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SYNOPSIS

The adequate development of water resources requires
the use of planning techniques which depend to a large extent
on reliable eatimates of the key hydrologic variables. One
of the most important of these is the streamflow at the point
of interest of the river. The information that is required
very often are the quantity and availability and the frequency '
of occurance of floods and droughts. Although many streams
have been gauged to provide continuous streamflow records,
very often planners and designers face with little or no
available streamflow information.'Many investigators have
developed techniques for synthetic generation of streamflow
sequences using the available data of streamflow. For areas
with inadequate streamflow data, techniques have been develop-
ed, which syntheize the sequences of rainfall data and use
such generated sequences to obtain streamflow sequences using
suitable rainfall-runoff relationships or conceptual models.
Such a technique which combines ' synthesis' and 'simulation!
enables synthetic generation of number of data samples of
periods longer than that of historical data for better design

of projects by providing possible patterns of extreme cases.

Very often the available data congist of very short
record of streamflow, say five to six years. The present study
has been devoted to evolve a stochastic daily streamflow
model using very limited data of rainfall and runoff and also
to examine the performance of the approach in such a case

of limited data.
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The proposed stochastic daily streamflow model
used for the present study consists of two seperate models,
a stochastic multi-station daily rainfall generator developed
on the lines suggested by Kraeger (1971) and a deterministic
déily rainfall-runoff model developed on the basis of division
of the catchment in to subareas using isochrones and using
travel coefficients to account for the natural transformation
 of discharge along the length of the river. The stochastic
multi-station rainfall generator consists of a Markov model,
representing the probability of a wet day following a wet
day or of a dry day following a dry day, to determine whether
a rainfall station will or will not receive precipitation.
If a wet day is generated, the amount of rainfall is deter-
mined by either sampling from a cumulative distribution
bf the historic daily rainfall amounts or by sampling from
a regression equation that relates rainfall occuring the same

day at adjacent stations.

The daily rainfall-runoff model requires determina-
tion of lag time, division of catchment into subareas by means
of isochrones, and the travel coefficients for individual
Subareas. The travel coefficients account for the natural
transformation of the discharge hydrograph during the pro-
cess of movement along the length of the river system. The
parameters of the model i.e. initial travel coefficients,
basin travel time etc. are determined ;hrough several cali-
bration trials by a computer model. The final parameters ob-
tained are then used to transform generated dai 1y rainfall

to dally streamflow.
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The proposed model has been applied to Naula
catchment of Ramganga basin for which only six years of
daily rainfall data are available. The stochastic daily
rainfall modelvgives satisfactory results in reproducing
statistics ( mean and standard deviation) of observed sequence,
in spite of the limited data being used. The daily rainfall
runoff model adequately simulates the observed direct run-
off hydrographs for the monsoon season and when it is used
with rainfall generator the statistics of generated daily
direct runoff sequences compare favourably well with tHose of
observed. The performance of proposed approach using limited
data is quite encouraging and further work should be done

in this direction using data for other catchments.
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CHAPTER-1

INTRODUCTION

1.1. NEED OF ' STOCHASTIC STREAMFLOW RECORDS®

In a hydrologic design the designer usually wishes tb
see how the particular water-control facility will perform for
representative future hydrologic innuts. The designer is not in
a position to know what future flows or future precipitation
events will be, but he can assume that future events will have
the same stochastic properties as the observed historical data.
It is this assumption that forms the basis for generation of
equiprobable input traces, each trace having similar statistical
properties. Each input sequence yields a sequence of outputs
from the system under investigation. By determining system res-
ponse to such a set of new hydrologié sequences one may extract
probabilistic information about the perfbrmance of the systenm
which would be useful for design and decision making.

The complexity of water resource systems is such that
the problems arising in their design and control, with few excep-
tions, defy solution by classical methods of mathematics and
statistics. Since the advent of the digital computer,however,
these problems have been susceptible to study by the use of
simulation techniques. The problem of reproducing mathematically
the characteristics observed in a series of natural phenomena
has therefore received considerable attention, and in recent
years the literature has abounded with papers devoted to syn-

thesis of various hydrologic data series.
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The use of models to represent, simulate and generate
the annual and monthly sequences is already widespread in hydro-
logy-. The generated sequences have been found to reproduce ade-
quately the historic statistics. In many situvations, when a
large scale project is involved, further refinement of the time
scale becomes essential. Beard (1968) stated that ' although fluc-
tuations of flows within a month usually have minor influence on
storage required for conservation purposes, such fluctuvations
are ordinarily crucial in the determination of reservoir space
regquirements for flood control!. The optimization of g system
involving a run—éfilthe—river hydroelectric power plant is
another example, where lesser period say weekly or daily data

are needed.

1.2. STQCHASTIC ANALYSIS OF PRECIPITATION

If relatively long, undisturbed, observed streamflow
records were available, the assumption that the observed stream-
flow statistics are equal to the true population statistics
would be valid. More often, because of continual watershed
developmené and short streamflow records, observed streamflow
data are not representative of present sfream and watershed
conditions. Caliberation of a model with unrepresentative data
results in inaccurately derived parameter values and thus
limits their transferability and the utility of the model for
synthesizing records. Thus stochastic streamflow data has little
value if the statistics used in the generation model are un-

representative of the present watershed regime.



If streamflow records are not available or inadequate
for the synthesis of stochastic streamflow record, the next
available source of hydrologic information is precipitation
data. Precipitation records constitute the largest data base
and hence any model developed to use precipitation as the pri-
mary input would have the widest application. Precipitation re-
cords are generally unaffected by watershed developments and‘
hence they can be reliably used in stochastic models ,Purther=
more, the parameters derived from precipitation records are
more stable on account of the longer sequences generally available,
as compared to streamflow data.

The gencrated rainfall samples can be used in deter-
ministic models which route rainfall through several phases of
the land segment of the hydrologic cycle. These modeis implicitly
assume that the stochasticity of the streamflow Pprocess is due
only to rainfall. These models may be used to predict modifi-
cations in the streamflow due to changes in the watershed ( for
example, the urbanization) without modifying the generation
model for precipitation.

1.3. OBJECTIVES OF THE STUDY

This study is devoted to a development of a model
for generation of synthetic daily streamflow through stochastic
generation of daily rainfall using limited data.

The stochastic streamflow model is comprised of two
separate models -
1) A stochastic multi-station daily rainfall generator

on lines of the methodology developed by Kraeger(1971).



2) A deterministic daily rainfall-runoff model based on
isochrones and travel coefficients.‘

The multi-station rainfall generation is further divided
into two functions. The first step determines whether a rainfall
station will or will not receive precipitation and if precipita-
tion is indicated, the second step determines the amount of rain-
fall. The first step is essentially a Markov model representing
the probability of a wet day following a wet day or of a dry
day following a dry day. If a wet day is generated, the amount
of rainfall is determined in the second step by either sampling
from a cumulative distribution of the historic daily rainfall
amounts or by sampling from a regression equation that relates
rainfall occuring on the same day at adjacent stations. Through
these two steps, the statistics of storm duration, inter-storm
period lengths and daily rainfall amounts can be adequately
renroduced.

The deterministic daily rainfall-runoff model requires
the catchment to be divided into subareas on the basis of
isochrones and the determination of appropriate travel coefficients
for the subareas through an optimization procedure. The travel
coefficients accomplish the natural transformation of the
discharge hydrograph during the process of movement along the
length of the river system from the upper sections to the
lower ocutlet.

1.4. APPLICATION OF THE PROPOSED MODEL TO A NATURAL CATCHMENT

One of the main objectives of the present study was

to investigate the feasibility of developing the proposed moddl



using 1imitea data, say ten years or less. For this purpose

the Naula catchment of Ramganga basin in Uttar Pradesh of India
was chosen and the available raiﬁfa11~runoff record of six
years length was uscd. Data comprised of daily rainfall values
at six rain gauge stations inside the catchment and daily run-
off values at Naula gauge site.

1.5. OQUTLINE OF CHAPTER CONTENTS

Chapter 2 gives a brief survey on the previous studies
of hydrologic modelling related to simulation, forecasting, data
generation cte.

Chapter 3 presents the theory on which the model is
based and the methodology proposed for the present study. The
study consists of development of two models to yield a single
stochastic daily streamflow model. The first model generates
stochastic daily rainfall whereas the second transforms the
rainfall data into daily runoff. In this chapter the conceptual
framework for each of the model has been developed.

In Chapter 4 both the developed models have been
caliberated with the help of daily rainfall and runoff data of
Ramganga river upto Naula gauge site. Intermediate results of
both the models have been given in tabular form. The models
have been tested to investigate the reproduction of major
statistics of observed data in various lengths of generated
data.

Chapter 5 presents discussions of results obtained by

both the models and recommendations for further studies.



CHAPTER=-2

A BRIEF REVIEW OF LITERATURE ON MODELS FOR RAINFALL
AND RUNOFF

2.1. INTRODUCTION

Several research papers have been published on modell-
ing of rainfall and runoff processes. No attempt is made to
report about all the efforts and contributions on this subject
but only those that are relevant to the present study. For the
present study the survey of literature was carried out on the

following related aspects.

1. Models for synthetic streamflow generation
2. Models for synthesis of rainfall data
3. Rainfall runoff relations.

The discussion of literature on the above aspects
has been given in the following sections of this Chapter.

2.2. REVI®W OF RECENT WORX ON MODELS TFOR SYNTHETIC GENERATION
OI' STREAMFLOW

Fiering (196() reported that an annual stochastic
streamflow model, assuming independence between years, can
consists of a cumulative normal distribution with the mean and
variance of the observed historic record. Sampling randomly
from the cumilative distribution using uniformly distributed
random variates, a sequence of annual streamflow volumes that
will have the statistics of the observed data will be pro-
duced. He presented a model for seasconal or monthly streamflow
aiso but in this model it was not possible to treat the sceasons

or months following one another as independent random variables.



In order to maintain the correlation between periuds in the
generation of streamflow data, a recursive relationship was
developed between the periods.

This model assumes that the streamflow is a normally
distributed random variable. In arecas where the mean period
strecamflow is high with a small variance, an assumption of nor-
mally distributed streamflow may be adequate. With a high co-
efficient of variation, use of a normal distribution may produce
many negative streamflow values and generate a meaningless
stcreamflow record.

In an effort to develop a generation procedure that would
maintain the period statistics and eliminate negative stream-
flows, Beard (1962) proposed a logarithmic transformation of
the streamflow data. The logarithms of the streamflows are
assumed normally distributed and the generation procedure is
similar to that of Fiering. A Skew coefficient may be used to
provide for a better fit of generated data to historic data.

In 1966, Roesner and Yevjevich presented a paper
describing the mathematical model for monthly streamflow. In
this paper the problems of time series staticonmarity, its perio-
dicity and the use of techniques of serial correlation and
variance spectrum in the analysis of time séries structures
were reviewed and summarized.

Similar procedure was applied to daily streamflow
sequence by Quimpe (1967). In his study the daily runoff records
of 17 rivers were used and it was found that all the residual

series satisfied the second order autoregressive representation.



Kottegoda (1972) avoided the complexities of daily
streamflow because, ' the high variance of the flows, the un-
conventional probability distributions, and the failure of the
simulation processes to transfer hydrograph characteristics of
the historical flows '. Instead he aimed to model the 5-day
gstreamflow.

Since the direct approach for generating daily sequences
is unsuccessful most of the time, one alternative procedure is
often used, namely the wvalues are generated for longer time
intervals, say a month or a week, and then distributed among
the days. Green (1973) used Kottegoda's model to generate sequences
of 5-day average flows, and then split them into daily average
flows using a sophisticated method of interpolation. A stochastic
error term is superimposed on the interpolated daily flows,
which represents the non-deterministic component of daily time
series.

Zottegoda and Yevjevich(1977) compared four types of
stochastic two station models for the generation of samples of
hydrologic runoff series by generating new samples of five pairs
of station annual runoff series. The modelgtested were those of
Fiering, Lawrance, Yevjenich and Matalas and it was found that
all four models gave basically similar results.

To determine how well a given model fits, any stream-
flow record requires adequate data. Where there is insufficient

streamflow data, these models cannot be used with reliability. )
Even 50 0dd years may not be sufficient to define the vpopulation i

statistics for long term storage studies. On the other hand



'the precipitation records are longer than streamflow records
and hence the parameters are more stable. Therefore in an attempt
to accomplish stochastic streamflow generation in areas where the
streamflow data is poor, stochastic generation of rainfall which
would then be transformed intc streamflow values appears to be
a logical apnroach.

The present study is concerned with the generation
of stochastic daily streamflow records. As far as the direcct
synthesis of daily streamflow records is considered very little
e¢vidence is found in literature. This is mainly due to several
difficulties encountered in the attempts made to develop models
for synthesis of daily streamflow. For example Tao(1973) found
that no distribution was found to fit the frequency distribution
of the daily streamflow, because of the sharp p2ak and high
skewness of the empirical distributions. However for longer time
intervals he was able to fit distribution with unusually high
number of parameters. Xottegoda (1972) also observed similar
difficulties as described above. These difficulties of gencrating
daily streamflow directly, have made the researchers in this
field to go for models for generatisn of daily rainfall amounts
which inturn may be transformed into daily streamflow by a sui-
-table rainfall-runoff model. .

2.3. REVIEW OF WORK ON SYNTHESIS OF RAINFALL DATA

The probability of a wet day appears to have been first
studied by Newham (1916), who concluded that in England, wet and
dry weather is persistent and that the probability of a wet

day is related to the number of preceeding wet days. This was
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later confirmed by Lawrence (1954 ) who showed in addition that
the likelihood of dry Weather persisting decreased as the length
of the dry period increased.

By contrast Longley (1953) showed that in Canada the
probability of a dry day following another dry day is almost
independent of the number of preceeding dry days. He also
found the same relationship for wet days.

The first mathematical model to describe rainy and
non rainy days was compiled in 1957 by Gabriel and Neumann(1962)
ucing data from Isreal. They found that persistence existed
only between sucessive daily rainfalls and obtained a good fit
of the observed data using a first order Markov chain model.

For intervals of less than a day the persistence within
storms makes the stochastic modelling of rainfall rather com-
plex. Chow and Ramaseshan (1965) presented a method to generate

hourly values of rainfall and it was of the form

P r P +0

t - t-1
Where e has a distribution that varies through the storm
and is constrained so that Pt is non negative.
Pattison (1964 ) developed a method for the generation
of hourly rainfall at one station. He divided the year into
periods, assuming c¢ach period to have a uniform probability of
rainfall. The historic hourly rainfall for each period is ana-
lyzed to develop transition probabilities of a wet hour follow-
ing a wet hour and a dry hour following a dry hour. These transi-

tion probabilities were further divided into levels to represcent

the probability of a wet hour following another wet hour during
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which a given amount of rainfall occurs. Rainfall amounts were
gencrated by sampling randomly from the historic hourly rainfall
and by linear regression relationships developed between succe-~
gsive hours of rainfall.

Grace and Eagleson (1966) examined rainfall on a ten-—
minute time interval. Studying only summer storms, distributions
were fitted to the observed interstorm periods and storm durations.
A linear regression relationship was developed relating storm
amount to storm duration. The prccedure was to randomly choose
an interstorm period and then randomly choose a storm duration.
With the storm duration as the independent variable in the linear
regression equation, a storm rainfall amount was calculated. Sub-
division within storms was achieved via an urn model giving
short term persistence.

Raudkivi and TLawgun (1974) also presented a stochastic
model for generaticn of rainfall sequences based on 10 minute
time units. It included the use of dependendent time sceries and
a random component that is non normally distributed. The model
was applied successfully to three climatically different regions.

Wilkinson and Tavares (1972) proposed a methodology
for the synthesis of spatially distributed short time increment
storm sequences. In this method, instead of using a sequential
generation procedure with fixed time increments, the storm
duration is itsclf used as a random variable with the hyetograph
shapes being generated subseqguently.

Cole and Sherriff (1972) proposed single and multisite

models for the synthesis of rainfall records. Daily rainfall



at one site is synthesized in two stages, first by random selec-
tiQn of duration of alternating. wet and dry spells and secondly
by a Markov chain of daily rainfall amounts within cach wet spell.
Extension of the single site sequence to other sites may be tack-
1l€éd by sampling from historical patterns but is more elegantly
achieved by multivariate versions of the Markov chain.

Kraeger (19(1) proposed a methodology to generate syn-
thetic sequences of daily rainfall at more than one station in
a network of related stations. In this method transition proba-
bility matrices and the linear regression relationships among the
stations were developed and subsequently used for the sequential
generation of rainfall. The amount of rain at the first staticn,
if a wet day occurs, would be sampled from the cumulative distri-
bution of the same. The occurance of wet days at individual
stations would be decided on the basis of transition probabilities
and the amounts of rainfall at the following stations would be
computed by the regression equations for the correSpohding
stations.

Very often, hourly precipitation records of sufficient
length are not available. Even if they are available use/of them
to generate sequences of sufficient length would be costly.
Hence, generaticn of daily rainfall transformed into monthly
streamflow volumes may offer a useful tool for stochastic hydro-~
logy. The computation time would be within reasonablelimits
for economic studics of water storage systems. Such an approach

makes use of the largest data base ~ daily precipitation data.
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*This approach to generate streamflow through genera-
tioﬁ of rainfall assumes that the methodology used in generation
of rainfall acounts adequately for the rainfall variability with
respect to space, especially in the case of large catchments.
Any model which generate rainfall at a single station would not
give any result Better than that given by a rainfall model which
generates rainfall at more than one station.

One of the major assumptions in developing a stochastic
multi-station rainfall model is that the generated rainfall can
be adequately translated into streamflow. Therefore a rainfall
funoff model should be developed which accounts for rainfall
variability with respect to space in order to transform generated
rainfall at several stations into streamflow at the outlet of
the catchment.

2.4. REVIEW OF WORK ON RAINFALL RUNOFF RELATION

Nearly 300 years ago, in the years 1668, 1669 and 161/
a French Scientist measured rainfall in the Seine river basin
and found it to average about 520 mm per year. He estimated the
runoff from the basin and found it to be only 1/6 of the rainfall.
This is the first recorded quantita*tive experiment in rainfall-
runoff relationships. Since then significant contributions have
been made towards this aspect and they are contained in Mead 's.
'Hydrology '(1919) which offers a variety of empirical relation-
ships for calculating monthly or annual volumesof runoff. Most
of these take the form

R=K - a

Where R is the annual runoff and P is the annual rainfall angd a
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few of the relatiounships introduce temperature or humidity as
parameters Meyer (1915) appears to be the first who attempted

at a rational calculation of runoff based on a physical conception
of the hydrologic processes involved. He suggested a method to
derive monthly and annual runoff values from rainfall and other
physical data of the watershed and the same was applied to fif-
teen watersheds of widely varying characteristics.

The period of simple empiricism ended and modern hydro-
logy begins with the wofk of Horton and Sherman in the early
19%0's. Horton's paper on ' The Role of Infiltration in the
Hydrulogic Cycle ' (1931) and Sherman's paper ' Streamflow frpm
Rainfall by the Unit Graph Method'(1932) represent together
a milestone in hydrology. Since then the cuncept of the unit
hydrograph hasbeen the subject of many papers in the technical
literature. Out of those it would be appropriate to mention
the work of Snyder (1938) on the development of synthetic unit
hydrograrhs in which it was possible to describe key parameters
of a unit hydrograph in terms of physical features of the water-
shed. Bernard (1635) presented the idea of the distribution
graph - the unit hydrograph in histogram form. Morgan and
Hullinghorst (1939) suggested the concept of the S-curve method
for analyzing unit hydrographs. Another important contribution
was made by Clark (1945) by which it was shown that the unit
hydrograph may be obtained by routing the time area diagram.

It was also showm how this concept may be used to derive accurate
unit hydrographs for very short periods of initial runoff which
accurately reflect the influence of shape of drainage area upon

the shape of the hydrograph.
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) Okelly (1955) employed the unit hydrographs to deter-
mine the flows of Irish arterial drainage channels and demcns-
trated how the unit hydrograph may be used in problems of ar-
teriel drainace design. A method of constructing synthetic
curves with catchment characteristics as parameters was also
described.

In 1258, Nash presented his concept of the unit hydro-
graph as the end product of a series of successive linear storages
in the watershed. . Various methods of determining the relation
hetween rainfall and funoff are examined and shown to be parti-
cular cases of the general unit hydrograph theory. A systematic
approach to the investigation of the relation between the
characteristics of a catchment and its response to rainfall was
indicated.

In 1959 Dooge presented a paper giving a general equa-
tion for the unit hydrograph derived from the single physical
agssumpticn that the reservoir action which takes place in the
catchment can be seperated from the translatory action and lumped
in a number of reservoirs unrestricted in nuwbsr; size or
distribution.

The basic assumptions of the unit hydrograph and its
many modifications are severe constraints on its utility-
Basically the unit graph attempts to deal with a complex non-
uniform ihput-excess rainfall which varies in time and area by
considering it to be ccnstant in time and uniform over area.
This simplified inpuvt is assumed to be acted on by an invariant

linear system of storages which is actually non-linear.
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These limitations of unit hydrograph method eompelled .
the researchers to go for more accurate and effective techniques
of hydrologic mudelling of runoff process.

The late 1950's brceught a powerful new tool to the
hydrologist - the digital cumputer. With its very high rate of
arithmatic computation, the digital computer could do large
masses of routine computation in short time intervals. Sueh
computations would have taken years if done manually, consequently
the computer made it possible to consider totally new approaches
to dealing with hydrologic problems.

Computer analysis of hydrographs was attempted on a
large scale. Sugawara (1961) hypotheeated a complex system of
linear storages and delays, and by successive trials, adjusted
the system until rainfall inputlcould be transformed to stream-
flew output with reasonable accuracy. His approach lacked genera=-
lity, however, and an entirely new model had to be determined
by trial for each watershed.

Nash (1959) undeftook to fit hydrograph shapes to
standard distribution equations by multiple regression bedween
the appropriate equation, parameters and factors representing
svarious physical characteristics of the watershed. O0'Donnell
(1965) attempted similar approach using Fourier Series.

Many researchers investigated the eomparative use of
above rainfall runoff models. In a recent paper by Sarma
et al. (19(3) the relative regeneration performaness of five
linear rainfall excess direct runoff models were compared for

several urban watersheds with varying degrees of development.
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The five models considered were the single linear reservoir,

the Nash model, the double routing method, the linear channel
linear reservoir wmodel and the instantaneous unit hydrograph

obtained by Fourier transform method. The IUH always gave the
best regencration performance among the models tested.

A significant departure from the other approaches and
one which seems likely to lead ultimately to a general hydrologic
model is the work of Crawford and Linsley (1960,62, 63, 66) in
the development of the Stanford Watershed Model. This model which
has gone through a substantial Series of development phases is
a simulation model of the hydrologic cycle. It is a moisture
accounting procedure following on and amplifying an approach
suggested by Linsley and Ackernann (1942). The inputs are hourly
rainfall and daily potential evaportranspiration. The model
outputs hourly streamflowanytime the flow is above a preselected
base level, mean daily flow, total annual runoff, end-of-month
soil moisture and ground water storages, actual evaportranspira-
tion and other:infhrmation. The model requires less than one
minute of time on an IBM (090 computer to generate a complete
year of streamflow.

In 19(1, the National Weather Service of U.S.A. decided
to compile a National Weather Service River Forecast System.

The concept of the system was that of a collection of hydrologic‘
techniques which are comprehensive in scope and latest for opera-
tional purposes. On the basis of this a watershed model was

developed in Sacrementou, which was a modification of the Stanford

Watershed Model. Advantage of this conceptual model is that it
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has bcen possible to attain accurate simulation of the past and
also capable of predicting future events, spccially the extreme
events.

A very clear lesson from the water balance type of
models is the importance of hourly rainfall input for most water
sheds of less than 500 square miles. The short time interval
rainfall data are seldom available for hydrologicai designs
especially in developing countries where most of the catchments
are yet ungaged.

Russian Scientists have beoen working on short range
and long range river forecasting since 1919. & large number of
papers on Spring high-water forecasting were published between
1930 and 1940. Among them a prominent paper was by M.A.Velikanow
who presented a study formulating the basic principles of the
method of iscochrones which has since evolved intoe one of the
accepted methods of short range forccasting.

In the isochrone method, runoff is predicted by means
of the genetic runoff formula, using the data on precipitation
in the river basin. The isochronme method is applicable, as
stated, only to basins having an area less than 20,000 km.2

Mokliak (1958) suggested a method of construction of
the unit hydrograph on the basis of isochrone method. In this
method the unit hydrograph ordinates are calculated by specific
genetic formula which is based on construction of isochrones
after maximum velocity of water movement in the sections for a
given time interval, and on transformation of the discharge in

these sections by so-callced lag coefficients.
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P

The method whieh use® isochrones along with travel
coefficients appcars to b8 more realistic for catchments
having limited observed data as it does not require sophisti-
cated data. This method also counsiders the nonuniform distri-
bution of rainfall with space ,as well as the natural transforma-
tion of the discharge hydrograph during the process of movement
along the length of the rive& systeﬁ from the upper eross-sections
to the lower ocutlet. {

In the light of above discussion of the previous studies
on stochastic modelling of rainfall runoff process, the follow-
ing conclusions can be made. The synthesis of daily streamflow
records is difficult to achieve directly, on account of the
several difficulties involved in reproducing histaic statisties
in the generated sequences. Therefore any model that uses the
daily rainfall data which constitutes the largest data base, to
generate synthetic sequences of daily rainfall and then converts
the same into daily streamflow by a suitable rainfall mnoff
relation can be expected to have the widest application.Such
type of models have several other advantages. Among them is the
ability of such models to predict modifications in the streamflow
due to changes in the watershed such as urbanization without
modyfying the generation model for rainfall. Moreover, the
input to the model i.e. rainfall constitutes a reliable data
base as it is not affected by watershed development. While
recommending this type of approach to generate daily streamflow
it may be stated the generation of daily rainfall which is

subsequently converted to runoff must be carried out at several



stations in order to account for the spatial variability

of rainfall in computing the runoff. The model to be used to
transform daily rainfall data to daily runoff dep:nds upon the
nature of data available. In a situation where the data available
is very limited,which is the case in most developing countries

a rainfall runoff model which uses isochrones and travel co-

efficients can be one of the best models.



CHAPTER~3

THE PROPOSED STOCHASTIC DAILY STREAMELOW MODEL

3.1. INTRODUCTION

The proposed stochastic daily streamflow model is com-
prised of two separate models.
1. L stochastic multi-station daily rainfall model.
2. A deterministic daily rainfall runoff model.

The methodology and the theoretical aspects on which
the above models are based upon have been presented in the
following sections of this Chapter

3.2. DEVBIQOPMENT OF THE STOCHASTIC MULTI-STATION DATTY
PRECIPITATICON GENDRATION MODEL

Previous studies that have been carried out in this
field have shown that there exists a considerable persistence
of weather patterns, a]though precipitation amounts on success-
ive days may not have significant corfelation. The general
characteristics of a series of daily rainfall observations
are very much similar to those of Markov models. Therefore
it would be pertinent here to describe the form of the Markov
chain before going into the details of the stochastic multi-
station daily nrecipitation model developed on the basis of
previous studies on rlarkov models. "

3.2.1. Markov Chains

A HMartov chain can be described roughly as a process
which evolves with time through a series of states in the

following manner.



The Probability law which governs the future develop-

ment of the process at some point when it is in a given
state depends only on that state and not on the prior evo-
lution of the process. Such a process is called a First.
Order Markov Chain. If, however, the probability depends

on the current state and also on the immediately preceeding
state then it is called a second order Markov chain. This
concept is formalised as follows.

A stochastic process [ X,, t = 1,2, ....] is said to

t?
be an Nth order Markov chain if probability

1{X = X . uX:Xj

Pn LXt = Xy £-1 £-17 1

for all x

10 Xy o veee e X, and t = N+1l, N+2 ...... and if the

Xt assumes discreet values.

For the first order Markov chain ( i.e. N = 1)
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3.2.2. Transition—Probabilitx Matrix

Transition probabilities are the parameters that des-
cribe the probabilistic behaviour of a Markov chain. Transi-
tion probability Pij(t) is the probability that the process
will be in state j at time t given that it was in state i

at the previous sten.
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Poy(t) =Py [Xp =g F X 5 =1]

In different words, the transition probability pij(t)
is the probability that the process will ' jump ' into state j
at the time t if it is in state i at the time (t-1). In general
this probability is a function of ' time'. If not, the process
is said to be ' homogeneous' in time, in which case we write
simply

Py = pij(t) for all t

Transition vrobabilities are conveniently displayed in

square arrays or matrices. It may have the following form.

State entered

State SOR (1) (2)
=ik (0) Poo Po1 P02
(1) P10 P11 P12
2y | Peo P21 P22

Transitionlprobability matrix has been satisfactorily
used in generation of sequences of short time interval rainfall
(Pattision, 1964). In such an application, the possible states,
for example, could be as follows.

State 0 No rain

1 Falls less than ar equal to 1 mm

2 Falls greater 1 mm
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In the present study alSo, transition probabilities
have been used to evaluate daily rainfall sequences at a net-
work of three stations.

3.2.3. The Proposed Model

The proposed model has been designed to generate sto-
chastic daily precipitation at a network of three stations on
the lines of methodology suggested by Kraeger and using limited
‘data of Naula catchment. The method evaluates the conditions, dxry
cr wet, and if wet, the amount of precipitation. The method
nroceeds from the first station to the last station of the
network in a given way.

The generation of rainfall at the first station is
depéndent on the precipitation states of the previous day at
the first station and at two adjacent stations. The generation
of rainfall at the second station depends on what occurred at
first station on the same day and at the second and third
stations on the previous day. The rainfall at the third station
is generated from what occurred at first and second stations
on the eurrent day and at the third station on the previous
day. In this manner the interrelationships of rainfall values
among Stations are preserved in the generated sequences:

Initially, the rainfall occurring during the year is
examined to divide the year into statistically homogeneous
seasons or periods. This may be done by plotting the five day
average precipitation computed from the historic record for
each station. Depending on the variability of rainfall during
the year the number of periods to be counsidered may be less

or more. Within a period, the dry-wet states and consequent
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rainfall amounts for each station-day are determined sequen-

tially from station to station.

WATERSHED
BOUNDARY ~

A,B&C RAIN

GAUGESL
| A STRELWM GAUGE

«

FIG. 3.1 THE MODEL WATERSHED

Let the network consists of only three precipitation
stations as shown in figure 3.1. Only three stations are consi-
dered because of the large number of combinations of wet and
dry probabilities possible. As the number of stations in-
Creases, the data are ‘'divided into smaller groups, So that
parameter estimation of wet dry states would not be statisti-
cally significant. From the historic record, the frequency of
wet days following wet days and dry days following dry days
is developed for each combination of wet-dry states at all

three staticns.

3.2.3.1. Model for First Station (A)

All possible coumbinations of wet and dry states that

are to be used for the first station are shown in Table 3.1.
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Table 3.1

Station B Station C Station A Station A

Time (t-1) (t-1) (+-1) (t=0)
Case 1 Wet Wet Wet Wet or dry
A Wet Wet Dry Wet or dry
3 Wet Dry Wet Wet or dry
4 Wet Dry Dry Wet or Dry
5 Dry Wet Vet Wet or dry
6 Dry Wet Dry Wet or dry
{ Dry Dry Wet | Wet or dry
8 Dry Dry Dry : Wet or dry

Figure 3.2. shows the above eight possible cases in the
form of a flow diagram.

The historic record is examined and the frequency of '
occurance of each cembination is tabulated against each case.
For example, in case 1 above, the number of occurrences of A,B,
and C at (t-1) wet and A at (t-0) wet divided by the total number
of occurrances at A, B and C at (t-1) wet gives the observed fre-
quency or the transition probability of a wet day following a wet
day at station A. In the original study ( Kraeger, 1971) it was
necessary to employ a lag-four day model for the case eight in
order t . produce historic wet-dry sequence accurately. A fourth
order model may not be necessary in all areas. As reported by
Kraeger, by using the relationship in areas that can be defined

adequately with a first order model, no significance will be

lost.
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The procedure for generation is as follows. A uniformly
distributed random number between zero and one is chosen. 1%
the random number is less than the probability of rain, a wet
day at station A willbe generated. If the random number is
greater than the probability of rain, a dry day will be genera—
ted at station A and the model will move to Station B and re-
peat the process. When a wet day is generated at the first
station, the amount of precipitation is chosen from a cumulative
frequency curve of historic daily precipitation by choosing
another uniformly distributed random number'between zero and
one. An example of sampling from the cumulative distribution

is shown in Figure 3.3.

s oof
> o754
0 —» - .
!
O 5
O 2% '
i
* Iy a i I\ 5 4 4 -
o 20 > 4 -0 o0 8 O QO O V2O 14 O =Ne)

T 2-0 (GENERATED VALUE) DALY RAINFALL (CM) —— |
F16.3.3 SAMPLING FROM CUMULATIVE FREQUENCY DISTRIBUTION




29

Sometimes the probability of a wet day following a wet
day is denendent on the precipitation of previous day. There-
fore it would not be correct to assume one probability value
in each of the cases above, irrespective pf what precipitation
had occurred on previous day. Ideally, a continuoﬁs function
should represent the change in probabilitieé of wet to wet
states. Practically it would be very difficult to evaluate such
a function and hence, in this model, the same effect has been
accounted by evaluating the wet-dry probabilities for different
predetermined levels of rainfall amount of the previous day
at station A, B or C. Decision on number of levels and their
boundary values should be made on the basis of initial experi-
ments. The number of levels should not be too high to make

the probability evaluated for each level unrepresentativeQ

3.2.3.2. Model for Second Station (B)

Once a wet or dry day, and consequent rainfall if any,
has been generated at station A, the model moves to consider
station B and does So in a manner similar to the procedure at
station A. For station B also the transition matrix comprises
of eight cases as that of station A. The development of the
transition matrix for station B is illustrated by figure 3.4.
By scanning the observed record one can estimate the number
of occurances for each case and evaluate the transition
probability for the same.

In this case the levels of rainfall amount at station A
will be on the basis of the rainfall of current day. Thus, if

station A had been wet, the rainfall at station A would be
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used to choose the level of which,the probability would be

used to cenerate a wet or dry day et station B. If station A -
were dry, but station B at time (t~1) were wet, then the magni-
tude of station B precipitation would be used to determine the
level for the generation. If both A and B are dry on (t-0) and
(t~1) days respectively and C is wet on (t-1) day, then station
C precipitation would be used to select the level for generating
a wet or dry day at B.

If a wet day has been generated at station B, the pro-
cedure to generate rainfall amount is different from that of
station A.'For example, if station B is wet and station A is
also wet, a simple linear regression is used to relate the pre-
cipitation at station B to the precipitation at station A.

To develop this regression relationship, the daily rainfall data
were transformed into a cumulative normal distribution with the
help of historic cumulative precipitation curve. A geparate
regression is derived for each level in a particular case. This
is assumed to approximate a non-linear correlation between
rainfall stations.

To maintain the statistical variability between stations A
and B, a normally distributed random component with a mean of
zerc and a variance equal to the historic variance from the
regression analysis is added to the precipitation value cal-
culated from the regression relationshivn.

Thus, the regression equation for each case and level

is of the form



(Station B ) = a + B8 (Station A) + &

where
a is the intercept
B is the slope of the regression equation
€ is a normally distributed random variable

with the observed variance.

If A at (t-0) were dry and B were gencrated as wet (t-0)
a uniformly distributed random number between zero and one would
be chosen to'Sample frém a conditional cumulative frequency
curve of precipitation amounts at station B. This conditicnal
cumulative frequency curve is to be developed from the non zero
rainfall amounts at station B on the days when A is dry. This
approach eliminates the probability of generating high preci-
pitation values at B when A is dry.

3.2.3.3. Model for Third Station (C)

As for the first and second stations there can be eight
cases of combinations of wet and dry states for the station C.
The development of the transition matrix for the station C is
shown in figure 3.5.

If both stations A and B are wet, only one rainfall amount,

from either #

or B, will be used to determine the wet-dry pro-
Bability level for station C. If A is wet and B is dry, the
magnitude of A will be used for levels. If A is dry and B is
wet, the magnitude of B will determine the prohability level
at C. If both A and B are dry but C at (t-1) is wet, then the

magnitude at station C previous day will determine the pro-

bability level.
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If a wet day has been generated at C with wet days at
A and B both, then the precipitation amount at station C would
be determined by a multiple regression relationship of the
form,.

(Station C) = a + By (Station A) + sz(Station B) +¢
where

Stations A, B and C are the transformed daily rainfall

amounts

Q is the intercept

B, Tegression coefficient for station A

62 regression coefficient for station B

e is a normally distributed random component with

the observed variance.

When station A is wet but B is dry the regression equation would
be of the form

(Station € ) = a + g (Station A ) + €
when station A is dry but B is wet the regression equation would
be of the form

(Station C) - o + B, (station B) +¢

If both stations A and B are dry but C is wet at (t-0),
the’ rainfall amount at C is chosen randomly from a cumulative
frequency curve of rainfall amounts occurring at C when both
stations A and B are dry.

The three models described above constitute the stochas-~

tiec multi-station daily precipitation generation model.



3.3. DEVELOPMENT OF THE DETERMINISTIC RAINFALL RUNOFF MODEL

The deterministic rainfall runcff model has been developed
in two stages, namely -
1) Phe division of entire catchment into sub areas on the
basis of isochrones.
2) The determination of travel coefficient for each sub-
area to account for the transformation of discharges
within inter-isochrone sections.

3.3.1. Theoretical background

The outflow hydrograph at the outlet of a catchment due
to any storm is characterized by seperable watershed translation
and storage effects. Pure translation of the direct runoff
to the outlet via the drainage network is described using the
channel travel time, resulting in an outflow hydrograph that
ignores watershed storage effects.

To apply the method propoéed in this study, the basin is
first divided into a number of time zones, seperated by iso-
chrones. Isochrones are the lines of equal travel time from
the watershed outlet. The arcas between isochrones plotted
against travel time in the form of a histogram constitute
the time-area diagram. This diagram may be viewed as the out-
flow hydrograph due to translatioﬁ effect alone, as mentioned
above. An example is shown in figure 3.6.

There is no simple, rigorous means of deriving the time
area diagram, it is usually assumed that travel time is pro-
portional to channel distance from each point to the outflow

Station, possibly takine variati-ms in slope into account.
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Therefore in this study the travel time is agsumed to be pro-

portional to 1/81/2 .where

1 is the length of the channel and
S is the slope of the channel
In this method one drawback is the necessity of deriving the

total travel time accurately.
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The basis of the method given herein to transform the
discharge within inter-isochrone sections is the genetic runoff

formula

Qp = I Ty bp_3.1)a4

where
QT is the mean discharge at the outlet at time T

h is the effective depth of precipitation
At is the time unit considered for precipitation

increments.
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n is the number of isochrones covering the entire catch-
ment at Ot time interval, representing the run-off time lag
on the channel system. When the water yield h1 is observed
during one time-interval only, discharges at the outlet are

determined by the formulae,

Such an approach to detcrmine the discharges at the
outlét canmot be considered correct, as the natural trans-
formation of the discharge hydrogravh during the process of
movement along the length of the river system from the upper
eross-sections to the lower outlet is neglected.-

It is generally accepted that specific features of the
hydrographic network pattern affeét the inflow from the
slopes to the river system only, i.e., the discharges at the
individual isochrones at the first (initial) time interval.
Thereafter the discharges are transported and transformed by
the unsteady regime of the flow.

Because individual particles of water move in the river
chammels with different velocities, the discharge Q= hlfl
formed on the sub watershed area fl will not pass through the
outlet simultancously, but in a distributed manner. During

the first day the portion will be equal to rl(l)

(1)
2

, during the

second day it will be equal to r
(1)

, Guring the third day

it will be cequal to T3 and so on. Under the condition of

no losseés in the channel and flood plain of the river, the

(1)

sum of coefficients r will be a unity, that is
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i=Mm
5 (1)

i=1
The index on r shows the number of the watershed on which
the discharge Q was formed, and the suffix shows the number
of days from the beginning of calculation.

The discharge 02 formed on the subwatershed area f2

will be under way during the first day, and during the second

(2)

day the portion of will pass through

(2)
3

as mentioneqd

this discharge To

the cutlet, during the third day the portion will be
(2)

and so on. The sum of travel coefficients r

above will also be equal to unity.

» () g

>

, i=n
i.e., z
i=2

are all subject to the same distribution. The scheme

The discharges Q3 = h1f3,Q4
etc.

of calculation for the hydrograph ordinates is shown in

Table 3.2.
Table 3.2
Scheme of Calculation of the Hydrograph Ordinates
5. of Catchment Discharge [Elements of discharges according to the
abwater | areas of the time-intervals
ned surface
| inflow 1 2 5 4 Z
- (1) (1 (1) . .
fy WM T T, | T2 51 T3 0y
- (2) (2) (2 (2)
2 WP=h 1 T2 % (T30, iy &2 T5 9
- (3) (3) (3)
f3 Q5= T3 T3 Qs | T4 03| Ts Qg
- . ‘ . . . . 3 .
tal ¥ Q= b ¥ a4 % 13 % %
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Summing up individual discharges which reach the outlet
at the same time we obtain the final values of the hydrograph
of discharge at the outlet. Similar calculations could be
carried out for the other rainfall excess elements.

Now, comes the problem of evaluating travel coefficients
for individual subwatershed area.

Let the initial travel coefficient be r and 1=t us assume
that it is constant for all the sub-areas.

For the first area the nroportion of discharge appearing at

the outlet on the first day = r.
Proportion of water remainine in sub-area = (1-r)

r x(1-r)

Il

Proportion of water relcased on second day

Proportion of water released on third ay =

H

p's ﬁ(l-r) X (1—1'):}

1l

r ( 1—r)2

In general, proportion of water released on the day t

_pyt-1

=r (1 fort> 1

For the second area water appears only on the second day for

the first time and the proportion appearing on second day

(after accounting the transformation taking place in first area)
=rxXrT

Provortion appearing at the outlet on third day (after account-

ing the portion from the water in first arca also )

=rxrx(1-r) +rx(1l-v) xr
=2r°( 1- 1)

In general, proportion of water appearing on the day t

= ( t-1) r2 ( 1-r)¥2 for > 2
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The general expression for travel coefficients for individual

sub area ‘may be given as

(%) (£-2)! t—t
vy = eDrEr T (1T)

It is not correct to assume same initial travel co-
efficient r for all the sub water sheds, Specially when topo-
gravhy is varying along the length of the river.

In a similar manner described above, it can easily be
shown that the travel coefficients for the individuwal sections
between isochrones for different values of the initial travel‘

coefficients are given by

(v) _ (- (%) (<) () | (me1)
ry * =(1-1 )iy + 1y £y )
where rl(T) is the initial travel coefficient for the sub-

watershed area <.

Some typical values of travel coefficients for a water-
shed of 4 days travel time with different initial travel co-
efficient is shown in Table 3.3.

Table 3.3
Iravel Coefficients for a watershed of 4 days lag time

Subareca 1 2 3

initial 0.55 0.60 0.80 0.90

coeff.

Day 1 0.5500 0.0000 0.0000 0. 0000
2  0.241(5 0.3300 0.0000 0.0000
3 0.1114 0.2805 0.2640 0.0000
4 0.0501 0.1790 0.27¢2 0.2316
5 0.0225 0.1011 0 1986 0.2132
6 0.0101 0.0542 0.1211 0.2061
f  0.0045 0.02('( 0.061(6 0.1296
8  0.0020 0.0138 0.035¢ 0.0138
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It has becen found that for ordinary rivers of plains
T« 0.7-0.8, for rivers having a large flood plain
r =~ 0.5-0.6, for marshy and over grown stretches of

rivers r == 0.35-0.45 ( Mokliak, 1967).

3.3,2. The Proposed Model

Some typiéal observed hydrographs of the historic record
are analyzed to determine the magnitude of the basin lag time
The approach that has been suggested in this modelis to evaluate
the values of n and X in the Nash model and to compute the pro-
duct nX which approximately indicate the basin lag. However the
basin lag time may be retained as a parameter to be optimized
through the comnuter moudel, thereby the necessity of deter-
mining the lag time accurately may be avoided.

The isochrones are drawn at desired intervals, by the
procedure described in section 3.3.1.

Approximate valuesof initial travel coefficients are deter-
mined by the initial experiments carried out on the selected
typical hydrographs. The final values to be adopted to generate
synthetic sequenées of daily streamflow are to be optimized
through the computer model by treating them as parameters of
the rainfall-runoff model.

The distribution of rainfall within the day is also assumed
to be a model pafameter. This may not be necessary if the his-
toric record consist of rainfall data observed at short time

intervals less than a day. However in such cases it may be
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necessary to derive models for storm duration as well as inter-
sStorm periods, to be included in the generation model. Very
often the situation is such that only daily rainfall data are
available and it bcecomes necessary to assume Some empirical dis-
tribution within the day.

3.3.2.1. Model for Daily Rainfall excess

On account of the complaxity involved in various phases
of rainfall-runoff process it is very difficult to derive an
accurate model for the daily rainfall excess. In water balance
type rainfall runoff models it has been achieved through the
book~keeping of soil moisture in various zones of the @pper
Soil layer.

In this model the run-off coefficient approach has been
suggested to compute daily rainfall excess, which can be casily
included in the generation model. Initially the runoff co-
efficient is computed four all the typical storms selected from
the historic record and related to the following parameters.

1. Antecedent Precipitation Index (API)
2. Amount of rain

3., Duration of storm

4. Week Number

The relationship may be obtained through stepwise multiple
regression technique, for beth ordinary and logarithmic trans-
formed values of the above variables. The appropriate relation-
ship may be selected on the basis of multiple correlation co-

efficient and standard error.
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3.3.2.2. Model for Baseflow component

In order to complete the sStochastic daily streamflow
model it was necessary to develop a separate model for the base
flow component of daily streamflow. For this purpose the method
that has been suggested in this study is to develop an empirical
curve of baseflow versus direct runoff on the basis of values
obtained from some typical storms of observed record. However
the application of this model to compute daily values of base-

flow component has to be checked.

3.3.3., Comparison of Observed and Simulated Hydrographs

There is no unique method of comparing the observed and
the regenerated direct runoff hydrographs. Besides the quali-
tative comparisons based on visual observation, peak reduction

etec. certain statistical measures such as,

1) The correlation coefficient, R
2) The Integral Square Error, ISE
3) Efficiency, B ( Nash and Sutchliffe, 1970) may be used.

The expressions for the above parameters are as follows -

L FEag - (50) (2q,)

o o7 - oI F mie T

E ='£Z (QO .Qc)g:l
X Qo
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. 2 (g, 9, )% -z (g, -, )?
£ (g, - 4, )°
where
Q, = Observed runoff
Qe = Computed runoff

N = Number of values

In this model the coefficient of efficiency given by
the last cxpression is used for comparison of observed and
simulated direct runoff hydrographs. In this expression the
term T (QO- 50)2 represents the obServed/variance and the
term T (Qc —QO)2 represents the residual or unexplained varia-
tion. The value of this statistic will always be less than
unity.

3.3.4. Suitability of the PropoSed Moudel

The model that has been proposed is suitable for many
situations varying from instances where the available data
is very limited to instances where much sophisticated datais -
available. However the model was developed especially for a
situation where the available data is limited, such as that of
Naula catchment of Ramganga basin. The advantage of this model
as against other well known rainfall runoff models is that the
number of parameters to be optimized is less,which tends to
yield reliable estimates of parameters especially with limited

data.



CHAPTER~4

DATA ASSEMBLY AND APPLICATION OF THE PROPOSED MODEL

4.1. INTRODUCTION

The proposed model as described in Chapter-3 was tested
using limited data of a catchment having observed records of
daily values of major hydrologic variables viz. rainfall and
streamflow. The rainfall model has been found to generate syn-
thetic sequences of daily rainfall with the observed statistics
reproduced in the gencrated sequences, provided the length
of the observed record is adequate to define the model para-
meters accurately (Kracger 1971). As suggested by Kraeger(1971)
about thirty years of precipitétion data have to be used to
define the model parameters adequately.

Very often designers face the problem of inadequate
data. The reliability of available data is also doubtful. One
of the main objectives of this study was to investigate, the
posSsibility of applying this model to such a situation where
the data available is only for a short period.

4.2. CATCHMENT CHARACTERISTICS

The catchment selected for this study belongs to the
Ramganga river basin in Uttar Pradesh, India. Ramganga river
is the first main tributory of Ganga river on its left, after

the river enters the plains. The catchment of Ramganga river
upstream of a multipurpose dam at Xalagarh extends. over a

rugged and hilly terrain of 3120 sq.km. Most of the \area falls
in the outer and middle Himalayan regions but a smaller part of

it is in the Himalayan foothills and Siwaliks.
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The catchment under study covers an area of 1130 sq.km.
of the Ramganga Catchment, upto Naula gauge site. The Naula
subcatchment with its main'tributory is shown in Figure 4.1.

Some other data which would explain the nature of the

Naula catchment are as follows.

Average slope 42.306 percent

Mean elevation = 1621 meters
Drainage density = 3.221 km/km2
Percentage of dense furest‘ = 40.04 percent
Percentage of thin forest = 1.38 percent
Percentage of dense shrub = 1.72 percent
Percentage of thin shrub = 9.18 percent
Agricultural lands = 24.20 percent
Grass lands | = 12.13 percent

Area under mixed land uses

i

5.35 percent

4.3. AVATTABLE DATA

Daily rainfall data at six rain gauges inside the catchment
for the period of six years from 1970 to 1975 are available.
Only the total daily values are available and information about
within the day variation could not be procured. Six rain gauge
Stations at which the rainfall records are available, along

with their Thiessen weightages are &ivem in Peble 4.1
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RAINGAUGES..

THIESSEN  POLYGONS - FOR
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FIG. 4.1 NAULA CATC'MENT DIVIDED INTO ISOCHRONES & THFSSEN FOLYGONS

- - [ Uy, - [ — -
e e e e e = e = . e rr——




48

Table 4.1
Station Thiecssen Weightage
Choukhutia 0.2133%
Gairsain 0.2391
Naula 0.0813
Tama dhawn 0.1859
Bungidhar 0.1512
Bhirapani 0.0689

Daily runoff data of Ramganga river at Naula gauge site are

available for the period, April 1970 to December 1975.

4.4. CALIB RATION OF STOCHASTIC MULTI-STATION DAITLY
PRECTPITATION MODEL .

The procedure described in Chapter-3 has been followed
in deriving the parameters for the daily precipitation model.
Detailed cemputations and the results obtained at each stage
are given in the following sections of this chapter.

4.4.1. Statistically homogeneous periods

The rainfall record at Choukhutia which has the highest
Thiessen weightage out of six rain gauge stations was investi-
gated to derive the homogeneous periods. For this, five days
average precipitation during the period 1970 to 1975 was plotted
as a histogram against the months as shown in Figure 4.2. Six
periods were chosen by carefully inspecting the plot of historic

five day average percipitation and they were as follows.
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Period January, 11 to March ,11
March,12 to May, 5
May, 6 to June, 19

1

2

3

4 June , 20 to September, 17

5 September, 18. to November, 1
6

November, 2 to January, 10

For the sake of simplicity only the monsoon period i.e.
June, 20 to September,1{ was chosen for further analysis.

4.4.2. Selection of three stations

Among the six rain gauge stations for which the daily
rainfall data are available, it was necessary to selesct three
stations to be used in the stochastic daily rainfall model. For
fhis pﬁrpose the variation of annual rainfall at each station was -
investigated as shown in Figure 4.3 The mean annual rainfall

against each rain gauge station is listed in the Table 4.2.

Table 4.2
Mean Annual Rainfall
Rain gauge Station Mean Annual Rainfall(cms)
Choukhutia 139.23
Gairsain 162.72
Naula 89.45
Tamad hawn 99.14
Bungidhar ' 168.15
Bhirapani 121.45

[0 9934
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The stations that are selected shuuld adequately define the
average rainfall over the catchment. On the basis of follow-
ing results the stations Choukhutia, Gairsain and Tamadhawn
were selected for the model.

Arithmatic mean ¢f all six gauges = 130.018 cms.

Arithmatic mean of the selccted three
stations

]

133.69

Thiessen mean of all six gauges 136.45 cms.

It

Thiessen mean using only the sclected three stations

= 133.084
The Thiessen weightages for the selected stations are as
follows -
Station Thiessen weightage
Choukhutia 0.37144
Gairsain 0.29910
Tamadhawn ' 0.32885

4.4.3, Historic Cumulative Frequency Curves

A computer program was run to determine the cumulative
frequency distribution for all three stations. The results of
the cumputer program are shown iw Table 4.3. The curves are
shown in figure 4.4.

4.4.4. Levels of Rain

In order to decide upon number of levels and their
boundary values scme initial experiments were carried out on
historic data at all 3 stations. One of them was to plot the

probability of wet day following a wet day with (t-1) day



Table 4.3

Historic Cumulative frequency distribution of Stations A,B
and C (Choukhutia,Gairsain and Tamdhawn respectivelys

.| C1ass STATION A I STATION B STATION __C
-{ inter- } Cumula- umula- umulative jCumula-|Cumula-|Cumula-
val tive no. ftive ho. of tive tive tive
of events Hfreguency jevents ' frequn-{nov.of |frequency
L ' cy ievents 1

0.0-0.1 24 0.0701 25 0.0659 10 0.0392
0.1-0.2 44 0.1286 43 0.1134 28 0.1098
0.2-0.3 {0 0.2046 65 0.1(15 44 0.1125
0.3-0.4 85 0.2485 8 0.2295 64 0.2509
0.4-0.5 103 0.3011 109 0.28(5 I8 0.30%3
0.5-0.6 112 0.32/(4 121 0.3192 93 0.3646
0.6-0.1 127/ 0.3(13 132 0.3482 102 0.3999
0.7-0.8 143 0.4181 145 0.3825 114 0.4410
0.8-0.9 149 0.4356 158 0.4168 120 0.4(05
0.9-1.0 160 0.5618 175 0.461( 131 0.5131
1.0-2:0 242 0.1075 213 0./203 188 0.131(2
2.0-330 213 0.(982 - 325 0.85(5 223 0.8145
3.0- 4.0 296 0.8654 343 0.9050 236 0.9254
4.0-5.0 314 0.9181 355 0.9366 242 0.9490
5.0~6.0 324 0.941(3 365 0.9630 245 0.9607
6.0«7:0 334 0.9165 312 0.9815 249 0.9164
1.0-8.0 338 0.9882 314 0.9861 252 0.9882
> -8 342 1.0000 319 1.0000 255 1.0000
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having different magnitudes of rain against the intervals of
rain as shown in figure 4.5. Although this does not indicate
clearly the levels to be chosen, approximately three levels

were chosen as follows.

Level Interval of rain

1 0O~ 1.5 cms.

2 1.5 - 5.5 cms.

3 5.& cms. and above

More number of levels would make the transition pro-
babilities unrepresentative,as the number of values falling
in each class would be very less on account of limited data
being used. Therefore only 3 levels were chosen for this data

of Naula catehment.

4.4.5. Wet=dry Probabilities for three Stations

Computer programs were developed to evaluate the wet-
dry probabilities for all the three stations. On account of
limited capacity of the IBM - 1620 computer available for the
use, it was not possible to combined all three stations together.
The wet- dry probabilities for the three stations as obtained
from the computer programs are shown in Tables 4.4, 4.5 and 4.6.

Provisions have bcen made in the computer programs to
derive conditional cumulative frequeney of daily rainfall at
rain gauge Stations B and C. The tables 4.( and 4.8 show the
results obtained. Figure 4.6 shows the conditional cumulative

frequency curves.
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Table 4.4

Probability of Wet days following Wet or Dry days at Ist
Station (A)

Tevel of Rain B C A A Probability
at A at time t-1 -1 t-1 to t-1 to of rain at
-1 t~-0 t-~-0 A
Cases cms Wet Wet Wet to Wet to
wet dry
1 0.025 to 1.5 64 16 0.8000
1.5 to 5.5 52 18 0.1428
5.5 and above 12 5 0.1058
2 Wet Dry Wet to Wet to
wet dry .
0.025 to 1.5 49 14 0.1111
1.5 to 5.5 18 8 0.6923
5.5 and above 6 3 0.6666
3 Dry Wet Wet to Wet to
wet dry
0.025 to 1.5 11 4 0.1333
1.5 to 5.5 s 2 0.1142
5.5 and above 0] 0 0. 0000
4 Dry Dry Wet to Wet to
. wet dry
0.025 to 1.5 23 23 0.5000
1.5 to 5.5 5 0 1.0000
5.5 and above 2 0 1.0000
5 Level of rain at Wet Wet Dry to Dry to
B at time t-1 wet dry .
0.025 to 1.5 18 10 0.6428
1.5 to 5.5 12 0 1.0000
5.5 and above 4 4 0.500Q
6 Wet Dry Dry to Dry to
wet dry - .
0.025 to 1.5 21 23 0.411(2
1.5 to 5.5 5 < 0.4545
5.5 and above 1 o) 1.0000
1. Level af rain at Dry Wet Dry to Dry to
C at time t-1 wet dry
0.025 to 1.5 2 12 0.1428
1.5 to 5.5 0 1 0.0000
5.5 and above 0 0 0.0000
3. No levels | Dry Dry Dry to Dry to
wet Dry
26 49 0.3466




Table 4.5
Probability of wet days following wet or dry days at
' 2nd station (B)
Level of Rain A C . B B Probability
At A at time t-0 t-1 t-1 to t-0 +t-1 tu t-p of Rain at B
t-0
les ems. Wet Wet Wet to wet Wet to dry
0.025 tou 1.5 DY 16 0.8160
1.5 to 5.5 56 5 0.9180
5.5 and above 13 1 0.9285
Wet Dry Wet to wet Wet to dry
0.025 tu 1.5 44 13 0.1833
1.5 to 5.5 21 2 0.9310
5.5 and above 10 1 0.909Q
Level of rain at
B at time t-1 Dry Wet Wet to wet Wet to dry
0.025 to 1.5 20 11 0.645]
1.5 to 5.5 { 8 0.4666
5.5 and above 5 2 0.(142
Dry Dry Wet to wet Wet to dry
0.025 to 1.5 20 20 0.5000
1.5 to 5.5 12 1 0.9230
5.5 and above 1 0 1.0000
Level of Rain at
A at time t-0 Wet Wet Dry to wet Dry to dry
0.025 to 1.5 1 [ 0.5000
1.5 o 5.5 2 -0 1.0000
5.5 and above 2 0 1.0000
Wet Dry Dry to wet Dry to Dry
0.025 tu 1.5 16 24 0.4000
1.5 toe 5.5 11 4 0 (333
5.5 and above 1 .0 1.0000
Level of rain at
C at time t-1 Dry Wet Dry to wet Dry to dry
0.025 to 1.5 10 1 0.5882
1.5 to 5.5 1 1 0.5000
5.5 and above 0 0 0. 0000
N¢ levels Dry Dry Dry to wet Dry to dry
29 43 0.4021




Table 4.6

Probability of wet days following wet or

3rd station {C)

dry days at

ies

Level of Rain
at A at time
t-0
Cms.
.025 tu 1.5
.5 to 5.5

.5 and above

Ui O

0.025 tou 1.5
1.5 to 5.5
5.5 and above
Level of rain
B at time t-0
0.025 to 1.5
1.5 to 5.5
5.5 and above

Level of rain
C at time t-1

0.025 tu 1.5
1.5 to 5.5
5.5 and above

Level of rain
at time t-0

A

0.025 to 1.5
1.5 to 5.5
5

.5 and above

0.025 to 1.5
1.5 to 5.5
5

.5. and above

Level of rain
B at time t-0

0.025 to 1.5
1.5 to 5.5
5.5 and above

No levels

A
t-0

Wet

Wet

at
Dry

at
Dry

at
Wet

Wet

at
Dry

Dry

B
t-0

Wet

Do

Wet

Dry

Wet

Dry

Wet

Dry

C
t-1 to
Wet to

52
44
9

Wat to

Dry to
2l
26

Dry to

Dry to
14

Dry to

t-0

wet

wet

wet

Wet

Wet

wet

wet

wet

t-1

- Wet

Wet

Wet

Wet

Dry

Dry

Dry

Dry

to

to
26

to

t-0

wet

Dry

» Dry

dry

dry

dry

dry

dry

Probability
of Rain at
C

0.6666
0.(586
0.6000

0.2608
0.8000
1.0000

0.5000

0.5555
1.0000

0.3684
0.2000
0. 0000

0.4286
0.6842
0.1212

0.3162
0.5000
1.0000

0.3256
0.5000
0.8000

0.1094
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Table 4.
Observed conditional cumulative freguency of daily Rainfall

At B, (GAIRSAIN)
(Rainfall at B (time t-0)/ No rainfall at A(time t-0))

S1.No. Class Interval ~ Cumulative No. of Frequency
events
1 0-0.1 -5 ' 0.0416
2 0.1-0.2 15 ' 0.1428
3 0.2-0.3 20 0.1905
4 0.3-0.4 28 0.2666
5 0.4-0.5 ' 33 0.3143
6 0.5-0.6 40 0.3809
1 0.6~0.1 44 0.4190
3 0.7-0.8 45 0.4285
3 0.8-0.9 48 0.4571
10 0.9-1.0 49 0.4666
11 1.0-2.0 84 0.8000
12 2.0-3.0 91 0.8666
13 3.0-4.0 95 0.9048
14 4.0 and above 105 1.0000
Table 4.8

Observed conditional cumulative freguency of daily rainfall
At C, (TAMADHAWN)
(Rainfall at C (time t-0)/ No rainfall at A or B (time t~0))

31.No. Class Interval Cumulative No. Frequency
: of events
1 0 - 0.1 4 0.2500
2 0.1~-0.2 6 0.3150
3 0.2-0.3% ( 0.43(5
1 0.3-0.4 8 0.5000
5 0.4-0.5 8 0.5000
5 0.5-0.6 9 0.5625
{ 0.6-0.( 11 0.6815
3 0.7-0.8 13 0-8122
) 0.8-0.9 13 0.812
L0 0.9-1.0 13 0.8125
11 1.0-2.0 15 0.9%375
L2 2.0-3.0 15 0.93(5
L3 3,0~4.0 16 1.0000
14 4.0 and above 16 1.0000
ot deamives .
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4.4.6. Regressions relations among stations

The rainfall values falling in each case of wet-dry
combinations were seperately listed by the above programs.
A computer program was developed to convert these rainfall
figures into a cumulative normal distribution by assuming a
series of straight line segments representing the historic
cumulative precipitation curves derived above. Another computer
program determines the regression relations and the necessary
statistical parameters for all bivariate cases ¢f all three
stations. Another computer program for multiple regression
which had been developed carlier was used for multivariate
cases ( when more than two stations are involved). The results
of these programs have becn summarized in Tables 4.9 and
4.10. It is seen from these tables that the correlation co-
efficient in many of the cases is very less. This can be
attributed to the limited data that was used to develop the
same.

4.5. APPLICATION OF THE MODEL TO GENERATE STOCHASTIC DAILY
RAINFALL

The model was used tou generate synthetic sequences
of daily rainfall for the monsoon seasoun. For this purvose
a computer program was developed with all model parameters
derived above as input data and the same was run in a IBM 360/
44 eomputer. The computer model is designed in such a way that
the generation of magnitude of rainfall at any station would
be achieved through sampling from the historic cumulative

frequency curve, if the correlation couefficient for the



Table 4.9

Linear Regreséion Relationship Developed From Trans-
formed Daily Rainfall at A and B

63

ases

Level of Rain

at A at time
t-0
cms
0.025 tou 1.5
1.5
5.5

0.025 to 1.5
1.5 to 5.5
5.5 and above

0.025 tou 1.5
1.5 to 5.5

5.5 and above

Oa025 to 1-5
1.5 %o 5.5
5.5 and above

A
-0
wet

o

0.34000

to 5.5 -0.12252
and above-~0.12400

A
t-0
Wet

104

0.18583
-0.4501(1
2.86385

A
t-0
Wet

o

-0.13140
0

-0.336 {6
0.51121¢
0

c
t-1
Wet

g

0.35413
0.55321(
0.89408

C
t-1
Dry

g

-0.04684
0.92124
~1.2996/(

C
t-1
Wet

B

-1.29589
o)
0

c
t-1
Dry

§

~0.41¢11(2
-O . 5009'{
0

B
+-0 to t-0
Wet to wet
Correlation
0.203((
0.195(3
0.38622

B
t-1 to t-0
Wet to wet
Correlation

0.02990
0.35581
0.31495

B .
t-1 to -0
Dry to wet
Correlation

0.54928
0]
0

B
t-1 tu t-0
Dry to wet
Correlation

0.30902
0 %6844

Variance
0.88614
0.{3501
1.00183

Variance

0.686'(6
0.661(6%
0.61698

Variance

0.62885
0
0

Variance

0.11628
0.6{f92
0
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Regression Relaticnship Develbped from Transformed Daily Rainfall

at A, B, and C

Tevel of Rain A B — C
at A at time t-0 t~-0 ¥*-1 to +t-0
t-0 Wet Wet Wet to wed
cases cms.
L a ﬁl 62 Correla~ Variance
tion
0.025 to0 1.5 0.1(64 0.3905 0.2005% 0.34863 0.66514
1.5 to 5.5 0.3((8 0.1(56 0.038/{ 0.08256 0.69844
5.5 and above 1.1196 -0.22%6 0.(650 0.16106 0.512(8
2 ‘ A B ' C
t-0 t-0 t-1 to t-0
Wet Dry Wet to wet
a 51 Correla- Variance
tion
0.025 to 1.5 0.1851 0.0810 0.02968 1.03524
1'5 t(‘) -5'5 ‘10‘{3.10 2"1166 O- 30(05 1-65610
5.5 and above 0.0 0.0 0.0 0.0
3. Level of rain A B C '
at B at time t-0 t-0 t -1 to t- O
t-0 Dry Wet Wet to wet
o 62 Correla- Variance
tion
0.025 to 1.5 0.0045 -0.3300 0.25331 0.64286
1.5 to 5.5 ~0.5016 - =0.6992 0.11419 0.4'({938
5.5 and above-5.5((2 3.1340 . 0.11221 1.26624
Ve Level of Rain _ A B C
at A at time : t~-0 t-0 t ~1 to t-0
-0 ' wet wet Dry to wet
o B4 By Correla- Variamce
tion :
0.025 to 1.5 0.0900 -0.025( 0.3480 0.2868/( 0.10163
1.5 to 5.5 0.2563 -0.3%6( 0.1(12 0.19388 0.65169
5.5 and above-1.1464 0.4311 0.9866 0.42827 1.41483
A B C
t-0 t-0 t-1 to $-0
Wet Dry Dry to wet
a B4 Correla- Variance
tion
0.025 tuv 1.5 =0.3462 ~0.64(5 0.61401 0.48101
1.5 to 5.5 1.2821 -1.0506 0.99943 0.00028
5.5 and above 0.0 0.0 0.0 0.0
Level of Rain A B C
at B at time t~0 t-0 t-1 to %~0
t-0 Dry Wet Dry to wet
' a 62 Correla-~ Variance
tion ‘
0.025 to 1.5 0.028( 0.1458 0.12238 0.60914
1.5 to 5.5 0.8928 -0.8305 0.62425 0.16515
5.5 and above 1.4552 -0.4954  0.026386 0.(5((3
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regression relationship by which the actual generation is t¢ be
done is insignificant with respect to a pnredetermined level of
significance. Therefore, it was possible to carryout the genera-
tion of daily rainfall for the entire period desired, through
sampling from the cumulative frequency distributions. In the
light of these prouvisions made in the computer model, the follow-
ing alternatives were attempted in order to make a comparative
study of the performance of the model.
(1) Synthetic sequences of lengths 5 years, 25 years and
100 years were generated and the significance level for
correlation coefficients was kept at 0.100 so that the
generation was predcminantly through regression relations.
(2) Synthetic sequences of lengths 5 years, 25 years and
100 years were generated with the significance level of
correlation coefficient being very high so that the
entire generation procedure was through sampling from
cunulative frequency distributions.
Table 4.11 liste some statistics of daily rainfall of
observed and generated sequence of 5 years for the case (1) above.
Table 4.12 shows the mcan daily rainfall, mean season |
rainfall and standard deviation of mean season rainfall for
both observed and three generated sequences at all stations in
case (1) above. Table 4.13 lists the same statisfics for the

same sequences for case (2) above.



Table 4.11
Statistics of observed and generated sequence of 5 years
Observed sequence - Generated sequence
Year Station Mean Std.dev. Skew- Mean Std.dev. Skew-
No. (cms) (cms) ness (cms) (cms) ness
L 1 1.158 1.843 2.161 1.314 1.194 1.758
2 1.133 1.504 2.003 1.339 2.334 4.214
3 0.480 1.104 4.153 0.850 2.438 5.542
> 1 1.530 2.140 1.545 1.063 2.053 3.888
2 1.591 2.011 2.18¢ 1.20( 1.884 2.51(9
3 0.543 1.035 3.836  0.696 0.911 2.172
b 1 1.253 2.22 3.110 0.971 1{536 2.386
2 1.220 1.908 3.318 1.264 1.646 3.103
3 0.163 1.602 3.498 0.817 1.390 3.168
L 1 1.206 1.801 1.896 1.014 1.16¢ . 2.358
2 1.490 1.724 1.(81 1.169 2.239 4.0(4
3 1.03¢ 1.170( 2.91¢ 0.470 0.786 2.361¢
) 1 0.845 1.232 2.504 1.013 1.481 2.032
2 - 0.693 1.380 5.062 1.03( 1.61t 3.511
3 0.616 1.369 2.(52 0.552 1.160 5.407




Table 4.12
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Statistics of Observed and Generated Sequences(Case (1))

(a) Mean Dailv Rainfall (cms.)

Station Observed Generated

No. 5 year 25 year 100 year

1 1.1595 . 1.0730 0.9962 0.9632

2 - 1.2006 1 2032 1.03%1 1.023¢

3 0.1410 0.6710 0.6072 0.6068
(b) Mean Season Rainfall (cms.)

Station Observed Generated

NO'J 5 year 25 year 100 year

1 104 .36 96.5( 89.66 86 .69

2 108. 01 108.29 93.04 92.14

3 61.22 60.93 54 .65 54.82
(c) Std. Dev. of Mean Season Rainfall (cms.)

. Generated

ﬁgétlon Observed 5 y2ar 25 year 100 year

1 21.48 12.40 16.6( 17.85

2 29.03 10.15 20.01 19.59

3 20.45 14.81 14.24 16.63
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Table 4.13
Statistics of Observed and Generated Sequences(Case(2))

(a) Mean Daily Rainfall (ems.)

Station Observed Generated

No- 5 year 25 year 100 year
1 1.1595 1.039 0.93(9 1.001(6

2 1.2006 0.9105 1.0074 0.9954

3 0.7410 0.6405 0.5553 O.§035

(b) Mean Season Rainfall (cms.)

Station Observed Generated

No. 5 year 25 year 100 year
1 . 104.36 T 93.51  84.41 90.69

2 108.0¢ 81.95 90.61 89.59

3 61.22 51.65 49.98 54 .32

Y

(¢) Std. Dev. of Mean Season Rainfall(ems.)

Station Observed Generated

No. 5 year 25 year 100 year
1 21.48 2(.05 12.29 18.65

2 29.03 11.37 15.49 18.25
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4.6. CALIBRATION OF DAILY RAINFALL RUNOFF MODEL

The calib ration of Daily Rainfall-Runoff model was
carried out in two stages.
1. Derivation and drawing of isochrones on the watershed.
2. Determination ¢f travel coefficients and other model

parameters through optimization.

Intermediate computations and results are presented in
following sections.

4.6.1. Basin travel time

The travel time through the basin should be computed on
the basis of the average streamflow velocity in the channel
network, possibly taking variations in slope into account. In
catchments such as Naula catchment where the variation of topo-
graphy is rapid along the length of the river, it is not possible
to assume a single value for average streamflow velocity.
Furthermore, reliable estimates of streamflow estimates for
varying conditions are not available in literature.

The correct approach would be to compute the translatiuﬁ
time in two stages as follows -

1. The time of o?erland flow

2. Th

@

time f flow through the river channel

Due to the difficulties stated aboVe; it was decided
to estimate time of travel throueh the basin by some indirect
way. In this si tuation the best approach would be to extract
whatever information possible, from the observed record. In
the 1light of this, several isclated observed storms were

investigated by the procedure suggested by Nash (1958). The
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values of n and X in the Nash model were computed and the
finally accepted values on the basis of the best storm( intense,

uniformly distributed and covers the entire catchment) are as

follows.
n = 3.9896
K= 0.3287 days
nK = 1.3116 days

The values of n and K have been computed by the follow-
ing formulae as given by Nash.

Mpru1 — Mgy = BK

Mo ~ Mprmp = B (n+1) K° + onkK Mer i

where MDRHI and MERHl are the first moments of effective rain-
fall hyetograph and direct runoff hydrograph respectively and
MbRHZ and MERHZ are the second moments of the same.
The value of nK which is the distance to the centroid

of instantaneous unit Hydrograph from the origin, represents the
time delay dve to translation. Therefore for the Naula catchment
it was assumed that the total translation time is equal to 1.3116
days, approximately 32 hours. However provision has been made to

treat this alsc as a parameter of the model which may be optimized.

4.6.2. Subdivision of Catchment by Isochrones

The time interval at which isochrones were to be drawn
wag assumed as 8 hours. The travel time from the outlet was

computed for individuwal points along the main stream and
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tributaries, according to the method proposed in section 3.3.1.
Contours of equal travel time were drawn at an interval of 8 hrs.
as shown in Fig.4.1- The time area diagram ordinates as obtained

from the Fig.4.1 have been listed in Table 4.14.

Table 4.14

Time-area diagram ordinates

Isochrone Time (hours) Area(sq.km.)
Number

1 0-8 103.05

2 8-16 341.12

3 16-24 341.48

4 2432 343.'(5

4.6.3. Trial values of initial travel coefficiehts

The values of initial travel coefficients must be derived
through initial experiments so that the initial guess may be
close to the actual values for subdb areas. For this purpose it
was decided to simulate the one day unit hydrograph derived from
Instantaneous Unit Hydrograph with the n and K values determined
above. Various combinations of initial travel coefficients were
used in several simulation trials. The coefficient of eff ¢« "ency
obtained for each simulation trial is listed in Table 4.19.

The trial no.3 gives the best combinaticn of initial
travel coefficients and four this set derived and simulated unit
hydrographs afe shown in Figure 4.7. Consequently, this set
was selected to be the best cumbination of initial travel

coefficients, which is tu be optimized through the computer
model.
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Table 4.15

Fitting of Unit Hy@3wvograph

Trial Yo. Values of

Area 1 Aren 2 Area 3 Arca 4 Efficiency

1 0.60 0.60 0.80 0.95 98.81
2 0.60 0.60 0.80 0.85 93.66
3 0.60 0.60 0.85 0.95 99.04
4 0.60 0.60 0.85 0.85 98.93
5 0.60 C.65 0.85 0.95 98.{6
6 0.60 0.65 0.5 0.85 98.6'(
{ 0.50 0.60 0.80 0.95 98.38
8 0.55 0.60 0.80 0.85 97(.90
9 0.55 0.60 0.85 -0.95 98.80

10 0.60 0.60 0.80 0.90 98.18

4Q6.4. Model for daily rainfall excess

The proposed model for daily rainfall excsss Mesialready been
discussed in scction 3.2.2.1. Accordingly data obtained for
geveral storms in the historic record werc annlyzed by the
technique of stevwise multiple regressicn. Some of the initial
results obtained are giverd below.

(1) Multiple linear resrcssion

Runoff coefficient ( R.0.C.) = 0.24505 —0.006202% RATNFATL
+ 0.020(5 x API

Multiple correlation coefficient = 0.65145



(2) Multiple linear regression with log transformed data

R.0.C. = -AEL

-

- & =t 0.14933
5. 871192¢ RATNFATL)
Multiple correlation coefficient = 0.60/36
In order to improve this relations further it was decided
to include two other variables. They were the duration of the

storm and week number. In this study the week number has been

assumed to commence from 20th May ( i.e. week No.l for May 20,

to May 2( and so on) since only the monsoon period is consi-
dered although the practice is to count from Ist January. The
results obtained are shown below.

(3) Multiple linear regression

R.0.C. = 0 164305 - 0.00(6598 x RAINFALL
+ 0.013%2117 x API + 0.0024328 x DURATION
+ 0.0225518 x LXK NUMBER

Multiple correlation coefficient = 0./1125°

(4) Multiple linear regression with log transformed data

R.0.c. - 020009 apr ©-325° pumarron 01785 ymmg wo0-4193
0.2311

RAINFALL
Multiple correlation coefficient = 0.662868

On the basis of highest multiple correlation co-
efficient the third relationship was accepted to be included in
the rainfall runoff model. However, due to some other unknown
factors which could not be considered in developing this re-
lationship the observed and computed rainfall excess volumes

could not be matched which is essential in any rainfall runoff



model. In order to satisfy this requirement the runoff co-
efficient computed by the above relationship was modified by

multiplying with a volume factor X.

4.6.5. Computer model for simulation of daily direct runoff
during monsSoon season ' '

A computer program was developed to caliberate and test
the proposed rainfall runoff model. Several factors have been
made as the parameters of the model in order to limit the number
of variables which have to be assumed. A particular method of
optimization was not used but it was done through random sampling.

The following parameters may be optimized by this computer

pregram.

1. The initial travel coefficients for all four sub-
areas

2. Pattern of rainfall within the day

The best combination of initial travel coefficients were
determined in the following manmner. The routine starts with the
computation of daily direct runoff for the entire monsoon
season selected In this study for the given initial travel co-
efficients and compares with observed daily direct runoff by
calculating efficiency- Then the initial travel coefficient for
the fourth subarea is varied in a particular range with the
help of given increments and the best value of travel coefficient
for this Subarea is chosen on the basis of maximum efficieney.

Throughout this optimization the initial travel cc-

‘efficients for other three sub areas remain constant at their
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given values. With the best value of coefficient er fourth
area the same procedure is followed for third area, and so on
In this manner the program finally decides the best combination
of initial travel coefficients, which vields the maximum effi-
ciency.

The distribution of rainfall within the day is varied
by assuming different percentages of daily rainfall during 3
eight hourly periods within the day. The same routine for travel
coefficients may be repeated for different combinations of
percentages of daily rainfall for 3 eight hour periods. In this
manner the best percentage distribution of rainfall within the
day may be chosen.

Befoure going intou optimization routine computer program
works out the value of the volume factor X in daily rainfall
excess model by matching seasonal vslumes of observed and com-
puted rainfall excess.

The computer program was run with‘the daily rainfall
runoff data of 1972 and satisfactory results were obtained. The
results may be summarized as follows-

Percentage distribution ( assumed tou be constant throughout)

First eight hcurs 33.333
Second eight hours 33.333
Third eight hours 33.333

Maximum cfficiency achieved = 50.505% nY



e

The best combination of initial travel coefficients

Subarea 1 0.55
2 0.55 ’
3 0.(5
4 0.92

The value of volume factor K in the daily rainfall excess
model = 0.53051

The same data were analyzed for different percentage
distributions. The results obtained are shown in Table 4.16.

Table 4.16

Trial | Percentage distribution (Maximum ' Best set of travel co-

No. ’ Eight hour internal Effici~ fefficients. : _
i i |ency ‘ Subarea ! :
1 |2 | 3 ! 1 e 5 1 4
1 10 20 10 4(.621 0.55 0.55 0.(5 0.92
2 40 20 20 41.643 0.55 0.60 0.85 0.95

On the basis of above results the following values for
the parameters were chosen for further analysis.

Percentage distribution

First eight hour 33.333
Second eight hour 33.333
Third eight hour 33.333

Initial travel coefficients

Sub area 1 0.55
2 0.55
3 0.5
4 0.92
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The rainfall runoff model was tested with the independent
data of 19(0 for monsoon Season in order to verify the reliability
of moudel parameters derived with data of 19(2. The results ob-

tained for this data are summarized in table 4.17.

Table 4.1
Trial |Percentage Distribution | Maximum | Best set of travel co-
No. Eight hour interval Effici~ efficients
' ! | ency Sub- area
1 2 | 3 1L2134
1 33.333 33.333 33.333 14.203 0.55 0.55 0.75 0.92
2 10.000 20.000 10.000 12.061 0.55 0.60 0.85 0.95

The value of volume factor K in daily rainfall excess
model = 0.697(2 |

It may be seen that the parameter values decided on the
basis of 19/2 data have not changed in the case of maximum effi-
ciency, for 1970 data.(Trial No.1). Only the factor K has ehanged
slightly.

The plotter available with IBM 3%60/44 computer was used
to vlot the observed and simulated direct runoff hydrographs for
1910 data. The plotted hydrographs are shown in figure 4.8.

The performance of the model with the new value of factor
K obtained for 19(0 data was also checked with the date of 1972.
The observed and simulated hydrographs obtained here are shown
in figure 4.9.It is seen from this figure that the matching of
observed and simulated hydrographs is faiplx satisfactory, parti-
cularly in view of only one Season data being used for model

caliberation. This result will improve further if more data
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(say 10 years monsoon seasons) is used for evaluating model
parameters though it will involve more computer time.

4.t. APPLICATION OF STOCHASTIC DAILY STREAMFLOW MODEL TO
GENERATE SYNTHETIC SBOUENCES OF DAILY STREANELOW

The stochastic daily rainfall model and the daily rain-
fall runoff model were combined to yield the proposed stochastic
daily streamflow model. This was done simply by adding a sub-
routine to the stochastic daily rainfall model to convert the
generated daily rainfall to daily runoff using the model cali-
berated with observed data.

The model generates daily streamflow for the period 20th
June to 1{th Sebtember by transforming the daily rainfall generated
for the same period through rainfall runoff model. Only three
raingauges are involved in computing averagé rainfall over each
subarea since the daily rainfall is generated only at three rain
gauge stations. Provision has been made in the program to compute
both API and week number which inturn will be used to compute
daily values of runoff coefficient.

The baseflow component of daily streamflow is obtained
from a curve of direct runbff versus baseflow as described in
section 3.3.2.2. This curve has been developed from the runoff
hydrographs at the end of monscon season by isolating the storms
at the end of monsoon season and employing normal recession
curve and baseflow recession curve to obtain direct runoff and
baseflow seperately. The curve was included in the computer
model in the form of a series of straight lines approximating

the curve.

ek WSanR prensir CF 00RKEE
ttlé.“\ﬂ » ROOWB



The performance of the stochastic daily streamflow
model was investigated by generating stochastie daily runoff
for a period of six years with the initial API values same
as that of the observed six years record . The statistics of
direct daily runoff in 19(0,1972 and generated direct daily
runoff havé been listed in Table 4.18.

Table 4.18

Statistics of observed and generated daily
direct runoff

- Observed data (Mons seas
Year Mean (H.M.) Standard deviation
1910 465.924 486.1720
1912 363.184 316.628

Generated Data

' Ninety day Mean (H.M.) Standard deviation
monsoon period
1 3'{4.839 285.012
2 295.012 284 .052
3 482.952 51¢.992
4 502.133 590.13%1
5 388.935 3{2.813
6 344.016 3(0.632

The observed and generated values of seasonal runoff

(baseflow included).volumes have been listed in Table 4.19.

Table 4.19
Observed and generated seasonal runoff volumes
Observed (June 20 to Sept.1Y) Generated (June 20 to Se$§.

. 1

Year Runoff Vol.(H.M.) Year Runoff Vol.(H.M.)
1970 60719.9 1 39566 .4
1911 99818.3 2 1140 2
1972 39914 .1 3 0854, 5
1973 124'(8%.8 4 52811.
1914 51588.8 5 41054..2
1945 56515.9 6 36291.0
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The mean and standard deviation for observed and

generated seasonal volumes are as follows.

Mean (HM) Standard deviation (HM)
1. Generated 41964.0 161(9.6
2. Observed 12223%.5 29924 .3

It may be seen from the above results, although the
model is able to reproduce direct daily runoff values fairly
accurately, observed and generated seasonal volumes are very
different in their statistics. This is due to the fact that the
baseflow curve is not able to reproduce baseflow component

accurately. This Dbecomes further clear when the ohserved and
reproduced baseflow volumes are censidered.

Observed baseflow volume for 190 = 1412( HM

Maximum of base flow volumes reproduced = 5112.0 HM
However this difference could have been reduced further had the

bagseflow model been developed from adequate runoff data.
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CHAPTER~5H

DI:=CUSSION OF RESULTS,CONCLUSIONS AND SUGGESTIONS FOR
FURTHER STUDIKS

5.1. INTRODUCTION-

A stochastic daily streamflow model.was proposed to
generate synthetic sequences of daily streamflow and the
same was tested with the limited data of Naula catchment of
Ramganga basin. The stochastic streamflow model comprised
of two separate models; a stochastic multi-station daily
rainfall generator and deterministic daily rainfall runoff
model developed én the basis of division of catchment into
isochrones and using travel coefficients to account for the
natural transformation of discharge along the length of the
river. The results obtained ( as given in Chapter 4) are
quite encouraging in spite of the limited data used for this
study. The discussions of the results and conclusions have

been given in following sections.

5.2. PERFORMANCE OF THE MODELS

The results obtained in this study have been analyzed

in two stages as follows -

1. Performance of stochastic multi-station daily rain-
fall model
2. Performance of stochastic daily streamflow model

5.2.1. Performance of Stochastic daily rainfall model

The analysis of results obtained at different stages
of the calibration of model and its application in data

generation are given below.
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1. Calibration of the model

(a) In order to choose statistically homogeneous periods
or seaéons within the year, the five day average rainfall
evaluated from all six years of rainfall data Choukhutia

was plotted against the months (Fig.4.2). This plbt clearly
defined the high rainfall period from June 20 to September
17, which was subsequently used for further analysis.
(b) The model has been designed to generate rainfall
sequences only at three rain gauge stations in order to
1limit the large number of combinations of wet-dry probabili-
ties possible. However, the catchment selected had six |
raingauge stations. The best combination of rain gauge
Statiogg which could adequately define the average rainfall
over the catchment was selected for the rainfall model, as
" described in section 4.4.2. The three raingauge stations
selected were Choukhutia (&), Gairsain (B) and Tamadhawn (C).
(ec) In some cases the probability of a wet day following
a wet day is greater if the previous day had a high preci-
pitation that if the previous day's precipitation had been
light. To account for this effect the wet-dry probabilities
were divided into three levels depending upon the rainfall
amount of the previous day at station A, B or C. Since the
data was limited to six year period only, three levels were
choseu. Large number of levels with limited data would
make transition probabilities unrepresentative. Boundary
values of the levels were selected on the basis of a plot

of transition probability of a wet day following a wet
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day versus different rainfall amounts on previous day
(Fig.4.5). This plot was used to decide about the boundary
values for the three levels as 0.025, 1.5 and 5.5.

(a) The transition probabilities evaluated for different
combinations of wet-dry states could not be properly evalua-
ted for some cases on account of the limited data used to
calibrate the model. Ag it could be seen from tables 4.4,
4.5 and 4.6 some of the cases have only a few events
involved in computing wet-dry probabilities. For example,
the level 3, case 4 of station A had only 2 values of wet
day following wet day and zero values of dry day foilowing
a wet day and hence the trémsition probability computed was
1.00 which is extremely high.

(e) The regression relations were developed for all three
levels of four cases (1,2,5 and 6) of station B and six
cases (1,2,3,5,6 and T) of station C. (Tables 4.9 and 4.10).
The correlation among rain gauge stations in some of the
cases was not satisfactory due to limited data being used
as indicated by low values of correlation coefficients.

This was mainly due to limited number of values involved in
developing regression relations for those particular cases.
However, in some other cases reasonably good relatidnships
were established. |
(f) The conditional cumulative distributions derived
from the limited data were somewhat approximate, since the
number of events involved in individual classes were less.
The effect of this is more pronounced in the case of station

C (Tables 4.7 and 4.8).
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2. CGeneration of Synthetic seguences

Two cases have been conSidered while generating syn-
thetic sequences of daily rainfall of 5, 25, and 100 years.
In the first case the generation of daily rainfall is
achieved mainly through interstation regrescion relations
whereas in the second case it was done by sampling from
historic cumulative frequency curves.

In both the cases the results obtained are quite
encouraging inspite of the limited data being used. The
mean sSeagon rainfall and standard deviation of mean season
rainfall are of the same order of magnitude as those of
observed sequence (Tables 4.12, 4.135. However, the mean
seagon rainfall of generated sequences is somewhat less
than that of observed sequence. For example, the mean season
rainfall at first station dn the basis of 5 year generated
sequence was 96.57 cms. in the first case above, whereas
the same for the observed sequence was 108.36. This effect
was observed in both the cases. However, the first case
was better in reproducing mean season rainfall as compared
to second case. Standard deviation of mean season rainfall
was generally lower in comparison to that of observed
sequence. This is possibly due to the assumption of homo-—

geneous season.

5.2.2. Performance of Stochastic daily streamflow model
The stochastic daily streamflow model comprised of
two separate component models i.e. stochastic daily rainfall

model and the daily rainfall-runoff model. The performance
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of stochastic daily rainfall model has been discussed
above. The discussion on the results obtained for the
rainfall - runoff model and the combined daily streamflow
model is given below.

1. Calibration of the model

(a) A reliable estimate of basin travel time was difficult
to obtain since the available data was limited. It was approxi-
mated to be the product of n and K in the Nash model. On

this basis, it was computed as 32 hours for the Naula catch-
ment. Although the travel time was made a model parameter

to be optimized, it could not be tried due to lack of computer
time available. |

(b) The available data do not indicate any clue about

the variation of rainfall within the day. For this reason,

it was necessary to asgsume sScme distribution of rainfall
within the day. In this study various percentage distri-
bution at 8 hourly intervals were tried and the best per-
centage distribution on.the basis of maximum efficiency

was choseu for further analysis. The adopted distribution,
however, assumes that rain occured throughout the day, a

fact which is not true for all the days in the record. How—
e%er, the differences’in final resultsvfor various percent-
~age distribution patterns were marginal. Improved results
could be obtained by deriving some empirical distribution
for variation of rainfall within the day from recording
raingauge data of some typical storms. For the present

study this could not be done as they were not available.
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c) The model for daily rainfall excess was derived from
the values of runoff coefficient obtained for some typical
storms of six years monsoon data, by relating them to some
other appropriate parameters such as API, Rainfall etc., using
stepwise multiple regression technique. A volume factor K
was introduced in this relation as a model parameter and the
same was e¢valuated by matching the observed and computed
rainfall excess volumes, Ag it is seen from the results ob-
tained in section 4.6.5. the value of this volume factor K
was almost the same for both the years of data used for
model calibration.
(a) On the basis of a previous study conducted for base
flow separation ( Linseley et.al., 1949) the baseflow was
related to direct runoff by analyzing some typical hydrographs
in the observed record. This model for baseflow, however,
could only anproximately reproduce the baseflow volumes. Better
definition of baseflow component requires additional data
regarding soil moisture and evaporation, which was not
available for the present. study.

In spite of many difficulties and assumptions involved,
the simulation model for daily rainfall and runoff ga#e satis-
factory results. The model was able to simulate the daily
direct runoff for monsoon season in 1972 satisfactorily,
with an efficiency of about 50 percent. The efficiency of (4
percent obtained by using 1970 was still better. The results
could be improvea further if the model parameters are evalua-
ted on the basis of entire observed record which includes
both high and low fléw years. However, this will require

more computer time.
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2. Generation of Synthetic seguence

The daily étreamflow was generated for monsoon seasons.
of only six years, on account of limited computer time availa-
ble. The statistics of generated sequence of daily direct run- .
off compares well with that of observed seguence as evident
from table 4.18. Although the values of Mean and standard
deviation were varying from year to year the order of magni-
tude remained same as that of observed sequence. Still better
results could be obtained by using all six ysars of data
for parameter estimation.

The seasonal runoff volumes ( base flow included )
could not be reproduced satisfactorily. This seems to be
mainly due to the inadequacy of data required in predicting
the baseflow component. Other reasons for this difference
might be the carry-over effect of the inadequacies in the
daily rainfall model and the assumption involved in the

rainfall runoff model.

5.3. CONCLUSIONS

Main conclusions, that have been drawn from the present
gtudy are given seperately for the two models as follows.

5.3.1. Stochastic multi~-station rainfall model

(a) Six years data seems to be sufficient to indicate clearly
the satistically homogeheous periods. However, the periods
before and after monsoon period would be indicated still

better if longer data record is used.
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(b) The generation of rainfall at three stations may
not be adequate for larger catchments. It has been found
in a recent study (Johanson, 1971) that for modelling pur-
poses three rainfall gauges over a 1,000 square mile area
are adequate for streamflow volume simulation} However,
the number of rain gauges required are more even when the
area is small, if the variation of topography is high widhin
the catchment.
(e) Short record of rainfall such as that used for the
present study is not completely adequate to indicate clearly
the levels of rain to be used. The use of longer records in
deciding 1eveis would further improve the model performance.
(a) Longer rainfall records should be used to obtain
reliable values of transition probabilities, regression
relations among stations and cumulative frequency distri-
butions. This is in agreement with tho observations by
Kraeger (1971) who suggested that about thirty years of
precipitation data are needed for adequate definition of

model parameters.

(e) In spite of the limited data used for the present
study the performance of the stochastic multi-station
rainfall model is satisfactory. However, the standard
deviation of generated mean season rainfall was somewhat
low when compared to that of observed on account of the
assumption of homogeneous season. This is because, the
model combines rare intense storms and general storms in
the same season and therefore the generated sequences have

a tendency to exhibit low variability.
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5.%3.2. Daily Rainfall Runoff Model

(a) The use of limited data does not permit the
reliable estimation of basin travel time. In absence

of adequate data the basin travel time should be made a
parameter to be optimized by using a suitable optimization

routine.

(b) Wherever possible, recording raingauge data should
be obtained at least for some typical storms in order to
derive some empiricallvariation of iraindd4l} within.the :
day. The use of such empirical distribution would improve

the performance of the model}

(c) The model for rainfall excess should be calibrated

on the basis of daily values of rainfall excess, obtained - -

after seperation of complex hydrographs into simple hydro-
graphs corresponding to daily rainfall values. The para-
meters of this model must be decided on the basis of
sample record which include low as well as high stream-—

flow years.

(d) The model proposed for baseflow component could be
revised further with a water balance type of model which
include soil moisture and evaporation as parameters. How-
ever this will require evaporation and soil moisture data
and would involve more computer time in ealibration of the

model.
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5.4 _SUGGESTIONS FOR FURTHER STUDIES

In the light of the results obtained in this study,

the following suggestions are given for further studies.

(1) Since the length of the record of rainfall data
required for adequate definition of rainfall model para-
meters depends upon the climatic conditions of the region,
the parameter stability should be checked by evaluating
the parameter values for data records of different lengths
for different catchments of varying sizes. By doing so,
one can arrive at a record length which is the minimum

required to define model parameters in a particular region.

(2) Further studies should be carried out with some
empirical distribution for hourly distribution of daily
rainfall. This may be obtained from recording raingauge

data for a few storms in the area.

(3) The parameters of rainfall runoff model must be
evaluated on the basis of entire record in order to arrive
at more reliéble values. The paramcters evaluated by data
of a low flow year may not reproduce ruwoff during a year

of highflow. The optimization of parameteré must be carried

out using some suitable optimization technique.

4. Further studies must be carried out with a revised
model for baseflow component, ﬁossibly taking more para-
meters such as soil moisture and evaporation into account.
The parameters should be such that the model adequately
accounts for the progressive increase of baseflow component

with the onset of monsoon.



REFERENCES

Alekhin, Yu M, Short-Range Forecasting of Lowland - River
Runoff, Isreal Program for Scientific Translations,
Jerusalem, 1964.

Benjamin, Jack R., C. Allin Cornell, Probability Statistics
and Decision for Civil Engineers, MeGraw Hill, 1970.

Burnash, Robert J.C., ' A Generglized Streamflow Simulation
System,! Technical Memo NWS. HYDRO-31, River
Forecasting Centre, Sacremento, California, June,19{6.

Chow, V.T. and S.Ramaseshan, ' Sequential Generation of
Rainfall and Runoff data', Journal of Hydramlics
Division, Proc. Am. So.Civil Eng., Vol.91, HY 4,
PP 205-223, 1965.

Clark, C.0., ' Storage and the Unit Hydrograph', Trans. Am.

' Soc. Civil Engg., 110, pp. 1419-1488, 1945.

Cole, J.A. and J.D.¥. Sheriff, ' Some Single and Multi-site
Models of Rainfall Within discrete time increments!',
Journal of Hydrology, 17, pp. 9/-11%, 1972.

Crawford, N.H. and R.X. Linsley, ' Digital Simulation in
Hydrology - Stanford Watershed Model IV,! Technical
Report No.39, Department of Civil Engineering,
Stanford University, 1966

Dawdy, D.R. and T.0! Donnel, ' Mathematieal Models of Catch-
ment behaviour', Journal of Hydraulics Division,

Am. Soc. of Civil-Eng., 91, pp. 123-163,July 1965.

Dooge, J.C.R.,' A General Theory of the Unit Hydrograph,'
Journal of Geophysical Research, 64, pp. 241-256,
1959. |



95

Fiering, Myron B., and Babara B. Jackson, Synthetic
Streamflows, American Geophysical Union, Water
Resources Monograph 1, 1971.

Fiering, Myron B., Streamflow Synthesis, Harward University
Press, 1961. |

Grace, R.A. and P.S. Eagleson,' A Model for Generating
Synthetic Sequences of Short-Time - Interval
Rainfall Depths', Proceedings, The International
Hydrology Symposium, Fort Collins, Colorado,
September, 1967.

Green, N.M.D., ' A Synthetic Model for Daily Stream flow',
Journal of Hydrology, 20, pp. 351-361, 19(3.

Jerson, Kelman ! Stochastic Modelling of Hydrologic
Intermittent Daily Processes', Hydrology Papers,
No.89, Colorado State University, Feb. 1977.

Kottegoda, N.T., ' Stochastic Five Day Streamflow Model,'
Journal of the Hydraulics Division, Proc. Am.So.
Civil Eng., HY9, pp. 1469-1485, 1972.

Kottegoda, N.T., and V.I!M. Yevjevich, ' Preservation of Corre-
lation in Generated Hydrologic Samples through
two Station Models', Journal of Hydrology, 33,
pp. 91-121, 19f/.

Kraeger, Brook. A., ! Stochastic Monthly Streamflow by Multi-
station Daily Rainfall Generation', Technical Report
No. 152, Stanford University, December 1971.

Linsley, Ray K., Max A Kohler and Joseph L.H. Paulhus,
Hydrology for Engineers, McGraw Hill, 1970.



96

Linsley, Ray. X,' The relation between grainfall and Runoff—
Review Paper', Journal of ﬁydrology, 5, PP. 29(-311,
1961ﬂ

Linsley, R.K. and W.C. Ackermann,' Method of Predicting Run-
off from'Rainfall', Tréns. Am. Soec. Civil Eng.,

68, pp. 825- 864, 1942.

Meyer, A.F., ' Computing Runoff from Rainfall and other
physical Data', Trans. Am. Soc. Civil Engg., (9,
1915.

Mokliak, V.I. and T.A. Tchkushking, ! Célculation of Flood
discharge by means of the unit hydrograph!, Floods
and their computation, Proceedings of the Leningrad
Symposium, Volume 2, pp (00-{07, August 1967.

Nash, J.E. and J.V. Sutchliffe, ' River flow forecasting
through conceptual models - A discussion of principles',
Journal of Hydrology, 10, pp. 282-290, 1970.

Nash, J.E.,' Determining Runoff from Rainfall,' Proc. Inst.
of Civil Engg., 10, pp. 163-184, 1958.

O'Kelly, J.J., ' The employment of Unit Hydrograph to deter—
mine the flows of Irish Arterial Drainage Channels,’
Proc. Ingt. Civil Eng., Vol. 4, No.3, pp. 365-417,
1955. |

Pattison, Allen, ' Synthesis of Rainfall Data', Department
of Civil Engineering, Stanford University Ph.D.
Thesis, 1964.

Pattison, A., ! Synthesis of Hourly Rainfall Data', Water

Resources Research, Vol., No.4, pp. 489-498, 1965.



977

Quimpo , R.0.,' Stochastic Model of Daily River Flow
Sequences, ' Hydrology Papers, No.18, Colorado
State University, Colorado, 1961.

Raudkivi, A.J. and N. Lawgun, ' Simulation of Rainfall
Sequences', Journal of Hydrology, 22, pp. 2{1-294,
1914 .

Roosner, L.A. and V.M. Yevjevich, ! Mathemat}cal Models for
Time Series of Ménthly Precipitation and Monthlly
Runoff', Hydrology Papers, No.15, Colorado State
University, October 1966. |

Sarma, P.B.S5., J.W. Delleur and A.R. Rao, ' Comparison of
Rainfall - Runoff Models for Urban Areas', Journal
of Hydrology, 18, pp. 329-341, 1973.

Tao, P., ! Distribution of Hydrologic Independent Stochastic
Components', Hydrology Papers, No.82, Colorado
State University, 1976.

Tavares, L.V. and J.C. Wilkinson, ' A methodology for the
synthesis of spatially - distributed short time
increment storm seguences', Journal of Hydrology,

16, pp. 30(-316, 1972.

Viessman,Warren, Jr., John W. Knapp, Gary L. Lewis and
Terence E. Harbaugh, Introduction to Hydrology,

IEP-A Dun-Donnelley Publisher, 1977,



98
APPENDIX

v M A A hde N el

COMPUTER PROGRAMS

The computer programs developed for the present

study and their salient features are as follows :-

1. Program for 'WET-DRY FROBABILITIES FOR FIRST STATION (A)'

This program computes thé probability of wet day
following a wet day at first station (4) for different wet dry
states. It also determines the cumulative frequency dis~
tribution at first station. The input data include boundary
values for levels of rain, class intervals for cumulative
distribution, and rainfall data at all three stations for
each year. The program outputs probability of wet day
following a wet day for each level of rain and wet dry
states, The output also includes the cumulative number
of values falling in each class of the cumulative frequency

distribution.

2, Program for 'WET-DRY PROBABILITIFS AND CQNDITIONAL
CUMUTATIVE DISTRIBUTION FCR SECOND STATION (B)

The probability of wet day following a wet day is
evaluated for each level of rain and combination of wet
dry states in a manner similar to that of first station.
The observed record of rainfall is scanned and the values
falling in each class are accqnulated at different storage
locations. The program also outputs the cumulative number

of values falling in each class of the conditional cumulative
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frequency distribution. The rainfall values to be used in

deriving regression relations are also »imched ont.

3, Program for 'WET-DRY PROBABILITIES AND CONDITIGNAL

o ———— - ot A i et

CUMULATIVE DISTRIBUTION FOR THIRD STATION(C)'

o At

This program was developed to compute the probabi-
1ity of wet~day following a wet day at third station (C).
Apart from this the output consists of rainfall wvalues to
be used for different regression relations and the number
of events falling in each class interval of the conditional

cumulative frequency distribution.

4. Program for 'OBSERVED CIMULATIVE FRFQUENCY DISTRIBUTICNS

S - T A ol AN 41 V3 W e res mirentt Lt QAL O el i

FOR ALL STATIONS'

i R - Aok

This program evaluates the number of events falling
in each class of the observed frequency distribufion at each

station and outputs in a cumulative form;

5. Program for 'BIVARIATE CORRELATION ANALYSIS FOR ORDINARY

s b b ¢ oo 2

AND TRANSFORMED DATA'

b el sl e o O o et i e e AR A

The slope and the intercept of the regression
relation for each case of level of rain and wet dry state
are evaluated for ordinary data. The rainfall values are
then transformed from observed eumulative frequency distri-
bution to a cumulative normal distribution. The nparaemeters
of the regression relations are evaluated for the transform-

ed data also.
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6. Progrem for 'TRANSFORMATION TO 'NORMAL' FOR MULTI-
VARTATE CASES®

This is a simple program to transform the rainfall
values to be used in multiple regression relations into a
cumulative normal distribution. The observed cumulative
frequency curves and cumulative normal frequency curve
are fed in the form of series of straight lines assuming

the cuwrves.

7. Program for 'DAIL¥;BAINFALL RUNOFF MODEL'

- one

This is the optimization program to evaluate the
parameters of daily rainfall runoff model. The computations
are commenced with the evaluation of week number for
different days which will be used later to compute rum-
off coefficient. The average rainfall over each sub-area
as well as over entire area is computed and the same is
used to compute API. These computed parameter values are
then used to evaluate runoff coefficients for each day.
The program then computes the travel coefficients for each
subarea on each day and subsequently all rainfall values
are transformed to daily rumoff values. The efficiency is
then computed which is compared with the previous maximum
efficiency achieved and proceeds for the next iteration.
Finally program outputsé the best combination of travel
coefficients and the maximum efficiency achieved for
different combinations of percentage distribution. A

complete simulation rum with two different percentage
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distributions took only 5 minutes and 28 seconds in the

IBM 3%60/44 computer.,

8. Program for 'STOCHASTIC DAILY STREAMFLOW MODEL'

A (B AR P iy A O . it SO i ot S a1l

This is the complete computer model to generate
synthetic sequences of daily streamflow values. The
program first generates the daily rainfall for the period
of record required with the help of transition probabilities
and regression relations developed by other programs. Then
the generated rainfall data are transformed to daily stream-
flow data through the daily rainfall runoff model with the
optimized parameters. This program uses several sub-
routines. Subroutine 'GINERA' is to generate daily rain-
fall velues at 3 stations and subroutine'WRTOUT' prints
out the generated data to any desired length. However,
this is optional. Subroutine *TRANSF' transforms the
rainfall values into eunulative normal distribution,whereas
"SFNART ' transforms back from the cunulative normal dis-
tribution. Subroutine RANDUM generates rectangulerly distri-
buted random numbers whereas subroutine 'GAUSSB' converts
these random numbers into 'normal' by central limit theorem.
The model was able to generate 100 years of daily rainfall
data for monsoon season in 5 minutes and 7 seconds in the
IBM 360/44 computer. For the generation of § years of

daily streamflow the model took 5 minutes and 50 seconds.
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199

198

203

204

207

205
208
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WET=DRY PROBABILITIES FOR STATION A BY JoToBo.OBEYSEKERA
RAINFALL AT STATION I ON THE DAY J IS A(IsJ)
LEVELS O F RAIN = RLEV(N)
DIMENSION RLEV(5)5A(35270)sIW(8+5)sID(855)sRL(15)sICL(15)
DIMENSION PROB(8s5)
PROBABILITIES OF HISTORIC DATA(FOR FIRST STATION)
READ INPUT DATA

READ 200 sNDATAsNY sNLsKL
FORMAT(515)

READ 1995 (RLEV(N) sN=19NL)
FORMAT(8F1063)

READ 1985 (RLIN) 4N=1sKL)
FORMAT(16F542)

DO 203 M=1,8

DO 203 N=1sNL

IW(MyN)=0

ID{MsN)=C

DO 204 N=1,KL

ICL(N)=0

READ 2075 X

FORMAT (F5,3)

DO 210 IJ=1,NY

DO 206 I=1,3

READ 2055 (A(I5J)sJ=1sNDATA)
FORMAT (16F563)

CONTINUE

COUNT DAILY RAINFALL EVENTS IN EACH CLASS
DO 52 J=2sNDATA
IF(A(2sJ=™1)mX) 15152
[F(A(3sJ=1)=X) 34344
IF(A(LlsUml)=x) 545,6
IF(A(LsJI=1)=X) 75758
IF(A(3sJ%l)=X) 959510
IF(A(1,J%1)®X) 11511512
IF(A(LsJ =] )wX) 1215121513
CASE SELECTION
CASE=1=WET~WET=WET

M=1

Z=A(1sJ=1)

GO TO 50

CASE 5 =WET= WET= DRY

M=5

Z=A(29J=1)

GO TO 50

CASE 2 =WET= DRY= WET

M=2

Z=A(19J=1)

GO TO 50

CASE = 6 = WET « DRY = DRY
M=6

Z=A(25J=1)

GO TO 50

CASE 3 = DRY = WET - WET
M=3

Z=A(1sJ~1)



17
19

18

143
141

140
210

144

170
172
171

53

173

GO TO =0

CASE 7 = DRY = WET = DRY
M=7

Z=A(34J=1)

GO TO 50

CASE 4= DRY - DRY = WET
M=4

Z=A(15J=1)

GO TO 50

CASE 8 = DRY = pDRY = DRY
M=8

IFCALLsJ)=X) 144514515
ID(Ms1)=ID(Ms1) 41

GO TO 52
IW(Ms1)=TW(Ms1) 41

GO TO 52

CONTINUE

DO 51 L=1sNL

N=NL+1L

IF(Z=RLEV(N)) 51551917
IF(A(1sJ)=X) 18,1819
IWIMyN)=IW(MsN) +1

GO TO 52
IDIMsN)=ID(MyN) 41

GO TO 52

CONTINUEC

CONTINUEZ

OBSERVED CUMULATIVE RAINFALL FREQUENCY AT STATION A

DO 140 J=1sNDATA
DO 141 L=1,KL
N=KL+1~L

TFCACLoJ)™RLIN)Y 14101435143

ICLINY=TICLINY+1

GO TO 140

CONTINUE

CONTINUE

CONTINUE

DO 144 N=2,KL
ICL(N)=TCL(N)+ICL(N=1)
CONTINUE

DO 53 M=1,7

DO 53 N=1sNL
IFCIW(MsN)) 170,1705171
IFCID(MsN)) 17241725171
ID(MsN)=9999

CONTINUE

FW=TIW(MsN)

FD=ID(MsN)
PROB(MyN)=FW/(Fw+FD)
IF(IW(8s1)) 173,173,174
IFCID(851)) 175,1755174

103
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174

100
54

l46
145

503

504

499

505
506

302

104

ID(85,1)=8999

CONTINUE

FW=IW(E&s1)

FD=ID(8s1)

PROB(S8s1)=FW/(FW+FD)

DO 54 M=1s7

DO 54 N=1sNL

PUNCH 10T sMsNaIW(MeN) o ID{(MaN)sPROB(M, N)
FORMAT (10X s21592(10XsI5)sF1063)
CONTINUE

M=8

N=1

PUNCH 100sMsNoIW(MsN)sID(MsN) +PROB(MsN)
DC 145 N=1sKL

PUNCH 146sNs ICL(N)

FORMAT (1CXsI5510%X015)

CONTINUE .

STOP

END

WET-DRY PROBABI|LITIES AND CONDITIONAL CUMULATIVE
DISTRIBUTION FOR SECCND STATICN (B) = Jc.T«B.OBEYSEKERA
DIMENSION A(2:100)5RLEV(S) sRLB(15)+IW{8s4)2ID(8s4)sICB(15)
DIMENSION PROB(Bs4) sRB(2CD) aRBYI(380) oRB2{32+80) sRB5(3+80)
DIMENSION RB6(3,80)sRAL(3,80)sRA2(3+80)sRA5(3s80)sRA6(3,80)
READ 500 sNDATAsNYsNLoKLE

FORMAT (515) )

READ 5CG1s(RLEVIN) sN=1sNL)

FORMAT (8F10,3)

READ 5025 (RLB(N)sN=1:KL3)

FORMAT(16F5,2)

DO 503 MM=1,8

DO 503 NN=1,NL

IWIMMsNN)=0

ID(MMyNN)Y=0

DO 504 NN=1,KLB

ICB(NNY=9

K=0

READ 499,X

FORMAT (F5,3)

DO 510 IJ=1,NY

DO 506 I1=1,3

READ 505s(A(IsJ)sJ=1sNDATA)

FORMAT (16F5,3)

CONTINUE

COUNT DAILY RAINFALL EVENT IN EACH CLASS
DO 352  U=2,NDATA

IF(A(1sJ)~X) 30153015302
IFCAU3sJ=-1)~X) 30393035304
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303

301

210

309

306

305

308

307

312

311

313

3121
314

315

350

317
4000
319

3002

3001
3004

3003

IF(A(29J=1)=X) 305453055306
IF(A(2:J=1)=X) 30793075308
IF(A(3sJd=1)1=X) 20952095310
IF(A(2sJ=1)~=X) 21193115312
IF(A(25J=1)~X) 3121931215313
CASE SELECTION

M=1

I=A{14J)

GO TO 350

M=5

Z=A(15J)

GO TO 35

M=2

Z=A(15J)

GO TO 35¢C

M=6

Z=A(1sJ)

GO TO 350

M=3

Z=A(25J-1)

GC TO 359

M=7

Z=A(34J~1)

GO TC 350

M=4

Z=A(25J~1)

GO TO 350

M=8

IF(A(25J)=X) 3145314315
IDI(Ms 1) =1ID(M,1) +1

GO TO 352 .
IW(Ms1)=IW(Ms1) 41

K=K+1

RBIKY=A(25J)

GO TO 352

CONTINUE

D0 351 L=1,NL

N=NL+1-L

IF(Z-RLEV(N)) 35153515317
IFCA(LsJ)=X) 300053000s4000
[F(A(29J)=X) 31853185319
IW(MoN)=TW(MoN) +1

IF(M=-1) 3001,30n0253001
KK=TW(MsN)

RBLINs KK)=A(24J)
RAL(NsKK)Y=A(15J)

GO TO 352

I[F(M=5) 3003,300453003
KK=TW{MsN) :

RB5 (NsKK)=A(24J)
RAS(NsKK)=A(1sJ)

GO TO 352

IF(M=-2) 300553006,3005

100
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3006 KK=IW(MsN)
RB2(NsKKI=A(2+J)
RAZ{NsKK)=A(1sJ)}

GO TC 352
3005 IF(M=6) 3C07,3008+3007
3007 GO TO 352

3008 KK=IW(MsN)
RBSE(NsKK)=A(29J)
RAG(NsKK)=A{1sJ)

GO TC 352
318 ID(MeN)=ID(MoN)+1
GO TO 352

3000 IF(A(25J)=~X) 3009300993010

3010 IW(MeN)=TIW(MsN)+1
K=K+1]

RBIK)=A{2sJ)
GO TO 352

3009 ID(MeN)=ID(MsNI+1

GO TO 352
351 CONTINUE
352 CONTINUE
510 CONTINUE

C CUMULATIVE FREQrFNCY (CONDITICNALY AT B/NO RF AT A
DO 440 J=15K
DO 441 L=1sKLB
N=KLB+1=-L
IF(RBUJ)Y*RLBINYY 44154435443

443 ICB(NY=ICB(N)+1
GO TO 44G
4431 CONTINUE
440 CONTINUE
DO 444 N=2.KLB
ICB(N)Y=ICB(N)+ICB(N-1)
444 CONTINUE
C COMPUTE PROBABILITIES OF RAIN AT B
DO 353 M=1,7
DO 353 N=1,NL
IF(IWI{MsN)) 370,370+371
370 IF(ID(MoN))37293729371
372 ID(MsN)=1
371 CONTINUE

FW=IW(MsN)

FD=ID(MsN)
3532 PROB({(MsN)=FW/(Fw+FD)

IF(IW(891)) 373,373,374
273 IF(ID(891)) 37543759374
375 ID(8s1)=1
374 CONTINUE

FW=1W(8,s1)

FD=1D(851)

PROB(8s1)=FW/(Fu+FD)

DO 354 M=1:7

DO 354 N=1sNL

PUNCH 3005 MsNsTWIMsN) sID(MsN) sPROB(MsN)
300 FORMAT (4(10Xs15)sF854)
354 CONTINUE



446
445

698
700
701
699

697
702
703

696
705
704

695
707
706

M=8
N=1

PUNCH 3005 MoNsIWI{MyN)sID(MeN)sPROB(MsN)

DO 445 N=13KLB
PUNCH 4465 NSICR(N)
FORMAT(2(10X.I5))
CONTINUE

M=1

DO 699 N=i,sNL
KK=TW(MsN)

IF(KK) 69946995498
DO 700 K=14KK

PUNCH 701sMsNsRATINGK)IsRB1INK)

FORMAT(21552F10,3)

CONTINUE

M=2

DO 703 N=1sNL

KK=TW({MsN)

IF(KK) 70357035697

DO 702 K=14KK

PUNCH 7019sMsNsRA2(NSK)sRB2{NsK)
CONTINUE :

M=5
DO 704 N=1,NL
KK=TIW(MsN)

IF(KKY 70457045696

DO 705 K=1sKK

PUNCH 701sMsNsRASINK) sRB5 (N oK)
CONTINUE

M=6
DO 706 N=1sNL
KK=IWtMsN)

IF(KK) 706:776+:495

DO 707 K=1,.KK

PUNCH 701sMsNsRA6(N:K) sRBE(N K
CONTINUE :
STOP

END
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500

501

502

12

11

108

WET-DRY PROBABILITIES AND CONDITIONAL CUMULATIVE
DISTRIBUTION FOR THIRD STATION (C) JoT.B.OBEYSEKERA
DIMENSION A(39100) sRLEVI4)sRLCI15) s IW(B8o4) sMW{Bs4)sID(8B54),IC(15)
DIMENSION RC(50C)9B1{3930)sA1(3+30),C1(3530)sB5(3530):A5(3,30)
DIMENSION C5(2530)4A21(353019C21(3530)sA6(3+30)5C6(3930)+83(3:320)
DIMENSION C3(3530)¢BT7{(3530)sCT7(3530)

READ 500 sNDATASNYsNLKLC

FORMAT(1615)

READ B5C15(RLEVINY sN=14sNL)

FORMAT(8F1003)

READ 5025 (RLCIN)sN=1sKLC)

FORMAT (16F563)

DO 503 M=1,8

DO 503 N=1,sNL

IW(MsN)Y=0

MW({MsN)=C

IDIMeNY=0

DO 504 N=1.KLC

ICIN)=0

READ 499,X

FORMAT(F5.3)

DO 510 TJ=1,NY

DO 506 1=1,3

READ 502s(A({IsJ)sJ=1sNDATA)

CONTINUE

K=0

DO 52 J=2sNDATA

IFtALLoJ)=X) 19792

IFLA{25J)=X) 29354

IF(A{39J=1)=X) 53596

IF(A(3sJ=1)=X) 739798

IF(A{29J)=X) 95910

IF(A(S3sd=1)=X) 11511512

IF(A{3sJ=1)=X) £0+6C513

M=1
Z=A(1:J)
GO TO 50
M=5
Z=A(15J)
G0 TO 50
M=2
Z=A(19J)'
GO TO 50
M=6
ZsA(1sJ)
GO TO 50
M=3
Z=A(24J)
GO TO 50
M=7
Z=A(25J)
GO 10 50
M=4
Z=A(35J~1)




15

14
60

16

17

50

/18
20

72

71
74

73
76

75
78

7
80

79
82

81
19

51
52

IF(A(3sJ)=X) 14514515

K=K+1

RCIK)I=A(3:J)

GO TO 50

M=8

IF(A(35J)=X) 16516517
IDIMs1)=1ID(Ms1)+1
GO TO 52
IW(Ms1)=IW(My1) 41
K=K+1
RCIK)=A(3,4J)

GO TO 52

CONTINUE

DO 51 L=1,sNL
N=NL+1~L
IF(Z=RLEVIN)) 5151518
IF(A(3.J)=X) 19,19,20
IWIMsN)=TIW(MsN)+1
IF{M=1) 71572571
KK=IW({MsN)
ALINKK)=A{1,J)
BLINgsKK)=A(2,J)
CL{NsKK)=A(3,J)
GO TO 52

IF(M=5) T73+74573
KK=IW{MsN)
AS{NsKK)=A(1sJ)
BSINsKK)=A(2,J)
C5(NsKK)=A(3,J)
GO TO 52

IF(M=2) 75576575
KK=TW{MyN) :
A2(NsKK}i=A(1sJ)
C2(NsKK)=A(35J)
GO TO 52

IF(M=6) 77478577
KK=IW{(MsN)

A6 (NsKK)=A(15J)
COI(NsKK)=A(3,5J)
GO TO 52

IF{M=3) 79980579
KK=IW(MsN)
B3(NsKK)=A(2,J)
C3(NsKK)=A(3,J)
GO TO 52

IF(M=7) 81582581
KK=IW(MsN)
B7(NsKK)=A(2,J)
C7TU{NsKK)=A(345J)
GO TO 52
IDIMyN)=ID(MoN) +1
GO TO 52

CONTINUE

CONTINUE
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43

41
40

31
32
100
30

34

33

37
38
36

91
92
90

94
95
93

28
27
26

21

DO 40 J=15K

DG 41 LL=1sKLC
N=KLC+1-L
IF(RCIJ)Y=RLCIN)Y) 41541943
ICIN)=IC(N)+1
GO TO 40
CONTINUE
CONTINUE

M=1

DO 30 N=1,NL
KK=IW(MsN)
IF(KK) 30330531
DO 32 K=1,sKK

PUNCH 100sMsNaATINsK) sBLIINsK)sCL1INsK)

FORMAT(21542F1C,3)
CONTINUE

M=5

DO 33 N=1sNL
KK=IW(MsN)

IF(KK)Y 33433,34
DO 35 K=15KK

PUNCH 100:MoNsA5(N3sK) 3B5(NoK) 9C5(NaK)

CONTINUE
M=2
DO 36 N=1sNL
KK=TW{(MsN)
IF(KK) 56436437
DO 38 K=13KK
PUNCH 100sMsNsA2 (NsK)sC2(NsK)
CONTINUE
M=6
DN 30 N=1.NL
KK=TW(MsN)
IF{KK) 93490491
DO 92 K=1sKK
PUNCH 100 sMoNsAg(NsK) sCE(NK)
CONTINUE
M=3
DC 93 N=1sNL
KK=IW(MsN}
IF{KK) 93493,94
DO 95 K=1,4KK
PUNCH 100sMoNsB3INsK) sC3(NsK)
CONTINUE
M=7
DO 26 N=1,4NL
KK=IW{MsN)

IF{KK)26426928

DO 27 K=1,KK
PUNCH 100sMsNoB7(NsK) sCT(NsK)
CONTINUE
DO 21 M=1,7
DO 21 N=1sNL
MWIMsN)Y =MW (MsN)+TW(MsN)
DO 22 M=1,7
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DO 22 N=1oNL
2?2 IWIMsN)Y=0
510 CONTINUE
DO 23 M=1,7
DO 23 N=1laNL
23 PUNCH 101sMoNoMw{MsN) 2 IDI(MsN) B
101 FORMAT(4(10X,15))
' M=8
N=1
PUNCH 101 sMsNsIW{MsN)sID(MsN)

DO 24 N=1sKLC
24  PUNCH 102sNsIC(N)

102 FORMAT(2(10Xs15))
STOP
END

C OBSERVED CUMULATIVE DISTRIBUTIONS FOR ALL STATIONS
DIMENSION ICL(3625)5A(35100)sRL(25)
READ 1 sNDATASNLGNY
1 FORMATI(51I5)
READ 25 (RL(N)YsN=1sNL)
2 FORMAT(16F5,2)
DO 100 N=14NL
DO 100 I=143
100 ICL({IsN)=0(
O 200 K=1,NY
DO 101 I=1,3
READ 1025(A(TsJy35J=15NDATA)
102 FORMAT(16F5.3)
101 CONTINUE
DO 2G2 I1=1,3
DO 201 J=1,NDATA
DO 203 L=1,sNL
N=NL+1-L
IFCACTIsJ)=RLIN)) 203520445204
204 TCL(TIoN)=ICL(IsN)+1
GO TO 201
203 CONTINUE
201 CONTINUE
202 CONTINUE
200 CONTINUE
DO 206 1I=1,3
DO 207 N=24NL
ICLCTIsN)=ICL(IsN)I+ICL(TIoN=1)
207 CONTINUE
DO 208 N=14NL
PUNCH 210CsNaICL(IgN)
210 FORMAT(IOX»ISleXgIS)-
208 CONTINUE
206 CONTINUE
STOP
END
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BIVARIATE CORRELATION ANALYSIS FOR ORDINARY AND TRANSFORMED' DATA

DIMENSICN ND(10)sX(100)sY(100)sRNX(60)sRNY(60)sR1X(50)sR1Y(50)
DIMENSION R2X(50)9sR2Y(50)
READ 1sNLIsNL2sNLN
READ 299 (RNX(I)sI=21sNLM)
READ 205 (RNY(I),I=1sNLMN)
READ 20 (RIX({I),4I=1sNL1)
READ 20 (RIY(I),I=1oNL1)
READ 205 (R2X(I),I=19NL2)
READ 2Cs (R2Y(I),I=19NL2)
20 FORMAT(16F5.3)
READ 19NS
1 FORMAT(1615)
READ 15 {ND(I)sI=1sNS)
DO 100 I=1,9NS
NN=0Q
K=ND(TI)
DO 101 J=15K
READ 2sMsNToX(JYys¥Y(J)
2 FORMAT(21552F10.3)
101 CONTINUE
102 CONTINUE .
S1=0o
S52=0,
$3=0,
54=0,
55=0¢
DO 103 J=1sK
S$S1=S1+X(J}
S2=82+X (JV¥X{J)
S$3=383+Y (J)
S4=S4+Y (J)*Y (J)
S5=55+X(J)*Y(J)
103 CONTINUE
AN=K
B=(S5~S1%#S3/AN) /(52«51%51/AN)
A=S3/AN-B*¥S1/AN _
R=B*B* { S2~51%S1 /AN) / (S4=53%S3/AN)
VAR=(1,-R)*(S54~53%S3/AN)Y/ (AN=2o )
IF(R) 50450551
51 R=SQRTF(R)
50 CONTINUE
PUNCH 1sMsNT
PUNCH 35A3BsRsVAR
3 FORMAT(4E16,7//)
IF(NN=1) 10451005100
104 CONTINUE
DO 300 J=1,K
DO 10 L=1sNL1
N=NL1+1-L .
IF(X(J)I=RIX{(N})) 10510511
11 BS=(X(JI=RIX(N))*¥(RIY(N+1)=RIY(N))/(RIX(N+1)=RIX(N))I+R1Y(N)
GO TO 12
10 CONTINUE
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12 DO 13 L=1sNLN
N=NLN+1-L
IF(BS=RNY(N)) 13513514

14 X{J)=(BS~- RNY(N))f(RAX(N+l)~RNX(N))/(RNY(N+1)—RNY(N))+RNX(N)
GC TO 30

13 CONTINUE

30 DC 15 L#1eNL2
N=NL 2+ 1%L
IFLY(J)=R2X(N)) 154155156

16 BS=(Y({J)=R2X(N))*(R2Y (N+1)~R2Y(N) )/ (R2X(N+1)=R2X(N))+R2Y (N)
GO 7O 17

15 CONTINUE

17 DO 18 L=1sNLN
N=NLN+1-L
IF(BS-RNY(N)) 18518519

19 Y(J)=(BS~ RNY(N))f(RNX(N+1)—QNX(N))/(RNY(N+1)*RNY(N))+RNX(N)
Go TO 31

18 CONTINUE

31 CONTINUE
PUNCH 25sMsNTsX(J)aY(J)

300 CONTINUE

NN=NN+1
GC TO 102

100 CONTINUE
STOP
END
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TRANSFORMATION TO @NORMAL® FOR MULTIVARIATE CASES
DIMENSION NL(3)Y,RNX({60)sRNY(60)sRX{3950)sRY(3950) ¢ND(10)oX(35100)
READ 1s(NL(I)siI=153)9sNLN
READ 2o {RNX{I)s1=1sNLN)
READ 2s(RNY({I)sT=1sNLN)
DO 1¢ I=1s3
NX=NL(I)
READ 29 (RX{I4J),J=1aNX)
READ 29 (RY(IsJ),J=1,NX])
10 CONTINUE
2 FORMAT(16F543)
READ 19NS
READ 15(ND(I)sI=1sNS)
1 FORMAT(1615)
DO 100 II=1,NS
K=ND(IT)
DC 11 J=1sK
READ 3 sMMoNNs;(X(TeJd)sI=1,y3)
PUNCH 49 (X(I5J)41=163)
11 CONTINUE
3 FORMAT(21I593F10,3)
4 FORMAT(3F10,3)
PUNCH 1+sMMsNN
DC 300 J=1+K
DC 200 1=153
M=NL(1I)
DO 12 L=1sM
N=M+]1~L
IFCXCTI o) =RX(ToN)) 12912513
13 BS=(X(IoJ)=RX(IGN)II*¥{RY(IoN+1)=RY(ToN))/(RX(IsN+1)=RX{TIoN}I+RY(IeN
1)
GO TO 14
12 CONTINULE
14 DO 15 L=1sNLN
N=NLN+1-L
IF(BS=RNY{(N}) 185154516
16 X{IsJ)=(BS=RNY(N))*¥(RNXIN+L)=RNX(N))/ (RNY(N+1)=RNY(N))+RNX(N)
GO TO 200
15 CONTINUE
200 CONTINUE
PUNCH 55 (X(I4J)4I=153)
5 FORMAT(3F190,5)
300 ONTINUE
106 CONTINUE
STOP
END
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C DAILY RAINFALL PUNOFF MODEL BY JoToB.,OBEYSEKERA
DIMENSION A(10),QOB(15C)sPER(B5)sR(25)eTt4097)9QC(40930)sQCA(40)
DIMENSION QD(450)sW(8s8)sRAIN(1I50+8) sRF(8)sAPI(150)sWEEK(150)5

1RAN(150) sAINCR{4510)
DIMENSTION YY(150)sXX{150)
READ(5.1) INDEX
READ(541) NTRY4NAoND
WRITE(691) NTRYsNASND
READ (551) NORDsSNRGsNDAY
WRITE(651) NORDSNRGINDAY
READ (5971) AA4BBsCCyDDSEE
WRITE(6s71) AA,BBsCCsDDHEE
71 FORMAT(8F1067)
1 FORMATI(1615)
READ (5s3) (A(I)sI=1sNA)
WRITE(653) (A(T)sI=1sNA)
READ (5+300) NDALESsWCEKSTH,API(1)sFACTSAPIK
WRITE(6+300) NNALESIWEEKSTHAPI(1)sFACTSAPIK
300 FORMAT(1555F10,5)
READ (5971) ACC
WRITE(6s71) ACC

-READ(551) NIN

READ(5532) EMAX

DO 399 I=15NA

399 READ(593) (AINCR(IsJ)sJd=19NIN)
DO 20 I=1,NA
READ (5571) (W(IsJ)sJ=1sNRG)
WRITE(6s71) (W(IsJ)sJ=1sNRG)

20 CONTINUE

NDM=24/ND
DO 21 I=1,sNDAY
READ (593) (RAIN(IsL)sL=1oNRG)
WRITE(653) (RATN(IsL)sL=15NRG)
3 FORMAT(&8F10.3)
21 CONTINUE
READ (593) (QOR(I)sI=1sNORD)
WRITE(653) (QOR(I)sI=1sNORD)
DO 199 II=14NDALES
WEEK(TI)=WEEKST
199 CONTINUE
30 [I=114+1
WEEKST=WEEKST+1
JJ=11+6
DO 310 K=II,JJ
IF(KsGToNDAY) GO TG 320
WEEK(K) =WEEKST
310 CONTINUE
IT=K
GO TO 390
320 CONTINUE
TOT=0.,0
DO 321 I=1,NA
TOT=TOT+A(I)
321 CONTINUE
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$1=0,0
52=Ooo
DO 74 M=1,NORD
S1=51+GOR (M)
74 §2=52+QO0B(M)*Q0B(M)
AN=NORD
VAROB=S2=51%#S1 /AN
VOL=0,0
DO 200 II=1,NDAY
DO 40 MM=1,NA
RF(MM)=£,0
DO 40 L=14NRG
40 RF (MM) =RF (MM)+W (MM L) ¥RAIN(ITIsL)
RAN(II)=0,0
DO 31 MM=1,NA
RAN(II)=RANCII})+RF(MM)*A(MM)
31 CONTINUE
RAN(II)=RAN(IIY/TOT
APT(II+1)=API(TII)*APIK+RAN(II)
ROC=AA+BB*RAN(TI)+CC*API (I I} +DD%*1 Q+EE*WEEK(IT)
ROC=ROC*FACT
VOL=VOL+ROC*RANIII)*TOT
200 CONTINUE
IFYINDEX+EQo1? GO TO 871
FACT=S1/VOL
WRITE(64+325) FaCT
325 FORMAT(/5s10Xs@NEW VALUE OF FACTOR =@sF16.5//)
871 CONTINUE '
WRITE(64+326)
326 FORMAT (/751X saRAINFALL@s30OXs@API®s30Xs@WEEK NUMBER®2//)
WRITE(69327) (RAN(II)SAPI{II)YsWEEK(II)sII=1sNDAY)
327 FORMAT (10X 5F8033527X9F8403930X3F803)
DO 101 IJ=1,NTRY
READ (593) (PER(I}sI=1,5NDN)
READ(553) (R(J)sJ=1oNA)
NAN=NA
IF(INDEX.EQol) NAN=1
DO 100 KN=1,NAN
JK=NA+I=KN
RINT=R( JK)
RMAX=R ( JK)
IFCINDEXoFEQol) NIN=1
DO 111 KM=1oNIN
ROJKY=RINT+AINCR(JK sKM)
WRITE(65322) T1JsJKsKM
322 FORMAT(1H2s1CX,@TRIAL NUMBER =@513//5s10X2@THE R IS VARIED FOR ARE
1A NOo =@513//910Xs@INCREMENT NOo =@913///)
WRITE(6+323) (PER(I)sI=1,NDN)
323 FORMAT (10X s@PERCENTAGES®/91CXs5F10,3)
WRITE(65324) (R(J)sJ=1sNA)
324 FORMAT(/510Xs@VALUES OF R®/510Xs5F10,3)
C COMPUTE TRAVEL COEFFICIENTS
T(151)=R(1)
DO 50 I=2sNA



50

50

440

56
55
54

57

58
61

59

62

T(1s1)=Cc0

J=1

5=0,0

J=J+1

DO 51 L=14NA

IF(L=1) 65657
TUIsL)=T(J=15L)%(1e=R(L))

GO TO 51
T(J9L)=(10~R(L))*T(J’laL)+R(L)*T(J‘19L—1)
CONMTINUE

S=S+T(JsNA)

IF(SoLTUACCY Go TO 4
N2=J+NDN=~1

ML =NA*NDN

COMPUTE DAILY RUNOFF VALUES
DO 401 II=1,NDAY
ROC=AA+BB*¥RAN(II)+CCHAPI(IT)4+DD*1 o O+EE*WEEK(IT)
ROC=ROC*FACT

DO 60 M=1,N2

DO 60 N=1sM1

QC{MsN)I=0,0

DO 54 MM=14NA

RE(MM)=G,o0

DC 440 L=14NRG
RFEA(MM)=RF (MM) 4+ (MM L) ¥RAIN(II L)
N3=NDN¥* (MM=])+1

N4=N3+NDNw1

DO 55 N=N3s3N4&

N5=MM+N=N3

N6=N5+ J=MM

LN=N=N3+1

DO 56 M=N5,N6

LM=M=N5+MM ‘
QCIMsN)=A(MM)*¥PER(LN)*RF (MM) #%ROC*¥T(LMsMM) /1000
CONTINUE

CONTINUE

CONTINUE

DO 57 M=1,4N2

QCA{M) =000

DO 57 N=1,yM1
QCAIM)=QCAIM)Y+0C(MsN)
IF{II=1) 58458,59

DO 61 K=1,oN2

QD (K)=QCA(K)

GO TO 491

N7=N2=NDN

DO 62 M=1,N7
K=NDN#*(II~1)+M

AX=QD (K)

BXt QCA (M)

QD (K)=AX+BX

N7=N7+1

DO 64 M=N74N?2

K=K+1

117



64

63
401

41

43
42

80

81
82

73

403
404

72

708
351
352
111
353

100
101

707
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QD (K)=QCA (M)
DO 62 M=1,5NDN
KK=K+M
QD (KK )=0,0
CONTINUE
KK=KK-=NDN
NX=KK /NDN
N=(NX+1)%NDN=Kg
DO 41 L=1sN
KK=KK+L
GD(KK)Y=0.0
NX=NX+1
DO 42 M=14NX
§=7,0
N1=(M=1)*NDN+1
N2=N1+NDN=1
DO 43 K=N1,N2
S$=5+QD (K)
QD (M) =
SUM=0,0
S$=0.0
IF(NORD=NX) 80,80s81
N10=NORD
GO ‘TO 82
N1O0=NX
DO 73 M=1,N10
SUM=SUM+QD (M)
S=S5+(QO0B(M)=QD (M) )¥**2
EFF=(10=S/VAROR)*100¢
WRITE(B65403) (QDILYsL=14NX)
FORMAT (//s55XspCOMPUTED DATILY (UNOFF@//e(lZFll 3))
WRITE(69404) (QOB(L)sL=1sNORD)
FORMAT(//555Xs»OBSERVED DAILY RUNOFF®//5s(12F11:3))
WRITE(6s72) SUM9S1sSsVAROBSEFF
FORMAT(///s20X,@COMPUTED VOLUME =@3F15.3/,+,20Xs@OBSERVED VOLUME =@
15F1563/7/+20Xs@SYUM OF OBS=CALC SQUARED =@3F15.3//520X+@0BSERVED VAR
2IANCE =@35F15,3//920Xs@EFFICIENCY =®3F10,3")
IF(EFF-LT.EMAXYy GO TO 351
EMAX=EFF
RML X =R { JK)
DO 708 IK=1sNX
YY(IK)=QD(IK)
NXX =NX
CONTINUE
WRITE(6+352) EMAX
FORMAT (10X s@MAXIMUM EFFICIENCY SO FAR ACHIEVED =@+F10.3//7)
CONTINUE
R(JK) =RMAX
WRITE(69353) EMAXs(RI{L)sL=]sNA)
FORMAT(///5Xs@MAXIMUM EFFICIENCY OF@sF10.34@FOR THE SET OF R VALU
1ES®@s5F10.4//)
CONTINUE
CONTINUE
WRITE(65707)
FORMAT (1H2)
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XMIN=0,0

XMAX=110.0

XL=12.0

XD=560

YMIN=0,0

YMAX=3000.0

YL=1100

YD=503060

PAUSE@POSITION PEN ON PLOTTERE .
CALL PLOT(101sXMINgXMAXsXLoXDsYMINsYMAXsYLsYD)
DO 709 IK=1,95

XX(IK)=IK

DO 711 I=1sNORD

CALL PLOT(10sXX{1),Q0B(I))
CONTINUE

CALL PLOT(99)

CALL PLOT{91,XMINsYMIN)

DO 712 I=14NXX

CALL PLOT(12:XX(I)sYY(I))
CONTINUE

STOP

END
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239

120

STOCHASTIC DAILY STREAMFLOW MODEL BY JoT.B.,OBEYSEKERA
INTEGER QUT

COMMON/ZAA/GX(3450)5GY{3950)sRNX{100) sRNY{100)sNG(3)sNLN
COMMON/BB/A(35700) sNSsNDAY
COMMON/CC/HWD(322929294) 9A10{(362525254)9B10(352429254)
1 811(392929294)gVARD(392929294)9RZG(392929294)9NBSTA(3)9NESTA(3)9
2 RLEV(Q)9RX(3950)9RY(3950)9NR(3)92AZ
COMMON/DD/ SURA(3)sS2RA(3)5S3RA(3)sSUMRA(3),SQMRA(3) s CUBRA(3)
COMMON/EE/XsNQ(10)
COMMON/FF/NYY(10)
COMMON/GG/NASND oNDN s NRGsAAsPBsCCsDDsEEsAR(LN) sW(898) s ACCHPER(5) oR
15) sNDALESSWEEKST s FACTsAPIK
COMMON/HH/DIR(25) sBAS(25) sNBL
COMMON/ZZ/JAYsAP1
DIMENSION NSER{10)

IN=5

QUT=6

‘READ (591) JAY

WRITE(651) JAY
READ(5,3) AP1

READ(551) NAsNPsNRG
WRITE(651) NASNDaNRG
RE£LD(5971) AAsrBsCCeDDSEE
FORMAT(8F10,7)

READ(593) (AR(1)sI=19NA)
WRITE(693) (AR(I)sI=1sNA)
READ(55997) NDALESIWEEKSToFACT9APIK
FORMAT(I555F10,5)

READ(5571) ACC
DO 239 I=13NA

READ(5571) (W(T1sJ)sJ=1sNRG)
CONTINUE

NDN=24/ND

READ(543) (PER(I)sI=1:NDN)
READ(54+3) (R(JysJ=1,sNA)
READ(541)NBL

WRITE(651) NBL

READ(553) (DIR(L)sL=1sNBL)
WRITE(653) (DIR(LYsL=1sNBL)
READ(553) (BAS(L)sL=1sNBL)
WRITE(693) (BAS(L)sL=15NBL)
READ({INs1) NDAVYSNS
WRITE(OUTs1) NPDAYSsNS
FORMAT(1615)

READCINST) NLNy(NG(I)oI=15NS) s (NR(I)sI=15NS)
WRITE(OUTs1) NLNs(NG(I)sI=1sNS)s(NR{I)YoI=15NS)
DO 10 I=14NS

NX=NG{1)

NY=NR(1I)

READ (INs2) (Gx(IsJ)sJd=1sNX)
WRITE(OUTSs8) (GX(IsJ)sd=1sNX)
READ (IN 52) (aY(IsJ)sd=1oNX)
WRITE(OUT8) (GY(IsJ)sJd=1aNX)
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100

200

300

350
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READ (IN 52) (RX({IsJ)sd=1sNY)

WRITE(OUTs8) (RX(IsJ)ad=1sNY)
*READ(IN 92) (RY(IoeJ)asdslsNY)
WRITE(OUT8) (RY(IsJ)sJ=1sNY)
CONTINUE
FORMAT(/915F8.13)
FORMAT({16F5,3)
READ (IN »2) (RNX(I)sI=14NLN)
WRITE(OUT+8) (RNX(I)sI=1oNLN)
READ (IN 92) (RNY(I)sI=1sNLN)
WRITE(OUT8) (RNY(I)sI=1sNLN)
DO 130 Ké&4e1l,2
DO 10C K5=1,2
DO 100 K2=1,.2
L=3
IF(K20EQoluANDoKSuEQoloANDcK[{-OEQol) L=1
00 100 MM=1,s|
READ (IN 43) (HWD(IsK2sK&sK5sMM)sI=15NS)
WRITE(OUT+3) (HWD(IsK2sK49K5sMM)sI=19NS)
CONTINUE
FORMAT(8F1065)

DO 200 K4=1,2
DO 200 K2=1,2
DO 200 MM=1,3
READ(INs4) A10(29K2sKb4s2sMM) 9B11(20K29Kbs2sMM) o
R2G{2sK2sK4529 M) sVARD(29K2 K492 9sMM)
WRITE(OUT s4) A10(2sK29K452sMM)sBL1I(2sK29KLs2sMM) s
R2G(29sK2sK452sMM) s VARDI(2 9K2 9 K& 92 s MM)
CONTINUE
FORMAT(8F10.5)

DO 300 K4=1,2

DO 300 MM=1,3

READ (IN 94) A10(39290K4e2 sMMYaBI0O(352+K402sMM) s
B11(3s2sK432sMM) sR2G(23529K&92sMM) sVARD(3529K4529MM)
WRITE(OUT s4) A10(352sK&4s29MM)eBLO(3920K4529MM) s
Bl1(352sK432sMM) 9R2G(392oKas2sMM)sVARD(3929K4529MM)
CONTINUE

DO 350 K4=1,2

DO 350 MM=1,3

READ (IN o bt} A10(3919K4929MM)9811(3919K4929MM)9
R2G(3915K45235MM) sVARD(3519K4929MM)

WRITECOUT 94) A10(391sK4529MM)9oBLLI(3919Kb49e2sMM) o
R2G(3915K4925sMM)YsVARD(3910K4 92 9MM)

CONTINUE

DO 275 Ké=s1,2
DO 375 MM=1,3



READ (IN s4) A10(3525K4519MM)sBIG(3529Kb4s1eMM) s
1 R2G(3529Kb919MM) sVARD(3929K4 91 sMM)
WRITE(OUTo4) A10(3529K451sMM)sB1O(352:Kb451sMM) -

R2C(392sK491sMM) sVARD(3529K4 91 9MM)
375 CONTINUE

i

C :
READ (IN s3) (RLEV(I)eI=153)
WRITE(OUT»3) (RLEV(I)sI=153)
READ (IN 1) (NBSTA(I)sI=143)
WRITE(OUTs1) (NBSTA(I)sI=1,3)
READ (IN 1) (NESTA(I)sI=1,3)
WRITE(OUTs1) (NESTA(I)sI=143)
READ (IN +3) ZAZsX
WRITE(OQOUTs3) ZAZsX

C
READ (INsl) INDEXsISER
WRITE(OUT,1) INDEXsISER
READ (IN 1) (NSER(I)sI=1+1SER)
WRITE(CUT»1) (NSER(I)sI=1sISER)
READ(INS1) (NYY(I)sI=1,ISER)
WRITE(OUTs1) (NYY(I)sI=l,ISER)
READ (IN 53) (A(Is1)sI=1uNS)
WRITE(OUTs3) (A(Is1)sI=1,NS)

C

DO 100C IL=1,ISER

READ(IN9999) NQ(IL)
999 FORMAT(I9)

IX=NQ(IL)

NL=NSER(IL)

NYES=NYY(IL)

CALL GENERA(NLSINDEXsNYES,IX)
1000 CONTINUE

STOP

END

SUBROUTINE GENERA(NYEARSINDEXSNYESIX)
C SUBROUTINE FOR gTOCHASTIC DAILY RAINFALL GENERATION
INTEGER OUT
COMMON/ZAA/GX(3550)9GY{3550) 9sRNX({100) sRNY(100)sNG(3)sNLN
COMMON/BB/A(3570C) sNSsNDAY
COMMON/CC/HWD(392925294) sA1C(352925294)3B10(392929294) 5
2 B11(392929254)4VARD(392929294)3sR2G(35295292s4)sNBSTA(3) sNESTA(3)
3 RLEV{4)sRX(355n)sRY(3950)sNR(3)sZAZ
COMMON/DD/SURA(3)sS2RA(3)9S3RA(3) sSUMRA(3)sSQAMRA(3) s CUBRA(3)
COMMON/EE/XsNQ(10)
COMMON/FF/NYY(10)
COMMON/7GG/ NAsNDsNDNsNRGsAAsBByCCoDDsEEsARI1I0) sW(B898) s ACCHPERIS5) R



800

600

35

1(5) s NDALESsWEEKSTsFACTSAPIK
COMMON/HH/DIR(25) sBAS(25) sNBL
COMMNION/ZZ/JIAY AP

DO 8GO0 I=15NS

SUMRA(I)=0,7

SAMRALI)=0.9
CUBRA(I)=0.0
CONTINUE

NEX=0

NL=3

DO 700 IJ=1,NYEAR
NIN=0

NOB=0

oUT=6

NRN=0O

DO 60C I=1sNS
SURA(TI)=A(TI+1)
S2RA(II=A(I1)%A(I51)
S3RA(I)=A(Ts1)%A(Is1)*A(Is1)
CONTINUE

DO 500 K=2sNDAY
DO 475 N=1,4NS
ISB=NBSTA(N)
ISE=NESTA(N)
1C=1
ID=1
IFI{NoNE-1) ID=0
IFIN.GT.2) IC=n

A2=A(1SBsK=IC)
A4=A(NsK=1)
AS5=A(ISEsK=ID)
K2=1

IFLA2,GTX) K2=2
K4=1

IF(A4.GToX) Ké=2
K5=1

IF(A50GToX) K522

IF{NcEQOloANDoKZUEQo10ANDGK40EQ01oANDOKSOEQolj GO TO 100

IF(NoGTo2) GO TO 35
IF(NoEQo2) GO TO 40
Z=A4

IF(K4,EQo2) GO TO 50
Z=A5

IF(K5,EQo2) GO TO 50
Z2=A2

IF(K20,EQ.2) GO TO 50
GO TO 100

Z=A5

IF(K50,EQ02) GO TO 50
Z2=A2

IF(K2,EQs2) GO TO 50

123



40

50

51
52

60

70

80

100

Z=A4

IF(K4,EQo2) GO TO 50
GO TO 100

Z=A5

IF(K5,EQ02) GO TO 590
Z=A4

IF({K40,EQo2) GO TO 56
2=A2

IF(K20,EQo2) GO TO 50
GO TO 100

CONTINUE

DO 51 IS=14NL
MM=NL+1=15
RA=RLEV (MM)

IF{Z2:GT+.RA) GO TO 52
CONTINUE

CALL RANDUMI{IXsTYsYF)
IX=1Y
IF(YFoGToHWD(N4K29K45K5,MM)) GC TO 53
IF(N.EQ+1) GO TO 110
IF(NeGT 025 ANDoK2EQo20ANDK5EQ,2) GO TO 60
IF(NoGT o625 ANDoK20EQo2cANDoK5-EC,1) GO TO 70
IF(N.GEc2,ANDsk5.EQe2) GO TO 80
GO-TO 110

CALL TRANSF{A2s15B)

CALL TRAMSF(AS5s7SE)
Z=P1O(Ns25K492 MM)+BL1O(N23KLs2sMMI*¥A24BI1 (N2 K452 MM *A5
IF(R2G(Ns2sK4 92 sMM)oLEoZAZ) GO TO 195
22=VARD(Ns2,Kb,y2sMM)

NIN=NIN,1

CALL GAUSSBI(IXs22+25ZX)

CALL SFNART(ZXsN)
A(NsK)=ZX
NRN=NR{+1
GO TO 476

CALL TRANSF(A2+1SB)
Z=A10(Ns2sK4o1,MM)+BI0O(Ns2sK4s 1 sMM)*FA2
IF(R2G(Ns29K4s1sMM)oLEoZAZ) GO TO 195
22=VARD (N2 9K4y19MM)

NIN=NIN.1

CALL GAUSSB(IX9729Z5ZX)

CALL SFNART(ZXsN)
AINsK)=2ZX
NRN=NRN+1
GO TO 476

CALL TRANSF (A541SE)
Z=A10(NsK2oKbs2sMMI+BL1(NsK2sKbs2,MM)%AS
IF(R2G(NsK2,K4s25MM) oLE,ZAZY GO TO 195
Z2=VARD(NsK2sKg 52 9MM)

NIN=NIN,1

CALL GAUSSB(IX97229Z4ZX)

CALL SFNART(ZXoN)
ACNsK)=ZX
NRN=NRN+1
GO TO 476

CALL RANDUM(IXsTIYsYF)



110

120
130

53

195

220
230

476

475
500

111

222

400 .

202

223

1
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Mh =1
IXs1Y
IF(YF,GT HWD(NyK25K45K5,5,1)) GO TO 53

CALL RANDUM(IXoT1YsYF)

IX=1Y

NX=NR(N)
DO 120 KA=24NX

12=KA

IF(YFoGEGRY(NsTZ=1) c ANDLYF,LToRY(NsIZ)) GO TO 130
CONTINUE
BT=(YF=RY(NoyZea] ) )#(RX(NoIZ)™RX(NsIZ=1))/
(RY(NsIZ)=RY(NoyIZ=1))+RX(NoIZ=1)

A(NsK)=BT

NRN=NRN+1

GO TO 476 ;

A(N9K)=Ooo

NOB=NOBo1

GO TO 476
CALL RANDUMI(IXsTYsYF)

IX=1Y

NX=NG (N)
DO 220 KA=24NX

12=KA »
IF(YFoGEoGY(NsTZ=1) s ANDoYF.LToGY(NsIZ)) GO TO 230
CONTINUE ,
BT=(YF=GY(NsIZ=1) )% (GX(NsI1Z)=GX(NsIZ=1))/
(GY(NsTZ)=GY(N,IZ®1))+GX(NysIZ=1)

A(NsK)=BT

NRN=NRN+1

CONTINUE

A3=A(NsK)

SURA(N)=SURA(NY+A3

S2RA(N)=S2RA(N)+AZ%*A3

S3RAIN)=S3RAIN)+A3*A3%*A3

CONTINUE

CONTINUE

WRITE(OUT-111) '
FORMAT(5X s 4HYEAR 10X s 11HSEASON MEAN s10Xs7HSTDoDEV 510Xs
BHSKEWNESS 510X512HSTATION NO. )

DO 400 N=1,NS

AS5:\NDAY

A3=SURA(N)/(A5)
B3=S2RA(N)/(A5)y=(SURA(N)*SURA(NY )/ (A5*A5)
B3=SQRT(B3)
G=((A5%A5)%S3RA(N)=3%A5%SURA(N)*¥S2RA(N)+2*SURA (N)*SURA (N)
*SURA(NY )/ (AS% (AS=1) ¥ (A5~2) ¥B3*B3*B3)
WRITE(CUT222) 1JsA35B35GsN

FORMAT (/95X s13311X5F903512XsF65, 3911x9F7°3914x912)
CONTINUE
WRITE(OUT»202) NIN

FORMAT (10X»s@NO, OF TIMES GAUSS CALLED =@s14)
WRITE(OUTs1) NOR

FORMAT £20X @ NUMBER OF DRY DAYS IN THE SEASOM = @517)
WRITE(OUT»223) NRN

FORMAT 20X s 36HNUMBER OF RAINY DAYS IN THE SEASON =5 179)
IF(INDEXoNEo1) GO TO 402

NEX=NEX+1

IFINEX.GT-NYESY GO TO 402



402

403

700

333

4000
2222

334

100
102
101

12
13
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CALL WRTOUT

CONT INUE

DO 403 N=1sNS

SUMRA (N)=SUMRA (N) +SURA(N)
SQMRA(N)=SQMRA (N)+SURA (N ) *SURA (N)

CUBRA (N)=CUBRA (N)+SURA (N} #SURA [N} *SURA (N)
CONT INUE

TEMP=WEEKST

CALL SIMULA
WEEKST=TEMP

CONTINUE

WRITE(OUT»333)

FORM AT (1H2)

DO 4300 N=1,NS

WRITE(OUT»2222)

A5 =NYEAR

A3=SUMRA(N) /A5

B3=SQMRA(N) / (A5m1)=( SUMRA (N) *SUMRA (N) )/ (A5%(A5=1) )
B3=SQRT(B3)

6= ((A5%A5) *CUBRA (N)=3%A5% SUMRA (N) # SQMRA ( N) +2%SUMRA (N) ¥ SUMRA (N)
¥SUMRA(N) )/ (A5%(AB=1)% (A5=2) *B3*B3#B3)
WRITE(OUT»334) A35B35GsN |

CONTINUE

FORMAT(//+24X994HYEARLY MEAN RAIN STA.DEV. OF YEARLY RAIN
SKEW OF YEARLY RAIN STATION NUMBER )
FOCRMAT(/529XsFBa2916X5F902519XsFT03525X912)

RETURN

END

SUBROUTINE WRTOYT '

INTEGER OUT

COMMON/BB/A(35100) sNSsNDAY
ouUT=6

DO 100 I=15NS

WRITE(OUT102) I

WRITECOUTs1N1) (A(I9sK)sK=1sNDAY)
CONTINUE

FORMAT (20X s 6HSEASONs 10X s 31HDAILY RAINFALL = STATION NOo=,13)
FORMAT(15F8,3)

RETURN

END

SUBROUTINE TRANSF(ASsI)
INTEGER OUT
COMMON/AA/GX(34550)5GY(3550) sRNX{100) sRNY(100)sNG(3)sNLN
oUT=6

M=NG(I)
DO 12 L=14M

N=M+1=L

IF(ASoGToGX(IsN)) GO TO 13
CONTINUE

COMTINUE

IF(LcNEo1) GO To 14
AS=GX(IsN)
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16
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17

16

12
13
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GY(IsN+1)=GY(I4N)

GX{IaN+1)=GX(I4N)+1,0
WRITE(OUTs1) N
FORMAT(I3524HLIMIT EXCEEDED IN TRANSF )
CONTINUE
BS=(AS=GX(T4N) )% (GY(TsN+1)mGY(TIsN))/
1 (GXOIoaN+1)=GX(TsN))+GY(IsN)
DO 15 L=1sNLN
N=NLN+1=L
IF(BSoGToRNY(N)) GO TO 16
CONTINUE ‘
AS=(BS=RNY (N) )% (RNX(N+1)=RNX(N))/

1 (RNY(N+1)=RNY(N))+RNX(N)

RETURN
END

SUBROQUTINE SFNART(ASsI)

INTEGER QUT
COMMON/AA/GX(3,50)5GY(3550) sRNX(100) sRNY(100)sNG(3)sNLN
oUT=6

M=NG(1)
DO 15 L=1sNLN

N=NLN+1=L

[F(ASsGToRNX(NY) GO TO 17
CONTINUE

WRITE(OUTs1) N

FORMAT(I3324HLIMIT EXCEEDED IN SFNART )
AS=RNX(N)

IF(LoNEo1) GO TO 16

AS=RNX({N)

RNY (N+1)=RNY (N}

RNXIN+1)=RNX(N}+1.0

BS=(AS=RNX{N) ) * (RNY (N+1)=RNY{N))/ (RNX{N+1)=RNX(N)J+RNY(N)
DO 12 L=1,4M

N=M+1=L

[F(BSoGTGY(IsN)) GO TO 13
CONTINUE

AS=(BS=GY (T 4N) ) *(GX({ToN+1)=GX(TsN) )/ (GY(TsN+1)=GY(IsN))+GX{IsN)

RETURN
END
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SUBROUTINE SIMULA

C SUBROUTINE TO TRANSFORM DAILY RAINFALL TO DAILY RUNOFF
DIMENSION RAN(150)5API(150) sWEEK(150)sQD{450) sRF(8)sT(4057)sQC(405
130) sQCA(40)
COMMON/GG/ NAsSNDsNDNsNRGyAAsBRsCCoDDSEESAR(IO)IsW(B8) s ACCLPER(5) R
1(5) sNDALESIWEEKSTsFACTsAPIK
COMMON/HH/ DIR(25)sBAS(25)sNBL
COMMON/BB/A(35100) sNSsNDAY
COMMON/22/JAYsAP1
APTI(1)=AP1
2 FORMAT(8F10,3)
WRITE(6492) (AR(T)9sI=1sNA)
DO 199 II=1,NDALES
WEEK(IIL)=WEEKST
199 CONTINUE
30 II=11+1
WEEKST=WEEKST+1
JJ=11+6
DO 310 K=11,JJ
IF(KoGToNDAY) GO TO 320
WEEK(K)Y=WEEKST
310 CONTINUE
IIsK
GO TO 30
320 CONTINUE
TOT=0.0
DO 321 I=1,NA
TOT=TOT+AR( 1)
321 CONTINUE

T(1,1)=R(1)
DO 50 I=24NA
50 T(ls1)=0o0
J=1
$=060
4 J=J+1

DO 51 L=1sNA
IF(L=1) 69647

6 TCJoL)=T(J=1sL)*¥(1o=R(L})

GO TO 51
7 TOJsL)=(1o=RILYI¥T(J=1sL)+R(L)%T(J~1sL=-1)
51 CONTINUE

$=S+T (JsNA)
IF(SeLTonACC) GO TO 4
N2=J+NDN=1
M1=NA¥*NDN
DO 401 II=1,NDAY
DO 40 MM=1,NA
RF(MM)=0,0
DO 40 L=1sNRG
40 RFE(MM) =RF(MM)+W(MMsL)*¥A(LsT1)
RAN(II)=0,0
DO 31 MM=1sNA
RAN(II)=RAN(II)+RF(MM)*AR(MM)
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60

56
55
54

57

58
61

59

62

64

63
401

326
327

4]
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CONTINUE

RAN(II)=RAN(II)y/TOT
APTI(II+1)=API(II)*APIK+RAN(II)
ROC=AA+BB*¥RAN(TI I )+CCHAPI(I I }Y+DD*1,0+EE*WEEK(I])
ROC=ROC*FACT

DO 60 M=1,N2

DO 60 N=1sM1

QC(MyN)=0,0

DO 54 MM=1,NA

N3 =NDN* (MM=1)+1

N4=N3+NDN-1

DO 55 N=N3sN4

N5 =MM+N=N3

N6=N5+J=MM

LN=N=-N3+1

DO 56 M=N5,4N6

LM&e M=N5+MM

QC(MsN) =AR(MM) #PER(LN) ¥RF (MM)*ROC*T(LMsMM)} /100,
CONTINUE

CONTINUE

CONTINUE

DO 57 M=1,N?2

QCA(M)=3s0

DO 57 N=1,M1
QCA(M)=QCA(M)I+QC (MsN)

IF(II=1) 58+58,59

DO 61 K=19N2

QD (K)y=QCA(K)

GO T0 401

N7=N2=~NDN
DO 62 M=14N7

K=NDN*(II=1)+M -
AX=QD(K)

BX=QCA(M)

QD (K)=AX+BX

N7=NT7+1

DO 64 M=NT7sN2

K=K+1

QD (K)Y=QCA(M)

DO 63 M=19NDN

KK=K+M

QD (KK )=Go0

CONTINUE

WRITE(69326)
FORMATI(//510X>ARAINFALLEs30X s@API@9y30Xs@WEEK NUMBER®@//77/)
WRITE(69327)(RAN(IT) sAPTI{(IT)sWIEK(II)sII=19NDAY)
FORMAT (10X sF803927XsF863,30XsF803)
KK=KK=NDN

NX=KK/NDN

N=(NX+1)*NDN=Ky

DO 41 L=1sN

KK=KK+L

QD (KK)=0,0



43
42

999

T

998

191

100

200
300

334

-
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NX=NX+1
DO 42 M=1sNX
$=0,0
N1=(M=1)*NDN+1
N2=N1+NDN=1
DO 43 K=N1sN2
S=£+QD(K)
QD (M) =S
WRITE(65999) (QDIM)sM=1yNX)
FORMAT(///+910X,@GENERATED DIRECT DAILY RUNOFF@///+(12F11.3))
CALL STATIC(QD,NX)
IF(JAYoNEs1) GO TO 191
DO 777 1I=1sNX
AS=QD(I)
CALL BASEFL(AS)
QD(I)=AS+QDI( 1)
CONTINUE
WRITE(65998) (QD(M)sM=1,NX)
FORMAT(///s10X,@GENERATED DAILY RUNOFF WITH BASEFLOW ADDED®@///5
1 (12F1163))
CALL STATIC(QD4NX)
RETURN
END

SUBROUTINE STATIC(QDsNX)

DIMENSION QD(450)

51=0,0

$2=0,0

$3=0.0

DO 100 I=14NX

S1=S1+QD(1)

S2=52+QD(IY*QD (1)

S$3=53+QD(I)1*QD(1)*QD(1)

CONTINUE

NNX=NX

DO 200 J=1,sNX

K=NX+1=J

IF(QD(K)sGToGon) GO TO 300

NNX=NNX=1

CONTINUE

A5 =NNX

A3=S1/A5

B3=52/(A5=1)=(81%S51)/(AS5#* (A5%]))

B3=SQRT(B3)

G=((A5*A5)*#53m3xAbXSI*524+2%S51#S51*51)/
L1(AS* (A5=1)% (AS5%2)#B3%B3%B3)

WRITE(69334)NNX9sA35B35G

FORMAT(//+5Xs@NUMBER OF VALUES =@,1555X s@MEAN —@9F15 395X
1 @STD DEV =@3F150355Xs@SKEWNESS =@,F15,3//)

RETURN

END

$
SUBROUTINE BASEFL(AS)
COMMON/HH/DIR(25)sBAS(25) sNBL



100

13

14

50

DO 100 I=1sNBL

N=NBL + 1]
IF(AScGT-DIR(NY) GO TO 13
CONTINUE

IF{I<NE-1)Y GO To 1l4
AS=DIRI(N)

DIR(N+1)=DIR(N)
BAS(N+1)=BAS(N)

CONT INUE
AS=(AS=DIR(N) )% (BAS{(N+1)=~BAS(N))/
(DIR(N+1)=DIR(N))+BAS(N)

RETURN

END

SUBROUTINE GAUSSB(IXsDSTDEsDURsV)
SUBROUTINE FOR RECTANGULARLY DISTRIBUTED RANDCM NUMBERS
A=0.
DO 50 I=1,12
CALL RANDUMI(IXsIYsY)
IX=1Y
A=A+Y
V=(A=6,0)#DSTDE+DUR
RETURN
END

SUBROUTINE RANDUM(IXsIYsYFL)

SUBROUTINE .FOR NORMALLY DISTRIBUTED RANDOM NUMBERS

IY=1IX*%65536
IF(IY) 546556
IY=1Y+2147483647+1
YFL=TY
YFL=YFL*,4656613E~9
RETURN
END
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