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ABSTRACT .

The main objective of this study was to study the hydrologi'cal characteristics of -
some catchments in western Himalayan region and to investigate the criteria and
procedures for selection and application of design flood for water resources structures
with possible improvements. Towards this objective, practices reiated to both the design
flood criteria and estimation procedures, currently being followed in India, in general, .
and in Westen Himalayan region in particular, have been critically reviewed. A
comparison has also been made with the practices b'eing follbwed in some of the .

developed countries.

It is practically impossible to gauge every river at every location where a dam,
barrage, bridge or similar hydraulic structure may be sited. Hence, a regional appfoach is
inevitable for flood estimation, for a majority of such structures. In the past, there have _
been various attempts at regionalizing flood hydrological parameters. Due to the
mountainous nature ofﬂ the catchments in the Western Himalayan region, procedures
developed for plain areas cannot be directly applied for flood estimation in this area.

Snowmelt runoff is found to have very good correlation in log space with area under

SNOW-COVer.

Four major approaches, viz., Rational formula, empirical formula, regional flood
frequency approach and regionalized Syntheﬁc UG approach have been critically -
reviewed. The Rational formula represents the response behaviour of only very small
catchments. © The other three approaches directly or indirectly use some form of -

regression relations, which represent the average behaviour. Wide confidence bands of
' the regression relations restrict the use of such methods. Disregard to this aspect leads to
unreliable estimation. Synthetic UG approach proposed in CWC report (CWC, 1994)
needs modification before applying to mountainous upper catchments. Flood estimation
for nine project sites in the étudy area (Upper Yamuna, Upper Ganga and Sarju basins)

using various methods have been carried out.



The UG approach assumes catchment linearity. In this dissertation, the linearity
of some catchments in the region has been studied through study of volume-peak
discharge relation in log-space. The applicability of UG method for catchments in the
region has been examined in this study. Appropriate volufne-peak discharge relation for

the study area have been developed and used in flood estimation.

v
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CHAPTER 1

INTRODUCTION

1.1  BACKGROUND OF THE STUDY

Hydrological studies form an important and basic input to ﬁianning and design of : -

all water resources development projects. The three most important hydrological inputs,
in general, are water availability, design flood and sediment pattern and distribution. |
studies. Flood plain occupancy is becoming critical due to increasing population and
industrial development in the flood plains. Thus, in Indian context, Adam' b»reaches-are »
likely to lead to significantly large flood damages. Therefore, the design flood inputs for
sizing of spillways of water resources structures being constructed across rivers need to _'

be arrived at in a judicious manner, taking into account both economy in cost and safety

of the structure itself and the people in the valley downstream. Globally, insufficient . i

spillway capacity has been found to be one of the major causes of dam failures. Global_ ;
warming and uncertainties about the possible climate change, especially, those related to -
extreme events, make the task of reliable hydrologic design all the more relevant. With
many new projects being constructed or being planned in the Himalyan region of India, a
critical review of the practices followed and the need for further studies to rectify -

shortcomings in the current methodology is necessary.

The approach to both selection and application of design flood in hydroiogié-

design in India has been broadly in tune with international practices. However, in the -

recent past, there is a widening of technological gap between practices followed in India 1 S

and in developed countries. A critical review of the criteria for selection and application

of design flood has been advocated at various forums in India.

In chapter 4, a brief summary of the various techniques being followed for désigﬁ - - :

flood estjmatibn for the study area and a brief review of their performance has Bégn .

presented.



“Unit hydrograph (UG) method (Sherman, 1932) is the most common method for
flood estimation in India. Unit hydrograph theory éssumes linearity of caiChtvﬁentﬁ |
response, in-the sense that the discharge values are considered to be proportional to the
: volume of rainfall exéess occurring uniformly over space and time, in a given duration
(called unit duration). The physiography of Upper Yamuna catchment is conducive to
short duration, high magnitude flood peaké énd the flows in channel phase in this part is
super-critical in nature (Aggarwal, P.P. ét al 1982). Because of the varying hydrological
characteristics, formulae for derivation of UG based on observations in the blain area,
cannot be directly utilized for the mountainous catchments. There has been number of
studies covering catchments from many countries of the world, indicating non-linearity of '
catchments, thus raising doubts about the applicébility of UG procedure. Linearity of
upper catchments in Himalayan region needs to be checked before applying Unit

Hydrograph method for estimation of design flood.

12 STUDY AREA

The study area is located in Himalayan region of India. The area has vast
unutilized hydropower potential. The area lS also geologically very young and
seismically unstable. Uttaranchal state of India w}és carved out in the year 1998 from the .
then Uttar Pradesh state as an independent state. The study area consists of the-
catchments of Upper Yamuna, Upper Ganga and :Kali basins. Most of the study'area fall
" in the Uttaranchal state. A map of the study area ié shown at Fig. 3.2, in chapter 3.

All the three rivers, Yamuna, Gahga and Kali are having substantial area under 1
permanent snow cover, making them perennial rivers. Many of their tributaries rise from
Himalayan glaciers. Yamuna, which is the most important tributafy of river Ganga, joins )
Ganga nearly 1000 km outside the boundary of study area. Kali is a tributary of Gaggar,
which in turn joins river Ganga, beyond the study area. Kali river is an international

river, with India and Nepal, being the riparian countries.

Topographically the area can be roughly classified as Terai (plain), Sivaliks (sub-

Himalayan tract), lower Himalayas and greater Himalayasm, in the order of increasing




altitude. The normal annual rainfall has a maximum value near about the elevatlon band»

of 1200-2000m a.s.l. The rainfall pattern of the area is heavily mﬂuenced by the |

topography and can be gauged from Fig. 3.7 to 3.10 of chapter 3. The topographlc,‘

meteorological and drainage features of the study atea has been described in deta_ll in

chapter 3.
13 OBJECTIVES |
i) To examine the criteria and procedures for selection and application Qf

design flood for water resources structures and to suggest improvements.
ii) ©~ To study hydrologic characteristics of some catchments in Himalayaﬁ;
region. o
iii) To examine the various methods for design flood estimation zbéﬁhg- R
practiced in the region and to analyse tﬁeir performance in predi_cﬂtih'gi‘_
flood events. '
iv)  To examine the hydrologic linearity of the catchments in the area and
applicability of unit hydrograph procedure in the Himalayan catchments. |
V) To derive relation between runoff volume and peak discharge, and lts :

application in flood estimation.

1.4  SCOPE OF STUDY

oty

Background and objective’é{%?f this study are presented by explaining the need fo_,rn L

review of hydrologic design practices and criteria for design flood selection. Country - - o

practices in selection of design flood for hydrologic design of hydraulic structures 'a_re .

critically reviewed and comments are offered in chapter 2. Hydrologic characteristics

influencing flood formation in the study area are analysed. Catchments of nine -

hydropower projects in Upper Yamuna, Upper Ganga and Kali basins are'janalysed; in.

chapter 3.
Conventional procedures for flood estimation (Rational formula, Snyder’s |
method, Modified Dicken’s formula, regional flood frequency studies, etc.) are reviewed _

and applied for flood estimation in the selected nine catchments (chapter 4). " A

PR .
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Hydrologic linearity of catchments is analysed through study of volume-peak
discharge relat'ion. Relationship is derived for flood estimation in ungauged catchments

(chapter 5).

Conclusions are drawn based on above mentioned study and recommendations are

* given for further study (chapter 6).




CHAPTER 2

A REVIEW OF DESIGN FLOOD CRITERIA AND ESTIMATION
PROCEDURES

Different criteria are adopted for various types of hydraulic structures depgndin_g't_)_h
magnitude of failure damages and prevailing socio-economic conditions.” Brief (i_lét‘ail'_sr (ﬂ)‘f B
practices followed in India and other countries are discussed-in the following sectiofis. In
India, Central Water Commission (CWC), (earlier Central Water and Powef CthtﬁiS.sibr_i)‘
and Bureau of Indian Standards (BIS) are the agencies at the federal level respOhsible for

framing the hydrologic design practices.

21 CRITERIA FOR STORAGE DAMS

2.1.1 Criteria Existing In India:

Because of inadequacy and highly uneven spatial and temporal distribution of raihfaﬂl, _
water resources development in India dependé‘-iieavily on creafion of surface storages. T_hé:re
are about 3600 completed large dams and 700 are under construction (CWC, i§92).‘ Major'i‘tSr;-_}_'
of completed dams are more than three decades old. Spillways are necessary pa'.rt:df -'suchf',“
structures to pass the excess water, which cannot be stored. Inadequate splllway capa(:lty is _‘f
found to be the most common causevof dam failure. There has also been the scenario of ever'

increasing population on the downstream flood plams glvmg nse to increase hazard w1th

lapse of time.

Till 1985, recommendations from the Government of India report, "EstihlétiSn:of;::}

Design Flood -Recommended Procedure" (CW&PC, 1972) served the purpose. of natlona.l;’
standard for selection of design flood for dams. The current national standard as reﬂected in
"IS; 11223-1985-Guidelines for Fixing Spillway Capacity," (BIS, 1985) is an 1mprovem~e;1t‘t :
these recommendations. In this guideline, various inflow design floods that ﬂne.e'c;l; to be

considered for various functions of spillways have been listed:




a) Inflow design flood for the s.afety of the dam against overtopping structural
failure:' The spillway and its énergy diséipation arrangements, if' provided for a
lower flood, should function reasonably well.

~ b) Inflow design flood for efficient operation of energy dissipation works: It can be
lower than the inflow design flood for safety of the dam, provided no damage tb
main structure will occur. l '

c) Inflow design . ﬂébd for | checking. acceptability of extent of upstream
submergence. - , |

d) Inflow design flood for checking acéeptability of extent of downstream

submergence.

" For the purpose of deciding the level of inflow design flood for the safety of the dam, .

~ dams are classified as small, intermediate and large on the basis of gross storage and static
head, as below. The overall size classification shall be the greater of that indicated by either
of the two parameters. Further the code permits the use of floods of largér or smaller
magnitude if the hazard involved in the eventuality of a failure is particularly high or low.
. For more important projects, dam break std_dies may be done as an aid to the judgment in

deciding whether PMF needs to be used.

Table 2.1: Inflow Design F lood for the Safety of the Dam

Classi- Gross storage (Mm”) Static Head (m) - Inflow Design Flood

fication . . For Safety of The
, Structure

Small . Between 0.5 and 10.0 Between 7.5 and 12 100-year flood

Inter- | Between 10 and 60 Between 12and 30 | SPF |

mediate | ‘ '

Large Greater than 60 | Greater than 30 PMF

2.1.2 Criteria Existing in some other countries:

_ Murthy and Reddy (1990) reviewed the criteria and practices followed in other '

countries in regard to hydrologic safety of large dams.

f




In Australia, the definition of large dams is as given by International Commission on
Large Dams (ICOLD) and selection of design flood is based on incremental flood hazard
category. In USA, dams are classified into three categories depending upon the height and

- storage and the hazard potential due to dam failure. The size classification is more or less

same as that adopted in India. (BIS, 1985). The recommended standards for the selection of -

design flood are given in Table below:

Table 2.2: Criteria followed in USA (i tate 90)

Hazard Size Safety standard in USA | Safety standard in Australia
Low Small 50 to 100 yr flood
Intermediate | 100 yr flood to SPF : :
1 00
Large SPF to PMF 1in100to 1 in 10
Significant | Small 100 yr flood to SPF _ _
| Intermediate | SPF to PMF 1in 1000 to 1 in 10,000
Large PMF
High Small SPF to PMF '
Intermediate | PMF 1in 10,000 to PMF
Large PMF

(Subsequently, agencies in USA have switched over to risk analysis as a basis for

selection of the design flood in all future investments.)

2.2  CRITERIA FOR BARRAGES AND WEIRS

Weirs and barrages havé usually, small storage capacities, and the risk of loss of life
and property downstream would rarely be enhanced by failure of the structure. Apart from
the damage to the structure itself, this may bring about disruption of irrigation and
communication that are dependent on the barrage /weir. Existing design practice are based
on BIS code, IS: 6966 (Part I)-1989, "Hydraulic Design of Barrages and Weirs-Guidelines,

Part I Alluvial reaches". The relevant provisions are:

"For purposes of design of items other than freeboard, a design flood of 50 year
return-period may normally suffice. For designing the free board, a minimum of 500 year
frequency flood or the SPF may be desirable.”

It can be seen that in this IS code also, some flexibility has been ‘given to the
designer, to vary the criteria based on risks and hazard involved. It would be more .

appropriate to use the concept of incremental hazard and use consequence based




classification. In incremental analysis, the potential hazard for the case of both before the

dam (natural condition) and with the dam (regulated condition) are compared.

Comments: It would have been better to have a single BIS code to cover all types water
retaining structures, above a particular level of height and storage. Such a code could apply
to industrial structures-as,well, such as tailing dams, etc. This is the practice suggested by
Canadian Dam Safety Association (CDA), vide their guidelines published in 1995 (CDA,
1995). Practice of having different codes for dams, barrages, weirs, embankments, etc. in
India, creates confusion and inconsistency. In many cases, the terms "dam" and "barrage"
have been used in a loosely interchangeable manner. .In this context, the definition of dam as
given in the CDA guideline (CDA, 1995), which is reproduced under can be considered:
"These guidelines apply in gener;'il to dams, as defined in Section 1.2, that are at least ‘8 m high
and which have at least 60,000 m’ of reservoir capacity (see Definitions). They also apply to
smaller dams where the consequences of failure would be “Low” or greater. Some examples of

small dams requiring special consideration are; dams on erodible foundations if a breach could

release a head in excess of 8 m, and dams retaining contaminated fluids."

23 CRITERIA FOR CROS:S DRAINAGE WORKS

Existing practice are based on BIS code, IS: 7784 (Part I)-1993, "Code of Practice for
Design of Cross Drainage Works, Part I General Features" (BIS, 1993). The structures are
- divided into four categories, A to D depending upon canal discharge and drainage discharge.

Table 2.3: Criteria for Cross Drainage Works

Category of | Canal discharge in | Drainage discharge | Frequency of design
structure m’/s - mfs flood
A 0-0.5 All discharges 1 in 25 years
B 0.5-15 0-150 1 in 50 years
Above 150 1 in 100 years
C 1530 0-100 1 in 50 years
Above 100 1 in 100 years
D Above 30 0-150 1 in 100 years
Above 150 See note 2 below

Note 1: Design flood is the higher of value from the above and the observed flood
peak.

Note 2: In this case, hydrology shall be investigated in detail and design flood not to
be less than 1 in 100 year flood.



Further, the code says that the check flood for the foundation shall be 25% more than

that given above.

Comment Compared to the earlier version, these recomimendations mcorporate thev
concept of consequence based decision-making, though in an approximate manner. In the ‘
earlier code, proportionate increase was based not on canal discharge and drainage dlscharge,l ,. i
but rather on the catchment area. Earlier.the standard was for 1 in 10 to 1in 25 year ﬂoo'ds" ':- :

Hence, standard has become harsher, which is but natural considering the 1mprovement in f )

economic status of the society and the increasing population density in flood plains.

There can be further improvement by incorporating the gross area undér iﬂigati‘on
which will be affected by disruption of supplies and also possnble damage and loss of llfe“
(dlrect) due to breach in the structure. There is justification for assigning a higher level of o

des1gn flood in the case of canals carrying water for municipal water supply and hydropower‘ o

generation,

Notwithstanding the above provisions, more important CD structures in AIndia, (such S

as those of th¢ Narmada Main Canal i in Gujarat) have been designed for floods of the order of -

SPF and PMF, considering the hlgh level of consequence of failure of these structures.

24 CRITERIA FOR ROAD AND RAIL BRIDGES

For road bridges, the Indian Roads Congress code (IRC, 1970), applies. According to = =

this, the design discharge for which thé waterway of a bridge is to be designed shall be the ' R

maximum flood observed.for a period of not less than 50 years; shall be discharée from any -

other recognized method applicable for that area; shall be the discharge found by the area’

| velocity method; by unit hydrograph method; and the maximum discharge fixed by_v't‘he: _‘

judgment of the engineers responsible for the design is to be adopted. Notwithstanding the : 'y .'“

above, generally, a 50 to 100 year flood is adopted. For railway bridges, Railway Dés’igh'ahd

Standards Organisation (RDSO) has recommended that 50-year flood is to be used-'fo;-

smaller bridges carrying minor lines and branch lines. In the case of larger bridges, i.e., those

carrying main lines and very important rail lines, a 100-year return period flood is to be | i

adopted.

\\\\\\\\



2.5 CRITERIA FOR FLOOD CONTROL EMBANKMENTS

During the fifties, CWC had reéomtnended that the highest water level, which the
cmbankments should Withstand be asseséed based oh the data situation. Whére" G&b dat‘a o
for 40- 50 years was available, a 100-year ﬂood was recommended. For shorter data length
s1tuatxons, certain empmcal relations were avallable connecting rainfall intensity and
‘catchment characteristics. When no data was avallable, Dicken's formula or Ryve's formula
were also used. The flood depth (measured above natma} ground level), so obtained was
further enhanced by a certain percentage. La}er, the following broad criteria was

recommended and is generally followed in the country.

Table 2.4;: Criteria for Flood Enibankments :

Predominantly agricultural areas 25 yéarS flood for small tributaries to 50-

year flood on major rivers.

| Town protection works | 100-year fiood

Important industrial complexes, 100-year flood

assets and lines of communicationl

Accordmg to Ganga Flood Control Commission (GFCC, 1978), "Subject to .
avallablhty of observed hydrological data the deSIgn HFL may be fixed on the basis of ﬂood
frequency analysis. In no case, the design HFL should be lower than the maxxmum__ on
record. For small rivers carrying discharge uﬁto 3000 cumecs, the design HFL shall =
correspond to 25 years return period flood. For the river carrying peak flood above 3000
cumecs, the design HFL shall correspond to 50 year return period. However, if the '
embankments concerned are to protect big township, iridustrial area 6r o'thef places of
‘ strategic importance, the design HFL shall genéially correspond to 100-yéar return perlod
flood. In the case of double embankments the design HFL shall be detenmned keeping in

view the antlmpated rise in the HFLs on dccount of jacketing of the river.

26 RISK BASED APPROACH FOR DESIGN FLOOD

~ Risk 'assessmenf is still a rélativelf new concept in the field of dam safety evaluation arid E |

" decision making. When properly conducted it can provnde valuable information Whlch may not : .

otherw1se be available from conventional approaches
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2.6.1 Advantages Of A Risk Analysis Based Decision Making

From a decision-maker’s perspective, the potential benefits of risk analysis in

selection of design flood for dams and other hydraulic structures include systematic::.

* identification and definition of potential hazards; -

o identification of potential failure modes;
e qualitative and/or quantitative statements of risk; |
e identification of the important contributors to risk and the vulnerabilities of the

system,

o identification of strategies to reduce and control risk;
e provision of deeper understanding of the dam and its performance characteristics;

¢ improvement of emergency planmng,

e identification of the uncertainty in the analysis and the descnptlon of the degree of '
confidence in the result of the analysis; |

e comparison of risks posed by one dam with those of other similar dams aﬁd other
facilities and activities; ‘ ' )

* establishment of priorities for expenditures on safety improvements for individual
dams and between dams; |

e planning of monitoring and surveillance and identification of high risk structures.
All of the above play an important role in effective risk management of dams, whether the :

objective is improved public safety, prevention of economic loss, or comphance with
. e, : : S

government regulation.

2.7  RISK CLASSIFICATIONS AND DESIGN FLOOD SELECTION

Current national standards only give a broad suggestion for changes in criteria based on J
hazard potential and other factors; it does not gi_ve detailed proceduré and 'guideline‘ for
conducting such studies. The broad ffame work of classification given at Table 2.5 has been :
proposed for adoption in India. (CWC, 1999). However, a general consensus on this issue is :

yet to materialise.
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..+ Table 2.5: Classification Of Dams In Terms Of Consequences Of Failure s

POTENTIAL INCREMENTAL A
, ‘CONSEQUENCES OF FAILURE ™! MINIMUM CRITERIA -
CONSEQUEN ||  LIFE SAFETY ™™ SOCIOECONOMIC FOR INFLOW DESIGN
| CE . : FINANCIAL & FLOOD
CATEGORY ENVIRONMENTAL ™
VERY HIGH Large number of Extreme damages
fatalities | >Rs500m - PMF
>500 |
HIGH Some fatalities -| Large damages Between PMF and SPF
1010 500 Rs 10 mto 500 m (or AEP 1/1000) R
LOW Few fatalities Mbderate‘fia:nages AEP between 1/100 and -
anticipated | Rs1mtol0m 1/1000 (or SPF) -
, 1t 10 c
VERY LOW No fatalities | Minor damages beyond AEP 1/100 or greater
owner’s property <Rs Im

**Note: Numbers in table are given as example only..

[a]  Incremental to the impacts which would occur under the same natural conditions. (flood, eaxthqdakc or other event) but
without failure of the dam. The consequence (i.e. loss of life or economic losses) with the higher rating determines
which category is assigned to the structure. In the case of tailings dams, consequence categories should be assigned for

each stage in the life cycle of the dam.

{b]  The criteria which separate the Consequence Categories should be consistent with societal expectations_.' The criteria
may be based on levels of risk including loss of life which are acceptable or tolerable to society.  The inctemental

consequences shall include the effects of the loss of the reservoir.

28 A CRITICAL REVIEW OF DESIGN FLOOD - ESTIMATION PROCEDURES

o Since, hydrology is still evolving from the émpirical era, it has been found prudent by o
design engineers not to rush with "éode of good practice" on estimation procedures; -
However, a BIS code is available for design storm estimation. (IS: 5442-1969, currently

under revision). Procedures in vague in the country-are briefly discussed here.

At the start of this century, organised and large scale observation of river dischiarges ,
were limited to only a few sites in the country, pﬁmarily at existing barrages /weir locations. -

Be_xs’éd on this limited database, efforts were made to eStab‘li-sh'Statistical correlation between

- observed maximum peak discharges at the sites and their catchment area. Er‘npirical rel_étidns
such as Dicken's formula, Ryve's formula, Englis-Formula etc. are popular examples of this ”

period.



Later on, envelope curves were developed using whatever observed peaks were

available. Curve given by S/Sh. Kanwar Sain and Karpov (CW&PC, 1972) is an example :

These and similar empirical formulae dominated the field of design flood estimation throu_ghl'_:, :

as late as 1950's. Some of the main drawbacks of these methods are:

* the exceedence probability of the computed flood peak is unknown

o with the occurrence of more severe floods in the region, thete is a need for. - _':

revision of these formulae, which is rarely done,

 some coefficients etc. are to be subjectively chosen,

- e

e catchment area is but one parameter influencing the flood peak; other im'portai_n\_t_‘ S

factors like rainfall intensity, catchment slope and shape, soil and vegétati(ijtj_~';’

cover, etc. are ignored in most formulae.

Subsequently, CWC has developed envelop curves s based on estimates of PMF made.‘;}.‘;‘-‘
during the 1980's, in which an average lme an upper envelop and a lower envelop have been_:'f_"*-_j‘;,,

given and is shown at Fig. 2.1. (CWC, 2(901) These curves can be useful to get a prellmmary

estimate of PMF for design of major dams

2.8.1 Flood Frequency Approach

With availability of more and more discharge data, the feasibility of conducting a
statistical frequency study of flood peaks were explored. Many important dams.. suchas. e

Hirakud dam in Orissa (catchment area of the order of 83,400 sq.km.) were demgned on. thlsj -

"??‘z

basis. Presently, frequency analysis is being done using station data as also ona reglonal S

basis. Detailed analysis are to be carried out for checking a) consistency ,of the dat_a,b)fi‘

randomness, ¢) presence of features such as trend, jump, outlier, etc. Further, SilbjeCtiYit)E< in 4
deciding the frequency distribution to be used, method of fitting etc. cannot be completélji' S f
avoided, even though there are techniques to reduce the band of such subjectlve varlatlons

Some of the common limitations of adopting this as the sole technique for estlmatlon of..

design flood are:

o The method yields only peak discharge or level (therefore, uhsjuit‘éble"Avifvi,igkrgg"ii

complete hydrograph shape is required, as in the case of storage dam‘sfar:ld:‘ ‘

other structures effecting significant flood moderation).
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o Larger values have a high influence on the estimated paks. Unfortunately, - - L

these values are not systematically observed values, due to inheﬁ'ent tecl_m'ical.' L
and human limitations. ' :

o High level of unreliability at higher ranges of extrapolation.

Selection Of Return Period For A Given Level Of Risk o_f exceedance

It can be seen that the probability of a T year flood bemg exceeded in a penod of r-

- years is given by

P(X>Xp) = 1-(1-1/T)"

Using this formula, for example, it can be seen that the probability of a 100-year flood being ‘;Q,: o

exceeded in a project life of 100-years is 63.4%, which is too high to be accepteEl in general. o L

This is contrary to the popular notion that a 100-year flood has very little chance of beih:g,'r L

exceeded in100-years. Conversely, the return petiod which is to be used for design of a

structure can be decided, if the acceptable degree of risk and the expected life of the pl‘OjGCt

are known.

1
- 1_(1_P)llr

where, P represents the acceptable risk, in .a project life of 't' years. For L

example, it can be seen that the return period to be adopted for a structure having life of 1'0‘0 ‘

years for an acceptable risk of 1% will be 9950 years ( and not 100 years). There isneed for - - *

better appreciation of these basic principles by designers, who actually uses the hydrologlc =

inputs in their design.

In the above derivations, sampling errors are ignored. Since, this is not normally the case; - - -

there are further risks due to inaccuracies associated with estimation from limited samples. Tt -~

is in this context, that, it is suggested to conduct a test for significance of estimates such as T

standard error, confidence band, etc.

2.8.2 Hydrometeorological Approach

This is by far the most commonly used approach today in estlmatlon of de31gn ﬂood

for water resources structures, despite its many limitations. In hydrometeorologlcal approach .

attempt is made to analyse the causative factors responsible for productlon of floods; : I ;3-.‘,'._.'5" o
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Generally, hydrograph of runoff is assul'ned to consiét of a béseﬂow component and a direct
runoff component. The direct runoff component.is obtained by convqluting the éxcess
rainfall hyetograph with basin. response function. Even though many of these components
elude precise definition, the method is found to be very convenient and sufficiently accurate
for practical purposes (Chow V.T et.al., 1971, Singh, V.P., 1988) has also coﬁmented that
the definitions of many of the componenté, such as baseflow, are not unique. Thus, in this -'
method, basin response function, design rainfall excess graph (including its spatial and

temporal distribution) and baseflow are required for éétimation.of flood hydrograph.

INPUT . RESPONSE | outpPuT
(EXCEES |—» FUNCTION —»/ (SURFACE
RAINFALL) | RUNOFF )

2.8.2.1 Basin Response F unction

Development of a representative unit hydrograph at a péfticular site requires analysis
of short interval discharge and concurrent rainfall data. Since, regular and systematic
observation of discharges and short interval gauges is done only on a limited number of sites,
numbering around 1000, development of unit_hyd’ro'graph at the project site becomes a
probleﬁl. Further, due to the topographical and meteorological features in India, some of the
assumptions of the unit hydrograph theory are violated. Because of these reasons, maﬁy
- times, UG is developed using regional t_echniqués or 'by transposition from adjac';ehf

hydrologically similar basins.
2.8.2.2 Design Storm Parameters

Design storm depth, duration, its spatial and temporal distribution have been found to
be more important parameters, as comparéd to UG, baseflow and loss rate, in deciding the

design flood peak, especially for lower level of exceedence probabilities.

Design storm duration: In the case of storage dams, duration of design storm to be

equivalent to base of UG, rounded to muitip_lés- of 24 hours to be used for catchments upto

5000 sq. km. For larger catchments, duration for causing PMF is to be equivalént to25 -

times the travel time from the farthest point to the site of the structure (CWC, 1993). Where

peak and not volume is important, (WMO, 1995), a shorter duration equal to around 1.1 times .
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the time to peak is likely to give largest flood peak. This later approach has been
recommended for design of culverts, cross drainage works, road and rail bndges etc. A largerj*’ .
duration is likely to give more volume of hydrograph, but lesser peak and hence w1ll be"j,v ;-_';

desirable in case of dams and other structures having significant flood moderation effect '

Design storm depth: The major steps involved in design storm studies are : s't”udy“_ éf | N e

méteordlogy of the region, identification of severe rain storm phenomena, fixation of thej.‘ : :
hofnog,enous meteorological region, identification of candidate storms by scanmng through B o
the rainfall records of past 100 years or more (as is available);?f" storm transp"()s‘ikti'dtjl',i - ‘
transposition adjustment, Depth Area Duration (DAD) and Depth Duration (Db) analysxs, ‘
‘envelop adjusted DAD, storm maximization, adjustment for fixed observatlon cycle ‘etc. e
Design storm study is a highly spemahzed job and hence is usually done by an expenenced_'--.'}--i'

hydrometeorologist.

Currently, the accepted practice in the country is to arrange the design. stqr»r’;";,_‘_

hyetograph in the form of two bell shaped spells for each day, with the arrangen_ieﬁt w1thm

each spell to represent the maximum flood producing characteristics, subject to thgcdg‘x_diti@

that for any within storm duration, the depth does not exceed PMP depth for that duration:. Sr s

+

2.8.3 Regional Flood Frequency Approach

(For design of less important structures), economic considefa’tions, do not jus.tifyj’the;i ;‘
detailed hydrological and meteorological investigations at every new site on a large scale and c
on a long-term basis. (Goel, N.X,, et al, 2001). In such cases, regional analysis becomes. ve“r"y
useful. Regional flood frequency analysis typically begins with the definition of reglons -
Regions are defined to be subsets_of the entire collection of sites at which extreme- flow
information is available or required. A region can be cons1dered to comprise a group of‘ 51‘tes" o
- from which extreme flow informatipn can be obtained for improving the estimat{oﬁ_"of ER

extreme flows at any site in the region. (Ibid).

2.8.4 Regional UG Approach ‘

This is one of the most popular approaches used in ﬂood estlmanon for ungauged R

catchments. In this method, the more important UG characteristics such as tlme to peak pea

ordinate etc. are correlated with catchment physiographic parameters There aré” numerots




formulae available in literature for various region’s':_'of the world. However, caution has to bé

taken in their usage since, their applicability will be limited to the regidn for which they are -

derived and also for the range of catchment area sizes and other contributing factors like -

vegetation cover, land use, geology etc.

Central Water Commission had _publishec'i‘,‘a series of reports covering the varioﬁs
parts of India, for development of synthetic UG's qsihg catchment physio-graphic data. Using
these feports, the complete UG can be sketched foran ﬁngauged catchment. Since, these UG .
parameters are obtained based on best-fit regression relations, and wide scatter have Been
observed, their usage for design of important structures should be with caution. These reports
in addition also give necessary data for cofﬁputatién of 25-yea.r, 50-year and 100-year return
period rainfall values. These reports are increasinéiy being used by water resource engineers -
| for design of bridges, culverts, barrages, small dams, etc., where conse;quences of hydrologic‘
failure are not very severe. These reports have also been used in preliminary design flood

estimation for other important structures,

Narain et. al (Hydrology Journal , 25 (1) 2002, pp 23-30) have described similar
relations develope_d for Northern Himalayan region. In this, apart from 'the various
physiographic pérarneters used by CWC, catchment elongation ratio, A/P ratio, shape factor,
circularity ratio and fineness ratio have been used and hence, is expected to give better

results. However, in the above paper, an inter-comparison has not been given.

2.8.5 Transposition Of UG From A Gauged Catchment

Investigators have usedl various methods for t.ransfer of UG from a gauged catchment.
Rastogi, et. al (2003) have described one such method using t/t, and g/q, ratios for a
catchment in Uttaranchal. The brief details of the method are: i) The UG ordinates for all the
storm events are first determined by' dividing the direct runoff by effective rainfall. ii) The
average distribution graph is then obtained by averaging these ordinates and then conveting

them into percentages with respect to sum of the ordinates. iii) If there are more than one

gauged site in the homogenous region, average of these distribution graph can be considered' ‘ -

“as characteristic of the region. iv) this can be used at the ungauged site, if some formulae is
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available for computation of peak and lag time of the UG. ‘A similar procedure was alsoi : f'«v"-‘ o
described in CW&PC manual of 1972 (CW&PC, 1972).

Snyder's Method: In this well known method, a set if relations(refer to para 4.1 2 of 5

chapter 4) are used at the gauged site, to obtain two parameters, Ct and 'Cp, which are:

considered uniform over the region.

These values are then used for the ungauged catchment to obtain the lag and p‘eak -of :
the UG. The UG is then shaped, using certain relations connecting Wso Wis, Waso and Wms

with the parameters already computed.

One major shortcoming of this method was po.inted out by Linsley, et. Aal (1975) that _
the method does not take into account the slope of the river which is a major contrrbutlng? -'
factor. Accordingly, Linsley, et. al had suggested a modification to the above method taklng-.'
mto account the slope of the main river. More detailed discussion is grven at para 4. l 2 of

chapter 4.

SCS Method For Small Ungauged Catchments: The- Soil Conserizatiort Servrce
(SCS) of the US Department of Agriculture (1964) developed a model for predrctmg runoff -3
volumes from small agricultural watersheds. This is a one parameter model in whlch the;
parameter defined by the so called curve number (CN) reﬂccts the effect of sorl type,.
vegetative cover, land use, and antecedent moisture condrtron The values of CN have been';'“i
computed based on field measurements of hydrologic variables. ~The SCS model :ff_'
hypothesizes that for a given rainfall the ratio of actual infiltration F 10 the maximum possrblei-u
infiltration S ( which is equal to the volume of voids, L) is equal to the ratio of actual runoff
Q) to the maximum possible runoff ‘(R) (which is equal to' the ramfall amount less“ .
abstractions, L). Put algebraically, ' ‘ o
F_Q | |
S R v
The actual infiltration F is definedas: F=P-I,-QandR=P-l, = - | " £
“where, P denotes Precipitation, Ia initial abstraction and is normally taken as 0. 2 trmes S -

where : . . L




S = 1000/CN -10.(in iriches). -
‘Bolving the above, € can be compuied from:

o- (P -0.25)?
: (P + 0. SS) o
This runoff depth can be converted into a ﬂood hydrograph using ttiangular UG
approach. The method has been found to give better results as compared to the so called
Rational Formulae, which was being used widely for very small catchments, typically urban
watersheds. There are certaih theoretical inconsistencies in the SCS model (Chow,
Maidmont, et al,. 1987). These incohsiétenbies have been described in detail by Chen, S.J.
and Singh V.P'(1993) who have also ‘giilen an i'rhprov'ed SCS model. In this model, excess

rainfall volume is considered inversely pi‘dportiongl to soil moisture deficiency.

2.9 REVIEW OF DESIGN F LOOD ESTIMATES OF OLD DAMS
2.9.1 Hirakud Dam (Orissa)

The dam was completed in the year 1956 for irrigétion, power generation and flood
moderation for downstream areas. The dam intercei_)ts an area of 83,400 sq.kxﬂ. of Mahanadi
basin. It is a 4.8 km long composite dam, with the central concrete /masonry dam flanked -
with e‘arth‘en,~dykes on either side. The dam bIocks two armis of river Mahanadi by concrete
spillways WiliCh aresolid gravity type with ogece shaped crests. The maximum height over
deepest foundatlon level is 60.96m and the gross storage capaclty is 7189 MCM (at time of

constructlon)

In 1947 the magnitude of maximum flood discharge (of unknown return pefiod)'* was

estimated as 32564 cumecs (11.5 lakh cusecs) and this was later revised to 51819 cumecs

(18.9 lakh cusecs) with a volume of 35931 MCM (29 MAF). Further studies made in 1952~~~

showed that the 500 year return period {lood wouul(‘l have a peak of 42474 cumecs (15 lakh '

cusecs) which was adopted for design of the structure.

During the pemod of operauon of the dam, many ‘severe flood events have been-,

reported. Some of these events are 1) estlmated inflow of 42475 cumecs (15 lakh cusecs) and - "Q'f*f".:f:

-a release of the order of 31148 cumecs (i1 "!'fh H"‘Pcs) observed during July 1961,

~ii)estimated inflow of 37717 cumecs (13.32 lakh cusecs) and spillway discharge of 33385



| .cuniecs (11.79 lakh cusecs) durmg 20" Sept.1980. Smce these severe ﬂoods were observed

to arrlve at PMF at leakud dam. Unit hydrographs at sub-catchment outlets and the des1gn'

use- oﬁf,.', The PMF at Hirakud dam has been estimated to be having a peak of 69,632 cumecs
:2‘*(2459 1;1;1; cusecs) with a volurhe of 16,800 MCM. -

Further studies were conducted for handlmg the revised PMF at the Hrrakud dam by‘_ .

: 'dunng a short span of less than 30 years, a review of the earlier estimate was consxdered‘ A:'_

essentlal CWC and Water Resources Department, Govt. of Orissa jointly conducted & study’ -

.:storm using daily ramfall data available for the region for the last 100 or so years wére made_,-,_‘ EaS

followmg the general’ prmclples contained in the "Report on Dam Safety Procedures

- publlshed by CWC i in 1986. As per this report, there can be rclaxatlon in initial- reservoir .-

E level, if a flood forecasting system is in place and reservoir pre-depletion can be done based

 fora long time and is said to be giving good results, and further modernization of the system

on such forecasts. Since, the flood forecasting system in Mahanadi basin has been in place <

" was being implemented in 1996, it was considered advantageous to consider a reservo‘i'r'v- - :

) routmg study takmg into account the poss1ble pre-depletlon in advance of the mcormngt _"

R severe ﬂood

) | As per the routing studies done with the above assumption and using the reServoir rile. -

at Hirakud dam during any period upto August can be safely routed through the existing
*-spillways. Since; PMF is an extremely rare event, a proper view on the situation needs to be

; developed.

292 Chambal Complex Of Dams

' MP, whereas the other threc are in Rajastan.

- cumecs (7 5 lakh cusecs). Higher ﬂoods of 7.55 lakh cusecs and 8. 22 lakh cusecs were.f

“"“e\- .
B SR 1

. curves in practice by the state government, it was found that the PMF type of flood impinging . R

Desrgn ﬂoods for a cascade of four large dams, viz., Gandhi Sagar dam (GSD), Rana} 4'"';' .
Pratap Sagar dam (RPS), Jawahar Sagar (JS) dam and Kota Barrage (KB), constructed across‘ sl

Chambal river were revrewed Of the above, GSD is the upper most in the cascade and is m: . :

GSD was cornpletcd in the year 1960 and was designed for'a; flood ncak of 21,237 x5

- observed in the years 1961 and 1962 réspectively. A review of the dcsxgn flood was done in { AT



~ the year 1965 and thé design flood peak was re-assessed as 14.05 lakh cusecs. Several high
floods hévg been observed during the subsequent years as well, however, they were below

this re-assessed value.

As per the review of design flood conducted in the year 1994, the peak of PMF
hydrograph has been estimated as 54,390 cumecs (19.21 lakh cusecs). ‘

+ 29.3 Other Dams Recently Reviewed

" Under a World Bank Assisted project, CWC and state governments have reviewed the
hydrologic safety of nearly 62 large dams in the cod‘ntry.. “The results of the sfudy in brief
* . have been reported by Sharma et al (1999) and ax'e given at Table 2.6. It is observed that in
- m6St of the cases the earlier estimates were too much on the lower side. One of the reasons
could be that hydrology is a data based science and with occurrence of more severe events,
earlier estimates are bound to be revised upwards. Further, the design floods of many of

» thesg-o‘ld dams were arrived at by usiﬁg‘the empirical formula derived in the 1800's, which
3 - need upward revision in view of occurrence _i)_f more severe events in the interregnum,
More(')'ver,- the list of 62 dams, appearing in the above paper by Sharma et al (1999), is not a
r.ahdqm'sample and represents perhaps the worst ot of a population of nearly 3700 existing
large dams in the country. Henqe, no 'dire@:t cqnclusion can be made right now, without

. reviewing the hydrologic safety of ali_large dams in the country in a phased manner.
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Table 2.6 : Summary Results of Hydrologic Review of Dams

Sl Name of Dam Site Design flood used | Design flood as per | *
.No. in design (cumecs). | review (cumécs) -]
o e ® @ &
LSTA , .
l. | Pagara ’ , “"M.P.. - 1337 4692
. 2. | Pillowa : o 1337 - 6731 ;
3, | Kotwal ' W 1247 5947 .|
"4, | Gandhi Sagar _ B 21200 54390
75, | Tigra ' v 1455 2067
6. | Kaketo ' ‘ ™ 1811 ‘ 5728
7. | Bama ' A "o N
8. |Aoda i 18 3089 .
9. | Hirakud ' "Orissa 42474 69632 >
10. | Dagjang o 2831 430
1. | Ghodahada " 906 ‘ 1900
"12. | Saroda ' B 656 o1
3. | Bhanjanagar " T 175 1250
14. |Behera z 46 | 1030 |t
5. | Ganianala " 128 /0 |
16. | Jhamnai z 104 274 1=
17. | Alikuan " " 166 630
18. | Parbati ' Rajasthan NA . 7150
19. | Matri Kundia " NA 8125
20 | Alnia " NA 2605
21._| Galwa G NA 4010
22. | Sathnur TaxjgtiT!r‘,Nadu" 5664 o
23. | Pechiparai weo - 1104 5238 e
24, | Manimuthar " 1710 4965 | Lo
25. | Uppar z 708 T 53 B
26. | Ponnaniar G 199 846
p 27. | Gomukhinadhi " 728 2834
28. |.Vidur " 1768 6167

* Flood peak discharges (under PMF conditions upto Sathnur) for
. (a) Catchment upto Krishnagiri Dam 7883 cumecs

' .+ (b) Catchment below Krishnagiri dam and upto Sathnur 17942 cumecs
' “** Spillway capacity since original design flood value is not available




Table 2.6 : continued

SI. Name of Dam * ‘Site Design flood used | Design flood as per -
No. | . . _ ' in design (cumecs) review (cumecs) ;
M| @ BN @ | e
LISTB '

I. [Badjore | Orissa | 329 542
2. | Banksal | " 420 » 976

3. | Damsal - : e 436 1093.
4. | Kalo ’ o 965 2235
5. | Kodigam " 243 447
6. | Kumbbo ‘ B 231 703
7. |Nesa G 230 400
8. | Pilasalki . R 793 1785
9. | Sanmachhakandana T . 228 420
10. | Talkhol - > 157 333
11. | Chittar-I coom ' - 235 944
12| Chittar-l 1 265 220
13. | Kedayar-| : oo 257 1247
14. | Kodayar-l - z 787 2430
5. | Tambrapari 2549 5430
16. | Servalar " 1820 4288
17. | Perunchani I 878 6091
18. | Amravathy " - 4250 6542
19. | Willingdon T " ' NA ) 1590
20. | Gunderipallam o NA 1418
21. | Sidhamalli 72 450 1920
22. | Jawai ‘ Rajasthan 1900 6469
23. | Morel . NA 23457
24. | Gambhiri . I NA 8144
25. | Sei _ ' T ‘ NA 1756
26, | Sampna MP. - 600 158
27. | Chandora -~ MP. ©+ NA » 1000
28. | Bundala } M.P. , NA 1200
29. | Manimuktha Tamil Nadu . NA 4484

(Source, Sharma, et al, 1999).
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CHAPTER 3
ANALYSIS OF HYDROLOGIC CHARACTERISTICS

31 LOCATION' "

Westem Hlmalayas zone covers the states of Jammu, & Kashmir, Punjab SO

L Hlmachal Pradesh and Uttaranchal in India and is located between longitudes 73°E to\

?. 80° E and latitude 29° N to 370 30 N. th 3.1 shows locatlon of the zone in map of .

India. The zone is bounded by mtemattonal boundarles m the north and north-east.-ﬁh.'

o (Chma) west (Paktstan) and in the east (Nepal). The study area for this dlssertatlonji R

" consists of the Upper Yamuna, Upp_er Ganga and Kali basins in the Himalayan reglo_n,f;_"_' i ’
' lying in the states of Uttaranchal and Himachal Pradesh. (Fig. 3._1).»' ' ' |

.32  RIVERSYSTEM OF STUDY AREA -

A map showing the river system is at Fig. 3.2 and a schematic diagram “showing’ "
the location of the river valley project sites chosen in the study is at Fig. 3.3. The
individual component rivers of the system are described briefly in the follewing'- .
paragraphs. ‘ | | o

TR
VaE

* Starting from the eastern slopes of the Shimla ridge to the eastern Nepal, Ganga -

- River System is a major “drainage of the enttre Himalayan reglon The lmportant,':__

components of the system are:

a) River Yamuna and its tributaries River Yamuna, which. 'is' the largest ; '

tributary of Ganga, ortgmates from the :Yamunotrt glacner lylng on the . 't
southwestern slope of the Bundar Punch peak. The Tons, ‘which is the biggest PR

tributary of the Yamuna, ongmates from a glacier near Rupin pass as Rupm ‘f? -

river and is joined by another feeder stream namely, Suptn river, at Naitwar s

to form Tons. . Supin river orlgmates from the famous tourist spot of Har-kl-‘}“ :

dun valley, whtch isa large glaclal amphttheatre hemmed by snow-clad peaks L
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Fig. 3.2: River System of Study Area
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b)

éf main Himalaya on all sides. Supin catchment is heavily forested and the
Supin river flows through a series of falls and rapids before meeting Rupin
ri\./er. Upper areas of the catchment (;f river Rupin are also covered with snow.
River terraces are seen in the middle reaches of this river on both the banks.
Further downstream, Tons river is joined by Pabar river at Tiuni, flowing from
south-facing slopes of Dhauladhar range near the boder between the states of
Uttaranchal and Himachal Pradesh. River Pabar flows in a south-westerly
direction in its initial reaches and then takes a U-turn and then flows in a

nearly south-easterly direction to meet Tons at Tiuni.

Tons joins the river Yamuna near Kalsi and brings in roughly double the
amount of water as compared to the Yamuna at its junction. In between,
Aglar river, which rises at the base of the Yamuna-Bhagirathi water divide,
joins Yamuna, from the left, near Yamuna bridge. Giri'river, which rises in
east Central Himachal Pradesh merges with the Yamuna near Paonta from the

right bank.

Ganga and its tributaries: The main tributary system of the Ganga (in the

study reach) are:

o the river Yamuna and its tributaries as explained above

o the rivers Bhagirathi and Alaknanda

o the Kali river and its tributaries

o smaller rivers such as Song and Ramganga draining directly to
Ganga

o other tributaries such as Gagra, Gandak, Kosi etc, which are

outside the study area

These are briefly described below;



River Bhagirathi rises from ﬁear Gaumukh peak (nggotri glacier) in--
Uttarkashi district and it meets tributary river Bilangana at Tehri where the _'Tehri
dam has been constructed. Further downstream, it meets river Alaknanda at
Déoprayag, beyond Which the merged river is called river Ganga. Alaknanda
fises from thé glaciers to the nofth of the temple town of Badrinath and is joined
by many tributaries such ﬁs river Vishuganga at Vishhuprayag, river Nandakini at
Nandprayag, river Pindar at Karnprayag, river Mandakini at Rudraprayag.
Catchments of all these rivers receive significant amount of precipitation in the

form of snowfall.

River Nandakini originates as two streams from glaciers at the Trisul massif ,
- which join together to form river Mandakini, and on its way to finally meet river

Alaknanda at Nandprayag, it is joined by several small rivers.

River Mandakini originates as two streams from glaciers in the Kedarnath valley,
which join together to form river Mandakini, and on its way to finally meet river
Alaknanda at Rudraprayag, it is joined by several small rivers such as Kakra Gad,

Chandrapuri Gad, Lastar Gad etc.

River Pindar is an important left bank tributary of river Alaknanda and rises from
the Pindari glacier. Rishiganga river is an important tributary of this river.

.
Nayar river is the most important river draining the Kotdwara Satpuli area of

Garhwal and originates from the southern slopes of the Pauri ridge.
River Ramganiga rises from the south-eastern part of the water-divide with
Alaknanda, is principally a river fed by underground springs and it flows through

Korbett National Park and a major dam exists on this river in this region.

Kali River: It form border between India and Nepal flowing in a more or less

SSWdirection along a narrow V-shaped valley.
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Sarju river rises in the area to the north-west of Baijnath in central Kumaun and

joines river Kali at Pancheshwar, where a dam has been proposed.

Ramgaganga (Sarju) river is a tributary of Sarju, and originates from a glacier on

the south-east slopwes of the water-divide between Garhwal and Mumaun.

33 GENERAL CHARACTERISTICS

»

The Himalaya may aptly be divided into the following distinct physiographic divisions
from South to North. They are,

iii)

Terai regions, which are plain areas, characterised by intensive
agricultural activities and high population density.

Siwaliks Hills, which form a series of low hills roughly parallel to the.
main Himalayas, and separated from the lower Himalayas by valleys,
known as Duns, such as Dehradun, Patlidun etc. Siwéliks are profusely
forested and receive abundant rainfall. This region also éupport high
population density. The Siwaliks have a rema;kable even crest between
750 - 1500 m and are profusely forested.

Lower Himalayas, which lie to the north of Siwaliks and to the éouth of
Higher Himalayas and have elevation range of 1500 - 2700m. There are
several lakes in this zone, such as Naini Tal, Diuri Tal etc.

Higher Himalayas, which lie broadly at the periphery of Indian sub-
continent and have some of the highest peaks in this region. This region
is home to many glaciers. This zone has an average width of around 50
km and elevation range of 4000 m to 6000 m.

Trans-Himalayas, is a vast table-land, with cold arid climate and sparse

population. The area is unfit for cultivation.and has very low. rainfall.

The topography, soils and land-use pattern of the study area are shown in Fig. 3.4, 3.5

and 3.6 respectively. It can be seen from the map that in the study area, except for the
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terai region, the whole area is having mostly brown hilly soils (from sandstone and shale)
and except for some area under wheat and rice cultivation, most of the area is under

forest and higher elevations are wasteland.

Because of the rapid changes in elevation and rain shadow effects, the climatic
conditions are extremely varied and are strongly correlated with altitude and latitude.
Since, latitude is nc;t much changing in the stv.idy area, the following climatic regions can
be identified based on altitude. (Negi 1982, as quoted by Negi, 1991). ~

oy -
[N

Table 3.1: Climatic Regions in Sfudy Area’

Clima | Elevation Precipitation Annual
ticregion - | range (m) characteristics mean - Natue of
temperature Vegetation
. (©)
Arctic >4500 Most of the time snow | below0 | - Grass (short
covered period)
Sub-arctic 3500-4500 | Receives substantial 0-4 Pine, juniper,
snowfall deodar, chilgoza
_pine
Temperate | 2000-3500 Cool zone 10-14 Oak, deodar, pine,
fir, spruce
Sub-tropical | 700-2000 Zone of maximum 19 Chir pine, dryand
precipitation wet evergreen
Tropical <700 Warm humid 20 Sal

D. S. Upadhyaya and others (1982) studied the variation of precipitation with
altitude in the area and they have found a strong correlation between the two. The zone of
maximum precipitation has been found to be between 1200m and 2000m. Analytical
details of the distribution of rainfall with altitude have been studied by many authors,
such as Singh (1995), Singh and Kumar (1997) etc. as per information given by Pratap
Singh. (Singh and Singh, 2001). The normal annual rainfall and its typical rnoﬁthly
distribution pattern are shown in Fig. 3.7. The design rainfall depths of 25-year, 50-year -
and 100-year return periods for duratidn qf 24-hour are shown in the maps at Fig. 3.8, 3.9
and 3.10 (CWC, 1994) respectively. Tables below show the heaviest 24-hour storm-

rainfall, mean annual rainfall and short duration (1-hr, 3-hr etc.) rainfalls at some of the
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stations. This information is very useful for désign storm studies to ensure that the critical

storm sequence utilized is reasonable based on observed rainfall data.

Table 3.2: Heaviest 24-Hour Rainfall At Stations In Study Area

Heaviest 24-hour Rainfall at stations in study area
' Annual normal rainfall

District Station Rainfall (mm) {Date of QOccurrence (mm)
Pithoragarh  |Askote 450 05.09.1982 1853
Uttarkashi Kharsali 400 15.09.1963 1934

Uttarkashi 123 13.07.1979 - 1934

Naitwar 210 10.02.1986
Almora - |Champavat 390 27.09.1897 1407
Garhwal Kotdwara 349 27.08.1892 1756
Chamoli Joshimath 273 21.07.1970 1247

Chamoli 300 04.08.1991

Tapoban 190.5 27.07.1952 1247
Tehri Garhwal [Mukhim 121 16.09.1963 1742

. -|Tehri 91 21.07.1971 1742

Dehradun Dehradun 487 25.07.1971 2168

‘Table3.3:  Heaviest Short Duration (1-Hr, 3-Hr, 6-Hr) Rainfall At Stations In
. Study Area ‘

' : ~ Heaviest short duration (1-hr, 3-hr, 6-hr) Rainfall and
: date of occurrence at stations in study area
| - For duration of
District Station 1-hr 3-hr 6-hr 12-hr 24-hr
Uttarkashi  |Uttarkashi 100 103 106 108 123
’ 12.07.1979 [12.07.1979 (12.07.1979 [12.07.1879 [12.07.1979
‘[Tehri ‘ »
Garhwal  (Tehri 50 90 90 90 91
: 21.07.1971 [21.07.1971 [21.07:1971 [21.07.1971 [21.07.1971
Dehradun  |Dehradun 98! 143 189 215 331
: 14.06.1970 |14.06.1971 [24.07.1973 [24.07.1974 {24.07.1975
3.4 HYDROLOGIC AND OTHER CHARACTERISTICS

All the rivers of the study area are marked by certain common features, which are
described below: | '

o Some of these rivers originate from glaciers in Higher Himalayas. -



o Upper areas of the catchments receive substantial amount of precipitation
in the form of snowfall, especially during winter and also during the
period of weétt;rn_disturbances, typically from January to May.

o These rivers have significant snow-melt runoff, making them perennial

V rivers

o Very steep descend in levels in the initial reaches, followed by steep bed
gradients of the order of 15-30 m/km (0.015 to 0.030), before entering the
Siwaliks. |

o Very narrow gorges in the initial reaches, with river terraces at certain
locations. Narrow channel, high channel slope and the absence of wide
flood plains, result in short-duration high magnitude flood peaks. (Mathur,
et al 1993).

o Heavy load of boulders and suspended particles, especiallyrduring periods
of heavy rainfall. Sediment concentration, including bed load, of the order

of 15-25 ha.m.per 100 sq.km. catchment area per annum.

3.4.1 Snow-Cover And Glacial Features: The snow-line is defined as a irregular line
located along the ground surface where the accumulation of snow-fall equals the ablation,
ie., melting and evaporation. (Jeyram, et al, 1982)." In a study of adjacent Tos basin in
Himachal pradesh, in which landsat imageries had been studied, (Jeyram, et al 1982), it
was observed that the snowline come,s down to the altitude of 2800m during winter and

goes upto 4800m towards end of summer season (October).
3.5 CHARACTERISTICS OF THE SELECTED CATCHMENTS

The Central Water Commission of India has published a report (CWC, 1994) for
developing synthetic unit hydrographs for ungauged catchments, in zone 7, Western
Himalayan region in India. The report contains certain relations for development of
synthetic unit hydrographs. The report in addition also contains design rainfall depths of
return period 25years, 50 years & 100 years, design base flow rates, etc. Zone 7 covers

the states of Jammu & Kashmir, Punjab, Himachal Pradesh and Uttaranchal (hilly areas).
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In thfs report, data from 6 catchments were utilized for developing regression between
UG parameters and catchment physiographié parameters. However, due to data
constraints, all the catchments selected were from the fringe of the zone, from the plain
areas, and hence, are not fully representative of the mountainous nature of the zone. The

- physiographic parameters of the catchments used in the CWC study are given in Table

below.
Table 3.4: Physiographic Characteristics Of Catchments Used In CWC Study
Site No. | CA.  |LGm) |L(km) S.
- (km?) - (m/km)

T (232 657.86 | 51.49 24.13 9.9
2 139 29684 |465 | 205 13.95
3 |821 | 15198 |21.35 12 84.04
4 [629 1036  |2132 1158|6921
5 |15 382|131 75 13.85
6 |SEWA HEP 383|402 16 2059

Since, all the above catchments are lying towards the plain areas, it was
considered hécessary in the present study to include catchments from the upper reaches
also to have a fair representation of the catchment characteristics. The physiographic
characteristics of the catchments studied in this dissertation are as below: Detalls of
computatlon of the equitvalent slope is given in Annexure 3.1.

Table 3.5: Physiographic Characteristics Of Catchments Used In This Study

Area under Non- : e ain
Ca:'ca}ment g:;:h(':;g; permanent snow- cov:;‘;lw s;‘t)r’;a: (';,.).
cover (%) area (%) (m/km)
AT 1343 22.3 77.7 20
JS 281.41 21.3 78.7 28
NM 1105 136 86.4 31
TAP 1610 225 77.5 17
LATA 3100 61.3 38.7 25
TAMAK 2313 655 34.5 28(")
NPL = 6233 31.7 68.3 10(*)
BAGOLI 1610 22.55 77.45 17
[ERamganga 1144 4 0.35 9.8

(*) Note: Approximate.
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The runoff characteristics of these selected catchments in terms of mean annual

runoff (based on 27 years of observed /computed discharge data) and mean 10-daily

runoff are as given below:

Table 3.6: Runoff Characteristics Of The Selected Project Catchments

Ei:gject ANNUAL RUNOFF (mm) éﬁr::j:-l&asll;z%f; (cu:t?e.g-adigyr}‘:q?gm.)
Minimum Mean ~Maximum| Minimum Mean Maximum|Minimum Mean Maximum
AT 498 948.5 1803 576 1098 20.87 [0.004075 0.030078 0.2566
JS 624 15684 32328 | 722 1815 3742 | 0.0030 0.0498 0.3526
NM 624 1568.4 32328 | 722 1815 3742 | 0.0030 0.0498 0.3526
TAP }
LATA }| 785 1193 19514 | 9.09 1381 2259 | 0.0056 0.0383 0.2055
TAMAK}
NPL 838 1241 2201 9.70 1436 2547 | 0.0026 0.0269 0.1575
BAGOLI| 809 11327 144468| 936 1311 1672 | 0.0057 0.0539 0.5289
EE’;‘“ 964.8 17143 26554 | 11.17 1984 30.73 | 0.0045 0.0541  0.4853

It can be seen from the above that the region is homogeneous in terms of mean

annual runoff, except for the two sites JS and NM. These two sites have lower percentage

of snow cover area in their catchments as compared to other catchments. In terms of the

mean, minimum and maximum of the 10-daily runoffs, it can be seen that the values are

- comparable and the range of variation is also not very large. This is because of the same
broad climatic and hydrological featurf:s affecting all the catchments. The higher value of
minimum flows at the four sites, TAP. LATA, TAMAK AND BAGOLI can be éxplained
by referring to the earlier table, in which, it can be seen that these sites have higher

percentage area under snow cover. The pattern of 10-daily flows as percentage of mean

annual flows, for the year of mean flow is given in Fig. 3.11. The high values for site No.

5 is because of the high snowmelt at that particular site in the months of August and

September and is found to be characteristic of the site in other years as well.
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Typical Year At Various G&D Sites In The Region

3.5.1 Snow-melt and Baseflow Characteristics: In the case of catchments not having
any area under permanent snow-cover, the baseflow obtained from flood events of
summer months, will represent baseflow contribution from groundwater storage and
delayed runoff only. The Himalayan region is not homogeneous from this point, since,
several rivers are receiving significant amount of flows from springs. The catchments
(Table 34} in zone 7, are not having major springs in their catchment. Based on analysis
of flood events of these catchments, a median baseflow rate of 0.05 m3/s /sq.km. was
. obtained.

However, in the case of snowfed-rivers, the melting of snow-cover during the
-summer months may coincide with the flood flow from rainfed areas giving rise to |
critical combination of rainfed runoff and snowmelt runoff, The peak rates of runoff
- observed at the G&D sites in the summer months of April to Septmebr, for periods of no-
rainfall have been taken to represent the sum of summer baseﬂbw and critical snow-melt
values. The G&D sites had observed data for around 27 to 28 years. The data of critical
snowmelt values at G&D sites were transposed to the nearby project sites in proportion
to snow-cover area. The snow-melt values adopted for the projects are given in Table

_ below.
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Table 3.7 Critical snowmelt used for Project Catchments Studied

Critical Snowmelt used
Catchment name Catchment area lls\;z::::veer&oebr;nanent (ws/km?)
AT 1343 ‘ 22.3 0.669
JS 281.41 21.3 2.667
NM 1105 13.6 1.333
TAP 1610 22.5 0.300
LATA 3100 ' 61.3 0.300
TAMAK 2313 - 65.5 0.300
NPL 2000 68.6 0.405
BAGOLI 6233 31.7 0.551
E.Ramganga 1144 0.35 —

A regression was attempted on this data and it was found that the value used for
the site JS is not fitting in the general trend and hence, was reinoved in regression. A
linear regression did not give satisfactory result and hence, power regression was done.
The result of regression study is shown in Fig. 3.12 below. The high value of coefficient

of determination shows the significance of the regression.
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3 = x ]
S 05 » .
3 h —— it
a 0 : : ‘ ‘ I |
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q=8.8792p 4% Area under snow-cover (p, %) -
i R?=0.9036

Fig. 3.12 Relation Between Snow Cover Area And Design Base Flow

3.52 Assumptions And Limitations Of The SUG Approach: The relations between
catchment characteristics and UG para:meters were derived from the data of nearly 45
flood events from § sites in the Western Himalayan river basin. As can be seen from Fig.
3.2, all these catchments are lying in the fringe of the basin, towards the plain areas and
hence, are not fully representing the hydrological and meteorological characteristics of

catchments in the basin.
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- Further, 5 data sets is too small a sample for regression analysis, since, the
variance of the computed coefficients will be too large and hence, the 95% confidence
limits of the estimated values of the dependent variable, i.e., UG parameters, will be too
wide apart to be of any use in flood computations. These values can be used as a
preliminary value to start with, which needs to be mo’diﬁcd /firmed up based on data of

G&D observations and short-interval rainfall data.
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CHAPTER 4

FLOOD ESTIMATION FOR UNGAUGED CATCHMENTS
—CASE STUDY" |

41 INTRODUTION

Flood estimation procedures for ungauged catchments using various formulae and
unit hydrograph approach have been a matter of intense research in the field of
hydrology. For regionalisation of the unit hydrograph, the attempt has been to correlate
the catchment physiographic characteristics with the principal parameters defining the
UG, such as, peak time, peak ordinate etc. The Rational formula and the Snyder’s method
were the most commonly used methods for flood estimation for ungauged catchments till
recently. A critical review on the use of the Rational formula, the Snyder’s method and

the Modified Dicken’s formula are given below.

4.1.1:: Review of the Rational Formula: The origin of the Rational Formula is
somewhat obscure. In the US, it is often referred to as the Kuichling method and in Great
Britain, as the Lloyd-Davies method. (Singh, 1988, pp 120). The rational formula
presents the concept of time of concentration and its relation to maximum runoff. This
formula expressed as:
Q=~C.P.A, where,

Q is the peak discharge, C is the runoff coefficient depending upon the drainage
characteristics, A is the area of the drainage basin and P is the average intensity of
rainfall over the storm duration, which is generally taken as equal to the time of
concentration (T¢) of the drainage area for estimation of maximum flood. Even though
the equation is dimensionally balanced (L*T™") on both sides, a conversion factor will be
required, value of which will depend on the units used. Perhaps the word “rational” came
from the fact that the equation was dimensionally balanced. Time of concentration (T;)is

“the time required for runoff to travel from the most distant point hydraulically (in time)
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to the outlet” (ASCE, 1996, p. 579, as quoted in’ http://www.hkh-friend.net.np/rhdc/
training/lecturess HEGGEN/ Tc3.pdf). By such definition, T, is distance traveled divided
by mean water velocity, appropriately partitioned into reaches of reasonably uniform
hydraulie characteristics. Traditional Rational Method usage employs this definition. As
travel time also relates to rainfall intensity, McCuen (1998, p.140) suggests that T, be
associated with a 2-year 2-hour storm depth. The Rational Formula implicitly assumes
that the whole of the catchment is contributing to the peak at a uniform rate. For large
catchments, this is unrealistic. Although, Rational Formula has recently come under
~ increasing criticism for its lack of physical realism, it continues to be used frequently in
design of urban drainages and other small structures. Thie is not only true of US, but also
of Australia, UK and India, to name but a few (UNESCO, 1977, as quoted by Singh, '
1988, pp 125). Determination of time of concentration or time to peak, as the case be,
becomes the most important step for flood estimation of ungauged catchments. Various
formulae are available in literature, Singh (1988) has given an extensive list of formulae
derived by various investigators for computation of peak time. The definition of peak
time is also not unique and these have also been given in the sketch. The Table and
sketch in Annexure 4.1 is an excerpt from the above list. Two of the pdpu]ar formulae for

computation of time of concentration for use in rational formula are given below:

Kil‘pich’s formula: tc = 0.01947L0'77S—0'385 .

3 0.385
California formulae: |T, = P-%SLJ

L-Length of main stream (km),
S-slope of river, '

H-Height difference between outlet and highest point on the catchment (m)

412 Review of Snyder’s Method:

Snyder (1938) was perhaps the first to have established a set of formulae relating
. the physical geometry of the watershed to three basic parameters of the UG. These

formulae were derived from a study of 20 watersheds located mainly in the Appalachian
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| Highlands, which varied in size from 25 sd. km. to 25,000 sq. km. (Singh, 1988, pp 330).
The basic parameter that Snyder defined is t,, the time of lag to peak in hours taken as the
time from the center of mass of the effective rainfall of unit duration to the peak of the
UG or simply the watershed lag. (Fig. 4.1). He related all other important parameters of
the UG, such as duration D, peak ordinate Q,, and base time T as functions of t,. Later
on, US Army Corps of Engineers (1940, as quoted by Singh, 1988 at pp 331) developed a
relation between Q, and the width of the UG at values of 50% (W50) and 75% (
W75). There had been many modifications to these formulae by individual researchers
based on different data sets, and are applicable to the regions from which the data is

derived.

EFFECTIVE RAINFALYL
- HYETOBRAPH

——a ooy oy =

Fig. 4.1: Definition Sketch for Snyder’s UG Method
t= Cc (L L)®,
where, L is the length of main stream and L. is the length of the mainstream from the
outlet to the point on the stream nearest to the centroid of the catchment area. >C, is a
constant, depending on the topography and other features. Even within a region,
substantial variations in value of this constant has been reported by many authors. Clark
(1969, as quoted by Singh, 1988, pp 331) found the range to be 0.4 to 2.26 for Texas
* region, Linsley found the range to be 0.3 to 0.7 for NorthWest US and its range fof

Australia was found to be 0.4 to 2.24. Value of C, will be lower for watersheds with
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higher slopes. Later on, Linsley incorporated catchment slope in computation of time to

peak and, thereby improved the methodology. Linsley’s formula for t; is:
]’
t P = C‘ * [—‘/_-E—]

The unit duration of the effective rainfall (D) was defined as

o

i
W
ab

The peak Q of the UG is obtained as 0,=C, ~£.

where, C, is a constant, which again varies from region to region and within a region

depending upon the physiographic characteristics of the catchment.

| t
Further, the time base (Tp) of the UG is obtainedas: T, =3+ 3[2—';] .

The rest of the points of the UG are so fixed as to get unit volume of runoff.

As can bé seen, the determination of time to peak becomes the most important
step for flood estimation of ungauged catchments. Various formulae are available in
literature. Singh (1988) has given an extensive list of formulae derived by various
investigators for computation of peak time. The definition of péak time is also not unique

and these have also been given in the sketch and table in Annexure 4.1.

Snyder’s Unit Hydrograph technique remained a popular tool for developing
‘UG’s for ungauged catchments for a long time. As stated above, since, the relations were
“developed based on data from Appalachian highlands region in US, direct adoption of the
technique to India was not considered to be appropriate. With this in view, a Committee
of Engineers headed by A. N. Khosla recommended that similar studies be done for
“various hydro-meteorologically homogenous regions of India and, in consequence,
Central Watér 'Co_mmiss'ion'(CWC) of India, published a report (CWC, 1994), for flood

estimation for ungauged catchments in the Western Himalayan region.. This forms a part
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of a series of similar reports covering the various regions of India. The method prescribed -
in the report is being extensively used in India for design of road and rail bridges apart
from the design of small hydraulic struétﬁres such as minor dams, small barrages, cross
drainage structures, flood protection levees for rural areas etc. The report contains
certain relations for development of synthetic unit hydrographs, broadly in the pattern of
the technique suggested by Snyder. The report in addition also contains hydro -
meteorological inputs, such as, design rainfall depths of return period 25years, 50 years &

100 years, design base flow rates, design infiltration rates, etc.

4.1.3 Review of Modified Dicken’s formula: The Dicken’s formulae, evolved after a

study by Col. Dicken in 1860’s, is applicable to Northern Indian river catchments and is

of the form:
Q=C.A¥

Where, Q is the peak flood in m’/s, A is the catchment area in km? and C is a constant to
be chosen based on the location, shape, slope of main ri\;er, etc. Col. Dicken derived this
formula on the basis of his observations on four catchments of different sizes. He
obsérved that the rainfall intensity is inversely proportional to the 4™ root of catchment
area and hence, applying the Rational Formula, he could obtain the above relation. Apart
from the shortcomings of the Rational Formula, this in addition, also has the
disadvantage that the peak rate of runoff is modeled to depend on only one parameter,
namely, catchment area; all other factors like, shape, slope, soil and vegetation, drainage
pattern and density, location and rainfall intensity, etc. are ignored. To overcome this
limitation, Uttar Pradesh Irrigation Department (UPID) brought. out a technical
memorandum, based on flood frequency study of 6 catchments in Uttar Pradesh state of
India. Since, these catchments have significant area under snow cover, this was taken as a

another parameter. The procedure in brief is as follows:

Constant ‘C’ of Dicken’s formula is computed using the following relation:

C = 2.342*10g(0.6T)*log(1 185/p) +4
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+6

Where, P = 27 2%100;

A is the catchment area (km?) and a the area under permanent snow cover (km?)
Further C is to be corrected for the slope of the main river, if the value of C for T=1000

is less than the value given below, by multiplying by the ratio of Cianie/Ci000

Slope of main.stream (m/km) Value of Cipie
Upto 15 18
151020 24

20 to 25 25

Some of the short-comings of the above formula are:

- The peak discharge data at some of the sites used in derivation of these formulae
are not observed values, but computed by a mass-balance procedure.at existing
barrages. Since, the mass balance computations involve arithmetic operation of
several variables, the expected variance of the computed peak will be too large to
make the study unreliable.

»  In the derivation of these formulaé, 5 out of the 6 catchments used are in plain
areas and hence, do not fully represent the hydrologic behaviour of mountainous
rivers. - | -

- The value of Ciple jumps from 18 't0424 when the slope band change from <15 to
15-20. It would have been better to correlate the two variables by a smooth curve,
to avoid such abrupt jumps.

. Many catchments in the upper areas have slopes well above 25 m/km.

«  The derivation involved a prior assumption that the relation will be broadly of the

form suggested by Col. Dicken. No attempt was made to verify the exponent % in

Dicken’s formula.
4.1.4 Regional Frequency Approach:

Regional flood frequency approach can be used to estimate floods of different
- return periods at ungauged locations. Even for gauged locations, a regional approach can -

be applied, since; the effective data length gets increased. A detailed procedure for




carrying out regional flood frequency analysis is described by USGS, in the USGS
manual (USGS, 1960). This procedure is also called index flood method. Based on this
procedure, é statistically homogeneous region is to be identified and thereafter, two sets
of curve;s are developed, one relating the mean annual flood value with catchment
characteristics and the other relating the return period (T) with the ratio of return period

flood vatue (Qr) to mean annual flood value, based on stations within the region.

Garde and Kothyari (1988, 1992) héve reported a study of 93 stations located all
over India, in which the mean annual flood (Q,33)was correlated with catchment area
(A), slope, precipitatidn intensity (of a particular duration) and forest area ratio. They
have reported 6 different sets of relations based on geographic classification. The
combined relation had a coefficient of multiple regression of 0.96 and the maximum error
of the computed values was of the order of +25%. Agrawal et al (1982) reported a -
similar study using data of § catchments in the Western Himalayan region with total data
length of 433 station years. In this case also, the fitted relation between Q233 and A shows |
a maximum error of around 25%. The fitted relation between T and Qy/ Q33 ratio also
showed a maximum error of around 30% from the observed value. Thus, the combined
effect of both the curves, will be that the flood estimate is likely to have large variance. In
another study by Agrawal et al (1991), in which data of rivers of Uttaranchal region was
used, index flood method of USGS has been found to give better results as compared to
the five parameter Wakeby distribution. However, they have not reported the maximum
percentage error of the Q33 values from the values computed by the fitted relation. A

comparison of the relations developed in the three studies are given below.

Garde and Kothyari, for Northern India: Qy33=13.78A%!%p'2§%Fy?
Agrawal P.P. et al (1982): Q;33=37.4 A %77
Agrawal CK. etal (1991): Qy3;=1.53A%%

- Considering that the second and third relations above have been developed for more or
less the same region, such a large variation in the intercept and slope of the relation is not

expected.
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42 PROCEDURE PRESCRIBED IN CWC REPORT FOR ZONE 7

The following steps are involved for estimation of 25-year, 50-year or 100-year

return period floods, for ungauged catchments. This report can be used only if the design

storm duration, which depeﬂds on the base period of UG and the type of structure for

which the design is being done, is equal to or fess than 24 hours.

st

From relevant toposheets, catchment map, stream network, contours and
important structures on the rivers (if any) are marked.

The catchment area, length of main-stream, length of main stream upto the
centroid of the catchment (in plan) are measured.

L-section of the main river is drawn (or tabulated) and the equivalent stream

slope, called, statistical slope (Ss) is computed using the following equation

- -2

-| L ,where,L = ZLi and
1

. L,
25

L; is the length and S; is the slope of each segment to which the river (principal

river) length is divided.
4.

The parameters of the UG, such as, Tp, tr, Qp, etc. are computed. The
meaning of these symbols is explained in Fig. 4.2
Sketch the UG and adjust the ordinates to make the volume unity.
The 25-year, 50-year or 100-year (as relevant) return period deSign storm
depth of 24-hour duration can be read from the maps given in the report.
The duration of design storm is decided as below: ‘
a. For structures like bridges, culyerts, cross drainage structures, small
dams, barrages etc. for which peak and not volume is important, the
duration gerierally used is equal to 1.1*t,, where t, is the time to peak

of UG from the center of rainfall excess hyetograph.
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b. Flood control reservoirs and, geﬁerally for all cases where the effect of
flood storage on flood moderation can be significant e.g., for design of
spillway capacities and freeboards on large dams: In this case, the
duration shall be such as to give maximum volume (WMQ, 1994) and

shall be at least equal to the base period of the UG.

c. In all other cases of design of dams, base period of UG, rounded off to
the nearest 24 hours. (CWC, 1993).

8. The 24-hour storm depths obtained as above are converted to depths of
desired duration using-conversion factors given at Fig.3 of the CWC report.

9. The depth obtained as above is a point rainfall and needs to be reduced by
multiplying by the areal correction factor given at Annexure 4.2 of the same
report. |

10. The hourly rainfall depths are obtained by multiplying the depth obtained at
step 9, by the distribution coefficients obtained given at Annexure 4.1 of the
report and design loss rate is applied. For 50-year return period, ldss rate (phi-

‘ index) of 2mm /hr can be used.

11. By convolving the rainfall excess hyetograph with the UG, the DSRO is

obtained, to which design baseflow (including ;any critical snowmelt, -as

applicable) is added to obtain the design flood hydrograph.
43 FLOOD ESTIMATTION FOR SELECTED PROJECT SITES
The salient features of the project sites for which the flood estimation by using the

various approaches were‘done are described in para 3.5 of Chapter 3. The computation of

slope of principal stream of the river is also described there.
4.3.1 Derivation of UG: Depending upon the availability of short duration rainfall and

runoff data, or availability of UG at any sites in the vicinity, different methods have been

“employed for derivation of UG. These are shown in the Table 4.1.
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4.3.2 Design Storm Depth And Distribution: Design storm depths for various r’etum.

periods were obtained by using the charts given in the CWC report for zone 7. Based on

the record of 24-h observed maximum storm depths in the region, the maximum 24-hr

depth of 300mm has been obtained. This has also been used in flood computation.

Uniform loss rate of 1.5 mm/hr has been used in all the cases, considering that the'

purpose is to compute a rare event, i.e., 100-year flood, and in such a case, not the

average, but the critically low infiltration rates corresponding to saturated soil is to be

adopted. (CW&PC, 1972). Considering the soil type, the annual rainfall pattern, vegetal

cover, land slope etc. the adoption of this value is justified. The flood computations for a

typical catchment by using the method given in this report are in Annexure 4.2.

Table 4.1 UG Characteristics of Catchments
1-hrUG | UG
Catch- | Catch | Ar82 unde: peak (m/s | Timeto |
ment | -ment pe;:l:;?n Method adopted Jkm? /i KT
name | area | . lo o) cm) | peak T,
(h)
AT 1343 22.3 suGg " 0.7807
is | B4 23 SuG" 0.8450
NM | 1105 136 suGh 0.7853
TAP_ | 1610 22.5 Using observed discharge data at| 0.2335 12°
LATA | 3100 61.3 nearby site, UG is computed at
G&D site. Flood computed at (3-hr UG) | (3-tr
TAMAK | 2313 88.5 G&D site is transposed to project | . UG)
site in proportion to A**.
NPL | 6233 317 By transposition of UG at nearby | 0.2336 12
project site.
BAGO Using observed discharge data at| 0.765 6
U 1810 22.55 nearby site, UG is computed and
transposed to project site
RAMG SUG (%) 0.732 6
ANGA 1144 0.4
(*) Note: SUG means Synthetic UG by following the method of CWC report for zone 7.
(#) Note: UG for a nearby catchment with CA=1150 km? (excluding snow-cover area).
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Flood peaks were also computed by certain other techniques, such as Modified
Dicken’s formula (UPIRI, 1979) and Regional Frequency Studies (Mutreja, 1992), for the

purpose of comparison and for ensuring reliability of the estimates.

Table 4.2 100-Year Flood Peaks Estimated at the Location of Sites"™ by Various Methods
(Unit: Cumec /Sq. Km.)

SN. Method - ‘ | BAGO [E.Ram
AT JS . |NM TAP |ILATA [TAMAK|NPL |[LI Gang1 _
1 [Modified Dicken's Formula 2.573J 3.862] 2.833] 1.197} 1.184] 1.148 1.131| 2.306| 2.953
2 |Regional Unit Hydrograph
Approach (*)
a) Alongwith  storm :
rainfall charts in CWC| 5.102| 7.008 6.519| 1.404| 1.143] 1.107| 1.652| 3.053 5.617|
Report -
b) Alongwith observed
storm rainfall at Chamoli 3.948) 4.836| 4.456! 1.050, 0.935 0.853] 1.500
3 |Regional Flood Frequency
Approach 2.063] 3.678 2.217| 1.512] 1.685 1.779 1.167| 1.9282.1966

* See figure 3.1 of chapter 3.
44 DISCUSSION

The details of thé flood peak obtained are as given in Table 4.2 above. It can be
observed from the table that the regional frequency approach and the Modified Dicken’s
formula gives lower values compared to the hydrometeorological approach. This may be
~due to the fact that in these two appfoaches, the basic formulae were derived from large
" catchments in the plain areas and hence, the effect of extremely high river slopes in the
upper reaches is not fully reflected. In the method of CWC report, the slope of main-
stream is an important input in derivation of UG. In the method based on CWC report,
the - variation in storm intensity has been accounted for; whereas, in both Modiﬁcd
Dicken’s formula and in the regional frequency approach, this is not taken into accéunt.

Beacause of the mountainous nature of the catchment, there is considerable variation in
' the spatial distribution of design storm rainfall as shown by the IMD studies (Fig. 3.8 to

3.10 of chapter 3). The regional frequency approach also does not take catchment slope
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into account. As already discussed in para 4.1.4, these curves have a wide confidence
band. Hence, all these three methods can be expected to give only a preliminary estimate

of design flood, which needs to be confirmed through detailed study.
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CHAPTER 5§
CATCHMENT LINEARITY AND
VOLUME-PEAK DISCHARGE RELATION

5.1 INTRODUCTION

Hydrologic linearity of drainage basin is defined as the condition that exists on a basin
when runoff volumes are directly proportional to rainfall volumes. Serious error in hydrologic
design can occur by over estimating or under estimating design discharge when a drainage
basin is assumed to be linear while in fact it is nonlinear. The wide spread and long lasting
usage of the unit hydrograph (UH) model (Sherman, 1932), which is based on the assumption
of hydrologic linearity, makes more intensive the need for developing criteria for checking the
applicability of the method and, thus, the linearity and non-linearity in the rainfall-runoff
process. One of the most important attempts on this subject has been made in the USA, where
a family of three peak discharge distributions has been developed and studied in detail
(Rogers, 1980, 1982; Rogers & Zia, 1982). It was found that the slopes of these distributions
are related to the drainage basin runoff characteristics. The slopes of these distributions were
proposed as a criterion indicating the degree of drainage basin hydrologic non-linearity.
Predicted peak discharges by the UH method for non-linear basins were found to be

abnormally overestimated.

Mimikou (1983) tested the applicability of the peak discharge distributions in eight
drainage basins in Greece and found that dnly the original peak discharge distribution
(OPDD) is necessary for checking basin hydrologic linearity and accurately predicting peak
discharges. Singh & Aminian (1986) proposed linear two parameters relation in log space
between direct runoff volume per unit area and peak discharge of direct runoff per unit area.
Since a basin is heavily damped system (Dooge, 1973), prediction of similar output by
different linear models cannot be considered as a satisfactory criterion for validation of a
proposed linear model without ascertaining hydrologic linearity of a basin. This chapter deals
with development and application of various relationships between peak discharge and runoff

volume for some drainage basins in India to identify degree of non-linearity of the basins.
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The study area comprises of some mountainous catchments in Western Himalayan

region.
52 GENERAL HYDROLOGIC SYSTEM MODEL

A hydrologic system is defined as a structure or volume in space, surrounded by a
boundary, that accepts water and other inputs, operates on them internally, and produces them
as outputs. The structure or volume in space is the totality of the flow paths through which the

‘water may pass through from the point it enters the system to the point it leaves. ATh'e
boundary is the continuous surface defined in three dimensions enclosing the volume or
structure. In a systems approach, we are concerned with the system operation, not the nature
of the system itself, (its components, their connection with one another and so on) or the
physical laws governing its operation. The physical laws and the nature of the system are
combined into a single concept of system operation. (Singh, V.P., 1988). A system approach
is justified in flood hydrology, since, system behavior is primarily affected by a few major

factors and others have insignificant effect.

A watershed, also known as basin or catchinent, is an area of land draining into a
stream at a given location. The watershed divide is a line dividing land whose drainage flows
towards the given stream from land whose drainage flows away from the stream. The system

_boundary is drawn around the watershed‘ by projecting the watershed divide vertically
upwards and downwards to horizontal planes at the top and the bottom. For rainfall-runoff
‘modeling, rainfall is input, distributed in space and time over the upper plane; stream flow is

_ the output, concentrated in space at the catchment outlet. Evaporation, subsurface flow etc.

_ canalso be considered as outputs, depending upon the purpose of the study. |

From the consideration of conservation of mass,

ds(t)
dt

 outflow from the system. A general inodel ekplained by Chow et al (1988) is as follows:

=I(t)-Q(t) where, s is the water storage in the system, t is time, I is inflow and Q is -

59



......

The function, f, is determined by the nature of the hydrologic system being examined. For
example, a linear reservoir will be represented as:

S =kQ |
Nash (1960) had modeled catchment rainfall-runoff process through™a system of linear
reservoirs in series. | |

Let storage S be approximated by:

d d? da™! dl d’l d"'1
S(t)=alQ+a2—d—?—+a3——Q—+ ......... +anEt—n_TQ'+bli+b2'&'t'+b3d?+ ....... +bn =

in which a,, a, .... are coefficients and derivates of higher order are neglected. If coefficients

are not function of time, the system is time-invariant, i.e., the way the system processes the

input into eutput does not change with time.

Differentiating the above equation with respect to time, and substituting (I-Q) for dS/dt and

re-arranging yield:

n-l1 2 2 2 n-l
W0, L, dQ a0 Ao o A A T A
dt" dt dt dt dt dt dt®

or
N(D)Q =M(D)I
where, D=d/dtand N(D)and M(D) are the differential operators as indicated above.

n-l 2 2

- d d
eg.:N(D)=a, e ST +asa;2—+a;a?+a, +1
Thus we can write:

D)y -
Q=5 1O =210
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The operator £ is called the transfer function of the system; it defines the response of the
output to a given input sequence. This equation was presented by Chow and Kulandaiswamy
(1971, as mentioned in Chow et al.,1988) as a general hydrolégic system model. It describes a
lumped system because it contains derivatives with respect to time alone and not spatial
dimensions. Chow and Kulandaiswamy showed that many of the previously proposed models
of lumped hydrologic systems were special cases qf this general model. For éxample, for a

linear reservoir, the storage function has aj =k .

5.2.1 Linear System
A system, represented by the equation Y = Q(X) is said to be linear if it satisfies:

QX +X2) = QX+ (X;) and
Q(cX) =c¢*Q(X).

In the unit hydrograph approach (Sherman, 1932), X is the rainfall excess and Y is the
direct runoff at the catchment outlet and linearity is a basic assumption in this method.
However, it is to be noted that Sherman's Unit Hydrograph hypothesis came with many
conditions attached to it, such as i) the rainfall excess shall be of uniform intensity in space
and time, ii) the duration of the rainfall excess shall be same. Two definitions of non-linearity
of catchment response appear in literature (Sivapalan, et. al, 2002). The first definition is with
respect to the rainfall-runoff response of a catchment and refers to 2 non-linear dependence of
the storm response on the magnitude of the rainfall inputs. It is in this sense, the word has
been used in this dissertation. Rogers and Zia (1982b) have outlined two major limitations to
" the application of the UG procedure to large drainage basins. These are: i) the largest
drainage area for applicability of UG is that which can be covered by a storm producing
uniform spatially distributed rainfall excess ii) UG procedure is not applicable to snow-melt
hydrographs. There are other less important limitations as well. Based on study of isohyetal
maps of major storm events in US, Rogers and Zia (1982b) have found the upper limit of area
size for spatibai uniformity of rainfall to be 1160 sq. km. beyond which the UG method is not
applicable. In this paper, it was also shown that the method is applicable equally -well to

catchments having significant snow-melt runoff, so long as the snow melted in 3 to 5 days.
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53 VOLUME-PEAK DISCHARGE RELATION

A relation between volume and peak of direct runoff is of fundamental importance in a
wide variety of hydrologic analyses, especially where hydrologic data are scarce. It has
immediate application in hydraulic design and water resources planning. (Singh and
Aminian, 1986). Rogers (1980) was perhaps the first to study the relation between peak
discharge and runoff volume in a systematic way. In this paper, data from 42 drainage basins
lying in US and ranging in afea from 4.5 sq.km. to 702 sq.km., were used to derive double
log relation between volume (V) and peak (Q,) of the hydrograph. This relation can be
expressed as:

log(Qpy=b+ m*log (V)
in which Q, is peak discharge per unit area (cm/h) and V is the runoff volume. Rogers called
this Original Peak Discharge Distribution (OPDD). He showed that the procedure is equally
applicable to both natural hydrographs as well as the hydrograph of direct runoff after
separating the baseflow component, in line with the UG procedure of Sherman. He also found
that the procedure becomes more meaningful if the peak is standardized by dividing it by the
volume of runoff or the square of the volume of runoff, resulting in what he termed as First
Order Standardised Peak Discharge Distribution (FSPDD) and Second Order Standardised

Peak Discharge Distribution (SSPDD). The mathematical form of these distributions are as

below:

OPDD: logi(Qy/Vy=b+ (m-1)* log,c (V)

SSPDD: logio(Qp/V?) = b+ (m-2)* logyo (V)

The regression coefficients in the case of FSPDD and SSPDD will be (m-1) and (m-2), where
'm' is the regression coefficient of OPDD. The intercept will remain unchanged. This is
because the term log(Qy/V) and log(Qy/V 2) can be expanded as log(Qp)-log(V) and log(Qp)-

- 2log(V) respectively and hence, the above two equations can be derived from the equation
for OPDD stated earlier. The nature and significance of these equations have been discussed
in detail by Rogers (1980, 1982), where it is shown that for hydrologically linear drai.nage :
basins, the absolute value of slopes m is 1.00 and non-linear basins are identified by smaller

values for the slopes of these equations. There will be an apparent increase in coefficient of
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determination () as we g0 from OPDD to FSPDD and then to SSPDD. This can be
explained by observing that there is correlation between V and 1/V or 1/'\'2 and hence, the
increased correlation. This has afso been corroborated by Mimikovu (1983), Singh et
al(1986) etc. '

5.3.1 Value of Standardisation: In unit hydrograph approach, duration of precipitation
excess is a major consideration and uniformity in time and space of the precipitation excess
during this duration is also a very important assumption in the theory. However, this is not
the case with the peak discharge distriBution suggested by Rogers. Hence, Rogers (1980)
suggested the need to standardize the peak by dividing by the volume of hydrograph.
Rogers (1980) and Rogers and Zia(1982a, b), had used units for volume and peak as cm and
m’/s. Later, Singh and Aminian (1986) have recommended that these two quantities be
divided by catchment area to reduce the effect of catchment area. Hence, the units used will

"be cm and cm/h. In this dissertation, this approach has been used.

5.3.2 Hydrograph Separation Procedure: There are various methods used for separation
of baseflow in the unit hydrograph approach, depending upon whether the definition of
baseflow includes delayed runoff or not. Volume of direct runoff will accordingly be
. different. Since, runoff volume is the dependent variable in the present technique and hence,.
it is very important to have a uniform and relatively accurate procedure for hydrograph
separation, Rogers and Zia (1982b) have recommended the following procedure:
Q=Q+Q"*

where,

Q. =discharge corresponding to the termination of the runoff hydrograph

Qo =base flow prior to hydrograph rise marking the beginning of the hydrograph

Since, this empirical relation was in FPS units (cubic feet per second), it needs to be

* converted before using in MKS units (i.e., cubic meter per second).The relation in MKS units

will be:
Q =Qo +0.2395*Q,"®

- This relation has been used in this dissertation for-separating the baseflow component.
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5.3.4 Theoreticai Justiﬁcaﬁon Based On Triangular UG Approach : Rogers (1980),
quoting personal cofreépondence from V.T.Chow, has given the following theoretical
explanation for second order standardized peak discharge relation, using the triangular UG

approach as the basis.

In triangular UG approach, Ty = 2.67 T, and Q, =2V /(2.67 T;). Hence,
Qp /V2 = 1/(1.34*T,*V)

Taking logarithms,

log(Qp /V?) = -log(1.34*T,)-log(V)

This is in the format of SSPDD discussed earlier.

If we expar;d the LHS of the above equation, we get,

log(Qp)-2*log(V) = -log(1.34*T,)-log(V)

or log(Qp)= -log(1.34*Ty) + log(V)

This is analogous to the OPDD.

However, it is to be noted that in OPDD and SSPDD, the volume is in ¢cm and Qp in m3/s.
Hence, a con;ersion factor will be required if direct comparison between the two sets of
equations are being attempted. For example, if we denote v as the volume per unit area in cm,

A is the catchment area in km?, then, wecan get,
Log(Qp) =-log(1.34*0.36*T,/A) + log(v)

If T, is more or less constant, this implies that OPDD and SSPD relations are linear in log
space. Hence, the linearity of the unit hydrograph and linearity of the volume-peak discharge

relation have some similarities, though they are distinct in detail.

5.4 STUDY FOR SOME CATCHMENTS IN WESTERN HIMALAYAN REGION
Seven catchments, (six in western Himalayan region and one in central India) were
selected to study the linearity of peak discharge volume relationship.  The catchments
selected are Gola basin (near Nainital), Mandakini at Rudraprayag, Alaknanda at
Rduraprayag, Pindar at Karnaprayag, Alaknanda athoshimath, Bhagirathi at Tehri (all in
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western Himalayan region) and catchment of railway bridge No. 87 (lower Godavari basin in
central India) . The location of these sites are given at Fig. 5.1. The Table 5.1 below shows

the physiographic characteristics and number of flood events used at the above sites.

TableS5.1:  Drainage Basin Characteristics

| . . Catch- | Area | Length | Number Source
SI. | River Location ‘ment | of © o ¢ Of
No.| . Area |snow |(m) | hydro- Data
o (km?) | cover graphs
o (%) |
1 {Gola Dam site 450 nil 235 {10 WRDTC, 2002
|2 | Alaknanda | Rudraprayag | 9045 | 30.30 | 138 5 UP Irr. Dept.
3 | Mandakini | Rudraprayag | 1644 | 20.92 | 63 11
T4 [Pinder . | Kamaprayag | 2294 | 15.80 | 103 |10 CWC
5 | Bhagirathi | Tehri 7208 [15.00 {165 |10 (unpublished)
‘6 | Alaknanda | Joshimath | 4508 |40.00 |63 8
7 . | Lower Br.No. 807 | 823.6 | nil 61.1 13 Mishra, 1998
‘ Godavari : Kumar et al,
2001

Note: The site listed at sl.no.7 is lying outside the study area. This has been added only
because none of the catchments selected for the study area were found to be hydrologically

linear and this site which is linear is added as a case study for comparison with the remaining
catchments.

The flood events used at these sites and their analysis are given in Annexure 5.1. The

summary details of the flood events at the five sites are given in the table 5.2.

When the OPDD and SSPDD were developed using total runoff as the basis, it was
found that both the regression coefficient (m or m’’) and the coefficient of determination were
very low. One of the main reason for the very low value of regression coefficient (slope) 'm'’
is due to the large contribution from snow-melt, which has reflatively higher travel time and
hence, low peaking characteristics. During the summer months, snow-melt runoff becomes

significant and all the storm events considered in the study belong to the months of June, July
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and August. Thus, it was decided to do the studies using direct runoff as the basis only. The
table 5.3 below shows the results of the sfudy using the direct runoff as the basis. The plots of _
the data and the best-fit line are shown in the Fig. 5.2 to 5.7 for the six sites. It can be seen.
that the slope of the fitted line for OPDD is in the range 0.52 to 0.75 only. The values
obtained for these basins are also compared with the values obtained for basins in the
Peninsular India in an earlier study by Chaube et al (2004), in which they had identified the
catchment of Bridge No. 807 of Lower Godavari Basin to be linear.

Table 5.3: Relation Between Volume (cm) and Peak Discharge (m® /s) in Log-space

Sl River Site Intercept OPDD SSPDD
No. b Slope | R’ Slope | R
M m-2
1 | Gola Dam site 2.091 0.644 | 0.696 |-1.356 |0.910
2 | Alaknanda | Rudraprayag 29233 10.5310 | 0.8671 | -1.4690 | 0.980
3 | Mandakini | Rudraprayag 24364 |0.5162 | 0.9163 | -1.4838 | 0.989
4 | Pinder Karnaprayag 24997 |0.7519 | 0.9431 | -1.2481 | .9786
5 | Bhagirathi | Tehri 27028 |0.524 [ 0914 |-1476 |0.988
6 | Alaknanda | Joshimath 25228 | 0.5747 | 0.9753 | -1.4253 | 0.996
7 Lower Br.No. 807 2.588 0.800 | 0.894 |-1.200 | 0.950
Godavari |
8 |Study by | Peninsular 182 to [064 [07t0o |-1.2t0 {091to
Chaube et al | India 273 to 0.81 | 0.97 1.36 0.99
(2004)

Singh et al (2001) had reported a study in which the peak discharge was expressed in
cm/h units by dividing the peak discharge by catchment area and a suitable conversion factor
depending on the units used. Such a double adjus‘tmént of both volume and peak, in his
opinion, makes the relations more suitabie for regionalisation. Accordingly, the OPDD and

SSPDD have been worked out for all the above catchments and the results are given in the |
Table 5.4 below.
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Table 5.4: Relation Between Volume (cm) and Peak Discharge Per Unit Area (cm/h) in

CHARACTERISTICS

Log Space
Sl River Site Intercept OPDD SSPDD
No. b Slope | R* Slope R
M m-2
1 | Gola Dam site -1.0062 | 0.644 |0.696 |-1.356 |0.9100
2 | Mandakini | Rudraprayag -1.1213 [ 0.5162 | 0.9163 | -1.4838 | 0.9891
3 | Alaknanda | Rudraprayag -1.3466 | 0.5310 | 0.8671 | -1.4690 | 0.980
4 | Pinder Karnaprayag -1.2297 |0.7519 | 0.9431 { -1.2481 { 0.9786
5 | Bhagirathi | Tehri -0.7121 |0.524 | 0.914 |-1.476 |0.988
6 | Alaknanda | Joshimath -1.3531 |0.5747 | 0.9753 | -1.4253 | 0.996
7 | Lower Br.No. 807 -0.7665 |0.808 |0.900 |-1.192 |0.952
Godavari
8 |[Study by ( Peninsular -0.67t0 | 0.64 -1.19t0
Chaube et al | India -1.0 to 0.81 -1.36
(2004)
55 RELATIONSHIP BETWEEN INTERCEPT WITH CATCHMENT

If the slope and intercept of the OPDD /SSPDD can be related with the catchment

characteristics, it will help in i) predicting peak discharge per unit of direct runoff and ii)

developing peak discharge distribution for ungauged catchments. Intercept ‘b’ is equl to

log(Qp) when runoff volume V is equal to 1 cm.

alone can explain ‘b’ satisfactorily.

Based on a study in Greece, Mimikoy (1983) found that the variation in b is
significantly explained by the logarithm of any of the two basin morphological indices, AS/L -
and A/L. Singh and Aminian '(1986) studied 134 drainage basins and found that basin area
alone explains the variance of ‘b’ by more than 86% (r* = 0.8610). Inclusion of bed slope ‘S’

and stream length ‘L’ increased r* marginally to 0.869. They, therefore, concluded that A
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In the present study, rcgibnal intercept equation has been developed by using
catchment area (excluding the area under permanent snow-cover) as the independent variable.
The piot of the best fit line and the equation developed are shown in Fig. 5.8. As can be seen |
from the figure, the relation explains nearly 95% of the variation in the intercept. When the
relation was attempted between intercept ‘b’ and basin. morphological index A/L, the

coefficient of determination was weak (0.567, see Fig. 5.9) and hence, the relation is not

recommended.
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Fig. 5.8. Regression Between Intercept And Catchment Area
(excluding snow-covered area)
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Fig. 5.9 Regression Between Intercept And A/L Ratio

Similar relation was attempted between the slope of OPDD and catchment
characteristics; however, the correlation coefficient was too small and statisticzilly
insignificant. Hence, further studies will be required to establish a regional relation for
finding the slope of the OPDD.
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56 FLOOD ESTIMATION USING SSPDD AND COMPARISON WITH UG
METHOD -

Unit hydrograph method is, by far, the most popular method for conversion of a given
rainfall hyetograph input into runoff hydrograph. However, the UG method is applicable only
to linear basins. If the non-linearity of the basin is pronounced, then, alternatively, the
SSPDD can be used to determine the flood peak from the given storm rainfall excess
hyetograph and its distribution can be done using the triangular UG approach (Mockus, 1957
as quoted by Chow, 1988). Typically, this is a problem encountered in flood estimation for
design purposes, where in the design storm depth can be estimated using standard procedures
and using SSPDD, the corresponding peak discharge can be estimated. In this study, the
peaks have been obtained using both the approaches and are compared in the Table 5.5. It can
be seen from the table that the UG method overestimates the peak by as much as 2 to 3 times
as compared to the SSPDD procedure, in the case of the basins with high level of non-
linearity. For the sake of comparison, a drainage basin from Peninsular India, viz., Bridge site
287 on lower Godavari, has been used. This catchment has been studied in detail by Chaube
et al (2004) and Suarbawa (2002) and they have reported that this site is linear and hence, UG
method is applicable.

Table 5.5 Comparison of Flood Peaks by UG Approach and SSPDD Approach

Catchment | V ‘Peak by UG method (m’/s) Peak by | Remark
(cm) using
Critical Time distri- No critical | SSPDD
bution and sequence sequencing
Tehri 5.9 7260 3803 1279 UG method
P gives almost six
do 7.8 9280 5153 1480 fimes as much
“do” 8.5 9900 5660 1550 as compared to
. SSPDD.
Br.No. 12.22 2944 2909 Very close.
807 ’
(Lower
Godavari)
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5.7 CONCLUSIONS

L

The log volume-log peak discharge relatidn can be used to explain non-linearity of
a catchment. Use of direct runoff, in place of total runoff, has been found to give
better relationship with peak discharge. .

SSPDD has higher coefficient of determination as compared to OPDD. There is a
consistent and systematic improvement in case of non-linear basins. Coefficient of
determination is significant irrespective of non-linearity of catchmeﬂt.

The degree of non-linearity can be gauged from the deviation of slope of the
OPDD or SSPDD from 1 or —1 respectively. Original Peak Discharge Distribution
is sufficient for identification of basin linearity and for predicting the peak
discharges. Correlation between log Qp and log Tp needs to be further
investigated.

Application of linear UG theory fof estimation of peak flood in non-linear basins,
as demonstrated, may result in serious error in hydrologic design.

Peak discharge distribution can be utilized for ungauged catchments in a variety of

hydrologic studies such as computation of peak discharge from rainfall excess

volume, etc.

Further studies are required to correlate the slope and intercept of OPDD with

catchment physiographic parameters.

58 SCOPE FOR FURTHER STUDY

In this study, many flood events correspond to low order of magnitude of direct runoff

volume. Further study is required using higher ranges of volume of direct runoff.

The distribution of rainfall in time and space has significant effect on the flood peak.

Assuming uniform rainfall coverage in space, when it is actually not so, particularly for small
catchments, can produce flood peaks of significantly different magnitude. But, the OPDD

/SSPDD will estimate the same value of peak discharge as the volume of runoff is same.
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Hence, the OPDD procedure needs further investigation to include the duration of

rainfall /rainfall excess as an independent variable.

In conventional design flood synthesis techniques, using UG or other techniques, the
hyetograph of rainfall is the one corresponding to the most severe hydrologic / meteorologic
pattern considered as chafacteristic /possible for the catchment and hence, critical placement
of storm isohyetal pattern, critical depth duration pattern, critical sequencing of rainfall
ordinates, etc are done. Whereas, the OPDD relation represents an average of the pattern of
storm rainfall (including its location, depth-duration characteristics, etc.) and hence,
development of OPDD/SSPDD should be based on a large number of flood events covering

all possible ranges of storm patterns.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 CRITERIA FOR SELECTION OF DESIGN FLOOD

The criteria for selection of design flood for dams being followed in India are
based on the provisions contained in the BIS Code IS:1 1223-1985. The provisions in the
Code are broadly those which were followed in USA and other western countries during
the eighties and were based on the height and storage volume involved. Though the Code
has an enabling provision to take into account the potential downstream damages, no
- guidelines are given for consideration of magnitude of damages in the selection of design
flood. Thus, there is a need to incorporate quantitative risk analysis in the criteria, as is
now being increasingly felt in India and other countries. This is all the more important for
India, because of the ever-increasing flood plain occupancy, caused by population

pressure and developmental activities.

The-BIS code for barrages in India allows the use of a lower design flood than for
equivalent dams. There appears to be no logic, especially since, the demarcation between

the two structures is not rigid in the mountainous regions.

With developments in technology, weather forecast, flood forecasting, dam
breach analysis etc., flood damage evaluation has become more scientific and reliable.
Traditionally, a conservative approach has been followed in hydrologic design of river
valley projects. The above mentioned developments should also be considered in
evolving design flood critieria. However, it will depend on the confidence of the decision

makers in available technical expertise in the country.

Within-year and over-the-year storage schemes should be distinguished in fixing

design flood criteria. At present no such distinction is made.
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6.2 HYDROLOGIC CHARACTERISTICS OF STUDY AREA

6.2.1 General Features: , _

o 'Most rivers in western Himalayas have significant snow-melt runoff,
making them perennial rivers , B

o Streams have very steep descend in levels in the initial reaches, followed
by steep bed gradients of the order of 15-30 m/km (0.015 to 0.030), before
entering the Siwaliks, foothills of Himalayan'mountéins.

o Very narrow gorges in the initial reaches, with river terraces at certain
locations. Narrow channel, high channel slope and the absence of wide

flood plains, result in short-duration high magnitude flood peaks. |

'6,2.2 Snowmelt and Baseflow characteristics: Typically, the snowline comes down to
the altitude of 2800m during winter and goes upto 4800m towards end of summer season,
though the level of permanent snow cover may change slightly from year to year.
Average baseflow from area not-having snow-cover has been found to be 0.05 cumec
/km®. ~ The peak snow-melt runoff computed from daily discharge data of around 25
years, has been found to be well correlated with area under snow-cover in log-space, with

a coefficient of determination of 0.9036.

.6.2.3 - CWC Report for zone 7: The relations between catc;hment characteristics and
UG parameiers presented' in the CWC report (CWC, 1994), were derived from the data of
nearly 45 ﬂobd events from 5 sites lying in the fringe of the basin, towards the plain areas
and hence, are not fully representirig the hydrological and meteorblogical characteristics
of the mountainous catchments in the basin. Further, data sets for five sites only is too
small a sample for regression analysis, since, the variance of the computed coefficients
will be too'large and hence, the 95% confidence limits of the estimated values of the
dependent variable, i.e., UG parameters, will be too" wide apart to be of any use: in flood

computations. These values can be used as a preliminary value to start with, which need

o
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to be modified /firmed up based on data of G&D observations and short-interval rainfall
data. . B

6.2.4 Comparison of Catchments in CWC Report and in the Present Study: The
project catchments studied in this dissertation have steep slopes of the order of 10-30
m/km. However, the slopes of the 5 catchments included in the CWC report (CWC,
' 1994) ranged between 10 and 84 m/km and hence, are steeper. Since, slope is an
independent parameter in the CWC approach, its effect on UG is incorporated in the
method. '

The catchments in CWC fall in the terai (plain areas) region and here, the land use
pattern is predominantly agriculture and forest area is less. Whereas, the former has
tendency to reduce the peak, the latter has a tendency to increase the peak, especially for
small catchments. The catchments of the project sites are predominantly forest areas,
with little agricultural activity. However, the soil layer in the high altitudes being thin, the

net effect is expected to be a higher runoff coefficient.
6.3 VOLUME-PEAK DISCHARGE RELATION

6.3.1 Conclusions

1. The log volume-log peak discharge relation can be used to explain non-
linearity of a catchment.

2. SSPDD has higher coefficient of determination as compared to OPDD.
Coefficient of determination is significant irrespective of non-linearity of
catchment.

3. The degree of non-linearity can be gauged from the deviation of slope of the
OPDD or SSPDD from 1 or -1 respectively. ‘

4. Application of linear UG theory for estimation of peak flood in non-linear
basins, as demonstrated, may result in serious error in hydrologic design.

5. Peak discharge distribution can be utilized for ungauged catchments in .a

variety of hydrologic studies.

78



6. The relation developed between intercept of OPDD and catchment area and
slope can be used for ungauged catchments to obtain the intercept of OPDD.

However, no statistically significant relation could be established for slope of

- OPDD.

Scope for Further Study | o

Correlation between log Qp énd log Tp needs to be further investigated.

Further studies are required to correlate the slope a'nd intercept of OPDD with
catchment physiographic parameters. _ _

In this study, many flood events.correspond to low order of magnitude of direct
runoff volume. Further study is required using higher ranges of volume of direct .
runoff.

OPDD procedure needs further inve_stigatibn to include the duration of rainfall
/rainfall excess as an independent variable.

The OPDD relation represents an average of the pattern of storm rainfall
(including its location, depth-duration characteristics, etc.) and hence,
development of OPDD /SSPDD should be based on a large number of flood

events covering all possible ranges of storm patterns.
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COMPUTATION OF EQUIVALENT SLOPE

Annexure 3.1

COMPUTATION OF SLOPE FOR RIVER PINDAR AT BAGOLI

Contour RD Li S; s’

{m) (km) (km)

860 0.0 0.0

943 96 9.6 8.7 3.2

1000 10.4 0.9 67.1 0.1

1082 - 20.2 9.8 8.3 &q

1124 27.1 6.9 6.1 2.8

1200 325 5.4 141 1.4

1372 50.3 17.8 9.7 5.7

1500 57.7 74 173 18

2000 80.0 22.3 224 4.7

4000 110.0 30.0 66.7 3.7

4500 114.0 40 125.0 0.
114.0 ms]

= 18.00

L-section of Pindar River at Bagoli Dam

4360
3860 2 =
3360 //Z/
2860 7 —
2360 /4/
1860
1360 S
860 1 -
0 50 100

150
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COMPUTATION OF SLOPE FOR RIVER ALAKNANDA AT NPL

- contour RD Li | Si Ls’®
(m) (km) (km)
880 0.0 00

939 6.0 6.0 . 9.8 1.9

992 145 85 6.2 3.4

1005 21.5 7.0 1.9 5.1

1172 31.5 10.0 16.7 2.4

1590 49.5 18.0 23.2 37

- 2300 . 615 120 59.2 16
2500 65.5 40 50.0 0.6

4000 80.0 4.0 375.0 0.2

Sum 114.0 26.87

Sa= 18.00
L-section of Alaknanda River at Nand
Prayag Langasu
4860
- § 3860 - /’
£ 2860 /
%z 1860 :
860 "M T T
0 20 40 60 80 100
RD {km) ex. dam site
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COMPUTATION OF SLOPE FOR RIVER TONS AT NAITWAR

Li

contour - us?
_(m) (km) (km)
1230 - 0.0 0
1290 1.8 1.75 343 0.3
1430 5.8 4 35.0 0.7
1600 12.0 6.25 27.2 1.2
1640 14.3 2.25. 17.8 0.5
1825 19.3 5 37.0 0.8
1880 20.8 15 36.7 - 0.2
1915 22.3 i 1.5 233 - 0.3
2100 275 . 5.25 35.2 0.9
27.5 4.97
Set 30.59 . .
L-SECTION OF RIVER TONS
- 2200
- 2000 P
7]
E 1800 //
:El’ 1600
(21 4 1400 /
1200 * r —
0.0 10.0 20.0 30.0

RD (km) EX. NAITWAR
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Fig. A. 4.1: Deﬁnition Sketch-Various Definitions of Time Lag (Singh, 1988)

Table A 1.1: Some of the Definitions of Lag Time -

Symbol Explanation

t; time interval between the centroid of effective rainfall and the centroid of
direct runoff :

t2 time interval between the centroid of effective rainfall and peak of direct
runoff :

t3 time interval between beginning of effective rainfall and the centroid of
direct runoff

ts time interval between beginning of direct runoff and the end of direct runoff
(time base) '

ts time interval between beginning of direct runoff and the time when 50% of
direct runoff has passed the gauging station

ts time interval between centroid of effective rainfall and the point of
contraflexure on direct runoff recession

t

time interval between beginning of effective rainfall and peak of direct
runoff

87




. Annexure 4.2
- SYNTHETIC UG DERIVATION FOR A TYPICAL CATCHMENT USING THE SUG

APPROACH OF REPORT FOR ZONE 7.

 Catchment map of river Pindar, a tributary of Alaknanda at Bagoli is shown below. The

computation of slope of main river is given in Chapter 3 (Annexure 3.2).

Step 1: The following physiographic parameters are measured /computed from the map.

Gross CA 1610km? River bedlevel 860m

 Snowfed CA 363km* L ~ 100km
Rainfed CA 1247km? L 40km
Latitude (dam) 30120 N . Sqt 18m/km
Longitude (dam) - 79 18 OEE

Only the catchment area of 1247 is considered in UG derivation. Critical snow-melt is

added later to the flood hydrograph.

Step 2: The UG parameters, defined in the sketch in Chapter 3, are computed as below:

b - - 2.498*(L*Lc/Sy)0.156  5.80hr-
Qp 1.048/tp"0.178 0.77 cumec/sg.km
Qp gp*A : - ©55.6 cumec
Wsgo 1.954*(L*Lc/Se)*0.099 3.34 hr
Wos 0.972*(L*Lc/Se)"0.124  1.90hr
- WRs 0.189%(W50)*1.769 1.59 hr
WR75 0.419*(W75)*1.246 0.93 hr
s 7.845%(tp)*0.453 ~ 17.40hr
T 6.00 hr

Using the above values, a UG is sketched and its shape is further refined to make the
volume 10mm. The UG is shown in the Fig. A.4.2.
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i . . SUG at Bagoli
1200 ==
Qo 1000
800 ’
600 = : o
400 == ==
200 S ==
0 S
’ 0 2 4 6 8 10
Time (h)

Runoff (cumec
1

Fig. A.4s2SUG AT BAGOLI (10mm, 1-hr)

Step 3: The 100-year point storm depth for 24-hr duratibn was obtained from the
relevant fig. as 230mm. The areal correction factor for catchment area of 1247 sq.km.
was obtained as 0.85. Hence, the 24-hr, 100-yr return beriod rainfall for the catchment is
195.5mm. As per the current design practice, the design- rainfall is split into 12-hr spells.
Using the 12-hr distribution coefficient of 0.76, the 12-hr spells are obtained as 46.9 and

148.6 mm respectively.

Step 4: These are further distributed to hourly increments using the distribution
coefficients given in the relevant table. Uniform loss rate of 1.5 mm/hr is substrated and
the resulting ordinates are arranged in a critical order (CW&PC, 1972) in two bell spaped
spells each of 12-hr separately, to obtain the design excess hyetograph. This is then
applied to the design UG obtained in step 2 and the Direct Runoff ordinates (Dﬁ(_)) is
obtained. Baseflow at the rate of 0.05 cumec /sqkm. is added to obtain the flood
hydrograph corresponding to the area of 1247 sq.km.

Step 5: Critical snowmelt corresponding to the monsoon périod is obtained from G&D
data of a site downstream of this site and the value is adjusted based on the snow-cover at
the two stations. Cﬁtical snowmelt value of 150 cumec is used. |
Details are given below.

Cumulative rainfall (mm)

10.5 16.7 222 26.5 29.6 32.7 35.8 38.9
41.4 43.2 451 48.9 3.2 52.8 70.4 841
83.8 103.6 113.4 123.2 131.0 136.9 142 148.6
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Rainfall increments (mm)

“9.0 47 4.1 - 28
1.0 - 0.4 : 04 .. 04
8.3 . .83 83 8.3
Design Excess hyetograph (mm)

0.4 0.4 16 1.6
1.6 1.6 1.0 ~ 0.4
12.2 18.1. 31.7 F 1641
DRO (cumec) _
0 1 2 7 21
1369 1520 1300 967 737 .
4434 5535 6018 5288 4141

111 89 28 14 6

55
658
3139
3

16 16 16 - 16 .

© 317 181 16.1 122

63 44 44 44
2.8 47 90 41
44 44 8.3 8.3
8.3 8.3 6.3 44

124 254 448 700 1025
828 1249 1828 2540 3385
2280 1527 880 458 225

1 0 -

100-yr return period flood hydrograph ordinates (cumec), including critical snow-melt.

212 - 213 214 220 233 268 336 467 - €61 912 1237
1682 1732 1513 1179 950 87C 1040 1461 2040 2752 3598
4647 < 5747 6230 5500 4354 3352 2492 1740 1093 671 437
324 241 . 226 - 218 216 213 212

271



Flood events for:

Annexure 5.1 1Sheet 1

Pinder at Karnaprayag

“Unit: m/s

Time Event Event Event Event Event Event Event Event Event Event

(h)

1

2

3

4.

S

6

7

8

9

10

WO ~NOOPHWN-L20O

83
86
89
94
105
112
126
123
118
112
108
117
115
1M1
108
107
11
110
105
101
99
g7
92
87

101
107
115
121
133
144
154
164
169
197
200
201
216
223
223
219
209
201
194
189
182
176
168
161
154
147
133
126
119
112
108

171

172

175
187
205
219
232
234
297
316
318
308
280
268
255
244
236
227
220
216
214
208
202
197
191

218
226
233
236
237

237

236
233
230
262
300
334
344
327
316
301
288
277
268
257
251
243
236
230
225

186 -

180
178

21
218
225
230
236
240

241
244
255

269

286
313
348
363
366
362
355
349
336
327
320
313
311
306
301
295
290

284

280
276
272
268
265
262
259
255
252
250

247

244
241
239
236

319
324
341
358
376
397
415
427

430

431

426

416
405
395
388
383
377
372
366
365
360
356
352
348
344
340
337
334
327

85

112
175
237
266
280
337

327

352
352
338
313
288
266
236
226
214
202
194
189
180
173
166
160
183
147
141
136
130
126

- 122
118
114
110
105
101
99

154
185
160
164
166

168

169
173
176
178
180
183
186
186
202
208
247
265
'258
241
229

223 .

218
212
205
202
198
197
196
194
187
182
175
168
162

202

209

216
222

227

237
258
294
306
315
320
312
305
203
283
280
272
261
254
248
245
241
237
233
229
225
222
219
216
213
210

237
248
259
261
262
263
265
259
255}
252
250
244

peak

126 223 318

344 366 431

9

352 265 320 265




Flood events for:

Annexure 5.1 [Sheet 2

Bhagirathi at Tehri
- Unit: m%/s
Time Event
(h) Event 1 Event 2 Event 3 Event 4 Event 5 Event 6 Event 7 Event 8 Event 9 10

0 267 338 424 424 568 564 506 509 700 545
1 267 351 432 431 575 572 513 513 726 . . 564
2 278 370 444 447 587 583 523 522 752 583
3 293 388 457 471 . 602 593 534 542 779 602
4 314 408 479 497 622 606 545 . 543 793 - 642
5 341 431 498 513 638 622 564 587 . 815 681
6 3718 441 8§27 529 663 642 575 618 827 726
-7 432 457 564 529 694 632 589 652 839 770
8 474 466 587 518 719. 616 598 696 822 802
9 = 491 486 602 518 748 602 612 715 804 . 829
10 483 504 595 506 781 593 642 737 797 815
1 461 516 583 500 770 583 622 752 793 793
12 441 511 555 495 757 575 612 770 770 . 774
13 432 500 536 491 752 598 781 748 - 763
14 424 491 527 484 748 587 786 739 748
15 418 ~ 491 527 478 743 573 765 726 737
16 413 481 520 469 737 564 757 719 726
17 405 469 514 464 694 555 750 713 715
18 393 462 514 457 663 542 737 704
19 378 454 509 444 654 531 722 683
20 385 441 500 432 648 523 711 667
21 337 436 493 642 518 702 650
22 320 431 486 634 704 632
23 306 423 474 626 702 612
24 293 415 . 464 - 618 683 600
25 286 408 457 612 679 583
26 402 451 606 673 570
396 444 600 669 557

390 441 595 663

385 434 589 656

378 583 650

366 579 644

363 638

351 632

626

612

602

598

587

579

572

564

557

551

545

540

534

531

on.

527

72




Annexure 5.1 /Sheet 3

Flood events for: Alaknanda at Joshimath

Unit: m%/s

Time (h) Event1 Event2 Event3 Event4 Event5 Event6 Event7 Event8

572 590 629 642 595 624 572 590
580 508 634 652 601 632 580 533
590 606 645 660 614 642 593 595
601 614 655 673 626 655 603 603
611 616 668 691 637 668 611 614
621 624 678 699 647 675 624 626
637 634 694 712 660 - 688 642 637
655 655 709 725 678 701 657 652
675 673 722 - 735 694 712 675 668
694 691 737 740 706 719 688 686
10 709 709 750 745 714 714 706 681
1 719 719 761 737 722 699 717 725
12 714 730 771 730 730 688 725 735
13 704 745 766 714 725 673 719 745
14 691 735 755 694 719 663 709 740
15 673 732 737 675 709 650 - 696 732
16 660 722 725 663 696 637 681 719

OO~ WN—~O

17 647 709 714 668 681 668 704|
18 637 694 706 655 668 657 688
19 626 = 673 696 657 645 678
20 616 660 688 647 632 668
21 606 652 678 639 624 660
22 595 642 670 629 ‘ 616 655
23 590 626 657 619 598 647
24 585 611 - 650 608 590 639
25 606 642 585 631
26 603 : 624

618

612

603

93



FLOOD EVENTS STUDIED FOR MANDAKINI AT RUDRAPRAYAG

Annexure 5.1 sheet 4/6

TIiM

E (h) RUNOFF {m’/s)

TIME
(h)

RUNOFF (m3/s)

0
3
6
9
12
15
18
21
24
27
30
33

130.0
145.0
150.0
510.0
630.0
618.0
506.0
350.0
250.0
200.0
170.0

155.0
170.0
215.0
425.0
632.0
540.0
450.0
365.0
320.0
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24.0
25.0

260
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29.0
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31.0
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33.0

630.2
650.6
656.3
662.0
670.0
670.0
670.0
674.6
682.7
690.8
697.8
708.3
721.2
731.8
743.7
749.7
810.3
737.8
717.0

695

685

190.9
226.7
258.0
297.5
3317
365.1
389.2
368.7
344.4
328.3
310.0
293.0
280.0
265.0
250.0

238.0 .

226.0

262.5
279.5
298.8
319.9
350.8
374.5
4496
477.0
477.0
477.0
469.1
457.4
457 4
4450
407.7
389.2
357.2
331.7
324.8
317.9
309.7
303.0

583.8
605.3
635.9
651.1
659.4

656.4

651.1
651.1
651.1
654.8
657.9
662.4
688.7
708.9
726.1
737.9
748.3
755.7

750.5
748.3
729.8
7186
696.2
681.2
666.2
651.1
639.7
637.0

249.8
2569.7
268.0
277.2
286.3
297.7
3144
324.3
335.7
366.1
411.7
453.5
518.0
548.4
525.6
495.3
476.3

464.9 -

450.5
438.3
420.8
-400.3
381.3
373.7
366.1
350.0
335.0
322.0
310.0
298.0
288.0
275.0
260.0

337.2
343.3
353.2
364.6

37758

388.9
401.8
423.1
457.3
502.8
559.8
597.7
624.3
648.5
631.8
605.3
586.3
573.4
559.8
523.3
480.1
455.0
436.0
4246
405.0
383.0
365.0
350.0

420.8
426.9
434.5
439.8
446.7
455.0
468.7
487.7
510.4
529.4
544.6
5§62.2
540.8
528.7
495.3
478.6
464.0
439.8
431.0

235.3
2384
242.9
2482
2636
259.7
265.0
2825
310.6
343.3
375.2}
404.1
457.3

- 502.8|

552.9
548.4
533.2
495.3
464.9
438.3
404.1
391.2
373.7
360.0
350.9
344.8
338.5
325.0
310.0
300.0
290.0
280.0
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Annexure 5.1 sheet 5/6

ALAKNANDA AT RUDRAPRAYAG
(RUNOFF IN m¥s)
Time Event1 Event2 Event3 Event4 Event5s.
0 810.0 760.0 760 760.0 0.0
6 750.0 900.0 802 820.0 0.0
12 670.0 1060.0 *© 1270 925.0 615.0
18 615.0 . 925.0 1150  1212.0 670.0
24 955.0 665.0 925 800.0 955.0
30 1219.0 6300 825 800.0 1219.0
36 1400.0 0.0 777 777.0 13000
42 . 10440 0 0.0 10440
48 760.0 : 760.0
54 900.0 640.0
60 1060.0
66 925.0
72 665.0
78 785.0
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FLOOD EVENTS FOR GOLA AT DAM SITE

Annexure 5.1 sheet 6/6

(RUNOFF IN m%s)

Event1 Event2 Event3 Event4 Event5 Event6 Event7 Event8 Event9 Event 10
54.0 54.0 32.0 130 200 103.0 359 1101 20.0 76.2
58.3 583 100.0 17.5 228 355.0 90.8 3513 1640 1398
163.3 153.3° 120.0 220 257 4650 1331 3529 350.0 263.0
153.3 1833 1320 27.5 2865 6370 1896 35589 7250 3587
1616 1816 1450 33.0 313 4650 2664 2654 6400 269.1
2250 2666 1720 58.5 342 3820 3291 - 2310 5060 2317
4183 3616 230.0 84.0 37.0 3515 4201 2233 4000 2115
506.3 4815 320.0 98.0 475 3210 5086 2156 376.0 196.3
506.3 4253 3000 1120 580 2905 5684 2080 3120 166.2
4183 3616 2844 148.0 56.0 260.0 4611 2006 256.0 - 176.1
2666 2666 2688 145.0 67.3 240.0 450.1 193.6 1620 166.0
2666 2451 2531 115.0 753 2200 4390 1868 130.0 1556
2451 2399 2375 1033 82.00 200.0 4102 186.8 440 . 1457
2399 21385 2256 91.7 86.3 180.0 3814 183.5 ‘ 1356
2400 2135 2138 80.0 0.7 1638 3525 1802 125.5
2135 2107 2019 736 95.0 1475 3237 1769 115.4
210.7 1974 1900 = 672 1410 1313 2949 171.0 105.3
1974 1941 181.0 60.7 1255 1150 266.0 1652 95.2
1941 1909 - 1720 543 110.0 237.2  159.3 91.7
1809 1876 1585 49.3 96.0 2084 1535 66.6
1876 1844 145.0 443 82.0 1795 1476 65.2
1844 176.0 1385 39.3 74.2 169.1 1417
176.0 1676 132.0 34.3 66.5 158.7 135.9
1676 1647 126.0 30.0 58.7 148.4 130.0

1647 1617  120.0 25.0 50.9 138.0 125.0
161.7 1617 110.0 22.0 457 1276 1220
161.7 161.7 100.0 18.5 43.0 117.2  120.2
161.7 146.0 93.0 36.5 106.8 119.0
146.0 1302 86.0 30.0 964 118.0
130.2 130.2 64.0 28.0 B6.1 1175
130.2 1302 420 75.7 -
130.2 1259 53.0
1259 1215 '

121.5 1045

1045 87.4
87.4 75.4
75.4 63.3
63.3

Note: The runoff ordinates at 2-hourly intervals for flood events 1 to 6 and 10

The runoff ordinates at 1-hourly intervals for flood events 7 & 8
The runoff ordinates at 6-hourly intervals for flood event 9
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