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S -u.nnna.::ry

In this report, a model is derived which simulates the behavi-
or of channels and flats in a tidal basin after a change in
the exogenous parameters.
In chapter 1, a short introduction is given about the context
in which this research has been done.
Chapter 2 discusses the generaI features of the tidal inlet
system as weIl as its formation and classification. AIso, an
overview is given of the empirical relationships that have
been derived.
In chapter 3, the shoaling process in a tidal basin is analy-
zede Because of a slight deformation of the tidal wave, the
tide-integrated residual transport flux causes the tidal basin
to fill in. The continued influx of sediment will induce the
growth of tidal flats, which are inundated during only part of
the tidal cycle. These tidal flats in turn produce a mechanism
which stops the import of sediment into the tidal basin. This
means that an equilibrium relative tidal flats area exists.
In chapter 4, a model is derived based on the assumption that
the behavior of the basic elements, the channels and the
flats, is controlled by certain variables which try to attain
their equilibrium value. These variables are the channel's
cross-sectional area, the flats' surface area and the depth
over the flats. With this model, four different scenarios,
namely a partial closure of the tidal basin, a sea level rise,
an increase in tidal range and a periodicity in the tidal
range amplitude have been simulated. All these scenarios have
been stacked to reproduce the morphological behavior in the
Zoutkamperlaag , the Netherlands , which has undergone great
changes since the closure of the Lauwerszee in 1969. Finally,
a short assessment is made of the influence a changing tidal
basin has on the other elements in the tidal inlet system.
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Tidal inlets, short and narrow connections between bays or
lagoons and the ocean, are important areas in many ways.
Together with the basins , they provide natural harbors which
propel economie activity, breeding grounds and natural habi-
tats for fish and other marine animals , recreational space,
fishing grounds and energy exploration sites.

The hydraulics and sediment transport processes in tidal
inlets and adjacent inner and outer deltas prove to be very
complex. Changes in conditions, caused either by humanbeings
or by nature, force the inlet to adapt to a new unknownequi-
librium which results in eros ion or sedimentation of channels,
del tas and barrier island shores. This in turn can cause
unfavorable si tuations such as unnavigable entrance channels
and loss of beaches and dunes on the barrier islands.

In the last fifty years, civil engineers have done much re-
search to come to an understanding of the underlying physical
processes in tidal inlets which in turn make i t possible to
predict changes in the morphology. In the Netherlands , with
its extensive system of tidal inlets called the WaddenSea,
this research has been formatted into two programs called
Kustgenese (Coastal Genesis) and ISOS*2 (Impact of Sea level
On society) sponsored by the Dutch Ministry of public Works.
This research is part of the latter program which has been
developed to construct a dynamical model of long term changes
in inlets based on empirical relationships.

This M.Sc. thesis (afstudeerrapport) is based on research that
I carried out as a student researcher at Delft Hydraulics.
During my internship, I focused on the morphological behavior
of tidal basins in response to changes in the extrageneous
conditions. The resul ts of this research will be implemented
into the model of a tidal inlet as proposed by De Vriend and
Roelvink (1989), see Fig. 1.1.

Their model considers the various elements of a tidal inlet
system, such as the tidal basin, outer delta and adjacent
shores, to be sediment storage areas which can be described by
their sand/sediment contents. The elements interact through
transport relationships which are induced by deviations from
the equilibrium state. The sediment balance of the elements
serves as an equation of state. This model will give insight
into the interconnectedness of the elements, the reaction to
changing parameters and the effeetiveness of remedies to
counteract unfavorable situations.

This model is based upon the sand-sharing axiom as formulated
by Dean (1988):

If sand is removedor blocked from a portion of the sand-
sharing system, the system will respond to restore equi-
librium by transporting sand to the deficient area. The

1



adverse erosional effect on the remainder of the system
by this removal or blockade is certain, only the timing
and degree of its manifestation are uncertain beforehand.

De Vriend and Roelvink (1989) defined the system as follows:

ebb
tidal
delta

coastal
cel I

coastal
cell

active zoneactive zone

tidal basin

Fig. 1.1: Schematization of a tidal inlet
where 0 = cross-shore transport

L = longshore transport
T = channel transport
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Ch.a.pt.~::r :2 Tid.a.1. in.l~t.s

In this chapter, some generaI features of tidal inlets as weIl
as their formation and classification are discussed. AIso, an
overview of empirical relationships is given. In this chapter,
use has been made of the literature survey written by Rob
steijn of Delft Hydraulics. We refer to his report and the
literature that it is based upon for a comprehensive descrip-
tion of tidal inlets.
2.1 Elements of a tidal inlet
In classifying coasts, a distinction is made between unin-
terrupted and interrupted coasts. Uninterrupted coasts, like
the Holland Coast, form the majority of the world's èoastline.
As can be seen in Fig. 2.1, interrupted coasts appear through-
out the world. Major stretches of this type of coast include
the U.s. East and Gulf coasts and the coast of Northwestern
Europe.

0123$56
lOOOs'",

BARRIERAND
lAGOON

After Gierloff-Emden.
196111 MICROTIDAl

D MESOTIDAlo MACROTIDAl
Alter Oavi

Fig. 2.1: Uninterrupted and interrupted coasts in the
world (from Hayes, 1979)

The interrupted coasts can be classified according to the
influence of tides and rivers on formation and maintenance of
the interruptions (Steijn, 1991). One extreme is the delta
coast of the Mississippi, which is strongly river-dominated.
Estuaries such as the Western Scheldt in the Netherlands expe-
rience a mixed influence. This report concentrates on the
other extreme: coastal interruptions which are maintained
exclusively by marine action. These interruptions are called
tidal inlets. One definition is given by Niemeyer (1990):

A tidal inlet is a narrow passage that links two larger
bodies of water (the sea and the tidal basin) through bi-
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directional tidal flow.
A number of these inlets usually alternate with barrier
islands to form barrier coasts which separate the sea from a
basin like the Wadden Sea in the Netherlands, Germany and
Denmark.
Strictly speaking, a tidal inlet consists only of the gorge,
the short, narrow and deep waterway as defined by Niemeyer.
Usually two other morphological elements, unique to the tidal
inlet system, are also included in the definition: the ebb
tidal delta and the flood tidal delta, see Fig. 2.2.

-Y

'J _., __ 0I1pif-,
21" - QOrIIe'3)"__ cIIMtneI_

-,_ -..
4J_~ '21- ....'
5JmM!IiNI--'-; '3)""-_.
$"*VfIMI-'7)_,itáI_,,,_ ....._-,_IIIe_,_''O/IIIe_~,'J-----

Fig. 2.2: Morphological elements of a tidal inlet (from
Smith, 1984)

The ebb tidal delta is the accumulation of sediment seawards
of the inlet.' lts name is derived from the (not totally cor-
rect) notion that it is formed exclusively by the outflow (ebb
flow) from a tidal inlet. Recent research has shown that the
longshore current induced by waves is a major contributor to
the build-up of the ebb tidal delta (Dean and Walton, 1975 and
Marino and Mehta, 1988). For this reason, the word "outer
delta", as proposed by steijn (1991), would be a better term.
In this report, both terms are used to describe the same
morphological unit.
As can be seen in Fig. 2.2, the outer delta itself consists of
a number of sub-elements. Note the centraI ebb channel which
funnels the outflow , the flood channels through which the
inflow is directed, the swash platforms that store sediment
and the terminal lobe which forms the seaside perimeter of the
delta. Sometimes these sub-elements are not easily recognized
in nature. This "bulge" of sand is a vital part of the system
and plays a centraI role in the sediment distribution to the
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islands' coasts and the tidal basin. It probably stores sedi-
ment temporarily when the entire system is out of balance.
Also, it protects the basin and the islands from wave attack.
The flood tidal delta is situated on the other side of the
inlet. This delta has different appearances throughout the
world. The sub-elements shown in Fig. 2.2 are defined on the
basis of U.S. research and can not be recognized in tidal
basins like the Wadden Sea. There, the flood tidal delta is
better represented by a tree-like structure of bifurcating
channels, see Fig. 2.3.

_ ..
- ,.., ""_

fig. 2.3: Bifurcating channels in a West Frisian tidal
basin (from Massie, 1986)

Another part of the system are the island headlands on either
side of the inlet gorge. These formations , sometimes called
spits or recurved spits, probably play a role in temporarily
storing sediment and constricting the inlet gorge to retain
Escoffier's (1940) equilibrium inlet velocities after a change
in the system. This mechanism could explain the formation of
such a recurved spit in the Friesche Zeegat inlet. These
headlands are denoted (1) and (4) in Fig. 2.2.
2.2 Formation
Tidal inlets are formed by different mechanisms: non-closure
of an existing interruption, the break-through of a newly
formed barrier coast and the flooding of river valleys
(Steijn, 1991).
In the first case, ancient river mouths and natural basins
serve as interruptions in an otherwise uniform coast. The
longshore current moves sand along this coast and deposits its
load at the coastal inlets when it loses momentum. Such
deposits are called spits and can close the gap if the tidal
flow is not strong enough.
Only tidal basins with a sufficiently large pris. (the volume
of water that has to pass through the inlet during flood to
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fill up the basin) and consequently large velocities are able
to maintain a cross-sectionally stable inlet (Niemeyer, 1990).
These inlets may be in a fixed location, but it is also poss-
ible that the littoral drift causes the inlets to migrate
along the coast.

Fig. 2.4: Spit barrier formation (from Leatherman, 1982)
More important in the formation of many inlets is the break-
through mechanisme In this scenario, waves and tides induce an
onshore sediment transport through which sand is bulldozed
into bars off the original coast (Hageman, 1969). When these
bars fall dry at low water, wind forces have the opportunity
to form dunes and whole islands. These islands are usually
long and narrow.

Fig. 2.5: Barrier island development by cross-shore
transport (from Leatherman,1982)
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Storm surges or river discharges can induce hydraulic gradi-
ents (Steijn, 1991) that cause break-throughs in the islands.
Again, only under certain conditions will these inlets be
stable.
The inlets in the Wadden Sea have formed in a slightly diffe-
rent way. Between 8000 and 7000 years ago the rising North Sea
reached the area that is now known as the Wadden Sea and
flooded the ancient river valleys. Through the bulldozer
mechanism sand was deposited on the headlands separating the



valleys. As the sea level continued to rise, these sandy
headlands formed the islands that we know today. The original
location of the islands and the inlets is therefore primarily
determined by geology. The islands and inlets probably
migrated later (Steijn, 1991).
The spacing of these break-throughs is not entirely random.
Apparently, there is a relationship between the tidal range
(the difference between high and low water) and the island
length. This is shown in Fig. 2.6 for the U.S. Mid-Atlantic
coast (Fitzgerald, 1988). It also applies to the Georgia Bight
(Hayes,1991) and the Wadden Coast (Wolff, 1986).

V LENGTH. Of ...... IE.. '.LANDS
N 'NUT LOCAT'ONS l AND .r'TS CO ... I

'" Ó ,b 2'0 30 40 50
'\ , -.--------l==

-s. ........
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10 I 25 1 50 175
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=

Fig. 2.6: Barrier island length vs. tidal range for the
U.S. Mid-Atlantic coast (from Fitzgerald, 1988)

A larger tidal range increases the tidal prism. Since the
inlet cross sectional area is a linear function of the prism,
as O'Brien (1931, 1969) has shown, see section 2.4, this would
imply a larger throat area. But apparently, it is more natural
to create more inlets, thereby reducing the surface of the
drainage areas served by the individual inlets, thus reducing
the size of the prism.
After an inlet has developed, the asymmetry between the ebb
flow, which acts like a free jet, and the flood flow, which
acts like a convergent sheet flow (Oertel, 1988), establishes
local areas of flood dominance and ebb dominance, see Fig.
2.7.
Interactions between the cross-shore tidal flow on the one
hand and the longshore current - which is driven by the wave-
induced radiation stress and the shore-parallel tidal forces
(Van der Velden, 1989) - on the other, cause alocal decelera-
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tion (Niemeyer, 1990) and spreading (Sha, 1990) of veloeities
at the downdrift side of the inlet, which gives sediment the
opportunity to settIe and form the outer delta. Fig. 2.8 shows
the directional spreading of the tidal currents in Texel
inlet, the Netherlands.

A. B. FLOOD FLOW FIELD BAr
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Fig. 2.7: Ebb and flood flow fields (from Oertel, 1988)
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Fig. 2.8: Oirectional spreading of tidal currents in
Texel inlet (from Sha, 1990)

The shape of the delta can thus be classified according to the
ratio of the longshore and the cross-shore current as has been
done by Oertel (1975). Two ends of the spectrum are the tide-
dominated and wave-dominated inlets. In Fig. 2.9, type A is
wave-dominated and type 0 is tide-dominated. Types Band C
have asymmetrie longshore currents, that could be caused by an
asymmetrical distribution of wave energy around the inlet.
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In natural inlets, the feedback between hydrodynamical and
morphological processes will apparently result in a stable
situation (Dean and Walton, 1975).

® 11".1.INLET :-:i.' TlDAL DELTA

Fig. 2.9: Four different types of ebb tidal deltas (from
Oertel, 1975)

o

One possible mechanism in the formation of the flood tidal
delta (or better, the inner delta) is the distortion of the
ocean tide inside the basin, which causes a difference in
magnitude between flood velocities and ebb velocities. Because
the sediment transport capacity is a function of the velocity,
this asymmetry is responsible for so-called ebb or flood
dominance. A flood dominant tidal basin experiences a net
import of sediment and will shoal. This process is discussed
further in chapter 3. Other possible mechanisms include trans-
port by density currents and by settling and scouring lags of
suspended sediment (steijn, 1991).

• TIDAL DELTA

® ~DELTA

~~G

fái t·

2.3 Classification
Classification of tidal inlets is needed to be able to compare
processes and to derive governing relationships. This can be
done on the basis of geometric or hydrodynamic parameters.
One method classifies the inlets according to the shape of the
tidal basin. This is not objective, as this shape could depend
on a number of unknown parameters, such as the geological
history.
A second type of classification is based on hydrodynamic
parameters like tidal range and wave height. These two parame-
ters do not depend on the inlet conFiguration itself, but
rather on offshore conditions and large-scale coastal morpho-
logy (Niemeyer, 1990). This classification is therefore much
more useful.
Hayes (1979) presented classifications for each parameter. He
distinguished five classes of tidal range:
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microtidal < 1.0 m
low mesotidal 1.0 - 2.0 m
high mesotidal 2.0 - 3.5 m
low macrotidal 3.5 - 5.5 m
high macrotidal > 5.5 m

He also defined three classes of wave energy, parameterized by
the yearly-averaged mean wave height (Hs)·

low wave energy
medium wave energy
high wave energy

< 0.6 m
0.6 - 1.5 m

> 1.5 m
These two sets of classifications were combined to determine
five classes of coastal inlets, see Fig. 2.10. The figure also
indicates the classification of the Friesche Zeegat, one of
the West Frisian inlets.

MEDIUM HIGH WAIIf.. ENERGYLOW
high

61---++---+----+----I---+------l moerotidol

low
moerotidol

g 31-~~++-~~--
Q>

E

l2~~
high
mesotidol

low
mesotidol

microtidol

1.5 2.0 2.5

____. meonwoveheight(m)

Fig. 2.10: Hydrodynamic classification based on offshore
parameters (the x marks the Friesche Zeegat) (from Hayes,
1979)

Tidal inlets of different class have different appearances.
Since most researched inlets fall in the medium wave energy
classification (Hayes, 1979), the differences are usually
attributed to the variation of tidal range. Microtidal inlets
produce extensive flood tidal deltas and almost no ebb tidal
deltas because of the small ebb flow. Macrotidal inlets are
broad-mouthed and funnel-shaped because of the strong in and
outflow. Mesotidal inlets (like those in the Wadden Sea) have

10



mixed features: pronounced ebb tidal deltas and - in volume -
smaller flood tidal deltas.
This classification omits "onshore" parameters 'like
coastal physiography, the tidal prism (which is not
dependent on the tidal range, but also on the tidal
surface area) and sediment availability (Steijn, 1991).

the
only

basin

The class of dominance is of great importance to the shape of
the outer delta, as described by Oertel (1975) and shown in
Figure 2.9.
2.4 Empir.icalresearch on stability parameters
In the past, much research has been done to establish stabili-
ty relationships between various properties of tidal inlets.
It was found that the value of some properties can be expres-
sed as a linear function of the tidal prism.
Inlet throat
O'Brien (1931,1969) found a linear relationship between the
inlet cross-sectional area below MSL and the tidal prism:

(2.1)

where Ac
c
P

= cross-sectional throat area below MSL (m2)
= empirical constant with value 6.56.10-5 (m-1)
= tidal prism (m3), calculated as the product of

the mean basin area and the spring tidal range
Jarrett (1976) expanded on this. He calculated the relations-
hips for unjettied and single-jettied inlets at the three U.S.
coasts.
Ac = 2.8 ·10-4 • pO.91

Ac = 3.0 ·10-5 · pl. 05

Ac = 9.3 · 10-4 • po.a4

Pacific Coast

Atlantic Coast (2.2)

Gulf Coast

The variation in the constants is caused by a difference in
tidal regime (diurnal, semi-diurnal and mixed) and wave clima-
te. Generally, a coast under higher wave attack has a larger
throat area.
Similar relationships between the prism and the cross-sectio-
nal area have been found in many other parts of the world,
including the Netherlands.
As Gerritsen and de Jong (1985) and Gerritsen (1990) have
shown, these relationships can be applied to tidal channels as
weIl. The authors found, however, that channel cross sections
gave smaller values for the constant in the O'Brien relations-
hip than the throat cross section did. They attributed this to
the sheltering from wave energy. To correct for this, the
stability shear stress fa' as introduced by Bruun and Gerritsen
(1960), was used. with the proposed formula

11



AI = Qmax
(2.3)

where A'= the cross sectional area (m") at Q1II4X

p = the fluid density (kgjm3
)

C = the Chezy coefficient (m~js)
the channel cross sectional area can be calculated. Note that
the prism is replaced by the maximum discharge, since maximum
scouring of the bed takes place at the time of maximum di-
scharge and sediment transport. The parameters depth and grain
size are implicit in this formula, since they have an effect
on both T. and C (Gerritsen, 1990).
Ebb tidal delta
Research has shown that the volume of the ebb tidal delta
appears to be a function of the prism, too.
Walton and Adams (1976) measured the outer shoal volumes of 44
U.S. inlets using Walton and Adams' (1976) "no-inlet" bathyme-
try calculation procedure which calculates the volume of the
outer bar as the difference bètween the volumes in the case of
an inlet and in the case of no inlet. The procedure is
explained in Fig. 2.11.

----- ......... NI- .....
c:.... LiMI

Contour Lil'ill

21'-

1. Construct IclHl1zed No-Inl.t Contour Ll_

2. 11IIP01.1000 foot lqul,.. Vid SISt. on dIIrt Ind caleullte
dlff.rences blbIIIII .ctull _til Ind 1_11 __ Inl._til It grld l1ne Intersections (UI ..... ,. block)

3. Avo,.... _til dlff"'_' It latlrMctlons Md record 111
C*ltIr of 1110ek (UI ....,1. bloek)

4. ec.ute .. 1_ fIf .... 111__ slIOIl lI.r ~ ........
block ~ .1ff__ ... _lt1", lIJ 101 foetl

Fig. 2.11: No-inlet bathymetry calculation procedure
(from Dean and Walton, 1975)

Tidal prisms were calculated from current measurements in the
throat and via the cubature method (Jarrett, 1976).
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The inlets were classified according to the level of wave
energy, parameterized by H2.T2

, where H is the yearly-averaged
significant wave height and T the wave periode This parameter
is derived from the Airy Wave Theory (Marino and Metha, 1987).
Converted to SI-units and rounded off to the nearest integer,
the classes were defined in the following way:

exposure
mild
moderate
high

H2·T2

0-3
3-28
>28

For comparison: the measured significant wave height in the
Friesche Zeegat, the Netherlands, is approximately 1.0 m. with
Tw = 5.JH. = 5 s, the parameter yields 25 m2s2 and falls just
inside the moderately exposed range.
Even though many more parameters such as the longshore energy
flux and the grain size distribution should influence this
relationship, reasonable scattering was found. Fig. 2.12 shows
the graph for moderately exposed coasts.

100:

,. ~..

Fig. 2.12: Tidal prism vs. ebb shoal volume for moderate-
ly exposed coasts (from Walton and Adams, 1976)
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Fig. 2.13: Tidal prism vs. ebb shoal volume for highly
exposed coasts (from Walton and Adams, 1976)

Through linear regression, Walton and Adams found the follow-
ing equations (in SI-units):
V = 64.4 . 10-4 • p1.23 moderately exposed

V = 53.3 . 10-4 • p1.23 highly expoeed

where V = sand volume of outer delta (m3
)

p = tidal prism (m")

(2.4)

The constants in both formulas do not differ much. However,
less scatter was found for the highly exposed coasts, because
the authors assumed that the delta is a sediment sink with the
coasts as the sole source of sediment. In other words, they
only considered littoral sediment transport. This assumption
holds better in the case of wave-dominated inlets where the
wave-induced longshore transport is larger. Walton and Adams
found that increasing wave action, parametrized by H2T2,
decreases the volume of the ebb shoal, because waves drive the
sand back to shore. Dean & Walton (1975) phrased this concept
in a slightly different way: an equilibrium shoal volume is
established when wave forces balance the tidal forces.
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Marino and Mehta (1987) followed up on this research. They
compared Walton and Adams' results with a number of Florida
east coast inlets that all fall in the moderately exposed
category. The authors found a slightly different relationship
with about the same correlation coefficient (0.75). This led
them to believe that other parameters have an influence on the
outer shoal volume as weIl. They determined the significant
variables and defined a functional relationship as follows:

f (V p W Ac EwJ-
W3 I W3 I D I a 02 I Et - 0

(2.5)

where V = the ebb shoal volume (m")
W = the width of the inlet throat (m)
P = the tidal prism (m")
0 = the depth of the throat (m)
Ac = the cross-sectional area of the throat (m")
ao = the amplitude of the ocean spring tide (m)
Ew = the wave energy (Joule)
Et = the tidal energy (Joule)

The last term is eliminated in their research, because in the
moderately exposed range no identifiable relationship between
the ebb shoal volume and this ratio could be established
(Marino and Mehta, 1987, reference to Marino, 1986).

with this elimination the authors modified the f~nction to

.z = f (_g_ lf Ac J
W3 W3 I D' ao2

(2.6)

since both V and P are a function of W3
, they were combined to

form V/P. This ratio is plotted against W/O (see Fig. 2.14).
The authors determined the function

V
P

-0.0033 W + 1
D

(2.7)

The function gives an estimation of the mlnlmum boundary value
of the ebb tidal delta volume when the ratio Ac/ao2 > 1000.
Conversely, an estimation of the maximum value is given in the
case that Ac/ao2 < 1000.
Marino and Metha (1987,1988) relate the variability in volume
of the outer deltas with a constant prism to the W/O ratio.
They argue that shallow inlets (with a large W/O ratio) could
be related to shallow offshore depths. These inlets experience
a higher wave-induced shear stress than deeper inlets with the
same cross sectional area. This means that in these shallow
inlets the critical shear stress, defined as "the effective
average shear stress during maximum flow at spring tide condi-
tions that determine the stability of a tidal channel"
(Gerritsen, 1990), is reached sooner. Under these conditions,
sediment is removed from the bar and is deposited on the
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Fig. 2.14: VIP vs. W/D (from Marino and Metha, 1987)

The volume of the ebb tidal delta is thus dependent on the
tidal prism and the depth to width ratio.

W/D

Tidal channel volume and tidal flat area
Research on the relationship between the volume of the tidal
channels below a certain datum and the tidal prism has been
performed by Renger (1976) and Eysink (1990), as reported by
Eysink (1991). Both found similar relationships.
Renger found for German Bight inlets:
Vmw = 8.839 .10-6 • p1.566 (2.8)

where V~w = volume of tidal channels below MLW (m3
)

Eysink found for the Wadden Sea:
VHSL = 65 .10-6 • P 1. 5 (2.9)

where VML = volume of tidal channels below MSL (m3
)

The constant in both formulas differ by a factor 10. This is
due to the fact that the channel volumes have been calculated
below different datums.
As Eysink (1991) describes, both relationships follow from the
O'Brien's Ac-P relationship where the contents of the channel
is calculated as the integral of the cross-sectional area over
the length of the channel.
Renger and Partenscky (1974) and Eysink (1990) come to similar
relationships describing the ratio of the tidal flat area and
the gross basin area:
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1-0.025~ (2.10)

where Ab = total basin area (106 m")
Ar = tidal flats area (106 m")

Although the coefficient is not dimensionless, this relation-
ship might prove helpful in calculating a critical tidal flat
area in chapter 4.

In the next chapters, these empirical relationships will form
the basis of a model which will describe the morphological
changes in a tidal basin in response to changes in the system
parameters.

17



Cha.pt.E!::r 3 Tida.l ba.si~ shoa.li~g

In this chapter, an attempt is made to simulate and analyze
the shoaling process in a tidal basin based on the assumption
that the evolution of such a tidal basin is dependent on the
long-term direction and magnitude of the residual sediment
flux. Short-term changes such as high deposits in the channels
during storms are not considered.
First, a highly schematized basin topography is defined. Then
the boundary conditions are determined, the governing equati-
ons are derived and a computer simulation is made. The results
are checked against data from existing inlets and will be
implemented into the model presented in chapter 4.
3.1 Basin lay-out
In the following schematization, the tidal basin is considered
to be a rectangular channel with length Land initiaI bottom
level at a constant depth, h(x,O) = H below MSL, see figure
3.1. Although in reality a tidal basin consists of a network
of bifurcating channels with a decreasing depth in the land-
ward direction, this schematization will suffice to inves-
tigate basic governing processes. In chapter 4, an actual
tidal basin will be represented by a system of these one-
dimensional channels.
Only tidal action is considered. The outer shoals of a tidal
inlet absorb most of the ocean wave energy (Niemeyer, 1986)
and the fetch inside a basin is usually too short to generate
significant wind waves (Oertel, 1975). There is no fresh water
inflow, the water column is weIl mixed and the flow unstrati-
fied.

h,17 (\

h(x, T)

L
xV

-H
Fig. 3.1: Channel schematization

3.2 Boundary conditions
At the solid boundary the condition of no flux is valid, so
Q(L,t) = ° and therefore u(L,t) = 0.
At the entrance of the tidal basin the boundary condition is
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given by a schematized vertical tide.
At deep sea, the astronomical ocean tide contains a number of
periodic constituents - each with its own amplitude, period
and phase shift - whose interactions cause a complex problem
in itself (Aubrey and Speer, 1985). As the tide propagates
into shallower waters such as the coastal shelf and the ebb
tidal delta, energy from these constituents is dissipated and
transferred to higher harmonic components, called "overtides"
(DiLorenzo, 1988) with higher frequencies. This transfer is
caused by the non-linearity of the wave, which will be explai-
ned in detail later. A simple explanation is that the crest of
the wave propagates at a higher celerity than the through.
This distortion can be represented by a summation of the
fundamental wave and waves with higher frequencies.
The phenomenon of non-linear effects being enhanced during
spring tide and reduced during neap tide is not yet taken into
account in this model.
Of all constituents, the semi-diurnal (twice-daily) M2 is far
greater in amplitude than other components along u.s. and
Dutch coasts (Aubrey and Speer, 1985 and Dronkers, 1986 res-
pectively). Also, seelig and Sorensen (1978) found that for a
constant amount of tidal energy a semi-diurnal tide produces
the largest net sediment transports, which is of importance in
the following simulation. It is therefore warranted to focus
on this constituent and its overtides. The vertical tide can
thus be represented as follows (Boon and Byrne, 1981):

1')(0, t) = 1')0+ L [M2n • cos «(&)nt - 6n)]
n=l

(3.1)

where 1')(x,t)= sea surface elevation at x and t
1')0 = 0 (as defined in Fig. 3.1)
M2n = amplitude of the Mn constituent
(.I) = 21T/T
T = period of the tidal wave = 12.42h = 44712s
9n = phase of the Mn constituent

Of the overtides (nz z), the M4-constituent with a quarter-
diurnal frequency is the most important one in describing
tidal asymmetries. For example, field recordings at Nauset
Inlet, MA, show that the next overtide, M6 was six times
smaller (Aubrey and Speer, 1985). This finding is supported by
theoretical work (as reported by Speer and Aubrey: Kreiss,
1957; Dronkers, 1964; Pingree and Griffiths, 1979). Thus, with
n=2, eq. (3.1) becomes:
1')(0, t) = Mz . cos ï o z - 61) + M4 • COS (2CA>t - 62) (3.2)

The asymmetry or the non-linearity of the tidal wave is char-
acterized by the ratio of M4/M2. The relative phase of the M4-
constituent is given by 291 - 92• A positive value indicates a
lead of M4 over M2, a negative value indicates a lag.
For M4 * 0 this equation produces an asymmetrical tide. Depen-
ding on the relative phase, the distortion varies between
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symmetrie (equal rise and fall duration, unequal maxima and
minima, see figure 3.2) and anti-symmetrie (unequal rise and
fall duration, equal maxima and minima, see figure 3.3).
positive symmetrie curves have larger maxima than minima,
whereas positive anti-symmetrie curves give longer rise dur-
ations (Boon and Byrne, 1981).

Fig. 3.2: A positive symmetrie curve (lead = 0·) (from
Boon and Byrne, 1981)

RISE ----l~ FALL

Fig. 3.3: A positive anti-symmetrie curve (lag = 90· or
lead = 270·) (from Boon and Byrne, 1981)

The impact of the relative phase on the type of distortion is
illustrated in table 3.1, adapted from DiLorenzo (1988).
The type of asymmetry has a large impact on the morphologieal
evolution of a shallow ehannel. A tidal wave with a larger ebb
than flood duration produces to meet the eontinuity
requirement - shorter, but more intense flood eurrents than
ebb eurrents. This is called flood dominanee.
Beeause the bed-load transport of eoarse sediment is roughly
proportional to the veloeity raised to some power n (for
instanee n ~ 3), flood dominanee results in a net inward sedi-
ment transport over one tidal eyele, eausing the ehannel to
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shoal on a larger time-seale (Aubrey and Speer, 1985).

Suspended sediment transport is more diffieult to quantify,
sinee it is greatly dependent on low frequeney tidal motions
like spring and neap tides (Aubrey and Speer, 1985), and eohe-
sive properties and time lags (Dronkers, 1986). Aeeording to
Dronkers, a steeper rise than fall of water levels means that
the duration of slaek water before flood (the length of time
the veloeities are below the threshold value of sediment
transport) is longer than the duration of slaek water before
ebb. This favors the import of fine sediment, just as it does
eoarse sediment.

Lead of basin M4 relative
to M2 in degrees, where
3600 = 6.21 h.

Distortion type

lead = 00 positive symmetrie
(no dominanee)

00 < lead < 900

lead = 900

900 < lead < 1800

lead = 1800

1800 < lead < 2700

lead ='2700

flood dominanee

negative anti symmetrie
(max. flood dominanee)

flood dominanee

negative symmetrie
(no dominanee)

ebb dominanee

positive antisymmetrie
(max. ebb dominanee)

2700 < lead < 3600 ebb dominanee

table 3.1: Distortions in the horizontal tide for various
M2-M4 phase leads in the vertieal tide.

This simple picture beeomes more eomplieated, however, when
over one tidal eycle the variation of the wet basin surf ace is
large. The standing wave whieh oeeurs in the case of no tidal
flats is distorted into a partially progressive wave when
tidal flats are present. This means that slaek waters in the
horizontal tide do not eoineide with high or low water in the
vertieal tide and that maximum discharges no longer oeeur at
midtide. Rather , the maximum flood discharge is shifted to-
wards HW whieh reduees the value of the maximum velocity and
makes ebb dominaney possible. The importanee of this will be
explained on page 34.
In the following ehannel model, a lead of 900 is used, making
the foreing boundary condition negative anti-symmetrie and the
ehannel - without surf ace variation - flood dominant.
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3.3 Governing eguations
If the length of the basin, L, is small with respect to the
length of the tidal wave, the channel can be considered as a
storage basin and only the continuity equation per unit of
width has to be taken into account:

~ + aq = 0 (3.3)at à»:

Substituting q = (~-h).u (as defined in Fig. 3.1) in eq. (3.3)
yields:

~ + a(1)-h)'u = 0at ax (3.4)

Rewriting and integrating over the basin length L:
(1) - h) . u = JX -_s dx + constant

dt
(3.5)

Substituting the boundary condition u(L,t) = 0 and assuming
that the sea surface elevation ~ is small compared to the
depth of the channel h, the velocity can be approximated by

_ L-x . _s
ut;x, t) - -h(x,"t) dt (3.6)

where T = the morphological time which is assumed to be
constant during one tidal cycle.

The last assumption has to be made in order to be able to
derive an analytical solution for the long-term sediment
transport formula of eq. (3.11).
From this follows:
q(x, t) = (L-x) . _s

dt
(3.7)

sealing the variables into a dimensionless form using:

n = M2 . ~*
x = L . x*
h = H . h*
t = t* / (J)

T = T* . To with To a sealing parameter (To » T)
yields:

(3.2a)
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and

u(x, t) L-x
-h(x,-r)

.~
dt

=

L 1-x· M= 'M2 'W' [-sin(t*-61) -2'M4'sin(2t·-62)] (3.6a)
H h·(x,-r) 4"'2

L • M
2 'W 1 - x* ~=
H h·(x,-r) dt·

L • M
2 'W

'u·(x·,t·)
H

Likewise:
q(x, t) = u (x, t) '-h (x,-r)

(3.7a)

Using a simple - but according to Mota Oliveira (1970) useful
- bed-load sediment transport formula
S· (x*, z ") = m: . (u*)n

m3-n
with m·' = m

sl-n

(3.8)

with n = 3, the sediment transport rate at any point x can be
calculated. Incorporating eq. (3.6a) into this equation yields

(' *)3 ( . ;-Yn*)3S· (x ", z") = tn" .!1_ = m: . 1 - x . ~
ti: h·(x·,-r·) ät::

(3.9)

This formula is still based on the small hydrodynamic time
scale t. To step up to the morphological time scale 1, S is
integrated over one tidal cycle. The resulting residual trans-
port is called ST'

S. (x ", r ") = m* • ( 1-x· )3. ((~)3 dt::
h·(x·,-r*) {~dt·

(3.10)

and

S. (x" , r ") - m: . ( 1-x • )3. S
- h.(x.,-r.) T

(3.11)
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3.4 Shoaling simulation
The integral in eq. (3.10) is calculated for input parameters
91 = 00

, 90

= -900 and an arbitrary M./M2 = 0.14. As stated
above, the first two parameters cause the tidal distortion to
be negative anti-symmetrie and the channel flood dominant. The
high value for the ratio produces a very pronounced asymmetry.
As will be shown in section 5, this value is not reached in
simulation runs with a tidal model, but is useful in this
simulation to speed up the shoaling process. This value is not
unnatural, however, because ratios up to 0.28 have been
measured at some small-scale tidal inlets, for example
Bourne's Pond, MA (Moody, 1988).

with the residual transport capacity, the level of bottom cell
between two cross-sections follows from

(3.12)

where S·(x) = the transport rate in cross-section x·
Substitution of eq. (3.11) into this equation shows that the
parameter m influences only the rate of shoaling, thus only
the time scale of the shoaling process, but not the character.
The time evolution of the channel depth is shown in figure
3.4, where the letters A-M indicate different stages of shoa-
ling. This shows that shoaling starts at the open boundary and

DIEPTE

-9,258

-9,588

-9,758

Fig. 3.4: Time evolution of the channel profile
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that the sediment wave builds farther and farther into the
channel, behaving like a non-linear wave (De Vriend, 1987),
increasing in height (and consequently decreasing the water
depth). This result is consistent with work done by Stauble et
al (1988), who simulated the shoaling in Sebastian Inlet,
Florida.
In this simulation, the bottom profile tends to an inclining
plane, which can be considered a quasi-equilibrium state.
According to O'Brien (1969), the equilibrium cross-sectional
area of the throat of an inlet is given by:

(3.13)

where Ac = the cross-sectional area
p = the tidal prism

If O'Brien's relationship also applies to cross sections other
than the throat as is suggested by Gerritsen and De Jong
(1985), this inclining plane would be the equilibrium profile.
ALso , it can be derived from eq. (3.12) that on an equili-
brium slope neither erosion nor accretion takes place, so that

( dS:) = 0 _ S· (x ", 't/) = constant V 0 < x" < 1
dx 't.

IJ

(3.14)

with re· = the time at which equilibrium is reached.
This can only be true if, in eq. (3.11),

( 1~~· r = constant

and therefore
h .. = a·(l-x·)e

This is a profile with a constant inclining slope, irrespecti-
ve of the exponent n in eq. 3.8.
One problem remains: since the given right boundary condition
yields S(l,t) = S(l,r)= S(1,1e) = 0, the following conditions
also have to be met.

1) (:L = 0
IJ

2) S(0,1e) = o.
Condition 1 is fulfilled if eq. (3.14) equals zero. Condition
2 cannot be met, because the asymmetrical tide which serves as
the left boundary condition produces a non-zero transport
rate. The profiIe indicate by the letter M in Fig. 3.4 is
therefore not the final stage. Rather, thhe basin will conti-
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nue to experience a net influx of sediment which will be
passed on and reflected against the closed end (see Fig. 3.5),
causing the channel to fill in completely, as is expected by
Aubrey and Speer (1985).

DIEPTE

ISIM

-9,259

-9,5.

-9,759

fig 3.5: Time evolution of the channel with reflection
The only way a stable basin would be able to exist is if the
shoaling channel conditioned the vertical tide and the cur-
rents in such a way that the n~t transport would become zero
(or more likely: fluctuate around zero, a dynamically stable
situation) •
In the next section, an investigation is made into this reac-
tion of the tidal asymmetry and the residual transports on the
changing geometry. As Aubrey and Speer state, the geometry
does influence the harmonie growth and it is our hypothesis
that this interaction is profound enough to reach a dynamical-
ly stable situation.
3.5 Influence of geometry on tidal asymmetries and residual

transports
WENDY, the one-dimensional flow software package written by
DELFT HYDRAULICS, was used to determine the relationship
between the seaside boundary condition and the geometry in the
channel. The program solves the continuity and momentum equa-
tions and provides output of water level, discharge and rela-
ted variables at any place or time. WENDY was designed to
solve practical problems and unfortunately does not accept
non-dimensional variables.
The horizontal lay-out and input parameters were chosen follo-
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wing work by Speer and Aubrey (1985), who modeled Nauset
Inlet, MA and Wachapreague Inlet, VA. Relative to the previous
shoaling model, the seaside boundary was moved farther out, so
that a symmetrical tide, representing the astronomical ocean
tide, can develop into an asymmetrical one naturally. The
first 7000 m serve only as a 'running start stretch'. In an
actual situation, the coastal shelf and the ebb tidal delta
serve as such. Since the channel lengths are much smaller than
the wave length (1 = /(gh)·T = 343 km), the longitudinal scale
is not an important parameter (Speer and Aubrey, 1985).

Lay-out
The following channels were investigated:

- +2

-~~4-\_)~---------------------~_~~---------------------------~_:~SL

_____ ~I L_I ~I ~I L_I __ ~ -8m
7 9 11 13 15kmo

Fig. 3.6: Lay-out of channel 1: starting-situation.

Fig. 3.7: Lay-out of channel 2: stage in the shoaling
process indicated by letter D.

+2

~~~ ~==~----------------~oMSL
-2

o 7 9 11 13

Fig. 3.8: Lay-out of channel 3
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Channels 4, 5 and 6 represent the situation after the sediment
is reflected and tidal flats have developed in the back of the
basin. This lay-out is unlike that of Speer and Aubrey (1985)
who defined the flats as storage regions along the channel
axis which are not included in the momentum equation. In the
model presented here, both equations are solved in the channel
as weIl as on the flats. Because of the small length scale
compared to the tidal wave length, the actual location of the
flats, either along or at the terminal of the channel, is not
important.

+2
~-r-r------------~==~--------------~~O MSL

-2

In WENDY, the flats were inclined slightly to ensure a better
run-off from the flats during ebb. However, it could not be
prevented that a small amount of water remained on the flats

Fig. 3.9: Lay-out of channel 4
+2

-2

7 9 11 13o
fig 3.10: Lay-out of channel 5

+2
~~-T------------~==~----------~------~O MSL

-2

7 11 139o
Fig. 3.11: Lay-out of channel 6
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at all times. This unnatural situation is taken into account
in later calculations and does not affect the results.
Boundary conditions
On the left, the boundary condition is given by a symmetrical
tide with T = 12.48h and an amplitude of 2 m. This means a
large amplitude to depth ratio of 0.25, which makes the as-
'sumption in section 3 of neglible variation of the cross
sectional area during a tidal cycle invalide
On the right, the boundary condition of no flux is still
valid.
starting values

u(x,O) = °
l1(X,O)= °

Friction coefficient
A friction factor of f=0.02, corresponding to a Chezy-coeffi-
cient of C=22 m"/s, is used. This low value implies a very
rough bottom, but this is valid in shallow estuaries with a
strong tidal flow, large bed forms and high sediment transport
rates (Speer and Aubrey, 1985). High friction rapidly distorts
the tidal wave, so the length of the running start stretch can
be kept short.
Results
For all channels the model reached stationary values for 11 and
u after one tidal cycle. l1(X,t)tables were output for x = 1,
3, 5, 6, 7, 8, 9, 10, 11, 13 and 15 kms. For each of these
points the unknowns of eq (3.2), namely 110, M2' M., 9). and 92,
were solved using a least-squares program written by Zhu
Weimin (1990). The results are listed in appendix 3A.
The space evolution of the ratio and relative phase of chan-
nels 1, 2 and 3 is shown in figs. 3.12 and 13, respectively.
The results correspond to those of Speer and Aubrey (1985).
In general, the harmonie growth of the ratio and of the phase
lead are attributable to two mechanisms: energy dissipation of
the M2-constituent by friction and transfer from the funda-
mental tide M2 to the overtide M. by non-linear advection, non-
linear continuity and friction (Speer and Aubrey, 1985).
However, in rectangular channels with relatively short
lengths, friction is not effective in reducing the tidal
amplitude (Dronkers, 1964). In other words, harmonie growth is
in this case entirely due to energy transfer, not dissipation.
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Fig. 3.12: Evolution of the M4/M2 ratio in chs 1, 2 & 3

86~--------------------------------------------------------~

76

74~--r-----~------,-----~~-----r------~-----'------~--~13 157 9 111 3 5
x (km)

1_ channel 1 - channel 2 ---- channel 3

Fig. 3.13: Growth of the relative phase as defined in eq.
(3.2) in channels 1, 2 and 3.

The non-linear advection term, u.~~ , and the non-linear term

in the continuity equation, ~ , cause the crest to propa-ax
gate at a higher celeri ty than the
shorter flood period (Dronkers, 1986).
found that the friction term which has
than at HW has the greatest influence
The resulting distorted vertical tide
summation of tidal constituents as in

trough which yields a
Speer and Aubrey (1985)
a higher value at LW
on the harmonie growth.
can be represented by a
eq. (3.2). The stronger
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the distortion, the larger the M4-term, the greater the energy
transfer.
Friction and advection, both functions of u, are strongest
near the forcing boundary and decline rapidly down channel.
The non-linear continuity term declines only slightly, since
it is dependent on ~~, which is almost constant (Speer and
Aubrey, 1985). Thus, the growth of the ratio and the relative
phase is large near the forcing boundary and becomes smaller
down channel. Both the M,,/M2-ratioand the phase lead approach
equilibrium values.
The different geometries appear to have some impact on the
ratio. In channel 3, an intertidal area has formed. This
results in a smaller tidal volume and velocities, which decre-
ases the magnitude of the non-linear terms, especially the
friction term which is the square of the velocity. The relati-
ve phase is almost the same in all three channels and close to
90°: the vertical tide is negative anti-symmetric. Note that
the ratio and the lead for x = 13 km. in channel 3 do not fit
in the curve properly. This is due to the fact that this point
falls dry at LW, which deforms the tidal wave.
The (u,t)-curves produced by WENDY were used as input into a
Pascal program that cubed the velocities and calculated the
residual transport over one tidal cycle. Since the factor m as
defined in eq. (3.8) has not been included, it is better to
speak of residual velocity fluxes than of actual sediment
transports.
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Fig. 3.14: Net velocity flux in channels 1, 2 and 3
Results are listed in appendix 3B and depicted in Fig. 3.14
which shows that all residual fluxes ate inward: the channel
is flood dominant. In channel 3 the residual transports are
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smaller than in channel 1, which leads to the conclusion that
the shoaling channel limits the influx of sediment. Channel 2
shows that the transport on top of the sediment wave is extre-
me: the tide flattens the upward slope.

The space evolution of the ratio and the relative phase of
channels 4, 5 and 6 is shown in figs. 3.15 and 3.16 and listed
in appendix 3C.
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Fig. 3.15: Evolution of the ratio in channels 4, 5 and 6
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Fig. 3.16: Growth of the relative phase in chs. 4, 5, 6.

Fig 3.15 shows that the magnitudes of the ratios of M..fM2 are
much smaller than in fig 3.12. This is caused by the reduction
of tidal volume and velocities, which decreases the non-linear
terms, especially friction.
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Fig 3.16 shows that the relative phases increase considerably
when the area of tidal flats is increased. The relative phase
approaches 1800

, which means that the difference between the
maximum flood and ebb velocities becomes smaller. The mecha-
nism which produces this is explained below. These graphs are
consistent with findings by Speer and Aubrey. Note that all
values are still less than 1800 which, according to table 3.1
would indicate a flood dominant channel.
However, the residual velocity fluxes, calculated as explained
above, show something else, see fig 3.17 and appendix 3D. As
the relative area of tidal flats increases, the velocity flux
becomes smaller and even negative. This indicates an ebb
dominancy in terms of sediment transport.
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Fig. 3.17: Net velocity flux in channels 4, 5 and 6
The influence of tidal flats on the residual velocity flux can
be explained as follows:
During flood, the water level in the channel rises and the
flats are inundated. However, since the small depth on the
flats limits the wave celerity through the dispersion relati-
onship (c = Jgh) and through friction, the water level on the
flats does not rise uniformly, but experiences a landward
slope. As the water level in the channel reaches high water,
the flats are still being flooded which will continue even
during ebb in the channel. In the channel, slack water before
ebb does not occur at HW anymore, but is shifted towards LW,
thus prolonging the duration of the flood period. Unlike the
inundation, the drainage of the tidal flats is not a wave
phenomenon, but is caused by gravity• The drainage is much
more efficient than the inundation. At LW in the channels, the
flow from the flats is negligible and here LW nearly coincides
with slackwater.
Fig. 3.18 shows the lay-out of channel 7 with a large area of
tidal flats, chosen to be able to demonstrate their influence.
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The time-discharge curves of this channel for section I only,
section 11 only and their summation are given in Fig. 3.19.
Considering section I only (from the cross-section at x=7 km
to x=10 km), the discharge through the cross-section at x=7 km
is the derivative of the water level fluctuation at that
point.
Considering section 11 only, the discharge through the cross-
section at x=10 km shows that inundation (positive values) is
limited to a short time span and that drainage takes place
over a much longer period of time.
By adding both discharge curves, the total discharge for
sections I and 11 through the cross-section at x=7 km is
obtained. The figure shows that the flats shift the slack
water before ebb more than the slack water before flood.
Thus, the ebb period is shortened, in this example from 6.63 h
(greater than ~T) to 6.11 h (less than ~T). This causes on
average larger ebb veloeities than flood velocities.
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Fig. 3.18: Lay-out of channel 7
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More importantly, the time of maximum flood discharge is
shifted more towards HW than the time of max ebb discharge is,
which causes a notabie reduction in the maximum flood veloci-
ty since the cross-section is larger. In Fig. 3.19, q,.ax,fl.OOd
occurs at t = 11.18 h at which time the depth is 9.59 m. The
maximum flood velocity is then 0.139 mis. q.ax,ebboccurs at t=
2.47 h at a depth of 8.64 m. The maximum ebb velocity is thus
0.142 mis.
In this lay-out, the average ebb velocity exceeds the average
flood velocity and the ebb peak velocity is larger than the
flood peak velocity. This leads to a negative velocity flux
and an ebb-dominant channel.
The tidal wave is now partially progressive. Therefore, table
3.1 does not apply here. The difference in inundation and
drainage explains the possibility of a situation of a "flood
dominant" vertical tide and an "ebb dominant" horizontal tide.
The influence of the area of tidal flats on ebb or flood
dominance has also been shown by Seelig and Sorensen (1978)
who investigated a tidal basin with a constant surface area
below and a linearly increasing tidal flat area above the mean
water level. A theoretical analysis has been made by Keulegan
(1951) who also showed that the ebb current in the throat of
an inlet is more efficient than the flood current in case of
tidal flats.
Equilibrium seems to be the approximate configuration between
channels 4 and 5. To determine a critical equilibrium flats
area, two more lay-outs were investigated, see Fig. 3.20.
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Fig. 3.20: Lay-out of channels 4a and 4b.
The net velocity fluxes are listed in appendix 3D and are
depicted in Fig. 3.21. Channel 4a is flood dominant and chan-
nel 4b is ebb dominant in terms of sediment transport. Due to
the grid size of 250 m no intermediate lay-outs could be
investigated. The results indicate that the relative equili-
brium flats area, where the net velocity flux equals zero, is
about 35% in this schematization. However, this criticaI area
of tidal flats is a function of the ratio of the amplitude of
the tidal wave and the mean depth, of the variation of the
cross-sectional area over one tidal cycle and of friction.
These parameters were all assumed to be constant in this
simulation. AIso, in an actual tidal basin the flats are not
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situated in the back of the basin as is assumed in this one-
dimensional model. Rather, the two-dimensional effect of flats
located along a channel will influence the equilibrium flats
area since the inundation and drainage pattern is different.
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Fig. 3.21: Net velocity flux in channels 4a and 4b
It might be possible to deduce a critical relative flat area
in an empirical way based on a study of many inlets, both
flood and ebb dominant, throughout the world. In the simulati-
on model in chapter 4, an empirical relationship between the
tidal flat area and the gross basin area as given by Eysink
(1991) could be used, see also section 2.4:

1 - 0.025 . .;x;, (2.10)

where Ab = the gross basin area (mln m2)
Ar = the tidal flat area (mln m2)

This formula is based on data from German Bight inlets which
are all flood dominant. The values for the equilibrium relati-
ve flat area found with this formula will therefore be too
low. However, most of the inlets investigated have been appro-
aching equilibrium for a long time, 50 calculated values might
not be too far off.
3.6 Ebb dominance in existing tidal inlets
Only a minority of tidal inlets in the world exhibit ebb
dominancy. All these inlets have a remarkably large relative
area of tidal flats which feeds the hypothesis that this is
one of the controling parameters.
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Fig. 3.22: Wachapreague inlet, VA (from Boon and Byrne,
1981)

Byrne et al (1974) studied the Wachapreague, VA inlet and came
to the hypothesis that infilling basins may change from flood
to ebb dominancy. Boon and Byrne (1981) later sustained this
idea with a numerical model of the inlet which has a high
relative flat area, see Fig. 3.22. Fitzgerald and Nummedal
(1983) note that most marsh-filled inlets in the Eastern u.s.
show the same tenden~c~v~. ~ -,
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Fig. 3.23: Stage-velocity curves in the Stiffkey marshes,
Norfolk, England (from Pethick, 1980)
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Pethick (1980) measured velocity-stage curves in a lagoon near
the Wash, England, see fig 3.23. This basin also has a large
area of tidal flats. His measurements prove what has been
shown in the previous section, namely that the maximum flood
velocity occurs late in the flood cycle when water rises above
the bank (in this figure at 1.6 m) and spilIs onto the flats.
Maximum ebb discharge occurs at a lower stage and smaller
cross section which results in relatively higher velocities.
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Fig. 3.24: Velocity, discharge and sediment discharge in
Bolinas Lagoon, CA (from Ritter, 1972)

Ritter (1972) describes the velocity vs. time curves in Boli-
nas Lagoon, CA which is not a marsh system but exhibits an ebb
dominancy, possible caused by its small size. It clearly shows
the great influence the magnitude of the velocity has on
sediment transports, see fig 3.24.
3.7 Conclusions
We come to the conclusion that shoaling takes place in an open
basin. The rate of shoaling which is determined by the resi-
dual currents decreases as the basin fills in. The residual
currents are controlled by the relative area of tidal flats
which influence the inundation and drainage flow.
Therefore, the rate of shoaling does not become zero at a
profile with a constant slope as was expected beforehand on
page 25, but only after an equilibrium relative flat area is
created. This situation is dynamically stabIe which means that
the system will - after a change in the exogenous conditions -
always try to reach a new equilibrium.
Inlets in the Dutch Wadden Sea are all believed to be flood
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dominant. At the present time, all experience an import of
sediment. If the conclusions from this report are true, the
rate of infilling and the demand from the coastal shelf would
decrease in time and become zero, if the exogenous conditions
such as the mean sea level remained constant in time. Since
these conditions are not constant, equilibrium will change too
and might never be reached. The implications of this will be
shown in chapter 4, where a model is presented based on the
notion of and equilibrium flat area.

/
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C!h.a.pt.~:r 4,

In this chapter, a model is presented which describes the
morphological behavior of a channel-flats system in a tidal
basin. First, the mathematicaI basis is explained. Then, the
model is defined in terms of variables, parameters and equa-
tions. with this model runs are made for four different scen-
arioso In the last section, various scenarios are stacked to
simulate the behavior in the Zoutkamperlaag after the closure
of the Lauwerszee in 1969.
4.1 Sediment distribution system
The basis of the model is the assumption that the main varia-
bles in the system, the channel cross-sectional area and the
flats' surface area, tend to their equilibrium values accord-
ing to a first order differential equation, also known as the
decay function. For the channel cross-sectional area eq. (4.1)
applies:

(4.1)

where Ac = area (m2)

Ac = equilibrium area (m2)

Tc = inherent time scale (year)
For the flats' surface area eq. (4.8) applies. The equations
state that the change in the area in one unit of time is
proportional to the difference between its value at that time
and its equilibrium value. The further a variabIe is out of
balance, the faster it will adapt. AIso, the closer a variabIe
is to its equilibrium, the slower the process becomes.
In the tidal basin model, the adaption according to eq (4.1)
can only occur if enough sediment is supplied. If this is not
the case, the cross-sectional area will adapt in the following
way:

aAc =Tt
sax (4.2)

where S = sediment inflow (m3jyear)
ax = length of channel section (m)

Eq. (4.2) shows that all available sediment will be used to
adjust the channel cross-sectional area. The sediment inflow S
is determined by eq. (4.4) which will be explained later.
To show the time-evolution of a shoaling channel without flats
a simulation model was made with the same lay-out as defined
in Fig. 3.1, but based on the equations stated above, where in
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this one-dimensional model A, the cross-sectional area,
becomes h, the depth, and O'Brien's linear relationship A-P

(see eq. (2.1) becomes n-(L-x) where L is the length of the
basin. See Fig. 3.1 for definition of variables.
The results in Fig. 4.1 show that sediment which is input at
the left boundary in one time-step is used to adapt the first
section of the channel according to its inherent time-scale.
Excess sediment is passed on to the next section to the right,
which also adapts itself and transports the superfluous sedi-
ment until in one section demand exceeds supply and no sedi-
ment is passed on. Consequently, the sections on the right are
not provided with any sediment and their depth will remain
stable for some time. Only after several time-steps will
demand in the first sections decrease according to eq. 4.1 to
allow sediment to be passed on to the "back". Because of the
nature of eq. (4.1), which states that the adjustment to
equilibrium decreases as this equilibrium is reached, the top
of the sand wave in fig 4.1 appears flatter in comparison to
Fig. 3.4. Apart from this, the two figures show a strong
resemblance.

DIEPTE 8.888

-8.258

-8.581

-8.758

x

Fig. 4.1: Time-evolution with constant T. The letters
indicate different stages in the shoaling pro-
cess.

For this reason, and because measurements in tidal basins show
an exponential response after changes (e.9. Renger and Par-
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tenscky, 1980), a model based on a decay function can be used
to simulate morphological processes in a tidal basin. A decay
function also served as the basis of a model for the Haring-
vliet (Allersma, 1988).
4.2 Tidal basin modeling
Schematization

• A tidal basin is defined as the area enclosed by the barrier
islands, the mainland and drainage divides. This area is inun-
dated during at least part of the tidal cycle. In the model,
the basin consists of two elements: channels and flats.
Channels are inundated throughout the tidal cycle. Since the
channel cross-sectional area is a linear function of the
prism, the areas of cross-sections of different branches at a
certain distance from the gorge can be summated into one total
cross-sectional area at that distance , see Fig. 4.2. This is
done similar to Di silvio (1989).

Fig. 4.2: Summation of cross-sectional areas.
Flats are inundated during only part of the tidal cycle.
Although in nature the level of tidal flats does vary between
HW and LW, it is set at MSL in this model. In many basins, the
area of tidal flats is relatively larger in the back of the
basin than at the gorge. In the model, the flats are assumed
to have a triangular shape. The schematization based on these
assumptions is depicted in Fig. 4.3.
The basin now consists of two discrete elements, the channels
and the flats. Each of these elements is divided into sections
with a specific length (for instance, Ax = 1000 m in the
model) .
Sediment exchange occurs between consecutive channel sections,
much like the shoaling model of section 4.1 and between a
channel section and a flats section with the same section
index. This excludes sediment exchange between flats sections
amongst themselves. External sediment exchange occurs through
the gorge of the basin i.e. between the ebb tidal delta and

42



the first channel section. A possible sink is caused by sedi-
ment or gas mining which results in an areal-averaged land
subsidence of the flats' section.

sea

channel

land

Fig. 4.3: Plan view of the tidal basin schematization
Eguilibrium
The controlling variables are the cross-sectional area in the
channels and the surface area and level of the flats. In each
time-step and in each section, these variables are compared
with their equilibrium values.
The equilibrium cross-sectional area in a channel is calcu-
lated with O'Brien's formula:
Ac = C • P (4.3)

The prism through a cross-section is calculated as the sum of
the storage volume in the channel (the tidal range multiplied
by the horizontal storage area between the channel cross-
section and the back of the channel) and the storage volume on
the flats (the difference between HW and the flats' level mul-
tiplied by the area of flats between the cross-section and the
back of the basin).
The equilibrium flats' area is based on eq. (2.10). As stated
in section 3.5, this equation has some shortfalls. First of
all, it is not non-dimensional and, more importantly, it is
derived from data of flood dominant basins in the German
Bight, which means that calculated values will actually be too
low.
However, most of these basins have been approaching equilibri-
um for a long time, so relative flats' areas calculated with
eq. (2.10) might not be too far off equilibrium. AIso, to date
no research has been done to determine the critical flats'
area. This equation is therefore state-of-the-art. More impor-
tantly, the consequence of eq. (2.10), i.e. that smaller
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basins need a relatively larger flats' area to influence the
dominancy seems plausible, because the turn-around from flood
to ebb dominant is due to the different character of inunda-
tion and drainage flows which becomes notabIe at a certain
amount of tidal flats. In smaller basins this flats' area will
be relatively larger. An equilibrium equation will then have
the same appearance with different parameters.
Naturally, to use this equation for a clearly unintended-
purpose will affect results but not the trend in results.
since qualitative results are more important in this report,
use of this equation will be made in this report.
The equilibrium seeking mechanism in the flats' level is
explained in the following section under 'F'.
Eguations
Sediment flow to and from one channel section can be schemati-
zed as follows:

section

E D

1111(
!':!.x

:'1

Fig. 4.4: Schematized sediment flow
The figure shows that sediment exchange occurs between two
adjacent channel sections, denoted by S in the model. Sediment
exchange between a channel section and a flats' section is
more complicated. The model distinguishes between the sediment
flow which changes the level of the flats, denoted F, and the
flow that changes the horizontal area of the flats, denoted E
for erosion and D for deposition. The inherent demand of the
channel section itself is called eh. These variables will be
described in more detail below.
eh is the inherent demand (sign is negative) or supply (+)

~-Ac . fix in oneto change the cross-section according to

unit of time.
eh is calculated with the above-mentioned equations. In
the simulation, t is set at 30 years, which is of the
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same order as the inherent time-scale found in the Zout-
kamperlaag by Biegel (1991b). /l.x is taken as 1000 m in
the simulation runs.

51 inflow (+) or outflow (-) of sediment at the ocean side
of the section i. In the most seaward section, 50 is
calculated as
SQ = a . ( Afl - Afl ( t) (4.4)

where s, = exchange with the ebb tidal delta and/or
the islands' headlands (m3/year).

= total equilibrium flats' area, according to
eq. (2. 10) (m 2 )

~1(t) = total flats' area at time t (m2).

Eq. (4.4) is based on chapter 3. Basins with less than
the equilibrium flats' area will import sediment and
basins with more than the relative area will export.
Since this notion is only tentative, the equation has
been formulated as a simple linear function.

F It is assumed that the flats will try to maintain a
certain overdepth below HW. This can be understood in the
following way: if the average depth over the flats
increases, velocities decrease and (suspended) sediment
will have the opportunity to settIe. On the other hand,
if the average depth decreases, the erosional capacity
will increase. In the Oosterschelde basin, for instance,
measurements indicate that erosion of flats is higher at
neap tides when the average depth is smaller than during
spring tides (Kohsiek et al, 1987). These two opposing
mechanisms will cause the flats to "seek" an equilibrium
overdepth. Because in the Zoutkamperlaag the tidal range
is 2m. and the average flat level is around HSL, the
overdepth in the model is taken as 1 m.
consequently, in the case of a sea level rise or an
increase in tidal range, the flats will demand sediment
to raise their level. This demand can be calculated as
follows
F = Afl, i . ((0.5 • TR + MSL - flat level) - overdepth) (4.5)

where ~1,1 = the section's flats' area
TR = tidal range

Sediment supplied from the channel and the flats' edges,
eroded during storms, will determine whether or not this
demand is met. In this regard the model differs from
Peerbolte et al. (1991) who assumed that the demand will
always be met at the cost of increased channel depth. In
the model presented in this report it is possible that
the flats' levellags behind the sea level risee Especia-
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lly when the relative area of the flats is large, drown-
ing of the flats is a possibility.

E Erosion from the flats' edges (a decrease in the flats'
area), on the other hand, takes place only during storms.
Then, sediment is forced onto the flats (see F) or into
the channels. In the model, the erosional capacity is
expressed as
E = IJ. • Afl. i • height (4.6)

where An.l = the section's flats' area
height = the channel cross-sectional area divided

by its width
~ = a dimensionless parameter

height

width

Fig. 4.5: Influence of bank height on erosion
The flats' area enters this equation because in nature a
larger area of flats will be served by a greater number
of individual channels. This will increase the length of
the channel banks (and therefore the flats' edges) and
consequently the total erosion in one section. The
greater the difference in elevation between the channel
bottom and the flats' level, in other words the higher
the channel bank, the more of the flats' edge is exposed
to erosion, see figure 4.5.
Since the erosion of the flats is storm-induced, E is
autonomous and not dependent on a function of variables
such as the channel cross-sectional area or the supply of
sediment.

o is the increase of the flats' area. According to Kohsiek
et al. (1987), sedimentation occurs during flood at the
flats' edges and not on top of the flats themselves. This
is due to effective wave breaking on the edge, consequent
loss of wave energy and sediment transport capacity over
the flats. supply of sediment from the channel will
therefore result in a growth of the flats' area before an
increase of the level of the flats.
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In the model, an increase in the flats' area is calcu-
lated as
D = Y • (Si + E - F + eh) (4.7)

which states that a fraction of "superfluous" sediment
will be deposited on the banks.
The higher the sum of the first three terms between
parentheses, the higher the supply to the channel sec-
tion. The larger the value of Ch, i.e. the smaller the
cross-sectional area relative to its equilibrium, the
higher the velocities will beo This results in a 'higher
sediment transport capacity and a higher net sediment
flow to the flats' edge. In the Oosterschelde basin,
Kohsiek et al. (1987) noted a dependency of the accretion
of the flats' edges on the sediment transport capacity in
the channels.

4.3 Tidal basin simulation model
Based on the schematizations and equations in section 4.2, a
simulation model was made in PASCAL.
Input parameters
The program asks for the following parameters:
- length of the tidal basin's main channel

total basin area at t = 0- (before any changes)
tidal range at t = 0-
relative equilibrium flats' area.
duration of the simulation.

Input scenarios
The program gives a choice of the following scenarios which
can be executed either singly or stacked.
- closure of part of the tidal basin
- sea level rise
- land subsidence (due to sand/gas mining)
- tidal range at t = O·
- varying tidal range due to the 18.6-year tidal periodicity
These scenarios will be discussed in more detail in section
4.4.
simulation
The program follows the flow-chart of appendix 4A for every
time-step and for every channel section. The flow chart works
as follows:
First, it determines whether the channel section demands
(Ch<O) or supplies (Ch>O) sediment. Following the right-hand
branch (channel demand), it is determined whether sufficient
sediment is supplied to fulfill its inherent demand. If so,
the change in cross-section (dAc) will be equal to this
demand. Superfluous sediment is passed on partly to the flats
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(F and D) and partly to the next channel section. Growth of
the area of flats is limited by a time-scale function similar
to eq. (4.1):

(4.8)

where Ar1 = area of flats in a section (106 m2)
1f1 = time-scale, which is an order larger than the

channel time-scale. In the model it is set at
200 years.

If inherent demand is not met, all available sediment is used
to adjust the channel, in which case the channel cross-sec-
tional change dAc is smaller than the inherent demand Ch. This
means that even if the flats demand sediment they will receive
nothing.
Following the left-hand branch (Ch>O), it is first determined
whether the flats' section and the neighboring channel sec-
tions demand more sediment than is produced in the channel
section. In this case, the flow to the flats is limited.
If outside demand is smaller than production, all these
demands are met. Here also the growth of the flats' area is
bound by an inherent time-scale (eq. (4.8».

The sediment flow to or from the channel section to the right
of section i, S1+1' follows from the conservation of mass.
After all flow variables are known, the new channel cross-sec-
tional area, the flats' area and the flats' level are calcu-
lated.
4.4 Scenarios
The model is run for different scenarios. The effects of these
scenarios are shown for a "standard" basin with the following
parameters:

Length = 20000 m
Gross area = 100.106 m2
Tidal range = 2 m
relative flat area = 75.106 m2 (equilibrium value)
duration = 100 years
r (channel) = 30 years
r (flats) = 200 years
a (in eq. (4.4» = 40000 (m/year)
y (in eq. (4.7» = 0.3 (-)
J.' (in eq. (4.6» = 0.0005 (-)

The scenarios will show the mechanisms that are invoked to
attain equilibrium. The equilibrium situation will therefore
be discussed last.
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Partial closure
When part of a tidal basin is closed, the gross basin area is
reduced. This means a reduction both in the tidal prism and,
according to 0'Brien's eq. (2.1), in the channel cross-sec-
tional area. In the simulation, the basin with an original
length of 20000 m is closed at 15000 m, leading to a sharp
reduction in the tidal prism. According to eq. (2.10), the
new, smaller basin will have a larger relative flat area as
equilibrium. Since with the closure of the back part of the
basin a relatively large area of tidal flats is cut off, the
initial flat area irnmediately after closure will be smaller
than this new equilibrium flat area, see Fig. 4.6.

flats
land

equilib\um ~l:S~ area

","

new

sea channel
t

point of closure Lo

Fig. 4.6: Plan view of the situation before and after
closure of the model basin (dimensions not to
scale).

with eq. (4.4), this will lead to an import of sediment from
the ocean. This imported sediment is used to adjust the most
seaward channel cross-sections with their inherent time-scale
according to eq. (4.1). This is shown in Fig. B-1 in appendix
4B for the first section at x=O. Because in this section the
input exceeds the channel demand, some of the superfluous
sediment is used to increase the section's flat area through
'0' in the model. The rate of this increase slowly declines in
time. The rest of the sediment is passed on to the next sec-
tion. Sediment continues being passed on as long as input in a
receiving section exceeds demand.
Fig. B-2 shows that at x=8 km from the mouth, the sediment
input from the sea does not reach this point until about 60
years from the start of the simulation. In the first 60 years,
the only sediment input into the channel comes from the erod-
ing channel banks (denoted by E in section 4.2). It is clear
that in this simulation this lateral input is not enough to
let the channel cross-sectional area adjust itself by its
inherent time-scale. The erosion of the channel banks is
visible as a decrease of flats' area in the figure.
At t = 60 years, sediment imported from the sea begins to
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reach the section: more sediment is available to adjust the
cross-sectional area. The change in the cross-sectional area
becomes larger. From t = 60 to t = 64 years, the total input,
both from the sea and from the banks is still smaller than the
inherent demand, which results in the convex part of the
graph. Only after t = 64 years does input exceed demand, ,just
as it did at x=O. The channel adjusts according to the
inherent time-scale (the concave part) and sediment is avail-
able to increase the flats' area.
Fig. B-3 shows that at x=14 km the sediment wave from the sea
does not reach this section before the end of the simulation.
The channel cross-sectional area is only decreased by lateral
input from the channel banks. This input declines in time,
since in eq. (4.6) both ~1 and the bank height (a function of
the cross-sectional area) become smaller in time.
Lateral input from the banks into the channel has been
measured in the Zoutkamperlaag and graphs show that this input
is indeed declining in time (Oost, 1992 and Biegel, 1991b). A
comparison to these graphs and data from the Zoutkamperlaag is
included in section 4.5.
Sea level rise and land subsidence
Because of the much debated greenhouse effect,
temperature might rise 4oe. The higher average
will melt the polar caps and expand the sea water
predictions are that the sea level might rise 0.4
the next 100 years.

the earth's
temperature
volume. The
to 0.6 m in

The effects of such a sea level rise are tested on the stan-
dard basin. The rate of sea level rise is set at 0.004 m/yr.
Running the model in this way causes the rate of sea level
rise to suddenly change from 0 to 0.004 at t=O, which is an
unrealistic scenario in real life. However, it is expected
that the greenhouse effect will cause a relatively large
increase in the rate in a relatively short time span.
Fig. B-4 shows the section at x=O. Depicted are the channel
cross-sectional area, the flats level relative to MSL at t=O
and the flats' surface area. The figure shows that because the
sea level rises, the flats' level will try to follow the trend
according to eq. (4.7). Sediment needed to raise the flats'
level will come either from the ocean (external input), the
channel cross-sections or the flats' edges.
Because at t=O-, the system is in equilibrium, there will be no
external input at first. Since the increase in sea level
causes an initial increase in the tidal prism, the channel
cross-section will begin to erode. AIso, sediment is eroded
from the channel banks, decreasing the flats' surface area. In
the figure, it appears that this decrease is rather large but
keeping in mind the (automatic) scale on the right side it is
actually smalle The eroded sediment from the banks and chan-
nels satisfies the demand of the flats in this section and
their level will keep up with the sea level risee
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Because of the immediate erosion of the banks in all sections,
the total surface area will become smaller than the equilib-
rium surface area and sediment will begin to be imported as
from t=1 years. For section 0 this means that the availability
of sediment more than satisfies the demand from the flats. The
level of the flats linearly increases from 0 to 0.4 m at t=100
years, which means that the overdepth (MSL - flats' level)
remains constant in time. The flats will even begin to grow in
area again and sediment is being passed on again to the next
section in a way similar to that described above.
Fig. B-5 shows the section at x=12 km. At first, there is no
input from the seaward sections; the sediment wave has not
reached this section yet. The flats will try to keep up with
the sea level rise but they fail at that in the first 50 years
for the following reasons• First, the area of flats in this
section is much larger than the flats' area of section 0
because of the schematized triangular shape in Fig. 4.3. This
larger area means a greater demand of sediment. Secondly, the
supply by the channels ('eh') is smaller than the supply in
section 0 because of smaller absolute values of the cross-
sectional area. Therefore, demand exceeds supply and the flats
are unable to follow the sea level risee
After 38 years, the external sediment wave will reach this
section and more and more the (ever increasing) demand of the
flats is met. After the 50nd year, supply exceeds demand and
the flats in this section behave as the flats in section o. As
can be seen in the figure, the depth over the flats becomes
larger in the first 40 years, then decreases from t=38 to t=50
years and remains constant from then on.
The time evolution for section 14 at x=18 km is shown in Fig.
B-6. Here the flats' area is so large that demand is not met
by supply from both the banks and the channel. AIso, the
sediment wave does not reach this section during the simula-
tion. This means that the overdepth keeps increasing all the
time in the most landward sections. This increased overdepth
causes a larger prism and a larger cross-sectional area. The
extra available sediment provided by the enlargement of the
channel cross-section is still not enough to meet the demand.
The discretization of the flats allows an individual increase
of each flats' section and because accretion of these flats is
controlled by the supply from channels and banks, the most
seaward sections , benefiting from the sediment wave first,
raise their flats' level before the landward sections. This
results in an uneven accretion of the flats and in fact a
landward slope in the level. This is not likely to occur in a
real tidal basin, since suspended sediment, which is not taken
into account in this model, will spread more evenly through
the basin. Here the model shows an important shortfall.
Land subsidence caused by gas or sand mining has the same
effect as a rise in the sea level.
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Increase in tidal range
After the closure of the Zuyder Zee in 1932, the tidal regime
in the western Wadden Sea was changed. In one of the Wadden
Sea's tidal basins, the Eyerlantse Gat, the tidal range
increased from 1.4 to 1.7 m, Ribberink and De Vroeg (1991)
noticed that after 1932 channels were scoured and that flats
increased their level. with the model this can be explained as
follows: the sudden increase in tidal range also increases the
prism. consequently, the cross-sectional area has to adapt to
a new equilibrium. In the meantime, flats are demanding sedi-
ment to attain the critical overdepth below MHW again.
In Fig. B-7 this is shown for the standard basin which experi-
ences an increase from 2 to 2.2 m. At x=O km. the flats demand
sediment to increase their level by 0.1 m. This sediment is
delivered by the flats' edge (decreasing the flats' area) and
by the scouring channel. The figure shows that the flats'
demand in this section is almost instantly satisfied.
Figs. B-8 and B-9 show that this is not the case tor x=12 and
x=18 km. Just as in the sea level rise scenario, the flats'
surface area and therefore demand is just too large to be met
by the small supply. Because the surface area is eroded, the
system starts to import sediment from the sea. This sediment
wave propagates through the channel and when it reaches a
section, the flats' demand is satisfied. This happens in Fig.
B-8 at t= 12 years and in Fig. B-9 at t=30 years. At the same
time, some of the superfluous sediment is used to restore the
surface area to its original value at t=O.
After t=40 years, the channel cross-sectional area in all
three figures begins to decrease again because the ongoing
sedimentation on the flats heightens the flats' level and
increases the tidal prism. When all the flats in the tidal
basin have raised their level to the critical overdepth, the
storage volume on the flats is back to its original value. The
tidal storage in the channels (the tidal range • channel
surface area) is larger than at t=o-. The cross-sectional area
will therefore continue to decline after t=100 years to a
value slightly larger than the original value.
Both the sea level rise scenario and the tidal range increase
scenario were simulated with a standard basin in equilibrium.
This means that at t=o there is no input of external sediment.
This sediment wave is induced later when, because sediment is
"borrowed" from the flats, the surface area falls below the
equilibrium value. Simulating the scenarios in a basin under
equilibrium at t=o- wi,ll help the elements reach equilibrium
more quickly since external sediment is input from the start.
18.6-year periodicity
As explained in chapter 3, the vertical tide consists of
numerous constituents. One of these has an extremely large
period of 18.6 years. This is caused by the variation of the
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angle between the plane of lunar motion and the earth's equa-
torial plane. For the Zoutkamperlaag , the variation in the
tidal range has an amplitude of about 0.07 m. This slight
variation may have a significant influence on morphology
because the period has the same order of magnitude as the
morphological time scale.
The effect of this periodicity is shown in Fig. B-10 for x=O.
The simulation was run for an increase of the tidal range from
2 to 2.2+0.1*cos(27TtjT) where T is the periodicity of 18.6
years. The figure shows that as the equilibrium value which
the cross-section wants to attain varies, the adaption of the
cross-section also shows a variation, in fact a superposition
of a negative exponential and a cosine. Fig. B-11 shows that
the flats' top demands and supplies sediment during the cycle;
the flats "breathe".
Eguilibrium situation
In all of the above scenarios, the system variables are out of
balance at t=O+. The system tends to a new equilibrium by using
the flats' surface area as a source of sediment to adjust the
channel cross-sectional area and the flats' level to their new
equilibrium values first. Also, by eroding the flats' surface
area an external sediment wave is induced (according to eq.
(4.4)) which helps to restore the system variables to their
new equilibrium, starting in the most seaward sections. The
result of these mechanisms is that the flats' surface area is
adjusted to its equilibrium value last with its restoration
also beginning in the most seaward sections.
As the channel cross-sections reach their equilibrium values,
the gradient in the net transport capacity through all cross-
sections becomes zero (analogous to chapter 3, page 25).
Sediment transported through the channels will then only be
used to build up the flats' surface area which has not reached
its new equilibrium value yet. The increase in flats' area
will, according to eq. (4.4), reduce the net sediment trans-
port capacity. The most landward flats' section wi11 be the
last to reach its equilibrium value. When the flats attain
their equilibrium value, the net sediment transport capacity
will become zero and the system is in balance. Fig. B-12 shows
the channel cross-sectional areas and the flats' areas in
every cross-section in the case of equilibrium of the standard
basin.
4.5 Hindcast of the Zoutkamperlaag
Schematization
The model is used to simulate the morphological behavior in
the Zoutkamperlaag. This tidal basin has undergone great
adjustments since the closure of the Lauwerszee in 1969, see
Fig. 4.7.
As is shown in the figure, before 1969 the Zoutkamperlaag
branched off into two main channels, the Oort channel and the
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channel that is now called Lauwersmeer . In the model, the
tidal basin is schematized as two separate systems, whose main
channels are bundled together from the gorge at x=O to x=9 km,
done similar to Boon and Byrne (1981).

......
•\

, lOfdt::?
- ,.. -\:.

~,',

Fig. 4.7: Zoutkamperlaag after 1969
The schematization looks like this:

flats

Fig. 4.8: Schematization of the Zoutkamperlaag before
closure

The total basin area is 210 million m2• The area that has been
closed off, indicated by the dashes lines in Fig. 4.9,
measures 90 million m2, a reduction of 42% in basin area. with
the new gross basin area of 120 mln m2, the new equilibrium
flats area measures 84.24 million m2• The simulation was run
with a sea level rise of 0.001 m, a new tidal range of 2.2 m
due to a change in the tidal regime as described above, and a
variation of the tidal range with an amplitude of 0.07 mand a
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period of 18.6 years, a stack of all scenarios described in
section 4.4.

Fig. 4.9: Schematization of the Zoutkamperlaag after
closure

Results
The results of the hindcast are compared to values calculated
on the basis of measurements presented by Biegel (1991b),
depicted in appendix 4C, Fig. C-1. These so-called "stamp
graphs" show the change in cross-sectional area in 31 cross-
sections, drawn in Fig. C-2. Unfortunately, these graphs are
based on just 5 data points since measurements were only
available for 1970, 1975, 1979, 1982 and 1987.
The first six cross-sections are situated in the ebb tidal
delta and are not considered here. Cross-section 7 was used to
tune the parameter Tc. Cross-section 11 was used to tune both a
and y • ~ was tuned in cross-section 22. Q'Brien's constant c
= 6.56.10- was used.

Tc = 15 (year)
a = 100000 (mjyr)
~ = 0.019 (-)
Y = 0.3 (-)

Fig. C-3 (Biegel's 7) shows the same features as Fig. B-1: the
channel cross-sectional area decreases according to its
inherent time-scale. Biegel r s data points (the basis of the
"stamp graphs" in fig. C-1) are marked 'X' in Figs. C-3
through C-11. Fig. C-4 will be discussed on the next page.
Figs. C-5 (Biegel's 11), C-6 (Biegel's 13) and C-7 (Biegel's
14) show the same behavior comparable to Fig. B-2. The cross-
section is not able to decrease in area according to its
inherent time-scale for about the first six years because of a
lack of supplied sediment from the sea. These first years
sediment is only provided by the channel banks. The decrease
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of the rate of this supply, which has been noted by Oost and
De Haan (1992) in the Zoutkamperlaag, is clearly visible and
can be expected considering the gradual decrease of both the
flats' surface area and the bank height in eq. (4.6). After
the sixth year, the sediment wave from the gorge reaches these
sections and the cross-sectional area decreases according to
its own time-scale. Fig. C-8 (Biegel's 15) shows the same
features, the sediment wave reaches this cross-section at t=9
years.
Figs. C-9 (Biegel's 18) and C-10 (Biegel's 22) show that the
sediment wave does not reach this section in the simulation
time. Only the channel banks provide sediment to decrease the
channel's cross-sectional area.
Fig. C-11 (Biegel's 24) is exemplary of the behavior in the
Oort channel, which was not closed. Here the prism increases
because of the larger tidal range. This results in a growing
cross-sectional area. The values are below those that have
been measured by Biegel. This may be due to the crude
schematization of the flats' area as a triangle. An important
factor may be that the drainage divide south of Schier-
monnikoog Island moved to the east after the closure. This
would increase the prism and therefore the cross-sectional
areas. The shift of the drainage divide has not been taken
into account in the simulation model.
All graphs show that the closure of the Lauwerszee has the
dominant effect upon behavior of the channel cross-sections.
The increased tidal range only shows its effect in the Oort
channel. Because of the short time-span, the sea level rise is
almost immeasurable. The small amplitude of the 18.6-year
periodicity has a negligible effect in this simulation.
The graphs produced with the simulation model showastrong
resemblance with most of the "stamp graphs". This would indi-
cate that this model, although based on rather crude assump-
tions, shows the essential features of the morphological
process the zoutkamperlaag is experiencing. Three types of
adaption curves can be distinguished: an exponential adaption
as in Fig. C-3, an adaption curve with a slowly declining rate
as in Figs. C-9 and C-10 and a transitional 'S'-curve which
shows both characteristics, see Figs. C-5 through C-8. It
should be noted, however, that the low number of datapoints on
which the "stamp graphs" are based limits the resolution of
these graphs.
There are some "stamp graphs" that can not be reproduced by
the model, for example Biegel's cross-sections 9, 12 and 21.
Fig. C-4 (Biegel's 9) shows that the model's values are lower
than those calculated by Biegel. This is due to the fact that
the cross-sectional area at t=o in sections 7 to 10 is not
decreasing down channel as would be expected according to
O'Brien.In cross-section 12 in Fig. C-1, there is a sharp decrease in
area from the fifth to the ninth year. This cross-section is
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situated just seawards of the Gat van Schiermonnikoog channel
which is not included in the model as a separate branch.
Sediment demand by this channel might have caused the large
decrease in cross-sectional area.
At t=O, the area of cross-section 21 is much larger than the
areas of surrounding cross-sections 20 and 22, see Fig. C-1.
This large area could be due to the fact that the dividing
line between channels and flats is sometimes hard to draw.
Clearly this section does not fit the trend of decreasing
cross-sectional areas down the channel.
4.6 Influence of changes in the tidal basin on other parts of

the system
As explained in section 4.4, the tidal basin "demands" exter-
nal sediment in the case of a closure, an increase in tidal
range or a sea level risee This sediment has to be provided by
the other elements in Fig. 1.1, the ebb tidal delta and the
barrier islands.
After a partial closure , the tidal prism is decreased con-
siderably. According to Walton and Adams (1976), a smaller
prism would require a smaller volume of the ebb tidal delta,
see eq. (2.4). The excess sediment is then an obvious source
of input for the tidal basin. This can be understood as fol-
lows: because the prism is decreased, flow velocities through
the gorge are also decreased. Since the wave regime has
remained the same, the balance of tidal and wave energy main-
taining the ebb tidal delta is distorted. Sediment will be
transported by the waves onto the shores and into the gorge.
Van Kleef (1991) notes that not all sediment in the ebb tidal
delta is ready to be used as input because a large amount is
stored below a depth where it can be moved by waves or
currents. This part is inactive. De Vriend and Roelvink (1989)
set the boundary between the active and the inactive part at
-10 m MSL. Although the ebb tidal delta appears to be the
logical source of sediment in this case, loss of sand at the
barrier islands' beaches should not be ruled out.
After an increase of tidal range or in the case of a sea level
rise, the flats may not keep up with the increase. This
results in an increase in tidal prism and hence also an
increase in the volume of the ebb tidal delta. As explained in
section 4.4, the flats "borrow" sediment from the edges which
would induce an influx of sediment into the basin to restore
this. If this is true, both the basin and the ebb tidal delta
demand sediment which could only be provided by the islands'
beaches. The consequence of this is a high erosion of these
beaches.Another possibility would be that the ebb tidal delta acts as
a buffer. In this case the delta would provide sediment to the
basin even though it demands sediment itself. The restoration
of the delta could then be accomplished by extracting sediment
from the beaches on a larger time-scale.
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The aim of the research, of which this report is the product,
is to simulate the morphological behavior in a tidal basin
with a highly schematized model.
The underlying assumption is that the behavior of the basic
elements, namely the channels and the flats, is controlled by
certain variables which try to attain an equilibrium value. In
this report three such variables have been acknowledged: the
channel's cross-sectional area, the flats' surface area and
the flats' critical overdepth.
The critical channel cross-sectional area is based on
O'Brien's formula. The influence of the flats' surface area on
the residual currents and therefore the morphological behavior
of a tidal basin has been shown in chapter 3. The critical
value has not been calculated. Instead, a formula based on
data from existing basins has been used. The critical over-
depth on the flats is assumed to be a constant value, indepen-
dent of tidal range and mean sea level.
with the model based on these variables and on assumptions of
the areal distribution of the flats in the basin, it is possi-
bIe to predict the essential changes in the basin morphology.
In the case of a partial closure, the model quite satisfacto-
rily reproduces the process of cross-sectional change in the
Zoutkamperlaag tidal basin. In the case of a sudden increase
in tidal range, the model accurately predicts the trend in the
morphological behavior in the case of the Eijerlantse Gat. The
model shows its limitations in the event of a sea level risee
Because of the discretization of the flats into sections and
the assumption that accretion of flats is ruled by supply and
not by demand, the model shows a landward decline in flat
level. The 18.6-year periodicity only shows a slight influence
in the case of a partial closure.
In conclusion, this model, even though it is based on fairly
simple equations and assumptions, seems to reproduce the trend
of morphological changes in tidal basins.
On the basis of the results so far, I would like to make the
following recommendations:
1) Results from this model, especially for the scenarios of

sea level rise and an increase of tidal range, should be
checked against data from actual tidal basins• In the
case of a change in tidal range, data from the Eijerlant-
se Gat would be the most appropriate because it is small
and data should be easily available. Data from various
tidal basins should be used to verify or to negate the
idea that in the case of a sea level rise the most sea-
ward flats accrete sooner and faster than the more land-
ward ones. In generaI, the model should be run with data
from a tidal basin that is not as large and complex as
the zoutkamperlaag . One of the German Bight or American
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east coast inlets could be used, preferably one that has
undergone a partial closure or another large disturbance.

2) As this model shows the importance of the cricital stabi-
lity parameters of the various controlling variables,
more (fundamental) research is needed on this topic.
- The stability of the channel cross-section could possi-
bly better be based on Bruun and Gerritsen's critical
shear stress than on O'Brien's linear relationship be-
tween the cross-section and the prism. However, the shear
stress and Q.ax in eq. (2.3) will be harder to calculate
than the tidal prism.
- The parametrization of the critical flats area warrants
more attention. An empirical relationship of this criti-
cal ratio of flats area and gross basin area could be
derived from data on a great number of flood-dominant and
ebb-dominant tidal basins all over the world. Stevenson
et al. (1988) made a start from a geological point of
view. AIso, an attempt could be made to derive the stabi-
lity conditions from theoreticaI models in following
Speer and Aubrey (1985).
- The notion of a critical depth on the flats should be
verified theoretically or empirically. The balance of
erosion and accretion on the flats will be a function of
the wave-, wind- and current-induced sediment transport
under various conditions (storms, spring tide, neap tide,
etc.). The overdepth will also play a role in the ebb or
flood-dominancy of the basin and should not be overlooked
in determining the critical flats area.

3) Research has to be done on the parameters that influence
the morphological time-scales of both channels and flats.

4) The sediment transfer mechanisms between channels and
flats are insufficiently substantiated in this model.
Through numerical modeling andjor in-situ measurements
the underlying physical processes should be uncovered.

5) The model presented in this paper only deals with a part
of the tidal inlet system as defined in fig. 1.1• The
next element that should be investigated is the ebb tidal
delta which probably plays a central role in the distri-
bution of sediment. Sediment flow in and around the ebb
tidal deLtia is controlled by both wave and tide-induced
sediment transport which will surely complicate the
schematization. One very crude first step is to schemati-
ze the ebb tidal delta as a semi-circle consisting of a
central ebb channel, two shoal areas and two flood chan-
nels. Sediment flow will be around the terminal lobe of
the delta, through the channels and over the shoals.
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It might be possible to construct a model which, like the
tidal basin model, tries to seek a certain equilibrium
volume while exchanging sediment with the other two
elements in the tidal inlet system.
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APPENDIX 3A

Set-up, amplitudes and phases of the least-squares approxima-
tion of the vertical tide in channels 1, 2 and 3.
Results are shown in figs. 3.12 and 3.13.
Set-up and amplitudes in meters, phases and lead in degrees.

channel x(km) n, M2 M4 ~1 ~2 ratio lead

1 1 0.002 1.984 0.019 1.946 -70.648 0.009 74.54
3 0.004 1.982 0.050 5.095 -67.081 0.025 77.27
5 0.003 1.985 0.073 7.358 -65.191 0.037 79.91
7 0.003 1.990 0.088 8.877 -64.126 0.044 81.87
9 0.003 1.995 0.098 9.798 -63.597 0.049 83.19
11 0.003 1.999 0.104 10.269 -63.610 0.052 84.48
13 0.003 2.002 0.106 10.441 -63.757 0.053 84.64
15 0.003 2.003 0.106 10.465 -63.892 0.053 84.82

2 7 0.003 1.986 0.085 8.804 -60.271 0.043 77.88
9 0.002 1.991 0.102 10.193 -58.500 0.051 78.89
11 0.001 1.995 0.128 11.805 -57.277 0.064 80.89
13 0.001 1.998 0.134 12.209 -57.433 0.067 81.85
15 0.001 1.999 0.135 12.243 -57.462 0.067 81.95

3 1 0.003 1.985 0.014 1.768 -76.285 0.007 79.82
3 0.006 1.982 0.035 4.593 -73.610 0.018 82.80
5 0.008 1.983 0.048 6.583 -71.145 0.024 84.31
7 0.010 1.986 0.057 7.882 -69.025 0.029 84.79
9 0.010 1.989 0.064 9.017 -66.626 0.032 84.66
11 0.010 1.987 0.077 10.539 -63.552 0.039 84.63
13 0.020 1.965 0.144 13.463 -52.576 0.073 79.50
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APPENDIX 3B
Residual velocity fluxes over one tidal cycle (positive is
inward) for channels 1, 2 and 3.
Results are shown in fig 3.14.

channel

1

2

3

x(km) ST (m3/s2)

6 74.007
7 56.143
8 39.919
9 26.202
10 15.531
11 8.178
12 3.494
13 1.011
14 0.131
15 0

6 80.339
7 61.205
8 63.053
9 65.641
10 70.964
11 29.270
12 9.623
13 2.159
14 2.071
15 0

6 31.325
7 25.765
8 24.659
9 23.401
10 21.492
11 17.402
12 10.216
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APPENDIX 3e
Set-up, amplitudes and phases of the least-squares approxima-
tion of the vertical tide in channels 4, 5 and 6.
Results are shown in figs. 3.15 and 3.16.
Amplitudes in meters, phases and lead in degrees.

channel x(km) .no

4 5
6
7
8
9
10

5 5
6
7
8
9
10

6 5
6
7
8
9
10

0.008
0.009
0.010
0.010
0.010
0.010

0.011
0.012
0.013
0.013
0.014
0.015

0.012
0.013
0.014
0.014
0.015
0.017

1.986
1.988
1.990
1.991
1.993
1.994

1.991
1.993
1.995
1.996
1.998
1.998

1.986
1.987
1.988
1.988
1.988
1.995

0.040
0.048
0.050
0.053
0.055
0.059

0.035
0.037
0.038
0.039
0.040
0.041

0.025
0.025
0.025
0.025
0.024
0.023
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6.246
6.918
7.444
7.926
8.452
9.040

5.691
6.283
6.735
7.137
7.561
8.041

5.265
5.800
6.206
6.562
6.988
7.639

-79.594 0.020 92.09
-79.037 0.024 92.87
-78.485 0.025 93.37
-77.643 0.027 93.50
-76.812 0.028 93.72
-75.811 0.030 93.90

-84.918 0.018 96.30
-84.449 0.019 97.02
-84.353 0.019 97.82
-84.062 0.020 98.34
-83.570 0.020 98.69
-83.222 0.021 99.30

-103.27 0.013 113.80
-104.36 0.013 115.96
-105.83 0.013 118.24
-106.86 0.013 119.98
-109.07 0.012 122.88
-112.39 0.012 127.67



APPENDIX 3D
Residual velocity fluxes over one tidal cycle (positive is
inward) for channels 4, 5 and 6.
Results are shown in fig. 3.17.

channel

4

5

6

4a

4b

x(km) .s.T (m3/s2)

6 12.957
7 11.274
8 10.209
9 8.597
10 6.480
11 4.713

6 -6.046
7 -2.373
8 -2.780
9 -3.150
10 -2.118
11 -7.733

6 -10.562
7 -3.272
8 -2.725
9 -2.735
10 -2.908
11 -2.113

6 3.122
7 4.135
8 3.079
9 1.607
10 0.397
11 0.371

6 -3.777
7 -0.589
8 -1.823
9 -2.936
10 -3.233
11 -3.472
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