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Samenvatting

Voor het vervullen van de drie hoofdfuncties van het Schelde-estuarium speelt de
waterbeweging een centrale rol. Hoogwaters, en vooral de extreme waarden, zijn van
belang voor de veiligheid tegen overstromingen, de laagwaterstanden en de looptijden
van hoog- en laagwater bepalen de toegankelijkheid van de havens voor getijgebonden
scheepvaart en de getijasymmetrie heeft een relatie met het netto sedimenttransport
(incl. slib) en daarmee de morfologie, wat weer relevant is voor o0.a. de natuurlijkheid
van het gebied. Veranderingen in de waterbeweging kunnen dus van grote betekenis
zijn voor het functioneren van het systeem en voor het beheer is kennis hierover
essentieel. In dit rapport wordt de evolutie van het getij geanalyseerd op basis van
beschikbare meetdata.

A. Wat is geanalyseerd?

In dit rapport zijn de waterstanden in de stations Vlissingen, Terneuzen, Hansweert en
Bath geanalyseerd (Hoofdstuk 2). Daarbij is gebruik gemaakt van beschikbare
gegevens sinds eind 19° eeuw in deze stations. Bij de analyse is het getij
gekarakteriseerd met jaargemiddelde waarden voor hoog- en laagwater, getijslag,
duren van opgaand en afgaand tij, looptijden van hoog- en laagwater, extreme
waterstanden en de M2-, M4- en M6-getijcomponenten (amplitude en fase). Aanvullend
hierop zijn ook de eb- en vioedvolumes in de vaste debietmeetraaien beschouwd zoals
beschikbaar vanaf 1932. Bij de analyse is gekeken naar langjarige trends en
trendbreuken met speciale aandacht voor de verhouding van de getijslag (amplificatie)
in twee opvolgende meetstations en veranderingen in getijasymmetrie. De
getijbeweging past zich instantaan aan als de geometrie of de morfologie van het
estuarium verandert. De bodemligging is per traject tussen twee waterstandstations
beschreven met een aantal kentallen zoals de watervolumes van de geulen,
watervolumes boven de intergetijdengebieden, arealen van de geulen en
intergetijdengebieden, zandvolumes en hoogtes van de intergetijdengebieden
(Hoofdstuk 3). Vervolgens is onderzocht in hoeverre bodemveranderingen (Hoofdstuk 4
en 6) en menselijke ingrepen (Hoofdstuk 5) waargenomen veranderingen van de
getijkarakteristieken kunnen verklaren. Hiermee wordt stap 1 in navolgend schema
geadresseerd. De vervolgstappen waarbij (een verandering in) het getij weer van
invioed is op de morfologie vormen geen onderdeel van dit rapport.
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B. Waargenomen veranderingen
In deze samenvatting worden de meest uitgesproken veranderingen genoemd. Voor
meer detail wordt verwezen naar de samenvattingen in de afzonderlijke hoofdstukken.

B1: Waterbeweging / getij

@]

Sinds einde 19° eeuw is het estuarium dynamischer geworden door een
toename van de getijslag en de voortplantingssnelheid. Een deel van de
verandering in de getijslag ligt al op zee (een toename bij Vlissingen van
3,5%/100 jaar), maar in het estuarium zijn de veranderingen groter geweest
(Terneuzen +5,5%/100 jaar, Hansweert +6%/100 jaar en Bath +10%/100 jaar).
Vooral de trendbreuk voor het traject Hansweert-Bath is opvallend, waar een
toename van 8% in de periode 1970-1980 plaatsvond.

De gemiddelde waterstand is ook toegenomen. Deze veranderingen zijn vooral
het gevolg van de zeespiegelstijging.

Aangaande eb- en vloeddominantie (op basis van M2- en M4-fase) zijn de
verschillen tussen de vier stations in de Westerschelde kleiner geworden, zodat
momenteel in alle stations gesproken kan worden van zwakke vloed- of
ebdominantie of neutrale condities.

Het aantal hoge vloeden en stormvloeden is na 1950 toegenomen vergeleken
met de periode ervoor.

De getijvolumes van de hoofdgeulen oostelijk van Terneuzen zijn toegenomen
ten koste van de nevengeulen. In de monding lijkt sprake van een geringe
toename van het getijvolume in de gehele dwarsdoorsnede.

B2: Bathymetrie

a. Geulen

@]

Het totale doorstroomopperviak c.q. geulvolume en de gemiddelde diepte van
de geulen tussen Vlissingen en Bath zijn toegenomen sinds 1955 (start
geanalyseerde bodems). De veranderingen zijn het grootst in het oosten
(Hansweert-Bath).

Ook in het westen, tussen Vlissingen en Terneuzen, is sprake van verruimde
geulen, maar niet zozeer van een verdieping.

De meest opvallende verandering in de geulen is de toename van de geuldiepte
tussen Hansweert en Bath met 2,5 m tussen 1955 en 2008. Sinds de tweede
helft van de '90-er jaren verdiepen zowel de hoofd- als de nevengeul.

Ook opvallend is de functiewisseling van de geulen tussen Terneuzen en
Hansweert, maar wel met een gelijk blijvend totaal doorstroomopperviak van
hoofd- en nevengeul.

b. Intergetijdengebieden

@]

@]

@]

Sinds 1955 zijn de intergetijdengebieden hoger geworden. De laatste 10-20 jaar
lijkt een stabilisatie op te treden.

Tussen Vlissingen en Bath is het zandvolume van de intergetijdengebieden
tussen 1955 en 1980 met 25% toegenomen. Tussen Hansweert en Bath is de
toename zelfs 45%.

Vanaf 1970 is een grootschalige ‘versteiling’ te zien in de gehele Westerschelde
maar vooral in het oosten. De verhouding tussen het watervolume boven de
platen en het watervolume van de geulen neemt gestaag af, in ieder geval tot
2002.

De hypothese bij deze waarnemingen is dat het deel oostelijk van Hansweert wordt
gedomineerd door verdieping en verruiming als gevolg van baggeren en storten. Dit
kan worden onderbouwd door de ingreepgegevens naast de observaties te leggen. Dit
is gedaan in andere rapportages van LTV V&T, met als belangrijkste G-13.



C. Relaties en effecten

Een deel van de veranderingen in de getijkarakteristicken heeft duidelijk een
‘natuurlijke’ oorzaak (w.o. veranderingen in de forcering van de Noordzee). In hoeverre
het andere deel menselijk is, kan meestal niet onweerlegbaar uit de beschreven
waarnemingen (grote tijd- en ruimteschaal) gehaald worden. Bovendien zijn er
‘natuurlijke’ veranderingen die (deels) ook weer reacties zijn op menselijke ingrepen uit
een verder verleden.

Getij en bodem
De convergentie van een estuarium (afnemende dwarsdoorsnede in opwaartse richting)

vormt een kenmerkende typering van de geometrie, die een grootschalige invlioed heeft
op het getij in de vorm van continue reflecties. De theorie geeft aan (zie LTV-V&T-
rapport G-7) dat een versterking van de convergentie tot een toename van de
amplificatie (of afname van de demping) en de getijvoortplantingssnelheid leidt. Lokale
ingrepen, zoals bestortingen, bedijkingen en kribben hebben slechts een beperkte
invioed op het grootschalige gedrag van het getij. Veranderingen in de convergentie
komen niet veel voor, aangezien de geometrie vaak is vastgelegd door bedijkingen etc.
Wel kunnen (grootschalige) diepteveranderingen van invloed zijn op het getij, waarbij
de invloed verloopt via de ruwheid. De berging van water op intergetijdengebieden en in
havenbekkens leidt in het algemeen tot een reductie van de getijslag en de
getijvoortplantingssnelheid.

Tussen Vlissingen en Hansweert is een beperkte extra amplificatie van de getijslag
waarneembaar. Een procentuele toename van de getijslag van 3,5%/100 jaar in
Vlissingen wordt nl. 6%/100 jaar in Hansweert. Deze verandering is niet aan een
specifieke periode toe te schrijven. De eerste verdieping, welke een lange periode in
beslag nam en waarbij flinke veranderingen in de geometrie in het oostelijk deel
plaatsvonden, lijkt wel terug te vinden. Tussen Hansweert en Bath kent die periode een
toename van de amplificatie, vooral door een verlaging van het laagwater. Een
dergelijke toename kan worden verklaard vanuit processen door toegenomen
waterdiepte en daardoor een afname van de bodemwrijving. De toegenomen
waterdiepte valt samen met de verdiepingsperiode. In hoeverre dit komt door de
verdieping alleen, kan niet zonder meer vastgesteld worden op basis van de in dit
rapport uitgevoerde data-analyse, maar kan hoogstwaarschijnlijk wel bevestigd worden
door ingrepen en morfologische ontwikkelingen in deze periode naast elkaar te zetten.
Dit is gedaan in andere rapportages van LTV V&T, met als belangrijkste G-13.

Na de tweede verdiepingsperiode is ook sprake van een verlaging van de laagwaters in
Bath (bijv. t.0.v. Vlissingen en Hansweert), al is deze minder groot dan tijdens de eerste
verdiepingsperiode. Dit effect is waarschijnlijk niet het gevolg van de verdieping, maar
lijkt mede te worden bepaald door een gewijzigde strategie m.b.t. storten en
zandwinning. De mate waarin de verdieping en de indirecte effecten ervan, via de
morfologische respons, hebben bijgedragen aan de verlaging kan niet worden
aangegeven.

De waargenomen toename van de getijvoortplantingssnelheid over bepaalde trajecten
kan eveneens worden verklaard uit de toename van de waterdiepte. De relatie tussen
veranderingen in getijasymmetrie (2M2-M4) en opgetreden bodemveranderingen moet
nog nader worden onderzocht. Dit betreft vooral de grote veranderingen in
ebdominantie in Hansweert tussen 1950 en 1985 en de afname van de
vloeddominantie in Bath sinds 1971 (d.i. vanaf begin databeschikbaarheid).



Uit de jaarlijkse waterstanddata zijn verder geen duidelijke trendbreuken aan te wijzen,
waardoor ook een koppeling met bodemveranderingen lastig wordt. Dit komt onder
meer doordat de aanpassing van bodem op getij langzaam verloopt en daarmee de
terugkoppeling op het getij. Het is waarschijnlijk dat ingrepen als baggeren, storten en
zandwinning invloed hebben op het getij, met een effect dat in principe instantaan is.
Het effect is echter lastig statistisch vast te stellen omdat de ingrepen semi-continue
activiteiten zijn, die zich niet in een bepaald punt in de tijd concentreren. Wanneer meer
zekerheid over het effect ingreep-getij gewenst is kunnen numerieke simulaties de
oplossing bieden (waarbij effecten ‘losgekoppeld’ worden). Hierover is onder meer
gerapporteerd in LTV V&T-rapport G-11.

D. Analyse van waargenomen effecten met analytisch model

De waargenomen veranderingen in het traject Hansweert-Bath (toename getijslag
evenals toename getijvoortplantingssnelheid) kunnen worden verklaard door het
analytische model van Van Rijn (Van Rijn, 2010, LTV V&T-rapport G-7). Met de
bodemveranderingen als input en een onveranderlijke geometrie (trompetvorm) worden
de veranderingen in het getij gereproduceerd. Volgens hetzelfde model zal er, bij een
verdere verruiming van de geul in de Westerschelde (lees toename gemiddelde
geuldiepte) geen voortdurende verdere toename van de getijslag blijven optreden. Er
kan zelfs een afname optreden, zij het pas bij zeer grote gemiddelde geuldiepten van
15-20 m en meer. De geuldiepte is hierbij niet de diepte van alleen de vaargeul maar
van het gehele dwarsprofiel. De getijvoortplantingssnelheid zal (volgens hetzelfde
model) wel verder toenemen bij doorgaande verruiming, waardoor hoog- en laagwaters
eerder landinwaarts gelegen plaatsen zullen bereiken.
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Summary

A primary goal of the project “Lange Termijn Visie Onderzoek en Monitoring (LTV
O&M)” is to guaranty maximal safety against flooding in the Scheldt estuary. One of the
topics addressed as part of “LTV-Veiligheid” (Safety) is the study of the evolution of the
tidal propagation in the estuary in general and of the high waters specifically. Availability
of water level data in the stations Vlissingen, Terneuzen, Hansweert and Bath allowed
for the assessment of long-term trends in tidal characteristics on the time scale of a
century and of short-term fluctuations over a period of one to two decades. Detailed
bathymetric data of the Western Scheldt since 1955 were available to analyse changes
of morphologic characteristics that may have affected tidal propagation.

A. Tidal characteristics

The trend-like evolution of a specific tidal characteristic has been assessed by means of
a linear regression line from which the slope has been used to compute the average
change per century. It should be realised that this is only a first order approximation of
the data and that sometimes an approach with piece-wise straight lines (or higher order
polynomials) may give better results. The goal of the analysis is to derive long-term
average quantities so that linear approximations of the data with single lines have been
used. For average tides data for Vlissingen, Terneuzen, Hansweert and Bath are
available since 1860-1870 and for spring and neap tides since 1880-1900 (Bath only
since 1960).

The rate of increase for the yearly-averaged high waters amounts to 0.3-0.4 m/century
and for the low waters 0.2 m/century between Vlissingen and Hansweert. For spring
tides the rate of increase of the high waters has been 0.05-0.1 m/century more and for
neap tides 0.05-0.1 m/century less. Changes in low waters for neap tide have been not
very much different from the changes for the average tide; for spring tides changes of
low waters were somewhat less in Vlissingen and Terneuzen. In Bath the high waters
have increased with approximately 0.5 m/century; the low waters have only increased
slightly as the increasing trend between 1860 and 1970 was followed by a lowering of
the low waters between 1970 and 1980. The changes of high and low waters in Bath for
spring and neap tides over a period of more than 100 years could not be determined
because data were not available.

Extreme high waters were defined as the maximum and 99-, 95- and 90-percentiles
per year. The 90"-99" percentile trends have an offset of +0.05 m/century from the
median (50™M-percentile) trend which means that per 100 years these extreme high
water levels increased 0.05 m more than the average high waters which is about 10%.
The 90"-99™ percentile low water levels show approximately the same trend as the
median low waters. The number of high floods and storm surges (water level
>NAP+3.05 m) in Vlissingen has been considerably larger since 1950 as compared with
the period before (1880-1950), i.e. 42 versus 10 events per decade. Also the number of
events that occurred in pairs or triples has been larger after 1950 (10 versus 1 per
decade). However, the average height of the high floods and storm surges has not
increased.

The dynamic part of the tide is represented by the tidal range which shows a long-term
increase of 3.5%/century in Vlissingen. In the more inland located stations the tidal
range increases to a larger extent (Terneuzen +5.5%, Hansweert +6% and Bath +10%).
The large increase in Bath originates from the lowering of low waters during a relatively
short period of time (1970-1980).
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The mean water level has increased 0.15-0.25 cm/century in the Western Scheldt as
derived from data records with lengths of 68 years or longer (i.e. excluding Bath). Since
1971 the increase of the mean water level was largest in Hansweert with 0.4 m/century
and smallest in Bath with 0.2 m/century, however the uncertainty is relatively large with
a standard deviation of 0.05 m/century.

For average tides the half tide (the average of high and low water as an approximation
of the mean water level) has increased with 0.25-0.30 m/century in the four water level
stations. Changes are larger for spring tides and smaller for neap tides.

The amplification of the tidal range of an estuarine section is defined as the ratio of the
tidal range in the landward and the seaward location. Between 1970 and 1980 the
amplification between Hansweert and Bath has increased with 3-5%. Since 1900, some
gradual increase has also been observed for the section Vlissingen-Terneuzen
following a downward trend before 1900. For the section Terneuzen-Hansweert the
amplification remained relatively constant.

The propagation velocity of the high water has increased between Vlissingen and
Terneuzen and between Hansweert and Bath. Especially the increase from 9 to 18 m/s
between Vlissingen en Terneuzen was substantial. Between Terneuzen and Hansweert
the propagation velocity of the high water remained more or less constant. The
propagation velocity of the low waters has changed to a lesser extent, i.e. over the past
century some increase between Vlissingen and Hansweert and even some decrease
between Hansweert and Bath.

The durations of tidal rise (from low to high water) and tidal fall (from high to low
water) in a specific location are related to the propagation velocity of the tidal wave. If
for instance over a section the propagation speed of the high water increases in time or
the low water decreases the duration of tidal rise becomes shorter. If the duration of
tidal rise is different from the duration of tidal fall the tidal curve is asymmetric. In the
Western Scheldt the duration of tidal rise is shorter than the duration of tidal fall so that
the tide is flood dominant. In Vlissingen this difference amounts 30 min and has not
changed much. In Terneuzen the duration of tidal rise has decreased since 1950 with
about 5 min thus promoting flood dominance. In Hansweert no major changes have
taken place although there were periodic variations over decades of 5-10 min. In Bath
the changes were more difficult to assess because of unreliable data before 1960.
Since 1980 the duration of tidal rise has gradually decreased so that flood dominance
has become less.

The evolution of M2, M4 and M6 tidal constituents has been analysed with respect to
amplitudes and phases. The M2 and M4 amplitudes exhibit positive linear trends,
whereas the M6 amplitude does not show any clear trend. At Bath the M2 amplitude
has increased sharply between 1970 and 1980. The linear trends for the M4 amplitude
in the four stations are quite different until 1990. The strength of the tidal asymmetry is
given by the ratios of the M4 and M2 amplitude and the M6 and M2 amplitude. The
M4/M2-amplitude ratio in Vlissingen, Terneuzen and Hansweert shows an increase until
1970 and an approximate constant value after 1970 except in Vlissingen where the
asymmetry continues to strengthen. For Bath data are only available since 1971. The
M6-M2 ratio does not show clear trends in the four stations. Tidal asymmetry in terms of
flood and ebb dominance is given by the phase differences 2M2-M4 and 3M2-M6. The
evolution of the phase difference 2M2-M4 shows that Vlissingen has changed from
slightly flood-dominated to neutral. Terneuzen has shown an opposite trend from more
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or less neutral before 1970 to a slightly flood-dominate system between 1970 and 2008.
Hansweert has been ebb-dominate since 1940 with large fluctuations between 1960
and 1980. Since then the station is weakly ebb-dominate. Largest changes have
occurred in Bath with the M2-to-M4 phase relationship sharply declining since 1970.
The station has gone from strongly flood-dominate to almost neutral conditions. In
general, differences between the four stations with respect to ebb- and flood dominance
have become smaller with all stations with all stations showing weakly flood, weakly
ebb or neutral conditions.

The tidal volumes in the overall cross-sections suggest an increase in time. This is
most apparent in the cross-sections 1 and 2 in the eastern part of the Western Scheldt.
For the other cross-sections either erratic variation is large or the observation period is
too short to draw definite conclusions. Correlation with the increase in tidal range
should be further investigated. The tidal volumes in the main channels east of
Termeuzen (Gat van Ossenisse, Zuidergat and Overloop van Hansweert) have
significantly increased at the expense of the secondary channels (Middelgat, Schaar
van Waarde and Zimmermangeul). Apparently this exchange of tidal volume did not
affect much the total tidal volume through the cross-section. West of Terneuzen tidal
volumes show less variation in time apart from the Vaarwater langs Hoofdplaat which
displays a decreasing tidal volume since 1960-1980. In the central part of the Western
Scheldt, macro cells 4 and 5, all channels with the exception of the Zimmermangeul
have become more symmetric with respect to ebb and flood volumes. The formerly
flood-dominated Zimmermangeul has evolved in an ebb-dominated channel.

Synthesis evolution tidal characteristics

From the above the picture emerges that the tide in the Western Scheldt has become
more dynamic over the past 100 years (larger tidal range and an increasing propagation
velocity). This is accompanied with an increase of the mean water level in the Western
Scheldt which is mainly caused by the sea level rise as observed in Vlissingen. For
more energetic conditions (spring tide versus average tide and average tide versus
neap tide) changes are larger. Variations of the yearly-averaged tidal characteristics
may also occur on time scales of one to two decades. These are partly due to variations
in the external forcing (18.6 year period of the astronomical tide) and possibly to
changes in the bathymetry of sections in the Western Scheldt on this time scale (e.g.
Hansweert-Bath). The increased tidal dynamics with respect to water levels is not
clearly reflected by an increase of the tidal volume. The most prominent change with
respect to tidal volume is the significant increase of tidal volume in the main channels
east of Terneuzen at the expense of the tidal volume in the secondary channels.

B. Bathymetrical characteristics

The bathymetry was analysed using hypsometric curves specifying the water surface
area as function of depth. From this curve, and using fixed levels at NAP+2m and NAP-
2m for the upper and lower bounds of the intertidal area, the following large-scale
bathymetric characteristics have been derived: (i) channel volume, (i) channel depth,
(i) area of intertidal flats, (iv) water volume above intertidal flats and (v) sand volume
and (vi) height of intertidal flats. In this way the morphological changes during the
period 1955-2008 for the three sections Vlissingen-Terneuzen, Terneuzen-Hansweert
and Hansweert-Bath were determined.

The total channel volume between Vlissingen and Bath has increased between 1955

and 2008 with 710" m® (+3%). This results from changes between Vlissingen and
Terneuzen and between Hansweert and Bath of 5 10" m® (+4%) and 6 10" m® (+17%).

Summary
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The channel volume of the section Terneuzen-Hansweert has decreased with 4 10’ m®
(-5%).

The water volume above the intertidal flats represents the storage of water during
the tidal cycle. This volume has decreased for the sections Vlissingen-Terneuzen and
Terneuzen-Hansweert with 1.0 10" m® and 0.5 10" m® (-15% and -10%) while the
section Hansweert-Bath shows no net change between 1955 and 2008. The overall
decrease between Vlissingen and Bath has been 1.5 10" m® (-10%). The increase of
channel volume (see above) and decrease of water volume above the intertidal flats
suggest that between Vlissingen and Bath tidal flow has become more dominant over
tidal storage although this may be different for individual sections and specific time
intervals.

The channel area is defined at NAP-2 m. Between Vlissingen and Terneuzen it has
first decreased until 1980 and then increased until 2008 resulting in a slight net increase
since 1955 (+0.5%). The other two sections show first a decrease in channel area
between 1955 and 1970/1980 and a more or less constant value hereafter. The overall
change between Vlissingen and Bath has been a decrease of 0.65 10" m? (-3%).
Between Hansweert and Bath the area of the secondary channel has systematically
decreased since 1955 by 30%.

The channel depth is computed from the channel volume and the channel area. As
such the variation in time of the channel depth may be different from changes of the
channel volume alone. Between Vlissingen and Terneuzen the channel depth has
increased with about 0.5 m (+4%). The channel depth between Terneuzen and
Hansweert has been relatively constant with variations of 0.2 m (2%). The most
prominent depth change has taken place for the section Hansweert-Bath where during
the period 1955-2008 the channel depth has increased with almost 2.5 m (+27%) of
which 1.0 m has occurred between 1970 and 1980 and 1.0 m between 1995 and 2008.
Presently (2008) the channel depth for this section is still increasing. Since 1955 the
average channel depth between Vlissingen and Bath has increased with 0.8 m (+7%).
For the individual main and secondary channels changes have been much larger than
for the compound bathymetry of both channels. This especially holds for the section
Terneuzen-Hansweert where the secondary channel (Middelgat) has become 3 m
shallower whereas the main channel (Gat van Ossenisse-Overloop van Hansweert) has
increased in depth with 3 m without having a major impact on the tidal characteristics
for this section (amplification of tidal range, tidal propagation velocity). Between
Vlissingen and Terneuzen both channels have been in equilibrium since 1970 whereas
the section Hansweert-Bath displays on-going erosion with presently both channels
contributing to this evolution.

Between 1955 and 2008 the sand volume of the intertidal flats has increased for all
three sections with a total of 2.7 10’ m® (+25%) between Vlissingen and Bath. This
increase has mainly occurred before 1980/1985. It implies that the decrease of sand
volume in the channel (equivalent to the increase of water volume of 7 10" m? see
above) has been accompanied with an increase of sand volume on the intertidal flats.
Or in other words: a redistribution of sand has taken place from the deeper part of the

cross-section (channel) to the shallower part (flats).

Between 1955 and 1970/1980 all sections show an increase of the intertidal area
followed by a decrease during the successive period. Since 1980 the intertidal area has
decreased for the section Vlissingen-Terneuzen (-12%) and to a lesser extent for both
other sections (Terneuzen-Hansweert: -4%, Hansweert-Bath: -6%). The net change

Summary
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between 1955 and 2008 for the section Vlissingen-Bath has been an increase of 0.35
10" m? (+5%).

The height of the intertidal flat follows from the sand volume and the tidal flat area. The
combined changes of sand volume and tidal flat area have resulted in an increase of
the intertidal flat height of 0.25 m for Vlissingen-Terneuzen, 0.45 m for Terneuzen-
Hansweert and 0.4 m for Hansweert-Bath relative to the level NAP-2 m. For the section
Vlissingen-Bath the height of the intertidal flats increased on average with 0.35 m. The
deepening of the channels and heightening of the intertidal flats reflect the large-scale
steepening of the bathymetry of the Western Scheldt.

Synthesis evolution bathymetrical characteristics

The description given above with respect to the observed morphological changes for
the whole Western Scheldt between Vlissingen and Bath is summarised as follows.
Since 1955 the water volume of the channel (i.e. the volume below NAP-2 m plus the
volume between NAP-2 m and NAP in the channel) has increased with 7 10" m® (+3%).
At the same time the channel area has decreased with 0.65 10’ m? (-3%). These
changes resulted in an increase of the mean channel depth (relative to NAP) of 0.8 m
(+7%). The water volume above the intertidal flats (i.e. between NAP-2 m and NAP+ 2
m) has decreased with 1.5 10" m> (-10%) although the tidal flat area has increased with
0.35 10" m? (+5%). As such, the decrease of the water volume above the flats results
from the increased height of the tidal flats with 0.35 m. Most significant changes in the
Western Scheldt have been (i) the increase of the channel depth of 2.5 m since 1970
between Hansweert and Bath, (ii) the increase of the sand volume of the intertidal areas
between 1955 and 1980 in all sections (+25%) and the resulting heightening of the tidal
flats with 0.35 m. For the individual main and secondary channels the most pronounced
changes have occurred between Terneuzen and Hansweert where the main channel
depth has increased with 3 m while the depth of the secondary channel has decreased
with the same magnitude without a major effect on the tidal range and tidal propagation
velocity. The main channel between Hansweert and Bath displays on-going erosion
since 1955 with a similar trend for the secondary channel from approximately 1985
onward.

C. Effects of human interventions

Histories of yearly-average high and low waters, tidal range and ampilification of tidal
range in water level stations were used to investigate if sudden effects of human
interventions on tidal characteristics could be derived from the records. In general, no
clear responses could be isolated from the inter-annual variation. The most prominent
observed change relates to the increase of the tidal range in Bath relative to that in
Hansweert between 1970 and 1980. This increase of tidal amplification coincides with
the period of the first deepening of the navigation channel however to what extent this
deepening has induced or contributed to the observed changes cannot yet be decided
upon as natural morphological evolution may have played a role as well. Effects of land
reclamation on tidal characteristics could neither be derived from the data despite the
relatively large reduction of the reclaimed area. This may be explained by the fact that
at the time of reclamation areas were well above local low water so that tidal storage
was already reduced to a large extent. The construction of the guiding walls
(‘leidammen’) near the Dutch-Belgian border appears to have no effects on tidal
properties that can be discerned from inter-annual variation. Similarly, the construction
of the major primary dams as part of the Delta works did not influence water levels in
Vlissingen. Indirect effects of man-made changes resulting from morphological
adaptation have not been studied as part of the present work.

Summary
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Possible effects of dredging and dumping resulting from maintenance of the navigation
channel and sand mining were not addressed since these interventions are continuous
activities that do not produce sudden changes of the tidal characteristics.

D. Analysis with analytical model

Changes in tidal and bathymetric characteristics were first analysed with scatter plots
showing for the section Hansweert-Bath a clear relationship. An analytical model for
tidal propagation in a convergent estuary was used to explain the increase of M2-
amplitude with channel depth. The model was also able to reproduce the increase of
the M2-phase velocity which is the propagation velocity of the M2-tidal constituent.
Application of the model to the sections Vlissingen-Terneuzen and Terneuzen-
Hansweert also showed good agreement between observed and predicted M2-
amplitude and M2-phase velocity. It is concluded that an increase in channel depth
results in an increase of M2-amplitude up to a channel depth of 15-20 m. For larger
channel depths the M2-amplitude will decrease with increasing channel depth. At these
channel depths the apparent M2-phase velocity will have become very large. However
the tidal wave coming from the North Sea may display an on-going increase of the M2-
amplitude as a continuation of the observed trend during the past 100 years.

Summary
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1 Introduction

1.1 General background LTV O&M

The objective of the project “Lange Termijn Visie Onderzoek en Monitoring”" (LTV
O&M) is to realise in the year 2030 a sustainable and multifunctional estuarine water
system for the Scheldt estuary. One of the primary goals of the project is to guarantee
maximal safety against flooding. Crucial questions for the management of the system
are (i) how on the long-term this safety level will develop given natural changes and
human interferences and (ii) what measures are needed to safeguard the surrounding
areas against flooding. Both questions are addressed within the project by means of
two defined sub projects:

1 Evolution of high water levels (sub project 1);
2 Analysis of flood risks (sub project 2).

Both sub projects were identified through a study carried out by Royal Haskoning in
commission of Rijkswaterstaat / RIKZ (Van Ledden et al., 20086).

The present report describes the activities that have been undertaken as part of sub
project 1 (Evolution of high waters). The scope of the work has been wider than to focus
only on high waters. Other tidal characteristics such as tidal range, propagation velocity
and tidal asymmetry have been addressed as well.

1.2 LTV Veiligheid

During the passed centuries the tidal regime of the Scheldt estuary has changed. This
is due to natural processes as well as human interventions in the estuary, such as
reclamation works, deepening of the navigation channel, maintenance dredging, of
sand mining and changed forcing (tidal conditions in the North Sea and upstream river
discharges).

An important question for the safety management in the Scheldt estuary is how the
safety level will vary on the long term, taking into account the historical and present
human impacts and natural changes such as sea level rise. An important aspect from
the viewpoint of safety management is the possible increase of high water levels.

The changes in hydrodynamics and morphodynamics of the river are inter-related and
should be studied together. The morphology of the Scheldt estuary varies as a result of
natural evolution and human impacts. This affects hydrodynamics which in turn can
lead to morphological adaptation of the system.

Therefore, analysis of the morphological evolution of the estuary will help to understand
the changes that have occurred with respect to the tidal regime and vice versa. An
analysis of water level and topo-bathymetric data of the previous century is carried out.
The objective is then to link the observed changes of water levels as output to the
observed changes of topography and bathymetry as input. It is hereby considered that
the tidal propagation instantaneously adapts to changes in geometry and/or bed levels.

1. Long-term Vision Research and Monitoring.
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The results of this study can be found in two reports. For the Western Scheldt area the
results are presented in this report. The analysis for the Lower Sea Scheldt is given in
LTV V&T-report G-6.

1.3 Contents of this report

Chapter 2 presents and discusses data on water levels and discharges. Topo-
bathymetric data are described in Chapter 3. In Chapter 4 some relationships between
water level data and topo-bathymetric data are investigated. The major human
interventions in the Western Scheldt are discussed in Chapter 5 and it is investigated if
possible impacts of these interventions can be deduced from the observations. An
analytical model on tidal propagations is used in Chapter 6 to analyse observed
changes in tidal amplification and propagation velocity of the tidal wave.

Some additional figures are included in Appendix A without further text. A description of
the water level data in the stations Cadzand, Westkapelle, Vlissingen, Terneuzen,
Hansweert and Bath is given in Appendix B. Appendix C compares the evolution of the
tidal range at Vlissingen with other stations along the Dutch and German coast.
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2000, 2001, 2002, 2003,
2008
9 Honte/Schaar v.d. Vaarwater langs 1960, 1979, 1991, 1996,
Spijkerplaat Hoofdplaat 2001, 2006, 2010
10 Honte Vaarwater langs 1958, 1971, 1982, 1989,
Hoofdplaat 1997, 2002, 2007
11 Wielingen Sardijngeul 1932, 1966, 1985, 1995,
1997, 2000, 2006, 2009
12 Wielingen Oostgat + Deurloo 1991, 1997, 1999, 2000,
2002, 2007
14 Scheur Oostgat + Vlakte 1992, 1998, 2003, 2008
v.d. Raan

2.2 Processing

Data were obtained from Rijkswaterstaat as ASCII-files. The data on high and low
waters were imported in Excel and supplementary tidal characteristics such as tidal
range (difference between high and low water) and half tide (average of high and low
water) were determined. Matlab scripts were written to compute the tidal propagation
time for high and low waters between two stations as well as the duration of tidal rise
and tidal fall in all stations except Cadzand and Westkapelle. The latter two stations
were omitted because attention will focus on the effect of bathymetry on tidal
characteristics in the Western Scheldt eastwards of Vlissingen®. Finally, for each year
extreme high waters were derived from the computed cumulative frequency distribution.
This was also done with Matlab scripts.

Ebb-, flood and tidal volumes were computed from the discharge measurements by
Rijkswaterstaat (2011). This was done for the total transects and for the individual
channels if present. Volumes were normalized by Rijkswaterstaat to year-averaged
values taking into account the actual tidal conditions during the measurements and the
year-averaged tide in the most nearby water level station.

2.3 Definition of tidal characteristics

The evolution of the water levels in the Western Scheldt was assessed by means of the
following parameters:

In each station or transect:

. Yearly-averaged high and low water;

. Yearly-averaged tidal range;

. Yearly-averaged half tide;

. Yearly-averaged high and low water for spring and neap tides;
. Yearly-averaged tidal range for spring and neap tides;
. Yearly-averaged half tide for spring and neap tides;

. Yearly-averaged duration of tidal rise and tidal fall,

. Extreme high and low water;

. Amplitude of the mean tide (A0);

. Amplitude analysis of the M2, M4, and M6 tides;

. Phase analysis of the M2, M4, and M6 tides;

. Ebb-, flood and tidal volume.

3. Bathymetries of the ebb tidal delta are less frequently measured, see Chapter 3.
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