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Abstract: Coastal regions of India are prone to sea level rise, cyclones, storm surges, and human-induced
activities, resulting in flood, erosion, and inundation, and some of these impacts could be attributed to
climate change. Mangroves play a very protective role against some of these coastal hazards. The primary
aim of the study was to estimate wave energy attenuation by mangrove vegetation using modeling, and to
validate the model results with measurements conducted off Mumbai coast, where a mangrove forest
is present. Wave measurements were carried out from 5–8 August 2015 at three locations in a transect
normal to the coast using surface-mounted pressure-level sensors in spring tide conditions. The measured
data presented wave height attenuation of the order of 52%. Model set-up and sensitivity analyses were
conducted to understand the model performance with respect to vegetation parameters. It was observed
that wave attenuation increases with an increase in drag coefficient, vegetation density, and stem diameter.
For a typical set-up in the Mumbai coastal region having a vegetation density of 0.175 per m2, stem
diameter of 0.3 m, and drag coefficient varying from 0.4 to 1.5, the model reproduced attenuation ranging
from 49% to 55%, which matches reasonably well with the measured data. Spectral analysis performed
for the cases with and without vegetation very clearly portrays energy dissipation in the vegetation area.
This study also highlights the importance of climate change and mangrove vegetation.

Keywords: wave energy dissipation; mangrove vegetation; drag coefficient; Simulating Waves
Nearshore (SWAN); Mumbai coast; wetlands

1. Introduction

Many coasts are subject to severe coastal hazards such as sea level rise, increase in storms,
and changes in temperature and salinity caused by climate change. These factors are all related with
each other and are variable at both the regional and global scale. This suggests that the impact of
climate change can be studied more precisely using a regional approach, i.e., by reviewing all the
different parameters for that particular region. The main barrier along the coast, acting as a protective
shield, is coastal vegetation. Coastal vegetation protects the coast to a certain extent from the fury of
wind waves, storm surges, and tsunamis. As waves propagate through vegetation having sufficient
width, due to interactions (with roots, stem, and canopy of vegetation), waves lose energy, resulting
in a reduction in wave height. Although they act as a natural buffer along the coastal areas, it is
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still uncertain as to what extent waves are attenuated by the vegetation. On a more general note,
the impact of climate change on mangroves is a very serious issue, especially due to the increase in
the tropical cyclones in the Indian Ocean. As mangroves are very sensitive to inundation duration
and frequency, sea level rise due to climate change also becomes a major threat for mangroves [1].
There are experimental studies to understand how mangroves respond individually and collectively to
sea level rise due to climate change. Studies in [2–5] showed how specific species of mangroves tolerate
water logging. Specific species such as Avicennia marina can exhibit a high tolerance degree to water
logging, and the response is dependent on the length and depth of water immersion, as well as salinity,
temperature, and other environmental factors [6,7]. The study in [8] indicated that mangroves exhibit
differences in morphology and anatomy in relation to changing climate. Their study also showed that,
for a large number of mangrove species, the leaf anatomy, vascular vessel density, diameter, length,
and fiber wall thickness are influenced by salinity variations and flooding. In the context of climate
change, rising CO2 concentrations can also affect mangrove vegetation characteristics. The response of
mangroves to increasing CO2 is a complex process, wherein some species thrive, and a decline may
be noticed in some other species. More impact can be seen for mangroves that thrive in an estuarine
environment, which can experience spatio-temporal variations in temperature and salinity due to
climate change. An interesting study reported in [9] suggested that, based on field data estimates,
there is a global poleward expansion of mangrove vegetation in response to a global rise in sea surface
temperature. Recently, Reference [10] studied the contribution of mangroves to coastal protection
from cyclonic storm surges in many tropical countries at risk. Investment in coastal protection will be
essential for disaster prevention, and mangroves can play a critical role as a “natural infrastructure” in
many places globally [11].

Many studies [12–21] showed that wave attenuation properties strongly depend on the density
of mangrove forest, diameter of stem and root, tides, incident waves, and bathymetry. Reference [22]
proposed a formulation for wave-damping effects by vegetation, considering the bulk drag coefficient that
takes into account all the approximations considered for wave attenuation. This approach was applied in
spectral wave models and calibrated against flume experiment results. Reference [13,15,23–26] focused
their work on the dissipation of wave energy by introducing bottom friction and vegetation density as extra
components of the drag force. Furthermore, Reference [14] investigated the dissipation of wave energy
due to thick mangrove foliage during cyclones. It led to the development of a quantitative formulation
connecting vegetation characteristics, incident wave conditions, and local water depth. The Dalrymple
formulation was further extended by [23]; they considered drag as the dominant force, and a parametric
relationship was developed using the Keulegan–Carpenter (KC) number, representing wave transformation
in a vegetation field. More or less, this relationship covered all the physical processes that occur within the
vegetation field as it considered density, diameter, and vegetation height in the over all estimation of the
bulk drag coefficient. The SWAN (Simulating Waves Nearshore) model uses this formulation, and it needs
calibration of the bulk drag coefficient of particular plant types. The approach of [15] was further extended
by [27]; they developed a predictive model for wave propagation through a non-uniform forest of changing
water depth. For the Vietnam coast, Reference [16] carried out field experiments and observed that wave
attenuation changes with the roughness of the bed (a marshy bottom attenuates about four times more
than a sandy bed). It may be noted that all models consider linear wave theory within the vegetated zone.

Due to the inaccessibility of mangrove forests, a limited number of field studies were executed
in Vietnam, Australia, China, and Japan [12–14,16,27–30]. Different numerical and analytical models
were proposed in the last few decades in order to reproduce the hydrodynamics within a vegetation
field with regard to wave energy dissipation.

A recent study by [31] reported that, despite the change in the climate, there is an annual increase
of about 1.9% in mangrove cover in India, in contrast to the global mangrove cover that decreases at
a rate of 0.66%. There are various other factors such as urbanization, salt farming, developmental
activities, changes in hydrologic cycle, increasing salinity, and coastal pollution that impose additional
stress on mangrove vegetation. In a geomorphic sense, the mangroves that thrive along the east coast



Energies 2019, 12, 4286 3 of 16

of India are along mild and smooth slopes, whereas mangrove habitats along the west coast of India
thrive along steep slopes. Most of the urban cities in India are located on the coastlines, and these
cities tend to face multifaceted coastal hazards due to various extreme events, as well as anthropogenic
activities. Mumbai is one of the most populated cities along the west coast of India. During monsoons,
the city faces frequent floods, which brings in a lot of devastation and economic loss [32]. The reason
for floods is mainly attributed to the increase in sea level and increased storminess. Reference [33]
carried out a study at select locations along the coast of India and found that, based on the estimated
trends (tide-gauge records and altimeter data), the sea level rose at a faster rate during the last two
decades than in the entire 20th century. The city is vulnerable and exposed to climate change-induced
hazards stemming from sea level rise, heavy precipitation, storm surges, and tropical cyclone risks [34].
An assessment of climate change impacts in this region showed that, by 2080, the likelihood of floods
similar to that of the 2005 flood will be more than double [35].

Very few studies are conducted in the coastal region of India on wave energy dissipation due to
vegetation. Reference [36] studied the effectiveness of the Kanika Sands Mangrove Island near Dhamra
in Odisha, India in attenuating cyclone-induced waves using the SWAN 40.81 model. Reference [37]
conducted a sensitivity study with varying bottom slopes on wave attenuation in the presence of
mangroves, and their results revealed that the wave height decays exponentially for mild slopes, found
to be consistent with earlier studies; however, as the bottom steepness increases, the wave height
reduction gradually increases. There are patches of mangrove forests along the coast of India, with
varying vegetation density and diameter, but most of these areas are inaccessible for deploying sensors
and conducting wave measurements.

The post-2004 Great Indian Tsunami surveys revealed how vegetation protected certain regions
along the coast of India. Thereafter, steps were taken to plant vegetation along specific zones that
are vulnerable to extreme events. As it is difficult to make observations during an extreme event,
we decided to study the wave attenuation characteristics in the vegetation zone along the Indian
coast during monsoon season, which represents fairly high wave energy conditions in the Arabian
Sea. In this context, we chose the Mumbai coastal region, which is an ideal location to study wave
energy attenuation due to its mangrove forests, using modeling and observations. The present
study also relates winds, waves, and water level, representing a high-energy scenario. The details of
measurements, data analysis, estimations of wave energy attenuation, and SWAN model set-up with
and without vegetation are described in the next section.

2. Materials and Methods

2.1. Study Area

The port city of greater Mumbai along the west coast of India lies between 18◦55′ north (N) and
19◦19′N latitude and 72◦47′ east (E) and 73◦05′ E longitude (Figure 1). The coastline on the west has
four major creeks: Manori, Malad, Mahim, and Mahul. All these creeks and tidal inlets have sheltered
shores exposed during low-tide conditions conducive for the growth of mangroves. The tides are
found to be semi-diurnal, with a range of about 3 m during spring tide [38]. Coastal currents are
primarily driven by tides. During southwest monsoons, run-off from the rivers and creeks marginally
alters the hydrodynamics. The maximum current is about 1.0m/s during spring and 0.5m/s during
neap. Reference [39] studied the changes in the mangrove habitat around the Mumbai suburban region
using remote sensing data.

The mangrove forest off Carter Road, Mumbai (http://www.mangroves.godrej.com/

MangrovesinMumbai.htm) is a planted one, which grew in height for the past 10 years. The total area
under mangroves was measured as roughly 56.40 km2 (including mud flats) in which 45.4% of the
total involved dense mangroves. From 1990 to 2001, a total mangrove area of 36.54 km2 was said to be
lost, indicating a 39.32% decrease in the area of mangroves [39]. Avicennia marina was found to be the
most dominant mangrove species. Rapid developments such as housing, industrialization, coastal
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reclamation, and the population density of Mumbai resulted in the degradation of mangroves, except
for a few areas such as Carter Road, where the mangroves grew and registered an increase in height
in the last 10 years. Hence, we conducted field measurements in the coastal region of Carter Road.
The study area and measurements carried out are presented in Figure 2a,b.
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2.2. Data and Methodology

2.2.1. Mangrove Forest in the Carter Coastal Area, Mumbai

The Landsat 5 TM (9 January 2015) satellite dataset (Figure 2c), obtained from the global land-cover
facility site with a resolution of 30 m, was used to estimate the distribution of mangroves off Carter Road.
This area was classified based on the Iterative Self-Organizing Data Analysis Technique (ISODATA)
algorithm [40]. An unsupervised classification method, ISODATA classifies pixels into spectral clusters
based on similar spectral characteristics in the input band. A minimum distance criterion is then used
to assign each pixel to the “nearest” cluster. For this study, five classes were extracted (water, mudflat,
mangrove, vegetation, and urban (Figure 2d)) using the ERDAS 9.1 unsupervised classification tool,
and ARC GIS 10.1 was used to make the classification map. An accuracy assessment was further
carried out using Ground Control Points (GCPs) collected during field measurements, and the overall
accuracy obtained for the classification was 93.5%. Finally, as the focus of this study was confined to
the mangrove region, the area covering mangroves was calculated, separating the vegetation, and it
was estimated to be about 0.08 km2.

2.2.2. Wave Measurements

Waves were measured using surface-mounted pressure-level sensors from 5–8 August 2015 under
spring tide conditions in the nearshore region off Carter Road (Figure 2b). Four sensors (P1, P2,
P3, and P4) were deployed in a transect, stretching over a distance (P1–P4) of 70 m. The measured
maximum water depths at each sensor were 2 m (P1), 1.5 m (P2), 1 m (P3), and 0.3 m (P4) during high
tide; it may be noted that, during low tide, these locations were exposed. The distance between the
probes was maintained as a minimum because of the limited width of the vegetation. P1 was deployed
away from the vegetation area, P2 was deployed at a distance of 17 m from P1 (just in front of the
vegetation), P3 was deployed at a distance of 35 m from P1, and P4 was deployed at a distance of
71 m from P1. Wave measurements were continued for one tidal cycle every day during the field
campaign. The density of vegetation varied along the transect. The mangroves near P2 were short
and not fully grown. The vegetation height was ~2.5 m with roots spreading over an area of 1.5 m2.
The height of mangrove vegetation near P3 (~5 m) was higher than that near P2, and also denser.
At the most landward point of the transect (~70 m from P1), the mangroves were denser and more
fully grown, with an average height of 7 m. It was observed that waves attenuated almost completely
before they reached the fourth pressure sensor (P4) and, therefore, the observations at P4 were not
included. High-frequency (8 Hz) pressure measurements were recorded only when the sensors were
submerged under water.

2.2.3. SWAN Model Set-Up for Mumbai Coastal Region

The third-generation numerical model SWAN (Simulating Waves Nearshore) was specifically
developed for finite water depth applications [41]. The governing equation in the model is the wave
action balance equation with various source and sink terms. The bathymetry was generated with
ETOPO1 Earth Topography (1-min resolution) data obtained from the National Geophysical Data
Center, United States of America (USA). The SWAN domain (17◦ N to 20◦ N and 70◦ E to 74◦ E) was set
with a spatial resolution of 0.01◦ × 0.01◦ (Figure 1b). As the size of the actual patch of the vegetation is
approximately one grid size, one single grid was considered with vegetation. ERA-I (ERA–Interim)
winds [42] with are solution of 0.125◦ × 0.125◦ were used as input.

The model discretization considered 31 frequency bins ranging from 0.05 to 1.00 Hz on a logarithmic
scale, and 36 directional bins with an angular resolution of 10◦. The SWAN set-up in the present study
used [43] wave growth physics, and shallow water triad non-linear interaction using the lumped triad
approximation of [44]. The model was initiated with modified white-capping dissipation [45] which
is the default formulation in the SWAN model. The quadruplet non-linear wave–wave interaction
was computed using the discrete interaction approximation theory [46]. The depth-induced breaking
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was computed using a spectral version of the model with breaking index γ = 0.73 [47]. The bottom
friction in SWAN was calculated based on the Collins formulation [48] with a friction coefficient,
cfw = 0.02 m2

·s−3. The model was also run with different bottom friction physics such as MADSEN
and JONSWAP available in the model. However, we found that the results were better with the Collins
formulation. Therefore, all model runs in this study were simulated using Collins bottom friction.
The boundary files containing two-dimensional (2D) directional wave spectra were generated along
the SWAN model domain using the WAVEWATCH III (WW3) [49] model with a spatial resolution
of 0.5◦ × 0.5◦. The WW3 domain covers the entire Indian Ocean from 60◦ south (S) to 30◦ N and
15◦ E to 130◦ E (Figure 1a), and accommodates the distant swells propagating from the South Indian
Ocean/Atlantic Ocean into the North Indian Ocean [50–52].

2.2.4. SWAN Model Set-Up with Vegetation

The best available form to describe the effect of vegetation on wind-waves is representing the
vegetation by vertical rigid cylinders, as postulated by [22]. This method provides a reasonably good
physical representation of the vegetation and its implementation in SWAN. The vegetation properties
that were considered in this formulation include vegetation height, vegetation diameter, vegetation
density, and drag coefficient. The calibration parameter, which is important to determine wave
dissipation due to vegetation, is the drag coefficient (Cd). By varying drag coefficients, different types
of vegetation (both stiff and flexible) can be modeled. Reference [53] first implemented a vegetation
module in the SWAN model by including vegetation characteristics and hydraulic conditions. [24]
further developed this model by including vertical layers such as those seen in mangroves (e.g.,
a bottom layer containing aerial roots, higher layers containing leaves and branches) and horizontal
variation in vegetation characteristics (e.g., different species being present in different areas) with
angular frequency and wave number in the model. Wave attenuation in vegetation mainly depends
on the geometrical (number of stems, diameter, branching, and height) and biophysical (stiffness and
buoyancy) characteristics of the vegetation, as well as on the hydrodynamic conditions including water
depth, wave period, and wave height. In our present study, the SWAN model was setup to estimate
wave height reduction due to actual mangroves, as well as for assumed vegetation by changing the
vegetation parameters in the model.

The calculation of energy loss was based on the actual work carried out by the vegetation due to
plant-induced forces acting on the fluid, expressed in terms of the Morison Equation [54].

ευ =
2

3π
ρCdbυN

(
gk
2σ

)3 sinh3kαh + 3 sinhkαh
3kcosh3kh

H3,

where ευ is the time-averaged rate of energy dissipation per unit area, Cd, bv and N are the vegetation
drag coefficient, diameter, and spatial density (number of stands per unit area), k is the wave number,
σ is the wave frequency, α is the ratio of plant height to water depth, h is the water depth, and H is the
wave height at that point. For the vegetation species present in the study region, the control values of
vegetation parameters were determined based on the literature, as well as personal communications
with experts in the field. Vegetation height provided in the model considered the average height
(3 m); the canopy of the mangroves usually remained above mean high water level (MHWL).
On average, the stem diameter of the plants was around 0.3 m. The estimated area of vegetation was
around 8 ha (80,000 m2), and the number of mangrove plants estimated from the satellite imagery
was 14,000. This provided a vegetation density (number of stems/area of vegetation) of 0.175/m2.
However, we conducted numerical experiments by varying the stem diameter from 0.3 m to 0.2 and
0.1 m, and density from 0.20 to 0.35/m2. The sensitivity analyses were carried out by varying the drag
coefficients, density of the vegetation, and stem diameter. From the incident and transmitted wave
heights, the wave reduction factor was computed.
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2.2.5. Bulk Drag Coefficient of Vegetation

Reference [13] estimated the effect of the flow resistance due to mangroves as a bottom friction.
This drag coefficient, Cd, is approximated by

Cd =
32
√

2
π

h2

Hin∆x

( Hin
Htrans

− 1
)
,

Where h is the water depth, Hin is the incident wave height, Htrans is the transmitted wave height,
and ∆x is the distance between two sensors deployed in the field. Cd is also influenced by the vegetation
density. As waves travel over a vegetated bed, surface waves exert force on the plant stems and, in this
process, dissipate some of their energy [55].

The drag also depends on the flow conditions [56,57]. Two important numbers used to define the
type of forces for given flow conditions are the Reynolds number (Re) and the Keulegan–Carpenter
number (KC) [58]. Previous studies reported correlations between Cd and non-dimensional quantities
Re or KC [23,56,59,60]. When Re is relatively small, the flow is smooth and viscous forces dominate,
and, when Re is large, the flow is turbulent and inertial forces dominate. On the other hand, KC is
relatively low when inertial forces dominate and high when drag forces dominate. Reference [21]
reviewed all the earlier studies carried out in different habitats of vegetation at different locations,
and estimated the value of Cd based on the habitats (details related to only mangroves are listed in
Table 1). The estimated average bulk drag coefficient from various field measurements for mangroves
was 1.5 (Figure 3). We calculated Cd using the equation in [26], based on the measured data, and the
value obtained was 0.5. The model was, thus, setup with the Cd values obtained from both methods;
the results are discussed in the next section.

Table 1. Review of Cd calculated for mangroves (Reproduced with permission from [21], esa, 2013).

Region Study Cd (Estimated or
Assumed Drag Coefficient) Decay Cd (Bulk Drag

Coefficient) Source

Australia - - - [15]
Vietnam 0.12 0.001 0.14 [13]
Vietnam - - 2.72 [14]
Vietnam - - 2.69 [16]
Vietnam - - 0.42 [27,61]

Mumbai, India - - 0.50 Present study
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3. Results and Discussion

3.1. Analysis of Measured Data

The measured pressure data were analyzed and wave characteristics were calculated using the
zero-crossing method for each station using MATLAB programs developed by us. Wave statistics were
calculated after de-trending the pressure for any low-frequency tidal component present. Significant wave
heights and mean wave periods were extracted from the measured data. Significant wave heights
(measured) and predicted tide elevations off Mumbai from 5–8 August 2015 are shown in Figure 4.

Wind was relatively stable and predominantly from the west-southwest direction near the coast
during the above period; waves approached the coast nearly in the westerly direction. Due to a
logistics problem, measurements could be carried out only for one tidal cycle (in the night) each day.
Water level was sufficient to make measurements in the vegetation area only on the first day, and,
on the subsequent days, water level was too low for taking measurements. The reason for this was
attributed to the low wave heights recorded by the sensors.
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Figure 4. Significant wave heights and predicted tide elevations off Mumbai from 5–8 August 2015.

3.2. Wave Energy Dissipation in the Mangrove Area

The tidal elevations were predicted using the MIKE 21 inbuilt global tide model. MIKE 21 is a
depth-averaged two-dimensional hydrodynamic model, MIKE 21 HD, developed by DHI Water and
Environment, Denmark (http://www.dhigroup.com). It has inbuilt global tide model data, which represent
the major diurnal (K1, O1, P1, and Q1) and semidiurnal tidal constituents (M2, S2, N2, and K2) with a
spatial resolution of 0.25◦ × 0.25◦ based on TOPEX/POSEIDON altimetry data. Maximum water level
predicted was 3.8 m (Figure 4). A maximum wave height of ~0.3 m with mean wave period ranging
between 3 s and 6 s was recorded only on the first day. The significant wave height (Hs) time series of
each sensor (Figure 5) show that wave heights experienced attenuation along the transect when the waves
approached the vegetation zone. The reduction in wave height was the highest (up to 52%) at P3 and the
lowest (10%) at P2. The highest wave height reduction was observed at P3 due to dense vegetation and the
attenuation of waves by the matrix of mangroves compared to that at P2. However, a minimal change in
mean wave period was observed when the waves traveled from P1 to P3 (Figure 5), and wave periods
ranged between 3 s and 8 s (except for a few higher values on 8 August 2015).

In the first two days, maximum Hs observed was 0.3 m at the P1 location and 0.28 m at P2.
During these days, a very good relationship was observed (Figure 6) between the water level and wave
height (up to R2 = 0.99), but it was not linear. In the last two days of the measurements, waves with a
maximum Hs of 0.18 m at P1 and 0.15 m at P2 were recorded, as the water level was relatively lower.
At the P3 location, the wave heights were small with a maximum Hs of ~0.15 m on the first day of the
measurement period. It may be noted that location P2 lies inside the vegetation and, on the last day,
due to low water level, the corresponding wave heights were very small.

http://www.dhigroup.com
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Figure 6. Relationship between water level and significant wave height in the study region on 5 August
2015 (left) and 6 August 2015 (right) at the locations P1 (a,d), P2 (b,e), and P3 (c,f).

3.3. Model Validation: No Vegetation

Numerical experiments were conducted with various formulations in order to predict waves off

Mumbai accurately. Initially, the SWAN model was setup in standalone mode with default settings on
the open boundaries (without boundary information from the WAVEWATCH 3 [62] (WW3) model).
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The SWAN only model results were validated with available wave data from the buoy deployed off

Mumbai at a water depth of 15m water from October–November 2009. The comparison showed an
underestimation in the modeled wave heights. The boundary conditions obtained from the WW3were
used to force the SWAN model domain, and that resulted in an improvement in the results. Figure 7
shows the comparison between modeled wave parameters with SWAN standalone and SWAN nested
with WW3 and the measured wave parameters. It is very evident from this comparison that nesting of
SWAN with WW3 captured swells arriving from as far as the Southern Ocean. It may be noted that
the cyclone Phyan passed through the coastal area off Mumbai on 11 November 2009 (during this
measurement period). However, ERA-I winds under estimated the cyclone winds, thereby predicting
low Hs. As the study region was not under the direct influence of this cyclone, the maximum Hs

recorded (~2 m) was comparatively lower than even the normal monsoon waves recorded in this
region (~3–4 m). It is significant to note that other wave parameters (period and direction) showed
considerable improvements when SWAN was nested within WW3 (Figure 7).
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3.4. Reduction in Wave Energy Due to Change in Vegetation Density and Cd

The vegetation parameters were varied in the numerical experiments to investigate model sensitivity
to the presence of vegetation. SWAN was run for a vegetation height of 3.0 m with stem diameter
varying between 0.1 and 0.3 m and density of the mangroves between 0.175 and 0.350/m2 (number
of stems per m2). To compute wave attenuation, the major parameter varied was drag coefficient Cd.
The direction of the incident waves was taken as normal to the mangrove forest, as was the case when the
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measurements were performed. The vegetation was considered homogeneous with the characteristics in
Table 2. It may be noted that the model was setup based on the bathymetry of ETOPO1 with a 1 km × 1 km
resolution. This bathymetry data were augmented with the Naval Hydrographic Office (NHO) chart data
for better resolution. Various sensitivity analyses were carried out with the vegetation module of SWAN to
understand the role of different parameters affecting the wave attenuation process.

Table 2. Range of vegetation parameters considered for various model runs.

Vegetation Height (m) Stem Diameter (m) Density
(No. of Stems/m2) Cd

3.0 0.3–0.1 0.175–0.350 0.2–3.0

3.4.1. Sensitivity Analysis with Vegetation

The transmitted wave heights were analyzed under different groupings depending on the input
parameters provided (vegetation density, vegetation diameter, and drag coefficient). Wave attenuation
through the mangrove forest was quantified using the wave reduction factor (r), defined by the
following equation [53]:

r =
(Hin −Htrans)

Hin

This factor could be linked directly to the effectiveness of the forest in attenuating waves. The wave
reduction factor, from different cases, was compared to understand the relative importance of different
vegetation parameters.

It was observed that wave attenuation increased with an increase in Cd, density and stem diameter
(Tables S1 and S2, Supplementary Materials; Figure 8a,b). The resistance of the vegetation generates a
drag force that causes a reduction in wave height [26]. Model runs executed with Cd values obtained
from the literature (Cd = 1.5) and estimated for the Mumbai region (Cd = 0.5) showed that attenuation
varied from 55.69% to 49.93% (Table S1, Supplementary Materials), i.e., a change of ~6%. When Cd
was further increased to 3.0, wave attenuation increased by about 10–15%.As shown in Table S1
(Supplementary Materials), wave attenuation was also computed with other Cd values. When the stem
diameter was varied from 0.3 m to 0.2 m and 0.1 m, wave attenuation decreased for any given Cd
values (Tables S1 and S2, Supplementary Materials).
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3.4.2. Wave Height Attenuation Due to Vegetation

SWAN was run with vegetation, and, from the model runs, incident wave parameters and
transmitted wave parameters were extracted at the vegetation area. With a vegetation density of
0.175/m2, stem diameter of 0.3m, and drag coefficient varying from 0.4 to 1.5, the model reproduced
attenuation ranging from 49% to 55% (Table S1, Supplementary Materials), which is comparable to
the measurement (52%; refer to Section 3.2). Reference [27] studied attenuation in a mangrove area
in CanGio Mangrove Biosphere Reserve, Southern Vietnam, with the number of trunks varying in
the range of 1–21/m2 with mean diameter in the range 0.011–0.379 m, and found that reduction in
wave height was about 20% over 100 m in the mangrove forest. These numbers varied depending on
the layers and the cells measured in the mangrove site [27]. Similarly, Reference [36] studied wave
attenuation in Mangrove Island, considering the stem density varying between 0.5 and 1.7/m2 and
vegetation width of 300 m, and found that attenuation reached up to 60% at the port due to the effect
of the mangrove island.

The present model results are in agreement with the above studies, as well as the measurements
carried out off Mumbai. However, the marginal difference found in the wave height reduction was
due to vegetation parameters and resolution of the bathymetry considered in the model. The results
obtained in the present study will be very useful in planning the coastal protection of mangroves off

Mumbai, as well many other coastal places in the world, which are at risk due to sea level rise [33] or
other parameters leading to climate change.

3.4.3. Wave Spectral Changes in the Vegetation Area

Time series measurements and model results support the hypothesis that the mangroves act
as an efficient energy buffer in shallow and near-shore waters for a wide range of wind and wave
conditions of typical meso- to macro-tidal coasts. Evidence for this role was found when the wave
spectra obtained from the model were compared. Typical one-dimensional (1D) wave energy spectra
were extracted at two locations, one in front of the vegetation (P1) and another inside the vegetation
(P3). Figure 9 shows an inter-comparison of wave energy spectra at both these locations for select time
intervals during consecutive days (high tide). Wave energy was much less at P3 than P1. These model
results clearly indicate the contribution of mangrove vegetation as a friction factor for incoming waves
and acting as a buffer to high waves.
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4. Conclusions

The present study focused on the coastal region (Mumbai), which is vulnerable to climate change
in the form of sea level rise and flooding, as well as monsoon high waves. The analysis of measured
data collected from the mangrove forest off Mumbai presented wave attenuation on the order of 50%,
although the width of the vegetation is not sufficient to provide higher wave attenuation. A wave
model was setup for the Mumbai coastal region to study wave energy dissipation due to mangroves.
The numerical experiments showed that, for a vegetation density of 0.175/m2, a stem diameter of 0.3m,
and a drag coefficient varying from 0.4 to 1.5, the model reproduced wave attenuation ranging from
49 to 55%, which was comparable with measurements (52%), as well as earlier studies. The sensitivity
analyses provided knowledge on different vegetation parameters affecting the wave attenuation.
The attenuation rate corresponding to varying physical parameters of mangrove forest was estimated
using measurements and numerical modeling. The limitation of the present study is that the analysis
was carried out only for a short time window during the monsoon season. A more detailed and
rigorous exercise with planned field campaigns is warranted in a better perspective to understand the
dissipative effects of mangroves in all wave conditions, including extreme weather events, which will
form the scope of future work.
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