pressure:

 The pressure exerted by the atmosphere is a very important characteristic of
the atmosphere. This is usually measured by Fortins Barometer consisting of an
inverted U-tube filled with mercury kept in a cistern, or an aneroid barometer which
consists of a diaphragm deflected by the atmospheric pressure.

The instrument which records the variation of the atmospheric pressure
continuously with time is called a barograph. The atmospheric pressure is always
expressed in millibars. A curve joining points of equal atmospheric pressure is called
an isobar. With the help of the isobars drawn on the synoptic charts, one can easily
locate a region of high pressure or a region of low pressure which in the
meteorological terminology are respectively called a High and a Low.

v Wind Velocity:

 Air in motion is called the wind. The horizontal component of the air
movement parailel to the earth’ s surface is generally referred to as wind while the
vertical components are referred to as the air currents. Wind velocity is measured by
the cup anemometer. It consists of 3 or 4 hemispherical cups fixed in a horizontal
plane to a sleeve which can freely rotate about a vertical axis.

The wind direction is the direction from which it is blowing and it is measured by an
instrument called the wind vane. As mentioned earlier the data on wind velocity and
wind direction are very useful in preparing the synoptic charts. The pattern of
atmospheric pressure and wind direction depicted by a synoptic chart and as observed
in a cyclone and an anticyclone in the Northern Hemisphere are shown in Fig. 2.8.
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Wind speed varies with the height above the ground. No standard level has been
specified for the anemometer. However, the wind speed at any height can be
approximately obtained from the known wind speed at the known height of
observation. For this purpose, the velocity distribution is assumed to follow either the
logarithmic profile or the power-law profile: For most meteorological purposes the
power-law profile is usually expressed as

where v is the observed velocity at height z and v is the velocity at any other height z.
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v Temperature:

The temperature is usually measured with mercury- ‘ n-glass type of
thermometer in degree Celsius (C). The thermometer is placed in a standard
instrument shelter, called the Stevenson Screen, whose purpose is to see that
relatively unobstructed air circulation is there around thermometers and at the same
time the thermometers are protected from the direct rays of the sun and from
precipitation A curve which joins places of equal ambient temperature is called an
isotherm.

A continuous record of temperature with time can be obtained by an
automatic recording instrument called the thermograph. The thermograph measures
the temperature using the principle that a bimetallic strip changes its shape under the
influence of the change in temperature.

The normal temperatures are revised every decade by deleting the oldest
10 years data and adding the most recent 10 years data.

v Humidity:

Relative humidity, also known as simply humidity, is usually measured by
the psychrometer. It consists of two glass thermometers one of them called a wet
bulb thermometer and the other the dry bulb thermometer.

The continuous recording of humidity with time is done by an automatic
recording instrument caned the hygrograph, which works on the principle that the
human or animal hair reacts to the changes in the air humidity by contracting.
Sometimes the hygrograph is also equipped with thermograph to record the variation
of both humidity and temperature on e same graph. Then it is called a thermo
hydrograph.
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v Radiation:

 The shortwave radiation, both direct and diffused, reaching the earth’ s
surface is measured by an instrument called the pyranometer. It was formerly called
as pyrheliometer. This device normally consists of a flat circular plate mounted
horizontally within a time-glass tube.

The plate is divided into three portions (1) a central white spot, (ii a
middle black ring, and (iii) an outer white ring. The black ring absorbs the
radiation while the white ring reflects it. Therefore a temperature difference is set up
between white arid black rings which is measured by means of a mechanism called
the thermopile. And a calibrated thermopile provides a measure of shortwave
radiation. Reflected shortwave radiation from a surface is measured in the same way
by using a downward facing pyranometer.

v Precipitation:

                     Precipitation is the moisture in any form that reaches the earth’ s surface
from the atmosphere. It is the most important meteorological parameter of interest
to the hydrologist.

v Evaporation:

                      It is the process by which water from land and water bodies escapes into
atmosphere. Evaporation is one of the most complicated hydrologic processes and
deserves more elaborate treatment.

v Sunshine:

The duration of bright sunshine in a day is recorded by an instrument
called a sunshine recorder. It consists of a hemispherical glass dome underneath
which a chart wrapped over a clock driven drum is placed.

DENSITY AND ADEQUACY OF RAIN GAUGES:DENSITY AND ADEQUACY OF RAIN GAUGES:

Precipitation is expressed in terms of the depths. To which rainfall water
would stand on an area if all the rain were collected on it. Thus 1 cm of rainfall over a
catchment area of 1 km2 represents a volume of water equal to 104m3. In the case of
snowfall, an equivalent depth of water is used as the depth of precipitation. The
precipitation is collected and measured m raingauge. Terms such as pluviometer,
ombrometer and hyetometer are also sometimes used to designate a raingauge.
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PRECIPITATIONPRECIPITATION

The term precipitation denotes all forms of water that reach the earth
from the atmosphere. The usual forms are rainfall, snowfall, hail, frost and dew. Of
all these, only the first two contribute significant amounts of water. Rainfall being the
predominant form of precipitation causing stream flow, especially the flood flow in a
majority of rivers in India, unless otherwise stated the term rainfall is used in this
book synonymously with precipitation.

The magnitude of precipitation varies with time and space.
Differences in the magnitude of rainfall in various parts of a country at a given time
and variations of rainfall at a place in various seasons of the year are obvious and
need no elaboration.

It is this variation that is responsible for many hydrological
problems, such as floods and droughts. The study of precipitation forms a major
portion of the subject of hydrometeorology. In this chapter, a brief introduction is
given to familiarize the engineer with important aspects of rainfall and, in particular,
with the collection and analysis of rainfall data.

For precipitation to form:
• The atmosphere must have moisture
• There must be sufficient nucleii present to aid

condensation
• Weather conditions must be good for condensation of

water vapour to take place
• The products of condensation must reach the earth.

Under proper weather conditions, the water vapour condensed over
nucleii to form tiny water droplets of sizes less than 0.1 mm in diameter. The nucleii
are usually salt particles or products of combustion and are normally available in
plenty.

Wind speed facilitates the movement of clouds while its turbulence
retains the water droplets in suspension. Water droplets in a cloud are somewhat
similar to the particles in a colloidal suspension. Precipitation results when water
droplets come together and coalesce to form larger drops that can drop down.
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A considerable part of this precipitation gets evaporated back to the atmosphere. The
net precipitation at a place and its form depend upon a number of meteorological
factors, such as the weather elements like wind, temperature, humidity and pressure
in the volume region enclosing the clouds and the ground surface at the given place.

FORMS OF PRECIPITATIONFORMS OF PRECIPITATION

               Some of the common forms of precipitation are:

ü Rain,
ü Snow
ü Drizzle
ü Glaze
ü Sleet
ü Hail

Rain

               It is the principal form of precipitation in India. The term rainfall is used to
describe precipitations in the form of water drops of sizes larger than 0.5 mm. The
maximum size of a raindrop is about 6 mm. Any drop larger in size than this tends to
break up into drops of smaller sizes during its fall from the clouds. On the basis of its
intensity,. rainfall is classified as

Snow

                     Snow is another important form of precipitation. Snow consists of ice
crystals which. usually combine to form flakes. When new, snow has an initial
density varying from  0.06 to 0.15 g/cm and it is usual to assume an average density
of 0.1 g/cm In Jndia, snow occurs only in the Himalayan regions.
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Drizzle

                     A fine sprinkle of numerous water droplets of size less than 0.5 mm
and intensity less than 1 mm/h is known as drizzle. In this the drops are so small that
they appear to float in the air.

Glaze

  When rain or drizzle comes in contact with cold ground at around 00 C,
the water drops freeze to form an ice coating called glaze or freezing rain.

Sleet

                   It is frozen raindrops of transparent grains which form when rain falls
through air at subfreezing temperature. In Britain, sleet denotes precipitation of snow
and rain simultaneously.

Hall

                   It is a showery precipitation in the form of irregular pellets or lumps of
ice of size more than 8 mm. Hails occur in violent thunderstorms in which vertical
currents are very strong.

TYPES OF PRECIPITATIONTYPES OF PRECIPITATION

Anticyclones

                These are regions of high pressure, usually of large area extent. The
weather is usually calm at the centre. Anticyclones cause clockwise wind circulations
in the northern hemisphere. Winds are of moderate speed, and at the outer edges,
cloudy and precipitation conditions exist.

Convective Precipitation

                     In this type of precipitation a packet of air which is warmer than the
surrounding air due to localized heating rises because of its lesser density. Air from
cooler surroundings flows to take up its place thus setting up a convective cell.

                       The warm air continues to rise, undergoes cooling and results in
precipitation. Depending upon the moisture, thermal and other conditions light
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showers to thunderstorms can be expected in convective precipitation. Usually the
area extent of such rains is small. being limited to a diameter of about 10 km.

Orographic Precipitation

                          The moist air masses may get lifted-up to higher altitudes due to the
presence Of mountain barriers and consequently undergo cooling, condensation and
precipitation Such a precipitation is known as Orographic precipitation. Thus in
mountain ranges the windward slopes have heavy precipitation and the leeward
slopes light rainfall.

NON.RECORDING RAINGAUGESNON.RECORDING RAINGAUGES

                        Standard non-recording raingauge prescribed by the IMID is the
Symon’ s gauge the details of which are shown in Fig. 5.1 and Fig. 5.2. The gauge
consists of a funnel with a sharp edged rim of 127 mm diameter, a cylindrical body, a
receiver with a narrow neck and. handle and a splayed base which is fixed in the
ground.

              The receiver should have a narrow neck and should be sufficiently
protected from radiation to minimize the loss of water from the receiver by
evaporation. To prevent rain from splashing in and out, the vertical wall of the sharp
edged rim is made deep enough and the slope of the funnel steep enough (at least
45°).

                    The rain falling into the funnel is collected in the receiver kept inside the
body and is measured by means of  special measure glass (supplied along with the
gauge) which is graduated Trim. The receiver has a capacity of 175 mm of rain. In
regions of heavy rinfall,  raingauges with receivers of 375 mm or 1000 mm capacity
may be used.

                       The measure glass has a capacity of 25 mm and can be read to nearest
to drum The gauge is fixed on a masonry or concrete foundation of size the base 60
cm 6 cm which is sunk into the ground. Into this foundation the base of  the gauge is
connected as shown in Fig 5.2. So that the rim of is exactly 30 cm above the ground
level. The top of the gauge  is perfectly horizontal.
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Recently, the IMD has changed over to the use of fibreglass reinforced polyester
raingauges which are an improved version of the Symon’ s gauge. These gauges are
available in different combinations of collector areas (100 cm and 200 cm and
receiver bottle capacities (2 to 10 litres). They have the capacity to measure rainfall
depths of 100mm to l0 mm.

They conform the Indian standards IS 5225-1969. Figure 5.3 gives the details of the
collector of 100 cm2 area and the receiver for I.S. gauge. The details of l.S.gauges can
be obtained from IS : 5225.
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                                        At the routine time of observation the funnel is removed, the
receiver is taken out and the rain water collected in the receiver is carefully poured
into the measure glass and read without any parallax error. When the rainfall exceeds
25 mm the measure glass will be used as many times, as required.

The measured rainfall in the 24 hours ending with 8.30.A.M.
is recorded as the rainfall of the day on which 8.30A.M. observation is taken. In
regions of heavy rainfall, if it is suspected that the receiver (though of larger capacity)
may not hold the entire rainfall of the day the measurements must be done more
frequently with the last measurement being taken at 8.30A.M.

The sum of all the readings taken in the last 24 hours is recorded as the rainfall of that
day.
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RECORDING RAINGAUGESRECORDING RAINGAUGES

                     Non raingauges give the amount of rainfall only. They cannot provide
the information regarding when exactly the rain commenced, when rain ended, what
is the intensity of rainfall and how the intensity of rainfall varies within the duration
of the storm. In order to record the beginning and end of the rain and to measure the
intensity of rainfall, a continous record rainfall of with time is required. For this
purpose we have to use recording raingauges.  Recording raingauges usually work by
having clock-driven drum carrying a graph on which a pen records the cumulative
depth of rainfall continuously. Although there are different types of recording
raingauges only three have gained widespread use.

They are

Ø Tipping (or tilting) bucket type

Ø Weighing bucket type

Ø Float type (with siphon arrangement)

Tipping Bucket Raingauge:Tipping Bucket Raingauge:

                          The principle involved in this this type of gauge is very simple. A
container is divided vertically into two compartments and is balanced in an unstable
equilibrium about a horizontal axis. In its normal position it rests against one of the
two stoppers which prevent it from tipping over completely as shown in Fig. 5.4.

The rain filled from a conventional collecting funnel into the uppermost
compartment and after a predetermined rain (usually 0.25 mm) has fallen but
becomes unstable in its present position and tips over to its other position of rest.

  The compartments of the container are so shaped that water can
now flow out of the lower one and leave it empty; meanwhile the rain falls into the
upper compartment again. The movement of buckets as it tips over can be used to
operate an electric circuit and produce a record. The record thus consists of
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discontinuous steps, the distance between each step representing the time taken for
small amount of rain to fall.

The disadvantages of this type of gauge are as follows. If the bucket
are designed to tip at a convenient frequency for a particular intensity rainfall, they
will tip either too soon or too late for other intensities. As a result both the intensity
and amount of  rainfall recorded will be except during a storm which has the same
intensity for which the buckets are designed. The record obtained from this gauge is
not in a convenient form. For higher intensities the bucket tips so rapidly that the jogs
in the record during the period. They tend to overlap and blend into one broad solid
line making it difficult.

                         The bucket takes a small but finite time to tip over and during the first
half of its motion the rain is being led into the compartment already containing the
calculated amount of rainfall. This error is appreciable in heavy rainfalls. For
example, in a rainfall of intensity 15 cm/h the bucket tips every 6 seconds. About 0 s
is required to complete the tip. This makes the intensity of rainfall recorded by the
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gauge less by 5%. Therefore the total rainfall of the day is always measured (as is
done in the case of non gauge) and this data may be used to correct the error.

                          Owing to the discontinuous nature of the record, the instrument is not
satisfactory for use in light drizzle or very light rain. The time of beginning and
ending of rainfall cannot be determined accurately. This gauge is no suitable for
measuring snow without heating the collector.

AdvAdvantage:antage:

                          The biggest advantage of the tipping bucket gauge is that it is the
only recording raingauge which can be used in remote places by installing the
recorder at a convenient and easily accessible location.

WeighingWeighing--BucBucket Raingauge:ket Raingauge:

 In this type of gauge the rain falling on the receiving area is
collected by the funnel and, is led into a storage bucket which rests on a weighing
platform.

The weight of the rainfall received since the recording began is recorded continuously
by transmitting the movement of the platform through a system of links and levers to
a pen which makes a trace on a suitably graduated chart secured around a drum as
shown in Fig. 5.5. The drum is driven mechanically by a spring clock. The drum may
be made to revolve once a day, once a week or in any other desired period.
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This type of gauge normally has no provision for emptying itself. To overcome this
difficulty the mechanism may be arranged to reverse the of the pen alter certain
amount of precipitation has accumulated and reverse again after another equal
amount so that the gauge may operate unattended  for a week at a time except in
regions of very intense precipitation which may exceed the capacity of the gauge.
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                  A typical chart of rainfall record of a day from the weighing-bucket type
raingauge with reverse mechanism in action is shown in Fig. 5.6. In this chart the pen
had reversed its path of travel (from upward movement to downward movement) at
3.40 h of the next day after recording 100 mm of rainfall.

                    Therefore, for instance, the cumulative rainfall recorded by the gauge at
say 5 h of the next day is 100 + 30 =130 mm. The bucket is  set to zero whenever the
chart is changed.

The main usefulness of this type of gauge is that it can record snow, hail and mixture
of rain and snow. All forms of precipitation are weighed and recorded automatically.

Disadvantages:Disadvantages:

The effects of temperature and friction on weighing mechanism may introduce
errors in the record, ( shrinkage and expansion of the chart paper caused by
changes in humidity may distort the time and the scale of rainfall

Failure of reverse mechanism results in the loss of record. The last difficulty
may be eliminated by using only a single traverse of the pen but by reducing
the scale of record graph.
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Float Type RaingaugeFloat Type Raingauge:

                This type of raingauge is also known as the siphon raingauge as it uses the
siphon mechanism to empty the rain water colleted in the float chamber. This is
adopted by LM.D. The construction  of this type of raingauge are shown in Fig. 5.7.
Rain water entering the gauge at the top is led into the float chamber through a funnel
and filter. The purpose of the filter is to prevent dust and other Particles from entering
the float chamber which may hinder the siphon mechanism.

                The float chamber consists, of a float with a vertical stem producing
outside, to the top of which a pen is mounted. This pen rests on a chart secured
around a clock driven drum. There is a small compartment by the side of the float
chamber which is connected to the float chamber through a small opening at the
bottom.

                            This is called the siphon chamber which houses a small vertical pipe
with bottom end open and the top end almost touching the top of the chamber. During
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the storm the rain water collected in the float chamber raises the water surface in it
and along with the water surface the float also rises enabling the pen to make a trace
cumulative depth of rain fall on the chart.

                             When the float chamber is completely filled with water, the pen
reaches the top of the chart. At this instant the siphoning occurs automatically through
the pipe in the siphon chamber, he float chamber is emptied and the pen is brought to
zero the chart again.

                As the rainfall continues the pen rises again from the zero of the
chart. The complete siphoning should be over in less than 15 seconds of time. This
gauge cannot record precipitation in the form other than rain unless some sort of
heating device is provided inside the gauge. The float may be damaged if the rainfall
catch freezes.

A chart from a float typical raingauge with siphoning taking place during the storm is
shown in Fig5.8. Chart indicates that the gauge has siphoned once at 1:30 h  of  the
next day. Thus the cumulative depth of rainfall recorded by the gauge at 5 h of the
next day, for example, is 10 + 4 = 14 mm. If the rainfall is of large intensity, the
siphoning may occur more than once during the period of the chart.
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PRECIPITATION AND OBSTRUCTIONPRECIPITATION AND OBSTRUCTION

INFILTRATION INDICESINFILTRATION INDICES

In hydrological calculations involving floods it is found convenient to use a con value
of infiltration rate for the duration of the storm. The average infiltration rate is called
infiltration index and two types of indices are in common use.

The index is the average rainfall above which the rainfall volume is equal to the
runoff volume. The 4i index is derived from the rainfall hyetograph with the
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Edge of the resulting runoff volume. The initial  loss is also considered as infiltration.
The Φ value is found by treating it as a constant infiltration capacity. If the rainfall
intensity is less than , then the infiltration rate is equal to the rainfall intensity.
However if the rainfall intensity is larger than the difference between rainfall and in
an interval of time represents the runoff volume (Fig. 3.13). The amount of rainfall in
excess of the index is called rainfall excess. The Φ index thus the total abstraction and
enables runoff magnitudes to be estimated for a given rainfall hyetograph. Figure 3.5
illustrates the calculation of the Φ index.

WW--lndexlndex

In an attempt to refine the index the initial looses are separated fro the total
abstractions and an average value of infiltration rate called the W index is defined as

Where P = total storm precipitation (cm)
R = total storm runoff (cm)

Ia= initial losses (cm)
te= duration of the rainfall excess, i.e. the total time in which
the rainf intensity is greater than W (in hours) and

                                   W = average rate of infiltration (cm)

Since Ia values are difficult to obtain, the accurate estimation of the W index is rather
difficult. The minimum value of the W index obtained under very wet soil conditions,
representing the constant minimum rate of infiltration of the catchment, is known as
Wmin . Both the W index and Φ index vary from storm to storm.

The Φindex during a storm for a catchment depends in general upon the soil type
vegetal cover, initial moisture condition, storm duration and intensity. To obtain
complete information on the interrelationship between these factors, a detailed an
expensive study of a catchment is necessary.

For practical use in the estimation of flood magnitudes due to critical storms a
simplified relationship for$ is adopted. As the maximum flood peaks are invariably
produced due to long storms and usually in the wet season, the initial losses are
assumed to be negligibly small. Further, only the soil type and rainfall are found to be
critical in the estimate of the index for maximum food-producing storms.
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On the basis of rainfall and runoff correlations, CWC has found the following
relationship for the estimation of the Φindex for flood producing storms and soil
conditions prevalent in India

In estimating the maximum floods for design purposes, in the absence of any
other data, a Φ index value of 0.10 cm/h can be assumed.

The combined effects of climate and geology on the catchment topography yield an
erosion pattern which is characterised by a network of channels or streams. Some of
the most frequently observed stream patterns are shown in Fig. 4.3

When a region is homogeneous offering no variation in the resistance io the flow of
water, the resulting streams run in all directions with no definite
preference to any one particular direction. Then the stream pattern developed is called
dendritic or tree-like.

The trellis drainage pattern develops when the underlying rock is Strongly folded or
sharply dipping. The longer streams will have preference to one orientation and the
other tributaries will have an orientation at right angles to this.The drainage pattern
from dome mountains and volcanoes is of radial type where the streams emanate
from a central focus and flow radially Outward.
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Owing to the internal geologic structure of the land, sometimes, the Parallel and sub
Parallel drainage patterns arc formed.
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The streams which form in the weaker strata of a dome mountain indicate
approximately circular or annular pattern. The annular pattern may be treated as a
special form of the trellis pattern.

A region consisting of many rectangular joints and faults may produce a rectangular
drainage pattern with streams meeting at right angles. In a pinnate Stream pattern, all
the main streams run in one direction with the tributaries (resembling dendritic
pattern) joining them at an oblique angle.

STAGE.DISCHAISTAGE.DISCHAI4GE RELATIONS4GE RELATIONS

After a sufficient number of discharge measurements have been made at a gauging
station along with simultaneous stage observations, the results are plotted on an
ordinary graph. It is customary to take the discharge as abscissa and the stage as the
ordinate. Such a plot between the discharge and stage is known as the stage-discharge
relation or the rating curve of the gauging station.
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Once a stable stage-discharge relationship is established it is only a matter recording
the stage continuously which can be readily converted into the discharge through the
above relation. For most of the gauging stations a simple plot of stage vs discharge is
satisfactory. Such a curve is approximately parabolic as shown in Fig 6.11.

It may show some irregularities if the cross-section is irregular. In most of the cases
the discharge measurements are made within a rather limited range around the
average in the river. Both at very low stages and at very high stages during floods
there may be no measurements. It is, therefore, necessary to extend the curve
downward for the low stages and upward for the high stages. The methods of
extending the stage-discharge curve are discussed in the next section. The stage-
discharge curve has its greatest curvature in the low stages.

EVAPORATIONEVAPORATION

EVAPORATION PROCESSEVAPORATION PROCESS

Evaporation is the process in which a liquid changes to the gaseous state at the free
surface, below the boiling point through the the transfer of heat energy. Consider a
body of water in a 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 rate of
evaporation is dependent on  the

(i) vapour pressures at the water surface and air above,
(ii) air and water temperatures,
(iii) wind speed
(iv) atmospheric pressure,
(v) quality of water and

(vi) size of the water body.
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Vapour Pressure:Vapour Pressure:

The rate of evcporation is proportional to the difference between the saturation
vapour pressure at the water temperature, ew and the actual vapour pressure in the
air,ea

Thus
EL = C(ew —ea)

where EL = rate of evaporation (mm I day) and C = a constant; ew and ea are in mm of
mercury. The above equation is known as Dalton’ s law of evaporation after John
Dalton (1802) who first recognised this law. Evaporation continues till ew = ea. If ew >
ea   condensation takes place.

Temperature:Temperature:

Other factors remaining same, the rate of evaporation increases with an increase in
the water temperature. Regarding air temperature, although there is a general in
crease 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.

WindWind

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 PressureAtmospheric Pressure

Other factors remaining same, a decrease in the barometric pressure, as in high
altitudes, increases evaporation.



8

Soluble SaltsSoluble Salts

When a solute is dissolved in water, the vapour pressure of the solution is less than
that of pure water and hence causes reduction in the rate of evaporation. The per cent

reduction in evaporation approximately corresponds to the percentage increase in the
specific gravity. Thus, for example, under identical conditions evaporation from sea
water is about 2-3% less than that from fresh water.

Heat Storage in Water BodiesHeat Storage in Water Bodies

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 exposed to a
similar situation. However, the effect of heat storage is essentially to change the
seasonal evaporation rates and the annual evaporation rate is seldom affected.

EVAPORIMETERSEVAPORIMETERS

Estimation of evaporation is of utmost importance in many hydrologic problems
associated with planning and operation of reservoirs and irrigation systems. In arid
zones, this estimation is particularly important to conserve the scarce water resources.
However, the exact measurement of evaporation from a large body of water is indeed
one of the most difficult tasks.

The amount of water evaporated from a water surface is estimated by the following
methods

o Using evaporimeter data
o Empirical evaporation equations
o Analytical methods
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Types of EvaporimetersTypes of Evaporimeters

Evaporimeters are water-containing pans which are exposed to the atmosphere
and  the loss of water by evaporation measured in them at regular intervals.
Meteorological data, such as humidity, wind movement, air and water temperatures
and precipitation are also noted along with evaporation measurement.

Class A Evaporation Pan:Class A Evaporation Pan:

 It is a standard pan of 1210mm diameter and 255 depth used by the US Weather
Bureau and is known as Class A Land pan. The depth of water is maintained between
18cm and 20cm (Fig. 3.1).

The pan is normally made of unpainted galvanised iron sheet. Monel metal is used
where corrosion is a problem. The pan is placed on a wooden platform of 15 cm
height above the ground to allow free circulation of air below the pan. Evaporation
measurements are made by measuring the depth of water
with a hook gauge in a stilling well.
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IS! Standard panIS! Standard pan

This pan evaporimeter specified by IS 5973- also known as modified Class A Pan,
consists of a pan l in diameter with 255 mm of depth. The pan is made of copper
sheet of 0.9 mm thickness, tinned inside and painted white outside (Fig. 3.2).

A fixed point gauge indicates the level of water. A calibrated cylindrical measure is
used to add or remove water maintaining the water level in the pan to a fixed mark.

The top of the pan is covered fully with a hexagonal wire netting of galvanized iron to
protect the water in the pan from birds. Further, the presence of a wire mesh makes
the water temperature more uniform during day and night.

 The evaporation from this pan is found to be less by about 14% compared to that
from unscreened pan. The pan is placed over a square wooden platform of 1225 mm
width and 100 mm height to enable circulation of air underneath the pan.
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Colorado Sunken PanColorado Sunken Pan

This pan, 920 mm square and 460 mm deep is made up of unpainted galvanized iron
sheet and buried into the ground within 100 mm of the top (Fig. 3.3). The chief
advantage of the sunken pan is that radiation and aerodynamic characteristics are 5 to
those of a lake.

DISADVANTAGES:DISADVANTAGES:

(i) difficult to detect leaks,
(ii) extra care is needed to keep the surrounding area free from tall grass, dust etc.
(iii) expensive to install.

Pan Coefficient CPan Coefficient C

Evaporation pans are not exact models of large reservoirs and have the following
principal drawbacks

1. They differ in the heat-storing capacity and heat transfer from the sides and bottom.
The sunken pan and floating pan aim to reduce this deficiency. As a result of this
factor the evaporation from a pan depends to a certain extent on its size. While a pan
of 3 m diameter is known to give a value which is about the same as from a
neighbouring large lake, a pan of size 1.0 m diameter indicates about 20% excess
evaporation than that of the 3 m diameter pan.

2. The height of the rim in an evaporation pan affects the wind action over the
surface. Also, it casts a shadow of variable magnitude over the water surface.

3. The heat-transfer characteristics of the pan material is different from that of the
reservoir.

In view of the above, the evaporation observed from a pan has to be corrected to get
the evaporation from a lake under similar climatic and exposure C a coefficient is
introduced as

Lake evaporation = C x pan evaporation
in which c = pan coefficient. The values of C, in use for different pans are given in
Table 3.1.
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Evaporation StationsEvaporation Stations

It is usual to install evaporation pans in such locations where other meteorological
data are also simultaneously collected. The WMO recommends the minimum net
work of evaporimeter stations as below:

1. Arid zones — One station for every 30,000 km
2. Humid temperate climates one station for every 50,000 km and
3. Cold regions — One station for every 100,000 km2.

Currently India has about 200 pan-evaporimeter stations maintained by the India
Meteorological Department.

A typical hydrometeorological station contains the following Ordinary raingauge;
Recording raingauge; Stevenson Box with maximum and minimum thermometer and
dry and wet bulb thermometers; wind anemometer, wind direction indicator, sunshine
recorder, thermohydrograph and pan evaporimeter.
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EMPIRICAL EVAPORATION EQUATIONSEMPIRICAL EVAPORATION 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

Where EL = lake evaporation in mm / day, e = saturated vapour pressure at the Water
surface temperature in mm of mercury, ea = actual vapour pressure of over lying air
at a specified height in mm of mercury, f(u) = wind-speed correction function and K
= a coefficient. The term ea is measured at the same height at which Wind speed in
measured. Two commonly used empirical evaporation formulae are:

MeMeyer’ s Formula (1915)yer’ s Formula (1915)

in which u = monthly mean wind velocity in km / h at about 9 m above ground and
KM = coefficient accounting for various other factors with a value of 0.36 for large
deep waters and 0.50 for small, shallow waters.

Rohwer’ s ForRohwer’ s Formula (1931)mula (1931)

Rohwer’ s formula considers a correction for the effect of pressure in addition to th
wind-speed effect and is given by
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in which  Pa = mean barometric reading in mm of mercury

uo= mean wind velocity in km/h at ground level, which can be taken to be the velocity
at 0.6 m height above ground.

These empirical formulae are simple to use and permit the use of standard
meteorological data. However, in view of the various limitations of the formulae, they
can at best be expected to give an approximate magnitude of the evaporation.

In using the empirical equations, the staturated vapour pressure at a given temperature
(ew) is found from a table of ew vs temperature in °C, such as Table 3.3. Often, the
wind-velocity data would be available at an elevation other than that needed in the
particular equation.

However, it is known that in the lower part of the atmosphere, up to a height of about
500 m above the ground level, the wind velocity can be assumed to follow the 1/7
power Mw as

where U = wind velocity at a height h above the ground and C = constant. This
equation can be used to determine the velocity at any desired level if uh is known.

EXAMPLE PROBLEMEXAMPLE PROBLEM

 A reservoir with a surface area of 250 hectares had the following averag values of
parameters during a week: Water temperature = 20° C, relative humidity = 40% wind
velocity at 1.0 m above ground = 16 km. Estimate the average daily evaporation from
the lake and the volume of water evaporated from the take during that one week
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II
NFILTRATIONNFILTRATION

INFILTRATION PROCESSINFILTRATION PROCESS

It is well-known that when water is applied to the surface of a soil, a part of it seeps
into the soil. This movement of water through the soil surface is known as illustration
and plays a very significant role in the runoff process by affecting the timing
distribution and magnitude of the surface runoff. Further, infiltration is the prim step
in the natural groundwater recharge.
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Infiltration is the flow of water into the go through the soil surface and the process
can be easily understood through a simple analogy. Consider a small container
covered with wire gauze a$ in Fig. 3.8. If water is poured over the gauze, a part of it
will go into the container and a part overflow.

 Further, the container can hold only a fixed quantity and when it is full no more flow
into the contain can take place. This analogy, though a highly simplified one,
underscores two important aspects, viz., (1) the maximum rate at which the ground
can absorb water, the infiltration capacity and (ii) the volume of water that it can
hold, the field capacity.

INFILTRATION CAPACITYINFILTRATION CAPACITY

The maximum rate -at which a given soil at a given time can absorb water is defined
as the infiltration capacity. It is designated as the infiltration f and is expressed in
units of cm/h.

where i = intensity of rainfall. The infiltration capacity of a soil is high at the
beginning of a storm and has an exponential decay as the time elapses. The
infiltration process is affected by a large number of factors and a few important ones
affecting are described below.
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Characteristics of SoilCharacteristics of Soil

The type of soil, viz, sand, silt or clay, its texture, structure, permeability and under
drainage are the important characteristics under this category. A loose, permeable,
sandy soil will have a larger infiltration capacity than a tight, clayey soil. A soil with
good under drainage, i.e. the facility to transmit the infiltered water downward to a
groundwater storage would obviously have a higher infiltration capacity.

When the soils occur in layers, the transmission capacity of the layers determine the
overall infiltration rate. Also, a dry soil can absorb more water than one whose pores
are already full. The land use has a significant influence on fc For example, a forest
soil rich in organic matter will have a much higher value of ft under identical
conditions than the same soil in an urban area where it is subjected to compaction.
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SurfSurface of Entryace of Entry

At the soil surface, the impact of raindrops causes the fines in the soils to be displaced
and these in turn can clog the pore spaces in the upper layers. This is an important
factor affecting the infiltration capacity. Thus a surface covered by grass and other
Vegetation which can reduce this process has a pronounced influence on the value of

Fluid CharacteristicsFluid Characteristics

Water infiltrating into the soil will have many impurities, both in solution and in
suspension. The turbidity of the water, especially the clay and colloid content is an
important factor as such suspended particles block the fine pores in the soil and
reduce its infiltration capacity.

The temperature of the water is a factor in the sense that it affects the viscosity of the
water which in turn affects the infiltration rate. Contamination of the water by
dissolved salts can affect the soil structure and in turn affect the infiltration rate.

MEASUREMENT OF INFILTRATIONMEASUREMENT OF INFILTRATION

Information about the infiltration characteristics of the soil at a given location can be
obtained by conducting controlled experiments on small areas. The experimental set-
up is called an infiltrometer.

There are two kinds of infiltrometers:

v Flooding-type infiltrometer

v Rainfall simulator.
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FloodingFlooding--Type Infiltrometer:Type Infiltrometer:

This is a simple instrument consisting essentially of a metal cylinder, 30cm diameter
and 60cm long, open at both ends. This cylinder is driven into the ground to a depth
of 50cm (Fig. 3.10). Water is poured into the top part to a depth of 5cm and a pointer
is set to mark the water level.

 As infiltration proceeds, the volume is made up by adding water from a burette to
keep the water level at the tip of the pointer. Knowing the volume of water added at
different time intervals, the plot of the infiltration capacity vs time is obtained. The
experiments are continued fill a uniform rate of infiltration is obtained and this may
take 2-3 h. The surface of the soil is usually protected by a perforated disk to prevent
formation of turbidity and its settling on the soil surface.

A major objection to the simple infiltrometer as above is that the infiltered water
spreads at the outlet from the tube (as shown by dotted lines in Fig. 3.10) and as such
the tube area is not representative of the area in which infiltration takes place.

To overcome this a ring infiltrometer consisting of a set of two concentric rings (Fig
3.11) is used. In this two rings as inserted into the ground and water is maintained on
the soil surface, in both the rings, to a common fixed level. The outer ring provides a
water jacket to the filtering water of the inner ring and hence prevents the spreading
out of the f water of the inner tube. The measurements of water volume is done on the
inner ring only.
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Disadvantages of floodingDisadvantages of flooding--type infiltrometers:type infiltrometers:

Ø 1.The raindrop-impact effect is not simulated

Ø 2. The driving of the tube or rings disturbs the soil structure

Ø 3. The results of the infiltrometer depend to some extent on their size with the
larger meters giving less rates than the smaller ones; this is due to the border
effect.

Rainfall SimulatorRainfall Simulator

In this a small plot of land, of about 2 m x 4 m size, is provided with a series of
nozzles on the longer side with arrangements to collect and measure the surface
runoff rate. The specially designed nozzles produce raindrops falling from a height of
2 in and are capable of producing various intensities of rainfall.

Experiments are conducted under controlled conditions with various combinations of
intensities and durations and the surface runoff is measured in each case. Using the
water-budget equation involving the volume of rainfall, infiltration and runoff, the
infiltration rate and its variation with time are calculated.
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If the rainfall intensity is higher than the infiltration rate, infiltration-capacity values
are obtained. Rainfall simulator type infiltrometers given lower values than flooding-
type infiltrometers. This is due to the effect of the rainfall impact and turbidity of the
surface water present in the former.
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HYDROGRAPH ANALYSISHYDROGRAPH ANALYSIS

FACTORS AFFECTINGFACTORS AFFECTING  SHAPE OF SHAPE OF  HYDROGRAPH HYDROGRAPH

The factors that affect the shape of the hydrograph can be broadly grouped into climatic
factors and physiographic factors. Each of these two groups contains a host of factors and
the important ones are listed in Table 6.1.
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Generally, the climatic factors control the rising limb and the recession limb is
independent of storm characteristics, being determined by catchment characteristics only.
Many of the Factors listed in Table 6.1 are interdependent. Further, their effects are very
verified and complicated. As such only important effects are listed below in qualitative
terms only.

Shape of the BasinShape of the Basin

The shape of the basin influences the time taken for water from the remote parts of  the
catchment to arrive at the outlet. Thus the occurance of the peak and hence the  shape of
the hydrograph are affected by the basin shape.

Fan-shaped, i.e. nearly S circular shaped catchments give high peak and narrow
hydrographs while elongated catchments give broad and low-peaked hydrographs.

Fig. 6.2. shows schematically the hydrographs from three catchments having identical
infiltration characteristics due to identical rainfall over the catchment. In catchment A the
hydrograph is skewed the left, i.e. the peak occurs relatively quickly.

In catchment B, the hydrograph is skewed to the right, the peak occurring with a
relatively longer lag. Catchment  indicates the complex hydrograph produced by a
composite shape.
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SizeSize

Small basins behave different from the large ones in terms of the relative importance of
various phases of the runoff phenomenon. In small catchments the overland flow phase is
predominant over the channel flow. Hence the land use and intensity of rainfall  have
important role on the peak flood.

On large basins these effects are suppressed as the channel flow phase is more
predominant. The peak discharge is found to very as A” where A is the catchment area
and n is an exponent whose value than unity, being about 0.5.

The time base of the hydrographs from larger basins will be larger than those of
corresponding hydrographs from smaller h The duration of the surface runoff from the
time of occurrence of the proportional to Am, where m is an exponent less than unity and
is of the order of  magnitude of 0.2.
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SlopeSlope

The slope of the main stream controls the velocity of flow in the channel.As the recession
limb of the hydrograph represents the depletion of storage, the stream channel slope will
have a pronounced effect on this part of the hydrograph. Large stream slopes give rise to
quicker depletion of storage and hence result in steeps recession limbs of hydrographs.
This would obviously result in a smaller time base.

The basin slope is important in small catchments where the overland flow relatively more
important. In such cases the steeper slope of the catchment resuft larger peak discharges.

Drainage DenDrainage Densitysity

The drainage density is defined as the ratio of the total channel length to the total
drainage area. A large drainage density creates situation conducive for quick disposal of
runoff down the channels. This fast response is reflected in a pronounced peaked
discharge. In basins with smaller drainage densities, the overland flow is predominant
and the resulting hydrograph is squat with a slowly rising limb (Fig.6.3).



6

Land UseLand Use

Vegetation and forests increase the infiltration and storage capacities of the soils.
Further, they cause considerable retardance to the overland flow. Thus the vegetal cover
reduces the peak flow.

This effect is usually very pronounced in catchments of area less than 150 km
Further, the effect of the vegetal cover is  prominent in small storms. In general, for two
catchments of equal area, other being identical the peak discharge is higher for a
catchment that has a lower density cover.

Of the various factors that control the peak discharge, probably the only factor
that can be manipulated is land use and thus it represents the only the practical means of
exercising long-term natural control over the flood hydrograph of a catchment.

Climatic FactersClimatic Facters

Among climatic factors the intensity, duration and direction of storm movement
are Afltee important ones affecting the shape of a flood hydrograph. For a given duration
the peak and volume of the surface runoff are essentially proportional to the intensity of
rainfall.

This -aspect is made use of in the unit hydrograph theory of estimating the peak-
flow hydrographs, as discussed in subsequent sections of this chapter. In very small
catchments, the shape of the hydrograph can also be affected by the intensity.

The duration of storm of given intensity also has a direct proportional effect on
the volume of runoff. The effect of duration is reflected in the rising limb and peak flow.
Ideally, if a rainfall of given intensity i lasts sufficiently long enough, a state of
equilibrium discharge proportional to iA is reached.

If the storm moves from upstream of the catchment to the downstream end, there
will be a quicker concentration of flow at the basin outlet. This results in a peaked
hydrograph.



7

Conversely, if the storm movement is up the catchment, the resulting hydrograph
will have a lower peak and longer time base. This effect is further accentuated by the
shape of the catchment, with long and narrow catchments having hydrographs most
sensitive to the storm-movement direction.

COMPONENTS OFCOMPONENTS OF DRHDRH

As indicated earlier, the essential components of a hydrograph are:

v the rising limb,
v the crest segment
v the recession limb

A few salient features of these are described below.

RisingRising LimbLimb

The rising limb of a hydrograph, also known as concentration curve represents the
increase in discharge due to the gradual building up of storage in channels and over the
catchment surface.

The initial losses and high infiltration losses during the early period of a storm
cause the discharge to rise rather slowly in the initial periods. As the storm continues
more and more flow from distant parts reach the basin outlet.

Simultaneously the infiltration losses also decrease with time. Thus under a uniform
storm over the catchment, the runoff increases rapidly with time. As indicated earlier,
and storm characteristics control the shape of the rising limb of a hydrograph.
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Crest Segment:Crest Segment:

 The crest segment is one of the most important parts of a hydrograph as it contains the
peak flow. The peak flow occurs when the runoff from various parts of the catchment
simultaneously contribute the maximum  amount of flow at the basin outlet.

Generally for large catchments, the peak flow occurs after the cessation of rainfall, the
time interval from the centre of mass of rainfall to the peak being essentially controlled
by basin ands storm characteristics.

Multiple peaked complex hydrographs in a basin can occur when two or more storms
occur in close succession.  Estimation of the peak flow and its occurrence, being very
important in flood-flow studies.

RecessionRecession Limb:Limb:

The recession limb which extends from the point of inflection at the end of the crest
segment to the commencement of the natural groundwater flow represents the withdrawal
of water from the storage built up in the basin during the earlier phases of the
hydrograph.

The starting point of the recession limb, i.e., the point of inflection represents the
condition of maximum storage. Since the depletion of storage takes place after the
cessation of rainfall, the shape of this part of the hydrograph in independent of storm
characteristics and depends entirely on the basin characteristics.
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The storage of water in the basin exists as

o Surface storage, which includes basin surface detention and chnnel storage
o Interflow storage
o Ground water storage

BASE FLOWBASE FLOW

The delayed flow that reaches a stream essentially as groundwater flow is called base
flow. Many times delayed interflow is also included under this category.

Runoff, representing the response of a catchment to precipitation reflects the integrated
effects of a wide range of catchment, climate and precipitation characteristics. True
runoff is therefore stream flow in the natural condition, i.e. without human intervention.
Such a stream flow unaffected by works of man, such as Structures for storage and
diversion on a stream is called virgin flow.

When there exist storage or diversion works on a stream, the flow in the downstream
channel is affected by structures and hence does not represent the true runoff unless
corrected or Storage effects and the diversion of flow and return flow.

S CURVE HYDROGRAPHS CURVE HYDROGRAPH

The simple procedure of converting the unit hydrograph of short into unit hydrograph of
longer duration, explained in the previous section cannot be adopted if the duration of the
required unit hydrograph is  either less than, or not an integral multiple of the duration of
the given unit hydrograph.
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In such situations the h of any duration can be obtained from the U.H. of given duration
using the S-curve technique. A S-curve may be defined as the hydrograph of direct runoff
resulting from the continuous effective rainfall of uniform intensity cm/b.

As shown in fig 11,11, the S-curve is constructed by adding together a series of D h unit
hydrographs , each lagged by D h with respect to the previous one.

The  S curve hydrograph attains a constant ordinate, called the equilibrium discharge
denoted by Qe, approximately at the end of the base period T of the unit hydrograph.
Thus the number of unit hydrographs needed to produce the S-curve is  T/D.

The S-curve ordinates are sometimes found to oscillate in the top portion at and around
the equilibrium discharge. This is called the hunting of S-curve.

 It may be the result of the errors in the unit hydrograph such as that the U.H. used in the
S-curve derivation might not he representing the runoff from a storm of uniform time
distribution.

The s curve hydrograph is a hydrograph produced by a continuous effective rainfall at a
constant rate for an infnite period. It is a curve obtained by summation of a n infinite
series of D-h unit hydrographs spaced D-h apart. At any give time the ordinates of the
various curves occurring at that time coordinate are summed up to obtain ordinates of he
S-curve. A smooth curve through thee ordinates result in an S-shaped curve called S-
curve.
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Nevertheless, an average S-curve can usually be drawn to attain l equilibrium discharge
smoothly. The name of the S-curve is derived from its deformed shape of the upper case
letter S. Since the rainfall rate is equal to the runoff rate at the equilibrium state, it
follows that



12

where A is the area of the basin in km D is the duration of Unit hydrograph in hours
which is used in the construction of the S-curve.

If the D’ hour U.H. is required (where D’ < D such that is a rational number) it can be
obtained from S-curve as follows. Two S-curves are drawn on the same time axis lagged
by D’ hours as shown in Fig 11.12.

The rainfall hyetographs which produced these S-curves are also shown in the same
figure at the top. The difference between the two hyetograph represents a storm of
duration D’ with an intensity of 1/D cm/h and hence a rainfall of D’ /D cm. The difference
graph between the two S-curves to then represent the direct runoff hydrograph of this
storm.
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Now if the ordinates of the difference graph are divided by D’ /D (or multiplied by D/D’ ),
they represent exactly 1 cm of runoff and therefore give the D’ hour U.H. It can be easily
seen that the ordinate of the lagged S-curve at any suet s equal to the ordinate of the
original S-curve at time (t –D’).

Therefore the ordinate of  U.H at any time t can be obtained as

Construction of S-curve does not require tabulating and adding unit hydrographs with
successive lags of D hours. Suppose a S-curve is derived from a D hour U.H.

Then if we take the difference of two S-curves lagged by D h itself, the difference graph
is nothing but the unit hydrograph itself. Therefore, the ordinate of D h unit hydrograph
at any time t is given by

The second term on R.H.S of the above equation is called the S-curve addition. Thus the
ordinate of S-curve at any time £ is obtained as the sum of the unit hydrograph ordinate at
t and the S-curve addition, where S-curve addition is also an ordinate of S-curve itself but
at time (t-D).
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It may be noted that for t D, the ordinates of S-curve and D h U.H. are identical for t> D,
the above equation provides an easy way of constructing the S-curve.The construction of
S-curve hydrograph from a U.H. of a given duration D and the derivation of U.H. of any
other duration U using the S-curve .

SYNTHETIC UNSYNTHETIC UNIT HYDROGRAPHIT HYDROGRAPH

Unit hydrographs can be derived using the methods described earlier Provided
rainfall and runoff records are available for the basin under consideration. But there are
many basins, especially in the developing countries, which are not gauged and for which
unit-graphs may be required. Hence some method of deriving unit hydrographs for
ungauged basins is necessary.

This is usually done by relating the selected basin charateristics to the  Unit
hydrograph shape. Once such relations are established between the basin parameters and
unit hydrograph parameters for the basins having sufficient data, the same relations are
applied to get the unit hydrograph of ungauged basins in the same hydrometeorologically
homogeneous area  from the known basin Parameters. The unit hydrograph thus obtained
is as Synthetic unit hydro graph.

There are several approaches to obtain the synthetic unit hydrograph and the most
widely used one is due to Snyder. He selected the peak discharge Qp , lag tpthe base width
T  to define the shape of unit  hydrograph. The basin lag is defined as the time from the
centroid of rainfall hydrograph.

These parameters, as shown in Fig. 11.14, and the fact that the volume of runoff
represented by unit hydrograph must be 1cm would permit the, complete sketching of the
unit hydrographs.

The basin characteristics considered by Snyder are the area and shape of the
basin. The equations relating the unit hydrograph parameters to the basin parameters as
proposed by Snyder are
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The standard duration for the above unit hydrograph was fixed by Snyder as

Equation (11.12) gives unreasonably long base periods for small catchments. It is
recommended by some investigators that a base period which is 5 times the  peak is about
reasonable. That is

Alternatively,  the base period of the synthetic unit hydrograph can be determined  using
the fact that the area under the unit hydrograph is equivalent to a direct runoff of 1 cm.
Assuming a triangular shape of unit hydrograph for the base period from this principle is
given by

If a synthetic unit hydrograph for any other duration D’ is required, then the modified
basin lag is given by



17

The modified lag tp is then used in Eq. (11.11) to obtain the peak discharge of D’ hours of
unit hydrograph.

Snyder cautioned that the basin lag may tend to vary with flood magnitude and the
synthetic unit hydrographs are likely to give better results for fan shaped catchments than
those with irregular shapes.

He recommended that the coefficients Ct and Cp be better determined on a regional basis
as they are likely to vary from region to region.

 It is therefore advisable that the value of these coefficients are determined from the
known parameters of the unit hydrograph of a meteoroloogically homogeneous
catchment and then are used in the ungauged catchment under consideration.

Though Snyder observed a range of 1.35 to 1.65 for Ct for some investigators have
reported a range of 0.3 to 6.0. In fact the value of Cs should depend on the slope of the
basin, and it has been observed that it is inversely proportional to the square root of the
slope. Linsley has suggested that the following modified equation may be used to find the
basin lag.
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where S is the basin slope expressed as a dimensionless ratio and CL and n are the
regression constants. For the basins in the United Slates studied by Linsley, n was found
to be 0.38 and C had a value of 1.715 for the mountainous drainage areas, 1.03 for the
foot hill drainage areas and 0.50 for the valley drainage areas.

Likewise Cp was also found to vary quite considerably and a range of 0.31 to 0.93 has
been reported by some investigators, though in the studies conducted by Snyder it was
between 0.56 and 0.69.

UNIT HYDROGRAPHUNIT HYDROGRAPH

The problem of predicting the flood hydrograph resulting from a known storm in a
catchment  has received considerable attention. A large number of methods are proposed
to solve this problem and of them probably the most popular and widely method is the
unit-hydrograph method. This method was first suggested by Sherman in 1932 and has
undergone many refinements since then.

A unit hydrograph is defined as the hydrograph of direct runoff resulting from one unit
depth (1 cm) of rainfall excess occurring uniformly over the basin and at a uniform rate
for a specified duration (D hours). The term unit here refers to a unit depth of rainfall
excess which is usually taken as I cm.

The duration, being a very important characteristic, is used as a prefix to a specific unit
hydrograph. Thus one has a 6-h unit hydrograph, 12- h unit hydrograph, etc. and in
general a D-h unit applicable to a given catchment. The definition of a unit hydrograph
implies the following.

v The unit hydrograph represents the lumped response of the catchment to a unit
rainfall excess of D-h duration to produce a direct-runoff hydrograph. It relates
only the direct runoff to the rainfall excess.
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v Hence the volume of water contained in the unit hydrograph must be equal to the
rainfall excess. As 1 cm depth of rainfall excess is considered the area of the unit
hydrograph is equal to a volume given by 1 cm over the catchment.

v The rainfall is considered to have an average intensity of excess rainfall (ER)
of I/fl cm/h for the duration D-h of the storm.

v The distribution of the storm is considered to be uniform all over the catchment.

Fig 6.9 shows a typical 6-h unit hydrograph. Here the duration of the rainfall excess is 6h.
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Area under the unit hydrograph = 12.92 x 106 m3

Hence
Catchment area of the basin = 1292 km

Two basic assumptions constitute the foundations for the unit hydrograph theory.

These are:

Ø the time invariance
Ø the linear response

Time InvarianceTime Invariance

This first basic assumption is that the direct-runoff response to a given effective rainfall
in a catchment is time-invariant. This implies that the DRJ  for given ER in a catchment
is always the same irrespective of when it occurs.



GROUND WATER

INTRODUCTION

In the previous chapters various aspects of surface water hydrology that deal

with surface runoff have been discussed. Study of subsurface flow is equally

important since about 30% of the world’ s fresh water resources exist in the form of

groundwater. Further, the subsurface water forms a critical input for the sustenance of

life and vegetation in arid zones. Because of its importance as a significant source of

water supply, various aspects of groundwater dealing with the exploration,

development and utilization have been extensively studied by workers from different

disciplines, such as geology, geophysics, geochemistry, agricultural engineering, fluid

mechanics and civil engineering and excellent treatises are available.

FORMS OF SUBSURFALE WATER

Water in the soil mantle is called subsurface water and is considered in two

zones (Fig. 9.1):

• Saturated zone

• aeration zone

Saturated Zone

This zone, also known as groundwater zone, is the space in which all the pores

of the soil are filled with water. The water table forms its upper limit and marks a free

surface, i.e. a surface having atmospheric pressure.

Zone of Aeration

In this zone the soil pores are only partially saturated with water. The space

between the land surface and the water table marks the extent of this zone. Further,

the zone of aeration has three subzones:



Soil Water Zone

This lies close to the ground surface in the major root band of the vegetation

from which the water is lost to the atmosphere by evapotranspiration.

Capillary Fringe

In this the water is held by capillary action. This zone extends from the water

table upwards to the limit of the capillary rise.

Intermediate Zone

This lies between the soil water zone and the capillary fringe.

The thickness of the zone of aeration and its constituent subzones depend upon

the soil texture and moisture content and vary from region to region. The soil

moisture in the zone of aeration is of importance in agricultural practice and irrigation

engineering. The present chapter is concerned only with the saturated zone.

All earth materials, from soils to rocks have pore spaces. Although these pores

are completely saturated with water below the water table, from the groundwater

utilization aspect only such material through which water moves easily and hence can

be extracted with ease are significant. On this basis the saturated formations are

classified into four categories:



Ø  Aquifer

Ø  Aquitard

Ø  Aquiclude

Ø  Aquifuge

Ø

These are discussed below:

Aquifer

An aquifer is a saturated formation of earth material which not only stores

water but yields it in sufficient quantity. Thus an aquifer transmits water relatively

easily due to its high permeability. Unconsolidated deposits of sand and gravel form

good aquifers.

Aquitard

It is a formation through which only seepage is possible and thus the yield is

insignificant compared to an aquifer. It is partly permeable. A sandy clay unit is an

example of aquitard. Through an aquitard appreciable quantities of water may leak to

an aquifer below it.

Aquiclude

it is a geological formation which is essentially impermeable to the flow of

water. It may be considered as closed to water movement even though it may contain

large amounts of water due to its high porosity. Clay is an example of an aquiclude.

Aquifuge

It is a geological formation which is neither porous nor permeable. There are

no interconnected openings and hence it cannot transmit water. Massive compact rock

without any fractures is an aquifuge.

The definitions of aquifer, aquitard and aquiclude as above are relative. A

formation which may be considered as an aquifer at a place where water is at a

premium (e.g. arid zohes) may be classified as an aquitard or even aquiclude in an

area where plenty of water is available.



The availability of groundwater from an aquifer at a place depends upon the

rates of withdrawal and replenishment (recharge). Aquifers play the roles of both a

transmission conduit and a storage. Aquifers are classified as unconfined aquifers and

confined aquifers on the basis of their occurrence and field situation.

An unconfined aquifer (also known as water table aquifer) is one in which a

free water surface, i.e. a water table exists (Fig. 9.2). Only the saturated zone of this

aquifer is of importance in groundwater studies. Recharge of this aquifer takes place

through infiltration of precipitation from the ground surface. A well driven into an

unconfined aquifer will indicate a static water level corresponding to the water table

level at that location.

A confined aquifer, also known as artesian aquifer, is an aquifer which is

confined between two impervious beds such as aquicludes or aquifuges (Fig. 9.2).

Recharge of this aquifer takes place only in the area where it is exposed at the ground

surface. The water in the confined aquifer will be under pressure and hence the

piezometric level will be much higher than the top level of the aquifer.

 At some locations: the piezoelectric level can attain a level higher than the

land surface and a well driven into the aquifer at such a location will flow freely

without the aid of any pump. In fact, the term “artesian” is derived from the fact that a

large number of such free flow wells were found in Artois, a former province in north

France. Instances of free-flowing wells having as much as a 50-rn head at the ground

surface are reported.

A confined aquifer is called a leaky aquifer if either or both of its confining beds are

aquitards.





Water Table

A water table is the free water surface in an unconfined aquifer. The static

level of a well penetrating an unconfirmed aquifer indicates the level of the water

table at that point. The water table is constantly in motion adjusting its surface to

achieve a balance between the recharge and outflow from the subsurface storage.

Fluctuations in the water level in a dug well during various seasons of the year,

lowering of the groundwater table in a region due to heavy pumping of the wells and

the rise in the water table of an irrigated area with poor drainage, are some common

examples of the fluctuation of the water table. In a general sense, the water table

follows the topographic features of the surface. In the water table intersects the land

surface the groundwater comes out to the surface in the form of springs or seepage.

Sometimes a lens or localized patch of impervious stratum can occur inside an

unconfined aquifer in such a way that it retains a water table above the general water

table (Fig. 9.3). Such a water table retained around the impervious material is known

as perched water table. Usually the perched water table is of limited extent and the



yield from such a situation is very small. In groundwater exploration a perched water

table is quite often confused with a general water table.

The position of the water table relative to the water level in a stream

determines whether the stream contributes water to the groundwater storage or the

other way about. If the bed of the stream is below the groundwater table, during

periods of low flows in the stream, the water surface may go down below the general

water table elevation and the groundwater contributes to the flow in the stream. Such

streams which receive groundwater flow are called effluent streams (Fig. 9.4 (a)).

Perennial rivers and streams are of this kind. If, however, the water table is below the

bed of the stream, the stream-water percolates to the groundwater storage and a hump

is formed in the groundwater table (Fig. 9.4 (h)). Such streams which contribute to the

groundwater are knows as influent streams. Intermittent rivers and streams which go

dry during long periods of dry spell (i.e. no rain periods) are of this kind.



AQUIFER PROPERTIES

The important properties of an aquifer are its capacity to release the water held

in its pores and its ability to transmit the flow easily. These properties essentially

depend upon the composition of the aquifer.

Porosity

The amount of pore space per unit volume of the aquifer material is called porosity.

It is expressed

Specific Yield

While porosity gives a measure of the water storage capability of a formation C the

water held in the pores is available for extraction by Pumping or draining by gravity.

The poles hold back some water by molecular attraction and surface tension. The

actual volume of water that can be extracted by the force of gravity from a unit of

aquifer material is known as the Specific yield Sy.  The fraction of a unit held back in

the aquifer is known as specific retention.

 Thus Porosity  of water

DAREY’ S LAW

In 1856 Henry Darcy, a French hydraulic engineer, on the basis of his

experimental findings proposed a law relating the velocity of flow in a porous

medium. This law know as Darcy’ s law can be expressed as

V = Ki

Where V= apparent velocity of discharge =Q/A

Q= Discharge

A= Area of seepage medium



K = a coefficient, called coefficient of permeability  having the units of

velocity.

The discharge Q can be expressed as

Where -∆H ( is the drop in the hydraulic grade line in a length ∆s of the porous

medium.

Darcy’ s law is a particular case of the general viscous fluid flow. It has been

valid for laminar flows only. For practical purposes  the limit of the validity of

Darcy’ s law can be taken as Reynolds number of value unity, i.e.

Excepting for flow in fissures and caverns, to a large extent groundwater flow

in nature obeys Darcy’ s law. Further, there is no known lower limit for the

applicability of Darcy’ s law.

It may be noted that the apparent velocity V used in Darcy’ s law is not the

actual velocity of flow through the pores. Owing to irregular pore geometry the actual

velocity of flow varies from point to point and the bulk pore velocity (Vs) which

represents the actual speed of travel of water in the porous media is expressed as



where n = porosity. The bulk pore velocity v is the velocity that is obtained by

tracking a tracer added to the groundwater.

Coefficient of Permeability

The coefficient of permeability also designated as hydraulic conductivity

reflects the combined effects of the porous medium and fluid properties. From an

analogy of laminar flow through a conduit (Hagen—Poiseuille flow) the coefficient of

Permeability can be expressed as

The coefficient of permeability is determined in the laboratory by a permeameter . For

coarse grained soils a constant head permeability is used. In this the discharge of

water percolating under a constant head difference ( H) through a sample, of porous

material of cross. area A and length l is determined. The coefficient of permeability at

the temperature of the experiment is found as



For fine grained soils, falling head permeameter is used. It should be noted that

laboratory samples are disturbed samples and a permeameter cannot simulate the field

conditions exactly. Hence considerable care in the preparation of the samples and in

conducting the tests are needed to obtain meaningful results.

Under field conditions, permeability of an aquifer is determined by conducting

pumping tests in a well. One of the many tests available for this purpose consists of

pumping out water from a well at a uniform rate till steady state is reached. Knowing

the steady state drawdown and the discharge rate, transmissibility can be calculated.

Information  about the thickness of the saturation zone leads one to calculate the

Permeability. Injection of a tracer, such as a dye and finding its velocity of travel is

another way of determining the permeability under field conditions.

Sometimes the aquifers may be stratified, with different permeabilities in each-strata.

T kinds of flow situations are possible in such a case.

(i) When the flow is parallel to the stratification as in Fig. 9.5 (a) equivalent

Permeability Ke of the entire aquifer of thickness



UNCONFINED FLOW BY DUPIT’ S ASSUMPTION

While Equation (9.26) is specifically for confined aquifers Eq. (9.27) which is the

Laplace equation in h is applicable to steady flow of both confined and unconfined

aquifer. However in unconfined aquifers the free surface of the water table, known as

phreatic surface has the boundary conduit of constant pressure equal to atmospheric

pressure. Also, in a sec the fine representing the water table, is also a streamline These

boundary conditions cause Considerable difficulties in analytical solutions of steady

unconfined flow problems by using the Laplace equation ink.



A simplified approach based on the assumptions suggested by Dupit’ s (1863)

which gives reasonably good results in relatively easier manner is described below.

The basic assumption of Dupit are:

I) The curvature of the free surface is very small so that the streamlines can be

assumed to he horizontal at all section

ii) The hydraulic grade line is equal to the free surface sfope and does not vary

with depth.

Consider an elementary prism of fluid bounded by the water table shown in Fig. 9

Let Vx = gross velocity of groundwater entering the element in x direction,

Vy= gross velocity of groundwater entering the element my direction

Assume a horizontal impervious base and no vertical flow from due to  recharge. By

Dupit’ s assumptions                                            ,     K direction:



Unconfined Flow with a Recharge

If there is a recharge, i.e., infiltration of water from the top ground surface into the

aquifer, at a rate of R (m per m of horizontal area) as in Fig. 9.9(b), the continuity

equation Eq. (9.31) is to be modified to take into account the recharge. Consider the

element of an unconfined aquifer as in Fig. 9.9(h) situated on a horizontal impervious

bed. Here, in addition to A M and A there will be a net inflow into the element in the

Z direction given by



Flow Without recharge

When there is no recharge R = 0 and the flow simplifies to that of steady one

dimensional flow in an unconfined aquifer, (Fig.9. 11).



Tile drain problem

The provision of drains system is one of the most widely used method of

draining waterlogged areas, the object being to reduce the level of the water table.

Fig.9.12 shows a set of porous tile drains maintaining a constant recharge rate of R at

the top ground surface.



WELLS

Wells form the most important mode of groundwater extraction from an

aquifer. While wells are used in a number of different applications, they find

extensive use in water supply and irrigation engineering practice.

Consider the water in an unconfined aquifer being pumped at a constant rate

from a well- prior to the pumping, the water level in the well indicates the static water

table. A lowering of this water level takes place on pumping. If the aquifer is

Homogeneous and isotropic and the water table horizontal initially, due to the radial

flow into the well through the aquifer the water table assumes a conical shape called

cone of depression. The drop in the water table elevation at any point from its

previous static level is called drawdown. The areal extent of the cone of depression is

called area of influence and its radial extent radius of influence (Fig. 9.15).

At constant rate of pumping, the drawdown curve develops gradually with

time due to the withdrawal of water from storage. This phase is called unsteady flow

as the water table elevation at a given location near the well changes with time. On

prolonged pumping, an. equilibrium state is reached between the rate of pumping and

the rate of inflow of groundwater from the outer edges of the zone of influence. The



drawdown surface attains a constant position with respect to time when the well is

known to operate under steady flow conditions. As soon as the pumping is stopped,

the depleted storage in the cone of depression is made good by groundwater inflow

into the zone of influence. There is a gradual accumulation of storage till the original

(static) level is reached. This stage is called recuperation or recovery and is an

unsteady phenomenon. Recuperation time depends upon the aquifer characteristics.

Changes similar to the above take place to a pumping well in a confined aquifer also,

but with the difference that, it is the piezometric surface instead of the water table that

undergoes drawdown with the development of the cone of depression. In confined

aquifers with considerable piezometric head, the recovery into the well takes place at

a very rapid rate.



WELL LOSS

In a pumping artesian well, the total draw down at the well s can be considered 10

be made up of three parts:

1. Head drop required to cause laminar porous media flow, called formation

2. Drop of piezometric head required to sustain turbulent flow in the region nearest to

the well where the Reynolds number may be larger than unity

3. Head loss through the well screen and casing, Swc.



FLOODS AND FLOOD ROUTING

INTRODUCTION

A flood is an unusually high stage in a river normally the level at which the

river overflows its banks and inundates the adjoining area. The damages caused by

floods in terms of loss of life, property and economic loss due to disruption of

economic activity are all too well known. Crores of rupees are spent every year in

flood control and flood forecasting.

The hydrograph of extreme floods and stages corresponding to flood peaks

provide valuable data for purposes of hydrologic design. Further, of the various

characteristics of the flood hydrograph, probably the most important and widely used

parameter is the flood peak. At a given location in a stream, flood peaks vary from

year to year and their magnitude constitutes a hydrologic series which enable one to

assign a frequency to a given flood-peak value. In the design of practically all

hydraulic structures the peak flow that can be expected with an assigned frequency

(say 1 in 100 years) is of primary importance to adequately proportion the structure to

accommodate its effect. The design of bridges, culvert waterways and spillways for

dams and estimation of scour at a hydraulic structure are some examples wherein

flood-peak values are required.

To estimate the magnitude of a flood peak the following alternative methods

are available:

• Rational method,

• empirical method,

• unit-hydrograph, and

• flood-frequency studies.

The use of a particular method depends upon (i) the desired objective, (ii) the

available data and (iii) the importance of the project. Further the rational formula is



only applicable to small site (< 50 m) catchments and the unit-hydrograph method is

normally restricted to moderate size catchments with areas less than 5000 km

FLOOD FREQUENCY STUDIES

Hydrologic processes such as floods are exceedingly complex natural events.

They are resultants of a number of component parameters and are therefore very

difficult, analytically. For example, the buds in a catchment depend upon the

characteristics of the catchment, rainfall and antecedent conditions, each one of these

factors in turn depend upon a host of constituent parameters.

 This makes the elimination of the flood peak a very complex problem leading

to many different approaches. The empirical formulae and unit-hydrograph methods

presented in the previous sections are some of them. Another approach to the

prediction of flood flows, and also applicable to other hydrologic processes such as

rainfall etc. is the statistical method of frequency analysis.

The values of the maximum flood from a given catchments area for large

number  of successive years constitute a hydrologic data series called the annual

series. The data are then arranged in decreasing order of magnitude and the

probability P of each event being equaled to or exceeded (plotting position) is

calculated by the plotting position formula

Where M = order number of the event and

N = total number of events in the data.

The recurrence  interval, T(also called the return period or frequency) is

calculated as T=1/P



The last column shows the return period 1 of various flood

magnitude, Q. A plot of Q vs T yields the probability distribution. For small return

periods (i.e. for interpolation) or where limited extrapolation is required, a simple best

fitting curve through plotted points can be used as the probability distribution. A

logarithmic scale for T is often advantageous. However, when larger extrapolations of

Tare involved, theoretical probability distributions have to be used. In frequency

analysis of floods the usual problem is to predict extreme flood events. Towards this,

specific extreme-value distributions are assumed and the required statistical

parameters calculated from the available data. Using these  the flood magnitude for a

specific return period is estimated.

Chow (1951) has shown that most frequency distribution

functions applicable to hydrologic studies can be expressed by the following equation

known as the general  equation of hydrologic frequency analysis:

                     where x  = value of the variate X of a random hydrologic series with a

return period T

x  = mean of the variate

σ = standard deviation of the variate



K = frequency  factor which depends upon the return period, T

and the assumed frequency  distribution.

Some of the commonly used frequency distribution function  predication of extreme

flood values are

§ Gumbel’ s extreme —value distribution

§  Log —Pearson Type II distribution

§  Log normal distribution

RECURRENCE INTERVAL

In many hydraulic-engineering applications such as those concerned with

floods, the probability of occurance of a particular extreme rainfall, e.g. a 24-h

maximum rainfall, will be of importance. Such information is obtained by the

frequencey analysis of the point-rainfall data. The rainfall at a place is a random

hydrologic process and the rainfall data at a place when arranged in chronological

order constitute a time series. One of the commonly used data series is the annual

series composed of annual values such as annual rainfall. If the extreme values of a

specified event occurring in each year is listed, it also constitutes an annual series.

 Thus for example, one may list the maximum 24-h rainfall occurring in a year

at a station to prepare an annual series of 24-h maximum rainfall values. The

probability of occurrence of an event in this series is studied by frequency analysis of

this annual data series. A brief description of the terminology and a simple method of

predicting the frequency of an event is described in this section and for details the

reader is referred to standard works on probability and statistics. The analysis of

annual series, even though described with rainfall as a reference is equally applicable

to any other random hydrological process, e.g. stream flow.

First, it is necessary to correctly understand the terminology used in frequency

analysis. The probability of occurrence of an event (e.g. rainfall) whose magnitude is

equal to or in excess of a specified magnitude X is denoted by P. The recurrence

interval (also known as return period) is defined as T=1/P



This represents the average interval between the occurrence of a rainfall of magnitude

equal to or greater than X. Thus if it is stated that the return period of rainfall of 20cm

in 24 his 10 years at a certain station A, it implies that on an average rainfall

magnitudes equal to or greater than 20 cm in 24 h occur once in 10 years, i.e. in a long

period of say 100 years, 10 such events can be expected. However, it does not mean

that every 10 years one such event is likely, i.e. periodicity is not implied. Then

probability of a rainfall of 20 cm in 24 h occurring in any one year at station A is l/T =

1/10 = 0.1.

If the probability of an event occurring is P, the probability of the event not occurring

in a given year is q = ( 1- P). The binomial distribution can be used to find the

probability of occurrence of the event r times in n successive years. Thus

where Pr = probability of a random hydrologic event (rainfall) of given magnitude-

and exceedence probability P occurring r times in n successive years. Thus, for

example,

(a) The probability of an event of exceedence probability P occurring 2 times inn

successive years is

In using the partial duration series, it is necessary to establish that all events

considered are independent. Hence the partial duration series is adopted mostly  for

rainfall analysis where the  conditions of  independency of events are easy to establish

its use in flood studies is rather. The recurrerce interval of an event obtained by 100

series (TA) and by the Partial duration ( Tp) are related by



GUMBEL’ S METHOD

This extreme value distribution was introduced by Gurnbel (1941) and is

commonly known  as gumbel’ s distribution. It is one of the most widely used

probability-distribution functions for extreme values in hydrologic and meteorologic

studies for  prediction of flood peaks, maximum rainfalls, maximum wind speed, etc.

Gumbel defined  a flood as the largest of the 365 daily flows and the annual

series flood flows constitute a series of largest values of flows. According to his

theory extreme events, the probability of occurrence of an event equal to or larger

than a value x0 is

 Since the practical annual data series of extreme events such as floods., maximum

rainfall depths etc., all have finite lengths of record, Eq. (7.19) is modified to account

for finiite N as given below for practical use.



Gumbel Probability Paper

The Gumbel probability paper is an aid for convenient graphical

representation of Gumbel’ s distribution. It consists of an abscissa specially marked for

various  convenient values of the return period T. To construct the T scale on the

abscjssa. First construct an arithmetic scale of YT values, say from —2 to + 7, as in

Fig. 7.3. For selected values of T, say 2, 10, 50, 100,500 and 1000, find the values of

YT by Equation (7.22) and mark off those positions on the abscissa. The T —scale is

now ready for use (Fig. 7.3).

The ordinate of a Gumbel paper on which the value of the variate, xT (flood discharge,

maximum rainfall depth, etc.) are plotted may have either an arithmetic scale or

logarithmic scale. Since by Eqs (7.18) and (7.19) x varies linearly with yr, a Gumbel

distribution will plot as a straight line on a Gumbel probability paper. This property

can be used advantageously for graphical extrapolation, wherever necessary.



FLOOD ROUTING

The stage and discharge hydrographs represent the passage of waves of river

depth and discharge respectively. As this wave moves down the river, the shape of the

wave gets modified due to various factors, such as channel storage, resistance, lateral

addition:or withdrawal of flows, etc. When a flood wave passes through a reservoir,

its peak is attenuated and the time base is enlarged due to the effect of storage. Flood

waves passing down a river have their peaks attenuated due to friction if there is no

lateral inflow. The addition of lateral inflows can cause a reduction of attenuation or

even amplification of a flood wave.

Flood routing is the technique of determining the flood hydrograph at a section

of a river by utilizing the data of flood flow at one or more upstream sections. The

hydrologic analysis of problems such as flood forecasting, flood protection, reservoir

design and spill design invariably include flood routing. In these applications two

broad categories of routing can be recognised.

These are:

Ø Reservoir routing

Ø Channel routing

In reservoir routing the effect of a flood wave entering a reservoir is studied. Knowing

the volume —elevation characteristic of the reservoir and the outflow —elevation

relationship for the spillways and other outlet structures in the reservoir, the effect of

a flood wave entering the reservoir is studied to predict the! variations of reservoir

elevation and outflow discharge with time. This form of reservoir routing is essential

(i) in the design of the capacity of spill and other) reservoir outlet structures and (ii) in

the location and sizing of the capacity of reservoirs to meet specific requirements.

In channel routing the change in the shape of a hydrograph as it travels down a

channel is studied. By considering a channel reach and an input hydrograph at the

upstream end, this form of routing aims to predict the flood hydrograph at various



sections of the reach. Information on the flood-peak attenuation and the duration of

levels obtained by channel routing is of utmost importance in ‘ operations and flood-

protection works.

A variety of routing methods are available and they can be broadly classified into two

categories as: (i) hydrologic routing and (ii) hydraulic routing. 0 methods employ

essentially the equation of continuity. hydraulic methods, on the other hand, employ

the continuity equation together with the equation of motion of unsteady flow-The

basic differential equations used in the hydraulic routing, known as St.Venant

equations afford a better description of flow than hydrologic methods.

HYDROLOGICAL STORAGE ROUTING

(LEVELPOOL ROUTING)

A flood wave 1(t) enters a reservoir Provided with an outlet such as a spill Way T

outflow is a function of the reservoir elevation only, i.e. Q =Q (h). The Storage in the

reservoir is a function of the reservoir elevation s = s(h) Further, due to the Passage of

the flood wave through the reservoir, the water level in the reservoir changing with

time h =h (t) and hence the storage and discharge change with time required to find

the variation of s, h and Q with time.



where H = head over the spill way, L= effective length of the Spill way crest

and C = coefficient of discharge . Similarly for other forms of outlets such as gated

Spill ways sluice gates, etc. other relations for Q (h) will be available,

For reservoir routing, the following data have to be known:

1. Storage volume vs elevation for the reservoir:

2. Water surface elevation vs outflow and hence storage  outflow

discharge;

3. inflow hydrograph I = I(t and

4. Initial values of S,/and Q at time: = 0.

There are a V of methods available for routing of floods through a reservoir.

All of them use but in various re arranged manners. As the horizontal surface is

assumed in the reservoir, the storage routing is also known as leve1 pool routing.

EMPIRICAL FORMULAE

The empirical formulae used for the estimation of the flood peak are essentially

regional formulae based on statistical correlation of the observed peak and important

catchments properties. To simplify the form of the equation, only a few of the many

parameters affecting the flood peak are used. For example, almost all formulae use the

catchments area as a parameter affecting the flood peak and most of them neglect the

flood frequency as a parameter. In view 0 these, the empirical formula are applicable

only in the region from which they were developed and when applied to other areas



Flood Peak Area Relationship

By far the simplest of the empirical relationships are those which relate the  peak to

the drainage area. The maximum  flood discharge Q,, from a catchment area A is

given by these formulae as

While there are a vast number of formulae of this kind proposed for various parts of

the world, only a few popular formulae used in various parts of India are given below.

Dickens Formula (1865)

Qp= CD A3/4

where Qp= maximum flood discharge

A= Catchment Area

CD = Dickens constant with value between 6 to 30

Ryves Formuis (1884)

Qp = CR A

where Qp = maximum flood discharge

A = catchment area

CR = Ryves coefficient

This formula originally developed for the Tamil Nadu region, is in use in Tamil Nadu

and parts of Karnataka and Andhra Pradesh. The values of CR recommended by

Ryves for use are

CR        = 6.8 for afea within 80 km from the east coast

= 8.5 for areas which are 80-160 km from the east coast

= 10.2 for limited areas near hills However, various major reservoir projects

built in Tamil Nadu since 1950 ha adopted considerably much higher values of R than

the above



LOG —PEARSON TYPE Ill DISTRIBUTION

This distribution is extensively used in USA for projects sponsored by the US

Government. In this the variate is first transformed into logarithmic form (base 10)

md the transformed data is then analysed. If X is the variate of a random hydrologic

series, then the series of Z variates where

Where Cs = adjusted coefficient of skew. However the standard procedure for use of

pear Type HI distribution adopted by U.S. Water Resources Council does not include

this adjustment for skew. When  the skew is zero,i.e. C = 0, the log-Pearson Type II

distribution reduces to log normal distribution. The log —normal distribution plots as

a straight line on logarithmic probability paper.



RATIONAL METHOD

Consider a rainfall of uniform intensity and very long duration of basin. The runoff

rate gradually increases from zero to a constant value as ‘ fldiea in Fig. 7.1. The runoff

increases as inure and more flow from remote areas of catchment reach the outlet.

The above equation is known as Muskingum Routing Equation and provides a

simple linear for channel routing. It has been found that for best results the routing

Several , t should be so chosen that K> & > 2Kt. If & C 2Kx, the coefficient C

be negative. Generally, negative values of coefficients are avoided by choosing

appropriate values of t.

To use the Muskingum equation to mute a given inflow hydrograph through a

each, the values of K and x for the reach and the value of the outflow, Qi, from the

reach at the start are needed. The procedure is indeed simple.

a) Knowing K and x, select an appropriate value of &

b) Calculate C0, C1 and C2

c) Starting from the initial conditions l1, Q1, and known l2 at the end of the first

time

d) The outflow calculated in step (c) becomes the known initial out flow for

the next time step. Repeat the calculations for the entire inflow hydrograph.



HYDRAULIC METHOD FOR FLOOD ROUTING

Only for highly simplified eases can one obtain the analytical solution of these

equations. The development of modern, high-speed digital computers during the past

two decades has given rise to the evolution of many indicated  numerical techniques.

The various numerical methods for solving St.venant equations can be broadly

classified into two categories:

ü Approximate Methods

ü Complete Numerical methods

These methods are based on the equation of continuity only or on a drastically

curtailed equation of motion. The hydrological method of storage routing and

Muskingum channel routing belong to this category. Other methods in this category

are diffusion analogy and kinematic wave models.

Complete Numerical Methods

These are the essence of the hydraulic method of routing and are classified into many

categories as below:

In the direct method, the partial derivatives are replaced by finite differences and the

resulting algebraic equations are then solved. In the method of characteristics (MOC)



St Venant equations are converted into a pair of ordinary differential equations (i.e.

characteristic forms) and then solved by finite difference techniques. In the finite

element method (FEM) the system is divided into a number of elements and partial

differential equations are integrated at the nodal points of the elements.

The numerical schemes are further classified into explicit and implicit methods. In the

explicit method the algebraic equations are linear and the dependent variables are

extracted explicitly at the end of each time step. In the implicit method the dependent

Variables occur implicitly and the equations are nonlinear. Each of these two methods

have a host of finite- differentiating schemes to choose from.

ROUTING IN CONCEPTUAL HYDROGRAPH DEVELOPMENT

Even though the routing of floods through a reservoir or channel discuss previous

section were developed for field use, they have found another important in the

conceptual studies of hydrographs. The routing through a reservoir attenuation and

channel routing which gives translation to an input hydrograph are treated as two

basic modifying operators.

The following two fictitious intensities in the studies for development of synthetic

hydrographs through conceptual models.

I Linear reservoir: a reservoir in which the storage is directly proportional to

discharge, (S = KQ). This element is used to provide attenuation to flood wave.

2. Linear channel: a fictitious channel in which the time required to discharge Q

through a given reach is constant. An inflow hydrograph pass through such a channel

with only translation and no attenuation.

Conceptual modelling for Hill development has undergone rapid progress Since the

first work by Zoch (1937). Detailed reviews of various contributions to this field are

available in Refs 2 and 3 and the details are beyond the scope of this book However, a



simple method, viz, Clark’ s method (1945) which utilizes the Muskingum method of

routing through a linear reservoir is indicated below as a typical example of the use of

routing in conceptual models.

Routing

The linear reservoir at the outlet is assumed to be described by S = KQ, where K is

the storage time constant. The value of K can be estimated by considering the point of

inflection P of a surface runoff hydrograph . At this point the inflow into the channel

has ceased and beyond this point the flow is entirely due to withdrawal from the

channel storage, The continuity equation

where suffix i refers to the point of inflection, and K can be estimated from a known

surface runoff hydrograph of the catchment The constant K can also he estimated

from the data on the recession limb of a hydrograph.

Knowing K of the linear reservoir, the inflows at various times are routed by the

Muskingum method. Note that since a linear reservoir is used . The inflow rate

between an inter-isochrone area A, km with a time interval ∆t (h) is



Routing  of the time-area histogram by the above equation gives the ordinates of IUH

for the catchment.  Using this IUH- any other D-h unit hydrograph can be derived.

NASH CONCEPTUAL MODEL

Nash (1957) proposed the following conceptual model of a catchment to

develop an equation for lUH. The catchment is assumed to be made up of a series of a

identical linear reservoirs each having the same storage constant K. The first reservoir

receives a unit volume equal to 1 cm of effective rain from the catchment

instantaneously This inflow is routed through the first reservoir to get the outflow

hydrograph. The outflow from the first reservoir is considered as the input to the

second; the out flow from the second reservoir is the input to the third and so on for

all the it reservoirs The conceptual cascade of reservoirs as above and the shape of the

outflow hydrographs from each reservoir of the cascade is shown in Fig. 8.13. The

outflow hydrograph from the nth reservoir is taken as the lUH of the catchment.

Other Methods

In addition to the above two methods, there are a large number of other methods 5

depend on different combinations of the parameters of the basic continuity equation.

Graphical and analog methods are also available for reservoir. Computer’ programs

to solve reservoir routing problems that are often encountered in available

commercially.



ATTENUATION

Owing to the storage effect, the peak of the outflow hydrograph will he small

than that of the inflow hydrograph. This reduction in the peak value is called at

attenuation, the peak of the outflow occurs after the peak of the inflow; the time

difference between the two peaks is known as Lug. The attenuation and lag of a flood

hydrograph at a reservoir are two very important aspects of a reservoir operating

under a flood-control criteria. By judicious management of the initial reservoir level

at the time of arrival of a critical flood, considerable attenuating of the floods can he

achieved. ‘ the storage capacity of the reservoir and the characteristics of spill and

other outlets control the lag and attenuation of an inflow hydrograph.

In the rising part of the outflow curve where the inflow curve is higher than

the outflow curve, the area between the two curves indicate the accumulation of flow

as storage. In the falling part of the outflow curve, the outflow curve is higher than the

inflow curve and the area between the two indicate depletion from the storage. When

the outflow from a storage reservoir is controlled , as in a freely operating spillway,

the peak of the outflow hydrograph will occur at the point of intersection of the inflow

and outflow curves .

HYDROLOGIC CHANNEL ROUTING

In reservoir routing presented in the previous sections, the storage was a

unique function of the outflow discharge, S= f(Q). However, in channel routing the

storage is a function of both outflow and inflow discharges and hence a different

routing  method is needed. The flow in a river during a flood belongs to the category

of gradually varied unsteady flow. The water surface in a channel reach is not only

parallel to the channel bottom but also varies with time. Considering a channel reach

having a flood flow, the total volume in storage can be considered under two

categories as:

ü Prism storage

ü Wedge storage



Prism Storage

It is the volume that would exist if uniform flow occurred at the downstream depth,

i.e. the volume formed by an imaginary plane parallel to the channel bottom drawn at

the outflow section water surface.

 Wedge Storage

It is the wedge-like volume formed between the actual water surface profile

and the top surface of the prism storage. At a fixed depth at a downstream section of a

river reach the prism storage is constant while the wedge storage changes from a

positive value at an advancing flood a negative value during a receding flood. The

prism storage. The prism storage  similar to a reservoir and can be expressed as a

function of the outflow discharge, f(Q). The edge storage can he accounted for by



expressing it as S=f(Q). The total storage in the channel i-each can then he expressed

as

where K and x are coefficients and m = a constant exponent. It has been found

that the value of m varies from 0.6 for rectangular channels to a value of about 1.0 for

natural channels.

FLOOD CONTROL

The term flood control is commonly used to denote all the measures adopted to reduce

damages to life and property of floods. As there is always a possibility, however

remote it may be, of an extremely large flood occurring in a river the complete control

of the flood to a level of zero loss is neither physically possible nor economically

feasible. The flood control measures that are in use can be classified as:

1. Structural methods:

(i) Storage and detention reservoirs,

(ii) Levees (flood en ban knients),

(iii) Channel improvelment,

(iv) flood ways (new channels), and

(v) soil conservation.

2. Non-structural methodls:

(i) Flood plain zonin;g, and

(ii) flood warning, evtacuation and relocation.

Storage Reservoirs

Storage reservoirs offer one of the most reliable and effective methods of

flood control. Ideally, in this method, a part of the storage in the reservoir is kept apart

to absorb the incoming flood. Further, the stored water is released in a controlled way



over an extended time so that downstream channels do not get flooded. Figure 8.15

shows an ideal operating p of a flood control reservoir. As most of the present-day

storage reservoirs have multipurpose commitments, the manipulation of reservoir

levels to satisfy many conflicting demands is a very difficult and complicated task. It

so happens that many storage reservoirs while reducing the floods and flood damages

do not always aim at achieving optimum benefits in the flood-control aspect. To

achieve complete flood control in the entire length of river, a large number of

reservoirs at strategic locations in the catchment will be necessary.

The Hirakud and Damodair Valley Corporation (DVC) reservoirs are

examples of major reservoirs in the country which have specific volumes earmarked

for flood absorption.

Detention Reservoirs

A detention reservoir consist of an obstruction to a river with an uncontrolled

outlet. These are essentially small structures and operate to reduce the flood peak by

providing temporary storage and by restriction of the outflow rate. These structures

are not common in India.



Soil Conservation

Soil-conservation measures in the catchment when properly planned and

effected lead to an all-round improvement in catchment characteristics affecting

abstractions. Increased infiltration greater vapotranspiration and reduced soil erosion

are some of its easily identifiable. It is believed that while small and medium floods

are reduced by soil-conservation measures, the magnitude of extreme floods are

unlikely to be affected by these measures.

FLOOD FORECASTING

Forecasting of floods in advance enables a waning to be given to the people

likely to be affected and further enables civil- defence measures to be organized. It

thus forms a very important and relatively inexpensive nonstructural flood-control

measure. However, it must be realized that a flood yarning is meaningful if it is given

sufficiently in advance. Also, erroneous warnings will cause the populace to loose

faith in the system. Thus the dual requirement of reliability and advance notice are the

essential ingredients of a flood-forecasting system.

The flood forecasting techniques can be broadly divided into three categories.

ü Short-range forecasts

ü Medium-range forecasts

ü Long-range forecasts

Short-Range Forecasts

In this the river stages at successive stations on a river are correlated with

hydrological parameters, such as precipitation over the local area,, antecedent

precipitation index, and variation of the stage at the upstream base point during the

travel time of a flood. This gives an advance warning of 12 —40 h for floods. The

flood forecasting currently being used for the metropolitan city of Delhi is  based on

this technique.



Medium-Range Forecasts

In this rainfall-runoff relationships are used  to predict flood levels with a

warning of 2-5 days. Coaxial graphical correlations of runoff with rainfall and other

parameters like the time of the year, storm duration and ancedent  wetness have been

developed to a high stage of refinement by the US Weather Bureau.

Long-Range Forecasts

Using radars and meteorological satellite data, advance information about

critical storm-producing weather systems, their rain potential and time of, occurrance

of the event are predicted well in advance.

FLOOD CONTROL IN INDIA

In India the Himalayan rivers account for nearly 60% of the flood damage in

the country. Floods in these rivers occur during monsoon months and usually in the

months of August or September. The damages caused by floods are very difficult to

estimate and a figure of Rs 10 billion (1000 crores) as the annual flood damage in the

country gives the right order of magnitude.

In the period 1953-1983, the average annual number of human lives and cattle

lost due to floods in the country were 1434 and 105490 respectively. It is estimated

that annually on an average 40 Mha of land arc liable to flooding and of this about 12

Mha have some kind of flood-control measure. There are about 12,500 kin of levees

and about 25,600 km drainage channels affording protection from floods. About 60 to

80% of flood damages occur in the states of UP, Bihar, West Bengal, Assam and

Orissa.

Flood forecasting is handled by CWC in close collaboration with the IMD

which lends meteorological data support. Nine flood Met offices with the aid of

recording rain gauges provide daily synoptic situations, actual rainfall amounts and



rainfall forecasts to CWC. The CWC has 141 flood-forecasting stations situated on

various basins to provide a forecasting service to a population of nearly 40 million.

A national programme for flood control was launched in1954 and tn amount

of about 976 crones has been spent since then till the beginning of the Sixty Five-Year

Plan. The Planning Commission has provided an outlay of 1045 crores in the sixth

Five-Year Plan for flood control. These figures highlight the seriousness of the flood

problem and the efforts made towards mitigating flood damages. The experience

gained in the flood control measures in the country are embodied in the report of the

Rashtriya Barh Ayog (RBA) (National Flood Commission) submitted in March 1980.

This report, containing a large number of recommendations on all aspects of

flood control forms the basis for the evolution of the present national policy on floods.

According to the national water policy (1987), while structural flood control measures

will continue to be necessary, the emphasis should be on non- structural methods so

as to reduce the recurring expenditure on flood relief.


