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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 repott, 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. The companion publications
are:

» Jan J. Leendertse, A Summary of Experiments with a Model of the Eastern
Scheldt, R-3611-NETH, June 1988.

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

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

» Jan J. Leendertse, The Computed Relation Between the Semi-Diurnal Tide in
the Eastern Scheldt and Its Overtides, N-2702-NETH, June 1988.






SUMMARY

This Note describes a series of experiments with a model of the Eastern Scheldt,
located in the southwestern region of the Netherlands. The experiments are part of a
large number of experiments performed for the design of a two-dimensional modeling
system! and the adjustment of another model of the Eastern Scheldt, which was used for
engineering studies for the construction of a storm surge barrier in the Delta region of the
Netherlands.?

The modeling experiments and computations described in the Note demonstrate
that the omission of the pressure gradient computed from the salinity gradient increases
semi-diurnal tidal amplification by a few percent over the scction of the estuary where
significant salinity gradients are present. However, the quarter-diurnal and sixth-diumal
tidal amplifications are reduced. Using the pressure gradient computed from the salinity
gradient increases the mean water levels and has some influence on residual circulation,
but it does not influence the general circulation pattern in the estuary.

The use of subgrid scale (SGS) energy reduces the semi-diumnal, quarter-diurnal,
and sixth-diurnal tidal amplifications over the section from Oostkapelle to
Razemijpolder. This method increases the semi-diurnal tidal amplification over the
section from Oostkapelle to Rak Zuid, but it decreases the quarter- and sixth-diurnal
amplifications there.

Using the corrector on the Chezy value has only significant effect on the
amplification between QOostkapelle and Rak Zuid, as significant salinity gradients are
present in the northeastern part of the estuary. It reduces the semi-diurnal and sixth-
diurnal amplifications, but it very significantly increases the quarter-diumal tide. The
corrector brings the model amplifications, in all cases, closer to the observed
amplifications and causes small changes in residual circulation.

Omitting the schematized narrow channel (Eendracht) from the model increases

the semi-diurnal tidal amplification and influences the amplification of the overtides.

lan J. Leendertse, Aspects of SIMSYS2D: A System for Two-Dimensional Flow
Computation, The RAND Corporation, R-3572-USGS, December 1987.

2Jan J. Leendertse, Verification of a Model of the Eastern Scheldt, The RAND
Corporation, R-3108-NETH, April 1984.
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The time level chosen for the velocities in the computation of the bottom stress
term has an insignificant influence on results. When wind is present, the use of a
centrally expressed bottom stress term is recommended.

The energy losses caused by divergence in the estuary channels have an
insignificant influence on tidal propagation and do not need to be accounted for in the

mathematical formulation.
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I. INTRODUCTION

The Oosterschelde estuary is part of the Delta region of the Netherlands. The land
in this region is low and has to be protected by dikes against flooding. 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.

This investigation uses a model of the Oosterschelde (Eastem Scheldt) designed
for engineering and environmental studies of a storm surge barrier that has now been
constructed across the mouth of the estuary. The model and the methods of analysis are
described in more detail in Ref. 1. The model is called OOST, has a grid resolution of
800 m, and was chosen for the experiments because it is relatively small and therefore
economical. A typical computed flow is shown in Fig. 1.

Hydrodynamic computations of two-dimensional vertically averaged flow in
estuaries and coastal seas can be made with different approximations of the
hydrodynamic equations. The most suitable formulation for a particular purpose appears
difficult to assess by analytical means; for this reason, the SIMSYS2D system was
designed with considerable flexibility regarding selection of computation method and the
approximations for the different terms in the hydrodynamic equations [1].

In this Note, we describe a series of experiments made with different
formulations. The area simulated was the Eastern Scheldt—a typical estuary with
limited fresh water inflow, thus an estuary for which the two-dimensional approximation
is applicable. From the experiments we intended to better understand the effects of the
different formulations; this insight will assist in the selection of more viable methods for
other estuary simulation models.

The formulation that was investigated first was the omission of the pressure
gradient due to density differences. In the various model simulations of the Delta region,
we routinely compute with this pressure gradient; this makes it necessary to simulate the
salinity field also, as the densities are computed from the salinity by means of an
equation of state. Including the density gradient in the formulation makes the
computation quite complex, and, for this reason, very few investigators who use
numerical models include it. We designate simulation without it as OOST-56.
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The second formulation investigated was the use of a simple turbulence closure
model (Ref. 2). In this formulation, we compute the subgrid scale (SGS) energy as a
constituent in the mass transport model. The bottom stress generates energy that is
computed as a function of the square of the velocity and the square root of the energy
intensity. SGS decay is taken as a function of the 3/2 power of the energy density. The
constant a, was set at 1.5. The mixing length is assumed to be a constant fraction of the
depth. The experiment was given the identification number OOST-75.

The third formulation investigated was the effect of a correction factor on the
bottom stress. Many investigators have found experimentally that the bottom stress is
dependent on the current direction and on the salinity gradient. Abraham presents an
analysis of this effect using energy considerations [3]. In our model we use a simple



correction on the Chezy value of the bottom roughness, as discussed in Ref. 2. The
correction factor was taken at CCOR = 350.0. This experiment has the identification
number OOST-67.

Finally, an investigation was made of the effect of the approximation of the
Eendracht by the two-dimensional model. In the base case the Eendracht is taken as a
channel 800 m wide. In reality it is somewhat narrower; thus a one-dimensional
representation would be more suitable. To assess the error that is introduced by taking
the channel 1o be 800 m wide, an experiment was made that omitted this channel. This
experiment was designated by OOST-55.

The method of analysis is identical to those used for the investigation of the
advection term approximation (Ref. 4). All experiments were compared with the base
case designated OOST-41.

In addition to these four experiments, which we describe in detail below, two
other experiments were made with other system options. Because using these options
resulted in practically the same computed water levels and currents in the Eastem
Scheldt model, the simulations were terminated at the end of the first day and only a
comparison with the base case was made. In the first of these experiments, the bottom
stress term was taken completely on the lower time level, rather than centered as in
OO0ST-41. The computation with the bottom stress term on the lower time level was
designated OOST-50.

In the second experiment,- an assessment was made of energy losses during flow
divergence. This experiment has the identification number OOST-52 and is described in
more detail in Sec. VII below.
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Il. PROPAGATION OF THE SEMI-DIURNAL TIDE

The overall effect of the different formulations can be most effectively shown by
plotting amplification versus phase lag for stations at the inland end of the estuary in
relation to stations near the boundary. Figure 2 presents such graphs for Oostkapelle to
Razemijpolder and for Oostkapelle to Rak Zuid.

The salinity in the model at Razemijpolder is about 28.0 gr/1 and at the boundary
about 32.0 gr/1. Consequently, uncoupling the pressure gradient from the salinity
differences has practically no effect upon simulation results. Since the correction term of
the bottom stress is also dependent on the salinity gradient, the introduction of CCOR =
350.0 has hardly any effect upon the amplification over phase of the semi-diumal tide.

The salinity in the Keeten-Volkerak section of the estuary has a much larger
gradient, and near the Volkerak shores the salinity is about 8.0 gr/1 in the experiment.
As a result, if we consider amplification and phase lag over the section from Oostkapelle
to Rak Zuid (Fig. 2), then uncoupling has a considerably larger effect. The amplification
is larger with coupling than without and the phase lag is slightly reduced.

The use of SGS energy reduces the amplification over the section from
Oostkapelle to Razemijpolder, but it increases the amplification over the section from
Oostkapelle to Rak Zuid. The increase is introduced mainly over the section of
Stavenisse-Rak Zuid, as can be deduced from the data presented in Fig. 3.

Closing the Eendracht increases amplification and reduces lag, as can be expected
by the reduction of surface areas.

Results of an analysis of observed data are also shown in Fig. 3. Note that the
amplifications and phase lags are all larger in the model than in prototype. This is due to
insufficient time and spatial resolution of the simulations as discussed in Ref. 5. The
formulations used here cannot be used to correct the effects of insufficient resolution.

Figures 2 and 3 present in a condensed form the effects of the different
formulations on the propagation of the semi-diumal tide. A more complete
representation of the effects on tidal wave propagation is shown in Appendix A, which
contains polar plots of amplification and phase lags of lines of stations through the
estuary.
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Table 1 shows the amplification for each section for the base case, for the four

experiments, and for the observed datasets. The total amplification for each station in

relation to Oostkapelle is also presented. The phase lags are shown in Table 2.

Table 1
AMPLIFICATION OF THE SEMI-DIURNAL TIDE

amplificarion per Section Total Amplification

00ST-41| 00ST-56 | 0OST-75 | 00ST-67] O0ST-55 [Observed| Observed| coOsT-41 COST-56 008T-75 00ST-67 00ST-55 Observed| Observed

Base No 8GS CCOR= Eendrachqg 100 hr. | 16 day Base No SGS CCOR= Eendracht| 100 hr. | 16 day

Case Salinity| Energy 350 Closed near average || Case Salinity | Enmergy 350 Closed near average

Station Coupling| Coupling average Coupling | Coupling average
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 1.0 1.0
0.5. IX 0.955 0.955 0.955 0.953 0.962 0.973 0.976 0.955 0.955 0.955 0.953 0.962 0.973 0.976
Vlietepolder 1.070 1.072 1.066 1.070 1.075 1.048 1.050 1.022 1.023 1.018 1.020 1.034 1.021 1.025
Colijnsplaat 1.075 1.069 1.077 1.070 1.077 1.035 1.028 1.099 1.094 1.096 1.092 1.114 1.056 1.054
Wemeldinge 1.115 1.119 1.111 1.118 1.119 1.093 1.092 1.225 1.224 1.218 1.220 1.246 1.155 1.151
Razernijpelder | 1.084 1.085 1.078 1.084 '1.082 1.066 1.065 1.328 1.328 1.313 1,323 1.349 1.231 1.226
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 1.0 1.0
0.5. IX 0.955 0.955 0.955 0.953 0.962 0.973 0.976 0.955 0.955 0.955 0.953 0.962 0.973 0.97¢
Burghsluis 1.030 1.033 1.034 1.030 1.036 1.023 1.020 0.984 0.986 0.987 0.982 0.997 0.996 0.996
Zierikzee 1.100 1.101 1.092 1.099 1.105 1.063 1.062 1.082 1.086 1.078 1.079 1.101 1.059 1.058
Stavenisse 1.075 1.078 1.078 1.072 1.077 1.051 1.051 1.163 1.170 1.162 1.157 1.186 1,113 1.112
Bruinisse 1.082 1.077 1.076 1.076 1.081 1.058 1.054 1.259 1.260 1.251 1.245 1.282 1.178 1.172
Steeabergse Sas| 1,065 1.071 1.068 1.066 1.074 1.072 1.071 1.341 1.350 1.336 1.327 1.377 1.262 1.255
Ral Zuid 1.032 1.034 1.040 1.034 1.036 1.033 1.031 1.384 1.396 1.389 1.372 1.427 1.304 1.294
Table 2
TIME LAG OF THE SEMI-DIURNAL TIDE
Lag per Section Total Lag

008T-41| 005T-56 | O05T-75 00ST-67 00S8T-55 Observed|Observed|| 00ST-41 00ST-56 005T-75 008T-67 00ST-55 Observed|Observed

Base No $GS CCOR= Eendracht] 100 hr. |16 day Base No SGS CCOR= Eendracht| 100 hr. |16 day

Case Salinity| Energy 350 Closed near average || Case Salinity | Energy 350 Closed near average

Station Coupling| Coupling average Coupling | Coupling average

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 0.0 0.0
0.5. IX 0.425 0.423 0.421 0.420 0.420 0.447 0.464 0.425 0.423 0.421 0.420 0.420 0.447 0.464
Vlietepolder 0.272 0.275 0.271 0.270 0.258 0.138 0.124 0.696 0.699 0.692 0.630 0.678 0.585 0.587
Colijnsplaat 0.272 0.265 0.276 0.276 0.257 0.193 0.202 0.96% 0.964 0,968 0.966 0.935 0.778 0.790
Wemeldinge 0.412 0.410 0.427 0.412 0.381 0.213 0.222 1.381 1.374 1.395 1.378 1.316 0.991 1.011
Razernijpolder [0.251 0.249 0.269 0.250 0.205 0.332 0.336 1.632 1.624 1.664 1.628 1.521 1.324 1.347
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 0.0 0.0
0.5. IX 0.425 0.423 0.421 0.420 0.420 0.447 0.464 0.425 0.423 0.421 0.420 0.420 Q.447 0.464
Burghsluis 0,272 0.281 0.264 0.280 0.270 0,133 0.144 0.696 0.704 0.685 0.700 0.6%0 0.585 0.608
Zierikzee 0.349 0.352 0.379 Q.351 0.330 0.289 0.294 1.065 1.057 1.064 1.051 1.020 0.874 0.902
Stavenisse 0.272 0.270 0.269 0.278 0.251 0.150 0.159 1.317 1.326 1.333 1.328 1.271 1.023 1.060
Bruinisse 0.321 0.324 0.303 0.331 0.287 0.312 0.340 1.638 1.650 1.636 1.659 1.558 1.335 1.400
Steenbergse Sas|0.359 ©.352 0.351 0.404 0.319 0.330 0.336 1.997 2.002 1.987 2,063 1.87/ 1.665 1.736
Rak Zuid 0.974 0.059 0.062 0.077 0.058 0.062 0.030 2.071 2.060 2,049 2,140 1.935 1.707 1.766
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lii. PROPAGATION OF THE QUARTER-DIURNAL TIDE

In the analysis of the effect of the different formulations on the quarter-diurnal
tide, amplitude and phase graphs are used again (Figs. 4 and 5). In this case the polar
plots shown in Appendix B are also important. From these plots we can see that a wave
is present along the southern shore of the estuary. Razernijpolder, the most inland
station, lags Oostkapelle (at the model boundary) by half the wave period.

The northern shore is much more complicated. The analysis of the tide in the
system (Ref. 6) indicates that several nodes may exist. As a result small changes in the
computation may give quite different results. The quarter-diurnal tide as observed and
computed originates from three different mechanisms, namely a wave caused by the
open boundary, a wave generated by nonlinear terms, and a wave that results from a
change in surface area as tidal heights increase.

Uncoupling the salinity, introducing a correction on the Chezy value, or using
SGS coupling modifies the nonlinear terms; closing the Eendracht modifies the surface
area tidal height; using SGS coupling reduces amplification over the section. These are
general trends as can be seen from the polar plots in Appendix B. The effect of these
modifications on the Keeten-Volkerak section is much more complicated due to the
presence of nodal points. No conclusions are drawn here.

The amplifications and phase lags resulting from the analysis of the quarter-
diurnal tide are presented in Tables 3 and 4.
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Table 3
AMPLIFICATION OF THE QUARTER-DIURNAL TIDE

amplification per Section Total Amplification
00ST-41| OOST-56 |00ST-75 | 00ST-67 | OOST-55 )Observed |Ovserved||00ST-41 [ 00ST-56 | 00ST-75 | 00ST-67 | O0ST-55 | Observed|Observed|
Base No SGS CCOR= Eendracht|100 hr. 16 day Base No 5GS CCOR= Eendracht | 100 hr. 16 day
. Case Salinity|Enetgy 350 Closed near average |( Case Salinity | Energy 350 Closed near average
Statiom Coupling] Coupling average Coupling Coupling average
Oostkapelle 1.0 L.0 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 0.862 0.853 0.846 0.873 0.857 0.857 0.868 0.862 0.853 0.846 0.873 0.857 0.857 0.868
Vlietepolder 0.709 0.691 0.727 0.704 0.680 0.874 0.869 0.612 n.589 0.615 0.614 0.583 0.749 0.754
Colijnsplaat 0.76% 0.768 0.72% 0.698 0.831 1.001 0.937 0.470 1.357 0.448 0.429 0.484 0.743 0.708
Wemeldinge 0.708 0.737 0.583 0.650 0.798 1.013 0.903 0.333 1.000 0.261 0.279 0.386 0.759 0.637
Razernijpolder | 1.715 1.653 1.571 1.872 1.727 1.420 ¢.388 0.571 1.653 0.410 0.522 0.667 1.078 0.884
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 1.0 1.0
0.5, IX 0.862 0.853 0.846 0.873 0.857 0.857 0.868 0.862 0.853 0.846 0.873 0.857 0.857 0.868
Burghsluis 0.800 0.802 0.797 0.832 0.789 0.%16 0.870 0.690 0.684 0.674 0.726 0.676 0.785 0.755
Zierikzee 0.393 0.333 0.350 0.311 0.377 0.712 0.745 0.271 0.228 0.236 0.226 0.255 0.559 Q.562
Stavenisse 0.535 0.996 0.393 0.639 0.852 0.812 0.672 0.145 0.227 0.927 0.144 0.217 0.454 0-378
Bruinisse 5.724 3.978 2.884 6.047 3.761 1.811 1.678 0.831 0.902 0.267 0.872 0.817 0.823 0.634
Steenbergse Sas|0.106 0.308 0.311 0.500 0.275 0.965 0.837 0.088 Q.277 0.083 0.436 0.225 0.794 0.530
Rak Zuid 4.060 1.148 0.890 1.433 1.180 1.112 1.121 0.357 0.718 0.074 0.625 0.265 0.883 0.594
Table 4
TIME LAG OF THE QUARTER-DIURNAL TIDE
Lag per Section Total Lag

Q0ST-41| OOST-S6 { DOST-75 00ST-67 00ST-55 Observed | Observed|| 00ST-41 00ST-56 00ST-75 0CST-67 00ST-55 Observed O'bserve;i

Base No sGS CCOR= Eendracht|100 hr. 16 day Base No 5GS CCOR= Eendracht| 100 hr. |16 day

Case Salinity| Energy 350 Closed near average Case Salinity Energy 350 Closed near average

Station Coupling Coupling average Coupling | Coupling average

Oostkapelle 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Q.0 0.0 0.0 0.0
0.5. IX F0.020 }-0.017 [-0.053 -0.032 -0.012 0.210 0.208 I-0.020 -0.017 ~0.053 -0.032 -0.012 0.210 0.208
Vlietepolder [0.017 -0.013 0.005 -0.018 0.024 0.323 0.240 +0.037 -G.030 -0.048 -0.050 0.012 0.534 0.448
Colijnsplaat 1.098 1.119 1.103 1.025 1.045 0.478 0.482 1.061 1.089 1.055 0.975 1.057 1.012 0.934
Wemeldinge 1.479 1.507 1.302 1.665 1.466 0.718 0.652 2.540 2.596 2.397 2.640 2.523 1.730 1.586
Razernijpolder | 0.555 0.546 0.596 0.486 0.464 0.512 0.557 3.090 3.142 2.953 3.126 2.987 2,241 2.143
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 0.0 0.0
0.5. IX F0.020 -0.017 |-0.053 -0.032 -0.012 0.210 0.208 F0.020 -0.017 -0.053 -0.032 -0.012 0.210 0.208
Burghsluis 0.076 0.098 0.183 0.048 0.098 0.279 0.198 0.055 0.081 0.130 0.017 0.086 0.490 0. 406
2ierikzee 0.651 0.611 0.596 0.490 0.746 0.604 0.591 0.706 0.692 0.726 0.506 0.832 1.094 0.997
Stavenisse 1.553 1.941 1.319 -3.575 1.637 0.512 0.374 2.259 2.633 2,045 -3.181 2.469 1.607 1.371
Bruinisse a.121 5.981 0.304 5.652 -0.075 0.767 1.169 2.380 2.364 2.349 2.583 2.394 2.374 2.290
Steenbergse Sag 0.070 5.985 [-0.451 0.174 @¢.574 0.7048 0.708 2.450 2.099 1.898 2.757 2.968 3.078 2.999
Rak Zuid 0.856 0.149 0.209 0.124 -0.147 0.101 0.092 3.310 2.248 2,107 2,881 2.821 3.179 3.091




-12-

IV. PROPAGATION OF THE SIXTH-DIURNAL TIDE

Figure 6 plots amplification versus phase lag for the sixth-diurnal tide from
Oostkapelle to Razemijpolder. In addition to the four test cases, the observed data are
shown. Uncoupling the salinity does not have much effect, as the salinity gradient is
very small.

Closing the Eendracht increases the quarter-diurnal amplification, whereas
computing with turbulence closure reduces the amplification.

Note that from Oostkapelle to Razernijpolder the phase lag is not much influenced
by the choice of computation method, but from Oostkapelle to Rak Zuid the influence of
the choice is much greater (Fig. 6).

Most of the lag variation is in the section from Stavenisse to Rak Zuid, as can be
seen in Fig. 7. The same conclusion can be reached from the polar plots presented in
Appendix C. The amplifications over each section between two stations and the
amplification in relation to Oostkapelle are presented in Table 5. Table 6 shows the
phase lags.
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Table 5

Amplification per Section Total Amplification
VOST-41 | 00ST-56 |00ST-75 00ST-67 OUST~55 Observed N Observed|| 00ST-41 ansT-56 005T-75 nOsT-67 0O0ST-55 Observed|Observed
No 568 CCOR= tendracht (100 wr. 16 day Base No SCS CCOR= Fendracht | 100 hr. |16 day
Salinity|Lnergy 350 Closed near average || Case Salinity | Energy 350 Closed near average
Station CouplingjCoupling average Coupling Coupling average
Qostkapelle 1.0 1.0 1.0 1.0 1.0 1.0 1.¢ 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.8. IX 0.865 0.865 0.878 0.850 0.874 0.836 0.835 0.865 0.865 0.878 0.850 0.874 0.836 0.835
Vlietepolder 0.915 0.913 0.898 0.922 Q.875 0.714 0.765 0.791 0.789 0.788 0.784 0.765 0.597 0.639
Colijnsplaac 0.712 0.691 0.708 0.673 0.638 0.689 0.629 0. 564 0.545% 0.558 0.528 0.488 Q.411 0.402
Wemeldinge 0.831 0.863 0.881 0.948 1.021 1.432 1.431 0.468 0.471 0.492 0.500 0.498 0.58% 0.575
Razerrijpolder [2.517 2.478 2.108 2.363 2.505 2.030 2.002 1.178 1.166 1.037 1.181 1.248 1.195 1.151
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 1.0 1.0
0.5, IX 0.865 0.865 0.878 0.850 0.874 0.836 0.835 0.865 0.865 0.878 0.850 0.874 0.836 0.835
Burghsluis Q0.919 0.924 0.906 0.923 0.911 0.827 Q0.827 0.795 0.799 0.795 0.785 0.796 0.691 0.651
Zierikzee 0.718 0.738 Q.734 0.763 0.703 0. 680 0.677 G.571 0.589 0.584 0.601 0.560 0.470 0.468
Stavenisse 0.853 0.814 0.745 0.930 0.866 0.758 0.805 0.487 0.480 0.435 0.559 0.485 0.356 0.377
Bruinisse 0.180 0.240 0.287 0.329 0.207 0.601 0.500 0.087 0.115 0.125 0.184 0.100 0.214 0.188
Steenbergse Sas|2.972 3.814 3.361 1.872 3.851 3.582 3.153 0.260 0.440 0.420 Q.344 Q.386 0.768 0.55%4
Rak Zuid 3.286 1.661 1.673 2,304 1.927 1.378 1.382 0.856 0.731 0.702 0.793 0.743 1.058 0.821
Table 6
TIME LAG OF THE SIXTH-DIURNAL TIDE
Lag per Section Total Lag

00ST-41 | 00ST-56 |00ST-75 |[00ST-67 Q0ST-55 |Observed | Observed]{00ST-41 | OOST-56 Q0ST-75 00ST-67 00ST-55 Observed|Observed|

Base No 5Gs CCOR= Eendracht|100 hr. 16 day Base No 5GS CCOR= Eendracht| 100 br. (16 day

Case Salinity|Energy 350 Closed near average Case Salinity Energy 350 Closed near average

Station Coupling|Coupling average Coupling Coupling average

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 6.0 0.0
0.5. TIX 0.188 0.199 0.202 0.205 0.185 0.304 0.312 0.188 0.199 0.202 0.205 0.185 0.304 0.312
Vlietepolder 0.157 0.167 0.150 ¢.161 0.160 0.088 0.065 0.345 0.366 0.352 0.366 0.345 0.391 0.377
Colijnsplaat 0.189 0.182 0.222 0.208 0.212 0.325 0.345 0.534 0.548 0.574 0.572 0.557 0.716 0.722
Weneldinge 1.115 1.083 0.9%4 1.086 1.172 0.772 0.747 1.649 1.631 1.568 1.659 1.729 1.488 1.469
Razernijpolder | 0.545 0.563 0.682 0.568 0.464 0.570 0.575 2.194 2.194 2.250 2.227 2.193 2.058 2.044
Qostkapelle c.0 0.0 0.0 0.0 0.0 a.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.5. IX 0.188 0.199 0.202 0.205 0.185 0.304 0.312 0.188 0.199 0.202 0.205 0.185 0.304 0.312
Burghsluis 0.158 0.149 0.117 0.157 0.1462 0.054 0.056 0.346 0.348 0.319 0.362 0.327 Q0.357 0.368
Zierikzee 0.251 0.235 0.310 0.278 0.269 0.338 0.329 0.597 0.583 0.629 0.640 0.596 0.695 0.697
Stavenisse 0.142 0.219 0.150 0.249 0.203 6. 311 0.257 0.739 0.802 0.779 0.889 0.799 1.006 0.953
Bruinisse 3.327 2.509 2.125 3.582 2.725 1.221 1.296 3.923 3.311 2.904 0.304 3.524 2.226 2.199
Steenbergse 5as| 3.168 3.837 0.027 2.543 3.48L 0.360 0.374 2.922 2.981 2.931 2.847 2.838 2.586 2.573
Rak 2uid 0.395 0.124 0.062 0.358 Q.141 0.1392 0.048 3.318 3.105 2.993 3.205 2.979 2.626 2.621
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V. CIRCULATION AND MEAN WATER LEVELS

To investigate the effects of the different formulations on the circulations in the
estuary, we determined the tidal residual currents through certain cross sections. These
cross sections are shown in Fig. 8. To determine the residual currents we used the tidal
eliminator B4gB 51/2499 on data with a 15-minute interval. This tidal eliminator
contains two successive numerical filters. First a timeseries is obtained by taking
averages of 49 successive values of the original series, and then from that series averages
of 51 successive values are computed. We plotted these flow rates and used the average
at the fourth day for analysis. By plotting these filtered flow rates we could determine
how important their gradual adjustment is due to the initial salinity distribution.

The resulis of the analysis are shown in Table 7. The Wemeldinge-Gorishoek
section is the same as the sections Lodijkse Gat and Schaar van Ierseke combined.

In the simulations a fresh water flow of 50 m%/sec was discharged near Rak Zuid
through the Volkerak sluices and 6 m3/sec through the Kreekrak sluices into the eastern

Lodi jkse Ga

Schaar van lers&k

Fig. 8—Flow sections used in the analysis
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Table 7
RESIDUAL FLOW RATES
(In m3/sec)
00ST-41 | 00ST-56 00ST-75 00ST-67 00ST-55
Base Salinity SGS CCOR= Eendracht
Flow Section Case Uncoupled | Coupling | 350, Closed
Hammen - 280 - 346 - 760 - 287 - 202
Schaar v. Roggenpl. | + 203 + 248 + 685 + 213 + 204
Roompot + 134 + 158 + 132 + 130 + 58
Lodijkse Gat +1126 +1133 +1252 +1081 + 990
Schaar v. Ierseke -1072 -1091 -1194 ~-1029 ~ 986
Wemeldinge~Gorishoek | + 57 + 42 + 58 + 52 + 4
Zijpe - 4 + 14 - 2 + 6 51

part of the Eastern Scheldt. These discharges can be found in the total net flow rate
through the openings of Hammen, Schaar, and Roompot and through the net flow rate
through Zijpe, Lodijkse Gat, and Schaar van Ierseke.

Uncoupling the density computation (OOST-56) from the hydrodynamic
computation changes the system circulation. The outflow through Schaar and Roompot
increases while the inflow through Hammen also increases. When we are not computing
the salinity gradient, the net flow through the Zijpe increases, but the general circulation
patterns are not altered as can be seen by comparisons of Figs. 9 and 10.

Computation with the SGS turbulence closure significantly changes the residual
flows through the openings of the storm surge barrier, but the distribution of water
through Zijpe and Eendracht is not influenced.

The changes in circulation by use of the corrector in the Chezy value are small.

To investigate the influcnce of the different formulations on the mean water levels,

the computed water levels at a few stations were filtered with a tidal eliminator. For
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Fig. 9—Tidally averaged transport rate distribution computed from the
base case simulation (OOST-41)
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comparison, the average filtered water levels of the fourth day of simulation were
determined for a number of inland stations. These are shown in Table 8.

The omission of salinity coupling causes the mean water level to drop at Keeten-
Volkerak. The water level drops about 6 cm at Rak Zuid. The use of CCOR introduces
a further drop in this region but not as large.

Table 8
MEAN WATER LEVELS
(Inm)
00ST-41 | 00ST-56 | 00ST-75 | 00ST-67 |
Base Salinity SGS CCOR =
Station Case Uncoupled | Coupling | 350.
Wemeldinge -0.013 -0.023 -0.009 -0.024
Razernijpolder -0.006 -0.012 4+0.003 ~-0.014
Bruinisse -0.008 -0.049 -0.012 -0.040
Steenbergse Sas +0.053 +0.015 +0.047 -0.007
Rak Zuid +0.077 +0.015 +0.095 +0.028
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VL. TIME LEVEL OF THE BOTTOM STRESS TERM

Simulations with the SYMSYS2D system are generally made with a bottom stress
term that is centered in time. The base case designated OOST-41 was made in this
manner., The momentum equation in x direction with this bottom stress is written as:

=tre=ha  =op
+
R=g 22 T _{gﬁ )_x(v_)x} )
(" +{H)CY
A short experiment (OOST-50) was made in which the u velocity in the bottom stress
was taken at the lower time level. Thus, the following term was used:

2 o\ 12
Rx)=g u__{ gu_) : G_)x} o)
(" +L)C Y
The computed water levels of this simulation are nearly identical with the base

case, as shown in Figs. 11 and 12. Even so, preference should be given to Eq. (1). When
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Fig. 11—Comparison of water levels at Razernijpolder for the base case
(OOST-41) (solid line) and for an experiment with the bottom
stress term at a lower time level (OOST-50) (dots)
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Fig. 12—Comparison of water levels at Steenbergse Sas for the base case
(O0S5T-41) (solid line) and for an experiment with the bottom
stress term at a lower time level (OOST-50) (dots)

tidal flats are present and Eq. (2) is used, a strong wind will accelerate to unrealistically
high velocitics any water with very limited depth which, because of flooding, has just
started to participate in the computational field. This is because the bottom friction does
not have an immediate effect. Consequently, Eq. (1) is preferred.
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- VII. ENERGY LOSSES CAUSED BY DIVERGENCE

When the flow in a channel diverges, energy losses occur by generation of
turbulence. In the mathematical representation used in the model, energy dissipation
occurs only through a bottom stress term and a viscosity term [3].

For the experiment described here, a multiplier is introduced in the advection term

which can be written:

AK) =a [ug—z +§_;] 3)

The multiplier o is taken as unity when the flow converges and becomes smaller than
unity when the multiplier is divergent. In the experiment designated OOST-52 the

divergent flow was set as:

Cl[u§+v8—;]| X Ax (6]

Also, we took C =1 and let o range between zero and unity. This procedure causes
energy losses with divergent flow but not with convergent flow.

The effect of this procedure is very small, as a comparison of water levels from
this simulation and the base case shows in Figs. 13 and 14. Comparisons of water levels
at Razernijpolder show some differences in one of the overtides near high water, but we
considered it ineffectual to investigate further.

This experiment was a first step in investigating the influence of energy losses
caused by divergence. We planned to modify the SIMSYS2D system in such a manner
that the energy transferred to turbulence during divergence would be accounted for in an
SGS computation. From Figs. 13 and 14, it is obvious that the energy loss due to
divergence is unimportant in simulations of the Eastern Scheldt, and this refinement of

the computation method was not pursued further.
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Fig. 13—Comparison of water levels at Razernijpolder for the base case
(OOST-41) (solid line) and for an experiment with energy
losses for divergent flow (OOST-52) (dots)
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Fig. 14—Comparison of water levels at Steenbergse Sas for the base
case (0O0ST-41) (solid line) and for an experiment with
energy losses for divergent flow (OOST-52) (dots)
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VIll. CONCLUSIONS

Our experiments and computations demonstrate that the semi-diurnal tidal
amplification increases by a few percent over that section of the estuary where significant
gradients of salinity are present. However, the quarter-diurnal and sixth-diurnal tidal
amplifications are reduced. Using the pressure gradient computed from the salinity
gradient increases the mean water levels and has some influence on residual circulation,
but it does not influence the general circulation pattem in the estuary.

Using SGS energy reduces the semi-diurnal, quarter-diurnal, and sixth-diurnal
tidal amplifications over the section from Oostkapelle to Razernijpolder. This method
increases the semi-diurnal tidal amplification over the section from Oostkapelle to Rak
Zuid, but it decreases the quarter- and sixth-diurnal amplifications there.

Using the corrector on the Chezy value has significant effect on the amplification
only between Oostkapelle and Rak Zuid, as significant salinity gradients are present only
in Keeten-Volkerak. It reduces the semi-diurnal and sixth-diurnal amplifications, but it
very significantly increases the quarter-diumnal tide. The corrector brings the model
amplifications in all cases closer to the observed amplifications and causes small changes
in residual circulation. Further, the corrector lowers the mean water levels a few
centimeters at the interior station.

Omitting the schematized Eendracht from the model increases the semi-diurnal
tidal amplification and influences the amplification of the overtides.

The time level chosen for the velocities in the computation of the bottom stress
term has an insignificant influence on results. When wind is present, we recommend the
use of a centrally expressed bottom stress term.

The energy losses caused by divergence in the estuary channels have an
insignificant influence on tidal propagation and do not need to be accounted for in the
mathematical formulation.
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Appendix A

POLAR PLOTS OF THE SEMI-DIURNAL TIDAL AMPLIFICATIONS
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Fig. A.2—Polar plot of the semi-diurnal tidal amplification on two
lines through the Eastern Scheldt for the base case (OOST-41)
(solid/dotted line) and for a computation with SGS
coupling (OOST-75) (dots)



-30-

0.2
Phase lag
in hours .
1.2
1.0
c
(=]
0.8 bt
(1]
(&)
2
0.6 ﬁ
£
<
0.4
g.2
3.00 COMPARISON OF 0Q0ST41 AND 00ST67
LINE |
0.0
Phase lag =
in hours
1.2
1.0
1
o
e
0.8 ?U'
Q
D.S'(_l
£
<
2.50
I 0.4
2.75
0.2
3.00 COMPARISON OF 005T41 AND 00STE7

LINE 2

REF

(LI Ry Ve

OOSTKAPELLE

0. 5. IX
VLIETEPOLDER
COLIJUNSPLAAT
WEMELD INGE
RAZERNIJPOLDER

REF

NOUE -

OOSTKAPELLE
0.5. Ix
BURGHSLULS
ZIERIKZEE
STAVENISSE
BRUINISSE
STEENBERGSE SAS
RAK 2U]1D-VOLKERAK

Fig. A.3—Polar plot of the semi-diurnal tidal amplification on two
lines through the Eastern Scheldt for the base case (00ST-41)
(solid/dotted line) and for a computation with bottom

stress-salinity gradient coupling (OOST-67) (dots)
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Appendix B

POLAR PLOTS OF THE QUARTER-DIURNAL TIDAL AMPLIFICATIONS
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Fig. B.2—Polar plot of the quarter-diurnal tidal amplification on
two lines through the Eastern Scheldt for the base case

(0O0ST-41) (solid/dotted line) and for a computation
with SGS coupling (O0ST-75) (dots)
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Fig. B.4—Polar plot of the quarter-diurnal tidal amplification on two
lines through the Eastern Scheldt for the base case (00ST-41)
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Appendix C

POLAR PLOTS OF THE SIXTH-DIURNAL TIDAL AMPLIFICATIONS
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Fig. C.1—Polar plot of the sixth-diurnal tidal amplification on two
lines through the Eastern Scheldt for the base case (00ST-41)
(solid/dotted line) and for a computation with no
salinity coupling (OOST-56) (dots)
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Fig. C.2—Polar plot of the sixth-diurnal tidal amplification on two
lines through the Eastern Scheldt for the base case (00ST-41)
(solid/dotted line) and for a computation with SGS
coupling (OOST-75) (dots)
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Fig. C.3—Polar plot of the sixth-diurnal tidal amplification on two
lines through the Eastern Scheldt for the base case (OOST-41)
(solid/dotted line) and for a computation with bottom
stress-salinity gradient coupling (OOST-67) (dots)



41-

COMPARISON OF (00ST41 AND 00S5T55 WATER LEVELS

DAY 2 08.00 - DAY 6 12.00 LAG=25

REF

N —

LINE 1 FREQUENCY = 0.24 PER HOURS

OOSTKAPELLE

0. S.
VLIETEPOLDER
COL IINSPLAAT
HEMELD INGE
RAZERN!JPOLDER

COMPARISON OF 00ST41 AND 00STSS5 WATER LEVELS
DAY 2 08.00 - DAY 6 12.00 LAG=25

REF

NOG L -

LINE 2 FREQUENCY = 0.24 PER HOURS

OUSTKAPELLE
0.5. 1x

BURGHSLUIS
ZIERIKZEE
STAVENISSE
BRUINISSE
STEENBERGSE SAS
RAK ZUID-VOLKERAK

Fig. C.4—Polar plot of the sixth-diurnal tidal amplification on two
lines through the Eastern Scheldt for the base case (00ST-41)

(solid/dotted line) and for a computation with the
Eendracht closed (OOST-55) (dots)



42-

Appendix D

COMPARISONS OF WATER LEVELS FROM THE
DIFFERENT EXPERIMENTS
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Fig. D.1—Water levels at Vlietepolder and Colijnsplaat for the base
case (OOST-41) (solid line) and for a computation with no
salinity coupling (OOST-56) (dots)
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Fig. D.2—Water levels at Vlietepolder and Colijnsplaat for the base.
case (OOST-41) (solid line) and for a computation with SGS
coupling (OOST-75) (dots)
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Fig. D.3—Water levels at Vlietepolder and Colijnsplaat for the base.
case (OOST-41) (solid line) and for a computation with bottom -

stress-salinity gradient coupling (0OST-67) (dots)
\
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Fig. D.4—Water levels at Vlietepolder and Colijnsplaat for the base
case (O0OST-41) (solid line) and for a computation with the
Eendracht closed (OOST-55) (dots)
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Fig. D.5—Water levels at Wemeldinge and Razernijpolder for the base
case (OOST-41) (solid line) and for a computation with no salinity
coupling (O0ST-56) (dots)
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Fig. D.6—Water levels at Wemeldinge and Razernijpolder for the base
case (OOST-41) (solid line) and for a computation with
SGS coupling (O0ST-75) (dots)
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Fig. D.7—Water levels at Wemeldinge and Razernijpolder for the base

case (OOST-41) (solid line) and for a computation with bottom
stress-salinity gradient coupling (OOST-67) (dots)



(METERS)

WATER ELEVATION

(METERS)

WATER ELEVATION

003T-u1, DYE CONST. RELEASES, TOO, 900M-GRID. AVG. TIDE 196)

-50-

005755, 10D, B0OM GRID, AVG. TIDE 1961, EENDRACHT CLOSED, ADVECTION

MERGED(80/11/06 10:56:12

(81/03/09 11:37:21

80711711 D2

33:29)

81/63/27 05:07:22)

3. T [ H g ( ] ] '

. LRAND CORP. B81/03/272
2.+ |
1.

NAP
-1.
-2.F |
A
—— WEMELDINGE (COMPUTED)
----- WEMEL DINGE (COMPUTED)
,3 | " " 1 . . . ] N . | . |
Y 8 = 16 20 24
5 JAN 'G99
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Fig. D.8—Water levels at Wemeldinge and Razernijpolder for the base

case (OOST-41) (solid line) and for a computation with the
Eendracht closed (00ST-55) (dots)
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Fig. D.9—Water levels at Zierikzee and Stavenisse for the base case
(O0ST-41) (solid line) and for a computation with no
salinity coupling (OOST-56) (dots)
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00ST-75, 80DM-GRIC. AVG. TIDE 1961, SGS ENERGY COUPLING (81711711 18:24:47 81711712 18:53:11)
3. — — e ————————— T —————
[RAND CORP. B1/11/139)
2.t i

NAP

2.+ 4
—— STAVENISSE (COMPUTED)
----- STAVENISSE (COMPUTED)
-3. X L 1 L L " L . i L | L . L | L " . 1 A L L
4 8 12 16 20 a4
5 JAN '99

Fig. D.10—Water levels at Zierikzee and Stavenisse for the base case
(OOST-41) (solid line) and for a computation with SGS
coupling (OOST-75) (dots)
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Fig. D.11—Water levels at Zierikzee and Stavenisse for the base case
(O0ST-41) (solid line) and for a computation with bottom
stress-salinity gradient coupling (OOST-67) (dots)
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Fig. D.12—Water levels at Zierikzee and Stavenisse for the base case
(OOST-41) (solid line) and for a computation with the
Eendracht closed (OOST-55) (dots)
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Fig. D.13—Water levels at Bruinisse and Steenbergse Sas for the base
case (OOST-41) (solid line) and for a computation with no
salinity coupling (OOST-56) (dots)
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Fig. D.14—Water levels at Bruinisse and Steenbergse Sas for the base
case (OOST-41) (solid line) and for a computation with SGS
coupling (OOST-75) (dots)
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Fig. D.15—Water levels at Bruinisse and Steenbergse Sas for the base
case (OOST-41) (solid line) and for a computation with bottom
stress-salinity gradient coupling (OOST-67) (dots)
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Fig. D.16—Water levels at Bruinisse and Steenbergse Sas for the base
case (OOST-41) (solid line) and for a computation with the
Eendracht closed (O0OST-55) (dots)
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