
CHAPTER ONE


INTRODUCTION




1.1 HYDROLOGY AND HYDROLOGIC CYCLE

   Hydrology is the science, which deals with the occurrence, distribution and disposal of water on the planet earth; it is the science which deals with the various phases of the hydrologic cycle.

   Hydrologic cycle is the water transfer cycle, which occurs continuously in nature; the
three important phases of the hydrologic cycle are: (a) Evaporation and evapotranspiration (b) precipitation and (c) runoff as shown in Fig. 1.1. Evaporation from the surfaces of ponds, lakes reservoirs. ocean surfaces, etc. and transpiration from surface vegetation i.e., from plant leaves of cropped land and forests, etc. take place. These vapours rise to the sky and are condensed at higher altitudes by condensation nuclei and form clouds, resulting in droplet growth. The clouds melt and sometimes burst resulting in precipitation of different forms like rain, snow, hail, sleet, mist, dew and frost. A part of this precipitation flows over the land called runoff and part infilters into the soil which builds up the ground water table. The surface runoff joins the streams and the water is stored in reservoirs. A portion of surface runoff and ground water flows back to ocean. Again evaporation starts from the surfaces of lakes, reservoirs and ocean, and the cycle repeats. Of these three phases of the hydrologic cycle, namely, evaporation, precipitation and runoff, which is important to a civil engineer since he is concerned with the storage of surface runoff in tanks and reservoirs for the purposes of irrigation, municipal water supply hydroelectric power etc.











[image: ]Fig. 1.1 The hydrologic cycle

1.2 FORMS OF PRECIPITATION

Drizzle :  a light steady rain in fine drops (0.5 mm) and intensity <1 mm/hr
Rain  :  the condensed water vapour of the atmosphere falling in drops (>0.5 mm, maximum size—6 mm) from the clouds.
Glaze :  freezing of drizzle or rain when they come in contact with cold objects.
Sleet :  frozen rain drops while falling through air at subfreezing temperature.
Snow : ice crystals resulting from sublimation (i.e., water vapour condenses
to ice)
Snow flakes : ice crystals fused together.
Hail : small lumps of ice (>5 mm in diameter) formed by alternate freezing and melting, when they are carried up and down in highly turbulent air currents.
Dew : moisture condensed from the atmosphere in small drops upon cool surfaces.
Frost : a feathery deposit of ice formed on the ground or on the surface of exposed objects by dew or water vapour that has frozen
Fog : a thin cloud of varying size formed at the surface of the earth by condensation of atmospheric vapour (interfering with visibility)
Mist : a very thin fog.
1.3 HYDROLOGIC EQUATION

The hydrologic equation is simply the statement of the law of conservation of matter and is given by
                                                                                                                   (1.1)
Where
: inflow, : outflow,   : change in storage

This equation states that during a given period, the total inflow into a given area must equal the total outflow from the area plus the change is storage. While solving this equation, the ground water is considered as an integral part of the surface water and it is the subsurface inflow and outflow that pose problems in the water balance studies of a basin.

                                                                                                                     (1.2)

Where i and q are the instantaneous input and output rates.
Hydrologic budget equations can be developed for the surface system, subsurface system, and the combined system. The difficulty in solving these equations for practical problems lies mainly in the inability to measure or estimate properly the various hydrologic equation terms. Precipitation is measured by rain or snow gauges. Surface flows can be measured by weirs, flumes, velocity meters and depth gauges. Soil moisture can be measured using neutron probes and gravimetric methods. Infiltration can be determined locally by infiltrometers. The extent and rate of movement of groundwater are usually exceedingly difficult to determine and adequate data on quantities of groundwater are not always available. The determination of quantities of water evaporated and transpired is also extremely difficult.
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2.1 MEASUREMENT OF PRECIPITATION

   Rainfall may be measured by a network of rain gauges which may either be of non-recording or recording type. Self-recording, automatic or integrating rain gauge. This type of rain gauge Figs. 2.1, and 2.2 has an automatic mechanical arrangement consisting of clockwork, a drum with a graph paper fixed around it and a pencil point, which draws the mass curve of rainfall Fig. 2.3. From this mass curve, the depth of rainfall in a given time, the rate or intensity of rainfall at any instant during a storm, time of onset and cessation of rainfall, can be determined. 
[image: ]

   Fig. 2.1 Tipping bucket gauge                                   Fig. 2.2 Weighing type rain gauge

[image: ]  





        Fig. 2.3 Mass curve of rainfall

2.2 ESTIMATION OF MISSING DATA AND ADJUSTMENT OF RECORDS 

1. Station-year method
In this method, the records of two or more stations are combined into one long record provided station records are independent and the areas in which the stations are located are climatologically the same. The missing record at a station in a particular year may be found by the ratio of averages or by graphical comparison. For example, in a certain year the total rainfall of station A is 75 cm and for the neighboring station B, there is no record. But if the average annual rainfall (a.a.r) at A and B are 70 cm and 80 cm, respectively, the missing year’s rainfall at B (say, PB) can be found by simple proportion as:
[image: ]
2. By simple proportion (normal ratio method)
    This method is illustrated by the following example.

Example 2.1: Rain-gauge station D was inoperative for part of a month during which a storm occurred. The storm rainfall recorded in the three surrounding stations A, B and C were 8.5, 6.7 and 9.0 cm, respectively. If the a.a.r for the stations are 75, 84, 70 and 90 cm, respectively, estimate the storm rainfall at station D.

Solution 
By equating the ratios of storm rainfall to the a.a.r. at each station, the storm rainfall at station D (PD) is estimated as

[image: ]




3. Double-mass analysis
The trend of the rainfall records at a station may slightly change after some years due to a change in the environment (or exposure) of a station either due to coming of a new building, fence, planting of trees or cutting of forest nearby, which affect the catch of the gauge due to change in the wind pattern or exposure. The consistency of records at the station in question (say, X) is tested by a double mass curve by plotting the cumulative annual (or seasonal) rainfall at station X against the concurrent cumulative values of mean annual (or seasonal) rainfall for a group of surrounding stations, for the number of years of record (Fig. 2.4). From the plot, the year in which a change in regime (or environment) has occurred is indicated by the change in slope of the straight line plot. The rainfall records of the station x are adjusted by multiplying the recorded values of rainfall by the ratio of slopes of the straight lines before and after change in environment.



Example 2.2: The annual rainfall at station X and the average annual rainfall at 18 surrounding stations are given below. Check the consistency of the record at station X and determine the year in which a change in regime has occurred. State how you are going to adjust the records for the change in regime. Determine the a.a.r. for the period 1952-1970 for the changed regime.

Solution

[image: ]

The above cumulative rainfalls are plotted as shown in Fig. 2.4. It can be seen from the figure that there is a distinct change in slope in the year 1958, which indicates that a change in regime (exposure) has occurred in the year 1958. To make the records prior to 1958 comparable with those after change in regime has occurred, the earlier records have to be adjusted by multiplying by the ratio of slopes m2/m1 i.e., 0.9/1.25.








[image: ]
                        Fig. 2.4 Double mass analysis
[image: ]
2.3 MEAN AREAL DEPTH OF PRECIPITATION (Pave)

Point rainfall: It is the rainfall at a single station. For small areas less than 50 km2, point rainfall may be taken as the average depth over the area. In large areas, there will be a network of rain-gauge stations. As the rainfall over a large area is not uniform, the average depth of rainfall over the area is determined by one of the following three methods:
1. Arithmetic average method: It is obtained by simply averaging arithmetically the amounts of rainfall at the individual rain-gauge stations in the area, i.e.,

[image: ]                                                
                                                                                                      (2.1)



[image: ]

2. Thiessen polygon method: This method attempts to allow for non-uniform distribution of gauges by providing a weighting factor for each gauge. The stations are plotted on a base map and are connected by straight lines. Perpendicular bisectors are drawn to the straight lines, joining adjacent stations to form polygons, known as Thiessen polygons (Fig. 2.5). Each polygon area is assumed to be influenced by the raingauge station inside it, i.e., if P1, P2, P3, .... are the rainfalls at the individual stations, and A1, A2, A3, .... are the areas of the polygons surrounding these stations, (influence areas) respectively, the average depth of rainfall for the entire basin is given by
                                                                                                    (2.2)[image: ][image: ]
[image: ]                                                                                                    









Fig.2.5 Thiessen polygon method

3. [image: ]The isohyetal method: In this method, the point rainfalls are plotted on a suitable base map and the lines of equal rainfall (isohyets) are drawn giving consideration to orographic effects and storm morphology, Fig. 2.6. The average rainfall between the successive isohyets taken as the average of the two isohyetal values are weighted with the area between the isohyets, added up and divided by the total area which gives the average depth of rainfall over the entire basin, i.e.,
               (2.3)





Example 2.3: Point rainfalls due to a storm at several rain-gauge stations in a basin are shown in Fig. 2.5. Determine the mean areal depth of rainfall over the basin by the three methods.

Solution
1. Arithmetic average method

[image: ]

2. Thiessen polygon method: The Thiessen polygons are constructed as shown in Fig. 2.5 and the polygonal areas are planimetered and the mean areal depth of rainfall is worked out below:






3. [image: ]Isohyetal method:The isohyets are drawn as shown in Fig. 2.6 and the mean areal depth of rainfall is worked out below:
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Fig. 2.6    Isohyetal method

2.4 OPTIMUM RAIN-GAUGE NETWORK DESIGN
The aim of the optimum rain-gauge network design is to obtain all quantitative data averages and extremes that define the statistical distribution of the hydrometeorological elements, with sufficient accuracy for practical purposes. When the mean areal depth of rainfall is calculated by the simple arithmetic average, the optimum number of rain-gauge stations to be established in a given basin is given by the equation (IS, 1968)

                                                                                                                           (2.4)

[image: ]

The number of additional rain-gauge stations (N–n) should be distributed in the different zones (caused by isohyets) in proportion to their areas, i.e., depending upon the spatial distribution of the existing rain-gauge stations and the variability of the rainfall over the basin.

Example 2.4 For the basin shown in Fig. 2.7, the normal annual rainfall depths recorded and the isohyetals are given. Determine the optimum number of rain-gauge stations to be established in the basin if it is desired to limit the error in the mean value of rainfall to 10%. Indicate how you are going to distribute the additional rain-gauge stations required, if any. What is the percentage accuracy of the existing network in the estimation of the average depth of rainfall over the basin?
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	Fig. 2.7 Isohyetal map

[image: ]These additional rain-gauges have to be spatially distributed between the different isohyetals after considering the relative distances between rain-gauge stations, their accessibility, personnel required for making observations, discharge sites, etc. The percentage error p in the estimation of average depth of rainfall in the existing network,





2.5 ANALYSIS OF RAINFALL DATA
Rainfall during a year or season (or a number of years) consists of several storms. The characteristics of a rainstorm are (i) intensity (cm/hr), (ii) duration (min, hr, or days), (iii) frequency (once in 5 years or once in 10, 20, 40, 60 or 100 years), and (iv) areal extent (i.e., area over which it is distributed).


Correlation of rainfall records: Suppose a number of years of rainfall records observed on recording and non-recording rain-gauges for a river basin are available; then it is possible to correlate (i) the intensity and duration of storms, and (ii) the intensity, duration and frequency of storms.

If there are storms of different intensities and of various durations, then a relation may be obtained by plotting the intensities (i, cm/hr) against durations (t, min, or hr) of the respective storms either on the natural graph paper, or on a double log (log-log) paper, Fig. 2.8(a) and relations of the form given below may be obtained

[image: ]                                                (2.5)

                                                (2.6)
                                                (2.7)


Where
 t = duration of rainfall or its part, a, b, k, n and x are constants for a given region. Since x is usually negative Eqs. (2.6) and (2.7) are same and are applicable for durations t > 2 hr. By taking logarithms on both sides of Eq. (2.7),

[image: ]

If there are rainfall records for 30 to 40 years, the various storms during the period of record may be arranged in the descending order of their magnitude (of maximum depth or intensity). When arranged like this in the descending order, if there are a total number of n items and the order number or rank of any particular storm (maximum depth or intensity) is m, then the recurrence interval T (also known as the return period) of the storm magnitude is given by one of the following equations:




[image: ]                                                (2.8)

                                                (2.9)
                                                (2.10)


The frequency F (expressed as per cent of time) of that storm magnitude (having recurrence interval T) is given by
[image: ]
                                                                                                      (2.11)

[image: ]


Fig. 2.8 Correlation of storm characteristics

Recurrence interval is the average number of years during which a storm of given magnitude (maximum depth or intensity) may be expected to occur once, i.e., may be equaled or exceeded. Frequency F is the percentage of years during which a storm of given magnitude may be equaled or exceeded. For example if a storm of a given magnitude is expected to occur once in 20 years, then its recurrence interval T = 20 yr, and its frequency (probability of exceedence) F = (1/20) 100 = 5%, i.e., frequency is the reciprocal (percent) of the recurrence interval.

[image: ]
[image: ]                                                                                          (2.12)


and that it may occur is

[image: ]                                                                                                (2.12a)

where PEx = probability of occurrence of a T-year storm in N-years. The probability of a 20-year storm (i.e., T = 20, F = 5%) will not occur in the next 10 years is (1 – 0.05)10 = 0.6 or 60% and the probability that the storm will occur (i.e., will be equaled or exceeded) in the next 10 years is 1 – 0.6 = 0.4 or 40% (percent chance).

If the intensity-duration curves are plotted for various storms, for different recurrence intervals, then a relation may be obtained of the form
[image: ]
                                                                                        (2.13)

where k, x and e are constants. ‘i vs. t’ plotted on a natural graph paper for storms of different recurrence intervals yields curves of the form shown in Fig. 2.10 (b), while on a log-log paper yields straight line plots. By taking logarithms on both sides of Eq. (2.13),





[image: ]
Example 2.5 : In a Certain water shed, the rainfall mass curves were available for 30 (n) consecutive years. The most severe storms for each year were picked up and arranged in the descending order (rank m). The mass curve for storms for three years are given below. Establish a relation of the form

[image: ]












[image: ]

The intensity-duration curves (lines) are plotted on log-log paper (Fig. 2.11), which yield straight lines nearby parallel. A straight line for T = 1 – yr is drawn parallel to the line T = 10-yr at a distance equal to that between T = 30–yr and T = 3-yr. From the graph at T = 1- yr and t = 1 min, k = 103.

The slope of the lines, say for T = 30-yr is equal to the change in log i per log cycle of t, i.e., for t = 10 min and 100 min, slope = log 68 – log 17 = 1.8325 – 1.2304 = 0.6021 ~ 0.6 = e.








[image: ]

Fig. 2.11.  Intensity-duration relationship

At t = 10 min, the change in log i per log cycle of T, i.e., between T = 3–yr and 30–yr lines
(on the same vertical), log 68 – log 31 = 1.8325 – 1.4914 = 0.3411 ~0.34 = x.
Hence, the intensity-duration relationship for the watershed can be established as

[image: ]
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3.1 OVERVIEW AND RUNOFF PROCESSES
   The paths water can take in moving to a stream are illustrated in Fig.3.1. Precipitation may be in the form of rain or snow. Vegetation may intercept some fraction of precipitation. Precipitation that penetrates the vegetation is referred to as through fall and may consist of both precipitation that does not contact the vegetation, or that drops or drains off the vegetation after being intercepted. A large fraction of intercepted water is commonly evaporated back to the atmosphere. There is also flux of water to the atmosphere through transpiration of the vegetation and evaporation from soil and water bodies. The surface water input available for the generation of runoff consists of through fall and snowmelt. This surface water input may accumulate on the surface in depression storage, or flow overland towards the streams as overland flow, or infiltrate into the soil, where it may flow laterally towards the stream contributing to interflow. Infiltrated water may also percolate through deeper soil and rock layers into the groundwater. The water table is the surface below which the soil and rock is saturated and at pressure greater than atmospheric. This serves as the boundary between the saturated zone containing groundwater and unsaturated zone. Water added to the groundwater is referred to as groundwater recharge. Immediately above the water table is a region of soil that is close to saturation, due to water being held by capillary forces. This is referred to as the capillary fringe. Lateral drainage of the groundwater into streams is referred to as baseflow, because it sustains streamflow during rainless periods. Subsurface water, either from interflow or from groundwater may flow back across the land surface to add to overland flow. This is referred to as return flow. Overland flow and shallower interflow processes that transport water to the stream within the time scale of approximately a day or so are classified as runoff. Water that percolates to the groundwater moves at much lower velocities and reaches the stream over longer periods of time such as weeks, months or even years. The terms quick flow and delayed flow are also used to describe and distinguish between runoff and baseflow. Runoff includes surface runoff (overland flow) and subsurface runoff or subsurface stormflow (interflow).
[image: ]Fig. 3.1 Disposal of rain water

3.2 CATCHMENT CHARACTERISTICS
   Catchment area is a basin shaped area of land, bounded by natural features such as hills or mountains from which surface and subsurface water flows into streams, rivers and wetlands. Water flows into, and collects in, the lowest areas in the landscape. The system of streams which transport water, sediment and other material from a catchment is called a drainage network. A catchment catches water which falls to earth as precipitation (rainfall), and the drainage network channels the water from throughout the catchment to a common outlet. The outlet of a catchment is the mouth of the main stream or river. The mouth may be where it flows into another river or stream, or the place where it empties into a lake, estuary, wetland or ocean.





[image: ]







Fig. 3.2 Drainage basin characteristics

Horton has suggested a method of determining the slope of large drainage areas, i.e., the area is subdivided into a number of square grids of equal size. The number of contours crossed by each subdividing line is counted and the lengths of the grid lines are scaled. Then the slope of the basin is given by
[image: ]
                                                                                                (3.1)

[image: ]



The boundary line along a topographic ridge, separating two adjacent drainage basins is called the drainage divide. The line of the ground water table from which the water table slopes downward away from the line on both sides, is called the ground water divide. The shape of a drainage basin can generally be expressed by:
1.  form factor 
2. compactness coefficient
From factor

[image: ]                                                                                                       (3.2)

[image: ]
[image: ]  (3.3)






A fan-shaped catchment produces greater flood intensity since all the tributaries are nearly of the same length and hence the time of concentration is nearly the same and is less, whereas in the fern-shaped catchments, the time of concentration is more and the discharge is distributed over a long period (Fig. 3.3).
[image: ]












Fig. 3.3 Fan-and fern-shaped catchments
Example 3.1: The contour map of a basin is subdivided into a number of square grids of equal size by drawing horizontal and vertical lines as shown in Fig. 3.4. The contour interval is 25 m. The number of contour intersections by vertical lines is 75 and by horizontal lines 126. The total length of the vertical grid segments (after multiplying by the scale) is 53260 m and of the horizontal grid segments 55250 m. Determine the mean slope of the basin.

[image: ]







Fig. 3.4 Horton’s grid for basin slope
Solution
Slope in the vertical direction
[image: ]




Example 3.2: A basin has an area of 26560 km2, perimeter 965 km and its length 230 km. Determine: (i) form factor, (ii) compactness coefficient, (iii) elongation ratio, and (iv) circularity ratio.
[image: ]










3.3 FACTORS AFFECTING RUNOFF

1. Precipitation characteristics,
2. Shape and size of the catchment,
3. Topography,
4. Geological characteristics,
5. Meteorological characteristics,
6. Character of the catchment surface,
7. Storage characteristics

1. Precipitation characteristics
· Runoff depends on the type of the storm and its duration, which causes precipitation.
· Runoff depends on the intensity of rainfall.
· More the rainfall more will be runoff.
· If the rainfall intensity is very less and it rains as light showers then much of the water will be lost in infiltration & evaporation resulting less runoff.
· If precipitation is in case of snow then less runoff

2. Shape and size of the catchment
· Runoff depends upon size, shape and location of the catchment.

3. Types of catchment
· Fan shaped catchment
All the tributaries are approximately of the same size
Gives greater runoff because the peak flood from the tributaries is likely to reach the main stream approximately at the same time.

· Fern leaf catchment
The tributaries are generally of different lengths and meet the main stream at the regular intervals.
In such a narrow catchment the peak flood intensity is reduced since discharges are likely to be distributed over a long period of time.


















 
4. Character of the Catchment surface

· Runoff depends upon the surface conditions like drained, undrained, natural or cultivated.
· If the surface has no natural drainage then absorption loss will be more.
· If more area of a catchment is cultivated resulting less runoff.
· Vegetal cover reduces the runoff in smaller storms.
· No vegetal cover reduction in bigger storm.

 
5. Storage characteristics
· The artificial storage such as dams, weirs, etc; and natural storage such as lakes, ponds, etc; tend to reduce the peak flow.
· They also give rise to greater evaporation losses.

3.4 ISOCHRONES
The lines joining all points in a basin of some key time elements in a storm, such as beginning of precipitation, are called isochrones (Fig. 3.5). They are the time contours and represent lines of equal travel time and they are helpful in deriving hydrographs.
[image: ]
 Fig. 3.5 Isochrones


3.5 ESTIMATION OF RUNOFF
The runoff from rainfall may be estimated by the following methods:
1. Empirical formulae
2. Infiltration method
3. Rational method
4. Overland flow hydrograph
5. Unit hydrograph method
1. Empirical formulae, curves and tables: Several empirical formulae relating to the rainfall and runoff have been developed as follows:
[image: ]                                                                                 (3.4)

Where
 R = runoff, P = rainfall, a, b, and n, are constants.



[image: ]Fig. 3.6 Rainfall-Runoff correlation

[image: ]




In the above formulae, R is the average annual runoff in cm, P is the average annual rainfall in cm.

2. Infiltration Method :
By deducting the infiltration loss, from the total precipitation or by the use of infiltration indices. These methods are largely empirical and the derived values are applicable only when the rainfall characteristics and the initial soil moisture conditions are identical to those for which these are derived.

3. Rational Method:
A rational approach is to obtain the yield of a catchment by assuming a suitable runoff coefficient.
[image: ]                                                                                                            (3.5)
Where 
A = area of catchment
P = precipitation
C = runoff coefficient
The value of the runoff coefficient C varies depending upon the soil type, vegetation geology etc.

Table 3.1 Runoff coefficients for various types of catchments
[image: ]
In the rational method, the drainage area is divided into a number of sub-areas and with the known times of concentration for different subareas the runoff contribution from each area is determined. The choice of the value of the runoff coefficient C for the different sub-areas is an important factor in the runoff computation by this method. This method of dividing the area into different zones by drawing lines of time contour, i.e., isochrones, is illustrated in the following example.

Example 3.3 A 4-hour rain of average intensity 1 cm/hr falls over the fern leaf type catchment as shown in Fig. 3.6. The time of concentration from the lines AA, BB, CC and DD are 1, 2, 3 and 4 hours, respectively, to the site 0 where the discharge measurements are made. The values of the runoff coefficient C are 0.5, 0.6, and 0.7 for the 1st, 2nd and 3rd hours of rainfall respectively and attains a constant value of 0.8 after 3 hours. Determine the discharge at site 0.

[image: ]







Fig. 3.6 Time of concentration method of runoff computation

[image: ]Solution	

Determine
a. The yield of the catchment and the capacity of the tank
b. The length of clear overfall weir near one flank
c. 
a.a.r. is available only in 50% of the years. To ensure filler of the tank in deficient years dependable rainfall ≈ 75% of a.a.r.
= 0.75 × 90 = 67.5 cm or 0.675 m.
Corresponding to this rain (P) of 75% dependability, the runoff (R) can be found by the following equation
R = ((P 17.8)P/254)

[image: ]
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4. Overland Flow Hydrograph:

Overland flow occurs as a thin sheet of water over the ground surface (soon after a storm starts), joins a stream channel, and then flows in the channel to the concentration point. Overland flow is relatively slow and is the dominant type of flow in the case of very small areas such as air ports, municipal block areas and flow from broad surfaces into storm drains and gutters. But in the case of large drainage areas, the length of overland flow is so short in comparison with the channel flow distance (before reaching the concentration point) that the total concentration time is mainly a function of channel velocity.

Overland flow is essentially a uniform flow over the surface (Fig. 3.7) as developed by
C.F. Izzard (1948). The Reynolds number
[image: ]
                                                                                                               (3.6)


[image: ]

[image: ]
Fig. 3.7 Laminar overland flow analysis

5. Unit Hydrograph Method

The hydrograph of direct surface discharge measured at the outlet of drainage area, which produces a unit depth of direct runoff (i.e., a Pnet of 1 cm over the entire area of the catchment) resulting from a unit storm of specified duration (called unit period) is called a unit hydrograph of that duration. The unit hydrograph method was first proposed by L.K. Sherman in 1932. The area under the hydrograph represents a direct runoff of 1 cm, Fig. 3.8.
[image: ]












Fig. 3.8 Unit hydrograph
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4 
4.1 HYDROGRAPH COMPONENTS
   A hydrograph is a graph showing the rate of flow (discharge) versus time past a specific point in a river, or other channel or conduit carrying flow. The rate of flow is typically expressed in cubic meters or cubic feet per second. The various components of a natural hydrograph are shown in Fig. 4.1. At the beginning, there is only base flow (i.e., the ground water contribution to the stream) gradually depleting in an exponential form. 

Fig. 4.1 Components of streamflow hydrograph[image: ]

After the storm commences, the initial losses like interception and infiltration are met and then the surface flow begins. The hydrograph gradually rises and reaches its peak value after a time tp (called lag time or basin lag) meaured from the controid of the hyetograph of net rain. Thereafter it declines and there is a change of slope at the inflection point, i.e., there has been, inflow of the rain up to this point and after this there is gradual withdrawal of catchment storage. By this time the ground water table has been built up by the infiltrating and percolating water, and now the ground water contributes more into the stream flow than at the beginning of storm, but thereafter the GWT declines and the hydrograph again goes on depleting in the exponential form called the ground water depletion curve or the recession curve. If a second storm occurs now, again the hydrograph starts rising till it reaches the new peak and then falls and the ground water recession begins, Fig. 4.2.

[image: ]
Fig. 4.2 Hydrograph with multiple peaks

    Thus, in actual streams gauged, the hydrograph may have a single peak or multiple peaks according to the complexity of storms. For flood analysis and derivation of unit hydrograph, a single peaked hydrograph is preferred. A complex hydrograph, however, can be resolved into simple hydrographs by drawing hypothetical recession lines as shown in Fig. 4.2.

    It has been found from many hydrographs that the ground water depletion curves for a given drainage basin are nearly the same and hence it is termed as the normal ground water depletion curve. It has been found that such curves, or at least their segments, follow a simple inverse exponential function of the elapsed time of the form.
[image: ]                                                                                                            (4.1)
[image: ]
[image: ]                                                (4.2)

Hence, the discharge at any time is proportional to the water remaining in storage i.e.

[image: ]                                                                                                (4.3) 

Taking logarithms on both sides of Eq. (4.1)

[image: ]
Which is in the straight line form y = mx + c with y = log Qt, x = t, and m = – log Kr. The value of Kr can be determined by plotting the recession data i.e., Qt vs. t on a semi-log paper.

    If a continuous stream flow record is available for a number of years, the hydrograph can be plotted on a semi-log paper, i.e., log Q vs. t, Fig. 4.3. Starting with the lowest recession flow line, a line is drawn tangential to the lower portion on a tracing paper. This tangent line is progressively extended by moving the tracing-paper towards the origin with the abscissae coincident, such that the line is tangential to the lower portion of the successive depletion curves of increasing magnitude. This common line is the log plot of the master depletion curve, which is then converted to linear vertical scale and is called the composite ground water depletion curve.

    A composite groundwater depletion curve can be constructed from the recession graphs resulting from a number of storms. The various segments of the recession graphs are shifted with respect to the time axis until they appear to match and then, an average or composite curve is drawn through them as shown in Fig. 4.4.

[image: ]
Fig. 4.3 Composite ground water depletion curve

[image: ]
Fig. 4.4 composite depletion curve

4.2 SEPARATION OF STREAMFLOW COMPONENTS
    Barnes (1940) proposed that the stream flow components may be separated by plotting the hydrograph on a semi-log paper (Fig. 4.5). The tail end of the hydrograph plots as a straight line, i.e., ground water recession (CD). If this straight line plot is extended backwards up to the point E directly under the inflection point I and line BE drawn, the area under BEC represents the ground water contribution to the stream flow. If the ordinates of this area are deducted from the ordinates of the total hydrograph and replotted, the hydrograph of surface runoff and interflow (subsurface flow) is obtained, which plots as a straight line (HG) at the tail end. By extending this line backwards up to the point L directly under I and drawing the line FL, the area under FLG gives the interflow component. By deducting the ordinates of this from the ordinates of the hydrograph of surface runoff and interflow, the hydrograph of surface runoff is replotted whose tail end again, may plot as a straight line representing the surface recession or channel storage. The slopes of the straight line plots at the tail ends of the separated hydrographs give the respective recession constants




[image: ]
Fig. 4.5 Separation of streamflow components (after Barnes, 1940)

Example 4.1: The mean daily streamflow data from a drainage basin is given below. It is known that the recession limb of the discharge hydrograph has components of channel storage, interflow and base flow. Find the values of the recession coefficients for each of the three components.




[image: ]
Also determine
(a) ground water storage on October 14, 1978.
(b) ground water storage and stream flow on October 30, 1978, assuming no rainfall during the period.
Solution
The discharge hydrograph is drawn on a semi-log paper and the flow components are separated by the method proposed by Bernes as shown in Fig. 4.5. The recession coefficients (Kr) for the three components of base flow (ground water contribution), interflow and channel storage are computed as 1.059, 2.104 and 4.645, respectively.

[image: ]



4.3 HYDROGRAPH SEPARATION
    For the derivation of unit hydrograph, the base flow has to be separated from the total runoff hydrograph (i.e., from the hydrograph of the gauged stream flow). Some of the well-known base flow separation procedures are given below, Fig. 4.6.

1. Simply by drawing a line AC tangential to both the limbs at their lower portion. This method is very simple but is approximate and can be used only for preliminary estimates.
2. Extending the recession curve existing prior to the occurrence of the storm up to the
point D directly under the peak of the hydrograph and then drawing a straight line DE, where E is a point on the hydrograph N days after the peak, and N (in days) is given by
[image: ][image: ]                                                                                                         (4.4)

3. Simply by drawing a straight line AE, from the point of rise to the point E, on the hydrograph, N days after the peak.
4. Construct a line AFG by projecting backwards the ground water recession curve after the storm, to a point F directly under the inflection point of the falling limb and sketch an arbitrary rising line from the point of rise of the hydrograph to connect with the projected base flow recession. This type of separation is preferred where the groundwater storage is relatively large and reaches the stream fairly rapidly, as in lime-stone terrains.






[image: ]
Fig. 4.6 Hydrograph separation

4.4 UNIT HYDROGRAPH
    The unit hydrograph is defined as the hydrograph of storm runoff resulting from an isolated rainfall of some unit duration occurring uniformly over the entire area of the catchment, produces a unit volume (i.e., 1 cm) of runoff.

The following steps are adopted to derive a unit hydrograph from an observed flood hydrograph (Fig. 4.7).

1. Select from the records isolated (single-peaked) intense storms, which occurring uniformly over the catchment have produced flood hydrographs with appreciable runoff (>1 cm, say, 8 to 16 cm). The unit period selected should be such that the excess rainfall (i.e., Pnet) occurs fairly uniformly over the entire drainage basin. Larger unit periods are required for larger basins. The unit periods may be in the range of 15-30% of the ‘peak time’ period, i.e., the time from the beginning of surface runoff to the peak, and the typical unit periods may be 3, 6, 8, 12 hours. (The time of concentration may be a little longer than the peak time).
2. Select a flood hydrograph, which has resulted from a unit storm chosen in item (1) above.
3. Separate the base flow from the total runoff (by the well-known base flow separation procedures).
4. From the ordinates of the total runoff hydrograph (at regular time intervals) deduct the corresponding ordinates of base flow, to obtain the ordinates of direct runoff.
5. Divide the volume of direct runoff by the area of the drainage basin to obtain the net precipitation depth over the basin. 
6. Divide each of the ordinates of direct runoff by the net precipitation depth to obtain the ordinates of the unit hydrograph.
7. Plot the ordinates of the unit hydrograph against time since the beginning of direct runoff. This will give the unit hydrograph for the basin, for the duration of the unit storm (producing the flood hydrograph) selected in item (1) above.

The steps given above for the derivation of unit hydrograph can be formulated as follows (exemplified in Fig. 4.7).








[image: ]




















Fig. 4.7 Derivation of a unit hydrograph

Example 4.2  The runoff data at a stream gauging station for a flood are given below. The drainage area is 40 km2. The duration of rainfall is 3 hours. Derive the 3-hour unit hydrograph for the basin and plot the same.



[image: ]
Solution
[image: ]
[image: ]

[image: ][image: ]
[image: ]


4.5 S-CURVE METHOD
    S-curve or the summation curve is the hydrograph of direct surface discharge that would result from a continuous succession of unit storms producing 1 cm in tr–hr (Fig. 4.8). If the time base of the unit hydrograph is T hr, it reaches constant outflow (Qe) at T hr, since 1 cm of net rain on the catchment is being supplied and removed every tr hour and only T/tr unit graphs are necessary to produce an S-curve and develop constant outflow given by,
[image: ]
                                                                                                            (4.5)

[image: ]
Given a tr-hour unit graph, to derive a tr′-hour unit graph (tr′ ≥ tr)—Shift the S-curve by the required duration tr′ along the time axis. The graphical difference between the ordinates of the two S-curves, i.e., the shaded area in Fig. 4.8 represents the runoff due to tr′ hour's rain at an intensity of 1/tr cm/hr, i.e., runoff of tr′/tr cm in tr′ hours. To obtain a runoff of 1 cm in tr′ hours (i.e., tr′ hour UG), multiply the ordinates of the S-curve difference by tr/tr′. This technique may be used to alter the duration of the given unit hydrograph to a shorter or longer duration. The longer duration need not necessarily be a multiple of short.
[image: ]
Fig. 4.8 Changing the duration of UG by S-curve technique

Example 4.3 The ordinates of a 4-hour unit hydrograph for a particular basin are given below. Derive the ordinates of (1) the S-curve hydrograph, and (2) the 2-hour unit hydrograph, and plot them, area of the basin is 630 km2.
[image: ]
[image: ]
As shown in table below


4.6 APPLICATION OF UNIT HYDROGRAPH
     The application of unit hydrograph consists of two aspects: (i) From a unit hydrograph of a known duration to obtain a unit hydrograph of the desired duration, either by the S-curve method or by the principle of superposition. (ii) From the unit hydrograph so derived, to obtain the flood hydrograph corresponding to a single storm or multiple storms. For design purposes, a design storm is assumed, which with the help of unit hydrograph, gives a design flood hydrograph.


Example 4.4 The 3-hr unit hydrograph ordinates for a basin are given below. There was a storm, which commenced on July 15 at 16.00 hr and continued up to 22.00 hr, which was followed by another storm on July 16 at 4.00 hr which lasted up to 7.00 hr. It was noted from the mass curves of self-recording rain gauge that the amount of rainfall on July 15 was 5.75 cm from 16.00 to 19.00 hr and 3.75 cm from 19.00 to 22.00 hr, and on July 16, 4.45 cm from 4.00 to 7.00 hr. Assuming an average loss of 0.25 cm/hr and 0.15 cm/hr for the two storms, respectively, and a constant base flow of 10 cumec, determine the stream flow hydrograph and state the time of occurrence of peak flood.

[image: ]

[image: ]


























Solution 
Since the duration of the UG is 3 hr, the 6-hr storm (16.00 to 22.00 hr) can be considered as 2-unit storm producing a net rain of 5.75 – 0.25 × 3 = 5 cm in the first 3-hr period and a net rain of 3.75 – 0.25 × 3 = 3 cm in the next 3-hr period. The unit hydrograph ordinates are multiplied by the net rain of each period lagged by 3 hr. Similarly, another unit storm lagged by 12 hr (4.00 to 7.00 hr next day) produces a net rain of 4.45 – 0.15 × 3 = 4 cm which is multiplied by the UGO and written in col (5) (lagged by 12 hr from the beginning). The rainfall excesses due to the three storms are added up to get the total direct surface discharge ordinates. To this, the base flow ordinates (BFO = 10 cumec, constant) are added to get the total discharge ordinates (stream flow).

The flood hydrograph due to the 3 unit storms on the basin is obtained by plotting col (8) vs. col. (1) (Fig. 4.9). This example illustrates the utility of the unit hydrograph in deriving flood hydrographs due to a single storm or multiple storms occurring on the basin.

[image: ]
Fig. 4.9 Application of UG to obtain stream flow hydrograph
[image: ]
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5 
5.1 RESERVOIR ROUTING
Flood routing is the process of determining the reservoir stage, storage volume of the outflow hydrograph corresponding to a known hydrograph of inflow into the reservoir; this is called reservoir routing. For this, the capacity curve of the reservoir, i.e., ‘storage vs pool elevation’, and ‘outflow rate vs. pool elevation’, curves are required. Storage volumes for different pool elevations are determined by planimetering the contour map of the reservoir site. For example, the volume of water stored (V) between two successive contours having areas A1 and A2 (planimetered) and the contour interval d, is given by
[image: ]
                                    (5.1)

[image: ]                                           (5.2)


Where
[image: ]

      area midway between the two successive contours. The Prismoidal formula is more accurate. The outflow rates are determined by computing the discharge through the sluices and the spillway discharge for different water surface elevations of the reservoir. (i.e., pool elevations):
[image: ]










    The problem in flood routing is to determine the relation between the inflow, the outflow and the storage as a function of time. The problem can be solved by applying the hydrologic equation
[image: ]
                                                                                                        (5.3)

Where I = inflow rate
O = outflow rate
ΔS = incremental storage, at any instant.
Taking a small interval of time, t (called the routing period and designating the initial and final conditions by subscripts 1 and 2 between the interval, Eq. (5.3) may be written as
[image: ]
                                                               (5.4)

    The routing period, t selected should be sufficiently short such that the hydrograph during the interval 1-2 can be assumed as a straight line, i.e., 
[image: ]


Eq. (5.4) can be rearranged as
[image: ]
                                                             (5.5)

    This method of flood routing was developed by LG Puls of the US Army Corps of Engineers and is called the ISD (Inflow-storage-discharge) method. Here it is assumed that the outflow (i.e., discharge) from the reservoir is a function of the pool elevation provided that the spillway and the sluices have no gates (i.e., uncontrolled reservoirs) or with constant gate openings, if provided with control gates for which poor elevation vs. discharge curves are drawn.

Eq. (5.4) may be rearranged as



[image: ]                                                               (5.6)

[image: ]

At the beginning of the routing period all terms on the left of Eq. (5.6) are known. This method is called modified puls or Storage Indication Method.

Example 5.1 For a reservoir with constant gate openings for the sluices and spillway, pool elevation vs storage and discharge (outflow) curves are shown in Fig. 5.1. The inflow hydrograph into the reservoir is given below:

[image: ]

Route the flood through the reservoir by (a) ISD method, and (b) modified Puls method, and compute the outflow hydrograph, the maximum pool elevation reached, the reduction in the flood peak and the reservoir lag.

[image: ]
Fig. 5.1 Pool elevation vs. storage and discharge

[image: ]
[image: ]
As shown in table 5.1, corresponding
[image: ]
[image: ] 
Fig. 5.2
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Fig 5.2 Reservoir routing by ISD method
For routing the flood by the I.S.D. method, Table 5.2, for the known outflow at the commencement of 124 cumec
[image: ]
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(5.5).
[image: ]
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5.3
[image: ]
Fig. 5.3 Reservoir routing
[image: ]
[image: ]
As shown in Fig. 5.4
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[image: ]
Fig. 5.4 Reservoir routing by modified Puls method
[image: ]
Table 5.3, corresponding to the initial
[image: ][image: ](5.6)
[image: ]
[image: ][image: ] 
(5.6)
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5.2 STREAM FLOW ROUTING 
     In a stream channel (river) a flood wave may be reduced in magnitude and lengthened in travel time i.e., attenuated, by storage in the reach between two sections. The storage in the reach may be divided into two parts-prism storage and wedge storage, Fig. 5.5, since the water surface is not uniform during the floods. The volume that would be stored in the reach if the flow were uniform throughout, i.e., below a line parallel to the stream bed, is called ‘prism storage’ and the volume stored between this line and the actual water surface profile due to outflow being different from inflow into the reach is called ‘wedge storage’. During rising stages the wedge storage volume is considerable before the outflow actually increases, while during falling stages inflow drops more rapidly than outflow, the wedge storage becoming negative.
[image: ]
Fig. 5.5 Storage in a stream channel during a flood wave
    In the case of stream-flow routing, the solution of the storage equation is more complicated, than in the case of reservoir routing, since the wedge storage is involved. While the storage in a reach depends on both the inflow and outflow, prism storage depends on the outflow alone and the wedge storage depends on the difference (I – O). A common method of stream flow routing is the Muskingum method where the storage is expressed as a function of both inflow and outflow in the reach as
[image: ]
                                                                                          (5.7)
    where K and x are called the Muskingum coefficients (since the Eq. (5.7) was first developed by the U.S. Army Corps of Engineers in connection with the flood control schemes in the Muskingum River Basin, Ohio), K is a storage constant having the dimension of time and x is a dimensionless constant for the reach of the river. In natural river channels x ranges from 0.1 to 0.3. The Eq. (5.7) in most flood flows approaches a straight line. Trial values of x are assumed and plots of ‘S vs. [xI + (1 – x) O]’ are in the form of storage loops; for a particular value of x, the plot is a straight line and the slope of the line gives K. If S is in cumec-day and I, O are in cumec, K is in day.

   After determining the values of K and x, the outflow O from the reach may be obtained by combining and simplifying the two equations.
[image: ]
                                                                  (5.8)

and
[image: ] 
                                                        (5.9)

(Eq. 5.9 is the same as Eq. (5.7)); for a discrete time interval the following equation may be obtained
[image: ]   
                                                                                 (5.10)

                                                                                  (5.11)

                                                                                  (5.12)

                                                                                 (5.13)

Combining Eq. (5.10, 11, 12, 13) gives
[image: ]
                                                                                                    (5.14)

where t is the routing period. The routing period should be less than the time of travel for the flood wave through the reach; otherwise it is possible that the wave crest may pass completely through the reach during the routing period. Usually the routing period is taken as about 1/3 to 1/4 of the flood wave travel time through the reach (obtained from the inflow-hydrograph).

Example 5.2 The inflow hydrograph readings for a stream reach are given below for which the Muskingum coefficients of K = 36 hr and x = 0.15 apply. Route the flood through the reach and determine the outflow hydrograph. Also determine the reduction in peak and the time of peak of outflow.
[image: ]
Solution Eq. 510: O2 = C0I2 + C1I1 + C2O1
x = 0.15, K = 36 hr = 1.5 day; take the routing period (from the inflow hydrograph readings) as 12 hr = 1/2 day. Compute C0, C1 and C2 as follows:
[image: ]

In Table 5.4, I1, I2 are known from the inflow hydrograph, and O1 is taken as I1 at the beginning of the flood since the flow is almost steady.




[image: ]

[image: ]
As shown in Fig. 5.6
[image: ]
[image: ]
Fig. 5.6 Streamflow routing by Muskingum method
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6 
6.1 FITTING REGRESSION EQUATION
    The fitting of a straight line may be done objectively by one of the following statistical methods:
1. The method of least squares
2. The method of moments
3. The method of maximum likelihood
    Two variables y (dependent) and x (independent) can be correlated by plotting them on x– and y–axis. If they are plotted on a straight line, there is a close linear relationship; on the other hand, if the points depart appreciably (without a definite trend), the graph is called a scatter diagram or plot.

If the trend is a straight line, the relationship is linear and has the equation

[image: ]                                                                                                                     (6.1)
    Number of lines can be obtained depending on the values of a and b. The method of least squares is used to select the line that fits the data best. The principle of least squares states that the best line for fitting a series of observations is the one for which the sum of the squares of the departures is minimum. A departure is the difference between the observed value and the line. Since x is the independent variable, the departures of y are used.

    The least squares line Eq. (6.1) may be obtained by solving for a and b, the two normal equations
[image: ]                                                                                                          (6.2)

where n = number of pairs of observed values of x and y.

The most commonly used statistical parameter for measuring the degree of association of two linearly dependent variables x and y, is the correlation coefficient



[image: ]
                                                                                              (6.3)
                                                                                             (6.4)

[image: ]

[image: ]

If a linear regression cannot be fitted, a quadratic parabola can be used as the fitting curve, given by 
[image: ]                                                                                                              (6.5)
From the principles of least squares, a, b and c can be obtained by solving the three normal equations

[image: ]                                                                                             (6.6)
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[image: ]                                                                               (6.7)

[image: ]        (6.8)
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6.2 STANDARD ERROR OF ESTIMATE
     A measure of the scatter about the regression line of y on x in Eq. (6.1) is given by

[image: ]                                                                                                    (6.9)
[image: ]     Which is called the standard error of estimate of y with respect to x; and yest is the value of y for the given value of x in Eq. (6.1). Sy.x can also be determined by the expressions

                                                                                (6.10)
                                                                                (6.11)
                                                                                (6.12)

Example 6.1 Annual rainfall and runoff data for 17 years (1934-1950) are given below. Determine the linear regression line between rainfall and runoff, the correlation coefficient and the standard error of estimate.

[image: ]

[image: ]

[image: ]
Fig. 5.1 Linear regression of Rainfall-Runoff
[image: ]

6.3 LINEAR MULTIPLE REGRESSION
    A regression equation for estimating a dependent variable, say x1, from independent variables x2, x3, ... is called a regression equation of x1 on x2, x3, ... and like that; for three variables, it is given by

[image: ]                                                                                                          (6.13)
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[image: ]                                                                           (6.14)

[image: ]   (6.15)
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[image: ]                                                    (6.16)
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                                                                                  (6.17)

                                                                                  (6.18)

                                                                                  (6.19)
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[image: ]                                                                                                    (6.20)

Example 6.2 The following are the data of the monthly Groundwater Table (GWT) fluctuations, precipitation and groundwater pumping, Obtain the regression line connecting GWT fluctuations with the precipitation and pumping

[image: ]
Solution The regression line computations are made in Table 6.2 and the normal equations are given below:

[image: ]




[image: ]
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6.4 COAXIAL GRAPHICAL CORRELATION OF RAINFALL RUNOFF
      Kohler and Linsley (1951) showed that the rate at which the soil moisture is depleted from a catchment is roughly proportional to the amount of storage and the soil moisture decreases logarithmically with time during periods (days) of no precipitation 

[image: ]                                                                                                                    (6.21
[image: ]

     If rain occurs on any day, the amount of rain (rather precipitation minus runoff) is added to the index. Since K is a function of potential evapotranspiration, it should be related to seasons or calendar months. API is a satisfactory concept in estimating of runoff but systematic records of soil moisture are difficult to obtain for large areas.

Example 6.3 The API for a station was 50 mm on 1st July 1995; 40 mm rain fell on 6th July, 25 mm on 8th July and 30 mm on 9th July. Assuming a recession constant of 0.9, compute the API

(i) on 15th July.
(ii) on 15th July, assuming no rainfall during 1-15 July.
[image: ]
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7 
7.1 ELEMENTS OF STATISTICS

1. Population and sample. Observed values of x (variate) for a finite number of years is known as ‘sample’ of x. Say annual flood peaks or annual rainfall for 75 years gives the sample; on the other hand, population consists of the values of annual flood peaks from time immemorial to eternity. The ‘population parameters’ can be estimated by means of parameters obtained from the sample, known as ‘sample parameters’. Each phenomena is characterized by a certain value, which varies in time and space. This characterisation is called ‘variable’ and its particular value is a ‘variate’.
2. Central tendency. Three types of parameters are generally used to represent measures of central tendency.
[image: ]                 (7.1)
[image: ]      (7.2)
[image: ]                                                         (7.3)
[image: ]                            (7.4)
[image: ]                                                  (7.5)
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[image: ]                                                                                 (7.6)

[image: ]

Fig. 7.1 Skewed distribution 


3. Variability. The measures of variability or dispersion of a probability distribution curve are given by the following parameters.
[image: ]
[image: ]                                                                                              (7.7)
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[image: ]                                                                                     (7.8)
[image: ](7.9)
[image: ]                                                                                                 (7.10)
[image: ]                                                                                          (7.11)

[image: ]                                                                                        (7.12)
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[image: ]                                   (7.13)

[image: ][image: ]
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[image: ]Fig. 7.2 Normal distribution curve

[image: ]                                                                                   (7.14)
[image: ][image: ]                                                                                                      (7.15)

[image: ]                                                                                                  (7.16)
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[image: ]                                                                                                    (7.17)

[image: ]                                 (7.18)
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[image: ]                                                                                                    (7.19)
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[image: ]                                                                            (7.20)
[image: ]                                                                                         (7.21)


Example 7.1 For the grouped data of the annual floods  for a river (1885-1971), find the mean, median, and mode. Determine the coefficients of skew and the coefficient of variation.
[image: ]
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Solution The computations are made in Table 7.1
[image: ]
[image: ]
[image: ]
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Table 7.1 Computations for mean, median and mode
[image: ]
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[image: ]

7.2 PROBABILITY OF HYDROLOGIC EVENTS
Since most hydrologic events are represented by continuous random variables, their density functions denote the probability distribution of the magnitudes. Some of the frequently used density functions used in hydrologic analysis are given below.

a) Normal distribution. The density function of normal probability distribution is given by

[image: ]
                                                                      (7.22)

[image: ]
Fig. 7.2
[image: ]
b) Gamma distribution. The density function of this distribution is given by

[image: ]                                            (7.23)

where a and b are the two parameters, which affect the distribution (Fig. 7.3). A change of the parameter b merely changes the scale of the two axes.
[image: ]
Fig. 7.3 Gamma distribution

[image: ]

c) Poisson distribution. If n is very large and y is very small, such that y . n = m is a positive number, then the probability density function which is in the Poisson distribution is given by

[image: ]


	
d) Lognormal distribution. A random variable x (variate) is said to be in log-normal distribution if the logarithmic values of x is distributed normally. The density function in this distribution is given by 

[image: ]                                                                       (7.24)


[image: ]
[image: ]                                                                                    (7.25)

e) Extremal distribution This is the distribution of the n extreme values (largest or the smallest), each value being selected out of p values contained in each of n samples, which approaches an asymptotic limit as p is increased indefinitely. Depending on the initial distribution of the n.p values, three asymptotic (types) extremal distributions can be derived.
i. [image: ]Type-I distribution In this distribution, the density function is given by
[image: ] 	                                             (7.26)	                                               

[image: ]                                                          (7.27)
[image: ]
ii. Type-II distribution In this type, the cumulative probability is given
[image: ](
                         (7.28)
[image: ]
iii. Type-III distribution. In this type, the cumulative probability is given by

[image: ]                                                            (7.29)
[image: ]
f) Pearson’s Type-III distribution This is a skew distribution with limited range in the left direction, usually bell shaped. The Pearson curve (Fig. 7.4), is truncated on one side of the axis of the variate, i.e., below a certain value of the variate the probability is zero, but it is infinite converging asymptotically to the axis of the variate. This means even values infinitely large (or small) have a certain probability of occurrence.

[image: ]
Fig. 7.4 Pearson’s Type-III distribution

g) Logarithmic Pearson Type-III distribution. This distribution has the advantage of providing a skew adjustment. If the skew is zero, the Log-Pearson distribution is identical to the log-normal distribution.
The probability density function for type III (with origin at the mode) is

[image: ]
                                                                                           (7.30)
                                                                                     (7.31)

                                                                                      (7.32)
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[image: ]                                                  (7.33)

                                                  (7.34)
                                                  (7.35)
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8 
8.1 FLOOD FREQUENCY METHODS
    For the annual flood data of the following example the flood frequencies of 2–, 10–, 50–, 100–, 200–, and 1000-year floods have been worked out below by the probability methods developed by Fuller, Gumbel, Powell, Ven Te Chow, and stochastic methods, and the flood frequency curves are drawn on a semi-log paper as shown in Fig. 8.1.

[image: ]                                                      (8.1)
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[image: ]                                                                                                                     (8.2)
[image: ]                                 (8.3)

[image: ]                                                       (8.3a)
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The reduced variate y is linear with the variate Q (annual flood peak) itself and is given by

[image: ]                                                                                               (8.4)

[image: ]
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Are given in table 8.1

[image: ]                                                  (8.5)
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[image: ]                                                        (8.6)
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Table 8.1 Reduced mean ( yn) and reduced standard deviation (n) as functions of sample size n
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                      Eq. 8.4                Eq. 8.3                       Eq. 8.3a

The second approach is, for a given recurrence interval T, to find the annual flood peak QT (which will be equalled or exceeded)  





 [image: ]
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[image: ]
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A modification in the value of K in Eq. (8.5) was made by R.W. Powell (1943)

[image: ]                                   (8.7)

[image: ]                                                             (8.8)
[image: ]                                                                            (8.9)
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[image: ]                                                                                                             (8.10)
[image: ]                                            (8.10a)
[image: ]

[image: ]                                                                                        (8.11)

In this method, a plotting position has been assigned for each value of Q when arranged in the descending order or magnitude of flood peaks. For example, if an annual flood peak QT has a rank m, its plotting position
[image: ]                                                                                                                  (8.12)
From Eq. (8.10 a),

[image: ]

Putting the value of T from Eq. (8.12)

[image: ]
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Fig. 8.1 Flood frequency curves
Substituting the values in Eq. (8.11)

[image: ]                      (8.13)

[image: ]
8.2 STOCHASTIC METHOD
Anual Floods: The methods described earlier were either probabilistic or deterministic, and did not consider the element of time which is possible only by the stochastic approach.One of the well-known equations based on annual flood data using Poisson probability law and theory of sums of random number of random variables is

[image: ]                                                                     (8.14)
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[image: ]                       (8.15)
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8.3 STOCHASTIC MODELLING BY THE PARTIAL DURATION SERIES 
    Sharma et al. (1975) gave a new model using the partial duration series, i.e., flood peaks above a given base level (Qb), to derive the distribution of the largest floods (peak flows) in a given  time interval (0, t). The magnitude of these peaks is considered as a series of random variables. The base flow Qb may be taken as the bankfull discharge of the river at the particular station. If Qi is the flood peak, which has occurred in the time interval (0, t), then the flood exceedance xi in this interval is 
[image: ]                                                                                                                    (8.16)
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From eqs. (8.19) and (8.20), 
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Example 8.1 Flood data in the form of Partial-Duration Series and Annual-Flood Peaks for a period of 87 years (1885-1971) are given in Tables 8.3 and 8.4, respectively. The base flow for the partial duration series may be taken as 4333 cumec.  Derive the flood-frequency curves based on the two series by using the stochastic models. Make a comparative study with the other methods based on annual floods discussed earlier.
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Table 8.4 Annual Peak discharges
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Solution The histogram of annual flood peaks for the the period 1885-1971, 87 years, is shown in Fig. 8.2. The computation of the cumulative frequency curve is made in Table 8.5.

     It is seen that the distribution of floods do not have the normal bell-shaped curve but they are skewed. However, the data can be transformed by plotting the common logarithm of the flood peaks so that the distribution density curve is approximately normal as shown in Fig. 8.3. This is then called a log normal distribution and the standard deviation is in logarithmic units. The histogram of the partial-duration series of the flood peaks above the selected base of 4333 cumec is shown in Fig. 8.4, which also represents skewed data.

Table 8.5 Computation of the cumulative frequency curve
[image: ]

[image: ]
[image: ]
[image: ]
[image: ]
Fig. 8.2 Histogram of annual floods
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Fig. 8.3 Histogram of logarithm of annual floods
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Fig. 8.4 Histogram of partial duration floods
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8.4 ANNUAL FLOOD PEAKS
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From Table 8.5
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K from following table
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Fig. 8.5 Flood-frequency curves
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9 
9.1 TYPE OF MATHEMATICAL MODELS
     The mathematical models in Hydrology can be classified as:  
(a) Stochastic models 
(b) Deterministic models In the stochastic model,
     The chance of occurrence of the variable is considered thus introducing the concept of probability. A stochastic model is time-dependent while the probabilistic model is time-independent. For the time-independent probabilistic process, the sequence of occurrence of the variates involved in the process, is ignored and the chance of their occurrence is assumed to follow a definite probability distribution in which the variables are considered pure random. For the time-dependent stochastic process, the sequence of occurrence of the variates is observed and the variables may be either, pure random or non-pure random, but the probability distribution of the variables may or may not vary with time. For example, the flow duration curve procedure is probabilistic, whereas the flood routing through a reservoir is a stochastic procedure.

     In the deterministic models, the chance of occurrence of the variables involved is ignored and the model is considered to follow a definite law of certainty but not any law of probability. For example, the mathematical formulation of the unit-hydrograph theory is a deterministic model.

Both the stochastic and deterministic models can be sub-classified as 
(i) Conceptual models 
(ii)  Empirical models In conceptual models,
 A mathematical function is conceived based on the consideration of the physical process, which when subjected to input variables, produces the output variables.
For example, a conceptual catchment model of rainfall-runoff relationship can be described by
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                                                                                                        (9.1)
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9.2 Introduction to hydrologic simulation modeling
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9.3 Classification of Hydrologic Models



9.4 Spatial Scaling of Models
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9.5 Parameters of Watershed
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9.6 Flowchart of simple watershed model
[image: ]
9.7 Popular Hydrologic Models
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9.8 Steps in Watershed Modeling

1. Model Selection
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2. Input Data
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9.9 Calibration & Verification of Model
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9.10 Simulations using Model
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9.11 Sensitivity Analysis of Model

9.12 Model Validation
[image: ]
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