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Preface

Water availability generally refers to the volume of water available from a basin or
stream at a specified point over a specified period of time. Determination of water
availability or basin yield is required for solution of a number of water resource related
problems including design of water resource projects, reservolr operation planning and
determination of availability of water for irvigation, domestic, power supply or
industrial use.

Determination of water availability requires sufficient length of runoff records
for its correct estimation. However, at most of the sites in our country either shorter
series of runoff is available or no record is available. To obtain sufficient length of
recorded runoff series, the best suited alternative is therefore either to transfer the
available information from a nearby site/s or to develop a suitable rainfall-runoff
relationship for the basin and then to generate the long term runoff series based on
available rainfall series. Broadly such situations can be grouped under three categories.
1) availability of sufficient length of rainfall-runoff record; 2) availability of short term
runoff record and; 3) no record availability.

In this report, prepared by Sh. R. Mehrotra, Scientist, under the supervision of
Sh. R D. Singh, Divisional Head of Surface Water Analysis and Modelling Division,
possible situations of data availability situations and their solutions are discussed. It
also highlights the use of water balance modelling and stochastic and statistical
modelling mainly for extension of streamflow records. )

It is expected that this report may prove a useful tool fo the practising
hydrologists and field engineen involved in water resources project formulation.

L
( SM. SETH ), —

DIRECTOR
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Abstract

Water availability generally refers to the volume of water available from a basin or stream at
a specified point over a specified period of time. As it is computed for a specific time period
it reflects the volumetric relationship between rainfall and runoff. Many factors viz. climatic
and basin characteristics affect the water availability of a basin. Time and space distribution
of rainfall, its intensity and duration, surface vegetation, soil moisture, soil characteristics,

topography and drainage network are some of the important factors.

Determination of water availability or basin yield is required for solution of a number
of water resource related problems: i) design of water resource projects, ii) determination of
availability of water for irrigation, domestic, power supply or industrial use, iii) adjustment

of long records of runoff for varying rainfall patters, and iv) reservoir operation planning.

This report elaborates ihe different data availability scenarios for computation of water
availability of a basin and also provides the available methodologies under such situations.
Broadly such situations can be grouped under three categories. 1) availability of sufficient
length of rainfall-runoff record; 2) availability of short term runoff record and; 3) no record
availability. Report alse highlights the use of water balance modelling and stochastic and

statistical modelling mainly for extension of streamflow records.

It is expected that this report may prove a useful tool to the practising hydrologists and

field engineer involved in water resources project formulation.



INTRODUCTION

Water is the most precious gift of the nature, the most crucial for sustaining life, is required for almost
all types of activities. The development, conservation and use of water, therefore, forms one of the main
elements in the country's development planning. Considering the fact that the available water resources
of the country are now under stress with the increasing future demands, optimum and efficient utilization

of available water resources based on scientific knowledge is becoming essential.

Water availability generally refers to the volume of water available from a basin or stream at a
specified point over a specified period of time. As it is computed for a specific time period it reflects
the volumetric relationship between rainfall and runoff. Many factors viz. climatic and basin
characteristics affect the water availability of a basin. Time and space distribution of rainfall, its intensity
and duration, surface vegetation, soil moisture, soil characteristics, topography and drainage network

are some of the important factors.

Determination of water availability or basin yield is required for solution of a number of water resource

related problems:

U Y. gAY

Determination of availability of water for irrigation, domestic, power supply or industrial use,

Adjustment of long records of runoff for varying rainfall patters, and

Reservoir operation planning

Generally, for most of the basins in the country, rainfall records of sufficient length are available.

However, the available runoff data is either of short duration or has gaps due to missing data. The



shorter length of data apart from other problems, always faces the problem of true representation of
natural behaviour of the time series. In the absence of availability of sufficient length of recorded runoff
series, the best suited alternative is either to use the information available at the neighbouring site/s or
to develop a suitable rainfall-runoff relationship for the basin and then to generate the long term runoff

serics based on available rainfall series.

Based on limited data, hydrologists have proposed equations relating montlﬂy runoff 1o factors
such as monthly rainfall and monthly average temperature (Khosla, 1949, Murry, 1971). These
equations and other similar equations developed elsewhere, such as that proposed by Mimikou & Rao
- (1983), have been used for planning purposes in cases where no other information is available. A few
simple models have also been developed for estimating runoff volumes on ungauged catchments
(Manley, 1978; Nathan & McMohan, 1990; Tafta Tulu, 1991). These models were meant for specific
purposes to suit the specific needs.

In the present report an attempt has been made to list some of the possible alternatives of data
availability. Also, possible/prevalent methodologies available or being used in the country for these

situations keeping in view the planning and design aspect of a water resources project are discussed.

WATER AVAILABILITY COMPUTATIONS

Determination of water availability is required for solution of number of water resources problems.
There are several approaches to determine the water availability. Most of these approaches can be
classified as either empirical approaches or continuous- time simulation approaches using' the water
balance equation. All these approaches are grea_tly influenced by the availability of data and the selection
of period for which the water availability is 10 be determined. Generaily with the increase in the time
period, determination becomes easier. The time period of interest is generally equal to storm duration,
a day, a month or a year. The approach followed is also influenced by the size of the basin and purpose
for which it is to be applied.

For a systematic water availability computation for planning and design of a project, as a guide

line, following rainfall and runcff data should be collected in order of preference as given below:



(a)

(b)

(c)

@

Ten daily or monthly runoff data, i.e. the total of the daily runoff in 1¢ days/one month at the
proposed site for at least 40 to 50 years.

or
1. Ten daily/ monthly rainfall data for at least 40 years for rain gauge stations located within

ar nearby the proposed site of the basin.

2. Ten daily/ monthly runoff observations at the proposed site for the last 5 to 10 years.
or
1. Ten daily/ monthly rainfall data of the catchiment of the proposed site for the last 40 to
50 years.
2. Ten daily/ monthly runoff observation and concurrent rainfall data at the existing work

upstream or downstream of proposed site for the last 5 to 10 years or more.
or
1. Ten daily/ monthly rainfall of the catchment for the last 40 to 50 vears for the proposed
site.
2, Ten daily/ monthly runoff observations and concurrent rainfall data on a nearby river for
5 to 10 years or more provided orographic conditions of the catchment at the works site

are similar to that of the proposed site.

For preparation of a detailed project report CWC has specified some guidelines for preparation

of hydrology aspect of the project report with regard to data requirement keeping in view the type of

project. For the ready reference to the readers, a copy of the annexure of the report of CWC, relevant

to hydrology is also given here as Annexure 1.

DESCRIPTION OF METHODOLOGIES

Depending upon the type of data available, the water availability can be computed from the following
methods.

DIRECT OBSERVATION METHOD

The method is applied when observed runoff-data at the point of interest is available for a sufficient

period of time. The average of record over the available period for the particular period of time gives



the average water availability for the basin. To compute the water availability for a particular
dependability, the observed runoff is arranged in descending order and a flow duration curve is

constructed. The synthetic period for a particular dependability is calculated from this arranged series.

EXTENSION OF STREAMFLOW RECORD

For water resource assessment in the design and planning of water resources projects, the primary
objective is frequently to obtain a long representative time series of streamflows from which a river
basin project can be designed. However, in our country for most of the sites, the long-term data required
for the design and planning of water resources projects is generally not available. The only option left
before the hydrologists is either to extend the short-term data or to generate the data based on limited

short-term historical record. We shall discuss here both the alternatives in detail.

The streamflow data can be extended with the help of two long-term records a) long-term runoff

data at neighbouring site/s ; and b) long-term precipitation record at the concerned site.

EXTENSION WITH LONG-TERM RUNOFF DATA AT NEIGHBOURING SITE
The following methods are used for the extension of runoff record using the long-term runoft record of
the neighbouring site/s or site/s available either w/s or d/s of the site assuming that the site/s to be

considered is/are located in the similar hydro-climatic zone.

Double-mass curve method.
Correlation with catchment areas.

Regression analysis.

o=

Index-station method.

‘l-h

Double mass curve inethod

Double mass curve technique is frequently being used for checking the consistency of rainfall records
and also the changes in rainfall record occurred as a result of changes in environment, shifting of the
site etc. Similarly this technique is also used for determining the effect of changes in the runoff record

due to land use changes or otherwise.



In this method, the cumulative streamflow of the station and the index station are plotted on a

graph. The slope of the double mass-curve gives the relation of the streamflows at two stations.

The double mass curve is however of limited use for extending streamflow data because of its
assumption of a constant slope of the correlation line, regardless of variation in size of yearly or monthly
increments. As the two records of streamflow data may not necessarily correlate with each other as

straight line, the method has limited applicability.

Regression analysis
Frequently, in hydrologic works, we are concerned with dependence of a given variable Y on one or
more independent variables X, X,;, X; ......... X, so that we may predict the value of Y knowing the

value of X, X,, X5 .....00e Xy- This is done by regression analysis which determines the association

between different variables.

Now, if Q, is the dependent variable while (, is the independent variable then a regression line

of the form Q, = a + bQ, can be fitted. Here a and b are regression coefficients which are given by:
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Index station method
The index station method makes use of duration curves. I the magnitude to be plotted is the discharge



or flow of a stream, the duration curve is known as the flow duration curves. In a statistical sense, a
flow duration curve is a cumulative frequency curve of a continuous time series. The slope of a flow
duration curve depends updn the observation period used in the analysis, being much steeper with the
mean daily data than with the annual data as the later tend to group and smoothen the variations of the

short interval daily data.

In this method, two duration curves are prepared for the index station I. One for the long term
available data (I) and another for the short term data, concurrent with the period of record at the short-
term station S (L). Similarly, for the station S, one flow duration curve for the available record is

constructed (3,).

To develop the long term flow duration curve at station S, it is assumed that if some discharge
Q has a duration of p% of the time on | and p'% of the time on [, then the discharge Q' which has
duration of p% of the time on S, will have duration p'% of the time on §. Thus the method assumes that
for a given discharge Q at the index station, the change in percent of time from p to p' due to
consideration of long term data (from L to 1) is the same at station S, had there been long term observed
data at station S too. This works reasonably good if the two stations are situated in same hydro-climatic

region.

Langbein's Log-deviation method _

This is the most accepted and one of the procedures being used by the Central Water Commission for
extension of short term data with the help of long term data at a nearby station. The methed involves
. establishment of a correlation between discharges at long term and short term stations. Log of discharge
values are used to remove the skewness and to avoid the effect of extremely high and low values. The
usual practice is to correlate ten daily mean values or monthly mean values although flood peaks, daily

means and annual means could also be used.

A relationship between the deviations of logrethim of values at the Index station with long term
data (independent variable X) and logrethim of values at the station under consideration (dependent

variable Y) is established. The regression equation takes the following form:



Y=a+bX (5)

Here, X and Y values are deviations which are obtained by subtracting the mean of the series

from the log values of original discharge values.
Regression coefficients are given by
a=0AszX=2Y=0 (6)
b=xXY/zX (7
Correlation coefficient r is given by
r=2XY/[Z XY )" @

Now using the above relationship and concurrent records at both the stations, value of regression
coefficient b is computed and then using the long term data of index station, corresponding values at the
station under consideration are computed. Antilogrithms of the computed values gives the discharge

values at the station under consideration.

EXTENSION WITH SHORT-TERM RUNOFF DATA AT THE PROPOSED SITE USING STOCHASTIC MODELLING
Early studies by Hazen (1914) and Sudler (1927) showed the feasibility of using statistics and probability
theory in analyzing river flow sequences. Barnes (1954) extended the early empiical studies of Hazen

and Sudler and introduced the idea of synthétic generation off streamflow by using a table of normal

nlv with tha

random numbers. However, formal development o ling started only with the
introduction and application of autoregressive models for annual and seasonal streamflow generation
{Thomas and Fiering, 1962; Yevjevich, 1963). Since than a vast body of literamre has been published

about the use of time series analysis for studying and solving many interesting problems.

The generation of long period synthetic streamflow data is potentially of great use in the design

of water resource systems. Data generation procedures are used to provide equally likely flow sequences



to the historic one to help the designer to prepare a qualitative picture of the probability of failure,
storage relation etc. in simulation studies. Many models have been proposed by different investigators

depending upon the time period of interest.

Classification of time series models
First step in model construction is to sellect suitable classes or families of models from which the most
appropriate model to fit to a given time data set can be eventually chosen by following the identification,

estimation and diagnostic check stages of model development.

By defination a model is an approximation to reality. If one is aware of the important statistical
characteristics of a data set, one can model the data as realistically as possible by considering one or
more families of models which are capable of modelling these major characteristics. Two types of
models which are commonly used in time series modelling are Markov chain model and the
autoregressive model and its different forms. It has been reported in the literature Salas at.el (1980) that
the judicious use of auto regressive (AR}, auto regressive moving-average (ARMA), auto regressive
integrated moving-average (ARIMA) and disaggregation models generally produce satisfactory results
for most practical cases of operational hydrology. These models may be used for modelling time series

of annual values as well as for intervals that are a fraction of the year.

Data generation for daily flows

For daily flows Several stochastic models have been developed during the last two decades. Early studies
assumed that each storm was made up of a random number of rain cells which occur in space and time
according to a three dimensional point process and the resulting rainfall could be described by a Poisson

process. Later studies, however, considered rainfall to occur in clusters and used the Neyman-Scott
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just points around which the density of cells is larger than in other regions. Each cluster has associated
with it a number of rain cells which is a random variable, independent and identically distributed for
each cluster centre. In the cluster process the number of cells in a storm is randomly distributed and the

cell arrival times are exponentially distributed.

Recently, the use of Poisson cluster process in stochastic modelling of rainfall has been



investigated by several authors. The cell arrivals are modeiled by a Poisson cluster process i.e. storm
arrivals form a Poisson process and a cell arrival distribution is assigned to each storm; the depth and

duration of the cell are modelled by exponential distributions.

The methodology used for generation of daily rainfall consists of two parts : the first determines
the occurrence of dry and wet days and the second generates the rainfall depth on wet days. For
reproducing the occurrence of the rain events, the techniques as discussed in the following sections have

been used.

Markoev Chain

Many hydrologic time series exhibit significant serial correlation. That is, the value of the random
variable under consideration at one time period is correlated with the values or the random variable at
earlier time pertods. The correlation of a random variable x at one time period with its value k time
periods earlier is denoted by p , (k) and is called the kth order serial correlation. If p, (k) can be
approximated by p ,(k) = p *, (1), then the time series of the random variable x might be modelled by

a first order Markov process. A first order Markov process is defined by the equation:

X“=+1 = p, + px(l) (X. - PLA) + € 4 )]

where, X is the value of the process at time i , yx is the mean of X, p, (1} is the first order serial
correlation and «; , , is a random component with E (¢} = 0 and Var (¢) = . This model states that
the value of X in one time period is dependant only on the value of X in the preceding time period plus
a random component. Further it is also assumed that ;. , is independent of X;. If the distribution of
X is N (g,,0,%) then the distribution of e is N(0,0, ?). random value of X;,, can now be generated by
selecting ¢; . , randomly from a N (0, ¢_?) distcibution. '

Thus a model for generating X s that are N (i, ¢,”) and follow the first order Markov model is:

Xivr = b + 01 X - ) + G4y 0 y/1-p, (1) (10)

The procedure for generating a value for X . 4 1 18 to estimate g, , o,and by X, S, and 1, (1)



respectively and then select t, , , at random from a N (0, 1) distribution and calculate X, , based on X,
S, and r, (1) and X, In this approach events are considered to belong to a certain number of states. No
rain is one state and the other states which are wet may be only one or several. The probability of a day
belonging to a certain state is dependent on the occurrence of belonging to a certain state is dependent

on the occurrence of several previous states.

Above equation generates normally distributed X s with a mean of y variance of o> and first
order serial correlation of p , (1). For a first order Markov process, the lag k serial correlation p , (k)

is given by:
pc (k) = p, " (1) (11

Thus, the correlogram exponentially decays from p, (0) = 1 to p, (=} = 0 according to above
equation. If an observed correlogram has this property, the Markov model may be an appropriate

generating model.

Haan et. al. {1976) developed a stochastic model based on a first order Markov Chain to simulate
daily rainfall at a point. The model uses historical rainfall data to estimate the Markov transitional
probabilities. The model was said to be capable of simulating daily rainfall records of any length based

on the estimated transitional probabilities and the frequency distribution of rainfall amounts.

Roldan and Woolhiser (1982) and Woolhiser and Roldan (1982} used a first order Markov chain
as the occurrence process and a mixed exponential distribution for the daily rainfall. The model was

reported to have performed better than other alternatives.

Transition Probability Matrix Method

The essential features of this methed are:
(i) the range over which rainfall is expected to vary is divided into set of discrete intervals.

(i)  a matrix corresponding to the intervals is built up from the observed rainfall sequences by

10



tabulating the number of times the observed data went from state i to state j denoted by n;;as

tollows :

Final state

Starting state

0 1 2 3
0 oo |Dpy Moz [Bgs
1 n, Ny, Iy, n
2 Doy  {Ma21 D2z T3
3 Dy ny |ny 1, ,

(iii)  the m x m transitional probabilities matrix is p = {p,] which is given by

Final state

Starting state

0 Poo Por Pa2 (Pos

1 Pio Pi Pi2 P

2 P20 Pa: |Pzz2 |P23

3 Pig Py Piz Pas

where, pog = D/ (Nyy + g 0y + .00 .. ) (12)
Po=ng/(Mg+n,  +n,+...... ) (13)
and so on each p ; being obtained by dividing n, by the corresponding row total of the ny.

{(iv)  After the transitional probabilities are estimated the next step is the simulation of rainfall using

appropriate distribution. The synthetic sequences were generated by dividing the rainfall into

11



a number of classes (intervals). The sequence of states are built up by selecting a pseudo random
number between 0 and 1 and then assigning the state according as the value of u is less than or

areater than py; + py,and then moving-to the next state and so on

After trying as many as 13 classes Haan et. al. (1976} found six classes to be a reasonable choice.
Srikanthan and Mc¢ Mohan (1982) used seven classes. The rainfall in the last class was generated using
a shifted exponential distribution. Haan et. al. (1976) used a multi state 7 x 7 Markov chain model and
employed a uniform distribution for each of the wet states except for the last for which an exponential
distribution was assumed. The model was tested on data of seven rainfall stations in Kentucky. A
separate transition probability matrix was used for each month. The ¢lass distribution for the states in
the Markov chain were found by using geometric progression. The comparison of simulated rainfalls
with observed rainfalls indicated that the model generated rainfalls exceeded the historical rainfalls on

an average by about 2.5%.

Alternating Renewal Process
This process consists of alternating wet and dry spells. Wet spelis are assumed independent and belong
to a particular distribution. Similarly dry spells are assumed independent and belong to another

distribution. Further, the two random sequences independent. The following definitions apply :

(1) A wet spell is a sequence of wet days bounded on either side by a dry day.
(1) A dry spell is defined likewise
() Spells are assigned to the periods ( usually months or seasons) in which they begin.

(iv) A day 15 defined as wel if the rainfall exceeds a threshold value & mm

The first two assumptions could be satisfied by analysing data on a monthly or seasonal basis.

The third assumpticn is checked by computing the correlation between wet and dry spells in each month.

Several distributions can be fitted to the data to model the lengths of wet and dry spells.
Commenly used distributions for wet and dry runs are; the truncated negative binomial distribution
{TNBD) and the shifted negative binomial distribution (SNBD). The probability density function of the
TNBD is given by:

iz



Plx=K|x21) =

Ker-1 c(l-py©
. ]P £ (14)

K 1_p r

in which x is the random variable, k is the length of the spell and p and r are parameters (0 <
p < 1;-1 < r). If the rainfall is modelled on monthly basis, 24 parameters are required to be
estimated for the above equation for the whole year. In general, the development of rainfall model based
on the alternating renewal process requires long data series so that sufficient number of wet and dry
spells could be included. Data of 25 to 30 years when used for only a season are known 1o have

performed well.

The model for rainfall amounts must be one which describes the distribution of rainfall amounts
on days when it rains. The distribution is highly skewed and since the wet day is defined as a day on

which rainfall exceeds a threshold value & mm, a shifted or truncated distribution would modet the

rainfall amounts well.

The shifted two parameter gamma distribution (SGD) has been frequently used to tit the rainfall

amounts. The probability density function of this distribution is given by:

Ay¥ exp [-yA)
I'v

fly) - (15)

in which y is the rainfall amount, T is the gamma function, and v and A are parameters.

The mean rainfall of a wet spell depends on the length of the spell (Buishand, 1978 ). To account

for this, three types of rainfall are distinguished. These are :
(i) wet spells with a solitary wet day (type 0)

(i) a wet day with one adjacent day also wet {(type 1)

(iii) a wet day with both adjacent days wet (type 2}

13



The probability density function in the above equation is derived separately for each type of wet
spell for each month. The estimation of parameters p and r in Eq. (14) and v and A in Eq. (15) is done

using the method of maximum likelihood.

The generation of daily rainfall sequences is carried out in two steps. First, the lengths of wet
spells and dry spells are generated by coupling a uniform random number in the interval (0,1) to the
cumulative distribution function of TNBD. For wet spells of type 0, type 1 or type 2 the appropriate

random gamma variates are generated to obtain the values of daily rainfall.

Data Generation for Monthly Flows
For monthly streamflow generation, many models such as autoregressive process based model (Thomas

Fiering model) and models based on disaggregation processes have been proposed in the literature from

time to time. Some of these commonly used models are discussed in the following section. In the '

autoregressive models two approaches are generally followed. In the first, seasonalitics and periodicities
in the monthly flows are tirst removed and then the resulting series is modelled. The second approach

uses the Thomas-Fiering monthly model.

Models Used for Monthly Streamflow Generation

The monthly streamflows models, developed in the past, can be broadly classified either as univariate
model or multivariate model. Multivariate models are used when flows at more than one site need to be
generated simultaneously and cross correlation properties of flows are required to be preserved.
Univariate models considered here include Monthly Markov model, Thomas Fiering model and its
modified forms and disaggregation process based models. Thomas Fiering mode! and its modified forms
include (i) Thomas Fiering model (Thomas and Fiering, 1962) and (ii} Two-Tier model (Srikanthan and
McMahon, 1982). Disaggregation process based models inchude (i) Method of fragments (Srikanthan
and McMahon, 1982), (ii} Basic disaggregation model (Valencia and Schaake, 1973), (iii) Extended
disaggregation model (Mejia and Rousselle, 1978). and (iv) Condensed disaggregation model (Lane.
1979).

(1) Monthly Markov model

After removing the peeriodicity in the time series either by parametric method or non-parametric

14
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method, lag one auto-correlation coefficient (p) of the resulting standardised series is computed. Then

standard variates are computed using the equation :
Xa=p X +(1- 92)”2 €41 (16)
Absolute monthly flows are obtained by using the mon.thly mean and standard deviation.

(ii) Thomas Fiering model (TFM)
The Thomas Fiering mode! (Thomas and Fiering, 1962) in its simplest form consists of twelve linear
regression equations. Each month's flow is regressed upon previous month's flow. Using the Thomas

Fiering notations, the model may be written as follows,

FRER i i3 i B il (an

Where, Q;, Q;, o] and r; are the flow of ith month, mean of the jth month flows, standard
deviation of the jth month flows and correlation cocfficient beiv2en j+1th and jth month respectively,

and Z; is normally distributed random number N (0,1).
In equation (17), j varies from 1 to 12 and i varies from 1 to 12, 13 to 24 and so on.

(i)  Two Tier model (TTM)

When annual flows are obtained by summing 12 consecutive generated monthly flows by TFM, the
resulting annual series in most cases, does not preserve annual parameters. To overcome this, in the
TTM monthly flows generated by TFM are adjusted against the annual flows generated by an

appropriate annual model (Srikanthan and McMahon, 1982) as:

1.5 12 i3 (18)

Where, Qa, is the generated annual flow for the ith year, Q' ; and Q;; are adjusted and original

monthly flow for the jth month of ith year respectively.

15



The adjusted flows preserve the annual parameters at slight expense of the monthly parameters.
The performance of the model can be further improved if the annual series obtained from an annual
mode] and the series obtained by summing the monthly flows from the TFM are ranked separatcly. The
monthly flows for each 12 month period are then adjusted using equation (18) against the annual flows
obtained having the same rank as the summed monthly flows. The adjusted monthly flows are then

rearranged according to the original sequence of the annual fows (Srikanthan and Mc¢Mahon, 1982).

(tv)  Method of Fragments (MF)

In method of fragments (Srikanthan and McMahon, 1982), observed menthly flows are first standardized
year by year by dividing the monthly flows in a year by the corresponding annual flows. These
standardized flows are known as fragments. Annual flows from the historic record (say n years) are
ranked according to increasing magnitude and n classes are formed. Class 1 has a lower limit of zero
and upper limit as average of first and second ranked annual flows. Other classes are also formed in a
similar manner. The fragment obtained from the monthly flows corresponding to the smallest annual
flow is assigned to class one and the fragment obtained from the monthly flows corresponding to the
second smallest annual flow is assigned to class 2 and so on. The generated annual flows are then
checked one by one for the class to which they belong and then disaggregated according to the {ragment

value assigned to that class.

v) Disaggregation models

Disaggregation models (Valencia and Schaake, 1973) preserve relevant statistics at higher (annual) level
as well as lower (seasonal) level and allow one to break down a already available series, into some
shorter interval series. For instance an annual series may be disaggregated into monthly series. The key
series is generated prior to disaggregation. Various forms of the disaggregation models are described

in next section.

(@) Basic disaggregation model (BDM) as proposed by Valencia and Schaake, (1973), for a single

site is given by,

Y = AX + Be (19)
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Here X is the annual flow value and Y is a column matrix (%x1) containing the (@) seasonal flow

values which sum to X, X and Y are transformed values with zero means. A i5s a (@x1) matrix of
constant coefficients ; B is another (ax@) coefficient matrix and € is a (@x1) matrix of independent

identically distributed normal deviates. Matrices A and B are calculated as follows:
-1
A = Syy S'xx (20)
BB' = Syy -Syx S7xx Sxy @1
= 9YY WYX P XX OXY
Syy is the matrix of co-variances among the seasonal values. S,y is the matrix of co-variances
between the seasonal values and the annual values and Syy is the matrix of co-variances ameng the

annuat values. Lane (1979) gives solution technique to solve BB' for obtaining B.

(b) To preserve the co-variances of the first season of a year and any preceding season, Extended

Disaggregation Model (EDM) was proposed by Mejia and Rousselle, (1976) as:
Y = AX + Be + CZ {22)
Here Z is a column matrix (& 'x1) containing as many seasonal values (&) from the previous

years as are desired to be preserved and C is an additional parameter matrix (2x&'). A, B and C are the

matrices of parameters and are estimated as follows (Salas, et. al.,1980).

A = (Syx -Syz 8”7z 82x Y*(Sxx Sxz §'27 Sox Y (23)
C = (Syg -ASx; S5, (24)
BB' = Syy -ASyy AT -ASy, CT -CS,y AT -CS,, CT (25)

or equivalently,

BB’ = S,y -ASyy -CSzy (26)
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(©) One drawback of basic and extended disaggregation models is their excessive number of
parameters, because of the large number of cross correlations that they attempt to reproduce. To
overcome this problem, Lane, (1979) proposed a model popularly known as Condensed Disaggregation
Model (CDM), which essentially sets to zero several parameters of the extended model which are not

important. Approach uses the extended lagged season of the previous year. The model is given as,
Y.=A X+Be+C Y, ' (27
Where t denotes current season being generated. If there are @ seasons then @ equations are
there and & set of parameters A, B_ and C, . For single site case all the parameter matrices are single

element matrices.

Parameter of this model are estimated by

A, = [Syx (1.7) Syy (r,5-1)8'yy (-1,7-1)Syy (x-1,%)]

[SXX {t,7)-Sxy (‘r',':—l)S—IYY (t-1,7-1)}8yx ('r:-l,r)]-] (28)
C, = [Syy (1,7-1)-A, Sxy (r,1-DISyy (z-1,1-1) (29)
BB = Syy (1,0)-A, Syy (1,7)-C, Syy (3-1,7) (30)

Here Syy (t,7) is the matrix of co-variances among the current seasonal values. Syy(t,t) is the
matrix of co-variances between the current sqasonal values and the annual value associated with the
current season and Syy (t,t-1) indicates the co-variance matrix between the annual value of the curi‘er-lt
season and the seasonal values of the previous season. Syy (t,t) is the matrix of co-variance between

the annual values of the current season.

Data peneration for Annual Flows

A variety of models are available for modelling of annual time series. Namely, one has to decide on one
among the various alternative models, say AR, ARMA, ARIMA, Fractional Gaussian Noise (FGN),
Broken Line (BL), Shifting Level (SL) or any other model that is available in stochastic hydrology.
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However, ARMA models and their various forms i.e. AR(1) and AR(2) models are frequently used in

hydrology for generation of annual flows. In the following section, ARMA model is descussed:

An annual hydrologic time series is represented by x. In general, this series may be non-normal
distributed. If x, is not normal, an appropriate transformation may be used to transform X into normal
variable y,. Considering the above, the mixed autoregressive-moving average model for fitting the annual

hydrologic series y, is:
Vo= pty €
where z, is the ARMA(p,q) model.
Z =02 F 2t hyzs to F O Z, T e - Bie - B - - O (32)

The autoregressive AR(1) model discussed above is a particular case of the ARMA model in
which all 8 coefficients are zero and p=1. The ARMA(1,1) mode! has been extensively used in

hydrology. It has the form
=7, t+ -y (33)

The parameters of the ARMA(p,q) model for y, (g, ¢, &, ... &, B, 8, 6, o’e)
are determined from observed annual hydrologc data, Here o’ is the variance of the random variable

€.

The fitting of ARMA(p,q) models to annual hydrologic series z of length N comprises the

following steps:
STEP (1) Caiculate the sample mean z and variance s° of the series.

STEP (2) Calculate and plot the autocovariance function ¢, the autocorrelation coefficients,

r, = % and the partial autocorrelation coefficients ¢, (k) for lags k going from 1 to at
5
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STEP (3)

least N/4 but less than N. The partial autocorrelation function may be obtained

recursively from

2
r,-ry (1-r

ry - 2)
(1) =1, ; $,(2) = 7 ) = —— (34
-, l—rl
k
Lpa B0 {3y
Gk +1) = ’f (35)
1-%¢,(j)r,

31

Gier @) = () - deralk+1) dyk-j+1) (36)

IDENTIFICATION: From the behaviour of the autocorrelation and partial
autocorrelation functions and making use of the following table infer the order of the

model, namely, the values of p and q which are likely to fit the series.

Table 1 : Identification properties for AR, MA and ARMA Processes

Process Autocorrelation Partial Autocorrelation

AR(p) Infinite in extent, consists of damped Finite in extent, peaks at lags 1
expaonentials and/or damped waves. through p then cuts off.
Attenuates as ¢, = j%qa Prs

MA(q) Finite in extent, peaks at lags 1 through | Infinite in extent, consists of
g then cuts off. damped exponentials and/or

damped waves.

ARMA(p,q) | Infinite in extent, first g-p lags; Infinite in extent, first g-p
Irregular then damped exponentials lags; Irregular then damped
and/or damped waves. Attenuates as exponentials and/or damped
Py = _§1¢ipk-i kaq+ 1) waves.,
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STEP (4)

STEP (5)

Obtain the initial estimates of the p autoregressive parameters ¢, ¢.,....... . ¢, solving

the p Youle-Walker equations.

Cort = Br€q F Bo€qn F oo, + $Cqrtp (37)
€z = BiCqer + BrCq F roneerrrennnn, + B2 (38)
Caip = D1€qup1 T Dofgpr T ovveiiiiiiinns + ¢,C, (39)

If the series z, does not have zero mean there is an overall constant 6y, on the right hand

side of equation (32)

fe)
B = 7 (1-Z ¢, (40)

2 =z -y 2y -z - BTy - ¢,z 41)

and calculate the autocovariance function ¢,' of the z,' series. It can be calculated as
usual. Alternatively, Box and Jenkins (1976, p. 202) give the following formula for the

¢, in terms of the ¢, of the z series and the ¢ already available from steps (2) and (4),

respectively:
, P 2 P
C' = B er BP0 00, v 0,0, d, (42)
where
d=¢, +c,:j=0,1, ... 2 q 5ty = - (43)

With the ¢, the 8-parameters and the residual variance o’ are obtained by solving
following equations iteratively in which the initial values of the unknown parameters are

assumed zero.
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STEP (6)

!
“o

ole = (44)

1-83.-0%......02
(2 )
ﬁl - - —c-;z- - elej+_1 - 826j+,2 T oienwn - ﬁq,jﬁq (45)
=3
This completes the initial estimation of the parameters &, ¢, ..... dps 615 85, 6, a%e and

8. The first estimate of the model is thus
P

2, =0p+ Zo,z,,+€, - 20,e, 46)
i-1 i

Obtain the maximum likelihood estimate of the parameters. Calculate the residuals

g =0;j=1,.... max(p.q)
ifp > q,
=4 qT
€pej = oo - i?l¢izprj it ,)i;leiep-j-i @47
j=1,2, ... , N-p

S= zet (48)

for several values of 0 and ¢ around the initial estimates and obtain the values of the ¢'s
and 8's for which S is minimum. This may be done graphically. For the ARMA(1,1)
moedel one may plot the values of S on < ¢ - 0 plane. Contours of equal values of S may
be traced, and the minimum sum of squares is located, and the corresponding values of
$ and 6 are obtained. The variance of the residuals ¢ is a® = (1/N S). This graphical
procedure has the advantage that it exhibits any pecularity that the sum of squares surface
may have. After verification that the surface is free of anomolies this procedure is

extended with the help of a computer programme to obtain the the minimum vatue of S.
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STEP (7)

The standard error of estimate of the parameters is obtained by taking the square root of

the diagonal terms of the variance-covariance matrix.
Perform the Porte Manteau test to check that the ¢ is a normal independent variable.
Calculate the auto-correlation function r, (e} of the residual series ¢, for the lags k going
from 1 to L = N/10 + p + q. Calculate the statistic

N
O - zurkzl[rku-:)]2 (49

and determine if Q is less than the theoretical chi-square value with L-p-q degrees of

freedom. If this test is not passed the model is rejected.

All the procedures outlined in steps (1) through (7) may be performed by means of a suitable

computer programme developed for this purpose.

STEP (8)

To select the final model, the previous procedure step (1) to step (7) may be performed
for several models, for example AR(2), ARMA(1,1), ARMA(2,1) etc., for which the
maximum likelihood estimation of the parameters is found to converge. The best model

is found by calculating the Akaike information criterion

AIC(p,9) =N h (o) + 2(p+q) (30

where o7 is maximum likelihood estimate of the residual variance obtained in step (6).

The model having the minimum value of AIC(p,q) is selected.

Generation of Synthetic Series

Once the ARMA model has been selected, it may be used for generation of synthetic data. The series

is generated by using the equation (49) as described above. It is necessary to give p initial values to start

the algorithm. Generation of normat random numbers usually yields variates with zero mean and unit

variance. These are multiplied by o, to obtain random numbers with zero mean and variance ol If the

series has zero mean, the term e, is zero. Finally inverse transform is performed to obtain the
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synthetically generated hydrologic variable. If the 7, values generated in the previous step are centred -
so that z. = y, - ¥, where, y, is the original-hydrologic variable. After generating the z series, y, is
obtained from y, = z, + ¥. If the 2, is standardised such that z, = (y, - ¥)/s,, where, y, is the original

hydrologic variable, then after generating the z series, y, is obtained fromy, = z s, + 7.

RAINFALL-RUNOFF SERIES METHOD
The method basically consists in extending the runoff data with the help of rainfall data by means of
rainfall-runoff relationships developed either through their correlation analysis or using water balance

approach.

Using statistical or correlation approach
Data availability scenarios
Under statistical or correlation analysis, depending upon the availability of rainfall and runoff data,

problem can be grouped under four cases. Water balance approach is being considered separately,

Ist case: Long term precipitation record along with a streamflow data for a few years at the site
is available.

IInd case: Long term precipitation record is available at the site along with precipitation and
streamflow data for a few years at a neighbouring site is available.

IIIrd case: Only precipitation record at the site is available,

IVth case: No record of any kind is available.

Case I

Here we have long term precipitation record: besides a few years record of stremaflow at site. The
procedure, therefore, is to establish statistical correlation between observed monthly rainfall and monthly
runcif and plot it on a log-log graph for each month. If the relationship is not a straight line, it is then

suitably extended to find out the runoff corresponding to weighted rainfall of each year.

Case I
Here we have the long term precipitation record at the proposed site besides a few years of runoff data

at the neighbouring site. In this case, first the rainfall-runoff relationship at the neighbouring site is
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established and assuming that this relationship will hold good for the proposed site too, using the rainfall

record of the proposed site, the long term runoff series is computed.

Case I
In this case, as only long term rainfall data is available, to compute the runoff we make use of following

empirical formulae.

Strange tables: Strange evolved some ratios between rainfall and runoff based on data of Maharashtra
state, India. He accounted for the geological conditions of the catchment as good, average and bad, while
the surface conditions as dry, damp and wet prior to rain. The values recommended by him are given
in the Table 2.

Table 2: Strange Rainfall-runoff ratios

Runoff percentage yield when the original stage of ground is
rzilflzil Dry Damp Wet _
{(mm) Percentage | Yield (mm) | Percentage | Yield (mm) | Percentage | Yield (mm)
5 - - 4 0.2 7 0.35
10 1 00.10 5 0.5 10 1.00
20 2 00.40 9 1.8 15 3.00
25 3 00.75 1 2.75 18 4.50
30 4 01.20 13 3.90 20 6.00
40 7 02.80 18 7.20 28 11.20
30 10 05.00 22 11.00 34 17.00
60 14 08.46 28 16.80 41 24.60
70 18 12.61 33 25.10 48 33.60
80 22 17.60 39 31.20 55 44.00
20 25 22.50 44 39.60 62 55.80
100 30 30.00 50 50.00 70 70.00
Note: Depending upon the conditions of the catchment, up to 25% of the yield may be added or

deducted.
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(b) Inglis and De Souza's formulae: These formulae are applicable for the western ghats and plains

of Maharashtra, India and are reproduced here

For ghat areas,

R=085P-305

For plains,
R= (P-17.8)P
254
Where R = Runoff {(cm)

P = Precipitation (cm)

{c) Khosla's formula

T
3.74

R=P-

Where R = Runoff (cm)
P = Precipitation (cm)

T = Mean temperature (°C)

To evaluate monthly runoff Khosla gave the following relationship

m m m
L,=5T, whenT > 4.5°C
Where R,, = monthly runoff (mm)
P, = monthly precipitation (mmy})
L, = Monthly losses (mm)
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T_ = Mecan monthly temperature in °C

For T, <4.5 °C, losses are taken from the Table No. 3.

Table 3 : Monthly losses as proposed by Khosla

T, (in °C) 4.5 1 -7 12 -18
L. (in mm) 21 18 15 12.5 10

Similarly, for other regions other empirical relationships are available in the literature.

Runoff Coefficients

The runoff and rainfall can be correlated as below:

R =CP (56)

Where R = Runoff (cm)
P = Precipitation (cm)
C = Runoff coefficient
The runoff coefficient depends on several factors affecting runoff i.e. soil type, land use,
antecedent moisture conditions, intensity of rainfall and its duration etc.. The method is applicable for

small watersheds. The usual values of C are given below in Tuable 4.

Table 4 : Vatues of Runoff Coefficients

Type of area Runoff coefficient, C
Urban 0.3-0.5 7
Forest 0.05-0.20
Commercial and Industrial Parks 0.90

Parks, Farms, Pastures 0.05-0.30

Asphalt or Concrete pavement 0.85
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Apart from above, the joint committee of the American Society of Civil Engineers and the Water
Pollution Control Federation have recommended some values of tpe runoff coefficient C. These values

are available in any of the standard text book on hydrology.

Although, the whole approach of runoff estimation using the runoff coefficient is extremely
subjective and can not be advocated for estimating the runoff from specific storms, yet this practice is
still being followed in the state departments to gather the first hand information about the runoff and for

the design of storm drainage and small water-control structures.

Case IV

Under the circumstances when no record of any kind is available, the flood at the proposed site is
estimated by making a regional flood-frequency analysis. Regional flood-frequency analysis consists of
two steps. (a) plotting a curve between return period versus ratio of flood to mean flood; and (b) plotting

a curve between the catchment area versus the mean flood.

The regional frequency curves have the most frequent applications in estimating the flood
potential of ungauged catchments. Since such curves show the ratio of floods to the mean annual flood
against the return period, it is necessary to make an estimate of the mean annual flood for the ungauged
catchment. The mean annual flood depends on many variables, the most important and commonly

available being the drainage area.

To compute the flood for the ungauged catchment, the mean flood corresponding to the
catchment area is first computed from the curve of catchment area versus mean flood. Having known
mean flood, using the relationship of ratio of flood to mean annual flood versus return period to the
retirn period, for the desired return period ratio is find out. From the value of ratio and mean annual

1 p*
flood, flood of desired return period can be computed.

Extension of Records Using Rainfall - Runoff Modelling
Water Balance Approach
The methods discussed so far, provide runoff at the proposed site and then the dependable water

availability was computed. A more sophisticate way to compulte the reservoir inflow could be with the
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help of basin yield, which in general, refers to the quantity of water available from a stream at a given
site over a specified duration of time. The summation over the specified time period of the continuous
hydrograph of flow is carried out at a particular site on a siream. It is therefore a result of all hydrologic
evenis responsible for flow such as storms of all durations and intensities, and the climatic, geologic and
land-use practices. It includes streamflow from all the sources. Thus basin yield can be computed for

the specific time interval and based on this desired dependability can be computed.

Basin yield of different watersheds can be compared by expressing it in terms of depth of water
over the whole arca of watershed. In this approach all other components of water balance i.e.
precipitation evapotranspiration etc are also expressed in same units. The purpose of water balance study
are to evaluate the net available water resources, both on the surface and sub-surface and to assess the
existing water utilisation pattern and practices. Rainfall-runoff modelling or the water balance approach

being most powerful and most common, is discussed in detaif in the following section.

Water Balance or Rainfall-Runoff Models

Use of rainfall-runoff modelling has been started since 10's or 20's whereas hydrologic simulations
models of watershed based on physical and mathematical concepts have been developed since the
beginning of the 1960's. Recent development in computers and analysis techniques have led to
significant developments and application of mathematical and conceptal models in hydrology so as (o
help solving a variety of hydrological problems. The water balance models are very popular and are
widely used for the assessment of surface runoff. These are also used for generating arbitrarily long

runoff series which can be used for design of a water resource project.

Hydrologic models are symbolic or mathematical representation of known or assumed functions
expressing the various components of a hydrologic cycle. However, the term hydrological model i
understood to be and is used more narrowly as a computer based mathematical model. With the current
rapid developments within computer technology and hydrology the application of computer based

hydrologic models can only continue to increase in the near future (Storm, 1989).

Various techniques are available in the literature for modelling hydrologic system. Simulation

is one of them where a system is represented as a mode] and its behaviour is studied. Digital simulation
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is needed in a watershed research because it is a complex system to be analysed by exact mathematical
techniques. In digital simulation, system model is developed by a number of mathematical expressions
that represent the various processes of the system and simulation is done by using a computer. Models

can be broadly grouped into two types:

i. Physical models : Those models which are built physically from concrete or other materials on certain
scale come under this category. The disadvantages associated with physical models are :

- These are less flexible for representing changes to a watershed or river because it requires physical
rebuilding, which is expensive.

- These models are not very useful for the full hydrologic cycle because of the vide range of physical
and temporal scales of the processes to be modelled and because of calibration difficulties.

- Natural and man made changes in a river frequently initiate responses which can be propagated so for
long distances both upstream and downstream. To create a physical model covering such a large area
would be difficult and expensive.

ii. Mathematical Models : A mathematical model is a quantitative mathematical description of the
processes or phenomena i.e. collection of mathematical equations {(often partial differential equations),
logical statements, boundary conditions and initial conditions, expressing relationships between input,
variables and parameters. For example a model may be :

- a simple function to relate runoff to rainfall.

- a series of functions which attempt to reproduce all the steps in the runoff process.

Classification of Hydrologic Models

Hydrological models can be classified in different ways. Broadly many of the modéls presented in the
literature can be divided into deterministic and stochastic categories. A deterministic model is one in
which the processes are modelled based on definite physical laws and no uncertainties in prediction are
admitted. It has no component with stochastic behaviour i.e. the variables are free from random variation
and have no distribution in probability. Deterministic models can be further classified according to
whether the model gives a spatially lumped or distributed description of the catchment area, and

whether the description of the hydrological processes is empirical, conceptual or fully physically based.
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Another classification of stream flow models is : (i) Event based stream flow simulation models,
and (i) Continuous stream flow simulation Models (CSS). The event based stream flow simulation
models are applied to simulate the flood evenis. On the other hand, continuous stream flow simulation
(CSS) modéls are capable of providing the continuous output of stream flow generally at daily interval,

An extensive listing of types of the CSS models and event based models is given by V. P Singh (1989).

The familiar classification of model classification is to classify them in three categories : a) Black

box models, b) Lumped models and, c) Physically based models.

Black box modeis

Biack box models are based on transfer functions which relate inputs with outputs. These models, as the
name suggests, generally do not have any physical basis. Some commonly used black box models
include the unit hydrograph based approaches, regression analysis, and time series models. These
models have been in use for a long time. The parameters of these models are obtained either by
analytical solution or through numerical optimization. The success of these models can be atiributed
mainly to simple mathematics, minimal computational requirements and acceptable results. However,
it is not advisable to use these models for the input data which falls outside the calibration range. This
is because in such cases the implicit understanding of the physical system and assumptions made, such
as of linearity, may not remain valid and the modelling relies only on the mathematical equations,
Anderson and Burt (1985). Due to this serious drawback, the use of these models for extreme events

should always be made with utmost caution.

Conceptual models
Lumped conceptual models occupy an intermediate position between the fully physically- based approach

p .
and empirical black b

ox analysis. Such models are formulated on the basis of a relatively small number
of components, each of which is a simplified representation of one process ¢lement in the system being
modelled. The catchment is a complex system where various physical, chemical, and biological
processes take place contimiously and govern the movement of water. In practice it is not feasible to
model all these processes. Some simplifications have to be made either in the representation of the
system or in the processes involved or both. The most common simplification made is spatial lumping

and replacement of various components of the hydrological cycle by conceptual storage. it amounts to
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saying that the catchment system and its inputs and responses can be represented using the dimensions
of depth and time. The within catchment variations of inputs and parameters are ignored. Due to this
spatial averaging, the Jlumped model concept tends to be considered adequate only for small
homogeneous catchment, Blackie and Eeles (_1985). However, in practice they have been applied to
sufficiently big and heterogeneous catchment. The computational requirements of these models are
moderately small vis-a-vis the computational speeds available at a typical computer installation

now-a-days.

Physically based models

The physically based models are based on our understanding of the physics of the hydrological processes
which control the catchment response and use physically based equations to describe these processes,
Also, these models are spatially distributed since the equations from which they are formed generally
invelve one or more space coordinates. A discretization of spatial and temporal coordinates is made and
the solution is obtained at the node points of this discretized representation. This implies that these
models can be used for forecasting the spatial as well temporal pattern of more than one hydrological
variable. Such models require much of computational time and also require advance computers as well
as a broad data base. Physically based distributed models do not consider the transfer of water in a
catchment to take place in a few defined storage as-in case of lumped conceptual models. From their
physical basis such models can simulate the complete runoff regime, providing multiple outputs (e.g.
river discharge, phreatic surface level and evaporation loss) while black box models can offer only one
output. In these models transfer of mass momentum and energy are calculated directly from the
governing partial differential equations which are solved using numerical methods, for example the St.
Venant equations for surface flow, the Richards equation for unsaturated zone flow and the Boussinesq
equation for ground water flow. As the input data and computational requirements are enormous, the
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for data availability situations prevalent in developing countries like India.

Data Availability Scenarios
Under this category, similar to statistical or correlation analysis, depending upon the availability of

rainfall and runoff data, problem can be grouped under four following cases.



Ist case: Long term precipitation record along with a streamflow data for a few years at the site
is available.
IInd case: Long term precipitation record is available at the site along with precipitation and

streamflow data for a few years at a neighbouring site is available.

HIrd case: Only precipitation record at the site is available,
I'Vth case: No record of any kind is available.
Case |

Under this case based on concurrent rainfall and runoff record and other details of the catchment a
suitable water balance model is identified and-calibrated. Once the model is calibrated then using the

remaining rainfall series and the calibrated model runoff series is obtained.

Case I1

In this case for the neighbouring catchment based on rainfall-runoff and other information a water
balance model is identified and calibrated. Now, assuming that the neighbouring catchment and
catchment under consideration are located in the same climatic zone and having similar catchment
characteristics, the developed relationship for neighbouring catchment is used to obtain runoff series for

the proposed site using the available rainfall series.

Case I1I

In this case, regional relationship for the region in which the catchment is located is developed. For it
a simple model structure is first identified and then rainfall, runoff and other catchment characteristics
required by the model are collected for the nearby catchment sites. For all these sites, calibrated values
of parameters are find out and these values are then regionalised. These regionalised values of
parameters and available precipitation records are used to get the desired runoff series. Alternatively,
geomorphological characteristics of the catchment are collected and based on catchment area, travel time
details and other information, geomorphological instantaneous unit hydrograph is developed which can

be used further to get the flood hydrograph.

Case IV

If no record of any kind is available then only alternative is to make use of regional relationships
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developed for case III. Some relationships between catchment area and runoff, or other catchment
characteristics and runoff can be established and using these characteristics, runoff can be computed,

Here, as no information is available water balance approach can not be used as such.

For monthly time scale a few simple models have been developed for estimating runoff volumes
on ungauged catchments or the catchments with scarce data (Khosla, 1949; Murry, 1971; Manley, 1978;
Mimikou & Rao, 1983, Nathan and McMohan, 1990; Taffa Tulu, 1991; Jayasuria et al., 1991;
Mehrotra, 1997; Agung et al., 1995 and Kothyari, 1995). Eric Servat and Alain Dezetter (1993) applied
rainfali-runoff modelling in 20 catchments in northern Ivory Coast. Parameters of two conceptal models
were characterised so that the models could be applied to ungauged catchments also. Variables were
related to catchment land use and the rainfall distribution over the year Most of these models have their

own limitations.

On annual basis also some models have been proposed to deal! with conditions of no data
availability. Mustonen (1967) included fall, winter, and summer precipitations, average annual
temperature, potential evapotranspiration in summer, frost depth, percentage of drainage area with
coarse soils, volume of forest growing stock, and change of soil moisture during water year in a
multipule linear regression analysis to determine annual water yield. Along similar lines, Hann and Read
(1970) correlated mean annual runoff with mean annual precipitation, watershed perimeter, and
watershed relief ratio for small agriculture watersheds in Kentucky. Sucliffe and Carpenter {(1967) used
annual precipitation and elevation in their correlation study on a mountanious and semiarid area in
western Iran. Hawiey and McCuen (1982) related runoff to several physiographic characteristics from
605 watersheds in the western United States divided into five regions. Similar studies have been reported
by Sharp et al. (1960); Harris et al. (1961) and Wang and Huber (1967) for ungauged watersheds.

Monthly Rainfall-Runoff Models for ungauged catchments

(D Based on extensive literature and studying the varius structures of monthly rainfall-runoff water
balance type models, Mehrotra (1997) has proposed a simple structure of water balance model
based on single parameter, which was applied and tested on some watersheds of Saurashtra
region (arid and semi-arid watersheds) and some humid and semi-humid watersheds. The value

of the parameter can be either found by making soil survey or by fitting the model on the
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rainfall-runoff data of nearby gauged catchments, Mehrotra found the value of the parameter as
470 mm for Saurashtra region and average efficiency of the model was found as around 75 %.
For humid and semi-humid watersheds, the value of parameter was found as 380 mm and mean

efficiency as around 90%. The model structure is explained in brief in the following sections.

Rainfall (P)

|
SMD= SMAX-SHIT |- ESR=P-THRES(If P> THRES)
THRES =SMD l

|~ QSR =P*(1.-EXP(-SMAV/SMAX))
Evapotranspiration (AE) T
If SM>EV, AE = EV
Else, AE = EV*SMAV/SMAX

| SMAV = Average soil moisture

| during the month.

| | Infiliration FIN = P - FSR - QSR
I

|
| |
SMAX | SM= SHIT+FIN |—— DSR
| | If SM-AE > SMAX,
' 1 DSR=SM-AE-SMAX

Runoff = FSR + QSR + DSR

SMAX = A parameter to indicate maximum soil moisture holding capacity.
SHIT= Initial soil moisture.
EV = Potential Evapotranspiration.

Fig. t: Structure and schematic representation of a monthly rainfall-runoff model for
ungauged catchment

This model considers only soil storage. Single parameter SMAX is used to represent the soil
moisture holding capacity of the soil storage. Fast surface mhoff (FSR) is the portion of rainfall
in excess of the soii moisture deficit of the soii storage. Quick surface runoff (QSR) depends on
the average soil moisture condition of the soil storage. It follows an exponential function.
Evaporation from the soil storage is governed by the average soil moisture available in the soil
storage. The structure of the model is given in Fig. 1.

2) Kothyari (1995) proposed a simple method for the estimation of monthly runoff for the monsoon
season by analysing the data of 31 small catchments of India. The models proposed by him two

parameters values of which can be estimated from the catchment area, the percentage of forest
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cover, monthly average temperature. The goverinig equation takes the form:
R(D = KOPD + KO {1 - KA-1)}P(I-1) (57

where R() = monthly runoff during the ith month; P(I) = monthly areal rainfall during the Ith
month; P(I-1) is the monthly areal rainfall during the (I-1)th month; and K(I) and n(I) are
parameters for the Ith month with K(I} < 1.0 and n(I)>1.0. The coefficient K(I} and exponent
n{) are assumed to vary with time. I, and from one catchment to another. Value of K(I) is given
by:

K=260.9T-*% F, *¥A0% (58)

where T is average monthly temperature of the catchment in °C, A is catchment area in knf and
F, is the percentage of forest area in kn?. Values of n(I) for some basins may be obtained from
the Table 5. '

A model to estimate runoff volumes from generally available geophysical data has been proposed
by Agung and Cordery (1995). Input to the model consists of monthly rainfall, evaporation and
one fitting parameter. Physically realistic relationships have been developed between other
parameters and readily measurable catchment characteristics. The authors applied the model to
18 catchments in New South Wales, Australia.

Table 5 : Average values of n(I)

Basin name . July August September October
Damodar 2.08 2.10 2.53 1.97

| Barakar 235|226 |24z 2.22
Chambal 242 2.42 2.10 2.42
Mayurakshi 2.04 2.45 2.19 248
Lower Bhawani 1.70- 2.05 2.60 2.15
Ram Gangi -12.15 %..22 2.08__ 2.25
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FLOW-DURATION CURVES FOR WATER AVAILABILITY COMPUTATIONS .

The flow duration curve is a graphical tool which gives an idea about the variability of water flow in a
very simplistic manner. The flows for various levels of dependability for these gauged sites may be
estimated from this curve. Flow duration curves have been advocated for use in hydrologic studies such
as hydropower, water supply, and irrigation planning and design. Additionally, flow duration curves
have been applied to stream pollution and water quality management problems, With increasing attention
focused on surface water-quality management, many agencies routinely require estimates of low-flow
statistics to assure the maintenance of water-quality standards. The use of flow duration curves only
provide the estimates of flow which may be available on an average at a particular location without any
reference to the sequence in which these flows would be available. And therefore, the use of these flow
duration curves must be restricted to the problems where one is interested in an estimate for an "on an

average" availability of flow and not in the exact sequences of flows at the site of interest.

As the dimensions or size of a water resource project is based on the reliability of water flow at
the site therefore proper estimation of water availability is therefore very essential. The water availability
should be based for an irrigation project on 75%, for power projects on 90%, and for drinking water
supply on 100%. Reliability can be estimated from the streamflow record, the characteristics of which
can be depicted by flow duration curve. The flow duration curves have frequently been advocated for
the use in hydrologic time series studies such as hydropower, water supply, and irrigation planning,

design and management

For the preparation of a flow-duration curve, three situations may arise depending on the data
availability : 1) observed data of sufficient length is available; 2) data of limited period is available and;

3) no records are available. The preparation of flow duration curve under these three circumstances of

When observed data are available at the desired location, the simplest form of duration curve is
constructed by listing all the items in the data under consideration in their relative order of magnitude
(cither increasing or decreasing). The diagram on which the curve is to be plotted is then divided into
vertical segments of equal width, the number of segments being equal to the total number of items in

the data. Each item is laid off to the proper vertical scale in order of magnitude, in its proper segment.
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A horizontal line is drawn across each segment at the point thus noted, the result forming a "block
diagram" or "histogram". If the centre points of the top of all blocks of such a diagram are joined by
straight lines, a "duration curve" will be obtained. Each item of the duration series is then plotted at the
mid point of its respective sub-division of the diagram. Thus, the "time" scale of the duration curve (axis
of abscissas) has been subdivided into the same number of parts as there are separate iterns to be plotted,

It is generally more convenient to plot these items on a percentage scale or %-of-time basis.

Analytically, this curve may be obtained by first arranging all the items in descending order of
magnitude and then assigning each item a cumulative frequency equal to [V(N+1)] where 1 = the
position of a item in the ordered series and N is the total number of items in the record. A set of N
points having y coordinate qqual to magnitude of flow and x coordinate equal to cumulative frequency
[i/(N+1)] may thus be obtained which if plotted results in a flow duration curve. Since it is only a
sample of data which is available for the analysis, it is very difficult to infer about the characteristics of
the population. In such situations advantage may be taken, if it may be assumed, on statistical basis, that
a particular sample data belongs to a certain type of mathematical function. For series with statistically
insignificant serial correlation, the flow duration characteristics may be modelled with a probability
distribution model (gaussian, log-normal, etc.), as it is common practice when dealing with statistical
data. In this, it is assumed that the frequenc;y curve obtained from the flow data can be adequately
represented by a suitable standard probability density function. Normal distribution function is one of
the most commonly used distribution function. Where the data record length is very large this
distribution may invariably be found to represent the observed frequency curve. An extension of using
this distribution is to use the log-normal distribution in which the logarithms of the flow values tend to

produce a normal distribution function.

When only short records are available, the flow-duration curve based on a short record is
extended with the help of the flow duration curve of a nearby site with long-term data. Here, the
procedure used could be any one of the following: 1) rigorous-data extension for a short-period site by
correlation techniques; 2) regional analysis of flow duration characteristics and; 3) approximate
adjl._ls:unent of short-period flow durdtion statistics on the basis of short-term and long-term statistics of

long-term sites.
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When no records are available, the flow-duration curves of nearby sites can be transferred using
specific discharge indices (flow per sq km). Losses and gains in different area/reaches involved in such

a transfer may be considered subjectively as far as possible.

When it is required to find the tlow duration curve for a location on the stream with either shott
term or no records then regional flow duration curves which are intended to be developed for a rewion
as a whole are uscd. This region is a comparatively bigger area which is expected 10 be
hydrometeorologically homogeneous in its behaviour. The regional model is evolved on the basis of data
available for a few gauged sites in the same region or transposed from similar repion in its vicinity, This
regional model is then employed to know the flow duration curve for any ungauged location of interest
in a region. Availability of such regional flow duration models would be of significant help in ¢stimating
the potential of hydro power in vast hilly regions of the country and also reducing the time of
investigation and implementation of individual small hydro power projects besides building greater
confidence while designing. The development of regional flow duration curve is further discussed in the

separate section.

When the runoff record at a given point on the stream is to be compared with the record at
another point on the same stream, or when the records on different streams are to be compared, it is
desirable 1o divide the original stream{low values by the average runoft occurring at the point of record.
This average being obtained from a record of as great a length as possible. A duration curve constructed
from the reduced record will give the flow "in terms of mean runoff (Q/Q, . )", and will revea! as much
detatl as is there in the one obtained from the original data, but in a more convenient form for a

comparison with other duration curves

Expressing the flow in terms of mean flow has another advantage that in cases where the record
length of flow data at individual sites is not adequate for any meaningful statistical analysis, the data of
many sites may be pooled together. Since. the data at different sitcs is comparable as explained above
there is no difficulty in pooling up the data. Now, having pooled up the data from many sites the number

of data becomes sufficient for drawing some meaningful statistical inference,



These flow-duration curves are listed in a tabular form giving discharges at selected
dependabilities (e.g. 5%, 10%, 15%, 30%, 50%, 75%, 90%, 95% and 97 %) for all locations.

GENERATION OF LONG SEQUENCES OF FLOW VOLUMES
Decide the overall approach whether historical or generated sequences of flow volumes are to be used.

In case of limited available records, the stepwise procedure followed is:

L. Decide the method of extension of the short-term record. Compile the historical record
of long-term related phenomenon {e.g. rainfall over the same area or flow records of &
nearby site or sites) for an appropriate time unit.

2. Use statistical correlation (simple or multivariate} techniques to extend the record. Give
details of transformation of data, correlation coefficients, explained variance and standard
error of regression estimates. When the year has been divided in 2 number of time units,
the correlation may be required for each time unit. However, for some lean periods, no
correlation may be possible or necessary. Also, the runoff-to-runoff correlation can

sometimes be considered stationary and a single correlation may hold for a number of

time units.
3. Check the overall acceptability of correlations.
4, Consider the inclusion of a random component and generation of a single or alternative

likely historical series including random components. This will be more important when
correlations are not very strong, because non-inclusion of a random component will

reduce the flow variance in the extended portion.

INFLUENCE OF TIME INTERVAL FOR ORIGINAL RECORD

Flow duration curves for small projects, where very little storage is normally available, must atleast be
prepared with the average daily flow data. However, many times the record of flow is available only at
ten daily basis. Also. use of data on a daily basis involves an immense amount of work. It is often
convenient to average these data for successive weeks. months, or years. Obviously, any lengthening
of the time interval used for each item to be plotted in the duration curve will result in a loss of derail
since in reality the flow will not generally be constant over the period of time for which they are

averaged. Tt is important, thercfore. to know whart the relative effect will be on the accuracy of the
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duration curve used by such changes in the time interval.

As the time interval is increased in the length, the lower end of the duration curve will rise and
the upper end will be lowered. This is to be expected, since a longer time interval used in averaging
process must result in eliminating many of the smallest and the largest items in the record. The total area
under each of the curves is the same, because this area represents the total volume of runoff during the

entire period of record, and this volume is not affected by changing the time interval.

The relative effect of varying the time unit will not be the same with ail the streams. Where the
flow is not subject to sudden changes, it will be almost constant over considerable periods of time. With
such a stream, the daily and weekly duration curve would be almost identical, and the monthly duration
curve would not differ greatty from the daily curve. On the other hand, if the stream is "flashy”, with
floods lasting only a few hours, or days, there will be an appreciable difference between the daily and
weekly curves; and the monthly curves will involve a considerable percentage of error as compared with

the daily curve.

However, it is often necessary to use the longer time unit instead of the daily flow duration
curve for two reasons: (1) With some streams, only the average flow at longer time unit are available
over part or over all the period of record; and (2) in most preliminary investigations, the time and labour
required to prepare the daily flow duration curves arc so great that a longer period must be used.
However, now a days with the advent of computers this difficulty is no faced felt and 1endency of
working with smaller time interval has thus increased. In any case. when the curve at longer time unit
is used. its limitations should be recognized; and if the stream s ar all "flashy”, the results should be

properly discounted when estimates of plant capacity and output arc being made.

DEVELOPMENT OF REGIONAL FLOW DURATION CURVE

The flow duration curve for a carchment, for which insignificant or no flow data is available. is
established on the basis of regionalisation procedure. For this. a region is identified which is a
comparatively bigger area than the individual ungauged catchments but adequately smaller so that
homogeneous hydrometeorlogical conditions exist, on an average, across the region. Afl the gauged sites

in the region are first identified. Then. on the basis of the flow characteristics at these sites, some



relationship may be evolved which are representative of the conditions of flow regime throughout the

region. This relationships usually incorporate a few parameters which may be evaluated for any

ungauged site in the region on the basis of climatic and physiographic characteristics of the catchment.

Keeping this in mind the Institute has proposed a methodology for development of regional flood

duration curve which has been tested on some hilly regions of the country and produced satisfactory
results (NIH,1998). This methodology is described in brief here.

Regional Flow Duration Model

The methodology of developing the regional flow duration models for this study is based on the

following considerations:

(a)

(b)

The length of record of the flow data at most of the gauged sites is not very large. To draw
valuable statistical inference the data from all the sites in the region is pooled up after expressing
flow values at each site in terms of the mean flow. The mean flow is estimated from the limited
flow data record of each individual gauged catchment and may not represent the long term mean

at a site.

The mean flow is considered te be a function of only the physiographic characteristics of the
catchment and the model for this is evolved for each region individually. Though, ideally, the
mean flow would be a function of climatic and geologic characteristics together with the
physiographic characteristics but the climatic and geologic characteristics are not included in the
model on account of (i) non-availability of geologic data at the scale of the gauged catchments,
(i) climatic and geologic data may not be available for individual ungauged catchments, which
are very small in size. Thus, there would not be any advantage by including these factors when
they are not known with adequate precession for ungauged catchments, (iii) variability in the
long term average rainfall within the region may not be very high and so may not be very

important,

On the basis of the above, a structure of the regional flow duration model is proposed for this

study. The step-by-step procedure for developing this model, for any region of interest, is given

hereunder:
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{)

amn

(I1T)

Iv)

V)

(VD)

Identify all the gauged caichments in the region and collect observed flow and physiographic data

for each of them.

Process the flow data to get the average ten daily flow series for each gauged catchment. To
avoid any bias this series must contain equal number of each of the 36 ten daily values of the

year. Hence, the flow data series (Q)) would always have multiple of 36 data points in it.

Next, find the long term average ten daily flow (Q,,.,) for each of the gauged caichments with
the help of flow series available at step (II).

Non-dimensionalise the flow data series (Q)) for each catchment by dividing each data value in
the series by its respective long term average (Q,,,,) obtained at step (IIf) to get the flow series

in terms of mean tlow (Q/Q_...).
Combine the non-dimensionalised flow data series of all the gauged catchments into one series.

Evaluate the basic characteristics of the combined series to see if the series is norm:ally
distributed. In most of the cases it would not be normal owing primarily to a shorter length of
the data series. Transform the combined series obtained at step (V) using power transformation
into another series which has the characteristics of normally distributed series. This is done as

cxplained below:

Let Q and W implies the corresponding elements of original and the transformed series

respectively. The power transformation is achieved using the transformation formula given by:
W = (Q"- /4 when 4 » 0 59
and W = In(Q) when 2 = 0 (60)

here 2 is an exponent which may either be obtained by trial and error procedure or any other

suitable optimisation technique so as to give a normalised W series. The W series is considered
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(VID)

(VIID)

(IX)

(X)

to be a near normalized series for that value of 4 which reduces the coefficient of skewness of

W series to nearly zero and maintains the coefficient of kurtosis as 3.
Thus, for a region the value of parameter A is obtained.

The statistics like mean (uy) and standard deviation (oy) of the transformed series W are

estimated using maximum likelihood method.

Using the normal probability distribution, estimates of the flows in transformed domain (W) for
various levels of dependabilities (D) like 25%, 50%, 60%, 75%, 80% and 90% etc. is made.

For this, first the standardised flow (Z;) corresponding to any probability level (D) may be
obtained by using widely available table for frequency factors for standard normal distribution
(u=0, o=1). This standard flow is converted for the case of a series having mean and standard
deviation as uy and o, respectively by using the transformation:

Wp = R+ 2,0, (61)

Since, the estimates of flow (in terms of mean flow) at step (VILI) are in the transformed domain

they are brought to the original domain by using the inverse transformation as:

1

(=2, - (myn-117 when 4 = 0 {62)
Qfﬂeaﬂ N
and (=2}, - exp [#,) when A = 0 63)
“nean

From the available physiographic data the catchment areas (A) for each gauged catchments may
be obtained. Knowing the long term average flow (Q,.,.) for each gauged catchment a
relationship between catchment area (A) and the corresponding long term average flow (Q,.,.)

is established in the form:

Q - ¢, At c, A (64)
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Here, C, and C, are the coefficients which are obtained by regression analysis.

(XI) Now, Qu, for any ungauged catchment in the region may be obtained by the regional
relationship established at step (X). This value of Q,, when multiplied by the factor (Q/Qpenln
obtained at step (IX) gives the required D% dependable flow (Qp) for that ungauged catchment.

(XI) The steps from (IX) to (XT) may be repeated to obtain the flow corresponding to any desired

level of dependability for any ungauged catchment within the region.

Thus, a regional model may be evolved for any region of interest and then be subsequently
employed to estimate the flows for desired levels of dependability for any ungauged catchment located

within the region.

CONCLUDING REMARKS

In this report water availability computations under different data availability scenarios are discussed.
There is no standard method available which can be assigned for a particular case. Depending upon the
availability of data, catchment information, availability of time, purpose for which this information is
being collected and computing facilities available designer has to make a choice out of available
methodologies. Rainfall- runoff relationship and runoff process being a complex process varies form
catchment to catchment also from time to time. As data availability becomes poorer, results obtained
using this data subjected to greater uncertainty. However, with the research and development in the area
of hydrology, now-a-days more and more methods are being proposed to deal with scanty data

availability situations.
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ANNEXURE—T
GUIDELINES FOR PREPARATION OF HYDROLOGY, YOLUME OF DETAILED PROJECT REPORT
CHAPTER

General Climate and Hydrology

Hydrological data requirements

Compilation and processing of Hydrological data

Preparation of Hydmlofu:l inputs for Simulation

Preparation of Hydrological inputs for studies other than Simulation
Simulation (working tables) for testing performance

Effects of project development on Hydrologic regime



CHAPTER 1

1.0 Gemeral climate and hydrology

This chapter shall provide =~ 7tient information about
climate and general hydrology of L. nydrologic region and also
provide specific information in respr :t of areas and reaches of
interest appropriate to ths plans of dsvelopment.

Norr:—Various areas and reaches of interesi from the hydrolo- -
gic point of view considering different developmental

possibilities have bren classified as El to E 13 as listed
in Enclosure-A,.

9]
@

1.1 General information sbout region (vefer ES—Enclosgre-4)

1.1.1 Topography—typ=s of climate seasons—type of mon-
toch causing rainfall—genera] hydrologic regime of the rivers—
history of important histerical storms and floeds—geology-—
existing development of surface and ground water,

The above dzrails shal| b2
and fables :

(a)

(b)
supported by the following maps

{©)

{3) One or more smallindex maps of size 25 x 20cm (»ppro- {d)
xima tely) showing the boundaries of all the areas and

reeches of interest for th: various alternativas.

(b) Annuﬂln;):‘mal rainfall map of  the region (scale ! :

1,000, L

(c) Tables or bar cpatts showing monihly normals and
extremas of rainfall—number of rainy days—tempers.-
ture, humidity—wind speed—pan evaporation—po-
tential evapotranspiration AETO) ete. for observatories
{at least two in and around areas of intersst): at least
qne of the observatory selected shall be in or nearest

to the command area—(Refer climziological tabies,
other IMD publications etc.h.

Tables or bar chans giving average, maximum and
minimum monthly seasonal and annual flow data for
hydrological stations maintainsd by the State/CWC/
GBWROQ/other agencies (include sations with long

period daia).
1.2 Spegific Information

Specific information required for different reaches and arcns
of interest relevanti to tha project shall bs fyrnishsd.

(=)

@)

1.2.1. Draiaage basin (Refer E1 of Enclosure-A)

2) Index map showing soil erodibility characteristics and
infiltration.

The map shall show

{) Land havin
per cent md'

)
gradient less than 1 percent, 1.3 ®

more than 3 per_cent,

{ii) Present land use classifying land ynder forest
cultivited area, fallow larsc’l"fl land under w{nno::sd
olher uses.

(iii) Soil types

©

@

NoTE :~In preparing th: above maps information available
in the revenue records District Gazetteers, Censue

report, Trrigation Comunission's report shall be utilised.

Where sedimentation is
Chapter IV Item 4.3) land
distinct periods shall bs

of serious nature {Refer ()
use data for two or more

included a3 far as possibie.

) Table giving the size of the drainage area 2t all connrol
points mdicating areds covered lkes, swam
permanent sh:w!{;lacie; and points of diversion (natury
or man made) for diverting Gows from or it the
drainage area. :

_he drainage area compuiations shall be made usin

sufficiently -large scale mapse (scale 1 : 200,600) 2
condensc({ rmaps showing a1l the features shall be fur-
nished.

Area altitlude curves for orographic region having
sizeable arex above El m.

Water quality data depcnding upon the nature of
development,

1.2.2. Command area (Refer E2 of Enclosare-A)

Table or charis presenting monthly normal rainfall
and coefficient of variation for a few stations in or near
command area.

Monthly normal evaporation for few. stations in or
near th: command.

Infiltration characteristics of soils.

Ground water behavicur supported with data of fluctya
tion (mAaximum, minimum and average cver 2 period).

1.2.3. Floods and drainsge (Refer E3, E4 & E1g of Enclogare 3-A)

River profile showing flood levels and river cross-
section,

Notg :—The Longitudina] section and cross-section through

the regch of interest are required for making computa-
tions of flood prefiles, working out gauge discharge
ard water raling curves, checking reservoir backwater
studies, deciding channel capcinies and for estimating
historical Bood discharges from flood marks by hy-
draulic calculations etc,

The river L-Ssction should b: presented to such a
vertical scale that the differences in normal low and
high water will bz presented by about 2 cm. -Jt would
show hoth banks, bed levels, normal, hilgh and jow
flow levels, historical maximum fiood levels with years
of occurrence, and position of importsnt towns, gauge
discharge stations, bridgss, existing and proposd
structuses as also the position of river cross-sections,
River cross-sections covering the reach of interest shalj
ils0 be presented. The spac of cross.sectiors
shall depend ou river slope and uniformity of the
channel. Fer smaller slopes or more uniferm chan-
nels larger spacings can be adopted.

Tnformaticn of past floods and past events of drainage
congestion Ei-vmg levels, discharge flor ded areas and
depth and derttion of submergences.

Notes sbout flood protecticn and drainage worky ahead

sonctioned/executed and their formance m{
by index plans. peth supher

Notes about the picblems ef bank erosicn, aggrada-
tion, degradaiicn and meandering of rivers,

1.24. River Geomeiry (Refer EG and F9 of Enclosere-A)

River profile and cross-section and roughness coefficient

for the reaches relevent 10 the preject detsil fi
note 1.2.3 above). preiect s Mefex

1.2.5. Gromnd water rechorge (Refer E7 of Enclosurs-A)
{2) :;i)euils sbout the ground water behavicus and infiltra-

on characteristics of the solls in the recharge ares
(For type of information refer para 1.2.2 ) :fov:).



1.2.6. Reservoir urea (Refer ES of Eaclosure-A;

in or nour the ama.

(1} Monthly aversge pan evaporaticn data for a staticn

() Elevition-area-capacity sorves and nehtodolcgy used
in the computation.

1.2.7. Other water miuge (Refer E11 & F13 of Enclosare-A)
(2} Wiater clua lity dats indicating both chemiza and binlo.

glc qulity temperature and other quality parsmeters.
Indicate changes in these parameters from season to

WAL,
1.2.8 Narigation (Refer E12—Eaciormre-A)
{a} River profile and cross-cection (Refer Notey 1.2.3
above).

(b) Low flow discharges and depth dats.
{c) Historical changes in the levels and eross-section.

[£1] Problems of bank erosion aggradation, degradation
and meandering of river.

(¢) River training works already sanctioned/executed and
their performance.

£.3.1, Datz avaliability

Description of the availeble meteorological aad hydrologi-
¢al data supported by inventeries in the form of bar diagrams
indicating source—location and altitude of the station—drainage
ares wherz appeopriate—period of availability in 1=spect of
stations within the areas of interest and ul.rronmdmg regions
shall be furnished in respect of the following :

(a) Rainfall and lnowthll__
. {b) Pan evaporstion

(&) Climatological parameters like temperature—humidity.—
(d) River, gauge snd discharge

(e} Sediment {suspended a0d bed load) inflow and grain
size composition

() Water quality -

NOTE :—A map toascaleofl 200,000 0c 1: looooou
ding upon the size of the area involved tho
location of relevant meteorological and hydrolo;b.l
stations shall be furnished.



CHAPTER TI

2.0 Hydrologica]l Duta Reguircments

. This chapler shall discuss the lype and extent of Hydrolo-
gical Inputs required for the proposed plan (s)of develrpment.

2.1 Alternatives and classifications

The type and form of Hydrological Inputs for simulation
(working tables) and other studies depend upon the type of
structures (which can be classified based on the element of

storage) and on the contemplated use of water and storage
space. '

.. The classification of alternative plans by storagze have bsen
indicated as A) to AJ as listed in Enclosure-B and by use ag
Bl to Bll as indicated in Enclosure-C'.

NOTE :—Altemnative plans of development shall be discussed
and thir classification determined by starage or by

use utilising the information ¢lassified in Enclosure-B
and Enclosure-C

-

.2 Inputs
2.2.1. Type of inputs

The inputs required for simulation and other studiss for
the developmant in question shall be discussed.

The nature of inputs required has been grouped as C-] for
simulation studies and €-2 for studies other than simulation
in Enclasure-D. The inputs required for the study of a patticular
type of development can be determined using Enclosure-E and
Enclosure-F. Wherein various combinations are indicated

2:2.2 Timse unit for simulation studies

“The time units applicable to the various type of rojects
are giveo in Enclosure-C. The information given in this En-
closure shall be utilised in deciding the time units of the hydro-
Togical inputs for particular type of development,

2.2.3 Hydrological inputs

Tn fixing the leagth of hydrological inputs far £ nulation,
type of development and variability of inputs shall be kept in
view. Brief Guidelines for fixing the micimum length of data
required is given below :

Type of project

Minimum length of data
{Enclosure-B)

for use in simulation

Al and A2 i0 years
A3 25 years
A4 40 years
AS

Depending upon  the
predominant elemen:
{Al to A%)

2.3 Requirements of the inputs for the project

Taking into account the requirements of the project dis-
cussed under para 2.1 and 2.2 above the inputs (including requi-
red for simug:ion. flood studies and sedimentaiion) for the
various components, &1 various control points shall be deter-
mined and discussed in details.



CHAPTER 11T

3.0 Compiiation and Processing of Basic Hydrological Data

3.1 Hydrological investigations specially carried out for the
oposed project keeping in view the Geidelines given in Chapter
4.5 of the Detailed Project Report shall be discussed. The

details of the specific data collected for the purposs shall be
furnished.

3.2 Data from other soutces

All the basic/processed hydrological data {Aow. sedimenta.
Lon, water quality ete.) avaiiable from the various sources as
ttlevant 1o the project shall be collected, compiled &nd discus.

The source of such daia collected shall be indicated  at
the appropriate place.

Where processed data is available need or otherwise of
further processing of the data shall be indicated.

3.3 Processing of data
3.3.1 Quality of data

fa} Methods of measurementobservation of various
types of hydrological and hydrometeorological data,
standards foflowed. instruments used. frequency of
observation e, shall be discussed emwise viz.,

fow, sedimentarion, gauging, temperarure. humidiry,
evaporation e,

(%) Details of history of staiion. shifis in ihe focation,
shifts in the rate curves shall be identified. Sample
caleulations for discharge and sediment [oad shall be
furnished. Mention shal! be made as to whether

discharge data is observed or estimizied. Indicate

methods of estimation.

(c) Discuss development of stage discharge cuwrves at
discharge site bringing out the exirapolations involved.
The extrapolations shall be verified by other methods
such As hydraulic calculations etc.

3.0.2 Filting up of shon data gaps

The method used shall be discussed. The faliowing or
some of the techniques which can be used for gap flling ;

(a) Random choice from values observed for that period.

(&) Interpolation from adjoining values by plotiing a
amqoth hydrograph (for runoff alone).

(c) Using the average proportion with normals for the
adjoining mations.

(4} Double mass curve techiques.

&) Corrclutions with adjoining siations either of the
same hydrologic element, or of differant bydrelogic
clement.

(f) Awo correlation with earli
station.

(8) Any other,
3.4 Adjustment of records

34.1. The adjusiments of flows (and sed;
azd virgin coaditions for historical uses in :::mgr,\n[-?- Dcaal-“‘{.;:
&ud the manner in which this has been done hall be discusced
duly supported by the withdrawal data, re.:ewoit:‘-e :;::stf:&

ta and irrgation statistics, Where adjustmenrs due 10
upstream  storage(s) are made, such Stcfage changes angd
evaporation losses are to be properly ageounted for.

Apart from addin

. ,
Bave 16 be substracted, T o Vithdrawals reum ows

er pericd at the same

Note:—(1) The adfustment of the 'sedi
_ ‘data may oot be aeart, .:yb!ie;vcd Hows sediment

() The wtilisation by upsmeam projects h
been same throy; o oy has
tion of Bows. shd. segyeri+4 Of Observa-

thy If the patiern and quanium of usage has pot
chinged appreciably or with a definite trend
{21 Adjustment with the low znd sediment records
shall be required in other cases e.g. where apprre.
tlable changes in land use have taken place
{H Adjustment of floods and low flows to remove
the effect of upsiream regulation may be required
where this is appreciable

3.5 Consisiency of data
3.5.1. Internal

The study of consisti;icy of the abserved daia at specific
confrol points TRd corrections. if any, made shall be ¢hecked
and discussed

The check can be done by study or siage discharge relation.
ship. and sedimentation rating curves for different pericds
Large verfations. if anv. shall be investigated, corrected and
explajned suitably. il required.

3.5.2 Externa! '

The consistency of the ohserved data shall be discussed
with reference 1o the rainfall in the project catchment and ob-
served data (vields and sediment loads: in adjacenc locations/
basins.

Note :  The conisistency can be checked by :

{a) Comparing monthly and annual rainfall with corres-
ponding runcff.

() Comparing average annual specific flow peressed as
ham;sq km with corresponding figures :  other sites
of the same river or adjacent basins.

{c) By comparing the hvdrograph of daily Aischarge at
the contral point wilh adjacent sites ete.

(d} By use of double mass curve techniques,

Detaiis of the study made for varicus hydrological obser-
vations at the cortrol points and sites maintained by the CWC/
GBWRO/States and other agencies shall be summarised and
presented as follows

(a) Average apnual/seasonal/monthy flow volumes expre-
ssed as depth of water over drainage area.

(b} Average maximum and minimum discharge (cumec/
sq km for concurrent period.

}.6 Presentation of data
.61 Data for simulation st

The processed data shall be compiled and furnished kee-
ing in view the hydrological inputs required for the studies
Por the development in question (Refer Enclosure-E  and
Enclosure-F).

The data shall be compiled for appropriate time  unit (Refer
Enclosure-G).

NOTE ;-
{1) The avearge for each time unit and totals and averages

for monihs,yeasns'vear (June to May) shaii be furnished.
{2) Where gap filling has been carried out and basic dat
adjusted, suitable footrotes 1o the effect shall be given,

3.7 Dats for studies other than simulation

Data on the annual maximum Roods (peak discharges and
levels) for all sites of interest shall be furnished for the sntire
period of record. .

Filood hyd ohs (plotied on the basis of hourly gauge
observed for a few large events for all sites of interest shall be
included: These should cover the entire rise and fall of the food
including three days pariod antecedant aad following each
flood. The concurrent daily and hourly rainfall data for all
stations in and near the drainage area shal! also be included.



CHAPTER 1V

4.0 Preparation of hydrologic lapats for sisslation

This chapter shall discuss the details and results of the apa-
Iysis made for preparation of the various hydrologic inouts
required for simulation studies to supplement data presented
in pars 1.6.1. of Chaptes-1I.

4.1 Waltwr inflowy

4.1.1 Storage projects

The overall af whether histocical for generated sequ-
ences of flow volumes used shall be indicated. *a

4.1.1.1 Data Exteosion

The studies and methodology wed for extending short.
term runoff seties to desired length of time (Chapter-11 Pars
2.2.3) shall be discussed covering details of type(s) of correlation
transformation of data, correlation coefficient, standard error,
&, Thest studies can be done as follows: —

(%) Correlating runoff data with concurrent data on rain-
Nl of long wrm stations in the same catchment or
data of runoff of adjacent long-term staticn and app-
lying these correlarions developed to past. data of
long-term stations of rainfallfcunoff.

)Slﬂimdlﬁcmshauhmdforunhﬁiu
(bunitlelecwd.

Nots 1—

(1} Rainfall/runoff ¢ rrefation may not be feusible or ne-
ssary for non-monsoon period.

(2) Overall Acceptability of correlation shall be chesked.

3) Random components may be considersd where Corre-
- Intoos are not wery stromg.

4,1.1.2 Data generation

The approach used may be discussed giving the type of
modd and its suitability ta the problem cu band, its parame-
tars and their evaluation, validation of model and generation
of flow data. Two approaches that can be used are :

(x) Stochastic modelling (Time seties)
(b) Conceptual modelling

For the stochastic approach following details may also be
included.
—Trends and cycles in the data, their physical justification
- and the necessity or otherwise of remaving Jd'ue
—Auto-correlation in data, ity physical explanation, need
for modelling autocorrelation, possibilities of = smo-
" othening suto-correlation values from regional studies.
—Frequency distribution of modom error component
~Creneration of madom numbers
—Where more than one site is involved, correlation bet-
ween random  error components of differenm: ®iks

S mitRvais - BET

and method of flow generation at different sites

For data gegeration by conceptual Modellin detaily
of modelling input data (e.4. rainfall) may be includied to-
.eg::r with compilation of output data in appropriate time
units. .

4,1.2 Diversion and small pondages
4.1.2.]1 Extension of data
i used for extending short-
term . runoll series to the desired leagth of time Chapter-11
Para 2.23) shall be discussed covering details ol‘( s) of
corrslations, transformation of data, correiation jent,
standard error, etc. .

Techniques a3 suggested under 4.1.1.1 arc alyo genennliy
:ﬁi:ble for extension of data but the time gnit 1 be of
duration (refer Enclogure-G),

4.3 Lake evaporation

Depth of lake evaporation shall be indicated with basis for
selected time umits (10-daily, fortnj tly or monthly). These
depths shall be worked out from the nvet?‘m of )
data of par evaporation or climatiological dats of & station’
:}ouwtbemwokm«aﬁimingﬂ:umthehhmm‘

ion.

4.3 Sedimenistion sindies
4.3.1. Revised area capacity curves

The studies carried out to evaluate the effect of depletion of
reservoiny’ useful capacity on performance dus to sedimenty-
tion shall be discussed giving I of methodology adopted,
time, period considered, averags annual rats of ngmhdon
and distribution of sediment volustie (refer IS : 3477 (Part-
II & IIT) 196% & CBIXP Publicatisa No. Bgl.ﬁd 9.

Note ;—

(1) The studies may not be necessary for diversion
structures/works and for storages where the ratic of
anoua! sediment volume =3 compared to the grow sio-
rage is less than 0.1 percent

(2) Studies bave 10 be carried out where the ratio of anmual
sediment volume to the gross storage is mors then 0,1
percent and  with  percesion for rate exceeding 0.9

{3} Usually for irdgation projects while working out the
pdjmwdmumdyamaﬁupuior:’m
i ysed. In case & different time period i used the
shall be justified.

4.3.2 Rate of sedimentation

Annual rate of sedimentation shall be estimated from the
historical data by analysis of the sediment discharge obeer-
vations adjmsted to long-term conditions where or
hmd: o;hmgdmm' t mti?;m:nd Ilo:ydwgtipn curves ' and g

Ofra E ol nearby exis storage(s
n{nihr calc.h.mzs). o )

E

Noms :—

{H Mlcmncsshlﬂbemd.forlhemﬁ:ipnmddnnﬂin
theuteorrndimqnﬁondmlothuhminﬂ-m
management practices.

(2} Allownnce shall alsg be mads for i

. 1130 be made for the exstng pe
B S cnsoin. o \owic

4.4 Polteatisl emapo-tramspiration and ruinfall

Fhg s actor ining the
o Yl Jrpan e, g & s
son.;l‘};det;.l;su rmmkm‘ out the
ments have uader command sres
and modernisation (Yolume-ITE) of this: roport.



4.!MM

is based on detailed simulation, ood in-
puts are requlnd’ at sl control points viz., reservoir site(s) and
s Furﬂser simulation can be based on historical

or

hutona]ﬂwd noodm data l:.;'e ntfmiued!; I:Ihe methods of tra-
to available gau stations
M%d il'lpd the mianner in wh‘:‘h'zhe sub-
are obtained for controlled and uncon-
mded utcbment may be discussed and deuilsof
stuties

: Computation of historical flood mmphs for
wouls volve channel routing. Me of routing
and the co-eﬂidenxs and assumptions may be indicated,

wnqeﬁoodslmuhuonhtobehnndonmteddata
additional details yuch as monthwise flood , relations
between different sub-area floods and cousistency
ﬁnodvolumulndmmnﬁmw: myp‘beduauaedlnd
incorporated in the models and random component considered.

4.6 Inputs for water quality

The water ?mblmtnthemousmch«smhu
salinity contro for presemtlon o( fish apd
wild life shall be indicated and demls of the uﬂty
chnrmmandtbemﬂowsordlschar 3::
terrelationship of such characteristics at mt locaﬁoqs
shall be discussed including data extension in time and space.

t?mnnﬂhpnu

recharge period ‘may be discussed.
The methodology the from _the available
datanahombew (mputs *



CHAPIER V

570 Preparation of hydrological inputs for studies other than
simulation

This chapter shal! discuss the studies and their resuits rela.
ting to design flood, design flood level and tail water rating
carve etc.

5.1 Design Floods for safety of structures

(Recommended procedures given in CWC Mannual—"Esti-
maticn of Design Flood"” shall be referred to),

3.1.1 The criteria for selection of design flood for each stru-
cture taking into account the importance of each siructure shall
be discussed. The selected flocds may be.

(1) Probable maximum flood

(b) Sandard project dood

() Flood of specified frequency (T-year flood).
3.1.2 Overull approach  adopted

(a) Hydrometeorclogical (design storm and umit hydro-
graph) approach,

{b) Frequeency approach (including conversion of storm
frequencies into flood frequencies).

5.1.2.1 Hydrometeorological approach
(a} Design storms

The details of the transposed storms/Depth Area Duration
obtained from the sionns considered transposable from those
discussed in Chaptaer-I shall be included alongwith details of
moisture adjustmment and other types of maximisation, (if any),
short period distribution of Storm rainfall and final depth—
duration ¢urve adopted for the design storm.

NotE :

(1) For orographic area, where usually no transposition
is done, depth duration analysis of historical storms over the
probiem drainage area 10 be made and given.,

(2) For large basios the acrial pattern and time sequence for
sub-area rainfall shall be discussed.

. {3} For complex system (A5 of Enclosure-B) alternate posi-
tionings of storm c:ntre will be raquired to work cat sub-area-
wise depth—duration curves in each case.

(5) Unit hydrographs

Details of analysis of flged hydrographs and their
corresponding rainfall data including plotting of hy-
drographs from bourly river pauges and gauge dis.
charge rating curves, separation of bass flows, com-
putation of mass curve and rainfal! data of self-recor-
ding raingauges and details of derivation of upit hy-
drographs skall be given.

NOTE : Averaging acd selection of unit hydrograpbs inc-
luding maximization of unit _hydrograph peak for increase of
hydraulic efficiency shall be indicated.

Transfer of unit bydrographs to desired locations wherever

made and detils of synthetic upit hydrographs for upgauged
area shall be included. g i
() Infiltration loss rates, runcf co-efficients:

Selection of infilration loss rates, runoff co-cfficient
etc. shall be given based on information drived from
ohserved flood hydrographs.

(d) Design fiood hydrographs :

The synthesis of the food- hydrographs shall be ine
dicated giving aetails of critical sequence of storm

fainfall and antecedent stokms, Hffoff and base Hows '

zdopted.

Note:—In very large catchments {say exceeding 5,000 sq
km) the areas max be sub-divided- and unit hydro-graphs/
flood hydrographs prepared for each sub area by the procedure
mentioned abave and synthesised to the desired focation by
channel routing. Where upstream reservoirs exist, reservoir
routing shall also be necessary,

5.1.2.2 Frequency Approach
The following shall be included:

{2} Details of analysis of observed series of annual maxi-
mum peak discharge-—distribution and method of
fitting adopted, plotting an probability paper—inclu-

sion of known large historical feoods to improve the
estimates,

(b) Details of regional fluod frequency study, if any.

(¢) Reliability and consistency of frequency estimztas,
confidence intervals.

{d} Methed adopred to draw the T-year Aood hydrogra-
nhs, where necessary.

Where long-term Aood data ars got available, storm
frequencies are converted to flood frequency—details
of compilation and frequency analysis of maximum
rainfalf ssries, infiltration rates and ynit hydrographs,
short period distijbution of storm rain-fall and general
Bood synthesis criteria shalf be furnished,

5.1.3. Compariscn of design flood estimates

Comparisen shall b= made wherever possible with similar
estimates for other projects in tlie region and by interpretation

of the discharges from flood levels obtained by hydraulic cal-
culations.

5.2 Design Hoods for determination of Hood storage aud fuod
contrgl works, .

5.2.1 Flood problem

The preblem in various reaches downstream of the storage
or at specific reaches affecting the command areas, shall be
discussed. The channel capacity at each of the centres when
damage begins to oceur, shall Be indicated.

5.2.2 Degree of protoction
The degree of protection proposed shall be discussed.

The degree of pratection will depend upon the magnitude of
the average annual damage and the cost of the works to give
the desired protection. The degree of protection is” generally
expressed in terms of protection against g Rood of speciic
return period under natural conditions. "

Normally, flood protection is pravided for a known hista-
rical Rood, a Aocd of specified return period, dependin upoa
the assets protected. However, in case of protection of impor-
tant, cities, vital installations ete, are involved, Standard Pro-
ject Flood may be considered.

9% Tiasima @ocd 8.

2.5 Desigs food for fixing fiood storage and design of
structures downstream.

The steps javol\ET and details to be given shall be generally
same as indicated under pard-§.1 “Design of floods for safety
of structures™ except that in regions experiencing prolonged

rainfull and for larger fluod storages, series of Hoods may
bave 1w be considered.

Since design Jood at the dumage centre(s) may result from
several combinations of floods from the contralled {c.i. above
the flood storage dam) and uncontrolled parts of the total ca-
chment, it may be necessary io study a few acceptable combi-
nations of the controlled and uncontrolled sub-area flaods.



The estimation of design flood at the damage centre(s) for
post project conditions shall involve routing of the inflow flood
hydrogaph of controlled sub-area through the reservoir(sy and
through the downstream river reach and combining with the
uncontrolied sub-area floed. For reservoir routing, the assu-
mpiion of initial levels, rules of operation (with or without
the benefits of flood forecasting) shall have to be indicated.
For river touting, assumption of routing coeffiicients will have
to bs indicated and justified based on observed rainfall and
flood data,

Where chasrel hydraulics and channle storag: characteris-
ties are appreciably changed such as in the case of long emban-
kments, eifects of such ¢ may have to be sonsidered on
fleod hydrographs, storage discharge relationships and water
kevels for post project conditions,

5.3 Studies foc design of drainage in the command area
5.3.1 The problem

The prcblem of drainage in the command area and the
need for surface drainage and sub-surface drainage, if any, shall
be discussed.

5.3.2 Surface drainage

The design criteria propoased, shall be discussed. The fre.
quency of rainfall adopted, season of rainfail considered, the
nawre of ¢rops grown and the acceptable submergence depth
and period, shall also be indicated.

NotE :— The actual design of the drainage system, especially
at.the enflueace poins and dutfall points of farge
systerns  should take into account the different
conditions of fow in the trunk and tributary drains
and also outfalling rivers.

5.4 Design flond for diversica arrangements

The criteria for selection of tonstruction dasign flood and
studies made, shall be discussed in relation to the proposed plan
of river diversion works, construction seasons and schedule ctc,

selection of peak and volume of fAcod hydrographs for design
shall depend upon the nature of diversion arrangements. The
design flood could either be of a specified c2turn pariod or sel=c-
ted on the basis of economic considerations taking into account
the relative risk involved in the occurrence of faad of varying
frequency during the construction period and consequent damage
and delay in the execution of work,

. The design flood can be worked out according to the procedure
indicated in para 5.1

5.5 Studfes for determination of levels for locuting sructures on
river banks ‘and outlets in the dam.

5.5.1 Location of structures

The studies made for determining the levels for locating
pumping plants, power houses, roads, bridges, erc. and eleva-
tion of the autlets as required, in the project, shall be discussed.
The design criteria and ratiog cucves, il any, developed,
shal! also be indicated with details of studies.

The methodology of determination of Bood magnitude and
frequency studies is the same as in para 5.1.

5.5.2 Location of outlets )
The details of the studies made shall be discussed.
Norz (1) The studies for fixing outlet {rom sediment consi-
derations, shall be as in para 4.3 of Chapter IV.
Nore(2) The normal time period used for the purpose of
studies is 100 years.

5.6 Tail water rating curves

* The points at which raling curves are required and the zpp-
eoach adopted—hydrologic or hydraulic, I be discussed.

Note:—For im nt structures, the upper and lower
limits of the rating curves may alsc be computed
from statistical methods or by computaticas usiog
different rugosity co-efficients,



CHAPTER VI
SIMULATION STUDIES

This Chapter shall discuss the details of the "simulation stu-
dies and the conclusions zrrived therefrom.

6.1 Simulation studies (Working Tahles)

The studies carried out for the alternative under consideration
shall be discussed in detail expiaining all the factors and assum-
ptions that have been made.

Tntegrated rables shall be prepared in cases where the project
under considerartion wiil affect or be affected by other projects
in the sub-basin or basin.

NoTE :— Such of the projects which will not kave serfous im-
pact on the availability of flows can be ignored.

If necessary, allowancss {approximate) can be made (as
external constraints for meeting the requirementss of upstream
and downstream projects) while calculating the net inflows  avail-
able for the projects under consideration: withour considering
these as a part of the integrated system for purposss of simula-
tion.

An indication whether such prohibitions will b2 applicable
always or any allowance can be made during the peried of scar-
¢ity shail be given.

While discussing the studies, the foilowing shall be furnished:

(i) A schematic plan showing the various projects that have
been considered while carrying out the stadies, shall be
furnished showing the control points, hvdraulic struc-
tures points where inflows, outflows and return fows
have been considered.

{ii) The time unit and the peried of simulation with reasons
for adopting them. shall be indicated. Ail the inputs
prepared for the studies shall be presented,

Where latest technique of economic evaluation based on
discounting procedures is being considered the period of simu-
lation shall be in line with the rate of discounting adopted.

Where carry over storage is involved, it is desirable and
necessary to censider a 'ocg time series containing cycles of
dry vears.

{iif) The series used in the simulation—single historical,
many likey historicd or synthetic—shall be indicated
with reasons.

(iv) The wvarious hysical limits (comstraint—maximum
and minimum limits of storages, diversion capacity of
canal;water conducior systems installed capacity of
power houses, di ging capacity of the spillways
and outlets at diferent water levels etc, in the studies,
shall be detailed.

(v} 1f control of quality of water et¢, is involved in the stu-
dies, the manner in which this has besn provided for
has to be discussed.

(vi} The manner in which the 1o:ses/gains to the fows, have
been accounted for and allowances made for changes
in time distribution in cases involving travel of water
over long’ distances or through storages, shall be dis-
cussed.

(vii) If return flows bave been coosidered at any specific
points, the basis on which this has been done, and the
time span and partern considered, shall be indicated.

(viii) The demand of all the projects considered in the sys-
tem for simulation srudies irtiuding that of the projects
under consideraion shall ‘be listed slong with their
tme pattern and basis (give suitable references to the

documents/studies made). In addition it shall be indica-
ted if the demands considered for existing and future
projects are'on the basis of any of the following:—

(a) Sanctioned or approved utilisations and legal
right demands or

{b) historical actual use

(c) demands if any, based on reassessment of require-
meats of the existing projects.

{ix} The operation policies {(priorities etc.} for different uses
considered in the simulation studies, shall be indicared
with reasons.

Note;—In case detailed study is based on economic evalua-
tion where the entire pecied of simulation is taken into
aceount for working out the average annual benefits,
the firm and secondary demands, priority of uses, shar-
ing of shcrrages ete. considered shall be discussed with
basis.

In the c¢as¢ of multipurpose projects involving flood
control storages, rule curve(s) and food release rules
adopted in the studies, shall be indicated with basis
thereof.

MNoTte :—The flood release rules shall be framed so that if
incoming flpods tuem out to be the spillway design flood,
it can be negotiated safely without endangering the
structure.

(x

et

(xi) In case of multi-reservoir system rules of sharing of
deficit and priotities of releases between reservoirs both
for conservation and flood control purposes shall be
indicated with basis.

6.2 Project performancs
& The results of the simwfation studies shal! be tabulated and

Pecformance can be expressed as:

1. The number of failure years compared with the tota]
number of ‘years considered in the studies to meet the
demvand of a particular use icrespective of the quantum
and duration of failure.

Mumber of failure years compared with the total years
considered in the srudies by neglecting the failure of
quantum below 3 particular quantity of Tailure for short
periods or both.

3. MNumber of crop seasons in which failure takes place
compared with toral crop seasons, as in {a) and (b).

4. The number of succesive years of failures {exceeding
two) in the entire period of simulation—usewise,

Note: —In case the project evaluation i carried owt on
the basis of economic amalysis with discounted
taies ihe foilowing performance anaiysis shail be
furnished:

(a) Average and annual quantum of shortages for
use over the period of simulation.
(b) Present value of cost of shortages, indicating

loss functions, discount rates efc. with just-
ficatien.

[

The performance is to be discussed usewise and for each
ahernative plan. Where alternative flow series are._considered
performance shall also be indicated for ea.h series and by giv-
ing_average, MAxIown and minimum values of performance
indices.



CHAPTER VII

7.0 EFFECT OF PROJECT ON HYDROLOGIC REGIME
The fnl!owin; aspects shail be discussed under this chapter:

7.1 Effect on low flows

Likely changes (quantitatively) in low flows in different
reaches of the river due to the profect.

7.2 Effect on peak flood

The reaches where the flood peaks are reduced or become
sharper due to the project and their gquantitative effects.

The likely changes and their effects on existing facilities etc.
as also likely changes in river hydrographs both on shert and
long term basis. .

7.3 Effect on total ruooff

The likely decrease in the total runoff yield of the basin due
to increased evaporation from the altered water sucface and
evanoration in the command area.
7.4 Effect on sediment flows

Likely changes fquantitatively) on sadiment flows down-

stream of the project and its effects on downstream structures,
land fertilicy etc. -

ExcLosuURE A
E~~AREAS AND REACHES OF INTEREST

E-1 Drainage basins upto control points i.e. sites of
hydraulie structures, hydrometric sites, flood damage
points, confuence with large rivers etc.

E-2 Potential irrination area

E3 Potential lood damage area

E-4 Potential drainage congestion area

E-3 Hydrometeorologic region surrounding the project

basin. The region E-5 system will thus include all
other regions and reaches E-1 to ¥4 and E-7 to
E-13 described here and in  addition wiil include
surrounding areas of similar hydrométeorologic

characteristics.

E-6 River system reach within and slightly upstream of a
reservoir

E-7 Potential ground water recharge area

E-8 Reservoir submergence area

E-9 River system reach from a hydeaulic structure ta a
downstream point which is a control point (another
structure of a natyral bydraulic coatrol-causing
¢ritical flood or a point sufficiently downstream for
friction conmolled channels, or a confluence with
major river or sea,

E-10 River reach through the area of potential flood damage
or potemtial droinage damage.

River reach in which industdal or domestic water
supply is contemplated and where the quantity and
quality of water is to be monitored.

E-12 River reach in which navigation is to be sustained by
monitoring low flows. .

E-13  River reach in which water uality salinity of low flo
area to be monitored for Esh and wildtlyife suster?ax
and for recreation, '

Excrosuse B

A~CTLASSIFICATION BY STOR.,-\GF%.BFH!ND THE

STRUCTURE?

A-1 Diversion projects without pondage
A-2 Diversicn projects with pondage
A3 Within the year storage projects
A4 ‘Over the year® storage projects
A-S Conaplex systems involving combinations of | to 4
above mentioned.
Excrosuss C
B—CLASSIFICATION BY USE OF PROJECT
B-1 Trmigation
B2  Hydrorower
B-3 Water supply and induostrial use
B4 Navigation
B-5 Salipity Control
B-6 Water Quality Control
B-7 Recreation, fish and wild life
B-8 Flood coatrol
B-9 Drainage
B-10 Surface to ground water recharge
B-11 Multipurpase.
Encrosure D
C—TYPES OF HYDROLOGIC INPUTS REQUIRED
C-1 For simulation studies
C-1.1 Water inflows
C-1.2  Lake evaporation
C-1.3  Potential evapotranspiration and rainfall
C-1.4  Sediment inflows
C-1.5  Flood inputs
C.1.6  Water Quality inputs
C-1.7 Low flow inputs
C-1.8  Surfzce to ground water recharge
c-2 For studies other than simufation
C-2.1  Design floods for the safety of structures
C-22  Design floods and flaod levels for Aood control works
C2.3  Design floods for design of drainage works )
C-24  Design floods for planning construction and diversion
arrangements _
"G5 Studies for determination of levels for locating strue-
tuxes oh river banks or for location of outlets
C-2.6  Tail water rating curves



ExcLosune E ExcrLosuRe—|

TYPES OF HYDROLOGICAL INPUTS REQUTRED

FOR SIMULATION (CLASSIFIED AS FER

CONTEMPLATED USE)

TYPE OF HYDROLOGICAL TNPUTS REQUIRED
FOR STUDIES OTHER THAN SIMULATION

Use |

Tnputs

— (CLASSIFIED AS PER STORAGE TYPES

AND USE)
B1* g 1.1 fnvolved) )
1.2 (if storage is involve

C 1.3( & Storage Use Hydrotogic inputs
B 2* and B 3* Cl1 tequired

C 1.2 {if storage is involved) — e
B4®ioB 7 ctl

C 1.2 (if storage is inv lved) At All C2l

c17 Cc24
B3 Cls ’
BY* CL$ Cz5
B 10~ Cl.1 C26

Ci.g
B11* All depending on individoal uses A3LA4RAS BlioBT o

'll.g :hebcpro.iecj! gvglev&e’_s large Dondage,’storﬁndinput Cr 14 Bl
will aleo be required. ment injows normally do not form
dir=et input ‘n the simulation from one time unit to another. ALALLAS B3 Sﬁ:x;eés’a_l’: ove
Only the long term loss of storage in a ‘time horizon' is consider- i
ed and the revised area-capacity curve at the end of this time
horizon is predicted. This revised areacapacity curve {s used Any B9 C3
through out the period of simulatior without any considaration
for wear to year chapges.
Encrosunp G

-

"IME UNITS
{CLASSIFIED

REQUIRED FOR SITMULATIOM
AS IQER STORAGE TYPE AND USE)

Tyar of Srtoig:

Typs of Use

Tim: unit required for simulation etufies (excep? for studies
of sediment inflow and deposition)

A
A2
A2

ASAZ

Al
A2

Al

Al
Al
Al
CAb

Al

At

B2toB7&BI0
BiteB7

Bl

B3

Blo

Bl

BltoB3

B4t B7

B1O

Bn

EltwB3
Biw B7B 10 or B 11

All uses.

Instantaneous discharges every day, or at smailer units.
1 day to 10 days depending on the extent of pondage.

3 days for upland crops, 10 days for paddies. If extra pondage at headworks
iny:.dditio% to natl?rsal storage on field is provided, larger units can be

1 hour to 24 hours deperding on the damping provided by the drainage
basin to the storage.

1 day to 10 days depending on the pondage,
Minimum of individua] time units required by sach type of use.  If flood con-

trol is involved much shorter interval (1 br. to 24 kre.) operation is requirsd
only for critical flood periods. .

Monthly. However, it may be suflicient to divide the year it 4 to § blocks
by grouping together perlods of definite storage accumul tion and siorage
depletion type, and the periods which cannot be classifed as such being
kept as separate blocks.

Same as above, but during critical low Aows, shorter time unjt of about 10
days to 1 month may be required to simwlate drovghts and exira releases
for control of water quality, salinity etc.

Samcas A 3—B1 t0 B 3 discussed above, in dry season, bt in raiy seascn
;here extra recharge will be affected by rinfail, 1 day to 10 day working will
Necessary,

Minimum of individual time units for each of use. However. shorter
time units required for use B4 to B 7 or for B8 will apply only duritig critxal
low flows or floods,

Bi-seasona] (i.c. year divided in two blocks say monsoon and 20%8-monsoen)
or shorter blocks.

Same as above, but during critical low flows, short time operation as indicated
for storage type A 3 and corresponding type of wse may be adopted,

Adopt the minimum of the time vait required by each of the component
storagés 'myolved in the compled system, after considering th of
through that storage. § e trpe of mse

However, structures or uses of minor imy in the overall sest
axn ‘;ﬁmte the choice of time used to be adopted in tonl simulmo:mof.g
system.
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