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PREFACE

This report presents a comprehensive hydrological assessment integrating regionalization
techniques and frequency analysis methods to improve the understanding of water resources
variability and extremes. The study focuses on two main objectives i.e. (i) Developing regional
relationships for (surface) water availability analysis and (ii) Development of at site and
regional flood frequency analysis using L Moments. Additionally, the study also investigates
the (a) Development of at site and regional rainfall frequency analysis using L moments, (b)
Development of regional relationships for Nash and Clark IUH models parameters and (c)
Impact of climate change on flood estimates. Together, these components provide a robust

framework for analyzing hydrological behavior across ungauged and sparsely gauged basins.

Regionalization of FDCs plays a crucial role in estimating flow characteristics at ungauged
locations by transferring information from hydrologically similar basins. This approach
supports water resource planning, ecological flow assessment, and drought management.
Complementing this, the application of L-moment-based regional flood frequency analysis
ensures reliable estimation of design floods by addressing data limitations and reducing the
influence of outliers. The use of L-moments provides a statistically robust alternative to

conventional moment methods, particularly for heterogeneous hydrological regions.

The report further explores extreme rainfall frequency analysis using L-moments, which is
essential for understanding precipitation extremes and their implications for flood risk,
infrastructure design, climate resilience and supports improved hydrological modeling. In
addition, the regionalization of Clark and Nash GIUH models is undertaken to derive unit
hydrographs based on basin geomorphology. This enables the estimation of runoff responses
in ungauged catchments, contributing to efficient watershed management and flood estimation.
The inclusion of trend analysis of annual maximum floods provides insights into the impacts
of climatic variability and land-use changes on flood behavior over time.

Overall, this report aims to integrate advanced statistical and hydrological techniques to support
sustainable water resources management. The findings are expected to be valuable for
researchers, engineers, and policymakers engaged in hydrological planning, risk assessment,
and climate adaptation strategies. The study group includes Sanjay Kumar, Sc E; Rakesh
Kumar, Sc G; J. P. Patra, Sc C and Pankaj Mani, Sc E.



EXECUTIVE SUMMARY

This report presents a comprehensive hydrological investigation focusing on regionalization
techniques and frequency analysis methods to improve the estimation of hydrological variables
in both gauged and ungauged basins. The study is structured to address key components in a
systematic manner, beginning with the regionalization of Flow Duration Curves (FDCs),
followed by regional flood frequency analysis using L-moments, extreme rainfall frequency
assessment, regionalization of geomorphological unit hydrographs, and concluding with trend
analysis of annual maximum floods.

The first component of the study examines various approaches for the regionalization of Flow
Duration Curves, emphasizing their importance in estimating streamflow characteristics where
observed data are limited or unavailable. Three distinct methods are evaluated, including
regionalization of distribution parameters at individual sites, regionalization at the basin scale,
and direct regionalization of dependable flows. Given that many practical water resource
applications require only specific dependable flows rather than the entire FDC, the study
prioritizes the regionalization of flows corresponding to selected exceedance probabilities.
Using hydrological and physiographic data from multiple gauging sites in the lower Godavari
basin, empirical relationships are developed for flows corresponding to different dependability
levels. The results demonstrate that these regional relationships provide reasonably accurate
flow estimates, thereby supporting their application in planning and design contexts .

The second part of the report focuses on regional flood frequency analysis using the L-moment
approach. A rigorous data screening process is carried out using discordancy measures,
followed by homogeneity testing based on L-moment statistics. The analysis identifies a
homogeneous group of catchments suitable for regional modeling. Several probability
distributions are evaluated using L-moment ratio diagrams and statistical goodness-of-fit
measures. Among these, the Generalized Extreme Value (GEV) distribution is found to provide
the most reliable representation of flood behavior in the study region. Regional relationships
are then developed to estimate floods for various return periods, both for gauged and ungauged
catchments, by linking flood characteristics with basin attributes such as catchment area. This
approach enhances prediction reliability while reducing uncertainty associated with limited
data availability .

The study also incorporates an analysis of extreme rainfall using L-moments, recognizing the
growing importance of precipitation extremes under changing climatic conditions. Variations
in rainfall intensity, frequency, and distribution are assessed in the context of increasing
atmospheric temperatures and greenhouse gas concentrations. These changes have significant
implications for flood generation processes and water resource systems, particularly in
vulnerable regions. The regional frequency analysis of rainfall extremes supports improved
estimation of design rainfall and contributes to more resilient infrastructure planning and flood
risk management strategies .

i



Another important aspect of the report is the regionalization of the Geomorphological
Instantaneous Unit Hydrograph (GIUH) based on Clark and Nash models. The GIUH approach
utilizes catchment geomorphological characteristics derived through GIS tools to estimate
runoff response. The developed model is applied to multiple rainfall-runoff events, and its
performance is evaluated against observed hydrographs as well as established hydrological
models. The results indicate that the GIUH-based approach is capable of simulating direct
surface runoff with satisfactory accuracy, making it particularly useful for ungauged basins
where conventional calibration is not feasible.

Finally, the report investigates trends in annual maximum flood series to assess the influence
of climatic variability and large-scale atmospheric phenomena. Both parametric and non-
parametric statistical methods are applied to detect trends over long-term data records. While
the results indicate no statistically significant trends at the chosen confidence level, the analysis
provides valuable insights into the variability of flood behavior. Additionally, the relationship
between annual maximum floods and climate indices such as the El Nifio—Southern Oscillation
(ENSO) is explored to improve understanding of flood predictability.

Overall, the study integrates regionalization techniques, L-moment-based statistical methods,
and geomorphological modeling to develop reliable tools for hydrological analysis. The
findings contribute to improved estimation of hydrological extremes and support effective
water resources planning, infrastructure design, and risk management in data-scarce regions.

11



CHAPTER 1

REGIONAL RELATIONSHIPS FOR WATER AVAILABILITY
ANALYSIS

1. INTRODUCTION

Information about stream flow characteristics (such as catchment yield, peak discharge, low
flows etc.) are required for planning and management of water resources. The temporal
variability of these characteristics evaluated as frequency of occurrence or return period
provides inputs for the safe and cost effective engineering design of projects/hydraulics
structures. The flow duration curve has been identified as one of the most important descriptor
of stream flow variability and find number of applications in engineering hydrology (Foster,
1934; Barrows, 1943; Searcy, 1959; Chow, 1964; Riggs, 1982; Gupta, 1989). A Flow Duration
Curve (FDC) is a graphical representation of the relationship between a given stream discharge
and the percentage of time this discharge is equalled or exceeded and it is an important
signature of the hydrologic response of the catchment. The FDCs may be easily developed for
sites having adequate records of stream flow however, for ungauged sites or sites having
inadequate flow data the regional flow duration curves are developed and utilized for the
estimation of available water resources (Mimikou and Kaemaki, 1985; Fennessey and Vogel,
1990; Krasovskaia et al., 2006; Pugliese et al., 2016).

Development of regional relationships for the prediction of the FDC in (partially) gauged and
ungauged basins has been an area of active hydrological research for years (Singh, 1971;
Fennessey and Vogel, 1990; Castellarin et al., 2013). The International Association of
Hydrological Science (IAHS) also launched an initiative for Prediction in Ungauged Basins
(PUB) (Sivapalan et al. 2003) because of widespread use of prediction of FDCs in water
resources engineering. Regional model proposed in the literature follow a variety of different
approaches and conceptualization. These has been detailed by Castellarin et al. (2013, 2004).
Dimensionless flow duration curve (DFDC) provides a starting point for regionalization of the
FDC. For regionalization two step approach is utilized i.e. identification of homogeneous
regions and use of multiple regression. Size of the basin and length of the main river are
generally used in regression (Krasovskaia, et al., 2006). This indicates the dependence of the
FDC on spatial scale, an aspect that will be further explored in the paper. Fennessey and Vogel,
(1990) employed regional regression to predict daily FDC in ungauged basin. Farmer et al.
(2014) also employed regional multiple regression to predict an estimate of the logarithmically
transferred quantiles as a function of basin characteristics. Geostatistical techniques were also
employed to predict stream flow indices in ungauged basins (Castiglioni et al. 2009; Archfield
et al. 2013). Such techniques use kriging methods and do not require identification of

homogeneous regions.



Regional regression is one of the most common used techniques for the prediction of FDCs at
ungauged sites (Castellarin et al., 2013; Farmer and Vogel, 2013). At its simplest, regional
regression treats the continuous FDC as discrete points. Farmer et al. (2014) discretise the FDC
into 27 quantiles, with duration of 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 25, 30, 40, 50, 60,
70 75, 80, 90, 95, 98, 99, 99.5, 99.8, 99.9, 99.95 and 99.98 percent and a log-linear regression
model was developed for each duration using a range of basin characteristics. This study, also
uses regional regression to predict flows corresponding to different duration. The methodology
used is described below along with the other commonly used techniques for regionalization of

flow duration curve.

2. LITERATURE REVIEW

The development of regionalization techniques for FDCs has evolved over time, with early
studies focusing on statistical and regression-based approaches. These methods establish
empirical relationships between FDC characteristics, such as flow quantiles, and catchment
descriptors including drainage area, precipitation, slope, and land use. Regression-based
models remain among the most widely applied techniques due to their simplicity and ease of
implementation. Studies have demonstrated that while simple models based on drainage area
can provide initial estimates, incorporating multiple physiographic and climatic variables
significantly improves predictive performance (Yu et al., 2002; Li et al., 2010).

Another important class of regionalization methods is the index flow or dimensionless curve
approach. In this framework, observed FDCs are normalized using a characteristic flow
parameter, typically the mean or median flow, to produce dimensionless curves. These
normalized curves are assumed to be similar within a homogeneous region and can be scaled
using the index flow to estimate site-specific FDCs. Castellarin et al. (2004) demonstrated the
effectiveness of this approach when combined with appropriate regionalization of the index

flow parameter.

The identification of homogeneous regions is a critical prerequisite for successful
regionalization. Cluster analysis and catchment classification techniques are widely employed
to group basins based on similarity in hydrological response, climatic conditions, and
physiographic characteristics. Studies have shown that regionalization performance improves
significantly when catchments are classified into homogeneous groups prior to model
development (Yadav et al., 2007; Boscarello et al., 2015).

Parametric approaches represent another important category of FDC regionalization
techniques. These methods involve fitting theoretical probability distributions, such as
lognormal, exponential, or generalized Pareto distributions, to observed FDCs and
subsequently regionalizing the parameters of these distributions. Parametric models provide



smooth and continuous representations of FDCs and are particularly useful for extrapolation.
However, their effectiveness depends on the flexibility of the chosen distribution to capture the
variability of flow regimes across different catchments (Sadegh et al., 2016).

In addition to parametric methods, non-parametric approaches have also been developed to
estimate FDCs without assuming a predefined functional form. These methods rely on
empirical relationships and data-driven techniques to estimate flow quantiles directly. Ganora
et al. (2009) introduced a non-parametric framework for regionalizing FDCs in ungauged
basins. Similarly, geostatistical approaches such as Top-kriging have been applied to estimate
FDCs by interpolating flow characteristics across spatially distributed catchments (Pugliese et
al., 2016).

The shape of FDCs is strongly influenced by climatic and physiographic factors, including
precipitation patterns, evapotranspiration, geology, and catchment storage characteristics.
Climate seasonality plays a particularly important role, as regions with pronounced wet and
dry seasons tend to exhibit steep FDCs reflecting high variability in streamflow. Geological
characteristics, such as permeability and groundwater storage capacity, influence baseflow
contributions and thus affect the low-flow portion of the curve (Cheng et al., 2012; Ye et al.,
2012).

Despite significant advancements, several challenges remain in the regionalization of FDCs.
Data scarcity continues to be a major limitation, particularly in regions with limited
hydrological observations. In addition, uncertainties associated with model structure,
parameter estimation, and input data can significantly affect the reliability of regional
predictions. Castellarin et al. (2004) emphasized the importance of using validation techniques
such as jackknife and bootstrap methods to assess model robustness. Another challenge is the
transferability of regional models across different regions, as models developed in one climatic
or physiographic setting may not perform well in others.

Recent research indicates a growing interest in integrating process-based understanding with
statistical approaches to improve FDC regionalization. Hybrid methods that combine empirical
relationships with hydrological insights are increasingly being explored. Furthermore, there is
a growing recognition of the need to incorporate the impacts of climate variability and land-
use change into regionalization frameworks, as these factors significantly influence streamflow
regimes. Over time, methodologies have evolved from simple regression-based models to more
sophisticated approaches incorporating clustering, parametric modeling, and geostatistical
techniques. While considerable progress has been made, challenges related to data availability,
uncertainty, and model transferability persist. Future research should focus on integrating
physical process understanding with advanced statistical methods to develop more robust and

reliable regionalization frameworks.



3. METHODOLGY

Numerous methods exist to predict specific stream flow statistics in ungaged basins (see
Thomas and Benson, 1970, and Ries I1I, 2007, Bhunya et al. 2013, for a summary), however
this section explains three commonly used methods for prediction of flows in ungauged
catchments based on the available rainfall-runoff records for the gauged catchments of the
region which is considered to be hydro-meteorologically homogeneous. These methods are

explained below:

3.1 Regionalisation of the parameters of chosen probability distribution
for individual gauged sites

Theoretically any distribution may be fitted to linearize the flow duration curve and best fit
distribution may be chosen for further application. The parameters of the best fitted distribution
may be estimated for the gauged catchments of the region and the regional relationships may
be developed relating the distribution parameters with the physiographic and climatological
characteristics of the basin. This involves developing the different relationships for the region
using linear regression approach wherein the parameters of the distribution are considered as
dependable variable (one at a time) and physiographic and/or climatological factors as
independent variable(s). These relationships are then used to estimate the parameters of the
selected distribution for the ungauged catchment

For example, if the normal distribution is fitted to develop the flow duration curve for gauged

catchments of the region, the parameters 0 and G, may be related with their catchment

characteristics. Typical forms of such equations for 0 and o are given as:

Q = CilogA (1)
— G
g =0, + - 2)

where O = mean of the flow series (parameter of normal distribution;
oo = standard deviation of the flow series (parameter of normal distribution)

A = Catchment area,
H = Basin Relief, and
C1,Ca,and C3 = the constants.

These constants are evaluated using simple linear regression approach from the data of gauged
catchments.



3.2 Regionalisation of the parameters of a chosen probability distribution
derived for the region as a whole

Many times, either adequate flow records for gauged catchments are not available or number
of gauged catchments are limited. This makes the development of regional flow duration curve
using method explained in section 2.1 erroneous. Under these circumstances it is considered
appropriate to make all the flow data values of individual sites non-dimensional by dividing it
by the mean of the flow occurring at that site. The non-dimensionalised flow data series of all
the gauged sites are clubbed together to provide a simple series representing the region. While
clubbing them together, it is presumed that these non-dimensional flow series for each gauging
site in the region is a sample drawn from the same population. A single series, thus obtained,
for the region may be analysed and a chosen probability distribution may be fitted. It results in
the parameters of the distribution which may be considered as the regional parameters. These
parameters may be used to get the non-dimensionalised flow for any level of dependability. In
order to develop the flow duration curve for an ungauged catchment, the estimate for mean
flow is required. It may be multiplied by the non-dimensional flow values for having the
required flow duration curve. It necessitates the development of a regional relationship for the
mean flow relating the values of the mean flows of the gauged catchments with their catchment

characteristics as depicted in Eqn. (3) below.
Q=adb 3)

where, O = mean flow for different sites;

A = catchment area of the respective sites
a & b = constants for the region to be evaluated using linear regression approach.

33 Regionalisation of the dependable flows

The evaluation of dependable flows corresponding to the limited number of probability of
exceedances does not requires to develop the complete flow duration curve for ungauged basin.
In such situations the dependable flows itself may be regionalised rather than regionalising the
flow duration curve. For the accuracy of this method adequate number of gauging sites having
the flow series of the specific duration for a sufficiently long period are required. However,
under the inadequate data situation method explained either in section 2.1 or section 2.2 may
be used to regionalise the flow duration curves. The forms of the typical regional relationships
for 50% and 90% dependable flows are given below:

Qs0 = a1AaZHa3 4)

90 = 1711‘1b21‘1b3 Q)



where, Qso and Qoo are the 50% and 90% dependable flows respectively. A and H represent the
catchment area and relief respectively. ai,a»,a3,b1,b2,and bs are the constants to be evaluated by
using linear regression approach.

4. STUDY AREA AND DATA

The discharge data of different gauging sites in lower Godavari basin is used for regionalization
of dependable flows. Fig 1 shows the lower Godavari basin and locations of various CWC
gauging sites (CWC 2014). Table 1 provides the details of the lower Godavari basin and its
various rivers. The annual dependable flow data at different sites provided in the CWC report
(2018) is considered for regional regression analysis. The average annual catchment rainfall is
also considered wherever it is available. Table 2 provides the descriptive statistics and other
details of the data for 14 gauging sites in the lower Godavari basin.

Table 1: Details of Lower Godavari basin

Name of River Elevation of Length Catchment Aver.Annual
Source (MSL) | (km) Area (sq km) | Rainfall (mm)

Lower Godavari (Pranhita 107 462 24869 1208

Confluence to Sea)

Indravati 914 535 41655 1588

Sabari 1372 418 20427 1433
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Fig. 1: Lower Godavari Basin (CWC Report, 2014)



Table 2: Statistics of annual flows at 14 sites, catchment area and annual rainfall

Catchment
Catchment
. Mean Annual
S.N. Site Name SD Cv Skew Area (A) )
(MCM) Rainfall
Km2
(mm)

1 Ambabal 849.50 331.62 0.39 0.94 1968 1387
2 Cherribeda 777.60 389.01 0.50 0.52 890 1387
3 Chindnar 9240.40 | 3392.61 0.37 0.21 17270 1450
4 Perur 75833.70 | 36921.64 | 0.49 0.64 268200 1015
5 Polavaram 89271.40 | 38364.77 | 0.43 0.03 307800 1082
6 Sangam 255.70 135.53 0.53 0.51 1565 1015
7 Saradaput 5202.70 1703.26 0.33 0.00 3047 1700
8 Sonarpal 702.50 226.50 0.32 0.43 1523 1433
9 Tumnar 1328.90 | 532.74 0.40 -0.06 1700 1450
10 Bhadrachalam | 71501.0 | 37896.26 | 0.53 0.99 280505 1150
11 Somanpally 1112.50 850.60 0.76 0.63 12691 -
12 Pathagudem 24896.30 | 9317.51 0.37 0.21 40000 -
13 Konta 16491.70 | 5196.24 0.32 -0.57 19550 -
14 Kosagumda 1164.30 598.07 0.51 2.0 1635 -

5. RESULTS AND DISCUSSION

Regional regression relationships are developed considering data given in Table 2. The
catchment area and annual catchment rainfall are considered as independent variables, whereas
dependable flow corresponding to different probability of exceedance (CWC Report, 2018) are
considered as dependent variable as explained in section 2.3. A total of 14 sites has been
considered for developing regional regression relationships for the dependable flows
corresponding to 10%, 25%, 50 % 75% and 90%. Data from first nine gauging sites in the table
are utilized for developing the regional dependable relationships. The data of the last five sites
has been used for validation. An investigation of dependable variable (Qp) and explanatory
variable (catchment area (A) and rainfall (P)) shows that catchment area captures the variation
in dependable flows corresponding to different probability of exceedance compared to normal
catchment rainfall. However, both the explanatory variables together explain the variation in
the dependable flows better compared to catchment area alone. Accordingly, only two type of
regional relationships are developed, which includes regional relationships considering
explanatory variable as (i) catchment area only, and (i1) catchment and rainfall together. The
coefficient of these regional relationships and corresponding coefficient of determination (R?)
are show in Table 3. It shows R? for regional relationships when only catchment area is



considered as independent variable varying from 0.85 to 0.92. The R? for the regional
relationship when both the explanatory variables i.e. catchment area (A) and catchment

Table 3: Regional relationship between dependable flows with basin area and catchment

rainfall

z Relationship with area (A) Relationship with area and rainfall

= Q=214 {Qe=a1 AP

]

o=

i Coefficients R? Coefficients R?

D

a

loga, a loga, az a3

10 % 0.34 0.89 0.92 -10.31 1.03 3.24 0.97
25% 0.24 0.88 0.90 -12.24 1.06 3.80 0.96
50% 0.10 0.89 0.90 -12.86 1.06 3.94 0.97
75% -0.07 0.89 0.90 -13.37 1.07 4.04 0.98
90% -0.12 0.85 0.85 -18.81 1.11 5.68 0.97

rainfall (P) are considered varied from 0.96 to 0.98. This shows that the relationships are better
explained when both the explanatory variable are considered in the regional relationships.
However, as a single independent variable catchment area (A) better explains the regional
relationships. Results shows that the relationship has been improved with additional
independent variable catchment rainfall. The validation (for five sites) is considered only for
high flow (10% dependable flows) as some of the sites are seasonal. The R? value of 0.82 is

estimated for the validation considering catchment area only.
6. CONCLUSIONS

The study discusses the three different methods of regionalization and argued that since most
of the engineering planning and design requires information about water availability
corresponding to some specific dependable flows such as 10%, 25%, 50 % 75%, 90%, regional
relationships based on dependable flows provides an efficient way to estimates water
availability rather than deriving the full flow duration curve. This saves additional computation
efforts and can also be readily used for various design purposes. Results also show that as
compared to relationships developed using only catchment area as independent variable,
relationships having both catchment area and catchment rainfall as independent variable
perform better.
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CHAPTER 2

REGIONAL FLOOD FREQUENCY ANALYSIS USING L MOMENTS

1 INTRODUCTION

Estimation of design flood is one of the important components of planning, design and operation
of water resources projects. Information on flood magnitudes and their frequencies is needed for
design of hydraulic structures such as dams, spillways, road and railway bridges, culverts, urban
drainage systems, flood plain zoning, economic evaluation of flood protection projects etc.
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. Different methods have been used for estimating floods on small drainage basins. The
three most widely used types of methods are the rational method, the U.S. Soil Conservation
Service 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 (NIH, 1992).

In India, a number of studies have been carried out for estimation of design floods for
various structures by different organizations. Prominent among these include the studies carried
out jointly by Central Water 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 USGS and pooled curve methods (e.g. RDSO, 1991) for some of the
hydrometeorological Subzones of India. But, most of the regional flood frequency analysis
studies carried out in India are based on the conventional approaches. L-moments of a random
variable were first introduced by Hosking (1986). Hosking and Wallis (1997) described the L-
moments approach in regional frequency analysis. 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 and ungauged catchments of the Lower Godavari basin
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subzone 3(f).

2 LITERATURE REVIEW

Regional Flood Frequency Analysis (RFFA) using L-moments has become a widely accepted
approach for estimating design floods, particularly in ungauged or data-scarce basins. L-
moments, defined as linear combinations of order statistics, provide reliable measures of
variability, skewness, and kurtosis, and are less sensitive to outliers compared to conventional
moments (Hosking, 1990). Over the period, extensive research has highlighted the effectiveness
of L-moment-based techniques in improving the reliability of regional flood estimation.

A critical step in RFFA is the identification of homogeneous regions. The framework developed
by Hosking and Wallis (1997) has been widely applied, incorporating statistical measures such as
discordancy and heterogeneity to ensure regional consistency. Several studies have successfully
utilized this approach in diverse hydrological settings. For example, Yang et al. (2010)
demonstrated the applicability of L-moments in capturing spatial variability in large river basins.
Similarly, Aydogan et al. (2016) and Alam et al. (2016) reported that L-moment-based methods
provide more consistent and reliable regionalization results compared to traditional moment-
based approaches.

Another important aspect of L-moment-based RFFA is the selection of suitable probability
distributions. L-moment ratio diagrams are commonly used to identify appropriate distributions
such as the Generalized Extreme Value (GEV), Generalized Pareto (GPA), and Generalized
Logistic (GLO) distributions. Drissia et al. (2019) observed that the suitability of these
distributions depends on regional hydrological characteristics, with GPA and GLO often
providing better fits in certain conditions. Supporting studies conducted in various climatic
regions, including semi-arid and monsoon-dominated basins, have also emphasized the
robustness of L-moments in distribution selection and parameter estimation (Haddad et al., 2012;
Saf, 2009).

The index flood method plays a central role in regional analysis, allowing normalization of flood
data and development of regional growth curves. Cassalho et al. (2018) demonstrated that
combining L-moments with the index flood approach significantly improves the accuracy of
flood predictions. Furthermore, Hailegeorgis and Alfredsen (2017) showed that L-moment-based
regional models effectively reduce uncertainty in ungauged basins by incorporating spatial
variability into the analysis.

Recent developments have focused on integrating L-moment techniques with advanced statistical
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and computational approaches. Requena et al. (2017) and Lee and Kim (2019) explored hybrid
methods combining L-moments with simulation and data-driven models, leading to improved
flood estimation performance. Additionally, studies by Khan et al. (2010) and Mesbahzadeh et
al. (2019) confirmed the applicability of L-moment-based RFFA in diverse hydrological
conditions, including arid and developing regions. These advancements demonstrate the
flexibility and robustness of L-moments in addressing complex hydrological challenges. Overall,
the literature establishes that L-moment-based RFFA is a powerful and efficient tool for regional
flood estimation. Its ability to ensure homogeneity, support appropriate distribution selection,
and reduce uncertainty makes it highly valuable for hydrological design, flood risk assessment,
and water resources planning (Hailegeorgis et al., 2017).

3 STUDY AREA AND DATA AVAILABILITY

The Lower Godavari Basin, situated in the downstream reaches of the Godavari River in Andhra
Pradesh, India, extends approximately between latitudes 15°30'N to 17°00'N and longitudes
80°00'E to 82°30'E, covering the extensive Godavari delta before it drains into the Bay of
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Fig 1: Lower Godavari Basin Subzone 3f

Bengal. The region is characterized by flat alluvial plains, fertile deltaic deposits, and a complex

13



network of distributaries that support intensive agricultural activities. It experiences a tropical
monsoon climate, with a mean annual rainfall of about 1000-1200 mm, most of which occurs
during the southwest monsoon (June—September), along with additional contributions from
northeast monsoon and cyclonic events. Due to its low-lying topography and coastal proximity,
the basin is highly prone to flooding, storm surges, and cyclones. The hydrology of the basin is
strongly influenced by upstream flows, reservoir operations, and monsoonal variability, making
it an important region for flood frequency studies and water resources planning.

RDSO (1991) provides annual peak flood data varying over the period 1957 to 1989 for 115
bridge sites of the 7 hydrometeorologically homogeneous sub-zones of the 3. Accordingly, the
area off each sub-zone, number of bridges sites for which data are available, range of catchment
are of various bridge site, range of mean annual peak flood and record of length for various sub-
zones are summarised in RDSO(1991). This information related to Sub-Zone 3f, Lower Godavari
basin are as follows:

Tablel: Salient features of sub-zone 3f Lower Godavari Basin

Subzone Area Km? No. of | Range of | Range of peak | Range of
bridge sites | catchment annual flood | record
area (km?) (m%) length
(years)
3f 174201 19 35.0-824.0 | 77.75-1212.83 | 14-29

This information has been updated based on the information available with CWC annual reports
for Lower Godavari basin for further analysis. These has been detailed in Section 5.

4 METHODOLOGY: L-MOMENTS APPROACH

L-moments of a random variable were first introduced by Hosking (1986). They are analogous to
the conventional moments, but are estimated as linear combinations of order statistics. Hosking
and Wallis (1997) state that 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). 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). The details of methodology for
application of the L-moments approach in flood frequency analysis have been described by
Hosking and Wallis (1997).
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5 ANALYSIS AND DISCUSSION OF RESULTS

Screening of the data, testing of regional homogeneity, identification of the regional distribution
and development of regional flood frequency relationships for gauged and ungauged catchments
are described below.

5.1 Screening of Data using Discordancy Measure Test

The objective of the discordancy measure (D;) test (Hosking and Wallis, 1997) is to identify
those sites from a group of given sites that are grossly discordant with the group as a whole.
Values of discordancy measure have been computed in terms of the L-moments for all the sites
selected for Subzone 3(f). It is observed that the D; values for all these sites are less than the
critical D; value of 2.757. Hence, as per the discordancy measure test, data of all the sites may be
utilised for carrying out the flood frequency analysis. The details of each site and their L-
moments and discordancy statistics are given in Table 2.

Table 2: L-Moments and discordancy measures

Catchment | Mean L- L- .
Stream Area Annual | Sample L-CV | skew | kurtosis | Discordancy
CREME] (em?) peak (Ysel;is) @ | @) | @) | Statistic
(m’/s) (D3
184 364 344.48 29 0.3879 | 0.2106 [ 0.1462 0.34
57 163 189.39 28 0.2567 | 0.1229 [ 0.1154 1.02
973/1 362 505.04 28 0.3414 [ 0.06 0.0323 0.6
912/1 137 404.86 29 0.4042 | 0.2779 | 0.1095 0.94
20 60 204.71 28 0.33351 0.0219 | 0.0529 1.02
4 50 237.97 29 0.2834 | 0.1236 | 0.0878 0.75
214 35 77.75 24 0.2813 | 0.246 0.2389 1.25
51 87 206.68 25 0.2802 | 0.0747 | 0.1428 1.35
807/1 824 1212.8 23 0.373 [ 0.1823 [ 0.0663 0.63
228 483 1075.3 22 0.3827 | 0.2806 [ 0.1172 0.93
15 459 854.91 23 0.3767 | 0.1968 0.117 0.11
881/1 158 307.78 23 0.2855 1 0.0763 0.099 0.59
875/1 751 778.1 21 0.4119 | 0.0773 0.003 1.56
161 53 93.882 17 0.2992 1 0.3648 | 0.2329 2.03
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36 139 170.8 15 0.415 [ 0.3185 0.2357 1.43
224 750 687.36 14 0.4067 | 0.3365 | 0.2431 1.18
65 731 725.13 15 0.4147 | 0.4224 | 0.2557 1.27

The heterogeneity measure for Subzone 3(f) using available data at sites was computed and the
same was found to be less than 1.0. Thus, the sites of the region comprising of 17 sites was
identified as the homogenous region.

5.3 Identification of Regional Frequency Distribution

The choice of an appropriate frequency distribution for a homogeneous region is made by
comparing the moments of the distributions to the average moments statistics from regional data.
The aim of goodness-of-fit measure or the behaviour analysis is to identify a distribution that fits
the observed data acceptably closely. The goodness of fit is judged 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. In this study, the L-moment ratio diagram and Z*' have been used as

goodness of fit measures for identifying the regional distribution. The L-moment ratio diagram
based on approximations provided by Hosking (1991) has been used to identify the suitable
regional flood frequency distribution. As shown in Fig. 2, the GEV distribution lies closest to the
point defined by the regional average values of L-skewness and L-kurtosis, and the same is

identified as the regional distribution.
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Fig 2: L moment ratio diagram for Lower Godavari Basin Sub-zone (3f)
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Based on the Z%! —statistic for the various three parameter it is observed that the Z4 —statistic
value is lowest for Pearson Type III (PE3), hence Pearson Type III (PE3) is the best fit
distribution considering ZiDist statistics and L- Moments. Thus, the L-moment ratio diagram as
well as Z4st —statistic criteria ascertain that the PE3 distribution is the robust distribution for
Subzone 3(f).

5.4  Development of Regional Flood Frequency Relationship for Gauged Catchments
As PE3 distribution has been identified the robust distribution for the study area; hence, regional
flood frequency relationships have been developed using this distribution. The form of the
regional frequency relationship for PE3 distribution is expressed as:

)

T

=u+oy; 6]

ol

Here, Qr is T-year return period flood estimate, u and o are the parameters of the PE3
distribution and Y is PE reduced variate corresponding to T-year return period i.e.

yr = {1 _ {—h{l—;j}k] /< @)

For estimation of flood of desired return period for a small to moderate size gauged catchment of
Subzone 3(f), the above regional flood frequency relationship may be used. Alternatively, floods
of various return periods may also be obtained by multiplying the mean annual peak flood of the

catchment (6) by the corresponding value of growth factors given in Table 3.

Table 3: Values of growth factors (Qr/ 6) for various distributions for Subzone 1(f)

Distribution Return Period
2 10 25 50 100 200 500 1000

Growth Factor
PE3 0.89 1.85 2.31 2.64 2.95 3.26 3.66 3.96
GNO 0.89 1.83 2.31 2.67 3.02 3.38 3.87 4.24
GEV 0.89 1.83 2.32 2.68 3.05 3.42 3.92 4.30
WAK 0.90 1.84 2.31 2.64 2.96 3.28 3.67 3.95
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5.5 Development of Regional Relationship between Mean Annual Peak Flood and
Catchment Area

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 can not 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. As catchment areas (A) of the various bridge sites
were the only physiographic characteristics available; hence, a regional relationship has been

developed in terms of catchment area for estimation of mean annual peak flood (6) for

ungauged catchments. This relationship is shown in Fig. 3 below:
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Fig 2: Relationship between catchment area and Qmean for Lower Godavari Basin

The regional relationship between Q and A developed for the region as shown in Fig 3 using

least squares approach (R?=0.93) is given below.
0=13.62(4)"" 3)

Where, A is the catchment area, in km? and 6 is the mean annual peak flood in m?/s.
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5.6 Development of Regional Flood Frequency Relationship for Ungauged
Catchments

For development of regional flood frequency relationship for estimation of floods of various

return periods for ungauged catchments, the regional flood frequency relationship given in

equation (1) has been coupled with the regional relationship between mean annual peak flood

and catchment area, given in equation (3) and following regional frequency relationship has been

developed.

O, =[u+ay,]*13.624 (4)

Here, Qr is flood estimate in m*/s for T year return period, and A is catchment area in km?, u and
a are distribution parameters.

6 RAINFALL FREQUENCY ANALSIS

Extreme rainfall frequency analysis is critically important in hydrology and water resources
management because it helps quantify the probability and magnitude of rare but high-impact
rainfall events. By estimating return periods of extreme precipitation, this analysis supports
the design of hydraulic structures such as dams, spillways, drainage systems, and urban
stormwater networks, ensuring they can safely withstand intense storms. It also plays a vital
role in flood risk assessment, disaster preparedness, and climate change adaptation by
identifying trends and potential increases in rainfall extremes. Furthermore, extreme rainfall
frequency analysis aids in developing early warning systems and sustainable land-use
planning, thereby minimizing loss of life, infrastructure damage, and economic disruption in
vulnerable regions.

In the study annual one-day maximum rainfall is used for rainfall frequency analysis. The
gridded IMD data has been used to extract the annual one-day maximum rainfall in the lower
Godavari basin at several gauging sites as shown in the Fig. below. The L-Moment statistics of
these gauging sites are given in Table 5.
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Table S: L-Moment Statistics of annual one day maximum rainfall

Site Name L-1 L-2 L-CV  |L-skew |L-Kurt [Di(2.14) CC
Ambabal 106.59  21.51 0.20 0.15 0.13 1.47

Cherribeda  [101.53 [21.21 0.21 0.22 0.15 0.02

Chindnar 96.42 18.52 0.19 0.23 0.17 0.00 o
Perur 108.47  |25.93 0.24 0.27 0.17 0.36 i
Sangum 107.77 [24.11 0.22 0.26 0.17 0.20 g

Saradaput 122.67 [27.44 0.22 0.27 0.17 0.37 e

Sonarpal 105.54  [23.07 0.22 0.2 0.17 0.21

Tumnar 104.51 [21.64 0.21 0.24 0.21 0.02

The following frequency distribution are used for frequency analysis of one day maximum
rainfall. Three statistical tests namely Kolmogorov-Smirnov (K-S Test), Anderson-Darling and
Chi-Squared (y2 Test) are used to test the fit statistics of five different distributions at 95%
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confidence level (a = 0.05). The parameter of these distributions are shown in Table 6.

(1) Generalised Extreme Value (GEV)
(1) Generalised Logistic (GL)
(i11)) Log-Pearson 3 (LP3)

Table 6: Distribution and their parameters

Distribution and their Parameters
Site Name Gensll; z;ljze(d Gl;lgx\t;‘eme Generalised Logistic (GL) |Log-Pearson 3 (LP3)
K c 1) K c 1} (1] B Y
Ambabal -0.03 31.86 89.10 0.15 20.71 | 101.30 | 197.32 | -0.03 9.73
Cherribeda 0.07 28.57 82.94 0.22 19.63 94.19 |1008.50| 0.01 -7.21
Chindnar 0.16 31.70 84.47 0.27 22.85 97.22 | 24.48 0.08 2.56
Perur 0.16 31.70 | 84.47 0.27 22.85 | 97.22 | 24.48 0.08 2.56
Sangum 0.14 30.11 85.68 0.26 21.49 97.74 | 22.60 0.08 2.77
Saradaput 0.15 33.72 | 97.34 0.27 2425 | 110.88 | 25.39 0.08 2.79
Sonarpal 0.05 31.65 | 85.57 0.20 21.52 | 97.97 [20854.00, 0.00 -51.95
Tumnar 0.10 28.13 | 85.11 0.24 19.68 | 96.28 | 60.52 0.05 1.74

7 CONCLUSIONS

The regional flood frequency analysis based on L moment approach has been carried out for
lower Godavari basin subzone 3f using L moment approach. The L moment approach ahs also
been used for extreme rainfall frequency analysis in the basin. Based on the L-moment ratio
diagram and Z%*' —statistic criteria; PE3 distribution has been identified as robust distribution for
the study area. For estimation of floods of various return periods for gauged catchments of the
study area, either the developed regional flood frequency relationship may be used or the mean
annual peak flood of the catchment may be multiplied by corresponding values of the growth
factors, computed using the PE3 distribution. For estimation of floods of desired return periods
for ungauged catchments of the study area, the regional flood frequency relationship developed
for ungauged catchments, its graphical representation or tabular form may be used.

As the regional flood frequency relationship have been developed using the data of catchments
varying size in area; these relationships may be expected to provide estimates of floods of various
return periods for the catchments of the Subzone 3 (f), lying nearly in the same range of areal
extent, as those of the input data. The extreme rainfall frequency analysis has been carried out for

21



annual one day maximum rainfall using L moment. The parameters of three distributions (GEV,
GP, LP3) have been estimated, and their fit statistics have been estimated based on different fit
criterion.
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CHAPTER 3

DEVELOPMENT OF REGIONAL RELATIONSHIPS FOR NASH AND
CLARK IUH MODELS PARAMETERS

1 INTRODUCTION

For planning, development and operation of various water resources schemes estimation of
runoff response from the ungauged catchments has been an important subject of research in the
sphere of surface water hydrology. The conventional techniques of derivation of unit hydrograph
(UH) require historical rainfall-runoff data. Due to the obvious reasons, adequate runoff data are
not generally available for many of the small and medium size catchments. Indirect inferences
through regionalisation are sought for such types of the ungauged catchments. Many times this
task of regionalisation becomes very tedious and in certain cases even impossible. The research
in the field of fluvial geomorphology has recently picked up and it offers some great
opportunities in solving many of the problems facing the hydrologists today. As a first step in the
direction of using geomorphologic characteristics with the conviction that the search for a
theoretical coupling of quantitative geomorphology and hydrology is an area which will provide
some of the most exiting and basic developments of hydrology in the future, the concept of
geomorphologic instantaneous unit hydrograph (GIUH) was introduced by Rodriguez-Iturbe and
Valdes (1979). The GIUH approach has many advantages over the regionalization techniques as
it avoids the requirement of flow data and computations for the neighboring gauged catchments
in the region as well as updating of the parameters. Another advantage of the GIUH approach is
the potential of deriving the UH using only the information obtainable from topographic maps or
remote sensing, possibly linked with geographic information system (GIS) and digital elevation
model (DEM). Further, Bhaskar et al. (1997) mention that global atmospheric changes have been
responsible for bringing about changes in rainfall patterns. In addition to these, land use changes
within the catchment can have significant impact on runoff characteristics. Thus linking of the
geomorphologic parameters with the hydrologic characteristics of the basin can provide a simple
way to understand the hydrologic behavior of different catchments, particularly the ungauged
ones. The objectives of the present study are (i) to derive GIUH from the geomorphological
characteristics of a catchment by relating the GIUH to the parameters of the Clark instantaneous
unit hydrograph (IUH) model (Clark 1945) for deriving its complete shape, (ii) to evaluate the
geomorphological characteristics of the catchment required for derivation of the GIUH by
employing GIS, and (iii) to compare the observed and simulated flood events using the GIUH
based Clark model, the Clark IUH option of the HEC-1 package (HEC-1 1990) as well as the
original Nash [TUH model (Nash 1957) for evaluating the performance of the GIUH approach.
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2 LITERATURE REVIEW

The GIUH theory was introduced by Rodriguez-Iturbe and Valdes (1979) by relating IUH peak and
time to peak with geomorphologic characteristics of the catchment and a dynamic parameter
velocity. In the GIUH based approach, a unifying synthesis of the hydrological response of a
catchment to surface runoff was attempted by linking ITUH with the geomorphological
parameters of a catchment. Equations of general character were derived which express the ITUH
as a function of Horton's order ratios (Horton 1945). The expressions were given as:

q, = 131 R{P V/Lg )

tp = 0.4 (Lo / VIR , R ) (R ) @)

where q, = peak flow in units of inverse h, t, = time to peak in h, Rg = bifurcation ratio, Ry =
length ratio and Ra = area ratio given by the Horton's laws of stream numbers, lengths and areas
respectively (Horton 1945), Lo = length in km of the highest order stream, and V = dynamic
parameter velocity in m/s. On multiplying eq. (1) and (2) a non-dimensional term qp* t, as
mentioned below is obtained.

qp*tp = 0.5764 (R /RA)" R (3)

The term qp*t, 1s not dependent on the velocity and thereby on the storm characteristics and
hence it is a function of only the geomorphological characteristics of the catchment. In the
derivation of GIUH one of the difficulties involved is the estimation of peak velocity. This is a
parameter that must be evaluated for each flood event. Rodriguez-Iturbe et al. (1982) rationalized
that velocity must be a function of the effective rainfall intensity and duration and proceeded to
eliminate velocity from the results. It leads to the development of geomorphoclimatic
instantaneous unit hydrograph. The governing equations consist of the terms such as the mean
effective rainfall intensity, Manning's roughness coefficient, average width and slope of the
highest order stream. Rosso (1984) related the Horton's order ratios to the parameters of Nash [UH
model on the basis of geomrphologic model catchment response. Rosso derived the parameters of
Nash IUH model through power regression. Zelazinski (1986) gave a procedure for estimating the
flow velocity which involves development of a relationship between the velocity and
corresponding peak discharge. A methodology based on trial and error procedures has been
suggested for estimating the maximum value of the velocity for each flood event. Bhaskar et al.
(1997) derived the GIUH from the watershed geomorphological characteristics and then related
it to the parameters of the Nash [UH model. Several studies have integrated GIUH with
conceptual unit hydrograph models such as the Nash and Clark models to improve runoff
prediction accuracy and parameter estimation. For instance, Sahoo and Saritha (2015)
demonstrated the applicability of a GIUH-based Nash model for flood estimation in ungauged
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basins, achieving reliable simulation performance. Similarly, Bamufleh et al. (2020) developed a
hybrid framework combining GIUH with both Clark and Nash models, highlighting improved
hydrograph prediction through geomorphological parameterization. Earlier contributions by
Adib et al. (2010) laid the foundation for incorporating GIUH into conceptual rainfall-runoff
models, while Sabzevari and Noroozpour (2014) emphasized the role of basin geomorphology in
enhancing model reliability. More recent advancements by Chen et al. (2019) further explored
improvements in GIUH parameterization and its integration with established hydrological
models. Collectively, these studies underline the importance of GIUH-based Clark and Nash
models as robust tools for hydrological assessment, particularly in data-scarce regions.

The model parameters of the GIUH and the Nash IUH model were derived using two different
approaches. In the first approach the rainfall intensity during each time interval is allowed to
vary; whereas, in the second approach rainfall intensity is averaged over the entire storm period.
In this study, the GIUH has been derived from the geomorphological characteristics of a
catchment by relating the GIUH to the parameters of the Clark IUH model for deriving its
complete shape.

3 METHODOLOGY
The subsections below explain the methodology

3.1 DEVELOPMENT OF GIUH BASED CLARK MODEL

The Clark TUH model is based on the concept that [UH can be derived by routing the unit
excess-rainfall in the form of a time area diagram through a single linear reservoir. For the
derivation of IUH the Clark model uses two parameters viz. time of concentration (T¢) in h and
storage coefficient (R) in h, of a single linear reservoir in addition to the time-area diagram. The
governing equation of the Clark IUH model is expressed as:

ui = CL;+(1-C)ujg 4)

where u; = ith ordinate of the IUH, C and (1-C) = the routing coefficients, and C = At/ (R +
0.5 At), At = computational interval in h, I; = ith ordinate of the time-area diagram. A unit
hydrograph of desired duration (D) may be derived using the following equation.

1
U; = H(O.S L0 FRP ol | R oh | E O +u;_;+05u;) ®))

where U; = ith ordinate of unit hydrograph of D-hour duration and computational interval At
hours, n = number of computational intervals in D-hours = D/At, and u; = ith ordinate of the I[UH.
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Development of the GIUH based Clark model involves development of relationship
between equilibrium velocity and excess-rainfall intensity and a procedure for derivation of unit
hydrograph using the GIUH based Clark Model. Two approaches either of which may be applied
based on the availability of river cross-sectional details of the ungauged catchment and the
procedure developed for derivation of unit hydrograph using the GIUH based Clark model are as
follows:

3.1.1 Relationship between Equilibrium Velocity and Excess-Rainfall
Intensity - Approach-I

This approach may be utilized when the geometric properties of the cross-section of the gauging
site are known and the value of Manning's roughness coefficient can be adopted with an
adequate degree of accuracy. The steps involved in this approach are: (i) Compute cross-
sectional area (A), wetted perimeter (P) and hydraulic radius (R) on the basis of cross-sectional
details corresponding to different depths of flow. (ii) Assume the frictional slope to be equal to
the bed slope of the channel. (iii) Choose an appropriate value of Manning's roughness
coefficient (n) from the values given in literature (e.g. Chow, 1964) for various surface
conditions of the channel. (iv) Compute the discharge (Q) using the Manning's formula
corresponding to each depth. (v) Plot depth versus discharge and depth versus cross-sectional
area curves. (vi) Compute the equilibrium discharge (Qe) corresponding to an excess-rainfall
intensity (i mm/h) using the relation:

Q. = 02778 i A, (6)

where A. is catchment area in km?. (vii) Compute the depth corresponding to the equilibrium
discharge (Qe) using the depth versus discharge curve. (viii) Compute the area corresponding to
the depth computed at step (vii) using the depth versus area curve. (ix) Compute the velocity (V)
by dividing the discharge (Qc) by the area computed at step (viii). (x) Repeat steps (vi) to (ix) to
find velocity with respect to different intensities of excess-rainfall (e.g., 1, 2, 3, 4 mm/hr etc.).
(x1) Develop the relationship between velocity and excess-rainfall obtained at step (x) in the
form: V =ai®, using method of least squares. Here, a and b are the regression coefficients.

3.1.2 Relationship between Equilibrium Velocity and Excess-Rainfall
Intensity - Approach-I1

This approach is based on the assumption that the value of the Manning's roughness
coefficient is not available but the velocities corresponding to discharges passing through the
gauging section at different depths of water flow are known from the observations. This
approach though requires information on discharges and velocities at the gauging site, but it does
not necessarily mean that it can be applied for the gauged catchments only. For the ungauged
catchments also, this information may be easily obtained by gauging the stream intermittently for
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all ranges of depth of flow. This type of information may be gathered without incurring much
cost and effort. The steps involved in this approach are: (i) For different depths of flow the
discharges and the corresponding velocities are known by observation. (ii) Let these velocities
and discharges be the equilibrium velocities Ve and the corresponding equilibrium discharges Q..
(ii1)) For these Q. values, find the corresponding intensities of excess-rainfall (i) from the
following expression:

i=Q./(02778 Ac) (7

(iv) From the pairs of such V. and i develop the relationship between the equilibrium velocity
and the excess-rainfall intensity in the form: V. = a i® , using method of least squares.

3.2 Derivation of Unit Hydrograph using the GIUH Based Clark Model

The steps involved in derivation of unit hydrograph of a specific duration using the GIUH based
Clark model approach are: (i) Compute the excess-rainfall hyetograph either by uniform loss rate
procedure or by Soil Conservation Service — curve number (SCS-CN) method (“Hydrology”
1985) or by any other suitable method. (ii) Estimate the peak velocity (V) for a given storm using
the highest excess-rainfall utilizing the relationship between velocity and intensity of excess-
rainfall (as explained above). (iii) Compute the time of concentration (T. ) using the equation:

T = 0.2778L/V (8)

where L = length of the main channel, and V = the peak velocity in m/s. (iv) Using T¢, compute
time-area diagram of the catchment at each computational time interval employing the
non-dimensional relation between cumulative isochronal area and the percent time of travel. (v)
Compute the peak discharge (qp) of IUH given by equation (1). (vi) Compute the values of
storage coefficient R, using a non-linear optimization procedure, so that peak of the IUH
estimated by the Clark model is equal to q, computed in Step (v). (vii) Compute [UH using the
GIUH based Clark model with the help of final values of storage coefficient (R) as computed in
the step (vi), time of concentration (T.) and the time-area diagram. (viii) Compute the D-hour
UH using the relationship between IUH and UH of D-hour. (ix) For estimation of DSRO
hydrograph convolute the excess-rainfall hyetograph with the unit hydrograph obtained in Step
(viii).

4 STUDY AREA
The GIUH based Clark model described in the previous section has been applied to the
catchment defined by bridge number 807 of Lower Godavari basin lying in Central India. Its
catchment area is 824.70 km? and length of main stream is 64.25 km. It receives most of its
rainfall from the south-west monsoon during the four months of June to September. It is sub-
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humid region having mean annual rainfall varying between 1000 mm to 1600 mm. The average
annual temperature varies from 25° C to 27.5° C over the study area. The broad soil groups in
the study area are red soils. The red soils are further classified into red sandy, red loamy, and
red yellow soils. Black soils are classified as deep black, medium black and shallow black soils.
More than 50% of the area is covered by forests and only 25% of the area is arable land.

5 GEOMORPHOLOGIC CHARACTERISTICS USING GIS

In application of the GIUH approach, some of the important geomorphological characteristics
are required to be evaluated from the toposheets. It is extremely difficult to manually derive the
geomorphological characteristics from toposheets. Thus, it discourages the users from adopting
the GIUH approach. However, now a day’s geographical information system (GIS) software
(open source as well as commercial) are available for derivation of these characteristics in a
simplified manner. In this study, the geomorphologic characteristics of the study area have been
evaluated using the GIS software, as described below

The boundary of the catchment, stream network and contours have been mapped using DEM
and digitized maps (in the scale of 1:50,000). Length of each stream is computed by default and
stored in the table along with the order of each stream. The Strahler’s ordering scheme was
followed for ordering of the river network (Strahler 1957). Fig. 1 shows drainage network map
of the study area for the six order streams of the catchment. Table 1 provides the
geomorphological characteristics viz. stream numbers, length, average length and average areas
for streams of various orders for the study area. The geomorphological parameters viz. Rg =
4.366, R = 1.664, Ra = 4.362 were computed graphically by plotting N, Lw, and Ay versus
order of the streams and estimating slope of the best fit lines. In the present study, the length of
the highest order i.e. the sixth order stream is measured as 3.027 km. As the total length of the
main river is 64.25 km, hence, it has been considered appropriate to use the average length of the
fifth and sixth order as Lo which is computed as 19.40 km. This is because the length of the sixth
order stream is too small to govern the process of generation of runoff for this catchment and the
significance of the mean length of the next highest order viz. fifth order streams needs to be
account for
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FIG. 1. Stream Network Map of the Catchment Defined by Bridge No. 807

TABLE 1. Geomorphological Characteristics of the Catchment
defined by Bridge number 807 for Various Orders of Streams

Order Total Total length | Mean stream Mean
of number of of streams length Stream area
stream streams (km) (km) (km?)
(1) 2) 3) 4) (3
1 1163 893.100 0.768 0.520
2 299 347.300 1.162 2.272
3 63 179.200 2.844 9.916
4 18 96.372 5.353 43.284
5 2 71.557 35.778 188.930
6 1 3.027 3.027 824.700

For the catchment under study T is computed as 10 h. Using GIS, relative time of travel at
various locations over the catchment was progressively computed, starting from the gauging
site of the catchment. All the values of time of travels for each stream were then marked on the
map of the catchment and these points were transferred in the digital form. Using interpolation
technique a map of time distribution was drawn through these points. From the time distribution
map values, a map at an interval of 1-h was prepared. For preparing time area diagram of the
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catchment, the area for each time interval was measured and these values were tabulated. Fig. 2
illustrates time area diagram of the study area.

FIG. 2. Time Area Diagram of the Catchment Defined by Bridge No. 807

6 ANALYSIS AND DISCUSSION OF RESULTS

The DSRO hydrographs computed using the GIUH based Clark model have been compared with
the observed DSRO hydrographs as well as with the DSRO hydrographs computed using the
Clark IUH model option of the HEC-1 package and Nash IUH model. Some of the commonly
used error functions have been evaluated for the GIUH based Clark model, HEC-1 package and
the Nash TUH model based on the observed and the computed DSRO hydrographs. As the
geometric properties of the gauging section and the value of Manning's roughness coefficient as
well as the velocities corresponding to discharges passing through the gauging section at
different depths of water flow were not available for the gauging site of the catchment under
study, the two approaches of estimation of the velocity discussed above could not be applied in
this study. Instead, the model was run by adopting the peak velocity of 2.75 m/s, which is based
on the information obtained from the field engineers about the normally prevailing velocity at the
gauging site, during the occurrence of the type of rainfall-runoff storms which have been
considered in this study. The parameters of the Clark I[UH model option of HEC-1 and the
original Nash IUH model have been estimated using the historical data of all seven rainfall-
runoff events by taking the geometric mean of the parameters derived for the remaining six out
of the seven rainfall-runoff events each time by excluding the rainfall-runoff event whose
excess-rainfall hyetograph has been used for convolution with the unit hydrograph and observed
DSRO hydrograph has been used for comparing the computed DSRO hydrographs, derived by

31



the aforementioned geometric mean parameter values. For example, the geometric mean values
of the Clark and Nash IUH models for convolution with the excess-rainfall data of the first
rainfall-runoff event have been computed by taking the geometric mean of the parameters
derived for the nine rainfall-runoff events viz., Event No. 2 to Event No. 7; thus, excluding the
parameter values obtained for the first event. The values of the parameters for all the seven
individual rainfall-runoff events and the geometric mean parameter values for the original Clark
and Nash IUH models derived from historical data are given in Table 2.

TABLE 2. Values of Parameters for Individual Storms and Mean Parameters for Clark
and Nash IUH Models Derived from Historical Data

Event Clark model of IUH (HEC-1 package) Nash IUH model
number
For individual Geometric mean™ For individual Geometric mean*
storm storm
T R T R n K n K
(1) (2 3) (4 (5) (6) () (8) (€]
1 6.08 2.50 2.86 2.36 4.02 1.35 3.55 1.17
2 3.89 1.60 3.09 2.54 5.31 0.70 3.39 1.31
3 2.88 2.50 3.24 2.36 3.44 1.18 3.65 1.20
4 3.91 1.41 3.08 2.59 3.93 0.82 3.57 1.28
5 2.45 2.77 3.33 2.32 2.74 1.46 3.79 1.16
6 4.90 2.97 2.97 2.29 7.62 0.76 3.19 1.29
7 1.05 3.71 3.84 2.21 1.34 3.48 4.27 1.00

*Geometric mean values based of the parameters Tc and R of the remaining storms.

The values of R and T for the GIUH based Clark model have been estimated as 1.16 h and 6.49
h respectively. For the HEC-1 package the arithmetic mean values of R and T. for the seven
events are 2.49 h and 3.59 h and their standard deviations are 0.79 h and 1.65 h respectively. The
lower and upper 95% confidence limits of R for the HEC-1 package are computed as 1.19 h and
3.79 h and lower and upper 95% confidence limit of T. are computed as 0.88 h and 6.30 h
respectively. The value of R for the GIUH based Clark model is well within 95% confidence
limits and the value of T¢ is quite close to the 95% confidence limits of Clark IUH model option
of the HEC-1 package.

6.1 Comparison of Observed and Computed DSRO Hydrographs

The DSRO hydrographs computed by the GIUH based Clark model have been compared with
the observed DSRO hydrographs as well as with the DSRO hydrographs computed by the Clark
ITUH model option of the HEC-1 package and the Nash IUH model as shown in Fig. 4 through
Fig. 6. The values of peak discharge and time to peak of the DSRO hydrographs for the ten

rainfall-runoff events are given in Table 3.
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Table 3. Peak Discharge and Time to Peak of Observed and Computed DSRO
Hydrographs for the Various Rainfall-Runoff Events

Event Observed GIUH HEC-1 NASH

number Qp Tp Qp Tp Qp Tp Qp Tp
(m?/s) (h) (m?/s) (h) (m?/s) (h) (m?/s) (h)
(1) (2) (3) (4) (5) (6) (7 (8) 9)
1 360.3 7 460.5 6 492.5 3 450.4 4

2 543.8 6 419.0 8 405.9 5 381.4 7

3 478.3 5 486.4 8 474.6 6 461.7 7

4 324.5 5 258.4 6 267.6 3 240.2 5

5 402.1 4 389.6 6 413.2 3 371.6 5

6 247.0 8 265.7 11 301.5 8 278.2 9

7 1391.0 4 1546.4 6 1461.6 6 1507.0 7

6.2 Comparison of Error Functions Used for Evaluation of the Computed
DSRO Hydrographs

The values of the errors functions computed for evaluation of the DSRO hydrographs for the
GIUH based Clark model approach, HEC-1 package and the Nash IUH model viz. (i) efficiency
(EFF), (i1) absolute average error (AAE), (iii) root mean square error (RMSE), (iv) average error
in volume (AEV), (v) percentage error in peak (PEP) and (vi) percentage error in time to peak
(PETP) are given in Table 4. It is observed that the values of EFF for the GIUH based Clark
model are higher in two cases out of the seven rainfall-runoff events. The values of EFF for
HEC-1 package are higher in case of one event; while the values of EFF for Nash IUH model are
higher in case of four events. AAE, RMSE and PEP are lowest for two cases for the GIUH based
Clark model. In general, it is observed that the values of AAE are comparable for the three
methods. AEV is the lowest for the HEC-1 package for all the seven events.

TABLE 4. Error Functions Computed for DSRO Hydrographs Estimated by GIUH Based
Clark Model, HEC-1 Package and Nash IUH Model for Various Rainfall-Runoff Events

Methods Error functions for DSRO hydrographs
EFF AAE RMSE AEV PEP PETP
1) 2) 3) “4) ) (6) (M

Event 1

GIUH 82.97 42.09 53.14 143.37 27.80 -14.29

HEC-1 -61.42 122.67 164.14 134.60 36.69 -57.14

NASH 59.80 65.07 82.72 142.66 25.00 -42.86
Event 2

GIUH 68.70 73.37 99.11 159.57 -22.94 33.33
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7

HEC-1 76.14 64.93 90.01 151.64 -25.36 -16.67

NASH 86.06 45.19 66.04 157.93 -29.86 16.67
Event 3

GIUH 68.02 62.53 100.32 165.40 1.69 60.00

HEC-1 71.73 63.25 97.42 155.94 -0.77 20.00

NASH 90.28 32.38 60.43 164.36 -3.48 40.00
Event 4

GIUH 29.10 88.53 99.53 133.01 -20.39 20.00

HEC-1 70.54 48.56 71.46 123.99 -17.54 -40.00

NASH 73.22 53.66 68.80 127.75 -26.00 0
Event 5

GIUH 29.93 83.22 112.15 156.80 -3.13 50.00

HEC-1 68.40 59.96 81.48 148.11 2.76 -25.00

NASH 80.23 43.30 67.20 155.50 -7.59 25.00
Event 6

GIUH 82.65 30.77 37.88 91.48 7.56 37.50

HEC-1 32.31 62.67 75.29 86.29 22.05 0

NASH 75.45 36.28 45.81 90.94 12.65 12.50
Event 7

GIUH -33.72 357.24 455.04 487.64 11.16 100.00

HEC-1 63.58 186.34 258.35 466.35 5.07 50.00

NASH 11.57 290.78 383.76 485.72 8.34 75.00

CONCLUSIONS

Based on this study, the following conclusions are drawn.

(i)

(i)

The GIUH based approach presented in this study considers the catchment under study
as ungauged and utilizes the geomorphological characteristics of the catchment for
estimation of the parameters of the GIUH based Clark model. Comparison of the DSRO
hydrographs estimated by the GIUH based Clark model with the observed DSRO
hydrographs as well as with the DSRO hydrographs computed using the Clark TUH
model option of the HEC-1 package and the Nash IUH model shows that the DSRO
hydrographs are estimated reasonably well by the GIUH based Clark model.

Further studies may be carried out to examine the effects of using the velocity-excess
rainfall intensity relationships of the nearby gauged catchments over the simulation
results of various events of different catchments. Possibility of using a regional
velocity-excess rainfall relationship may be investigated, as this regional relationship and
the geormophological characteristics of the ungauged catchments of the region may be
used for derivation of unit hydrographs of the ungauged catchments.
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CHAPTER 4

IMPACT OF CLIMATE CHANGE ON FLOOD ESTIMATES

1. INTRODUCTION

A projected warmer climate is expected to accelerate the hydrologic cycle, thus altering rainfall
magnitude and resulting flood flows. It is expected that projected climate change results in
warming, affecting the distribution and amount of precipitation, sea level rise and eventually
both the runoff yield at different points combined with melting of glaciers will adversely affect
the water balance in different parts of the world.

Global warming intensifying the occurrence of unprecedented hot spells and downpours faster
than predicted by historical trends (Diffenbaugh, 2020; Seneviratne, 2012). Diffenbaugh
(2020) mentioned that predictions that relied only on historical observations underestimated by
about half the actual number of extremely hot days in Europe and East Asia, and the number
of extremely wet days in the U.S., Europe and East Asia. The change in climate has occurred
at a global scale, still its effects often vary from region to region. Moreover, rainfall distribution
and trend analysis is being targeted by the climatologists, hydrologist and agriculturist to
evaluate the influence of climate globally (Ghosh et al., 2009; Kampata et al., 2008). In recent
past, number of climatic studies have been conducted to examine rainfall trend and variability
over Indian region (Lal, 2001; Kumar et al., 2010). It is also revealed that trend and variability
at large-scale may vary from regional scale (Barsugli et al., 2009; Bisht et al., 2017a; Raucher,
2011). The extreme climatic events in Himalayan region have also been studies by different
authors (Rimi, et al. 2018; Ma et al. 2017; Wang et al. 2015). Rimi et al (2018) mentioned that
anthropogenic climate change doubled the likelihood of the 2017 pre-monsoon extreme 6-day
rainfall event at northeast Bangladesh and also showed that the magnitude of this contribution
is sensitive to the climatological period in use. Wang et al. (2015) studied the Himalayan
snowstorm of October 2014 resulted from the unusual merger of a tropical cyclone with an
upper trough, and their collective changes and mentioned that climate warming have increased
the odds for similar events.

Several recent studies have investigated the climate change impact on extreme precipitation
and flood events (Qin and Lu 2014; Tabari, 2020; Hirabayashi, 2021 ). Qin and Lu (2014)
mentioned that various GCMs and emission scenarios suggested different results. The study
provides an insight into the flood risks and its uncertainty under future climate change
conditions. Tabari (2020) show an intensification of extreme precipitation and flood events
over all climate regions which increases as water availability increases from dry to wet regions.

The present study also investigates the trends in annual maximum series and their significance
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at 95% confidence level. The study also attempted to investigate the relationship between
ENSO phenomenon and AMS series. The subsequent sections provide a description of the
study area, data used and different methods used to investigate the trends in AMS.

2. LITERATURE REVIEW

Climate change has increasingly been recognized as a key factor influencing extreme
hydrological events, particularly annual maximum floods (AMF). The annual maximum flood
series, defined as the highest discharge recorded in a given year, forms the basis for flood
frequency analysis and hydraulic design. Traditionally, these analyses assumed stationarity,
implying that statistical properties of floods remain constant over time. However, growing
scientific evidence indicates that climate change is altering precipitation patterns, temperature
regimes, and hydrological processes, thereby challenging this assumption and influencing the

magnitude and occurrence of extreme floods.

One of the most significant impacts of climate change on AMF is linked to changes in
precipitation characteristics. Rising global temperatures enhance the atmosphere’s capacity to
retain moisture, which in turn leads to more intense rainfall events. Such increases in rainfall
intensity are closely associated with higher peak discharges and an elevated likelihood of
extreme flooding. Several studies have demonstrated a clear relationship between
intensification of precipitation extremes and increased flood magnitudes across different
climatic regions (Allan and Soden, 2008; Westra et al., 2013). This effect is particularly
pronounced in regions dominated by monsoonal or convective rainfall systems, where short-

duration, high-intensity storms play a crucial role in flood generation.

Hydrological simulation studies further support the influence of climate change on annual
maximum floods. By integrating climate model outputs with hydrological models, researchers
have projected notable increases in peak flows under future climate scenarios. These
projections indicate that high-return-period floods are likely to experience greater amplification
compared to more frequent events, suggesting an escalation in extreme flood risk. Such
findings have been consistently reported across different river basins, emphasizing the
sensitivity of flood behavior to climatic drivers (Arnell and Gosling, 2016; Hirabayashi et al.,
2013).

Temperature variations also contribute significantly to changes in flood regimes. In cold and
mountainous regions, rising temperatures accelerate snowmelt processes, resulting in earlier
and potentially more intense spring floods. In contrast, in tropical and semi-arid regions, higher
temperatures may enhance evapotranspiration rates but can also intensify atmospheric
instability, leading to extreme rainfall events and flash floods. Additionally, antecedent soil
moisture conditions, which are influenced by both temperature and precipitation, play a critical
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role in determining runoff generation and peak discharge. These interactions highlight the

complex and region-specific nature of climate change impacts on flood characteristics.

Recent extreme flood events provide practical evidence of these changing dynamics. Large-
scale flood occurrences in Europe and Asia have been associated with unusually intense rainfall
events, with scientific assessments suggesting that climate change has increased both their
probability and severity. Such observations reinforce the growing consensus that climate
change is already affecting flood regimes and is likely to intensify hydrological extremes in the
future (Bloschl et al., 2017; IPCC, 2021).

Another critical implication of climate change is the introduction of non-stationarity in flood
frequency analysis. Conventional methods rely on the assumption that past hydrological
records are representative of future conditions. However, climate-induced changes introduce
trends and variability in flood series, making traditional approaches less reliable. To address
this issue, researchers have proposed non-stationary models that incorporate time-varying
parameters or climate indices into flood frequency analysis (Milly et al., 2008; Merz et al.,
2012). These approaches provide a more realistic representation of evolving flood risks under

changing environmental conditions.

Despite considerable progress, significant uncertainties remain in quantifying the impact of
climate change on annual maximum floods. These uncertainties arise from differences in
climate model projections, variability in hydrological model structures, and limitations in
observational datasets. Moreover, regional heterogeneity in climatic and catchment
characteristics complicates the generalization of findings. Consequently, many studies
advocate the use of multi-model ensembles and probabilistic frameworks to better capture the
range of possible future outcomes.Existing literature clearly indicates that climate change is
altering annual maximum flood behavior through multiple interconnected processes, including
intensified precipitation, temperature-driven hydrological changes, and evolving catchment
conditions. While both observational evidence and modeling studies point toward an increase
in flood magnitude and frequency in many regions, uncertainties persist. Addressing these
challenges requires the integration of climate science with advanced hydrological modeling
and the adoption of non-stationary approaches for improved flood risk assessment.

3. STUDY AREA

Annual Maximum Flows (AMF) series of different gauging sites in the lower Godavari basin
are considered for trend analysis. The location of lower Godavari basin is shown as in Fig.1
The elevation range varies between 107 m to 1372 m (from MSL).
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Fig. 1: Lower Godavari Basin
4. MATERIALS & METHODS

4.1 Data Used

The AMF series of five gauging sites are considering for trend analysis. The details of these
sites and period of records available are show in Table 1. All these sites have AMF data for
more than 40 years. The descriptive statistics of AMF time series at these five sites are also
given in Table 1.

Tablel: Descriptive statistics of AMF series at five stations

Site Name gerai:;l) Average | SD Cv Skew

Chindnar 43 5169.20 | 2851.76 0.55 1.19
Perur 48 30675.35 | 13876.77 0.45 0.48
Polavaram 48 31506.85 | 12050.30 0.38 0.26
Saradaput 44 2550.70 | 1390.61 0.55 1.43
Somanpally 44 1503.15 1330.56 0.89 1.55

4.2 Trend Analysis

Spatio-temporal variability and investigation of AMF trends are essential input for climatic
change impact on the frequency of floods disasters in a region. Trends in AMF series can be
identified by using either parametric or non-parametric methods, and both the methods are
widely used. The non-parametric methods do not require normality of time series and also are
less sensitive to outliers and missing values. The non-parametric methods are extensively used
for analyzing the trends in several hydrologic series namely rainfall, temperature, pan
evaporation, wind speed etc .(Chattopadhyay et. al. 2011; Dinpashoh et. al. 2011; Fu et al. 2004;
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Hirsch et al. 1982; Jhajharia and Singh 2011; Patra et al., 2012). The present study analyses the trends
of AMF series of each individual station using non-parametric (Mann-Kendall test and Sens’s estimator
of slope) and parametric methods

4.3 Magnitude of trend using non-parametric method

The magnitude of trend in a time series was determined using a non-parametric method known as Sen’s
estimator (Sen 1968). This method assumes a linear trend in the time series and has been widely used
for determining the magnitude of trend in hydro-meteorological time series (Lettenmaier et al. 1994;
Partal & Kahya 2006). In this method, the slopes (7;) of all data pairs are first calculated by

A

- J-k fori=12,...N )

where xjand x; are data values at time j and & (j >k) respectively. The median of these N values
of T; is Sen’s estimator of slope which is calculated as

T,. if N is odd,

B=11 o
ETE+M if N is even.

2 2

3)

A positive value of £ indicates an upwards (increasing) trend and a negative value indicates a
downwards (decreasing) trend in the time series.

4.4 Significance of trend

To ascertain the presence of a statistically significant trend in hydrologic climatic variables
such as temperature, precipitation and streamflow with reference to climate change, the non-
parametric Mann—Kendall (MK) test has been employed by a number of researchers (Douglas
et al. 2000; Burn et al. 2004). The MK method searches for a trend in a time series without
specifying whether the trend is linear or non-linear. The MK test checks the null hypothesis of
no trend versus the alternative hypothesis of the existence of an increasing or decreasing trend.
Following Bayazit & Onoz (2007), no pre-whitening of the data series was carried out as the
sample size is large (n > 50) and slope of the trend was high (> 0.01).

The statistic S is defined as (Salas 1993):

1

L

i=l j=i+l 4)

where N is the number of data points. Assuming (xj— x;) = 6, the value of sgn(6) is computed
as follows:
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1 if 6>0,
sgn(@)=40 if =0,

-1 if 6<0. 5)

This statistic represents the number of positive differences minus the number of negative differences
for all the differences considered. For large samples (N> 10), the test is conducted using a normal
distribution (Helsel& Hirsch 1992) with the mean and the variance as follows:

E[S]=0 (6)

NN -DQ@N +5)- Y1, (t, ~ 121, +5)

Var(S) = =
ar(S) I -

where 7 is the number of tied (zero difference between compared values) groups and #is the number of
data points in the kth tied group. The standard normal deviate (Z-statistics) is then computed as (Hirsch
et al. 1993):

S-1 .
JVar(S) yo8>0
Z = 0 if §=0
S+1
— if S<0.
JVar(S) 4 ) 7

If the computed value of | Z | > za», the null hypothesis Hy is rejected at the a level of significance in a

two-sided test. In this analysis, the null hypothesis was tested at 95% confidence level.

5.  RESULTS AND DISCUSSIONS

Prior to non-parametric test, preliminary trend lines are fitted to the AMF values as shown in
Fig 2, 3, 4, 5 & 6 and their results (slope and their significance)) are shown in Table 2.
subsequently non- parametric statistical methods, Sen’s estimator of slope (SE) and Mann—
Kendall (MK) test have been carried out for estimating the magnitude and testing the statistical
significance of trend (at confidence interval of 95%) respectively. However, prior to non-
parametric test, data series was tested for presence of any auto-correlation. The outcomes of
the analysis are shown in the form of Table 3.

Table 2: Preliminary trend line and its slope for AMF series of five gauging sites

Trend line (y=mx-+c)
S.N. Site Name Trend (m) t-Stat Critical t Inference
value
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(significance 95%
level)
1| Chindnar 58.97 1.14 2.01 | Not significant
2 Perur -17.43 0.12 2.01 | Not significant
3 Polavaram -29.06 -0.22 2.01 | Not significant
4 Saradaput -8.84 -0.53 2.01 | Not significant
5 Somanpally 5.5 0.34 2.01 | Not significant

Table 3: Sen slope (mm/year) for AMF series of five gauging sites

Site Name Sen Slope Z Statics p-value significance at 95%
Chindnar 38.76 105 0.27 non-significant
Perur -16.05 -6 0.96 non-significant
Polavaram -21.04 -26 0.82 non-significant
Saradaput -7.91 -70 0.48 non-significant
Somanpally -0.68 -2 0.99 non-significant

It is revealed from Table 2 and Table 3 that the AMF series of two gauging sites i.e. Chindnar

and Somanpally having an increasing trend whereas three gauging sites i.e. Perur, Polavaram

and Saradaput having decreasing trend. However, none of these trends are found to be

significant at the 95% confidence level.
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Fig.2: AMF series and trend line for Chindnar

42



Annual Maximum discharge (MCMx 10000)

Annual Maximum discharge (MCMx 10000)

y =-17.434x + 31102

0 10 20 Y é;?r < 40

Fig.3: AMF series and trend line for Perur
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Fig.4: AMF series and trend line for Polavaram
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6. RELATIONSHIP BETWEEN AMF AND EL NINO-SOUTHERN OSCILLATION
(ENSO) PHENOMENON
Several studies from recent past have shown that Indian summer monsoon rainfall (ISMR) is
influenced by EI Nino-Southern Oscillation (ENSO) and several other low-frequency
atmosphere-ocean oscillation including Pacific Decadal Oscillation (PDO), Arctic Oscillation
(AO), etc. (e.g. Ashok et al., 2004; Dwivedi et al., 2015). Annual maximum flows or flood
events in majority of the Indian watersheds result from the rainfall during monsoon period and
so the effect of ENSO on ISMR is transferred to the watershed’s extreme hydrology. Extreme
hydrological events, including floods and droughts, across the globe are known to be impacted
by these teleconnections (e.g. Gurrapu et al., 2016; Asong et al., 2018). In this context, a
preliminary investigation has been carried out in this study to evaluate the influence of ENSO
on annual maximum flows observed at selected flow gauging sites located along the Lower
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Godavari Basin. The results indicate that the AMF in the selected gauging sites is significantly
(a=10.1 or 90% confidence level), influenced by the phase of the ENSO phenomenon.

7. CONCLUSION

The study investigates the trends in the annual maximum flows at different gauging stations in
the lower Godavari basin under climate change conditions. The study also attempted to
examine the relationship between ENSO phenomenon and annual flood peaks. The results
show that although all the five gauging sites showing either increasing or decreasing trends of
annual maximum series however, these are not significant at 95% confidence level. The results
of the parametric and non-parametric trend analysis are similar as none of the gauging station
shows any significant trends at 95% confidence level. The examination of relationship between
ENSO phenomenon and annual maximum flows shows that there is a positive relationship
between two, however this needs further detailed investigation considering more information/
data about ENSO phenomenon in the study area.
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CHAPTER S

CONCLUSIONS, CHALLEGNGES AND FUTURE PERSPECTIVES

1 CONCLUSIONS

The present study provides a comprehensive evaluation of regionalization techniques, flood
frequency estimation, and extreme rainfall analysis with the objective of improving
hydrological predictions for both gauged and ungauged catchments. The findings indicate that,
in practical water resources planning and engineering design, estimating dependable flows
(10%, 25%, 50%, 75%, and 90%) is often more efficient and directly applicable than
constructing complete flow duration curves. Regional relationships developed for these
dependable flows not only reduce computational complexity but also offer sufficient accuracy
for planning purposes. Additionally, it was observed that models incorporating both catchment
area and rainfall as predictor variables yield better performance compared to those relying
solely on catchment area.

The application of the L-moment approach for regional flood frequency analysis in the Lower
Godavari Basin (Subzone 3f) proved to be reliable and consistent. Based on L-moment ratio
diagrams and Z-statistics, the Pearson Type III (PE3) distribution emerged as the most suitable
probability distribution for the study region. The developed regional relationships enable the
estimation of flood magnitudes corresponding to different return periods with reasonable
confidence. For gauged catchments, flood quantiles can be obtained either directly from these
relationships or by scaling the mean annual flood using growth factors derived from the PE3
distribution. In the case of ungauged catchments, the regional equations and their graphical or
tabular representations provide a practical alternative for flood estimation.

It is important to note that the applicability of these regional relationships is most reliable when
used within the range of catchment characteristics considered during their development. Since
the dataset includes catchments of varying sizes, the relationships are expected to perform
satisfactorily for hydrologically similar basins within the same subzone. Furthermore, the
analysis of extreme rainfall using L-moments demonstrated that careful selection of probability
distributions (such as GEV, GP, and LP3) based on goodness-of-fit measures is essential to
obtain dependable design rainfall estimates.

The study also explored the use of the GIUH-based Clark model for simulating direct surface
runoff hydrographs in ungauged basins. The results indicate that geomorphological
characteristics can effectively be utilized to derive model parameters, and the simulated
hydrographs show satisfactory agreement with observed data as well as outputs from
established models like HEC-1 and Nash IUH. This highlights the usefulness of
geomorphology-based approaches in regions where hydrological data is limited.

Trend analysis of annual maximum flows under changing climatic conditions revealed that,
although certain stations exhibit increasing or decreasing tendencies, these trends are not
statistically significant at the 95% confidence level. Both parametric and non-parametric
approaches yielded consistent outcomes. Additionally, a positive association between ENSO
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events and flood peaks was observed; however, further investigation with more extensive
datasets is required to better understand this relationship.

2 KEY CHALLENGES

Hydrological regionalization continues to face several important challenges that influence its
reliability and applicability. One of the primary concerns is the limited availability of long-
term, high-quality hydrological and meteorological data, particularly in ungauged or poorly
monitored catchments. This data scarcity restricts the development of robust regional
relationships and often introduces uncertainty in model predictions. In addition, significant
variability in catchment characteristics—such as topography, land use, soil properties, and
climatic conditions—makes it difficult to establish generalized relationships that are valid
across diverse regions. Another major issue arises from uncertainties associated with the
selection of appropriate probability distributions and parameter estimation techniques,
especially when dealing with extreme hydrological events. Furthermore, the assumption of
stationarity, which underpins many traditional hydrological methods, is increasingly
challenged by climate change, as shifting precipitation patterns and temperature regimes alter
hydrological responses over time. Ensuring reliable transfer of information from gauged to
ungauged basins also remains a critical difficulty, as regional models may not fully capture
local-scale variations.

3 FUTURE PERSPECTIVES

Considering above challenges, future research in regionalization should focus on developing
more adaptive, data-rich, and robust methodologies. The integration of advanced data-driven
approaches, including machine learning and hybrid modeling techniques, offers significant
potential for improving prediction accuracy and capturing complex, nonlinear relationships
among hydrological variables. There is also a growing need to move towards non-stationary
modeling frameworks that explicitly account for the impacts of climate variability and long-
term change. The use of remote sensing data and Geographic Information Systems (GIS) can
help bridge data gaps and enhance spatial characterization of catchments, particularly in data-
scarce regions. Additionally, improving techniques for transferring hydrological parameters
between similar basins through better understanding of catchment similarity and scaling laws
will enhance the reliability of predictions in ungauged areas. Strengthening the linkage between
large-scale climatic drivers, such as ENSO, and regional hydrological responses is another
important direction for future work. Finally, the development of standardized methodologies
and guidelines for regionalization practices will promote consistency, comparability, and wider
applicability of results across different studies and regions.
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