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PREFACE

Until recently, use of numerical models to simulate the hydrodynamics and water
quality in estuaries and coastal seas was not yet fully accepted, and questions were
continually raised about the applicability of hydrodynamic formulations and the effect of the
approximations used. To resolve those questions, in 1981 a series of experiments was made
and analyzed extensively, although the results were reported only informally to the
Netherlands Rijkswaterstaat.

After numerical modeling became acceptable, the technical problems associated with
interfacing models with different resolutions had to be solved. An interfacing technique had
to be developed before detailed flow models could be developed for use in construction of
the storm surge barrier and the secondary closure dams in the Oosterschelde (the Eastern
Scheldt)—part of the Delta region of the Netherlands, southwest of Rotterdam. These very
large structures were built to protect the low-lying lands in the Delta region against flooding
during storm surges.

After the long development effort associated with creating two- and three-
dimensional models, and the development of the interfacing technique, the Netherlands
Rijkswaterstaat asked RAND to prepare a report outlining the most important results from
the experiments. However, even with this effort, much information valuable to other
investigators would be lost; therefore, the informal documents originally sent only to the
Rijkswaterstaat are being made available at this time as RAND Notes. The companion
Notes and report are:

e Jan.J. Leendertse, Influence of the Advection Term Approximation on
Computed Tidal Propagation and Circulation, N-2700-NETH, June 1988.

e JanJ. Leendertse and S. L. Ritter, Sensitivity of the Major System Parameters
of an Eastern Scheldt Model, N-2701-NETH, June 1988.

* JanlJ. Leendertse and Susan L. Ritter, The Effects of Different Hydrodynamic
Formulations on Computed Tidal Propagation and Circulation in the Eastern
Scheldt, N-2703-NETH, June 1988.

e JanJ. Leendertse, A Summary of Experiments with a Model of the Eastern
Scheldt, R-3611-NETH, June 1988.






SUMMARY

This Note describes six experiments with a model of the Eastern Scheldt. One of the
experiments is the base case (OOST-41) with a timestep of 2.5 min in which an average tide
is used. The same experiment is repeated with a timestep of 1.25 min (OOST-64). Two
experiments were made for spring tide conditions, one with a timestep of 2.5 min
(OOST-64) and one with a timestep of 1.25 min (OOST-71). Two experiments were also
made for neap tide conditions, one with a timestep of 2.5 min (OOST-63) and one with a
timestep of 1.25 min (OOST-72). Generally, decreasing the timestep gives better agreement
in amplification and phase lag for all tide conditions.

The model, which is adjusted for the average tide condition, amplifies the semi-
diurnal tide too much during spring tide and too little during neap. It is apparent that the
Manning’s n value should be increased during spring tide and decreased during neap tide.
However, the error in amplification is not more than 2 percent for the spring tide and neap
tide condition when Manning’s values are used that are derived from adjustments on the
average tide condition.
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I. INTRODUCTION

This investigation uses a model of the Oosterschelde (Eastern Scheldt). The model
was designed for engineering and environmental studies of the storm surge barrier that was
constructed across the mouth of the estuary. The model, called OOST, has a grid resolution
of 800 m.

The Oosterschelde estuary is part of the Delta region of the Netherlands. The land in
this region is low and has to be protected against flooding by dikes. To increase safety in the
area, dams and storm surge barriers have been built across most of the estuaries to prevent
high tides and storm surges from penetrating inland.

The OOST model was chosen for the experiments, as the model was relatively small,
making the experiments economical. The model and the methods of analysis are described
in more detail in Ref. 1.

During the adjustment and verification of this model with a data set in which the tidal
amplitudes increased over the period from September 1, 1975, to September 6, 1975, it was
noted that when the model was adjusted with data over the first few days, the computed
amplitudes over the last few days were too large.

To investigate this effect in more detail, a series of experiments was made with
periodic tides of different amplitudes. Two experiments (designated OOST-64 and
OOST-71) were made with amplitudes representing spring tide, two experiments (OOST-41
and OOST-62) representing average tide conditions, and two experiments (OOST-63 and
OOST-72) representing neap tide.

The average tide condition simulated by experiments OOST-41 and OOST-62
originated from an average determined over the year 1961 at the Kop van Schouwen (KvS)
station. In a simulation with the RANDDELTA model (RD-II-42), the optimum linear
relation between this station and the boundary input stations of the Eastern Scheldt model
was determined by means of cross-spectral analysis. This optimum relation was then used
to determine the amplitudes at the boundary of the model valid for the average tide. This
average tide condition is used in the sensitivity analysis of the major system parameters and
in the analysis of the influence of the advection approximation [Refs. 2,3].

For comparison with observed data, we used three 100-hour periods for the observed
data sets obtained in September 1975, described in Ref. 4. The first 100 hours represent the
neap tide period, the second 100 hours, the average tide period, and the third 100 hours the
spring tide period.
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An effective direct comparison cannot be made between experiments with a periodic
tide and with an observed tide as input. Thus, in the analysis of results we examined
amplification in the semi-diurnal, quarter-diurnal, and sixth-diumal tidal frequency bands.
For comparison of inputs, we computed the tidal ranges (tidal heights) for these tides. The
method of computation is also described in Ref. 4. Table 1 presents the tidal ranges at
Oostkapelle for the experiments and from the analysis of the data sets. The average tidal
ranges for the experiments obtained indirectly from a yearly average were slightly different
from the ranges obtained from the second 100-hour data set, which we considered to be the
average tide. To make the analysis of the experiments with spring and neap tide conditions
compatible with the average tide, the spring and neap tidal components of the experiments
had the same ratios to the average tide as the components of the observed spring and neap
data sets to the components of the second 100 hours of field data.

Table 1
THE OBSERVED AND EXPERIMENTAL TIDAL RANGES AT OOSTKAPELLE
(In meters)
Condition Exp. Obs. Exp. Obs. Exp. Obs.
Spring tide 3.36 345 0.44 0.47 0.38 0.40
Average tide 2.86 293 0.27 0.29 0.24 0.26

Neap tide 2.31 2.37 0.13 0.14 0.11 0.12
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ll. THE COMPUTED AND OBSERVED SEMI-DIURNAL TIDE

From the computed water levels and the observed water levels at the different
stations, the relative amplitude and phase relation were determined by cross-spectral
analysis, as described in Ref. 4. The computed amplifications and phase lags of the semi-
diurnal tide over the sections Oostkapelle to Razernijpolder and Oostkapelle to Rak Zuid are
shown in Fig. 1. The results of the analysis of observed data are also shown.

In all cases, reducing the timestep from 2.5 min to 1.25 min reduces the amplification
and the relative phase lag, as shown by arrows in the graphs. A further reduction of the
timestep would bring the tidal amplification and phase for the average tide close to the
observed values. For the spring tide, the computed amplification is too large and for the
neap tide, the computed amplification would be too small if the timestep were reduced
further. This is not only the case for Razernijpolder and Rak Zuid but for all stations in the
Eastern Scheldt as can be seen in Fig. 2.

In the two parts of Fig. 2 the relative amplification and phase lag in relation to
Oostkapelle are shown for two lines of stations for spring tide, average tide, and neap tide as
a polar plot. The computed amplification and phase are shown as dots connected by an
arrow pointing in the direction of the timestep reduction, and the observed value is indicated
by a circle around the observation value. For all stations for the spring tide, the computed
amplification is too large and for the neap tide the computed amplifications are too small.

This indicates that the value for bottom roughness should be increased during spring
tide and decreased during neap tide. It could be concluded from this that the bottom
roughness expressed by a Manning’s # value is not a constant but is time-dependent.

In the main channels of the Eastern Scheldt, sand waves of considerable magnitude
exist in many places and considerable sediment transport takes place. Thus, the temporal
bottom roughness is probably related to some function of the local velocity history.

As a result of the apparent change in bottom roughness, the differences in
amplification between Oostkapelle and Razemijpolder for spring tide and neap tide are
larger in the prototype than in the model. In the prototype, the tidal range of the semi-
diurnal tide increases 32 percent during neap tide and about 17 percent during spring tide
(Fig. 1). With a timestep of 1.25 min in the simulation, the model shows that the tidal range
of the semi-diurnal tide increases 33 percent during neap tide and approximately 20 percent
during spring tide.
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Increasing the tidal range increases the lag. In the prototype, the increase is 0.32
hours—from 1.15 hours during neap tide to 1.47 hours during spring tide—and in the model the
increase is 0.25 hours—from 1.27 hours to 1.52 hours.

In Fig. 3, the computed and observed lags of the semi-diumnal tide are plotted for a
number of stations. The computed values are for the simulation with a timestep of 1.25 min.
The model is generally quite well in agreement with the prototype, with the exception of
Wemeldinge, but it is known from a few visual observations at that station that the timing of
the records was incorrect.

Figure 4 presents the computed and observed lags of another set of stations in the
Eastern Scheldt. The computed lags shown in this figure refer to the lags of a simulation
with a timestep of 1.25 min.

Table 2 presents the computed amplifications and the observed amplifications
between two adjacent stations together with the total amplification of each station in relation
to Oostkapelle. Table 3 presents the phase lags of the computed and observed data sets.



-7 -

Razernijpolderd

Lo
M
Wemeldinge ! 2
Colijnsplaat
L Vlietepolder O
P y
8 P os1x, lo /@
i ]
z ol |i |
© . '
b i Do
s 3.0 ' ; ‘
£ s ! : ' [
=3 1 + . L]
5 ¢ o @/ "0
E HE
3 o
® o
I e
B : S * Observed
p ye O
» ' ® 16 day average
@]
O Computed
b
2.0 4 1 1 ]
0 1.0 2.0

Lag in hours

Fig. 3—Computed and observed lag of the semi-diurnal tide for stations on line 1 as a
function of the semi-diurnal tidal range

L5
Loof-
Y 3.5L
& p
e ()] .
©
g %
had ? I / /
S i | ! / Steenbergse
2 3.0p | ! o) /’ J Brulnisse sas
R ; il
A ! ! /I e Stevenisse
| g
H ] ol
/ ! éZierikzee
2.5 ! ) e Observed
! oé hslui .
> ! éurg siuts ® 16 day average
RS
0S IX O Computed
2.0 A l 1 |
1.0 2.0

Lag in hours

Fig. 4—Computed and observed lag of the semi-diurnal tide for stations on line 2 as a
function of the semi-diurnal tidal range



-8-

Table 2

AMPLIFICATION OF THE SEMI-DIURNAL TIDE

Amplification per Section

Total Amplification

Spring Average Neap Spring Average Neap
Tide Tide Tide Tide Tide Tide
00ST-71| Obs. 00ST-62 | Obs. 00ST-72 | Obs. 00ST-71( Obs. 00ST-62} Obs. 00ST-72| Obs.
Station
Oostkapelle 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.5. IX .953 .956 .964 .973 .980 1.003 .953 .955 .964 973 .980 1.003
Vlietepolder 1.042 1.049 1.050 1.048 1.061 1.063 .993 1.002 1.012 1.021 1.040 1.066
Colijnsplaat 1.048 1.014 1.058 1.035 1.072 1.045 1.041 1.016 1.071 1.056 1.115 1.114
Wemeldinge 1.091 1.086 1.103 1.093 1.111 1.092 1.135 1.104 1.181 1.155 1.238 1.217
Razernijpolder | 1.061 1.058 1.068 1.066 1.075 1.077 1.204 1.168 1.261 1.231 1.331 1.310
Oostkapelle 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.S. IX .953 .955 .9¢64 .973 .980 1.003 .953 .955 .964 .973 .980 1.003
Burghsluis 1.023 1.015 1.029 1.023 1.037 1.033 975 .969 .992 .996 1.016 1.036
Zierikzee 1.058 1.050 1.072 1.063 1.086 1.085 1.031 1.018 1.063 1.059 1.104 1.124
Stavenisse 1.058 1.048 1.062 1.051 1.063 1.053 1.091 1.067 1.129 1.113 1.173 1.184
Bruinisse 1.057 1.041 1.072 - 1.058 1.086 1.071 1.153 1.111 1.210 1.178 1.274 1.268
Steenbergse Sas| 1.067 1.067 1.068 1.072 1.076 1.074 1.231 1.186 1.293 1.262 1.371 1.362
Rak Zuid 1.032 1.032 1.038 1.033 1.037 1.031 ~1.270 1.223 1.342 1.304 1.422 1.404
Table 3
LAG OF THE SEMI-DIURNAL TIDE (IN HOURS)
Lag per Section Total Lag
Spring Average Neap Spririg Average Neap
Tide Tide Tide Tide Tide Tide
00ST-71( Obs. 00ST-62| Obs. 00ST-72{ Obs. 00ST-71 Obvs . 00ST-62 | Obs. 00ST-72f Obs.
Station
Oostkapelle 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - 0.0 0.0
0.5. IX LA24 496 .405 447 .379 .438 424 .496 . 405 447 .379 .438
Vlietepolder .229 121 .210 .138 .184 .126 .653 .617 .615 .585 .563 . 564
Colijnsplaat .212 .237 .200 .193 .180 .122 .865 .853 .815 .778 .743 .687
Wemeldinge .403 .225 .367 .213 .334 .208 1.268 1.079 1.182 .991 1.077 .894
Razernijpolder .246 .395 .225 .332 .195 .254 1.514 1.475 1.407 1.324 1.272 1.148
Oostkapelle 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.8, IX 424 .496 .405 447 .379 438 424 .496 405 447 .379 438
Burghsluis W242 .151 .228 .138 .215 .132 .666 647 .633 .585 .594 .570
Zierikzee .302 .318 .281 .289 247 .253 .968 .965 914 .874 .841 .823
Stavenisse .245 .188 .227 .150 .201 .119 1.213 1.152 1.141 1.023 1.042 .924
Bruinisse .323 .376 .296 .312 .257 .256 1.536 1.528 1.437 1.335 1.299 1.199
Steenbergse Sas .369 .368 .326 .330 .287 .338 1.905 1,897 1.763 1.665 1.586 1.537
Rak Zuid .059 036 .057 .042 .058 .020 1.964 1.932 1.819 1.707 1.644 1.557
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lil. THE COMPUTED AND OBSERVED QUARTER-DIURNAL TIDE

The amplification in the experiment with the average tide appeared to be quite well in
agreement with the amplification of the observed tide for the section Oostkapelle to
Razemijpolder, as shown in Fig. 5. For the neap tide and spring tide, however, this is not the
case. The amplifications obtained from the model for the neap tide are too large in
comparison with observed data, and for the spring tide too small.

The computed amplifications and phase lags between Oostkapelle and Rak Zuid are
not very well in agreement with the observed amplifications and lags. As described in Ref.
2 this is caused by the poor spatial approximation of the Northeastern part of the area,
namely, the section from Zijpe to Volkerak. In the prototype, a considerable difference
exists in the amplification at spring tide and neap tide. In the model this difference is much
smaller.

To obtain an insight into propagation of the quarter-diurnal tide in the Eastern
Scheldt, the amplitude and phase of this tide were plotted as a polar plot for two lines of
stations. Figure 6 shows the amplitudes and phases for neap tide, average tide, and spring
tide for a line of stations generally along the southern shore. The solid line connects the
results of the experiment with a timestep of 1.25 min, and the arrows indicate the amplitude
and phase shift resulting from a timestep reduction from 2.5 min to 1.25 min. The timestep
reduction improves the accuracy of the simulation considerably.

Figure 7 shows amplitudes and phases for a line of stations along the northern part of
the estuary for neap tide, average tide, and spring tide. At neap tide the differences between
observed and computed data are considerable even for the simulation with a timestep of 1.25
min.

Figure 8 shows the relation between the computed semi-diumnal tidal range and the
quarter-diurnal tidal range for stations on line 1. Note that the relations are quite linear. A
comparison with observed data, presented as Fig. 8 of Ref. 4, shows that the quarter-
diurnal tidal heights in the model are smaller than in the prototype. Figure 9 shows the
computed tidal heights at Razemijpolder for the simulations with timesteps of 1.25 min and
2.5 min, together with observed data. Amplitudes of the quarter-diurnal tides decrease with

decreasing the timestep, and with a smaller timestep the agreement between observed and
computed is better.
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Figure 10 presents the computed relation between the semi-diurnal tide and the
quarter-diurnal tide for the stations on line 2. This relation is not linear in the northeastern
branch of the estuary. Figure 11 presents the computed tidal heights for simulations with a
timestep of 1.25 min and 2.5 min at Steenbergse Sas. The relations between the semi-
diumal range and the quarter-diurnal range are far from linear in either the model or the
prototype, but considerable differences exist between observed and computed values for the
average tide.

The lags of the observed and computed quarter-diurnal tide for the stations on line 1
are quite well in agreement, as shown in Fig. 12. The computed data plotted in this graph
are from the simulations with a timestep of 1.25 min. As to be expected, the lags for the
stations on line 2 do not agree very well (Fig. 13). Again, the largest deviations are in the
section Zijpe-Volkerak because of poor spatial resolution.

In addition to the graphical representation of amplitudes, numerical values of
amplification between each station and the amplification in relation to Oostkapelle are
presented in Table 4. The lags are presented in Table 5.
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Table 4

AMPLIFICATION OF THE QUARTER-DIURNAL TIDE

Amplification per Section Total Amplification
Spring Average Neap Spring Average Neap
Tide Tide Tide Tide Tide Tide
00ST-71| Obs. 00ST-62| Obs. 00ST-72| Obs. 00ST-71| Obs. 00ST-62| Obs. 00ST-72| Obs.
Station
Oostkapelle 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.S. IX .829 .858 .822 .857 .758 .894 .829 .858 .822 .857 .758 . 894
Vlietepolder .759 .848 .682 .874 .511 .847 .629 .727 .560 L 749 .387 757
Colijnsplaat 1.016 .892 1.149 1.001 1.772 .975 .639 .649 644 . 749 .686 739
Wemeldinge .763 .882 .924 1.013 1.196 1.093 488 572 .595 .759 .821 . 807
Razernijpolder | 1.408 1.427 1.474 1.420 1.595 1.461 .687 . 816 .877 1.078 1.309 1.179
Oostkapelle 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.S. IX . 829 .858 .822 857 .758 .894 .829 .858 .822 .857 .758 .894
Burghsluis .836 .582 .801 .916 .705 .861 .693 730 .658 .785 .534 .770
Zierikzee .629 .728 .568 L712 .642 741 .436 .532 .374 .559 L343 571
Stavenisse .807 647 .913 .812 1.637 .658 .352 . 344 .341 454 .562 .378
Bruinisse 2.301 1.638 2.659 1.811 2.490 2.630 .809 564 .908 .823 1.398 .988
Steenbergse Sas .519 .723 .388 .965 .436 1.092 .420 .408 .353 .794 .610 1.079
Rak Zuid 1.213 1.097 1.103 1.112 1.038 1.142 .510 467 . 389 .883 .633 1.232
Table 5
LAG OF THE QUARTER-DIURNAL TIDE (IN HOURS)
Lag per Section Total Lag
Spring Average Neap Spring Average Neap
Tide Tide Tide Tide Tide Tide
00ST-71| Obs. 00ST-62| Obs. 00ST-72| Obs. 00ST-71} Obs. 00ST-62| Obs. 00ST-72| Obs.
Station
Oostkapelle 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 » 0.0 0.0
0.S. IX .020 .205 .011 .210 .033 .231 .020 .205 .011 .210 .033 .231
Vlietepolder .1%0 .212 .220 .323 .086 .343 .210 417 .231 .534 .119 .574
Colijnsplaat .749 .461 .860 478 1.170 .467 .959 .878 1.090 1.012 1.322 1.041
Wemeldinge .834 .678 .984 .718 1.259 .940 1.793 1.556 2.074 1.730 2.581 1.901
Razernijpolder 445 .601 .387 .512 .208 L445 2.238 2.156 2.461 2.241 2.789 2.426
Oostkapelle 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.5, IX .020 .205 .011 .210 .033 .231 .020 .205 .011 .210 .033 .231
Burghsluis .164 L147 .169 .279 .082 .252 .184 .352 .180 490 .115 .403
Zierikzee .597 .611 .862 .604 1.604 772 .781 .962 1.041 1.094 1.719 1,255
Stavenisse .693 .333 1.021 .512 844 .902 1.474 1.295 2,062 1.607 2.563 2.157
Bruinisse .622 1.000 .213 .767 6.032 467 2.096 2.295 2.275 2,374 2.345 2.624
Steenbergse Sas| 6,146 .716 .120 .704 .848 .950 1.992 3.011 2.39% 3.078 3.193 3.574
Rak Zuid .069 .082 .301 .101 . 006 .051 2.061 3.093 2.695 3.179 3.199 3.625
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IV. THE COMPUTED AND OBSERVED SIXTH-DIURNAL TIDE

Over the section Oostkapelle to Razemijpolder, the behavior of the sixth-diurnal tide
is in some respects similar to that of the semi-diurnal tide.

In Fig. 14a, it can be seen that for computations with a reduced timestep, the
computed average tide is well in agreement with the observed average tide. The computed
neap tide amplification appears to be smaller than the observed neap tide. The very wide
confidence band indicates that the coherency over the last section between Wemeldinge and
Rak Zuid is relatively low. However, the computed spring tide amplifications are smaller
than the observed amplifications.

The polar plots of the three conditions shown in Fig. 15 indicate that for all stations
on line 1, the computed tides are quite well in agreement with the observed tides. The
arrows in these plots indicate the direction at which the amplification moves on the
amplitude-phase plane when the timestep is reduced.

Over the section Oostkapelle to Rak Zuid, tide behavior is unclear, as can be seen in
Fig. 16b. The amplifications of the simulations with a timestep of 2.5 min have a very wide
confidence interval, which makes it difficult to determine the effect of reducing the timestep.

In the polar plots of the observed and computed sixth-diurnal tide shown in Fig. 16, it
can also be seen that the confidence interval is large. Note that the reduction of the timestep
has a very large effect on amplification and phase for the stations Steenbergse Sas and Rak
Zuid.

A complete overview of amplifications and phase lags between pairs of stations on
line 1 and line 2 is presented in Tables 6 and 7. The amplifications and lags in relation to
Oostkapelle are also shown.

It appears that for the stations on line 1, the computed sixth-diurnal tidal range is quite
linear in relation to the semi-diurnal tidal range, as shown in Fig. 17. The same is true for the
observed data (Fig. 18). With neap tides, the amplitudes of the sixth-diurnal tide are all
small.

For the stations on line 2, it appears also that the relation between the semi-diurnal
tidal range and the sixth-diurnal tidal range is quite linear from Oostkapelle to Zierikzee, but
slightly less so from Stavenisse to Rak Zuid, as can be seen in Figs. 19 and 20.
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Table 6

Amplification per Section

Total Amplification

Spring Average Neap Spring Average Neap
Tide Tide Tide Tide Tide Tide
00ST-71| Obs. 00ST-62; Obs. 00ST-72| Obs. 00ST-71| Obs 00ST-62] Obs. 00ST-72| Obs.
Station
Oostkapelle 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.5. IX .873 .825 .871 .836 .826 .920 .873 .825 .871 .836 .826 .920
Vlietepolder .897 .755 .886 714 .832 .734 .783 .623 J72 597 .687 .675
Colijnsplaat .674 .650 .643 .689 .555 .463 .528 405 496 W411 .381 .313
Wemeldinge 1.060 1.468 1.132 1.432 1.414 1.706 .559 .59 .562 .589 .539 .534
Razernijpolder 1.900 1.904 2.014 2.030 2.557 2.757 1.063 1.131 1.132 1.195 1.379 1.471
Oostkapelle 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.5. IX .873 .825 .871 .836 .826 .920 .873 825 .871 .836 .826 .920
Burghsluis .899 824 .895 .827 .848 .780 .785 .680 779 691 .700 .717
Zierikzee .706 .691 .707 .680 .645 .581 .554 L470 .551 .470 .452 L417
Stavenisse .863 .855 .861 .758 464 .518 .478 L4602 475 .356 .210 .216
Bruinisse .124 493 263 .601 .631 1.149 .059 .198 .125 .214 .132 .377
Steenbergse Sas| 2.825 3.180 3.829 3.582 2,391 2.105 .168 .630 .478 .768 .316 794
Rak Zuid 1.482 1.391 | 1.462 . 1.378 1.384 1.409 .248 .876 .700 1.058 .438 1.119
Table 7
LAG OF THE SIXTH-DIURNAL TIDE (IN HOURS)
Lag per Section Total Lag
Spring Average Neap Spring Average Neap
Tide Tide Tide Tide Tide Tide
00ST-71}| Obs. 00ST-62} Obs. 00ST-72| Obs. 00ST-71| Obs. 00ST-62| Obs. 00ST-72 Obs.
Station
Oostkapelle 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.S. IX .222 .329 .203 .210 .205 .302 .222 .329 .203 .210 .205 .302
Vlietepolder .156 .029 .131 .328 172 - .036 .378 .358 .335 .534 .377 .266
Colijnsplaat 173 .385 .147 .478 .051 .378 .551 .743 481 1.012 .428 .643
Wemeldinge .996 .672 1.063 .718 1.230 1.005 1.547 1.415 1.544 1.730 1.658 1.648
Razernijpolder .518 .630 .515 .512 .453 .502 2.065 2.045 2.059 2,241 2.111 2.150
Oostkapelle 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.S. IX .222 .329 .203 .210 .205 .302 .222 .329 .203 .210 .205 .302
Burghsluis 122 .053 .105 .279 .088 .009 .344 .382 .308 .490 .293 W31
Zierikzee .254 .336 274 .604 .250 277 .598 .718 .582 1.094 .543 .588
Stavenisse .220 .252 .216 .512 .096 495 .818 .970 .798 1.607 .639 1.083
Bruinisse 1.142 1.100 1.564 767 2.431 1.669 ([ 1.960 2.070 | 2.362 2,374 3.070 2.752
Steenbergse Sas 776 .528 424 .704 4,036 .184 2.736 2,598 2,785 3.078 2.939 2.936
Rak Zuid .081 .048 .183 .101 4,100 - .030 2,817 2.641 2.968 3.179 2.872 2.906
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The relation between the semi-diurnal tidal height and the lags of the sixth-diurnal
tide was also established for stations on line 1 and line 2 (Figs. 21 and 22). The agreement
between observed and computed data is quite good for stations on line 1, except for
Vlietepolder. Considerable differences can be noted for the stations on line 2, from

Stavenisse to Rak Zuid—in the section of the model with poor spatial representation.
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V. DISCUSSION

To obtain an insight into the behavior of the model when tidal amplitudes were
enlarged or reduced from an average condition, the amplitudes of the semi-diurnal tide, the
quarter-diurnal tide, and the sixth-diurnal tide at all boundary stations were simply multiplied
by a factor.

However, in the analysis comparisons were made with prototype conditions for
spring tide and neap tide, and as the analysis shows that the phases in the estuary are
influenced by the semi-diurnal tidal range, can this be the case for stations at the boundary?

To investigate this, a cross-spectral analysis was made between the three observed
data sets at Oostkapelle and the data sets used for a model input also at Oostkapelle. The
results are shown in Table 8. The amplifications of these tidal components are not exactly
the same. The experimental data are periodic and the observed data are not; thus, the
coherency is not unity and not the same for spring tide and neap tide, but the variations are
small.

The average tide of the experiment was obtained indirectly from an average over a
year, whereas the observed average tide was the second 100 hours of the 16-day data set
starting at 0.00 hours on August 29, 1975.

Table 8

AMPLIFICATION AND PHASE LAGS OF TIDES USED IN EXPERIMENTS
AND OBSERVED TIDES

Phase Lag in Hours

Amplification Relative to M,

Tide M, M, M, M, M, My
Spring tide 1.012 1.072 1.020 0 —0.079 -0.140
Average tide 1.013 1.045 1.042 0 —0.090 -0.059
Neap tide 1.019 1.026 1.016 0 0.558 0.342
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It appeared that in relation to the M> tides, the observed quarter-diurnal tide of the
100-hour data set was 0.09 hours earlier than the experimental input data, and the observed
sixth-diurnal tide was 0.059 hours earlier than the sixth-diurnal tide in the experiment. Thus,
the average conditions used in the experiment and in the analysis of the prototype are very
comparable. This is also the case for the spring tide but here the observed sixth-diumnal tide
is about 0.14 hours earlier.

For the neap tide, the differences are considerably larger. The observed quarter-
diurnal tide lags 0.558 hours and the sixth-diurnal tide lags 0.342 hours behind the
experimental data. These are optimal estimates of the linear relation. This phase difference
should not invalidate the analyses that have been made.

The lags at the boundary are consistent with the lags introduced in the system. For
example, Fig. 13 shows that the lag at Rak Zuid in relation to Oostkapelle is about three-
quarters of an hour larger than at spring tide. At the boundary the lag is also larger than at
spring tide.

In the analysis of the computed semi-diumal tide in Sec. 11, it was concluded that
during neap tide the model has too much bottom stress and that the Manning’s n has to be
decreased. Observations of the bottom conditions would support this conclusion.

The same conclusion could be drawn of the analysis of the sixth-diurnal tide, but the
large confidence bands of the analysis make it difficult to draw firm conclusions.

The amplification of the quarter-diurnal tide of the neap tide, as shown in Fig. 5a, is
not in agreement with this conclusion. According to the analysis presented in Ref. 2,
decreasing n increases the amplification of the quarter-diurnal tide, whereas for neap tide the
model presents too much amplification. The reason for this discrepancy is not clear.
Insufficient spatial representation is probably one of the contributing factors, as the
bathymetry and topography of the region contribute considerably to the generation of the
quarter-diurnal tide. When insufficient resolution is available, the flooded area at each stage
of the tide in the model may deviate from the flooded areas in the prototype, and the quarter-
diurnal tide, which is generated by the change in surface area by rising and falling tide, is
different. Whether this contributes can only be investigated by similar experiments with the
model with a 400 m grid.

Another factor contributing to the discrepancy is probably the rather primitive
mathematical representation that we have been using. In Ref. 2 it was noted that when an o
coefficient is introduced, another term has to be added to the equation. Another effect that

we have not considered is the increased turbulence when flow decelerates and when the
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flow diverges. This has a likely effect on the stress, and the bottom stress formulation is
probably insufficient, because it is derived from steady flow.

Some of these effects can be accounted for in the mathematical formulation. For
example, it is possible to introduce energy losses when the flow diverges, but this would
improve the results only to a limited extent. The main effect appears to be a change in
bottom roughness. This clearly has an effect on the semi-diumal tide, which is one order of
magnitude larger than the quarter- and sixth-diurnal tides.
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VI. CONCLUSIONS

The following conclusions can be presented from our analysis:

e  Tidal amplification of the semi-diurnal tide in the model is too large during
spring tide and too small during neap tide.

e  The Manning’s n value for the bottom stress is not a constant but depends on
the tidal range.

e  Errors in the amplification of the semi-diumal tide for spring tide and for neap
tide are about 2 percent when the Manning’s values derived from adjustments
on the average tide condition are used.

The amplification of the quarter-diurnal average tide in the model agrees well
with observed data for the main part of the system, but the amplification of the
neap tide is too large and that of the spring tide is too small for the major part of
the system. In the northeastern branch of the estuary, insufficient spatial
resolution prevents good agreement for all tide conditions.

e  The tidal amplification of the sixth-diurnal tide in the model agrees quite well
with observed data for all tide conditions in the main part of the Eastern
Scheldt. Again, the agreement is poor in the northeastern branch of the estuary
because of insufficient spatial representation.

¢ Reducing the timestep from 2.5 min to 1.25 min generally improves the
agreement in amplification and in lag for all tide conditions.
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