
A vailable o n lin e  a t  w w w .sc ie n ce d ire c t.co m
CONTINENTAL SHELF

#S C . E N C E ^ D . B E C T .  RESEARCH

PERGAMON C ontinental Shelf R esearch 22 (2002) 2599-2609
www.clsevier.com/locate/csr

Morphology and asymmetry of the vertical tide 
in the Westerschelde estuary

Z.B. W anga,b’*, M.C.J.L. Jeukena, H. Gerritsena, H.J. de Vrienda’b, 
B.A. K ornm anc

11 W U D elft Hydraulics, Partner in Delft Cluster, P.O. Box 177, 2600 M U  Delft, The Netherlands 
b D elft University o f  Technology, Faculty o f  Civil Engineering and Geosciences, Partner in Delft Cluster, Delft, The Netherlands 

L National Institute fo r Coastal and Marine Man., P.O. B ox 8039, 4330 E  A Middelburg, The Netherlands

Received 16 F ebruary  2001; accepted 9 A ugust 2002

A b s tra c t

Observations on the changes of the large-scale morphology and tidal asymmetry in the Westerschelde estuary were 
used to evaluate the applicability o f existing relationships between estuariae 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 Sei., 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 channel deepening on 
the asymmetry of the vertical tide.
(Q 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

T he W esterschelde (see Fig. 1) is the seaw ard, 
m arine p a r t o f  the tide-dom inated  Schelde estuary . 
It is located  in  the SW p a r t o f  the N etherlands. 
L and  rec lam ation , dam m ing, dredging  and  o ther 
k inds o f  h u m an  in terference influenced the n a tu ra l 
evo lu tion  o f  the estuary  du rin g  the last centuries. 
A t p resen t, som e 1 0 x l 0 6 m 3 o f sedim ents are
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annua lly  dredged  to  m a in ta in  the sh ipp ing  lane to  
the h a rb o u rs  o f  A n tw erpen , G en t and V lissingen. 
Besides this channel m ain tenance, tw o ad d itio n a l 
d redg ing  p ro g ram s have been carried  o u t in the  
periods 1971 1974 an d  1997-1998. D u rin g  the la s t 
p ro g ram  the m inim al w ater dep th  a t the b a rs  in the 
m ain  ebb  channels was increased from  14.5 to  
16.0m  below  N A P  (D u tch  o rd n an ce  levelssm ean  
sea level). A  new deepening p rog ram  has been 
p roposed  fo r  the n ea r future. T he deepening, an d  
thereby  increasing m ain tenance, o f  the nav iga tion  
channel will inevitably  have an im pact: (i) on the 
m orpho log ical evo lu tion  an d  associa ted  large- 
scale processes o f  erosion  and  sed im entation ;
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Fig. 1. The W esterschelde and  the six echo-sounding sections.

(ii) on  the tidal wave p ro p ag a tio n ; and  (iii) on the 
ecological system  in the estuary . A m in im isa tion  o f  
possible negative effects requires an  u n d erstan d in g  
o f  th is im pact

T he asym m etry  o f  the tide is one o f  the 
con tro lling  factors fo r the residual sedim ent 
tra n sp o rt and hence the m orpho log ical develop­
m en t in estuaries an d  tidal basins (e.g. A ubrey, 
1986; D ronkers , 1986). In the W esterschelde, 
w here the tidal flow is the m a jo r driv ing force for 
the m orpho log ical developm ent, it m ay even 
co n tro l the sedim ent exchange betw een the ebb 
tidal de lta  and the estuary , as well as betw een the 
various p arts  o f  the estuary.

T he in te rac tio n  betw een the m orpho logy  and 
th e  tida l asym m etry  is schem atically  depicted  in 
Fig. 2. In  the past, d iffe ren t aspects o f  this 
in te rac tio n  were investigated  fo r sh o rt tidal basins 
in p articu la r. F o r  instance, B oon and  Byrne 
(1981), Speer and  A ubrey  (1985), F ried richs and 
A ubrey  (1988, 1994), D ro n k e rs  (1986, 1998), Speer 
et al. (1991), F ried richs el al. (1992), Van d er Spek 
(1997) an d  L anzon i and  S em inara (1998) consider 
the influence o f  basin m orpho logy  on  the asym ­
m etry  o f  the vertical an d  ho rizo n ta l tide. They 
show  th a t the m ean  d ep th  o f  the tidal basin  and 
the relative volum e an d  height o f  in ter-tidal shoals 
are the p rincipal m orpho log ic  param ete rs affecting 
th e  tidal asym m etry , shallow  system s w ith  large 
in te r-tidal basin  sto rage tend  to  be flood -dom inan t 
an d  enhance landw ard  near-bed  tran sp o rt,
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Fig. 2. Schem atic representation  o f the in teraction  between 
m orphology and tidal asym metry.

w hereas deep tida l basins w ith little in ter-tidal 
basin  sto rage tend  to  be ebb -dom inan t. T he 
vertical tide is floo d -d o m in an t if the rising-tide 
tim e is sh o rte r th a n  the falling-tidc tim e, and ebb- 
d o m in a n t if  the opposite  is true. C onsiderab le 
a tte n tio n  has been  paid  to  th e  effect o f tidal 
cu rren t asym m etry  on the  residual tran sp o rt (3 in 
F ig. 2) o f  fine grain  (e.g. P o stm a , 1967; G roen , 
1967; D ronkers , 1985, 1986; R idderinkho f, 1997; 
S chu tte laars and  D e Sw art, 2000) and coarse grain  
sedim ents (e.g. A ubrey , 1986; D ronkers, 1986; 
F riedrichs and A ubrey , 1988; V an  de K reeke and  
R obaczew ska, 1993; V an de K reeke an d  D unsber- 
gen, 2000). In som e o f  these studies, th e  re la tion ­
sh ip  betw een  tida l asym m etry  an d  m orpho logy  is 
addressed  in term s o f  inferred  large-scale net 
sedim ent tra n sp o rt directions an d  the  observed
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tendencies o f  sedim ent im p o rt o r ex p o rt (e.g. 
D ronkers , 1986; V an de K reeke an d  D unsbergen , 
2000).

This pap e r addresses the influence o f  the 
m orpho logy  on  the asym m etry  o f  the vertical tide 
in the W estcrschelde estuary  (1 in  Fig. 2) on the 
basis o f  field observa tions o f  the large-scale 
m orpho log ical developm ent an d  the changes o f  
the tidal asym m etry  du ring  the last 3 -4  decades. It 
aim s to  evaluate the applicab ility  o f  th e  existing 
rela tionsh ip  betw een tidal asym m etry  an d  estuar- 
ine m orpho logy  on  the basis o f  these observations. 
This study  differs from  previous ones in tw o ways. 
F irstly , the W esterschelde is a  long estuary , o r 
tidal basin, w here the tidal wave p ro p ag a tio n  is 
influenced by b o th  fric tion  and  inertia . Secondly, 
field observa tions o f  b o th  m orpho logy  an d  tida l 
asym m etry  over a period o f  decades are analysed 
to  address the  influence o f  m orp h o lo g y  on tidal 
asym m etry.

2. General characteristics of the estuary

2.1. Morphology

T he Schelde estuary  resem bles the m orpho log ic  
descrip tions o f  Ffayes (1975), D alrym ple et al. 
(1992) an d  W ells (1995) for tide-dom inated  estu ­
aries w ith a m eso- to  m acro -tidal regim e. M or- 
phogenetically , the estuary  is a young  coasta l p lain  
estuary  (B okuniew icz, 1995) th a t w as only  form ed 
som e th o u san d s years ago by sea flooding o f  the 
low  relief river valley.

T he p resen t day  estuary  has a funnel-shaped  
geom etry, w here the estuarine  w id th  reduces from  
a b o u t 6 km  n ea r the m o u th , via 2 -3  km  near B ath  
to  less th an  100 nr near the estuary  head. Its length  
from  Vlissingen up to  the sluices in  G en t is a b o u t 
160 km . Its cross-sectional area  decreases expo ­
nentially  from  the m o u th  to  the estuary  head. The 
w id th-averaged dep th  decreases from  som e 15 m  a t 
V lissingen to  only 3 nr near G ent.

T he W esterschelde is the seaw ard, m arine  p a r t 
o f  the estuary . This p a r t o f  the estuary  exhibits a 
w ell-developed system  o f channels and  shoals. T he 
la rger m ain  channels in the estuary  d isplay a 
repetitive p a tte rn , referred to  as estuarine  sections

(Jeuken, 2000). E ach o f  these consists o f  a  m ean ­
dering  ebb channel an d  a s tra igh t flood channel. In  
m ost sections these channels a re  separated  by 
in te r-tid a l shoals an d  linked by sm aller connecting  
channels. In  the W esterschelde six estuarine  
sections can  be identified. C hannel evolu tion  in 
the th ree sections near the  head  o f  the W ester- 
schelde, i.e. the a rea  betw een H answ eert an d  D oei 
(Fig. 1), is strong ly  influenced by  dredging  an d  
dum ping  activities. U n til 1997 n a tu ra l processes 
dom inated  the  evo lu tion  o f  the channel an d  shoal 
system  in the seaw ard  reach o f  the  W esterschelde, 
betw een V lissingen an d  H answ eert, th o u g h  d red ­
ging an d  dum ping  occur also  in th is  area. V an den 
Berg et al. (1996) an d  Jeuken  (2000) give overview s 
o f  the  long-term  m orpho log ic  channel behav iou r 
w ithin the es tuarine  sections. T he W esterschelde, 
having a length  o f  a b o u t 60 km , is the s tudy  area o f  
this paper.

2.2. Hydrodynamics

T he w ater m otion  in th e  estuary  is fo rced by a 
sem i-d iurnal tide. T he m ean  river outflow  is a b o u t 
120m 3/s or 5 x 106 m 3 o f  w ater p e r sem i-diurnal 
tide. This is less th a n  1 % o f the  tidal p rism  o f 
a b o u t 2 x IO9 nr3. W ate r level o bse rva tions along  
the estuary  show  an  increase in m ean  tid a l range 
betw een V lissingen an d  A n tw erpen  (78 k m  fu rth e r 
upstream ) from  3.8 to  5.2 m. This am plification  o f  
the tide is due to  convergence, shoaling  an d  p artia l 
reflections (Jeuken , 2000). L an d w ard  o f  A ntw er­
pen, the  tidal range decreases. T he d u ra tio n  o f  
falling tide exceeds th a t o f  rising tide, and  th is 
flood -dom inan t asym m etry  o f  the vertical tide 
increases in the landw ard  d irec tion  (see e.g. 
Jeuken , 2000). A t V lissingen the d u ra tio n  d iffe r­
ence betw een falling and rising tide am o u n ts  to  
a b o u t h a lf  an  hou r. N ear A ntw erpen  it ap p ro x ­
im ates 2 h  an d  fu rth e r  increases to  a lm ost 4 h  n ea r  
the tid a l lim it a t G ent.

T he phase  difference betw een the vertical an d  
ho rizo n ta l tide is a b o u t 2.5 h. The m axim um  
dep th -averaged  cu rren t velocities in the channels 
are typically  in the o rd er o f  1-1.5 m /s. These 
velocities, in com b in atio n  w ith m ed ium  to fine 
sands (200 pm  on average), induce a sedim ent 
tra n sp o rt th a t is d om ina ted  by suspended  load.
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3. Available data and analyses

3.1. M orphology

D e Jo n g  (2000) describes changes in th e  net 
sed im ent budget over the period  1955-1999 for six 
areas in the W esterschelde (Fig. 1). T he d is trib u ­
tions o f  the w ate r volum e as a function  o f  dep th , 
i.e. the hypsom etric  curves, fo r each o f  the six 
echo-sound ing  sections in  1955 and  1996 are given 
by M ol et al. (1997).

These hypsom etric  curves were analysed  by 
m eans o f  curve fitting. I t  appears th a t the w ater 
volum e below  a vertical reference level z can  be 
described by

V = C ( d  + z f ,  (1)

w here V  is the w ater volum e (in 106 m 3) below  
reference level z (in m  relative to  N A P), C  is a 
coefficient, d  is the m axim um  d ep th  below  the 
reference level (N A P ) and  a is a dim ensionless 
coefficient. This eq u a tio n  can  also be w ritten  as

K = 0 / - ( , + £ ) - .  (2)

T he coefficients Cda and  a fo r the six echo- 
sound ing  areas are given in T able 1. T he coeffi­
cient C da is the w ater volum e a t the reference level 
(D u tch  o rd n an ce  level N A P). T he fit ap p ears  to  be 
very good (Fig. 3). The un ifo rm ity  o f  the curves

fo r the various parts  is in triguing. I t  m ight be 
explained by the regu lar and  repetitive pa tte rn  of 
channels an d  shoals, i.e. the occurrence o f  the 
estuarine  sections (see Section 2.1). F ro m  Eq. (1 ) it 
follow s th a t the w ater surface a rea  F  a t  a certa in  
level is

dV
F  =  7 r =ocC’(d + z)a- 1. (3)

oz

Eqs. (1) and  (3) can  be used  to  derive the 
dim ensionless pa ram ete rs  a /h  and Vs/ V c as 
defined by e.g. F ried richs an d  A ubrey  (1988). 
F o r  the w ater volum e on  the in te r-tid a l shoals Vs 
we have

Vs = V(a)  -  V ( - n )  -  2 F ( - a ) a ,  (4)

Table 1
Param eters characterising the hypsom ctry of the channel and 
shoal system. For locations o f  sections sec Fig. 1

Section 1955 1996

d  (m) a (1) Cd* (m 3) d  (m) 7 ( 1 ) Cd* (m 3)

1 20 2.70 131.9 20 1.94 182.5
2 20 2.57 254.8 20 2.16 270.0
3 30 2.47 503.0 30 2.67 472.8
4 40 3.59 441.3 40 3.59 441.3
5 50 3.99 670.7 50 4.42 691.3
6 40 3.43 631.2 40 3.43 631.2
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Fig. 3. H ypsom etric curves for all the echo-soundings sections 2 and 3 in 1955 and  1996. F o r locations see F ig . 1.
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w here a is the am plitude o f  the d o m in a n t sem i­
d iu rna l M 2 tide. T he channel volum e below  m ean 
sea level Vr is defined as

Vc =  V ( - d )  +  a F ( - a ) .

T he m ean  channel dep th  h follow s from  

Vc V{~a)
a.

(5)

(6)
F { - a )  F  (—a)

S ubstitu tion  o f  Eq. (1) fo r V  and  Eq. (3) fo r F  
yields the tw o param ete rs a /h  an d  Vs/ V c\

a act/d
h 1 +  (a — 1 ) (a /d ) ’

V± _ __________ (1 + a / d f

Vc (1 — a / d f  +  (a /d )(  1 — a / d f  
out /  d

(V)

1
1 +  (a — 1 ){a/d) (8)

T he spa tia l and  tem p o ra l v a ria tio n s o f  these 
m orpho log ic  p aram eters w ere determ ined  to  assess 
the influence o f  large-scale m orpho log ic  changes 
on the  asym m etry  o f  the vertical tide.

3.2. Vertical tide

A long the W esterschelde, w ater levels are being 
m easured  since 1885. F o r  the fo u r w ater level 
s ta tions, V lissingen, T erneuzen , H answ eert and 
B ath  (Fig. 1), tim e series w ith  a sam pling in terval 
o f  l h  (un til 1987) and  10 min (since 1987) are 
availab le from  1971 onw ards. F o r the s ta tions 
V lissingen, T erneuzen  an d  H answ eert, w ater level 
observa tions w ith a  sam pling in terval o f  3 h are

availab le over the period  1955-1970. T he observa­
tions over th e  period  1971-1996 w ere analysed  by 
the M in istry  o f  T ra n sp o rt, P ublic W orks an d  
W ate r M anagem en t, w hen 94 harm o n ic  co m p o ­
nents w ere determ ined  for each year o f  m easu re­
m ents. A n add itiona l h arm o n ic  analysis w as 
carried  o u t for the w ater level observa tions a t 
V lissingen, T erneuzen  and  H answ eert for the year 
1955, using 53 com ponents.

T he results o f  the harm onic  analyses over the 
period 1971-1997 w ere used to  quan tify  the  annual 
changes o f  the asym m etry  o f  the vertical tide. 
U sually , the asym m etry  o f  the vertical tide  refers 
to  the d is to rtion  o f  the  p red o m in an t sem i-diurnal 
tide as a resu lt o f  overtides. A d irec t m easure o f  
non -linear d is to rtio n  is the M 4 to  M 2 am plitude 
ra tio  (a^/a f) .  The n a tu re  o f  the asym m etry  can be 
defined as the  phase o f  M 4 relative to  M 2 (2ip2 — 
<p4). A  relative phase between 0° an d  180° indicates 
th a t the d u ra tio n  o f  w ater level fall exceeds w ater 
level rise, i.e. the tide is flood -dom inan t, an d  
o therw ise it is ebb -dom inan t. Thp am plitudes an d  
phases o f  M 2 an d  M 4 a t the  fo u F sta tio n s a re  given 
in T ab le 2.

T he tidal asym m etry  inside the estuary  is 
influenced by the asym m etry  o f  the tide at the 
seaw ard b o u n d ary  o f  the estuarine  system  (e.g. 
D ronkers , 1986, 1998; van der Spek, 1997). 
Sim ilarly, it is likely th a t the asym m etry  o f the 
vertical tide a t a certa in  sta tion  is influenced by the 
asym m etry  o f  the tide in a section dow nstream . 
Based on this assum ption  the follow ing hypothesis 
is p u t fo rw ard : the spa tia l change o f the tida l 
asym m etry  in a  certa in  p a r t o f  the  estuary , ra th e r

Table 2
A m plitude (m) and phases (“) o f M 2 and  M 4 a t the tour sta tions

Y ear Vlissingen Terneuzen H answ eert Bath

m 2 m 4 m 2 m 4 m 2 m 4 m 2 M 4

a 9 a 9 a 9 a 9 a 9 a 9 a 9 a 9

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 1.72 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 1.88 69 0.12 135 1.98 80 0.12 167 2.10 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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th a n  the tidal asym m etry  a t a specific location , 
should  be related  to  the m orpho log ic  ch a rac te r­
istics o f  the  considered  area. T he spa tia l change o f 
the tida l asym m etry  betw een tw o sta tions is 
rep resen ted  by the ra tio  o f  the am p litude ratios 
an d  the difference betw een the relative phase 
differences, respectively:

a   ( t i g ) t l 2  )\ / U f i n n  2  / , a \
^  / / \ 5

\ a ^ i  a 2)station  1 

P  ( 2 *i)2 — 4) station 2 — ( - 'A '  (P a ) station 1' 0  0

T he tem p o ra l varia tions o f  the  pa ram ete rs  A and 
P  and  the ir re la tionsh ip  w ith the  large-scale 
m orpho log ic  changes are addressed  in  the fo llow ­
ing sections.

4. Results

4.1. Large-scale morphologic changes

T he cum ulative  net sed im ent budget changes in 
th ree p a r ts  o f  the estuary  p o in t to  som e large-scale 
m orp h o lo g ic  changes over the period 1955 1996 
(Fig. 4). T he w estern, seaw ard p a rt o f  the  W ester- 
schelde experienced a net erosion of som e 
2 0 x l 0 6m 3, w hereas in  the cen tra l p a r t  a b o u t 
30 X IO6 n r3 volum e o f  sed im ent was deposited . In 
th is  la tte r  area, the  m ain  ebb channel w as cu t off 
by  the m ain  flood  channel. T h is  n a tu ra l p rocess 
w as associated  w ith  a su b stan tia l sed im entation  of 
th e  m ain ebb channel th a t exceeded th e  erosion of 
the m ain  flood channel (see e.g. Jeuken , 2000). 
R elatively  large m orpho log ic  a lte ra tio n s  occurred 
in  the period  1955-1996. The eastern  p a r t o f  the

Eastern part - sections 1 and 2 Central part - sections 3 and 4
CO
E

CDO)-a

NAP+3.5m 
-  NAP-2m

1950 1960 1970 1980 1990 2000

E 40

œ 30

NAP+3.5m 
NAP-2m

1950 1960 1970 1980 1990 2000

Western part - sections 5 and 6
CO

20 -  NAP+3.5m
— NAP-2m

-18

/-20

-30

-40
1950 1960 1970 1980 1990 2000

Fig. 4. Evolution o f the sedim ent budgets in the eastern (sections 1 and 2), central (sections 3 and 4) and w estern (sections 5 a n d  6) 
parts o f  the estuary below N A P + 3.5 m and N A P -2  m (approxim ately LW). Labels indicate the cum ulative sedim ent budget changes 
(in M ud) since 1955 in 1971 and 1996. A negative value indicates an  erosion with respect to 1955, whereas a positive value p o in ts at 
sedim entation. F or section location see Fig. 1.
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estuary  eroded  w ith  a lm ost 60 x 106m 3, m ainly  as 
a resu lt o f  the large-scale channel deepening and 
the m ain tenance dredging  and  dum ping  since 
1971. In th is area  the m an-m ade local deepening 
o f  the bars in the m ain  ebb  channel was follow ed 
by an  erosion  o f  the ad jacen t channel sections.

4.2. Development o f  the asym m etry  o f  the vertical 
tide

T he tida l asym m etry  in the W esterschelde 
changed over the last decades (see F ig. 5, T ab le  
3). N ea r  the m o u th  o f  the estuary , a t Vlissingen, 
the sm all asym m etry  o f  the vertical tide hard ly  
changed: the phase difference 2</>2 — </>4 fluctuates 
w ith a few degrees a ro u n d  zero. T he sam e applies 
to  the slightly flood -dom inan t tide a t T erneuzen . 
T he largest a lte ra tio n s o f  the tida l asym m etry  are 
observed a t  H answ eert an d  Bath. O ver the en tire

period  1955-1996, the asym m etry  o f  the vertical 
tide slightly decreased  (Fig. 5, T ab le  3). T h e  phase 
d ifference 2cp2 — tp^ a t H answ eert is negative. Its 
m agn itude decreases betw een 1955 an d  1982 
ind icating  a sm all decrease o f  the  slightly ebb- 
d o m in a n t asym m etry  o f  the vertical tide a t 
H answ eert. Since 1982 the phase difference a t this 
sta tio n  varied a ro u n d  - 6 °  (Fig. 5). A t B ath  the 
floo d -d o m in an t asym m etry  reduced betw een 1971 
and  1987. Since then it has hard ly  changed. T he 
tem p o ra l varia tion  o f  P  d isplays sim ilar b u t 
sm o o th er changes (Fig. 5). T he in tensity  o f the

Table 3
Relative phase différence 2<p2 — <p4 o f the  vertical tide a t 
Vlissingen, Terneuzen H answ eert and  Bath in 1955 an d  1996

Vlissingen Terneuzen H answ eert Bath

1955 1 3 - 1 0  unknow n
1996 - 0 .8  4.1 - 5 .7  11.6

0.08
CM
S  0.075

0.07

2  0.065

0.06
Q .

0.055

1970 1975 1980 1985 1990 1995 2000

A- Vlissingen 
-t- Terneuzen 
— Hansweert 

Bath

Year

1.1
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1
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0.8
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Year
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Fig. 5. Changes o f  the asym m etry o f the verlieal tide over the period 1971-1996.
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degree o f  asym m etry , 0 4 / 0 2 , a t the fou r s ta tions 
roughly  varies betw een 0.05 an d  0.08. I t is larger 
near the m o u th  an d  sm aller near the head o f  
the estuary . This spatia l v a ria tio n  is due to  the 
increase o f  the M 2 tide to w ard s the h ead  o f  the 
W esterschelde, w hich is n o t follow ed by the M 4. 
A t V lissingen and  T erneuzen  a 4/ a 2 slightly in ­
creased betw een 1971 an d  1988. This finds expres­
sion in the tem p o ra l changes o f  the p a ra m e te r  A 
(Fig. 5).

4.3. Relationship between morphology and  tidal 
asymm etry

T he previously  described sedim ent budget 
changes and  a lte ra tions o f  the asym m etry  o f  the 
vertical tide p o in t a t a  clear co rre la tio n  in tw o 
differen t ways. F irstly , the largest m orpho log ic  
changes in  the eastern  p a r t o f  the estuary  are 
accom pan ied  by the largest a lte ra tio n s in  the 
asym m etry  o f  the vertical tide. In the eastern  p a r t 
the d ep th  increased an d  the flood-dom inan t 
asym m etry  reduced, w hereas in  the cen tra l p a rt 
the m ean w ater d ep th  decreased an d  the slightly  
eb b -d o m in an t asym m etry  o f  the vertical tide 
reduced. These opposite  evolu tions in the tw o 
areas qualita tively  confirm  F riedrichs and  A u ­
brey’s (1988) findings (see also Speer e t al., 1991): 
deep tidal basins tend be m ore eb b -d o m in an t than  
shallow  system s. It is no ted  th a t the study  o f

F riedrichs an d  A ubrey  concerns sho rt basins. 
A p p aren tly  a basic m echanism  o f  the change/ 
generation  o f  tida l asym m etry  in an  estuary  
applies for sh o rt as well as fo r long  basins. This 
m echanism  is the defo rm ation  o f  the tida l wave 
du rin g  its p ro p ag a tio n . T he d efo rm atio n  occurs 
w hen the to p  (H W ) and  the tro u g h  (L W ) of the  
w ave do  n o t have the sam e p ro p a g a tio n  speed. 
F aste r H W  causes flood dom inance  and  faste r L W  
generates ebb  dom inance. F u rth e r, the analysis 
will be m ade from  section to  section, tak ing  in to  
acco u n t th a t the tide at the dow nstream  en d  of the  
section is n o t sym m etric. E ach o f  these sections 
can be considered as sho rt (re lative to  the length o f  
tidal wave).

F ig. 6 com pares the m orpho log ic  param ete rs  
Vs/ V c an d  a /h  in  the area  betw een two ad jacen t 
w ate r level s ta tions for the  situations 1955 a n d  
1996 w ith the  tidal asym m etry  P  in 1955 (1971 fo r 
sections 1 an d  2) an d  1996 as show n in F ig . 5 a n d  
T ab le  3. T he com parison  o f  the asym m etry  in 1971 
and  the  m orpho logy  in 1955 for sections 1 and 2 is 
no t ideal b u t in fo rm ation  o f  the tid a l asym m etry  a t  
B ath in 1955 is n o t available. H ow ever, in th e  
easte rn  p a rt, net sedim ent budget changes, in the  
channel (below  N A P —2 m ) as well as on  th e  in te r­
tidal flats (betw een N A P - 2  m an d  N A P +  3.5 m ), 
in the  period  1955-1971, w ere sm all w hen  com ­
p ared  to  the  period 1971 1996 (Fig. 4). T his 
indicates th a t for th is area  it is possible to  rela te

0.15

A flood-dominant 
neutral/ebb-dominant 

— Friedrichs and Aubrey, 1988

o
>
>

0.05

0.125 0.15 0.175 0.2 0.225 0.25
a/h

Fig. 6. R elationship  between the m orphologic param eters a /h  and  Vx/ V c and the tidal asym m etry. Solid m arkers— 1955; open 
m arkers 1996; labels -section num bers in Fig. 1.
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the overall m orpho logy  o f  1955 to  the asym m etry  
in 1971. Fig. 6 shows th a t the m o st flood- 
d o m in a n t easte rn  p a r t o f  the estuary  exhibits 
relatively large values o f  a /h ,  w hereas sm aller 
values o f  th is p a ram ete r in the cen tra l and  w estern 
p a r t o f  the estuary  tend to  be associated  w ith  a 
neu tra l to small eb b -d o m in an t asym m etry  o f  the 
vertical tide. T he th in  lines in Fig. 6 represen ts 
F ried richs an d  A u b rey ’s (1988) separa tion  be­
tw een ebb an d  flood dom inance. F o r  the W ester- 
schelde, this line does n o t clearly  separate  the areas 
w ith  a flood -dom inan t asym m etry  from  the ones 
w ith a neu tra l to  eb b -d o m in an t asym m etry . T he 
existing theory  thus applies qualita tive ly  bu t n o t 
q uan tita tive ly  to  the W esterschelde. This is n o t 
surprising  because the W estcrschelde is a long 
estuary  w here the tida l w ater m o tio n  is determ ined  
by bo th  fric tion  and inertia , w hereas F ried richs 
and  A ubrey  (1988) considered  short, friction- 
dom ina ted  tidal basins.

T he upper panels in Fig. 7 quan tify  the changes 
o f  the param ete rs  Vs/  Vc an d  a /h  fo r the six echo- 
sound ing  sections over the period  1955-1996. It 
reveals large m orpho log ic  changes in  the eastern  
p a r t o f  the estuary  (sections 1 an d  2), w hereas the

sm allest differences a re  observed in echo-sound ing  
section 4. T he b o tto m  panels show  the spatially  
averaged  tem poral changes o f  P  as a function  o f  
the changes o f  the param ete rs  Vx/ V c an d  a /h  in 
the easte rn  (sections 1 and 2), the cen tra l (sections 
3 an d  4) and  the w estern  p a r t (sections 5 an d  6) o f  
the estuary  (Fig. 7). T he change o f  the  tidal 
asym m etry  in the th ree areas correla tes well w ith 
the m orp h o lo g ic  param ete rs. T he co rre la tio n  w ith 
a /h  agrees well w ith  the theory  in  literature: an  
increase o f  the p a ram ete r co rresponds w ith  m ore 
flood-dom inance. A lso a n  increase o f  Vs/ V c 
co rresponds w ith m ore  flood-dom inance, which 
seems to  be co n trad ic to ry  to  the theory . This is 
p ro b ab ly  due to  the fact th a t  the tw o param ete rs 
Vs/ V c an d  a / h  a re  dependent, a t least for the 

W esterschelde estuary  w ith its specific hypsom etry . 
F o r  instance, an  increase o f  the tida l am p litude 
causes an  increase o f  b o th  Vs/ V c an d  a/h.  
F u rth e rm o re , the value o f  Vs/ V c is sm all in 
the W esterschelde, fo r all p a rts  an d  du rin g  the 
w hole period  under consideration . A pparen tly , 
fo r th is p a rticu la r  estuary , a /h  is th e  m ost 
su itab le p a ram ete r to  ind icate asym m etry  o f the 
vertical tide.
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5. Discussion and conclusions

T he presen t study  aim ed to  investigate and  
eva lua te  the existing re la tionsh ip  betw een m o r­
pho logy  an d  the asym m etry  o f  the vertical tide for 
the  W esterscheldc estuary  on  the basis o f  long­
term  field observations. P revious studies (D ro n ­
kers, 1986; F riedrichs an d  A ubrey , 1988; Speer 
e t al. 1991; F ried richs et al., 1992) show  th a t 
shallow  system s tend to  be flood -dom inan t, 
w hereas deep tidal basins tend  to  be ebb -dom i­
nant. T he observed tem p o ra l an d  spatia l v a ria ­
tions in  the m orpho logy  and  the tida l asym m etry  
in the W esterschelde qualita tive ly  confirm  this 
re la tionsh ip . C hanges in the asym m etry  o f  the 
vertical tide over a period  o f  decades could  be 
co rre la ted  to  changes in the ra tio  o f  tidal 
am p litude to  m ean channel dep th , a /h .  Especially, 
fo r the a rea  near the head  o f  the W esterschelde, 
th is re la tionsh ip  is clearly  presen t. T he substan tia l 
dredging  activities in th is a rea  since 1971 are 
associated  w ith  a deepening o f  the channel system  
and  a reduc tion  o f  the flood -dom inan t asym m etry  
o f  the vertical tide. This finding can  be used to  
assess the im pact o f  fu tu re  hum an  activities on  the 
asym m etry  o f  the vertical tide.

A  basic m echanism  for generating  tidal asym ­
m etry  is the d e fo rm ation  o f  the tidal w ave du ring  
its p ro p ag a tio n . T he defo rm atio n  occurs w hen the 
to p  (H W ) an d  the tro u g h  (LW ) o f  the wave do  n o t 
have the sam e p ro p ag a tio n  speed. F as te r H W  
causes flood dom inance and  faster L W  generates 
ebb  dom inance. This m echanism  applies fo r sho rt 
as well as fo r long basins. T his is p ro b ab ly  the 
reason  w hy the existing theo ry  for sh o rt basins 
qualita tively  applies to  the relatively long W ester- 
schelde estuary . It is also found  th a t existing 
theory  do n o t apply  quantita tively .

T he observa tions fo r the W esterschelde indicate 
th a t the tw o m orpho log ic  param ete rs Vs/ V c 
an d  a /h  are  m u tua lly  dependent. T his can  be a 
d isadvan tage w hen studying  the re la tionsh ip  be­
tw een m orpho logy  an d  tidal asym m etry . A possi­
ble set o f  independen t param ete rs  con ta in ing  the 
sam e in fo rm atio n  is, fo r instance, the ra tio  a /h  and 
the ra tio  o f  ho rizo n ta l a rea  o f  the in te r-tidal shoals 
to  to ta l surface area, F f / F .  T he analyses o f  Li and 
O ’D onnell (1997) on tidal rectification  suggest th a t

th ree  ad d itio n a l param eters m ay be used to 
qu an tify  the re la tionsh ip  betw een m o rp ho logy  
an d  tidal asym m etry , viz.: (a) the ra tio  between 
the length  o f  th e  es tuary  and the  w ave length of 
the  tide, (b) the  ratio  o f  a length-scale o f  the 
m orpho log ical v a ria tio n  along  the estuary  (e.g. 
the  change o f  w id th) to  the w ave leng th  of tide, 
an d  (c) the  ra tio  o f  the tidal period  to  the decay  
tim e induced  by friction. F o r fu tu re  research , it is 
recom m ended  to  evaluate the influence of these 
p a ram ete rs  on  the  tidal asym m etry.

F inally , the results presen ted  in this study only 
considered  the asym m etry  o f  the  d o m in a n t vertical 
tide M 2  related to  the generation  o f  th e  overtide 
M 4 . In the W esterschelde estuary , the six th-d iurnal 
tide M 6  also  affects the  asym m etry  o f  the tide. 
H ow ever, theories th a t relate tidal asym m etry  
caused by  the six th-d iurnal tide to  estuarine 
m orp h o lo g y  are still lacking. T herefo re , for fu tu re  
research , investigation  o f  the tidal asym m etry  
caused  by this g roup  o f  co n stitu en ts  an d  its 
re la tionsh ip  w ith  the estuarine  m orpho logy  is 
recom m ended.
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