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PROBABILISTIC DETERMINATION OF DESIGN WATERLEVELS

IN THE EASTERN SCHELDT

by Niek PraagmanC*D and Ary RoosC +D

Abstract: A p ro bab ilis tic  computation method for the
determination of the design-waterlevel of a dam or dyke 
i s  presented. Results of the application of the method 
in  the Eastern Scheldt estuary are shown.

1 .INTRODUCTION

The design waterlevel i s  associated with the astronomical tid e  and 
storm surges. In determining the crestlevel of a dyke or dam the wave 
run-up and some "extra-height" should be added to  the design 
waterlevel. The "extra-height" accounts for the re la tiv e  ris in g  of 
the sea level and shrinking of the dyke body.
Along the coast of the South Western part of the Netherlands the 
design waterlevel i s  defined as the waterlevel with an 
excess-frequency of 2. S*10C-4D times per year.
Normally th is  waterlevel i s  obtained from excess-frequency curves 
which are determined u til iz in g  h is to ric a l observations. This method 
i s  described in  chapter 2 and will be referred  to  as the "Classical 
Method",
For locations in  the Eastern Scheldt estuary Csee figure ID th is  
method i s  not applicable since in  the mouth of the estuary a 
stormsurge b arrier has been constructed. This b arrier i s  part of the 
so called  "Delta PIan" ,in i t i ated a fte r the flood d isaste r of 1093. 
The b arrie r w ill be open under normal conditions, so th a t the tid a l 
movement -  important for the ecology of the estuary  -  w ill remain. 
Only when severe storms are expected the b arrie r w ill be closed.
To separate the inland shipping route between Antwerp and Rotterdam 
from the tid a l estuary and to  create  a fresh water lake two 
compartment dams are b u ilt. These are called  the Philipsdam and the 
Oesterdam Csee figure ID.
The design waterlevel s of those dams cannot be obtained from existing  
frequency curves because the waterlevels in  the Eastern Scheldt will 
change due to  the b arrier and the dams themselves. The barrier 
influences the waterlevels in  two ways : the aperture in the mouth of 
the estuary w ill be reduced and during severe storms the b arrier w ill 
be closed.
In th is  paper a method for the determination of design waterlevels in  
the modified Eastern Scheldt i s  described. The method will be 
referred  to  as the "New Method". The excess frequencies are computed 
using a combination of h is to rica l observations a t the mouth of the 
estuary and a mathemathical t id a l model th a t includes wind e ffec ts . 
Although the proposed method can be applied generally, up to  now i t  
has only been calib ra ted  to  and used for the Eastern Scheldt area.

C*D Mathematician, Svasek B.V., Coastal and Harbour Engineering
Consultants, Rotterdam, The Netherlands 

C+D Engineer, R ijksw aterstaat, Tidal Waters Division, The Hague
The Netherlands
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a. the classical method

At various locations along the Dutch coast water level observations 
are availab le for a period of almost 1O0 years. In the c lassica l 
method an excess-frequency curve is  made using the observed data. For 
each location  points are p lo tted  in  a diagram in  which the 
waterlevels are on the y-axis and the logarithm of the number of 
exceedences of a waterlevel per year on the x-axis. The p lo t shows a 
more or le ss  s tra ig h t curve.
Because of the lim ited period of observations no estimates for water 
leve ls  with an excess-frequency less  than 0.01 times per year are 
d irec tly  availab le from the diagram. The extrapolation of the curve 
has been the subject of extensive s ta t i s t ic a l  research. C van Dantzig 
& Hemelrijk, 1960 3. They showed th a t the observed w aterlevels can be 
described as observations drawn from a d is tr ib u tio n , having in  the 
logarithmic scale an asymptote towards higher water levels. Figure 2 
shows observed data and the extrapolated curve for the location  Hook 
of Holland. C Wemelsfelder, 1960 3.
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3. THE "NEW METHOD"

In an estuary w aterlevels are mainly determined by the astronomical 
bide, the wind set-up a t the mouth and the in ternal wind effec t. In 
to ta l eight parameters can be distinguished.
For the in ternal windeffect th ree parameters :

Wi nddi r ec t i on
-  W in d d u r a t lo n  

Windvelocity
The wind set-up can be described by two parameters :
-  Wind set-up duration
- Wind set-up level 
Further one parameter for :
-  Astronomical tid e
F inally , due to  phase d ifferences, two more parameters have to  be 
considered :
-  Phase d ifference between wind and wind set-up
- Phase d ifference between wind set-up and astronomical tid e  
H istorical observations show th a t these eight parameters are not 
independent. In the following a descrip tion  of the dependencies is  
given.
Considering observations i t  turns out th a t winddirecti on and 
windvelocity give r is e  to  a two-dimensional matrix of p ro bab ilitie s . 
Insection 3.1 more information concerning the re la tio n  of these two 
parameters can be found. There ex is ts  also  a re la tio n  between 
windvelocity and windduration. For several locations in  the 
Netherlands a s ta t i s t ic a l  investigation  of storms has been made to 
obtain a q uan tita tive  re la tio n  for these two parameters. The formula

Vmax 0.84
C 1 D k » 2 6 . 8  C   -  1 3

Vk

with C see figure 3 D

k : Number of hours during which the one hour average wind
velocity  V exceeds the velocity  Vk without in terrup tion  

Vmax : Maximum one hour average windvelocity over the to ta l 
period of the storm

applies for the h is to ric a l data of the Eastern Scheldt area.
C Rij koort ,  1960 3 Once the maximum velocity  Vmax is  given the time 
h isto ry  of the wind velocity  and so the windduration are fixed.

Considering the h is to ric a l data for wind set-up duration and
windset-up level i t  has been shown th a t the expression

TT t
C 2  D s C t3  = sm ** eos C  3

D

holds for the Eastern Scheldt area. C V rijling  & Bruins ma , 1930 3.
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The meaning of the parameters i s  :

sCtD : wind set-up a t a t time t
sm : maximum wind set-up
D : wind set-up duration

Especially the symmetric behaviour in  time of the set-up sCtD with 
respect to  the duration D is  not found in  general. In  many 
applications form and coeffic ien ts  of both formulas CID and CS3 may 
d iffe r  considerably.

For the determination of sm an empirical formula

V9 *  ve
C 3 D sm = CC R} x -----------—

9

has been used. C Weenink . 1933 D

Here CCRD : Empirical co effic ien t which expresses the
re la tio n  between the maximum wind set-up and the 
windvelocity th a t i s  exceeded for 9 hours ! V9.
The R shows th a t th is  co effic ien t i s  d irection  
dependent. For our application  i t  has been 
assumed th a t the wind i s  uniform over the whole 
Eastern Scheldt area. This assumption is  
r e a l is t ic  in  most situations» but especially  
during storm conditions which i s  due to  the fac t 
th a t the Eastern Scheldt area has rather small 
dimensions compared to  the dimensions of the 
windfi eld. 

g : The acceleration  of gravity.

F inally  i t  has been noticed th a t the phase d ifference between the 
maximum windvelocity and the maximum wind set-up i s  always 
approximately s ix  hours for the mouth of the Eastern Scheldt, In 
other words : the maximum wind set-up sm is  found to  appear s ix
hours la te r  than the maximum windvelocity Vmax. In formula :

sm
t  + 6
Vmax

Considering the  re la tio n s  described so far the number 
determining parameters i s  decreased to  the following five  :

of

Wi nddi re c ti on
Windvel ocity
Wind set-up duration
Astronomical tid e
Phase difference between wind
set-up and astronomical tid e

R
V
D
H
F

In order to  make a d isc re te  p ro b ab ilis tic  model» the continuous 
range of values of the parameters i s  divided in  a number of
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d iscre te  classes. For each class the p robability  of occurrence of 
a special tid a l cycle as a re su lt of the combination of the five  
parameters R, V, D, H and F may be obtained by m ultip lication  of 
the p ro b ab ilitie s  of each. Since one year contains approximately 
706 h igh-tides the fin a l re su lt has to  be m ultiplied by 706 in  
order to  determine the p robability  of occurrence of the computed 
high waterlevel per year. In formula

pCijklmD « 706 * pCRi.VJD * pCDkD * pCHID * pCFmD

In chapter 4 numerical values for the p ro b ab ilitie s  p are given 
for the mouth of the Eastern Scheldt estuary. For each 
combination of R, V, D. H and F high waterlevels in  the Eastern 
Scheldt area have to  be computed. To th a t purpose a numerical 
one-dimensional tid a l model, called  IMPLIC, i s  used. CCStroband & 
Wijngaarden , 1977 3 and CVoogt & Roos. 1980 DD. The IMPLIC model 
has been ca lib rated  and verified  extensively. The model 
in teg ra tes the continuity  equation and the momentum equation by a 
f in i te  d ifference technique. In IMFLIC wind is  included as an 
external driving force in  the momentum equation. The estuary  is  
schematized in  a network of branches and nodal points C see 
figure 4 D. To each branch the f in i te  d ifference equivalent of 
the continuity  and the momentum equation holds. Because the high 
w aterlevels have to  be computed for the s itu a tio n  with 
compartment dams and storm surge b a rrie r , those elements are 
included in  the schématisation.
The high w aterlevels in  the estuary depend on the closing 
stra tegy  of the b arrie r. Several closing s tra teg ie s  for the storm 
surge b arrie r have been considered. CRoos e. a. , 1980 D. For the 
design waterlevel of the compartment dams the stra tegy  th a t the 
barrier i s  closed in  one hour as soon as the seaside waterlevel 
exceeds mean sea level +3.26 meter, being the stra tegy  which 
leads to  the highest w aterlevels in  the estuary, has been 
adopted.
For each computation with the IMPLIC model a boundary condition 
a t the mouth of the Eastern Scheldt and a windfield applying to  
the in te r io r  of the basin have to  be made available. The 
windfield is  defined by the values of the parameters R, V and 
D. The waterlevel a t the seaside i s  obtained combining the 
astronomical tid e  a t th a t location  and the wind se t up according 
to  equati on C SD .
High waterlevels together with th e ir  p robab ility  of occurrence 
are computed for several locations in  the estuary. From these 
data excess frequency curves are obtained adding for each 
waterlevel the p ro b ab ilitie s  of occurrence of a ll  higher 
waterlevels. The d iscre te  curve obtained in  th is  way is  
transformed to  a continuous one using standard continuation 
processes.
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4. PROBABILITY DISTRIBUTIONS FOR THE EASTERN SCHELDT

In the design of the classes with p ro b ab ilitie s  of occurrence an 
optimum has been striv ed  for. On the one hand the classes should 
not be too small in  order to  r e s t r ic t  the number of combinations 
possible and hence the number of computations with the IMPLIC 
model to  be made. On the other hand, small c lasses are desirable 
in  order to  have, especia lly  in  the region of in te re s t , enough 
separating power. In the following classes and p ro b ab ilitie s  are 
l is te d  together with a short ju s tif ic a tio n . Also values for the 
coeffic ien t CCR3 of formula C 33 are specified.

4.1 WI NDDI RECTI ON R and WINDVELOCITY Vmax

For the winddirecti on the compass has been divided in  twelve 
c lasses, each c lass a sector of 30 degrees. Only the classes SW, 
WS, W, WN and NW Csee figure 53 are important in  the case of the
Eastern Scheldt. Observations show th a t the d is trib u tio n  of the
windvelocity Vmax is  dependent on the d irection  R. Therefore tab le  
1 has been constructed in  which for each combination CRi,Vj3 a 
p robability  of occurrence i s  given.
For the velocity  ten classes VI, V3................. , VI0 have been
created, The range of each c lass i s  defined by

Vj ■ C 5 «CJ-13, 5 « j  D m /  s , J -1 ,2 ................10

Since only fiv e  d irections are important the tab le  has f i f ty  
en tries . The tab le  has been constructed by combining data of the 
ligh tvessel "Goeree", during the period 1051 - 1960. C Dorrestein, 
1067 3

4. S WIND SET-UP DURATION D

For the Eastern Scheldt the p robability  density  of the wind set-up
duration is  a log-normal function. C V rijling  & Bruinsma, 1030 3. 
In formula :

C 5 3 pCD3 » -------------  exp Í  -0. 5*f iD  1 1

D Cln 1.43 - /e ñ  I* ln  1,4 J

The h is to ric a l data show th a t th is  p robab ility  density is  
independent of the d irection  R for the five  d irections considered. 
C V rijling  & Bruinsma, 1980 3,
In order to  keep enough d e ta il the set-up duration has been 
divided in  twenty in te rv a ls  Dk with :

Dk = < Ck-13 « 1 0 ,  k « 1 0  Ï h r s ,  k « 1, 3 ,  .............  30

Since the p robability  of occurrence pCD3 is  not uniform over each 
in te rv a l, as follows from C63, a weighted duration <Dk> has been
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computed for each class using the formula :

k * 10 

J  D « pCDD

c 6 d <Dk> -  9-=-£*=iïÂ Ô -i-1
k * 10

2
D = C k -15 *10 + 1 

Results are given in  Table 2.

4.3 THE ASTRONOMICAL TIDE H.

Along the Dutch coast the tid e  i s  semi-diurnal. I t  i s  almost 
symmetric and can be approximated by a sinus-curve. For the mouth 
of the Eastern Scheldt the formula

2 n t
C 7 D HCtD « a e sin  C  + F D + b

T
applies with :

a : tid a l amplitude 
T : tid a l period
b : mean water level re la ted  to  mean sea level

A division  in  three c lasses, each with a p robability  of 
occurrence of pCHD^l/S has been used. The classes coincide 
approximately with the average spring tid e , the average mean tid e  
and the average neap tid e . The values for a and b are given in 
Table 3.
The value of b d iffe rs  from zero for mean tid e  and for spring 
tide . This i s  due to  the difference between the observed curve 
and the approximating sinus-curve.

4.4 THE PHASE DIFFERENCE F.

The phase differences of wind set-up and astronomical tid e  cover 
the in terval of 0 hours to  12 hours and 2S minutes. Since both 
are to ta l ly  independent a s t r i c t ly  mathematical d ivision  in  s ix  
c lasses, each having a length of 2 hours, 4 minutes and 10 
seconds has been used. For each class the p robab ility  of 
occurrence i s  pCFiD=l/6 and in  the computations per c lass a mean 
value for the phase F i s  used.

4. S THE PARAMETER CCRD.

From the observations of 04 h is to ric a l storms an estim ate has 
been made for the value of GCRD in  equation C 3D. For the mouth 
of the Eastern Scheldt the following values have been found :

CCSYD « 0.0100 CCWSD « 0. 0170 CCWD * 0.0225
CCWND «= 0.0250 CCNWD « 0.0300
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S. COMPUTATIONAL RESULTS FOR THE EASTERN SCHELDT ESTUARY.

In order io  show the potential power and the r e l ia b i l i ty  of the 
used formulae in  the new method, the method has been applied to  
the mouth of the Eastern Scheldt for the original s itu a tion . 
Furthermore the method has been used to  compute the excess 
frequency curves for the compartment dams in the Eastern Scheldt 
for the new situ a tion . Results of both computations are given in  
ih i s chapter.

3.1 EXCESS FREQUENCY CURVE AT THE MOUTH OF THE EASTERN SCHELDT

For the application of the method for a location a t the mouth of 
the Eastern Scheldt waterlevels had to  be made availab le for a ll  
the combinations of the parameters R, V, D, H and F. No IMPLIC 
computations were needed. Computation of the waterlevels and 
adding th e ir  p ro b ab ilitie s  of occurrence delivers the excess 
frequency curve as shown in  figure  6. The curve can be compared 
with the excess frequency curve obtained by the c lass ica l method. 
The two curves show a good agreement which J u s t if ie s  the 
ca lib ra tion  of the formulae and the division in  d iscre te  classes 
of the five  parameters as used.

3.2 EXCESS FREQUENCY CURVES FOR THE COMPARTMENT DAMS.

Because tid a l am plification and in ternal wind effec ts  do play an 
important ro le  in the Eastern Scheldt estuary, computations with 
the IMPLIC model had to  be made for a ll  the combinations of the 
parameters R, V, D, H and F for the new situ a tion . The 
computation of the waterlevels with th e ir  p ro b ab ilitie s  of 
occurrence resu lted  in  the curves as shown in  figure 7 for the 
Philipsdam and figure 8 for the Oesterdam. To show the e ffec t of 
the b arrie r and the compartment dams also  curves for the original 
s itu a tio n , obtained with the c lass ica l method, are included in 
the figures. The large e ffec t of the changes on the waterlevels 
i s  c lea rly  i l lu s tra te d .
From the curves as shown in  the figures 7 and 8 the design 
w aterlevels have been derived a t the excess frequency of
2.3 ** IOC-43 times per year. Those w aterlevels have been used in  
the design of the compartment dams.



0 . DISCUSSION

A method to  compute excess frequency curves on a p ro b ab ilis tic  
basis has been proposed. Although the method can be used for 
general application whenever su ffic ien t data are available, up to 
now i t  has been applied and calib rated  to  the Eastern Scheldt 
area only. Formulae and parameters of th is  paper are re s tr ic te d  
to  th is  estuary.
For a location along the coast the method can be used as an 
a lte rn a tiv e  to  the c lass ica l method. The new method i s  not 
"b e tte r”, because also  in  the new method extrapolation, in  th is  
case of the wind, i s  needed. However i f  a new or modified 
geometry is  created, as in  the presented example, only the new 
method is  applicable.
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Appendi x 11, -  Notation 

The following symbols are used in th is  paper : 

a = Tidal amplitude
b <= Mean water lev e l, re la ted  to  mean sea level
C = Empirical co effic ien t for set-up
D •= Wind set-up duration
F = Phase d ifference between wind set-up and astronomical 

t i  de
« Acceleration of gravity  
« Astronomical tid e  
— P robability  
= Wind d irection  

s » Wind set-up
t  ■= Ti me
T « Tidal period
V * Wind velocity



WINDVELOCITY
V

WXNDDIRECTION R

IN M/S SW WS W WN NW

0 .0  -  5 .0  
5 .0  -  10 .0

10 .0  -  15 .0
15 .0  -  2 0 .0
2 0 .0  -  2 5 .0
2 5 .0  -  30 .0
3 0 .0  -  3 5 .0
3 5 .0  -  4 0 .0
4 0 .0  -  4 5 .0
4 5 .0  -  5 0 .0

3.76666667
3.01333333
3.31466667
1.04713333
0.11177600
0.01094171
0.00040112
0.00002186
0.00000174
0.00000016

4.70000000
3.76000000
4.13600000
1.30660000
0.19560800
0.01094171
0.00040112
0.00002186
0.00000174
0.00000016

3.23333333
2 .58666667
2 .84533333
0 .89886667
0.30738400
0.02188342
0.00040112
0.00002186
0.00000174
0.00000016

2.40000000
1.92000000
2 .11200000
0.96720000
0.25149600
0.04376684
0.00320895
0.00034978
0.00002788
0 .00000253

2 .53333333
2 .02666667
2.22933333
0.40426667
0 .13972000
0 .03282513
0.00080224
0.00004372
0 .00000349
0.00000032

T able l í  P r o b a b il ity  o f  occu rren ce o f  th e  com bination
w in d v e lo c ity  -  w in d d rection  (R¿, Vj) in  p e r c e n ts .

C la ss C la ss  b oun daries (hrs) {Dit} (hrs) P <Dk)

1 1 -  10 9 .7 4 1 .1  e -6
2 11 -  20 18.56 3 .2  e -3
3 21 -  30 2 7 .0 8 5 .8  e -2
4 31 -  40 36 .02 1 .8  e—1
5 41 -  50 45 .52 2 .4  e—1
6 51 -  60 55 .25 2 .1  e -1
7 61 -  70 65.11 1 .4  e -1
8 71 -  80 75 .0 2 8 .2  e -2
9 81 -  90 84 .9 7 4 .4  e—2

10 91 -  100 94 .94 2 .3  e -2
11 101 -  110 104.93 1 .2  e -2
12 111 -  120 114.92 5 .7  e -3
13 121 -  130 124.92 2 .8  e -3
14 131 -  140 134.92 1 .4  e -3
15 141 -  150 144.93 6 .8  e -4
16 151 -  160 154.93 3 .4  e -4
17 161 -  170 164.94 1 .7  e -4
18 171 -  180 174.95 8 .6  e -5
19 181 -  190 184.95 4 .4  e -5
20 191 -  200 194.96 2 .3  e -5

Table 2: P r o b a b ility  o f  occu rren ce o f  th e  wind s e t -u p  d u ration  Dk .



Table 3

C lass a (m) b (m)

1 1.55 0 .0 8
2 1.41 0 .0 5
3 1.23 0 .0 0

i The t i d a l  am plitude a and th e  mean w ater l e v e l  b for th e  
th r ee  a stron om ica l t id e - c la s s e s  a t th e  mouth o f  th e  E astern S c h e ld t.
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o r ig in a l  s itu a t io n *
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F ig . 7: E xcess frequ en cy cu rves fo r  th e  Philipsdam .
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F ig . 8 1 E xcess frequ en cy cu rves fo r  th e  Oesterdam,


