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DISCLAIMER

The data used in this report has been generated from
Survey of Indian Toposheets. Some data has also been
collected by the different agencies during preparation
of the report.

Every care has been taken to ensure that the data is
correct, consistent and complete as far as possible.

The constraints of time and resources available,
however do not preclude the possibility of errors,
omissions etc. in the data and consequently in the
report preparation.

Use of the contents of report can be made with due
permission from the Ministry of Non-conventional
Energy Sources, Government of India.




Volume — | : Main Report

PARTICULARS PAGE NO.
SECTION 1 : THE HILLY HYDRO PROJECT IN GEF PORTFOLIO 1
SECTION 2 : ZONAL PLAN ACTIVITY BLOCK 7
2.1 INTRODUCTION 7
2.2 SOURCES OF INFORMATION 7
23 METHODOLOGY 8
2.3.1 Identification of Potential Sites 8
2.3.2 Computation of Available Head 10
2.3.3 Development of Regional and Sub Regional Flow 10
duration curves for ungauged catchments
2.3.4 Hydro Power Potential 10
2.3.5 Application of geographic information system for 10

potential small hydro sites, earthquake epicentre
plotting and clusters identification (vol 2)

2.3.6 Methodology 10
2.4  PREPARATION OF STATE GEOLOGICAL MAPS (VOL 2) 11
2.5 PREPARATION OF VEGETATION COVER MAPS (VOL 2) 11

SECTION 3 : SMALL HYDRO POWER POTENTIAL 13

ANNEXURE I : SHP CLUSTER MAPS

UNDP-GEF Hilly Hydro Project-Zonal Plan AHEC, DES, CRS & NIH, India



Volume — Il : Thematic Maps

PARTICULARS PAGE NO.
CHAPTER-1 : Geological Studies
1. Explanation of Geological Maps 1
Geological Maps
1. Jammu & Kashmir 5
2. Himachal Pradesh 6
3. Uttar Pradesh 7
4. Bihar State 8
5. Arunachal Pradesh 9
6. Assam 10
7. Manipur 11
8. Meghalaya 12
9. Mizoram 13
10. Nagaland 14
11.  Sikkim 15
12.  Tripura 16
13.  West Bengal 17
CHAPTER-2 : Seismological Studies 18
Seismic Map of India 21
Seismological Maps
1. Jammu & Kashmir 22
2. Himachal Pradesh 23
3. Uttar Pradesh 24
4. Bihar State 25
5. Arunachal Pradesh 26
6. Assam 27
7. Manipur 28
8. Meghalaya 29
9. Mizoram 30
10. Nagaland 31
11.  Sikkim 32
12.  Tripura 33
13. West Bengal 34

UNDP-GEF Hilly Hydro Project-Zonal Plan

AHEC, DES, CRS & NIH, India



CHAPTER-3 : Vegetation Studies

1.

abrowd

©OoNoO~WNPE

Geographic Area, Recorded Forest Cover and
Actual Forest Cover of various States
Reserved/Protected/Unclassified Forest area
District wise Forest cover

Comparative Forest cover (1989-1995 assessment)
Recorded Forest cove (1987)

Vegetation Maps

Jammu & Kashmir
Himachal Pradesh
Uttar Pradesh
Bihar State
Arunachal Pradesh
Assam

Manipur
Meghalaya
Mizoram
Nagaland

Sikkim

Tripura

West Bengal

UNDP-GEF Hilly Hydro Project-Zonal Plan

35
36
37
41
42

43
44
45
46
a7
48
49
50
51
52
53
54
55

AHEC, DES, CRS & NIH, India



UNDP-GEF Hilly Hydro Project-Zonal Plan AHEC, DES, CRS & NIH, India



Volume - Il : Regional Flow Duration Models
PARTICULARS PAGE NO.
Preface
Acknowledgement

1.0 Introduction 1
1.1  Overview 1
1.2  Scope of Study 2

2.0 Review 4

3.0 Datafor the Study 7
3.1 Data Requirement 7
3.2  Data Availability 7

4.0 Methodology 11
4.1  Flow Duration Curves for a Gauged Catchment 11
4.2  Effect of Time Interval on Flow Duration Curve 11
4.3  Plotting of Non-Dimensional Flows 13
4.4  Development of Regional Flow Duration Model 17

5.0 Analysis and Results 22
5.1 Model Development 22
5.2  Model Adequacy 32

6.0 Estimation of Dependable Flows for Ungauged Catchments 46

7.0 Discussion a7
7.1  Data Availability 47
7.2  Model Development 48
7.3 Model Application 48

8.0 Conclusions and Recommendations 49
8.1 Conclusions 49
8.2 Recommendations 50
REFERENCES 51
APPENDIX | 53
APPENDIX II 59
APPENDIX 1l 65
APPENDIX IV 145

UNDP-GEF Hilly Hydro Project-Zonal Plan

AHEC, DES, CRS & NIH, India






1.0 INTRODUCTION
1.1 OVERVIEW

This study is a part of the UNDP-GEF funded "India Hilly Hydro" project. The project
among other goals envisages to draw a master plan with detailed investment proposals for the
development of small hydro-electric projects in the entire Himalayan and sub-Himalayan
region. Due to favourable topographic features and perennial supply of water, these regions are
most suitable for the establishment of hydro-power projects. A potential of 10,000 MW has
been estimated from the small hydro power projects in the country. Most part of this potential
can be extracted from the Himalayan and sub-Himalayan regions of the country.

For preparing a master plan for small hydro-power development, an estimate of power
potential at each prospective site should be known a priory. This estimate of power potential is
based on the reliability of water flow at respective sites. Reliability can be estimated from the
streamflow record, the characteristics of which can be depicted by a flow duration curve.

Flow duration curve is a simple graphical depiction of the variability of water flow at a
location. These curves have frequently been advocated for use in hydrologic studies such as
hydropower, water supply, and irrigation planning and design. Additionally, flow duration
curves have been employed to deal with the stream pollution and water quality management
problems. With increasing attention focused on surface water-quality management, many
agencies routinely require estimates of low-flow statistics to assure maintenance of water-
quality standards. The use of flow duration curves only provide estimates of flow which may
be available on an average at a particular location without any reference to the sequence in
which these flows would be available. Therefore, the use of these flow duration curves is
usually restricted to the problems requiring an average estimate of flow availability, and not
the exact sequence of flows at the site of interest.

Flow duration curves for the sites for which adequate flow data are available can be
directly developed. Flows for various levels of dependability for these gauged sites may be
estimated from this curve. It is quite obvious that most of the prospective sites for hydro-power
projects are likely to be ungauged, specially for smaller projects located in developing
countries. Thus, for such potential sites, there are either insignificant data or no flow data
available for such analyses.

To derive a flow duration curve for a location on a stream for which adequate flow data
are not available one or the other indirect approach is generally used, viz., regional analysis.
Regional flow duration curves are developed for a region as a whole. This region is a
comparatively bigger area, but hydrometeorologically homogeneous in character. Regional
models are developed on the basis of data available for a few other gauged sites in the same
region or transposed from similar nearby region. Such models are employed to compute flow
duration curves for ungauged locations of interest in a region. Availability of such regional
flow duration models is of paramount significance in estimating the potential of hydro-power in
vast hilly regions of the country and also help avoid time delays in the implementation of
individual small hydro-power projects.
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1.2 SCOPE OF STUDY

The primary objective of this study is to develop flow duration models for regions
having potential hydro-power project sites in 13 States of the country. These States are Jammu
& Kashmir, Himachal Pradesh, Uttar Pradesh/ Uttaranchal, Bihar/ jharkhand, West Bengal,
Sikkim, Assam, Arunachal Pradesh, Meghalaya, Nagaland, Manipur, Mizoram and Tripura.
The study areas in these States cover the foothills of Himalayan and sub-Himalayan ranges.
However, in the State of Bihar some portion of the hilly region of Hazaribagh Ranges in the
Central India is included in the study area. Fig. 1.1 shows the study area on a map of India.

Since most of the prospective power project sites in different States are not gauged,
there is a little information available on the variability of flows at such sites. In order to draw a
master plan for the development of these small hydro-power projects, an estimate of the
potential for such prospective sites is required. However, in each of these States there are some
catchments of comparable size for which some flow data are available. On the basis of these
observed flow characteristics in a few catchments in the region, models are developed for
individual regions. These models include some of the characteristics of the catchment as
independent variables, which are generally available for ungauged catchments, and flow
characteristics as dependent variable. Having known the independent parameters for any
ungauged catchment in the region and the regional model for that region, the flow
characteristics can be estimated.

UNDP-GEF Hilly Hydro Project-Zonal Plan 2 AHEC, DES, CRS & NIH, India
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2.0 REVIEW

An extensive bulk of literature is available on low flow processes, in particular, the
surface or groundwater interaction and description of low flow regime of individual basins.
However, relatively a little has been reported on techniques for estimating low flow
measurements at ungauged sites. A comprehensive study by the United States Geological
Survey (Thomas and Benson, 1975) found the prediction of low flows to be a more difficult
task than the other characteristics of flow and a more recent study (Frye and Runner, 1970
reported by Chang and Boyer, 1977) revealed that low flow characteristics at ungauged sites on
natural-flow streams, minor or principal, cannot be estimated accurately by regression. There
are several other contemporary studies which may be referred for the techniques of classifying
catchments into physiographic types and transferring low flow data in nondimensionl or
specific form between catchments within the same region. For example, Martin et al (1976) for
Ireland, Simmers (1975) for New Zealand, Musiake et al (1975) for South Africa, Mitchell
(1957) for Illinois and Hines (1975) for Arkansas which are typical of other State surveys,
McMahon (1969) for Hunter River basin in Australia, Weyer et at (1970) for Munster in
Germany, and Yoon (1975) for the Han River in Korea, are worth citing. Most of these studies
employ indices such as catchment size, shape, and climate and most emphasize the need to also
consider catchment geology to explain low flow variability in a more realistic manner.

Only a few studies directly deal with the quantification of the effect of geology on
flows. An indirect allowance is generally made if geology-sensitive catchment characteristics
are used. Wright (1970) presented a prediction equation for the mean lowest flow in a year
using catchment slope and area as independent variables. The resulting prediction errors were
associated with catchment geology and a table of numerical geological indices for different
classes of material was derived. These indices were modified in 1974 using a more extensive
data set (Wright, 1974).

The estimation of low flows by correlation with neighbouring gauged catchment data is
described in U.S. Geological Survey publications, particularly by Riggs (1973). Wesche et al
(1973) and Skelton (1974) made use of cross-sectional properties of streams. Klassen et al
(1975) studied the rate of recession using flood hydrographs of 29 catchments in South Wales.
An index of aquifer and alluvium behaviour was developed from these data to predict a
recession constant; and the resulting values for different types of material were tabulated.
Armbuster (1976) developed an infiltration index for improving the predictive ability of low
flow regression equations. Data from 100 gauging stations in the Susquehanna River basin
(USA) were used to derive 10, 20 and 50 year return period 7-day flows. The US Soil
Conservation Service soil classification procedure was used along with numerical weights,
determined using trial and error, assigned to each soil class. With these weights, a typical 50 %
standard error of estimate was achieved compared to 70% for predictions based on area and
rainfall alone.

Ward (1968) and Rodda et al (1976) provided a more general information on the
behaviour of British rivers in the United Kingdom. Flow duration curves were published in
early Surface Water Yearbooks (HMSO, 1959-60) and until 1975, in many River Authority
Annual Reports. The interaction between surface and groundwater for major aquifers is
discussed by Ineson et al (1965). Much design work has been based on the lowest recorded
flow and the Water Resources Board (1970) catalogued a large number of flow duration curves
obtained from spot gaugings at points not normally gauged.

Synthesis of flow-duration curves for ungauged points on unregulated streams in New
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Hampshire, Northern New England, was presented by Dingman S. L. (1978). Dingman
estimated mean and 95 % dependable flows using mean basin elevation. It was observed that the
dependence of mean flow on elevation is due to positive vertical precipitation gradients and
negative vertical evapo-transpiration gradients. It was revealed that the dependence of 95%
dependable flow on elevation was due largely to the frequent rains, longer snowmelt, and
reduced evapo-transpiration at higher elevations.

Low Flow Study report of Institute of Hydrology (UK, 1980) summarizes the low flow
estimation procedures for the United Kingdom rivers. The underlying hypothesis tends to
extract low flow indices from flow records and relates them statistically to catchment
characteristics to yield formulae enabling low flow prediction at ungauged sites, primarily of
use in preliminary designs. The revision of these estimation procedures for ungauged sites
requires a large hydrological data set. The gauged flow data from Northern Ireland have been
published in the report on Low Flow Estimation in the United Kingdom prepared by Institute
of Hydrology (Report No. 108, 1990).

The 1980 Low Flow Studies report gave a procedure for the estimation of low flow at
an ungauged site. The procedure takes into account the geology of the catchment. To that end,
the Base Flow Index (BFI) was developed for quantifying catchment geology and it was
described how this index relates to, and may be estimated from, a knowledge of local geology.
Although regional relationships were important to the application of Low Flow Study
procedures at ungauged sites, such relationships were not widely accepted by the water
industry. This situation led, in part, to the development of regional low flow estimation
procedures. The principal advancement in the development of estimation procedures in the
revised report has been the application of the provisional Hydrology Of Soil Types (HOST)
response classification. This classification related physical properties of soil and geology
mapping units to the low flow response of gauged catchments.

Quimpo R. G. et al. (1983) employed a regionalization technique to obtain estimates of
water availability at ungauged potential small hydropower sites in Philippines. The flow
duration characteristics at representative locations across the country were first parameterized
to permit numerical interpolation. Then the geographic variation of one of the parameters was
mapped to span the whole archipelago. Another parameter was expressed as a function of the
drainage area using regression. The regionalised map and the regression equation could then be
used to synthesize a flow duration curve at an ungauged site.

Mimikou et al. (1985) parameterized monthly flow duration characteristics at eleven
major flow measuring sites across the western and north-western regions of Greece and using
multiple regression techniques, each parameter is explained in terms of mean annual areal
precipitation, drainage area, hypsometric fall, and length of the main river course from basin
divide to its outlet. Regionalized regression equations were successfully used to synthesize flow
duration curves at other locations within the hydrologically homogeneous regions of Western
and Northwestern Greece. The method has been reported to be useful in obtaining estimates of
water availability for hydropower at ungauged sites (especially for small hydropower plants
and run-of-river plants), or for other water resources development with the regions studied,
where the main governmental interest for water resources development is focused.

Loaiciga H. A. (1989) observed that empirical quantiles or plotting positions are
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distribution free (non-parametric) implying that they are applicable regardless of the actual
parent probability model governing flow variates. Due to their simplicity, empirical quantiles
are widely used in preliminary or feasibility studies for water supply planning, effluent design,
wildlife habitat and fishery resources management, estimation of hydroelectric power potential,
environmental quality assessment, and flood control. As a water resources project advances
from preliminary phase to the design stage, empirical quantile estimates are likely to be revised
using more sophisticated tools such as flow frequency methods (e.g., parametric fitting of
skewed probability density functions to flow data). Nonetheless, the decision to allocate
significant amount of public wealth to water development projects is partly based on the global
assessment accruing from the feasibility study. It is, therefore, important to assess the probable
range of variability associated with empirical flow quantile estimates. It has been shown for a
typical case of annual flow values that the standard error of empirical flow quantiles is a
function of (1) the specified probability level associated with a particular quantile, (2) the
sample size used in the estimation, and (3) the probability density function governing the
realization of flow variates.

Neil Fennessey et al. (1990) developed a regional hydrological model for estimating
flow duration curves at ungauged and unregulated basins in Massachusetts. Their study
approximated the lower half of daily flow-duration curves to be following a two-parameter
lognormal probability density function. Regional regression equations were developed to
describe lognormal parameters in terms of two easily measurable basin characteristics, viz.,
watershed area and a basin relief parameter. A validation experiment revealed that the resulting
regional hydrologic model could provide fairly precise estimates of a flow-duration curve at an
ungauged site, considering the simplicity of the model and its ease of application.
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3.0 DATA FOR THE STUDY
3.1 DATA REQUIREMENT

For the development of a regional flow duration model, data from gauged catchments in
the region are required. Availability of climatological, hydrological, physiographic and
geologic data of a number of catchments is desirable for the development of a comprehensive
model. Climatological data may be in the form of long-term annual average rainfall for
catchments and hydrological data include time series of daily or ten daily average runoff values
for a long period and as many sites as possible.

Since the detailed information on geologic factors for all 13 States being studied under
the project may not be available, these factors are not considered for inclusion in the model.
Furthermore, since regional models are developed for individual regions within States and thus
are for comparatively small areal coverages, it can be assumed that the climatology of the
region does not vary much within the region. Even if there is some effect of non-homogeneity
in the rainfall, it is taken care of by making flow values non-dimensional using long-term
average flow values.

Hydrologic data in the form of time series of daily or ten daily average runoff values
are required for as long period and as many catchments as possible. In case of non-availability
of daily or ten daily flow values for some catchments, monthly data can also be of paramount
importance, specially for the regions having only a limited number of gauged catchments.
Physiographic catchment characteristics are required for their inclusion in the model
development. The physiographic characteristics can include area of the catchment, perimeter
of the catchment, length of the main channel, and elevation of highest and lowest points in the
catchment.

3.2 DATA AVAILABILITY
3.2.1 General

Discharge data for a number of gauged catchments are obtained from various States.
Table 3.1 provides the availability of flow data in each State in terms of the number of gauged
catchments and number of years of ten daily flow data in each catchment. It is apparent that
there are no data available for the States of Sikkim, Assam, and Tripura and data for only a
few gauged catchments are available for the States of Jammu & Kashmir, Manipur and
Mizoram. In other States, the number of gauged catchment is considered to be just adequate for
developing regional models for respective regions. Another useful statistic given in the table is
the station-year of record in the region. Fig. 3.1 also indicates the total number of gauged
catchments and station-years of record for all the States. The States of Manipur, Nagaland, and
Mizoram have very less the station-year of flow record and in the States of Sikkim, Assam and
Tripura, there is no record available. For Uttar Pradesh/ Uttaranchal and Bihar/ jharkhand, the
number of available gauged catchments is high but the number of station-years is not
commensurate with it.

3.2.2 Physiographic Data

Maps of the gauged catchments of various States were delineated from the Survey of
India toposheets available at the scale of 1:50,000. A few toposheets available at the scale of
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Table 3.1 : Availability of Tendaily Discharge Records for Gauged Catchments in Each State

NAME OF NO.OF NUMBER OF YEARS OF TEN DAILY DISCHARGE RECORD FOR EACH GAUGED CATCHMENT | STATION
STATE CATCH- YEARS
MENTS FOR CATCHMENT NO.
1 [2 3 a5 ]6|7]8]9 |10t]2]13]1a]15]16]17]18]19]20 212
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1:250,000 were also used. These topographic maps show the catchment boundary, the main
river layout, contours, elevations of highest and lowest points in the catchment, and the nature
of runoff source, rainfed or snowfed or glacier fed.

Physiographic characteristics like catchment area, perimeter, length of the main
channel, elevations of highest and lowest points in the catchment are estimated from these
topographic maps of the gauged catchments. These characteristics are given in Appendix I only
for those catchments for which flow data were available. However, maps for some catchments
could not be obtained. However, for such cases, the information on areal extent, viz.,
catchment area was available. The gauged catchments for which the topographic maps were
available are given in Appendix-I.

3.2.3 Hydrologic Data

Hydrologic data in the form of time series of daily and ten daily average flow values
were available for the gauged catchments. In some cases, only average flow values at monthly
interval were available. Though the time series at daily interval is generally desirable for
estimating the potential for small hydro power projects, it was not available for most of the
gauged catchments. For majority of the catchments, average flow rates were available at ten
daily interval.

All the data available at daily or monthly time interval are converted to ten daily values.
Linear interpolation technique is used for disaggregating monthly series into ten daily series.
The values of average flow rates are expressed in units of cubic metres per sec (cumec). A time
series of at least 4 to 5 years of ten daily records is usually considered to be just adequate to
roughly ascertain the long term mean flow. For some of the cases, even one year long data
series is also considered for its use in the analysis in view of lack of data. State-wise account of
the data is given in Appendix II for all the States and includes the time interval of the original
data, period of record, and the number of ten daily flow values in the record for each
catchment.
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4.0 METHODOLOGY
4.1 FLOW DURATION CURVES FOR A GAUGED CATCHMENT

A flow duration curve is constructed by listing all data-values under consideration in
their relative order of magnitude (increasing or decreasing). The diagram on which the curve is
to be plotted is then divided into vertical segments of equal width, the number of segments
being equal to the total number of data-values. Each value is laid off to the proper vertical scale
in order of magnitude, but in its proper segment. A horizontal line is drawn across each
segment at the point leading to the formation of a "block diagram" or "histogram" as shown in
Fig. 4.1. If the centre points of the top of all blocks of such a diagram are joined by straight
lines, a "duration curve" is obtained, as shown by the broken line in the figure. Each data-
value of the duration series is then plotted at the mid point of its respective sub-division of the
diagram. Thus, the "time" scale of the duration curve (axis of abscissas) has been subdivided
into the same number of parts as there are separate values to be plotted. It is generally more
convenient to plot these values on a percentage scale (or % time).

Mathematically, this curve may be obtained by first arranging all the values in
descending order of magnitude and then assigning each value a cumulative frequency equal to
[i/(N+1)], where i Y the position of a data-value in the ordered series and N is the total
number of data-values in the record. A set of N points having y coordinate equal to magnitude
of flow and x coordinate equal to cumulative frequency [i/(N + 1)] may thus be obtained which,
if plotted, results in a flow duration curve.

Since it is only a sample of data available for the analysis, it is difficult to infer the
characteristics of the corresponding population. It generally resorts to assuming that the
particular sample of data belongs to a certain type of mathematical function (or distribution).
For series with statistically insignificant serial correlation, flow duration characteristics may be
modelled with a probability distribution model (gaussian, log-normal, etc.). Here it is assumed
that the frequency curve obtained from the flow data adequately represents a probability
density function. Normal distribution function is one of the most commonly used distribution
function. It invariably represents the observed frequency curve where the data record length is
very large. An extension of it is the log-normal distribution, in which the logarithms of the
flow values tend to produce a normal distribution function.

4.2 EFFECT OF TIME INTERVAL ON FLOW DURATION CURVE

It is the general notion that flow duration curves for small hydro-power projects (having
a little storage) must be prepared using atleast average daily flow data. However, the record of
flow is usually available only at ten-daily interval. The use of data on a daily basis involves an
immense amount of processing work. It is often convenient to average these data for successive
weeks, months, or years. Obviously, the lengthening of the time interval for plotting a flow
duration curve will result in a loss of detail since the natural flow will not generally be constant
over the period of extended time interval. It is, therefore, important to evaluate its effect on the
accuracy of the duration curve.

Fig. 4.2 shows daily, monthly, and annual duration curves of stream flow obtained

from the same record. These are typical of all duration curves plotted from the same record,
but with different time intervals. As the time interval is increased, the lower end of the
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The relative effect of time variation on flow duration curves is not the same for all
streams. Where the flow does not experience sudden changes, it will almost be constant over
considerable period of time. For such a stream, daily and weekly duration curves are almost
identical and the monthly duration curve does also not differ greatly from the daily curve. On
the other hand, if the stream is "flashy", with floods lasting for only a few hours, or days,
there may be an appreciable difference between daily and weekly curves; monthly curves
involve a considerable percentage of error compared to the daily curve.

It is often necessary to use a longer time interval instead of a day for the construction of
flow duration curves for two reasons: (1) On some streams, only average flows at longer time
interval are available over part or whole period of record. (2) In most preliminary
investigations, the time and labour required to prepare daily flow duration curves are so great
that a longer period must be used. However, now a days, with the advent of computers, this
difficulty is not faced and tendency of working with smaller time interval has thus increased. In
any case, when the curve at longer time unit is used, its limitations should be recognized; and
if the stream is "flashy" in nature, the results should be properly discounted when estimates of
plant capacity and output are made.

In the present study, most of the historical flow data are available on a ten-daily basis.
Therefore, flow duration curves are prepared with the flow data having ten daily average
values and not the daily average values, which would have been the ideal for small hydro-
power projects. For looking into the need for any correction in the estimates, a comparison was
performed between empirical flow duration curves on daily and ten daily bases for some
gauged sites, where daily data are available. The comparison between daily and ten daily flow
duration curves for Baner Khad and Leska catchments in Himachal Pradseh and Meghalaya
States is shown in Fig. 4.3.a and 4.3.b, respectively. These figures are plotted for
dependability levels varying from 50% to 100% for obtaining higher resoloution in the plots. It
is apparent that for Baner Khad catchment (Fig. 4.3.a), there is inappreciable difference in the
flow estimates from daily and ten daily data for dependabilities higher than 60%. For the case
of Leska catchment (Fig. 4.3.b), it may be noticed that the difference between the two flow
estimates is not significant beyond 70% dependability level. It may be clearly inferred from
these plots that low flows sustain for comparitively a larger period of time and, therefore, do
not result in an appreciable change in flow duration curves for larger time intervals.

For designing small hydro power projects, the lower portion of flow duration curves is
of importance. It leads to supporting the use of ten daily flow values instead of daily values.
Assuming that the ten-daily flow duration curves will not affect design flow values
significantly, no attempt is made for employing a correction factor.

4.3 PLOTTING OF NON-DIMENSIONAL FLOWS (Q/Qmean)

When the runoff record at a given point on a stream is to be compared with the record
at another point on the same stream or when the records on different streams are to be
compared, it is desirable to divide the original streamflow values by the corresponding average
runoff occurring at the point of record. This average value should be obtained from a record of
as great a length as possible. A duration curve constructed from the reduced record showing
non-dimensional flow "in terms of mean runoff (Q/Qmem)" Wwill reveal as much detail as
obtained from the original data, but in a more convenient form for comparing with other
duration curves. Duration curves showing non-dimensional flow in terms of mean flow for two
different sites A and B in the same region are compared in Fig. 4.4.
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Expressing the flow in terms of mean flow (non-dimensional flow) has another
advantage that in cases where the record length of flow data at individual sites is not adequate
for carrying out any meaningful statistical analysis, the data of many sites may be pooled
together. Since the data at different sites are comparable as explained above, these are pooled
together for drawing meaningful statistical inferences.

4.4 DEVELOPMENT OF REGIONAL FLOW DURATION MODEL
4.4.1 General

A flow duration curve for a catchment for which insignificant or no flow data is
available is established using a regionalisation procedure. To that end, a region is identified
such that it is comparatively a bigger area than the individual ungauged catchments, but
adequately smaller so that, on an average, homogeneous hydrometeorlogical conditions exist
across the region. All the gauged sites in the region are first identified. Then, on the basis of
the flow characteristics at these sites, a model representating the conditions of flow regime
throughout the region is evolved. This model usually incorporates a few parameters which may
be estimated for any ungauged site in the region on the basis of climatic and physiographic
characteristics of the catchment.

4.4.2 Identification of Homogeneous Regions

This study covers 13 States of the country starting from Jammu & Kashmir in the North
to Arunachal Pradesh in the North-Eastern part. As the variable climatic conditions seldom
allow hydro-meteorological conditions to be similar everywhere, it is instructive to divide the
large area under study in smaller regions in such a way that the hydro-meteorological
conditions are generally homogeneous in each of the regions. To this end, the available
classification of hydro-meteorological homogeneous regions in the country (CWC, 1983) is
adopted. This classification divides the country into 7 major zones which, in turn, are sub-
divided into 26 hydro-meteorological homogeneous sub-zones (Fig. 1.1). Apparently, the
States Jammu & Kashmir (Sub-zone 7), Himachal Pradesh (Sub-zone 7), Uttar Pradesh/
Uttaranchal (Sub-zone 7), Sikkim (Sub-zone 2a), West Bengal (Sub-zone 2a), Manipur (Sub-
zone 2c¢), Tripura (Sub-zone 2¢) and Mizoram (Sub-zone 2c¢) fall under a single sub-zone.
However, the other States Bihar/ Jharkhand (Sub-zones 1g and 3d), Assam (Sub-zones 2a, 2b,
and 2c), Arunachal Pradesh (Sub-zones 2a and 2b), Meghalaya (Sub-zones 2b and 2c), and
Nagaland (Sub-zones 2b and 2c) are spread over more than one sub-zone. As the first 8 States
fall in one sub-zone, the regions are classified according to the areal extent of the States.

The study area of Bihar falls in the southern part of the State and spans in two Sub-
zones (Sub-zones 1g and 3d). The eastern portion of Hazaribagh Ranges fall in this region.
One part of the study area drains into the Ganges through the Lower Gangetic plains (Sub-zone
1g) and the other part drains into the Mahanadi river (Sub-zone 3d). Almost similar geologic
and climatic conditions prevail in both the regions as they are adjacent to each other. Being
comparatively small in areal extent, both the portions of the study area were considered as a
single region.

Assam spreads over Sub-zones 2a, 2b and 2c. The line dividing Sub-zones 2a and 2b
follows more or less the course of the Bhrahamputra river and divides Assam into two parts.
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In the northern part, tributaries emerging from the outer Himalayan Range and in the
southern part, tributaries from Garo and Kashi Hills of Meghalaya join River Bhrahamputra.
Some of the tributaries in the northern part are glacier and snow fed, and thus, have the
characteristics similar to those in Arunachal Pradesh. Tributaries joining from the southern side
are mainly rain fed and their spread in sub-zone 2c is marginal. The adjoining State of
Arunachal Pradesh spans into two Sub-zones 2a and 2b with a marginal coverage in Sub-zone
2b and is, therefore, ignored. Thus, the study area of Assam is divided into two parts:
Northern Assam and Southern Assam if the areas are on the north and south sides of the river
Bhrahamputra, respectively. The Northern part of Assam is considered with the State of
Arunachal Pradesh in Sub-zone 2a and southern part is considered with the State of Meghalaya.
The State of Meghalaya spans into two Sub-zones 2b and 2c¢ falling in Brahmaputra and
Meghna that are characterized by high rainfall and hilly terrain and are much similar to each
other. Therefore, these are considered as a single region. Similarly, the State of Nagaland
spans into two Sub-zones 2b and 2c falling in Bhrahamputra and Chindwin (Burma) and is
identified as a single region.

While analysing the data of Jammu & Kashmir, it was found that the region of Leh and
Kargil districts experiences very low rainfall compared to the other portions of the State.
Therefore, the Leh and Kargil districts are identified as Region B and the rest of the area of the
State as Region A. The study areas of States of Himachal Pradesh, Uttar Pradesh/ Uttaranchal
and Bihar/ Jharkhand are defined as Region C, D and, E, respectively. The study areas of the
States of Sikkim and West Bengal are identified as Region F owing to the following: (1) Study
areas are adjacent to each other and belong to the same sub-zone and, therefore, can be
assumed to be hydro-meteorologically homogeneous. (2) There are only a few gauged
catchments within these States and thus, it is difficult to derive separate models for them. The
identified regions are listed in Table 4.1.

4.4.3 Proposed Regional Flow Duration Model

Since only a sample of data is usually available for such analyses, it is difficult to
characterize the population to which the data belongs. It resorts to approximating a particular
sample of data to follow a certain statistical distribution. Normal distribution is the most
commonly used distribution. Where the data length is large enough, this distribution invariably
represents the observed frequency curve. The log-normal distribution is an extension and uses
logarithms of the flow values. The general structure of the model is discussed in the following
section.

A flow duration curve for a site in an ungauged catchment is derived using a
regionalization procedure. To this end, a region is identified such that it is comparatively a
bigger area than the individual ungauged catchments, but adequately small so that
homogeneous hydrometeorlogical conditions generally exist across the region. Having
identified all the gauged sites, a model is developed on the basis of the flow characteristics at
these sites. This model actually represents a uniform flow regime of the region. The
development of the methodology is based on the following considerations:

(a) A duration curve constructed from non-dimensional flows (flows in terms of mean
runoff [Q/Qmean]) reveals the same level of details as obtained from the original data
and is a more convenient form for comparison. Expressing the flow in terms of mean
flow has another advantage that in cases where the record length of flow data at
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individual sites is not adequate for deriving a meaningful statistical inference, the data
of all the sites in a region can be pooled together, for the length of flow data not being
sufficient at most of the gauging sites. To draw a valuable statistical inference the above
non-dimensional data from all the sites in the region are pooled up. It is worth noting
that the mean flow estimated from the limited amount of flow data at each of the
gauged sites may not represent the long term mean of the site under study.

Table 4.1: Identification of Regions

S.No. States Covered under the Hydrometeor Definition of Region for
Study Area -logical Sub- This Study
zone (CWCO)
1. Jammu & Kashmir 7 A&B
2. Himachal Pradesh 7 C
3. Uttar Pradesh / Uttaranchal 7 D
4. Bihar / Jharkhand 1g, 3d E
5. Sikkim 2a F
6. West Bengal 2a F
7. Assam 2a, 2b, 2c G&H
8. Arunachal Pradesh 2a, 2b G
9. Meghalaya 2b, 2c H
10. Manipur 2c I
11. Nagaland 2b, 2¢ I
12. Tripura 2c I
13. Mizoram 2c I
(b) Mean flows are assumed to be a function of only physiographic characteristics of

catchments. Generally, the mean flow of a catchment depends on climatic, geologic,
and physiographic characteristics of the catchment. However, the first two
characteristics are not included in the development of the model on account of (i) non-
availability of geologic data at the scale of the gauged catchments, (ii) non-availability
of climatic and geologic data for individual ungauged catchments which are very small
in size, and (ii1) low variability in the long term average rainfall within the region.

On the basis of the above, a general structure of the regional flow duration model is

proposed for a region. The step-by-step procedure for developing this model for a region is
given hereunder:

@)

UNDP-GEF Hilly Hydro Project-Zonal Plan

Identify all gauged catchments in a region and collect flow and physiographic data for
each of them.

19 AHEC, DES, CRS & NIH, India



an

(I1I)

av)

™)

(VD

(VID)

(VIID)

IX)

Process the flow data for obtaining an average ten daily flow data series (Qi) for each
gauged catchment.

Find the long term average ten daily flow (Qmean) for each of the gauged catchments
from the flow series available at step (II).

Make the flow data series (Qi) of each catchment non-dimensional by dividing each data
value in the series by its respective long term average (Qmean) obtained at step (III) to get
the flow series in terms of mean flow (Qi/Qmean).

Combine the non-dimensional flow series of all the gauged catchments to obtain a
single series.

Evaluate basic characteristics of the combined series for normality. Generally, the data
of short length do not follow a normal distribution. Therefore, using power
transformation, transform the combined series [at step (V)] to another series that closely
follows a normal distribution as shown below:

Let Q and W stand for the corresponding elements of original and the
transformed series, respectively. The formula for power transformation is expressed as

W = Q" - D/A when A .. 0 (1a)
and W =1In(Q) when A =0 (1b)

where A is an exponent which can be determined by trial and error or any other
suitable optimization technique so as to yield a normal W series. The W series is
considered to be a near normal series for that value of A which reduces the coefficient
of skewness of W series to nearly zero and maintains the coefficient of kurtosis at 3.
Thus, the value of parameter A is determined for a region.

The mean (uw) and standard deviation (ow) of the transformed series W are estimated
using maximum likelihood method.

Using the normal probability distribution, the flows in transformed domain (Wbp) for
any desired level of dependability D are estimated as below.

The standardized flow (Zp) corresponding to any probability level (D) can be
determined using frequency factors (widely available in various standard texts) for
standard normal distribution (u=0, o=1). The corresponding non-dimensional
dependable flow of the series having mean, puw , and standard deviation, ow, is
estimated using the transformation:

Wo = 4y tZoow ()
Since the estimates of above non-dimensional dependable flow [at step (VIII)] are in the

transformed domain, they are brought to the original domain using the inverse
transformation as
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X)

XD

(X1I)

(Qi)D = [WoA+1]7 when A ... 0 (3a)
and (Qi)D = exp[Wol when A = 0 (3b)

For each gauged catchment, a relation between catchment area (A) and the
corresponding long term average flow (Qmean) is developed of the following power
form:

Qpean = C A" 4)

where C is a coefficient and m is an exponent, which are determined using a
regression analysis.

Qmean for any ungauged catchment in the region is computed from the regional
relationship developed at step (X). This value of Qmen multiplied by the factor
(Q/Qmean)p obtained at step (IX) gives the required D% dependable flow (Qpo) for that
ungauged catchment.

The steps from (IX) to (XI) are repeated for obtaining the flow corresponding to any
desired level of dependability for any ungauged catchment within the region.

Thus, a regional model is developed for a region of interest and subsequently employed

to estimate the flows for desired levels of dependability for any ungauged catchment located
within the region.
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5.0 ANALYSIS AND RESULTS
5.1 MODEL DEVELOPMENT

Models for all the above nine regions are developed based on the data availability in
respective regions. To that end, long term average flows (Qmean) of various catchments are
assumed to be related with the respective catchment area (A) as in Eq. 4. The computed values
of these parameters for eight regions are given in Table 5.1. The development of a regional
model for Region B is taken up separately because of non-availability of more data points
except two. As there were only two data points available for Region B, the model proposed is
the (Qmean /A) average of the two catchments, Leh and Kargil. In Table 5.1, R is the coefficient
of correlation, which is an index of the goodness-of-the-fit. The higher values of R show a
better performance and vice versa. The derived relationships for eight regions (Regions A to I
except B) is depicted in Fig. 5.1a through 5.1.h. In some cases, some of the data points
showing much aberration from the best fit were treated as outliers and ignored. The catchments
not considered in the development of such relationships are marked '*' in Appendix-I.

Table 5.1 : Values of the Parameters of the Regional Models for Mean Flow

S. | Region States Covered m C Coefficient of
No correlation
(R)

1. A Jammu & Kashmir 0.06046 | 3.8189 | 0.0808
(Except Leh & Kargil)

2. B Jammu & Kashmir Q/A = (A72)[(Q/A)Len + (Q/A)xkargil]
(Leh & Kargil)* = 0.05804

3. C Himachal Pradesh 0.86811 | 0.1200 | 0.8759

4. D Uttar Pradesh/ Uttaranchal 0.89075 |0.0463 | 0.8174

5 E Bihar/ Jharkhand 0.74795 | 0.0652 | 0.7742

6. F West Bengal & Sikkim 0.98920 | 0.0577 | 0.8467

7. G North Assam & Arunachal 0.26817 | 2.2807 | 0.3706
Pradesh

8. H South Assam & Meghalaya 0.48589 | 1.4136 | 0.6820

9. I Manipur, Nagaland, Mizoram | 1.22343 | 0.0151 | 0.9435
& Tripura

* An average model developed due to lack of data.

Combining non-dimensional flow series of all the gauged catchments into one, the
resulting series was transformed to other series using logarithms and power transformation.
These were applied to statistical distributions, viz. normal, log-normal, and power
transformation. The derived characteristics are shown in Table 5.2. Evidently, the power
transformed series closely follows the normal distribution. Using the characteristics (Table 5.2)
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of the power transformed series for each of the regions, the estimates of the mean flows
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[(W/Wmean)p] for various levels of dependabilities (D) 25%, 50%, 60%, 75%, 80% and 90 %
etc. were computed using normal probability distribution. Since the resulting dependable mean
flow estimates were in the transformed domain, they were brought to the original domain using
the inverse transformation. The resulting mean flows [(Q/Qmean)p] in original domain for
various dependability levels are given for all the nine regions in Table 5.3 and depicted in Fig.
5.2a through 5.2i for all regions. The results of Tables 5.1 and 5.3 actually constitute nine
regional flow duration models that correspond respectively to above nine regions. As Eq. 4 is
used for computing mean flow for obtaining absolute flow that corresponds to a specific
dependability level, computed from Eq. 3, the resulting error in the former mean estimate
affects the latter estimate of absolute flow. Therefore, it is necessary to check the derived
models for their adequacy.

Table 5.3 : Regional Flow Estimates for Various Levels of Dependability.

Region Regional Values for (Q/Qumen)p For Various Dependability Levels

D=25% | D=50% | D=60% | D=75% | D=80% | D =90%
A 1.1562 0.6584 0.5428 0.4011 0.3577 0.2686
B 1.2240 0.8434 0.7360 0.5888 0.5396 0.4304
C 1.1797 0.6609 0.5399 0.3917 0.3466 0.2544
D 1.2828 0.8364 0.7078 0.5315 0.4729 0.3447
E 0.7374 0.2711 0.1974 0.1226 0.1031 0.0675
F 1.0942 0.5089 0.3896 0.2551 0.2171 0.1444
G 1.3075 0.8500 0.7148 0.5270 0.4640 0.3257
H 1.1436 0.4909 0.3551 0.2053 0.1646 0.0913
I 1.2451 0.5511 0.3957 0.2198 0.1716 0.0856

5.2 MODELS ADEQUACY

The adequacy of Eq. 4 can be evaluated from the values of coefficient of correlation, R
(Table 5.1), derived for eight regions. From Table 5.1 it is apparent that the R-values for
Regions C, D, E, F,and I are quite high and range from 0.7742 to 0.9435, implying that these
models are satisfactorily adequate. However, for Regions G and H, these are 0.3706 and
0.6828, respectively, implying that the latter is fairly adequate. The R-values for Region A and
G are very poor. These lower values are attributed to the shorter length of flow series and
heterogeneous character of the catchments falling in these regions, a subject of future study.
Region B having only two data points forced to derive an average relation between mean
discharge and catchment area. Therefore, the model presented for Region B is also a subject of
future research studies.
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5.2.1 Performance Evaluation Approach
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The performance of Eq. 3 is evaluated using the observed flow data. As the number of
gauged catchments available for developing this relationship for most of the regions was very
less, it was not possible to discard any gauged catchment in validation of these regional
models. The accuracy of Eq. 3 is evaluated from the difference between the estimated and the
observed mean flows corresponding to different dependability levels, and so is with the
performance evaluation of the overall regional model (Eqgs. 3 and 4).

5.2.2 Validation on Selected Catchments

The adequacy of the developed regional models (Table 5.1) is illustrated for the gauged
catchments of Region C ,viz. Himachal Pradesh State. Since the number of gauged catchments
and the length of flow data series for most of the catchments are adequate for this region, the
performance can be evaluated with greater confidence. There are a total of 18 gauged
catchments in this region. For two gauged catchments, Bhabha Khad (Humta) and Bhabha
Khad (Wangtoo), the catchment areas were not available and, therefore, these were discarded
from performance evaluation and Chhor catchment was not considered because only 1-year
flow data were available. Though the other two catchments, Rana Khad and Sal, were
considered outliers as discussed above, they were considered in performance evaluation with
the exception of their likely showing larger variance from the model results. The remaining 13
catchments were considered and the observed mean flow and flow corresponding to the above
described dependability levels were computed. Table 5.4 shows observed flows, estimated
values of mean flow, and dependable flows corresponding to various reliability levels. The
percent errors in mean flow and dependable flow estimates are given in Table 5.5.

5.2.3 Performance of Eq. 4

From Table 5.5, it is apparent that the performance of Eq. 4 of the regional model used
for estimating mean flow has varied from one catchment to the other. The errors generally vary
from 10.72% to 18.1%, except for the Sainj catchment for which the error is -8.275% (near
10.72% in absolute sense), with an average value of 16.34 % showing satisfactory performance
in general. Simple models usually perform with the field data even less satisfactorily than the
present one. For example, the simple empirical dam break models (Froehlich, 1995) predict
peak magnitude with errors of even an order of magnitude. Another example worth citing is of
popular Soil Service's Curve Number Method (SCS-CN) (Mishra and Singh, 1998) that
converts precipitation to direct runoff given the physical characteristics of the catchment under
study. The SCS-CN method also predicts the direct runoff with errors similar to those of
simple formulations of dam break models.

5.2.4 Performance of Eq. 3

The performance of Eq. 3 can be evaluated from percent errors resulting from the
estimation of non-dimensional flows corresponding to different dependability levels (Table
5.5). The errors for dependability of 90 % range from 0.77 % to 7.72% with an average value
of 2.275 %, which is quite reasonably low, and for 50% dependability, the vary from 1.98%,
which is minimum, to 15.13%, a maximum, with an average of 5.35%, again a reasonable
value. In general, these errors hover around a value of 2.00 for dependability levels greater
than 60%. Therefore, it can be inferred that non-dimensional mean flows for an ungauged
catchment in this region can be estimated with an accuracy of about 12 % for any dependability
ranging from 60% to 90%.
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5.2.5 Performance of the Complete Model

The overall adequacy of the regional model is evaluated from percent errors (Table
5.5), as described above. The error for the dependability of 90% for different catchments
ranges from 0.627 % to 6.51 % with an average value of 1.863 %. There is only one catchment,
the Sainj catchment, for which these errors are more than exceptionally high, higher by an
order of magnitude from the errors from other catchments. For 12 catchments, the average
percent error is 1.476. For 50% dependability, these range between 1.629% which is
minimum, and 16.912 %, which is maximum. For all the catchments except for the Sainj, these
errors range between 0.627 % and 6.981%. In general, the dependable flows greater than 50 %
can be estimated with an error less than approximately 17%.

The above discussion reveals a reasonably satisfactory performance of the developed
simple regional approach. An improvement in its performance is feasible if the data length
(about 12 years in the present study) increases to a sufficient number of years, viz. about 20
years.
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6.0 ESTIMATION OF DEPENDABLE FLOWS FOR UNGAUGED
CATCHMENTS

Eq. 4 along with the parameters given in Table 5.2 yields flow estimates in terms of
mean flow in original domain [(Q/Qmean)p] corresponding to various levels of dependability
(D), as above, for each of the nine regions. For an ungauged catchment in a specific region,
this relation can be used to ascertain the non-dimensional flow for the desired level of
dependability. For a region of concern, Eq. 3 with its parameters (Table 5.1) can be used for
the estimation of mean flows of the ungauged catchments in this region. Employing this mean
flow in Eq. 4 yields flow estimates corresponding to the desired level of dependability for an
ungauged catchment. The physiographic characteristics of all the identified ungauged
catchments in the 13 States are given in Appendix III. The results in the form of flow estimates
for 25%, 50%, 60%, 75%, 80% and 90 % dependabilities and the estimated mean flow for all
the identified ungauged catchments of the 13 States are given in Appendix IV.
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7.0 DISCUSSION
7.1 DATA AVAILABILITY

The accuracy and validity of a regionalization procedure largely depends on the amount
and quality of observed data. Both the number of gauged locations within a region and the
length of observed data at each of these gauged locations need to be addressed while
developing a regional hydrological model. In general, the number of gauged locations should
be adequate enough to explain spatial variability of flow in the region. Similarly, the length of
data at each gauged location must be long enough to explain the temporal variability of the
process. For studying the lower portion of the flow duration curve for designing small hydro
power plants, the length of flow data of atleast 10 years is desirable.

For this study, however, the development of regional models for most of the 9 regions
covering the study areas of 13 States, has been accomplished using less satisfactory amount of
data. Only Region C (Himachal Pradesh) has just adequate data in terms of both the number of
gauged catchments and the length of data. Considering its small areal coverage, Region H
(Meghalaya) has a good amount of data, viz. the number of available gauged catchments is 7,
which may be treated as adequate. The length of flow records for 6 catchments out of total 7
catchments ranges between 5 and 11 years, which may be considered adequate. The Southern
part of Assam is taken to be a part of Region H which increases its areal coverage.

Though the length of data for available gauged catchments of Regions A and B
(covering the State of Jammu & Kashmir) is not too short, the number of gauged catchments is
only 7, which is not adequate. In fact, Region B (covering Leh and Kargil districts) has only 2
gauged catchments. Although there are 20 gauged catchments in Region D (Uttar Pradesh/
Uttaranchal) which are adequate in terms of number, the length of flow data for almost all the
catchments is not much satisfactory. Only 4 years of flow record for 10 out of 20 catchments is
available and for other 8 catchments, the number of years of flow record is even less. Similar
is the case for Region E (covering the State of Bihar/ Jharkhand) in which the total number of
gauged catchments is 22 which is adequate but 20 out of 22 catchments have only 3 or less
years of flow record which is not adequate. For Region F (covering the States of West Bengal
and Sikkim), the number of gauged catchments available is 7 which seems to be adequate
owing to a small areal coverage of the region. However, the length of flow record for 5 of
these catchments is only 1 year which is not sufficient. Similarly for Region G (covering the
States of Arunachal Pradesh and Northern part of Assam), the number of gauged catchments is
only 12 and 10 out of these have only 1 to 3 years of flow record, which is inadequate. For
Region I (covering the States of Manipur, Nagaland, Mizoram and Tripura), the total number
of gauged catchments is only 10 and 8 out of these have flow record ranging from 1 to 3 years.
Thus, the overall situation of the number of gauged catchments and length of flow record is
very poor. However, in view of the paucity of data, regional models have been developed for
the preliminary design of small hydro-power plants.

Another important aspect of data availability is the time interval. In an absolute sense,
for the analysis dealing with the small hydro power plants, the flow record at time intervals
smaller than a day is desirable. Nevertheless, a daily time interval is usually considered
adequate. In the present study, however, a large number of records are available at a ten- daily
interval and some of the records at monthly interval. These monthly values were dis-aggregated
using linear interpolation, which might have resulted in a loss of accuracy. It has been shown
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in the preceding chapter that the use of ten daily data instead of daily data will not significantly
affect the lower portion of flow duration curves. It is, therefore, assumed that the use of ten
daily flow values will not adversely affect the objective of this study.

Though the topographic maps for most of the gauged catchments in many of the regions
were obtained, the maps of some of the catchments in some regions were not available. For the
catchments for which the topographic maps were not available, the topographic characteristics
could not be delineated. However, the catchment area was available alongwith the flow
records. It has been used without any verification in the development of relationship between
mean flow and catchment area. Since the other physical characteristics like length of the main
channel, perimeter, elevations of highest and lowest points, etc. were not available for such
catchments, it was difficult to develop a regional model including these characteristics.

7.2 MODEL DEVELOPMENT

The approach in this study was to develop regional flow duration models for various
regions based on the physical characteristics of catchments like catchment area, perimeter,
length of main channel, elevation of highest and lowest points, etc. However, only catchment
area could only be included in the model development due to three reasons. The main reason
was of non-availability of topographic features for significant number of gauged catchments.
Secondly, for one or two regions for which the model development was based on these
characteristics, the developed model did not yield satisfactory models. Lastly, since the length
of data for individual gauged catchments was very short, it was decided to pool together all the
data within a region, after making them non-dimensional, to form a single data series for
obviating the need of relating the characteristics of flow data of individual catchments with
their catchment's physical characteristics. Only mean flow from a catchment, which was used
for making the flow record non-dimensional, was related to catchment area.

Since the development of regional flow duration models in this study, as discussed
earlier, was based on inadequate number of gauged catchments, it was not wise to completely
discard some of these gauged catchments for the purpose of model validation. Instead, the
model is attempted to test with the data of the catchments which have already been used while
developing the model. Though this approach can not be appreciated, it seems to be the only
preposition available for validating the developed regional models in view of the paucity of
data. The performance of this regionalisation procedure has been demonstrated using the data
of Region C. The simple formulation of developed regional model, however, yields higher
magnitude of errors in the estimation of non-dimensional flows and absolute flows for different
dependability levels.

7.3 MODEL APPLICATION

Regional flow duration models have been developed for nine regions covering study
areas of all 13 States of Himalayan region of the country using the available data in each
region. These models are expressed mathematically in the form of algebraic equations and also
graphically in the form of plots. Information regarding the availability of flows corresponding
to different levels of dependability for ungauged catchments in any of the 13 States may be
obtained very easily either analytically or graphically.
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8.0 CONCLUSIONS AND RECOMMENDATIONS

8.1

CONCLUSIONS

The major objective of this study was to develop regional flow duration models for the

study area of 13 States of the Himalayan region of the country. The developed regional flow
duration models can be employed for estimating dependable flows at an ungauged site in these
regions.
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Following conclusions are drawn from this study:

This study is perhaps the first of its kind which develops regional flow duration models
at least on this scale, for regions covering almost the entire width of the country form
Jammu & Kashmir in the west to all the North Eastern States in the east.

Regional flow duration models covering study areas of all the 13 Himalayan States of
the country may be employed for estimating the flows corresponding to any desired
level of dependability for any ungauged catchment within respective regions. The
adequacy of the model is found to be fairly satisfactory in the cases of the States of
Himachal Pradesh, West Bengal, Sikkim, South Assam, Meghalaya, Manipur,
Nagaland, Mizoram, Nagaland and Tripura. However, for the study areas of Jammu &
Kashmir and Uttar Pradeshand Uttaranchal, these models may be employed with a low
level of confidence. In the study areas of Bihar /Jharkhand and North Assam, the
models are just adequate and the confidence level is not very high.

The performance of the proposed regionalisation procedure is demonstrated by carrying
out an error analysis for Region C. The results of error analysis indicate moderate
magnitude of errors in flow estimates. It conforms with the expectation that a simple
modelling procedure yields higher magnitude of errors than a complex formulation
with more number of parameters does. Thus, the proposed regionalisation procedure
can be accepted for the estimation of the required low flow statistics.

Though these regional models except for the case of Himachal Pradesh West Bengal,
Sikkim and Meghalaya are based on weak data-bases in terms of number of gauged
stations within a region and the length of the data series at individual stations, they
would go a long way in drawing up the zonal plan for hydro-power prospecting in
different regions.

The hydrological response of an individual catchment greatly depends on the geologic
conditions and the type of source of runoff (glacier, snow, rain, or a combination of
these). Since the geologic information was not available at the catchment scale, it could
not be included in the model development. It is assumed that the geologic condition
within an individual region does not vary much, and therefore, will not be a significant
factor to have been accounted for. Furthermore, since the number of gauged
catchments in the individual regions is very less, it was not possible to develop runoff-
type-specific models for the type of source of runoff. Combination of all the gauged
catchments having different types of sources might have resulted in a higher model
variance in the cases of Jammu & Kashmir, Himachal Pradesh, Uttar Pradesh /
Uttaranchal, West Bengal, Sikkim, Arunachal Pradesh and North Assam.
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Owing to the paucity of flow data, the physiographic characteristics other than the
catchment area could not be included in the regional flow duration models. The
physiographic characteristics such as relief and length of catchments could have been
included in the model if the data situation were not so weak.

The flow estimate for any desired level of dependability for an ungauged catchment
within a region can be easily ascertained through either graphical or analytical means
presented in this report and, therefore, may prove handy.

RECOMMENDATIONS
It is recommended that :

More and more data be collected and included in the analysis for achieving an adequate
representation of flow statistics of the region as the situation of data availability for
some of the regions is very poor and for the other regions, it is not very good except
for the State of Himachal Pradesh.

The hydrological soil-response characteristics of catchments be ascertained atleast at a
resolution of 10 km® and included in the regional model so as to account for variable
hydrogeological conditions of the ungauged catchments.

A hydrological as well as geological information system be developed for the areas
having small hilly hydro-power potential. To that end, an adequate network of
hydrological gauging stations need to be commissioned. It is desirable that the gauging
network should include more number of catchments emanating runoff from snow,
glacier, or a combination. Relevant data from soil survey agencies need to be collected
and detailed investigations need to be planned at a fine resolution. This information
system will need to be continuously updated for yielding better data-base required for
design of hydro power systems in hilly regions of the country.

The regional flow duration models developed and estimates of flow statistics made in
this study are required to be updated as and when additional data are available.

Other regionalisation procedures may be formulated in case of availability of stronger
data-base, possibly including relief and length aspects of the catchments. These
procedures may be evaluated against the one presented in this study and improvements
may be incorporated in future.

It is important to estimate standard periods of record for various flow statistics in the
region. Estimates based on shorter periods need to be re-analyzed for the standard
period of record when data are available. This will also help derive correction factors
for the estimates derived from shorter length of records.
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APPENDIX III - PHYSIOGRAPHIC CHARACTERISTICS OF IDENTI-
FIED UNGAUGED CATCHMENTS

A number of sites are identified as propective small hydro-power sites in the study area
of all 13 States. In Jammu & Kashmir, Himachal Pradesh, Uttar Pradesh/ Uttaranchal , Bihar /
Jharkhand, West Bengal, Sikkim, Assam, Arunachal Pradesh, Meghalaya, Nagaland, Manipur,
Mizoram and Tripura, a total number of respectively 175, 404, 354, 37, 49, 42, 72, 299, 46,
50, 81, 33 and 6 sites are identified. The information regarding a total of 1648 potential small
hydro-power sites is compiled. Physiographic characteristics of each of these identified
catchments is given in this Appendix. These catchments are arranged in the order of the State
and alphabats. Name of the river and district is also given alongwith the name of the
catchment. The catchment is normally named after the stream on which the outlet is located.
Other useful information given is the latitude and longitude of the outlet and the number(s) of
the toposheet on which it is available. The latitude and longitude are normally expressed in
degrees, minutes, and seconds in integer form or given in degrees and minutes upto one
decimal place in some cases. The toposheet numbers are for the scale 1:50,000.

Topographic features like area, length of the main channel, perimeter, elevation of
highest and lowest points of the catchments are given. The area is in sq. km, length of the main
channel in km, perimeter in km, and elevations of highest and lowest points in meters with
respect to mean sea level.
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APPENDIX IV - FLOW  ESTIMATES CORRESPONDING TO
DIFFERENT DEPENDABILITY LEVELS FOR THE
IDENTIFIED UNGAUGED CATCHMENTS

For each of the 1648 identified prospective small hydro-power sites in different States,
flow estimates corresponding to different dependability levels are given in Appendix IV. The
catchment area has also been retained in these tables for the purpose of reference. The
estimated mean flows and the flows corresponding to dependability levels of 25%, 50%, 60 %,
75%, 80% and 90% are given for each catchment.
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