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Abstract Coastal flooding as a combined effect of storm-tides, river discharge (RD) and rainfall
during a cyclone period is of a major concern, particularly, in the river delta regions. The low-lying
Mahanadi river delta located in the maritime state of Odisha along the east coast of India is highly prone
to inland flooding due to any impinging cyclone in the region. Hence, computation of coastal flooding is
seen for the 1999 Super cyclone and the 2013 Phailin cyclone using a standalone Advanced Circulation
(ADCIRC) and a coupled Hydrologic Engineering Center River Analysis System and ADCIRC model. The
Mahanadi, Brahmani, and Baitarani rivers are included in the computational domain with representative
depths based on available river cross-sectional data. The model simulations infer that inundated coastal
area is enhanced by 64% after representing the river delta in the domain, while the RD from the upstream
contributes an additional 14%. The effect of RD and the role of land use/land cover on the computation
of flooding during the 1999 Super cyclone is also investigated. The coupled system is used to quantify the
contribution of precipitation on inland flooding during the cyclone period. The results signify that the
inundated area becomes almost double after including rainfall data in both the cyclonic events. Also, the
model generated inundated area during the Phailin cyclone is in a better match with the satellite image,
demonstrating the coupled system can simulate a reliable inland flooding in the delta region. It concludes
further that it is essential to resolve the river systems and incorporate hydrological components, like RD
and precipitation for precise computation of inundation.

Plain Language Summary Tropical cyclone induced coastal flooding is the reoccurring
disaster in the low-lying coastal regions. The risk of coastal inundation in the region increases with
storm-tide interaction with the river systems and the intense precipitation during the cyclone period. The
vulnerability enhances particularly, if the cyclone makes landfall near the estuaries, river deltas, or any
adjoining rivers in the coastal area. Therefore, it is important to understand their interaction and quantify
their contribution to coastal inundation for precise mapping of inland flooding. In this study, numerical
simulations are performed for the 1999 Super cyclone and the Phailin cyclone using a standalone
Advanced Circulation (ADCIRC) and a coupled system of ADCIRC and Hydrologic Engineering Center
River Analysis System model for understanding the contribution of storm-tides, river discharge, and
cyclone induced precipitation on simulation of coastal flooding. The simulations suggest that a coupled
model with a properly resolved river system and hydrological components like river discharge and
precipitation helps to achieve more detailed flood mapping in the river delta region.

1. Introduction

Coastal inundation associated with tropical cyclones is one of the main factors, which leads to destruction
along the coast. It is fundamental to understand the contribution of tides, surges, river discharge (RD), and
inland rainfall (P) on coastal inundation by representing the river deltaic region more accurately. When
the storm tides (STs) penetrate through the downstream of the river and interact with the freshwater dis-
charge from the river upstream, it enhances the flood risk by inundating larger areas along the river banks
(Bacopoulos et al., 2017). The combined effect of surges and tides hereafter is referred as ST. River charac-
teristics such as its depth, width, meandering, bed slope, and location of the river mouth with respect to
the cyclone tracks are some factors that determine the role of the river basin for inland flooding. Therefore,
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accurately representing the river system in hydrodynamic models is essential to understand flood risk (Bun-
ya et al., 2010; Peng et al., 2004; Westerink et al., 2008).

Several studies (Bhaskaran et al., 2013; Murty et al., 2014; Poulose et al., 2018; Rao et al., 2013, 2020) signify
the importance of tide-surge interaction for accurate prediction of ST and coastal inundation. However,
the importance of hydrological components like RD and P are also mentioned in the studies of Tromble
et al. (2010). Thus, to precisely delineate coastal inundation and predict accurate water levels, a prediction
system is needed that incorporates a combined hydrological and hydrodynamic approach. Some studies
suggest the importance of this system in a real-time forecast (Beardsley et al., 2013; Dresback et al., 2013;
Georgas et al., 2016; Van Cooten et al., 2011).

Studies by Westerink et al. (2008), Bunya et al. (2010) and Dietrich et al. (2011) used basin to channel scale
unstructured Advanced Circulation (ADCIRC) model with hydrological component. They emphasized on
the use of high-resolution complex overland features to simulate riverine flows, tides and storm surges.
Tromble et al. (2010, 2013) used offline coupling of hydrological models, with unstructured ADCIRC model
to compute hurricane storm surge induced inundation. Dresback et al. (2013) developed a one-way coupled
hydrological and hydrodynamic model for real-time forecast scenarios. The model was tested during the
passage of Hurricane Irene in North Carolina. The hydrological model in the coupled system considered
both observed and forecasted precipitation in the upstream of the river boundary. However, rainfall below
the upstream boundary was neglected in the study. It concluded that freshwater discharge had a negligible
effect on the total water levels for Hurricane Irene.

Zheng et al. (2013) investigated the dependence between extreme rainfall and storm surge in determining
flood-risk along the Australian coastline using statistical simulations. Their model used observational re-
cords of P and storm events. They showed that the strength of dependence varies with the lag between the
events and storm burst duration. The study made an emphasis that extreme P and storm surges must be
considered together if inland inundation is to be quantified correctly. Ray et al. (2011) carried out dynam-
ical hydraulic modeling using the 1D Hydrologic Engineering Center River Analysis System (HEC-RAS)
model for steady and unsteady states to analyze the combined effect of storm surges and P in the Houston
area. They found that storm surges timing with respect to P plays a vital role in coastal flooding. Recently,
Pasquier et al. (2019) assessed a coastal region's sensitivity to different sources of flooding using HEC-RAS
version 5.0. They showed that flooding due to storm surges can be exacerbated by the high discharge and
must incorporate hydrological conditions occurring during the events to evaluate flood-risk.

Very few studies for the Indian coast (Agnihotri et al., 2006; Dube et al., 2005; Sinha et al., 2008) are carried
out in the past that have looked at river-tide-surge interaction using finite-difference grid but failed in the
representation of river systems accurately. Recently, Gayathri et al. (2019) demonstrated river-tide-surge
interaction by incorporating idealized hydrological components for the Hooghly River in the hydrodynamic
ADCIRC model. They signify that the limit of flood flow penetration varies from 70 to 62 km for a minimum
discharge of 1000 m?/s to a maximum discharge of 3000 m>/s, respectively. They also investigated role of the
wind stress by taking hypothetical Aila cyclone and the discharge on surge propagation and reported that
lower discharge with higher wind stress results in a more considerable extent of surge penetration. Howev-
er, the study did not discuss the river-induced flooding during the cyclone period as the river channel had
an idealized bathymetry, which may accumulate enough water without causing overbank flooding.

The above studies show the importance of accurate representation of geographical features and incorpora-
tion of the hydrological component, including RD and cyclone induced P, to compute coastal flood levels
during cyclonic events. However, due to the lack of availability of detailed river bathymetry and other hy-
drological data, it is still a challenge to understand the contribution of the hydrological factors responsible
for inland flooding during the cyclonic events. The Indian coast, particularly the east coast of India, is
frequently affected by landfalling cyclones (http://www.imd.gov.in). Many Indian river systems such as
Godavari, Krishna, Mahanadi, Brahmani, Baitarani, and Hooghly join the Bay of Bengal (BoB).

According to the India Meteorological Department report (IMD, 2018), Odisha is one of India's maritime
states with more hazard-prone districts and highly susceptible to severe cyclonic storms. The Mahanadi Riv-
er is one of the major river basins that flow in Odisha and empty into the BoB. The Mahanadi delta compris-
es a network of three rivers: The Mahanadi, the Brahmani, and the Baitarani (Kumar & Bhattacharya, 2003).
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The Mahanadi River's catchment area is about 141,589 km? with 45% of it is in Odisha (Singh, 2017). The
delta covers about 200 km long coastline extending from the Chilika lake in the south to the Dhamara River
in the north. About 83% of the delta region is below 5 m contour and is vulnerable to floods as a conse-
quence of any cyclone.

In the present work, a coupled modeling system is suggested by utilizing available data to a maximum ex-
tent for computation of coastal inundation as a combined effect of ST, RD and P. The Mahanadi, Brahmani
and Baitarani rivers are included in the computational domain with representative depths. The system is
corroborated by carrying out simulations for the 1999 Super cyclone and 2013 Phailin cyclone. The reason
to consider these cyclonic cases for the study is that they made landfall into the delta region and to the south
of it, respectively. The system is checked and validated for both the cases with the available data.

The experiments are carried out in two sections. Initially, hydrodynamic ADCIRC model is configured for
the Odisha coast by incorporating all the three rivers as mentioned above. The field observed discharge
during the cyclone period is taken as the upstream boundary condition in the model. The contribution of
the inflow of freshwater discharge is also quantified. In contrast, the 2D unsteady state HEC-RAS model
is configured for the Mahanadi delta in the second section, using daily RD as an upstream boundary and
ADCIRC computed ST as a downstream boundary. Daily area-averaged P during the cyclone period is also
considered to examine the coastal flooding, particularly in the river channel, as a response to the combined
effect of ST, RD, and P.

This study is the first of its kind to compute coastal inundation for the Indian coast by incorporating the
effect of precipitation along with the other principal components such as storm surges, tides and RD during
the cyclone period. The earlier studies carried out for Indian region either failed to represent the river sys-
tems or carried out using unrealistic bathymetry and RD data, which made it difficult to study the inland
flooding as a compound effect of RD and ST. The modeling system suggested in the present study helps to
understand and quantify the contribution of hydrological components during any cyclonic event

2. Synoptic History of Cyclones
2.1. 1999 Super Cyclone

The 1999 Super cyclone is the most intense tropical cyclone that crossed the Odisha coast. It is the most
severe cyclone in the entire North Indian Ocean. The initial disturbance that led to this cyclone was noticed
on October 24, 1999 in the Gulf of Thailand. While moving toward the west, it was emerged in the north An-
daman Sea as a low-pressure system on October 25, 1999 and centered at 12.5°N/90.8°E. This system moved
west northwesterly and intensified into a cyclonic storm (CS) on October 26. After strengthening into a
severe cyclonic storm (SCS) on October 27, it was upgraded subsequently into a very severe cyclonic storm
(VSCS) at 1500 UTC of October 27. Under favorable conditions, the storm intensified into a super cyclonic
storm (SUCS) on October 28 and maintained its intensity as the system crossed Odisha coast near Paradeep
between 0430 and 0630 UTC of October 29. The maximum pressure drop for the cyclone was 98 hPa, and
the maximum sustained wind speed of about 72 m/s. After crossing the coast, the system weakened into a
VSCS and tracked slowly toward northwest near Cuttack. The generated storm surge of about 8-9 m was
reported in the Regional Specialized Meteorological Center (RSMC) report (RSMC, 1999) and high flood,
particularly in Baitarani and Brahmani (Kalsi & Srivastava, 2006). According to the report, the cyclone
caused severe damage in Jagatsinghpur, Kendrapara, Jajpur, Puri, Bhadrak, Khurda, Dhenkanal, Balasore,
Keonjhar, Nayangarh, and Cuttack districts of Odisha. The 1999 Super cyclone caused more than 10,000
fatalities in Odisha, and the vulnerability was higher in the Mahanadi river basin (Chittibabu et al., 2004;
Dube et al., 2005).

2.2. Phailin Cyclone

The VSCS Phailin in 2013 was the second strongest tropical cyclone to make landfall near Gopalpur in Odis-
ha coast after the 1999 Super cyclone (RSMC, 2013). On October 8, 2013, at 0300 UTC, a depression (D) was
formed over the North Andaman Sea and moved northwestward with a speed of 13 km/h. The deep depres-
sion (DD) was intensified into a CS on 9 October. The cyclone further moved westward and intensified into
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Table 1
Cyclone Track Information for 1999 Super Cyclone and 2013 Phailin Cyclone
1999 Super cyclone 2013 Phailin cyclone
Date Latitude  Longitude  Intensity Date Latitude  Longitude Intensity
October 25, 1999 12.0 98.5 D October 08, 2013 12.0 96.0 D
October 26, 1999 13.5 95.0 CS October 09, 2013 13.0 93.5 DD
October 27, 1999 16.0 92.0 SCS October 10, 2013 15.0 90.5 VSCS
October 27, 1999 17.0 90.5 VSCS October 11, 2013 16.0 88.5 ESCS
October 28, 1999 19.0 87.5 SUCS October 12, 2013 17.5 86.5 ESCS
October 29, 1999 20.5 86.0 SUCS

Abbreviations: D, Depression; DD, deep depression; CS, cyclonic storm; ESCS, extreme severe cyclonic storm; SCS,
severe cyclonic storm; SUCS, super cyclonic storm; VSCS, very severe cyclonic storm.

a VSCS on 10 October at 0600 UTC and finally crossed the Odisha coast near Gopalpur around 1700 UTC on
October 12 as an extreme severe cyclonic storm. The maximum pressure drop of the cyclone was 66 hPa and
the maximum sustained wind speed was around 60 m/s. A storm surge of about 3-3.5 m and inundation in
the low-lying areas of Ganjam, Puri, and Jagatsinghpur districts of Odisha was reported by IMD. Improved
prediction of Phailin cyclone by IMD helped to reduce the fatalities during the event. Table 1 gives the best
track information of the cyclones and the intensity indicated in the table is taken from IMD (http://www.
rsmcnewdelhi.imd.gov.in/images/pdf/faq.pdf). Figure 1 shows the computational domain along with the
1999 Super cyclone and the 2013 Phailin cyclone tracks.

3. Model Description
3.1. ADCIRC Formulation

The US Army Corps of Engineers, Engineering Research and Development Center, University of Notre
Dame, and the University of North Carolina jointly developed a finite element based hydrodynamic model
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Figure 1. Model domain along with 1999 Super cyclone (in red) and 2013 Phailin cyclone (in black) tracks.
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ADCIRC. The model uses a highly flexible, unstructured grid to solve fully non-linear shallow water equa-
tions (SWEs) with the Boussinesq and hydrostatic approximations (Luettich et al., 1992). The ADCIRC can
be utilized to simulate time-dependent, free-surface circulation in a two-dimensional (2D) depth-integrat-
ed mode or a three-dimensional (3D) model. The model solves the generalized wave continuity equation
(GWCE) (Kinnmark, 1986) to obtain the elevation changes and the momentum equations for the currents
(Luettich & Westerink, 2004). For the GWCE, the model uses a semi-implicit, three-time level approxima-
tion. However, in the momentum equation, fully explicit mode, two-time level approximation is used. It
also uses Galerkin finite element method in space, and at the same time, GWCE provides stability to the
model by eliminating any spurious oscillations associated with the technique (Atkinson et al., 2004; Daw-
son et al., 2006; Kolar et al., 1994; Luettich & Westerink, 2004). The developments in the equations and
expansion of the model can be found in Kinnmark (1986), Luettich et al. (1992), and Kolar et al. (1994).

The ADCIRC includes different boundary conditions (Luettich & Westerink, 2004) like free-surface eleva-
tion from different tidal constituents at the open boundary and normal flux per unit width (zero flux across
the land boundary and non-zero flux across the river) at the flux boundary. The later boundary condition is
used to represent river inflow by specifying RD into the model domain. It helps in simulating the river flow
and its interaction with ST. For a more accurate representation of the bottom friction, the ADCIRC includes
a quadratic parameterization of bottom stress using Manning's n formulation. The nodal value of Man-
ning's n value is assigned spatially with the help of land use/land cover (LULC) data (Bunya et al., 2010).
Inundation in the model is computed using the wetting and drying scheme (Dietrich et al., 2004; Luettich
& Westerink, 2004).

3.2. HEC-RAS Formulation

HEC-RAS is developed by the HEC of the US Army Corps of Engineers (USACE, 2016). The HEC-RAS can
be used either as a one dimensional (1D) steady or 1D and 2D unsteady flow model (Brunner, 2002). It can
simulate hydraulic flow in river channels and flood plains in a single reach or a network of reaches. In the
present study, the HEC-RAS version 5.0 is used as a 2D unsteady flow model. The 2D flow area is a closed
domain divided into computation units, in which 2D unsteady flow equations are numerically solved. The
2D unsteady HEC-RAS model solves either the 2D SWEs or the diffusion wave approximation of the SWE
with an implicit finite-volume algorithm on user selection. Hydrostatic pressure, incompressible flow, and
uniform density are assumed for the formulation of the equations. The basic governing equations used in
the model can be found in USACE (2016). The HEC-RAS model can be used with both unstructured and
structured mesh. The model mesh can handle a polygon having a minimum of three sides (triangle) to
maximum eight-sided (octagonal) computation cell. This model is well tested for coastal flood mapping as a
combined effect of storm surge and P (Ray et al., 2011), fluvial flood (Patel et al., 2017; Quirogaa et al., 2016),
and flooding driven by increased sea-level rise (Pasquier et al., 2019). However, its 2D capabilities are still
required to be tested for different applications (Vozinaki et al., 2017).

4. Data and Methodology
4.1. ADCIRC

It is indispensable to represent the river system more specifically with all its important tributaries in the
model domain for the computation of coastal flooding in the river basin as a combined effect of ST, up-
stream RD and inland P. Hence, the Mahanadi delta, comprising of the Mahanadi and the adjoining Brahm-
ani, and Baitarani rivers, are digitized using Google Earth shown in Figures 2a and 2b. Once the rivers'
land-water boundaries and its tributaries are digitized, it is converted into a polygon shapefile using geo-
graphic information system (GIS). Therefore, assigning bathymetry throughout the river polygon is a big
challenge because it is not available in the public domain. However, the river cross-section data is available
at five locations in the study area (Alipingal, Marshaghai, Pubansa, Indupur, and Jenapur) from the Water
Resources Information System (WRIS) database (https://indiawris.gov.in/wris/#/). The year of availabil-
ity of cross-sectional data for Jenapur and Pubansa is 2013 while, it is 2006 for Indupur, Marshaghai and
Alipingal. The Shuttle Radar Topography Mission (SRTM) data (Farr et al., 2007) does not represent un-
derwater elevation. Therefore, observed river cross-section data is used to assign river bed along the river
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Figure 2. Depiction of (a) Mahanadi deltaic region along with river cross-sections and discharge observed locations
(1-5) (b) Digitized Mahanadi, Brahmani, and Baitarani rivers along with their tributaries. Comparison of observed and
computed Advanced Circulation and Hydrologic Engineering Center River Analysis System river cross-sectional depths
along the river width at (c) Pubansa (d) Alipingal (e) Marshaghai (f) Jenapur (g) Indupur.

channels. The maximum cross-sectional depth of an observed locations (as shown in Figure 2a) in each
stream is found and taken as a reference. This maximum depth is subtracted for the whole length of the
river stream within the river boundary polygon, with reference to the river bank levels from the SRTM data
using the Google Earth. This procedure is followed for all the river systems in the study domain. Later the
river terrain with assigned river depth is used in place of general river terrain and merged with the surface
terrain of SRTM data. This modified SRTM data (containing river channels with approximated depths) is
used to generate regional mesh covering mostly the Odisha coast. The present study is an initial attempt to
compute coastal inundation as a combined effect of ST, RD and P by approximating the bathymetry based
on different sources of observations. Hence, the study is constrained by the availability of data. The mod-
el bathymetry is derived from the 30 arc-second General Bathymetric Chart of the Ocean (GEBCO) data
(Weatherall et al., 2015). Figures 2c-2g depicts a comparison between the observed and model computed
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river cross-sectional depth. The river depth profile for the ADCIRC model is depicted as ADCIRC_depth.
As the availability of the river cross-sectional profiles limited to few locations it is seen from the figure that
the maximum depth of the river in the model matches reasonably well with the observations. While, the
sensitivity experiments to assess the model uncertainties in computing inland inundation by changing the
river cross-sectional width are described in Appendix C.

Mesh with an unstructured triangular grid is prepared using Surface Water Modeling System (SMS) (http://
www.aquaveo.com/products) with 829,136 computational nodes. The resolution of the domain varies from
minimum 50 m within the riverine region to maximum 23 km in the deeper ocean. The minimum cross-sec-
tional width of the Mahanadi River in the domain is about 500 m and maximum of about 4,000 m. Whereas,
in case of Brahmani and Baitarani rivers the maximum width is about 1500 and 700 m, respectively and
the minimum is about 500 m for Brahmani and 200 m for Baitarani River. The extent of the inland bound-
ary is up to 20 m topography contour, which allows having sufficient flood plains, and the normal inflow
boundary for the Mahanadi, Brahmani, and Baitarani rivers is chosen at 16, 16, and 20 m, respectively. The
offshore extent of the domain is about 484 km, and the open boundary is forced with amplitude and phase
of 13 tidal constituents (K1, M2, N2, O1, P1, S2, K2, L2, 2N2, MU2, NU2, Q1, and T2) from the Le Provost
tidal database (Le Provost et al., 1998). The present study uses two Digital Elevation Model (DEM) data one
is the original 30 m SRTM and the other is the SRTM data modified using WRIS cross-sectional data. In or-
der to study the effect of representing the river deltaic region on the coastal flooding, the topography of the
computational domain is replaced by unmodified (original) 30 m SRTM data. Hereafter, the computational
domain with modified SRTM data is referred to as DT-1, and it is DT-2 with the unmodified SRTM. The
deltaic region of both the computational domain are shown in Appendix A.

Daily discharged data available at Tikarapara, Jenapur and Anandapur from WRIS during the simulation
period is used at the upstream boundary of Mahanadi, Brahmani and Baitarani rivers, respectively in DT-1.
In order to achieve a steady state, the model is spun-up for 30 days using tidal amplitude and corresponding
phase of different constituents at the open boundary and daily discharge at the upstream flux boundary of
the rivers. After the spin-up, the model is able to capture the complete tidal cycle, which is verified by vali-
dating model tides with observations available at tide gauge locations. Thereafter, the model is forced with
the cyclonic winds during the storm period. The model simulations (DT-1 & DT-2) with the ADCIRC model
are performed with a time-step of 0.5 s. Hybrid bottom friction formulation with minimum drag coefficient
as 0.0015 is used in the computation of ST, when the LULC data is not considered. However, bottom friction
is computed with LULC data by quadratic parametrization using Manning's n formulation. The formulation
using Manning's n represent the surface roughness of different LULC types. The friction coefficient (Cf) is
computed using

g#n’

(h[+eta(t)})l/3

where, g is the gravitational constant (9.81 m/s®), n is the Manning's roughness coefficient, & is the bathym-
etric depth (m) and eta(t) is the water surface elevation (m) at time ¢.

Cf(t =

Spatially varying Manning's n with 0.02 for open water and larger inland values based on LULC class are
used for simulations with LULC data. In the present study, 1 km resolution of LULC data is obtained from
sources of 2000 Global Land Cover Characterization (GLCC) and Bhuvan-National Remote Sensing Center
(NRSC) 2013 LULC for the 1999 Super cyclone and Phailin cyclone, respectively. The table with value of
Manning's n for different classes of LULC data used in the study is given in Appendix A. The value for
Manning's n is obtained from the literature (Bricker et al., 2015; Bunya et al., 2010; Kalyanapu et al., 2009;
Passeri et al., 2011; Phillips & Tadayon, 2006; Wamsley et al., 2009; Weltz et al., 1992).

In order to fix the values of the model parameters experiments were carried out using spatially constant
horizontal eddy viscosity equals to 2 m*/s and 50 m?/s over the study domain. It was observed that for
2 m?/s, the model was unstable and showed maximum elevation error in especially in narrow and me-
andering tributaries. However, in the present study, simulation of storm surges was not sensitive to the
horizontal eddy viscosity variation in the ocean. Whereas, it was noticed that eddy viscosity plays a vital
role in the upper stream of the tributaries such that the use of an higher value, 50 m?/s is providing a stable
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Figure 3. Computational domain for Hydrologic Engineering Center
River Analysis System model along with cross-sections. Label 1-5 shows
the river coast boundary openings for Baitarani, Brahmani, and the
Mahanadi rivers, respectively.

solution. Therefore, the horizontal eddy viscosity is taken to be 2 m?/s
(Cyriac et al., 2018) in open waters (Pandey & Rao, 2019) and 50 m?/s
(Bunya et al, 2010) over the land. In the present study, the ramp func-
tion of 1 day is used based on the sensitivity experiments carried out on
the computation of the inundated area as discussed in Appendix C. This
value of 1 day ramp is also in accordance with the studies of Westerink
et al. (1992), Shankar et al. (2019) and Blain et al. (1994). Typical values
for the weighing factor (7p) in GWCE are in the range of 0.005-0.1. In the
present study, the minimum and maximum value of tau0 is tested and
it has resulted an unstable solution. However, 7o = 0.05 gives realistic
results, which is also used in Pandey and Rao (2019).

An improved dynamical Jelesnianski wind model (Jelesnianski & Tay-
lor, 1973; Pandey & Rao, 2018) is used for cyclonic wind distribution. The
information of cyclone position is obtained from the IMD best track data
and the wind fields for both the cyclonic events are calculated by taking
constant radius of maximum winds of 30 km, based on the observation
of the past cyclones in this region (Mohapatra & Sharma, 2015; Sharma
& Mohapatra, 2017).

4.2. HEC-RAS

For the computation of coastal flooding as the combined effect of ST, up-

stream discharge, and inland rainfall, a 2D hydraulic model for unsteady
flow, is configured with the HEC-RAS (version 5.0) software. The study domain contains the Mahanadi
delta region, and its elevation is taken from the modified 30 m SRTM data. RAS Mapper (the GIS extension
of HEC-RAS) is used to manage and export model results. Cross-sections of the river channels are created
at approximate intervals, taking care of locations where there is a sharp turning or change in the width of
the rivers (Figure 3). The reason to take cross-sections at many locations is to specify the ground surface
profile and specify the stream'’s flow carrying capacity and the adjacent flood plain. The cross-sectional
depth profile of the river in the HEC-RAS model is compared with the observations from WRIS, as shown
in Figures 2c-2g. It is seen from the figure that the depth profile of the HEC-RAS model, which is repre-
sented as HECRAS_depth is similar to the ADCIRC depth in terms of maximum depth, which is almost in
close agreement with the observations. However, the river bank profile is modified in HEC-RAS using the
cross-sectional data to create an improved river bank profiles for hydraulic modeling.

The flood plain in the HEC-RAS is represented by a series of cells called the storage area. The mesh size
varies from 50 m within the river channel to 500 m in the floodplain. Water will flow into the storage area
if the river level surpasses the corresponding height of the river bank. The computational domain covers
an area of about 11728 km? with an upstream boundary near Cuttack, Jenapur, and Anandpur for the
Mahanadi, Brahmani, and Baitarani rivers, respectively. The daily discharge data is taken from WRIS at
Tikarapara, Jenapur, and Anandapur stations. At the same time, the ADCIRC simulated ST levels are taken
at every 30 min interval at the downstream boundary of the domain. Daily rainfall gridded input with 25 km
resolution is obtained from IMD (Pai et al., 2014). As the computational area is relatively small, daily ar-
ea-averaged rainfall is used for model simulations. In the present study, the daily precipitation amounts are
not disaggregated at sub-daily scale. However, the daily area-averaged precipitation time series is taken as
input for model simulations and the model is integrated for a day using the daily precipitation. At present,
the HEC-RAS modeling platform allows only time-varying precipitation within the computational domain.
Hence, it is a limitation of the present study as it does not consider the spatial variation in precipitation over
the river basin area. Table 2 shows the area-averaged precipitation (19.6-21.0°N and 85.0E-87.2°E) used in
the HEC-RAS model for the simulation of the 1999 Super cyclone and Phailin cyclone. The simulations are
carried out with a model time step of 60 s using the eddy viscosity transverse mixing coefficient as 2.0. The
LULC data for Manning's n value is taken from the source mentioned in Section 3.1. Similar to the ADCIRC,
the HEC-RAS model is initially run for 30 days with tides (computed from the ADCIRC) at the downstream
boundary and daily observed discharge at the upstream boundary.
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Table 2
Daily Area-Averaged Precipitation Over the Mahanadi Deltaic Region
During 1999 Super Cyclone and Phailin Cyclone

1999 Super cyclone 2013 Phailin cyclone
Area-averaged Area-averaged
precipitation precipitation

Day (mm) Day (mm)
October 25, 1999 2.3 October 09, 2013 16.8
October 26, 1999 0 October 10, 2013 12
October 27, 1999 0.6 October 11, 2013 0.1
October 28, 1999 25.6 October 12, 2013 31
October 29, 1999 216.5 October 13, 2013 110
October 30, 1999 70.5
October 31, 1999 5

The 2D unsteady HEC-RAS model is used to simulate coastal flooding
in response to the combined effect of ST, RD, and P in the Mahanadi
delta region during the cyclone period. The experiments are carried out
for both the 2013 Phailin and the 1999 Super cyclone. The first experi-
ment (Expl) is carried out by prescribing only ST (computed from the
ADCIRC) and RD at downstream and upstream boundaries, respectively.
At the same time, inland daily averaged rainfall over the domain is also
included in the Exp2.

4.3. Coupling Methodology

In this study, computation of coastal inundation in the river deltaic region
as a combined effect of P, RD and ST is carried out using a coupled 2D
river hydraulic HEC-RAS model and hydrodynamic ADCIRC model. The
two models are linked at the river coastal boundary (RCB) by one way
coupling in which first simulations are performed to compute ST using
standalone ADCIRC model. The opening locations of the RCB are shown
in Figure 3 as they are labeled from 1-5 with Baitarani as 1, Brahmani

2, and 3-5 for Mahanadi River. Later, the ADCIRC computed ST levels are provided at the downstream
boundary of the HEC-RAS model domain and daily river discharge data is taken at upper boundary. The
daily rainfall is taken as the source flux term in the mass conservation equation of HEC-RAS to incorporate
the effect of cyclone induced precipitation in flood inundation.

5. Results and Discussion

5.1. ADCIRC Simulations
5.1.1. 1999 Super Cyclone

Numerical simulations are carried out for the 1999 Super cyclone using the ADCIRC model to understand
the role of upstream RD of the river delta on the coastal inundation. These cyclonic events are used to
investigate the effect of landfall location on surge propagation and inland flooding in the region. The 1999
Super cyclone made landfall in the Mahanadi deltaic region, near Paradeep. To quantify the inland flooding
in the Mahanadi delta during the 1999 Super cyclone, a simulation (SIM1) is first carried out with DT-1
taking cyclonic winds and tidal forcing along the open boundary. Tidal forcing is provided by specifying the
amplitude and its phase of the important tidal constituents. A second simulation (SIM2) with DT-2 and the
same experimental setup as that of SIM1 is made. Prior to these simulations, a steady state tidal solution
is generated for DT-1 and DT-2 by integrating for about 30 days by prescribing only the tidal forcing at the

open boundary.

Figures 4a and 4b depict the spatial coverage of coastal inundation and maximum water level (MWL) due
to the 1999 Super cyclone computed from SIM1 & SIM2, respectively. The MWL of about 9 m is computed
near the Brahmani River in SIM1. In contrast, the MWL of about 7 m is computed in SIM2, in the down-
stream of Mahanadi River. The MWL over the coastal region is estimated by subtracting the local topogra-
phy as the model simulated water level is refered to the mean sea level. The extent of inundation in SIM1
is seen in some parts of Kendrapara, Jagatsinghpur, Bhadrak, and Jajpur districts. Moreover, the extent of
coastal inundation is found upland up to 56 km near Brahmani River and 52 km near the Baitarani River.
The extent of inundation is higher near the downstream of Brahmani and Baitarani rivers because these
regions mainly experience on-shore cyclonic winds and subsequently the rivers in the region swelled over
their banks, causing severe flooding in the adjacent coastal plains. The penetration of ST in the tributaries
of Brahmani and Baitarani rivers are observed upto 40 km upstream from the coast. Moreover, the inun-
dation noticed in the areas of Kendrapara and Jajpur districts is mainly caused due to overflow from the
river banks. However in SIM2, only the storm waters at the river mouth penetrate through the river system
and inundate the low-lying regions of Jagatsinghpur, Kendrapara, and Bhadrak with a maximum extent of
inundation about 22, 16, and 17 km, respectively. The simulated inundated area is about 1,940 and 685 km?
for SIM1 and SIM2, respectively. The inundated area in SIM1 increases by about 64% compared to SIM2.
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Figure 4. Spatial coverage of coastal inundation and maximum water levels for the 1999 Super cyclone (a) Domain with modified Shuttle Radar Topography
Mission (SRTM) data (DT-1) (b) Domain with unmodified SRTM data (DT-2). Inset image is zoomed to highlight the area with maximum water levels in both

the domains.

The increase may be attributed to the fact that the Mahanadi, Brahmani, and Baitarani rivers are represent-
ed with approximated depths in the computational domain (DT-1), and as the cyclone passes through the
deltaic region, the strong on-shore cyclonic winds push the water through the river channel and causing
inundation through the river banks. Comparison of SIM1 and SIM2 signifies the importance of proper rep-
resentation of the river delta in the computation of inland inundation.
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Figure 5. Daily discharge hydrograph during the 1999 Super cyclone at

Mahanadi, Brahmani and Baitarani.

= «Mahanadi

31-10-1999

The effect of freshwater discharge on the inland flooding is assessed and
quantified by performing another simulation (SIM3) with DT-1 consid-
ering tides along the open boundary, cyclonic winds, and daily discharge
at the upstream of the Mahanadi, Brahmani, and Baitarani rivers. Ini-
tially, the DT-1 is forced with the tide and RD and spun-up the model for
30 days to reach a steady state. Later, the sea surface is forced by cyclonic
winds to compute coastal inundation and MWL. Figure 5 shows the ob-
served hydrograph for Mahanadi, Brahmani, and Baitarani rivers taken at
Tikarapara, Jenapur, and Anandapur river locations, respectively, during
the cyclone period. The effect of the RD on coastal flooding is analyzed
by comparing SIM1 and SIM3. Spatial coverage of coastal inundation and
MWL for SIM3 is shown in Figure 6a. A composite depiction of coastal
inundation for the 1999 Super cyclone as an aggregate response of SIM1
and SIM3 is shown in Figure 6b. It is observed that there is no change in
MWL after incorporating upstream discharge, however, the coastal inun-
dation increases in the districts of Jajpur, Kendrapara, and Jagatsinghpur
near Brahmani and Baitarani rivers. These districts are also mentioned in
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Figure 6. (a) Spatial coverage of coastal inundation and maximum water levels with daily river discharge for the 1999 Super cyclone (b) composite depiction of
coastal inundation for 1999 Super cyclone as an aggregate response of without and with discharge.

the 1999 RSMC report as damaged districts and it is also mentioned that severe flooding were seen mainly
in Brahmani and Baitarani rivers. However, the information of the extent of inundation is not available in
the report.

The enhanced flooding in SIM3 may be caused by the non-linear interaction of the influx from the upstream
and ST from the downstream of the river, causing to decrease the penetration of ST into the river channel
and resulting in more overbank flooding (Bacopoulos et al., 2017). The inundated area from SIM3 is about
2,275 km® It shows that the coastal flooding area is increased by about 14% from SIM1 after incorporating
the discharge in the model. On comparison of SIM2 and SIM3, it is observed that the upstream discharge
and the proper representation of the river basin have increased the coastal inundated area by about 70% in
the case of an extremely severe cyclonic event, which made landfall in the river deltaic region. This infers
that not only representation of river systems in the computational domain is significant but also the fresh-
water discharge through the river upstream is also a dominant factor to map accurate coastal flooding.

The hydrograph of Mahanadi, Brahmani, and Baitarani rivers in Figure 5 shows that the Brahmani River
has a maximum discharge of about 8,053 m?/s. Therefore, to assert the contribution of influx from Brahma-
ni River on the coastal inundation during the 1999 Super cyclone, one more simulation (SIM4) is conducted
that is discussed in Appendix B.

In all the above simulations (SIM1, SIM2, SIM3, and SIM4), the LULC data is used to compute spatially
varying bottom stress with Manning's n coefficients. For the 1999 Super cyclone, 2000 GLCC LULC data is
used, having a resolution of about 1 km. Manning's roughness coefficient (n) is used to model spatially vary-
ing bottom stress and is very important as it affects computation of coastal inundation. The major classes of
2000 GLCC LULC in the Mahanadi delta region is shown in Appendix A. Therefore, to investigate the role
of the LULC on coastal flooding, an experiment (SIM5) is carried out for the 1999 Super cyclone without
using LULC information. The experimental setup in SIM5 is similar to SIM3 except that the bottom stress
in SIMS5 is computed using hybrid bottom friction formulation with a minimum drag coefficient of 0.0015.

Figure 7a depicts spatial coverage of coastal inundation and MWL from SIMS5. The MWL of about 10 m is
seen in the river streams, and the inland extent flooding increases in the district of Bhadrak, Kendrapara,
Jagatsinghpur, and Jajpur. The extent is about 74 and 60 km near Brahmani and Baitarani rivers, respective-
ly. However, there are no field observations available to validate the inundation extent. Moreover, a compos-
ite extent of flooding as a combined response of SIM5 and SIM3 is shown in Figure 7b that highlights an
increase in the extent without LULC. The inundated area from SIMS5 is about 3,475 km? while it is about
2,275 km? from SIM3. This suggests that a decrease of about 1,200 km? or 35% in the computed inundated
area after introducing LULC data in the model. It infers from the simulations that MWL and extent of inun-
dation vary with the use of LULC information. To understand the variation in water depths for each class
of LULC, the MWL with LULC is extracted and at the same location without LULC is noted and plotted in
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Figure 8. It is noticed that there is a significant reduction in MWL with the inclusion of LULC in the model
simulations. The settlement, tropical dry deciduous forest, mangroves, water bodies (rivers and lakes), and
rain-fed agriculture reduce the MWL with a maximum reduction of 29% with the tropical dry deciduous
forest. It is inferred on comparison of SIM3 and SIMS5 that the LULC has a significant impact on water
depths and flooding extent by acting as a barrier and reducing the flow velocity. Therefore, it is essential to
incorporate LULC information to predict the inundation extent accurately during the cyclone period.

5.1.2. Phailin Cyclone

The computation of coastal flooding in the Mahanadi delta is analyzed (SIM3) for the Phailin cyclone,
which makes landfall about 100 km south of the Mahanadi river delta region. The delta is on the right side
of the cyclone track, and the distance of the track from Puri is about 100 and 270 km from Dhamara. Daily
observed freshwater discharge at Tikarapara, Jenapur, and Anandapur during the cyclone period is shown
in Figure 9. Maximum discharge of about 15,000 m>/s is observed at Tikarapara. The model simulated tide
is validated at Paradeep tide-gauge station, which is about 200 km right to the landfall location. The valida-
tion is carried out for the last 10 days (out of 30 days spin-up period) as shown in Figure 10a. It is observed
that the amplitude and phase of the model tide is in good match with the observations, which shows that
the model has attained the steady state condition and the correlation coefficient is about 0.98. Similarly, the
model computed ST is also validated during the cyclone period with the observations at Paradeep tide-gauge
station (Figure 10b). It is found that the simulated ST compares reasona-
bly well with the observations with an RMSE of about 0.22 m.

The spatial distribution of coastal flooding and MWL for the Phailin cy-
clone is shown in Figure 11. The MWL of about 2.5 m is simulated near
Gopalpur, and it is about 5 m in the tributaries of Mahanadi, Brahmani,

I I ‘ I I and Baitarani rivers. Inland inundation is observed in Bhadrak district
near the Baitarani River with a covered area of about 75 km? It is ob-
8 § § 2 £ £ é g g served that the extent of flooding in the Mahanadi delta is not significant
S € £ g 3 = S . o1 . .
3 s 3 ég. 3 3 2 3 ] in the case of the Phailin cyclone. This may be attributed to the fact that
55 & =3 o > g ] . . . .
T ¢ 3 g& g & E @ the maximum ST simulated near the river mouth varies only from 1 m
g o £ 88 2 2 s . .. . .
s ¢ 2 8 s = to about 1.5 m with a minimum near Puri to a maximum near Dhamara.
= £ = = <
g 2 = ©
LULC class . .
T e 5.2. HEC-RAS Simulations

As mentioned in Section 4.2, the Expl and Exp2 are carried out without
and with precipitation for both the cyclones. Initially the experiments are
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Figure 9. Daily discharge hydrograph during the 2013 Phailin cyclone at
Mahanadi, Brahmani and Baitarani.

performed to map flood inundation in the delta region during the Phailin
cyclone, which made landfall 100 km south to the Mahanadi delta as a
response of ST + RD and ST + RD + P, respectively. The ADCIRC com-
puted temporal ST values provide as downstream boundary condition at
Baitarani, Brahmani and the Mahanadi RCB are shown in Appendix A.
Figures 12a and 12b depict the MWL and coastal inundation in the delta
region for Expl and Exp2, respectively. The MWL computed is about 6 m
near the Brahmani River (Figure 12a). The inundation is also observed
in the coastal districts of Bhadrak and Jajpur and in some places in Ken-
drapara near Brahmani River.

On comparison of SIM3 (Figure 11) carried out for the Phailin cyclone, it
is observed that the inundated area is enhanced in the Expl. The reason
may be due to the changes in the river depth profiles, which are mod-
ified in the HEC-RAS model by changing the river bank profile using
cross-sections, and that may lead to changes in the water carrying capac-
ity of the rivers. In SIM3, it is observed that only the low-lying areas of
Bhadrak are inundated, and as mentioned earlier, the inundation area

is about 75 km?. Whereas, the inundated area computed in Exp1 is about 532 km® The inundation of the

Jajpur district in the Brahmani River coincides with the peak discharge time of the Brahmani River that is
on October 11, 2013 (refer: Figure 9). Moreover, the inundated area in Exp2 (Figure 12b) is about 1,124 km?
after incorporating daily averaged rainfall along with ST and RD. It is observed that the inundated area is
increased by about two times after incorporating P, which may be slightly on the higher side as evaporation
and soil infiltration data are not included in the model. The simulated inundation is validated with the

image obtained from the Landsat-8 satellite. Figure 12c shows the satellite image of the Mahanadi delta
captured on April 26, 2013 when the region was cloud-free and Figure 12d is of October 19, 2013 seven days
after the landfall of the cyclone. The modified normalized difference water index (MNDWTI) is carried out

for both the images to enhance the open water features (Xu, 2006) in the satellite image. As observed in the
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Figure 10. (a) Comparison of modeled tide against the observed tide at
Paradeep (20.24°N, 86.64°E), (b) Comparison of model simulated storm
tides with observations for Phailin cyclone. Black dot shows the cyclone
landfall time.

satellite image (Figure 12d), the model simulations capture reasonably
well the inundated areas of Bhadrak and Jajpur, highlighted with a black
oval-shaped contour in Figure 12b. However, small inundated areas are
not seen in the imagery as mentioned before the image was taken seven
days after the cyclone’l's landfall. Therefore, it is inferred that coupling
a hydrodynamic (ADCIRC) model with a hydraulic river system (HEC-
RAS) helps to achieve more accurate flood mapping in the river delta
regions as the coupled model system can simulate better fluid flows in the
estuarine coastal region.

Similarly, the HEC-RAS model is used to carry out Expl and Exp2 for the
1999 Super cyclone. The temporal ST (simulated through ADCIRC) dur-
ing the cyclone period is provided in Appendix A. Figure 13 depicts the
MWL along with coastal inundation for Expl and Exp2 during the 1999
Super cyclone. The MWL computed in both the experiments is about 8 m,
near the Brahmani River in Jajpur district and also the districts like Ken-
drapara, Bhadrak are seen inundated (Figure 13a). On comparing Expl
with SIM3 for the 1999 Super cyclone, it is seen that the Bhadrak and
Kendrapara districts are flooded in both the simulations. However, the re-
gion near Brahmani River in the Jajpur district is an additional inundated
area simulated in Expl during the peak discharge time in the Brahmani
River during October 30-31, 2013 (refer Figure 5). This highlights that
the flood expanded across the river channel during the peak discharge
from the river's upstream. In Exp2, it is noted that the Mahanadi delta
region is more inundated after including P as the highest area-averaged
precipitation of about 216 mm was reported on October 29, 1999 (1 day
before the cyclone landfall). The inundated area computed for Expl and
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highlights the major inundated area, (c) Landsat-8 satellite image of April 26th 2013 when there was no weather
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Figure 13. Depiction of maximum water levels and coastal inundation during 1999 Super cyclone (a) simulation with storm tides and river discharge, (b)
simulation with storm tides, river discharge and precipitation.

Exp2 is about 1,382 and 2,800 km?, respectively. This essentially infers again the importance of using the
coupled model system with the inclusion of P to map the inland flooding accurately during any cyclonic
event.

6. Conclusions

The study emphases on the computation of coastal flooding in the Mahanadi River delta during the cyclone
period by incorporating rivers with representative depths and including hydrological components (river
discharge and precipitation) in the standalone ADCIRC and coupled ADCIRC and HEC-RAS models. Nu-
merical simulations are performed for the 1999 Super cyclone and the 2013 Phailin cyclone, which made
landfall through the delta region and 100 km south of it, respectively. The SRTM data used for the on-shore
topography is modified by incorporating the approximated river depths of Mahanadi, Brahmani, and the
Baitarani River channels using available river cross-sectional data. A finite element mesh with the normal
flux boundary at the upstream of the rivers is generated for the Odisha coast using the merged GEBCO and
modified SRTM data.

The coastal flooding is quantified in the delta region during the 1999 Super cyclone using a standalone
ADCIRC model with and without modified SRTM data. It is found that the inundated area increases by
about 64% after incorporating river streams with approximated depths. Moreover, the contribution of fresh-
water discharge is estimated using its daily data available from WRIS at the upstream end of the Mahanadji,
Brahmani, and Baitarani rivers. The inundated area after incorporating river discharge is expanded by about
14%. The study highlights that it is essential to include hydrological components with proper representation
of the river systems in the computational domain in order to map inland inundation precisely due to the
cyclone. The effect of river discharge is assessed on the coastal flooding by incorporating the discharge only
through the Brahmani River. As the maximum discharge of about 8,053 m?/s was observed at the upstream
of Brahmani River during the 1999 Super cyclone, it is noticed that about 7% is contributed alone by this
discharge out of 14% increase in the inundated area.

Similarly, an experiment is made with a hybrid bottom friction formulation with a friction coefficient value
of 0.0015 to study the effect of LULC on the coastal flooding. The coastal inundation is reduced by 35% with
the LULC, which demonstrates that it is essential to incorporate LULC information in order to compute
more reliable inland inundation. Another simulation carried out for the 2013 Phailin cyclone computes
an inundated area of only about 75 km? in the low-lying areas of Bhadrak district. Moreover, the model
computed storm tides is found to be in good agreement with the Paradeep tide-gauge data with an RMSE
of about 0.22 m.
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The impact of inland precipitation on the computation of inundated area is estimated by using a coupled
ADCIRC and HEC-RAS model for the Phailin cyclone and the 1999 Super cyclone. The 2D unsteady HEC-
RAS model is configured for the Mahanadi delta region by incorporating ADCIRC computed ST into the
downstream RCB and the daily observed discharge in the upstream boundary. Experiments with and with-
out daily area-averaged precipitation are performed for both the cyclones to quantify the effect of precipita-
tion on the inland flooding. For the Phailin cyclone, the coastal flooding without precipitation is computed
in the low-lying areas of Bhadrak and also in Jajpur district near Brahmani River with an inundated area of
about 534 km® Whereas, the inundated area becomes almost double with inland precipitation. The increase
may be on the higher side as evaporation and soil infiltration data are not incorporated in the model due to
lack of information. The simulated coastal flooding is compared with the Landsat-8 satellite image, which
shows a better agreement with the major inundated areas. Similarly, in the 1999 Super cyclone inland pre-
cipitation increases the inundated area by about two times.

The study exhibits that a coupled hydrodynamic and hydraulic model system supports to achieve a more
reliable flood mapping in the river delta region. Including precipitation along with river discharge have also
a large effect on the inundation estimates. This modeling approach has further allowed to understand and
quantify the influence of hydrological components and the significance of resolving river systems in the com-
putation of flooding due to an impinging cyclone making landfall into the river delta region or in its vicinity.

Owing to the unavailability of the actual river bathymetry in the public domain, an effort is made in this study
to develop a modeling system that assists in understanding the role of river discharge, ST and precipitation in
the computation of coastal inundation by incorporating Mahanadi delta with an approximated bathymetry.
The present study considers two cyclonic cases which are 15 years apart but due to the limited availability of
river cross-sectional data the changes in the river course is not considered. Furthermore, the river bed and its
width are not precisely represented at certain locations. This may alter the water carrying capacity of the river
and may lead to a misrepresentation of over bank flooding at those locations. However, the system appeared
to provide encouraging results after incorporating river discharge and cyclone induced precipitation. Though
the study and its results are constrained to the availability of the data along with some uncertainties, it is
nevertheless that the system can be utilized and verified with the upcoming cyclonic events. It also provides
a platform to improve further by prescription of finer details of the river basin, including spatially distributed
rainfall for the computation of inland flooding and eventually validating model computed coastal inundation
by ground truth data either in the form of in situ observations or satellite images. The accurate prediction of
flood risk would help to enhance the efficacy of the disaster management and mitigation plans.

Appendix A: Classification of Land Cover Characteristics and Corresponding
Manning's n Values

Table Al shows Manning's n value for different classes of Global Land Cover Characteristics (GLCC) and
Bhuvan-National Remote Sensing Center (NSRC) land use/land cover (LULC) data.

The Mahanadi deltaic region of DT-1 (with modified Shuttle Radar Topography Mission (SRTM) data) and
DT-2 (with original 30 m SRTM data) is shown in Figure A1. It is evident from the figure that the Mahanadi,

Table Al
Manning's n Values for 2000 GLCC and 2013 NRSC LULC Classes

2000 GLCC LULC classification NRSC 2013 LULC classification
Class Description Manning's n Class Description Manning's n
Sea 0.02 Settlement 0.15
Tropical evergreen 0.32 Kharif crop only 0.03
Subtropical evergreen 0.32 Rabi crop/zaid/double/triple crop 0.04
Temperate broadleaved 0.4 Mixed dryland/irrigation 0.035
Tropical montane 0.6 Current fallow 0.032
Tropical semievergreen 0.16 Crop/wood mosaic 0.042
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Table Al
Continued
2000 GLCC LULC classification NRSC 2013 LULC classification

Class Description Manning's n Class Description Manning's n
Temperate conifer 0.16 Grassland 0.035
Subtropical conifer 0.16 Scrub/deg. Forest/scrubland 0.4
Tropical moist deciduous 0.32 Mix shrub/Grs 0.05
Tropical dry deciduous 0.32 Savanna 0.16
Junipers 0.435 Deciduous forest 0.36
Mangroves 0.0951 Deciduous needle leaf 0.1
Degraded forest 0.036 Evergreen forest 0.32
Dry woodland 0.055 Evergreen forest (Himalayan region) 0.12
Thorn forest/scrub (northern) 0.4 Plantations/orchard/shifting cultivation 0.1
Thorn forest/scrub (southern) 0.4 Water bodies 0.02
Shrubs 0.1 Herbaceous wetland 0.035
Abandoned jhum 0.1 Littoral swamp (mangrove) 0.0951
Sparse woods 0.1 Other wasteland/gullied/ran 0.0113
Bush 0.1 Herbaceous tundra 0.04
Coastal vegetation 0.035 Wooded tundra 0.05
Savannah 0.16 Mixed tundra 0.05
Plain grasslands 0.035 Bare ground tundra 0.05
Slope grasslands 0.025 Snow cover 0.022
Desert grasslands 0.01
Alpine meadow 0.025
Alpine grasslands 0.05
Sparse vegetation (cold) 0.037
Sparse vegetation (hot) 0.037
Gobi 0.037
Desert (cold) 0.025
Thorn scrub/desert (hot) 0.1
Irrigated intensive agriculture 0.035
Irrigated agriculture 0.035
Slope agriculture 0.035
Rainfed agriculture 0.035
Current jhum 0.1
Swamp 0.071
Coral reef 0.3
Water bodies 0.025
Snow 0.022
Barren 0.0113
Bare rock 0.03
Salt pans 0.025
Mud flats 0.041
Settlement 0.15
Abbreviation: GLCC, Global Land Cover Characterization; NSRC, Bhuvan-National Remote Sensing Center; LULC, land use/land cover.
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Figure Al. Bathymetry and onshore topography of the Mahanadi deltaic region for the model domain (a) DT-1 (modified Shuttle Radar Topography Mission
(SRTM) data) (b) DT-2 (unmodified SRTM data).
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Figure A2. Depiction of land use/land cover data over the Mahanadi delta.

Brahmani, Baitarani rivers and their major tributaries are well represented in the domain with DT-1 (Fig-
ure Ala) compared with DT-2 (Figure Alb).

The GLCC LULC, used for the computation of coastal inundation due to the 1999 Super cyclone covers
11 classes of LULC over the Mahanadi delta region with agriculture as the major constituent. Figure A2
depicts the GLCC data over the Mahanadi delta region.

The Advanced Circulation (ADCIRC) computed temporal storm tide (ST) values at the river coastal
boundary (RCB) openings of Baitarani, Brahmani, and the Mahanadi River (refer: Figure 3) are shown
in Figure A3a-A3e, respectively. These values are provided as the downstream boundary conditions
for the Hydrologic Engineering Center River Analysis System (HEC-RAS) model during the Phailin
cyclone.

During 1999 Super cyclone temporal values of ADCIRC computed ST, is shown in Figure A4. The
maximum ST of about 3.5, 3.2, and 2 m at the time of cyclone landfall is computed near the Brahm-
ani, Baitarani, and Mahanadi rivers, respectively. On comparison, the other two Mahanadi RCB are
on the left side of the cyclone track having negative 1.3 and 2.5 m of ST, respectively. These values are
provided as downstream boundary condition in the HEC-RAS model for the Expl and Exp2 of 1999
Super cyclone.
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Figure A3. Temporal depiction of storm tides during the Phailin cyclone at river coastal boundary (a) opening1, (b)

opening2, (c) opening3, (d) opening4, (e) opening5. Black dot on the x-axis represents the cyclone landfall time.
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Figure A4. Temporal depiction of storm tides during the 1999 Super cyclone at river coastal boundary (a) opening1,
(b) opening2, (c) opening3, (d) opening4, (e) opening5. Black dot on the x-axis represents the cyclone landfall time.

Appendix B: SIM4: Simulation to Determine the Role of River Discharge
Through Brahmani River

In order to interpret the contribution of the river discharge through Brahmani River alone, SIM4 is carried
out. The maximum discharge through the river is about 8,053 m?/s. This simulation is similar to SIM3
(with discharge through all the three rivers that is Mahanadi, Brahmani and Baitarani rivers) except that
discharge is considered only at the upstream of Brahmani River. Whilst, the discharge through Mahanadi
and Baitarani is kept zero. A composite depiction of coastal inundation as an aggregate response of SIM1
and SIM4 is shown in Figure B1. It is observed that the extent of inundation increases only in the coastal
districts of Jajpur, and the total inundated area in SIM4 is about 2095 km? after incorporating discharge only
through Brahmani River. This shows that the inundated area increases by 7% from SIML. It is interesting to
note that the increase in the inundated area is about 14% (SIM3) when the discharge is incorporated in all
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Figure B1. A composite depiction of coastal inundation as an aggregate response of with no-discharge and with
discharge only through Brahmani River.

the rivers (Mahanadi, Brahmani, and Baitarani). It is found that, the discharge only through the Brahmani
contributes a 7% increase, inferring this river alone pays 50% of the increase in the inundated area.

Appendix C: Sensitivity Experiments on Inundation

(a) Effect of the river width on inundation

Sensitivity experiments are carried out to understand uncertainty associated with the model in computing
coastal inundation as the river cross-sectional width changes. These are performed using coupled HEC-RAS
and ADCIRC model without precipitation for the 1999 Super cyclone. To make the model set-up simple,
the cross-sectional width of only the Baitarani River is reduced by 25% and 50%. Moreover, the upstream
discharge is provided only through the Baitarani River, while ADCIRC computed ST are prescribed through
the all the RCB of the domain. This experimental set-up assists in quantifying the effect of width change on
the inundation area. The flood mapping is initially carried out with no change in Baitarani River width, that
is, 0% change. Subsequently, the inundation is compared with the experiments performed for 25% and 50%
reduction in width. It is observed that the inundated area increases by about 3% and 15% in response to the
reduction of 25% and 50% in the width, respectively. The increase in the flooded area is caused as the water
carrying capacity of the river reduces with a reduction in width. Hence, the overbank flooding increases,
leading to an increase in the flood plain. Table C1 shows the computed inundated area and its increase in
percentage.

Table C1
Computed Inundated Area and Increase in Percentage With Change in River Width
Reduction in river depth (in %) Computed inundated area (in km?) Increase in area over 0% (in %)
0% 856 =
25% 881 3
50% 988 15
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Figure C1. Composite depiction of coastal inundation for 1999 Super cyclone as an aggregate response of 1-day and
1.5-days ramping.

(b) Effect of ramp function on inundation

Experiments are carried out by changing the ramping function from 1-day to 1.5 and 2-days. For this experi-
ment, the model is set-up with prescription of tidal amplitude and corresponding phase of different constit-
uents at the open boundary and daily discharge at the upstream flux boundary of the rivers. The model is
run for five days with improved Jelesnianski cyclonic winds for the 1999 Super cyclone and other parameter
settings are same as that described in the main manuscript. For the ramping of 1-day, the computed coastal
inundation for the 1999 Super cyclone is the same as shown in Figure 7a of the main text and the corre-
sponding calculated inundated area is about 2,275 km? as mentioned in the manuscript (ref: Line no. 540).
While, the inundated area is increased only by 13 km? (that is about 0.5% of the increase) when the ramping
function is changed to 1.5-days. A composite depiction of coastal inundation as an aggregate response of
1-day and 1.5-days is shown below in Figure C1. The red color in the figures (inside the black circle) shows
the extra inundated area for 1.5-days and the light blue color shows the area for 1-day. However, the inun-
dated area is reduced to about 2,243 km? (i.e., a decrease of about 1.4%) for 2 days ramping, which means
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Figure C2. Composite depiction of coastal inundation for 1999 Super cyclone as an aggregate response of 1-day and
2-days ramping.
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an extra inundated area of about 32 km? for 1-day ramping is computed as shown in Figure C2, which is
also a composite depiction of coastal inundation as an aggregate response of 2-days and 1-day ramping. Red
color (inside black circle) in the figure depicts the additional area inundated with 1-day ramping. These
experiments suggest that computation of the inundated area is unaltered considerably in response to use of
different ramping days in the model.

Data Availability Statement

The best track data can be obtained from the IMD site (http://www.rsmcnewdelhi.imd.gov.in/index.php?op-
tion=com_content&view=article&id=48&Itemid=194&lang=en). Data sets for this research are available
through Pandey (2020a, 2020b).
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