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ABSTRACT

There is an increasing awareness of the role of mangrove forests in coastal ecosystems and
coastal protection. At the transition berween ocean and land, they have 10 absorb the energy
that comes from the motion of the water.  Little quantitative information is available, however,
on wave transmission in these forests." e this paper the possibllities of the use of mathematical
models to determine the influence of mangroves on waves: are being explored. Both short and
long waves have been examined. The results have also been used to try to say something on
phenomena encountered in nature.

L INTRODUCTION

Mangrove forests are the natural vegetation of many tropical coasts and tidal inlets and form a
higly productive ecosystem, a maternity and nursery for many marine species. Living in very
dynamic circumstances, mangrove trees are real miracles in surviving. They can cope with sait
water where most other plants cannot. Seedlings have little opportunity to settle, so mangroves..
are viviparous, giving birth to an almost complete tree in-a capsule (the propagule) that can
travel with the tide and can turn into an upright standing young tree within a few days.

There is an increasing awareness of the importance and vulnerability of mangrove forests.
These forests also play a role as a natural. coastal protection and at places where they are ‘
removed for whatever reason, erosion and/or artificial protection is the pnce to be paid. The -
prospect of planting vegetable breakwaters, however, is not very prom;smg Mangroves can
only exist on coasts with a moderate wave climate (Noakes, 1955). This is mainly caused by the
fact that the seedlings cannot settle in highly dynamic conditions (Sato,1985). Once the trees are
grown up, however, they can even stand an occasional cyclone (Stoddart,1965; Hopley,1974).

There is a wealth of literature on mangroves, but little from a physical or coastal engineering
point of view. This paper deals with wave damping in mangroves which forms a boundary
condition for sedimentation and erosion and for biological activities. The approach is from an
engineering point of view, using numerical wave models, trying to grab some natural
phenomena in physical and ‘mathematical descriptions. Both short and long waves are being
studied in this paper. Examples of short waves on coasts with mangroves are mainly wind
waves, including swell. Tsunamis, tides and storm surges are examples of long waves. Delft
University of Technology (DUT) has several models available for the study of waves. The main
purpose of this paper is to explore the posmbﬂmes of the use of these mathematical models for
the study of wave transmission in vegetation, in particular mangrove trees. In the second place,
we Took for some insight in the influence of mangrove forests on wave transmission.
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Figure 1 Root systems of Avicennia and Rhizophora mangroves

One of the most striking visible features of mangroves is the root system. Because of the
anaerobic conditions in the mud s0il on which mangroves usuatly live, they improve their gas
exchange with the atmosphere by means of aerial roots. Of the many mangrove species in the
world, we will deal in this paper with the two most important, viz. Avicennia and Rhizophora.
Some authors report on Rhizophora mangrove forests with a seaward Avicennia fringe, others .
the other way around. These species-have completely different aerial roots. Rhizopora works
with * prop -roots or "stilt"-roots, while Avicennnia works with "snorkel”-type pneumatophores,
emerging vertically from the bottom, see Figure 1. These roots play an lmportant role in wave
damping, probably even more than the trunks of the trees. ,

Figure 2 Possible cross-section of coast with mangroves

Because of this breathing system, mangrove trees need fresh air regularly and for this reason
they can live only in the upper tidal zone, approximately above Mean Sea Level up to High
Water (Spring). They can stand storm surges, but after extremely long periods of flooding,
drowning of mangroves has been reported (Steinke and Ward, 1989) or even suffocating when
large quantities of sediment have covered the root systems during a storm. Below MSL, the
seedlings cannot settie and at higher levels, the mangroves cannot compete with other plant
species. The coastline in front of ‘mangroves often consist of mud flats, possibly covered with
some pioneer seagrass vegetation (Zostera). Behind the mangroves, between HWS and the level
of occasional flooding by the ocean, salt marshes can be found with hatophytic (salt:loving)
herbs and grasses, before the "normal” vegetation starts, see Figure 2, The width of these tidal
forests is mainly determined by the tidal range (which can vary from a few detiméters-to more
than S meters along tropical coasts). The vegetatlon itself probably determines the slope of the
- bottom to a high degree, which will be discussed in this paper.
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For the computation of wave transmission, the DUT-model HISWA (HIndcast Shaliow water
WAves) is used (Holthuijsen et al., 1989), HISWA is based, in the cases described here, on a

spectral energy balance:

5D " 5P * @B $ ®

E is the variance density; variance is the wave energy divided by the density of the water and
the acceleration of gravity. The first two terms describe the wave: energy propagation in two
horizontal directions, x and y, where ¢, and ¢, represent the propagation speed in x,y-space.
The third term represents refraction, where c, is the propagation speed in wave direction, 6.
The various source and sink terms are, in our case, limited to dissipation by wave breaking,
bottom friction and resistance of mangrove trees. The surf dissipation is according to Battjes
and Jansen, 1979 and the bottom.dissipation to Putnam and Johnson,1949. In this study only the
behaviour-of incoming, waves, perpendicular to. the coast, is studied. Refraction, wind and
current are left out of considaration. :

The wave My d‘lwpw:m ‘:by-tmahgmve trunks and roots can be derived from-the

instantanegus rate of work work done by the drag forces on a cylinder of incremental height dz
(the work by-the inertia force is assumed to be zero when averaged over a wave cycle): -

d'_W=dfbd ;%rp‘CDDu’dz ‘ @)

The velocity u comes from linear wave theory. Integration over depth and wave period gives
for the energy dissipation per m? bottom, given n cylinders per m?, see also Ippen, 1962:

2 a@ef1. 1 '

S¢ =—nC,D =+ 3
€ 3x PT gk [ 3 gsinh?kd

‘This sink term is implemented in the HISWA model with a modification to take into account

irregular waves (the same way it was done for bottom friction, see Holthuijsen, 1989).

Bottom friction is described with:

= 2P Cplfn - | W

N .
For a bare bottom Cp is given by Jonsson, 1966 as-a function of bottom roughness and orbital ‘
motion at the bottom, coupled to boundary layer growth under a wave. Note: The bottom
friction coefficient in HISWA is defined as half the value of Cy in equation (4) and will be
indicated as.C, in this paper. Mangrove roots, will penctrate the boundary fayer and their
influence can be described with the above-mentioned cylinder approach. In that case Ceis -
determined by the total resistance force of the cylinders and becomes simply :

nC,DL

3 )

cf=
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To check the outcome of these formulae in the HISWA program, computational results were
compared with some tests in a laboratory flume, from Groen,1993. 30 cm high rods with a
diameter of 0.9 cm were placed over a length of about 4 m, thh a-dengity of 200 and 400
rods/m?, Tests were done with regular waves (T = 0.8 s to 1.5 3) in waterdepths of 0 25 m and
0.5 m. In the first case equation (3) could be tested, in the second case eqmuon (5).
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_ e
o's L : J o Y /: TT lwmt T 1°1m,ln
1 10 100 300 : 0 0.5 . 1

KC - number

Figure 3 a: Influence KC-number on Cp-values; b: comparison of wave transmission
coefficients computed with HISWA and measured in flume tests

In both cases, a Cp-value for the rods is needed which depends, among other things, on the
Keulegan Carpenter number (= 4T/D) and the spacing of the cylinders. Heidemann and
Sarpkaya, 1985 found for a rectangular array of cylinders the relation presented in Flgure 3a,
which was used in the hindcast of the experimental results. Figure 3b shows the comparison of
the computed and measured values of the wave transmission, which is quite reasonable,

4. COMPUTATIONS OF WIND WAVE TRANSMISSION

The resistance against flow and waves of mangrove trees, has to be schematized in HISWA
with the friction factor C;, via equation (§), for pneumatophores, and with the pile resistance
equation (3) for trunks. Since the density of trees and roots varies considerably, at first a
possible range for these factors is estimated. Very little quant:tauve information is available, so
only rough estimates can be made. |

Snedaker and Snedaker, 1985 give some information on the number of trunks per surface area
for mangrove forests (derived from various locations in the new world). There is a decrease in
density as the trees become older and thicker, while the total volume of wood per area remains
about constant. The relation between trunk diameter (m) and density (1/m?) according to
Snedaker and Snedaker, 1985 is approximated here with:

n =0007D'3 ©)

Since the effect of n, C;, and D in equation (3) comes from the product of the three parameters,
it has little use to study the effect of each separately. Equation (6) is applied with trunk '
diameters ranging from 0.05 to 0.25 m yielding n*D =~ 0.03 and 0.015 respectively. C, for the
small diameter will not differ much from unity, while for the large trunks it can, according to
Figure 3a, vary between 1 and 3, dependmg on the wave period. So, as possible values for the
product n*Cy*D, a range of 0.01 - 0.05 is assumed.
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Spenceley; 1977 and Bird, 1980 give some information on density of pneumatophores. of -
Avicenftia: Near the:trunk,’ densities.of 400 -:500/n? are being found, Spenceley reports a -
spacifigiof about.6 cmioutside 3:m from the trunk, corresponding with 250/n?, while Bird « -
shows values:of Juss:than-100/m?’. Pneumasophore diameters are estimated about 0.5 om, while
the height casi ‘resch.values betwesn: 0v15:and9.25 m. The C,-value for these small rods in real
waves can be assumed 1. With an assumed height of 0.2 m and a density varying between
50/m® and 400/nv’, this-leads.t0 a:sange df Cr-values of 0.025 to 0.2-(using egquation (5)).

There is hardly anﬁ quantitative information on Rhizophora roots. Sato,1989 has done some

measurements on the dimensions of Rhizophora stilt roots. These, parabelically shaped roots,
see Figure |, reach- §:5:- 1 m above the ground, giving an average length of about 0.5 -
1 m. The aver: Bier, vatied from 2 - 3 cm, while the average number of roots in the first
0.5 m abovg:ihie g d varied from 10 «200. This gives a total root area per tree between 0.1

and 6 m’;~;(hmhiaingr thefower limits with small tre¢s of 0.05 m and the upper limits with
large trees:of 0.25 m; we find from equations (6) and (5) 0.03 - 0.15 as a range for C,.

A parametric study was done with HISWA, varying waterdepth, wave period, bottom friction.
and pile resistance with the limit values derived above. To avoid an avalanche of data, some
restraints were observed. Firstly, the bottom was assumed to be horizontal; variation of slope
will be discussed later on-in this paper.: Secandly;the-wave transmission through a forest of 100
m wide will be presented. This wave transmission:is:simply: defined as: '

k- —= o | | @

where Hj, is the incoming significant wave height (boundary condition in HISWA) and Hg; the
calculated significant wave height after 100-m. For an arbitrary width of X m, K, can be
approximated with:
‘ .
Ky = Klwm : : @

Finally, the incoming wave height, Hy, is coupled to the waterdepth. It has been said already
that mangrove forests exist along coasts with moderate to low wave energy. They are either
sheltered by foreshores, spits or mudflats where wave energy is dissipated. In order to avoid
additional dissipation due to breaking in the computations, H, = 0.4*d was chosen.
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Figure 4 Wave transmission as a function of friction

The results of the computaﬁons for variation in friction are presented in Figure 4. The
following can be seen in this figure:
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1.  Transmission increases thh increasing waterdepth, due to a decmmns orbital motion at
the bottom,
-2, Transmission increases somewhat wuh decmsmg wave penod agmn dueto a
decreasing orbital motion at the bottom, except with very low Crvalues when breaking
of the steeper waves dominates. (Note: T = 2.5 s is not used in 2 m waterdepth since a
waveofl-l, = (0.4%2 = 08mwouldbetoostoep for that period).
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Figure 5§ Wave transmission as a function of pile resistance

Figure 5 gives the results of the computations for pile resistance:
1. Transmission does not vary with waterdepth, the piles act over the full depth.
2,  Transmission decreases somewhat with decreasing wave period, see equauon 3.

From both figures the following conclusions can be drawn:

1. In the possible range for friction and drag in mangrove forests, as derived before, the
effect of the roots dominates clearly over the effect of the trunks.

2. The influence of the wave period in both cases is smali. :

In order to restrict the amount of computational work further, only one wave period, T = 5 s,
will be applied in the following. Taking into account the small contribution of the.trunks, only
one value for pile resistance will be used: Cp*n*D = (.03, being an average.of the values
derived from equation (6). For the roots, three "archetypes” will be used: "sparse” C; = 0.02S,
"average" C; = 0.05 and "dense" C, = 0.1. The available data make it unwarranted to make
any distinction between Avicennia and Rhizophora forests, although there probably will be. This
range has no other pretention than to obtain an-idea of possible wave transmission..
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Figure 6 Wave transmission through 3 possible mangrove forests (100 m wide)

Figure 6 gives the result for the transmission (again for 100 m of mangroves and H; = 0.4d).
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Wave damping is quite effective at small waterdepths, but with high waterlevels, most wave
energy is transmitted (the possible influence of branches and leaves has not been taken into
account). This would mean that mangroves can have a significant influence on sedimentation
during a large part of the tidal cycle, but are not very effective as breakwater. The latter seems
in line with: the findings of ¢.g. Sauer, 1962 and Jennings and Coventry, 1973 who report severe
damage of vegetation behind mangroves, while the mangroves themselves were not or hardly
damaged.

3.  SHORE SLOPES

Among biologists and ecologists there has been much discussion whether mangroves are able to
act as "land-builders". B.g. Davis, 1940 states that the seedlings can settle on the mud flats in
front of the mangroves, giving a raise of the bottom level by sedimentation and organic waste
material. Others, like Scholl, 1968, say that mangroves simply follow the changes in coastal
morphology. Once the bottom level is high enough, mangroves will settle. Bird, 1972 says that
mangroves need a certain bottom level to settle, but after that they are able to raise the bottom

level. This could be caused by the wave damping, creating an environment in which sediment
can more easily settle. ‘

An assumption often made with sandy beaches is the idea of equal energy dissipation per unit
area as proposed by Bruun,1954.-The idea is that, regardless of the process of sand movement
perpendicular to the coast line, the breaking waves will "allow® a certain depth such that the
energy dissipation is equal at every location. This leads to a parabolic curve for the beach
profile. Outside the breakerzone things are more complicated, since there the process is no
longer dominated by the violence of the breaking, but by a more subtle combination of: velocity,
boundary layer and fall velocity of the sand. On a mud coast, however, the sediment is so fine
that it is not impossible that the assumption of equal energy dissipation is also valid outside the
breaker zone. The sediment is getting into suspension quite easily and the wave energy
dissipation again determines the waterdepth. (On unconsolidated mud coasts a completely
different mechanism can be present. The waves can attenuate into-the muddy bottom and wave
energy is dissipated by internal work in the mud layer. This has not been taken into account
here.) :

Although these processes are outside the scope of this paper, some observations on wave energy
dissipation from the HISWA program will be presented here.

------
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Figure 7 Energy dissipation divided by dissipation at boundary on bare slope (C, = 0.005)

1975



INTERNATIONAL CONFERENCE ON COASTAL AND PORT ENGINEERING IN DEVELOPING COUNTRIES.25/29 SEPTEMBER ¢ 1995 « RJ « BRAZIL.

At first, the energy dissipation on a bare coast will be studied. Mud flats are usually rather
smooth. Jonsson,1966 gives for a hydra_ulieally smooth bottom a friction factor Cp:

Cy = 0,09+ Re=3 (M*M—) ®)

With waterdepths and the accompanying wave conditions as encountered here, a typical value of
Cp = 0.01 (equivalent with a HISWA C, = 0.005) is found. With this value and again H, =

0.4d, computations were made with a flat bottom and varying slope, startm; with the same
waterdepth, d,, see Figure 7. In this figurs a slope of 1:2000 to 1:1000 gives an equal energy
dissipation per m? along the slope.

1 RESER—— 40 =08m | 1 Keetr I S il

- P O o e s e v S%ﬂ:ﬁ::.._;:
. ‘ | do=1m " do=2m

0 Tﬁ 0 ) 1 | 0 i |

0 = 100 © ' 100 0 300

A — Flatbottom . - Slope 1 : 150
do —1 x ——-- Siopei1:200. ... Slope1i100

l"iznre 8 Energy dissipation per m? along slope divided by energy dnmpation at boundary with
"average” mangrove vegetation (C, = 0,05)

The same was done for the three "archetypes” of mangrove forests. The results for.the case

e average vegetation, see Figure 6, are presented in Figure 8. Now a slope of around 1:150
gives an equal wave energy dissipation per m?. For "sparse”, the slope for equal dissipation was
found to be 1:300 to 1:200 and for "dense” 1:100 to 1:75. Of course, the real situation is much
more complex with changing waterlevels and wave conditions, so these numbers can be no
more than an indication.

Bird, 1972 reports on slopes in Australia. He found for the mud flats in front of mangroves :
slopes of "1:1000 or less". In zones with Avicennia he reports slopes between 1:150 and 1:300

+ and for Rhizophora 1:500. In another area he reports a slope of 1:50 in an Avicennia zone
(Bird,1980). As said before, the available data on trees and roots are not detailed enough to
discriminate between Avicennia and Rhizophora. The same is true for the reported slopes, so
~only a rough impression of the relation between slope and vegetation can be presented here.

In this paper it suffices to say that the relations, as found from the HISWA computations, are in
line qualitatively with what is found in nature and are interesting enough to take into account in
future considerations on coasts with mangroves. The statement that mangroves can raise the
bottom level, once they are settled, seems reasonable.
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For lonj waves, DUT has available. two mathemaiical models: DUCHESS (Belft University
Computer program for 2-dimensional Horizonial Estuary smd Sea Surges), see. Booij, 1990 and_
DUFLOW.(DUtch FLOW) for l-dimensional computations, se¢ Spaans’'and .Bodj,l’989.' -

Both. models. are based o the, equation of mation for_gradually varying horizontal flow and the
continuity equatian. In DUGHESS, the equation.of motion for the X-direction reads (in the Y-

A | Kakld) | b,
ot ox dy x0T

0 ?-;“i o ) - Ay

where the 1st térm Fepresents ioclk
waterlevel gradient.and:the Sth boktos

continuity equation. reads; - : et e .
ok %%, 34 o S et e S 0

o rectangular grid.
In DUFLOW the saé basic equations are apiphiedd in #*etwork of biariches and iodes, bit

restricted 1o the x-direction, integrated over the width perpéndicular to the flow direction. The
equations of motion and continuity read: :

o G

B2k ,8Q .o e
ot . dx ... .

BRT |

The flow in these branches is parameterized by making a distinction between the stream width
and the storage width in & byanch..B is the. total. width of the wetted cross-section; it is used in
the continuity equation.-The.stream width, A/d, is. the part of the branch where the water really
flows and is-used in the equation. of motion, .. I o

The resisiance of trees can.be incarporated i the equation of motion by spplying the samé

expression for.the drag. force as. vaed in equation (2). This extra term is implemented in -
DUCHESS but not yet in DUFLOW, In DUFLOW, the effect of trees has to be included in the
bottom friction. term. This can be done inthe same way as.in equation (S). This leads to an .
expression for the Chezy coefficient;. o o (

ch- |—28_ L wy
nC,Dd , 7

DUCHESS is superior to DUFLOW because of the extra dimension in the equations. This extra
dimension is probably important in estuaries with large areas being flooded during tides or
storm surges. On the other hand, the use of 2-dimensional models like DUCHESS for a vast
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area with a "real world” schematization is expensive and time-consuming, both in.schematizing
‘and computing. For preliminary studies it can therefore be attractive to use a 1-dimensional
“model. This paper will focus on the question how 10 schematize.a river with vegetated flood

plains, which also take part in the #6w; for 2 1-dimensional model. To answer this question, a

comparison is made between DUCHESS and DUFLOW. The: results of DUCHESS will be used
as standard to judge the outcomes of the bl.éFLOW-lgpmpuuﬂons. . o g

For the compayison it is suffioient to use a fictitious
and/or simplified case. The choice for the case was.
inspired by the situation as found in the' Sunderbans in
‘Bangladesh, where rivers. flow through thousands of
ke of vegetated islands that can be flooded. The.
Sunderbans could even terve as a protection for the

mainland North of i by damping the surges induced
by cyclones in the Bay mm -

As standard case;: & siver of 6 m:long; 6 m-deep .
(below MSL) and 1700:m wideiwas-tekon-(mereor. . (A
less based on rivers in the Sonderbing). Thewidth of .. . =i UM
the flood plains is taken: 15000 i Tevinvestighto:the. =
different geometries of the river were taken, one with Figure 9 Bangladesh.

a sloping and one with a flat flood plain, see
Figure 10.

1700 | 15000 L 1m0, . 1se00 L
L ; R T |
| }

"FLAT®

Figure 10 Investigated river cross-sections -

As boundary condition for the tidal computation, a simple sine function with an amplitude. of
0.75 m and a period of 12 hours at the sea-sideof the estuary was taken, At the other side, the
estuary was assumed to be closed with no river-diseharge. This seems unrealistic; but it should
be kept in mind that the purpose is to compare the behaviour.of a tidal wave in & schematized
case between a 2-dimensional and a 1-dimensional model. '

As said before the resistance of trees can not yet be included separately from the bottom friction
effect in DUFLOW. From equation:(13) we can see that the resistance increases with increasing
waterdepth (lower Chezy-valug). When the extra resistance due 1o trees is incorporated in the
bottom friction, this effect gets lost. Therefore, befare comparing DUFLOW and DUCHESS,
we compare the results with separate tree resistance, schematiz_bg as pile drag, and a fixed
Chezy-value in DUCHESS. Figure 11 shows the computationsl reésisits' for & point inside the
area, 10 km from the boundary for trees with D = 0.15.m, n = 0,057/m’ and.4 fixed Cheyalue
= 20v/m/s. The differences are small, but, in order to make a pure comparison between
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DUCHRSS:and DUFLOW, # fixed Chevalue: =20 will-be used in both models.

al I
0o

a d_.t -

==

Figure 11 Compambn separate vegetation resiﬁfance ‘with ﬁxed Chezy-value in DUCHBSS

Figure l2ishows the D:UGHESSw-mu!ts for. mwm at vﬂioas locations along the river
for the two investigated cases from Figure $0; 3t:canbé:seen-that the sloping flood plain - -
dampens the tide more than the flat plain;. thislaster Being "active” only part of the time. The
flat flood pisin at MSL is an abrupt change:in:thegeenictty of the river branch and forms a -
heavy burden for a numerical model, resultmg iﬁ @ M’smemh w:uﬂeva curve at thc rear: end
of the estuary.
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Figure 12 Transmission of tidal wave as computed with DUCHESS

As a first check, both models were run.with only the main branch of the river (60 km long, 6
m deep, 1700:m wide, €h = 50, without:flood-plains). The results were identical as could be
expected. Por the comparison of the hwnmationr of Fagufe 10, three*types ‘of- l-dlmensmnal
schematizations werp. applfle& ‘see. Figm vl3‘ L

*STORAGE" o ~ "SIDE BRANCHES"

| 'PARAULELBRANCHES'
Figure 13 1-dittiensional schematizations'
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In the first case the river is schematized with single branches with a Chczy-valuc of 50 v'm/s.
The vegetated flood plains were schematized as storage width of the river.

In the second case, the main branch of the river is schematized with the same Chezy-value, but
without storage area, The vegetated flood plains were schematized as parallel branches with the
same length as the main branches, a Chezy-value of 20 and a width equal to the storage width
of the first case.

In the third case, the river was taken equal to the second case, while the flood plains were
schematized as side branches-with a length equal to the storage width of the first case, a Chezy-
value of 20 and a width equal to the length of the main branches.

1T NODE 2 ' ’ T 17" NODE7
h h '

S SEh ' ‘ i .
' LTI ,:"t\' N et ' S

o \ﬁhkl ,6' o AR Xaaa E“_‘:aﬁn_ Pole

\l‘.s‘.“ .-” [
‘-‘--.pﬁ" —  DUCHESS
] I SIDE BRANCHES
....... ARALL% nANcHEs

-1 b -1 ','5.','., : e

() ‘ Bt 12 0 c—-t 12

Figure 14 Companson DUFLOW-DUCHESS for vegétated: ﬂﬁod piam "SLOPE"

The results for the case with a sloping flood plain are pmcnﬂd;inwFigum 14. ,

None of the 1-dimensional schematizations gives an accurate description of. the 2-dimensional
results, but for a prehmmary idea none of them is unacceptable either. In pracnce. al-. -
dimensional model is always tuned t0 measurements by adjustmg the Ch-value. giving often.
reasonable results.
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Figure 15 Comparison DUFLOW-DUCHESS for vegetated flood plain "FLAT"

- The results for the case with a flat flood plain are given in Figure 15. Numerical problems in
DUFLOW, analogous to those in DUCHESS, made it necessary to use some extra tricks. The
case with storage could not be performed with the abrupt change as in DUCHESS, but the
increase in extra storage width from 0 to 15000 m had to be done in 1 m height. Drying nodes
and branches are not possible in DUFLOW, so the parallel branches needed a very smail
channel below LW, while the side branches were equipped with a weir between them and the
main branches with a crest at MSL. The similarity for the cases with storage and parallel
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branches is ow: far from good, but is quite reasonable for the case with side branches. =
Apparently, the flow is dominated by critical flow from the flood plain into the main branch
during ‘LW, which is described accurately enough by the flow over the weir in the 1- =~
dimensional model. The similarity with side branches in-the case of the sloping flood plain; see
Figure 14; was-much less, so, in that case the flow i& of 4 true 2-dimensional nature :

From these results it becomes obvious' vhat for a good schematization of the flow in an tstuary
with large vegetated flood plains, & 2«dimensional model is needed. Since, however, the - -
situation with the flat flood plain is very:extreme and since adjustments: are possible a 1-
dimensional model can give satisfactory results for a preliminary study. Experience learns that
sometimes various "tuning gadgets" eln»be:necesmy Among those are the Ch-value, different
Ch-values for ebb and flood flow, weirs with various crest widths and/or levels. A universal
mc:pe is not available, so one will have to decide each time whether a 1-dimensional approach
is still valid. The comparison between the two models can be seen as a warning that a 1-
dimensional ‘wiodel never repmdueu a 2-dunens|onal flow situation completeiy

With this in mind, a rough aﬁmation was ':-“;i.ﬁh"i..ﬁ'ti_t NN

ible effect of 2 ':'-ummum_/ 1=

.t X .

normal cxrcumstanees, it appears that t’ﬁe t Patsl [/ N
amplitude 60 km inland.is practically the. .. N LS N
same as at the sea boundary. This 0 JAH \
indicates that the bottom levels of the . - wam =
majority.of the area is higher than ' HW, a :
see also Pigure 12: (indicating also that the “ 80 -~ t(h) 72
trees growing there will probably other ‘
than marigroves, ‘sé¢ section 2). The area Figure 16 Waterlevel during possible cyclone
was schematized simply with the main in the Sunderbans

branch as in the other examples, while the

flood plain was schematized as storage, starting around HW, with two variations: the full
storage width of Figure 10 is reached in 1 or 2 m height respectively. As boundary condition a
surge of 1.5 m high and 12 hours long was superposed on the normal tide, based on rough
information from the area. The results-aré given in Figure 16. The effect for both cases of
storage schematization is of the order of magnitude of 0.5 m. To the authors, no data are
available at the moment to check this outcome.

Z  CONCLUSIONS

1 The HISWA model reproduces satisfactorily measurements of wave transmission through
pile arrays in a laboratory flume, ‘

2 The root systems of Rhlzojahora and Avicennia mangroves seem to have a greater effect

on wave damping than the trunks. This also means that the wave damping decreases with
mcreasmg waterdepth '

3 The wave period has little influence on the wave transmission.

4 For waterdepths less than 1 m, wave damping in a mangrove forest of 100 m wide lies
possibly around 50 %. The orbital velocities will be lowered with the same percentage,
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indicating that the conditions for sedimentation will be more favourable. . .

S For larger waterdepths, the wave damping 1iés around 20'-:30. % The effect of
- mangroves as natum bmkwm-s duﬁng mr@uu thanfom lmﬁted

6 Sta.rtmg from a hypothes;s of equal energy dtssapaﬁm pe:- m‘ the botlnm slope in a
mangrove forest can'be steeper than without mmgrom Thu is m lmc wnh what is
found in nature : .

7 For accurate tldal compatatmm in estuluu where mundanon of and. ﬂaw through large

- areas of vegetated flood plaing play an impottant role, a 2-dimensional model:is neodcd
For prehmmary studles, l-dlmensxonal computanons can be: suf&mcnt.

8 The mﬂuence of the Sunderﬁails on eyciohe surge levels seems hmlwd. |

NOTATION o 3
a wave amplitude; m
a, wave &mphmatw m.
c,, Ppropagation speed in «x,y%min o fmlt
c propagation speed in”’&-w PEAYE whe P e s a0 M8
d waterdepth T S TR PN TSR I SRR | Y
g  acceleration of gravity . : R S T N A Ci o oomlst
h waterlevel (with regard to refcrenee l&vnl)u- L TS T A B
k wave number ( = 2x/A, A = wavelength) - . ... - on -o lm
n number of piles per unit area ST RS Mm-’ .
q depth integrated velocity R N ET U E R m¥/s
t time EU L s
u - velocity . S - . mis
X horizontal coordinate - o . m
"y horizontal coordinate : - S m
z vertical coordinate . - ’ m
A - area of cross section _ : m?
B storage width =~ . : m
Cp,  drag coefficient ‘ -
Ce friction coefficient -
(o friction coefficient (in HISWA ( = 1/2 Cp) : : Cm
Ch- - Chezy coefficient - ,‘ Vmls
D diameter of pile m
E ‘wave energy (variance) density : - mie
H wave height - - ' m
K wave-transmission cocfﬂcmm s o : . -
L length of pile : : . m
Q area integrated velocity, dtscharge : m/s:
§. - sink term of wave energy (variance) - : . m*/s
T wave period 8
W - work - g ~ o o kgm?®/s?
v . viscosity : : ‘m¥/s
0 wave direction : , , LS
T shear stress ‘ kg/m.s?
W circular frequency ( = 2x/T) . ‘ /s
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