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Abstract : Estimation of flood frequencies and their magnitudes is needed for taking up various structural and
non-structural measures of water resources planning, development and management. Regional flood frequency
relationships are developed based on the L-moments approach. The annual maximum peak floods data are
screened using the Discordancy measure (D,) and homogeneity of the region is tested employing the L-moments
based heterogeneity measure (H). For computing heterogeneity measure H, 500 simulations are performed using
the Kappa distribution. Twelve frequency distributions namely Extreme value (EV1), Generalized extreme value
(GEV), Logistic (LOS), Generalized logistic (GLO), Normal (NOR), Generalized normal (GNO), Uniform
(UNF), Pearson Type-III (PE3), Exponential (EXP), Generalized Pareto (GPA), Kappa (KAP) and five parameter
Wakeby (WAK) are employed. Based on the L-moments ratio diagram and IZ™ -statistic criteria, PE3 is
identified as the robust frequency distribution for the study area. For estimation of floods of various return
periods for gauged catchments of the study area, the regional flood frequency relationship is developed using the
L-moments based PE3 distribution. Also, for estimation of floods of various return periods for ungauged
catchments, the regional flood frequency relationships developed for gauged catchments is coupled with the
regional relationship between mean annual maximum peak flood and catchment area.

INTRODUCTION method and regional flood frequency methods.
The choice of method depends on the design
criteria applicable to the structure and availability
of data. As per Indian design criteria, frequency
based floods find their applications in estimation
of design floods for almost all the types of
hydraulic structures viz. small size dams, barrages,
weirs, road and railway bridges, cross drainage
structures, flood control structures etc., excluding
large and intermediate size dams. For design of
large and intermediate size dams probable
maximum flood and standard project flood are
adopted, respectively (National Institute of

Information on flood magnitudes and their
frequencies is needed for design of various types
of hydraulic structures such as dams, spillways,
road and railway bridges, culverts, urban drainage
systems; as well as for taking up non-structural
measures such as flood plain zoning, economic
evaluation of flood protection projects etc. Chow
(1962) states that hundreds of different methods
have been used for estimating floods on small
drainage basins, mostinvolving arbitrary formulas.
Pilgrim and Cordery (1992) mention that estimation

of peak flows on small to medium-sized rural
drainage basins is probably the most common
application of flood estimation as well as being of
greatest overall economic importance. In almost
all cases, no observed data are available at the
design site, and little time can be spent on the
estimate, precluding use of other data in the region.
The authors further mention that the three most
widely used types of methods are the rational
method, the U.S. Soil Conservation Service
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Hydrology, 1992).

Some of the flood frequency analysis studies
include Landwehr et al. (1979), Hosking and Wallis
(1986), Hosking and Wallis (1988), Jin and
Stedinger (1989), Potter and Lettenmaier (1990),
Farquharson (1992), lacobellis and Fiorentino
(2000), Martins and Stedinger (2000), Peel et al.
(2001) etc. The studies carried out in India include
the studies performed jointly by Central Water
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Commission (CWC), Research Designs and
Standards Organization (RDSO) and India
Meteorological Department (IMD) using the
method based on synthetic unit hydrograph and
design rainfall considering physiographic and
meteorological characteristics for estimation of
design floods (e.g. CWC, 1985) and regional flood
frequency studies carried out by RDSO using the
United States Geological Survey (USGS) and
pooled curve methods (e.g. RDSO, 1991). Regional
flood frequency relationships were developed for
some of the regions based on the comparative
flood frequency studies using probability
weighted moment (PWM) methods, and the USGS
method (National Institute of Hydrology, 1996;
Kumar et al., 1999). In the present study, regional
flood frequency relationships have been
developed based on the L-moments approach for
estimation of floods of various return periods for
the gauged catchments of Subzone 3 (a) of India.

L-MOMENTSAPPROACH

L-moments are a recent development within
statistics (Hosking, 1990). In a wide range of
hydrologic applications, L-moments provide
simple and reasonably efficient estimators of
characteristics of hydrologic data and of a
distribution’s parameters (Stedinger et al., 1992).
L-moment methods are demonstrably superior to
those that have been used previously, and are
now being adopted by many organizations
worldwide (Hosking and Wallis, 1997). Zafirakou-
Koulouris et al. (1998) mention that like ordinary
product moments, L- moments summarize the
characteristics or shapes of theoretical probability
distributions and observed samples. Both moment
types offer measures of distributional location
(mean), scale (variance), skewness (shape), and
kurtosis (peakedness). The authors further
mention that L-moments offer significant
advantages over ordinary product moments,
especially for data sets, because of the following:

1. L-moment ratio estimators of location, scale
and shape are nearly unbiased, regardless
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of the probability distribution from which
the observations arise (Hosking, 1990).
L-moment ratio estimators such as L-
coefficient of variation, L-skewness, and L-
kurtosis can exhibit lower bias than
conventional product moment ratios,
especially for highly skewed samples.

The L-moment ratio estimators of L-
coefficient of variation and L-skewness do
not have bounds which depend on sample
size as do the ordinary product moment ratio
estimators of coefficient of variation and
skewness.

L-moment estimators are linear combinations
of the observations and thus are less
sensitive to the largest observations in a
sample than product moment estimators,
which square or cube the observations.
L-moment ratio diagrams are particularly
good at identifying the distributional
properties of highly skewed data, whereas
ordinary product moment diagrams are
almost useless for this task (Vogel and
Fennessey, 1993).

ii.

Hosking and Wallis (1997) state L-moments are an
alternative system of describing the shapes of
probability distributions. Historically they arose
as modifications of the probability weighted
moments (PWMs) of Greenwood et al. (1979).
Probability weighted moments are defined as:

Probability Weighted Moments and L.-Moments

B, :E[x{F(x) TJ (1)
which can be rewritten as:

. r
B, =[x(F)F'dF @)

0

where F = F(x) is the cumulative distribution func-
tion (CDF) for x, x(F) is the inverse CDF of x evalu-
ated at the probability F, andr=0,1,2, ..., isa
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nonnegative integer. When r=0, b, is equal to the
mean of the distribution i = E[x].

For any distribution the  L-moment 1 is related
to the r" PWM (Hosking, 1990) through

r k[T r+k
hesi= 2 Br(=1)
kA k

3

k=0

For example, the first four L-moments are related
to the PWMs using

l=b, (4
= 2b, -b, (5)
l,= 6b,-6b +b, (6)
I,=20b,-30b,+12b -b, (7)
Hosking (1990) defined L-moment ratios as:

L-coefficient of variation, L-CV (L) =,/1, (8)
L-coefficient of skewness, L-skew (t,)=1./1, (9)

L-coefficient of kurtosis, L-kurtosis (t 4)=l;t / l; (10)

Screening of Data Using Discordancy Measure
Test

The objective of screening of data is to check that
the data are appropriate for performing the regional
flood frequency analysis. In this study, screening
of the data was performed using the L-moments
based Discordancy measure (Da)' Hosking and
Wallis (1997) defined the Discordancy measure
(D,) considering if there are N sites in the group.
Letu =[t,” t” t,7]" be a vector containing the
sample L-moment ratios t,, t, and t, values for site
i, analogous to their regional values termed as t.,
t,, and t,, expressed in equations (8) to (10). T
denotes transposition of a vector or matrix. Let

= N
u=N " Xu;
-
be (unweighted) group average. The matrix of
sums of squares and cross products is defined as:

(11)

N = e
Ap = lE(Ui —u)(u; _U)T

=1

(12)
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The Discordancy measure for site i is defined as:

1 - - =
N —w)TA, 7 -w)

Di=

(13)

The site 1 is declared to be discordant, if D, is
greater than the critical value of the Discordancy
statistic D, given in a tabular form by Hosking and
Wallis (1997).

Test of Regional Homogeneity

For testing the regional homogeneity, a test
statistic H, termed as heterogeneity measure was
proposed by Hosking and Wallis (1993). It
compares the inter-site variations in sample L-
moments for the group of sites with what would
be expected of a homogeneous region. The inter-
site variation of L-moment ratio is measured as
the standard deviation (V) of the at-site L-CV’s
weighted proportionally to the record length at
each site. To establish what would be expected of
a homogeneous region, simulations are used. A
number of, say 500, data regions are generated
based on the regional weighted average statistics
using a four parameter distribution e.g. Kappa
distribution. The inter-site variation of each
generated region is computed and the mean (m )
and standard deviation (s ) of the computed inter-
site variation is obtained. Then, heterogeneity
measure H is computed as:

V-l
Oy

H= (14)

The criteria for assessing heterogeneity of a
region are: if H < |, the region is acceptably
homogeneous; if 1 £ H < 2, the region is possibly

heterogeneous; and If H* 2, the region is definitely
heterogeneous.

Identification of Robust Regional Frequency
Distribution

The choice of an appropriate frequency
distribution for a homogeneous region is made by
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comparing the moments of the distributions to the
average moments statistics from regional data. The
best fit distribution is determined by how well the
L-skewness and L-kurtosis of the fitted distribution
match the regional average L-skewness and L-
kurtosis of the observed data (Hosking, 1991). The
goodness-of-fit measure for a distribution, -
statistic defined by Hosking and Wallis (1993), is
expressed as:

(—_R _ glist)
pdist_ 1 "G/ (15)
1 Ggilst

1

Where, is the weighted regional average of L-
moment statistic i, and are the simulated regional
average and standard deviation of L-moment
statistics i, respectively, for a given distribution.
The fit is considered to be adequate if [l-statistic
is sufficiently close to zero, a reasonable criterion
being Il —statistic less than 1.64.

STUDY AREA AND DATA AVAILABILITY

The Subzone 3 (a) is traversed by the rivers Mahi,
Sabarmati, Saraswati and a large number of coastal
streams. The general elevation of this Subzone
varies from 0 to 600 m above mean sea level. This
Subzone lies in semi-arid region. Annual maximum
peak flood data of 10 gauging sites lying in
Subzone 3(a), varying over 11 to 33 years in record
length are available for study.

ANALYSIS AND DISCUSSION OF RESULTS

Regional flood frequency analysis was performed
using the various frequency distributions: viz.
Extreme value (EV1), General extreme value (GEV),
Logistic (LOS), Generalized logistic (GLO), Normal
(NOR), Generalized normal (GNO), Uniform (UNF),
Pearson Type-III (PE3), Exponential (EXP),
Generalized Pareto (GPA), Kappa (KAP), and five
parameter Wake by (WAK). Screening of the data,
testing of regional homogeneity, identification of
the regional distribution and development of
regional flood frequency relationship are described
below.
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Screening of Data Using Discordancy Measure
Test

Values of Discordancy measure have been
computed in terms of the L-moments for all the 10
gauging sites of Subzone 3 (a). It is observed that
the D, values for all the 10 sites vary from (.36 to
1.89 and are less than the critical D, value of 2.491.
Hence, as per the Discordancy measure test, data
of all the 10 sites may be utilised for carrying out
the flood frequency analysis.

The details of catchment area and sample statistics
for 10 sites are given in Table 1 along with
Discordancy measure (D,) values.

Test of Regional Homogeneity

The value of the heterogeneity measure (H) was
computed for Subzone 3 (a) by carrying out 500
simulations using the Kappa distribution utilising
the data of 10 gauging sites. Its value was
computed as 0.46. As this value of H is less than
1; hence, the Subzone 3 (a) comprising of 10 stream
flow gauging sites is found to be a homogenous
region.

Identification of Robust Regional Frequency
Distribution

The IZ?IMI —statistic is used as the best fit

criteria for identifying the robust distribution for
the study area. The regional average values of L-
skewness i.e. t, = 0.3268 and L-kurtosis i.e. t, =

0.1602 are obtained. The Z?'St —statistic for
various three parameter distributions is given in

Table 2. Tt is observed that the | Z:"“‘ | —statistic

values are lower than 1.64 for the three
distributions viz. PE (3), GPA and GNO. Further,
the | I-statistic is found to be the lowest for PE (3)
distribution i.e. 0.06; which is very close to 0.0.
Thus, based on the Il —statistic criteria, the PE (3)
distribution is identified as the robust distribution
for the Subzone 3 (a).The values of regional parameters
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Table 1. Catchment area and sample statistics for 10 bridge sites of Subzone 3 (a)

Regional Flood Frequency Analysis using L-moments for Mahi and Sabarmati Subzone 3(a)

Bridge | Catchment | Mean annual Standard | Coeffici- Coeffici- | Sample Discord-
number area peak flood deviation ent of ent of size ancy

(kml) ( m3/s) (mJIS) variation skewness (years) measure
(A) (6) V) (CV) (CS) (SS) (D)
253 48.43 189.68 119.78 0.631 0.682 19 0.36
334 18.44 75.59 87.79 1.161 3.160 17 1.20
5 230.00 352.72 416.40 1.181 1.688 18 1.89
99 144.50 258.14 176.69 0.684 0.837 21 1.72
945 231.11 212.07 181.75 0.857 0.963 14 0.53
26 1094.00 448.65 328.27 0.732 0.931 20 0.53
11 98.16 164.67 150.89 0.916 2.606 18 0.47
141 73.19 108.94 81.80 0.751 0.502 17 0.90
8 30.14 74.00 72.31 0.977 1.828 25 1.46
46 580.00 352.95 309.26 0.876 0.898 22 0.93

for the various distributions which have Il —statistic
value less than 1.64 are given in Table 3.

Development of Regional Flood Frequency
Relationship for Gauged Catchments As PE (3)
distribution has been identified as the robust
distribution for the study area; hence, regional
flood frequency relationships have been
developed using this distribution.

Pearson type-111 distribution (PE (3))

The inverse form of the PE (3) distribution is not
explicitly defined. Hosking and Wallis (1997)
mention that the Pearson type-III distribution
combines Gamma distributions (which have
positive skewness), reflected Gamma distributions
(which have negative skewness) and the normal

Table 2. Zidlst -statistic for various distributions for Subzone 3 (a)

S1. No. Distribution Z?m statistic
1 PE (3) -0.06
2 GPA -0.14
3 GNO 1.13
4 GEV 1.82
5 GLO 2.51

Table 3. Regional parameters for the various distributions for Subzone 3 (a)

Distribution Parameters of the distribution
PE (3) p=1.000 o =0.890 v=1.961
GPA € =0.099 a=0914 k=0.015
GNO £ =0.748 0= 0.651 k = -0.686
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distribution (which has zero skewness). The
authors parameterize the Pearson type-III
distribution by its first three conventional moments
viz. mean m, the standard deviation s, and the
skewness g. The relationship between these
parameters and those of the Gamma distribution
is as follows. Let X be a random variable with a
Pearson type-111 distribution with parameters m, s
and g. If g > 0, then X - m + 2 s/g has a Gamma
distribution with parameters a=4/g>, =sg/2.If g
= (), then X has normal distribution with mean m
and standard deviation, s. If g <0, then-X + m - 2
s/g has a Gamma distribution with parameters a =
4/g’, =¢g/2¢. If g1 0, leta=4/g’, b=¢s g/2¢, and
x=m-2s/gand G (.) is Gamma function. If g>0,
then the range of x is x £ x < p and the cumulative
distribution function is:

e

If g <0, then the range of x is -u < x £ x and the
cumulative distribution function is:

F(x) =1-G (a E-'[;" ]/r(a)

By substituting regional values of the PE (3)
distribution the growth factors given in Table 4
are computed. For estimation of floods of desired
return periods (Q,) for a small to moderate size
gauged catchment of Subzone 3 (a), the mean

r
-5

F(x) = G {a, . (16)

(17)

annual peak flood of the catchment (_6 ) may be
multiplied by the corresponding value of growth
factors(Q,/).

Regional Flood Frequency Relationship for
Ungauged Catchments

For estimation of T-year return period flood at a

site, the estimate for mean annual peak flood is
required. For ungauged catchments at-site mean
cannot be computed in absence of the observed
flow data. In such a situation, a relationship
between the mean annual peak flood of gauged
catchments in the region and their pertinent
physiographic and climatic characteristics is
needed for estimation of the mean annual peak
flood. Fig. 1 shows variation of mean annual peak
flood with catchment area for the study area. The
regional relationship developed for the region in
log domain using least squares approach based
on the data of 10 gauging sites is given below.

Q=20.818(A ) (18)

Where, A is the catchment area, in km? and 6 is

the mean annual peak flood in m*¥/s. For Eq. (18),
the coefficient of determination is, > =0.917.

The values of floods of various return periods for
ungauged catchments of the study area may be
estimated using the following equation, which has
been developed by coupling the regional flood
frequency relationship of estimation of floods of
various return periods for gauged catchments with
the regional relationship between mean annual
peak flood and catchment area (eq. 18).

QT C..[. (A )[5.457

Where, Q. is the flood estimate for T year return
period, C,. is the regional coefficient for T year
return period and A is the area of ungauged
catchment.

(19)

Floods of various return periods for ungauged
catchments may also be estimated using the equation
(19) and values of “C,"and “b” given in Table 5.

Table 4. Values of growth factors (Q./ Q ) for various distributions for Subzone 3 (a)

Return period (Years)

Distribution 2 [ 5 ] 10 ]

25 |

50 [ 100 [200 500 | 1000

Growth factors

PE3 0731 | 1446 | 1.788 [ 2.

200 [ 2493 | 4191 [ 4800 | 5.905 | 6.213
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Fig. 1. Variation of mean annual peak flood with catchment area for Subzone 3 (a)
Table 5. Values of regional coefficients *b’ and *C,’ for Subzone 3(a)
Coeff. Return Period (Years)
Gb’
2 | 10 | 25 [ 50 [ 100 [ 200 [ 500 [ 1000
Values of Cy
0457 | 15218 | 37.223| 45800 | 51.809 | 87.248 [ 99926 | 122.930 | 129342
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CONCLUSIONS

On the basis of this study following conclusions
are drawn.

L Screening of the data carried out using the
annual maximum peak flood data of the
Subzone 3 (a) employing the Discordancy
measure (D) test reveals that data of all the
10 gauging sites are suitable for regional
flood frequency analysis. The L-moment
based heterogeneity measure, ‘H' shows
that the data of all the 10 sites constitute a
homogeneous region.

1. Various distributions viz. EV1, GEV, LOS,
GLO, UNF, PE (3), NOR, GNO, EXP, GPA,
KAP and WAK have been employed.
Regional parameters of the distributions
have been estimated using the L-moments

approach. Based on the IZ?H}t |-statistic

criteria; PE (3) distribution has been
identified as the robust distribution for the
study area.

The developed regional flood frequency
relationships are especially useful for
estimation of floods of various return periods
for the catchments having inadequate or
short record length data.

For estimation of floods of various return
periods for ganged catchments of the study
area the mean annual peak flood of the
catchment may be multiplied by
corresponding values of the growth factors,
computed using the PE (3) distribution.

v.  For estimation of floods of various return
periods for ungauged catchments of the
study area the regional relationship
developed for the study area may be used.

As the regional flood frequency
relationships have been developed using
the data of catchments varying from 18.44

Vi
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km?® to 1094.00 km*in area; hence, these
relationships are be expected to provide
estimates of floods of various return periods
for catchments of the Subzone 3 (a), lying
nearly in the same range of areal extent. as
those of the input data.

vii.  For the regional relationship between mean
annual peak flood and catchment area the
value of coefficient of determination is
obtained as 0.917. Hence, this relationship
is able to explain a variance of 91.7% and
the flood frequency estimates of the
ungauged catchments are subject to the
error explained by this relationship.

viii. The regional flood frequency relationships may
be refined for obtaining more accurate flood
frequency estimates; when the data for some

more gauging sites become available.

REFERENCES

Central Water Commission.: 1985, ‘Flood
estimation for Middle Ganga Plain Subzone 1(f)’,
Report No. GP/10/1984, Directorate of Hydrology
(Small Catchments), New Delhi.

Chow, V. T.: 1962, ‘Hydrologic determination of
waterway areas for the design of drainage
structures in small drainage basins’, University
of lllinois, Eng. Exp. Sta. Bull., 462.

Farquharson, J.R.: 1992, ‘Regional flood
frequency analysis in arid and semi arid areas’, J.
Hydrol., 138(3 & 4), 487-501.

Greenwood, J.A., Landwehr, J.M., Matalas, N.C.
and Wallis, J.R.: 1979, ‘Probability weighted
moments: Definition and relation to parameters of

several distributions expressible in inverse form’,
Water Resour. Res., 15(5), 1049-1054.

Hosking, J.R.M. and Wallis, J.R.: 1986, ‘The
value of historical data in flood frequency
analysis’, Water Resour. Res., 22(11), 1606-1612.

Hosking, J.R.M. and Wallis, J.R.: 1988, ‘The
effect of intersite dependence on regional flood




- e ws

Regional Flood Frequency Analysis using L-moments for Mahi and Sabarmati Subzone 3(a)
- Rakesh Kumar, P. Mani, Manohar Arora Jagadish Patra and Archana Sarkar

frequency analysis’, Water Resour. Res., 24(4),
588-600.

Hosking, J. R. M.: 1990, ‘L-moments: Analysis
and estimation of distributions using linear
combinations of order statistics’, J. Royal Stat.
Soc., Series B, 52(2), 105-124.

Hosking, J. R. M.: 1991, ‘ Approximations for use
in constructing L-moment ratio diagrams’, Res.
Rep., RC-16635, 3, IBM Res. Div., T.J., Watson Res.
Cent., Yorktown Heights, N.Y.

Hosking, J.R.M. and Wallis, J.R.: 1993, ‘Some
statistics useful in regional frequency analysis’,
Water Resour. Res., 29(2), 271-281.

Hosking, J. R. M. and Wallis, J. R.: 1997,
‘Regional frequency analysis-an approach based
on L-moments’, Cambridge University Press, New
York.

Iacobellis V. and Fiorentino M.: 2000, ‘Derived
distribution of floods based on the concept of
partial area coverage with a climatic appeal’, Water
Resour. Res., 36(2), 469 - 482.

Jin, M. and Stedinger, J.R.: 1989, ‘Flood
frequency analysis with regional and historical
information’, Water Resour. Res., 25(5), 925-936.

Kumar, R. and Chatterjee, C.: 2005, “Regional
flood frequency analysis using L-moments for
North Brahmaputra Region of India”. Journal of
Hydrologic Engineering, American Society of Civil
Engineers, Vol. 10, No. 1, pp. 1-7.

Kumar, R., Singh, R.D. and Seth, S.M.: 1999,
‘Regional flood formulas for seven Subzones of
Zone 3 of India’, J. of Hydrol. Eng., ASCE, 4(3),
240-244.

Landwehr, J.M., Matalas, N.C. and Wallis, J.R.:
1979, ‘Probability weighted moments compared
with some traditional techniques of estimating
Gumbel parameters and quantiles’, Water Resour.
Res., 15(6), 1055-1064.

Martins E.S. and Stedinger, J.R.: 2000,

‘Generalised maximum-likelihood generalised

453

extreme-value quantile estimators for hydrologic
data’, Water Resour. Res., 36(3), 737 - 744.

National Institute of Hydrology.: 1992,
‘Hydrologic design criteria’, Course Material of
Regional Course on Project Hydrology, Roorkee.

National Institute of Hydrology.: 1996,
‘Development of regional flood frequency
relationships and flood formulae for various
Subzones of Zone 3 of India’, TR(BR)-149,
Roorkee.

Peel, M.C., Wang, Q. J., Vogel, R.M. and
McMahon, T.A.: 2001, ‘The utility of L-moment
ratio diagrams for selecting a regional probability
distribution’, Hydrol. Sci. J., 46(1), 147-156.

Pilgrim, D. H. and Cordery, L: 1992, ‘Flood
runoff’, in Handbook of Hydrology, edited by D.
R. Maidment, Chapter 9, Mc Graw-Hill, Inc., New
York.

Potter K.W. and Lettenmaier D.P.; 1990, ‘A
comparison of regional flood frequency estimation
methods using resampling method’, Water Resour.
Res., 26,415-424.

Research Design and Standards Organization.:
1991, ‘Estimation of design discharge based on
regional flood frequency approach for Subzones
3 (a), 3 (b), 3 (c) and 3 (e)’, Bridges and Floods
Wing Report No. 20, Lucknow.

Stedinger, J. R., Vogel, R. M. and Foufoula-
Georgiou, E.: 1992, ‘Frequency analysis of
extreme events’, in Handbook of Hydrology, ed.
D.R. Maidment, Chap.18, Mc Graw-Hill, Inc., N.Y.

Vogel R. M. and Fennessey, N. M.: 1993, ‘L-
moments should replace product moments
diagrams’, Water Resour. Res., 29(6), 1745-1752.

Zafirakou-Koulouris, A., Vogel, R. M., Craig, S.M.
and Habermeier, J.: 1998, ‘L. moment diagrams
for censored observations’, Water Resour. Res.,
34(5), 1241-1249.



