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Abstract: Today, inhabitants residing in floodplains face a serious and perpetual threat of flooding.

Flooding causes fatalities and considerable property damage in metropolitan areas. Therefore, robust

structural measures need to be adopted to eliminate flood catastrophe. Structural measures in the

floodplain are the most promising solutions. However, there are cost-associated factors for proposing

a flood retention plan. Navsari city (98.36 km2, area extent) of Gujarat was used as a case study

to investigate the impact of mesh grid structures (100 m, 90 m, and 50 m) along with structural

measures for the preparation of a flood retention plan. The HEC-RAS 2D hydrodynamic model

was performed for the Purna River. The output of the model was characterized by four different

scenarios: (i) Without weir and levees (WOWL), (ii) With weir (WW), (iii) With levees (WL), and

(iv) With weir and levees (WWL). The statistical parameters (R2, RMSE, NSE, inundation time, and

inundation area) were determined to evaluate model accuracy. The outcome of the model revealed

that a 50 m size mesh grid exhibited more accurate results, yielding high NSE and R2 values (0.982

and 0.9855), a low RMSE value (0.450 m), and a smaller inundation area (114.61 km2). The results

further revealed that the WW scenario was the most effective flood retention measure as it delayed

the flood water for up to 16 h, and managed the flood with the WOWL case. Moreover, the mean

error (WW scenario) estimated from profiles 1 and 2 ranged from (−0.7 to 0.62) and from (−0.1 to

0.02 m), respectively, which were evaluated as very low when compared with other scenarios. The

novel scenario-based flood retention plan emphasizing the stability of mesh grid structures using the

hydrodynamic model can be applied to any other region around the globe to recommend efficacious

structural flood measures for flood decision making systems.

Keywords: flood retention plan; mesh grid stability; with weir 2D hydrodynamic modeling; comparative

approach; flood inundation; right and left bank of Purna River; India

1. Introduction

Floods are a common, recurring, and devastating natural disaster that causes signifi-
cant property damage and loss of life. Flooding has been the cause of one of the world’s
most catastrophic climate holocausts and has had enormous socio-economic impacts on
all actions and infrastructure inside a flood zone [1,2]. In tropical countries (i.e., India),
floods are ubiquitous and frequent. India is among the most flood-prone nations in the
world, coming in second after Bangladesh, and accounts for one-fifth of all flood-related
deaths worldwide. According to the Disaster Management Authority of India (2008), over
40 million hectares (Mha) out of a total of 329 Mha of geographical area are prone to flood-
ing [3,4]. Flash floods pose a significant risk to humans in many parts of the world [5,6].
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Furthermore, flooding is also triggered by flood propagation, frequency, duration, and
rising water levels [7,8]. Floods in coastal regions such as Surat city are mainly caused by
heavy rainfall, informal settlement along the riverbank, rapid industrialisation and urbani-
sation, bank erosion, high tides, and a sharp increase in population density [1]. Property
damage, environmental quality, economic impact, aesthetic values, and flood uncertainty
can be classified as direct, indirect, or uncertainty damages [9,10]. Subsequently, floods
affect business, recreational activities, human settlement, industrialization, drinking and
irrigation water, and land.

Flood management is essential to reduce the loss of property and the death toll.
Due to the rapid urbanization in the city, it is practically impossible to prevent urban
flooding [4]. However, significant progress has been made to deter flood damage and
flood risk. Flood risk management and assessment are critical steps for flood deluge
mapping and identifying flood-prone areas [11,12]. Both structural and non-structural
measures can be effective in preventing the loss of property and human life [10,13]. Various
studies have been conducted in recent decades on the development of models to predict
flooding scenarios and offer appropriate structural and non-structural measures in urban
and rural areas [14,15]. Bala et al. [16] instigated flood control measures in and around
Dhaka by contracting the flood walls and embankments that protected Dhaka’s west
city against the riverine flood [17]. Gotoh et al. [18] explored how small-scale reservoirs
were used as an effective flood-control tool in various regions of Japan in recent decades.
Jayswal et al. [19] adopted the Terramesh wall as a flood control structure that does not
need skilled labour and has the flexibility to absorb variable ground settlements without
jeopardizing structural integrity.

Interestingly, hydrodynamic models for 1D, 2D, and 1D/2D combined hydrodynamic
modeling exist widely these days due to the ease of the simulation process of various flood
scenarios [9,20,21]. The Hydrologic Engineering Centre River Analysis System (HEC-RAS)
is the most extensively used model that has been established for a variety of computations
of steady and unsteady flow [22]. Zhang et al. [23] employed the HEC-RAS to analyse
flood risks in the Pearl River Delta and suggest appropriate mitigation measures for the
North Pearl River Levee System (NPRLS) of Guangdong State, China. Patel et al. [24] used
a 1D/2D coupled hydrodynamic HEC-RAS model to replicate the flood event of 2006, with
and without bank protection works, in low-lying areas of Surat, India. Fadillah et al. [25]
have used HEC-RAS for hydraulic analysis on the Ciliwung River and recommended
the dam on the upstream side of the river. Moreover, various studies have been carried
out using HEC-RAS 1D and 2D for structural flood control measures in order to palliate
extreme flood events [26–28]. However, very few researchers have accomplished a mesh
size-based flood inundation modeling approach using the 2D HEC-RAS model [29–31].

The city of Navsari in Gujarat, which is located along the Arabian coast, has significant
industrialization and urbanization growth. Consequently, the population of the city has
increased enormously (Census 2011–2021). The city witnessed a flash flood on 14 July 2022,
which inundated and flooded various areas, including Viraval, Jalalpore, and Virawadi.
Due to continuous rains, the Purna River surpassed the alert level by five feet. While
thousands of people were evacuated and relocated to safer areas, the flooding severely
affected low-lying areas of the city. There has not been much flood assessment research
carried out for the city of Navsari in recent years. However, Pathan and Agnihotri [7] have
evaluated the application of the newly released HEC-RAS version for 1D hydrodynamic
modeling to assess the flood depth, velocity, and water surface elevation downstream of
the Purna river, Navsari city. In addition, they have used the 2D HEC-RAS model and
identified the efficacy of tide waves on hydrodynamics [32].

In view of the aforementioned flood causalities in Navsari and the lack of studies in
the agitated domain, it is essential to develop appropriate and effective flood retention
plans to alleviate the flood and reduce vulnerability. However, in the existing literature,
the selection of a suitable mesh grid for the development of various scenario-based flood
retention plans is still imprecise. As a result, the Purna River in Navsari City has been
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chosen as a case study to demonstrate an approach to reduce uncertainty and fill the
research gap in selecting the appropriate mesh grid structure for the scenario-based flood
retention plan. Furthermore, using four different scenario-based flood decision-making
systems, this study presents a novel case for implementing flood control and retention
measures. In addition, the study intends to compare the results of a hydrodynamic model
scenario with performance evaluation methods. This approach will help to improve the
efficiency of flood mitigation and countermeasures while also reducing flood damage. The
study considers four structural flood control scenarios (i.e., WOWL, WW, WL, and WWL)
in the 2D HEC-RAS model. The outcome of the work will be utilized by local, as well as
worldwide, government and disaster management authorities to prepare a cost-effective
flood retention plan for flood mitigation planning.

2. Study Area

Navsari is a renowned tourist attraction in Gujarat, a coastal state in India (Figure 1).
It is also known as Surat’s twin city. The city of Navsari has a longitude of 72◦42′′–73◦30′′ E
and a latitude of 20◦32′′–21◦05′′ N, and a total area of 2211.97 km2 [7]. The Purna River
flows through the city, with a total catchment area of 2373 km2. Of this, 53 km2 is covered
by Gujarat state, and 58 km2 is covered by Maharashtra state. The city has a population of
1.71 million people according to the 2011 Census of India. The city has warm weather from
October to May, with an average yearly rainfall of 122 cm from June to September during
the southwest monsoon period [32]. The lowest and highest daily average temperatures
range from 17 ◦C to 40 ◦C. The city has a national literacy rate of 88%, which is higher than
the national average of 74%.

Figure 1. Location map of the study area.

Figure 2 provides a view of the city’s devastating flooding, which occurred on 4 August
2004. Global warming, uneven rainfall patterns, rapid urbanization, industrial development,
and coastal changes are the primary reasons for the flooding events in the city.

The entire study area (i.e., Navsari city) was divided into 10 sub-areas based on the
town planning scheme and population density. Hence, the impact of flood control measures,
such as vegetation and the dams/reservoirs/weirs surrounding the main area of Navsari
city, could be assessed. The divided sub-areas were identified as Jalalpore, Kasbapore,
Viraval, Central Navsari, Viravadi, Lunsikui, Manekpore, Tavdigamm, Dhiruwadi, and
Amadpore, and designated from NC1 to NC10, respectively, and the areal extent of the
sub-areas was evaluated (Table 1).
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Figure 2. Flooded areas in Navsari city during 4 August 2004 floods: (a) Viraval (NC3), (b) Jalalpore

(NC1), (c) Lunsikui (NC6), and (d) Manekpore (NC7).

Table 1. Identified 10 sub-areas within Navsari city and their respective areal coverage.

Sub Areas Designate Total Area (km2) Total Area (%)

Jalalpore NC1 8.0 8.13
Kasbapore NC2 8.4 8.54
Viraval NC3 10.4 10.57
Central Navsari NC4 15.2 15.45
Virawadi NC5 7.0 7.11
Lunsikui NC6 5.75 5.84
Manekpore NC7 6.0 6.10
Tavdigamm NC8 14.7 14.97
Dhiruwadi NC9 9.66 9.82
Amadpore NC10 13.25 13.47

Total Area 98.36

Data

Open-source SRTM 30 m resolution DEM was used for 2D HEC-RAS modeling (https:
/earthexplorer.usgs.gov/, accessed on 12 May 2019). The soil data were extracted from the
National Bureau of Soil Survey and Land Use Planning (NBSS and LUP-2022), Maharashtra,
India. Land use and land cover classification were mapped using Landsat 8 satellite images
-2019. The discharge and water level data were obtained from Navsari Irrigation Circle
(NIC) and the Central Water Commission (CWC), India.

3. Material and Methods

Many researchers have assessed 2D hydrodynamic modeling to identify flood inundation
and its extent with open-source hydrodynamic models [1,4,6,7]. Furthermore, flood control
measures have also been proposed in order to reduce the severity of floods [3,6,10,33,34].
However, scenario-based structure flood control measures and the effect of mesh grid
stability on flood inundation have not yet been explored. Therefore, to fill this research
methodology gap, the present study evaluated flood scenarios using the HEC-RAS 2D
hydrodynamic model, and the grid structure model.

Navsari city experienced disastrous floods in the years 1968 and 2004. Very few flood
assessment studies have explored this area. The city is affected by floods every year during
the monsoon season and it leads to losses in properties and lives. The effect of mesh grid
stability is influential in hydrodynamic modeling. Therefore, to alleviate the extent of
flooding and the consequential damages caused by frequent floods in the city, the flood
of the 4 August 2004 was used as a standard case (WOWL) and three scenarios (i.e., WW,
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WL, and WWL) were simulated in order to evaluate a comparative assessment for the most
suitable structural flood control measures. The most appropriate mesh grid stability was
also evaluated in the context of a scenario-based flood retention plan for the study area. The
integrated flood risk management of mesh grid stability and 2D hydrodynamic modeling
is depicted in Figure 3.

Figure 3. Stepwise procedure adopted for flood control measures.

3.1. 2D HEC-RAS Hydrodynamic Flood Modeling

This study used the 2D HEC-RAS model to simulate four scenarios (i.e., WOWL,
WW, WL, and WWL) to visualize the extent of the flood in order to devise structural
flood control measures and flood management strategies for the city. The 4 August 2004
flood event was executed to simulate the model. Furthermore, the unsteady flow was
simulated. Subsequently, flood hydrograph and normal depth were used as upstream and
downstream boundary conditions, respectively. The new HEC-RAS version 5.0.7, designed
by the USACE, was used to simulate the flood event. The 2D Saint-Venant equations or the
2D diffusion wave equation were solved by the HEC-RAS, version 5 [1,20,32,35].
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where h = depth of water (m); p, q = specific flow in the x and y direction m2 s−1;
ξ = surface elevation (m); g = gravitational acceleration (m s−2); n = Manning resistance;
ρ = water density (kg m−3); τxx, τxy, τyy = the components of effective shear stress; and
‘f ’ is the Coriolis (s−1) [20,24,32].

3.2. Analysis of Mesh Grid Structures for Flood Risk Assessment

The impact of altered mesh grid structures (100, 90, and 50 m) on flood inundation
was assessed, and the 4 August 2004 flooding event was simulated in the 2D HEC-RAS
model for the study area. The assessment of diverse mesh grid structures aims to achieve a
higher level of precision in the shortest amount of computational time. Even though higher
resolution enables speedier simulations, it comes at the expense of accuracy. The terrain
will be better illustrated but it will require more computational time [36]. The HEC-RAS
2D geometric data editor window has a feature which draws a polygon to define the study
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area’s 2D flow area. A total of three mesh grid structures (100 × 100 m, 90 × 90 m, and
50 × 50 m) at the spacing of the computational points were evaluated to analyze the impact
of these mesh grid structures on the run time and performance of the model. The average
grid sizes and the number of grid cells of the aforesaid grid structures were obtained as
(average cell size = 10,066.39 m2, 48,026), (average cell size = 8147.91 m2, 59,339), and
(average cell size = 2512.44 m2, 192,437).

A four-point implicit finite volume algorithm was used to solve the selected model.
The unstructured mesh was provided with a conventional method in the finite volume
approach, which calculates the mean integral of the reference volume. For each computa-
tional cell face, relationships between elevation-hydraulic properties as well as elevation
volume were estimated. Before the calculation began, hydraulic property tables were
obtained. In the second phase, the SA/2D area connection tool was used to locate the
levees and the reservoir/dam inside the 2D flow areas (Figure 4). The long levees (12,122
and 12,396 m) were generated on the left and right banks of the Purna River adjoining
Navsari city (Figure 4a,b). In addition, the HEC-RAS geometry of the reservoir/dam near
the Viraval area, Navsari is illustrated in Figure 4c.

Figure 4. Cont.
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Figure 4. (a) HEC-RAS geometry with proposed levees structures on the left bank of the Purna River,

Navsari; (b) HEC-RAS geometry with proposed levees structures on the right bank of the Purna

River, Navsari; and (c) HEC-RAS geometry with proposed weir near Viraval, Navsari.

Since, a major part of the study area is comprised of silty clay soil, the Manning
roughness coefficient was selected as 0.035 in the model simulation [37,38]. Lastly, the
time steps were calculated in conformity with the Courant–Friedrichs–Lewy condition to
confirm the constancy of the model [35].

C =
V∆T

∆X
≤ 1 (withmaximum C = 3) (4)

∆T ≤
∆X

V
(with C = 1) (5)

where C = Courant Number; v = Flood wave velocity ms−1; ∆T = Computational time step (s);
and ∆x = Average cell size (m) [32,35].

4. Results

4.1. Structural Flood Control Measures Using HEC-RAS 2D Hydrodynamic Modeling

Flood protection work is essential considering the properties and lives at stake. In the
current study, the whole study area was categorized into 10 sub-areas (i.e., NC1 to NC10),
and the flood progress in every sub-area was examined. NC1, NC3, NC4, NC6, and NC9
are the important areas of Navsari city where the maximum urbanization has taken place.
The main objective of the present study was to analyse, among four scenarios (i.e., WOWL,
WW, WL, and WWL), which scenario is most suitable to subside the flood. WOWL is the
standard scenario used to compare with the three differing scenarios, i.e., WW, WL, and
WWL, considered in the present study. Therefore, in this study, three different approaches
were considered for determining the most efficacious structural flood control measures.

1. The first approach was to compare the flood depth in all possible flood scenarios
along the two profiles that surround the flood plain. The profile that had the least
flood depth in the given scenario would be best for flood protection.

2. The second approach was to compare submergence areas under the aforementioned
scenarios, with the scenario with the smallest submergence area being the optimal one.

3. The third approach was to compare the mean error for the above scenarios, with the
best scenario being the one with the lowest error.
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Simulated 2004 flood inundation maps of Navsari city corresponding to the arrival times
for WOWL, WW, WL, and WWL are shown in Figures 5–8. The areas under inundation
(in Km2) corresponding to the arrival time with all four scenarios are illustrated in Table 2.

Figure 5. Flood inundation map of Navsari city for the 2004 discharge without weir and levees (WOWL).
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Figure 6. Flood inundation map of Navsari city for the 2004 discharge from with weir at Viraval (WW).
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Figure 7. Flood inundation map of Navsari city for the 2004 discharge with levees both side (L.B and

R.B) (WL).
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Figure 8. Flood inundation map of Navsari city for the 2004 discharge with weir and levees on both

side (L.B and R.B) (WWL).
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Table 2. Areal extent of flood inundation within 10 identified sub areas in Navsari city evaluated

from four scenarios (i.e., WOWL, WW, WL, and WWL).

Location

NC1 NC2 NC3 NC4 NC5 NC6 NC7 NC8 NC9 NC10Arrival
Time

(Hours)
Scenarios

Inundation
Area

8

WOWL
km2 0.37 0.07 0.00 0.00 0.00 0.00 0.90 0.00 0.00 0.00

% 4.63 0.79 0.00 0.00 0.00 0.00 14.93 0.00 0.00 0.00

WW
km2 2.12 1.86 4.02 0.00 2.05 0.00 1.02 4.14 0.00 1.30

% 26.45 22.09 38.65 0.00 29.22 0.00 17.05 28.13 0.00 9.83

WL
km2 3.83 2.81 0.00 0.36 0.00 0.00 0.29 2.25 0.00 0.22

% 47.86 33.51 0.00 2.37 0.00 0.00 4.86 15.28 0.00 1.63

WWL
km2 0.00 0.08 0.05 0.00 0.67 0.00 0.00 0.00 0.00 0.53

% 0.00 1.00 0.51 0.00 9.54 0.00 0.00 0.00 0.00 4.01

12

WOWL
km2 1.07 1.68 1.27 5.43 2.30 0.00 2.00 0.00 0.00 0.00

% 13.38 20.00 12.21 35.74 32.92 0.00 33.33 0.00 0.00 0.00

WW
km2 2.12 1.86 4.02 0.00 2.05 0.00 1.02 4.14 0.00 1.30

% 26.45 22.09 38.65 0.00 29.22 0.00 17.05 28.13 0.00 9.83

WL
km2 3.83 2.81 0.00 0.36 0.00 0.00 0.29 2.25 0.00 0.22

% 47.86 33.51 0.00 2.37 0.00 0.00 4.86 15.28 0.00 1.63

WWL
km2 0.00 0.08 0.05 0.00 0.67 0.00 0.00 0.00 0.00 0.53

% 0.00 1.00 0.51 0.00 9.54 0.00 0.00 0.00 0.00 4.01

16

WOWL
km2 3.37 3.07 1.82 10.96 2.57 0.59 3.25 0.23 0.00 0.42

% 42.10 36.55 17.50 72.11 36.71 10.26 54.15 1.53 0.00 3.14

WW
km2 2.46 3.25 5.57 0.27 3.17 0.47 1.60 10.12 0.00 3.32

% 30.78 38.67 53.52 1.78 45.26 8.13 26.65 68.86 0.00 25.06

WL
km2 5.26 4.13 0.00 2.04 0.37 0.00 2.21 3.72 0.00 0.22

% 65.78 49.18 0.00 13.45 5.34 0.00 36.76 25.30 0.00 1.65

WWL
km2 0.00 4.37 2.64 0.68 3.99 0.16 2.06 9.25 0.00 5.95

% 0.00 52.02 25.38 4.47 57.00 2.78 34.33 62.93 0.00 44.91

20

WOWL
km2 3.52 3.29 2.58 12.26 3.32 0.60 3.36 0.33 0.00 0.52

% 44.05 39.17 24.82 80.66 47.43 10.43 55.95 2.24 0.00 3.92

WW
km2 2.63 3.37 5.81 0.35 3.32 0.50 1.83 10.83 0.00 3.83

% 32.89 40.16 55.88 2.33 47.44 8.74 30.42 73.68 0.00 28.90

WL
km2 5.56 4.20 0.46 2.17 0.75 0.56 4.91 3.82 0.00 1.42

% 69.56 50.00 4.46 14.27 10.77 9.74 81.87 26.00 0.00 10.68

WWL
km2 1.69 4.85 5.53 1.11 4.19 0.52 2.30 10.70 0.00 6.04

% 21.13 57.74 53.17 7.30 59.86 9.04 38.33 72.79 0.00 45.58

24

WOWL
km2 3.27 3.21 2.67 12.41 3.44 0.61 3.15 0.30 0.00 0.50

% 40.84 38.21 25.67 81.64 49.19 10.61 52.50 2.07 0.00 3.74

WW
km2 2.65 3.22 5.61 0.33 3.11 0.48 1.80 10.82 0.00 3.47

% 33.11 38.32 53.95 2.14 44.43 8.32 29.96 73.62 0.00 26.19

WL
km2 5.57 4.18 0.47 2.17 0.75 0.58 5.07 3.79 0.00 1.63

% 69.63 49.72 4.51 14.25 10.77 10.09 84.44 25.80 0.00 12.28

WWL
km2 2.06 4.74 6.38 1.09 4.04 0.56 2.39 10.66 0.00 5.85

% 25.75 56.43 61.35 7.17 57.71 9.74 39.83 72.52 0.00 44.15

4.1.1. Comparison of Flood Depth Profile along the River under Four Scenarios

Two profile lines were drawn across the flood plain to observe the flood depth profile
in each scenario. As shown in Figure 9, profile 1 and profile 2 are placed on the right and
left sides of the river, respectively. In the first scenario, (WOWL), which was taken as a
standard scenario, it was observed that at the beginning of the flood, there was a significant
amount of water depth ranging from 0.5–3.5 m in the first 8 h, along with all sub-areas
(i.e., NC1 to NC10) of the city. However, there was no flood in the other three scenarios
(WW, WL, and WWL) (Figure 10a). As soon as the arrival time increased from the 8th to the
12th hour, there was a significant increase in the flood depth in all four scenarios. However,
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there was less flood depth observed in the cases of WW, WL, and WWL when compared
with WOWL. At the 12th hour, the most effective flood protection approach was WW and
WL for the NC8 to NC2 sub-areas, in which the flood depth varied between 2.2 and 4.2 m.
However, WW also showed an effective approach in the two sub-areas, NC2 and NC10, in
profile 1, which showed almost zero depth.

Figure 9. Profile lines (1) From downstream to upstream on right bank of Purna river; and profile

line (2) From downstream to upstream on left bank of Purna river.

Figure 10. Cont.
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Figure 10. Cont.
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Figure 10. Water level profiles along the Purna River for the 2004 flood; (a) 8 h; (b) 12 h; (c) 16 h;

(d) 20 h; and (e) 24 h.

Moreover, in profile 2 the WWL showed to be an effective approach (depth variation
between 0.5 and 4.5 m) and the WW was observed to be the worst approach (depth variation
between 1 and 7 m) (Figure 10b). Therefore, it can be concluded that at the 12th hour, WWL
was the most effective measure to counter the flood. At the 16th hour, the WW scenario was
proven more effective in profile 1 and it was still an effective measure compared with the
standard scenario (WOWL) for the sub-areas NC8, NC7, NC2, and NC10 (depth variation
between 0.5 and 5 m). Simultaneously, in profile 2, the WWL approach was shown as
an effective countermeasure for the sub-areas NC1, NC3, and NC9 (depth variation up
to 6.9 m), for NC6 (up to 10 m) and for NC5, NC4 (depth variation between 1 to 5 m)
(Figure 10c). Of course, greater variation was observed in the different approaches for
counter-flood measures at the 16th hour because the upstream flood had influenced the
flooding effect towards the downstream.

Therefore, at present, WW and WWL cases can be considered the most effective flood
retention approaches. All four scenarios depict similar results at the 20th and 24th hour
arrival times. WW was an effective counter measure for preventing the flood for profile 1,
in which the flood depth was recorded up to 4.9 m, whereas in profile 2, for the sub-areas
NC1, NC3, and NC9, it varied between 3.9 and 7 m, and for NC5 and NC4, it appeared
to be 2 m. However, the flood water was observed to be higher (up to 11.5 m) in NC6.
In addition, it was observed up to 10.5 m in the case of the 24th hour (Figure 10d,e). It
should be noted that the WW scenario showed a flood level almost equal with the standard
scenario (WOWL). However, it delayed the flood by almost 12 h. Therefore, the WW
scenario revealed an effective flood retention approach that can be used for structural flood
protection measures in Navsari city.

4.1.2. Comparison of Submergence Area under Four Scenarios

A comparatively lower level of inundation, ranging from 0 to 0.66 km2, was observed
at the 8th hour in the cases of the WOWL and WWL scenarios, while a considerably higher
level of inundation occurred (0.55 to 4.13 km2) in the cases of WW and WL scenarios.
Considering an individual area of the city, i.e., NC1, the maximum amount of inundation
took place after the 20th hour, which was around 5.56 km2 (69.5%) under the WL scenario.
The least amount of inundation was observed for the WWL scenario, which was almost
zero up to the 16th hour. After the 16th hour, inundation increased slightly up to 2.06 km2

(25.75%). For NC2, the WWL scenario was proven to be more effective up to the 12th hour
as it showed an inundation of 0.08 km2 (0.95%), whereas the WW scenario was observed to
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be less effective as it showed an inundation of 3.21 km2 (38.21%). Maximum inundation
was observed in the case of WWL, which covered 4.74 km2 (56.42%) between the 16th and
24th hours. Inundation increased because, as the volume continues to rise in a body of
water, after a certain time, i.e., the 16th hour, the body of water overfills and water starts
inundating the area. The WL scenario was most effective for the sub-area NC3 as it had an
inundation level of 0.46 km2 (4.42%). For the sub-area NC4, the WW scenario was proven
to be worthwhile. It showed 0 to 0.32 km2 (0 to 2.07%) inundation for the arrival time
(8 to 24 h). The main reason the WW scenario was the most suitable for the most areas was
that it confined the flood within the channel. In contrast, the maximum inundation was
observed for the WOWL scenario, which was about 12.41 km2 (81.64%).

For NC5, the WL scenario was proven to be effective as it observed 0 to 0.75 km2

(0 to 10.71%) inundation during all arrival times. However, the rest of the scenarios showed
constant inundation ranging from 0.91 to 4.19 km2 (i.e., 13–59.85%), with the maximum
inundation observed in WWL scenarios. The WW scenarios showed a 0 to 0.56 km2

(0 to 9.73%) inundation for the NC6 sub-area, which was the best scenario for saving the
area from being flooded. Inundation in the sub-area NC7 should be prevented. The
WW scenario proved to be an effective flood control measure as the inundation was only
recorded up to 1.82 km2 (30.33%). Amongst all the sub-areas, NC8 was the most flooded
sub-area since it was the downstream sub-area. The area was inundated up to 10.82 km2

(73.60%). Flooding in the area was mainly due to the impact of other structural measures in
the upstream area, causing all the water to accumulate in NC8. None of the scenarios except
WOWL were suitable to prevent flooding in this sub-area. Interestingly, for the sub-area
NC10, the WL and WOWL scenarios were observed to be more effective as they held and
delayed the flood water for up to 16 h. As time passed, the submerged area was recorded as
being up to 8.58 km2 (44.15%). It can be concluded that the WW scenarios would be more
effective for the NC2, NC4, NC6, and NC10 sub-areas, which are bounded by urbanization,
since they showed inundation levels of 3.21 km2 (38.21%), 0.26 km2 (1.71%), 0.46 km2 (8%),
and 3.32 km2 (25%), respectively, whereas for the rest of the sub-areas, except NC8, the WL
scenario can be considered a more effective flood retention approach. Figure 11 shows how
all parts of the city would flood.

Figure 11. Submergence area profile along the Purna River for the 2004 flood.
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4.1.3. Comparison of Error Analysis of Profiles for Four Scenarios

Computing the mean error was another method for determining which of the four
scenarios had the best fit. The mean error showed how far the projected value of the flood
depth (i.e., the simulated value) was from the observed value. In the current study, the
mean error was calculated using WOWL as a standard case for each of the four scenarios.
The profile that delivered the highest positive maximum error showed the flood level well
below the typical situation (i.e., WOWL). A negative error showed that the flood depth
was more than the expected value (i.e., WOWL). The scenario with the highest positive
error among the four indicated the best flood retention response. Figure 12 shows the
mean inaccuracy for all the scenarios as well as the arrival time (12, 16, 20, and 24 h). The
two profiles (i.e., 1 and 2) were compared at the 12-h mark. Profile 1 was located on the right
bank of the river and profile 2 was located on the left bank. A mean error was calculated
by comparing the simulated water depths of the standard case (WOWL) and profile 1.
Additionally, the average of all errors was calculated for each situation. The outcomes
show that all errors for the 12th hour are positive, indicating that the predictions for all four
scenarios for profiles 1 and 2 were understated. Therefore, for situations WW, WL, and
WWL, the simulated depth was lower than the standard case (i.e., WOWL). In contrast to
WL and WWL, which varied between 1.36 and 1.81 m for profile 1 and 1.78 m for profile 2,
very little inaccuracy was observed in the WW scenario (i.e., for profile 1 it was 0.62 m,
while for profile 2 it was 0.33 m). In comparison with the actual situation in the field, this
was encouraging. The mean error for the WOWL comparison in the 16th hour was positive
(i.e., for profiles 1 and 2 it was observed to be 2.16 and 2.69 m, respectively). However, for
the WW scenario, a very small inaccuracy (positive) was noted (i.e., 0.13 m and 0.02 m for
profiles 1 and 2). Additionally, for the WL and WWL scenarios, profile 1 showed negative
errors (−0.71 and −0.88 m) whereas profile 2 showed positive errors (1.53 and 1.6 m). As
was previously stated, the positive error showed that the water level in profile 1 was lower
than the typical scenario (WOWL). As can be observed, the error for profile 2 in the WL
and WWL scenarios is negative, indicating that this profile did outperform compared
with the typical (WOWL) scenario. On the other hand, the WW scenario’s inaccuracy was
practically nil, indicating that it was holding back and postponing the flood. As a result, the
most effective scenario for structural flood control measures was the WW scenario, which
showed a very small inaccuracy. Because of the aforementioned structural flood retention
features, the water depth was increased beyond the usual scenario. As a result, the error
was negative, suggesting an ineffective scenario for the specific area in question.

In the case of WW scenarios, a negative error was observed for the 20th hour for both
profiles 1 and 2 (−0.07 to −0.09 m). Profile 1 exhibited a negative error (−0.92 and −1 m)
for WL and WWL scenarios, while profile 2 showed a positive error (0.49 and 0.35 m).
Furthermore, with the exception of the WOWL cases for profiles 1 and 2, all other scenarios
exhibited a negative error for the 24th hour. The errors for WL and WWL were the highest
when compared with the WW scenarios, with (−0.78 and −0.87 m) for profile 1 and (−1
and −1.13 m) for profile 2, suggesting that the WW and WWL scenarios failed to manage or
hold the flood since they surpassed the flooding in the WOWL case. It is therefore strongly
recommended that WW was the most suitable scenario because the error was observed to
be low or extremely low compared with the other scenarios for all arrival times. The best
scenario for the design of structural flood retention measures was the WW scenario due to
two strong reasons when compared to the lumped model system:

1. It delayed the flood’s arrival time for almost 16 h.
2. It managed the flood better than the WOWL scenarios.

The mean error analysis of profiles 1 and 2 with respect to arrival times for all
four scenarios is illustrated in Figure 12.
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Figure 12. Error analysis of profiles 1 and 2 with respect to arrival time for all four scenarios.

4.2. Validation and Justification of the Model Based on Mesh Grid Stability and Its Impact on
Flood Inundation

HEC-RAS 2D hydrodynamic modeling was used to generate the simulated flood
inundation maps (Figure 13). Figure 14 shows a total of twelve observed water depth
locations. The observed depth collected from the field survey was compared with the
simulated water depth obtained from the HEC-RAS 2D models for different mesh grid
structures (100 × 100 m, 90 × 90 m, and 50 × 50 m). In order to verify the consistency and
performance of the models, a total of five statistical metrics (R2, RMSE, NSE, simulation
time, and inundation area) were evaluated. Simulation results demonstrated that the
effect of the different mesh grid structures on flood extent and inundation was significant.
Furthermore, significant differences in computational time were observed.

Figure 13. Flood inundation maps of the study area using varied mesh grid structures (a) 100 × 100 m,

(b) 90 × 90 m, (c) 50 × 50 m.
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Figure 14. A total of 12 observed water depth locations for the year 2004 (4 August).

Table 3 depicts the statistical analysis of the various mesh grid structures. Regression
analysis of the simulated outcomes for different mesh structures revealed R2 values ranging
from 0.97 to 0.98. Given this, it is evident that mesh grid structures have a significant
impact on flood inundation modeling. Three parameters were adjusted in each simulated
result, viz. calculation time, prediction accuracy, and inundation area. Increasing the mesh
size was found to increase the model’s accuracy. The 50 m mesh grid structure model was
more accurate than the 100 m and 90 m mesh grid models, with a high RMSE value of
0.53 (Refer Table 3). In contrast, the computing time for a 50 m mesh size was found to be
significantly longer (i.e., 02 h: 25 m: 35 s) than for a 90 m mesh size (i.e., 02: 12 m: 43 s).
Furthermore, the simulated inundation area for the 50 m mesh model was observed to be
less (114 km2) when compared with the 100 m and 90 m grid structure models (i.e., 118.66
and 122.96 km2). In contrast, a shorter simulation time is associated with less accurate
outcomes. This pertains to the very short simulation period for the 100 m and 90 m grid
structure models (14 m: 15 s and 12 m: 08 s, respectively), resulting in quite substantial
RMSE values of 0.57 and 0.56. Furthermore, the NSE value for the mesh size of 50 m2

was 0.98, whilst the NSE values for the mesh sizes of 100 m and 90 m were 0.97 and 0.97,
respectively. As a result, the 50 m mesh grid model outperforms other mesh grid structure
models in terms of accuracy.

Table 3. Statistical parameters for comparison of diverse mesh grid structures.

Mesh Size
m

R2 RMSE
m

NSE
m

Computation
Time

(hh:mm:ss)

Inundation
Area
(km2)

100 × 100 0.9785 0.567 0.971 00:14:15 118.66
90 × 90 0.9804 0.526 0.975 00:12:08 122.96
50 × 50 0.9855 0.450 0.982 02:25:35 114.61

5. Discussion

Flooding is a recurring phenomenon that causes financial losses and fatalities. There-
fore, it is critical to respond to such floods in a way that minimizes harm to the environment,
people, and infrastructure. In the past 20 years, several 2D hydrodynamic flood assessment
studies have been conducted. In order to minimize the effects of the flood, researchers
have proposed flood mitigation and management measures [32,39,40]. HEC-RAS 2D was
used to create flood inundation maps for 10-, 20-, and 100-year flood events [29]. As the
findings demonstrate, the mesh sizes of (25, 50, and 75 m) had no significant effect on
performance. The simulation time, on the other hand, varied significantly. Azad et al. [30]
investigated the sensitivity of a 2D shallow water model’s unstructured mesh size, paying
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special attention to mesh size and model functioning time in order to truly comprehend
the model’s accuracy and robustness. With diverse sized mesh structures, the HEC-RAS
2D was used on the urban floodplain of Kilicozu Creek in Kirsehir, Turkey. The impacts
of land cover and topography on flood depth, arrival time, flow velocity, and extent were
highlighted in the study. The results suggested that high-resolution land cover and very
fine-resolution topography data may not be needed for HEC-RAS 2D modeling to produce
reliable simulations [31].

The scenario-based stability of mesh grid structures in flood inundation and the inte-
gration of GIS with hydrodynamics, however, has not been heavily researched. Therefore,
this study provides a novel technique for flood mitigation and the design of control mea-
sures consisting of a scenario-based flood retention plan coupled with the most realistic
mesh grid model. The current study emphasizes the stability and impact of mesh grid
structures on flood inundation based on scenario-based flood retention. The output of the
model indicated that the inundation depth did not vary significantly, however, significant
heterogeneity in the simulation time and flooding area was exhibited which has also been
confirmed in several other studies [29–31].

The map depicting observed flood inundation was unavailable. Figure 15 depicts
the real flood inundation map of Navsari city, which was constructed using the IDW
interpolation tool in ArcGIS. Ideally, the IDW will safely presume that things that are close
together are more similar than those that are further apart. The IDW predicts a value
for any unmeasured region based on the observed values (flood depth) surrounding the
prediction region. The measured values that are closer to the projected region influence
the predicted value more than those that are further away. Table 4 depicts the results of
the estimated areas inundated by floods in five intensity classifications (very low, low,
moderate, high, and very high) for all sub-areas within the city of Navsari. The greatest
flood coverage reported in sub-area NC9 within the ‘very low’ risk intensity class was
29.11% (2.11 km2). Maximum ‘low’ intensity flood coverage was observed for NC9, with
32.53 % of the total area inundated (3.14 km2). Furthermore, NC2 supplied the most land
to the ‘moderate’ intensity class with 34.76 % (2.91 km2), followed by NC6 and NC10 with
the next highest inundation coverage. Sub-area NC1 in the ‘high’ intensity class recorded
the highest flood inundation coverage at 34.41 % (2.75 km2), followed by sub-areas NC10
and NC4 with the next highest coverage. In addition, sub-area NC7 under the ‘very high’
intensity class recorded the largest flooding area at 36.65% (2.21 km2), followed by sub-areas
NC1 and NC6.

Figure 15. Observed flood inundation map of the Navsari city for the year 2004 (4 August) (Generated

using GIS).
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Table 4. Areal extent of flood inundation within 10 identified sub areas in Navsari City.

Class Area NC1 NC2 NC3 NC4 NC5 NC6 NC7 NC8 NC9 NC10

Very
Low

km2 1.02 1.39 2.01 3.90 1.70 0.86 0.39 3.82 2.81 2.31
% 12.76 16.60 19.40 25.60 24.46 15.00 6.46 25.98 29.11 17.44

Low
km2 0.20 1.07 2.41 2.13 1.17 0.00 0.42 0.76 3.14 1.16

% 2.50 12.78 23.26 13.98 16.83 00 6.96 5.32 32.53 8.76

Moderate
km2 1.53 2.91 1.85 3.44 1.64 1.72 1.43 4.39 2.07 3.91

% 19.14 34.76 17.85 22.58 23.59 30.01 23.71 29.86 21.45 29.53

High
km2 2.75 1.48 2.41 4.22 1.46 1.56 1.58 3.87 0.42 4.08

% 34.41 17.68 23.26 27.70 21.00 27.22 26.20 26.32 4.35 30.81

Very
High

km2 2.49 1.52 1.68 1.54 0.98 1.59 2.21 1.86 1.21 1.78
% 31.11 18.16 16.21 10.11 14.10 27.74 36.65 12.65 12.53 13.44

5.1. The Following Are the Benefits of the Proposed Flood Retention Plan

• Local disaster authorities can carry out the evacuation of people surrounding the city,
reducing the loss of property and lives.

• Overall, vulnerability can be significantly reduced by employing the approach outlined
in this study. Furthermore, the salinity of the water will rise, and the excess water can
be utilized for irrigation since 40% of the Navsari city is agricultural land, which will
result in increased revenue.

• Tide waves affect the city for approximately 23 km from the Arabian Sea (downstream)
to Supa village (upstream) [32]. Because the Purna river is perennial, seawater in-
trusion is observed throughout the year. The effect of seawater will be significantly
reduced by providing structural flood control measures.

• As a result, the city will have access to fresh water which is currently being pumped
from the Ukai reservoir. Adopting flood retention measures in the study area could
provide significant benefits to the city.

• Finally, the study’s novel approach to flood retention measures can reveal scientific
contributions in the context of flood management, mitigation, and resilience strategies.

5.2. The Following Are the Advantages of the HEC-RAS Model over the Other Models

• MIKE 21 is a commercial model, whereas HEC-RAS is open-source software. Mike 21
successfully accounts for inland application functions such as precipitation, evapotran-
spiration, flooding and drying, bottom shear stress, momentum dispersion, sources,
and sinks; however, hydrological processes such as precipitation, infiltration, and
evaporation of the river are expected to be minimal and ignored, even though the
simulation in HEC-RAS may also be disrupted by silty clay soil and heavy rainfall [24].
MIKE21, also uses all the bathymetry data and requires a specific elevation value or
land value to separate the floodplain from the overland. This method of dividing or
fixing a flow area in 2D models differs from HEC-RAS, which uses a 2D flood area to
fix the flow range. The flood visualization tools in HEC-RAS provide a more accurate
representation of the flooding event than MIKE 21. The perceived differences in pre-
and post-processing have made MIKE 21 a less appealing option. As a result of these
drawbacks, HEC-RAS can be considered a preferable alternative [41,42].

• LISFLOOD-FP is an open-source raster-based 2D model built on the inertial formula-
tion of the shallow-water equations by the University of Bristol [43]. HEC-RAS on the
other hand, is popularly used for a wide range of applications such as 1D, 2D, and
combined 1D–2D modeling, solving the implicit solution algorithm allowing for larger
computational time steps than with explicit methods, unstructured and structural
computation mesh, and mapping of the inundated area, as well as animations of the
flooding which can be conducted inside of HEC-RAS using the RAS Mapper features.
Furthermore, the newly released HEC-RAS model (HEC-RAS version 6.3.1) solves
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either the 2D Shallow Water equations (with optional momentum additions for tur-
bulence, wind forces, mud and debris flows, and Coriolis effects) or the 2D Diffusion
Wave equations. HEC-RAS’s ability to integrate the sub-grid bathymetry component
has increased its resourcefulness in depicting topographical details by computing
more samples of illuminating property tables for each cell face. The LISFLOOD model,
on the other hand, uses the same high-resolution rectangular mesh as the input terrain
raster. The mesh size had a significant impact on the LISFLOOD-FP output accuracy.
When the inundation boundary was taken into account, the finer grid model outper-
formed the coarser grids. The ability of finer resolution models to capture more terrain
details and route the flow in the correct direction while taking depressions and relief
into account was one of the major reasons for the better performance, whereas the
HEC-RAS model produced comparable results across resolutions and sub-grid terrain
configurations [44,45].

• TELEMAC 2D is an open-source hydrodynamic model based on Saint-Venant equa-
tions. It uses a finite element scheme based on triangular elements, whereas the
newly released HEC-RAS version 5.0 simulates 1D–2D modeling using a finite-volume
scheme. Flood risk assessment and mapping results from HEC-RAS are more accurate
than those from TELEMAC 2D because it is easy to simulate the model with different
mesh sizes in HEC-RAS [46].

• ANUGA Hydro is an open-source hydrodynamic model. It solves shallow water
equations, whereas HEC-RAS 2D solves shallow water equations and diffusion wave
equations. Furthermore, HEC-RAS 2D uses an implicit finite volume algorithm.
Although, ANUGA Hydro also uses a finite volume scheme. The ANUGA Hydro is
designed to use a flexible mesh only [41]. In contrast, HEC-RAS is designed to use
non-structural computational mesh. However, it is capable of handling structural
mesh too [47–50].

5.3. The Following Are the Limitations and Recommendations of the Proposed Flood Retention Plan

• The present study does not examine the design considerations of flood control struc-
tures such as weirs, dams, and levees. If the dimensions pertaining to the hydraulic
design (i.e., top width, bottom width, HFL, etc.) are assessed, the effect of flood control
measures could be adequately addressed.

• In this analysis, neither the cost of flood control measures nor a cost-benefit analysis
are taken into account.

6. Conclusions

Navsari city is located along the Arabian Sea coast and is prone to flooding during
the monsoon season, resulting in large-scale human deaths and property losses. As a
result, strong structural measures should be put in place to prevent disaster and mitigate
damage. The most beneficial alternatives are structural measures in floodplains, but the
cost of designing a flood retention plan is a major consideration. In this context, the
current study proposed a novel approach for flood retention plans by using the HE-RAS 2D
hydrodynamic model to simulate four scenarios (i.e., WOWL, WW, WL, and WWL). The
results showed that the 50 m mesh grid model produced more accurate results, with high
NSE and R2 values (0.98 and 0.98, respectively), a low RMSE value (0.45 m), and a smaller
inundation area (114.61 km2). The results also revealed that, among the others, the WW
scenario was an effective flood control measure as it held the flood water till the 16th hour
arrival time and managed floods with WOWL scenarios. Following that, a comparison of
flood depth, submergence area, and mean error was carried out to evaluate the models’
adequacy, consistency, and efficacy. The WW case undoubtedly revealed accurate results,
as the mean error for profiles 1 and 2 varied between (−0.7 to 0.62 m) and (−0.1 to 0.02 m),
which were considered very low when compared with the other cases. However, the cost
and availability of resources have been ignored in this study, which might be due to its
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limited scope. Furthermore, a higher implicit scheme with effective tools can be used for the
simulation of the same model, overcoming the shortcomings of HEC-RAS software. Using
2D HEC-RAS modeling, the novel approach of employing mesh grid impact assessment
on flood inundation along with scenario-based structure flood retention plan (FRP) can be
applied to any location around the world.
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Abbreviations

HEC-RAS Hydrologic Engineering Centre-River Analysis System
2D and 3D Two and Three dimensional modeling
WOWL Without Weir and Levees
WW With Weir
WL With Levees
WWL With Weir and Levees
R2 Coefficient of determination
RMSE Root Mean Square Error
NSE Nash Sutcliffe Efficiency
DEM Digital Elevation Model
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