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ABSTRACT: This paper deals with the methods and results of monitoring sea level (tidal gauges) 
and with the analysis of depth sounding data. Possible future monitoring by means of remote sensing 
techniques will be presented. Some trends, based on water level and morphological monitoring, 
have been established in the western part of the Dutch Wadden sea: (a) the relative mean sea level is 
rising persistently by 15 cm/century, observed since the middle of the 19th century. The tidal range 
is increasing as well; (b) the cross-sectional areas of the most western Dutch Wadden tidal inlets 
have been increasing over the last two centuries; (c) the intertidal zones of the Texelstroom and 
Vliestroom tidal basins have shown an increase of surface area over the last decades. The Borndiep 
tidal basin shows a decrease of 4 % of the area shallower than 5 m - Dutch Ordinance Level (DOL) 
over the last two centuries. Several factors prevent serious predictions about future morphological 
developments of the tidal Wadden flats: ~a) man induced interfering factors, e,g, the construction of 
the harbour revetments of Den Helder, the construction of the Enclosure Dike and construction of 
sand drift dikes stabilising the Wadden islands; (b) the limited scope of the present analysis that 
deals only with the western part of the Dutch Wadden Sea. 

I N T R O D U C T I O N  

Mon i to r i ng  is the  p rocess  of r epe t i t i ve  o b s e r v i n g  for d e f i n e d  pu rposes  on e lement ( s )  

of t he  e n v i r o n m e n t  acco rd ing  to p r e a r r a n g e d  s c h e d u l e s  in space  and  t ime.  M o n i t o r i n g  
p rov ides  in fo rmat ion  c o n c e r n i n g  p r e s e n t  s ta te  and  pas t  t r ends  (Meyers ,  1986). 

This  p a p e r  conce rns  w a t e r  l eve l  mon i to r i ng  (van Malde ,  unpubl . )  a n d  m o r p h o l o g i c a l  
mon i to r i ng  (Glim et  al., 1987, 1988) of the  D u t c h  W a d d e n  S e a  (Fig. 1). 

T h e  resul ts  of the  la t ter  a re  b a s e d  on d e p t h  s o u n d i n g  wi th  su rvey  vesse ls .  T h e s e  
d e p t h  surveys  are  e x e c u t e d  for nav iga t i ona l  a n d  m a n a g e m e n t  reasons .  

A charac te r i s t ic  p h e n o m e n o n  of the  W a d d e n  Sea  a rea  is a g e n e r a l  a c c u m u l a t i o n  of 

sed iments ,  w h i c h  d e p e n d s  on: hydrau l i c  forces  (tides and  waves) ,  s e d i m e n t  t ranspor t ,  
avai labi l i ty  of sed iments .  Bes ides  t he se  phys i ca l  pa rame te r s ,  b io log ica l  ac t iv i t ies  p l ay  a 

role  as we l l  (Di jkema et  al., 1983). A c c u m u l a t i o n  of f ine s e d i m e n t s  is s t i m u l a t e d  by  salt  

m a r s h  v e g e t a t i o n  a n d  by  musse l s  (Misdorp  et  al., 1984). Ben th ic  d ia toms  i n c r e a s e  the  
cri t ical  e ros ion  ve loc i t i es  and  s t imula te  s e d i m e n t a t i o n  of t idal  flats (Vos et  al., 1988). 

* Presented at the VI-International Wadden Sea Symposium (Biologische Anstalt Hetgoland, 
Wattenmeerstation Sylt, D-2282 List, FRG, 1--4 November 1988) 
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Fig. 1. Map of Western Dutch Wadden Sea area. Tidal basins: Te = Texelstroom (610 kin2); Ei = 
Eierlandse Gat (160 km2); V1 - Vliestroom (704 kin2); Bo = Borndiep (320 kin2). Towns: DH = Den 
Helder; H = Harlingen. Wadden islands: T = Texel; V = Vlieland; T = Terschelhng; A = Ameland. 
ED = Enclosure Dike [1032); IJ = IJsselmeer; DOL = Dutch Ordinance Level. Dotted line: tidal basin 

boundary; dash-and-dot line: depth contour (1980) 10 m - DOL 

Tidal fiats are important habitats for macrozoobenthos.  This is i l lustrated by the 

relation be tween  the density of macrozoobenthos  of the intertidal flats of  the wes te rn  

Dutch Wadden  Sea and the mean  tidal level  (Fig. 2; Beukema,  unpubl.). T h e  max imum 
density is r eached  in the zone be tween  low water  and mean  sea level .  If the future 

sedimentat ion of the tidal fiats cannot  keep  pace  with the increase of sea level ,  shifts in 

the Wadden  ecosystem might  be expected.  
Furthermore,  society needs  information about  future morphological  deve lopment s  

that will affect several  functional uses such as shipping, fisheries, recrea t ion  and nature. 

On the one hand, fear of dramatic changes  related to future sea level  increase  gives 

rise to the thought  (at provincial council  level) of an ult imate solution: c los ing off the 

Wadden  Sea! 
On the other  hand, a futuristic study shows that in the Nether lands  an imag ina ry  5-m 

sea level  rise can be coped with, involving a large amount  of i nves tmen t  and mainte-  

nance  costs (de Ronde & de Ruyter, 1987). 
In order to make  well  ba lanced  m a n a g e m e n t  decisions concern ing  possible 

measures,  an increase in knowledge  on future morphological  deve lopmen t s  of the 

Wadden  Sea area, the tidal flats and island dunes is necessary.  
The following paragraphs are concerned  with the methods,  results and possible 

future monitoring techniques  of water  levels  and depth  sounding data. 
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Fig. 2. Relation between biomass of macrozoobenthos and mean tidal level (MTL), western Dutch 
Wadden Sea {after Beukema, unpubl.) 

METHODS OF WATER LEVEL AND MORPHOLOGICAL MONITORING 

The Rijkswaterstaat is monitoring water  levels at 15 stations in the Dutch Wadden  

Sea. These stations form a part of the MSW-system - Monitoring System Water  levels  - ,  a 

recent  nat ionwide water- level  recording network.  All the wate r  level  data are centrally 
stored in an easily accessible data base in our main office (The Hague).  

Three stations have been  recording water  levels  for more than a century: Delfzijl and 

Harl ingen since 1865, Den Helder  since 1832 (de Ronde, 1982). All the water  levels  are 

re la ted to the fixed Dutch Ordinance Level - DOL. 
The methods,  f requencies  and the "noise" of the water  level  observations at tidal 

gauges  are described by van Malde (unpubl.). 

The tidal inlets of the Dutch Wadden  sea were  systematically surveyed for the first 

t ime in 1796 (Rijzewijk, 1986). 
The tidal basins of Texelstroom and Vliestroom (= 1300 km 2 = about a third of the 

entire Dutch Wadden  Sea; Fig. 1) were  surveyed six times be tween  1933 and 1983. The 

original depth sounding charts are presented  on a scale of 1 : 10 000. These are conver ted  
to a density of 144 depth soundings/kin 2. The  ult imate result is a hydrographic chart on a 

scale of 1 : 125 000, with four .averaged depth  soundings/kin  2 (Glim et al., 1987, 1988). 

The depth sounding accuracy is d ivided into random and systematic errors (Nan- 
ninga, 1985). The random errors of depth  sounding are relatively easy to est imate and 

show a strong tendency to decrease  or even  disappear  in the ave raged  depth.  An 

estimation of the systematic errors of a survey is much more difficult to make.  Theoret i -  
cally, the total systematic error in one survey amounts  to 10 cm, depending  on bot tom 

slopes, water  depth, instrumentation and the degree  of conscientiousness of the surveys. 

The presence  of trends in time may be an indication of the reliability of the sounding 
charts, based on hundreds of thousands of depth  soundings in each tidal basin. 

The tidal volumes (= water  volume b e t w e e n  MHW and MLW) of the tidal basins are 

calculated on the basis of the hydrographic  maps of 1933-1983 which were  drawn to a 
scale of 1 : 125 000. 

The computat ion of the cross-sectional area of the tidal inlets are based  on the 

hydrographic charts drawn to a scale of 1 : 10 000 (Rijzewijk, 1986). The  cross-sectional 
area of a tidal inlet is here defined as the surface of the cross-section with the smallest  
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wid th .  Latera l  m i g r a t i o n  of the  t idal  c h a n n e l s  in this a r e a  has  no s ign i f i can t  i n f luence  on 

the  sur face  a rea  t rend.  
T h e  in te r t ida l  z o n e  is de f i ned  as the  sur face  a rea  b e t w e e n  m e a n  low a n d  m e a n  h igh  

w a t e r  level .  
T h e  sea  l eve l  r ise is i n c l u d e d  in the  ca lcu la t ions  of t he  t ida l  vo lumes ,  c ross - sec t iona l  

a reas  of the  t ida l  in le ts  and  of the  sur face  a r e a  of the  in te r t ida l  zones .  

RESULTS O F  WATER LEVEL A N D  M O R P H O L O G I C A L  A N A L Y S I S  

T h e  m e a n  sea  l e v e l  has  b e e n  r is ing cons i s ten t ly  by 15 c m / c e n t u r y  (de Ronde ,  1982) 

s ince  the  ex i s t ence  of the  t idal  g a u g e s  of D e n  H e l d e r  u n d  H a r l i n g e n  (Fig. 3). The  t idal  

r a n g e s  a re  i n c r e a s i n g  as we l l  (de Ronde,  1982), h o w e v e r  at a s l o w e r  ra te  (Fig. 3). 
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Fig. 3. Time series of mean sea level and of tidal range of tide gauge station Harlingen, Wadden Sea 
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Fig. 4. Tidal volume of Texelstroom and Vliestroom tidal basin in million m 3 

Before 1932, the increase  of the t idal  ranges  at Har l ingen  and Den Helder  amoun ted  to 3 
cm/century.  In 1932, a sudden  increase  of about  50 cm at Har l ingen  and 15 cm at Den 
He lder  coincided with the complet ion of the Enclosure Dike, closing off the Zuyderzee .  
This can be  exp la ined  by  the increase  of t idal  wave  energy  in the wes te rn  par t  of the 
Dutch W a d d e n  Sea, which previously d iss ipa ted  in the Zuyderzee .  Since 1933, the t idal  
range  has increased  remarkab ly  by  20 cm/cen tury  at Har l ingen  and by  11 cm/cen tu ry  at 
Den Helder .  A similar increase  in the t idal  range  was observed  after the closures in the 
southwest  part  of the Nether lands  (van den  Berg, 1986). 

The t idal  volumes of the Texels t room and Vliestroom tidal  basins,  b a s e d  on revised 
da ta  (Glim et al., 1987, 1988), have  increased  dur ing  the last  50 years  (Fig. 4) by  3 %, 
respect ive ly  6 %. 

The cross-sectional  a rea  of the t idal  inlets  of the  Texels t room (two different  profiles in 
Fig. 5) and  Eief landse  Gat  (Fig. 6) has  inc reased  by  about  25 %, respect ive ly  35 %. 

The  cross-section of the Vliestroom t idal  inlet  has inc reased  by about  30 % dur ing  the 
per iod  be tween  1910-1975 (Klok & Schalkers ,  1980), 

Postma (1983) ment ioned  the exis tence  of s imple morphometr ic  relations,  der ived  
from hydrograph ic  data. The t idal  volumes  directly de t e rmined  cor respond with the  ones 
der ived  indirect ly by  means  of the cross-sect ional  surfaces (Gerri tsen & de Jong,  1985) of 
the Texels t room and Vliestroom t idal  inlets  over the pas t  50 years.  
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During the first 20 years after the construction of the Enclosure Dike (1932), the 
intertidal surface area (Ab.i.) of the Texelstroom decreased and  that of the Vliestroom 
remained  the same. During the past 30 years, the intertidal surface area of the Texel- 
stroom increased from 12 % to 15 %, that of the Vliestroom from 32 to 37 % of the total 
tidal bas in  surface area (Fig. 7). 

A third tidal basin, the Borndiep be tween  Terschell ing and  Ameland  (Rijzewijk, 
1986), was examined  in another way. The surface area of the zone shallower than 5 m - 
DOL has gradually decreased by 4 % during the last two centuries, with an indicat ion of 
an accelerated decrease since 1940 (Fig. 8). 

The average height  of the intertidal zones of the Texelstroom and Vliestroom tidal 
basins was calculated with respect to the mean  low water level. Figure 9 shows that the 
average height of the Texelstroom intertidal zone has b e e n  decreasing gradual ly at a rate 
of 0.39 cm/year  (r = 0.94), while the average height  of the Vliestroom intertidal zone has 
b e e n  decreasing by 0.03 cm/year with a non-signif icant  value of r = -0.23.  The latter 
value implies a non-change.  

Figure 9 also shows the rising of the average half tide sea level (= high water  level 
minus  low water level) at a rate of 0.14 cm/year  (r = 0.99). 

CONCLUSIONS AND DISCUSSION 

At the water level stations Den Helder and  Harl ingen,  a general  m e a n  sea level rise 
of 15 cm/century was observed during the last century. No signs of an acceleration in the 
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mean  sea level  rise have  been  recorded during the last decades.  The m e a s u r e d  acceler-  

a ted increase in the tidal range  during the last half century may be caused  by the 
morphological  adaption of the western  tidal basins since the construction of the Enclosure 
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Dike (1932). However ,  a genera l  increase  in the t idal  range  has  also b e e n  observed,  
par t icular ly  after 1950, a long the German  North Sea Coast (Piihrbbter, 1986). 

The sea level  rise dur ing the last 150yea r s  coincides with the increase  in the  cross- 
sect ional  a rea  of the two t idal  inlets (Texelstroom and Vliestroom) dur ing the last  two 
centuries,  and  with the observed  increase  of the t idal  volumes dur ing the last  50 years.  
However ,  it is too early to d raw a convincing causal  relat ionship due to h u m a n  interfer-  
ence.  

The decrease  in the inter t idal  surface a rea  of the Texels t room tidal bas in  dur ing  the 
first 20 years  after the construction of the Enclosure Dike can part ly be  exp la ined  by  
sed iment  t ranspor t  from the intert idal  a rea  to the "sediment  hungry"  d e a d - e n d  t idal  
channels  in the vicinity of the Enclosure Dike (Fig. 10). This internal  r ework ing  process  
might  also be  responsible  for the lack of growth of the surface area  of the  Vliest room 
inter t idal  zone dur ing this period.  
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During the last decades, the average intertidal surface area of the Texelstroom and  
the average height  have increased. The non-change  in the average height  of the 
intert idal  area of the Vliestroom dur ing  the last decennia  coincides with an  increase of 
the intertidal surface area. 

The Borndiep area shallower than 5 m - DOL has decreased dur ing  the Iast two 
centuries. 

This remarkable  difference in behaviour  might  be explained by the differences in 
geometry of each tidal basin (channel/flats). 

Besides sea level rise, many  other factors play a role in the morphological  develop- 
ments  of tidal fiats. Some factors are natural,  hke the presence of current  resistent 
boulder  clay in tidal inlets, others are man- induced:  
- The construction of the Enclosure Dike suddenly  increased the tidal range  (Fig. 3) and  

tidal volume of the Texelstroom tidal basin (Fig. 4). The Amsteldiep Dike (1925) and  
the Enclosure Dike (1932) cut off four tidal channels.  This caused strong sedimenta t ion  
in these dead-end  channels  dur ing 1933-1966 in the zones deeper  than 5 m and  2.5 m - 
DOL (Fig. 10), amount ing  to 70 % respectively 90 % of the accumulat ion in the total 
Texelstroom tidal basin. 

- Sand extraction is mainly confined to the Texelstroom and Vliestroom tidal basins,  and  
was started in  the middle of the 1960s. It is l imited to the tidal channel  zones deeper  
than 5 m -  DOL and  has, therefore, no major or direct effect on the intert idal  zones and  
tidal volumes. 

- Gas exploitation near  Ameland  is causing sinking (DHL/RIN, 1987) of the tidal flats. 
This may lead to extra sedimentat ion of about 0.3 million m3/year in the Borndiep tidal 
basin  dur ing the next  three decades, 

- Other artificial factors are: 
- the presence of the revetment  construction of Den Helder for many  centuries;  
- the construction of sand drift dike uni t ing islands and 
- continuous reclamation. 

These man- induced  factors together with relatively limited analysis of the depth sound-  
ing data do not allow serious predictions about the future morphological developments  of 
the tidal flats. 

Future analysis of the relatively undis turbed  tidal basin of Bomdiep might  reveal 
extrapolation trends, in combinat ion with studies on hydraulic regime. 

FUTURE MORPHOLOGICAL MONITORING 

To predict seriously the effect of the increase of sea level rise on the deve lopment  of 
tidal flats, further analysis of historical data is needed.  Cont inuous morphological  
monitoring is needed  to estabhsh trends. 

Depth sounding surveys and  data processing are time consuming activities. At the 
moment ,  apphcations of Remote Sensing techniques for morphological moni tor ing are 
be ing  executed. The Rijkswaterstaat is put t ing effort into processing LANDSAT TM 
images  in such a way that digital depth maps of coastal areas are derived. A first result  is 
the digital depth map of the area of north eastern Vlieland from LANDSAT TM image 26/ 
6/1986, 2 hours after high slack tide (Fig. 11; van Hengel  & Spitzer, 1988). The max imum 
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depth processed is about 12 m - DOL. A comparison with depth  sounding maps  shows an 

est imated relat ive error of 10-15 % of the sounded depth (van Henge l  & Spitzer,  1988). 

Special  at tention should be paid to shallow, potential ly turbid areas. Analysis of 

mult i - temporal  imagery  can increase the reliability of the computed  maps (van Hengel ,  

1988). 
The advantage of applying Remote Sensing is obvious: one image occupies an 

extended area and, besides morphological monitoring, estimations of biomass of macro- 
phytobenthos are feasible as well (Meulstee et al., 1986, 1988). 

Another  way  of obtaining information on the vertical  movemen t s  of t idal  flats is an 

airborne survei l lance technique,  combining Laser with GPS (Global Posi t ioning System). 

Some exper iments  were  carried out with both Laser and GPS. Internat ional  Laser 

exper iments  were  executed  on board of a survey vessel  in order to m easu re  the depth. 

During airborne surveillance, accurate posit ioning is essential. Rijkswaterstaat  is testing 

the GPS as an efficient tool in photogrammetry  (van der Vegt  et al., 1988). The  very first 

results of test flights demonstra te  a 10 cm accuracy for the GPS positions wi th in  each  test 
strip. 

These  exper imenta l  results are hopeful, and will contribute to the d e v e l o p m e n t  of a 
synoptical survey method  which can be  used for monitoring the (morphological) develop-  

ments  of the Wadden  Sea. 
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