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Abstract

A study of the effectiveness of mangroves in atéing cyclone- induced waves was
done using the SWAN 40.55MOD numerical model. Hytlca parameters during
extreme events and local mangrove vegetation paeasneere estimated for the Kanika
Sands mangrove island near the upcoming Dhamra iRa@rissa, India. Simplified
generic analyses were first conducted to obtaiglns into the characteristics and
behaviour of the model and the system. These wssd to select relevant scenarios for
simulations of actual conditions at the case-stith. The mangroves were found to be
effective in reducing wave heights at the port hdhhe island though the effectiveness
is limited by its geometry and distance from thetp®dhe presence of vegetation has a
marked effect though the effect of a variation iegetation density is limited. An
optimum cross-shore width range for maximum praodectvas quantified. The required
size of the mangrove patch for maximum wave atteowainder all conditions is 300 to
800 m in the cross-shore direction and around 6ikrthe alongshore direction. At
present the vegetation is 1.5 km cross-shore bk 4longshore at a maximum with a
shape that is slightly different from the optimufiven the conditions of the area
northward expansion is considered more relevangetl&ion strips around the island
seem to be an effective option though the effettieasity reductions become important
in this case. Model characteristics such as theitéty trend of hydraulic parameters
and the comparative effects of emergent and sulemergegetation were also
investigated. Conclusions regarding model and systearacteristics observed during the
study are also presented. Based on the work daoereendations were made regarding
mangrove management options for the port and dwestfor future research in case of
further numerical modeling, physical modeling amddf studies.
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1 Introduction

1.1. Problem Description

Tropical coastlines are under great pressure due rapid increase in population and
infrastructure. Large-scale mismanagement of tleesstlines and the inability to cope
with events such as cyclones can have devastathggdnd short term effects especially
in developing countries. It is a well-establishedttfthat mangroves help protect the
hinterland by attenuating waves during extreme &vemd reduce long term coastal
erosion by trapping sediment (UNEP-WCMC 2006). Mangs are a coastal inter-tidal
ecosystem consisting of salt-tolerant plants tleaucs in inter-tidal regions of tropical
and sub-tropical coasts. While there is an increpsemphasis on protecting and
preserving mangrove eco-systems little is stillenstbod of these systems, especially on
how they respond to changes in their environmanttecent times, numerical models
have been created that give a fairly good reprasient of the hydrological and
sedimentary processes within a mangrove ecosysi&i@.SWAN 40.55MOD model
(Tomohiro Suzuki, Personal Communication), develo@e the Delft University of
Technology is one such model that attempts to Gkewvave dissipation in a mangrove
vegetation patch. Given the high rate of destramctobd mangroves world-wide (UNEP-
WCMC 2006) it is essential that this understandiagised to establish the value of these
ecosystems. Also, it is necessary to go one stepefuand combine this understanding
with effective management techniques to preverg tenm misuse of such ecosystems.

1.2. Problem Statement

With increasing population pressure, demand foreliggment on tropical coastlines and
the world-wide necessity for environmental protactiit is urgent and essential to
establish the usefulness of mangroves in protegorts or other coastal developments
from the effects of a tropical cyclone. This studgks at the wave dissipation process in
mangroves with regard to various controlling hydimand vegetation parameters using
the SWAN40.55MOD numerical model and attempts talésh, as a case-study, the
protection offered during tropical cyclones by angr@ve inhabited island in the Bay of

Bengal to an upcoming Indian port behind it. Thealtn of this island in the vicinity of

1



an important coastal development, the region’s eqitlity to some of India’s most
severe cyclones and most of all the prevalencearfgmoves on the island were thought

to make this island a highly suitable choice fa tase study.

1.3.  Study Objectives

The main objectives of this study are as follows:

1. To determine, under extreme conditions, the mameich various controlling
hydraulic and vegetation parameters influence tioegss of wave attenuation in
mangroves.

2. To determine the parameter combination scenarlesast for studying the effect
of mangrove vegetation on a leeward structure uagigeme conditions.

3. To determine as a case-study the effectivenedseomtangrove island of Kanika
Sands in protecting the Dhamra port in terms ofevattenuation under extreme

conditions and to come up with recommendationsro#gg the same.

1.4.  Study Methodology

The SWAN 40.55MOD numerical model was used to stih@yeffectiveness and extent
of wave attenuation in a mangrove vegetation pataker extreme water level and wave
parameter conditions. An island in the Bay of BénigaOrissa, India was chosen for this
purpose due to the high frequency of severe cyslare a considerable presence of
mangrove habitats along the coast. An extensiwraltire review was conducted to
establish the nature of the cyclones and mangregetation characteristics in the region.
Statistical data on cyclones in Orissa were usedagproximate offshore cyclone

parameters corresponding to events of selectethrpariods between 100 and 5 years.

The offshore wave parameters corresponding to ttygdene parameters were estimated
based on different regional and global empiricétrenships and the final values taken
as the average of methods with comparable reduits offshore bathymetry in the region
was roughly approximated from low scale hydrograptiiarts. This was used in the
SWAN 1Dv numerical model to estimate wave heiglainsformation from deep to
shallow water for the chosen return periods. Exéremear-shore storm surges were
calculated from available statistical studies basegast observations. These were added
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to estimates of high tide and sea-level rise taiobthe extreme instantaneous water
levels for the chosen return periods. Vegetaticaratteristics such as heights, diameters
and densities were approximated with informatiomwtbgeneral regional vegetation
characteristics from the literature review. Thecakdted wave parameters, water levels
and vegetation parameters were used as the inputdh& near-shore vegetation

dissipation analyses.

First a generic analysis was conducted to obtasigims into the characteristics and
behaviour of the model and the system. For thitaalfathymetry was used with the
simplified vegetation parameters and calculatedensand water level conditions. Various
scenarios were simulated based on different p@ssibmbinations of hydraulic and
vegetation parameter values. From the results oeimeis were drawn regarding the
model and system characteristics. These were ossgldct a reduced number of relevant
combination scenarios for the case—study which dvguwolve more realistic bathymetry
and vegetation parameters. Also, some secondasgrigeanalyses were done to examine

in detail certain trends observed in the prelimyreamalyses.

A case-study was done for the site of Kanika Samasangrove inhabited island 3.5 km
off the Orissa coast between the channels of thenida River. Located at roughly 20
47 N and 88 59’ E the island lies directly offshore of the opting Dhamra Port. The
case study used the selected scenarios to asseséfeéhtiveness of the mangroves in
protecting the port against extreme cyclone evamd to determine what would be
needed to enhance the same. Finally conclusions dramvn regarding the effectiveness
of the mangroves in protecting the port and th@eaof cross-shore and alongshore sizes
of the vegetation patch necessary to provide amimim level of protection. Also, some
secondary conclusions were drawn regarding the hadeacteristics and the direction
of future improvements in numerical models, phylseegeriments and field work in this

field. Figure 1 on the next page has a flowchéssitating the steps in this process.
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2 Literature Review
2.1.  Tropical Cyclones

2.1.1.Basics

In tropical regions at a sufficient distance frohe tequator where the effect of the
Coriolis’ force is appreciable, cloud clusters nfaym leading to an organized closed
circulation of air. When this circulation develops a point where the maximum
sustained wind speed exceeds 121 km / hr the clisstermed acyclone typhoonor
hurricanedepending on whether it occurs in the Indian Oc#aWestern Pacific Ocean
or the Atlantic and Eastern Pacific Oceans respelgti A cyclone is said to have made
landfall when its trajectory takes it over a landsarhe distribution of tropical storms is
illustrated below in Figure 2 (Fritz H.M. & Bloud, 2007).

Figure 2: Global distribution of tropical storm tra cks with local names (Abbot, 2006 from Fritz H.M.
& Blount C, 2007)

2.1.2.Cyclones in the Bay of Bengal

The Bay of Bengal is a huge, shallow extensionhef ihdian Ocean bordered on three
sides by India, Bangladesh, Burma and Thailanelxperiences two monsoon seasons — a
South-West Monsoon season from June to Octoberaamilder North-East Monsoon
season from November to February. Since it is dfogically favourable for the
development of a cyclone most Bay of Bengal cyctomee formed in the monsoon
trough — a low pressure trough whose location dégpeon seasonal conditions.

Sometimes cyclones are also formed immediatelyrbedo after the monsoon seasons.
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Studies have shown that the frequency of cyclonmdtion in the Bay of Bengal is very
high, almost 6 to 7 times higher than in its westepunterpart, the Arabian Sea
(Aggarwal & Lal 2000). Due to the large scale daestion caused by cyclones several
vulnerability studies of coastal regions in Indiave been conducted with regard to
cyclones. One such study found that the most a&fecegion in eastern India is the
northern section of the east coast (Alam M et2003). The study showed that in the
period 1974 — 1999 two-thirds of the cyclones ttrassed the east coast of India within
the monsoon period made landfall in this regiomals been observed that almost 90% of
the damage associated with a cyclone is causedobgifg with the remaining 10%
being attributed to wind related damage (Goneglgt2001 in Chittibabu et al., 2004).
While the most damaging effect of a cyclone in astal town is the flooding due to the
storm surge, high tide and rainfall (Chittibabuaét 2004), increasing development of
parts of the coastline with ineffective protectioas resulted in an increased exposure to
extremely high cyclone waves. This work focusedaoregion in the coastal district of
Bhadrak (circled in Figure 3) in the Indian stafeDoissa, bordering the northern Bay of
Bengal.

O

Figure 3: Detailed map of Orissa and its location vthin India with the Bhadrak district circled

2.1.3.Cyclones in Orissa

The state of Orissa has suffered severe damagestlewery year from cyclones
originating in the Bay of Bengal. Statistical sesliindicate that for the months of
October and November Orissa has the highest priglggbb %) among the states on the
east coast of India that at least one cyclone mktetfall every year (Mascarenhas A.,
2004). One study by Dube et al. in 2000 used a noaienodel developed by the Indian

Institute of Technology - Delhi to simulate stororges due to six cyclones that made
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landfall on the Orissa coast. This study was basedlata from records of the India
Meteorological Department (IMD). A later, more camipensive study by Chittibabu et
al. in 2004 used this model to assess the effectimate change on storm surges along
the Orissa coast. Chittibabu et al., 2004 brougbether two databases for cyclones in
Orissa — one from the IMD with data from 1877 td@@Qand the other from various
records including the British East India Compatmg IMD and state government records
with data from 1804 to 2000. 16 cyclone events vs=iected in this study for which
cyclone parameter values were estimated by vaeoysirical means when data was not
available. These 16 events were modeled usingttie surge model described in Dube
et al. (2000) and the obtained values were verifigt available data. In July — October
1999 a super cyclone with winds exceeding 250 kmrhade landfall near the port city
of Paradip in Orissa claiming approximately 10,0068s and causing extensive damage
to property. The study showed that this cyclone dasturn period of roughly 50 years
indicating that such extreme events are quite comimdhe region. Figure 4 shows the
parts of Orissa directly affected by the super ayel of 1999 (Chittibabu et al., 2004)

with the present area of interest indicated.

O

Figure 4: Districts of Orissa state affected by thd.999 super cyclone with current area of interest
circled



2.2. Mangroves

2.2.1.Basics and Distribution

Mangrovesor mangalrefer to a coastal inter-tidal ecosystem of haypiphwooded plants
that occur in inter-tidal regions of tropical angbgropical coasts. A unique feature of
mangrove vegetation is their emergent root systeah allows the trees to breathe in
saturated soils or even under partially submergediions. Mangroves generally occur
between mean sea level and the highest spring ledal. They very often exhibit a
distinct shore-parallel zonation thought to depe&mda number of factors including
species competition, topography and tidal rangé,tgpe and chemistry and nutrient
content (Alongi, 2002). A single mangrove patch ncawsist of a variety of different
species all of which adapt in different ways tovére in a typically harsh environment. A
true mangrove plant usually consists of small agdaroots above ground level, a single

stem and a large canopy as shown in Figure 5.

Figure 5: Typical structures of three distinct mangove species

Studies conducted by the Food and Agricultural @isggtion (FAO Forestry Paper 153,
2007) in the last decade showed that mangroveragsieere most extensively distributed
in Asia, followed by Africa and South America. AE2905, India was estimated to have
3% of the world’s mangroves corresponding to ne&f®,000 hectares of mangrove

forest. Figure 6 below indicates the world-widetrilsition of mangroves



Figure 6: World-wide extent and distribution of mangroves (FAO Forestry paper 153, 2007)

India’s extensive coastline is dotted with severahbll and large mangrove patches. The
largest single block of halophytic mangroves in wld, the Sunderbans occur within
the Ganges-Brahmaputra Delta straddling the bobd#ween India and Bangladesh.
Other major mangrove systems include river deltaghe east coast in the states of
Orissa, Andhra and Tamil Nadu, the Gulf of Kutch the west coast in the state of
Gujarat, adjacent to Pakistan and systems wittenAihdaman and Nicobar islands near
the Indonesian archipelago. Despite the knowletigé thangroves serve to protect the
hinterland large-scale destruction of these habitabeing witnessed across parts of the

country.

2.2.2.Mangroves and Extreme Events

The role of mangroves as coastal protection isiaruc India especially along the east
coast which is subject almost annually to severelooyc events. It has been well
established from observations and socio-economidiest that mangroves play a major
role in protecting the hinterland from the destiwecteffects of hurricanes, cyclones and
to an extent, even tsunamis. A socio-economic staaylucted in Orissa (Das S., 2007)
investigating the effect of a devastating supetarye in July 1999 established that
coastal villages situated behind mangroves escaftednuch less damage compared to
villages that did not enjoy their protection. Dag307) also concluded that one hectare
of mangroves can be nearly two times as valualbaaruically as the ‘cleared’ land that
exists in its stead in many coastal areas in th®me It is therefore of great interest for

public and private authorities to focus on mangrawnagement since mangroves can



provide considerable economic value if properly agad. Figure 7 from this study
shows the extent to which mangroves have protébeetinterland in this region.

Figure 7: Table from Das S (2007) showing the prot¢ive effect of mangroves in present scenario and
projected effect if previously existing mangroves &d been protected

Due to the complexity of the hydrodynamics and sedit regimes in mangrove systems
and the relative lack of data there is a gap imexurunderstanding about the processes by
which mangroves offer protection against extremenes/and therefore on how they can
be optimally managed. While on the one hand theg vature of such events makes
measurements extremely difficult, if not impossjlieere is a need to understand and
guantify the effects of mangrove systems in thenewé a cyclone or a storm, especially

in light of the perceived effects of climate change

2.2.3.Mangroves and Waves

Studies have been conducted in some places on hisicpl processes involved in
attenuation of waves by mangroves under normalitond. Due to the high complexity
of these processes, their dependence on the Jiegetataracteristics and hydrodynamic
regime and the high regional variability in all sleefactors, most of these studies are
highly region specific. Wave attenuation in vegetatdepends on hydraulic parameters
such as wave height and wave period and vegetatiaracteristics such as geometry,
stiffness, density and spatial configuration (Mende Losada, 2004). Analytical and
numerical wave attenuation models have been prdpibse: calculate the energy loss in a
wave propagating through a vegetation field. Duthéolack of in-depth understanding of
the flow within mangroves and since they focus @vevenergy dissipation these models
restrict themselves to two dimensions, namely, tkie axis along the wave front
propagation direction and ‘z’, the vertical axidl these models assume the linear wave
theory to be valid within the vegetation regioneTdonventional definition for the depth-
10



integrated time-averaged energy dissipation ingetagion field per unit horizontal area
is given by the expression

-htah
g = Fudz Q)
where the over-bar represents the time r:'nlveragiraagvi;rznve period, anéF (= Fu+F,w)
is the force acting on the vegetation per unit s@ualong the vertical and one horizontal
axis. It is generally assumed that in an anisotrdssipative medium like vegetation, the
F,w term is negligible compared to thgu term which results in the expression

-htah
g = F.udz 2)
-h
While an accurate calculation of tHgu term would include the effect of swaying
motions and both inertial and drag forces many rsodenply neglect the swaying
motions and inertial forces and calculate onlydheg forces for purposes of simplicity.
In such a case the vegetation induced forces aendiy a Morison type equation where

the vegetation is assumed as comprising seveladeidal units.

F= 5 rCol Ny § ©
Since this non-linear force can include the retat#elocity between the plant and the
fluid it may be considered valid for rigid as wal flexible plants, with a different bulk
drag coefficient being used in case of flexiblenpdato make up for the lack of more
accurate information on plant motion (Dalrympleaét from Mendez & Losada, 2004).
These formulations were presented in an empiricadehby Mendez & Losada (2004).
The model depends on a parameter similar to drafficent which was parameterized
as a function of the Keulegan — Carpenter numbea fgiven plant based on laboratory
experiments for different plant types (Mendez & &da, 2004). Based on this work a
routine was developed within the SWAN 2dv near-shoave model by Burger (2005)

to calculate wave transformation in vegetatiordel
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2.3. The SWAN Model for Vegetation

2.3.1.SWAN - Basics

SWAN (Simulating WAves Near-shore) is a third getien wave model based on the
wave action balance equation with sources and saowgeloped by a team at the Delft
University of Technology in the Netherlands. Thed®slocan be used to obtain realistic
wave parameter estimates in coastal and near-sheas given certain wind, current and
bottom conditions. It can be used for simulatiomafdom short-crested wind generated
waves in deep, intermediate and shallow water deptid can simulate the following
physical phenomena:

1. Wave propagation in time and space, shoaling, cténra due to current and depth,
frequency shifting due to current and non-statigrakapth
Wave generation by wind
Non-linear wave-wave interaction (quadruplets aiadls)
White-capping, bottom friction and depth-induceddking

o~ WD

Blocking of waves by current

The model does not explicitly calculate wave ditran or reflection. SWAN currently

employs a phase-decoupled approach to producethe gualitative behaviour of spatial
redistribution and changes in wave direction, asudstitute for more expensive
diffraction computations. This approach howevearnas considered very effective in front
of reflecting obstacles (SWAN User Manual, SWAN (eyitl version 40.72A).

2.3.2.Vegetation Dissipation in SWAN

Burger (2005) introduced a sub-routine in SWAN sbireate vegetation dissipation by
schematizing the vegetation into different layasmposed of cylindrical units. The new
version of the model was labeled SWAN 40.55. Thergy dissipation expression used
in this model, given in equation (4), is the oneDwsirymple et al. (1984) which forms
the basis of the empirical model developed by Mer&l&osada (2004).

3 . .
ev _2 rC.BN gk sinit ka h+ 3sinhla h
3p 2s XK cosAkh

where g,is the time-averaged rate of energy dissipationupgr area,C, ,b, and N are

H? (4)

the vegetation drag coefficient, diameter and spalensity (number of stands per unit
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area),kis the wave numbers the wave frequencyg the ratio of plant height to water
depth, h the water depth anti the wave height at that point. This formula was
subsequently improved upon with some correctiond alterations and was renamed
SWAN 40.55MOD (Tomohiro Suzuki, Personal Communaat though the basic
concept remained the same. The SWAN 40.55MOD musket the Morison’s equation
to calculate wave attenuation in cylinders. It hegreneglects the effect of swaying
motion and inertial forces and calculates only trag force on the cylinder. The
horizontal orbital velocities are calculated usthg linear wave theory. These are then
used to calculate the drag force at each pointthad product is integrated along the
cylinder’s height to obtain the total drag forcéndfly the total drag force is equated to
the time-averaged energy dissipation per horizoutal over the vegetation height as
given by Dalrymple et al. (1984). The mathematiehibd the model is described in
Appendix A.

2.3.3.Model Considerations

The SWAN 40.55MOD model assumes the mangrove veget consist of cylindrical
units. This assumption is an accepted simplificattbat allows a fairly reasonable
simulation of the processes within the vegetatidre important factors in such a case are
the diameter and density of each cylinder. Most gnave trees exhibit a structure with
three distinct layers — roots, stem and canopy) v@gard to the projected surface though
not all mangrove vegetation necessarily follows thehaviour. The schematization of a
mangrove tree into three layers, shown in Figurbe®w, is considered sufficiently

representative of actual field conditions.

Figure 8: Mangrove tree height schematization follwed in SWAN 40.55MOD (Burger, 2005)
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The SWAN 40.55MOD model neglects swaying motion$isTis thought to be

acceptable due to the typical rigidity of a mangrglant. Even though the canopy region
is less rigid and may show appreciable swaying onotits effect was considered
negligible for the purposes of this study. Since florce is time-averaged the net
contribution of the inertial force which is out pifiase with the velocity is zero (National
Research Council, National Academy of Sciences, Widgson D.C., 1977). Inertial

forces are therefore neglected in the Dalrymplentdation. While this is an accepted
practice in most models attempting to reproduceendissipation processes it may affect
the results in some cases. The model performs #h-@epraging of the vegetation
parameters before applying the Dalrymple formutatad each grid point. While this

limits the model’s sensitivity to parameter vaats to an extent it still provides a good
representation of the wave dissipation mechanisie Thanner in which these
considerations affected the selection of paramedéres and scenarios in this study is
described in detail in Section 4.1. Since this gtimtused on wave attenuation current-

induced effects were not included in the computetio
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2.4. The Case Study Site

2.4.1.Location and Environmental Conditions

The coast of Orissa is mostly depositional in rgtuts formation being mainly
influenced by the Mahanadi and Brahmani — Baitanamer deltas. In 1974, the
Government of Orissa divided its coast into fivelope zones for the purpose of coastal
zone management (Mohanty P.K. et al., 2008gse five zones are illustrated along with

the river drainage systems in Figure 9 below.

Figure 9: Map of the rivers and coast of Orissa wh the five designated coastal management zones
(Mohanty P.K. et al., 2008)

The site chosen for the case study is the site déep water port being built for the
import and export of coal and mineral ore. The f®ibcated at roughly 287°'N and
86°58'E on the coast to the north of the Dhamra riveuth, which is formed by the
confluence of the Baitarani and Brahmani riversisTregion lies at the northern
boundary of Zone IV in Figure 9 above. The regignextremely flat and highly
susceptible to cyclonic storm surges. The areaewvily forested with mangroves.
Immediately south of this region lies the Bhitarkan wildlife sanctuary which
encompasses the second largest block of halopmaitgroves in India. A sandy beach
and a fairly long spit are present immediately baftthe river mouth. Though relatively
protected by the extended sand spit immediateiheosouth, due to the propagation of

storm surges along the coast the area often feeleffect of several nearby cyclones.
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Being located at the outer tip of a westward benthe coastline the case study site has
been directly in the path of several cyclones tizate occurred in the region. It also feels
the heavy winds, waves and surges caused by tiee lbands of cyclones that frequently
pass parallel to this section of coast along a 8 axis. However, the port and the
coastline possibly benefit from the existence @f dffifshore island of Kanika Sands — a
mangrove inhabited island that could help protéet port from the fury of extreme
events. As mentioned earlier, the location of #land in front of an important port, the
area’s susceptibility to some of India’s most sewvgrclones and the prevalent mangrove
vegetation on the island were thought to make #tend of Kanika Sands a highly
suitable choice for the case study. Figure 10 bettnws the island, port and other

features of the case-study site.

Figure 10: Map of Kanika Sands Island, Dhamra portand other features of the case-study site
(Dhamra port website, 2008)

2.4.2.Morphology and Hydrology

The newly formed Kanika Sands island, seen morarlgién Figure 11, is oval in shape

and is roughly 4 km along the N-S axis and 1.5 kom@the E-W axis at a maximum.

Largely inhabited by mangroves, with a sandy spitne north and a small sandy ridge
on the south-western side, the island is observexktve as an obstacle to waves, with
waves breaking on the windward side and a calmashadgion being developed on the
leeward side. A study of the island using GoogletlfEanages showed some mangrove
colonization on an arm extending southwards. Tlandsis at a distance of around 3.5

km from the port.
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Figure 11: Google Earth Image of Case Study Site .(2006)

The island is observed to have formed recentlyeas $rom a comparison of Survey of
India toposheets from 1972 and 1998. Also evidetite instability of the morphology of
the region from the appearance and disappearanskofls over the past few decades as
seen in Figure 12. From this and other evidene&ad concluded that the morphology in

the region is highly unstable though showing a ¢égreg for progradation.

Figure 12: Survey of India Toposheets showing th&hifting morphology of the region (Forest Survey
of India, State of Forest Report, 2003)

The island of Kanika Sands lies within the ebbitidta of the Dhamra river and acts as
a barrier separating the northern tidal channahftbe southern riverine channel. The
tide in the region is mostly semi-diurnal with an@itude of around 4.5 m at the mouth
of the estuary and 2.8 m within the estuary (Selvar2003).
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2.4.3.Site Vegetation Characteristics

The island of Kanika Sands is inhabited nearly detety by mangrove species. The
mangroves and other coastal vegetation on thedshare found to consist mainly of
Avicennia marinaAvicennia albaSonneratia albaRhizophora mucronatandPhoenix
paludosaand were found to attain a height of 10m or mdamhiston & Santillo, 2007).
The nine vegetation parameters — three for eacthefthree layers that had to be
estimated or measured based on the requiremetite 8WAN 40.55MOD model are the
diameters, densities and heights of the roots (paéaphores in the case 8f albg,
stem and canopy. Before this however, the typesgktation and its distribution relative
to the site topography would have to be determtnaezhable a more accurate selection of
parameter values later on. For this purpose aatileg study was done of the mangrove
species in the region. Many studies observe thahgno@e zonation is strongly
influenced by inundation depths which in turn aexided by the land topography in
relation to tidal levels as illustrated in Tabladd Figure 13. Due to the absence of data
assumptions were made regarding the topographiieofstand as described in Section
3.4. By putting together these assumptions witlaltidvels obtained from literature
(Chittibabu et al., 2004), estimates of the mangrgpecies, their relevant properties and
their relative zonation at the site were made. €hestimates were partially verified by
checking the occurrence, properties and zonatiomafgrove trees in locations with

similar geophysical and ecological environments.

Table 1: Species Zonation based on Tides

Species Elevation Reference
1. E. agallocha(surface At or just above high-tide Lovelock C., 1993, Field Guide to the
roots) mark Mangroves of Queensland, AIMS
Queensland
2.H. fomes Spring tide inundation of RNGR Tropical Tree Seed Manual (Hossain
(pneumatophores) only 4 to 5 days & Nizam, 2003)
3. A. marina Entire inter-tidal range Protabase (web database on useful plants of
(pneumatophores) above MSL tropical Africa)
4.S. alba Seaward most fringe alongFrom Giesen W. et al. 2007
(pneumatophores) with A. marina
5. R. mucronatgstilt Inter-tidal zone, 0-6m Duke, 2006 Species Profilesacific Island
roots) Agroforestry
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Figure 13: Species Zonation based on Tides (Gieséh et al., 2007)
Elevations at site: 0-3 m; MSL — 1.66 m; MHWL — 3.3n

Based on the above-mentioned factors it was dedmgdneralise the species existing on
the island into two main families Rhizophora mucronatand Sonneratia albaMost
mangrove species are distinguished based on tiaiisystems. For instance trees of the
speciesSonneratiaare seen to have small roots appearing out ofjtbend around the
base of the stem. These roots may vary in heighd @pmaximum of less than a metre. A
species likeRhizophorahowever exhibits stand roots that come out ofntiaén stem and
have been observed to go up to heights of more8hrad0 m. Based on the root systems
of the two species shown in Figure 14 and theiraion with regard to water levels it
was assumed th&. mucronatavould occur on the low-lying fringes of the islafidm
elevations of 0 to 2.5 m whil&. albawould occur in the higher hinterland from
elevations of about 2.5 to 3 m. These species @alsrechosen since it was felt that the

difference in their root systems might make a défee to the wave attenuation process.

S. alba R. mucronata

Figure 14: Root systems of three mangrove familigfrom De Vos, 2004)
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3 Determination of Model Boundary Conditions
3.1. Extreme Event Data Analysis

3.1.1.Introduction

The main cyclone parameters that influence waveacheristics in deep water are as
follows (Chittibabu et al., 2004):
1. The intensity of the cyclone as expressed by tksgure drop from the periphery
of the cyclone to its inner coreP (hPa)
2. The maximum wind speed sustained by the cyclonea(lysfor a duration of 1
minute), Ur (m/s)
3. The radius to maximum wind of the cyclore,(km) from its centre
4. The velocity of forward movement of the cyclong, (m/s)
Estimation of cyclone parameters and cyclone wavgsesent is done using state of the
art ocean models and satellite data. In the absehseich data however, there exist
several empirical models developed in the pastdhet a fairly good approximation of
these values. All these methods suggest relatiehseen cyclone parameters and the
waves generated by its heavy winds. A mix of su@thweds, both global and regional
was used in this study to ensure accuracy. Beiagrhst comprehensive study found,
statistics from Chittibabu et al. (2004) were ussdhe basis for this section. Of the 16
cyclone events occurring between 1971 and 2008dligt Chittibabu et al. (2004) 13
events were chosen based on the availabilityfoind the other necessary values. In the

first stage the cyclone parameters necessary foulation of the wave characteristics —

namely, pressure dropP and the maximum gradient wind-spdddex were estimated.
The term gradient wind speed refers to a theoletroal-speed in a cyclone vortex used
to parameterize a cyclone that can be estimated &ctual wind speed measurements.
Three commonly used methods were examined in tagesOne method was used as a
control for the estimated values. Averaged valbes were in sufficient agreement with
the control values were chosen for the next stép. Second stage was the determination

of the maximum significant wave height,, and peak wave period, for each event.
Due to the highly empirical nature of the proceduaecomparison was made between
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five commonly used studies and as in stage 1, gedravalues that fell within an

acceptable range were used in the final stage.fihhestage was the determination of

offshore wave parametetd, and T, and near-shore water levels for specific return

periods. Statistical studies correlating regionatl@ane intensities and near-shore storm

surges with return periods were used as the basthit step.

3.1.2.Assumptions

The following basic assumptions were made in tHeutations based on relevant data
and literature studies:

1. The radius of maximum wind speeR, was assumed to be a constant 45 km
(Kumar et al. 2003) WhereP values were available values f@rwere assumed
based on Bell's distribution of cyclone diametersalation to the central pressure,
P, for the North-west Pacific (Sinha & Mandal, 1998nhce typhoons and
cyclones have similar basic characteristics.

2. The peripheral pressure for the Bay of Bengal westimed as a constant 1012
hPa. (Varkey, 1985 in Kumar et al., 2003, p.2241)

3. The velocity of forward movement for all the cycdsVim was assumed as a
standard 6 m/s based on literature from the re@famar et al., 2003). Further,
for calculations based on USACE methods this valae assumed to indicate a
cyclone moving slow enough for application of tleenfulae. The value of the
empirical constant for speede— was therefore taken as 1 in the determination of
H, andT, (SPM, 1984 in Hsu et al., 2000, p. 825).

4. The return period correlations were assumed td fal the calculated average
return periods, maximum wave heights, wave per{Qdsttibabu et al., 2004) and

the predicted storm surges (Murthy, 2007).
3.1.3.Estimation of Cyclone Parameters

3.1.3.1.Methods Examined

The cyclone parameters needed for calculation ®whve characteristics werd> and

U max. These were either taken directly from previouskasured or estimated values or
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calculated based on availallevalues. The estimation ofP andU max values for the 16
selected events were based on three methods:
1. The USACE’s empirical method outlined in the ShBretection Manual (1984)
as described in Hsu, et al. (2000)
2. The empirical method described by Kumar, et al0@0or the Bay of Bengal
region using the P values from Chittibabu et al. (2004)
3. The commonly assumed linear relationship betweetong wind speed and sea
surface pressure as outlined by Pidwirny (2006)
The first is a commonly used empirical method tieddtes the value of R of a slow —
moving cyclone to its P and uses these to estimate the generated wakecinstics.
This method has been validated in the study by éisal. (2000). Based on this method,
Hsu et al. (2000) proposed a simplified relationcfoicker estimates. The third method is
also a quick — estimation technique based on a sienple and widely observed linear
correlation between the sea-surface pressure dariegrlone and the wind speed. The
region-specific method by Kumar et al. (2003), lolase the Young’'s parametric model
has been validated for the southern Bay of Beryalas therefore decided to use this to
verify the values from methods (1) and (3). Eveoutih the study was for the southern
Bay of Bengal these results would serve as anteféecontrol due to the similar nature
of cyclones in the southern and northern Bay ofga&nThe final values were taken as
the averages of the methods chosen from the orasiegd. The choosing of methods is

detailed in the following section. Details of eankthod are given in Appendix B.

3.1.3.2.Methods Chosen

It was observed from calculations that while valtresn method (1) show a high degree
of correlation with the values of P andU max from the control method there is a
tendency for over-estimation of the higher valuesl ander-estimation of the lower
values. This over and under-estimation of valuesheyUSACE method was thought to
be due to the error in the assumption that a hamaar cyclone with a forward velocity
of 6 m/s would classify as a slow-moving hurricaihkawever, the linear regression
relation of method (3) results in a smoothing of tralues compared to method (1).
Though this method shows a lower degree of oveaatelation with the control method

as compared to method (1) it shows a better esomaf the general value trend and the
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peak values. These trends, which are common FoandU max, are illustrated for P in

Figure 15 below.
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Figure 15: Comparisons of P values for the chosen events with the three diffent methods; the 50
year event is circled in red

Though a detailed statistical analysis was diffi¢ai such few data points a decision on
which methods to use for the calculation d® andU max was taken based on these
comparisons. From the findings presented abovedaado the relative importance of the
peak values and behaviour trends during a severrey it was decided to use the
average of the values from methods (2) and (3)e-cintrol method and the linear
regression analysis — for the next step. Also,ayewralues across all three methods were
compared with average values from methods (2) 8pdl¢ne. The comparison was done
by correlating the two datasets with thB values from Chittibabu et al. (2004) and the
U max values from Kumar et al. (2004). The correlatioefticient for the averages across
methods (2) and (3) alone were seen to be higlaer tiine correlation coefficient for all
three methods for bothP andU max.
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3.1.4.Estimation of Offshore Wave Parameters

3.1.4.1.Methods Examined

The offshore wave characteristics were calculadguthe average values foP and

U max Obtained from stage 1. Similar to stage 1 valuesipandT, were estimated

using five different studies.

1. Empirical method outlined by the USACE in the ShBretection Manual (1984)
as described in Hsu et al. 2000

2. Simplified relationships for wave heights and waeeiods suggested by Hsu et al.
2000.

3. Empirical method for the southern Bay of Bengal aoie#d from multiple
regression analyses by Kumar, et al. (2003) basethe Young's parametric
hurricane prediction model (Young, 1988). This wl control method for this
step.

4. Simplified empirical method proposed by Kumar et(aD03) that was validated
for 32 cyclones along the entire Indian coast.

5. The three-step method proposed by Young in hisnpeiréc hurricane prediction
model (Young, 1988).

Here again the empirical method proposed by Kunbaal.e(2003) was chosen as the
control since it has been validated in the Bay engal. Methods (1) and (2) were chosen
as globally accepted and validated methods for vpavameter estimation. Method (5) is
another globally accepted method, developed fomalgied numerical model, that uses
the fetch-limited JONSWAP spectrum to provide apenbut flexible and reasonably
accurate prediction of cyclone wave characterigticdeep water (from Young, 1988).
Method (4) was chosen since it was a locally vaidamethod based on the control
method. All the methods were examined and the gesraf all values that showed a
reasonably accurate prediction of the trends weesl dor the final step. Methods that
were seen to deviate considerably from the contatles were not used in the final

analysis. The five methods examined are describéetail in Appendix C.
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3.1.4.2.Methods Chosen

The predicted wave heights by the five methods wenmpared to determine which
methods would finally be applied. The control methio this case was method (3), the
empirical method proposed by Kumar et al. (2008)vds seen that of the five methods
the simplified method proposed by Hsu et al., met{®), results in appreciable over-
estimation of the wave height for the cyclone 0999This method was therefore not
considered in the calculation of averages. The USA@thod shows a consistent over-
prediction of wave height values by a factor ofter 1.3 except for the cyclone of 1999
compared to the control values. This may be duééoerror in the assumption that
cyclones with a forward velocity of 6 m/s were {slonoving cyclones’. The values from
method (4) show very good agreement with the comatue with the exception of an
under-prediction of wave height for the cyclonel889. Values from method (5) are also
seen to agree very well with the control valuesvdis seen that the averages of wave
heights using methods (1), (3), (4) and (5) andaerages using only methods (3), (4)
and (5) show very good agreement with the contrethod and with each other. The

wave heights from the five methods are compard€igare 16.

T — T —
—+— Method (1) - USACE (fom Hsu 2000)| | _ ! ! I
—+— Method (2) - Hsu (2000) Simplified T T
—+— Method (3) - Control (Kumar 2003)

——#+— Method (4) - Kumar (2003) Simplified

[l
| |
| |

17+ —+— Method (5) - Young (1988) Fre—-+
| |
| |
| |

Offshore Ho (m)

Figure 16: Comparison of wave heights for all evestfor the five methods examined

To decide whether to include method (1) in thelfstap an analysis of the wave periods
was carried out. As shown in Figure 17 below theraged values of wave periods do not

agree as well with the control values when metiigds(included.
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T
—— Average - Methods (3), (4) and (5)
—— Average - Methods (1), (3), (4) and (5)
Control (Kumar 2003)

Offshore Time Period (s)

e =T - —

o
o — — o

Figure 17: Offshore wave periods for different evets for the control method and two different cases
of average values - one across methods 1, 3, 4 &and the other across methods 3, 4 and 5

A decision was therefore made to use the average Wweaight and wave period values
from methods (3), (4) and (5) only. It was howeatso felt that these differences were
too small to have a significant impact on the finave characteristics at the 2-D model

boundary.

3.1.5.Near-shore Surge Levels and Offshore Wave Paramsettor
Desired Return Periods
From statistical studies conducted by Chittibabwalet(2004) for the state of Orissa, a
regression relation was obtained between tiRe value of a cyclone event and its

approximate return period. This relation was useddtermine the return periods of the
selected 16 events, using the averagevalues for each obtained in sub-section 3.1.3.

Next, graphs were plotted between the evehts'and T values from sub-section 3.1.4

and their return periods. A regression equationbfest fit was estimated. This equation

was used to extrapolatd, and T, values for the desired return periods of 100, Z5),

10 and 5 years. Figure 18 shows the wave heigidswaave periods calculated for

selected return periods as described above.
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Offshore Ho (m) and Tp (s)

Figure 18: Offshore wave heights and wave periodsf selected return periods of 5, 10, 25, 50 and
100 years calculated based on data from Murthy etla(2007)

Near-shore storm surge levels for the northern &agengal for different return periods
were used (Jayanti, N, 1986 in Murthy, et al., 2J00hese levels were obtained based on
cyclone data from 1890 to 1984. Using these resh#snear-shore storm surge heights
for the chosen return periods were calculated maaner similar to the one described
above. The storm surge — return period correldtimsed on the data from Jayanti (1986)
that was used to extrapolate the values in thdysgishown in Figure 19.
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Figure 19: Storm Surges for different return periods from Jayanti et al., (1986) (from Murthy et al.,
2007) used as basis for return period analysis
3.1.6.Conclusions

The final computed values &f, and T, in deep water and near-shore storm surge

heights for various return periods as calculatesuin-section 3.1.5 are shown in Table 2
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below. These values would be used in SWAN 1-D tomede the shallow water

boundary conditions for the 2-D model.

Table 2: H,, T, and storm surge for various return periods

) ) Offshore (Ho) Near-shore Storm
Desired Return Period (yrs) Tp (s)
(m) Surge (m)

100 16 17 8.9

50 14 16 7.6

25 12 15 6.3

10 10 13 4.7

5 8 12 3.4

3.1.7.Verification of Results

Cyclone events are usually marked by a lack of nmegswave data due to their extreme
nature. However in this case a single deep watgewaight instance was found that was
recorded during the super-cyclone of 1999 that maddfall near Paradip, Orissa. A

significant wave height of 8.44 m was recorded leap water buoy during the event on
28th of October 1999 (Rajesh et al., 2005). Usinglation defined by Kumar et al.,

(2005) it has been estimated that the maximum fiegnit wave height for that event was
13.93 m (Rajesh et al., 2005). Further, statisgtadlies by Chittibabu et al., (2004) based
on cyclone intensities and frequencies in the megloowed that this event has a return
period of approximately 47 years. Combining the stiadies it is seen that the calculated
maximum significant wave height of 14 m (refer T&@B) for a return period of 50 years

is in very good agreement with the valuetbf from observations. The near-shore storm

surge levels calculated based on statistical stualyeJayanti et al. (1986) were compared
with modeled near-shore storm surge levels fromeDetbal. (2000) and Chittibabu et al.
(2004). The studies from Dube et al. (2000) showedaximum near-shore storm surge
of 7.8 m at the point of landfall for a cyclone ganto the cyclone of July 1999. Later
modeling studies by Chittibabu et al. (2004) showedstorm surge level in the region of
interest as being in the range of 7 to 8 m fortarreperiod of 50 years. These values
were thought to agree well with the calculated +#are storm surge level of 7.6 m

(refer Table 2) used in this study. Figure 20 bekivows the maximum storm-surge
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values for a 50 year return period along the coaS€¥rissa from Chittibabu et al. (2004)

with the region of interest circled.

O

Figure 20: Maximum storm surge levels along the Ossa coast for a 50 year return period with the
current area of interest circled (from Chittibabu et al., 2004)
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3.2.  Offshore Bathymetry

The bathymetry was estimated using satellite imagelshydrographic charts. Two basic
bathymetry estimations were carried out — a 1Dredion from deep to shallow water
and a 2-D estimation in near-shore waters. The nseanlevel (MSL) and Mean High
Water Springs (MHWS) were assumed from literatigédaing approximately 2 m and
3.3 m above the Chart Datur@D) respectively (Chittibabu et al., 2004).

1-D Bathymetry Estimation

The 1-D cross-shore bathymetry was estimated uswgspatial scale (1 in 200000)
hydrographic maps from the Map Room of the TU Dé@lttis was used in the program
SWAN 1-D to convert offshore cyclone generated wiaVes into near-shore waves and
thereby obtain the wave characteristics at the dagnof the 2D model. Eight depth
contours from 10 to 1000 m (extending up to 23 Kishore) were digitised manually
from the maps. Intermediate contours were piece-wigic interpolated using a simple
Matlab script to create a more or less represertaine-dimensional bathymetry grid
with a resolution of 100m in the ‘X’ direction. Ding the process it was assumed that the
depth contours run parallel to the section of cdeshg studied and are more or less

monotonic in nature. The interpolated bathymetrshiswn in Figure 21.
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Figure 21: Interpolated 1-D Bathymetry for deep toshallow water wave transformation calculations
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3.3.  Hydraulic Boundary Conditions for 2-D Models

The calculated offshore wave characteristics, #sumed water levels and the digitized
1-D depth contours were used in SWAN 1-D for defar angles of wave approach to
calculate the near-shore wave conditions at thendany of a smaller 2-D grid for the
case study. The SWAN 1-D model was instructed &the default JONSWAP spectrum
which was considered sufficiently accurate. The egaat the boundary of the 2-D grid
were propagated further inland to calculate the evaeights at the boundary for the
generic model which lay closer to the shore. Tweesawere investigated in terms of
water depths. In the first case, wave transformatiovere computed for the given
offshore wave heights for a normal high tide of &3and a wind speed of 10 m/s.
However, the worst case scenario in case of cyslaraild be the occurrence of a storm
surge along with high tide. Due to the inability®VAN 1-D to predict water level setup
due to wind, another case was used where a congéet depth equal to the sum of the
near-shore storm surge and high tide was assumeggtiout. Wave characteristics were
then calculated for these depths. It was decidedséothe results from the second case as

they are more realistic.

3.3.1.Wave Transformation

Cyclones in the region show an anti-clockwise datan pattern due to Coriolis’ forces
that is in keeping with the expected circulatiottgra in the Northern Hemisphere. Also
statistics showed that most cyclones in the rebare either a south — north or southwest
— northeast orientation, seen in Figure 22. Forftammer, the majority of the highest
waves could be expected from an angle of aboutwdire for the latter, the angle of
attack of the highest waves could be anywhere withsector 22%t0 157.8 to the coast
depending on whether the cyclone track crossedstard to the north or south. The
predominant angle of wave attack under normal ¢ was seen to be at angles

greater than 450 the coast in the offshore regions.
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Figure 22: Historic cyclone tracks (Chittibabu et d. 2004) with predominant wave direction during

normal conditions indicated in red

Wave height transformations were calculated foe fiNfferent return periods — 100, 50,
25, 10 and 5 years using the SWAN 1-D model. Duthéosymmetry of the supposed
bathymetry it was observed that the wave height2#5° and 157.%nd similarly for
45° and 135° were nearly the same. Wave condiivare therefore calculated for the
angles — 22.5°, 45° and 90° and the average ofdlre heights for these angles, at the
desired depth contour, was used as the boundadjtmmall along the eastern (seaward)
boundary of the 2-D grid. The averaged wave hewglie for the three angles and the
depth for a return period of 50 years are showligure 23 below. This figure illustrates

the manner of wave transformation from deep tolealvater in the region.

0

500

Significant Wave Height (m)
Depth (m)

1000

Distance from seaward point (m) <16

Figure 23: Water depth and wave height transformatbn from deep to shallow water

(for RP =50 years, Ho = 8.4 m, Tp = 18 s and storsurge = 10 m)
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3.3.2.Determination of Water Level at Near-shore Boundary

The total water level at the boundaries of the 2¥iadels, designated Extreme
Instantaneous Water Level (EIWL) for a particulaturn period was determined using
the formula,

EIWL = Storm Surget Tid¢ above QD+ S (5)
An average spring high tide of 3.3 m aba¥P (Chittibabu et al., 2004) was used for the

calculation of the EIWLs. Storm surge values fag tiear-shore region were taken from
sub-section 3.1.5. Sea Level Rise was assumed ageaage 5 mm / year (Aggarwal &
Lal, 2000) and calculated for a total of 80 yeawsdll cases.

3.3.3.Conclusions

The final average wave characteristics and watpthderelative toCD calculated at the
-11 m contour are shown for two cases — one with bigh tide and the other with storm
surge and SLR — in Table 3. A graph of the varrabbwave heights and wave periods at

the -11 m contour with return periods for the setoase is shown in Figure 24.

Nearshore Hs (m) and Tp (s)

Figure 24: Graph of significant wave heights and wae periods at -11 m contour vs. the return period

in years under storm surge conditions

Since the focus of the study is on wave attenusatehning extreme events and due to the
incapability of SWAN to predict water level setupedto wind, the wave heights used in
the 2-D models were the ones calculated using tbdigied storm surge levels. The
boundary wave heights for the generic 2-D modehat+3 m contour, for the various

return periods were calculated based on the camditobtained at the -11 m contour
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using a similar procedure. These results are showrable 4. The wave periods and

water levels were assumed to be the same as ditthm contour.

Table 3: Wave statistics and water levels at -11 ehepth (relative to CD) for different return periods

i ] With Storm Surge, Tide and
With only tide
SLR
Return Period| Original Wave Period
Average
(years) Depth (m) | Average H; | Average | Average H ) (Tp)
) Depth with SS
(m) Depth (m) | with SS (m)
(m)

100 11.0 6.51 14.4 9.25 23.6 17
50 11.0 5.95 14.4 8.42 22.3 16
25 11.0 5.37 14.3 7.44 21.0 15
10 11.0 4.88 14.3 6.43 194 13
5 11.0 4.03 14.3 5.28 18.1 12

Table 4: Boundary Wave Conditions for Generic 2-D Mdel (+3 m contour relative to CD)

S. No Return Period (yrs) Significant V(\/na;;/e Height, F Peak Period, T, (s)
1. 100 4.76 17
2. 50 4.27 16
3. 25 3.74 15
4. 10 3.05 13
5. 5 2.50 12
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3.4. \egetation Parameter Analysis

For the vegetation species decided upon in sulese?t4.3 the value range and control
values of vegetation parameters were determinecedbam literature as well as
communication with experts in the field (Dr. W.NUdsem). The control values for all
parameters were taken as the average of the galee vange with some exceptions. The
height ranges for botR. mucronataandS. albawere chosen within realistic values such
that they were distributed across the different E$Walculated in sub-section 3.3.3.The
stem heights for both species were assumed tobeivyeen 6 and 7 m. This assumption
was checked with the fact that the canopy of a mamgtree usually remains above
MHWL under normal conditions (Mazda et al., 200The heights of theS. alba
pneumatophores are controlled mainly by tidal Iev@herefore these were calculated
based on the average depth of spring tidal inuadafihus, with an assumed topography
of 3 m and an average spring tidal height of 3.3h®,range of pneumatophore heights
was assumed as 0.3 to 0.8 m with a control valu&@®i. Further, due to the increased
strength of its root system it was assumed Ehatmucronatavould occur on the fringes
of the island. Details of the calculated EIWLs &hd assumed vegetation heights are
given in Figure 25. Finally due to lack of dataJues for the canopies were assumed
arbitrarily based on the characteristics of a tgpicmangrove tree. The selected
parameters are shown in Table 5 and Table 6 forsfferiesSonneratia albaand

Rhizophora mucronateespectively.

R. mucronata roots

S. alba roots

Figure 25: Details of calculated bathymetry, EIWLs( measured with respect to CD) and schematized
vegetation heights
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Table 5: Species -S. alba(Fig 2: Extreme right; Fig 3: Extreme Left) (compiled from Sun Q, et al.,

2004, Hossein M.K. et al., 2003, Aluka Webpage (an¢), 2006-2008, Azote 2008 (online), Flowers of

India (online), n.d., Dr. W.N.J. Ursem, 2009)

Parameter

Value Range

Control Value

1. Stem Diameter (DBH)

. Pneumatophore Diameter
. Canopy Diameter

. Stem Density

. Pneumatophore Density

. Canopy Density

. Stem Height

. Pneumatophore Height

© 00 N o 0o b~ WN

. Canopy Height

0.2-05m
0-0.04m
0.02-1m
0.5-1.7n%"
4 — 100 it
1 - 100 nf
3-15m
0.3-0.8m
0.2-3m

0.3 m
0.02m
0.5m
0.7 ni
50 m®
100 nv
6 m'
05m

2m

* Estimated from overall density of species in tgaforest block (from Mishra P.K. et

al., 2005)

Table 6: Species R. mucronata(Fig 2: middle; Fig 3: extreme right) (compiled fom Hossein M.K. et
al., 2003, Aluka Webpage (online), 2006-2008, Azad2808 (online), Duke N.C., 2006, Dr. W.N.J.

Ursem, 2009)

Parameter

Value Range

Control Value

. Stem Diameter (DBH)
. Root Diameter

. Canopy Diameter

. Stem Density

. Root Density

. Canopy Density

. Stem Height

. Root Height

© 00 N o 0o~ W N PP

. Canopy Height

0.15-0.4m
0.05-0.1m
0.02-1m
05-1.7
1-130 nf
1-100 nf
5-8m
0-1m
0.2-3m

0.25m
0.075m
0.5m
0.7

60 m?
100 m?
6m
0.8 m

2m
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4 Generic Modeling Studies

4.1. Model Considerations for Parameter Formulation

The SWAN 40.55MOD model is used in this study. Tisisan improved version of
SWAN 40.55 which in turn was a product of modifioas by Burger (2005) that enable
calculation of wave dissipation due to rigid vegieta A detailed description of the
model formulations is given in Appendix A. In sunmyathe time averaged rate of
energy dissipation per horizontal area due to \&mget in SWAN 40.55MOD is first
obtained by integrating the drag force over theglenf a cylindrical vegetation unit
using the basic Dalrymple formulation. This is lnieed in terms of the wave energy, E
so that it can be implemented as a dissipation tertme model. This is done by recasting
the wave height term in the original Dalrymple fodation as a function of the spectral
energy (refer Appendix A) (Tomohiro Suzuki, Perdo@@mmunication and Burger,
2005).

3 . .
e _2 BN gk ~sink’ ka h+ 3sinhla h
3p 2s X coshikh

In the SWAN 40.55MOD version the vegetation pararsC,, b, and N are lumped

H? (6)

together for modeling purposes into a single ‘vagen factor’ (VF) for each layer.
These vegetation factors are then averaged, weidigsed on the height of each layer.
The final depth averaged vegetation factor is theed in the Dalrymple formulation to
calculate the rate of vegetation induced energgiphision. Also, the parameterh is
calculated using the total height of the vegetatidherefore the effect of individual
vegetation layer properties is limited to the ckdtion of the depth-averaged vegetation
factor. The lumped vegetation factor values aretiplidd by values specified in a
vegetation density file at each grid point. Thisalgles horizontal variation of the
vegetation densities if necessary, though only afative factors. The basic
schematization in the Dalrymple formulation is show Figure 26 below. The effect of
the variable hydraulic parameters as seen from titqud6) is determined by the

behaviour of the parameteks s, hand H.
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Figure 26: Vegetation and water levels schematisdzhsed on the Dalrymple formulation (Myrhaug,
et al., 2009)

It was felt that for the generic modeling studiesiraplification of the bathymetry and
parameters was needed to allow comparative anafysem-depth studies. On the other
hand, due to the intrinsic lumping of parametershgymodel too much simplification of
the variable parameters would not serve the purpbdsdis study. Since the primary
interest lay in studying the behaviour of a reahgrave system to extreme situations it
was decided to use moderately simplified bathymetry parameters for the preliminary
generic analysis. In case the preliminary sensjtighalysis revealed certain aspects of
the system or the model that warranted more inkdepamination the parameters could
be simplified further on a case-by-case basis. Ritmrpreliminary analysis conclusions
would also be reached on the desirable extennhgblgication and the specific parameter
values to be used in the case study. Parameteulfation for the preliminary analysis is
described in detail in sub-section 4.4.1 while fbemulation of parameters for the

secondary analyses and the case study are dealinvaéctions 4.5 and 5.2 respectively.
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4.2.  2-D Generic Model Setup

The wave heights and water levels at the boundittyeogeneric grid for different return
periods were estimated as described in SectionThé.island was assumed to be flat
throughout to reduce the number of variables inriogel, enabling a more effective
study of the influence of vegetation. However itsvggven a constant height of 3 m based
on the actual bathymetry in the region to allow tise of realistic boundary conditions.
This resulted in effective water depths (h) 3 neetosver than the calculated water levels.
The grid was stretched lengthwise and given ancasp@eio of 1:7 to eliminate the
'spreading effect’ across the central band of @sie(refer Appendix D). The modeled
grid is therefore 40 km by 6 km as shown in Fig@re Finally the mangrove patch was
introduced in the centre of the island as a sqobdekm by 4 km. The cross-shore width
of the island was increased for the generic studgeshat the effect of mangroves on
wave attenuation could be studied over a largdadie. A gap of 2 km was provided
between the vegetation boundary and the grid’s aehtyoundary to allow the model to
adjust to local conditions before encountering vaten. The input and computational
grids were given a resolution of 100 m by 100 mchhwas felt to provide an appropriate

balance between computational accuracy and congptitne.
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Figure 27: Bathymetry (left) and Vegetation Density(right) grids for Generic Modeling Studies with

angle of wave attack indicated

39



4.3.  General Process for Sensitivity Analyses

The generic sensitivity analysis was divided ink tparts, both involving modeling
different combinations of the chosen parameterthan SWAN 40.55MOD model and
analyzing the resultant outputs.

A preliminary sensitivity analysis was first cadieut with parameters that were as close
to the actual situation as possible. The paramétdre varied in this study included three
vegetation factor cases, two vegetation height scas®l three cases each of three
hydraulic parameters — wave heights)(Heffective water depths (h) and wave periods
(Tp). The scenarios are shown in Table 7 below. Timesaof this analysis were to
understand the behaviour of the system and the enanrwhich it was modeled by the
program and also to help reduce the number of peteas for the case study.
Additionally, simplified secondary analyses wererieal out to examine in detail a few

interesting phenomena revealed in the preliminaahysis.

Table 7: Parameters varied for Generic Model Runs

. i ) Hydraulic Parameters —
Vegetation Factors Vegetation Height
Hg Tp,
Low RP 100
Emergent
Medium RP 25
Submergent
High RP 5

While the main difference between the two analyagsin the selection of parameters
and the manner of their variation (refer Sub-sectdo4.1), the basic process followed
was essentially the same — each parameter wagiviarieirn while keeping the other
parameters constant resulting in a number of diffescenarios. The basic steps followed
in the preliminary analysis are detailed below:

4.3.1.Modeling Parameter Combinations

The model was first tested with only the bathymetryensure that the grids were setup
properly after which the square vegetation patcls wdroduced in the centre. Three

vegetation factor scenarios, two vegetation heigbénarios and three hydraulic
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parameter values were combined to produce diffesimtilation scenarios. The different
scenarios were simulated with the SWAN 40.55MODgpam. The program was

instructed to use the default JONSWAP spectrumwiave spectrum generation at the
seaward boundary. The output was in the form afsalltant significant wave height at

each grid point.

4.3.2.Analysis of Resultant Outputs

To avoid the spreading effect (refer Appendix e transmitted wave heights were
analysed along the centre-line of the grid alonke Transmitted wave heights were
analysed under different groupings depending onnjet parameters being varied. Thus,
transmitted wave heights for a given hydraulic paeter were analysed at different
vegetation densities and heights and vice versa.rate of wave attenuation through the
mangrove forest was quantified using the wave realudactor, r, defined by Burger
(2005) shown in Equation (7). This factor was chmosice it is thought to give a good
insight into the rate at which wave attenuationiesaacross the width of the mangrove
forest. This in turn could be linked directly teetbffectiveness of the forest in attenuating
waves.
r=(H, -H../H, (7)

Wave reduction factors from different cases wemagared with each other to give an
understanding of the relative importance of differfeydraulic and vegetation parameters
to the wave attenuation process. All the compassaere summarised in groups of

results described in sub-section 4.4.2.
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4.4.  Preliminary Sensitivity Analysis

4.4.1 . Parameter Formulation

The preliminary analysis was intended as a paytigéneric study to understand the
effect of changes in various parameters on tramsthivave heights for actual extreme
conditions and to establish the relative importariteany, of these parameters. The
analysis was conducted in terms of some significamttrolling parameters that were
chosen based on the behaviour of similar systemsaility and additionally on how this
behaviour was modeled in the SWAN 40.55MOD prograrhese were broadly
classified as vegetation and hydraulic parameéash of them consisting of sub-classes.
Each parameter was varied in turn while keepingaters constant at suitable values.
The following sections describe in brief the choparameters and how they were varied

with respect to each other.

During a cyclone it is highly probable that thearsd stays inundated for more than 24
hours apart from being exposed to severe wave tionsli The specieR. mucronatas
seen to be more resilient to continued inundatimh eéxtreme wave conditions compared
to S. alba This could be due to the increased height ancttstral strength of its roots.
Based on this reasoning and with the aim of simiplgf the generic analyses, a single
mangrove speciesR. mucronatavas considered in the calculations. The vegetatias
assumed to be uniform all over the island. Sinae d¢hiculated vegetation factor is
multiplied with the value in the vegetation denditg for each grid point (refer Section
4.1), it was sufficient to specify actual vegetatidensity values within the vegetation

factor and assume a value of 1 in the vegetatiositiefile at all grid points.

4.4.1.1 Vegetation Parameters

The vegetation parameters were divided into two-dabses based on the manner in
which they are used by the SWAN model — Vegetaliaotors and Vegetation Heights.
The manner in which they were formulated is degctibelow.
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Vegetation Factor

Since the model lumps together the products of diamdensity and drag coefficient of
each vegetation layer into a single ‘Vegetationtéiadn its calculations, it was decided
to do the same with the parameters. The ‘Vegetdtamtor’ is defined as the product of
the diameter, density and assumed drag coefficktite roots, stem and canopy. First
the range of vegetation factor values that eackrlapuld take was determined from
literature. Ideally field data for the vegetatiaardeter and density would be obtained for
the three layers and this would be used in conjonavith preliminary model runs and
further field data to calibrate the drag coeffi¢gerin this study however, in the absence
of relevant field measurements, the parameter valnges were estimated from literature
studies as detailed in Section 3.4 and Table 6

The Reynold’s number for water flow within a manggosegetation patch is typically of
the order of 1 x 1Vunder the given extreme conditions. Though sughliiturbulent
flow within a mangrove system could affect the fesin reality, in this study these
factors are not considered for the sake of sintglidn this case the Reynold’s number
lies within the range ‘B’ on the graph shown in tHig 28 below for which the value of
the drag coefficient is approximately unity. Theaglrcoefficient was therefore simply
assumed to be 1 for all the layers.

Figure 28: Relation between G and Reynold's Number (Battjes, 1999 from Burger B.2005)

However, each layer had specific ranges within Wwhig diameter and density could vary

(refer Table 6). The manner in which these valuesicc be combined was assumed
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arbitrarily based on the nature of a typical mamgrpatch. The calculated vegetation
factors were thus in the form of low and high valder each layer. However, these
ranges are not of the same size. Values of thetatge factor ratio (VFR) — defined as

the ratio between high and low vegetation factovgere calculated to indicate the extent

of variation in each layer. This is illustratedTiable 8.

Table 8: Range of realistic vegetation parameter ‘aes (lowest VFR value corresponding to stem

layer in bold)
. . Approximate Vegetation
Diameter Density Range| Drag ) )
Layer 5 o Vegetation Factor Ratio
Range (m) (n/m?) Coefficient
Factor Range (VFR)
Roots 0.05-1 1-130 1 0.05-6.5 130
Stem 0.15-0.35 05-1.7 1 0.075-10.6 8
Canopy 0.02-0.1 1-100 1 01-2 20

For the study, vegetation factors for the threeedaywere all varied at once, in three
scenarios — ‘LOW’, ‘MEDIUM’ and ‘HIGH’. Each scenartherefore assumed a set of
values for the vegetation factors of the rootsmstnd the canopy. This decision was
based on the fact that the program performed ehdepraging of all the layers, weighted
based on their heights, before applying the Daltgniprmulation. Therefore, modeling
different value combinations between the threerayeuld not contribute much to the
understanding of their sensitivities. To keep thkigs as realistic as possible the ‘LOW’
factors were assumed directly from literature. Tsuge uniformity in variation the
‘LOW' factors for all three layers were multiplieby two constants — one for the
‘MEDIUM’ and one for the ‘HIGH’ scenario. From Tabi it is seen that in reality the
stem shows the least variation between low and fagtors since it has the lowest VFR.
To ensure that the ‘HIGH’ factors for the stem ao fall outside the determined realistic
range, this VFR value was chosen as the constaatlfthree layers. The ‘HIGH’ factors
for root, stem and canopy were thus obtained bytiptyihg the respective ‘LOW’
factors by 8. The ‘MEDIUM’ factors, assumed todeactly in the middle, were obtained
by multiplying the ‘LOW’ factors by 4. The resulgnvegetation factors are given in
Table 9 below. Extra simulations with different eéation factors were run whenever
highlighting of a particular trend was necessary.
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Table 9: Modeled Vegetation Factor Values for ‘LOW, ‘MEDIUM’ and ‘HIGH’ scenarios

Medium High
Layer Low
(Low x 4) (Low x 8)
Roots 0.05 0.2 0.4
Stem 0.075 0.3 0.6
Canopy 0.1 0.4 0.8

Vegetation Height

In reality the height of each vegetation layer vablé very important in determining the
overall drag induced by that layer. However, sitiee model considers an overall depth
averaged vegetation factor weighted on the basishefheights of each layer, the
vegetation heights were considered simply in thenfof two cases — one combination
that would render the entire vegetation emergewleurall the chosen water depths —
called ‘Emergent Vegetation’ and one that woulddesnit submergent under one water
depth— called ‘Submergent Vegetation.” This digtot was made since the difference
between emergent and submergent vegetation wagtthtube important with regard to

the attenuation of incoming waves. The two heigises are shown in Table 10.

Table 10: Modeled Vegetation Height values for emgent and submergent scenarios

Vegetation Height (m)
Layer
Emergent Submergent
Roots 1 0.5
Stem 7 5
Canopy 2 0.5

4.4.1.2 Hydraulic Parameters

The controlling hydraulic parameters are the wagmglits, effective water depths and
wave periods. The wave conditions at the bounddrythe generic model were

determined as described in Section 3.1. For thempart of the analysis each parameter
was varied in turn keeping the other parametersteon at suitable values. Since the
generic sensitivity analyses were primarily meantimderstand the effect of mangroves
during extreme events, actual values were usethé&ohydraulic parameters. To reduce

the number of simulations however only the valuasidated for return periods of 100,
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25 and 5 years were used. Variation in the anglevafe attack was not considered
relevant for the generic sensitivity analyses sitiog part of the study focused on the
relationship between linear vegetation width amash$mitted wave heights for a variation
in parameters. The angle of wave attack was therekept constant at 90° for all
sensitivity analyses. The constant values were eshafifferently for each hydraulic
parameter within the realistic range of values waled in Section 3.2 while taking care
to provide the minimum necessary depth to avoidtldemluced breaking during
simulation. The constant and variable hydrauli@apeeter values are given in Table 11.
In this table, the actual water levels are preskeate water depths, after subtracting the
height of the island (3 metres). Though the islaad a varying bathymetry, it is to be
noted that the entire vegetation was assumed & emiits surface at a 3 m elevation for

simplicity.

Table 11: Modeled Hydraulic Parameter Values for Pimary Sensitivity Analysis (varied values in
bold)

Chosen Constant Values of
Variation in
Wave Height (m) Water Depth (m) Wave Period (s)
Wave Height 476, 3.74,2.5 9.6 15
Water Level 2.5 9.6,7,4.1 12
Wave Period 3.74 7 17,15, 12

The vegetation and bathymetry grids as describ&kation 4.2 with a constant angle of

wave attack are indicated below in Figure 29.
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Figure 29: Bathymetry (left) and Vegetation Density(right) grids for Generic Modeling Studies with

angle of wave attack indicated

4.4.2 Results and Conclusions

The SWAN 40.55MOD model was run for various scessatising the parameter values
obtained in Section 4.4 and the obtained transdittave heights were analysed in detail
as described above in Section 4.3. First sometsegudlre obtained that could be divided
depending on the parameter being varied. Furtloengsresults observed to be common
for a set of parameters were also got that areepted under the title “General Results’.
Finally, based on the results conclusions were dnagarding the system characteristics
and the selection of scenarios for further simatadi These results and conclusions are

described in detail in the sections below.

4.4.2.1.Modeling Results

Vegetation Factor Variations
Some of the results obtained from the variationvefetation parameters such as
vegetation factor and height, for given hydraubcgmeters are described below:

1. The model shows an expected overall increase irpshas of wave attenuation

from low density to high density as seen in Figsle
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Figure 30: Transmitted wave heights across forestidth for varying vegetation density values and
fixed hydraulic parameters (h=9.6m. H=2.5m, T,=15s)

2. Due to the cubic dependence on wave height, tleeafatvave attenuation seems
to become negligible after some distance.

3. As seen in Figure 31 the difference between thectffof higher and lower input
waves at any specific point within the vegetatieduces with an increase in the
overall vegetation factor becoming nearly constantall the input wave heights

at very high vegetation factors.
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Figure 31: Transmitted wave heights at 200 m foreswidth for different vegetation factor values and

different input wave heights for increasing returnperiods (constant h = 9.6 m and J= 15 s)
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4. For a given water depth of 7 m, wave height ofr@.&nd peak period of 12 s the
wave heights at 4000 m vary between 45 cm and 1focriiow,” and ‘High’
vegetation factors. This corresponds to around 18%9% of the initial wave
heights.

5. An analysis of an extremely high, depth averagestail/vegetation factor of 100
for a water depth of 9.6 m, boundary wave heig3.@%# m and a peak period of
15 s showed a very quick attenuation within 200cmatvalue of 4 cm (1%)

beyond which there is no reduction throughout.

Vegetation Height Variations
1. This analysis seemed to indicate that a situatiih @mergent mangroves causes

greater wave atten uation.

Hydraulic Parameter Variations
Wave Heights
1. Due to the cubic dependency of the Dalrymple foatiah on wave heights the
expected trend of sharper attenuation with increas@put wave heights was
observed though the differences between the tratesimivave heights become
very small beyond a point, shown in Figure 32
2. The wave heights at 4000 m for varying input waegghts, constant (LOW)
vegetation factor values, constant water depth@®@f®and a constant peak period
of 15 s range between 44 and 23 cm, equal to appately 10% of the original

wave height.

Figure 32: Transmitted wave heights across the fost for different input wave heights at constant
(MEDIUM) vegetation factor values (constant h = 9.6n and T, = 15 s)
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Water Depths

1. Wave attenuation shows an increasing trend withredstng water depths as
expected.

2. The ratio of the wave reduction factors betweenewdepths 4.1 m and 9.6 m
shows a slight increasing trend further inland segro suggest that at increasing
forest widths lower water levels have a relativkigher attenuation effect than
higher water levels. This is illustrated in FiguB8. This result however is
affected by variations in effective vegetation dees between the two cases.

3. For varying water depths with a constant boundaayenheight of 2.5 m and peak
period of 12 s the wave heights at 4000 m vary eetw75 and 21 cm

corresponding to around 30% and 8% respectivellie@btiginal wave height.
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Figure 33: Reduction factor (r) ratios vs. forest vidth for h 4.1 m/ h 9.6 m for increasing vegetatio

densities (constant §=2.5mand T, = 15 s)

Wave Periods
1. Figure 34 shows that longer waves show slightly@raattenuation than shorter
waves for a given vegetation density.
2. The sensitivity to a change in wave period for\gegidensity was observed to be

less than that of wave heights or water levelss Tain also be seen from Figure
35.

50



P
Input Tp 17 s
Input Tp 15 s
Input Tp 12 s

Transmitted Hs (m)

| 1

| | 1

| | |

| | |

I I I I
0 400 800 1200 1600 2000 2400 2800 3200 3600 4000
Forest Width (m)

Figure 34: Transmitted wave heights across forestidth at constant (LOW) vegetation factor

values for different wave periods (constant h = 7 mand Hs = 3.74 m)

Some General Results
1. An increase in vegetation factor values was seercaose a reduction in
sensitivity to hydraulic parameter variations giaaticular point within the forest.
This is shown in Figure 35.
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Figure 35: Transmitted wave heights at 200 m foreswidth for different values of Hg, h and T, for

return periods of 100, 25 and 5 years and differenLOW and HIGH) vegetation factors

2. A sharp peak in the reduction factor was observetvéen 100 m and 400 m
forest widths. The peaks of the reduction factavsta narrowing and a slight
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shift inland with an increase in the vegetatiortdex and/or hydraulic parameters

illustrated in Figure 36.
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Figure 36: Variation in reduction factor (r) acrossforest width for different vegetation factor values

at constant hydraulic parameter values

3. Preliminary analysis indicated that the sensitgtiof hydraulic parameters in
terms of the rate of wave attenuation for constegetation parameters show a
particular trend. However the values of the cortspamameters differed for each
hydraulic variation case. Also it was thought ttiet difference between emergent
and submergent vegetation might play a significasle. This result would
therefore need to be examined in detail, separdtiegeffect of emergent and

submergent vegetation.

4.4.2.2.Conclusions

Regarding System Behaviour
1. The peaks in the reduction factors can not be fekplained by the cubic
dependency of the formulation on wave heights. Deisaviour is similar to that
observed in a study on the salt marshes of Newa@sl€Vosse, 2008) where it
was found that wave reduction is sharper at the edghe marsh. It is felt that
the suddenness of the vegetation’s influence arssiply the numerics of the
SWAN model both contribute to the formation of {eak between 100 m and

400 m forest widths though this is not an intenféedure of this model.
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. The analysis of hydraulic parameters at specifimtgoalong the forest width
showed that at very high vegetation factors difiees in parameter variations
become negligible. Also the wave attenuation cudve to medium density
vegetation was seen to lie in between the low aghl tlensity vegetation curves,
as was expected.

. The difference between emergent and submergens,cds®igh not very high,
was thought to be an important feature of the systebehaviour. A detailed
examination with more simplified parameters woukdrecessary to establish the
characteristics of this distinction.

. The effect of variations in water levels and wawgghts were seen to be more
important than variations in wave period underdghen conditions. Here also an

in-depth investigation would be necessary to vetifg difference in sensitivities.

4.4.2.3.Regarding Further Simulations

. The width range of 100 m to 400 m could be considas a possible ‘critical
width’ for further simulations under similar conidins. Wave height attenuation
within these points could be given special attentio

. The vegetation factors in the case study couldiléed to two scenarios —
‘LOW’ and ‘HIGH'. These could be modified based tive literature studies and
vegetation analysis so that the values are moreseptative of the region.

. The regularity of behaviour with hydraulic paramstdor decreasing return
periods validated the decision to use only threéheffive return period events
calculated. Further simulations could therefore aeniimited to 100, 25 and 5
year events. Also, the hydraulic parameters todreed could be limited to wave
heights and water levels.

. It was decided to ignore the variation between ger@rand submergent cases as
it was felt that the differences between the twoenteo small to be of importance
in the case study.

. The chosen grid aspect ratio of 1:7 was seen tagecufficiently accurate wave

heights across the central band of interest.
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4.5.  Secondary Sensitivity Analyses

As described in Section 4.4 above, the prelimirsgaysitivity analysis indicated a trend
in sensitivities to hydraulic parameter variatioHswever, since the preliminary analysis
used different values for the constants in eaclnasee a further simplified study was
needed with common constant values for all scesaniorder to establish this trend. Due
to the importance of hydraulic parameters in thastipular study it was decided to
examine and establish the indicated trend wittmgokied secondary sensitivity analysis.
Also interesting to note was the difference betweemrgent and submergent vegetation
for constant hydraulic parameters and identicalralevegetation factors. A second
simplified analysis was therefore conducted to wttlds phenomenon in detail. The
procedure followed in these analyses was basitadlysame as that used in the previous
analysis. The main differences lay in the numbepafameters being varied and the
nature of their variation. For both analyses, itswansidered important to keep the

number of variables to a minimum as this was nasifde in the primary analysis.

Here again the angle of wave attack was kept cohsta90°. Since the wave reduction
factor, r, defined earlier (Section 4.3) was feltbe a convenient and effective tool to
study the rate of wave attenuation it was usech@se¢ analyses as well. Since all the
parameters were varied by a constant factor, ttie o&their reduction factors was also
studied to help draw conclusions about the efféthis variation. The following sections
describe the selection of parameter values and icatnins for the two secondary

analyses and the results and conclusions drawntfiem.
4.5.1.Sensitivity Trend of Hydraulic Parameters

4.5.1.1.Parameter Formulation

Since this analysis focused on hydraulic paramehers/egetation parameters were kept
constant. Emergent vegetation of a constant hedjht0 m and medium vegetation
factors was assumed. The three hydraulic parametare height, wave period and water
depth were varied once each, by multiplication bfaetor of 1.5 with the other two
constant. Similar to the previous analyses the emlwere selected to avoid depth-

induced breaking. The parameter variations areilddtan Table 12 below. Here again
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the water levels are presented as water depths fftgracting the height of the flat

island (3 meters).

Table 12: Modeled Hydraulic Parameter Values for Seondary Sensitivity Analysis (varied values in
bold)

Variation in Chosen Constant Values of
Wave Height (m) Water Depth (m) Wave Period (s)
Wave Height 2,3 7 12
Water Level 2 7,10.5 12
Wave Period 2 7 12,18

4.5.1.2.Conclusions

For purposes of analysis ratios, FRys, and R, were defined as the ratio of wave
reduction factors between high and low values olewdepths, wave heights and wave
periods respectively. This was thought to be aeatiffe indicator of the behaviour of the
parameters since each parameter had been variea dpnstant factor. Though the
reduction factor values for all parameters reméseto 1 the analysis indicated a higher
overall sensitivity to wave height variations. Wit the critical width region and slightly
beyond there is a sensitivity trend with valuefaf > R, > Ry,. Further within the forest
however there seems to be an increase in sengitvitvave height and wave period
variations and a slight decrease in the sensititatywater depth variations. This is

indicated below in Figure 37.
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Figure 37: Reduction Factor (r) ratios for water depth (h), wave height (H) and wave period (T,)
variations across mangrove forest width for constarnvegetation factors

Additionally, a lateral shifting tendency in thegis of the reduction factor ratios was
observed. This tendency follows the same trendbasea being most sensitive to wave
height variations followed by water depth variasowith a negligible effect due to

variations in wave period. This is illustrated igiie 38 below.
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Figure 38: Variation in reduction factor for an increase in hydraulic parameter values (| h and T,)
by a factor of 1.5 across forest width
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4.5.2.Distinction between Emergent and Submergent Vegetat

4.5.2.1.Parameter Formulation

For the analysis of the distinction between emdrgaer submergent vegetation, the
hydraulic parameters were kept constant correspgrtdi a 25 year event. The vegetation
parameters were varied to provide one emergentastabene submergent case, both with
identical depth averaged vegetation factors. Thichreg of the vegetation factors was
done to reduce the number of variables. Table ¥8sgihe vegetation parameters for the

emergent and submergent vegetation.

Table 13: Simplified vegetation parameter variationfor emergent and submergent cases

Layer Emergent Vegetation Submergent Vegetation
Vegetation Factor Height (m) Vegetation Factor Heipt (m)
Roots 0.1 1 0.2 0.5
Stem 0.25 5 0.25 5
Canopy 0.2 1 0.4 0.5
Identical Depth Averaged Vegetation Factor = 0.22

4.5.2.2.Conclusions

A difference was observed between emergent and exgemt vegetation even with an

identical depth-averaged vegetation factor as shavAgure 39 below.
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Figure 39: Transmitted wave heights across forestidth for emergent and submergent vegetation
with identical depth averaged vegetation factors foa 25 year event
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The ratio of the reduction factor for emergent ‘agien to the factor for submergent
vegetation does not show any clear trend withinctitecal width region. However it was
clear that emergent vegetation is more effectivevave attenuation since the ratio of
reduction factors is greater than 1. Also obsemwad an overall reduction in the ratio to
a value of one for greater forest widths. This ®si§) a decrease in the difference
between emergent and submergent vegetation witheasmg forest widths and

decreasing transmitted wave heights. These treamtisegults are shown in Figure 40.
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Figure 40: Ratio of reduction factors for emergentegetation and submergent vegetation (Right-
hand axis) along the mangrove forest width for cortant depth-averaged vegetation factors
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5 Case Study — Kanika Sands

A case study was performed using simplified scesabased on the findings from the
preliminary sensitivity analysis. From the casalgtit was hoped that conclusions could
be drawn regarding the importance of the KanikadSamangrove vegetation patch,
specifically in terms of wave attenuation, as atgutive system for the nearby port
against cyclones. The basic procedure was the aarmethe previous analyses. Here too
the transmitted wave heights along the central Vimege chosen for the analysis. The
following sections describe the conditions of thase study and the results and

conclusions obtained.

5.1. 2D Model Setup

The hydraulic boundary conditions used in the csdy were the boundary conditions
at the -11 m depth contour calculated in Secti@ &.2D bathymetry, shown in Figure
41 below was simulated based on a realistic libadinymetry profile obtained from 1 in
50000 scale navigation maps. The island of Kani&aadS was however not indicated
explicitly on these maps. Therefore a simplifiethlyanetric profile was simulated for the
island based on information from Google Earth aierdture from the region. The
vegetation was assumed to be on the island iglstance of approximately 3.5 km from

the coast and the port.

Bathymetry for 2-D Model

Levels (m)

Cross-shore Distance ( x 100 m)

Figure 41: Interpolated near-shore bathymetry for 2D models with CD indicated
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The grid shown in Figure 43 was elongated alongaitnate (y) axis to provide an
aspect ratio of 1 in 7. This ratio was chosen bamedbservations from the generic
analyses (Sub-section 4.4.2) as being sufficienaioiding spreading effects in SWAN
2D across the central band of interest. The grigreds seaward up to the -11 m depth
contour which translates to a distance of aroun#tril The final size of the bathymetry
grid is therefore 77 km by 11 km. Grid resolutidos input, computational and output

grids were kept constant at 100 m similar to thésgused in the generic analyses.

The windward and seaward sides of the island wesaraed to have a slope of around 1
in 200 partly based on the adjacent bathymetry.insattation by mangroves would

generally give much flatter slopes in case of ah island. Since Kanika Sands is a
relatively new island and is influenced by othegé&scale morphological drivers in the
region (refer sub-section 2.4.1) this assumptiors Weought to be acceptable. The
northern and southern boundaries were assumed tetrhght for simplicity. This

assumption would have an effect on the wave patenmediately next to and behind
the island, at the two boundaries, but this was cwtsidered relevant to this study.

Figure 42 below shows an isometric view of theridlaathymetry.

Height (relative to CD) (m)

3~ 0 Alongshore length (x 100 m)

Cross-shore width ( x 100 m)

Figure 42: Isometric view of assumed island bathyntey with vertical northern and southern sides
(heights measured relative to CD)

The spatial vegetation density file for input inlee SWAN 40.55MOD model was
created based on an approximation of the actugesbthe mangrove patch as observed
in Google Earth images and literature. The roughigl shape of the mangrove patch

with two extended arms on the northern and soutbieles was approximated as shown
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in Figure 43 (right) below. The coordinates of thangrove patch were also decided
based on available images and photographs dueettath of accurate data. From the
generic analyses it was concluded that the modiivala limited representation of the
spatial variation of mangrove species in terms oftiple values of a base vegetation
density. Some authors consider the effect of thegmves’ roots to be important in the
wave attenuation process (Schiereck & Booij, 199 &/osse, 2008), with their
influence increasing at lower water depths. Howetier effect of variations in the root
systems is thought to be less, both in the modeltduhe lumping of parameters as well
as in reality. The high water depths used in thigly also limit the sensitivity of the
results to such variations. Finally, a review o tregetation characteristics in the region
indicated that the two species assumed predomimarihis regionS. alba and R.
mucronata have nearly similar depth-averaged vegetation itlegs Based on these
considerations a single specRsmucronatavas used and the spatial vegetation density
file was given a uniform value of 1 throughout epicm case of the horizontal variation

studies (section 5.4).
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Figure 43: Bathymetry (left) and Vegetation Densitygrids (right) for case study with modeled region
indicated in actual bathymetry map (from Map Room,Delft University of Technology) on top
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5.2. Parameter Formulation

Based on the findings from the preliminary sengitianalysis the scenarios for the case
study were limited to three hydraulic scenariosregponding to 100, 25 and 5 year
events and three vegetation scenarios corresporidinglGH’ ‘LOW’ and ‘ZERO’
vegetation factors. The parameter values for véigatand hydraulic characteristics were
chosen based on actual values from the literatudies and data analysis (sections 2.4
and 3.2). The angles of attack for these scenarge kept constant at 90°. Additionally
three simulations with varying angles of wave &tac22.5, 45’ and 90° were run for
different vegetation cases. Since it was felt tiat variation between the three wave
angle cases would follow a regular trend for aler@g a single hydraulic scenario
corresponding to a 25 year event was used. Tabind4Table 15 below list the various
scenarios simulated. Table 16 and Table 17 listpdw@meter values chosen for each
scenario. Finally a scenario with no island andvagetation and a 90° angle of attack
was simulated to serve as a control case for casgrer. The water levels here are

presented as the actual water levels measuredesiffect to th€D.

Table 14: Vegetation and Hydraulic scenarios for @se Study (constant angle of wave attack)

. Hydraulic Parameters —
Vegetation Factors
Hs Tp, WL
HIGH RP 100
LOW RP 25
ZERO RP 5

Table 15: Angle of wave attack scenarios for Casduly (for a 25 year event)

Vegetation Factors Angle of Wave Attack, Alpha (deg
HIGH 22.5
LOW 45
ZERO 90
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Table 16: Vegetation parameter values for Case Styd

Vegetation Factor

Layer Height (m)
Case ‘LOW’ Case ‘HIGH’
Roots 0.05 6.5 0.5
Stem 0.075 0.6 5
Canopy 0.1 2 0.5

Table 17: Hydraulic parameter values for Case Studyconstant angle of wave attack)

Return Period (years)

Wave Height (m) Water Levelfn)

Wave Period (s)

100 9.25 12.6 17
25 7.44 10.0 15
5 5.28 7.1 12

Due to the presence of an island and vegetati@nhogh density, diffraction effects were
thought to be a possibility. The SWAN 40.55MOD bgfallt does not compute
diffraction effects. Therefore a simulation wasreat out with diffraction computations
included for an island with high density vegetati®he results from the simulations with
and without diffraction indicated that apart from @pparent smoothing of the values the
model is relatively insensitive to the inclusion diffraction computations under the
given conditions. The results of the two simulasiare shown in Figure 44 below. It

must be kept in mind that the SWAN model used is meant for precise diffraction

computations and makes only a rough approximatidhendiffraction effect.

Transmitted Wave Heights (Hs - trans) (m)

Hs - trans with diffraction
Hs - trans without diffraction

Distance from Port (m)

— L L
0 20 40 60 80 100 120

Figure 44: Graph showing transmitted wave heights @oss an island with high vegetation density

with and without diffraction computations
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5.3. Results and Conclusions

Wave analysis was done along two sections — omileeircross-shore direction across the
centre of the island (Section X-X) and one in tlgshore direction at the port (Section
Y-Y). Figure 45 below shows an illustrative casdrahsmitted wave height values along
with the two sections indicated. Conclusions regaydhe effectiveness of the mangrove
vegetation on the island to the port in terms of/@vattenuation are presented below.
Also, a few conclusions regarding the model charstics based on observations during

the entire process are described.
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Figure 45: Bathymetry grid (left), vegetation dendy grid (middle) and transmitted wave heights
(right) for an island with a ‘high’ vegetation densty and an event of a return period of 25 years. Té
two analysis sections X-X (cross-shore) and Y-Y @hgshore) are indicated on the transmitted wave

heights grid.
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5.3.1.Effectiveness of Mangrove Vegetation

1. The analysis of wave heights along Section X-X skmwhat the presence of
vegetation has a considerable effect with regardatee attenuation in the port for
all three return periods. These results are shovigure 46 for a return period of
25 years. The same is observed in Figure XX andfe@¢eturn periods of 100
and 5 years. It was additionally observed thatigteand by itself also accounts for

some wave attenuation though this is less thaeffeet of the vegetation patch.

8 T T T T
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— \eg. density 'LOW"
— veg. density 'ZERO'
no veg. and no island

Transmitted Hs (m)

1 1
0 800 1600 2400 3200 4000 4800 5600 6400 7200 8000 8800 9600 10400 11200 12000
Distance from Port (m)

Figure 46: Transmitted wave heights from offshorerfght) along Section X-X (cross-shore) for
different vegetation factors compared with the ‘noveg. and no island’ case for a 25 year event
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Figure 47: Transmitted wave from offshore (right) dong Section X-X (cross-shore) for different
vegetation factors for return periods of 100 year¢TOP) and 5 years (BOTTOM)
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2.

It was seen from Figure 46 above that the vegetgtatch is very effective in
reducing wave heights at points immediately beltindth a difference of around
0.5 m being observed between low and high vegetétictor conditions.

A relatively sharp recovery of wave heights wasndaseyond the vegetation patch
with the sharpness increasing for increasing veigetaensities. This resulted in
much higher wave heights at the port compared tetpammediately behind the
vegetation. For instance, if the mangroves had B&&m from the port the wave
heights would have been only 50% of the presenteglFigure 48 below shows
this effect in greater detail. The diamond shapand geometry contributes to
wave height recovery since it has a smaller shadegion compared to a
rectangular island. It can therefore be concludhed the mangrove island has an
effect on the port though this is limited by itsogeetry and its distance from the
port.
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Figure 48: Transmitted wave heights along Section-X within the vegetation and between the

4.

5.

vegetation and the port for a 25 year event

Wave attenuation of nearly 60% was observed at tinedue to the effect of the
mangrove island. The attenuation within the islenidowever nearly 90%.

An analysis of the difference between transmittea/evheights was done for
‘LOW’ and ‘HIGH’ cases at different alongshore sens including Section Y-Y.
Here a choice was made to use the difference ireweights rather than the
reduction factor since this was thought to highlighrtain characteristics more
clearly. Figure 49 below shows that the sensititatyegetation density variations

reduces with increasing distance behind the marmgroVhe difference in wave
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attenuation between ‘LOW’ and ‘HIGH’ vegetation fhalay between the island
and port is only around 10 — 12 % of the differewithin the island. The peaks in
the mid-island case and the oscillations at Section are thought to be model
characteristics and are discussed in Points 2 arid@b-section 5.3.2.
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Figure 49: Difference in transmitted wave heights btween 'LOW' and 'HIGH' cases at different
alongshore sections between the island and the parersus forest width at that point

6. Simulations with variations in the angle of wavéaek showed a shift in the
region of lowest wave heights as expected. FromrEi&0 below, along Section
Y-Y, it can be seen that the optimum alongshorettwal vegetation required to
reduce the effect of waves between angles 90° #h#& 2o the coast is
approximately 6 km. This is further studied in sdsztion 5.4.1. The oscillations
in the wave heights for all angles are a resulthaf exclusion of diffraction
approximations from the computations. Point 2 df-saction 5.3.2 elaborates on
this effect.
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Figure 50: Transmitted wave heights along Section-Y (alongshore) at the port for varying angles of
wave attack and constant vegetation and hydraulicgrameters corresponding to a 25 year event

7. Wave data from the nearby port of Paradip indith&¢ the critical wave heights
in Paradip port vary between 1.2 m under normalditmms and 2.5 m in the
monsoon season (Iron Ore Handling Plant Tender Deot, Paradip Port Trust,
2006). In this study, a 2.5 m wave height has armeperiod of more than 60
years under simulated conditions. If the vegetatvene removed or destroyed the
2.5 m wave would occur at least once every 20 ygassg the threat of a drastic
reduction in the port’s design life. The effecttbé vegetation and its continued
existence are therefore crucial for the desigrhefgort. The effect of vegetation
on the return periods for wave heights of 1.2 aril is illustrated below in

Figure 51.
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Return Period (years)

for different cases of vegetation

Figure 51: Wave heights at the port at a point diretly behind the mangroves versus return periods

It is also seen from Figure 51 that the effechatgort of a variation in vegetation

8.

density becomes appreciable only beyond a 20 yawae \weight.

9. Some simulations were carried out to establishdifference between the effect

of the vegetation and the island. It is evidentnfréigure 52 below that the

vegetation patch has a far greater effect on wasights compared to the

bathymetry in this situation. However the preseofceegetation in the absence of

an island is considered unlikely.
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Figure 52: Transmitted wave heights for cases of aisland and no island both with vegetation of
varying densities for a 25 year event

10. Also interesting to note from Figure 52 is the esien of the vegetation effect
beyond the actual vegetation for a flat bathymethen the island is absent. This
indicates the development of a shadow region bethiead/egetation. The absence
of the shadow region with the island could be du¢he phenomenon of wave
height recovery with a sudden increase in depthclwvldominates the shadow
effect. Though the accuracy of the shadow effeatnisure, it is possible that a
mangrove patch is more effective with a flat batkymy beyond it than with a

sudden increase in depth.

5.3.2.Model Characteristics

1. The model shows an asymmetry in transmitted wavghte seen in Figure 53
below. It is felt that this asymmetry is partly esult of the errors caused due to
the simplification of the island bathymetry desedbin section 5.1. Also, the
model was instructed to use a default JONSWAP gpactvith a directional
spreading of 30 Long swell waves similar to those used in thigidslly have
low values of directional spreading. This could smerrors in the island’s
shadow region due to SWAN'’s limited capability ieating with such waves. In
the case of a locally generated cyclone, the assompf a 30 spreading would

most probably be valid. Also, since this study diot look into the effects
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immediately behind the island, it was assumed thate differences are not
relevant here. However in the case of an offshgotooe where the swell waves
‘overtake’ the cyclone the directional spreadingyniiee considerably less and

would have to be considered carefully.
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Figure 53: Magnified view of transmitted wave heigks around the mangrove island for a 25 year
event and high vegetation factors

2. The effect of neglecting diffraction was verifie¢ bBnalysing the wave heights
along Section Y-Y at the port. From Figure 54 beibvg seen that the inclusion
of the diffraction approximations in SWAN results a smoothing of the values
and a partial reduction of the asymmetry in calboe. It is thought that the
oscillations along Section Y-Y in Figure 49 areoaldue to the exclusion of
diffraction approximations. The overall effect big exclusion however was felt

small enough, compared to the natural variatianbgtignored in this study.
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Figure 54: Transmitted wave heights along Section-¥ at the port with and without diffraction
approximations for a 25 year event and high vegetain factors

3. The two bends in the curve with diffraction in Figlb4 above are possibly due to
edge effects in the model due to the sudden preseihmangrove vegetation in
the cross-shore direction. Also, the peaks obseeaglier in the mid-island case
in Figure 49 are thought to be due to edge efiedise alongshore direction.

4. An aspect ratio of 1:7 is seen to be sufficientdtudying wave heights along the
central band while avoiding the effect of energkizge.

5. It was concluded that the model currently has @&ffecbut limited capabilities

with regard to modeling horizontal variation in eggfion.
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5.4. Horizontal Variation Studies

Horizontal variations in the vegetation on Kaniken8s island could occur due to natural
as well as artificial causes. While cyclonic everdsild cause a reduction of vegetation
density and area over the short-term, the highhadyic nature of the region could result
in an increase in density and area or even a shpbsition over the long term. On the
other hand, controlled planting and other managémsteategies could be put in place to
artificially enhance and maintain the vegetationairdesired pattern. An increase in
density and area in the cross-shore direction,ghqossibly beneficial in other respects,
was felt to be unimportant with regard to waveraiion under the present conditions.
However, variations like alongshore extensions dedsity reductions are of direct
interest to the Dhamra Port. Some additional sitiaria were run that looked at possible
effects of such variations in vegetation patteri®ss the horizontal plane. These were
achieved by varying the values in the vegetationsi file (refer section 5.1). Apart
from providing an overall view of the effects ofactges due to natural circumstances and
management strategies, these simulations helpedy veertain assumptions and
conclusions drawn previously in the study. The itket# the simulations performed and
the conclusions drawn are given below. Apart fromhange in the bathymetry for the
first study all other input parameters were keptstant at the same values as in the rest

of the case-study.

5.4.1.Alongshore Extensions

It was seen from sub-section 5.3.1 that the alomgskiegetation size is insufficient in
case of wave attack from the north at angles grélagen 438. The Kanika Sands island
has two arms on its northern and southern sideaeMer, these do not have vegetation
except for a small area in the south. Initial ressaliggest that for optimum protection the
size of the vegetation would need to be increasat # km to 6 km in the alongshore
direction. Since the southern part of the island #e coast are relatively protected by
the sand spit, wave attack from the north is feltbe more relevant. With these
considerations, two cases were simulated — oneamitiixtension of 1 km on the northern
side (Case 1) and one with an extension of 2 kns€@a. In both cases the extension was

done for both bathymetry and vegetation for a cstese width of 500 m. This value
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was chosen since it lies within the optimum rangemf sub-section 5.3.1. Figure 55

below shows the vegetation grids for the two cases.
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Figure 55: Vegetation grids for Case 1 (Left) and @se 2 (Right)
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The results from the two simulations for an andl@25 degrees are shown in Figure 56
below.
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Figure 56: Wave heights at port for original mangroses and the two extension cases at 22.5 deg wave
attack angles for a 25 year event with the port regn indicated

It is seen from Figure 56 that Case 1 shows siganiti wave height reduction within the

port. Case 2 shows even better attenuation witlaeeviheight reduction of more than a
metre from the current case. In both cases howidneewave heights still remain in the

range of 1.5 to 3 m. In conclusion, an extensiorthef island and vegetation on the
northern side is highly beneficial to the port tgbuadditional protection measures may
be needed. Further it would be worthwhile invedtigaa 2 km extension since this

seems to give considerably better protection tharkan extension. The simulations only
considered waves from the north since the southielis currently relatively protected.

The benefit of a southern arm under normal condltis therefore questionable. In the
absence of such protection however, especiallyage ©f cyclones from the south with

high storm surges a southern arm of vegetationdcgregatly enhance the safety of the
port. The mismatch between the current mangrovéhvadd the region of lowest wave

height for the original case and the oscillatiamsvave heights are a result of the model
characteristics discussed in sub-section 5.3.2.
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5.4.2.Density Variations

While mangroves are a typically robust eco-systeh @an withstand extreme events,
their capability to survive under extreme condiias still limited. Extensive mangrove
destruction has been observed under extreme sihisaBuch as storms, cyclones and
tsunamis (UNEP — WCMC, 2006, Das S., 2007, Gieseretvdl., 2007). Since the case
study region is very susceptible to cyclone attatkspossible that such an event causes
a reduction in the density of mangrove vegetationhe island, especially on the fringes.
Like any natural system destroyed mangroves mag dakhile to regenerate. Under such
conditions, it is possible that the reduced densitthe fringes has an effect on the port
behind. Simulations were therefore run to inveséighe effect of such density reductions
all around the island. The density reductions waraulated by specifying a lower
number in the spatial density file in the modelr@écases were run - one with a density
of 0.5 for a 200 m width (Case 1), one with a dignsf 0.5 for a 300 m width (Case 2)
and a final one with a density of 0.1 for a 300 idtiv(Case 3). These cases were chosen
as being illustrative of the possible reduction® da a cyclone. An example of the
vegetation density file is shown in Figure 57 beldwe three cases were run for a 25

year event with all other parameters being kepstzont.
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Figure 57: Vegetation density grid for the case wit a value of 0.5 m for a 200 m width all around the
island
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The results from the three cases are illustragdoMbin Figure 58.

Figure 58:

Density 0.5 for 200 m width
Density 0.5 for 300 m width 0

Density 0.1 for 300 m width [ 7 — ~ 7,
Density 1.0 throughout [ G~ — — /=~ ~ 7 ~ ~ 77~~~

©0
n
|
|
|
T
|
|
- T
|
|
— 4

T T
e A B ’T’"Y777/\/"7’f”T”’\”’V’”T”’\”’\”’

I I I - I I | I I I I
0 800 1600 2400 3200 4000 4800 5600 6400 7200 8000 8800 9600 1040011000
Distance from Port (Section X-X) ( x 100 m)

Transmitted Hs (m) at 2000 m forest width
(4]

Density 0.5 for 200 m width 1
Density 0.5 for 300 m width |
Density 0.1 for 300 m width [ 7~ ~
|
|
|

Density 1.0 throughout T T

Transmitted Hs (m) at 600 m forest width
(5]

Distance from Port (Section X-X) ( x 100 m)

Transmitted wave heights at 2000 m forésvidth (TOP) and 600 m forest width
(BOTTOM) for the three density variation cases fora 25 year event

The analyses were done across two sections — @&@)atm forest width and one at 600

m forest width to compare the relative importantthe density reductions. As expected,

the density reductions have a more pronouncedtedtethe 600 m forest width. Case 3,

with a 300 m band of density 0.1, shows apprecidifference within and beyond the

critical width at both sections. It is also seeattfor Case 3 a width of more than 600 m

is required for the wave attenuation to ‘catch wjh that of the other cases. This is an

important factor to be considered while planningri$i@ial mangrove belts and for

purposes of monitoring. However, in all the cades ¢ffect is appreciable only up to

approximately 400 m behind the vegetation. Thig isne with the findings described in

sub-section 5.3.1 that the effect of density redast has a minimal effect at points far

behind the island. This also validates to an exteatinitial assumption of a uniform

density throughout the vegetation patch.

5.4.3.

Vegetation Strip Plantations

Given the conclusions of the existence of an optimuidth investigations into the

effectiveness of mangrove strips were thought wdntte. While the Kanika Sands

island is currently fully inhabited by mangrove we&gfion, future strategies for similar
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islands could look at a ‘ring of protection’ withamgrove strips. To include possible
effects of density reduction which could be vital case of such protection two
simulations were performed. One was for a 300 mewrthngrove strip of density 0.1
(Case 1) and the second for a 300 m wide stripeasitly 1 (Case 2). In both cases there
was no vegetation on the rest of the island. Theevaf 300 m was chosen as being the
minimum of the optimum width range from sub-sect®f.1. Based on point 10 from
sub-section 5.3.1, an additional scenario with @ 80 strip of density 1 only on the
eastern side and northern and southern tips wagalsormed (Case 3). The simulations
were performed for the most extreme event in thislys— the 100 year event with all

other parameters constant. Figure 59 below shogvsdfetation density file for Case 2.

100 B

200+ B

300 B

400 - B

Alongshore Distance ( x 100 m)

500 B

600 - B

700 - B

1 1
(o] 50 100
Cross-shore Distance ( x 100 m)

Figure 59: Vegetation Density grid with a 300 m magrove strip of density 1 (Case 2) all around and
no mangrove in between for a 100 year event.
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The results of these cases compared to the noasalare shown in Figure 60 below.

300 m band with density 0.1 (Case 1)

300 m band with density 1 (Case 2)

Normal case
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Figure 60: Transmitted wave heights for three vegation strip cases and the normal case for a 100
year event

From Figure 60 it is seen that for a density o& Eimple vegetation strip of 300 m has
nearly the same effect as the normal scenario wvatetation throughout the island. The
planting of vegetation strips therefore seems abktter solution in terms of wave
attenuation as it gives the same effect with redwmests and other difficulties. In such a
case however very special attention has to be tpanonitoring and maintenance of the
vegetation density. A decrease in vegetation demgitich is very possible in case of
cyclones results in appreciably higher wave heigtitein the island and up to 800 m
behind it with a smaller difference at the portisTis in contrast with the current situation,
where the width of the forest is sufficient to niegtihe effect of a density reduction. Case
3 indicates that a vegetation strip may not be ssy on the western edge. Here a
shadow region is seen up to the edge of the igandar to the findings from sub-section
5.3.1. Whether this effect is a good approximatubrreality needs to be investigated
further. Also, the destruction of the western vageh strip in this case would leave the
island and the port completely unprotected. Thisnado therefore needs very careful

investigation before application.
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6 Conclusions

6.1. Process Summary and Assumptions

Wave attenuation in mangroves during extreme evemats studied using a numerical
model. Extreme event conditions of longer and highaves and increased storm surge
levels were approximated using available data #atéscs for the region of Orissa, India.
The case study site was chosen based on severarsfadMangrove vegetation
characteristics for the site were established udaig from nearby regions and making
realistic assumptions. Several generic sensitiaftglyses using a flat bathymetry and a
rectangular vegetation patch were carried outudysthe working and characteristics of
the model under extreme conditions and to helpcseldevant scenarios for the case
study. Finally, based on the generic model stuttiescase study was performed for the
chosen site with reduced scenarios but more rgalisathymetry and vegetation
parameter values. Additional simulations of possibbrizontal variations were carried
out within the case-study. Though the region ofigtis often affected by severe storm
surges and wave heights it is felt that the extrenent conditions have possibly been
overestimated. Also, the bathymetry used in the sagdy is an approximation of the real
bathymetry. However, due to the high variabilitytbé bathymetry in the region with
large scale changes occurring within a decade umalenal conditions and within a few
weeks during extreme events the approximations maele felt to be sufficiently
representative for the purposes of this study. démclusions drawn from the study are

summarised in the following sections.

6.2. Conclusions

6.2.1.Mangroves and the Port

It was concluded from the case study that the ntvag have a definite positive
effect on the port in terms of wave attenuation. il&/lthe mangrove island’'s
protective effect is limited by its distance frohetcoast it still causes a nearly 60%
reduction in wave heights at the coast under thengiconditions. Though the

vegetation may not have a significant effect onlydaiperations its continued
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existence is seen as crucial for ensuring the padfety during its design life. The
mangroves have a significant effect only at crdsse widths greater than 300 to 400
m and an increase in width beyond 800 m does né&emauch of a difference to
wave heights at the port. However the current alboge width of the mangroves
might be insufficient in case of waves approacHhnogn the north at angles greater
than 48. The optimum width of the island for maximum puiten solely in terms of
wave attenuation under the given hydraulic and tagigm conditions therefore
ranges from 300 to 800 m in the cross-shore doeratiith an along-shore length of
around 6 km. These were verified with some horiabntariation simulations.
Expansion to the north was thought more relevargrgithe present conditions. Such
an island may be a cheap alternative to a conveadtibreakwater. Horizontal
variation simulations also showed that density etidus on the island due to extreme
events do not have much of an effect under presamditions. Further, the planting
of 300 m wide mangrove strips seem a highly feasdnld cost-effective substitute to
foresting an entire region with mangroves. Howetleg, required densities within the

strips and their spacing would have to be studadfally.

Due to the distance of the port from the mangrarebstheir sizeable width the effect
of a change in vegetation density within the sirtedarange is negligible though
there is a marked difference between the presence abbsence of vegetation.
Vegetation density variations have an appreciatiéeteonly beyond a 20 year wave
height and only up to a certain distance behinddlaad. From the generic analyses,
vegetation height was seen to greatly influence evaitenuation. The vegetation
heights used in this study ranged from 6 to 10 uginty corresponding to a 15 — 20
year old forest. From the analyses it may also decladed that the specids.
mucronataand S. albacan offer effective protection against waves at diensities
assumed in this study and may therefore be selediede suitable for purposes of

artificial mangrove replenishment.

6.2.2.Model and Vegetation Characteristics

It was concluded that though the model is effectivapproximating wave attenuation

the lumping together of certain parameters limgssensitivity to variations in vegetation
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factors and heights. The model shows a predictabled with regard to hydraulic and

vegetation parameter variations. Very high waveratation of the order of 90% was
observed within the mangroves even for extremegh hwaves and water levels. The
increase in wave attenuation rates at the edgkeofegetation is worth investigating in

detail. While this result seems to be in agreematit the findings of Vosse (2008) it is

not clear how much of this behaviour is due to nhataracteristics and how much is
representative of the actual situation. Detailedlyses revealed a trend in model
sensitivity to hydraulic parameters with wave hésgbeing the most important. Emergent
vegetation with the canopy above water was obseive@duse greater wave attenuation
compared to submergent vegetation even for iddrdigsth-averaged vegetation factors.
The case study showed that wave height recovergrioethe mangroves is quite sharp
with the rate of recovery increasing with an insee@ vegetation density. The use of a
flatter bathymetry in the case study was seen tsean extension of the vegetation
effect beyond the actual vegetation. Finally, thelusion of diffraction approximations

in the computations was seen to have little difieeein the computed wave heights

behind the island and vegetation.
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7 Recommendations

7.1. Mangroves and the Port

The main objective of the study was to get an mfethe usefulness of a mangrove island
to a port lying behind it. This was studied extgali in the case study and based on the
findings some recommendations regarding the aspbets port and other interested
authorities should consider are given below:

1. It is necessary for the port to preserve and ifsfids, increase the extent of
mangroves on the island to ensure its survivall tind end of its design life. It
will also be necessary to ensure a minimum vegetatensity while planning for
events with return periods greater than aroundez®sy

2. The recommended size of the mangrove patch for eftesttive wave attenuation
is 300 to 800 m in the cross-shore direction amiirgd 6 km in the alongshore
direction under the conditions of this study. Sitlse alongshore length of the
island currently seems insufficient, mangrove pranstrategies could focus on
expansion to the north with a minimum width beingimtained throughout in the
cross-shore direction.

3. A newly planted mangrove forest will need time ttaia a height sufficient to
afford protection. Also, younger mangrove vegetatiath lesser densities and
diameters will be more vulnerable to wave attaakttier, an increase in cross-
shore forest width beyond 800 m does not have nuficin effect on the port.
Considering these factors, it is likely that alsiwpre expansion of the island
would be easier and more relevant than cross-segpansion with regard to
wave attenuation.

4. 300 m wide mangrove strips seem to be just astaféeas the entire vegetation
patch in terms of wave attenuation at normal desssiThese are also much more
cost-effective and probably much easier to manBgsvever their effectiveness
is dependent on the densities within the strips @sskibly their spacing, both of
which need to be given careful consideration.

5. At present the mangroves seem to be robust in tefrigave attenuation even

with reduced densities at the fringes. However taris monitoring of the
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condition of the island and the mangroves is esslethie to the highly unstable
nature of the morphology in the region and posslalge — scale effects of
extreme events and human activities.

6. Accurate determination of the vegetation speciesdnaracteristics on the island
is necessary to verify the results of this stutdwill also be useful in deciding the
threshold parameters for the existence of the dsland the health of the

vegetation, especially with regard to port — reladetivities.

7.2. Numerical Model

The field of modeling wave attenuation in vegetati® still relatively new. The SWAN
40.55MOD model is considered reasonably effectiveimplementing the effect of
mangrove vegetation on wave dissipation. During study observations were made
regarding possible future improvements to the mealékelp represent the actual situation
better. Since the study did not go into the modedepth, most of the recommendations
focus on the model implementation rather than trenfilations. Some salient points in
this regard are given below:

1. The present study neglected the effect of currefitsin the vegetation. Since in
real life strong currents are often present witlmangrove vegetations, even in
extreme conditions, the inclusion of currents ie ttomputations could help
produce more accurate results. Also secondary gsesesuch as circulation
patterns behind the island need to be investigatéetail using models suited for
the same.

2. It is possible that inertial forces play an impattaole in wave dissipation
depending on the wave and vegetation conditions.€effect of neglecting inertial
forces on mangrove vegetation needs to be inveéstiga detail.

3. The neglecting of the swaying motion may be accedifior in the root and stem
layers by the rigidity of typical mangrove vegebati However, special attention
needs to be given to the canopy portion of mangrew@ch are not as rigid as the
rest of the plant. It is very possible that the grame canopy is submerged under
extreme conditions. It would therefore also be Beagy in such cases to

determine the exact nature of drag induced by &m®mgy. From this an accurate
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value or range of values for the drag coefficienthie canopy could be defined
for use in the model.

. It was felt that the results might be improved wilie implementation of the
Dalrymple formulation for each of the three mangrdayers before the depth-
averaging of vegetation factors was carried outweleer the extent of this
improvement and its worth compared to the consdquerease in computation
time would have to be investigated in detail.

. Literature studies indicate that a typical mangr@atch may show extensive
height and density variations. While the model carrently calculate horizontal
density variations in the form of relative factoessingle height distribution is
assumed for all trees within the mangrove patcle @tdition of the ability to
incorporate horizontal vegetation height variatistherefore suggested. Though
this may not contribute much to the understandingave dissipation processes
it might improve results with regard to simulatiregl life scenarios.

. The peaks in reduction factors at the edge of dgetation could be investigated
further. The aspect of an increase in wave heiglobvery with increase in
vegetation density is also worth investigating.

. Though SWAN does not calculate diffraction very gmsely, the apparent
smoothing of wave heights due to the inclusionififattion computations in this
study is worth investigating.

. Some other characteristics, such as the low seitgito density variations at
higher widths, the extension of the vegetationctfie case of a flatter bathymetry
and the consistent increase in wave attenuatioes ratith an increase in
vegetation factors need to be investigated furtirese it is not sure to what extent

these effects are representative of reality.

7.3. Physical Modeling and Field Work

The SWAN 40.55MOD numerical model gives a fairlc@a@te representation of wave

dissipation in mangroves. However, this model haenbvalidated under normal

hydraulic conditions only. This study, though ligdt in scope helped bring to light

relevant issues and give some pointers on whatsneedbe done to improve current
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understanding not only with regard to wave dissgmabut in the broader field of flow

within vegetation. These points are detailed below:

1.

Field data would also be needed to establish aldeirange of drag coefficients
for the canopy region of mangrove vegetations, &affg under extreme
conditions. Further physical tests on wave atteanah mangroves may then be
conducted using the measured drag coefficients.

It is suggested that wave measurement devicesthepdaefore, within and after
the mangrove vegetation to provide data, especiliyng extreme events to
facilitate the studies described in point 1 andbatlitate the investigations of the
peaks in reduction factors mentioned in Section Ti&se devices could be of
commercial value to the port as they would be handyperations planning and
also serve as a valuable record with regard tdysaféhile the devices within the
mangroves and behind would be relatively proteqgbeotection of the devices on
the outside during extreme events will be difficult

It was seen in this study th&t albaandR. mucronaténave more or less the same
depth-averaged vegetation densities. Since themumodel simulates horizontal
density variations in terms of relative factorsyiuld be very convenient if field
data could be used to parameterize vegetation grepef different species in
terms of the controlling parameters in wave atténnaso they may be expressed
as relative factors for similar numerical simulaso

It is possible that mangrove vegetation may befdifferently under extreme
conditions resulting in different processes or oates with regard to wave
dissipation. For instance the damping effect of tt@opy under extreme
conditions is currently not well understood. Sudfieds may need to be
investigated either on the field, or where possib&ng satellite images and other
techniques after an extreme event or even scald ghysical laboratory tests.

It is essential to establish the threshold pararadt® mangrove existence with
regard to high wave conditions using field data phgsical tests since the current
model assumes the existence of mangroves undenpumyconditions.

It is necessary to study the effect of extremelghhvegetation densities with
regard to wave attenuation. While the current maaeisiders such vegetation
similar to vegetation of lower densities, this nmeg be the case in real life where
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the bulk of the volume of water may prefer to flower the vegetation rather than
through it at such high densities.

7. Though this study focuses on wave attenuation imjgortant to recognize the
interdependency of this process with other compigarg processes such as
current flow patterns, sediment movement, wind moset, etc., all of which
would need to be incorporated in any attempt toehthte system in its entirety.

8. Finally, further research is needed to improve dfiectiveness of mangrove
management strategies for protecting ports andr atb@stal developments from
cyclones and storms. For example, investigationgdcéocus on the minimum
cross-shore width needed, for events of differeagmitudes, in case of mangrove

belts intended as a sacrificial barrier.

7.4. Detail and Accuracy

Due to the limited scope of this study approximagiand assumptions were made where
necessary to simplify the procedure and still abgaifficiently accurate results. However
improvements could be made in case more detailddaanurate results are required.
Some possible improvements in these aspects farefigtudies of a similar nature are
listed below.

1. The calculation of offshore cyclone and wave patansecould be improved upon
in terms of the number of events used for the edtons. This is also true of the
near-shore storm surge calculations used in thidystThe highly empirical
nature of the methods used bears consideratioas@ af more detailed studies of
cyclones in the region as it is felt that this stoderestimates the values of near-
shore water levels.

2. Vegetation parameter values were based on obsemgatif vegetation species
and characteristics in nearby regions. Ideally hamefield data would be the
best way to obtain vegetation characteristics impaaticular region. This is
particularly important in the case of mangroves ttughe high degree of natural
variability and complexity in mangrove forests vifitta small region.

3. The bathymetries used in this study were simplifiedsed on available
hydrographic charts. A more realistic representatibthe situation could benefit

from the use of more accurate bathymetries.
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9 Appendices

Appendix A: SWAN 40.55MOD Model Formulations
The detailed formulations in the SWAN 40.55MOD nuiced model are given below

(Tomohiro Suzuki, Personal Communication)

The energy conservation equation is described|msvg

fEc,
=-e 8
x 3 (8)
The definition forg, is given by:
-htah
&= . Fudz 9)

The forceF , acting on the vegetation per unit volume deribgdMorison equation

neglecting swaying motion and inertial force (Daiple et al., 1984), can be described

as
1
F_ErCDQuM (10)
The solution of equation 10 is
3 . .
e _2 rC.BN gk~ sink ka h+ 3sinhla h|_|3 (11)
3o 2s X coshikh

According to Mendez and Losada (2004),

3 . H
()=-2 rc,pN 3K Sinif ka bt 3sinhia b P\ 12)
3o 2s X coshikh 4
1 1r H2 ¢ 3
(579HmC) 4 gk °sinif ka h+ 3sinhia h
=- /'CDb, N =— Hrms (13)
x 2Jp 2s 3k cosh kh
This equation was implemented in SWAN.
(o H ;
(GHmC) g gk *sinff ka h+ 3sinhla h
=- Coh N == e (14)
fx 29v/p 2s 3k coshi kh
where,
e =242, | P E(f g)dgaf (15)
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¥ 2p
. . E(f,q)cg(f)dqdf)

0

T (16)

_ ¥ w82 gk(f) *sink k (f g h+ 3sinhk (3 h
T 0 o ﬁCDQN 2s (f) 3k coshik (f VE(T.9)E(t q)dqef

<282 L gk(f) ® sinkf k (f Ja h+ 3sinhk (f9

h
0 o gvp ol 25 (f) X coshk ( T JE(f,q)E(f,q)dgdf (17)

S(/eg =

S, has to be solved by implicit.

n ¥ -1 n

s@, , F'ELg gdf (18)
In this case:

oa ¥ z,JgJECDQN gk(f) * sink k (f ) h+ 3sinhk (f3 h E(T.9)dgds

o o gJp 2s (f) 3k costik (f
v 82 gk(f) * sinff k (f J h+ 3sinhk (3 h =
o0 o wCDqN 25 (f) K coshik (f h Vs (ON(T.g)™*dgdf (19)

where E(s,9)" is the frequency-direction spectrum in the currgetation level and

E(s,g)"tis the frequency-direction spectrum in the previbesation level.
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Appendix B: Cyclone Parameter Estimation
The details of the three methods examined in sabese3.1.3 for estimation of cyclone

parameters are given below. A sample workshedsassibown to help clarify the process
followed and the comparisons made.

Method 1: USACE Recommendations
This is an empirical method for the prediction céwe characteristics during extreme

events such as hurricanes and cyclones, developéieldlJS Army Corps of Engineers
and described in the Shore Protection Manual (19B4is method was further reviewed
and discussed by Hsu, et al. (2000). While the UEA0ggests the use of numerical
models to calculate offshore conditions during aibane they also provide empirical
relations for the approximation of maximum wavegheiand peak period for a slow-
moving hurricane. Known values of the sustaineddwspeedlU: were used in these
formulae to calculate the valuesWfmax and P. The procedure followed is as described
below:

The measured sustained maximum wind spEedyas used to measure the maximum

gradient wind speed) max Using the formula

Ur = 0.865'U max + 0.5Vim (20)
The pressure drop,P (Pn — Po) was then calculated using the formula
Umax = 0.447 [14.5,/ P -Po) -R (0.3% (21)

Method 2: From Chittibabu et al. (2004) and Kumat al., (2003)
The method proposed by Kumar et al. (2003) wasashas the control method for this

step since it has been calibrated specificallytfgpical cyclones occurring in the Bay of
Bengal region. Also, the input values foP were chosen as the previously measured or
estimated values ofP for the 16 selected events listed in Chittibatal.(2004). Using
these values and the empirical relation develogedumar et al. (2003) for the southern

Bay of Bengal the value & max Was estimated for each event.

U = 4298 @ -P §%*y,_*1HoE+% R 2% (22)
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Method 3: From the Wind-speed — Surface Pressuramr (Pidwirny,

2006)
It is a common assumption that the wind spé&&din a cyclone varies linearly with the

value of the central pressur, - and therefore with the value oP since the peripheral
pressure Pn is more or less constant. This relationship dbedriin the form of a graph
shown in Figure 61 was used to determine the @iroel between wind-speed and
central pressure and to then calculakevalues from the known values 0ffor the 16

events.

Figure 61: Wind-speed Surface pressure correlatioffrom Pidwirny -
Physicalgeography.net)
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Offshore Cyclone Parameters — Sample Excel Workshee

Estimation of Parameters

(Assumptions: Radius of maximum wind, R = 45 km, velocity of forward movement, Vim = 6 m/s)

Method 1 - USACE Recommendations

Event
vscs

cs

scs

scs

cs

scs

vscs

Tropical Storm (JTWC Classification)
vscs

Deep Depression

Deep Depression
Deep Depression

Method 2 - From Chittibabu 2004 (Control) and Kumar

Event
vscs

cs

scs

scs

cs

scs

vscs

Tropical Storm (JTWC Classification)
vscs

sc

Deep Depression
Deep Depression
Deep Depression

Method 3 - From Linear Regression Equation (graph f

Event
vscs

cs

scs

scs

cs

scs

vscs
Tropical Storm (JTWC Classification)
vscs

Deep Depression
Deep Depression
Deep Depression

Average Delta- P and Umax

Event
vscs

cs

scs

scs

cs

scs

scs

Tropical Storm (JTWC Classi
vscs

sc

Deep Depression

Deep Depression

Deep Depression

ation)

Date
Oct 71
Oct 73
June 82
Oct 84
Sep 85
Oct 85
Nov 95
Sep 97
Oct 99
Oct 99
June 06
Aug 07
Sep 08

Aug 07
Sep 08

Date
Oct 71
Oct 73
June 82
Oct 84
Sep 85
Oct 85
Nov 95
Sep 97
Oct 99
Oct 99
June 06
Aug 07
Sep 08

Average Delta- P and Umax without USACE

Event
vscs

cs

scs

scs

cs

scs

vscs

Tropical Storm (JTWC Classification)
vscs

sc

Deep Depression

Deep Depression

Deep Depression

Date
Oct 71
Oct 73
June 82
Oct 84
Sep 85
Oct 85
Nov 95
Sep 97
Oct 99
Oct 99
June 06
Aug 07
Sep 08

Average Delta- P and Umax without Linear Line

Event
vscs

cs

scs

scs

cs

scs

vscs

Tropical Storm (JTWC Classification)
vscs

sc

Deep Depression

Deep Depression

Deep Depression

Date
Oct 71
Oct 73
June 82
Oct 84
Sep 85
Oct 85
Nov 95
Sep 97
Oct 99
Oct 99
June 06
Aug 07
Sep 08

Delta-P (Pn -
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wind Po) (from  Umax (m/s,
peed, Ur  Wind speed, USACE) om Correlation  Correlation
(knots) Ur (m/s) (hPa) USACE) Delta- P ax
100 51.4 74.7 56.0 0.8
as 23.2 12.9 23.3
55 283 20.4 29.2
55 28.3 20.4 29.2
405 208 101 20.6
55 28.3 20.4 29.2
70 36.0 34.7 38.2
54.5 281 200 290
82 422 48.8 453
140 72.0 1516 79.8
335 17.2 6.4 16.4
335 17.2 6.4 16.4
335 17.2 6.4 16.4
et. al. 2003
Delta P
(from central Wind speed
Chittibabu) ~ Umax (from  Pressure Po Ur (check)
(hPa Kumar) (m/s) (hPa) R (km) (m/s)
32 965.0 55.2 31.3
33 27.2 979.0 55.2 26.5
61 37.6 951.0 52.7 35.5
22 22.0 990.0 51.9 22.0
20 20.9 992.0 51.9 211
22 22.0 990.0 51.9 22.0
a7 32.8 965.0 55.2 313
30 25.9 982.0 51.9 25.4
a7 32.8 965.0 55.2 313
o8 48.2 914.0 36 a7
31 26.3 981.0 51.9 258
33 27.2 979.0 55.2 26.5
35 28.0 977.0 55.2 27.3
rom internet) and Kumar et. al. 2003
Delta P
(from
wind regression Umax (from  Central
peed, Ur  Wind speed, ~Wind speed line, Ur vs. ar) Pressure Correlation Correlation
(knots) Ur (m/s) Ur (kmph)  Delta-P) m/s) (Po) (hPa) R (km) Delta- P ax
100 51.4 85.2 70.8 207 9a1.2 52.7 o.81 0.76
as 23.2 83.3 34.8 28.0 977.2 55.2
55 283 101.9 a1.4 30.6 970.6 55.2
55 28.3 1019 a1.4 30.6 970.6 55.2
405 20.8 75.0 319 26.7 980.1 519
55 28.3 101.9 a1.a 30.6 970.6 55.2
70 36.0 129.6 51.2 34.3 960.8 55.2
54.5 281 101.0 1.0 30.5 971.0 55.2
82 422 1519 59.0 36.9 953.0 52.7
140 72.0 250.3 97.0 48.0 915.0 36
335 17.2 62.0 27.3 24.6 984.7 51.9
335 17.2 62.0 27.3 24.6 984.7 519
335 17.2 62.0 27.3 24.6 984.7 51.9
Delta- P Comparisons
Delta- P 1o %
Average Correlation  Umax 120 JAY
Delta-P  Average Umax witl c g / \\
(hPa) (m/s) Chittibabu with Kumar L 8o 71
64 43 091358493 0.8647142 ﬁ o X =
27 %o D A
a1 32 o Lantiee cael PSPy
28 27 123456 78 910111213
21 23 Event
28 27
a4 35
30 28
52 38
116 59
22 22
22 23
23 23
Umax Comparisons
Delta- P
Average Correlation  Umax 100
Delta-P  Average Umax with Correlation 80
(hPa) m/s) Chittibabu with kumar | € 6o /\
s 37 0.954195309 0.9431303 PN ~
34 2 E 2o TN IS ZET e
51 34 o g
32 26
s 2a 12345678 910111213
o %6 Event
a9 34
36 28
53 35
o8 a8
29 25
30 26
31 26
Average
Delta-P
(hPa)
61
23
a1
21
15
21
a1
25
a8
125
19
20
21




Appendix C: Offshore Wave Parameter Estimation
The five methods examined in sub-section 3.1.4d&termination of the final offshore

wave parameters are described in detail below.mpaworksheet is also shown to help
clarify the process followed and the comparisondena

Method 1: USACE Recommendations from Hsu, et a20Q0)
The first method was the USACE recommendation faximum significant wave height

and peak period during a cyclone in the Shore Btiote Manual 1984 as described in
Hsu et al. (2000). This method makes use of theviihg empirical formulae for slow

moving hurricanes:

0.2%Vim

H . - 5.O$RDP/47OO 1+ \/U_ (23)
1 s 0145 e

wherea refers to the velocity coefficient (assumed asrlsfow-moving hurricane)

Method 2: Simplified Formulae from Hsu et al., (200
Hsu et al. (2000) in addition to their validation the USACE formulae for wave

characteristics using Hurricane Georges also pexpassimplified relationship for wave
heights and the use of the simplified USACE recomutaéion for wave periods. These
are as follows:

Hy=0.2* (R,- R) (25)

and

T,=12/H, /g (26)

Methods 3 and 4: From Kumar et al., (2003)
Kumar et al. (2003) carried out a multiple regressanalysis to obtain empirical

expressions for maximum wave height and peak pdapdyclones in the southern Bay
of Bengal. The analysis was based on the paranietriccane model proposed by Young

(1988) and was verified for 11 selected eventsha southern Bay of Bengal. These
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expressions were deemed to be a good approximafidhe cyclones near the Orissa
coast due to the similarities in the charactessbicthe cyclones studied.
H, = 0.61 @ R J% * v, % R (27)

Tp = 4125 @ -P, s.zss * me3.24£ % RL6E - (28)

Kumar et al. (2003) also proposed a simplified werof these formulae whose validity
was checked for a total of 32 cyclones that occlialeng the Indian coast between May
1961 and November 1982. Both these sets of formulase used to calculate the
maximum wave heights and peak periods for the Hhtsvbeing considered and were
found to be in good agreement with each other.

H,=0.23J (29)

T, = 4.5H,>% (30)

Method 5: Young’'s Parametric Hurricane Prediction dtel (Young, 1988)
lan Young of the University College, Australian Bete Force Academy, developed a

parametric model to predict the offshore condititorsa hurricane given the values of the
parameterd/m, U maxandR. Based on a study of a synthetically generatedbdase he
proposed a three step method to determine the niaxiwave height and peak period for
a cyclone using the formula for a JONSWAP fetchitiieh spectrum, with the additional
improvement of the application of an equivalenthieto account for the effect of the
hurricane on the sea state. First the effectiveusai maximum windsR' is determined
using the empirical equation

R'=22.5*1C logR -70.8*16 (31)
Next, the ratioF/R' and thus the equivalent fetch lengkh, are determined by

substitution ofVim andU max into the equation

max “fm

D=V + DV Vi + OV + dY, + @Y+ (32)

where,

-2.175* 16

1.506* 1G

-1.223* 10

2.190* 10

= 6.737* I0* and

= 7.980* |0*

a
b
c
d
e
f
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The calculated values ob) max and F are then substituted into the following equations
to determine the values ¢f, and T,

0.5

9“% =0.0016 gFU2 (33)
T 0.33
g/(Zp*U =0.045 gFUZ (34)
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Offshore Wave Parameters — Sample Excel Worksheet

Estimation of Hs and Tp

(Assumptions: Vfm = 6 m/s; Peripheral Pressure, Pn = 1012 hPa; R taken from Bell;

Method 1 - USACE from Hsu et. al (2000)

wverage

Event Date  Delta-P (hPa)
vscs Oct 71 59
cs Oct 73 34
scs June 82 51
scs Oct 84 32
cs Sep 85 26
scs Oct 85 32
vscs Nov 95 a9
Tropical Storm
(ITWC Classification) Sep 97 36
vscs Oct 99 53
sc Oct 99 98
Deep Depression June 06 29
Deep Depression Aug 07 30
Deep Depression Sep 08 31

Methods 2 and 3 - From Kumar et. al.

Average

Event Date  Delta-P (hPa)
vscs Oct 71 59
cs Oct 73 34
scs June 82 51
scs Oct 84 32
cs Sep 85 26
scs Oct 85 32
vscs Nov 95 a9
Tropical Storm
(JTWC Classification) Sep 97 36
vscs Oct 99 53
sc Oct 99 98
Deep Depression June 06 29
Deep Depression Aug 07 30
Deep Depression Sep 08 31
Method 4 - From Young

Average

Event Date  Delta-P (hPa)
vscs Oct 71 59
cs Oct 73 34
scs June 82 51
scs Oct 84 32
cs Sep 85 26
scs Oct 85 32
vscs Nov 95 a9
Tropical Storm
(ITWC Classification) Sep 97 36
vscs Oct 99 53
sc Oct 99 o8
Deep Depression June 06 29
Deep Depression Aug 07 30
Deep Depression Sep 08 31

Average Hs (max) and Tp

Event Date (max) (m)
vscs Oct 71 11
cs Oct 73 8
scs June 82 10
scs Oct 84 7
cs Sep 85 7
scs Oct 85 7
vscs Nov 95 10
Tropical Storm
(ITWC Classification) Sep 97 8
vscs Oct 99 10
Oct 99 13
Deep Depression June 06 7
Deep Depression Aug 07 7
Deep Depression Sep 08 7

Average Hs (max) and Tp without USACE

Average Hs

Event Date (max) (m)
vscs Oct 71 10
cs Oct 73 7
scs June 82 °
scs Oct 84 7
cs Sep 85 6
scs Oct 85 7
vscs Nov 95 °
Tropical Storm
(ITWC Classification) Sep 97 7
vscs Oct 99 °
Oct 99 14
Deep Depression June 06 6
Deep Depression Aug 07 6
Deep Depression Sep 08 7

Central
Pressure, Po
(Pn - Delta- P)

(hPa)

Central
Pressure, Po
(Pn - Delta- P)

(hPa)

978
961
980
986
980
963

976
959
914
983
982
981

Central
Pressure, Po
(Pn - Delta- P)

953
978
961
980
986
980
963

976
959
914
983
982
981

Average Tp (s)
15

Average Tp (s)
13

R (Bell from

= 1 (slow-moving); Delta- P and Umax values - average values obtained above)

Correlation

Sinha, Mandal, Average Umax (USACE vs
1999) (km) (m/s; Wind speed, Ur (m/s) Hs (max) (USACE) (m) TP (s) control)
52.7 37 51.4 12.1 18.7 0.915621424
55.2 28 232 10.2 15.1
55.2 34 28.3 12.2 18.3
51.9 26 28.3 9.5 14.2
51.9 24 20.8 9.3 13.6
51.9 26 28.3 9.5 14.2
55.2 34 36.0 115 17.5
55.2 28 28.1 10.1 15.2
52.7 35 422 116 17.7
36.0 a8 72.0 12.8 20.0
51.9 25 17.2 9.8 14.3
51.9 26 17.2 10.0 14.5
51.9 26 17.2 101 14.7
Correlation
R (Bell from Hs (max) (Kumar (Kum.
Sinha, Mandal, Average Umax Hs (max) (Kumar Full) (m) Tp (Kumar Full)  simplified
1999) (km) (/s simplified) (m) Tp (Kumar simplified) (s) (Control) (s) vs control)
52.7 37 9.2 13.0 1 13.4 0.9993526
55.2 28 6.9 11.4 7.0 11.4
55.2 34 8.5 12.6 9.3 12.9
51.9 26 6.6 111 6.7 11.2
51.9 24 5.9 10.6 5.8 10.6
51.9 26 6.6 111 6.7 11.2
55.2 34 8.4 125 9.0 127
55.2 28 7.0 115 7.2 116
52.7 35 8.7 12.7 9.5 13.0
36.0 48 12.0 14.9 14.5 155
51.9 25 6.4 10.9 6.3 11.0
51.9 26 6.5 11.0 6.5 111
51.9 26 6.6 111 6.6 11.2
R (Bell from Correlation
Sinha, Mandal, Average Umax Hs (max) Young vs
1999) (km) (m/s) R' (m) F (m) (Young) (m) Tp (Young) (s) control)
52.7 37 35441 314086 10.5 13.6 0.9967177
55.2 28 35894 262516 7.2 11.6
55.2 34 35894 303565 9.6 131
51.9 26 35291 249391 6.7 11.2
51.9 24 35291 231674 5.8 10.6
51.9 26 35201 249391 6.7 11.2
55.2 34 35894 300114 9.4 13.0
55.2 28 35894 266597 7.4 11.8
52.7 35 35441 303954 9.8 132
36.0 48 31717 326283 14.0 15.1
51.9 25 35291 243525 6.4 11.0
51.9 26 35201 246599 6.6 111
51.9 26 35291 249558 6.7 11.2
Offshore Hs (max) comparisons
%9 —— Hs (max) (USACE) (m)
£ 120
£ oo —=— #REF!
E 8.0
< 6.0 Hs (max) (Kumar simplified) (m)
£ a0
20 g Hs (max) (Kumar Full) (m)
0.0 (Control)
2 4 5 6 7 8 9 10 11 12 13 |—w—Hs (max) (Young) (m)
Events

Hs Correlation

with an

without

USACE
0.998259636

Tp Correlation
with and without

0.996761878

Offshore Tp Comparisons

—s—Tp from Kumar (control)

20.0
15.0 1
10.0 1

5.0

Tire Rericd (§)

N\“AH_M\"/R/\"_H

—=—Tp Average of Methods 1,
3,4and5
Tp Average of Methods 3,
4and 5

0.0

3 4 5 6 7 8
Events

9 10 11 12 13
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Appendix D: Spreading Effect in SWAN
The SWAN 40.55MOD model, like other SWAN modelsuases open boundaries on

the two sides along the wave propagation directbue to this, there is an energy
leakage along these boundaries that propagatethetmodel at the assumed directional
spreading angle. This energy leakage results ioraatural reduction in wave heights.
To avoid this effect, it is suggested that the llawies of the model grid be kept
sufficiently far away from the area of interest (8W User Manual, SWAN Cycle I

version 40.72A). Considering the characteristicsheg study an aspect ratio of 1:7 was
applied to the model grids for all the analysestras was felt to provide sufficient

accuracy across the central band of interest. Tikegg leakage effect in the grid used for

the generic model analyses is illustrated in Figitdelow.

400.5 (—

300.5 4 r 185

200.5 1 r 117

Alongshore distance (x 100 m)

100.5 b

- —1.45

0.5 I I I L |
0.5 155 30.5 455 60.5

Cross-shore distance (x 100 m)

Figure 62: Transmitted wave height chart for a flatbathymetry and no vegetation illustrating the
energy leakage effect
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Appendix E: SWAN Input File — Example
Figure 63 below shows a sample SWAN 40.55MOD iripeifrom the case study.

Figure 63: SWAN 40.55MOD input file for a case stug scenario with high density plants and 25 year
return period hydraulic conditions
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