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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 Rijkswater-
staat.

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 this report, outlining the most important results from the experi-
ments. 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 are:

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

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

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

¢ Jan J. Leendertse and Susan L. Ritter, The Effects of Different Hydrodynamic Formu-
lations on Computed Tidal Propagation and Circulation in the Eastern Scheldt,
N-2703-NETH, June 1988.
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SUMMARY

Several experiments were made with a two-dimensional model of the Eastern Scheldt to
investigate the effect of advection term approximations in hydrodynamic equations on tidal
propagation. Furthermore, the comparative importance of timestep size, gridsize, depth accu-
racy, roughness estimates, approximations of turbulence closure, and horizontal momentum
exchange was assessed.

Analysis of tidal propagation resulted in a practical method for adjusting models that are
similar to the model of the Eastern Scheldt.

The experiments indicated that advection is very important for the generation of residual
tidal currents in the estuary. The choice of the advection approximation influences the resi-
dual circulation and the energy transfer from the primary tides to the overtides. The most
primitive advection approximation is the most effective in the energy transfer. It is recom-
mended that a correction multiplier for the advection term be used in two-dimensional models.

The most significant finding of the modeling studies is the dependency of the bottom
roughness on the tidal range. When the model is adjusted for average tide conditions, it
underestimates the tidal amplifications for neap tide conditions and overestimates amplifica-
tion during spring tides. It is recommended that the influence of tidal range on the bottom
stress parameter be considered in model studies of estuaries.
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I. INTRODUCTION

Early in the 1980s, the use of numerical hydraulic models was not yet generally accepted
as an appropriate technology for making engineering investigations of flow conditions in
estuaries and coastal seas. The technique of making physical model studies, however, had been
developed to a very high degree, and large investments had been made in costly facilities. Con-
sequently, before a decision could be made to replace these physical models, many questions
had to be answered about the accuracy of these new numerical models, the consequences of
certain of their assumptions, and the adequacy of the numerical approximation procedures.

A series of experiments was conducted to resolve some of these questions and to further
develop the actual modeling technique. The results of these experiments were informally
reported only to the agency that funded the research. However, because the results will be of
interest to most modelers, as they give insight into the sensitivity of certain approximations
and system parameters, they are being made available at this time as RAND Notes. Because it
is expensive to develop an algorithm and special skills are required to formulate and build the
computer programs for these models, most investigators work with programs developed by oth-
ers. As a result, they often have difficulty distinguishing between computational effects and
actual physical phenomena.

The literature contains many descriptions of models and experiments with two-
dimensional models. Authors often emphasize the advantages of the particular approximations
they use, sometimes making comparisons with other approximations using a hypothetical geo-
graphical area. Generally, no comparisons are given of different computation methods applied
to an existing estuary, and no practical assessments are presented of the comparative impor-
tance of timestep size, gridsize, depth accuracy, roughness estimates, approximations of tur-
bulence closure, and horizontal momentum exchange.

In this report, we present an overview of a series of experiments concerning these factors
and the main conclusions derived from the experiments. The experiments are presented in
detail in four other RAND publications [1-4].

In the investigations, we used a model of the Eastern Scheldt estuary with a gridsize of
800 m. This is a large gridsize for this estuary and as a consequence many channels are poorly
represented. However, we used this gridsize so that the experiments could be made economi-
cally. This estuary was considered typical of many estuaries that can be represented by a two-
dimensional model. The two-dimensional model simulation was made with SIMSYS2D [5], a
system of interlocking computer programs for the two-dimensional simulation of hydrodynam-
ics and water quality in well-mixed estuaries, coastal seas, harbors, and inland waters. Many
of the graphs in this report were produced with SIMSYS2D. In publishing the results of the
investigations, some of the extraneous information on the graphs used for identification and
cross-referencing has been removed, but we retained as much as possible to give a better
insight into the use of the system.



II. METHOD OF ANALYSIS

The model of the Oosterschelde (Eastern Scheldt) used in this investigation 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 a storm surge barrier have been built across most of the estuaries to prevent
high tides and storm surges from penetrating inland (Fig. 1).

The OOST model is part of a much larger model of the Oosterschelde estuary and the
adjacent sea area. The larger model, called RANDDELTA II (Fig. 2), provided boundary data
for many model investigations in the Delta region. The RANDDELTA II model was well
adjusted, and extensive numerical experiments have shown that the location of the model’s
boundaries is hardly influenced by the barrier construction.

The OOST model was chosen for our experiments because it was relatively small, making
the experiments economical. A typical computed flow field of the model is shown in Fig. 3.
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Fig. 1—Construction sequence of protective measures against flooding in the
southwestern Netherlands, according to the Delta plan
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The OOST model did not have sufficient resolution to compute flow distributions, but water
levels could be computed quite accurately.

For the experiments, a periodic tide was used at the boundary of the model. The ampli-
tude and phase relation of eight boundary points to a fixed observation station (KvS) near the
location of the boundary was determined by means of cross-spectral analysis from a 5-1/2 day
simulation with the RANDDELTA II model [6]. The locations of the eight boundary stations
and the reference station KvS are shown in Fig. 4, together with the water level stations used
in the analysis.

After determining the average tide from observations at the fixed station KvS for 1961,
we could calculate amplitudes and phases of the My, My, Mg, and Mg tidal components for all
eight boundary points from the response functions of the cross-spectral analysis. An earlier
RAND report describing a model of the same area, but with more resolution, contains a more
detailed description of the procedures for computing boundary conditions by means of response
functions [7]. The boundary conditions are shown in Table 1.

In the simulations, the baroclinic motions were included; thus the pressure gradients
resulting from the salinity distributions were taken into account. Initially, the averaged salin-
ity conditions established from many measurements were used as starting conditions. The
fresh water discharges at two locations in the estuary were included in the simulations as aver-
age flow conditions. The discharge through the Volkerak locks was taken at 50 m3/sec and the
discharge through the Kreekrak locks was taken at 6 m3/sec (Fig. 4).

The marginal depth parameter for the tidal flow computation was taken at 0.3 m. Thus,
when the temporal depth in a cross section of the tidal flats comes in the range of 0.0 to 0.15
m, the area is taken out of the simulation. If the temporal depth comes in the range of 0.15 to
0.3, the value of the Chezy parameter is set to 22.5 m'/%/sec.

The timestep for the simulations was generally 2.5 minutes. This large timestep was used
to reduce computation cost. Only in a few experiments was the timestep reduced to 1.25
minutes. :

In the analysis of results, we compared a particular simulation with a base case. Unfor-
tunately, the differences in water levels between two simulations are often very small, and a
visual inspection of differences gave no information on the behavior of the tidal wave propagat-
ing through the estuary. Thus, it was most appropriate to compare the amplitudes and phases
of the tidal components at different stations. Barotropic as well as baroclinic simulations for
as long as 15 tidal cycles indicated that a quasi-steady-state condition was never obtained. The
tidal residual currents computed as low-pass filtered Eulerian transports through certain cross
sections fluctuated slowly. Mean water levels computed by the same low-pass filter (tidal elim-
inator) also showed some fluctuation. In addition, the computations appeared to contain noise
at a few locations because of the limited resolution and the discrete changes in the size of the
area when tidal flats and sandbars become dry or flooded. As the computed tides are not com-
pletely periodic, it is difficult to compare tidal wave propagation and amplification by means of
a Fourier analysis of computed records at stations along the periphery of the estuary. A much
better approach appeared to be the optimal estimation of amplitude and phase between pairs of
stations by cross-spectral analysis. In addition to the amplitude and phase relations, data
about the confidence of the linear estimates could be computed.

Simulations of 5-1/2 days were made; therefore, because at least one day is required for
the dissipation of the starting transient, 100 hours of real time simulation were available for
analysis. The 100 hours is a short series for cross-spectral analysis, providing only eight tidal
cycles of the primary tide; nevertheless, a very high coherency was always obtained for this
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Table 1
BOUNDARY CONDITIONS FOR THE EXPERIMENTS

Tidal Component Amplitudes

Station Mean Level M, M, Mg Mg

1 -0.060 1.199 0188 0.125 0.030
2 ~0.062 1206 0192  0.120 0.041
3 ~0.068 1.275 0170 0.118  0.041
4 ~-0.070 1.332  0.154 0.119  0.041
5 -0.068 1.338 0.144 0.123  0.040
6 -0.078 138  0.150  0.127  0.042
7 -0.077 1.414 0.148 0.132  0.040
8 -0.067 1.431 0.147 0135 0.043

frequency. This was not the case for the overtides, which appeared to be influenced by leakage
from the very strong semi-diurnal component.

To alleviate that problem, bandpass filters were applied to the computed time series,
which eliminated the semi-diurnal tidal components, thereby letting other components of
interest pass. These filters are described in more detail elsewhere [2].

Thus, to analyze the propagation of tidal components, three time series were used for
each station. One is the actual computed tide, the other two are time series resulting from a
filter operation. Figure 5 shows the three time series for a particular location in the estuary.
Note that the time series of the overtides are shorter, as data are lost at the beginning and the
end of the series by the filter operations. Using cross-spectral analysis, optimal estimates of
tidal component amplification and phase lag were obtained between pairs of stations along the
lines shown in Fig. 4. In addition, optimal estimates of tidal component amplification and
phase lag were obtained between the station Qostkapelle and all other stations.

In the series of experiments, the amplifications and phase lags were generally presented
in tables for comparison. Furthermore, graphs were made presenting the propagation of the
tidal component as a polar plot. Figure 6 shows typical polar plots of the semi-diurnal tidal
amplification along the two lines in the estuary for the base case and the experiment, which is
compared with the base case. In both simulations the amplification from the reference station
Oostkapelle to station 5 (Razernijpolder) is about 1.35, and the phase lag is about 1.65 hours.
The amplification and phase lag of the base case are situated on a solid line, whereas for the
second experiment the amplifications and phase lags between the stations are indicated by
separate points. Note that the first station on each line (OS IX) has a smaller amplitude than
the reference station.

This report will present the results of the analysis of amplifications and phase lags
between stations on one line only. This line is the most southerly line of the lines shown in
Fig. 4 (Oostkapelle to Razernijpolder). It traverses that part of the estuary that satisfies the
so-called “well-mixed” condition upon which the numerical model is based [8]. The details of
the complete investigation can be found elsewhere [1-4].
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III. EFFECTS OF THE ADVECTION APPROXIMATIONS

SIMSYS2D allows several options for computing the advection terms in the momentum
equations of a simulation. For the investigation described in this section, simulations were
made with different spatial approximations of these terms. Also, a simulation was made
without the advection terms. We used the following notations to describe the finite difference
approximation of the advection terms.

F = F(jAx, kAy, nAt) (1)

where the position and time coordinates (x, ¥, t) of the variable F are represented on the finite
difference grid by:

(jAx, kAy,nAt) and j,k,n = 0,12, 1, 3,72, etc. (2)

Averages and differences (gradients) are represented by:

F* - .é_{ F[(G + 1/2)Ax, kAy, nAt] + F[( - 1./2)Ax, kAy, nAt]} ©)
5,F = %{ FIG + 1/2)Ax, kAy, nAt] — F[( - 1,/2)Ax, kAy, nAt]} (4)
These are shown only for x but analogous expressions are also used for y.
For the approximation of the Laplacian, the following is used:
o _ 1 . a ) .
ViF Ga? {F[(J + 1)Ax, kAy, nAt] - 2F[jAx, kAy, nAt] + F[(j - 1)Ax, kAy, nAt]
(5)
+ F[jAx, (k + 1)Ay, nAt] - 2F[jAx, kAy, nAt] + F[jAx, (k - 1)Ay, nAt]}
A special notation is used for the average in the spatial coordinates:
F-F° -F (6)

Furthermore, the average value of a variable at time ¢t — 1/2At and ¢t + 1/2At is desig-
nated by F-, if the value of the variable at the higher time level is found by iteration.

For the base case, the Arakawa advection term approximation as described by Gram-
meltvedt was used [9].* For the momentum equation in x direction this term is:

Aglx) = %{ax(u‘f @)+ g blulu, + GOVR)] 1 255u + T hul } (7)

To find the contribution of the advection terms, the second simulation was made with no
advection terms, thus:

Ayx) =0 (8)

10
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The third case investigated used the most primitive advection terms, expressed by:

9)

Ao(x) = u, 5us + 054,

The fourth case is an advection term first used by Lilly [10]. This term is expressed by:

As(x) = 7} 5, (@Xad) + 570, uny (10)

The terms for the advection in the y direction are analogous to those in the x direction in all
experiments.

The experiments indicate that the advection terms have considerable influence on the
computed tidal propagation in the estuary. For the semi-diurnal tide, the influence of the
advection term approximation can best be shown in a plot (Fig. 7) of the tidal amplification
and the phase lag between the reference station at the boundary of the model and the most
inland station on one of the lines through the estuary shown in Fig. 4. The amplification of
the experiment with the most commonly used approximation (A,) is the smallest, thus it is the
most effective in transferring energy out of the semi-diurnal tidal frequency band to the over-
tides. The experiment with the most complicated term (A,) indicates that the Arakawa
approximation is the least effective in energy transfer.

1.40
1.36 |~
A1 { No. adv.
AO[:] Base (Arakawa)

.5 132
© A
.g 3 Lilly’s advection term
é. A2 ™ primitive advection term
< 128

1.24 |-

&3, Observed 100 hr. near average
' Observed 16 day average
1.20 l L | l
1.0 1.2 1.4 1.6 1.8 2.0

Lag in hours

Fig. 7—Amplification versus phase lag of the semi-diurnal tide
for relation between a station near the boundary (Oostkapelle)
and an inland station (Razernijpolder) for computations
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Two observed data series were analyzed. One series included tide data from a 100-hour
period in the center of a series that ran from neap tide to spring tide. The second series
included tide data over a 16-day period that contained neap as well as spring tides. The
amplification and phase lags of both series are about the same. These data are also plotted in
Fig. 7.

The choice of the advection term also influences the quarter-diurnal tides, but general
conclusions could not be derived. At any location in the estuary, a wave originates from the
quarter-diurnal tide input at the boundary and a wave is generated by the shape of the system,
as the surface area increases with increasing tide levels. These waves are in addition to the
contributions of the advection term approximations generated by the nonlinear transfer from
the primary tide. Thus, changes in the contribution of the advection term can increase or
decrease the amplitudes, depending on the amplitude and phases of the waves originating from
the two first-mentioned sources.

The choice of the advection approximation has very limited influence on the sixth-diurnal
tide propagation. The difference in the amplification between the reference station and the
inland station Razernijpolder resulting from the choice of advection approximation was only a
few percent of the total amplification. The amplification along the other line toward the sta-
tion Rak Zuid could not be determined with confidence because of the relatively small ampli-
tude of this component and noise in the computation.

Advection is important for the generation of circulations. Figure 8 shows the computed
Eulerian residual transports for a computation with and without the advection terms. The
illustration shows that advection is the primary mechanism generating residual circulations.
The choice of the advection term approximation influences the computed circulations, but the
differences between the residual currents generated by the different approximations are not
very large.

The influence of the boundary approximations of the advection terms on the tidal propa-
gation was investigated by doubling the contribution of the advection term that is in the direc-
tion of the flow at the locations immediately near the boundary. This modification of the algo-
rithm had only minor influence on the tidal propagation [1].



(b) Without advection

Fig. 8—Computed Eulerian residual transports for a computation
with and without the advection terms
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IV. EFFECTS OF THE MAIN SYSTEM PARAMETERS ON TIDAL
WAVE PROPAGATION

Numerical models are generally adjusted in an iterative manner by making changes in the
coefficient for the bottom stress until a close match between observed and computed water lev-
els is obtained. In the experiments with the model of the Eastern Scheldt, a reduction of the
Manning’s value, thus a reduction of the bottom stress, would increase the tidal amplification
and reduce the phase lag. However, comparing observed and computed water levels does not
give a clear picture of the effect of the modification of this system parameter, and no numerical
value of changes in the amplitude and phase is obtained.

When the studies advanced and another model [7] of the same area—but one with more
resolution—had to be adjusted, a method was needed to allow prediction of more effective
changes in major system parameters. In addition to predicting the results of modification of
the Manning’s n values for the purpose of adjusting this model, modification of the momentum
exchange coefficient k was considered important in the adjustment. Because the distributions
of the velocities were generally far from uniform over the vertical, and because advection is
important, the effect of modifying the « coefficient was investigated. In two-dimensional com-
putations, the distribution coefficient « is generally taken as unity, but in a special version of
SIMSYS2D, it is possible to assign any value to this coefficient.

From the many experiments that were made with two-dimensional models, it is evident
that the depth schematization needs to be prepared with care, but no detailed study of the
influence of depth on the results has been made other than by analytical studies. In conjunc-
tion with a systematic investigation of other system parameters, the investigation of the effects
of depth modification appeared worthwhile.

For the base experiment, the same base computation was used as described in the previ-
ous section. Thus, the computation was made with the Arakawa approximation of the advec-
tion terms. For the experiment with the modified Manning’s n value, the values in the array
for that variable in the base case were muitiplied by 0.9. Thus, we decreased Manning’s n by
10 percent at each location.

To investigate the effect of the momentum diffusion, we doubled the momentum diffusion
coefficient from 15.0 m?/sec in the base case to 30.0 m2/sec.

To investigate the effect of a depth modification, all depths larger than 2.5 m were multi-
plied by 1.05, increasing the depth in all the channels by 5 percent. Depth less than 2.5 m was
not changed, as this would influence the tidal prism.

For the experiment with the modified o coefficient, we used a value of 1.5. Even though
this value is much higher than is observed, this high value would show the effect of this coeffi-
cient more clearly.

From analytical studies [9] and experiments it has been found that the choice of the
timestep has considerable influence on tidal propagation; thus, an investigation of the effect of
timestep modification was included in our analysis. All experiments were made with a
timestep of 2.5 min—the same timestep used in the base case except in the part of the experi-
ment that investigates the influence of the timestep. Then the timestep was reduced by 50
percent to 1.25 min. This was the timestep by which we found relatively good agreement
between the field data and the computation results before we started with the series of experi-
ments. Because it reduced the cost, the large timestep was chosen for the experiments.
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The method of analyzing the computed water levels from the results of this series of
experiments was the same as described in the previous section. Thus, we determined the
amplification and phase between stations in the estuary by means of cross-spectral analysis.

The results could best be summarized by the plots of the amplification versus phase lag
between a station at the boundary of the model (Oostkapelle) and a station inland (Razer-
nijpolder) for the semi-diurnal tide and the overtides.

Figure 9 shows the results for the semi-diurnal tide. Note that a reduction in the bottom
stress by decreasing Manning’s n value increases the amplification considerably. The system is
quite sensitive to this change. This is the major parameter used in the adjustment of models.
Not only is the amplification increased but the lag is reduced.

In the figure, the results of an analysis of field data are also shown. Also shown are the
90 percent confidence intervals of the cross-spectral analyses.

Note that by adjusting n, the amplification of the model can be matched with the amplifi-
cation of the prototype, or the phase of the model can be matched with the phase of the
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Fig. 9—Amplification and phase lag of the semi-diurnal tidal
component of the base case: simulations with modified
parameters and of observed data for the section
from Oostkapelle to Razernijpolder
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prototype data. It is not possible by this adjustment to obtain an agreement of both amplifica-
tion and phase at the same time. This is in agreement with the theoretical analysis of the
behavior of the computation model [11].

Increasing the depth reduces the lag, as the wave speed is a function of the depth. It also
increases the amplification, partly because the velocities are reduced; thus, the bottom stress is
reduced.

Increasing the momentum diffusion reduces the amplification and has insignificant effect
on the lag. The wave in the system is merely damped. Reduction in wave heights only is in
agreement with an analysis of the finite difference approximations. The finite difference
approximation for the momentum diffusion contains even-order truncations only.

Increasing the advection coefficient o has the same result as increasing Manning’s n, thus
increasing the bottom stress. Increasing « increases the contributions of the nonlinear advec-
tion terms, thereby taking more energy out of the primary tide and transferring it to the over-
tides. This is similar to the bottom stress, which also takes energy out of the primary tide. In
the adjustment of models, which generally is based primarily on adjustment of the diurnal and
semi-diurnal tidal component, the investigator is not able to determine which parameter needs
to be adjusted. Commonly only the bottom stress is adjusted and « is set to unity.

Note from Fig. 9 that decreasing the timestep has a significant influence on the tidal
amplification and the phase lag. Reducing the timestep from 2.5 min to 1.25 min moves the
computed amplification and the phase lag quite close to the observed values. More resolution
should give better results.

Figure 10 presents the results of the experiments for the quarter-diurnal tide component.
The amplitudes of the quarter-diurnal tidal components are small as can be seen in Fig. 5 for
the station Razernijpolder. The co-tidal chart computed from the base case is shown in Fig.
11. The amplitudes vary considerably in the estuary, with very small amplitudes in the center
of the estuary. The co-range charts are shown in Fig. 12. The quarter-diurnal tide in the
southeastern extremity of the estuary lags nearly three hours behind the tide at sea. There-
fore, in the main part of the estuary, the quarter-diurnal tide is a standing wave.

The variations in amplification resulting from parameter changes are much greater for
the quarter-diurnal tide than for the semi-diurnal tide. Changes in the bottom stress, the
depth, and « all have significant impact on the computed amplification and phase. For the
semi-diurnal tide increasing « results in more energy being taken out of the primary tide and
transferred through the nonlinear advection terms into the quarter-diurnal tide. The quarter-
diurnal tide is generated not only by the advection, but also by the shape and bathymetry of
the system and the quarter-diurnal tide at the boundary. Increasing a has a significant effect
as do the other changes of the main system parameters, because all influence the primary tide
and, naturally, the propagation of the quarter-diurnal tide itself through the system.

From Fig. 10 it is obvious that a better agreement between computation and prototype
can be achieved only by decreasing the timestep as in the case for the semi-diurnal tide. This
cannot be accomplished by adjusting bottom stress, depth, momentum diffusion, or the advec-
tion adjustment coefficient «, without using unrealistic values for these coefficients. Note that
the amplification increases with decreasing bottom stress and that increasing « reduces the
amplification as in the semi-diurnal tide when these parameters are varied. Only the phase lag
becomes somewhat smaller for both variations.

Over the section Oostkapelle to Razernijpolder, the influence of parameter changes on the
propagation of the sixth-diurnal tide is very similar to the effect of parameter changes in the
semi-diurnal tide, as can be seen by comparing Fig. 9 with Fig. 13. Decreasing the Manning’s
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Fig. 10—Amplification and phase lag of the quarter-diurnal
tidal component of the base case: simulations with
modified parameters and of observed data for the
section from Oostkapelle to Razernijpolder

value increases the amplification and decreases the phase lag. Increasing the « coefficient
decreases the amplification and increases the lag. Again, one can obtain the same effect with
each parameter modification.

The amplitudes of the sixth-diurnal tide in the estuary are small as shown on the co-tidal
chart (Fig. 14) obtained from the base case. The co-range chart is shown in Fig. 15. The
phase difference between the sixth-diurnal tide near the boundary and a point in the
southeastern part of the estuary is about 2 hours. Like the quarter-diurnal tide, the sixth-
diurnal tide has the appearance of a standing wave in the main part of the estuary.

The 70 percent confidence intervals shown for each data point in Fig. 13 are wide for the
observed data, as the amplitudes are small and the tide records contain noise from atmospheric
disturbances. If the timestep is reduced, the computed amplification is well within the confi-
dence intervals of the observed data points.
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Fig. 11—Co-tidal lines of the quarter-diurnal tide with a 2 cm interval for the base case

Fig. 12—Co-range lines of the quarter-diurnal tide with a 15 min interval for the base case
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The effect of parameter modification on each of the tidal components is very different
proportionally. Parameter modifications have significant effects on the shape of the computed
tide levels. Figure 16 compares the computed tide of the base case and the computed tides
with modified parameters.

The experiments described above were all made for a periodic tide. The simulations with
the timestep of 1.25 min showed the best agreement. With this timestep, excellent results were
also obtained for a simulation of actual conditions. Figure 17 shows the results of a simulation
with the RANDDELTA II model, of which the OOST model is a part. In this figure the com-
puted water level at the station Razernijpolder is shown together with the observations. The
station is approximately 75 km from the nearest boundary of the model.

From these experiments it can be concluded that for the main part of the estuary, from
Oostkapelle to Razernijpolder, the model is well adjusted for the semi-diurnal, quarter-diurnal,
and sixth-diurnal tide.
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Fig. 14—Co-tidal lines of the sixth-diurnal tide with a 2 cm interval for the base case

Fig. 15—Co-range lines of the sixth-diurnal tide with a 15 min interval for the base case
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V. EFFECTS OF THE MAIN SYSTEM PARAMETERS ON
MEAN WATER LEVELS AND CIRCULATION

The gradual decrease of salinity in an estuary going from the sea toward land, as well as
the nonlinearities in the hydrodynamics, cause the mean water levels in the estuary to be
higher inland than at its seaward extremity. Because parameter modification changes the
influence of the nonlinear terms in the hydrodynamic equation, we can expect that parameter
modification may also have an influence on the mean water level.

To investigate this effect, the computed water levels of stations along the periphery of the
estuary were filtered by a low-pass filter (tidal eliminator) and from the filtered datasets; the
average of the fourth day of the simulations, described in Sec. IV, were used as the mean value.
The average of a particular day was used, as the filtered datasets showed small fluctuations
and trends caused by modifications of the salinity distributions.

The mean water levels are plotted along one of the lines of stations shown in Fig. 4. Fig-
ure 18 depicts the mean water levels for the base case, the simulation with the timestep
decreased, the simulation with the Manning’s n value decreased, and the simulation with « =
1.5. Figure 19 shows the mean water levels for the base case, the simulation with increased
momentum diffusion, and the simulation with increased depth. It can be seen that the influ-
ence of the parameter modifications on the mean water levels is insignificant.

The influence of parameter modification for stations along line 2 of Fig. 4 was also inves-
tigated and is described in more detail elsewhere [2]. The influence was larger than for line 1,
but the conclusion can still be drawn that parameter modifications have a very small influence
on the mean water levels.

The experiments indicated that parameter modification has an effect on the residual cir-
culations. The pattern of the circulation does not change, but the intensities do. For example,
Fig. 20 shows the tidal residual of the base case, Fig. 21 the tidal residual for the simulation
with a = 1.5, and Fig. 22 the difference between the two simulations. To plot the latter figure,
the vector components of the second simulation (with « = 1.5) were subtracted from the com-
ponents of the base case. To show the effect more clearly, the plotting scale of the residual
(difference) current vectors is doubled. It is difficult to draw general conclusions, but it is clear
that enlarging the advection coefficient increases the circulation. As computations are cus-
tomarily made with o = 1 and the advection coefficient is generally about 10 percent larger
than unity, it can be concluded that such computations underestimate the tidal residuals.
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VI. BOTTOM STRESS PARAMETER DEPENDENCY ON TIDAL
AMPLITUDES

During the adjustment of the OOST model with a dataset in which the tidal amplitudes
increased gradually, 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
phenomenon in detail, first an analysis was made of the field data, and then the relation
between the amplitudes of the semi-diurnal tide and the overtides was determined [12].

In that investigation it was found that the amplification of the semi-diurnal tide strongly
depends on its tidal height. For example, during neap tide the tidal height amplifies 31 percent
over the section from Oostkapelle to Razernijpolder, but during spring tide the amplification is
only 17 percent. It appeared that the lag over this distance also depends on the tidal height.
Thus the tidal propagation in the estuary is quite nonlinear and this is reflected in the relation
between the amplitudes of the semi-diurnal tide and the overtides.

Following the analysis of the field data, a series of experiments was made to determine
the amplifications and phase lags in the model for periodic tides with different amplitudes.
Two experiments were made with conditions representing spring tide, two experiments with
conditions representing neap tide, and two experiments with an average tide. The periodic tide
conditions for the experiments contained the semi-diurnal tide and the M4 and Mg overtides.
For each tidal amplitude condition, one experiment was made with a timestep of 2.5 min and
the other experiment was made with a timestep of 1.25 min. A detailed description of the
experiments and the boundary conditions can be found elsewhere [3].

From the results of these experiments, the amplifications and phase lags were determined
for different stations along two lines through the estuary as described in Sec. II. The results
are summarized in a polar plot for the semi-diurnal tidal amplification. Figure 23 shows the
amplifications along line 1 going from Oostkapelle to Razernijpolder. In the graph the arrow
indicates the change in amplification resulting from the reduction in the timestep size. Note
that for the average tide a reduction of the timestep size brings the model results close to the
observed amplification and phase lag. The experiments with the neap tides show less amplifi-
cation than the observations, and the experiments with the spring tides show more amplifica-
tion than the observations.

This can be seen more clearly by plotting the amplification versus phase lag of the semi-
diurnal tide over the distance from Oostkapelle to Razernijpolder (Fig. 24). For spring tide
conditions, the model shows too much amplification and for neap tides the model underesti-
mates the tidal amplification.

From these results, it can be concluded that the bottom stress parameter (Manning’s n) is
not locally constant but depends on the tidal amplitudes of the semi-diurnal tide condition.

The magnitude of overtides in the Eastern Scheldt is strongly dependent on the ampli-
tudes of the semi-diurnal tide condition. Figure 25 shows the observed tide, the semi-diurnal
tide component, the quarter-diurnal tide component, and the sixth-diurnal components. The
components are obtained by use of band filters as described in Ref. 12.

In the model we find similar results, but the dependency is not as strong, and the depen-
dency is a function of the timestep used in the model. Figure 26 shows the observed and com-
puted quarter-diurnal tidal range as a function of the semi-diurnal tidal range for the station
Razernijpolder for simulations with different timesteps. Decreasing the timestep brings the

computed quarter-diurnal range closer to the observed range. This is also the case for the
sixth-diurnal tide shown in Fig. 27.
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Fig. 25—Tide and overtides at Razernijpolder: (A) observed

tide (dashed line) and semi-diurnal tide (solid line),

(B) quarter-diurnal tide, (C) sixth-diurnal tide
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Fig. 26—Observed and computed quarter-diurnal tidal range as a
function of the semi-diurnal tidal range for Razernijpolder
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Fig. 27—Observed and computed sixth-diurnal tidal range as a
function of the semi-diurnal tidal range for Razernijpolder
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VII. EFFECTS OF DIFFERENT HYDRODYNAMIC
FORMULATIONS

Hydrodynamic computations of two-dimensional vertically averaged flow in estuaries and
coastal seas can be made with different approximations of the terms in the hydrodynamic
equations. It appears difficult to assess by analytical means the most suitable form for a par-
ticular purpose. For this reason SIMSYS2D was designed with considerable flexibility in the
selection of the computation method and the approximations of certain terms in the finite
difference equations.

To obtain insight into the effect of different approximations, a series of experiments was
made with the model of the Eastern Scheldt. This model can be considered typical for the
application of two-dimensional models. The estuary is well mixed except in the northeastern
branch [8].

The first formulation investigated was the omission of the pressure gradient because of
density differences. In the RAND simulations with different models in the Delta region, these
pressure gradients were routinely included. These computations require simulation of the
salinity distributions, and thus are more extensive than those in which these gradients are
omitted.

The second experiment concerned the application of the simple turbulence closure model
that is available in SIMSYS2D [5]. With this formulation, the subgrid scale (SGS) energy is
computed as a constituent in the transport model. Energy is generated by the bottom stress
and the decay is taken as a function of the local energy density. The mixing length is assumed
to be a constant fraction of the depth; the bottom stress is a function of the local velocity and
the energy.

The third experiment concerned the application of a correction factor on the bottom
stress. An analysis of the energy in an estuary with salinity gradients [13] indicates that the
bottom stress depends on the current direction and on the salinity gradient. In SIMSYS2D a
simple correction on the bottom roughness can be made. This correction is applied to the local
Chezy value and depends on the current direction and the salinity gradient [5]. The factor (a;)
in the correction formulation of Eq. (2.14) of Ref. 5 was taken at 350. In the graphical
representations the factor a; is indicated by CCOR.

To assess the influences of the three different hydrodynamic formulations on tidal propa-
gation, three experiments were made on the results analyzed as described in Sec. II. As shown
in Fig. 28, the tidal amplification of the semi-diurnal tide over the section QOostkapelle to Raz-
ernijpolder for the three different hydrodynamic formulations is about the same. It was to be
expected that the omission of the pressure gradient because of the salinity gradients would
have very limited influence, as the difference in the salinity between Oostkapelle and Razer-
nijpolder in the model is about 2 g/kg. Thus the salinity gradients are very small in the region
between the two stations. Similarly, the correction factor on the Chezy value has hardly any
influence on the tidal propagation.

The three different hydrodynamic formulations have more influence on the amplification
of the overtides, as shown in Figs. 29 and 30.

From these experiments it can be concluded that the use of these formulations has no sig-
nificant advantage above the more standard formulation as described in Ref. 5, particularly as
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J
the computations are more extensive because of the inclusion of transport equations for salt or
energy. Only in that part of the estuary where considerable salinity gradients are present can
improvements in agreement between observed and computed tidal amplification be obtained by
inclusion of the pressure gradient because of the salinity. The amount of improvement is

shown in Ref. 7. However, omission of the computation of the pressure term for the salinity
gradients will cause considerable error in the computed mean water levels.
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VIII. DISCUSSION

Of all the experiments described in this report, those of Sec. IV concerning the effect of
the main system parameters on tidal propagation are the most important. With these experi-
ments a method was introduced for the adjustment of many models of the Delta region of the
Netherlands.

For the adjustment, first an estimate of system parameters is made based upon the results
of similar estuary models. Then, experiments are made in which the main system parameters
are modified. All the results of the experiments are analyzed, and amplification versus phase
lag diagrams for different tidal components are constructed similar to those shown in Fig. 9.
From such diagrams, it is easy to determine how the system parameters should be modified.
The information developed for this model of the Eastern Scheldt appears directly usable for a
model of the same area but with more resolution [7], and an excellent agreement between
observed and computed data can be obtained for that model. The application of this technique
contributed considerably to the acceptance of numerical models for engineering investigations
and the replacement of physical models by computer models.

Another important conclusion from this series of experiments was that adjustments of
system parameters are not able to correct the effects of insufficient resolution.

From the experiments with different approximations of the advection term, it is apparent
that the choice of the approximation has considerable influence on the result. Advection is the
mechanism by which the energy of the primary tides is transferred to the overtides, and the
choice of the approximation influences this transfer. The most primitive expression (Eq. (9))
is the most effective in this transfer.

The experiments indicate that advection is very important for the generation of the resid-
ual tidal circulation. When these terms are omitted, the residual circulations are very small.
The choice of the advection approximation influences the computed residuals, but from these
experiments it cannot be determined which approximation is best. It is probably more impor-
tant to include a correction multiplier («) for these terms in the simulations as velocity distri-
butions are not uniform in any vertical of the model area.

One of the most significant findings of the model studies reported here and of analysis of
the tidal propagation in the estuary relates to the dependence of the bottom roughness on the
tidal range. When the model is adjusted for average tide conditions, it underestimates the tidal
amplification for neap tide conditions and indicates too much amplification during spring tides.
This conclusion was confirmed later, independent of this study. After the construction of the
storm surge barrier, which restricts the flow near the sea extremity of the estuary, the tidal
range was reduced and as a result the roughness was also reduced; and larger amplitudes are
now present in the estuary than was predicted from the model studies.
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IX. CONCLUSIONS

In the momentum equations of a two-dimensional model, the advection terms can be
expressed by several approximations. The choice of the spatial approximation influences the
transfer of energy from the semi-diurnal tidal component to the overtides. The most simple
expression for the advection term (Eq. (9)) is the most effective in this transfer.

The spatial representation of the advection term influences the computed intensities of
the tidally induced residual circulations. The experiments show that these circulations are
mainly induced by advection.

Modification of the main system parameters, such as the bottom stress, depth, and
momentum diffusion, has considerable influence on the amplitudes and phases of the tidal
components. A systematic investigation of the effect of modifications of main system parame-
ters compared with a reference simulation as described in Sec. IV and in Ref. 2 is found to be a
very effective aid in the adjustment of estuary models.

The modification of the main system parameters has some effect on the residual circula-
tions and the mean water levels, but these effects are small. The use of an advection term
multiplier (a) is recommended out of theoretical considerations. The use of this multiplier will
increase the residual tidal circulation, but its effect on tidal amplification can also be obtained
by adjustment of the bottom stress parameters.

System parameters cannot be modified to correct the effect of insufficient time and spa-
tial resolution of the model.

The model used in the experiments is well adjusted for the main part of the estuary from
the seaward extremity to Razernijpolder for the average semi-diurnal tide as well as for the
average quarter- and sixth-diurnal tides. A reduction in the timestep of the simulation brings
the amplitude and phases of the computed tidal components closer to the observed com-
ponents. However, the tidal amplification of the semi-diurnal tide in the model is too large
during spring tide and too small during neap tide. It is apparent that the Manning’s n value
for the bottom stress is not constant but depends on the tidal range.

The amplification of the quarter-diurnal average tide in the model agrees well with the
observed data for the main part of the system, but this amplification is too large during neap
tide and too small during spring tide. The tidal amplification of the sixth-diurnal tide agrees
quite well with observed data for all tide conditions in the main part of the Eastern Scheldt.

We recommend the following steps in model studies of estuaries that are similar to the
Eastern Scheldt estuary: -

¢ A systematic investigation of the effects of main system parameters before the adjust-
ment of the model as an effective aid in that adjustment.
e Consideration of the influence of the tidal range on the bottom stress parameter.

39






10.

11.

12.

13.

REFERENCES

Leendertse, J. J., Influence of the Advection Term Approximation on Computed Tidal Prop-
agation and Circulation, The RAND Corporation, N-2700-NETH, June 1988.

Leendertse, J. J., and S. L. Ritter, Sensitivity of the Major System Parameters of the
Eastern Scheldt Model, The RAND Corporation, N-2701-NETH, June 1988. '
Leendertse, J. J., The Computed Relation Between the Semi-Diurnal Tide in the Eastern
Scheldt and Its Overtides, The RAND Corporation, N-2702-NETH, June 1988.

Leendertse, J. J., and S. L. Ritter, The Effect of Different Hydrodynamic Formulations on
Computed Tidal Propagation and Circulation in the Eastern Scheldt, The RAND Corpora-
tion, N-2703-NETH, June 1988.

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

Leendertse, J. J., A. Langerak, and M.A.M. de Ras, Two-Dimensional Tidal Models for the
Delta Works: Transport Models for Inland and Coastal Waters, Academic Press, New York,
1981.

Leendertse, J. J., Verification of a Model of the Eastern Scheldt, The RAND Corporation,
R-3108-NETH, April 1984.

Langerak, A., and J. J. Leendertse, Predictive Ability of Two-Dimensional Models for Mix-
ing in Estuaries, The RAND Corporation, P-7325, March 1987.

Grammeltvedt, A., “A Survey of Finite-Difference Schemes for Primitive Equations for a
Barotronic Fluid,” Monthly Weather Review, Vol. 97, No. 5, May 1969, pp. 384-404.

Lilly, D. K., “On the Computational Stability of Numerical Solutions of Time-Dependent
Non-Linear Geophysical Fluid Dynamic Problems,” Monthly Weather Review, Vol. 93, No.
1, January 1965, pp. 11-26.

Leendertse, dJ. J., Aspects of a Computational Model for Long-Period Water-Wave Propaga-
tion, The RAND Corporation, RM-5294-PR, May 1967.

Leendertse, J. J., The Relation Between the Semidiurnal Tide in the Eastern Scheldt and
Its Overtides, The RAND Corporation, N-1787-NETH, April 1982.

Abraham, G., An Internally Generated Estuarine Turbulence, Second International Sympo-
sium on Stratified Flows, The Norwegian Institute of Technology, Trondheim, Norway,
June 24-27, 1980.

41



RAND/R-3611-NETH





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


