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Abstract Flooding in urban basins is a major natural
catastrophe that leads to many causalities of life and
property. The semi-urbanized Koraiyar River basin in
Tamil Nadu has important cities like Tiruchirappalli and
many towns located in it. The basin unfailingly experi-
ences a flood event in almost every decade. It is antic-
ipated that the basin will undergo rapid unplanned ur-
banization in the years to come. Such fast and erratic
urban developments will only increase the risk of urban
floods ultimately resulting in loss of human lives and
extensive damages to property and infrastructure. The
effects of urbanization can be quantified in the form of
land use land cover (LULC) changes. The LULC
change and its impacts on urban runoff are studied for
the continuous 30-year present time period of (1986—
2016) to reliably predict the anticipated impact in the
future time period of (2026-2036). The analysis of land
cover patterns over the years shows that urbanization is
more prevalent in the northern part of the basin of the
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chosen study area when compared with the other re-
gions. The extreme rainfall events that occurred in the
past, and the probable future LULC changes, as well as
their influence on urban runoff, are studied together in
the current study. In order to minimize flood damages
due to these changing land use conditions, certain pre-
ventive and protective measures have to be adopted at
the earliest. There are some inevitable limitations while
applying traditional measures in flood modeling studies.
This investigative work considers a case study on the
ungauged Koraiyar floodplains. The spatial scale risk
assessment is assessed by coupling geographic informa-
tion systems, remote sensing, hydrologic, and hydraulic
modeling, to estimate the flood hazard probabilities in
the Koraiyar basin. The maximum flood flow is gener-
ated from the Hydrologic Engineering Centre-
Hydrologic Modeling System (HEC-HMS), the hydro-
logic model adopted in the present study. The maximum
flood flow is given as input to the Hydrologic Engineer-
ing Centre-River Analysis System (HEC-RAS), an ef-
fective hydraulic model that generates water depth and
flood spread area in the basin. The flood depth and
hazard maps are derived for 2, 5, 10, 50, and 100-year
return periods. From the analysis, it is observed that the
minimum flood depth is less than 1.2 m to a maximum
of 4.7 m for the 100-year return period of past to
predicted future years. The simulated results show that
the maximum flood depth of 4.7 m with flood hazard
area 0f4.32% is identified as high hazard zones from the
years 19862036, located in the center of the basin in
Tiruchirappalli city. The very high hazard flood-affected
zone in the Koraiyar basin during this period is about
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198.85 km?. It is noticed that the very low hazard zone
occupies more area in the basin for the present and
future simulations of flood hazard maps. The results
show that the increase in peak runoff and runoff volume
is marginally varied.

Keywords Koraiyar basin - Land use land cover
(LULC) - Floodplain - Flood hazard - HEC-HMS - HEC-
RAS

Introduction

Flood is defined as an overflow of water that stresses the
natural runoff channels (Ward 1978). Floods are a nat-
ural part of the hydrological cycle, but they can cause
extensive damages to property, necessitate the sudden
shifting of residents to safer areas, ruin the environment,
and result in economic losses (EU Parliament Council
floods directive 2007). Floods occur in coastal areas,
reservoirs, and rivers when the water flow is far more
than the holding scope of the natural channels (Zhang
etal. 2014). In the twentieth century, nearly 1 to 14 lakh
people lost their lives and were affected by catastrophic
floods (Hajat et al. 2003). From various studies, it is
noted that there is an increasing trend in the rate and
volume of flood damages throughout the twenty-first
century that have caused most severe natural disasters
worldwide resulting in thousands of human casualties
and extensive economic losses (Changnon et al. 2000;
Ashmore and Church 2001; Alley et al. 2003; Guhasapir
et al. 2004; Parry et al. 2007; Lugeri et al. 2010; Sahoo
and Sreeja 2015; Karagiorgos et al. 2016; Abdel-Fattah
et al. 2017; Koneti et al. 2018; Thirumurugan and
Krishnaneni 2018; Aryal et al. 2020; Prama et al.
2020). Europe and the USA alone have reported a death
toll of around 247 from 13 river flooding events. The
primary causes of flood-related deaths can be classified
into three types, namely physical trauma (11.7%),
drowning (67.6%), and other related issues (2.8%)
(Jonkman and Kelman 2005). The main reasons for
flood instances are increasing number of settlements
and rapid decrease in vegetation and forest cover, which
result in increased runoff during excess rainfall events
(UCAR 2010; Sunkpho and Ootamakorn 2011). Al-
though floods cannot be controlled, their adverse im-
pacts can be minimized to a large extent with the imple-
mentation of proper flood control systems. Flood fore-
casting is a necessary prerequisite for devising
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appropriate flood control systems. It is required to de-
termine the flow rates and water surface levels at spe-
cific points in a river system (Daniel and Mays 2015).

Flood risk reduction plans can be either structural or
non-structural measures based upon the considered
floodplain. The structural measures include flood
retaining walls, levees, and channel diversion structures
to reduce flood levels. The non-structural measures
include land use management practices and standard
flood modeling methods which serve as preventive
measures to reduce flood risk (Ghanbarpour et al. 2014).

Flood hazard mapping is an important part of land
use planning and management; it continues to be the
focus of many global research studies (Chen et al.
2009a, b; Masood and Takeuchi 2012; Alfieri et al.
2014). Land use practices have been identified as one
of the parameters influencing the peak runoft and vol-
ume in urban watersheds (Costae et al. 2003; Sahoo and
Sreeja 2014). They are one of the primary factors re-
sponsible for increased flood risk in urban areas. LULC
studies are essential in flood modeling works as it is a
causative factor for the significant alteration of the urban
hydrologic cycle (Melesse and Shih 2002). The
hydrographs for various LULC conditions are generated
by using Soil Conservation Services Curve Number
techniques in the Hydrologic Engineering Centre-
Hydrologic Modeling System (HEC-HMS) model for
generating peak discharge in the ungauged basin (Zope
et al. 2015).

Recent advances have made it possible for satellite
data to be used for the accurate prediction of extent and
area of floods (Jayaraman et al. 1997; Yang et al. 2006;
Mai and Smedt 2017; Aryal et al. 2020). For hydrolog-
ical modeling, GIS is used along with hydrologic and
hydraulic models, to analyze multi-spatial and temporal
data (Merwade et al. 2008; Gallegos et al. 2009). For
developing any hydrologic model, digital elevation
model (DEM) with GIS is used to extract essential
geographical details of the basin (Tarboton and Ames
2001; Siart et al. 2009; Thirumurugan and Krishnaneni
2018).

Barranquilla is a city in Columbia (South America)
frequently affected by floods due to high intensity of
rainfall that overwhelms the capacity of the urban drain-
age systems (Melisa Acosta-Coll et al. 2018). Remote
sensing techniques coupled with GIS built hydrological
modeling with Quick Bird imagery were used to identify
the LULC change and the flood risk areas in the Chi
Minh city, Vietnam (An Thi Ngoc Dang and Lalit
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Kumar 2017). Ain Sefra city located in the western part
of Ksour mountains experienced flash floods during the
years 1904-2007, with the worst flood event occurring
in 2014. For flood modeling studies, tools like HEC-
HMS, HEC-RAS, WMS, and GIS were adopted to
identify the flood accumulation zones in the city
(Derdour and Bouanani 2019). In Neka River basin in
Northern Iran, with the active participation of residents
in flood control measures, the floodplain was evaluated
by the contingent valuation method (CVM) combined
with hydraulic model HEC-RAS and HEC Geo-RAS
for flood simulation (Ghanbarpour et al. 2014). The 2D
HEC-RAS model was used to calculate hydraulic pa-
rameters such as velocity, depth, and rise rate of water to
develop a regional loss of life equation in Kan water-
shed, Tehran, Iran (Mehdi Karbasi et al. 2018).

A flood modeling study was done for the Santa River
in Peru, by using a 1D flood model with HEC-RAS. The
river survey was carried out at 120 cross sections with a
peak discharge of 580 m®/s. The modeling results
showed good agreement with the field data of lake flood
levels, wave height, and flood extent area (Jan Klimes
et al. 2014). Applied methods like statistical analyses,
flash flood potential index, and hydraulic modeling
were used to determine flood inundation in the catch-
ment area of the Sl anic River catchment situated in
Romanian Carpathians (Zaharia et al. 2015). In Narmab
dam in the east of Golestan Province of Iran, ArcView
GIS was integrated with HEC-RAS to produce flood
maps for determining flood discharge for different re-
turn periods (Madadi et al. 2015). In the Conestoga
River located in USA, the flow rate was simulated by
using Hydrologic Engineering Center (HEC)-2, and a
minor correction was done in the 2013 HEC-RAS mod-
ule (Weaver 2016). The 1D/2D integrated hydrodynam-
ic modeling was used to simulate the flood inundation in
low-lying areas of Surat city in India (Dhruvesh et al.
2017). In Taiwan, the analysis of climate variability with
flood frequency analysis and flood mitigation measures
was undertaken in the Tou-Chien River basin by using
the 1D-2D numerical model (Kwan Tun Lee and Pin-
Chun Huang 2018).

A 100-year flood hazard map was generated for
Guwabhati city in India, by measuring the flood risk
and the parameters responsible for the floods. The
LULC map of the city was developed for the years
2006 and 2011, and it was noted that an increase in
imperviousness caused an increase in surface runoff
(Sahoo and Sreeja 2015). Human-induced LULC

changes and their consequent impact were the main
reasons for the increase in runoff in the Oshiwara River
basin in Mumbai (Zope et al. 2016). A hydraulic model
was adopted for deterministic flood forecasting in Can-
ada, to generate a floodplain map that differentiated
between flooded and non-flooded areas (Bharath and
Elshorbagy 2018).

For any flood modeling, accurate boundary delinea-
tion is required, which can be done by DEM. It is used to
model flood events by combining grid-formatted
geospatial data with satellite data through GIS tech-
niques, to define the relationship between flood extent,
elevation, and discharge with reasonable accuracy
(Smith 1997; Younghun et al. 2014; Gao et al. 2018).
Precise boundary delineation was done for the Varuna
River basin in Uttar Pradesh, India. The boundary of the
Varuna River basin was automatically derived by
coarse- and medium-resolution DEMs of SRTM-30 m,
ASTER-30 m, Cartosat-30 m, ALOS Palsar-12.5 m, and
Cartosat-10 m. The delineated boundary was validated
with a 1 m X 1 m Google Earth image (Mallikarjun et al.
2019).

The drainage network of the Alfios River in Greece
was extracted from ALOS optical and radar data, and
validated with topographic maps of 1/50,000. The DSM
was generated from ALOS PALSAR and ALOS
PRISM to evaluate the vertical and horizontal accura-
cies of the basin (Nikolakopoulos et al. 2015). Multi-
date RADARSAT Synthetic Aperture Radar (SAR),
along with GIS, was used in Dhaka city for analyzing
the extreme flood event that occurred in the year 1998.
The frequency of flood and water depth were created by
SAR (Dewan et al. 2006). Geospatial tools such as the
Global Flood Monitoring System (GFMS) and HEC-
RAS model help in analyzing floods and the extent of
their influence (Neeraj et al. 2017). It is important to
develop a suitable methodology to reliably predict
floods in ungauged basins to safeguard cities from the
detrimental impacts of floods. The frequently used
method to determine the occurrence of flood and exam-
ine rainfall-runoff relationships is flooding inundation
modeling (Derdour et al. 2017).

For flood inundation modeling, hydraulic parameters
and morphological characteristics of the river channel
like water depth, flow velocity, bank erosion, and sed-
iment discharge are required. The hydraulic modeling
calculates the required parameters, and the numeric
modeling is used for simulating and predicting the river
flow using the governing equations (Merritt et al. 2003;
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Hassan et al. 2005; Kleinhans 2005; Wu et al. 2005;
Bhuiyan et al. 2015). The HEC-HMS, HEC-RAS, and
WMS integrated approach is adopted for assessing and
predicting the impact of flood in watershed management
practices (Arnold et al. 1998; Wheater et al. 1999;
Zhang et al. 2008; Verma et al. 2010). Flood modeling
is considered to be one of the divisions in the field of
hydrology, but it is difficult to use it in mixed flood-
plains (Thomas et al. 2015), for non-linear hydraulic
characteristics (Sarhadi et al. 2012) and for places with
uncertainty of rainfall input data (Yu et al. 2015). There
are numerous hydrodynamic models available for 1D,
2D, and 1D/2D coupled hydrodynamic modeling which
are used for simulating varying flood occurrences
(Quiroga et al. 2016). Numerical models are essential
tools for a better understanding of the magnitude of
extreme flood events and assessment of similar other
hazards (Salimi et al. 2008).

According to Price and Vojinovic (2008), flood risks
can be minimized by circulating beforehand among the
public, flood risk maps that clearly depict the locations
that face imminent danger of floods. Flood maps can be
divided into two important categories, namely, flood
hazard maps and floodplain maps (Stevens and
Hanschka 2014). Flood hazard maps give information
on individual flood-affected localities, areas that fall
under flood risk, and the parameters that cause flood
events. Flood hazard maps are important, as they take
into consideration the influence of all the parameters
responsible for floods. The coupling of GIS and remote
sensing with hydrological and hydraulic models offers a
valuable tool for assessing the impact of LULC on
surface runoff, spatially as well as temporally (Hathout
2002; Herold et al. 2003; Lambin et al. 2003; Serra et al.
2008; Dewan and Yamaguchi 2009). In their studies,
Zope et al. (2015, 2016 and 2017) discussed LULC
changes and their effect on floods in Poisar, Oshiwara
basin (Mumbai). Flood modeling studies were done for
past and present changing LULC conditions. The only
limitation of their study was that future LULC changes
and flood risk maps were not taken into consideration.

Identification of novelty from literature review

From the comprehensive review of literature, it is noted
that very few flood modeling studies have been carried
out related to urban flood modeling with emphasis on
future flood prediction in a medium-size urban catch-
ment area. Therefore, an integrated modeling approach
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is adopted in this study of an ungauged basin, and
various changes in LULC as well as their impact on
the urban basin are investigated. To the best of the
author’s knowledge, this is the first flood modeling
work to be undertaken for the chosen study area of
Koraiyar basin. The uniqueness of this study is that
future prediction of flood modeling is also done. The
developed model will also be useful for assessing other
ungauged basins with similar conditions.

Objectives of the study
The present research study aims

» To apply hydrological and hydraulic models in the
Koraiyar River basin along with geospatial tech-
niques for generating a conceptual flood model.

* To create a 2D model for the Koraiyar basin by
using HEC-RAS 5.0.7.

» To simulate the flood scenario for changing LULC
classes in the basin for past, present, and future
conditions.

» To generate floodplain and flood hazard maps of the
Koraiyar basin to identify the areas in the basin
prone to high risk of flooding, and to propose suit-
able precautionary measures to reduce the adverse
impacts of floods.

Study area description

The Koraiyar River and its catchment lie between the
latitude of 10° 32’ 40.24” N and 10° 48" 16.81"” N and
longitude of 78° 32’ 23.94" E and 78° 39’ 48.58" E in
Tiruchirappalli city, South India. It originates from the
Othakkadai Karupur Redipatti hills in Manaparai taluk
of Tiruchirappalli district and finally flows into
Uyyokondan channel in the center of Tiruchirappalli
city, Tamil Nadu, as shown in (Fig. 1). The river basin
has a subtropical climate. There is no significant tem-
perature difference between summer and winter, with
summer (March to May) having an extreme temperature
of 41 °C and a least of 36 °C; winter (December to
February) is generally warm but pleasant with tempera-
tures ranging from 19 to 22 °C.

Hot, humid, dry summers and mild winters are the
main climatic features of the basin. The rainy season that
falls between October and December brings rain mostly
from the northeast monsoon. The river flows through
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Manaparai, Thuvarankurichi, and Viralimalai, and the
total length of the main river is 75 km, with a catchment
area of 1498 km?. The average annual rainfall for the
Koraiyar urban catchment is around 757.40 to
866.70 mm. The surplus water flows through Puthur weir
outlet in the left bank of the Uyyakondan River and
traverses Kodamurutty River for a length of 6 km before
finally falling into the Bay of Bengal. The rain gauge
station for the Koraiyar basin is located at Trichy Airport.
The Koraiyar River, passing through Tiruchirappalli city
with an area of 167.23 km? has experienced frequent
floods in the years 1924, 1952, 1954, 1965, 1977, 1979,
1983, 1999, 2000, and 2005. An interaction with the
PWD Engineer reveals that the 1999 flood event had
resulted in huge loss of human lives, agriculture, and
property compared with many other rainfall events.
Therefore, the 1999 extreme rainfall event is considered
as a benchmark for developing floodplain and flood
hazard maps.

Research methodology adopted in the study
Methodology framework

The research strategy adopted to conduct the current
study is shown in (Fig. 2). The methodology involves
data collection, hydraulic software selection, and analy-
sis. The processing of gathered hydrologic and hydrau-
lic data for generating floodplain and flood hazard maps
is stated in detail.

Data generation

The DEM data of 30-m resolution is used in this study,
as shown in (Fig. 3), downloaded from Advanced Land
Observing Satellite (ALOS) developed by the Japan
Aerospace Exploration which automatically extracts
drainage networks and catchments based on geometric
data for the basin (Nikolakopoulos et al. 2015). The
geometric data, such as river centerline, banks, flow
path, and cut lines, is generated using HEC-GeoRAS
software. The triangulated irregular network (TIN) is
used to obtain the attributes of the spatial geometric
data. The predicted flood flow simulated from the hy-
drologic model (HEC-HMS) is given as input to the
HEC-RAS. The water surface profile and its spread
generated from the HEC-RAS model are given as input
for post-processing in the HEC-GeoRAS model, which
is an extension of ArcGIS. The floodplain maps are

generated as the output, and they are given as input for
the generation of flood hazard maps.

Developing precipitation IDF curves

The rainfall data is collected for the time period of
(1977-2016) from Tiruchirappalli Airport located in
the Koraiyar basin. The annual maximum extracted
daily precipitation records are used for modeling and
for frequency distribution analysis in the basin. The
collected daily rainfall data is converted into hourly
rainfall data by IMD (Indian meteorological method)
and statistically analyzed by different distribution tech-
niques. The trends of precipitation are analyzed, and the
intensity of precipitation is calculated for different storm
durations of 1, 3, 6,9, 12, 15, 18, 21, and 24 h of return
periods of 2, 5, 10, 50, and 100 years. The rainfall data is
then analyzed to establish intensity—duration—frequency
curves (IDF curves) based on the extreme value of
rainfall received during this period and the basin re-
sponse to the extreme rainfall event. The statistical
methods of (Gumbel, log Pearson type III and log nor-
mal) distributions are employed in flood frequency anal-
ysis. The frequency cumulative distribution functions of
general extreme value (GEV) are given by (u, o, ()
distribution, for { # 0, as shown in (Eq. 1) below,

F(x) = exp{~1 +<(M))—l} (1)
o ¢

where p, o, and ( are the location, scale, and shape
parameters, respectively (Cheng et al. 2014). Here,
F(x) is defined for 1 4 ¢(££) >0 or F(x) is either 0 or
1. For (=0, (>0 and (<0 leads to Gumbel, log Pear-
son type III and log normal distributions, respectively.
For determining non-stationarity and significant trends
in extreme precipitation events, the location parameter
of'the GEV distribution is allowed to be time-dependent
following (Eq. 2)

p(t) = pt + po (2)
where ¢ is time and (¢ and 4 are the respective inter-
cept and slope parameters of the linear model for the
GEV location parameter as a function of time.

Development of hydrologic modeling for the basin

The data from the HEC-GeoHMS model is imported
into HEC-HMS to generate peak discharge hydrographs
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Fig. 1 Location map of the study area

at the outlet of the basin. The frequency storm method is
used for estimating the flood flow in the basin for
various return periods. The loss and runoff rate in the
basin are calculated by the Soil Conservation Services-
Curve Number (SCS-CN) and unit hydrograph method,
respectively. The calibrated HEC-HMS model is used to
calculate the peak flood flow for the ungauged Koraiyar
River basin for the different return periods of (2, 5, 10,
50, and 100 years) and Nash—Sutcliffe efficiency (NSE)
is used to validate the model’s performance and deter-
mine the goodness of fit of the statistical model.

Development of hydraulic modeling for the Koraiyar
basin

HEC-RAS software, developed by the US Army Corps
of Engineers (USACE 2016), is an open-source

@ Springer
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software that can perform 1D and 2D hydraulic calcu-
lations. The basic equations that describe the one-
dimensional unsteady flow are the Saint-Venant equa-
tions, represented by the continuity equation (Eq. 3) and
the momentum equation (Eq. 4) (Chow et al. 1988). The
continuity equation is given below:

oQ 0A
=1 =0 3
o a4 3)
In terms of the momentum equation, it is stated as
5 (ﬂQ2>
oQ A Oh
R_‘_T_'—gA(a—i_Sf_'_Se) (4)

where x is the longitudinal distance alongside chan-
nel, ¢ is the time, Q is the flow rate, ¢ is lateral
inflow, 3 is the momentum correction factor, A is
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Data Collection & Processing

\4

A 4

Maximum Peak Discharge for
Different LULC changes

Digital Elevation Model

A 4

v

Flood Frequency Analysis(Gumbel
Theory of Distribution)

HEC-GeoRAS Processing
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Fig. 2 Methodology framework of the study
the cross-sectional area of flow, V, is the velocity of contraction/expansion, and g is the acceleration of
lateral inflow in x-direction, / is the water surface gravity.
elevation in the channel, Syis the slope of the energy For developing the hydraulic modeling, the flood
grade line, S, is the large-scale eddy loss slope for flow from the hydrologic modeling is taken as input
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Fig. 3 Digital elevation model for the basin

for generating the flood spread. The other parameters
required for generating hydraulic models are cross sec-
tions for the river basin, left and right bank locations,
and roughness coefficient (Manning’s constant “z” con-
traction and expansion constants). The roughness coef-
ficient is estimated combining land use data with Man-
ning’s constant. The HEC-RAS version 5.0.7 is used for
calculating steady flow water surface profiles. Other
tools, like inundation mapping tools, are also present
in this hydraulic model. The flood peak for different
return periods of 2, 5, 10, 50, and 100 years is consid-
ered. The discharges of the different return periods are
calculated.

One-dimensional hydraulic modeling

The sequential steps for generating the 1D hydraulic
modeling are as follows:

1. The sub-basin and geometric data of the river basin
are prepared from ArcGIS extension, HEC-
GeoHMS, and HEC-GeoRAS, as shown in Fig. 4.
A total number of 27 sub-basins are created through
HEC-GeoHMS process.

@ Springer

2. The steady flow analysis is performed by identify-
ing the values of upper and lower boundary condi-
tions in the river stream area to be modeled.

3. The maximum flood flow discharge is adopted as
the upstream boundary condition and uniform
streamflow as the lower stream boundary condition.
The parameters like energy line, slope, stream bed,
and water level are adopted for modeling purposes.

4. The results for the HEC-RAS are extracted from
HEC-GeoRAS.

5. The water surface profiles are generated for each
cross section, and a surface model is generated for
water levels in TIN format.

6. Finally, water depths are generated in raster format
for individual cross sections.

Cross sections of the Koraiyar basin

An aggregate of 60 cross sections is taken for the
Koraiyar River basin through spatial data processing in
HEC-GeoRAS, as shown in Fig. 5. The cross sections
are used as one of the parameters for generating
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floodplain maps. The roughness coefficient for each
cross section of the basin is assigned based upon differ-
ent LULC cover classes, as shown in Table 1 (Chow
1959).

Hydraulic modeling for the Koraiyar basin

Hydraulic modeling is used to obtain floodplain and
flood hazard maps for the Koraiyar basin in
Tiruchirappalli city. The hydrologic model is used to
determine the flood flow for each catchment, and it is
given as input to the hydraulic model HEC-RAS for
generating the flood depths in 2D for the different return
periods of various LULC for the present period (1986—
2016) and predicting future trends (2026-2036). The
flood depth and its spread are defined through cross
sections extracted through the spatial approach in the
basin. The distance between each cross section is 110 m
with the width of 400 m. The river stations are fixed as it
is necessary for delineating the hydraulic process in each
cross section based on the distance. The Koraiyar River
starts at section number 41,914.20 and ends at 16,201.3
section in the basin, as shown in Fig. S1. During the year
1986, the maximum peak discharge is obtained at sta-
tion number 35,864.05 for the 5-year return period.
Further flood spread is noted at the downstream cross-
sectional number 207,001.3 for the 10-year return peri-
od. Similarly, it is seen that the downstream stations of
13,651.33 and 16,201.33 experienced high flood depth
for 50 and 100-year return periods. In the years 1996
and 2006, an increase in flood depth is observed at
station 29,314,054. Peak flow is observed in the year
2016 at station 29,551.53. In a similar manner, a flood
rise is forecasted for the years 2026 and 2036 in the
21,364.2, 28,414.20, and 1943.769 stations.

The roughness coefficients are assigned for each
cross section delineated from the basin. The roughness
coefficients used in the study area are 0.060 for vegeta-
tion, 0.150 for forest areas, 0.020 for settlement areas,
0.035 for waterbodies, 0.05 for agricultural land, and
0.040 for open land. A mixed condition of flow is
chosen for the HEC-RAS. The upstream boundary con-
dition is set as a critical depth, while the downstream
end is considered as normal depth. Once all the input
data and boundary conditions in HEC-RAS are met, the
simulation is carried out as a steady-state analysis. The
flood hazard maps are generated by keeping the extreme
event of rainfall as a constant factor for different LULC
for the years 1986, 1996, 2006, 2016, 2026, and 2036.

Results and discussion
Analysis of rainfall data

The Gumbel extreme value distribution is used since it
produces better and more accurate results when com-
pared with the other two methods (Surendar and Nisha
2019a). The Gumbel method is used due to its skewness
and its accuracy in data distribution. The generated IDF
curve is plotted on a normal scale for Gumbel distribu-
tion method for 7, =2, 5, 10, 50, and 100 years, as
shown in Fig. 6. From the modeled IDF curve, it is
observed that for the 100-year period, the rainfall inten-
sity in the Koraiyar basin is 11.1 mm/h. For the 10 and
50-year return periods, the rainfall intensity is between
6.86 and 9.84 mm. For the design of an appropriate
drainage system, the 2 and 5-year return periods can
be used. In this study, the entire basin is assumed to
receive an identical amount of rainfall. The extreme
rainfall event that occurred on 22 November 1999 is
used for estimating the peak discharge from the basin for
different intervals (Surendar and Nisha 2019b). The
employment of this statistical method allows the esti-
mation of peak discharges for different average return
periods.

The extreme rainfall event in the basin ranges be-
tween 101.90 and 310.55 mm/day over the considered
past 40 years. Rainfall values from 124.5 to 224.4 mm
are considered as extreme rainfall event, as per IMD
(India Meteorological Department) (Rajeevan and
Bhate 2008). Flood is said to have occurred when there
is precipitation of more than 100 mm within a short
duration of heavy rainfall (Gaume et al. 2009). In the
present study, rainfall values of more than 100 mm are
considered for runoff generation, but only one selected
extreme precipitation event of 310.55 mm is considered
for generating the floodplain and flood hazard maps.
This study primarily concentrates on the selected ex-
treme rainfall event and focuses on LULC change and
its impact on surface runoff.

The extreme rainfall event is selected for simulating
the flood flows for the return periods of 2, 5, 10, 50, and
100 years, as shown in Table 2. The simulated values of
various return periods during the extreme rainfall event
that occurred on 22 November 1999 show that the peak
discharge and volume for the Koraiyar basin for a return
period of 100 years are 570.3 m>/s and 11.74 mm,
respectively. Similarly, for the other return periods of
2,5, 10, and 50 years, the peak discharge and volume
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are 500.4 m?/s, 320.6 m*/s, 118.2 m*/s, and 102.2 m’/s
and 2.7 mm, 3.2 mm, and 6.72 mm, respectively. The
differences between observed and simulated values are
tested with NSE values. The obtained NSE coefficient

of 0.45 to 0.73 proves that the hydrological modeling
results are satisfactory. The results obtained are accept-
able and can be considered for simulation of the rainfall-
runoff model (Moriasi et al. 2007).
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Table 1 Manning’s roughness coefficient for different LULC
classes (Chow 1959)

Land use land cover Manning’s roughness coefficient

Open land 0.040
Vegetation 0.045
Forest 0.4
Settlement 0.06
Agriculture 0.05
Water bodies 0.035

LULC changes

The LULC change is the main reason for flooding in the
urban region due to changes in the urban hydrological
process (Chen et al. 2009a, b). In this study, the LULC
changes from 1986 to 2016 are analyzed and the future
prediction is also studied, as mentioned in the method-
ology. The LULC classes considered for this study are
open land, vegetation, forest areas, settlement areas,
agricultural land, and waterbodies.

The LULC maps for the basin developed in an earlier
study by the authors for the years 19862016 are shown
in (Fig. S2); they are also generated for the future, i.e.,
the years 2026 and 2036. The percentage of LULC
clearly shows that there is a change in LULC between
1986 and 2016, as shown in Table 3. From the results, it
is noticed that there is an increase of 104.74% in the
settlement area, and a decrease of 11.45% and 12.29%
in the number of waterbodies and agricultural land,
respectively, during this period. The Markov model,
along with GIS, measures the future trend of LULC
changes for the years 2026 and 2036. The simulated
results show there is an overall increase of 7.17% in the

settlement area from 1986 to 2036. From the analysis, it
is detected that the LULC has undergone significant
changes in the past and is also very likely to undergo
further changes in the future. The soil map, along with
LULC maps and the curve number (CN), are generated
for the Koraiyar River basin (Surendar and Nisha
2019b). The generated CN clearly shows that there is
an increase in CN values from the past to the future. The
increase in CN proves the increase in peak runoff and
runoff volume.

Effect of LULC changes on peak flood flow

In this study, the LULC change and its effect on surface
runoff are analyzed for the rainfall depths of different
return periods for the land use conditions of the years
1986, 1996, 2006, 2016, 2026, and 2036. The surface
runoff is calculated using the SCS-CN loss method in
the hydrologic HEC-HMS model. The composite CN is
obtained for each sub-basin and is given as input to the
SCS-CN modeling in HEC-HMS (Surendar and Nisha
2019b).

From the calculated rainfall and the LULC data of
19862036, the runoff of the Koraiyar basin is calculat-
ed for the chosen study period. The runoff constitutes
the function of rainfall intensity distribution of the year
1999 and the land use data of 1986-2036. From the
analysis, it is observed that for the 2-year return period,
the total runoff of the year 1986 is 43.86 m?/s, and the
total runoff of the year 1996 is 42.69 m’/s. The impact
factor of LULC changes for the 2-year return period is
0.973. This is used as a deciding factor for measuring
the effects of LULC on the surface runoff in the
Koraiyar basin, and similarily the land use impact factor

Fig. 6 Intensity—duration—
frequency curves for the Koraiyar
basin 12 -

Intensity (mm/h) in a day
(o)}

IDF Curves

—— 2 yrs return period

—— 5 yrs return period
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———100 yrs return period

10 15 20 25 30
Time(hrs)
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Table 2 Simulated and observed peak flow for the single extreme rainfall event that occurred in the Koraiyar basin

Single extreme event date and rainfall (mm)  Return period in years  Peak flow (m/s) Volume (mm) NSE values
22 November 1999 Simulated  Observed Simulated Observed
and 310.55 100 570.3 481.9 11.74 10.97 045
50 500.4 420.5 10.58 9.54 0.5
10 320.6 276 6.72 6.17 0.7
118.2 205.9 3.16 4.64 0.71
102.2 104.7 2.7 233 0.73

for the other return periods. The maximum impact factor
is observed during 2016-2026 for the 100-year return
period, and the minimum impact factor is observed
during the 2-year return period in the year 1986. In spite
of increase in urban areas, there is no proper intercon-
nected drainage facilities like storm water network in the
basin. Bushes and weeds observed along the bank of the
river impede the water flow which is another reason for
repeated occurrence of increased flooding in the
Koraiyar River basin.

Calibration of hydraulic modeling

Model calibration and validation are essential aspects of
hydraulic simulations.The calibration of the hydraulic
model is not done due to lack of data and absence of a
gauging station in the basin. The data used in this study
is based on geoprocessing with accuracy. The flood
flow in the hydraulic model is adopted based upon the
flow generated from the hydrologic model. Calibration
of the model is usually achieved by adapting the Man-
ning coefficients, as already mentioned in the method-
ology of the study. The results of the simulation are in

Table 3 LULC change in the categorized classes of the Koraiyar
basin

S. no Land use Area (km?) Change (%)
1986 2016
1 Openland 381.88 399.56 4.63
2 Vegetation 32.8 53.82 64.09
3 Forest 51.48 294 —42.89
4 Settlement 93.09 190.59 104.74
5 Agriculture 792.07 694.72 -12.29
6 Waterbody 147.01 130.18 —11.45

@ Springer

agreement with the information collected from the River
Conservation Centre, Tiruchirappalli.

Generation of floodplain maps

Floodplain maps of the study area are developed for the
years 1986, 1996, 2006, 2016, 2026, and 2036 for
various LULC classes. The floodplain maps for the
basin are obtained through modeling the land use con-
ditions for 2, 5, 10, 50, and 100-year return periods’
rainfall depths. The areal extent of the flood water
spread for the basin area is shown in Table 4.

For the land use condition of the year 1986, the
floodplain area of the sub-basin is 20.09 km? for the 2-
year return period, and 41.16 km?® for the 100-year
return period. For the land use conditions of the year
1996, the floodplain area of the sub-basin is 20.31 km?
for the 2-year return period and 41.63 km? for the 100-
year return period. For the 5, 10, 50-year return periods,
the flood spread is 1.44, 2.16, and 2.66 km?, respective-
ly. There is an increase in floodplains when compared
with the previous year 1986. In the years 2006 and
2016, there is a marginal decrease in the floodplains
for the 2-year return period when compared with the
previous year 1996. Similarly, for all the other return
periods, there is a slight decrease in the flood extent. The
slight decrease is due to land use factors such as increase
in open land, vegetation, environmental factors, and soil
conditions during these years which must also be taken
into consideration.

In predicting the flood extent for the future LULC of
the years 2026 and 2036, it is observed that compared
with the previous decades, there is a gradual increase in
the floodplains for all the return periods except for the
10-year return period. In the year 2016, it is noted that
for the 10-year return period, there is a marginal increase
in flood spread when compared with previous years.
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Table 4 Floodplain areas for different LULC and return periods

Return Flood plain area (km?)
period
years
LULC LULC LULC LULC LULC LULC
1986 1996 2006 2016 2026 2036
20.09 20.31 20.09 19.60 2041 20.87
2135 21.56 2135 2052 21.64 2193
10 32,10 3235 32,10 30.02 32.79 33.64
50 3941 39.88 3941 3748 40.18 40.92
100 41.16 41.63 41.15 3922 42.08 42.83

The decrease in the lower return period is due to minor
alteration in the physiography features of the basin. The
marginal increase in the lower return period when com-
pared with future years indicates that the flood inunda-
tion area is higher in the downstream part compared
with the upstream part of the basin. The minimum and
maximum flood depths expected during these years are
1.21 to 4.7 m, respectively.

From Fig. 7 depicting the 2—100-year return periods of
the year 1986, it is noted that the maximum expected
flood is 2.90-3.76 m. The increase in 0.86 m is expected
for the 100-year return period. In the year 1996, the
anticipated flood for 2—100-year return periods is 2.90—
3.73 m; as shown in Fig. S3, an increase of 0.83 m is
observed. Compared with 1986, a decrease of 0.03 m is
noted which is mainly due to increase in open land. The
predicted maximum flood for 2—100-year return periods
for the year 2006 is shown in Fig. S4. A maximum flood
depth of 2.90-3.63 m with an increase of 0.73 m is noted.
Compared with previous years of 1986—1996, a decrease
of flood depth is found because of desilting work in the
river after the 2005 floods. The return periods of 2—100-
year floods for the year 2016, as seen in Fig. 8, show that
the maximum flood depth of 2.87-3.63 m with an in-
crease of 0.76 m difference is seen mainly due to urban-
ization, and dumping of solid waste in the river. From the
simulated years of 20262036, as seen in Figs. S5 and 9,
it is observed that the maximum flood depth is 2.82—
2.92 m for the 2-year return period. The flood depth of
3.78-3.81 m is noted for the 100-year return period. This
increase in flood depth is mainly due to continual expan-
sion of settlement areas and the developmental activities
in nearby basin areas.

The percentage of flood inundation changes ob-
served from 1986 to 2016 for the present and future

LULC conditions of the years 2026 and 2036 is shown
in Table 5. There is a marginal decrease in the percent-
age of flood inundation area from 1996 to 2006 and
2006-2016 due to changes in the physiographic fea-
tures, land use patterns, and weather patterns of the
basin during this period of the study.

Table 6 shows that the percentage of difference in
floodplain area for different LULC between the years
1986 and 2036 for 10 and 100-year return periods is
4.80% and 4.18%, respectively. The results generated
show that the flood inundation area is higher for the
LULC condition of 2036 as compared with 1986. From
the results, it is observed that the change in percentage
of the flood extent area between 1986 and 2036 for the
lower return periods is less when compared with higher
return periods. This is due to the fact that the down-
stream part of the catchment is more vulnerable than the
upstream area.

The other notable reasons are as follows:

1. During extreme precipitation times of monsoon
season, the flood flow from the upstream side of
the river combines with downstream urban runoff
leading to flood in the downstream side.

2. The flat terrain basin is also a reason for flood
vulnerability in the downstream portion of the
basin.

3. The water logging problems in the basin are also
responsible for the flood mainly due to dumping of
waste in the banks of the river near Tiruchirappalli
city.

4. The storm water drains are designed for the flood
discharging capacity of the past and are unable to
carry the present increased flow due to increased
imperviousness in the basin.

The following observations are made from the ana-
lytical study:

1. The area with higher depth is more immersed when
compared with lower depth in terms of increase in
flood intensity.

2. In the basin, some areas get flooded even with
normal rainfall of the 2-year return period due to
increase in imperviousness and flow obstruction.
The flood depth exceeding 4.7 m in the 100-year
return period affects a greater area when compared
with the 50-year return period.
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Table 5 Flood inundation changes for different LULC and return
periods

Return Flood plain area of sub-basin (%)
period
years

LULC LULC LULC LULC LULC LULC
1986 1996 2006 2016 2026 2036

1.34 1.36 1.34 1.31 1.36 1.39
1.43 1.44 1.42 1.37 1.44 1.46
10 2.14 2.16 2.14 2.00 2.19 225
50 2.63 2.66 2.63 2.50 2.68 2.73
100 2.75 2.78 2.75 2.62 2.81 2.86

3. The floodplain assessment confirms that the highest
percentage of vulnerability in the downstream re-
gion of the Koraiyar River basin is the settlement
area, followed by agricultural and open lands. Only
a negligible forest area is inundated, as it is situated
close to the river basin.

4. The urban portions of Tiruchirappalli city located
along the banks of the Koraiyar River are at a high
risk of flooding due to surface runoff during the
monsoon season.

5. Prolonged rainfall increases the water levels which
reach up to 4.7 m in the river channel passing
through the city, and the inundated area affects the
lives of people residing near the Koraiyar River
channel.

6. From the developed simulated maps of 20262036,
it is evident that more urban areas are likely to be
inundated in future and high flood hazard is predi-
cated for the study area.

Table 6 Percentage of difference in floodplain area for different
LULC and return periods

Return Percentage of change in flood plain area
period years

1986— 1996— 2006— 2016— 2026— 1986—
1996 2006 2016 2026 2036 2036

1.09 -1.08 -242 413 223 387
099 —-098 —-389 545 133 2.69

10 078 —0.79 —-6.46 921 261 480
50 120 —-1.18 —489 721 1.83  3.83
100 115 —1.16 —4.69 7.28 191 418

Most of the flooded area is within or shallower than
the depth class of 1.2 m, but it should be noted that even
a flood depth of 1 m can cause extensive damage to
urban areas and therefore, the downstream area must be
considered to be at high risk of floods. This research
work has endeavored to classify the depths of the floods
in Koraiyar River basin during the occurrence of ex-
treme rainfall and the severity of flood hazard to the
people residing near the river basin.

After generating the floodplain map, the liabilities of
different land use types and settlements are identified,
representing the first step towards comprehensive flood
hazard mapping.

Weight allocation for flood hazard map preparation

In the Koraiyar basin, the maps are prepared after dig-
itizing and plotting the rank factor assigned for each
selected parameter. The maximum flood flow, slope,
and settlement density are taken as rank factors, and
the weights are assigned for the basin, as shown in
Table 7. The weightage is assigned based on sugges-
tions by Public Works Department Engineers, Hydrol-
ogists and Flood Experts. Each factor is allocated for
different classes, and each class is assigned weights
based upon the parameters that are likely to cause
floods. The calculated weights are inputted in raster
calculator in ArcGIS in spatial analyst extension. The
raster calculator is used to estimate the probability of
flood occurrence, and the total weights are considered
by assigning the re-class raster for each factor responsi-
ble for a chance of occurrence of flooding.

Delineation of flood hazard maps

For efficient flood forecasting and reliable warning,
flood hazard maps are required in the initial stages of
urban developmental activities in the basin. The flood
hazard maps in this study are generated for a chosen
extreme rainfall event in the Koraiyar basin for various
LULC changes between 1986 and 2036. The maps
obtained show that the flood hazard of the basin in-
creases between the years 1986 and 2036. In this study,
the flood hazard maps of maximum flood extent for
different return periods are prepared from the maximum
flood flow, slope, and settlement density of the basin by
using ArcGIS software 10.2.2 to generate flood hazard
maps.
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Table 7 Rank of the

factor and Raster re-class Factors Rank

(weighted) factor for the

study area Flood flow 3
Basin slope 2
Settlements

The flood hazard maps are prepared in the raster
format to generate the flood depth for various return
periods. The generated raster formats are converted into
vector format, and the extreme flood spread area poly-
gons are clipped for the different return periods for dif-
ferent LULC conditions. The clipped raster maps are
made uniform by using the slice tool in ArcGIS. From
the allocated weights, the flood hazard map is categorized
into seven classes, namely (no flood hazard, very very
low, very low, low, moderate, high, and very high) by the
standard deviation method of classification. The
classwise susceptibility areas of flood hazard for different
LULC of the years 1986-2036 are shown in Table 8.

The results obtained for the LULC conditions of the
year 1986, depicted in Fig. 10, show that the flood
hazard area falls under very high hazard class and is
192.26 km? of the whole basin. The Koraiyar River basin
has a high hazard area of 485.72 km” followed by
moderate, low, very low, and very very low hazard areas
of the basin. The total flood hazard area spread across the
basin during this year is 819.13 km® Due to LULC
condition in the year 1996, there is a higher flood hazard
area of 234.53 km? compared with very high hazard
class, as shown in Fig. S6. During this year, it is noted
that the basin experienced a very very low hazard area of
13.14 km? of the whole area of the basin. The overall
flood hazard area of the basin during this year is ob-
served to be 571.24 km®. The reduction of the flood
hazard is noticed because of soil characteristics and an

Table 8 Flood hazard areas for different LULC and return periods

increase in open space in the basin. From Fig. S7, it is
clear that in the year 2000, there is still lower value of
flood hazard area due to geographic factors and addition-
al drainage facilities in the basin. An increase in the flood
hazard area from 571.24 to 780.15 km? is noted during
the year 2016, as seen in Fig. 11. This is mostly due to
the increased urbanization in the basin. The predicted
flood hazard map for the LULC change in the year 2026
shown in Fig. S8 is based on land use, impervious nature
of the basin and submerged areas based upon flood
depth; the map shows an increase in flood hazard area
to 835.84 km?. For the simulated year of 2036, the
northern part of sub-basins located in Tiruchirappalli city
falls under very high and high hazard area followed by
medium hazard area, as seen in Fig. 12. The year 2036 is
observed to have a greater extent of flood hazard area
than in 2026 with a hazard area of 845.68 km?.

From the results, it is evident that the flood hazard
extent has increased by 4.32% in the high hazard zones
from 1986 to 2036, as shown in Table 9. The very high
hazard zone during this period is 3.65% in the Koraiyar
basin. It is perceived that the very low hazard zone
occupies more area in the basin in the present and future
prediction of flood hazard maps. According to Sahoo
and Sreeja (2016), urban flooding is significantly differ-
ent from rural flooding as urbanization leads toa 1.8 to 8
times increase in the flood peaks and up to 6 times
increase in the flood volumes. Therefore, from the anal-
ysis, it is observed that increase in imperviousness and
settlement areas in the basin increases the maximum
hazard area in the basin.

The following observations are noted the flood haz-
ard study:

1. Even though the extreme rainfall remains the same
for the study period of1986-2036 despite changing

S. no Classification of the flood Flood hazard area (km?)
LULC 1986 LULC 1996 LULC 2006 LULC 2016 LULC 2026 LULC 2036

1 Very very low 13.63 13.14 13.63 12.69 13.65 13.75
2 Very low 2221 22.64 22.21 21.00 22.45 22.68
3 Low 29.58 30.47 29.58 27.72 30.64 31.42
4 Moderate 75.73 77.40 75.72 73.00 77.25 78.49
5 High 485.72 234.53 485.56 461.78 496.83 500.49
6 Very high 192.26 193.06 192.19 183.96 195.02 198.85
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Fig. 10 Developed flood hazard map of the year 1986 for different return periods: a 2, b 5, ¢ 10, d 50, and e 100

land use, the flood depth and hazard area are ob- 3.

served to increase with time.

2. The increase in flood depth is mostly due to the 4.
presence of flat terrain throughout the basin.

The central portion of the basin is vulnerable to very

high flood hazard throughout the study period.

From the hazard map, it is observed that the north-

ern area of the basin in Tiruchirappalli city is highly
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Fig. 11 Developed flood hazard map of the year 2016 for different return periods: a 2, b 5, ¢ 10, d 50, and e 100

vulnerable to flood hazard due to rapid land use
changes.

5. The study shows that the flood hazard increases
from 1986 to 2036 due to LULC changes occurring

@ Springer

in the Koraiyar basin, a finding which is in agree-
ment with previous studies (Miller et al. 2014; Zope
et al. 2015; Sahoo and Sreeja 2016; Sahoo and
Sreeja 2018) which observed that the flood risk
increases with urban growth and land use changes.
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Fig. 12 Simulated flood hazard maps for the future year of 2036 for various return periods: a 2, b 5, ¢ 10, d 50, and e 100

The predicted flood hazard map shows that there warning and mitigation measures in vulnerable land

are not many changes in flood spread hazard with sections. The flood hazard maps are also beneficial
respect to LULC conditions except for the flood for other purposes like flood insurance and in the
depth. The projected flood hazard maps prepared identification of flood threat due to extreme rainfall
for this basin are useful for drawing up early flood in the basin.
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Table 9 Percentage of difference in flood hazard area for different LULC and return periods

S. no Classification of the flood Flood hazard area (%)
1986—1996 19962006 20062016 20162026 2026-2036 1986-2036
1 Very very low -7.14 7.69 -7.14 7.69 0.00 0.00
2 Very low 4.55 —435 —4.55 4.76 4.55 4.55
3 Low 0.00 0.00 —6.67 10.71 0.00 333
4 Moderate 1.32 -1.30 -3.95 5.48 1.30 2.63
5 High —51.65 1.28 94.12 7.58 2.01 432
6 Very high 0.52 -0.52 —-4.17 5.98 2.05 3.65
Conclusions an increase in imperviousness following escalating

In this study, the LULC changes and their effect on
flood flow in the Koraiyar River basin have been stud-
ied. The floodplain and flood hazard maps for the basin
are prepared by considering parameters such as flood
depth and land use. The present study deals with the
methodology for generating floodplain and hazard maps
for the Koraiyar basin through HEC-GeoRAS process-
ing. The basin boundary and the runoff of the basin are
derived using HEC GeoHMS process. In the current
study, the influence of LULC change and the effect of
urbanization on flooding are studied for the Koraiyar
basin by considering the LULC changes for the present
years (1986-2016) as well as for the future years (2026—
2036). The integrated approach of hydrologic and hy-
draulic models of HEC-HMS, HEC-GeoHMS, HEC-
RAS, HEC-GeoRAS along with GIS and remote sens-
ing is adapted for generating the rainfall-runoff and
flood maps for the river basin. The LULC analysis of
the basin shows that there is 1.4% increase in the settle-
ment area of the whole basin leading to a 3% increase in
runoff rate of the basin. The analysis of LULC changes
shows that there is only marginal increase in settlement
areas and open lands. Consequently, there is only mar-
ginal increase in the volume of surface runoff in the
basin.

The following conclusions are made based on the
obtained results:

1. The worst-affected area is the northern part of the
basin where the flood depth reached up to 4.7 m.

2. Tiruchirappalli city, located in the central part of the
basin, is also observed to be a high flood hazard
zone, and the flood hazard is found to increase with

@ Springer

urban development.

3. The flood hazard maps show that a maximum of
819.23 to 845.68 km? of the basin area is classified
as being susceptible to floods, which is almost
51.96% of the basin.

4. From the study, it is also observed that the very low
hazard zone occupies more area in the basin in the
present and the future predictions of flood hazard
maps.

Merits of the study:

1. The modeling method adopted in this study has
precisely identified the possible critical flood
events.

2. The model developed has successfully adopted a
reliable approach even with limited availability of
data on the river basin and it can be used in a similar
manner for other ungauged basins.

3. [Itis also proved that the model is an accessible tool
for real-time preventive solutions and when imme-
diate actions need to be implemented before a flood
crisis.

The recommendations of the study:

The flood risk map developed in the basin can be
effectively used for improving public awareness of
flood threat, by giving the public early warning with
the help of accurate and reliable flood forecasting sys-
tems. The maps developed in this study can be used by
the Tiruchirappalli City Corporation for early flood
warning measures; it can also serve as a valuable tool
for appropriate disaster preparedness and flood mitiga-
tion measures. The evacuation maps and safe shelters
can be identified and planned by using such hazard
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maps. The developed flood risk and inundation maps
can be effectively used for future planning and devel-
opmental work in the Koraiyar River basin.

Further scope of the study:

In the future, floodplain analysis should be done with
better topographical and hydrological data by working
with river bathymetry, Lidar surveys, and Differential
Global Positioning System (DGPS) surveys across the
river basin. Such spatial studies will provide more or
less acceptable scenarios in identification of floodplain
and flood hazard areas in the Koraiyar basin. Thereby,
effective precautionary measures against future flood
events can be taken.
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