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Abstract

Observations on the changes of the large-scale morphology and tidal asymmetry in the Westerschelde estuary were
used to evaluate the applicability of existing relationships between estuarine morphology and the asymmetry of the
vertical tide. The results of the analyses show that shallow parts tend to be more flood-dominant than deeper areas. This
tendency agrees with the findings of earlier studies of tidal asymmetry (e.g. Coastal Shelf Sci., 27 (1988) 521). Historical
changes and spatial variations of the asymmetry of the vertical tide can be explained by the variation of the ratio of tidal
amplitude to mean channel depth. The results can be used to assess the impact of, for instance, a channcl deepening on

the asymmetry of the vertical tide.
{ 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The Westerschelde (see Fig. 1) is the seaward,
marine part of the tide-dominated Schelde estuary.
It is located in the SW part of the Netherlands.
Land reclamation, damming, dredging and other
kinds of human interference influenced the natural
evolution of the estuary during the last centuries.
At present, some 10 x 10°m® of sediments are
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annually dredged to maintain the shipping lane to
the harbours of Antwerpen, Gent and Vlissingen.
Besides this channel maintenance, two additional
dredging programs have been carried out in the
periods 19711974 and 1997-1998. During the last
program the minimal water depth at the bars in the
main ebb channels was increased from 14.5 to
16.0 m below NAP (Dutch ordnance level ¥ mean
sea level). A new decpening program has been
proposed for the near future. The deepening, and
thereby increasing maintenance, of the navigation
channel will inevitably have an impact: (i) on the
morphological evolution and associated large-
scale processes of erosion and sedimentation;
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Fig. I. The Westerschelde and the six echo-sounding sections.

(i) on the tidal wave propagation; and (iii) on the
ecological system in the estuary. A minimisation of
possible negative effects requires an understanding
of this impact

The asymmetry of the tide is one of the
controlling factors for the residual sediment
transport and hence the morphological develop-
ment in estuaries and tidal basins (e.g. Aubrey,
1986; Dronkers, 1986). In the Westerschelde,
where the tidal flow is the major driving force for
the morphological development, it may ecven
countrol the sediment exchange between the ebb
tidal delta and the estuary, as well as between the
various parts of the estuary.

The interaction between the morphology and
the tidal asymmetry is schematically depicted in
Fig. 2. In the past, different aspects of this
interaction were investigated for short tidal basins
in particular. For instance, Boon and Byrne
(1981), Speer and Aubrey (1985), Friedrichs and
Aubrey (1988, 1994), Dronkers (1986, 1998), Speer
et al. (1991), Friedrichs et al. (1992), Van der Spek
(1997) and Lanzoni and Seminara (1998) consider
the influence of basin morphology on the asym-
metry of the vertical and horizontal tide. They
show that the mean depth of the tidal basin and
the relative volume and height of inter-tidal shoals
are the principal morphologic parameters affecting
the tidal asymmetry: shallow systems with large
inter-tidal basin storage tend to be flood-dominant
and enhance landward near-bed transport,

1 Asymmetry
Morpholog
orphology Vertical tide
4 2
. 3 X .
Residual Asymmetry

Sediment transport Horizontal tide

Fig. 2. Schematic representation of the interaction between
morphology and tidal asymmetry.

whereas deep tidal basins with little inter-tidal
basin storage tend to be ebb-dominant. The
vertical tide is flood-dominant if the rising-tide
time is shorter than the falling-tide time, and ebb-
dominant if the opposite is true. Considerable
attention has been paid to the effect of tidal
current asymmetry on the residual transport (3 in
Fig. 2) of fine grain (e.g. Postma, 1967; Groen,
1967; Dronkers, 1985, 1986; Ridderinkhof, 1997,
Schuttelaars and De Swart, 2000) and coarse grain
sediments (e.g. Aubrey, 1986; Dronkers, 1986;
Friedrichs and Aubrey, 1988; Van de Kreeke and
Robaczewska, 1993; Van de Kreeke and Dunsber-
gen, 2000). In some of these studies, the relation-
ship between tidal asymmetry and morphology is
addressed in terms of inferred large-scale net
sediment transport directions and the observed
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tendencies of sediment import or export (e.g.
Dronkers, 1986; Van de Kreeke and Dunsbergen,
2000).

This paper addresses the influence of the
morphology on the asymmetry of the vertical tide
in the Westerschelde estuary (1 in Fig. 2) on the
basis of field observations of the large-scale
morphological development and the changes of
the tidal asymmetry during the last 3-4 decades. It
aims to evaluate the applicability of the existing
relationship between tidal asymmetry and estuar-
ine morphology on the basis of these observations.
This study differs from previous ones in two ways.
Firstly, the Westerschelde is a long estuary, or
tidal basin, where the tidal wave propagation is
influenced by both friction and inertia. Secondly,
ficld observations of both morphology and tidal
asymmetry over a period of decades are analysed
to address the influence of morphology on tidal
asymmetry.

2. General characteristics of the estuary
2.1. Morphology

The Schelde estuary resembles the morphologic
descriptions of Hayes (1975), Dalrymple et al.
(1992) and Wells (1995) for tide-dominated estu-
aries with a meso- to macro-tidal regime. Mor-
phogenetically, the estuary is a young coastal plain
estuary (Bokuniewicz, 1995) that was only formed
some thousands years ago by sea flooding of the
low relief river valley.

The present day estuary has a funnel-shaped
geometry, where the estuarine width reduces from
about 6 km near the mouth, via 2-3 km near Bath
to less than 100 m near the estuary head. Its length
from Vlissingen up to the sluices in Gent is about
160 km. Its cross-sectional area decreases expo-
nentially from the mouth to the estuary head. The
width-averaged depth decreases from some 15m at
Vlissingen to only 3m near Gent.

The Westerschelde is the seaward, marine part
of the estuary. This part of the estuary exhibits a
well-developed system of channels and shoals. The
larger main channels in the estuary display a
repetitive pattern, referred to as estuarine sections

(Jeuken, 2000). Each of these consists of a mean-
dering ebb channel and a straight flood channel. In
most sections these channels are separated by
inter-tidal shoals and linked by smaller connecting
channels. In the Westerschelde six estuarine
sections can be identified. Channel evolution in
the three sections near the head of the Wester-
schelde, i.e. the area between Hansweert and Doel
(Fig. 1), is strongly influenced by dredging and
dumping activities. Until 1997 natural processes
dominated the evolution of the channel and shoal
system in the seaward reach of the Westerschelde,
between Vlissingen and Hansweert, though dred-
ging and dumping occur also in this area. Van den
Berg et al. (1996) and Jeuken (2000) give overviews
of the long-term morphologic channel behaviour
within the estuarine sections. The Westerschelde,
having a length of about 60 km, is the study area of
this paper.

2.2. Hydrodynamics

The water motion in the estuary is forced by a
semi-diurnal tide. The mean river outflow is about
120m?*/s or 5x 10°m’ of water per semi-diurnal
tide. This is less than 1% of the tidal prism of
about 2 x 10°m’. Water level observations along
the estuary show an increase in mean tidal range
between Vlissingen and Antwerpen (78 km further
upstream) from 3.8 to 5.2m. This amplification of
the tide is due to convergence, shoaling and partial
reflections (Jeuken, 2000). Landward of Antwer-
pen, the tidal range decreases. The duration of
falling tide exceeds that of rising tide, and this
flood-dominant asymmetry of the vertical tide
increases in the landward direction (see e.g.
Jeuken, 2000). At Vlissingen the duration differ-
ence between falling and rising tide amounts to
about half an hour. Near Antwerpen it approx-
imates 2 h and further increases to almost 4h near
the tidal limit at Gent.

The phase difference between the vertical and
horizontal tide is about 2.5h. The maximum
depth-averaged current velocities in the channels
are typically in the order of 1-1.5m/s. These
velocities, in combination with medium to fine
sands (200 um on average), induce a sediment
transport that is dominated by suspended load.
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3. Available data and analyses
3.1. Morphology

De Jong (2000) describes changes in the net
sediment budget over the period 1955-1999 for six
areas in the Westerschelde (Fig. 1). The distribu-
tions of the water volume as a function of depth,
i.e. the hypsometric curves, for cach of the six
echo-sounding sections in 1955 and 1996 are given
by Mol et al. (1997).

These hypsometric curves were analysed by
means of curve fitting. It appears that the water
volume below a vertical reference level z can be
described by

V= C(d+ 2, 0

where ¥ is the water volume (in 10°m?) below
reference level z (in m relative to NAP), C is a
coefficient, d is the maximum depth below the
reference level (NAP) and o is a dimensionless
coefficient. This equation can also be written as

V:Cd“(w;,i)“. )

The coefficients Cd* and o for the six echo-
sounding areas are given in Table 1. The coeffi-
cient Cd* is the water volume at the reference level
(Dutch ordnance level NAP). The fit appears to be
very good (Fig. 3). The uniformity of the curves
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for the various parts is intriguing. It might be
explained by the regular and repetitive pattern of
channels and shoals, i.e. the occurrence of the
estuarine sections (see Section 2.1). From Eq. (1) it
follows that the water surface area F at a certain
level is

F = %If = aC(d + z)* . (3)

Egs. (1) and (3) can be used to derive the
dimensionless parameters a/h and V,/V. as
defined by e.g. Friedrichs and Aubrey (1988).
For the water volume on the inter-tidal shoals ¥,
we have

V= V(a) — V(—a) - 2F(—a)a, (4)

Table 1
Parameters characterising the hypsometry of the channel and
shoal system. For locations of sections see Fig. 1

Section 1955 1996
d(m) a(l) Cd*m® dm) a(l) Cd* (m)
[ 20 2.70 1319 20 1.94  [82.5
2 20 2.57 2548 20 216 270.0
3 30 247  503.0 30 2.67 472.8
4 40 3.59 4413 40 359 4413
5 50 399  670.7 50 442  691.3
6 40 343  631.2 40 343 631.2
1996
900 p
o section 1 data
..... - section 1 fit
8007 . section?2data
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....... section 3 fit
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Fig. 3. Hypsometric curves for all the echo-soundings sections 2 and 3 in 1955 and 1996. For locations see Fig. 1.
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where a is the amplitude of the dominant semi-
diurnal M, tide. The channel volume below mean
sea level V, is defined as

Ve = V(—a)+ aF(-a). (5)
The mean channel depth 4 follows from

V(’ V(ha)
fr = ot . 6
e (e ©

Substitution of Eq. (1) for ¥ and Eq. (3) for F
yields the two parameters a/h and V,/V.:

a oa/d
b 1+ (e — D(a/dy D
v, (1 +ajdy
Ve (1-— a/dy + (a/d)(1 — ajd)*"
B oa/d ®)

1+ (o — Dajdy

The spatial and temporal variations of these
morphologic parameters were determined to assess
the influence of large-scale morphologic changes
on the asymmetry of the vertical tide.

3.2. Vertical tide

Along the Westerschelde, water levels are being
measured since 1885. For the four water level
stations, Vlissingen, Terneuzen, Hansweert and
Bath (Fig. 1), time series with a sampling interval
of Th (until 1987) and 10min (since 1987) are
available from 1971 onwards. For the stations
Vlissingen, Terneuzen and Hansweert, water level
observations with a sampling interval of 3h are
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available over the period 1955-1970. The observa-
tions over the period 1971-1996 were analysed by
the Ministry of Transport, Public Works and
Water Management, when 94 harmonic compo-
nents were determined for each year of measure-
ments. An additional harmonic analysis was
carried out for the water level observations at
Vlissingen, Terneuzen and Hansweert for the year
1955, using 53 components.

The results of the harmonic analyses over the
period 1971-1997 were used to quantify the annual
changes of the asymmetry of the vertical tide.
Usually, the asymmetry of the vertical tide refers
to the distortion of the predominant semi-diurnal
tide as a result of overtides. A direct measure of
non-linear distortion is the My to M, amplitude
ratio (a4/az). The nature of the asymmetry can be
defined as the phase of My relative to M, (2¢, —
@4)- A relative phase between 0° and 180° indicates
that the duration of water level fall exceeds water
level rise, i.e. the tide is flood-dominant, and
otherwise it is ebb-dominant. Thpr amplitudes and
phases of M, and M, at the fouf stations are given
in Table 2.

The tidal asymmetry inside the estuary is
influenced by the asymmetry of the tide at the
scaward boundary of the estuarine system (e.g.
Dronkers, 1986, 1998; van der Spek, 1997).
Similarly, it is likely that the asymmetry of the
vertical tide at a certain station is influenced by the
asymmetry of the tide in a section downstream.
Based on this assumption the following hypothesis
is put forward: the spatial change of the tidal
asymmetry in a certain part of the estuary, rather

Table 2
Amplitude {m) and phases (") of M, and M4 at the four stations
Year  Vlissingen Terneuzen Hansweert Bath

M, My M, My M, My M, M,

a ¢ a 10 a 10 a 1 a 10 a ¢ a @ a I
1971 1.72 59 0.12 119 1.85 69 0.11 140 1.95 80 0.12 185 1.97 95 0.13 163
1976 172 60 0.13 119 1.85 70 0.11 137 1.95 82 0.12 177 2.02 95 0.12 163
1981 1.73 60 0.13 120 1.86 69 0.12 135 1.99 79 0.12 167 2.10 94 0.12 172
1986 1.73 58 0.13 116 1.86 68 0.12 133 1.95 79 0.12 163 2.08 92 0.12 165
1991 1.75 59 0.13 121 .88 69 0.12 135 1.98 80 0.12 167 210 93 0.12 174
1996 1.75 60 0.13 120 1.88 69 0.12 134 1.98 81 0.11 167 2.09 94 0.12 173
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than the tidal asymmetry at a specific location,
should be related to the morphologic character-
istics of the considered area. The spatial change of
the tidal. asymmetry between two stations is
represented by the ratio of the amplitude ratios
and the difference between the relative phase
differences, respectively:

. (614/512)5‘1&11'0}1 2
- 3
(a4/ a2)slalion I

(10)

P= (2(/)2 - (P4)stalmn 2 (2(/)2 - @4)xmt1’on 1 (1 1)
The temporal variations of the parameters 4 and
P and their relationship with the large-scale
morphologic changes are addressed in the follow-
ing sections.
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4. Results
4.1. Large-scale morphologic changes

The cumulative net sediment budget changes in
three parts of the estuary point to some large-scale
morphologic changes over the period 19551996
(Fig. 4). The western, seaward part of the Wester-
schelde experienced© a net erosion of some
20 x 10°m?, whereas in the central part about
30 % 10°m’ volume of sediment was deposited. In
this latter arca, the main ebb channel was cut off
by the main flood channel. This natural process
was associated with a substantial sedimentation of
the main ebb channel that exceeded the erosion of
the main flood channel (see e.g. Jeuken, 2000).
Relatively large morphologic alterations oceurred
in the period 1955-1996. The eastern part of the

Central part - sections 3 and 4
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Fig. 4. Evolution of the sediment budgets in the eastern (sections 1 and 2), central (sections 3 and 4) and western (sections 5 and 6)
parts of the estuary below NAP +3.5m and NAP--2m (approximately LW). Labels indicate the cumulative sediment budget changes
(in Mm™) since 1955 in 1971 and 1996. A negative value indicates an erosion with respect to 1955, whereas a positive value points at

sedimentation. For section location see Fig. 1.
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estuary eroded with almost 60 x 10°m?, mainly as
a result of the large-scale channel deepening and
the maintenance dredging and dumping since
1971. In this area the man-made local deepening
of the bars in the main ebb channel was followed
by an erosion of the adjacent channel sections.

4.2. Development of the asymmetry of the vertical
tide

The tidal asymmetry in the Westerschelde
changed over the last decades (see Fig. 5, Table
3). Near the mouth of the estuary, at Vlissingen,
the small asymmetry of the vertical tide hardly
changed: the phase difference 2¢, — ¢, fluctuates
with a few degrees around zero. The same applies
to the slightly flood-dominant tide at Terneuzen.
The largest alterations of the tidal asymmetry are
observed at Hansweert and Bath. Over the entire

period 19551996, the asymmetry of the vertical
tide slightly decreased (Fig. 5, Table 3). The phase
difference 2¢, — ¢, at Hansweert is negative. 1ts
magnitude decreases between 1955 and 1982
indicating a small decrease of the slightly ebb-
dominant asymmetry of the vertical tide at
Hansweert. Since 1982 the phase difference at this
station varied around —6° (Fig. 5). At Bath the
flood-dominant asymmetry reduced between 1971
and 1987. Since then it has hardly changed. The
temporal variation of P displays similar but
smoother changes (Fig.5). The intensity of the

Table 3
Relative phase difference 2¢, — ¢, of the vertical tide at
Vlissingen, Terneuzen Hansweert and Bath in 1955 and 1996

Vlissingen Terncuzen Hansweert Bath
1955 1 3 —10 unknown
1996 —0.8 4.1 -57 116

0.08 40
[aY] <t
= 0.075 = 301
o &
i E 20 |
s 007k # Vlissingen o
el + Terneuzen % 10
£ 008 — Hansweert 3 o | A A eI et it
% < Bath -% i) m VA= Fura vy AN S
2 006 S 1ol
g 2
§ 0.055 £ a0l
i { 1 L 1 -30 | 1 | 1 t 1
1970 1975 1980 1985 1990 1995 2000 1970 1975 1980 1985 1990 1995 2000
Year Year
1.1 60
A Terneuzen/Vlissingen 50 L # Terneuzen/Vlissingen

1.05 1A -+ Hansweert/Termneuzen

] — Bath/Hansweert
O 0.95

<
0.9

0.85 L,

08 1 | L ] 1 |
1970 1975 1980 1985 1990 1995 2000
Year

-+ Hansweert/Terneuzen
— Bath/Hansweert

10 L
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30 L ! ! ! 1 i i
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Year

Fig. 5. Changes of the asymmetry of the vertical tide over the period 1971-1996.
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degree of asymmetry, as/as, at the four stations
roughly varies between 0.05 and 0.08. It is larger
near the mouth and smaller near the head of
the estuary.  This spatial variation is due to the
increase of the M, tide towards the head of the
Westerschelde, which is not followed by the My.
At Vlissingen and Terneuzen ay/a» slightly in-
creased between 1971 and 1988. This finds expres-
sion in the temporal changes of the parameter 4
(Fig. 5).

4.3. Relationship between morphology and tidal
asymmetry

The previously described sediment budget
changes and alterations of the asymmetry of the
vertical tide point at a clear correlation in two
different ways. Firstly, the largest morphologic
changes in the ecastern part of the estuary are
accompanied by the largest alterations in the
asymmetry of the vertical tide. In the eastern part
the depth increased and the flood-dominant
asymmetry reduced, whereas in the central part
the mean water depth decreased and the slightly
ebb-dominant asymmetry. of the vertical tide
reduced. These opposite evolutions in the two
areas qualitatively confirm Friedrichs and Au-
brey’s (1988) findings (see also Speer et al., 1991):
deep tidal basins tend be more ebb-dominant than
shallow systems. It is noted that the study of

Z.B. Wang et al. | Continental Shelf Research 22 (2002 ) 25992609

Friedrichs and Aubrey concerns short basins.
Apparently a basic mechanism of the change/
generation of tidal asymmetry in an estuary
applies for short as well as for long basins. This
mechanism is the deformation of the tidal wave
during its propagation. The deformation occurs
when the top (HW) and the trough (LW) of the
wave do not have the same propagation speed.
Faster HW causes flood dominance and faster LW
generates ebb dominance. Further, the analysis
will be made from section to section, taking into
account that the tide at the downstream end of the
section is not symmetric. Each of these sections
can be considered as short (relative to the length of
tidal wave).

Fig. 6 compares the morphologic parameters
Vi/V. and a/h in the area between two adjacent
water level stations for the situations 1955 and
1996 with the tidal asymmetry P in 1955 (1971 for
sections 1 and 2) and 1996 as shown in Fig. 5 and
Table 3. The comparison of the asymmetry in 1971
and the morphology in 1955 for sections 1 and 2 is
not ideal but information of the tidal asymmetry at
Bath in 1955 is not available. However, in the
eastern part, net sediment budget changes, in the
channel (below NAP—2m) as well as on the inter-
tidal flats (between NAP-2m and NAP +3.5m),
in the period 1955-1971, were small when com-
pared to the period 1971-1996 (Fig. 4). This
indicates that for this area it is possible to relate

0.15
0.1 ,l
(&) 2 x flood-dominant
% X & neutral/ebb-dominant
> ~ Friedrichs and Aubrey, 1988
2
0.05 —5 £
5 13@40 3 A} 1
@ @3
6
0 N ST T W S
0.125 0.15 0.175 0.2 0225 0.25
a’h

Fig. 6. Relationship between the morphologic parameters a/h and V,/V, and the tidal asymmetry. Solid markers—1955; open

markers-1996; labels--section numbers in Fig. 1.
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the overall morphology of 1955 to the asymmetry
in 1971. Fig. 6 shows that the most flood-
dominant eastern part of the estuary exhibits
relatively large values of a/h, whereas smaller
values of this parameter in the central and western
part of the estuary tend to be associated with a
ncutral to small ebb-dominant asymmetry of the
vertical tide. The thin lines in Fig. 6 represents
Friedrichs and Aubrey’s (1988) separation be-
tween ebb and flood dominance. For the Wester-
schelde, this line does not clearly separate the areas
with a flood-dominant asymmetry from the ones
with a neutral to ebb-dominant asymmetry. The
existing theory thus applies qualitatively but not
quantitatively to the Westerschelde. This is not
surprising because the Westerschelde is a long
estuary where the tidal water motion is determined
by both friction and inertia, whereas Friedrichs
and Aubrey (1988) considered short, friction-
dominated tidal basins.

The upper panels in Fig. 7 quantify the changes
of the parameters V,/ V. and a/h for the six echo-
sounding sections over the period 1955-199¢6. It
reveals large morphologic changes in the eastern
part of the estuary (sections 1 and 2), whereas the

0.25
1955
0.2 .
11996
0.15
L
3
0.1
0.05
0
1 2 3 4 5 6
echo-sounding area
10 344
.
0 546 —
o
B -10 F
(]
o
5 -20
£~
5]
_30 -
& 1+2
.40 1 ! ) 1 1

-0.05 '-0.04 -0.03 -0.02 -0.01
change of a/h

0 0.01 0.02

smallest differences are observed in echo-sounding
section 4. The bottom panels show the spatially
averaged temporal changes of P as a function of
the changes of the parameters V,/V, and a/h in
the eastern (sections 1 and 2), the central (sections
3 and 4) and the western part (sections 5 and 6) of
the estuary (Fig. 7). The change of the tidal
asymmetry in the three areas correlates well with
the morphologic parameters. The correlation with
a/h agrees well with the theory in literature: an
increase of the parameter corresponds with more
flood-dominance. Also an increase of V,/V.
corresponds with more flood-dominance, which
seems to be contradictory to the theory. This is
probably due to the fact that the two parameters
Vi/Ve. and a/h are dependent, at least for the
Westerschelde estuary with its specific hypsometry.
For instance, an increase of the tidal amplitude
causes an increase of both V,/V, and a/h
Furthermore, the value of V,/V. is small in
the Westerschelde, for all parts and during the
whole period under consideration. Apparently,
for this particular estuary, a/h is the most
suitable parameter to indicate asymmetry of the
vertical tide.

0.12
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[ 1996

T

0.08
0.06

Vs/Ve

0.04
0.02

1 2 3 4 5 6
echo-sounding area

10 3+4
+
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.10
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B0 4142
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Fig. 7. Relationship between the temporal changes of the morphologic parameters a/h and V,/V, and the tidal asymmetry P.



2608 Z.B. Wang et al. | Continental Shelf Research 22 (2002) 2599-2609

5. Discussion and conclusions

The present study aimed to investigate and
evaluate the existing relationship between mor-
phology and the asymmetry of the vertical tide for
the Westerschelde estuary on the basis of long-
term field observations. Previous studies (Dron-
kers, 1986; Friedrichs and Aubrey, 1988; Speer
et al. 1991; Friedrichs et al., 1992) show that
shallow systems tend to be flood-dominant,
whereas deep tidal basins tend to be ebb-domi-
nant. The observed temporal and spatial varia-
tions in the morphology and the tidal asymmetry
in the Westerschelde qualitatively confirm this
relationship. Changes in the asymmetry of the
vertical tide over a period of decades could be
correlated to changes in the ratio of tidal
amplitude to mean channel depth, «/h. Especially,
for the area near the head of the Westerschelde,
this relationship is clearly present. The substantial
dredging activities in this area since 1971 are
associated with a deepening of the channel system
and a reduction of the flood-dominant asymmetry
of the vertical tide. This finding can be used to
assess the impact of future human activities on the
asymmetry of the vertical tide.

A basic mechanism for generating tidal asym-
metry is the deformation of the tidal wave during
its propagation. The deformation occurs when the
top (HW) and the trough (LW) of the wave do not
have the same propagation speed. Faster HW
causes flood dominance and faster LW gencrates
ebb dominance. This mechanism applies for short
as well as for long basins. This is probably the
reason why the existing theory for short basins
qualitatively applies to the relatively long Wester-
schelde estuary. It is also found that existing
theory do not apply quantitatively.

The observations for the Westerschelde indicate
that the two morphologic parameters V,/V,
and a/h are mutually dependent. This can be a
disadvantage when studying the relationship be-
tween morphology and tidal asymmetry. A possi-
ble set of independent parameters containing the
same information is, for instance, the ratio a/h and
the ratio of horizontal area of the inter-tidal shoals
to total surface area, Fy/F. The analyses of Li and
O’Donnell (1997) on tidal rectification suggest that

three additional parameters may be used to
quantify the relationship between morphology
and tidal asymmetry, viz.: (a) the ratio between
the length of the estuary and the wave length of
the tide, (b) the ratio of a length-scale of the
morphological variation along the estuary (e.g.
the change of width) to the wave length of tide,
and (c) the ratio of the tidal period to the decay
time induced by friction. For future research, it is
recommended to evaluate the influence of these
parameters on the tidal asymmetry.

Finally, the results presented in this study only
considered the asymmetry of the dominant vertical
tide M, related to the generation of the overtide
My. In the Westerschelde estuary, the sixth-diurnal
tide Mg also affects the asymmetry of the tide.
However, theories that relate tidal asymmetry
caused by the sixth-diurnal tide to estuarine
morphology are still lacking. Therefore, for future
research, investigation of the tidal asymmetry
caused by this group of constituents and its
relationship with the estuarine morphology is
recommended.
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