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INTRODUCTION

Soney John “Statistical analysis of peak flows with special reference to Kerala
river basins” Thesis. Department of Statistics, University of Calicut, 1999



1. INTRODUCTION

1.1 SCOPE

Statistical flood frequency estimation, based on annual maxima of streamflow data
has been attempted for the river basins of Kerala region of the Malabar Coast. The
data of homogeneous flood regions have been combined to increase the sample size as
is done in similar studies eisewhere (NERC, 1975). The investigations also extended
« finding cut a relatio;.<hi.. cotweer ipean annuai peak flow and S=riarn basin
characteristics, thereby helping in estimation of the flood frequencies of ungauged

sites.

Estimating accurately the magnitude and frequency of relatively rare flood events are
important because these events cause greate economic losses and loss of life. This
has lead hydrologists to search for flood records outside at site; systematic records are
required to improve their estimates. Thomson et al (1964) obtained prerecbrd
information from documents, news papers and information from long term residents
and Costa (1978), Baker (1983), and Sigafoos (1964) obtained prerecord flood
information from examining sediment deposits and botanical evidence to improve

their estimates.

Another method of improving the estimate is regionalisation. Regionélisation has for
many years been a standard hydrological tool, used to facilitate extrapolation from
sites at which records have been collected to others at which data are required but
unavailable (Riggs,1973). By defining region within which catchments are considered
to behave in similar fashion, records may be extrapolated with moré precision, and
regression equation to predict hydrologic variables in terms of catchment charac-
teristics may be used with greater confidence. However, there is surprisingly little
guidance in the literature regarding the details of regionalisation. Many text books
such as '"Water in Environmental Planning' (Dunne et al, 1978) mention the benefits of

regionalisation without discussing the procedures or the pitfalls.




While applying regional approach, it has to be ensured that the streams behave as
nearly similar in hydrologic characteristics as possible; they should have as far as
possible similar vegetal cover, landuse, topographic conditions and geologic
characteristics. Large basins should not be grouped with very small ones. They
should also have similar rainfall and evaporation regions (Linsely et al, 1975). Benson
(1952) found that 48 years of record were needed to define the 100 year flood within
25% and 115 years of record to define the same flood within 10% with a 95%
probability in both cases. It was considered dangerous to extrapolate a 100 year flood
using a 20-year record from a single station (Cole,1965); even if the distribution can
be linearised on probability paper, hydrologists are warned against extrapolation

because the effect of sampling errors get magnified (Chow,1964).

The flood frequency analysis is the commonly used approach for estimation of design
flood, particularly for small and medium structures. When data of sufficient length 1s
available, flood frequency analysis can be based almost exclusively on that record
alone. However, when data available is limited or when there is no record available at
a site, regional frequency approach provides reasonable estimates of expected floods.
The data from a single station is a random sample from an unknown population. It is
also noted that not only are the parameters of this population uhknown, but the
frequency distribution that generated the sample are also unknown as well
Recognising the variability inherent in a random sample of this nature, many
hydrologic frequency studies are done on a regional basis (Hann, ]977)). Extension of
the results of the frequency analysis of the point data to an area requires regional
analysis. Various methods of regional analysis have been developed for flood studies

(Dalrymple, 1950).

Experience has shown that regional flood frequency curve, as it is known, is a reliable
means of predicting flood frequencies and is to be preferred to estimates made from
data of a single station (Drayton,1980). Regional analysis overcomes sampling error.
'Its essential feature is the grouping of data to improve the quality of result. Regional

analysis has been developed with variations by the United States Geological Survey




in collaboration with a number of State agencies in the period since 1945 and

appears to have been widely accepted in the United States (Dalrymple,1960).

The index-flood method of regional flood frequency analysis has proved to be a
popular way of providing flood information at ungauged sites (Dalrymple, 1960).

The derivation of regional distributions consists of three stages:

1) Identification of one or more homogeneous regions;

i1) Selection of an index-flood and derivation of regressions relating the index-
flood to basin characteristics;

iii) Selection and fitting of a regional flood frequency distribution to the

standardised flood data of each region.

One of the first steps in a regional study is to define the region itself. Some are based
on the location of watershed divides, political boundaries, land resource regions and
physiographic regions. Regional boundaries are also defined in terms of similarity of
flood frequency curves or flow duration curves. Dalrymple (1960) discusses a test for
determining whether flood frequency curves for a region can be considered as
homogeneous. Some investigators, including DeCoursey (1973), Mosley (1981),
Tasker (1982), and Gottschalk (1985), have used multivariate analysis techniques
such as ciuster analysis, discriminent analysis and principal components analysis for
regionalisation of hydrological data. In practice, many hydrologic regions are based
upon administrative or similar boundaries which may cut across geologic, climatic
and topographic boundaries. The UK Flood Studies Report (NERC, 1975)
commenced its regionalisation with groupings of hydrometric areas. The theory and
~ practice of regionalisation has received the attention of many workers on the
geographical sciences but no general methodology for identifying regions  is
available. However, Grigg (1967) has presented a number of principles of
regionalisation on the assumption that it is analogous to classification and should
.therefore be based upon the principles of formal logic. Monte Carlo studies by Wallis
et al (1985) indicate that while regional analysis improves the mean square on

average, some specific sites in a region may be adversely affected by regionalisation.



The peak flow data for frequency analysis should satisfy the following assumptions in

order to have meaningful estimates:

i) the characteristics of the sample are ue representatives of the characteristics
of the population;

ii) the statistical characteristics derived from the sample are time invariant;

ii1) the data are random,;

iv) the data are homogeneous; and

v) the data are accurate and reliable.

For carrying out flood frequency analysis, usually, the following procedures are
followed. The historical data on annual peak flow from the gauged streamlets and
rivers of Kerala river basins have been processed. Data from stations which have
long periods of data and which are free from influences of man-made structures such
as dams, diversions etc. are selected. Simple quality control techniques are applied on
"suspect-data" based on enquiries with concerned authorities and by correlating with
rainfall data and such other possible methods. The graphical method and analytical
method have been used in the flood frequency analysis. In the graphical method,
curves were developed for each of the nine flood frequency regions using Gumbel
distribution; to get a general idea, a flood frequency curve is developed for the entire
Kerala State. In analytical method, some of the theoretical frequency distributions are
identified, which are likely to provide good fit to the data series; the chosen frequency
distributions are fitted to the historical flood records and the parameters of the distri-
butions estimated adopting one or more parameter estimation techniques. The best-
fit distribution is selected on the basis of some goodness of fit criteria; the floods of
different return periods are estimated using the parameters of the best-fit distribution.
Mean annual peak flow is correlated with basin characteristics, separate relationships
for nine regions evolved and correlation matrix for each region formed. This

relationship is useful for estimating the T-year flood.

In order to predict the runoff from rainfall, two mathematical models namely, Simple

Linear Model and Linear Perturbation Model (Nash et al,1983) have been tested and



validated. River flow models are used in flood forecasting schemes. Forecasts of the
discharge are obtained in real time, by using the model to transform the input function
into a corresponding dischérge function of time. The forecasts may subsequently be
modified or updated, in-accordance with the errors observed in previous forecasts,

upto the time of making the new forecast.

1.2 NEED FOR THE PRESENT RESEARCH PROGRAMME

The problem of floods and their computation is one of the main concerns of
hydrologists and engineers, because it is an economically important problem.
Estimation of design flood is one of the most important components of planning and
design of any water resources project. Flood estimates are required for design of a
variety of 'engineering works including dams, spillways, bridges and flood protection
works. Correct estimates of the incoming floods are also required for flood control
operations, maintenance of flood levees and for evacuation operations in emergent
situations. Use of flood frequency analysis is very common for estimation of design
floods of different return periods. Flood frequency analysis deals with univariate

process comprising of maximum peak flow values.

The flood frequency studies are not only useful in flood loss prevention but also for
purposes of planning and design of hydraulic structures, urban areas and human
settlement, and for planning other facilities like transport, communication, etc.
Floods affect many of the engineering structures such as bridges, embankments,
tanks, levees, reservoirs etc. Varshney (1979). While designing these, proper
‘precaution must be taken for the safe passage of the maximum flood expected. The
problem of safe design would call for an estimate of the probable maximum flow,
which would occur during a specified period of time. It is only possible to have an
estimate of the maximum flow, which can reasonably be expected with a particular
probability. This can be achieved through statistical methods using the techniques of

frequency analysis.



Streamflow data are being collected in Kerala since 1964, but detailed flood
frequency study based on historical data was not carried out. According to CWRDM
(1983), a detailed flood frequency based on historical data could not be attempted so
far in the region, since actual measured data on streamflow was not available for such
a purpose. However, since river gauging has been carried out in Kerala since about
thirty years by different agencies like Public Works Department (PWD) (now
Irrigation Department), Kerala State Electricity Board (KSEB), Central Water
Commission (CWC) anc ! iate oy CWRDM, it is iime te attempt flood frequency

studies.

Since a number of streamlets and rivers are not yet gauged in the region, the necessity
for regionalising the study has been realised. This is significant because some of the
ungauged rivers are awaiting exploitation for the development of the region

(CWRDM, 1983, PWD, 1974).

The present regional flood frequency study is aimed at preparing a material which
will provide a basis for decision-making in water resources planning. This study will

also serve as guideline for similar studies in future.

1.3 LIMITATIONS OF FLOOD STUDIES IN GENERAL

The objective of statistical flood frequency ‘analysis ‘is the inference of form and
parameter values of the statistical distributions that characterise the population on the

basis of the sample of recorded data.

The primary purpose of flood frequency analysis is to define a relation or distribution
that conform well to the data and represent an orderly variation of probability rather

than the chance erratic variation usually found in a flood series (Singh et al, 1972).

It will be difficult if not impossible, to assure total security or economy in planning
protection works against floods at great costs (Varshney, 1979). Therefore, while

planning any system of flood control, it is desirable to ascertain the magnitude and




occurrence of all great floods in the past and their likelihood of being exceeded in

the future.

The unpredictability of floods will be clear from the examples given below:

(i)

(ii)

(iif)

On the Kaveri river(south India), at the time of construction of Krishnassagar
dam, an examinaticn of nearly a 100-year record revealed that the maximum
flood was 5925 cumee. Based on this, the spillway was designed for 7100
cumec. In July 1924, when the dam was still under construction, a flood of
8200 cumec was observed, and therefore the design flood had to be revised.
The spillway capacity finally adopted was 11330 cumec.

The flood in Republican river in Nebraska (U.S.A) with a catchment area of
31,800 sq.km., mostly semi-arid, had not exceeded 710 cumec in 80 years, but
it suddenly experienced 7950 cumec (i.e, 10 times the earlier maximum) in
May 1935.

The Devils river in Texas (U.S.A) had a 30—year record showing a maximum
of 1000 cumec (catchment area of 10530 sq.km.). Two dams were built on the
river in 1930 and two years later a flood of 17000 cumec occurred. This was
classified by Creager as a flood of 10000 year frequency and yet they had to

wait only two years for it.

A few aspects of flood problem are capable of being formulated:

(i)

There is proof that small floods occur more frequently than large ones;

(i)  The probability of occurrences of major floods is the greatest at a certain

time of the year and in the case of Indian rivers, it is the middle of

monsoon season (i.e. in the month of July or August);

(1))  More or less definite relation exists between heavy rainfall, the rate of its

runoff from the land and the flood discharges in the river; and

(iv)  The longer the period of flow observation in a large region, the greater is

the largest observed flood event.



No method is perfect in predicting with certainty the time and size of any flood that
may take place in future. Their occurrence and magnitude are as uncertain as the
meteorological phenomena and the contributing factors which cause them. Since
rainstorms are the principal cause of floods, a study of greatest storms of past is

usually of assistance in estimating the frequency of large floods.
1.4 AREA OF STUDY : KERALA COAST

General

The present flood frequency studies concentrate mainly in the Kerala region of the
Malabar Coast, situated in the Indian Peninsula between 818 and 12°48° N latitude
and between 74°52' and 77°22' E longitude (location map is given in Fig.1). As far as
possible, the river basins of the region were considered in total. However, this was
not always possible because of non-availability of data. The total area of the region
.considered is about 38864 sq.km, as per the records of Surveyor General of India,
with a coastline of about 600 km length. Rivers, along with length, catchment areas

are given in the Table 1.
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TABLE 1: RIVERS AND RIVER BASINS OF KERALA

SL NAME OF RIVER LENGTH CATCHMENT AREA, km?

No : km KERALA KARNATAKA  TAMILNADU TOTAL
(1) (2) (3) (4) (5) (6) (7)
1. MANJESHWAR 16 50 . - 90
2. UPPALA 50 76 174 - 250
3. SHIRIYA 67 290 297 - 587
4. MOGRAL 24 132 - - 132
5. CHANDRAGIRI 195 570 €36 - 1406
6. CHITTARI 25 145 - - 145
7  NILESHWAR 46 190 - - 190
8  KARIANGODE 64 429 132 - 561
9  KAVVAYI 31 143 - - 143
10 PERUVAMBA 51 300 - - 300
11 RAMAPURAM 19 52 - - 52
12 KUPPAM 82 469 70 - 539
13  VALAPATTANAM 110 1321 456 - 1867
14 ANJARAKANDY 48 412 - - 412
15 TELLICHERRY 28 132 - - 132
16 MAHE 54 394 - - 394
17 KUTTIYADI 74 583 - - 583
18 KORAPUZHA 40 624 - - 624
19 KALLAI 22 96 - - 96
20 CHALIYAR 169 2535 - 388 2925
21 KADALUNDI 130 1122 - - 1122
22 TIRUR 48 117 - - 117
23 BHARATHAPUZHA 209 4400 - 1786 6186
24 KEECHERI 51 401 - - 401
25 PUZHAKKAL 29 234 - - 234
26 KARUVANNUR 48 1054 - - 1054
27 CHALAKUDY 130 1404 - 300 1704
28 PERIYAR 244 5284 - 114 5398
29 MUVATTUPUZHA 121 1554 - - 1554
30 MEENACHIL 78 1272 - - 1272
31 MANIMALA 90 847 - - 847
32 PAMBA 176 2235 - - 2235

(contd...
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Table 1 (contd.)

(1) (2) (3) (4) (5) (6) (7)
33 ACHENCOIL 128 14€4 - - 1484
34 PALLICKAL 42 220 - - 220
35 KALLADA 121 1699 - - 1699
36 ITHIKKARA 56 642 - - 642
37 AYROOR 17 66 - - 66
38 VAMANAPURAM 88 687 - - 687
39 MAMOM 27 114 - . 114
40 KARAMANA 68 702 - - 702
41 NEYYAR 56 497 - - 497
42 KABBINI 1920

43 BHAVANI 562

44 PAMBAR 384

*Source : Water Resources of Kerala, PWD (Kerala), Trivandrum, 1974

Physiography

Physiographically, the Kerala State is divided into three natural zones: the lowland,
the midland and the highland as given in Fig.2 (PWD,1974). These zones form
parallel belts running across the length of the State; the width of the State varies from
15 to 120 km. The highland lies on the eastern boundary comprising of the high
ranges of the Western ghat; the lowland is a narrow strip along the coast; the midland

lies between the highland and the lowland (CWRDM, 1995).

The lowland is characterised by numerous lagoons and backwaters such as the
Vembanad, the Ashtamudi, etc., which receive drainage from the rivers. In order to
drive out flood waters from the Vembanad backwater system with five rivers draining
into it and with only one mouth at Cochin, a spillway was constructed at Thottapalli
by operating which flood waters could directly be discharged to the Arabian sea
through a short cut. The backwaters of Kerala are connected up by a network of
artificial canals, which help in inland navigation for a length of about 558 km from
Trivandrum in the South to Tirur in the North. The lowland is often subjected to

salinity intrusion (James,1985).
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A few kilometres from the sea to the east, the surfaée gathers into slopes and
clustering hills with numerous valleys in between formed due to floods and sediment
transport. This undulating midland is characterised by a number of small cultivated
watersheds which are locally known as elas (CWRDM, 1982).

The Western Ghat, which form the eastern parts of the State, rise from very low
altitudes of a few hundred meters upto 2000 m on an average. Most of the reserve
forests of the State are 1n the highland region. The important peaks in the Western
Ghats are the Anamudi (2690 m), Mukunti (2550 m) and Nilgiris (2470 m). The
Palghat Gap with a width of about 32 km is the largest gap in the Western Ghats. In
addition, there are a few other passes in the ghats such as Aramboli, Kumili,
Kambam, Thevaram, Bodinaikannur, Karkkur, Periya, Perambadi, etc. The main
crops cultivated in the highland are tea, coffee, rubber, pepper and cardamom

(CWRDM, 1995).

Morphology and Drainage

The ancient drainage pattern in the region belongs to the break-away from East
Africa and apparently upto Miocene times been low relief drainage, probably most
of the times with a savannah-like or semi-arid climatic region (Neilson,1972). The
Bhavani river in the Nilgiris was supposed to have drained westward, but sharply
turned eastward during uplifts. There would never have been enough water from the
very small catchments with rather dry pre-Miocene climates to have cut the deep
gorges in solid charnakite or gneissic rocks, and neither could they have been cut to
that exteht during the later uplift (Lake,1891). From an examination of the stretch
- between Ponnani river and Palghat gap, it is seen that the elevated mountain areas are
drained in a more regular pattern, and foothills are developed, but the monsoon being
a geologically 'young' wind, the drainage development of the lower slopes and
foothills are also 'young' (IMD,1958). The geographical changes have played a major
role on the climatic changes, and these have again influenced denudation and

sedimentation.
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There are 44 rivers in Kerala flowing within the region with a minimum length of
15km (Fig.3). Out of the 44 rivers, 41 originate from the Western Ghats region and
flow towards the west through midland and lowland and join the Arabian Sea
(Laksha Deepu Sea) while three of these rivers originate from the Western Ghats and
join the Bay of Bengal, flowing through the neighbouring States (CWRDM, 1983).
The State receives a fairly heavy rainfall annually from the South-West and North-
East Monsoons. The rapidly falling terrain, the heavy precipitation and the narrow

width of the State have given rise ic numerous rivers (PWD,1974).

Meteorological Aspects

Rainfall

There are two distinct rainfall seasons in Kerala viz. the South-West (locally known
as Edavapathy - June to August middle) and North-East monsoon (locally known as
Thulavarsham - September to November end). During these two seasons, about 80%
of the total annual rainfall is precipitated in the State. The South-West monsoon
accounts for 60% of the total annual precipitation. The rains are occasionally

accompanied by thunder and lightning.

Isohyetal map of Kerala is given in Fig.4. The average annual rainfall of the State is
3000 mm. The annual rainfall in the lowland ranges from 900 mm in the south to
3500 mm in the north. In the midland, annual rainfall ranges from 1400 mm in the
south to 4000 mm in the north. In the highland, the annual rainfall varies from 2500
mm in the south to about 5000 mm in the north. The morphology of the  ghats is
attributed to be one of the major factors deciding the rainfall pattern (CWRDM,
1995).

Temperature

The temperature in the region varies between 21°C (69F) and 37°C (99F). The

seasonal and diurnal variations of temperature are not uniform throughout the State.
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The diurnal monthly and yearly variations are small, so much so that processes of
growth and decay are not hampered by temperature, but controlled by rainfall
(Nielson,1972). The study of CWRDM shows that the stations located near the coast
are influenced by land and sea breeze and here the seasonal and diurnal variations of
temperature are almost of the same range (5°C - 7°C). At Palghat, the mean seasonal
variation is less than the diurnal variation. But in the high ranges, which are typically

sub-tropical, the diurnal variation is very high (>15°C in some months).

The percentage humidity is very high in the coastal region and it varies between 95%
in July-August and 60% in January. There is a progressive decline in humidity and
temperature from the coastal belt to the Western Ghats.

eol

The area is mainly covered by crystalline rocks, such as charnockites, khondalites,
gneisses, and Dharwar schists of precambrian age. The charnockites are exposed in
all districts; khondalites and gneisses are concentrated in the southern part of the State
and Dharwar schists and gneisses are exposed in the northern part of the State
whereas intrusive granites and dolerites occur in limited areas of the State only.
- Pegmatite and quartz veins cut across all the rock formations all over the State

(CWRDM,1995).

Late Tertiary sedimentary formations, equivalent to the Rajahmundry sandstone,
form a linear coastal outcrop to the north of Cannanore and from Kottziyam to beyond
Trivandrum in the south. These, together with alluvium, cover an area of about 6000
km? (CWRDM, 1995). The sediments are over 300 m thick in the widest part of the
outcrop between Sherthalai and Karunagappally. The top of the beds 1s 70 m below
MSL at Cochin, and rises to 80 m above MSL south of Trivandrum. They are of
riverine origin, and comprise from bottom to top (i) Vaikom beds of over 100 m
thickness of saﬁdstone—clay with four lenticular granular horizons, (ii) Quilon beds of
fossiliferous limestone, marl, sand and clay of about 70 m thickness, and (iii)

Varkkallai beds of about 80 m thickness of two persistent interconnected gritty
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sandstone horizons with interbedded clay and lignite. The Quilon beds do not persist

eastward, and thin out 7 km short of the eastern boundary of the sedimentaries.

Laterites cover wide areas in Kerala. All along the midland region it forms as a
residual deposit due to weathering of either crystalline or sedimentary rocks; the
thickness of the laterite generally varies from 5 to 8 m. Plateau laterites of greater
thickness is seen in Malappuram, Kozhikode and Canannore districts. Lateritic soil

is predominant in the midiard regions.

Alluvium overlying laterite is 14 to 20 m thick. It extends all along .the coast from
Kasargode to Trivandrum. It is essentially sand, clay and silt. The geological

formations of Kerala is given in Fig. 5.

Hydrogeology

The groundwater in the coastal region predominantly occurs under water table
conditions in the alluvial deposits of recent age and these aquifers are normally a few
metres in thickness. In some stretches, groundwater occurs in the upper tertiary
sedimentary formations of Vaikom, Quilon and Varkkalai beds capped by laterites. In
these areas, the groundwater occurs under artesian conditions. The piezometric
surface of these confined aquifers has been found to vary between 0.5 to 14.3 m
above MSL. The Vaikom aquifers having thickness of 25 to 79 m are the highest
groundwater potential aquifers in the coastal region. The sedimentary tract between

Quilon and Shertalai is suitable for medium capacity tube wells.

In the midland region, groundwater is commonly encountered under water table
conditions in the lateritic aquifers of about 10 to 20 m thickness. Dug wells of
relatively large diameter of about 4 to 6 m are the common groundwater extraction
structures in midland. The Laterite are underlain by weathered rock and the two are
usually separated by lithomargic clay zone which is prone to caving and hence in such

formation, laterite brick hning or concrete rings are necessary for open wells.
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In the highland region weathered zone forms the aquifer in this region. Groundwater
occurs under water table condition and the same can be exploited through dug wells.
Deep seated fracture or fault zones in the hard rocks usually also hold groundwater
and the same can be exploited through bore wells. Fig.6. shows in detail the hydro-

geologic set-up of Kerala.

Soils

In general, the soils are dominated by lateritic soils and forest loams. Other soil type
have developed in certain areas due to local physiographic factors. Based on the
physico-chemical properties and morphological featufes, they are classified into ten
broad groups , which could be identified with thirteen ‘general groups’ of soil
taxonomy(CWRDM, 1995). Brief description of soil types are presented.

Coastal Alluvium (Tropopsamments — Tropofluvents) .

This soil has originated from recent deposits, predominantly marine, with some
fluvial sediments along the coast line. The soil is immature with high sand content

and low water holding capacity with pH value less than 6.5 in most of the areas.

~ Riverine Alluvium (Tropofluvents — Eutropepts —Dystropepts)

This type of soil, developed along river valleys, occurs throughout the State cutting
across the extensive laterite soils. The soil is very deep with surface texture ranging
from sandy loam to clay. It is very fertile having high water holding capacity and
plant nutrients which are regularly replenished during floods. It supports cultivation

of paddy, arecanut, pepper, tapioca and a wide variety of vegetables.

Red Loam (Tropudalfs — Eutropepts)

This occurs mainly as colluvial deposits in isolated patches in foothills and hillocks
being associated with laterites. The red colour is ude to the presence of iron oxides.

The soil being highly porous and friable is not fertile.
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Laterite Soil (Eutrorthox — Haplorthox — Dystropepets)

This soil, a typical weathering product under humid tropical conditions, occurs
throughout the State. It shows the development of AB(c) profiles, which are deep to
very deep. The B horizon is well developed in most cases with abundant ferruginous
and quartz gravels. Though this soil, in general, is acidic and poor in available
nitrogen, phosphorus, potash and organic matter, it is well drained, widely cultivated
and responds to management nractices. A variety of crops like coconut, tapioca,
rubber, arecanut, pepper, cashew etc, can be successfully grown by the proper

application of fertilisers and irrigation.

Greyish Onattukara (Troporthents)

This soil with its characteristic grey colour occurs in the districts of Alleppey and
Quilon. It is generally coarse grained, highly porous with limited capacity for
retaining water and fertilizers. These soils are acidic and are extremely deficient in
major plant nutrients. Additions of sufficient organic matter and irrigation facilities
improve the water holding capacity for cultivation of paddy, tapioca and other

seasonal crops in addition to coconut.

Acidic Saline (Tropaquepts — Fluvaquents)

This soil is found mainly in the Kuttanad region. Developed under hydromorphic
conditions, these include the Kari soil (black soil with high organic content developed
in low lying water logged areas), kayal soil (in reclaimed areas with high clay
content) and karappadam soil (soil along river courses with high silt content).
Salinity anci waterlogging have put limitations to crop culture but with careful
management, these soils can sustain good crop production. Paddy is successfully

grown in this soil.
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Brown Hydromorphic Seil (Tropaqualfs — Tropaquepts)

This is commonly found in areas of wetlands and is moderately rich in organic matter,
nitrogen and potash and deficient in lime and phosphate. Acidity is a problem in

some places. For poorly drained areas, provision for drainage is essential.

Hydromorphic Saline Soil (Tropaqualfs)

The saline soil of this group is observed along the coastal strip where inundation by
sea causes salinity. The problem of acidity is aiso observed within this soil group in

some areas.

Black Soils (Chromuderts)

Black soil is found in the north-eastern part of Palghat district adjacent to Coimbatore
district of Tamil Nadu. This soil is dark in colour, low in organic matter, calcareous,
moderately alkaline and high in clay content. This higher proportion of clay makes it
sticky and plastic in character. The shrinking-swelling capacity is also high. As this
soil promotes cotton cultivation, it is often referred to as black cotton soil. Due to low
organic matter and high clay percentage, it is found suitable for a limited variety of

crops.

Forest Loam (Hapludolls — Tropudalfs — Tropeptic — Eutrorthox)

This soil is developed in the eastern part of the State within forest area on the
weathered crystalline rocks. The upper layer is highly enriched with organic matter
derived from the decomposed leaves. Due to the presence of excessive organic
matter, the soil is dark reddish brown to black in colour. It is rich in nitrogen, but
poor in bases. The soil is quite fertile under forest cover and promotes prolific

undergrowth. In denuded areas, protection against soil erosion is recommended.

Soil map of Kerala is given in Fig.7.
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The district-wise landuse pattern in Kerala is furnished in Table 2 below and

landuse of Kerala is given in Fig. 8.
TABLE 2 : LANDUSE CLASSIFICATION IN DISTRICTS OF KERALA (1985-86)

Barren & |Permanent Land Fallow Total
Toial Land Put uz-  |Pastures & under Cultivable Other Current | Net area SV ¢ (;ped

District  {Geographi-{ Forest | to Non- | - L el ™ Miscellan . than |0 n n more than| = PP
cal area agrl.Uses cultivable : Grazing cous tree Waste Current | [2VowW | sown once Area in
Land Land hectares

crops fallow

Trivandrum 218600 | 49861 | 17815 2438 31 222 2378 1474 1364 | 143017 | 74994 | 218011
Quilon 251838 | 81438 | 23554 882 26 284 801 905 1153 | 142795 | 80676 | 223471
Pathanamthita| 268750 |155214] 9168 943 6 158 512 531 1112 | 101101 | 10260 | 111361
[Alleppey 136058 26540 467 10 134 2091 1287 | 2510 | 103019 j 53015 | 156034
Kottayam 219550 | 814t | 20169 2124 47 280 1259 2255 | 2702 | 182573 | 55933 | 238506
fidukki 514962 1260907 13969 19215 2082 14320 35270 1245 1983 | 165971 | 30616 | 196587
[Emakulam 235319 | 8163 | 34628 2433 156 1114 5315 2312 | 2808 | 178430 | 68745 | 247175
[Trichur 299390 103619 22653 2261 136 1361 5503 3087 | 4891 | 155879 | 63102 ; 218981
IPalghat 438980 | 136257 30223 13295 237 8581 24698 4204 | 5436 | 216049 | 102392 | 318441
Malappuram | 363230 |103417| 19638 7845 320 3054 14463 4343 8876 | 201274 | 33921 | 235195
Kozhikode 233330 | 41386 | 17795 1944 111 2849 2949 1376 | 2451 | 162469 | 41876 | 204345
[Waynad 212560 | 78787 1 5724 2078 144 3419 4841 15112 | 1852 | 114203 | 31174 | 145377
ICannanorc 296797 | 48734 | 22365 14113 530 8575 6464 2348 | 4167 | 189501 | 21941 | 211442
Kasagod 196133 | 5625 | 14360 13064 387 5877 19015 1159 1942 | 134704 | 6922 141626
STATE 388497 11081509 278601 | 83107 4223 50228 12559 28038 | 43247 2190985 | 675567 | 2866552

«Source: Water atlas of Kerala, CWRDM, Kozhikode, 1995




7670 770
¥
SCALE
K200 0 20 4 € 8  O0Km
12° KARNATAKA 129
(] 2
ﬁ
|
tg 110
0'
10° 0
o a
LEGEND
Forestland
Grassland
Arabie fand
Prantation 1
Wasta lardd "'
g°> | Waterbodies 9
o v Rivers and Streams ol
Note : Arable Land and Plantation Area
Source : Centre for Earth Science Studies
75l .. e

Source: Water Atlas of Keﬂla CWRDM, Kozhikode, 1995

Fig 8 : Land use - Kerala




VEGETATION

The details of different forest types of Kerala are given in Table 3.

27

Fig.9 gives the

classification of vegetation in the forests of Kerala State.

TABLE 3: DETAILS OF DIFFERENT FOREST TYPES OF KERALA
Type Total Important Species Remarks
Area
(tkam®)
Evergreen and 4750 First storey: Acrocarpus fraxinifolius Antiaris Locations:Thenmala,
Semi-evergreen toxicaria, Calophylium, Cullenia exarillata, Dichopsis Achencoil-Kakki belt
Ellipticum, Dipterocarpus indicus Periyar, Sholayar
Hope a parviflora,, Mesua terrea etc. Attappady, Silent -
Valley, New-
Amarambalam
c Sl.lb R Second storey: Actinodaphne hookeri, Baccaurea
utlenia-Palaquium . . . -
o courtallensis, Canarium strictum, Cinnamomum
Associanon Zeylanicum, Elaeocarpus, Holigama, Nephelium
Palaquium-Mesua Y ’ arpus, gama, Nep
o longana etc.
Association
Poeciloneuron
:alaqplgm Third Story: Euonymus anqulatus,
ssociation .
Mesua-Calophylium Lea sumbucina, Clerpdendrom
L infortunatum, Veronia etc.
Association
Vateraia-Cullenia
Association
Mesua-Cullenaia
Association
Reed-Calophyllum
Association
Reed-Poeciloneuron
association
Moist Deciduous 3140 Tectona grandis, Dalbergia, Dalbergia Important timber
latifolia, Pterocarpus marsupium species are only given
Artocarpus hirsutus, Adina
cordifolia, Xylia xylocarpa,
Lagerstoreemia lanceolata, Grewia
Tillifolia, Bombax ceiba, etc.

Dry Deciduous 170 Santalum album, anogeissus bamboos, etc. Popularly known as
sholas, commercially
not important,
ecologically
Significant

Montane Temperate 160

*source : Water Atlas of Kerala, CWRDM, Kozhikode, 1995
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LITERATURE SURVEY

Soney John “Statistical analysis of peak flows with special reference to Kerala
river basins” Thesis. Department of Statistics, University of Calicut, 1999



2. LITERATURE SURVEY

2.1 FIOOD STUDIES

2.1.1 General

Floods may be defined in a variety of ways according to type, origin and
magnitude (Wolf,1966). There is a wide range of definitions of floods in terms of
their magnitudes of discharge, from: the upper quartile of flow duration record
proposed by Leslie (1851) to the 'maximum possible flood' resulting from the
coincidence of the highest possible precipitation and rate of melting of snow with
a minimum loss of runoff. For the purpose of present thesis, the definition is
narrowed down to exclude coastal inundations altogether, and flood means high

rates of discharge which usually, but not necessarily, cause inundations.

"Chow (1956) has defined flood as a relatively high flow, which overtakes the natural
channel, provided for runoff. Restvedt et al (1968) defined flood as any high
streamflow which overtops natural or artificial banks of the stream. In a strictly
hydrological sense, a flood may be any relatively high water level or discharge above

an arbitrarily selected flood level or flood discharge.

The main objective of flood estimation is to establish the basis for design and for
operation of river works and structures in such a way that the maximum possible
flood can be discharged without risk of such failures as may be the cause of loss of

human lives.

The flood problem has been discussed at length in publications by Leopold et al
(1954) and by Hoyt et al (1955). The problem of obtaining basic data, analysing
them for every need, and getting the information to those who have to make
decisions is the theme of the book by Langbein et al (1959). Linsley et al (1949)
provide useful summaries of the principles used in flood routing. O'Donnell (1960)

refers to a number of publications on the use of computers in flood hydrology.
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Isaacson et al (1958), and Crawford et al (1960) have reported on the use of digital
computers, while Paynter (1952) advocated the use of analogue computers. Matthes
(1934), Edger Foster (1948) and Alden Foster (1924) have addressed themselves

specifically to the economics of floods and flood protection works.

Water resources engineers are generally concerned with the amount of water, known
as design flood, a hydraulic structure is going to face during its economic life. So
estimating the design flood is necessary for planning and design of various hydrology
related projects. Some of the methods, usually applied in the field, are described in the

following paragraphs.

2.1.2 Empirical Relationships

One of the earliest attempts was to determine flood flows by relating peak flows to
basin and precipitation characteristics. Much research has been done in relating flood
flows of specified probability to the causative factors such as precipitation, duration
and intensity, basin size and various hydraulic characteristics. Because of the
complexity of the physical interaction that produce flood flows, hydrologic
knowledge is not sufficiently advanced as yet to justify a precise mathematical
expression for the definition of the maximum flow to be expected from a given basin.
Then, empirical equations are initially developed relating extreme floods of observed
occurrences mainly to basin sizes (Creager et al, 1945, Mattai, 1969, Crippen et al,
1977). Empirical methods of computing flood discharges have been and are widely
used. Over hundred such formulae have been proposed. Most, if not all, of these are
inadequate in evaluating the hydrological factors involved. Beardmore (1862),
Horton (1924) and Parde (1954) have all attempted to‘evolve empirical formulae.
Lillie (1924) and Inglis (1949) have evolved such formulae for Indian river basins.
During the eighty years following Beadmores's work, there appeared a number of
formulae for maximum expected flood peaks in which such peaks are assumed to
be a function of one or more of the factors, runoff coefficient and exponent
characteristic of soil, geology, drainage pattern etc. Chamier ( 1897), Kﬁichling

(1889), Lloyd-davis (1906) etc. have worked on empirical formulae. Jarvis et al
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(1936) and Richards (1955) have summarised some of these important formulae.
Varshney (1979) gives list of empirical formulae, developed for Indian catchments.
The inconsistent results from the application of such empirical formulae have made

their use very limited.

2.1.3 Hydrograph Approach

Unit hydrograph approach gained more popularity among hydrologists with the
introduction of the basic ideas of unit hydrograph by Sherman (1932). This approach
involves estimation of design storm and derivation of unit hydrograph. The unit
hydrograph can be used to estimate design flood from design storm. The idea, on
which this method is based, has grown from the proposals of Sherman (1932) and
Bernard (1935) with the confirmatory work of a group led by Jarvis (1936) and Hoyt
(1936), and with imperative studies by Zoch (1934,1936, 1937), Snyder (1938),
Macarthy (1938), Clark (1945), Linsely et al (1949), Johnstone et al (1949), Nash
(1957,1958,1959,1960).

The basic ideas of Sherman are that, very neariy,

(a) the flood runoff, resulting from one inch of effective precipitation of
some unit duration T and a given distribution in space, has a unique
hydrograph;
(b) all flood runoffs may be linearly superimposed, which leads to the
conclusion that |
(i)  the proportion of any T-hour hydrograph of flood runoff are
constant, all the ordinates being directly proportional to the
volume of the effective precipitation fallen in T-hours

(ii))  the hydrograph of successive falls of T-hour effective
precipitation  are deduced independently from the  unmit
hydrograph, suitably displaced in time and linearly superimposed
to give a total hydrograph ordinate.
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There are two branches of unit hydrograph practice. One studies the storm on a given
catchment and the resulting flood hydrograph, isolates the unit hydrograph for the
catchment, and uses it for flood prediction and for the estimation of design flood on
the same catchment (Linsely et al, 1949). Then other takes unit hydrograph from
various catchments and correlates a number of hydrograph parameters with storm and
with catchment parameters. This synthetic unit hydrograph technique was introduced
by Snyder (1938). For the purpose of estimation of a desigr flood, eg., for a spillway
intended to discharge the runoff frorm a computed maximum possible storm, the unit

hydrograph technique is very convenient.

2.1.4 Statistical Methods

Frequency Analysis

One of the important problems in hydrology deals with interpreting from a past record
of hydrologic events the future probabilities of occurrences. This problem arises in the
estimates of frequencies of floods, droughts, storage, rainfalls, water qualities, waves

etc; the procedure involved is called frequency analysis (Chow, 1964).

Flood frequency analysis is one of the most active areas of research since last thirty to
forty years. Development of flood frequency analysis may be grouped under different
phases. In the early phase, it has been recognised that there is no such thing as a
single design flood, but rather choice of different return period floods depending on
circumstances; in the middle phase, extreme value theory and the algebraic
development of an alternative parametric model types and estimation schemes have
been introduced. In the recent phase, models have been developed which are
stimulated by the outcome of simulation experiment. But till now, the question of
finding the most suitable parent distribution and tHe most suitable method of
estimation procedures is remaining. The scope of frequency analysis would have been
widened if the parameters of the distribution could have been related with the physical
processes governing floods. Such relationships, if established, would have been most
useful for studying the effect of non-stationary and man-made changes in the physical

process on frequency analysis. Unfortunately, this parent distribution still remains
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empirical based on the principle of the best fit to the data. However, development of
unit hydrograph based on geomorphological features seems to be a good effort
towards the physically based flood frequency analysis. Inspite of many drawbacks
and limitations, the statistical flood frequency analysis remains the most important

means of quantifying floods in systematic manner.

The frequency analysis of streamflow data has perhaps been first applied to flood
studies by Hershal and Freeman (Foster, 1934) in 1880-1890 by means of a graphical
procedure of using a flow duration curve. Owing to the dearth of long period of
records, the use of probability method for flood frequency analysis was apparently
hindered until later years. The Gaussian law of probability or the normal law of errors,
is the basic and simplest rule for frequency analysis and therefore used in the early
stages of flood frequency analysis (Fuller, 1914). Hazen (1914) discovered that if the
logarithms representing the annual floods are used instead of the number themselves,
the agreement towards the normal law of errors is closer. This is true because the
frequency distributions of annual floods are usually skewed or asymmetrical and the
distribution can be suitably represented by such frequency distribution laws as the
Galton, or log-normal probability law. Hazen (1921,1930) proposed the use of log-
normal-probability paper and developed a procedure for the analysis. A table of
factors for computing theoretical frequency curves was later prepared
by Chow (1954).

In frequency analysis approach, the sample data is used to fit frequency distribution
which in turn is used to extrapolate from recorded events to design events either
analytically or graphically. The graphical analysis consists of assigning a probability
of exceedence or non-exceedence to each ordered observation and selection of an
appropriate probability paper. The probability of exceedence or non-exceedence is
attached to each observation on the basis of plotting formula. Many distributions
and various ways of fitting them are available (Yevjevich, 1963). The selection of
an appropriate distribution for any given flood records from among the alternate

distributions is still a subject of continuing investigation. A large number of peak
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flow distributions are available in literature. Among them, the normal, log-normal,
Gumbel, General Extreme Value (GEV), Pearson type III, log-Pearson type III and
Wakeby distributions are commonly used in most of the flood frequency studies. In
flood frequency analysis, it is required to estimate the values of probabilities based
on plotting formula. All of the many existing formulae provide different results,
particularly at the tail-ends of the distribution. The existing practice in selection of a
particular formula is arbitrary and often Weibull's formula is recommended which
provides biased and conservative results (Adamowski, 1981). Gringorton plotting
formula has been recommended by Gringerton (1963) and Cunnane (1978) for

Gumbel distribution on theoretical basis.

In analytical approach following formula is used to estimate the T-year flood:

Or= Q+K1S (1)
where Qr is the T-year flood, O the mean of the sample (annual peak discharge
series), S the standard deviation of the sample and, Ky the frequency factor (which
depends on the return period).

There are essentially two types of models adopted in flood frequency analysis
literature, annual maximum model and partial duration series model. In annual
maximum model development, Fuller (1914) introduced the concept of return period.
Introduction of theoretical frequency curve was done by Foster (1924). Gumbel
(1941) used extreme value distribution for flood frequency analysis. Jenkinson
(1955,1969) advised generalised extreme value distribution for annual maximum
series. Peaks over threshold model was used in flood frequency analysis by Langbein
(1949), Borgman (1963), Todorovic (1970), Cervantes (1983), Cunnane (1979), and
Ashkar et al (1983b).

The suitability of time series models has been recognised by Quimpo (1967),
Hall et al (1972), Weiss (1973); special type of time series model, namely shot-
noise model, was used by NERC (1975) for flood frequency analysis.
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Procedures of frequency analysis depends on: (i) the amount and type of data used
such as at site data, at site / regional data only without at a site data; (ii) type of
model; and (iii) form of distribution and estimating procedufe used. For the sites
having adequate length of records, frequency analysis may be performed either using
at site data or at site/regional data. On the other hand, at site data together with
regional data can be utilised to provide most consistent and reliable flood estimates
for the gauged sites with limited data records. For ungauged sites, however, only

regional data can be used for flood frequency analysis.

Flood frequency reports have been prepared by the United States Geological Survey
for Albanna (Peiree,1954), Arkansas (Patterson,1961), Columbia river basin (Rantz
‘ et al, 1949), Connecticut (Bigwood et al, 1955), Delaware river basin (Tice, 1958),
Florida (Pride,1958), Georgia (Bunch et al, 1962), Illinois (Mitchell, 1954), Indiana
(Green et al, 1960), Iowa (Schwob, 1953), Kansas (Ellis et al, 1960), Kentucky
(McCabe, 1962), Louisiana (Cragvall, 1952), Maryland (Darling, 1960), Minnesota
(Prior, 1961), New york (Robinson, 1961), North Carolina (Forrest, 1961), North and
South Dakota (McCabe, 1957), Ohio (Cross et al, 1959), Tennessee (Jenkins, 1960),
Utah (Berwick, 1962), Washington (Bodhaine, 1960) and Winsconsin (Ericson,
1961). The different regional analysis methods used in U.K. are discussed in detail in
Flood Studies Report (NERC, 1975) and Flood Studies Conference proceedings of the
Institution of Civil Engineers (London) (1975). Several comparative studies have
been conducted on frequency methods by Lettenmaier and Potter (1985), Gries et al
(1981,1983), Kuczera (1982), Lettenmaier et al (1987), Nash (1956), Alexander
(1957), Dalrymple (1960), Beard (1962), Thomas and Fiering (1962), Benson (1963),
Roche (1963), Yevdjevich (1963), Beard (1974) etc.

Some important works were carried out in India in the past to determine certain
relationships between rainfall and runoff, which were supposed to be of use in the
flood studies. Kapil (1957) discussed flood estimation method by probability
approach. CBIP (1957) published a manual on River Behaviour and Training. CW
& PRS (1958) published a report on high floods and thei‘r return periods. Nagir et al
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(1960) reported methods of forecasting floods in the absence of adequate data.
Rangarajan et al (1966) have discussed estimation of floods from scanty data. Rao
(1971) reported flood damage and prediction techniques for India. CWC (1972)
brought out recommended procedures for estimation of floods. Kumra (1975),
Ganguly (1979), Dhar et al (1979), Sighal et al (1979), Chabra et al (1979) have

studied different aspects of flood problems in the Indian sub-continent.

Regional Approach

Estimation of probabilistic runoff from the watersheds, where no observations have
been taken, is one of the most important aspects for the design and economic
appraisal of engineering structures. Regional frequency analysis is one of the
procedures which make such estimation possible. The main objectives behind this
procedure are to reliably extend the shorter hydrologic records and to transfer
hydrologic information from gauged to ungauged watersheds within a hydrologically

homogeneous region.

Heterogeneity of regions is undesirable as information is lost and the error of
quantile estimation will be inflated. Ensuring homogeneity of a region is essential for
regional flood frequency analysis. Several approaches are available in literature to
identify homogeneity of watersheds. In New Zealand, Mosley (1981) used cluster
analysis to form groups of basins characterised by specific mean annual flood and
coefficient of vanation, while Waylen et al (1984) formed groups of stations in
British Columbia on the basis of five different parameters of the Peaks-Over-
Threshold (POT) flood series and differentiated between them using discriminent
analysis. White (1975) used a factor analysis of a set of basin characteristic data to
identify collections of physically similar basins in Pennysylvania and Acreman, and
Sinclair (1986) have used cluster analysis on a matrix of basin characteristics to
identify  similar basins in Scotland. One significant innovation was by De
Coursey (1973), who used an iterative algorithm to objectively group 90 gauging

sites in Oklahoma by discriminent analysis. The graphs were not spatially continuous




37

so that they cannot strictly be regarded as hydrologic regions. Sorman (1986) used

hydrological similarities of flow regimen for regionalisation.

Several other regionalisation techniques have also been used for flood studies. For
regional flood estimation, Fuller (1914), Hazen (1932) used station-year method.
Dalrymple (1960) introduced the concept of index-flood. In the index-flood method,
observed annual peaks are first standardised by dividing each by their sample mean,
then all the standardised observations within a region are used to estimate 2
dimensionless average frequency curve. For estimating an estimate of the T-year peak
at a specific site, the standardised T-year event is multiplied by the at-site mean
annual peak flow. Thus, the index-flood method is able to combine at-site information
(the sample mean annual peak) with regional information (the standardised T-year
peak). Several Monte-Carlo studies (Hosking et al, 1985a, Wallis et al, 1985,
Lettenmair, 1985) have shown that the use of the index-flood method can improve the
average mean square error of flood frequency estimates at the gauged site in a region
when compared to other methods. The index-flood method is very efficient when the
region is homogeneous except for differences in mean annual peaks (Tasker, 1982).
Cole (1965) applied the index-flood method for U.K. data. Nash and Shaw (1965)
discussed the relation of regional average dimensionless moments to catchment

characteristics.

Benson (1962) pointed out the deficiencies in the United States Geological Survey
(USGS) index-flood method, proposed by Dalrymple (1960), and suggested many
modifications in the USGS index-flood method. The index-flood method was used by
NERC (1975) for British and Irish conditions using regionally averaged, standardised
order statistics in a graphical procedure to estimate the portion of the distribution.
This procedure was later implemented for New Zealand (Beable et al, 1982). Wallis
(1980) recommended the method based on standardised probability weighted
moments for regional flood frequency analysis. About GEV distribution
recommended in the Flood Studies Report of U.K., Wallis (1980) feels that its re-

gional application is quite specific for U.K. conditions and therefore studies
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should be made for GEV distribution for other regions also. Gries and Wood (1981)
investigated the use of probability weighted moments (PWM) for improving

estimates of flood recurrence quantile events in both gauged and ungauged basins.

. Stendinger (1983) proposed an approach for regionalisation based on a log space
transformation after taking into consideration some theoretical limitations of the
standardisation used in index-flood methods. Kuczera (1983) proposed regionalising
the parameters of the Box-Cox power transformation, using an empirical Bayes
approach. The method accounts explicitly for unequal sample variances and inter-
site correlation. Rossi et al (1984) developed a regionalisation procedure for two
components extreme value distribution in which annual floods are assumed to

come from two distinct EV1 distributions.

Most extensive work has focussed on the application of the probability weighted
moments in regional flood frequency studies for various distributional choices
including the Extreme Value (EV) type 1,2 and 3 distributions (EV1, EV2, EV3),
GEV distribution and the Wakeby distribution. Various issues involved in
regionalisation have been investigated by Landwehr et al (1978, 1979a, 1979b,
1979¢, 1984), Wallis (1980, 1982b)., Gries et al (1981, 1983), Kuczera (1983b),
Hosking et al (1985a, 1985b), and Lettenmaier et al (1985).

Different forms of distribution estimation procedures and goodness of fit criteria are
used by many investigators in their at site and regional flood frequency studies. A
comprehensive review of such studies may be found elsewhere (Gnes, 1983,

Potter, 1987).

There have been several studies in the area of regional flood frequency analysis in
India. Goswami (1972), Thiru Vengadachari et al (1975), Venkataraman et al (1986),
Gupta (1987) and many others have conducted regional flood frequenC)./ analysis for
some typical regions in India. In most of the regional flood frequency studies, the

conventional methods such as USGS method, regression based methods and
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Chow's method have been used. Some attempts have been made by Perumal et al
(1985), Singh (1985), Hugq et al (1986), Seth et al (1987) and others to study the
applications of new approaches for regional flood frequency analysis for some of the
typical regions in India, for which the conventional methods have been already

applied.

2.1.5 Mean Annual Peak Flow and Geomorphologic Features

The estimation of response tic:a ungauged catchments is one of the major problem
for the hydrologists. The easiest way of solving this problem is by transforming the
information from gauged to ungauged catchments with the help of the regional
relationship developed between the parameters of a hydrological model and the

catchment characteristics for the gauged catchments.

The mean annual peak flows are often correlated with geomorphologic features for
purposes of predictibn. Geomorphology, the study of 'terra firma', holds a unique
position among a host of geosciences. The various parameters under the
investigation of geomorphologist are the land forms, the slopes, the stream network
and the natural processes. Geomorphology being the study of landforms has direct
influence on the flow processes. Geomorphological studies become much more
important in the ungauged catchments since different geomorphological parameters

help in regionalisation of hydrological models dealing with the runoff estimations.

Several attempts have been made by various investigators in developing of such
relationships for different hydrological models. Snyder (1938) related the unit
hydrograph parameters with the catchment characteristics. Nash (1959) developed the
relationships between the first two moments of instantaneous unit hydrograph and the

catchment characteristics using multiple linear regression approach.

Horton (1932,1945) pioneered the hydromorphometric analysis of drainage basin and
provided a rational and systematic base, rather a framework of outline of

geomorphological characteristics to relate them to various hydrological properties of
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the system. Many investigators like Langbein et al (1947), Strahler (1952,1954,1956,
,1964), Melton (1957), Schumm (1956), Chroley (1957), Miller (1953) pursued his
work. These works have brought forward many laws of fluvial geomorphology
connected to hydrology and study of geomorphological characteristics of river basins

has become a major area of scientific research for hydrologists throughout the world.

A large number of studies Laten et al (1940), US Army Corps of Engineers (1954),
O’Kelly (1955), Gray (1962), Morgan et al {1962Z), Mirajgaonkar (1963), Askew
(1963), Hopkins (1964), Schulz et al (1971), Body et al (1979) have since appeared
on synthesis of unit hydrographs in ungauged areas. Recently, Rodriguez-Iturbe et al
(1982), Rodriguez-Iturbe (1979), Gupta et al (1980), Singh (1983) and Pristochova
(1990) employed bifurcation ratio, length ratio, area ratio, stream lengths and stream

areas of synthesising unit hydrograi)h.

White (1975) classified 112 basins in Pennsylvania and surrounding states according
to drainage density, channel slope, shape factors, and geometric factors for the
purpose of evaluating their flood potential. Ebisemiju (1979) used drainage density,
stream numbers, stream lengths, and relief for identifying morphologically and

hydrologically uniform basins.

Attempts to obtain quantitative -assessment from geomorphometric parameters by
Dobbie et al (1953) did not prove successful. Rastogi et al (1976) presented a
quantitative analysis of drainage basin characteristics for developing various
geomorphic relationships in northern part of Garhwal district of Uttarpradesh. A few
quantitative geomorphological studies based on the approaches of Horton (1945),
Strahler (1950) have been carried out for some of the rivers of the Kerala coast,

namely Kuttiyadi, Kabini, Meenachil and Karuvannur (James et al,1983).

2.2 MATHEMATICAL MODELLING

Mathematical hydrology is the functional relation between numbers which are a

quantitative representation of the descriptive concepts and processes in hydrology.
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Fleming (FAO, 1979) has defined a mathematical model as a 'mumerical system
interrelating in a given time reference a sample of input, cause or stimulus of matter,
energy or information and a sample of output, effect or response of information,

energy or matter'.

In any model of a physical system, there is .2 compromise between simplicity of
model and its level of accuracy. Though there are a number of mathematical models
discussed in hydrological literature, the rainfall-runoff model suitable for any purpose
depends on various factors: (i) existence of measurement of physical parameters of
the basin, (ii) reliability of the type (conventional, automatic, etc.) of data from
hydrometeorological network, (iii) specific use of the model and the purpose of
research, (iv) type of available computing facilities and the economics involved, and
(v) time scale of modelling. Experience has shown that when the time scale of
modelling is long enough, any month or longer, simple models are often adequate
when representing the relation between rainfall and runoff without considering the

intervening factors (Fleming, 1975).

Derivation of runoff values from the recorded or predicted rainfall events can be done
if a satisfactory relationship between the two events is established. Consequently, a
substantial amount of effort in hydrological investigation and research has been
directed towards formulating this relationship. In the absence of actual gauged data,
hydrologists may have to depend on models, particularly mathematical models, for
water yield assessment which is essential for most of the water resources development
projects and even some of the activities connected with environmental protection,

urban development, construction works and so on.

A brief review of works regarding rainfall-runoff modelling is given in the following

paragraphs.

Most discrete time rainfall-runoff models operable over long uninterrupted periods
‘can be classified as explicit soil moisture accounting (ESMA) models. One of the
famous and early models in this category is the Stanford watershed model (Crawford

et al , 1966), developed in 1959. Some of the other models developed for water yield
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assessment are: Shih Hawkins-Cahambers model (Shih et al, 1972), USDAHL model
(Holtan et al , 1971), and Mero model (Mero, 1969).

Several modifications to the Standford watershed model have been attempted. The
Kentuky watershed model (Liou, 1970) is one such adaptation for the more humid
eastern United States; this version has more computational efficiency. Another
version called OPSET (Liou, 1970) uses optimisation techniques for estimating
several of the parameters. A continuous streamflow simulation model meant for large
basins was developed in 1958 by Army Corps of Engineers ( U S) (1963). This
model, known as streamflow synthesis and reservoir regulation model (SSARR) is
primarily intended for streamflow and flood forecasting and for reservoir design and

operation studies.

Dawdy-O' Donnel model (1965) developed by U S Geological Survey has
deliberately maintained the simplicity of the structure of their model. Ibbit (1970) has
conducted exhaustive comparisons between this model and Standford model. The
Boughton model (1966) onginally developed in Australia was meant to simulate
water yields from catchments in sub-humid to semi-arid regions. The model, using
daily rainfall and evaporation data, provides continuous simulation capability for

general purpose use.

Some studies have been carried out in the past in India to establish certain empirical
relationship between rainfall and runoff. The approaches of Binnie for the rivers of
Madhya Pradesh, Barlow for the rivers of Uttar Pradesh, Inglis for the rivers of
Maharashtra, and Kanvar Sain for the rivers of Punjab are worth mentioning (Mohan,
1985). Some other empirical relationships between rainfall and runoff were arrived at

by Vermeule, Justin, Parker, Khosla and others (Bhalerao, 1978).

The use of stochastic models in hydrology is an attempt to widen and extend the
knowledge on hydrological events ‘and improve the decision-making ability, by
generating long hypothetical sequences of events based on the statistical and
probabilistic characteristics of past records. These generated sequences of data are

then used to identify the components that contribute to error and uncertainty in a
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proposed design, eg. reservoir storage requirements, projected demands and rainfall

variations.

A number of models have been reported using the probabilistic approach for the
representation of daily river flows. Quimpo et al (1967) and Quimpo (1968) used a
stochastic model for daily river flows. Roesner et al (1966) stuided the monthly runoff
series using correlation analysis. An earlier study by Yevjevich (1964) on annual
runoff sequences showed that the correlation coefficients were less than those for
monthly flows. The increase in correlation with shorter time basis was also obtained

by Carrigen et al (1967) while analysing annual floods.

The moving average model, in addition to dampening irregularities in a series, may be
used to represent the dependence of one hydrologic event at a given time on another
event at the same and at preceding times. This model was used by Matalas (1963) to

describe the runoff from the effective precipitation.

Stochastic techniques have been used for synthetic generation of hydrologic data by
Thomas et al (1962). They generated sequences of monthly and six-hourly flood
flows by a stochastic model for the monthly runoff. Singh et al (1974) used an
alternate method to generate monthly flows such that the annual totals retain desirable
characteristics, the assumption being monthly flows could be described by a mixture
of two normal distributions. Thomas-Fiering technique was later extended by Harms
et al (1967) using logarithmic transformation. Assuming normal distribution of
historical flows, Brittan (1961) generated annual flows based on a Markov process.
Fiering (1964 a) used a Markov model for sequential generations of daily flows which

was used for lowflow analysis.

Thomas-Fiering model and autoregressive models based on the Gausssian distribution
are likely to be less satisfactory than one which preserves the hydrograph
characteristics of rapidly ri'sing limb followed by more gradually decreasing
recession. A generating model which preserves the characteristics hydrograph shape

and which has been applied to the stochastic generation of daily flows, is the 'shot--




44

noise' model. This was described by Parzen (1962) and applied to the daily
streamflow generating problem by Weiss (1973).

A bivariate technique was used by Thomas et al (1962) using the cross correlation of
different pairs of gauging stations to generate discharges at several sites in a river
basin from the recorded and generated flows at one of the stations and successive
application to a chain of stations. Matalas et al (1964) developed a procedure to
generate and augment data by utilising relationships between two given hydrologic

phenomena such as rainfall and runoff.

Multivariate techniques have been applied using spatial and temporal sequential
correlation of hydrologic variables from stations having the same hydrologic and
climatic conditions. Such a technique was first introduced by Fiering (1964 b) and
then developed further by Matalas (1967 a, 1967 b). Benson et al (1967) adopted a
regional analysis for hydrologic data generation for sites with short or inadequate
records. For approximating discrete fractional noise, two processes have been
developed: (i) the broken-line process developed by Ditlevsen (1971) which 1s
adapted to synthetic flow generation by Mejia (1971) and by Garcia et al (1972), and
(ii) the ARIMA process (Box et al , 1970) which has been used to discuss streamflow
sequences (Carlson et al , 1970) and adapted to synthetic flow generation by O'Connel
(1974).

Auto-regressive moving average (ARMA) time series models have been extensively
used of late since it has a physically reasonable correlation structure which can reflect
long term persistence resulting from long memory (Mandelbrot et al, 1968), although
this reasoning has been argued against by Klemes (1974). Multivariate ARMA (p, q) |
models have been proposed by Salas et al (1980), Loucks et al (1981), Jenkins et al

(1981).

2.3 PROBLEM IDENTIFICATION

Streamflow data for longer periods were not available since discharge measurements

started in Kerala only after 1960. Initially, gauging stations were very limited; even
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now the density of stations is not satisfactory for detailed research investigations. In
this background, the neceséity for attempting a regional approach, combining data of
homogeneous regions, has been recognised. By combining such data of nearby
stations, it would be possible to reliably extend the shorter records and to transfer the
flood information from a specific gauged site to a homogeneous region. Wallis
(1980) had recommended further studies using the technique developed for UK
(NERC, 1975) in other countries / areas to validate its application in other regions.
The present study considers the above mentioned points and attempts a regional flooc

frequency study for the Kerala region with the available gauged data on streamflow.

Once the mean annual peak flow obtained for a region, further studies were carried
out to relate the same with the geomorphological parameters of the Kerala region.
This exercise will help in predicting the floods of a particular site in a river basin /

groups of river basins in Kerala, for which gauged data are not available.

The empirical methods have several limitations; these methods cannot be used for
real-time forecasts. Therefore, two mathematical models developed for rainfall-runoff

studies, have been attempted for selected river basins of Kerala.
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3. METHODOLOGY

3.1 DATA BASE

The peak flows have been taken out from the actual historical data on streamflow
for the purpose of flood frequency analysis. The stream gauging operation is of
recent origin in Kerala. The necessity for stream gauging was felt in Kerala during
the post-independence period, since most of the projects-irrigation and
hydroelectric - were planned and designed after independence, though there were a
few exceptions. Initially, flow measurements were restricted to sites near which
major or medium projects were envisaged. However, since 1963 there was a
tendency to establish a basic network of stream gauging stations in the river basins
of Kerala State, which is necessary for the planning and execution of many water
related works in the State. The stream gauging works in the region are mainly
carried out by the PWD and KSEB; of late, CWC and CWRDM have also

established stream gauging stations.

An annual peak flow is defined in the present study as the largest instantaneous
flow in any given year. The first step in the present flood study has been to select
the flow data from the available river gauging stations having well defined ratings.
A typical rating curve (stage vs discharge) of a station maintained by Irrigation
Department of Kerala is given in Fig. 10. Inevitably, some degree of extrapolation
is required with any rating curve, but ‘excessive’ extrapolation of ratings may

produce flood flows, which are unacceptably inaccurate.

The second step in this study is the extraction of the peak flow data from the
annual flow records. Most of the events would have occurred either in the south-
west or in the north-east monsoon periyods. The available data have not been in a
processed form and generally recorded on data sheets kept in files. Manual
selection was done to select the highest value. ‘Water Year’ for the present study
starts from June 1 and ends on May 31, as has been followed by Irrigation
Department (PWD,1974).
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The peak flow data available from 98 stations spread out in different river basins
of Kerala were collected from the records maintained by PWD, KSEB, CWC and

CWRDM. In selecting the stations, the following criteria were considered:

(1) Stations yielding more than eight years data only were taken for
the present study;

(2) Stations showing considerable discrepancy in data, when
compared to the neighbouring stations, were not considered;

(3) Those stations, downstream of diversions, storage etc. were
avoided as far as possible; and

(4) The accuracy of rating curves was another criterion that decided

the suitability of a station.

The above precautionary measures taken would not make the data fully foolproof.
However, this might have helped in improving the quality of data considerably for
the present study. Further, randomness were checked using serial correlation

coefficient.

TABLE 4: DETAILS OF STATIONS AND STREAMFLOW DATA

Station no - Station name * | Period of data | Depth of data,
years
(1 () (3) 4)
3 REGION-1

1 MANJESHWAR 82-90 09
2 ANNAKAL 82-90 09
3 UPPALA 82-90 09
4 SHIRIY A(U/S) 65-90 26
5 MADHUR 82-90 09
6 PADIATHADUKA 74-90 17
7 PALLANGODE 70-90 21
8 MOONAMKADAVU ' 65-90 26
9 KAKKADAVU ©65-90 26
10 MANGARA 71-90 20

(contd...)
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Table 4 (contd)
(1) 2 3) 4)
REGION - 2
11 IRUDE 66-90 25
12 KUILOOR 77-90 14
13 PALA 70-90 21
14 MERUVAMBA 1 6690 25
15 KANNAVAM 70-90 21
16 PATTIAM 66-90 25
17 VALAYAM 65-90 26
REGION -3 ,
18 BAVELI 64-90 27
19 THIRUNELLY 70-90 21
20 THONDAR 72-90 19
21 MANAMTODY 65-90 26
2 CHOORANI 70-90 21
23 PANAMARAM 1 70-90 21
24 KAKKAVAYAL 71-90 20
25 MUTHANGE 70-90 21
26 VAZHAVATTA 71-90 20
27 MANJAT 72-90 19
REGION- 4
30 KADAMTHARAPUZHA 82-90 09
31 KOLLICKAL 74-90 17
32 KOODATHAI 65-90 26
33 MUKKOM 65-90 26
34 AREACODE 65-90 26
35 KANJIRAPUZHA 65-90 26
36 CHALIYAR 65-90 26
37 PUNNAPUZHA 65-90 26
38 MARUTHAPUZHA 64-90 27
39 KARIMPUZHA 64-90 27

(contd...)
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Table 4 (contd)

(M @ 3) C))
40 KUTHIRAPUZHA 64-90 27
41 ANAKAYAM 64-90

REGION -5
42 THIRUVAGAPUZHA 64-90 27
43 THRITHALA 70-90 21
44 CHERUTHURUTHY 64-90 27
45 PAMPADY 64-90 27
46 CHEERAKUZHI 63-90 28
47 MANAKKADAVU 71-90 20
48 KUTTIPURAM 67-90 24
49 SILENT VALLEY 70-81 12
50 PAZHOOR 64-90 27
51 KUNDUKADAVU ~ 64-90 27
52 MANALI 64-90 27
53 PILATHODU 64-90 27
54 CHIMONI 65-90 26
55 MUPPLY 66-90 25
56 KURUMALI 65-90 26
57 KARUVANNUR 64-90 27
58 AMBALAKADAVU 63-90 28
59 KARAPPARA 68-90 23
60 KURIARKUTTY 69-90 22
28 CHITTOOR 71-90 20
29 CHAVADIYOOR 71-90 20
REGION -6

61 KALADY 68-90 23
62 PILANTHODU 68-90 23
63 CHEMMANNAR 68-90 23
64 PERINJANKUTTY 65-90 23
65 KALLAR EASTERN 65-90 23

(contd...)
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Table 4 (contd)
“ﬂ_“ﬂ-
66 THUVALLUR 64-90 27
67 PANNIAR 65-90 26
68 CHAMAPKKAD 73-90 18
REGION-7
69 MUVATTUPUZHA 64-90 27
70 KAKADASSERRY 72-90 19
71 KALAMPUR 68-90 23
72 THODUPUZHA ‘l\ 7290 19
73 MALANKARA 77-90 14
74 PEROOR 70-90 21
75 PALAI - 65-90 26
76 CHERIPPAD 76-90 15
77 TEEKOY k 76-90 15
78 THONDRA 70-90 21
79 MANIMALA 70-90 21
80 MUNDAKAYAM 76-90 15
REGION-8
81 ERAPUZHA 70-90 21
82 KURUDAMANNIL 65-90 26
83 KOLLAKADAVU 63-90 23
84 PANDALAM 64-90 27
85 KONNY 82-90 09
86 ANAYADI 81-90 10
87 ENATHU 70-90 21
88 PUNALUR 66-90 25
89 THENMALA 71-90 20
| REGION - 9
90 - | AYOOR 70-90 21
91 VALAYANKIL 71-90 20
92 AYIROOR 82-90 09

(contd..)
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Table 4 (contd)

1) (2) A3) 4
93 MAMEM 79-90 12
94 MYLAMMODE 80-90 11
95 ARAYANAD 74-90 17
96 ' MARUTHANKUZHY 78-90 13
97 AMARAVILA 73-90 18
98 OTTASEKHARAMANGALAM 70-90 21

Table 4 furnishes the details of stations and also of streamflow data considered in
the present study; the table furnishes the data regionwise - the criteria for
regionalisation is given in the later part of this chapter. The latitude and longitude
of stations are given in Appendix 1. Location of discharge stations are given

in Fig. 11.

The quality of data used in the present study might have suffered from one or
more of the following limitations:
1) Some gauging stations are inaccessible during heavy
monsoon period;
ii) Flood peaks on small catchments, especially those which are flashy, pass
the staff gauges without being recorded;
iii) Gauge readings are at times fabricated or taken only once a day;
iv) Floods outflank the control section;
v) Heavy rains are capable of washing away or overtopping the gauge staff;
vi) Data processing at times takes place much after the actual observation,
vii) Frequent occurrences of floods at night often go unrecorded; and

viii) Automatic water level recorders have not become popular in the region.

Rainfall data

The daily rainfall data were collected for all stations from the records of PWD,
KSEB, CWC and CWRDM. In most places, rainfall has been measuring using the

ordinary raingauge. In some places, automatic raingauge has been using to measure
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rainfall. In certain locations, rainfall measurements are carried out by private

agencies.

3.2 FLOOD FREQUENCY ANALYSIS

The flood frequency analysis using the conventional procedures can be conducted
for the data from the gauging sites, where the recorded peak discharges over
number of years are available. However,‘ such analysis will have somewhat limited
application for the ungauged sites or sites with short length of record. Such a
situation can be overcome by adopting regional approaches and performing flood

frequency analysis with data combined from a particular region.

There has been significant developments and studies in the area of regional flood
frequency analysis in India as well as abroad. Estimation of the regional flood

frequency parameters is preferred to that of the specific site, for two reasons:

(1) Because of the sample variations present in the short hydrologic records.
frequency estimates of rare events based on at site frequency analysis
are subjected to large error and thus unreliable, this error being reduced

by combining data from many more sites;

(11) There are many more sites in the same region where hydrologic data
are not available but design flood estim;tes are needed for the design
of small structwies and in such a siviatior: regional flood frequency
analysis helps in transferring the knowledge arrived at from gauged

sites to ungauged sites.

The present study attempted to provide a flood frequency analysis for nine regions
in Kerala State based on which the flood of any return period for any particular
region could be estimated irrespective of the availability of the river flow data.
While selecting the regions it has been ensured that river basins afe taken together
(not in part); grouping of such basins are done considering the available data and
convenience in handling the data. Homogeneity in Tainfall has been one of the

important criterions in delineating the regions. A homogeneity test was conducted
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in the regions, as explained in the subsequent section, to further ensure that
delineation is satisfactory. The main purpose is to obtain a region having sufficient
gauging stations with data for a comparatively long period. The methods used to
derive the relationships are based on those developed during the UK flood studies
and as reported in Flood Studies Report (NERC, 1975). These methods have found
wide application in different continents, since the report has been brought out, for
example in Malawi in Africa (Drayton et al, 1980), Iran, Indonesia and Korea in

Asia and Brazil in South America (Sutcliffe et al, 1984).

3.3 SERIAL CORELAINON COEFFICIENT

It 1s necessary to investigate the degree to which the discharge in any one-year is
dependent upon the magnitude of the discharge in the years preceding it. Many
hydrological sequences exhibit a departure from randomness in that large values
tend to be followed by large values, and small values by small values, so that
values of similar magnitudes tend to persist throughout the sequence. This
tendency can be measured by lag-one serial correlation coefficient (r;), describing
the strength of the relation between a value in the sequence and that preceding it by
one time interval. For strictly random sequences, the value of (r;) necessarily
differs from zero only by sampling variation; for sequences showing strong

persistence, its value is close to one.

If the data sequence is denoted by {y.}. =1,2....N, the lag-one serial correlation

coefficient is calculated by

1 = _ _
No1 DO -G - )
r = T 1 4=
: 1 i 05
—_— _}9 i
N

(r1) is distributed normally about mean 1/(N-1) with variance (N-2)%/(N-1)*. If (r))

lies outside the range

)
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then there is evidence that (r;) is significantly different from zero, unless an

unusual event has occurred.

3.4 REGIONAL HOMOGENEITY

A homogeneous region is essential for the reliable flood estimation. In order to
test the homogeneity of a region, a test has been developed by Langbein etc.,
(1947) and Dalrymple (1960) developed certain methods, which are generally
followed in flood frequency studies. Wiltshire et al.(1986) developed a
significance test for regional homogeneity based upon the non-exceedence
probabilities (termed G points) of individual maxima; this test was applied in the
flood studies of UK (NERC,1975). The studies showed that most of the
geographical decisions of UK followed in the Flood Studies Report are
heterogeneous (Wiltshire et al,1986). The most commonly sought form of
homogeneity is homogeneity in the frequency distribution after standardising by an
index-flood, which is commonly chosen to be the mean annual peak flow. The test,
which is based on the non-exceedence probabilities, was used to check the regional

homogeneity in the present study.

For applying this test, a priori selection of distribution of the type of distribution
applicable to the region was made and proceeds with an examination of the scatter
of site flood data about the fitted region-average distribution. The method is as

follows.

If F(x) 1s the distribution function of the variate X, then F(x) considered as a
function of x, the probability integral transform, has a uniform distribution. If
random sample values (x;, X2, X3, ....... xN) are transformed into values
(G1, Gz, Gs ........Gn) In the (0,1) interval by the probability integral transform,
then the G values should be approximately uniformly distributed, the departure
from uniformity being solely due to sampling effects. On the other hand, if random

sample values (z;, 23 ... zx) from another variate Z, Z 1s not equal to X, are so
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transformed their distribution would be different from uniform by more than
random amounts. Thus if F(x) is the regionally estimated distribution function of
the variate X = Q / O and if (z;, 22;.z;, zy) are a standardised sample (Q / Q)
from site j in the region and let Gj, i=1,2....Nj, be the F(.) transformation of z;;
Under the condition that z is distributed as x (i.e. homogeneous region), the Gj
values are approximately uniform. If the hypothesis is not true, the difference can

be amplified by the transformation

G; =36, =03 | (3)

The statistic R is then defined for the M sites in the region as

R — ( j ..) (4)
j=1 Uj ‘ '

where Gl.'j and G'.. are site and regional average values of G'.. and U; is the
sampling variance of Gl.j, defined by Wiltshire (1986b). The sampling distribution
of R is approximately x> — distribution, values of R exceeding x° - crit leading to

rejection of homogeneity hypothesis.

3.5 REGION CURVE DERIVATION

A reliable flood frequency analysis is possible for a station if it has a long record
and distributions can be fitted to the data. But when only a short record is
available at a site, the choice of distribution cannot be based on sample alone and
prior knowledge about the distribution must be used. This prior knowledge is
either in the form of distribution or in the form of region curve, which is the
mean distribution of all recorded floods scaled by a single parameter in a region.
When no record is available at a site, the region curve may be used together with

an estimate of the mean annual flood obtained from catchment characteristics.

The different activities involved in arriving at the regional flood frequency curve

are described below in the sequential order:
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(ii)

(1i)

(iv)

)

(Vi)
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Assembling the annual peak flow (Q) data for all stations in the
selected region.
Ranking the annual peak flow values of each station in ascending
order form i=1 to i=N (N is the number of years of data).
Estimating the mean of each station's data set as the arithmetic
average of the annual maxima Q, the exception to this rule may be
when the highest ranking flood exceeds three times the median, i.e
Qmax/Qmed >3. When this occurs, it indicates that the data contains an
outlier and the arithmetic average is raised and the Q / Q are
depressed. Under this condition, an estimator K times the median
flood is used as Q. The adjustment factor K is obtained empirically
by arriving at a relation between median and arithmetic average
by plotting a curve median versus arithmetic average of all stations
in the region with Qmax/Qmes £ 3. This method avoids biasing the
estimate of Q when sample includes outliers.
Dividing Q of each station by Q to get the Q / Q values and
tabulating the data. This is done to make the resulting regional
flood frequency curve non-dimensional. By non-dimensionalising,
the curve will have application both in gauged section (where Q
is known from observed data) and in the ungauged section when
used with a suitable equation relating Q with the geomorphological
parameters.
Using Gumbel's extreme value distribution, the corresponding
plotting position Y (reduced variate of the return period ) for the

Q / Q values are formed. this is done using the Gringorten's

approximation:
o (i-044)
F&N= o) ©)
Y(@N)=- IOge (- loge F) ()

Merging and assembling the entire Y and Q / Q values into class
intervals; Y is divided into intervals of width 0.5, eg. -1.5 to -1.0, -1
to -0.5, -0.5 to 0.0, 0.0 to 0.5 etc. The Y values falling within each
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class interval and their corresponding Q / Q values are identified and
assembled under respective class intervals.

(vii) Findiné out the average Y and Q / Q values in each class interval.

- These sets of average Y and Q/ Q values are obtained from the co-
ordinates of the regional frequency curve. But with these points, the
curve arrived at may not give Q / Q for higher return periods. These
points form the lower part of the curve.

(viii) Extracting the highest three values of Q / Q, regardless of station,
and associating these with the plotting position for i=M-3, M-2, M-1
and M, where M is the total number of station years of data.

(ix) Placing the extracted highest values in class intervals (these give
some more co-ordinates for the curve which will facilitate extension
of curve for higher return periods).

(x)  Plotting the cordinates obtained in steps (vii) and (ix) and drawing
the eye-guided best fitting curve.

(xi)  In order to arrive at the return period, the following relationship
(IMD, 1972 ) is considered:

T
Yr =-log, loge(’;_—l'j ™

where Y is the reduced variate for the return period T.

In the analytical method, distributions including Gumbel, log-normal, Pearson type
III and log-Pearson type Il have been attempted, because several agencies
recommended the importance of these distributions in flood frequency studies.

3.6 DISTRIBUTIONS USED IN THE PRESENT STUDY

3.6.1 Gumbel Distribution

Gumbel distribution or EV1 is a two parameter distribution widely used in
hydrology. The probability density function P(x) and cumulative density function

F(x) are given below:
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P(x) = g el@=A)=e ] (8)
—0<x<®, -—o<f<w, a>0
- ( -
Fx)=e ¢ 7 )

@ is a concentration parameter, and Zis a measure of central tendency

Estimation of Parameters
ethod of moment
The two parameters o and B are computed using the following equations:
a=12825/c (10)
p= u-045 o (11
where x and o are the mean and standard deviation of the sample.
timation of quanti
The following equations are used to obtain T-year flood events by the method of
moments: ‘
xr= u+Kro (12)
where
Kr= -[045+ 07797 In(-In (1-1/ T))) (13)

and p and o are sample estimates of mean and standard deviation respectively.

Standard error
The standard error of the T-year event is obtained by equations by the method of
moments.
Sy =-Z(1+1.1396 Ky +1.1000K> )!/2 (14)
Jn T

The following non-linear equation is solved using Newton’s method of non-linear
optimisation to compute the parameters o and by the method of maximum

likelihood.




L —aXx;
Zon(u-pB)+e?> (x,-Pe (15)
a i=
n .
‘e‘”y:n/Ze"a” (16)
i=1
1 " -
f=—Inn/y e "™ (17)
a i=1
Estimation til

T-year flood events are computed using the maximum likelihood estimates of

parameters, o and B in the following expressions

1
X1 =f+—yr (18)
a

yI = —ln[— ln((T T‘ l))] | (19)

Standard Error

The standard error of estimates for T-year event is computed using the following

equation
1

S =
T Jna

(1.1086+0.514 yr +0.6079 y2 )2 (20)

3.6.2 Log-normal Distribution

Log-normal distribution can be applied to a wide variety of hydrologic events
especially in cases in where the corresponding variable has a lower bound, the
empirical frequency distribution is not symmetrical and the factors causing those
events are independent and multiplicative. Chow (1964) has provided theoretical
justification for the use of the log normal distribution in flood frequency studies.
The causative factors for many hydrologic variables act muitiplicatively rather than
additively and so the logarithms of the peak flows which are the product of these

causative factors follow the log-normal distribution.
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If the logarithms of a variable x are normally distributed, then the probability
density function p(x) is given by the following equation
~(nx-p,)

1 202
X)=——F——¢ Y 03
P xay«/27z

0< y<ow
where 4, is the mean of the natural logarithms of the variable x, and
o, is the standard deviation of the natural logarithm of the variable x

Estimation of Parameters
ethod of moment
The general equations for first of the probability density about the origin and

second moment of the probability density function about the centroid are given as

(o
u=e +—2l (22)

= [Jﬁ - 1};2 (23)

where zand oare the mean and standard deviation of the variable x

If a sample of annual maximum flood peaks is given, then the mean and standard
deviation estimated from that sample provide the estimates of x# and o. By solving

equations (22) and (23), we get values of 4 and g;.

Estimation of quantjles

T-year flood can be computed by method of moments using the equation
Inx;= 4+t oy (24)

where xr is an estimate of T-year flood, and t the standard normal deviate.

An alternate way for calculating the T-year floods involves the use of frequency
factor, K, in the frequency equation. The general frequency equation in terms of

frequency factor, K, is given by the equation:
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xr=pu+oKr : (25)

where 4 and oare mean and standard deviation of the origihal flood peak series.

The frequency factor Kr for Lognormal two parameter distribution is given by the
following equation (Kite, 1977):

e[ln(1+z7-)J 12, _ [1n(1 +22)J /2 .
Kp=

1 (26)
z ;
L ]

where, z is the coefficient of variation of recorded events.
Standard error
The standard error of estimates for T-year flood events are computed by method of
moments using the following equation:
Ar=[1+ (Z+3z) Kr + (5 + 65+ 15" +167 + 2) KT‘?/4]1/2 (27)

ATO'

Jn

Sy = (28)
where K7 is frequency factor given by equation (26), z the coefficient of variation
of the recorded events, o the standard deviation of the recorded events, n the

number of recorded events, and St 1s the standard error of estimate for T-year flood

events.

h axi ikelih
By this method, the parameters of the distribution, 4, and o, are estimated by
solving the following equations resulting from differentiating the logarithms of the

likelihood function with respect to 4, and o;” respectively.
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Hy =Zln Xx;/n (29)
i=1

2 (In x; - p)°
o =z]——‘7-y— (30)
l:

The following relationship is used to estimate T-years flood events by the method
of maximum likelihood procedure
xp = o (30a)
where ¢ is the standard normal deviate.
tandard error ,
The following equations are used to compute Standard error of estimates for T-

year flood events by maximum likelihood
1

. 2
&= [(In(Z+1) 1+ Kr2) 2 1+ £12)) /2] (31)

Sr= Srol (32)

3.6.3 Pearson type II1 Distribution

The Pearson type III distribution is a three parameter distribution. This is also
known as Gamma distribution with three parameters. The probability density
functions of the distribution is given by:

p-1 | X7
P(x):Elz(x;’j e ( a) (33)

where o fand yare the scale, shape and location parameters respectively. From
the sample mean , standard deviation and coefficient of skewness , the parameters
a, fand ycan be determined. The parameter £ is always positive as it is equal to
the product of the square of sample standard deviation o and a. When a >0, the
distribution is always positively ékewed and y<x <o When a< 0, the

distribution is negatively skewed and -0 <x <y.
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Estimation Parameters

The parameters of the Pearson type III distribution @, fand yare obtained using

the following equations by the method of moments

2
/J’=[3j (34)
N
o
= (35)
B
y=n-o|p (36)

where p is the unbiased estimate of skewness computed as

_, [nn=D(, 85
Nn=n -2 (1+ n) (37)

71 = biased estimate of skewness computed from the sample.

n = size of the sample.

Estimation of quantiles

T-year flood events are obtained by the following equations by the method of

moments
Xr=u+ o Kr (38)
where 4 and o are the mean and standard deviation estimated from the sample
respectively. ‘
2 1 AN AN AR
Kr=t+(t —1)€+§(t —&{Ej o _1)[_6—j +t(—6—) +§[EJ (39)

where ¢ i1s the standard normal reduced variate corresponding to T-year return

period and ; is the co-efficient of skewness.

ndgard error

The standard error of T-year flood event, Sr is computed by method of moments

using the following equations:
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2 2(3,2 3
S%zi— 1+K71+—Ig—- —11—+1 +3K6—K 71+}/—1
n 2| 4 ) 4
2 4
5
3K 24320200 (40)
on 8

2 3 2 .2 3 4
oK _(P-1) 4C-60p 3 -pi 4 10pf

where ¢ 1s the standard normal reduced variate, and » the coefficient of skewness.

Method of maximum likelihood
The parameters @/ and y of the distribution are estimated by the method of

maximum likelihood using an iterative procedure of non-linear optimisation, based

on Newton’s method, to solve the following non-linear equation for y

1 n
%*Em (x-7)=n Ina=0 (42)
1
where Y(f) = l‘r((ﬂﬂ)) (43)

by
2A6+D) 12(p42)7  120(8+2)

1 1]
- - - 44
252(p+2)0 A+l B (+4)

=in(f+2)-

p= 1 (45)

{1_ n2 g(xi—}’)Z( %x,--—y)m

azz(xi;}’)_ - nl (46)
s
i=1 (xi_}/)

The optimum value of the parameter, y is used in equations (45) and (46) for
estimating two parameters, @ and £
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Estimation of quantiles

The parameters @/ and y estimated by the method of maximum likelihood are

used in the following equation to compute T-year flood events:

3
1 1
XT—Q41—'9—ﬂ+t 5/—5-} +y (47)

where t is the standard normal reduced variate corresponding to T-year return

period.

Standard error
The variance of the T-year event , S° is computed using the following equations

by the method of maximum likelihood:

2 2 2
S%z ixl) vara + & var f+ ?—xl var7+2—(?x—T§Ecov(a,,6’)
0 of oy oa 0f

Q
+ 2?—;%}%—%%&; 7)+ 2%%cov(ﬂ, ”) (48)
p 3 :
ox 2 1 t
5§=£ﬂl/’—9ﬂ2/3+3ﬂ1/6) - (49
0 1 t 2 | 1 2 t
X .
“a;T=3£{ﬂ”3‘9ﬂz/3+3ﬂl/6] +18(3ﬂ2/3+27ﬂ5/3_18ﬁ7/6) (50)
%T—ﬂ 51)
1 [ ¥ 1 |
= - 52
e nazD[(ﬂ—z) (ﬂ;l)zj Y
var =——42———— (53)
nDa™(f-2)
1
vary:ﬁ;(g;—@ (54)
-1 1 1
)= —— 55
wovi@f) na3D((ﬂ“2) (ﬁ—l)) °?
1 1
cov(a,n—sz[( o T(/f’)) (56)
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__ -l B
v A )—na3D((ﬁ—1) 1) e
1 1 (26-3)
D=—|2¥'(H)- (58)
(ﬂ-ba“[ (ﬂ—l)z}
wlopo ] 1 11
) (,6’+2)+2(,3+2)2+6(,3+2)3 30(4+2)°
1 1 1 1 (59)

TRy 30820 (Bt B

where D is the determinant of matrix of likelihood derivatives

3.6.4 Log-Pearson type 111 Distribution

The log-Pearson type III distribution has been widely used in hydrology for fitting
the frequency distribution of flood data. The USWRC recommends the use of the
log-Pearson type III distribution as an attempt to promote a uniform and a
consistent approach for flood frequency studies. As a result, the use of this
distribution has become popular in the United States, and several practising
engineers from Federal, State and Local governments have started using this

distribution.

If the natural logarithms, Inx, of a variable x are distributed as Pearson type III
variate, then the variable will be distributed as a log-Pearson type III with
probability density function:

p-1 [z
p(x)=d%ﬂ(1“"‘7] A%

(60)

where ¢, fand yare the scale, shape and location parameters respectively.
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Estimation of parameters

Method of Moments

The parameters @, fand yare estimated by the direct application of the moment

generating function to the probability density function of the log-Pearson type III

distribution by this method. The following equations are used to compute the

parameters of the distribution by this method:
po o -3y

=— . 61
In g, -2Iny (61)

where 1,16, 44 are the third, second and first moments of the pdf about the
origin respectively and these moments can be estimated from the sample.

Therefore, B can be estimated directly from the sample:

C= 1/(B-3) O (62)
If3.5 <B < 6.0, then

A= -0.23019+1.65262 C+ 0.20911 C?- 0.04557 C° (63)

If3.0<B <3.5, then
A= -0.47157+1.99955C (64)

The value C obtained from equation (62) is substituted either in regression
equation (63) or (64) depending upon the value of B. If the value of B does not lie
within the above stated ranges, then this method is inapplicable for that particular
sample data. If the value of B lies within one of the above stated ranges, then the
parameters @, f and y are estimated by substituting corresponding 4, B and C

values in the following equations:

a=1/(4+3) (65)
A= (Ing' —2Ins") / (In(1-2)*- In(1-2 @) (66)
y=lnp' + fln(1-a) (67)

the parameters &, fand yare then used to compute mean L, standard deviation oy

and coefficient of skew, y of the logarithms of x as
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w=y+tap (68)
o-a (69)
%=2.0/8 (70)

Estimation of quantiles

T-year events are computed by the method of moments using the following

equation:

/fy+KT‘7Y (71)

where 4, and o, are the mean and standard deviation of the logarithms of x
respectively and computed using the equation (68), (69) and (70) and Kr is

computed using the equation (39).

rd error
The standard error of the T-year event for the log-Pearson type III distribution by
this method is computed using equation (40) to obtain Sty in log units from the
standard normal deviate and the coefficient of skew, computed from equation (41).

The standard error is then converted back to linear units as:

S )
xT(e T.Y —e T,Y)

2.0 (72)

Stx =

~ where Sty is the average of the positive and negative standard errors in linear units

and x; 1s the T-year event.

thod of maximum likeli
The parameters &, fand yare estimated by this method by solving the following

non-linear equations iteratively using Newton’s method of optimisation.
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i(lnxi—a)znaﬁ - (73)

i=1

n¥(pf) = iln[(lnx -7 a] (74)

i=1

= a(f-1
n=a(f )Elnx,-—7

(75)

Estimation of quantiles

By this method T-year flood events are computed by using the following
equations:

xr=exp (aE>+ ») (76)
E:ﬂ{l-—l—ﬂ\/—T—] (77)
Y ARTY

where a, fand yare the maximum likelihood estimates of the parameters and t is

the standard normal reduced variate.

Standard error

The standard error in log units is obtained from equations (48) to (59) using the
maximum likelihood estimates of parameters o, £ and » The logarithmic standard

error is then converted to linear units using equation (72).

3.7 RELATION BETWEEN MEAN ANNUAL PEAK FLOW AND
BASIN CHARACTERISTICS

3.7.1 General

The prediction of flood frequency or hydrograph parameters for ungauged basins
relies on statistical relationship between river flow and certain physical
characteristics of sample basins. These characteristics may be described as
geometric properties or morphometric properties, cover properties (soil and land
use) and climatic properties. Since the climatic properties in the regions considered
is more or less homogeneous and since sufficient data on cover properties are not

available (also, this may not have much impact), they have not been considered.



72
The morphometric properties have been correlated with mean annual peak flow -

to arrive at relationships for the purposes of flood prediction.

3.7.2 Prediction of Mean Annual Peak Flow from Basin Characteristics

The geomorphology describes the environment in which the hydrological process
operates. A strong mutual correlation exists between geomorphological variables
and hydrological characteristics. Such relationship can be applied to surface water
regime. Thus, the linking of geomorphological parameters with hydrological
characteristics of the basin provides a simple way to understand the hydrological

behaviour of different basins and particularly of the ungauged basins.

The geomorphological properties which are important to the hydrological
simulation studies include the linear, areal and relief aspects of the basin. Table 5
gives an exhaustive list of geomorphological properties generally considered in

hydrologic studies.

TABLE 5: MORPHOMETRIC VARIABLES GENERALLY CONSIDERED IN

HYDROLOGIC STUDIES
Properties measur nt lely fr nn twork and basin outline
horizontal plane
Property where used or defined
M 2)
Stream order Horton, 1945, p.282-282
(Basin order) Strahler, 1952b,p.1120

Strahler, 1954a,p.344.
Melton, 1957, Appendix 1
Number of streams same as above

Or basins of order u

*Stream magnitude Shreve,1967,p.179

Bifurcation ratio ’ Horton,1945, p.286
Strahler.1952b,p.1137
Schumm, 1954a

(contd....)
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Table 5 (contd.)

0 ()

Axial angle Horton,1945.p.349

(Entrance angle) Strahler,1954,p.345-347
Schumm. 1954a
Melton,1957, Appendix 1

Stream azimuth Strahler. 1954a,p.346

*Stream length Horton,1955,p.283

(Channel length)

Stream length Horton,1945,p.286

Mean length of segments of order u Strahler,1952b,pp 1134

Strahler,1954a,p.345
Strahler,1957
Miller,1953

Stream length, ) Horton,1945,p.291
Total length of order u Strahler,1957

Stream length ratio Horton,1945, p.286-287
Length of overland flow, or Horton,1945,p.284
Ratio of stream length ratio Horton,1945,p.292

to bifurcation ratio

Basin perimeter Smith, 1950, p.657
*Basin length Schumm, 1954a

B. Properties requiring areal measurement (planimetry)

*Area of basin or order u Horton, 1945, p.283
Basin area ratio Schumm,1954a
Inter-basin area Schumm, 1954a
*Drainage density Horton, 1945, p.283
Constant of channel Schumm, 1954a
Strahler, 1957
*Stream Frequency Horton,1945,p.285

(contd....)
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Table 5 (contd.)

(1) ()
Drainage intensity - Faniran, 1969
Texture ratio Smoth,1950,p.657
*Basin circularity Miller, 1953,p.8
*Basin elongation Schumm,1954a

ratio

*]_emniscate ‘k’

Chorley, et al., 1957

A. Properties involving elevation differences (relief aspect)

*Stream channel slope

*Qther stream channel slope,

segment of order u
Stream channel slope ratio
Ground slope

Orthogonal to contour
Ground slope,
(valley-side slope)
Maximum angle of,
*Qverland slope

Ratio of channel slope to
Ground slbpe

Dihedral angle

between valley sides

Relief maximum in basin

Relief ratio

Relative relief
Ruggedness Number
Geometry Number

Horton, 1945,p.295
Strahler, 1952b,p.1135
Schumm, 1954a
Horton,1945,p.295

Horton, 1945,p.295
Horton,1945,p.304
Strahler,1950
Strahler,1950
Schum, 1954a
Melton, 1957

Nash, 1960
Horton,1954,p.349

Melton, 1957

Strahler, 1952b,p.1119
Schumm,1954a
Melton, 1957
Schumm, 1954a
Melton, 1957

Strahler, 1958,p.289
Strahler, 1958, p.295

(contd....)
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Table 5 (contd.)
(1) (2)
Relative basin height Strahler, 1952b, p.1119-1121
(in hypsometry)
Relative basin area Strahler, 1952b, p.1119-1121
(in Hypsometry)
*Hypsometric integral Strahler,1952b,p.1119-1121
Volume of land mass Strahler, 1952b,p.1120-1121

Curvature of slope profile

*Those suitable for consideration as feasible flood predictors are indicated by
asterisk
**Source:Malcom Newson, Map work for flood studies, Part 1- Selection and

derivation of indices, Institute of Hydrology, Wallingford, Report No.25, 1975.

A description of the important quantitative geomorphologic parameters, which are

relevant to drainage basin composition, is given in the following paragraphs.

Linear Aspects of the Channels

Various parameters which involve length of channels in different ways are grouped
under this category. Linear aspects of the channel network are listed beiow:

(1) Length of the main channel

(i)  Length of the channel between the outlet and a point nearer to

centre of gravity |

(1)  Total length of channels

(iv)  Stream order

(v)  Wandering ratio

(vi)  Basin perimeter

(vit) Fineness Ratio

trea h

This is the length along the longest watercourse from the outflow point of
designated sub-basin to the upper limit to the catchment boundary. The stream

length 1s measured using Chartometer from the GTS map.
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Length of channel between th tlet and a point nearert nt f oravi

It is the length of the channel measured from the outlet of the catchment to a point
on the stream nearest to the centroid of the basin. After finding the centroid, the

length is measured using the Chartometer.

Total len ft hannel

Total channel length is the sum total of the lengths of channels of all the orders in
the basin. This parameter is important as it gives an idea of overland flow and
channel flow in the basin. Channel storage also varies with stream length as a

simple power function.

Stream order

For all practical purposes, the quantitative study of channel networks used to begin
with Horton’s (1945) methods of ordering of channels. Later on, Strahler (1952)
proposed a modification of Horton’s ordering scheme. Strahler’s method is now
generally preferred due to its simplicity and greater freedom from subjective

decisions. There are three steps in Strahlers’s ordering procedure.

1) Channels that originate at a source are defined to be first order streams;
2) When two stream of order w joins, a stream of order (w=1) is created; and
3) When two streams of different order join, the channel segment immediately

downstream has the higher of the combining streams.

Wandering ratio

Wandering ratio is defined as the ratio of the main stream length to the valley
length. Valley length is the straight line distance between outlet of the basin and
the farthest point on the ridge.

Basin perimeter
It is measured along the divides between basins and may be used as an indicator of

basin size and shape.
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ineness ratio

The ratio of channel length to the length of the basin perimeter is fineness ratio,

which is a measure of topographic fineness.

Areal Aspects of the Basin

The parameters which are governed mainly by the area of the drainage basin are
classified as Areal aspects of the basin. Following areal aspects are considered for

the present study.

Catchment Area

Basin area is a fundamentally important characteristic for the simple reason that
large catchments have in general higher values of flow statistics than smaller
ones. Drainage area is defined as the collecting area from which water would go to
a stream or river. The boundary of the area is determined by a ridge separating
water flowing in opposite directions. This parameter is hydrologically important
because it directly affects the flood hydrograph and the magnitude of flood peaks
in mountainous areas. The larger the size of the basin, the greater is the amount of
the rain intercepted and higher the peak discharge that results. The catchment areas
were available from the Water Resources Circle of Kerala PWD. However, areas

of some catchments were checked from GTS maps, using Planimeter.

Drainage Density

Drainage density is defined as the ratio of the total length of channels of all orders
in a basin to the area of the basin. It should, therefore, be measured on the GTS
maps of large scales(In the present case the largest scale GTS map available for the
region was 1:50,000) so that the first order streams can also be taken into account.
Drainage density is a textual measure of a basin, which is generally independent of
basin size. It is considered to be a function of climate, lithology, and stage of
development. Numerically, this ratio expresses the number of kilometres of

channel maintained by a square kilometre of drainage area.
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Stream frequency

Stream frequency is defined as the number of streams per unit area. Melton(1956)
analysed in detail the relationship between drainage density and stream frequency

and gave the relation

F=0.694D? (78)
Stream frequency F is computed as the number of streams per unit area or
F=N/A (79)

where, N is the total number of segments of all orders in the catchment area and A4

the drainage area of the basin.

Circularity ratio

Basin circularity ratio is defined as the ratio of the basin area to the area of a circle
having a circumference equal to the perimeter of the basin .The value of this ratio

approaches unity as the shape of a drainage basin approaches a circle.

Elongation Ratio

Elongation ratio of a basin is defined as the ratio betwzen the diameter of a circle
with the same area as the basin and basin length. The value of the elongation ratio

approaches unity as the shape of drainage basin approaches a circle.

Watershed shape factor

Watershed shape factor is defined as the ratio of main stream length to the

diameter of a circle having the same area as the watershed.

ity shape factor

Unity shape factor is defined as the ratio of the basin length to the square root of

the basin area.
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Relief aspects of catchments

Relief aspects are the functions of the elevation or elevation difference at various
points in a catchment along the channels. Contour lines on a toposheet are made
use of, while determining the relief aspects. Various parameters involving the relief

aspects are furnished below.

Basin relief
Basin relief of a basin is the maximum vertical distance from the stream outlet to
£

the highest point on the dividing ridge. The total relief of a basin is a measure of

the potential energy available to move water and sediment down slope.

Relief ratio

The relief ratio is defined as the ratio between the basin relief and the basin length.
In normally shaped basins, the relief ratio is a dimensionless height length ratio
equal to the tangent of the angle formed by intersection at the basin mouth of a

horizontal plane with a plane passing through the highest point on the divide.

Relative relief

Relative relief is defined as the ratio of the basin relief expressed in units of miles
to the basin perimeter. Relative relief is an indicator of the general steepness of a
basin from summit to the outlet. Relative relief is an indicator of the general

steepness of a basin from summit to the outlet.

Stream slope

The slope of catchment has to be indexed by the slope of the mainstream, since
overland slope is difficult to measure by techniques such as grid sampling. Benson
(1959) has shown that only mainstream slope need be measured because it is
closely correlated with tributary slopes, and Strahier (1950) has demonstrated the
correlation of channel slope and valley side slopes. The slope measure used is that
defined by U S Geological Survey and is the slope between the 10 and 85
percentiles of the mainstream length, measured upstream from the site of interest.

This definition excludes the highest and the lowest gradients at either end of the
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stream. All other things being equal, one would expect steep basins to have higher

floods and less lowflows than flat basins.

Geomorphologic Parameters Considered

Using a step-wise regression analysis, the geomorphic parameters, having greater
influence on mean annual peak flows have been identified. The parameters
initially considered are : drainage area (A), stream slope (SL), main stream
length(L), and stream frequency (SF). These parameters were selected keeping in
view of the classical works of Horton (1945), Strahler (1952, 1954, 1968) and
Schumm (1954, 1977). A matrix of such parameters were considered in the Flood
Studies Report (NERC, 1975). Several attempts have been made in different
geographical areas of the world to study the relation between mean annual peak
flow and geomorphologic parameters. Of all the parameters, the basin area,
drainage density, main stream length and stream slope have been most frequently
utilised (NIH, 1991-92). Based on the step-wise regression analysis, the parameters

to be considered in each region was selected. The parameters are given in Table 6.

This procedure of step-wise regression consists of considering the regression of
one variable at a ﬁme by adding at each step the variable that explains the largest
amount of the remaining unexplained variation. After each step, all the variables in
the equation are examined for significance, and discarded if they no longer explain
a significant amount of variation. Then the first variable is added in the one with
the highest simple correlation with the dependent variable. The second variable
added is the one expiaining the largest variation in the dependent variable that
remains unexplained by the first variable added. At this point, the first variable is
tested for significance and retained or discarded depending on the results of the
first. The third variable added is the one that explains the largest portion of the
variation that is not explained by the variables already in the equation. The
variables in the equation are then tested for significance. This procedure is

continued until all of the variables in the equation are found to be significant.
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TABLE 6: SELECTED CATCHMENT CHARACTERISTICS

Station Name of stations Area Stream Stream Stream
no km? Length | Frequency Slope
(A) km (L) (SF) (SL)
Ne) (2) ©)] @ ) (6)
1 MANJESWAR 2544 12.5 0.85 0.4
2 ANNAKAL 166.25 15 0.83 9.8
3 UPPALA 256.5 34.5 0.89 1.2
4 SHIRIYA(U/S) 348 35 1.47 1.52
5 MADHUR 15.54 5.8 1.25 5.26
6 PADIATHADUKA 754.17 70.83 4.25 12.56
7 PALLANGODE 527.36 53.86 1.21 5.6
8 MOONAMKADAVU 216.8 30 0.89 2222
9 KAKKADAVU 480.4 3485 0.38 11.48
10 | MANGARA 109.6 34.85 1.61 15.3
11 IRUDE 337 3421 0.89 15.59
12 KUILOOR 1040 55.76 0.65 16.74
13 PALA 270 3041 0.89 13.15
14 MERUVAMBAI 180 39.28 0.62 6.79
15 KANNAVAM 59 14.57 0.8 2745
16 PATTIAM 46 15.21 2.26 26.29
17 VALAYAM 129 26.61 0.86 12.53
18 BAVELI 174 28 2.51 12.38
19 THIRUNELLY 37.58 10 3.83 44
20 THONDAR 70.13 15 1.81 10.67
21 | MANAMTODY 280 345 256 | 135
22 CHOORANI 40 13 4.8 28.72
23 PANAMARAM 448 48.5 1.97 0.55
24 | KAKKAVAYAL 78.08 19.75 2.08 4.05
25 MUTHANGE 172.8 24.8 1.96 8.44
26 VAZHAVATTA 56.58 9.5 1.56 11.22
27 MANIJAT 48 16.52 24.68

6.9

(contd...)
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Table 6 (contd.)

(D @) 3) 4) () (6)
30 | KADAMTHARAPUZA 79 18 2.15 12.45
31 KOLLICKAL 34.82 11 1.18 46.06
32 | KOODATHAI 117 20 2.59 1333
33 MUKKOM 206 31 3.07 44.73
34 | AREACODE 1580 85.5 3.03 5.93
35 KANJIRAPUZHA 64 17 4.09 69
36 CHALIYAR 344 43 3.95 26.05
37 | PUNNAPUZHA 377 52.5 2.89 23.36
38 MARUTHAPUZHA 65 16 3.92 16.67
39 KARIMPUZHA 656 55 2.92 21.33
40 | KUTHIRAPUZHA 220 35 1.24 3.81
41 ANAKAYAM 439 52.5 1.32 2.54
42 THIRUVAGAPUZHA 914.2 83.5 1.34 14.37
43 THRITHALA 2601 186.5 1.84 2
44 CHERUTHURUTHY 2237.75 161.5 2.09 5.12
45 PAMPADY 920 138 4.09 6.96
46 CHEERAKUZHI 982.29 74 0.82 3.6
47 MANAKKADAVU 508.33 67.5 4.32 25.87
48 KUTTIPURAM 3755.5 201.5 1.64 1.85
49 SILENT VALLEY 73.08 15.18 5.64 0.075
50 PAZHOOR 120.35 29.5 1.15 1.81
51 KUNDUKADAVU 28.5 12 333 5.56
52 MANALI 24434 40.5 1.69 2.63
53 PILANTHODU 67.5 15 2.19 1.78
54 CHIMONI 73.5 13 245 32.82
55 MUPPLY 62 23.5 4.39 4.54
56 KURUMALI 410 54 2.19 1.03
57 KARUVANNUR 753.4 66 1.74 1.03
58 AMBALAKADAVU 1160 111 2.9 12.25
59 KARAPPARA 435 22.5 3.56 21.33

(contd....)
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Table 6 (contd.)

(1) (2) 3) “4) (5) (6)

60 KURIARKUTTY 126.8 24 2.13 5.56
28 CHITTOOR 96.96 24.5 3.28 23.94
29 CHAVADIYOOR 440 55 4.01 43.15
61 KALADY 4243.98 206.5 3.15 6.07
62 PILANTHODU 3824.68 177.75 3.26 7.05

63 CHEMMANNAR 58.64 15.5 3.39 24.08
64 PERINJANKUTTY 401.81 50.25 3.12 13.93
65 KALLAR EASTERN 107.05 27.25 5.04 12.72
66 THUVALLUR 383 12 3.03 21.11
67 PANNIAR 120.75 315 5.6 25.82
68 CHAMAPKKAD 251.12 335 4.78 58.1

69 MUVATTUPUZHA 1044.35 58.93 0.78 7.69
70 KAKADASSERRY 196.53 38.65 0.66 345

71 KALAMPUR 385.52 51.32 0.76 17.67
72 THODUPUZHA 393.5 55.76 0.94 10.52
73 MALANKARA 292.72 34.85 0.98 29.07
74 PEROOR 768 53 2.6 24.6
75 PALAI 429.79 41.5 2.5 28.92
76 CHERIPPAD 147 18.5 3.8 19.56
77 TEEKOY 57 12.5 3.95 12.5

78 THONDRA 816.43 91 2.46 0.88
79 MANIMALA 535.9 52 2.94 2.56
80 MUNDAKAYAM 107.7 21 3.97 30.48
81 ERAPUZHA 1695.72 122 3.83 10.71
82 KURUDAMANNIL 1527.44 101.5 4.16 1.05
83 KOLLAKADAVU 952.71 103.28 1.15 2.07
84 PANDALAM 833.62 91.87 1.25 2.32
85 KONNY 419 52.75 0.63 245
86 ANAYADI 82.34 19 0.47 2.36
87 ENATHU 1196.06 93.68 3.22 1.14

(contd....
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Table 6 (contd.)
(1) ) 3) 4 () (6)
88 PUNALUR 870 68.34 427 0.78
89 THENMALA 561.79 19 0.68 22.46
90 AYOOR 184 26.61 0.69 4.01
91 VALAYANKIL 49.19 37.38 4.84 29.96
92 AYIROOR 66 22 0.53 15.6
93 MAMEM 106 17.5 0.58 24
94 MYLAMMODE 84 25 0.95 6.98
95 ARAYANAD 155.33 19.01 0.32 28.05
96 MARUTHANKUZHY 79 15 2.15 8.23
97 AMARAVILA 333.97 494 0.34 18.42
98 OTTASEKARA 176.84 34.21 0.64 11.07
MANGALAM

3.8 RAINFALL-RUNOFF MODELLING

3.8.1 General

Rainfall-runoff models are commonly used for the purpose of flood forecasting
schemes. They are also used, less spectacularly, in the efficient operation of
storage reservoirs for hydro-electric, irrigation or other purposes. In most
countries, rainfall records are generally available from several stations for long
periods with somewhat good reliability. But the streamflow measurements, which
are most useful for the assessment of water resources or of damaging flood peaks,
are often limited and are rarely available for a specific river under investigation.
Hence, evaluating river discharges from rainfall has stimulated the imagination and

ingenuity of research workers for many years.

In the context of rainfall-runoff process, it is obvious that the effect of rainfall on
a catchment is greatly dependant upon the state of the catchment at the time of its
occurrence. The rainfall may be entirely rejected by the soil, or almost all of it may
be absorbed, depending upon the soil moisture state and the current infiltration
capacity. The fact that rainfall excess is, to some extent at least, a surplus after

making up the soil moisture deficiency at the time of occurrence of the rainfall,
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introduces a complexity into the system which could not possibly be described by

a linear system, with the constraints of proportionality and time invariance.

Conscious of the necessity for algebraic complexity in describing the rainfall-
discharge system, even if it is physically simple, hydrologists have not generally
sought to represent it by the inclusion of quadratic or higher order terms as done by
Amorocho (1963), but have resorted to the conceptual modelling approach to
represent the generation of runoff volumes, and retained the linear model to
represent the subsequent diffusion or routing of the flood wave (Kachroo, 1988).
Alternatively, they have resorted to the development of models which apply the
linear assumption to the relationship between the modified inflow and outflow

(Natale et al, 1976, Nash et al, 1983 and Liang, 1986).

3.8.2 Model Requirements

Ideally, it is expected that the model represent as closely as possible the actual
physical process occurring in the catchment. Then it is essential that it should
represent accurately the transformation of the input into the output. The utility of
the model is reflected in the extent to which it satisfies this practical objective,
which 1s termed "model accuracy”". The second requirement is consistency,
whereby the level of accuracy and the estimate of the parameter values persist
through different samples of the data. The third requirement is that of versatility. A
versatile model may be defined as one, which is accurate and consistent, when

subject to diverse applications.

Considering various factors, the simple linear model (SLM) and linear perturbation
model (LPM) of Nash et al (1983) have been attempted for runoff prediction in the
present programme. Various steps involved in calibrating and validating these

models are given in the following paragraphs.

3.8.3 Model Calibration

Regardless of what rainfall-runoff model is selected, the key to accuracy of the
result is calibration of the model. Calibration simply refers to the process of

varying input data until the result match known runoff events. Once model
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characteristics are determined, which recreate known events, it is possible to
predict runoff from other rainfall events within the basin with a reasonable degree
of accuracy. Also, once a model is properly calibrated for a basis with known
characteristics, it is reasonably safe to transfer the use of the model to nearby

basins of similar characteristics.

An examination of the parameter stability and the significance of model parts are
necessary. This is achieved by dividing the available record into two periods, in
one of which the model is calibrated and in the otheg it is tested (verification
period). The practice has been to use most of the available data in calibration and
to continue the verification period to one or two years. Standard errors of estimates
of model parameter values would be most useful in assessing the significance of

separable model parts and stability of parameter estimation.

3.8.4 Model Equations

ici ' Criteri

Criteria which expresses model accuracy are generally linked with the objective
function used for optimising its parameters. A commonly used objective function
is the sum of squares of the difference between the observed (y) and the estimated
(9) discharges, with the summation taken over the whole of the calibration period.
(80)
F=X(y-»’

F 1s an index of residual error which reflects the extent to which a model is
successful in reproducing the observed phenomenon. But Nash et al (1970)
introduced a dimensionless quantity. The efficiency R’ is analogous to the
coefficient of determination in linear regression, as one minus the proportion of the

initial variance represented by F. Defining the initial variance F, as

Fo= Z(y-y)°? (81)

where,
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— 1”
y==>n (82)
niz1

n is the number of observations

The criterion becomes

3 (83)

In application to the calibration period, these quantities are all obtained within that

period.
The memory length

In most of the perennial streams, discharge continues even for months after the
cessation of rainfall. The interval between the occurrences of rainfall and the time
when its effect on the streamflow finally ceases is, known as memory length.

When the operation is represented by an equation

m
Yi=2 Xijr i te (84)
—

where, A; refers to the j™ ordinate to the pulse response and m is the memory length
of the system and must be estimated prior to the formation of the equation. The
best estimate of m must be obtained by trial and error, choosing initially a large
value and successively reducing this in accordance with the indication obtained for
the tail values of the pulse response function. The relationship of each of the last
few ordinates to their respective standard errors may be used as a guide to the
memory length, which may be taken as ceasing when the estimated ordinates are
not significantly different from zero. If the pulse response ordinates are estimated
by the method of ordinary least squares, then provided the errors are of zero mean,
constant variance and pairwise uncorrelated; their variance is given by Johnston
(1972) as

var(H) = & [X'X]" (85)

An unbiased estimate of o is given by
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1 n
S2=— %2 86
(n=2m+1)i5 "’ (86)

which is the mean of the squares of the residuals.

The Gain factor and vol tri nstraint

When the input and output are expressed in the same units, the ratio of the total
output to the total input volume is known as the gain factor G. In general, it can be
greater or less than unity. In flood routing, when no allowance is made for the
inflow due to tributaries or the rainfall on the intervening catchment, one would
expect a gain factor in excess of unity. On the other hand, in relating discharge to
rainfall, the gain factor would be less than unity. For a conservative, single input,
single output system, where the total input equals the total output, the true gain
factor must necessarily be unity. The value of the gain factor is given by the sum of

the ordinates of the pulse response multiplied by the interval between them.

The equation of the linear model can be written with the consideration of gain

factor as
m
Vi =Gy in—-j+lzj +u; (87)
Jj=1

where G, 1s the gain factor associated with estimation by the method of ordinary
least squares, and z; are the ordinates of the standardised pulse response obtained
by proportionately reducing all the ordinates of the derived pulse response

function so that the sum, multiplied by the time interval between them is unity.

In obtaining the ordinate of the pulse response by least square estimation the true
gain factor (G) is not necessarily preserved; the volume of the computed output is
not necessarily equal to the volume of the observed output. To preserve the gain

factor, a constrained least squares estimation procedure must be used.
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3.8.5 The Simple Linear Model

The specific features of the simple linear model are presented in this section. In
dealing with continuous functions, the input-output relationship for a lumped
linear, time invariant, system expressed in terms of the impulse response functions

is given by the convolution integral equation

o]

w9 = [x(9h-gdr (88)

r =0

where 1 is the dummy variable of integration, h(t) is the impulse response function.

When the input function is expressed as a series of pulses or mean values over
successive short intervals T, the response to a unit pulse of duration T is a more
convenient expression of the operation of the system than the impulse response.
The input-output relationship is expressed in terms of the pulse response by

n

Yi= D Xiojsih; +e (89)

I:]

where h; refers to the jth ordinate of the pulse response ,m is the memory length
which implies that the effect of any input, lasts only through m intervals of

duration T, e; 1s the error term.

Equation (89) can be written out for each output ordinate y, to yj, yields ‘n’ linear

equations
[ Wi 17 X1 0 . 0 | —hl ] —.e] T
N2 Xy X .. 0 h, e;
Ym |=| Xm  Xmop - - X hy [+leqm | (90)
Ym+1 Xm+1 Xm - X2
L Yn | L *n Xp-1 - - Xpem+1J L 1 LCnl
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where m 1s the memory length and n is the number of observations of y.

Equation (90) can be rewritten as
Y=XH +FE 91)

where Y is a [n,1] column vector of the output series, X is a [n, m] matrix of the
input series, H is a [m, 1] column vector of the pulse response ordinates, E is an

[n, 1] column vector of the errors.

In discovering the operation of the system, the values of input and output are
assumed to be known and H = [hy, hy.....hy, ]T must be found. If the objective is to
minimise the sum of squares of difference between the observed and the estimated
flows, then the optimum value of H can be determined directly by the method of

ordinary least squares from:

H =x"x)'xTy (92)

If new observations are continuously being made, the estimate of H can be
updated step by step in the light of the new information. This can be done by the
method of recursive least squares, Astrom (1968). In this work, the method of
ordinary least squares was used for non-parametric, linear models which could be
expressed in sets of linear equation. For ceftain parametric form, e.g, the gamma
function form, which cannot be so expressed, and which are therefore unsuitable
for this method, the estimation was done by a direct search technique due to

Rosenbrock (1960).

a train ressi linear m

The nature of the hydrologic system implies high damping, stability, conservative
nature and the absence of feed back. The pulse response functions estimated by the

method of ordinary least squares often exhibit unrealistic negative ordinates and

oscillation.
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Five main factors contributed to the problem are:
(a) Multicollinearity of the input series,
(b) Measurement errors in the input and the output series,
(c) Non-linearities in the relationship,
(d) Instability in the system when viewed in reverse (i.e. outputting the
actual input or pulse response), and

(e) Inconsistency in the data.

In hydrological application, the input variable is often serially autocorrelated. This
leads to an ill conditioned (X'X) matrix, which in turn involves instability in
inversion, a lack of precision in all the estimates and a tendency towards oscillation
or fluctuations in the pulse response ordinates. Because numerical instability in the
derivation of the pulse response results from an insensitivity in the output to
changes in the input or pulse response, elimination of the fluctuation in the
estimated pulse response will normally, produce little change in the output and
consequently, little loss of efficiency in the model. Therefore, a constraint may be
imposed on the shape of the pulse response to reduce the unacceptable

fluctuation, with little loss of efficiency.

Bruen et al (1984) and Liang (1985) showed that the method of ridge regression
can be used with success to estimate the ordinates of the smoothed pulse response.

But in this study, a more reliable method, parametric modelling, 1s used.

Parametric solution - The gamma function ]

A drastic constraint to the shape and volume of the estimated pulse response
function is obtained by parametric modelling, wherein a solution is sought within
the constraint of an assumed model form. Based on prior knowledge of the system
behaviour, the response function of the system is represented by a suitable
mathematical equation involving only a few parameters. These must, however, be
estimated by a search in the space of reasonable values, rather by an algebraic

method.

If the input x(t) is related to the output y(t) by a differential equation of the form
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$(0) = ———x(t) (93)
(1+ kD)

(where K is a constant having the dimension of time, and n a numerical constant, D

is the differential operator). Then the corresponding impulse response function is

given by
| S _
h(t) = ——e W) 1/ K)m! 94
(1) KT(n)e (/K (94)
where
I'(n)= Je'xx”"ldx
0

is the gamma function of ». If n is the integral, the system corresponds to exactly

to a series of n equal linear reservoirs each of storage S equal to K,.

It was shown by Nash (1960) that under the constraints of conservation (gain
factor equal to unity), stability, high damping and the absence of feed back, the
two parameter equation with n integral and K positive, is almost as general a

model as the differential equation of unlimited order given by

1
(1+ 4D+ 4,D* +...))

y() = x(t) (95)

With the additional flexibility obtained by allowing n to take fractional values, the
impulse response of this equation has the ability to represent, adequately, almost

all impulse response shapes commonly encountered in the hydrological context.

If the input is presented as a series of pulses (blocks of uniform intensity over
short durations T) and the output similarly expressed as ordinates at intervals T,
then the linear relationship is most conveniently expressed through the pulse
responses. For a system, whose impulse response is given by the gamma function

model (94), the corresponding pulse response can be obtained numerically by
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WTY = (S - S(+-T))/ T (96)
where,
t R 1
S@) = [he)de = -, n-
0 Oj (t)dt - 6[e (c/K)"dt

Use of equation (94) or (96) for the pulse response implies a unit gain factor. To
achieve any other gain factor it is necessary to multiply the equation by the

appropriate quantity.

The equation of the single input, linear model can be rewritten as,

n
Vi = ngh](T’t)xl"j"'l +ei (97)
j=1

where h{(7T,f) is given by equation (96) and G, is the gainfactor. The parameters
of this model can be estimated by progressive estimation, implying a search
recommended by Rosenbrock(1960) in the n, K, G, space. The parameter pair n
and nK should be chosen rather than » and K, because n is a shape parameter

and the product #nK is a scale parameter.

3.8.6 The Linear Perturbation Model

For rivers with a relatively predictable seasonal variation, a considerable
improvement on conventional rainfall-runoff models may be obtained by
concentrating on the relationship between the series of departures from the
seasonal behaviour in rainfall and discharge as input and output, respectively rather
than, as conventionally, treating the total rainfall series as input and total discharge
series as output (Kachroo et al, 1988). The linear perturbation-model (LPM) may
be viewed as an attempt to overcome the basic weakness inherent in the classical
unit hydrograph approaches, wherein the departures (storm runoff) from the base
flow are related by a linear model to the corresponding departures(rainfall excess)
from the corresponding rainfall loss series. The physically undefined base flow and
rainfall loss series are replaced, in the case of LPM, by the physically defined

seasonal mean daily series of input and output respectively. The LPM concept was
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developed and exposed by Nash et al (1983), in the context of rainfall-runoff
modelling. The model is essentially a combination of two well established con-
cepts, -one in time series analysis (seasonal cdmponent identification) and the other
in deterministic system analysis (classic unit hydrograph identification). This

model 1s based on the following assumptions:

(i) Ifin a particular year, each input function, is equal, for each day of the
year to its expected value for that date, the output will also equal its
expectation for that date. That is, if the expected values of rainfall
and discharge on each date (d) are denoted by iz and g4, respectively,

then the input i; produces the output g

{ia> g4}

(ii) Perturbation or departures from the date expected input values (iz), are
linearly related to the corresponding perturbations or departures from

the date expected output values (g4):

{(i-i) > (g-94)}

On catchments with highly seasonal variation of discharge, the subtraction of the
seasonal means from the original series would remove much of the dependence
on linearity, ie., the assumption of a linear relationship between the departures
would be less restrictive than the same assumption concerning the actual input
and output values. For a catchment, which does not exhibit marked seasonal
behaviour, or for which the relationship between total input and total output is
nearly linear, it is to be noted that the LPM would be of only similar efficiency to

the simple linear model.
For a single input series the LPM may be described by

m
i= % b +e i=12,....,n 98)
j=1
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where y; = q;i- qa, x; = i;- iz d=1,2,..365. Having determined the seasonal
component qq4, the model may be calibrated by the method of ordinary least
squares, with or without volumetric constraints. Constraints on the shape of the

pulse response function can also be imposed by parametric modelling.
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4. ANALYSIS AND RESULTS

4.1 TESTS FOR HOMOGENEITY

All relevant and available data were collected as described in Chapter 3. The
present chapter furnishes the analysis of data and results; the detailed methodology
for all relevant analysis is given in Chapter 3. The randomness of the data was
checked using serial correlation coefficients. In all cases, it is found that the
observed (r;) lies within the ranges, so that the data are consistent with the
hypothesis of randomness. River basins were combined together for the purpose of
the study, following the procedures described. The homogeneity has been tested;
the results of homogeneity tests are given in Table 7. Comparing the calculated
values with the values obtained from the standard tables, it is observed that each of
the region is homogeneous with respect to the variable under consideration.

Regions are given in Figs. 12 - 19.

TABLE 7: RESULTS OF HOMOGENIETY TEST FOR NINE REGIONS

Region | Number of | Number of | Calculated Tabled
No Sites site-years R value
1 10 172 12.007 16.91
2 07 158 5.0161 12.59
3 10 230 3.4493 16.91
4 12 286 3.2084 19.67
5 21 489 8.3532 31.40
6 08 161 11.2638 14.10
7 12 245 2.8192 19.67
8 09 143 8.6423 15.50
9 09 141 6.7853 15.50




97

LEGEND

4 - DISCHARGE STATION
REGION-1

Station Discharge
No Stations

MANJESHWAR
ARNAKAL
UPPALA
SHIRIYA(U/S)
MADHUR
PADIATHADUKA
PALLANGCDE
MOONAMKADAVY
KAKKADAVU
MANGARA

O 0 I ;s W N b

—
(=]

Fig 12 : LOCATION OF DISCHARGE STATIONS — REGION - 1
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LEGEND

A - DISCHARGE STATION

REGION-2

station Discharge

No Stations
11 IRUDE
pas RKI"TLOOR
PALA
14 MERUVAMBATI
1g KANNAVAM
18 PATTIAM
17 VALAYAM
REGION-3
© Btation Discharge
Ne Statioas
it BAVELI
L& TEIRUNELLY
<z THONDAF.
a MANAMTODY
2z CHOORANI
23 PANAMARAM
24 KAKKAVAYAL
28 MUTHANGE
26 VAZHAVATTA
27 MANJAT

Fig 13 : LOCATION OF DISCHARGE STATIONS ~-REGIONS-2 & 3
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LEGEND ]
& - DISCHARGE STATION ~, (( /
34 AREACODE ° ./.
REGION- 4 , 35 KANJIRAPUZHA —— ~ ==
station Discharge ‘ 36 CHALIYAR
o Stations 37 PUNNAPUZHA
38 MARUTHAPUZHA
30 KADAMTHARAPUZHA 5 KARTMPUZHA
31 KOLLICKAL 40 KUTHIRAPUZHA
32 KOODATHAT 4 ANAKAYAM
33 MUKROM

Fig 14 : LOCATION OF DISCHARGE STATIONS - REGION -4
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a4 CHERUTHURUTHY 54 CHIMONI
LEGEND 45 PAMPADY 55 MUPPLY
A - DISCHARGE STATION ¢ CHEERAKUZHI 56 FURDMALI
47 MANAKKADAVU 57 KARUVANNUR
48 KUTTIPURAM 58 AMBALAKADAVU
BEGION- S 49 SILENT VALLEY 59 KARAPPARA
Station Discharge 50 PAZHOOR 60 KURIARKUTTY
jad Stations 51 KUNDURADAVU 28 CHITTOOR
42 THIRUVAGAPUZHA 2 MANALI 29 CHAVADIYOOR
13 PHRITHALA 53 PILATHODU

Fig 15 : LOCATION OF DISCHARGE STATIONS — REGION -5
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Jm e S ansay,

A - DISCHARGE STATION

REGION- 7
Station Discharge

Ne Stations

69 MUVATTUPUZHA 75 PALAI

70 KAKADASSERRY 76 CHERIPPAD
71 KALAMPUR 77 TEEKOY

72 TRODUPUZHA 78 THONDRA

73 MALANKARA 79 MANIMALA
74 PEROOR 80 MUNDAKAYAM

Fig 17 : LOCATION OF DISCHARGE STATIONS —REGION —7
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Fig 19 : LOCATION OF DISCHARGE STATIONS — REGION -9




4.2 FLOOD PREDICTION

4.2.1 Analytical Method
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In analytical method, Gumbel (EV1), log-normal, Pearson type Il and log-
Pearson type III distributions were used to fit the standardised data. The

parameter estimation, flood estimation and computation of standard error etc. were

done 28 deeznhed it the mathadology (Chapter 3)

The prograi:. deveioped by Kite (1977) for paramcicr ortenction, fitting of

Jistribution and flood estimation and other related anaiysis, iias seen used (NIH,

1986-87). The distributions selected for each region, afier appiying Chi-square

goodness of fit test, are given in Table 8.

In some cases, maximum likelihood estimators did not yield results. Therefore, the

results obtained by the method of moments were only adopted.

TABLE 8: DISTRIBUTIONS SELECTED FOR THE NINE REGIONS

Region

K

Distribution j

1

Log-Pearson type 111

Log-Pearson type 111

T RN Y

Log-Pearson Type 111

Gumbel (EVI) :

Gumbel (EV1)

Gumbel (EV1)

Gumbel (EV1)

Gumbel (EV1)

2
3
4
5
6
7
8
9

Log-Pearson type 111

The return periods, estimated floods and standard errors estimated using the fitted

distributions for different regions are given in Tables 9-17.
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TABLE 9: RETURN PERIODS, ESTIMATED FLOODS AND STANDARD
ERRORS: REGION -1

Return period (years) | Estimated flood (cumec) Standard error
2 0.814430 5.582739E-02
5 1.381742 9.537123E-02

10 1.84—7;4() 0.1351875

20 2.366766 0.1982709

50 3.153366 0.3353173

100 3.837126 0.4906096

TABLE 10: RETURN PERIODS, ESTIMATED FLOODS AND STANDARD
ERRORS: REGION -2

Return period (years) | Estimated flood (cumec) Standard error
2 0.908301 5.346443E-02
5 1.395405 2.745378E-02
10 1.696711 7.644814E-02
20 1.971455 0.1100702
50 2.310113 0.1476041
100 2.553952 0.1731574
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TABLE 11: RETURN PERIODS, ESTIMATED FLOODS AND STANDARD
ERRORS: REGION -3

Return period (years) | Estimated flood (cumec) Standard error
2 0.804709 4.69035E-02
5 1.369134 7.727209E-02
10 1.810011 0.1039721
20 ;.280876._ T 0.1441604
50 2.961120 0.2298761
100 3.525490 0.3250712

TABLE 12: RETURN PERIODS, ESTIMATED FLOODS AND STANDARD
ERRORS: REGION - 4 '

Return period (years) Estimated flood (cumec) Standard error
2 | 0.9023507 3.26395E-02
5 1.44878 5.577306E-02
10 1.810564 7.568721E-02
20 2.157596 9.584263E-02
50 2.606793 0.1226234
100 2.943403 0.142962
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TABLE 13: RETURN PERIODS, ESTIMATED FLOODS AND STANDARD
ERRORS : REGION - §

Return period (years) Estimated flood (cumec) Standard error
2 0.887775 2.920154E-02
5 1.506563 4.967395E-02
10 1.916254 6.731451E-02
N 20 2.309239 i 8.517884E-02
50 2.817919 0.1089233
100 3.199102 0.1269593

TABLE 14: RETURN PERIODS, ESTIMATED FLOODS AND STANDARD

ERRORS : REGION - 6

Return period (years) Estimated flood (cumec) Standard error
2 0.6626403 0.1228249
5 2.227854 0.2115245
10 3.264163 0.2877458
20 4258214 0.3648156
50 5.544912 0.4677612
100 6.509110 0.5448625
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TABLE 15: RETURN PERIODS, ESTIMATED FLOODS AND STANDARD
ERRORS : REGION -7

Return period (years) Estimated flood (cumec) Standard error
2 0.9256796 2.826283E-02
5 1.365075 4.838115E-02
10 1.655993 | 6.569284E-02
20 1.935049 8.321033E-02
50 2.296258 0.106483
100 2.566933 0.124156

TABLE 16: RETURN PERIODS, ESTIMATED FLOODS AND STANDARD
ERRORS : REGION - 8

Return period (years) Estimated flood (cumec) - Standard error
2 0.91615 3.995508E-02
5 1.39782 , 6.895078E-02
10 1.71672 0.0938553
20 2.02262 0.1190308
50 241858 01524579
100 2.71530 0.1778338
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TABLE 17: RETURN PERIODS, ESTIMATED FLOODS AND STANDARD
ERRORS : REGION -9

Return period (years) Estimated flood (cumec) Standard error
2 0.994416 7.606906E-02
5 1.781734 0.1203468
10 2.323615 0.1663955
20 2.838447 0.2474647
50 3.;4;5945 _ 0.4132826
100 3.953404 0.5778023
4.2.2 Graphical Method

An attempt was also made to predict the floods using the graphical method. The
regional flood frequency curves were developed for nine regions using Gumbel
distribution. These curves are given in Figs. 20-28. A Single curve for the entire

State has also been developed and is given in Fig. 29.
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Fig : 20 Regional flood frequency curve - Region 1
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Fig : 21 Regional flood frequency curve - Region 2
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Fig : 22 Regional flood frequency curve - Region 3




114

QQ

Fig :23 Regional flood frequency curve - Region 4
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Fig : 24 Regional flood frequency curve - Region S
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Fig : 25 Regional flood frequency curve - Region 6
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Fig : 26 Regional flood frequency curve - Region 7
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Fig : 28 Regional flood frequency curve - Region 9
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Fig : 29 Regional flood frequency curve - KERALA
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4.3 RELATIONSHIP BETWEEN MEAN ANNUAL PEAK FLOW AND
CATCHMENT CHARACTERISTICS

Details of peak flow data and catchment characteristics to be considered in this
analysis have been described in Chapter 3. The best regression equation has been
selected using step-wise regression analysis using SPSS package. The selected

regression equation for each region is given in Table i8.

TABLE 18 : REGRESSION EQUATIONS FOR NINE REGIONS

Region Regression equation R R?
1 Q=-20.00+16.932*L 0.9523  0.9068
2 Q = 87.744+1.194 * A 0.932  0.8686
3 Q=140.074+1291*A—-93838*L 0946 0.8949
4 Q= 94.759+0.958 * A 0941 0.8854
5 Q=6133 +0473*A 0.972  0.9447
6 Q =164.543 +0.542* A 0.966 0.9331
7 Q=158.048 +0.569 * A 0.993  0.9860
8 Q= -175.14+0.649 * A 0.969 0.9389
9 Q=29.981+5255* SL 0.952  0.906

For entire Kerala, a relationship is formed

Q=212.793+0.687 * A- 3.243 *L [R=0.9672, R? =0.9354 ]
For getting an idea about the inter-relationship between the catchment
characteristics, correlation matrix has been developed for the nine regions and for
Kerala as a single region are given in Tables 19 — 28.
TABLE 19: CORRELATION MATRIX FOR DATA OF REGION -1

SL A SF L
SL 1.000 0.144 0.010 -0.203
A 0.144 1.000 0.128 -0.869
SF 0.010 0.128 1.000 -0.444
L -0.203 -0.869 -0.444 1.000




TABLE 20: CORRELATION MATRIX FOR DATA OF REGION -2
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SL A SF L
SL 1.000 -0.909 -0.206 0.925
A -0.909 1.000 0.066 -0.979
SF -0.206 0.066 1.000 0.005
L 0.925 -0.979 0.005 1.000
TABLE 21: CORRELATION MATRIX FOR DATA OF REGION -3
SL L SF A
SL 1.000 -0.041 -0.577 0.041
L -0.041 1.000 -0.310 -0.978
SF -0.577 -0.310 1.000 0.335
A -0.130 -0.978 0.335 1.000
TABLE 22: CORRELATION MATRIX FOR DATA OF REGION - 4
SL SF A L
SL 1.000 -0.451 -0.044 0.259
SF -0.451 1.000 -0.097 -0.023
A -0.044 -0.097 1.000 -0.904
0.259 -0.023 -0.904 1.000
TABLE 23:CORRELATION MATRIX FOR DATAOF REGION - 5
SL L SF A
SL 1.000 -0.041 -0.137 0.093
L -0.041 1.000 -0.195 -0.944
SF -0.137 -0.195 1.000 0.283
A 0.093 -0.944 0.283 1.000




TABLE 24: CORRELATION MATRIX FOR DATA OF REGION -6
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SL SF L A
SL 1.000 -0.323 0.131 -0.084
SF -0.323 1.000 -0.357 0.382
L 0.131 -0.357 1.000 -0.994
A -0.084 0.382 -0.994 1.000
TABLE 25: CORRELATION MATRIX FOR DATA OF REGION -7
SL SF A L
SL 1.000 -0.005 -0.154 0.411
SF -0.005 i 1.000 -0.033 0.282
-0.154 -0.033 1.000 -0.769
L 0411 0.282 -0.769 1.000
TABLE 26: CORRELATION MATRIX FOR DATAOF REGION -8
SL A SF L
SL 1.000 -0.837 0.803 0.889
A -0.837 1.000 -0.885 -0.935
SF 0.803 -0.885 1.000 0.790
L 0.889 -0.935 0.790 1.000
TABLE 27: CORRELATION MATRIX FOR DATA OF REGION -9
SL A SF L
SL 1.000 -0.044 -0.293 -0.147
A -0.044 1.000 0.779 -0.832
SF -0.293 0.779 1.000 -0.646
L -0.147 -0.832 -0.646 1.000
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TABLE 28: CORRELATION MATRIX FOR KERALA
SL A SF L
SL 1.000 -0.079 -0.342 0.195
A -0.079 1.000 0.070 -0.933
SF -0.342 0.070 1.000 -0.119
L 0.195 -0.933 -0.199 1.000

4.4 APPLICATION OF SIMPLE LINEAR MODEL AND LINEAR
PERTURBATION MODEL IN SELECTED CATCHMENTS OF
KERALA

4.4.1 General

The Simple Linear Model (SLM) and Linear Perturbation Model (LPM),
developed in the University of Galway and reported to be suitable for the Malabar
Coast (Sreedharan et al, 1995), were applied to two catchments of the Meenachil
river basin (Palai and Kidangoor) and two catchments of Achencoil river basin
(Konni and Kollakadavu). The main purpose of the study has been to demonstrate
the potential of the linear perturbation model in rainfall-discharge modelling,
particularly in the monsoon-fed, fast flowing rivers of the south-west coast of
India. For purposes of comparison only, the simple linear model has been tested
separately on the same data sets for the Meenachil and Achencoil rivers. The
application of these models in real-time forecasting mode is not of primary interest,
aé the emphasis is on the ability of the rainfall-discharge models to provide
reasonable forecasts. Specifically, the objective of the present study is to forecast
the daily flows at the downstream discharge stations at Palai and Kidangoor in the
Meenachil river basin and at Konni and Kollakadavu in the Achenkoil river basin;

the sub-basins considered are given in Figs. 30 and 31.
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4.4.2 Study Area

The Meenachil river has a length of 78 km and a total drainage area of 1272 sq.km.
Fig.30. shows the basin map of Meenachil river along with the location of rainfall

and discharge stations.

The Achencoil river has a length of 128 km and a total drainage area of 1484
sq.km. Fig.31. shows the basin map of Achencoil river along with the locations of

rainfall and discharge stations.

4.4.3 Data Base

The daily rainfall and streamflow data for 10 years (1981-90) for Palai, Kidangoor,
Konni and Kollakadvu were collected for the present study from the data records
of Kerala PWD. The rainfall data from Erattupetta, Teekoy and Palai were used for
calculating mean areal rainfall for the Kidangoor sub-basin and the rainfall data
from Palai were used for the Palai sub-basin. The rainfall data from Konni D.F.O
were used for the Konni sub-basin in the Achencoil basin and the rainfall data from
Pathanamthitta, Kumbazha and Konni D.F.O were used for finding the mean
annual rainfall for the Kollakadavu sub-basin. Eight years of data were used for
calibration and remaining two years for verification. The drainage area and

the length of the main stream of the sub-basins considered are given in Table 29.

TABLE 29: DRAINAGE AREA, MAIN STREAM LENGTH OF THE STUDY

AREA
River basin Sub-basin Catchment Length of
area(sq.km) mainstream
Meenachil Palai 0429.79 41.50
Kidangoor 615 .00 63.25
Achencoil Konni 0415.00 52.75
Kollakadavu 0952.71 103.28
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4.4.4 Application of SLM

This model presumes a simple linear relationship between the input- the areal
mean rainfall on the catchment x(t)], and the output- the discharge recorded at
the gauging station [y(t)]. In discrete form, it is expressed by equation (89)
(Chapter 3).

This model was calibrated on daily data, first by ordinary least squares and later
under constraints imposed by the gamma function form of the impulse response.

The memory length was chosen by trial and error.

The simple linear model under the constraint of a gamma function impulse
response was also applied to the four stations. The search was continued to find
the values of parameters n, nK and Gg which minimised F. To obtain reasonable
starting values of the parameters of the model, the information already obtained in
the unconstrained least squares optimisation was used. The parameter n and K
were varied successively and jointly to obtain as close a reproduction of the
observed pulse response as possible. Using these n and nK as initial estimates, and
retaining the gain factor as indicated in the unconstrained analysis, a search was
conducted in the n, nK plane to minimise the sums of squares of differences
between the computed and observed discharges. After obtaining optimum values
for n and nK, these were retained and Gg was optimised. The Rosenbrock (1960)
search method, explained for the parameter, are given in Table 30 and the results
of the simple linear model obtained with non-parametric form and under the

constraints of the gamma function impulse response are given in Tables 31- 34.

TABLE 30: ESTIMATED PARAMETERS OF THE SLM UNDER THE
CONSTRAINT OF THE GAMMA FUNCTION IMPULSE RESPONSE

Sub-basin Memory | Estimated gamma function model | parameters
length (days) n nK(days) Gain factor(Gy)
Palai 07 1.42 3.39 0.2866
Kidangoor 15 0.60 7.03 0.3914
Konni 09 1.29 2.83 0.2713
Kollakadavu 20 1.74 4.35 0.6824
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TABLE 31: SUMMARY OF THE RESULTS OBTAINED WITH THE SLM —
PALAI SUB-BASIN

Model type Memory Initial variance Residual variance Model effjciency

length  per unit time per unit time R (%)
(days)
Calib-  Verifi- Calib- Verifi- Calib- Verifi-
ration cation ration ication ration cation
Unconstrained 07 153.53 182.60 58.02 66.21 4320 34.24
Gamma function 07 15353  182.60 63.50 76.34 37.22 33.i2

Table 32: SUMMARY OF THE RESULTS OBTAINED WITH THE SLM -
KIDANGOOR SUB-BASIN

Model type  Memory Initial variance  Residual variance Model efficiency,

length per unit time per unit time R(%)
(days)
Calib- Verif- Calib- Verif- Calib- Verifi-
ration cation ration ication ration cation
Unconstrained 15 124.60 132.80 4218 51.84 62.13 58.17
Gamrﬁa function 15 124.60 132.80 4823 54.28 5845 55.34

TABLE 33: SUMMARY OF THE RESULTS OBTAINED WITH THE SLM -
KONNI SUB-BASIN

Model type  Memory Initial variance Residual variance Model efficiency,

length per unit time per unit time R(%)
(days)
Calib- verifi- Calib- Verifi- Calib- Verifi-
ration cation ration cation ration cation
Unconstrained 09 160.13 198.23 80.20 92.34 38.37 26.88

Gammafunction09 160.13 198.23 84.36 98.25 3530 2532
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TABLE 34: SUMMARY OF THE RESULTS OBTAINED WITH THE SLM —
KOLLAKADAVU SUB-BASIN

Model type Memory Initial variance ~ Residual variance Model gfficiency,
length  per unit time per unit time R{(%)

(days)

Calib- Verifi- Calib- Verifi- Calib- Verifi-
ration cation ration cation ration cation

Unconstrained 20 116.28 12234  33.02 44.34 66.32 60.82

Gamma function 20 116.2& 12234  36.34 46.84 63.02 54.37

In the sub-basins of Palai in the Meenachil basin and Konni in the Achencoil basin,
the model efficiencies are very poor. In the other two sub-basins, satisfactory
results have been obtained. The results indicate that only in exceptional cases the
simple linear model serves as a viable forecasting tool and linear model alone 1s
not a viable method of predicting runoff. Figs. 32 - 35 show the standardised pulse
response of the simple linear model derived by ordinary least squares. Figs. 36-39
show the comparison of the non-parametric linear mode! derived by the method of
ordinary least squares with those obtained under the constraint of the gamma
function impulse response estimated by Rosenbrock’s direct search algorithm.
From the results of the linear model under the constraints of the gamma function
impulse response, they are not significantly poorer than those obtained without
constraints. This implies that the shape of the pulse response is of little significance
or that the gamma function shape is sufficiently general to represent actually

occurring shapes.

4.4.5 Application of LPM

This model assumes that x, the perturbations or departures from the smoothed
seasonal input values (ig) are linearly related to y, the corresponding oerturbation
or departures from the seasonal output values(qqg). It is expressed by equation (98)

(Chapter 3).
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Pulse response function - Konni
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Fig . 36 Comparison of the pulse responses of the non-parametric simple linear
model derived by the method of ordinary least squares with those obtained under
the constraint of the gamma function impulse response, estimated by
Rosenbrock's direct search algorithm

Simple linear model - Kidangoor

<
o i o
3] (V] (98]
JRUN SRR S |

—— Unconstrained(OLS) form

—s— Gamma function forin

o
<o
wn o W
Y S N W
L
w
W
PR
O
[
Ll
Pk
(9%}
et
W

-0.0
Memory length in days |

Fig . 37 Comparison of the pulse responses of the non-parametric simple linear
model derived by the method of ordinary least squares with those obtained under
the constraint of the gamma function impulse response, estimated by
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Simple linear model - Konni
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Fig . 39 Comparison of the pulse responses of the non-parametric simple linear
model derived by the method of ordinary least squares with those obtained under
the constraint of the gamma function impulse response, estimated by
Rosenbrock's direct search algorithm
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This model was applied in the following manner to all the sub-basins under

investigation:
(1) Seasonal mean rainfalls and seasonal mean discharges were calculated for
the periods of calibration (smoothing done by the method

unconstrained Fourier analysis using the four harmonics);

(i)  The smoothed seasonal mean values were subtracted from the observed

rainfall and discharge series for the periods of calibration to yield the time

series of perturbation, x and y;

(iti)  The pulse response function was estimated, initially by the method of

ordinary least squares, and then by a search technique under the constraints

of the gamma function impulse response;

(iv)  The pulse responses were convoluted with the rainfall perturbation to

obtain the estimated outflow perturbation series;

(v) The estimated discharge series was calculated by adding the seasonal

mean discharge to the estimated outflow perturbation series; and

(vi)  The difference between observed and computed discharges were squared

and summed and the usual measure of efficiency (R?) calculated.

This model was applied in the non-parametric form and under the constraints of the

gamma function form for all sub-basins. The estimated parameters are given in the

parametﬁc form in Table 35.

TABLE 35: ESTIMATED PARAMETERS OF THE LINEAR PERTURBATI-
ON MODEL UNDER THE CONSTRAINTS OF THE GAMMA
FUNCTION IMPULSE RESPONSE

Sub-basin Memory Estimated gamma function model parameters
length( days) n nK Gainfactor (Gg)
Palai 07 1.42 03 .39 0.3466
Kidangoor 15 0.49 11.59 0. 4929
Konni 09 1.29 02 .83 0.3213
Kollakadavu 20 1.74 04. 35 0.8214
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The results of the LPM in non-parametric form and under the constraints of the

gamma function form are given in Tables 36- 39.
TABLE 36: SUMMARY OF THE RESULTS OBTAINED WITH LPM - PALAI

SUB-BASIN
Model type Memory Initial variance Residual variance Modelzefﬁciency,
(days)  length per unittime per unit time R(%)
Calib- Verifi- Calib- Verifi- Calib- Verifi-
ration cation ration cation ration cation

Unconstrained 07 153.53 182.60 54.02 59.13 48.20 43.23

Gamma function 07 153.53 182.60 57.03 66.21 41.22 38.12

TABLE 37: SUMMARY OF RESULTS OBTAINED WITH LPM -
KIDANAGOOR SUB-BASIN

Model type Memory Initial variance  Residual variance Mode%efﬁciency

length per unit time per unit time R{%)
(days) —  emmemeeememeeee
Calib- Verifi- Calib- Verifi- Calib- Verifi-
ration cation ration cation ration cation
Unconstrained 15 124.60 132.80 2845 39.82 80.60 76.12
Gamma function 15 12460 132.80 30.84 43.28 78.21 73.24

TABLE 38: SUMMARY OF THE RESULTS OBTAINED WITH LPM -

KONNI SUB-BASIN
Model type Memory Initial variance Residual variance Model efficiency,
length per unit time per unit time %)
(days)

Calib- Verifi- Calib- Venfi- Calib- Verifi-
ration cation ration cation ration cation

Unconstrained 09 160.13 198.23  72.54 84.23 43.56 32.12

Gamma function 09 160.13 198.23  76.23 92.32 3830 29.36
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TABLE 39: SUMMARY OF THE RESULTS OBTAINED WITH LPM —
KOLLAKADAVU SUB-BASIN

Model type Memory Initial variance Residual variance Mode] efficiency,
length per unit time per unit time %)
(days)

Calib- Verifi- Calib- Verifi- Calib- Verifi-
ration cation ration cation ration cation

Unconstrained 20 116.28 12234 26.02 3832  81.69 7843

Gamma function 20 116.28 122.34 28.84 4254 77.28 7342

Figs. 40 - 43  give a plot of standardised pulse response of the linear
perturbation model by ordinary least squares. For the sub-basins of Kollakadavu
and Kidangoor, the model efficiencies are 81.69 and 80.60 percent respectively
for the calibration period and 78.43 and 76.12 percent respectively for the
verification period for non-parametric form. For the sub-basins of Konni and
Palai, the efficiencies are generally poor. Figs. 44 - 47 show the comparison of
the non-parametric LPM derived by the method of ordinary least squares and
those obtained under the constraint of the gamma function. From the results, the
LPM under the constraints of the gamma function impulse response is not
significantly different from those obtained without constraints, thus further
indicating that the gamma function shape is adequately flexible.

When compared with the results of the SLM, the LPM is significantly better in
the sub-basins of Kollakadavu and Kidangoor. In these sub-basins, the seasonal
component of the linear perturbation model accounts for a large percentage of the
initial variance. For the remaining sub-basins, there is virtually no difference

between the resuits of the SLM and those of the LPM; results from both are poor.
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Pulse response function - Konni
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Fig . 42 Pulse responses of the linear perturbation model derived by ordinary least.
squares for Konni

Pulse response function- Kollakadavu

06 - —o— Linear Perturbation
0.06 - Model

0.04 - —— STDERR

]

=)

b9
*—

; ' \
\ O : ¥ 1 T T T T i H T T T T T T H ;'ﬂ‘\

1 3 5 7 9 11 13 15 17 19

Memory length in days

Fig. 43 Pulse responses of the linear perturbation model derived by ordinary least.
squares for Kollakadavu -




140

Linear perturbation medel- Palai

| 035 -
i 0.3 +
0.25 -
0.2 ; |
0.15 - —=— Gamma function form
0.1 '
0.05 -

—e— Unconstained(OLS) form

1/Day

O

Memory length in days

Fig.44 Comparison of the pulse responses of the non-parametric linear perturbation model derived by the method
of ordinary least squares with those obtained under the constraint of the gamma function impulse response,
estimated by Rosenbrock's direct search algorithm

Linear perturbation model - Kidangoor
0.25 -

@

—

wh
t

—— Unconstained(OLS) form

01 - —=— Gamma function form

0.05 - w

SN VR,

()E v T T T T 7 M T i ¥ T T 1
1234567 89101112131415

Memory length in days

Fig . 4% Comparison of the pulse responses of the non-parametric linear perturbation model derived by the method
of ordinary least squares with those obtained under the constraint of the gamma function impulse response,
estimated by Rosenbrock’s direct search algorithm



141

Linear perturbation model - Konni
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Fig . 47 Comparison of the pulse responses of the non-parametric linear perturbation model derived by the method
of ordinary least squares with those obtained under the constraint of the gamma function impulse response,
estimated by Rosenbrock's direct search algorithm
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Figs. 48 — 51 show pulse responses estimated by the method of least squares, for
the unconstrained LPM, superimposed on those of the unconstrained SLM, for the
sub-basins of Kidangoor and Kollakadav. The pulse responses for the LPM are
more acceptable in shape, indicating that the problem of instability of

estimation is less in this case.

4.5 RESULTS AND DISCUSSIONS

The regional flood frequency analysis was attempted in the present study with an
aim to predict the flood estimation for different return periods, mainly for locations

where actual gauge data are not available.

Both analytical and graphical approaches recommend for flood frequency studies
have been used in the present investigation. In the analytical approach, four of the
widely used distributions for flood studies, namely Gumbel, log-normal, Pearson
type III and log-Pearson type III were used. Since Gumbel distribution has been
often applied in graphical approach for flood prediction, this distribution is adopted
in the graphical approach followed in the present study.

The regional approach is found to be appropriate for areas with less depth of
streamflow data. The flood regions were identified considering certain features of
the regions, which are important from the point of view of peak flows (described in
Methodology). Nine such homogeneous regions were identified and separate
curves evolved for each of them. Keeping in view of certain practical advantages, a

single curve was developed for the entire State.

In order to estimate the mean annual peak flow in a particular site, an attempt was
made to correlate the mean of the annual past peak flows with catchment
characteristics, which may have predominant impact on the peak flows. Such mean
annual peak value obtained can be made use for predicting the flood estimates for

different return periods. Whenever actual gauge data are not available, the mean




143

Pulse response function-Palai

0.25 - —e— Linear Perturbation !
Model !

—— Linear Model

r Memory length in days

Fig. 48 Pulse responses derived by the ordinary least squares for the linear perturbation model
and those obtained for the simple linear model - Palai

Pulse response function - Kidangoor

0.25 -

02+

| 0.15 —e&— Linear Perturbation
Model f

~=— Linear Model

0.1 -

1/Day

0.05

0 T T T T T T T T T T T T i
123456728 9101112131415

0.05 -
Memory length in days

Fig. ‘49 Pulse responses derived by the ordinary least squares for the linear perturbation model
and those obtained for the simple linear model - Kidangoor




144

Pulse response function - Konni

—e— Linear model

—=— Linear Perturbation
Model

1 2 3 4 5 6 7 8 9
Memory length in days
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annual peak flows can be estimated if the geomorphological parameters of the
basin are known. The details are often available from the toposheets (Maps)

produced by the Survey of India.

The simple linear model and linear perturbation model were attempted in four sub-
basins: Palai and Kidangoor of Meenachil basin and Konni and Kollakadavu of
Achencoil basins. From the results, it can be inferred that the simple linear model
alone is not a viable model to predict runoff from the rainfall data. The linear
perturbation model is significantly better on the catchments of Kidangoor and
Kollakadavu. For the remaining catchments, there is no significant difference
between the results of the simple linear model and linear perturbation model; both
yielded poor results. Comparing the linear perturbation model and simple linear
model (Figs. 48-51),the pulse responses of the linear perturbation model are more
acceptable in shape, indicating that the problem of instability of estimation is less

severe in this model.

The linear perturbation model under the constraints of gamma function impulse
response shape was applied to all catchments under investigation. It is not
significantly different from those obtained without constraints, indicating that the

gamma function shape is adequately flexible.

The simple linear model is not a viable model to predict the runoff from the
rainfall data in these basins. From the results, it is seen that linear perturbation

model is consistently better in terms of efficiency ( R?).

In the case of Kollakadavu, shapes of the curves of the two models are the same,
but efficiencies are different. The results of the present study show the potential of
the Linear Perturbation Model as a tool for runoff prediction on seasonal

catchments.
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5. SUMMARY AND CONCLUSIONS

As a part of the present research programme, all available data on streamflow were
collected, compiled, processed and made use of for the regional flood frequency
study. The GTS maps of the Survey of India were used in estimating the
geomorphic parameters, to be correlated with mean annual peak flow for predictive
purposes. The rainfall and runoff data of Palai and Kidangoor sub-basins of the
Meenachil river basin and Konni and Kollakadvu sub-basins of Achencoil river
basin were utilised for the rainfall-runoff studies reported in this thesis. The Data
Bank, computational and cartographic facilities of the Centre for Water Resources
Development and Management, Kozhikode (CWRDM), were extensively used for
the study.

The major features of this study are summarised below:

1. Regional flood frequency study was carried out for different flood frequency
regions of Kerala State using an average of twenty station-year data from 98

stations.

2. In order to estimate the return periods of floods of different magnitudes, four
of the distributions frequently used for such studies, namely Gumbel, log
normal, Pearson type III and log-~Pearson type III, were made use of.
Depending on the goodness of fit test, a particular distribution was identified

for each of the nine flood frequency regions.

3. In order to serve the practical purposes of the engineers and the professionals
working in the field, the graphical approach was followed in estimating the
return periods using Gumbel distribution. Such curves were developed not
only for each flood frequency region but also for the entire State, assuming

that it is homogeneous from the point of view of floaed characteristics.

4. In order to aid those involved in design and field investigations, an attempt

was made to develop equations to predict mean annual peak flows using
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geomorphic parameters. Such equations are developed for each of the nine
flood frequency regions and for the State as a whole.

An attempt was made to test and validate two of the rainfall-runoff models
developed at the University College, Galway and reported to be suitable for
the Western Ghat region by the CWRDM. Between the simple linear model
and the linear perturbation model, the linear perturbation model was found
to be useful for predicting the runoff in the two larger sub-basins of the
Meenachil and Achencoil river basins of the Western Ghat region. Both the
models were not suitable for two other small sub-basins studied in the

Meenachil and the Achencoil river basins.

The major limitations of the study have been with regard to the depth and quality of

data. However, even with the available data, this study is expected to be useful both

from the academic and from the practical points of view. It would also serve as a

guideline for similar future studies in the river basins of the Western Ghat region.

The practical utility of the study is highlighted below:

1.

The results of the regional flood frequency study will be of use tc those
involved in design of buildings, roads, bridges, hydraulic structures and even

urban planning and agricultural production.

It is difficult if not impossible to install stream gauging stations wherever
development activities are envisaged. Therefore, the only alternative left out
is to predict the mean annual peak flow with the information readily
available. The equations developed relating the mean annual peak flows with
the geomorphic parameters can be readily made use of to predict the peak
flows, if the GTS maps of the Survey of India are available. Those involved
in such exercises can directly make use of the equations developed relating

the mean annual peak flows to geomorphic parameters.
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3 Since the measurement of streamflow is both expensive and time consuming,
the necessity has been recognised to relate runoff with rainfall, especially
since rainfall data is more often available for the region. The study has
brought to light that the linear perturbation model can provide good results
for the larger sub-basins of the Western Ghat region. Such a model will help
in predicting the flows in larger sub-basins which do not have stream

gauging stations, but do have reliable rainfall stations.




¥

10.
11.

12.

13.

14.

15.

16.

17.

18.

Bibliography

Acreman, M.C., and C.D. Sinclair (1986), 'Regional flood frequency analysis from
basin characteristics in Scotland’, Manuscript in preparation.

Adamowski, K.(1981), Plotting formula for flood frequency', Water resources bulletin,
vol 17/2, pp.197 - 202.

Anderson, V.L. and R A. Mclean (1974), ‘Design of Experiments - A realistic
Approach’, Marcel Dekker, New York.

Alexander, G. N. (1957), 'Flood flow estimation, Probability and the return period,,
Journal, Instn. Engineers (Austrahia) ¢ 763

Alden Foster, H.(1924), 'Theoretical fiequency curves and their applications of
engineering  problems', Trans. Amer. Soc. Civil Engrs, Vol. 77.

Amorocho, J.;and G.T. Orlob(1961), Nonlinear Anlysis of Hydrologic systems', Water
resources Center Contrib., 40, University of California, Los Angeles.

Amorocho, J.(1963), ‘Measures of the linearity of hydrologic systems', Journal of
Geological ~ Research, vol 68, p2237.

Amorocho, J. and Brandstetter (1971), 'Determination of Nonlinear functional
response functions in rainfall-Runoff processes', Wat. Resource. Res.7(5), 1087-1101.
Anderson, T.W.(1958), 'An introduction to Multivariate Statistical Analysis', John

Wiley and sons, Inc. New York.

Army Corps of Engineers (U.S.) (1963). Daily streamflow simulation’, Hydrol. Engg.
Centre Sacramento, California.

Ashkar, F. and J. Rousselle (1983 b), 'The effect of certain restrictions imposed on the
inter-arrival times of floods'. Water resour Res., 19(2), 481-485.

Askew, AJ. (1968), Lag time of natural catchments', Water Resources laboratory,
Report No.107, University of New South Walsaw, Sydney, Australia.

Astrom, K.J. (1968), Lectures on the Identification of Problem-least squares
Method.' Lund institute of Technology, Division of Automatic Control, Report 6086.
Baker, VR (1983), 'Paleoflood hydrologic techniques for the extension of
streamflow records'. 922, Transportation Research Board, Washington, D.C., 18-23.
Bailey, D.E. (1971), Probability and Statistics: models for research’, New York: J.

Wiley.
Beable, ME. and A.. I. Mekerchar (1982) Regional Flood estimation in New
Zealand', New Zewaland national water and soil cons.org, Water and soil

. tech.Publi no. no.20, 132 pp.

Beard, LR. (1962), 'Statistical methods in Hydrology', U.S Army corps of Engrs,
Sacramento, California.

Beard, LR. (1974), Flood flow frequency techniques', Texas Univ. Centre for
Research in Water Resources, Technical Report CRWR-119.




19.
20.

21.

22,

23.

25.

26

27.

28.

29.

30.

31

32.

33.

34.
35.

36.

37.

Beardmore, N. (1862), 'Manual of hydrology’, Waterlow & Sons, London.

Benson, M.A. (1952), 'Characteristics of frequency curves based on a theoretical
1000-year record’, U.S. Geolological Surv. Open file Répon.

Benson, M.A: (1959), 'Channel slope factor in fLood frequency analysis, Jour. Hyd.
Dev., ASCE, 85, Hy 4.

Benson, M.A. (1962), 'Evolution of methods for evaluating the occurrence of Floods',
U.S Geol. Surv., Water supply paper, 1550-A.

Benson, M.A. (1963), 'Uniform flood frequency estimating methods for federal
agencies', Water Resources Research, Vol .4, No. 5, pp 891-908.

Benson, M A. and N.C. Matalas (1967), ‘Synthetic hydrology based on regional
statistical parameters. Water Resour Res., 6:4, pp.931-945.

Bernad, MM. (1935), 'An approach to determinate streamflow', Trans. Amer. Soc.
Civil Engrs. Vol.100, p347.

Berwick VK. (1962), Floods in Utah, magnitude and frequency’, U.S Geol Surv.
Circ. 457, 1962-Year Record, U.S Geological Water Supply Paper1543-A.

BES, (1978), Kerala in Maps', Bureau of Economics and Statistics, Govt. of Kerala,

Trivandrum.
Beven, K.J. (1985), Distributed Models', in M.G. Anderson, and T.P. Burt(eds),
Hydrological Forecasting, John Wiley & Sons, Chichester, pp. 405-435.

Bhlerao, SM., GR. Kelker. and S.B Raman (1978). 'Rainfall-runoff relations for
small catchments in high rainfall zone of Vidarbha (Maharashtra)’, Proc. Symp.
Hydrology of rivers with small and medium catchments, New Delhi, vol.1, p.43.
Bigwood, B.L.,and M.P. Thomas (1955), 'A flood Flow Formula for connecticut',
U.S Geol. Surv. Circ. 365.

Bobee, B. and R. Robitaille (1963), ‘The use of Pearson type 3 and Log Pearson type
3 revisited’, Water Resources research, Vol. 13, 0. 2, pp. 427-443

Bodhaine, G.L. and D.M. Thomas (1960), ‘Floods in Washington, Magnitude and
Frequency’, U.S Geol. Surv. Open-file Report.

Body, M.J., D.H. Pilgrim and 1. Cordery (1979), 'A storage routing model based on
catchment geomorphology’, Journal of Hydrology, 42:209-30.

Borgman, L.E. (1963), Risk criteria’. Jour. Waterways and harb. Div., Asce 89, 1-35.
Boughton, W.C. (1966). 'A mathematical model relating runoff to rainfall with daily
data’. Trans. Inst. Engrs. (aust)., vol.7, p. 33.

Boughton, W.C.(1980), 'A frequency distribution for annual floods', Water
Resources Research, Vol. 16, No. 2, pp 427-443. _

Boughton, W.C.(1983), 'Fitting procedures for the log-Boughton distribution’,
Journal of the Hydraulics Division, Proceedings of the ASCE, Vol. 109, No. 4, pp.
579-589.




38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Box, G.E.P and G.M Jenkins (1970), 'Time series analysts forecasting and control’,
Holden-Day Inc. \

Bradly, J.V. (1968), Distribution-free statistical test’, Engelwood Cliffs, Nj: Prentice-
Hall. '

Brittan, M.R. (1961), ‘Probability analysis applied to the development synthetic
hydrology for the Colorado river. Bur. of Econ. Res., Univ. of Colorado, Boulder.
Bruen, M. and J.C.I. Dooge (1984), "An efficient and robust method for estimating
unit hydrograph ordinates', Journal of Hydrology, 70, 1-24.

Brush, L.M. (1961), Drainage basins, channel and flow characteristics of selected
streams in central Pennsylvania', U.S. Geological Survey professional Paper, 282, F,
Washington, D.C.

Bunch, CM. and P. Mcglone (1960), Floods in Georgia 124 Magnitude and
Frequency, U.S Geol Surv. Open-file Report.

Carlson, RF. (1970), Application of Linear Random Models to four Annual Flow

series, Water Resources res. 6,4, P.1070-1078.
Carngen, P.H. and C.S. Huzzen (1967), 'Serial correlation of annual floods', Proc.
Inter. Hydrol. Symp. Fort Collins, Colorado.

C B IP (1957), Manual on river behaviour, control and training', CBIP, publ. No.60,
P.378.

Cervantes, JE, M.L. Kavvas, and J W. Delleur (1983), 'Cluster model for Flood
Analysis', Water Resour Res., 19(1), 209-224.

Chabra, B.M and N Pandarinath (1979). Flood frequency estimation of Gandhisayan
catchment (M.P)', National seminar on Hydraulics and water resources engineering
practice in India, Proc. Vol.2.

Chacko, V.J. (1963), 'Testing homogeneity against ordered alternatives', Annals of
Mathematical Statistics, 34, 945-956.

Chamier, G. (1897), 'Capacities required for culverts and flood openings’, Min proc.
Instn. Civil Engrs. Vo. 134

Chander, S., S.K. Spolia, and A.. Kumar (1972), 'Flood frequency analysis by power
transformation’, Journal of the Hydraulics division, Proceedings of the ASCE, Vol.
104, No Hyll, pp 1495-1504.

Chery, D. L. (1963), Runoff studies with a physical model of a watershed', Trans.
Amer. Geophys. Union, 44, pp 869-870.

Chow, V.T. (1954), 'The log probability law and its engineering applications', Proc.
Amer. Soc. Civil Engrs, Vol. 80, Paper No. 536. .

Chow, V.T. (1956), Hydrological studies of floods in the United States’, Internat
Assoc. Scient. Hydrology, Publications, 42, p.134.

Chow, V.T. (1964), 'Handbook of Applied Hydrology', McGraw-Hill Book company.




56.

57.

58.
59.

60.

61.

62.

63.

65.

66.

67.

68.
69.

70.

71.

72.

73.

0

Chow, V.T. (1967), Laboratory study of Watershed hydrology', Proc. Int. Hydrol.
Symp. Fort Collins Colorado, pp 194-202.
Chow, V.T. (1971), 'Role of WES in the development of hydrodynamic watershed
model', Symp.on mathematical models in hydrology IASH / UNESCO, WARSO.
Chroley, R.J. (1957), Tllustrating the laws of morphometry', Geol. Mag. 94,pp.140- 50
Cicioni, G., G. Giuliano, and FM Spaziani (1979), Best fitting of probability
functionsto a set of data for flood studies’, Proceedings of the Second
International Symposium on Hydrology of Floods and Droughts Water Resources
Publications, FortCollins, Colorado, pp. 304-314.

Clark, C.O. (1945), 'Storage and Unit Hydrograph', Trans. Amer.Soc.Civil Engrts,
vol.110.
Clarke, R.T. (1973), Mathematical models in hydrology’, Irrigation and Drainge paper
19, FAO, Rome, Italy.
Cohran, W.G. (1950), ‘The comparison of percentages in matched samples',
Biometrika, 37, 256-266.
Cohran, W.G. (1952), 'The Chi-square test of goodness of fit', Annals of Mathematical
Statistics, 23, 315-345. v
Cohran, W.G. (1954), 'Some methods for strengthning the common Chi-square tests',
Biometrics, 10, 417-451.
Cole, G. (1965), 'An application of the Regional Analysis of Flood Flows' in:
Institution of Civil Engineers, River Flood Hydrology Symposium, pp.39-57,
London, England.
Corradini, C., F. Melone, and L. Ubertini (1987), 'Some remarks on real time flood
forecasting by simplified semi-distributed models in water for the future', Hydrology in
Perspectivee, IAHS Publication no.164.
Costa, J.E. (1978), Holocene stratigraphy in flood-frequency analysis', Water
Resources  Research. Vol. 14
Cox, D R. (1958), The planning of Experiments', John Wiley, New York.
Cragwall J.S. (1952), Floods in Louisiana, Magnitude and frequency', State of
Louisiana, Dept. of Highways.
Crawford, N.H and K. Linsley (1960), 'Computation of synthestic streamflow records
on a digital computer’, Internat. Assoc. Scient. Hydrology,Publication 51 (Helsinki).
Crawford, N.H,, and R K. Linsley (1966), Digital Simulation in Hydrology: Stanford
Watershed Model IV' |, Report No.39, Dept. of Civil Eng., Stanford University.
Creager, W.P, J.P Justin,and J. Hinds (1945), 'Engineering for Dams, General Design',
Vol.1, John Wiley and sons, New York, N.Y.
Crippen, JR and C.D. Bue (1977), Maximum flood flows in the conterminous United
states', water supply paper, 1187, U.S Geological survey, Washington, D.C.




74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

86.

87.

88.

89.

90.

91.

92.

Cross, W.P. and E.E. Webber (1959), Floods in Ohio, Magnitude and frequency,Ohio
Dept. Nat. Resources Bull. 32.

CWC, (1972), ‘Estimation of Design Flood - Recommended procedures’, CWC,
New Delhi. -

CW & PRS (1958), "High Floods and their return periods’, CW&PRS Res.Pub. No
22, p66-76.

C W R D M (1982), Project proposal on Hydrology of elas’, C W R D M, Calicut.

C W R D M (1983), 'Towards the Establishment of Hydrometeorological Data Bank
for Surface Water Studies in Kerala', CWRDM, Calcut.

CWRDM (1995), Water Atlas of Kerala', Pub. Govt. of India and Centre for
Water Resources Development and Management.

Cunnane, C. (1979), 'A note on the Poisson assumption in partial duration series
models', Water Resour. Res., 15(2), 489-494.

Cunnane, C. (1978), Unbiased Plotting positions', A review, Journal of Hydrology
Vol.37,pp. 205-222.

Dalrymple, T. (1950), Regional flood frequency in Surface Drainage', Highway
Research Board Res. Rept. 11-b.

Dalrymple, T. (1960), TFlood frequency Analysis.' U.S Geological Survey Water-
Supply Paper 1543-A, 80 p.

Dalrymple, T. (1964), Part I. Flood Characteristics and flow Determination in: V.T.
Chow , Handbook of Applied Hydrology: A Compendium of Water Resources
Technology', pp. 25-1 to 25-33, McGraw Hill Book Co.,'New York.

Darling JM. (1960), TFloods in Maryland, Magnitude and frequency’, U.S Geol

Surv., Open file report.
Dawdy D.R. and T. ODonnel (1965), ‘Mathematical models of catchment behaviour’,
J Hydraul. Div., Am.Soc.Civ.Engrs, vol. 91, HY4,PP.123-137.

Dawdy D.R and T. ODonnell (1972), 'Mathematical models of catchment bechaviour,
J.Hydraul Div., AM.soc. of Civil Engres., 91, HY4.

DeCoursey, D.G. (1973), 'Objective regionalisation of peak flow rates. In. Floods
and Draughts'. Proc. 2nd Int. Symp. On Hydrology, Fort Collins, Colo. p. 395-405.
Department of engineering hydrology (1989), Lecture Notes', River flow forecasting
workshop Ist April - 30 th June.

Dhar, O.N. et al. (1979), Estimate of design flood for upper Krishna', National
seminar on Hydraulics and water resources engineering practices in India,

proceedings, vol.2.

Diskin, M.H.(1967), 'A dispersion analog model for watershed systems', Int. Hydrol.
Symp., Fort Collins. '
Ditlevsen, O. (1971), ‘Extremes and first paasage times with applications in civil
Engineering. Doctoral thesis, Tech. Univ. of Denmark, Copenhagen, pp.414.




93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103
104

105.

106.

107.

108.

109.

110.

111.
112.

Dixon, W.J., and F.J. Massey (1983), 'Introdduction to Statistical analysis',(Fourth
edition), New York: Mcgraw-Hill.

Dobbie C.H. and P:0. Wolf (1953), 'The Lynmouth Flood of August 1952', Proc.
Instn. Civil Engrs Pt.III, vol. 2, No. 3.

Dooge, J.CI1. (1973), Linear theory of hydrologic systems', Tech. Bull. U.S. Dept of
Agriculture, No. 1468, U.S. Govt. Printing Office, Washington, DC.

Drayton, R.S et al, (1980), 'A regional analysis of River Floods and Low flows in
Malawi.' Institute of Hydrology, Wallingford, Report no 72.

Dune, T., L.B. Leopold (1978), 'Water in Environmental Planning' Freeman, San
Francisco, Calif

Ebisemiju, F.S. (1979), 'An objective criterion for selection of representative basins',
Water Resources research 15(1): 148-158.

Edger E. Foster (1948), 'Evaluation of Flood losses and benefits', Trans. Amer. Soc.
Of Civil Engrs. Vol. 107 p.871.

Ellis, D.W and G.W Edelen (1960), 'Kansas Stream Flow Characteristics’, pt. 3
Flood frequency , Kansas water Resources board, Tech. Rept.3.

Ernicson, D.W. (1961), Floods in Wisconsin, Magnitude and Frequency', U.S Geol.
Surv. in Cooperation with the State Highway Commission of Wisconsin, Open-file

Report.
FAO (1979), ™Deterministic models in hydrology (R. T. Clarke)’, Food and
Agricultural  Organisation of the United Nations, Rome.

Fiering, M.B. (1964a), < A Markov model for low flow analysis’. Bull. IASH, 9:2.
Fiering, M.B. (1964b), * Multivariate technique for synthetic hydrology’, J. Hydraul.
Div. Am.Soc.Civ.Engrs., Vol.90, HYS, pp.43-60.

Fisher, R.A. (1973), ‘Statistical methods for research worksers’(14 th edition), New
york:Hafner.

Fleming, G. (1975), 'Computer Simulation Techniques in Hydrology', Environmental

Science series, Elsevier, NY, PP.333.

Fleming, G. (1975), 'Sediment erosion-transport-deposition simulation state of the art.
OSDA' Sediment Yield WOrkshop, Oxford, Mississippi, Govt. Printing Office,
Washington DC.

Forrest, WE and PR Speer (1961), Floods in North Corolina, Magnitude and
Frequency', U.S Geol. Surv., Open-file Report.

Foster, HA. (1924), 'Theoretical frequency curves and their applications to
engineering  Problems’, Trans. Am.Soc. Civil Engrs. Vol. 87, p.142 173.

Foster, H A. (1934), Duration curves', Trans. Am.Soc. Civil Engrs. Vol.99.

Fuller, W.E. (1914), Flood flows', Trans. Am.Soc. Civil Engrs, 77, 567-617.

Furness, L.W. (1955), 'Floods in Nebraska, Magnitude and Frequency', State of
Nebraska, Dept. of Roads and Irrigation.

>




113.

114.

115.

116.

117.

118.

119.

120.

125.

126.

127.

128.

Galeati, G. (1990), 'A comparison of parametric and non-parametric methods for
runoff forecasting', Hydrological sciences journal, 35(1,2), 79-94.

Ganguly S.S. (1979), Flood problem and its frequency in West Bengal', Seminar on
Hydraulics and Water resources engineering practices in India, proc. vol 2.

Garcia, L.E., Dawdy, D.R. and Mejia, J M. (1972).’Long memory monthly streamflow
simulation by a broken line model’. Water Resour. Res., 3:4, pp.1100-1105.
Georgakakos, K.P. (1986a), 'A generalised stochastic hydrometeorological model for
flood and flash-forecasting, 1. Formulation', Water resources research, 22(13), 2083-
2095.

Georgakakos, K.P. (1986b), 'A generalised stochastic hdrometeorological model for
flood and flash-flood forecasting, 2. Case studies', Water resources research, 22(13),
2096- 2106.

Goswami, A. (1972), Regional Flood Frequency Analysis of Brahmputra basin in
North- East India’, Journal of Institution of Engineers (India), Civii Engg. Div,,
vol.52, pp 169-179.

Gordon, A.D. (1981), ‘Classification, Monographs on applied probability and
statistics', Chapman and Hall. .

Gottschalk, L. (1985), Hydrological regionalisation of Sweden', Hydrological
Sciences Journal, Vol.30, No. 1,3.

Gray, D.M. (1962), Derivation of hydrographs for small watersheds from measurable
physical charactenstics’, Research Bulletin 506, 514-70, Iowa State University,
Agricultural  and Home Economics Experiments stations, Iowa City.

Green AR, and R.E. Hoggatt (1960), Floods in Indiana, Magnitude and Frequency.,
U.S. Geol. Surv. Open-file Report.

Gnes, N.P. and EF. Wood (1981), Regional Flood Frequency Estimation and
Network Design', Water Resources Research, Vol. 19,No. 4, pp. 1167-1177

Gnies, N.P. and E.F. Wood (1983), 'Correction to regional flood frequency estimation
and network design’, Water Resources Research, vol 19, n0.2, pp 509-590.

Grigg, D.B. (1967), Regions, models and classes', In: R.J Chorley, And P. Haggett
(Editors), Models in Geography. Methuen, London, 816.

Gringorton, LI (1963), 'A plotting Rule for Extreme probability paper', Journal of
Geophys. Research, Vol.68/3, pp 813- 814 search, Vol.19, No 2, PP 589-590.
Guillot, P.(1971), 18 Utilisation des models Mathematique pour laprevision on
Hydrological and Meterologic Symp. Mathematical models in Hydrology', IASH /
UNESCO, Warsaw.

Gumbel, EJ. (1941), Probability Interpretation of the observed Return periods of
Floods', Trans. Am. Geophysics. Union, Vol 21.



126.

130.

131.

132.

133.

134.

135

136.

138

139

140

141.

142

143.

144.
145.

Gumbel, E.J. (1942), 'Statistical control- Curves for Flood Discharges', Trans. Am.
Geophys. Unioon, Vol.23.

Gumbel, E.J.(1943), ‘On the plotting of Flood discharges', Trans. Am. Geophys. Union,
Vol24.

Gumbel, E.J.(1954), 'Statistical theory of Extreme Values and some practical
applications', U.S. Natl. Bur. Standards, Appl. Maths.

Gumbel, E.J., 'Statistical theory of Floods and Droughts', Inst. Water. Engrs., vol.12,
no.3, May 1958.

Gupta, VK., Ed Waymir and C.T. Wang (1980), 'A representation of an
instantaneous unit hydrograph from geomorphology’, Water resources research, v-16,
No.5, pp.855-862.

Gupta, P.N. (1987), Regional Flood Frequency Approach estimation of Flood Peaks
for =~ Mahi and Sabarmati basin (Sub-Zone 3a)', Proceedings, National Symposxum
on  Hydrology, Roorkee, Vol. I, Pp I-16-26.

Gumnell, A M. (1978), 'The dynamics of a drainage network', Nordic Hydrology 9:293-
306 .

Hall, M.J and P.E. O'Connel (1972), 'Time series analysis of mean daily river flows'.
Water and water Engg, 76, 125-133.

Hann, C.T. (1977), 'Statistical methods in Hydrology', Iowa State University Press/
Ames.

Harms, A A. and Campbell, T.H. (1967), ‘An extension to the Thomas-Fiering model
For sequential generation of streamflow’,. Water Resour. Res., 3:3,pp.653-661.
Hasebe, M., M. Hino, and K. Hoshi (1989), Flood forecasting by the filter separation
AR method and comparison with modelling efficiencies by some rainfall-runoff
models', Journal of Hydrology, 110(1/2), 107-136.

Haq, S. M,, R. Nair and S.S sil (1986), Frequency Flood Formulae for Countrywide

Aplication’, Proceedings, 53rd Annual R & D Session , CBIP, Bhubaneshwar, pp 405
-416.

Hazen, A. (1914), Discussion on flood flow by Fuller’, Trans. Am.Soc. Civil Engrs.,
Vol 77.

Hazen, A. (1921), Discussion of probable variations in hourly runoff by Hall', trans.
Am. Soc. Civil engrs, vol 87.

Hazen, A. (1930), Flood flows, A study of frequency and magnitude', John Wiley &
sons  inc., New York.

Hazen, A. (1932), Flood flows', John wiley, New York.

Hoos, AB., AD. Koussis and G.O Beale (1989), 'A channel dynamics model for real-
time flood forecasting', Water resources research, 25(4)691-705.



146

147.

148.
149.

150.
151.
152.

153,

154.
155.

156.

157.
158.
159.

160

161.

162.

Holtan, HN. and Lopez, M.C. (1971), USDAHL model of watershed hydrology,
USDA tech.Bull. 1435, Agric.Tes. Ser., Washington D.C.

Hopkins, C.D. and A.S. Kachic (1964), Discussion of paper Design of Hydrographs
for  small watersheds in Indiana', by IP. Wu. Journal of hydraulics division,
Proceedings of American Society of Civil Enginers 90 (hy4) :304-16.

Horton, R.E. (1924), 'Correspondence of flood discharge', Min. Proc, Instn. Civil
Engrs, vol. 217.

Horton, R.E. (1932), Drainage basin characteristics', Trans. Am. Geophys.Un., pp, 350
-361.

Horton, RE. (1945), Erosional development streams and their drainage basin-
hydrophysical approach to quantitative morphology', Bull. Geol.Soc.Am., V.56, pp 275
-370.

Hosking, J. R. M., JR. Wallis, W. Hosking, and E.F. Wood (1985a), 'Appraisal of
the Regional Flood Frequency Procedure in the UK. Flood Studies Report'
Hydrological Sciences, Vol. 30, No. 1, pp. 85-109.

Hosking, JRM., JR. Wallis and EF Wood (1985b), Estimation of the generalised
extreme value distribution by the method of probability weighted moments',
Technometrics, 27(3), 251-261.

Hoyt, W.G. (1936), 'Studies of relations of rainfall and runoff in the United States',
U.S  Surv. Water supply paper, 772.

Hoyt W.G and W.B. Langbein (1955), Floods', Princeton Univ. Press.

Hydrologic Engineering Centre (HEC), U S Army corps of Engineers (1982), '
Hydrologic  analysis of ungauged watersheds using HEC-1, U S Army corps of

Engineers ,Training document No.15.
Ibbit, R.P. (1970), ‘'Systematic parameter fitting coneptual models of catchment
hydrology', Ph.D thesis, London Univ., (Dept. of Civ. Engg.), Imperial College, UK.

IMD, (1958), Monsoon of the World', India, Meteorological Department.

IMD, (1972), “Mannual of Hydrometerology’, part I, India Meterological Department
Inglis, C.C. (1949), 'The behaviour and control of rivers and canals', Central water
power irrigation and navigation, Res. Stn. Poona. Res. Pub.13.

Issacson, E. et al (1958), 'Numerical solution of flow problems in Rivers', Proc.
Amer . Soc.Civil Engrs., vol. 84, HY 5.

Jakhade, G.S et al (1984), Frequency of floods in Brahmaputra valley Regional Flood
frequency approach’, Journal CBIP, Vol 41.

Jakhade, G.S., A.S. Murti and S.Sethuraman (1984), Frequency Flood in Brahmputra
Valley - Regional Flood Frequency Approach’, CBIP, Journal, New Delhi, Vol. 41,
No.1, pp 41-48.



163.

164.

165.

166.

167.

168.

169.

170.

171.

175.

176.

177.

James, E.J., Padmini and V. Prasad (1983), 'Quantitative Geomorphologic studies of
the Kuttiyadi River basin on the Malabar coast', Journal of the Instn Engrs (India),
Vol.63,ci 5, March. ’ '

James, EJ. (1985), Problems in estuarine management south west coast of India,
paper accepted for presentation at the 5th world congress on water resources to be
held at Brussels. »

James, E.J, K.D. Nambudripad, K.E. Sreedharan and R. Mohanan (1987), Rainfall -
Runoff Criteria for the Chaliyar Basin of Western Ghats region', Final Report, CBIP
Project, CWRDM, Kozhikode, pp. 99-103, No 1. '
Jarvis, C.S et al (1936), Floods in the United States', U.S Geol. Surv. Water supply
paper, 771.

Jenkins, C.T. (1960), Floods in Tennessee, Magnitude and Frequency', State of
Tennessee, Dept. of Highway.

Jenkins, GM. and D.G. Watts (1968), 'Spectural Analysis and its applications",
Holden -Day Inc., San Franscisco.

Jenkinson, AF. (1955), 'The frequency distribution of the annual maximum (or
minimum) values of meteorological elements’, Quant. J. Roy. Meteo. Soc., 81, 158-
171.

Jenkinson, A.F. (1969), 'Statistics of Extremes'. In. Estimation of maximum floods.
WMO Tech. Note. No. 98, 183-228.

Jenkins, G.M. and Alvi, A.S. (1981), ‘Some aspects of modelling and forecating multi-
variate time series’,. J. Time series, 2:1, pp. 1 —47.

Johnstone, D. and Cross, W.P. (1949), 'Elements of applied Hydrology', Ronald press,
New york. _
Johnston, J. (1972), Econometric Methods', Mc Graw Hill Book Co,London,3rd
edition.

Kachroo, RK, C.G. Liang and K. M. O'Connor, (1988), 'Application of the Linear
Perturbation Model (LPM) to Flood Routing on the Mekong River', Hydrological
Science Journal, vol 32, no 2, p 193.

Kachroo, R K. (1988), 'Rainfall Runoff and a Flood Routing Models for Use as
Forecasting Tools with Special Reference South Asia. Journal of Applied
Hydrology,voll,p63.

Kachroo, RK., CH. Sea, M.S. Warsi, H. Jemenez and R.P. Saxena (1989), River
Flow forecasting', Part-iii Application of linear techniques in modelling rainfall-
runoff transformations, River flow forecasting workshop, Dept. of civil engineering,
University of Galvay.

Kapil IL.P. (1957), Flood estimation by probability methods'. Res.Comm. meeting,
CBIP.




178.

179.

180.

181.

182.

183.

184,

185.

186.

187.

188.

189.

190.

191.

192.

193.

Kite, GW. (1977), Frequency and Risk Analysis in Hydrology'. Water resources
publications, Fort Collins, Colorodo.

Klemes, V. (1974), ‘The Hurst phenomenon — a puzzle’, water resour. Res., 10:4,
pp.675-688. _

Kletjnen, J.P.C. (1974), ' Statistical Techniques in Simulation (2 vols), Marcel Dekker,
New York.

Kuczera, G. (1982), 'Combining site specific and regional information', An empirical
Bayes approach, Water resources research.

Kuczera, G. (1982a), 'A Bayesian surrogate for regional skew in flood frequency
analysis', Water resources research, vol.19,n0.3.pp 821-832.

Kuczera, G. (1983b), 'Effect of sampling uncertainty and spatial correlation on An
empirical Bayes procedure for combining site and regional information’, J. Hydrology,
Vol.65,pp 373 -398.

Kuichling, E. (1889), 'The relation between the rainfall and the discharge sewers in
populous districts’, Trans. Amer. Soc. Civil Engrs, vol 20.

Kumra P.N. (1975), 'Approach to flood control in the Bhramaputra Valley'. J. Instn.
Engrs Vol 56.

Landwehr, J. M. ; N.C. Metalas, and JR. Wallis (1978), 'Some comparisons of
flood statistics in real and log space’, Water resources research, Vol. 14, No 5, PP
902.

Landwehr , J. M., N.C. Matalas and J. R Wallis (1979a)., 'Probability weighted
moments compared with some traditional techniques of estimating Gumbel
parameters and quantiles’,  Water resources research, Vol 15, No. 5 pp. 1055.
Landwehr, J. M., N.C. Matalas and JR. Wallis (1979b), ‘Estimation of parameters and
Quantiles of Wakeby Distributions 1. Known Lower Bounds', Water resources
research, Vol. 15, No. 6, pp 1361.

Landwehr, J M., N.C. Matalas, and J.R. Wallis (1979c¢), 'Estimation of parameters and
Quantiles of wakeby Distributions: 2.Unknown Lower Bounds', Water resources
research, Vol. 15, No 6, pp 1373.

Landwehr, J. M., N.C. Matalas and J.R. Wallis (1984), 'A note on the Applicability of -
the James - stein Estimator in regional hydrologic studies’, Water resources research,
Vol. 20, No 11, pp. 1630-1638.

Langbein et al (1947), 'Topographic characteristics of drainage basins' U.S Geol.
Surv. Water Supply Paper.

Langbein, W.B. (1949) 'Annual floods and the partial duration flood series', Trans.
Am. Geophys. Union, 30, 879-881.

Langbein, W.B and W.G. Hoyt (1959), 'Water facts for the nation future', Ronald
press company, New York.



194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208 .

209.

210.

Laten, NR, T.L. Reilly and J.S. Minvottee (1940), Distribution graphs and flood
routing in upper Ohio river basins', Americal Geophysical Union 2:649-59.

Leopald, LB and T. Maddak (1954), 'The flood control controversy', Ronald Press
company, New York. _

Leslie, J. (1851), 'On a mode of computation , whereby Flood water may be excluded
from a set of Gaugings, taken at Regular intervals and therefore, including, including
floods', Min. proc. Instn. Civil Engrs., vol.10.

Lettenmaier, D.P. and K. W. Potter (1985), 'Testing Flood Frequency Estimation
Methods using a Regional Flood Generation Model', Water Resources Research, Vol.
21, pp. 1903-1914.

Lettenmaier, D. P, JR. Wallis and EF. Wood (1987), 'Effect of regional
hetrogeneity on flood frequency estimation’, Water resources research, Vol 23, pp.
313-323.

Liang, G.C. (1985), ‘Smoothed least squares method and constrained smoothed least
squares metgod i linear multiple inputs-single output systems', unpublished
memoraundum, University College Galway, Ireland.

Liang, G.C. (1986), Linear models for multiple inflows single outflow rouﬁng in real
time', Ph.D Thesis, National University of Ireland.

Lilie, G.E. (1924), Discharge from catchment areas in India, as affecting the
waterways of bridges', Min Proc. Instn. Civil. Engrs. Vol 217.

Linsley, Kohler and Paulhus (1949), ‘Applied Hydrology', McGraw-Hill.

Linsely and Franzini (1964), 'Water Resources Engineering', McGraw Hill.

Linsley, R K., M.A. Kohler, and JL H. Paulus (1975), Hydrology for Engineers’,
McGrawHill, New York, N.Y., 2nd ed.

Linsley, RK. and W.C. Ackerman (1982), ' A method of predicting the runoff from

Rainfall', Trans. Am. Soc.Civ. Engrs. 107, 825-835.

Liou, EY. (1970), 'OPSET: Programme for computerised selection of watershed
parametr values for the Standford Watershed Mode', Res. Report 34, Univ.
Kentuky (Water Rsour Inst.).

Lloyd-Davis (1906), 'The elimination of storm water from sewerage systems', Min.
Proc. Instn. Civil. Engrs, vol. 167. '

Loganathan, G.V,, C.Y. Kuo, and T.C. McCormick (1985), Methods of analysing in
stream flows'. Virginia Water Resources research Center, Bulletin 148, Blacksburg,
Virginia

Loucks, D.P., Stedinger, JR. and Haith, D.H. (1981), ‘Water Resources systems
planning and analysis, Prentice hall, New Jersey.

Lundberg, A.(1982), ‘Combination of a conceptual model and an autoregressive error
model for improving short time forecasting', Nordic Hydrology, 233-246.




211

212.

213.

214.
215.

216.

217.

218.

219.

220.

221

222

223.

224

225.

226.

227.

228.

Mandelbrot, B.B. and Wallis, JR. (1963). Noah Joseph, and operational hydrology’
Water Resour. Res., 4:5, pp.909-913.

Matalas; N.C.(1963). ‘Statistics of a runoff precipitation relations’, Professional paper
434-D, U.S.-Geol.Survey.

Matalas , N.C. and B. Jacobs (1964), * A correlation procedure for augmenting
hydrologic data’, Professional paper 434-E, U.S. Geol. Survey.

Matalas, N.C. (1967a), ‘Time series analysis’, Watrer Resour. Res., 3:3,pp 317-329.
Matalas, N.C. (1967b), ‘Mathematical assessments of synthetic hydrology’, water
resour. Res., 3:4,pp.937-945.

Mattai, HF. (1969), Floods of June 1965 in South Platte river basin, Colorado', Water
supply paper 1850-B, U.S Geological Survey, Washington, D.C.

Matthes, H. (1934), Floods and their Economic importance', Trans. Amer. Geophys.
Union, Pt.I1. )

McCabe, J.A. (1957), TFloods in North and South, Dakota, Frequency and
Magnitude', U.S Geol. Surv. Open-file report.

McCabe, J.A. (1962), Floods in Kentucky, Magnitude and Frequency', Kentuky Geol.
Surv. Inform. Circ. , Ser X.

McCarthy, G.T. (1938), 'The Unit Hydrograph Flood Routing', U.S corps of Engrs,
Report.

Mejia, JM. (1971).’On the generation of multivariate sequences exhibiting the hurst
phenomenon and some flood frequency analysis’, Doctoral thesis, Colorado St.
Univ.Fort Collins, Colorado.

Melton, M.A.. (1957), 'Geometric properties of Mature Drainage systems and their

representation in an Ei phase Space- J', Geol, vol.66, pp- 35-54.

Mero, F. (1969), 'An approach to daily hydrometeorological water balance
computations for surface and groundwater basins’, Semi. on integrated survey for
River Basin  Development, Delft.

Miller, V.C. (1953), 'A Quantitative Geomorphic study of Drainage basin
charactersitics in the Clinch Mountain Area, Virginia and Tennessee', Tech.
Report.3, Columbia University.

Mirajgaonkar, A.G. and V.K. Chitambaram (1963), Discussion of paper 'Analysis of
synthetic unit hydrograph method' by P.E. Morgan and S M. Johnson, Journal of
Hydraulics  Division, Proceedings of American Society of Civil
Engineers',89(hy5):199-220.

Mitchell, W.D. (1954), Floods in Illinois, Magnitude and frequency, State of Illinois',

Dept. of Public Works and Buildings, Divison of WaterWays.
Mohan, MUR. (1985), Regional flood studies - Malabar Coast. M.Tech. thesis
Kar Reg. Engg. College, Surathkal.

Mood, A M. (1950), 'Introduction to the theory of statistics', New York: Mcgraw-Hill.




229.

230.

231.

232.

234.
235.

236.

241.
242

243.

244

245.

Moore, M.S. and Chong (1983), Flood frequency analysis for small watersheds in
southern liionois'. Water Resources Bulletin, Vol. 19, No. 2, pp. 277-282.

Morgan, PE. and SM. Johnson (1962), 'Analysis of synthetic unit hydrograph
method’, - Journal of Hydraulics division, Proceedings of American Society of
Civil Engineers, 89  (HYS5):199-220.

Mosley, M.P. (1981), Delimitation of New Zealand hydrological regions', Journal of
Hydrology 49, 173-192.

Mulvancy, T.J. (1851), 'On the use self registering rain and flood gauges in making
observations of the relations of rainfall and flood discharges in a given catchment',
Trans.Inst.Civil Engrs. Ireland TV(ii), 19-33.

Murray, D.L. (1970), ‘Boughlin's daily rainfall-runoff model modified for the Berning
catchment', Symp. Results of Research on Representative and experimental basins,
IASH,pub. 96,vol.1.

Nagir SN. and V.V Khan (1960), ‘"Methods of forecasting floods in the Indus River
Basin in the absence of adequate data'. Flood Control series No. 15, ECAFE.

Nash, J.E. (1956), Frequency of discharges from ungauged catchments", Trans. Am.
Geophys. Union, Vol. 37, p719.

Nash, J.E. (1957), 'The forms of instantneous hydrograph, Internat. Assoc. Scient.
Hydrology', Pub.45 (Toronto), p.114.

Nash, J.E. (1958), Determining Runoff from Rainfall'. Proc. Instn. Civil Engrs. Vol.10,
pl63.

Nash, JE. (1958), The form of the instantaneous Unit Hydrograph', Intl. Assoc. Sci.
Hydrol 45, 114-121.

Nash, JE(1959), 'Systematic Determination of Unit Hydrograph parameters’, J.
Geophys. Res. Vol.64, no.1, p.111.

Nash, JE. (1959), 'A unit hydrograph study with particular refernce to Bntish
catchments’, a manuscript.

Nash, J.E. (1960), 'A unit Hydrograph study with particular reference to British
catchments' Institution of civil engineers, Proceedings no 17.

Nash, JE. (1961), 'A lLnear transformation of a discharge record’, proc. Ninth
Convention, Inst. Ass. Hydr. Res. 3, 13.1-2

Nash, JE. and BL. Shaw (1965), Flood frequency as a function of -catchment
characteristics', Proc. Symp on river flood hydrology, Inst. Civil. Engrs, London, 115-
136.

Nash, J. E and J. Sutcliffe (1970), River flow forecasting through conceptual models
Part -1. A discussion of principles', Journal of Hydrology, vol 10.

Nash, JE. and B.I. Barst (1983), 'A hybrid Model for Flow Forecasting on large
catchments.' Journal of Hydrology,vol 65,p 125.




246.

247.

248.

249.

250.

251

252.

253.

254.

255.

256.

257.

258.
259.

260.

261.

Natale, L. and E. Todini (1977), 'A constrained parameter estimation technique for
linear models in Hydrology' in T.A. Ciriani, U. Maione, and JR. Wallis(eds),
Mathematical models for Surface Water Hydrology, John wiley & Sons, Chichester,
UK, pp 109-147.

Neilson, E. (1972), 'The Philosophy and Pedagogy of Inter Disciplinary Coastal
Studies and Research- with Particular Reference to Sedimentary Processes and to
Morphological and evolutionary Features of the South West Coast of India’, Vol. 1
Kobenhavn.

Neilson, S.A. and E. Hansen (1973), Numerical simulation of the rainfall-runoff
process on  a daily basis', Nordic Hydrology, vol 5, 171-190, 1973.

NERC (1975), Flood Studies Report', Natur. Envi. Res. Councii, London, Vols 1-5.
NIH, (1986-87), 'Techniques for flood frequency analysis', National Institute of
Hydrology, Roorkee, Uttar Pradesh.

NIH, (1991-92), ‘Geomorphologic characteristics of Weatern Ghats, Part iii: Hema
Vati basin up to Sakleshpur’, Roorkee, UP. A
O'Connel, P.E. (1971), 'A stochastic modelling of Hurdt's rarnge, sym. on
mathematical models in hydrology', IASA / UNESCO, WARSAW.

O’Connel, P.E. (1974), * Stochastic modelling of long-term persistence in streamflow
Sequences’, Ph.D thesis, Univ. London (Imperial College), UK.

O'Connell and S. David (1991), Recent advances in the modeling of hydrologic
systems', Kluwer Academic Publishers, London.

ODonnel, T. (1960), 'Instantaneous Unit Hydrogaph Derivatives by Harmonic
Analysis', Inter. Assoc. Sci. Hydrology, Pub. 51, p.546,

ODonnel, T. (1966), Methods of computation in Hydrograph Analysis and
Synthesis’, proc. Tech. meeting' 211, Centre org. for app.sc, res. in the
Netherlands.

OKelly, J.J. (1955), 'The employment of unit hydrographs to determine the flows of
Irish  arterial drainage channels’, Proceedings of Insttuion of civil engineers
(Ireland) 4(3): 365 - 412.

Parade M. (1954), 'Sur les cruces Pluvials non-reguliers de saison chaude dans les
regions non- tropicals', Intern Ass. Scient. Hydrology, Pub. 38 (Rome)

Parzen, E. (1962), ‘Stochastic Processes’, Holden-Day, San Francisco.

Patterson, J.1.. (1961), Floods in Arkansas, magmtude and frequency', U. S. Geol.
Surv., Open-file Report.

Patton, F.C. and V.R. Baker (1976), 'Morphometty and floods in drainage basins
subject to diverse hydrogeomorphic controls', Water resources research.

Paynter, HM. (1952), Methods and results from MIT studies in unsteady flow’,
Journal Boston. Soc. Civil Engrs. Vol.39, p.120.




262.

263

264.

265.

266.

267.

268.

269.
270.

271.

272.

273.

274.
275.

276.

277.

278.

279.

280.
281.

Peirce L.B. (1954), Floods in Albama, magnitude and frequency'. U.S Geol. Surv.
Circ.342.

Perumal, M. and S.M. Seth (1985), Regional flood frequency analysis using Power
Transformation- A case Study', Proceedings, Seminar on flood Frequency Analysis,
New Delhi, pp. 93-108.

Potter, K.W. (1987), Research on flood frequency analysis:1983-1986', reviews of
geophysics, vol.25, No.2, pp.113-118, March.

Pride, R. W. (1958), Floods in Florida, Magnitude and Frequency', U.S. geological
survey, Open file report.

Prior, CH. (1961), Magnitude and frequency of floods in Minnesota', Minn. Dept.
Conserv. Bull. 12.

Pristachova, G. (1990), ‘'Quantitative geomorphology, stream network and
instantaneous unit hydrograph', IAHS Publ. No.190, 371-375.

Puente, CE., and R L. Bras (1987), 'Application of non-linear filtering in the real time
forecasting of river flows', Water resources research, 23(4), 675-682.

PWD (1974), 'Water resources of Kerala', PWD, Govt. Of Kerala.

Quimpo, R.G. (1967), 'Stochastic models of daily flow hydrology', Paper No.18,

Colorodo State Univ.
Quimpo, R.G. (1968). 'Stoochastic analysis of daily river flows', J. Hydraul. Div., Am.
Soc.Civ. Engrs., vol.94, Hy1, pp.43-53.

Rangarajan and H. Ramamurthy (1966), Estimation of design flood from scanty data'.
Irri. Power Vol 23, No. 2, p 175.

Rantz, SE. and H Riggs (1949), 'Magnitude and frequency of floods in the
Columbia River basin', U.S. Geological Surv. Water Supply Paper 1080, p.317

Rao, K.L. (1971), Flood Damage and prediction Bhagirath'. vol.23 No.1,p 1-3.
Rastogi, RA. and T.C. Sharma (1976), Quantitative analysis of drainage basin
charactersitics, Jour. Soil and Water cons. in India 26(1-4): 18 25

Restvedt, J.O. et al (1968), ‘Summary of floods in the United States during 1963', U.S
Geol. Surv. Water Supply paper, 1830-13.

Richards, B.D. (1955), Flood estimation and control', Chapman and Hall, London.
Riggs, H.C. (1973), Regional analysis of streamflow character istics Ttchniques of
water resources investigations', Book 4, Ch.B3. U S Geological Survey, Washington,
D.C.

Robinson F.L. (1961), Floods in New York, Magnitude and Frequency', U.S. Geol.
Surv. Cire. 454.

Roche M. (1963), Hydrologic de Surface', Gauthier-Villars, Paris.

Rockwood, D.M. (1968), 'Application of streamflow synthesis and reservoir
regulations - SSAR-program to the lower Mekong river, Symp. on the use of
Analog and Digital  computers in Hydrology, Tucon, IASH, pub.80, vol.1.




282.

283.

284.

285.

286.
287.

288.

292.

293.

264

295.

296.

297.

298.
299.

Rodriduez-Iturbe 1. and Valdes, J.B. (1979), 'The geomorphologic structure of
hydrologic response ' ,Water resources research, vol:15, no.5. pp. 1409-1420.
Rodriduez-Tturbe, 1., G. Denoto and J.B. Valdes (1979), Discharge response analysis
and  hydrologic similarity-the interrelation between the geomorphological TUH and
the storm characteristics, Water Resources Research, vol: 15, No.5,pp.1409-1420.
Rodriduez-Iturbe, 1., M.G. Saubria and R.L. Bas (1982), 'A geomorphic climatic
theory of the instantaneous unit hydrograph’, Water Resources research, Vol. 18,
No.4,pp.877-886.

Roesner, L.A. and Yevjevich, V. (1966), 'Mathematical models for time series of
monthly precipitation and monthly runoff, Colorado St. Univ., Hydrol. paer 15, Fort
Collins, Colorado.

Rohatgi, V K, (1984), 'Statistical Inference’, John Wiley & sons, Inc., New York
Roohani, M.S. and R P. Gupta (1988), 'Quatitative Hydro-Geomorphic Investigations
inthe Chenab Catchment, Himalayas', In Hydrology journal of IAH Vol. XI No 4.
Oct-Dec, pp.25-43.

Rosenbroc, H.H. (1960), 'An automatic method of finding the greatest or least value
of a function' The computer Journal, Vol 3, p.175.

Rossi, F. M. Fiorentino and P. Versace (1984), 'Two component extreme value
distribution for flood frequency analysis', Water resources research, 20(7), 847-856.
Rosso Renzo (1984), 'Nash model relation to Horton order ratios', Water resources
research, vol.20, no.7, 914-920.

Salas, ID., JW. Delleur, V. Yevjevich and W.L Lane (1980), ‘Modelling of
hydrologic time series’, Water resour.Pub., Littleton, Colorado.

Sangal, BP. and A K Biswas (1970). 'The 3-parameter lognormal distribution and its
applications in hydrology'. Water resources research, Vol.,, No, 2. pp. 505-515.
Scheffe, HV. (1943), "Statistical inference in the non-parametric case',, Annals of
Mathematical Statistics.

Schorak, G.R. (1969), 'Testing and estimating ratios of scale parameters', Journal of
the American Statistical Association, 64, 999-1013.

Schulz, EF., S Pinkayan and C. Kornsartza (1971), 'Comparaison of dimensionless
unit hydrographs in Thailand and Taiwan', Nordic Hydrology, 2:23-46.

Schumm, S.A (1954), ‘The relation of drainage basin relief to sediment loss, Inst.
Assoc. Sci. Hydrol. Publ. 36, pp 216-219.

Schumm, S.A.(1956), Evolution of Drainage system and Slopes in bad lands at Perth
Amboy, New Jersy' Bull. Geol Soc. Am.Vol 76 pp.608.

Schumm, S.A(1977). ‘Applied fluvial Geomorphology’, Elsevier, pp: I19-]56

Schwob, HH. (1953), Towa floods, magnitude and frequency’, Iowa Highway,
res. Board, Bull.1.2.



300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311
312.

313.

314.

315.

Seth, S. M. and B.N. Goswami (1972), Regional flood frequency analysis with limited
data’, Proceedings, Third World Congress on Water Resources, Mexico City.

Seth, S. M and R. D. Singh (1987), Flood Estimation in India using regional
Frequency  Analysis', Proceedings, National Symposium on Hydrology, Roorkee,
Vol. 1, pp. I-1-15.

Sherman, LK. (1932), 'Streamflow from Rainfall by the Unit-graph Method.

Engineering News record’, Vol 108,p 501.

Shih, G.B., RH. Hawkins, and M.D. Chambers (1972). 'Computer modelling of a
coniferous forest watershed. In: Age of Changing Priorities for Land and Water', Am.
Soc. Cov. Engrs., New York.

Sigafoos, R.S. (1964), Botanical evidence of floods and flood plain development',
U.S. Geological Survey prof. paper 485-A.

Sighal, MK. et al. (1979), Peak floods and their frequency for Himalayan region of
Uttar Pradesh’, National seminar on Hydraulics and water resources engineering
practices in  India-proceedings, vol.2.

Singh, K.P and R A Sinclair (1972), 'Two-distributional method for flood frequency
analysis', Journal of Hydraulics division.

Singh, K P. and C.G. Lonnquist (1974), ‘Two distribution method for modelling and
sequential generation of monthly streamflows’, Water Resour. Res., 10:4, pp.763-775.
Singh, V.P. (1983), 'A geomorphic approach to hydrograph synthesis with potential
application to ungauged watersheds', technical Completion Report, Lousiana Water
resources Research Institute, Lousoana State University, Baton Rouge.

Singh, R. D. (1985), Regional flood frequency analysis for Mahanadi basin using
Wakeby distribution’, Proceedings, Seminar on Flood frequency Analysis, New Delhi,
pp. 109-124.

Smirmov, N.V. (1948), "Table for estimating the goodness of fit of empirical
distributions' , Annals of Mathematical Statistics, 19, 279-281.

Snyder F.F. (1938), 'Synthetic unit-graphs', Trans. Amer. Geophys. Union, vol.19, pt.1.
Snyder, F.F (1961), 'Matrix operation in hydrograph computations', TVA. Res Paper
No.1, Knoxville.

Soklov, A..A.. et al, (1976), Flood Flow computation', Methods compiled from
world expernence', Paris, Unesco.

Sorman and Mohamed Abdulrazzak, J.(1986), 'Regional flood discharge analysis of
Southwest region of the Kingdom of Saudi Arabia’, Proc. Int.Symp. Flood Frequency
and risk Analyses, Baton Rouge.

Sreedharan, K.E., and E.J. James (1994), 'Applications of certain Linear models to
rainfall discharge studies in a Monsoon fed rivers of Kerala', Institution of Civil
Engineers Journal, p.176.



316.

317.

318.

319.

320.

321

322.

323.

324

329

330.

332.

333.

Stedinger, JR (1983). 'Estimating a regional flood frequency distribution', Water
resources research, 19(2), 503-510. _ 7
Strahler, AN. (1950), 'Equilibrium theory of slopes approached by. frequency
distribution  analysis', Ann. Jour. Science. -

Strahler, A N. (1952), 'Hypsometric (area-altitude) analysis of erosional topography’,
Bull geol.soc.Am.,V:63 pp.1117-1142.

Strahler, AN. (1953), Revision of Horton's quantitative factors in erosional terrain
paper’, read before the hydrlogy section of the Am.Geophys.Un., Washington.

Strahler, A.N. (1954), ‘Statistical analysis in geomorphic research’, Jour.Geol., V-62,
pp. 1- 25.

Strahler, ANN. (1956), 'Quantitative slope analysis', Bull. Geol. Soc. Am., vol.67,
pp.571-596.

Strahler, A.N. (1958), Dimensional analysis applied to fluvially eroded land forms',
Bull Geo.Soc.Am., v.69., pp. 273-300.

Strahler, AXN. (1964), 'Quantitative geomorphology of drainage basins and channel
networks', section 4-II in Hand Book of Applied Hydrology by Ven Te Chow.pp. 4-40
to 4-70.

Strahler, AN. (1968), ‘Quantitative geomorphology’, In:Fairbridge, R W.(ed), ‘The
Encyclopedia of Geomorphology’, Reinhold Book Corp., New york.

Sutcliffe et al, (1984), Lecture note, 'Estimation of hydrological variables', Short
term course, Institute of Hydrology, Wallingford.

Swed, F.S. and Eisenhart, C. (1943), 'Tables for testing randomness of grouping in a
sequence of alternatives', Annals of Mathematical Statistics, 14, 83-86.

Tasker, G.D. (1982), 'Comparing methods of hydrologic regionalisation’, Water
resources bulletin, Vol. 18, No. pp 965-970.

Thiruvengadachari, S.S., V. Nayak, and G. Ranganna, (1975), Flood in Cauvery
Basin: magnitude and Frequency, Proceedings, National Symposium on Hydrology,
Roorkee, pp. G-17-21.

Thomas and M.B. Fiering (1962), ‘Mathematical Synthesis of Stream flow Sequences
for the analysis of River basins by Simulation’, Harvard Univ. Press.

Thomas, H A. and M.B. Fleming, (1958), * Mathematical synthesis of streamflow
sequences for the analysis of river basins by Simulation’, Harvard Univ. Press.
Thomson, M.T., W.B. Gannon, M.P Thomas and G.S. Hayes (1964),Historical Floods
in New England.' U.S. Geological Survey Water supply paper 1779-M.

Tice, R H. (1958), ‘Delware River Basin Flood frequency’, U.S Geological Survey,
pen-file report.

Todini, E. and J.R. Wallis (1977), ‘Using CLS for daily or longer period rainfall
Runoff modelling in T.A. Ciniani, U Maione and J R. Wallis(eds), Mathematical




334.

336.

337.

338.

346.

347.

348.

models for  Surface Water Hydrolgy, John Wiley and Sons, Chichester, pp. 149-
168.

Todorovic, P. (1970), 'On some problems involving random number of random
variables'. Annals Math. Statist. $(3), 1059-1063.

U.S. Army Corps of Engineers (1954), ‘Unit Hydrograph comipilations’, Washington
district, Civil works investigations, project cw 153, Dept. of

Varshney (1979), ‘A test book of Engineering Hydrology’, Pub. Nem. Chand &
Brothers, Roorkee, U.P, India.
Venkataraman, R. and P. N. Gupta (1986), Flood Estimation for Small and Medium
Catchments in Sub-Himalayan Region', Proceedings Workshop on Flood Estimation
in Himalayan region, Roorkee.

Wallis, J. R. (1980), Risk and uncertainties in the evaluation of flood events for the
design of hydrologic structures', Key note address, Seminar on Extreme Hydrological
Events: Floods and Droughts, Erice, Italy.

Wallis, J. R. (1982b), Hydrologic problems associated with Oilshale Development in
Environmental System Analysis and Management', Edited by J Rinaldi, Norht Holland
Publishing Co., Amsterdam, The Netherlands.

Wallis, J.R. (1982a), Probable and Improbable Rainfall in California’, IBM research
report No. RC- 9350.

Wallis, JR and EF. Wood (1985), Relative accuracy of Log Pearson type III
procedures.' Journal of Hydraulic Engineering, Vol III, No. 7.
Water Resources Council (1981), 'A uniform technique for determining flood fiow
frequencies’. Bulletin 17-B, Hydrology Committee, Washington, D.C.

Waylen, PR and Woo, M (1984), Regionalisation and prediction of floods in the
Frazer nver catchment', B.C. Water resources Bulletin, 20 (6), 941-949.

Weiss, G. (1973), 'Shot noise models for synthetic generation of multi-site daily
streamflow data’, IAHS symposium on Design of Water Resourses projects with
inadequate data, Madrid.

White, E.L. (1975), Factor analysis of drainage basin properties:classification of
flood behavior in terms of basin geomorphology', Water Resources Bulietin, 11, (4)
676-686.

Wiltshire and Beran (1986),' A significance test for homogeneity of flood frequency
region’, Proc. Of the international symposium of Flood frequency and risk analysis,
Lousiana State, University, Baton rouge. ‘

Wiltshire, S.W. (19865), 'Identification of homogeneous regions for flood frequency
analysis’, J. Hydrol,, 84, 287-302.

Wiltshire, S.W. (1986b), Regional Flood Frequency Analysis I: Homogeneity Statistics',

Hydrol. Sci.Journ, 31(3), 321-333.




APPENDIX -1

Latitude and Longitude of discharge stations

ST NO NAME OF LATITUDE LONGITUDE
STATION Deg. Min. Deg. Min.
(1) (2) (3) (4) '
01 MANJESHWAR 12 43 74 54
02 ANAKKAL 12 42 75 00
03 UPPALA 12 41 74 55
04 SHIRIYA 12 37 75 01
05 MADHUR 12 33 75 01
06 PADIATHADUKA 12 30 75 05
07 PALLANGODE 12 27 75 11
08 MOONAMKADAVU 12 20 75 11
09 KAKKADAVU 12 16 75 15
10 MANGARA 12 09 75 27
11 IRUDE 12 02 75 35
12 KUILOOR 11 59 75 39
13 PALA 11 56 75 44
14 MERUVAMBAT 11 54 75 32
15 KANNAVAM 11 51 75 39
16 PATTIAM 11 47 75 34
17 VALAYAM 11 43 75 40
18 BAVELI 11 52 76 05
‘19 THIRUNELLY 11 54 76 00
20 THONDAR 11 45 75 56
21 MANAMTHODY 11 46 76 01
22 CHOORANI 11 38 75 57
23 PANAMARAM 11 44 76 04
24 KAKKAVAYAL 11 37 76 10
25 MUTHANGA 11 35 76 15
26 VAZHAVATTA 11 35 76 11
27 MANJAT 11 41 76 22
28 CHITTOOR 11 02 76 39
29 CHAVADIYUR 11 11 76 41
30 KADATHARAPUZHA 11 37 75 49



) f ~

(1) (2) (3) (4)

31 KOLLIKKAL 11 27 75 50
32 KOODATHAI 11 18 75 54
33 MUKKOM 11 17 75 59
34 AREACODE 11 14 76 04
35 KANJIRAPUZHA 11 19 76 13
36 CHALIYAR 11 20 76 15
37 PUNNAPUZHA 11 18 76 18
38 MARUTHAPUZHA 11 2 76 17
39 KARIMPUZHA 11 14 76 13
40 KUTHIRAPUZHA 11 17 76 17
41 ANAKAYAM 11 06 76 08
42 THIRUVAGAPUZHA 10 54 76 09
43 THRITHALA 10 49 76 07
44 CHERUTHUTUTHY 10 45 76 16
45 PAMPADY 1 44 76 26
46 CHEERAKUZHY 10 43 76 26
47 MANAKADAVU 10 34 76 53
48 KUTTIPURAM 10 49 76 01
49 SILENT VALLEY 11 05 76 26
50 PAZHOOR 10 41 76 11
51 KUNDUKADAVU 10 32 76 18
52 MANALT 10 25 76 21
53 PILANTHODE 10 24 76 19
54 CHIMONI 10 23 76 29
55 MUPPLY 10 22 76 25
56 KURUMALI 10 24 76 10
57 KARUVANNUR 10 24 76 11
58 AMBALAKDAVU 10 17 76 20
59 KARAPPARA 10 26 76 36
60 KURIARKUTTY 10 25 76 45
61 KALADY 10 01 77 05
62 PILANTHODU 10 07 76 25
63 CHEMMANNAR 09 57 77 03
64 PERINJANKUTTY 03 59 77 12
65 KALLAR EASTERN 10 10 77 08




(1)

(2)

(3)

(4)

66
67
68
69
70
71
72
73
74
75
76
77
78
79
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81
82
83
84
85
86
87
88
89
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91
92
93
%94
95
96
97
98

L%
\ 1

THUVALUR 09
PANNIAR 10
CHAMPAKKAD 10
MUVATTUPUZHA 10
KAKKADASERRY 10
KALMPUR 10
THODUPUZHA 09
MALANKARA 09
PEROOR 09
PALAT 09
CHERIPPAD 09
TEEKOY 09
THONDRA 09
MANIMALA 09
MUNDAKAYAM 09
ERAPUZHA 09
KURUDAMANNIL 09
KOLLAKADAVU 09
PANDALAM 09
KONNY BRIDGE 09
ANAYADI 09
ENATHU 09
PUNALUR 09
THENMALA 08
AYOOR 08
VALAYANKIL 08
AYIROOR 08
MAMAM 08
MYLAMMOODE 08
ARYANAD 08
MARUTHANKUZHY 08
AMARAVILA 08
OTTASEKARAMANGALAM 08
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