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PREFACE

In assessing the impact of the construction of a storm-surge
barrier on tides and currents in the Eastern Scheldt (Netherlands),
use is being made of two-dimensional numerical models.

During the adjustment of the model of the Fastern Scheldt, it
was noted that when the model was adjusted for neap tide conditions
the amplitudes at spring tides were too large. To study this effect
in more detail, a good data base was required. In another analysis
the behavior of the tides and overtides over a 15-day period was
presented, but no data were available on variations in the amplitude
of the semidiurnal tide and its overtides during neap tide and
spring tide. This analysis is presented here.

This Note is intended to be a section of a forthcoming Rand
report entitled Water Movements im the Delta Region: Modeling the
Effects of a Storm-Surge Barrier, by Jan J. Leendertse and A. Langerak.
In view of the considerable interest in tides in this area, however,
this section is being issued separately as a Note prior to publi-
cation of the modeling studies.

The study described in this Note was sponsored by the Delta-

dienst of the Netherlands Rijkswaterstaat.

lShiao—Kung Liu, Jan J. Leendertse, and S. Ritter, 4nalysis of
Tidal Records in the Delta Region (forthcoming).
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SUMMARY

An analysis of a 16-day record of water levels at stations in
the Eastern Scheldt indicates that the semidiurnal tidal amplifdi-
cation is strongly dependent on its tidal heights (tidal range).

The lag of the semidiurnal tide is also influenced by the tidal
range.

The quarter-diurnal tidal range in the main part of the Eastern
Scheldt increases nearly linearly with the range of the semidiurnal
tide over the range from neap tide to spring tide. Proportionally,
the quarter-diurnal tide increases much faster than the semidiurnal
tide (see Fig. 8). This is not the case in the Volkerak where the
quarter-diurnal tidal range decreases with increasing semidiurnal
tide when the semidiurnal tidal range is larger than the average
range {see Fig. 9).

The sixth-diurnal tidal range increases also, nearly linearly,
with the range of the semidiurnal tide except at Bruinisse, which is
close to a node in the system. Generally, the sixth-diurnal tidal
range increases faster than the semidiurnal tidal range (see Figs. 12
and 13).

The lag of the quarter-diurnal tide decreases with the increasing
semidiurnal tidal ranges. The same is true for lag of the sixth-

diurnal tide except at a few stations near the storm-surge barrier.
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I. INTRODUCTION

During the adjustment of the Easternm Scheldt model, it was noted
that generally the overtides increased strongly with increasing tidal
heights, except at a few locations. Because the overtides are generated
in part by nonlinear processes, an analysis of the variation of the
overtides in relation to the variation of the semidiurnal tide could
enhance the insight in the-energy transfer of the primary tides to
higher frequencies.

[1] 15 days of half-hour data taken at many

In an earlier analysis
stations in the Delta region were analyzed. The data set analyzed
covered the period from 0000 hr on August 29 through 2330 hr on September
12, 1975.

In this analysis, Fourier components of these series were deter—
mined for all stations. The amplitudes of the components in the
semidiurnal, quarter-diurnal, and sixth-diurnal frequency bands are
shown in the charts in App. A. This analysis, however, does not
show the variations in intensity of the ﬁaves in these bands.

These variations can be shown by filtering ‘the observed data with a
bandpass filter. Figure 1 shows in the top graph the observed tide
at Burghsluis as a dashed line; the solid line in this graph is the
filtered data representing the semidiurnal tide. The second graph
shows the water level variations in the quarter-diurnal frequency
band; and the third graﬁh, the water level variations in the sixth-
diurnal frequency band. _

If this figure is campared with the filtered water level variations
in Bruinisse (Fig. 2),. considerable diffefences are noted. 1In partic-
ular, it is interesting to see that the wave height in tﬁe sixth-
diurnal frequency band at Bruinisse is nearly constant.

The filter used for the top graphs of Figs. 1 and 2 can be

expressed in the formulation described by Godin[2] by

N 2 2
F =1.628 A2A4A6812813/128 (1)
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where the operator An means the addition of two observations n times
the half-hour interval apart and placed in the center, and Sn means
that the differential is taken from the points n times the half-hour
interval apart and placed in the center.

The multiplier 1.628 results in an undisturbed transmission of
water level variations at 0.08 cycles per hour, and thus is in the
semidiurnal frequency band. The filter amplitude characteristic is
shown in Fig. 3a. No transmission occurs at 0.16 and 0.24 cycles per
hour; thus the quarter- and sixth-diurnal tides are eliminated. The
diurnal tide is greatly reduced. Transmission at 0.07 cycles per hour
is slightly larger than unity, but spectral analysis indicated that in
all records the spectral densities at that frequency are very small.

For the quarter—-diurnal tide filter, we use, on the half-hour
data:

F = A§4Ag282/256 (2)
The filter amplitude characteristic is shown in Fig. 3b. In addition
to a péak in the quarter—diurﬁal-frequency band, two other peaks are
present at 0.5 and 0.84 cycles per hour. Foftunately, tidal records
generally contain only very small waves in these bands.
"For the sixth-diurnal tide, we use:

2.
F=A (1 + A16) /36 (3)

2454
where I means that the value at the considered time is taken, to whicﬁ,
in this case, we add the sum of two observations 16 half-hour intervals
apart. The amplitude and phase of this filter is shown in Figs. 3c
and 3d.

The first filter does not generate a phase shift; the quarter-
diurnal filter generates a 180° phase shift in the quarter-diurnal
frequency band, and the sixth-diurnal filter causes an advance of 90°

in the sixth-diurnal frequency band.
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IT. METHOD OF ANALYSIS

All records of the stations in the Eastern Scheldt were divided
into sections of 100 hours (see Fig. 1). The first 100 hours present
quite well the neap tide conditions, the second 100 hours is around
the average tide, and the third 100 hours contain the tides near
spring tide. From these 100-hour sections, as well as from the total
records, we obtained time series containing the quarter-diurnal and
sixth-diurnal tides by means of the filters represented by
Eqs. (2) and (3). The total record available for all stations was
384 hours or 16 days.

The filtered time series of these 100-hour data sections contained
92 points for the quarter-diurnal tide and 140 points for the sixth-
diurnal tide, as points are lost by the filter operations at each
end of the data sections. We made the analyses with 88 points for the
quarter—-diurnal tides and with 125 points for the sixth-diurnal tides.
The time span of these data sets was then very close or equal to a
multiple of the quarter-diurnal and sixth-diurnal periods, which is
desirable for the accuracy of the results. .

Ey means of cross—spectral analysis, we:determined the amplification
and phase lag between adjacent stations. For the semidiurnal tide,
the observed data were used; for the overtides, the filtered data.

To enhance the accuracy of the computation, we took the rather
cumbersome step of filtering. The transfer functions of the overtides
can also be determined directly from the analysis of the unfiltered
data. But the series are short, and leakage occurs from the frequency
band of the very strong semidiurnal tides into the other bands. By
removing this strong signal, we could obtain a much better transfer
function estimate. The pairs of stations used in the analysis are
shown in Fig. 4. The station at Oostkapelle is the reference stationm,
and by cascading along the two lines shown in the figure, we can calcu-
late all amplifications and phase lags in relation to this
station.

To show the results of these analyses in graphical form, the am-

plitude and phase relations were represented in polar plots. The



Fig. b--Water level stations used in analysis (amplitude and phase
relations of station pairs are indicated by the dashed
line)




phase angles shown are those in relation to the frequency
for which the plot is made. See Fig. 5. Each of the two plots

refers to a series of stations. In this case, results

are shown of the transfer function values for the semidiurnal tidal
frequency for both data sets. Along the circle, the lagbin hours is
shown. All the filtered and unfiltered time series used in the analyses
are shown in App. B. 1In this appendix, the graphs are placed in the
order they are used in the cascading cross-spectral analyses.

The estimate of the auto- and cross-covariances in the cross-
spectral analysis was computed with a maximum lag of 25 and a time
interval of one hour. All the half-hour values in each data set
were used. Thus, these variances were actually computed as the aver-
ages of the auto- and cross—variances of two time series, namely, one
series at points every whole hour and another series at points taken
at the half-hour. This procedure gives estimates with a narrower
confidence band than estimates obtained by use of a lag of 50 and use
of all values with an interval of one-~half hour.

As a result, we determined the spectral functions and response
functions in a frequency band of 0.02 cycles per hour. The Tukey
window was used in the analysis. The mean amplitude a in each of the

tidal bands is computed from the energy E in these bands as follows:

a="V2E =7\/2m af Z§XX (&)

where Af = frequency band,

=
P
XX

n

smoothed cross-spectrum estimate,

The summation is made over the frequency bands that contain the
energy of the semidiurnal, quarter-diurnal, and sixth-diurnal tide.
In this Note we have worked with the mean tidal range (h=2a)
rather than the mean tidal amplitude. For QOostkapelle, the cross-—
spectral analysis resulted in a-mean tidal range of 2.37 m for a neap

tide period, 2.93 m for the second 100-hour period, 3.45 m for the
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Fig. 5--Polar plot of the semidiurnal tidal amplification along two lines through
the Eastern Scheldt for neap tide {(first 100 hours) and the 16-day period.
The solid line connects the transfer function values of the 16-day period.
The circle around the point indicates the 70%-confidence interval of the
relation to the previous point.
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spring tide period, and 2.93 m for the 16-day observatioms.

The cross-spectral analysis for the filtered time series was
also made with a lag of 25, but the time interval was now one-half
hour. Again, the Tukey window was used. The computed spectral
densities and transfer functions were now given in frequency bands
of .04 cycles per hour.

The mean quarter-diurnal tidal range at Oostkapelle is .l44 m
for the neap tide period, .286 m for the second 100-hour period, .470
m for the spring tide period, and .340 m for the 1l6-day period. For
Qostkapelle, the mean sixth-diurnal tidal range was found to be .117 m for
the neap tide period, .257 m for the second 100-hour period, .403
m for the spring tide period, and .284 m for the l6-day period.

The ranges at Oostkapelle computed by this method are larger than
those that can be obtained from the data presented in App. A because
the frequency bands used for the cross-spectral analysis are wider

than those of the Fourier amalysis used in App. A.

.
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III. INFLUENCE OF SEMIDIURNAL TIDAL HEIGHT
ON THE TRANSFER FUNCTION VALUE

The amplifications computed for the four time series are shown
in Table 1. The amplification between pairs of stations decreases
when the tidal ranges increase. This confirms the expectation as
the bottomstress increases with the square of the velocities. The
system is more damped for larger tidal amplitudes. Only one exception
is shown; namely, the amplificationm between Steenbergse Sas and Rak
Zuid is smaller for neap tide than for spring tide. In all cases,
the amplification computed for the second 100 hours is very close to
that for the whole 16-day period.

The differences in amplification are quite large: During neap
tide, the tidal heights increase 31% over the section from Oostkapelle to
Razernijpolder and only 16.8% during spring tide.

The time lags for the four series behave as we would expect. (See
Table 2.) An increase in tidal height increases the lag between the
stations. This is quite a considerable increase. During neap tide,
time at Razernijpolder lags 1.15 hr, while during spring tide the
lag is 1.47 hr, a change of about 20 min, Thus when the tidal ampli-
tudes are increasing from neap tide to spring tide, the periods of
the semidiurnal tide become slightly larger, and the periods become
slightly sﬁaller going from spring tide to neap tide when it is
assumed that the tidal periods at Oostkapelle are not changing. When
the tidal amplitudes are decreasing, then the frequency becomes larger.
Consequently, the tidal frequency is modulated in addition to the
amplitudes.

We present the polar plots for the two lines of stations in
App. C. The results of the analysis of the short series are shown,
together with the results of the 16-day time series.

The relation between the tidal range and the lag is also present-
ed in Figs. 6 and 7. Rather than plotting the amplification as is
done above on the polar plots of App. C, we plotted the semidiurnal

tidal range.
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Table 1

AMPLIFICATION OF THE SEMIDIURNAL TIDE

Amplification per Section Amplification from Oostkapelig—(
Neap Middle| Spring| Average Neap Middle | Spring| Average
100 100 100 16 100 100 100 16
Station Hours | Hours | Hours Days Hours| Hours | Hours Days
Oostkapelle 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0S8 IX 1.003 .973 .955 .976 1.003 .973 .955 .976
Vlietepolder 1.063 1.048 | 1.049 1.050 1.066 1.021 1.002 1.025
Colijnsplaat 1.045 1.035 1.014 1.028 1.114 1.056 1.016 L.054
Wemeldinge 1.092 1.093 1.086 1.092 1.217 1.155 1.104 1.151
Razernijpolder 1.077 1.066 1.058 1.065 1.310 1.231 1.168 1.226
Oostkapelle 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0s IX 1.003 .973 .955 .976 1.003 973 .955 .976
Burghsluis 1.033 | 1.023 | 1.015 1.020 1.036 .996 .969 .996
Zierikzee 1.085 1.063 | 1.050 [ 1.062 1.124 1.059 1.018 | 1.058
Stavenisse 1.053 | 1.051 | 1.048 | 1.051 1.184 | 1.113 1.067 | 1.112
Bruinisse 1.071 1.058 | 1.041 | 1.054 1.268 1.178 1.111 1.172
Steenbergse Sas 1.074 1.072 1.067 1.071 1.362 1.262 1.186 1,255
Rak Zuid 1.031 1.033 1.032 1.031 1.404- 1 1.304 1.223 1.294
Table 2 o
TIME LAG OF THE SEMIDIURNAL TIDE
(IN HOURS)
Lag per Section Lag from Oostkapelle ]
Neap Middle | Spring | Average Neap Middle | Spring| Average
100 100 100 16 100 100 100 16
Station Hours | Hours | Hours Days Hours| Hours Hours Days
Oostkapelle 0 0 0 0 0 0 0 0
0s 1IX .4383 L4466 L4956 .4637 L4383 L4466 .4956 L4637
Vlietepolder .1259 .1384 L1211 L1236 .5642 .5850 .6167 .5873
Colijnsplaat L1223 .1929 .2367 .2024 .6865 L7779 .8534 .7897
Wemeldinge .2075 L2134 .2254 L2216 .8940 L9913 1.079 1.011
Razernijpolder .2536 .3323 .3947 .3357 1.1476 1.324 1.475 1.347
Oostkapelle 0 0 0 0 0 0 - 0 0
0s IX .4383 L4466 L4956 L4637 L4383 L4466 .4956 L4637
Burghsluis .1316 .1380 .1509 .1438 .5699 .5846 .6465 .6075
Zierikzee .2533 .2889 .3180 .2943 .8232 .8735 .9645 .9018
Stavenisse .1192 . 1496 .1877 .1585 L9424 1,023 1,152 1.060
Bruinisse .2564 .3123 .3761 .3395 1.199 1.335 1.528 1.400
Steenbergse Sas .3379 . 3296 .3683 .3360 1.537 | 1.665 1.897 1.736
Rak Zuid .0204 .0418 .0355 .0299 1.557 | 1.707 1.932 1.766
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IV. INFLUENCE OF THE SEMIDIURNAL TIDAL HEIGHT
ON THE QUARTER-DTURNAL TIDE

A visual inspection of quarter-diurnal tides of the stations in
the Eastern Scheldt, as shown in App. B, shows large variations
in behavior. For example, the quarter-diurnal tidal amplitude during
spring tide at Oostkapelle is more than four times as large as at
neap tide (Fig. B.l). 1In contrast, the amplitudes at Steenbergse
Sas vary only about 50% (Fig. B.1l).

From a cross-spectral analysis of the filtered series represent-
ing the quarter-diurnal tides, it appears that with increasing semi-
diurnal tidal heights the amplification over each section decreases.
This is shown in Table 3. There are a few exceptions. However, the
range of the quartef-diurnal tide increases generally with increasing
heights of the semidiurnal tide. This is shown in Fig. 8 for the
stations on line 1. The Keeten-Volkerak behaves quite differently
and is an exception as can be seen in Fig. 9. It is apparent that
the quarter—-diurnal tidal height for the second 100 hours of the
period analyzed is the largest. During spring tide it is not a
maximum. This can also be seen in Figs. B,11 and B.12.

The quarter-diurnal tide in the system is partly generated in
the Eastern Scheldt by advection and partly by storage effects.
Naturally, the quarter—diurnal variation in the offshore area also
propagates into the Eastern Scheldt. The combined effect gives an
approximately linear increase in the quarter-diurnal tidal height
with an increasing semidiurnal component.

It will be noted in Figs. 8 and 9 that the results of the l6-day
analysis are often quite different from the results of the second 100
hours.

The lag of the quarter-diurnal tide behaves far differently from
the lag of the semidiurnal tide. Rather than an increase in lag, a
decrease is noted, as shown in Table 4., This can also be seen in
Figs. 10 and 11 and in the polar plots presented in App. D. At
Stavenisse, the lag varies about 50 min between spring tide and mean

tide.
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Table 3

AMPLIFICATION OF THE QUARTER-DIURNAL TIDE

Amplification per Section Amplification from Oostkapelie
Neap Middle| Spring | Average Neap Middle | Spring Average
100 100 100 16 100 100 100 16
Station Hours | Hours | Hours Days Hours | Hours | Hours Days
Oostkapelle 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0S IX .8936 .8570 .8576 .8676 .8936 .8570 .8576 .8676
Vlietepolder L8474 .8736 .8475 .8689 L7572 L7487 L7268 .7539
Colijnsplaat L9754 [ 1.001 .8922 . 9365 .7386 L7494 .6485 . 7060
Wemeldinge 1.093 | 1.013 .8821 .9025 .8073 L7592 .5720 .6372
Razernijpolder 1.461 | 1.420 1.427 .388 1.179 1.078 .8163 L8844
Oostkapelle 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0s IX .8936 .8570 .8576 .8676 .8936 .8570 .8576 .8676
Burghsluis . 8612 .9158 .5815 .8698 . 7696 .7848 .7302 . 7546
Zierikzee L7414 L7123 L7284 . 7449 .5706 .5590 .5319 .5621
Stavenisse .6584 .8124 6470 .6718 .3757 L4542 L3441 L3776
Bruinisse 2.630 1.811 | 1.638 |1.678 .9880 .8225 .5637 .6337
Steenbergse Sas 1.092 .9651 L7229 .8366 | 1.079 .7938 L4075 .5301
Rak Zuid 1.142 1.112 | 1.097 |[1.121 1.232 .8827 L4470 .5943
Table 4
TIME LAG OF THE QUARTER-DIURNAL TIDE
(IN HOURS)
Lag per Section Lag from Oostkapelle
T
Neap | Middle | Spring| Average Neap | Middle| Spring| Average
100 100 100 16 100 100 100 16
Station Hours | Hours Hours Days Hours| Hours Hours Days
Oostkapelle 0 0 0 0 0 0 0 0
0s IX .231 .210 .205 .208 .231 .210 .205 .208
Vlietepolder L343 .323 .212 .240 .574 .534 L417 448
Colijnsplaat 467 .478 .461 482 1,041 |1,012 .878 .934
Wemeldinge .940 .718 .678 .652 1,901 [1.730 |1.556 | 1.586
Razernijpolder L4445 .512 .601 .557 2,426 |2,241 [2.156 |[2.143
Oostkapelle 0 0 0 0 0 0 0 0
0s IX .231 .210 .205 .208 .231 .210 .205 .208
Burghsluis .252 .279 147 .198 .403 .490 .352 .406
Zierikzee .772 .604 .611 .591 1.255 |1.09%4 .962 .997
Stavenisse .902 .512 .333 .374 2.157 {1.607 |1.295 1.371
Bruinisse L467 .767 1.000 1.169 2,624 12,374 | 2,295 2.290
Steenbergse Sas .950 . 704 .716 .708 3.574 [3.078 ]3.011 |2.999
Rak Zuid .051 .101 .082 .092 3.625 {3.179 3.093 3.091
i
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Numerical simulations of the tides in the Eastern Scheldt indi-
cate a node in the vicinity of Stavenisse. The co~-range charts made
from these simulations also indicate that the lag varies considerably
over a short distance near Stavenisse. Thus, we can conclude that
nodal points shift with increasing tidal height, thus causing a
strong dependency locally between the semidiurnal tidal height and
the lag.

In the polar plots, the 70%-confidence limits are shown for the
relation between two stations, The 70%-confidence limits were chosen
for all the analysis as experience indicated that a wider band some-
times produces very large areas around the points plotted, which did
make the graphs difficult to analyze. Because large areas are covered,
we can conclude that considerable variation occurred in the quarter-
diurnal tide propagation from one station to the next. The 16~day
average also gives quite different results than the lag obtained

from the second 100 hours of the data set.
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V. INFLUENCE OF THE SEMIDIURNAL TIDAL HETGHT
ON THE SIXTH-DIURNAL TIDE

Like the quarter-diurnal tide, considerable variations in the
sixth-diurnal tidal height are present over the 16-day observation
period that we analyzed. A visual inspection of filtered data
presented in App. B indicates that at Bruinisse the sixth-diurnal
tidal height is nearly constant for the whole period. This is an
exception.

From the cross—-spectral analysis of the filtered series, we
obtained the amplifications between adjacent stations, as well as
the total amplification with Oostkapelle as a reference (Table 5).

The amplifications decrease going inland to Colijnsplaat and Bruin-
isse and then increase again.

The sixth-diurnal tidal height increases quite linearly with
increasing semidiurnal tidal height, as can be seen in Figs, 12 and 13.
The exception is at Bruinisse, where the sixth-diurnal tidal height is
nearly independent of the semidiurnal tidal height.

From the cross-spectral analysis, the lags of the sixth-diurnal
tide were also abstracted (Table 6). Figure 14 shows the lags for
the stations on line 1 as a function of the semidiurnal tidal height,
and Fig. 15 shows the lags for the stations on line 2. In some
instances the lags increase with increasing tidal height and for some
stations the opposite occurs. It will be noted that the Rak Zuid and
Steenbergse Sas have about the same lag, which is typical for a
standing wave.

Stavenisse and Bruinisse have a large difference in lag but
their relative distance is only about 10 km. This would indicate
that a node is present in that region, which is also evident by the
small amplitudes near Bruinisse.

The polar plots of the amplifications presented in App. E
show that the water level variations have the appearance of a standing
wave, with about half a wavelength present in the system., It will
be noted that during neap tide the confidence bands around the plotted

amplitude and phase relation are large. Thus, at that time the
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Table 5

AMPLIFTICATION OF THE SIXTH-DIURNAL TIDE

Amplification per Section

Amplification from Oostkapelle

Neap Middle | Spring| Average| Neap |Middle | Spring| Average
100 100 100 16 100 100 100 16
Station Hours | Hours | Hours | Days Hours | Hours | Hours Days
Oostkapelle 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0S IX .920 .836 .825 .835 .920 .836 .825 .835
Vlietepolder .734 .714 .755 .765 .675 .597 .623 .639
Colijnsplaat .463 .689 .650 .629 .313 L6411 .405 .402
Wemeldinge 1.706 | 1.432 | 1.468 | 1.431 .534 .589 .594 .575
Razernijpolder | 2.757 | 2.030 [ 1.904 | 2.002 1.471 |1.195 | 1.131 1.151
Oostkapelle 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
08 IX .920 .836 .825 .835 .920 .836 .825 .835
Burghsluis .780 .827 .824 .827 .717 .691 .680 .691
Zierikzee .581 .680 .691 .677 417 .470 470 .468
Stavenisse .518 .758 .855 . 805 .216 .356 .402 .377
Bruinisse 1.749 .601 .493 .500 .377 .214 .198 .188
Steenbergse Sas| 2.105 3.582 | 3.180 | 3.153 .794 .768 .630 594
Rak Zuid 1.409 | 1.378 | 1.391 | 1.382 1.119 | 1.058 .876 .821
Table 6
"TIME LAG OF THE SIXTH~-DIURNAL TIDE
(IN HOURS)
Lag per Section Lag from Oostkapelle
Neap Middle | Spring | Average Neap Middle | Spring | Average
100 100 100 16 100 100 100 16
Station Hours | Hours | Hours Days Hours | Hours Hours Days
Oostkapelle 0 0 0 0 0 0 0 0
05 IX .302 .304 .329 .312 .302 . 304 .329 312
Vlietepolder .037 .088 .029 .065 .266 .391 .358 .377
Colijnsplaat .378 .325 +385 .345 . 643 .716 . 743 .722
Wemeldinge 1.005 .772 .672 747 1.648 {1,488 | 1,415 |1.469
Razernijpolder .502 .570 .630 375 2,150 ] 2,058 | 2,045 [2,044
Oostkapelle 0 0 0 0 0 0 0] 0
0s IX .302 .304 .329 .312 .302 .304 .329 .312
Burghsluis .009 .054 .053 .056 J311 . 357 .382 .368
Zierikzee 277 .338 .336 .329 .588 .695 .718 .697
Stavenisse 495 .311 .252 . 257 1.083 | 1,006 970 .953
Bruinisse 1,669 | 1,221 | 1,100 |1.296 2.752 | 2.226 | 2.070 |2.199
Steenbergse Sas .184 .360 .528 374 2,936 12,586 | 2,598 12,573
Rak Zuid .030 .392 .043 .048 2.907 | 2.626 2,641 |2.621




“hof—

1 tidal range (m)

turna

Semi

Semidiurnal tidal range (m)

3.0 L.

-21-

Razernijpolder

. *
WemeIdinii///////,///////
@

Colfjnsplaat *
" oYM etepolder . Oostkapelle

® l6-day period

! I 1 !

.1 .2 .3 A .5

Sixth-diurnal tidal range

Fig. 12-- Sixth-diurnal tidal range as a function of the

w
[=]

-

Stavenfd sse ©
: [ ]
Zlier
[ zee Oostkapelle
*® Burghsluis *
. 0s 1
~@ o

semidiurnal tidal range for stations on line ]

. Rak Zuid
Steenbergse Sas
'

JBruinisse

///////H© o ®
///j::::;////7€( ® l6-day period

| 1 ! ] {

.1 .2 .3 L .5
-Stxth-diurnal tidal range

Fig. 13--Sixth-diurnal tidal range as a function of the

semidiurnal tidal range for stations on line 2



1 tidal range (m)

rurna

Semi

- Semidiurnal tidal range (m)

~22-

4,0 — .
Cl
B . .
[ g
Oostkapelle . ®
@® s
3.0 |— Raze;‘gu-
® * Wemeldinge potcer
®
.Co1?jnsp]aat
i lietepolder @® 16-day period
b
®0S IX
2.0 I ' [ l )
0 1.0 2,0
Fig. l4--Lag of the sixth-diurnal tide as a function of the
semidiurnal tidal range for stations on line 1
-
Rak Zuid
Steenbergse Sas e
L,of
Bruinisse
:Oostkapelle @
. .
L 4
3.0 = ~ e
® l’
T R L]
g Stavenisse
Zierikzee
| Burghsluis ® 16-day period
0S 11X
2.0 1 1 1 ] 1 1
0 1.0 2.0 3.0

Fig.

15--Lag of the sixth-diurnal tide as a function of the
semidiurnal tidal range for stations on line 2



~23—

disturbances in the sixth~diurnal tidal frequency are quite large in

relation to the tide-induced water level variations.
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VI, DISCUSSION

In a model investigation of the influence of the mean water level
on a tidal propagation in the Eastern Scheldt, we reached the conclu-
sion that the tidal amplification of the semidiurnal tide is weakly
affected by the mean tide levels. Increasing the water levels in-
creases the amplification and reduces the phase lag between the model
boundary and the internal stations. The inverse is true when the
mean water level drops below the reference level NAP,

We also concluded that the tidal amplification of the quarter-
diurnal tide is influenced to a considerable extent by the mean water
level, and that the tidal amplification of the sixth-diurnal tide is
only weakly influenced by the mean water level,

To investigate the effect that variations of mean water levels
may have had on the results obtained from the analysis presented in
the previous sections of this Note, we need to obtain mean water
levels.

Because we are looking at variations of lower frequency than the
tidal frequencies, the observed data of several stations were filtered
by the tidal eliminator

F = /117600

548849850
This low-pass filter eliminates all tidal frequencies and about 50% of
the amplitude at a frequency of .015 cycles per hour.

The observed water levels at Burghsluis are shown in Fig. 16 and
the low-pass water levels in Fig. 17. From Fig. 17 we may conclude
that mean water level during the first 100 hours of the analysis is
about the same as the third 100 hours, and the mean of the second 100
hours is 5 to 10 cm higher than the mean of the first and third periods.

In view of the conclusions of the experiments quoted above, the
variation of the mean water level is of no consequence for the result
of the analysis for the semidiurnal and the sixth-diurnal tidal
propagation. The results for the quarter-diurnal tide are influenced

only to a limited extent by the variation of the mean water level in
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the data set. It contributes to a sensitivity of the quarter-diurnal
tide in the system to external and internal sources.

Many of the graphs of the overtides presented in App. B show
modulations of the overtides. Their origin is not clear. They may
be caused, in part, Ey variations of the mean water levels in the
frequency range between the low-pass filter described above and the
lowest tidal frequency. Naturally, meteorological disturbances and
variations could well induce oscillations in the frequency range of
the overtides.

When performing experiments on the Eastern Scheldt model, we
noted that when periodic inputs were used sometimes such modulations
would appear in the overtides. We might conclude that certain basins
or parts of a basin may start to resonafe when the frequency of the
overtides is close to the resonance frequency. The interference
between the resconance of the basin and the overtides may then
cause the modulations.

Because the variations in lag as a result of variations in semi-
diurnal tidal height are different, the shape of the observed water
level graphs is dependent on the tidal heights.

In the analysis of tide data in this Note, we have generally
been working with short data sets (e.g., 100 hours) and based our
conclusion on the behavior of the tide during representative periods
of spring tide, average tide, and neap tide. We realize that the
tide can always be represented by the basic tide components and many

1 . .
shallow water components. However, this type of analysis does not

give results that are useful for our purpose. Our aim here is to

obtain relations that are based on short data series such as are

lFor example, the variation of the amplitude of the sixth-diurnal
tide at Burghsluis obtained by filtering, as shown in Fig., 1, can be
described by the interference of two shallow water constituents approxi-
mately 0.0028 cycles per hour apart. A Fourier analysis of the tide
record for this station shows an amplitude of 7.80 cm at 0.2420 cycles
per hour and an amplitude of 6.29 cm at 0.2428 cycles per hour. The
interference gives a minimum amplitude of 1.5 cm and a maximum amplitude
of 15.1 cm.



typically used in modeling with numerical models and in making
short-term predictions based, in part, on recent water level

observations,
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VII. CONCLUSIONS

The amplification of the semidiurnal tide is strongly dependent
on its tidal heights. During neap tide, the tidal height increases 317
over the section:from Oostkapelle tc Razernijpolder and only 17% during
spring tide. The time lag (phase) of the semidiurnal tide is also
dependent on the tidal height. During spring tide, the lag is larger
than at neap tide. For example, during spring tide the arrival time
at Razernijpolder is delayed by about 20 min cbmpared with the neap
tide. The lag does not increase completely linearly with increasing
height.

The quarter~diurnal tide in the main section of the Eastern
Scheldt increases nearly linearly with the increasing height of the semi-
diurnal tide. The quarter-diurnal tide increases at a much faster
rate than the semidiurnal tide (Fig. 8).

In the Keeten-Volkerak, the quarter-diurnal tide increases with the
increasing semidiurnal tidal height, except at Rak Zuid and Steenbergse
Sas, where the quarter-diurnal tide decreases when the semidiurnal
height is larger than the mean (Fig. 9). The lag of the quarter—diurnal
tide decreases with increasing semidiurnal tidal heights (Figs. 10 and
11).

The sixth-diurnal tidal heights increase nearly linearly with the
height of the semidiurnal tide except at Bruinisse, where not much
variation is present, and the sixth-diurnal tidal heights are very
small (Figs. 12 and 13).

In general, the lag of the sixth-diurnal tide decreases with the
increasing semidiurnal tidal heights except at stations mnear the

storm-surge barrier (Figs. 14 and 15).
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Appendix A

AMPLITUDES OF THE FOURIER COMPONENTS OF THE SEMIDIURNAL,
QUARTER-DIURNAL, AND SIXTH-DIURNAL TIDES

The figures in this appendix are the result of a Fourier analysis

1]

of a large number of tidal stations in the Delta region Fifteen

days of half-hour data were analyzed. The band width for this
analysis was 0.0028 cycles per hour.

The Fourier components shown in Fig. A.l are at a frequency of
0.0807 cycles per hour. In the band at this frequency are the har-

monic éomponents of the M, and AZ tide components only. Other semi-

2
diurnal harmonic components such as N, and S, are outside of this

2 2
band.
The Fourier components in Fig. A.2 are at a frequency of 0.1613

cycles per hour. The M4 tidal component is in this band, but MN4 and
MS4 are outside of this band. Figure A.3 shows the Fourier components
at 0.2420 cycles per hour. The M6 component is in this band but not

the 2MN6 and the 2MS6 components.
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Appendix B

TIDES AND OVERTIDES OF DIFFERENT STATIONS
IN THE EASTERN SCHELDT

In this appendix, filtered tidal records are shown for each
station. The top graphs show the observed tide as a dashed line
and the semidiurnal tide obtained by filtering as a solid line. The
middle graph of each figure shows the quarter-diurnal tide and the
bottom graph the sixth-diurnal tide. The top graphs all have a
range from -3.00 m to +3.00 m, and the overtides are all shown with
a range from -0.20 m to +0.20 m.

The filter to produce the semidiurnal tide in the top graph is:

2 .2

F=1.628 A2A4A6812813/128 (1)

The filter to make the quarter—-diurnal tide in the middle graph is:

_ 2 46
F = A24Alzs6/256 (2)

The filter to make the sixth-diurnal tide in the bottom graph is:

N 2
F=2A I+ Al6) /36 (3)

2454
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Appendix C

POLAR PLOTS OF THE SEMIDIURNAL TIDAL AMPLIFICATION
ALONG TWO LINES OF STATIONS IN THE EASTERN SCHELDT

In this appendix, we present the polar plots of the semidiurnal
tide. In each figure are two plots: one for the amplification
along the southern shore to Razernijpolder and the other for stations
along the northern shore to Rak Zuid. The neap tide, average tide,
and spring tide conditions are plotted against the results of the

analysis over the 16-day period.
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Fig. C.1--Polar plot of the semidiurna1 tidal amp]ificatidn along two
lines through the Eastern Scheldt for neap tide (-++*) and
the 16-day average ({




48—

REF  0OSTKAPELLE

0. 5. IX
VLIETEPOLDER
COL [ UNSPLAAT
WEMELDINGE
RAZERNIJPOLDER

O F W -

LINE 1

REF  DOSTKAPELLE

0.5. 1X
BURGHSLUIS
Z1ERIKZEE
STAVENISSE
BRUINISSE
STEENBERGSE SAS
RAK ZUJD-VOLKERAK

NOWME Y-

LINE 2

Fig. C.2--Polar plot of the semidiurnal tidal amplification along two
lines through the Eastern Scheldt for the second 100 hours
(++++) and the l6-day average (—)
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Appendix D

POLAR PLOTS OF THE QUARTER-DIURNAL TIDAL AMPLIFICATION
ALONG TWO LINES OF STATIONS IN THE EASTERN SCHELDT

In this appendix, we present the polar plots for the quarter-
diurnal tidal amplification. In each figure three cases are shown,
~namely, the neap, average, and spring tide amplification with the

amplification of the 1l6-day period as a reference.
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Fig. D.1--Polar plot of the observed quarter-diurnal tidal amplification
along line 1:

(a) 16-day average (

(b) 16-day average ({

(c) 16-day average (

) vs. neap’ tide (+.-+)
vs. second 100 hours {(+-«+)
) vs. spring tide (:---)
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Fig. D.2--Polar plot of the observed quarter-diurnal tidal amplification

along line 2:
(a) 16-day average (
(b) 16-day average (
(c) .16-day average (

) vs. neap tide (++--)
)} vs. second 100 hours (**-*)
) vs. spring tide (+++-)
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Appendix E

POLAR PLOTS OF THE SIXTH-DIURNAL TIDAL AMPLIFICATION
ALONG TWO LINES OF STATIONS IN THE EASTERN SCHELDT

In this appendix, we present the polar plots for the sixth-
diurnal tidal amplification. In each figure three cases are shown,
namely, the neap, average, and spring tide amplification with the

amplification of the 16-day period as a reference.



—54—

OO0STKAPELLE
0. 5. IX
VUIETEPOLDER
COL 1 INSPLAAT
WEMELD I NGE
RAZERN] JPOLDER

Fig. E.]l--Polar plot of the observed sixth-diurnal tidal amplification
along line 1:

(a) 16-day average (

(b) 16-day average (

(c) 16-day average (

) vs. neap tide (-<-*)
} vs. second 100 hours (:++*)
) vs. spring tide (----)
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Fig. E.2--Polar plot of the observed sixth-diurnal tidal amplification

along line 2:
(a) 16-day average (
(b) 16-day average (
(c) 16-day average (

) vs. neap tide (----)
vs. second 100 hours (----)
) vs. spring tide (-:--)
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