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ABSTRACT 17 

In this study, we have compared three methods to determine the exposure times of intertidal flats 18 

in the Dutch Wadden Sea. The first method was based on a triangulation (TRIA) of the sea level 19 

elevations measured at the tidal gauges surrounding the Dutch Wadden Sea, following Rappoldt 20 

et al. (2004); for the second, method numerical simulations with the General Estuarine Transport 21 

Model (GETM) were used, and the third method (HYBRID) is a combination of the previous 22 

two. The first two methods show a good agreement for the western Dutch Wadden Sea, an area 23 
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where the density of intertidal flats is low. However, the results of TRIA and GETM show 24 

differences of as much as 20% for the much shallower eastern part of the Dutch Wadden Sea. 25 

To explore the influence of the number and distribution of tidal gauge stations on these 26 

differences, virtual tidal gauges were added to the existing network of tidal gauge stations, based 27 

on model results. An analysis showed that there is limited added value to an even large (three-28 

fold) increase in the number of tide gauges, largely because of the highly non-linear behavior of 29 

the tidal wave in the model compared to the linear approach adopted in the triangulation method.  30 

The third approach (HYBRID) was developed by combining the previous two methods. Tidal 31 

prediction was obtained from applying a Least Squares Harmonic Analysis on the Sea Level 32 

Height (SLH) in the simulation with GETM at every grid point. Moreover, the unpredictable 33 

part, e.g. the set-ups or set-downs induced by winds from the North Sea or the European 34 

continent, was determined by applying the triangulation method to the wind-induced SLH 35 

observed at the tidal gauge stations. This wind-induced SLH was defined as the observed sea 36 

level height minus the tidal prediction and its long-term mean value. This combination of 37 

methods offers a new approach to determine exposure times in the Wadden Sea more accurately 38 

than either method individually. 39 

1.  INTRODUCTION 40 

The Wadden Sea is the largest natural reserve in the Netherlands extending further along the 41 

German Bight all the way to Denmark. Due to its Outstanding Universal Value, it became a 42 

UNESCO world heritage site. The Wadden Sea is bounded by the mainland on one side and by a 43 

chain of barrier islands that separates it from the North Sea on the other. Inlets between the 44 

barrier islands allow for an exchange of water, nutrients and sediments with the North Sea. The 45 

bathymetry of the Wadden Sea shows deep tidal gullies surrounded by intertidal flats.  46 

The tidal wave in the North Sea progresses from the south along the Dutch coast into the German 47 
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Bight; as it passes, it subsequently enters the Wadden Sea through each of the inlets.  48 

The tide thus causes alternate flooding and drying of the intertidal flats. As the tide has a distinct 49 

semi-diurnal character in The Dutch Wadden Sea, the intertidal flats are flooded twice per day. 50 

Importantly, the inundation and exposure times are affected not only by tides but also by wind 51 

surges and depressions, which makes the phenomenon more irregular and less predictable.  52 

We call the duration, during which an intertidal flat is flooded, the inundation or immersion time. 53 

Conversely, the time, when it is exposed to the air, is called the exposure or emersion time. We 54 

will express the inundation and exposure times as a percentage or fraction of the total time. 55 

 56 

The exposure time plays a key role in many biological processes. For example, growth of 57 

microphytobenthos, microcopic benthic algae that live in the top layer of the sediment of 58 

intertidal flats, can only grow if light levels are sufficiently high [1]. Because suspension-feeding 59 

benthic fauna such as mussels, cockles and oysters can only graze on phytoplankton (pelagic 60 

microscopic algae) if the tidal flats are submerged, their abundances and growth rates are 61 

inversely proportional to the exposure time [2, 3, 4, 5, 6]. Submersion time also determines the 62 

susceptibility of benthic fauna to predation. Small cockles, for example, are vulnerable to 63 

predation by crabs when submerged, whereas larger cockles are being fed on by oystercatchers 64 

during exposure [7]. This implies that the carrying capacity of the Wadden Sea for benthos and 65 

benthos-feeding waders is strongly related to the area of tidal flats, which is determined by the 66 

combination of bathymetry and exposure time [8, 9]. Hence, it is important to have accurate 67 

spatio-temporal maps of exposure times in intertidal basins such as the Wadden Sea. In addition, 68 

the exact time of drying and flooding is also necessary to know when planning a field campaign 69 

to collect samples on tidal flats, such as SIBES [8]. So far, however, no accurate method to 70 

produce such maps have been developed. 71 
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 72 

In this study, we compare three different methods to estimate the exposure time of the intertidal 73 

flats in the Dutch Wadden Sea. The first method was based on a triangulation of the sea level 74 

elevations as measured at the tidal gauges surrounding the Dutch Wadden Sea as developed by 75 

[11]; whereas in the second method, numerical simulations with the General Estuarine Transport 76 

Model (GETM) were used. Both methods have their advantages and shortcomings.  The third 77 

method (HYBRID) is a combination of the previous two. 78 

 79 

The triangulation method (TRIA) uses in-situ observations, and therefore, it incorporates the 80 

effect of tides and storm surges in a direct and realistic way in the vicinity of the tidal gauges. 81 

Calculations are relatively fast and can be performed online (see “Intertides” at 82 

www.walterwaddenmonitor.org/en/tools/intertides/). However, the paucity of tidal gauges in the 83 

Wadden Sea leaves us with coarse interpolations across watersheds. This method is then unlikely 84 

to account properly for the tidal propagation and its complex pattern of phase differences, as the 85 

tide enters via different inlets at different moments. 86 

 87 

The General Estuarine Transport Model (GETM), on the other hand, carefully determines the 88 

propagation of the tidal wave through the inlets into the Wadden Sea and thus accounts for the 89 

phase difference [15]. However, caveats arise from the way “drying” of tidal flats is modelled, 90 

e.g. “dry” in GETM means “below a certain threshold value”. The values assumed for this 91 

threshold has significant impact on the exposure time and exposed area [12]. Additionally, the 92 

numerical model is quite expensive in terms of computational effort and requires realistic forcing 93 

data that are only available for certain years of the recent past.  94 

 95 
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After a description of the first two methods (including their differences in underlying 96 

information on bathymetry), estimates of exposure time by TRIA and GETM were compared in 97 

space and time. Because differences in the outcomes of both methods might be due to the 98 

number of tidal gauge stations, virtual tidal gauges were subsequently added to the existing 99 

network of tidal gauge stations and differences in sea level height variations recalculated.  100 

 101 

A third method is proposed (HYBRID), combining the best of the two, and subsequently 102 

validated by means of field observations at pressure gauges on the Balgzand tidal flat and 103 

bootstrapping (i.e. comparing the prediction and actual sea level height at one tidal gauge based 104 

on a model using the information of all others).  105 

 106 

Finally, the three models (TRIA, GETM and HYBRID) are discussed with regard to their 107 

accuracy and efficiency. Moreover, their applicability as operational method is discussed besides 108 

their use in gaining knowledge about ecosystems behavior. 109 

2.  MATERIAL AND METHODS 110 

2.1 Triangulation method (TRIA)  111 

In this method, developed by Rappoldt [11], a triangulation was applied to the tidal gauge data 112 

from 15 different stations in and around the Dutch Wadden Sea (live.waterbase.nl) of which two 113 

are located in the Ems estuary. Besides these 15 stations, Figure 1 also shows three tidal gauge 114 

stations in the North Sea that have not been incorporated in the initial analysis in [11], but will be 115 

used later in this study. The Sea Level Height (SLH) is recorded once every ten minutes at all 116 

gauges. Any combination of three stations defines a triangular plane, with its tilt and height 117 

changing in time with the level at its vertices (i.e. at the stations). The triangular plane can then 118 
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be assumed to define the instantaneous water level at all locations within the triangle [11]. This 119 

is in effect a linear interpolation, which was carried out on a regular 20x20 m grid. Outside the 120 

area covered by triangles, linear extrapolation was applied using the nearest tidal gauge stations. 121 

This was done, for example, in the Balgzand tidal basin and the Ems estuary. Bathymetry at the 122 

20x20 grid was derived from the “cycle 5” bathymetry described in [13]. All depths are given in 123 

comparison to the Amsterdam Ordnance Datum as a reference level. It is based mostly on the 124 

soundings performed by Rijkswaterstaat (RWS; www.rijkswaterstaat.nl) between 2006 and 125 

2012. LIDAR data over the Groninger Wad (2007) and the coast of Texel (2009) were used to 126 

match data collected in different years. Missing data in the Balgzand area and between East-127 

Vlieland and the mainland were filled with a smoothing procedure to fill the gaps. For details on 128 

the “cycle 5” bathymetry, we refer to [13] and for details on the triangulation method to [11].  129 

 130 

The advantages of the triangular method are that it uses the widely available highly accurate in-131 

situ observations of sea level height at the tidal gauge stations and that it is a very quick method 132 

with respect to calculation times. The disadvantage is that it is a linear method and therefore 133 

implicitly assumes that the tides behave linearly, even in shallow complex areas such as the 134 

eastern part of the Dutch Wadden Sea. 135 

2.2 General Estuarine Transport Model method (GETM) 136 

This method uses output from numerical simulations performed using the General Estuarine 137 

Transport Model (GETM, developed by [14]) applied to the Dutch Wadden Sea. In particular, 138 

we used output from the simulations described in [15]. GETM is a finite difference model 139 

solving the three-dimensional hydrostatic Navier-Stokes equations of motion with a turbulence 140 

closure scheme. The model bathymetry was based on the RWS sounding data between 2004 and 141 

2012, at 20 m resolution, which was rotated 17
o 

with respected to the East-West axis and 142 

http://www.rijkswaterstaat.nl)/
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subsequently averaged over 10x10 points leading to a bathymetry at 200x200 m resolution. The 143 

bathymetric map was further smoothed for model stability. Boundary conditions for SLH, 144 

vertical integrated velocities and vertical profiles of temperature and salinity were applied at the 145 

open boundaries; meteorological data was obtained from the operational forecast model of the 146 

German Weather Service (DWD; www.dwd.de) for forcing at the surface; and fresh water 147 

discharges at the sluices in the model domain were imposed. In the vertical, 30 terrain following 148 

sigma layers were used. The model was run for three years: 2009 to 2011. Details on the model 149 

setup and validation of the results with measurements of SLH at the tidal gauge stations, salinity 150 

and temperature in the Marsdiep inlet, and water transport through the Texel inlet were given in 151 

[15]. 152 

  153 

GETM has a thin-layer flooding and drying algorithm, in which the total depth does not become 154 

less than a prescribed minimum depth, which was Dmin=0.10 m in this simulation. Below a 155 

critical depth, Dcrit=0.26 m, the bottom drag coefficient is increased exponentially for decreasing 156 

water depth and the influence of the non-linear terms is reduced to zero at the minimum depth, 157 

Dmin. When this minimum depth is attained, the fluid becomes motionless and will therefore not 158 

contribute to the circulation in the rest of the domain. Locations with water depths such that D ≤ 159 

0.26 m are affected by the drying and flooding algorithm and, therefore, deviate from realistic 160 

water depths.  161 

In post-processing of the numerical results from GETM, the local SLH pattern was determined 162 

from the total water depth, D, and the height of the bathymetry. At locations where the local 163 

water depth, D, was below the critical depth Dcrit = 0.26 m, the SLH was disregarded and a more 164 

realistic value for the local SLH was determined by solving an elliptic PDE (Laplacian or 165 

Poisson’s equation) on the SLHs surrounding the gap. This method leads to smooth SLH patterns 166 
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including the tidal salt marsh areas close to the Dutch mainland. Artifacts are only observed near 167 

the eastern (open) boundary of the numerical domain, where the local water depth is small and 168 

‘pools’ of water occur, trapping water at low tide. However, this area is not considered in the 169 

current paper. The critical depth in this numerical setup is sufficiently low that most of the 170 

interpolated SLHs eventually attain a value below the local bathymetry and hence are regarded 171 

as ‘dry’.  172 

  173 

With the GETM method the advantages and disadvantages are exactly opposite to those of the 174 

TRIA method; the advantages are that this method takes into account the highly non-linear 175 

behavior of the tidal wave in shallow areas, but it is computationally costly and needs accurate 176 

forcing conditions for the period of interest. Moreover, the thin flooding and drying approach 177 

introduces an uncertainty in defining “exposure”. 178 

3. RESULTS 179 

3.1 Comparison of bathymetries 180 

Exposure and/or immersion follow from the subtraction of the bathymetry from the Sea Level 181 

Height (SLH). Thus, besides the SLH itself, differences in the bathymetry may lead to 182 

differences in exposure time. The bathymetries used were both based on the sounding data 183 

(RWS), but in some areas (particularly in the eastern part) different years have been used. 184 

Moreover, additional processing was applied for the cycle 5 bathymetry [13] to fill in missing 185 

data and improve connections between areas in which the data was collected in different years. 186 

We tested the compatibility of both sets. First, the cycle 5 data and the original sounding data 187 

were compared, both at a resolution of 20x20 m. Large differences exist between these data 188 

(Figure 2 top panel), but careful examination of the results show that these were merely related 189 

to a shift in the underlying grid, which led to the misalignment of gullies and tidal flats and 190 
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introduced large differences in areas with strong gradients in the bathymetry. The smallest 191 

difference between the data was obtained by shifting the grid of the cycle 5 data with (dx,dy)=(-192 

10,-10) m (i.e. the bathymetry was shifted 10 m to the west and 10 m to the south and lower 193 

panel of Figure 2). However, that does not give an answer to which of the underlying grids was 194 

wrong. In any case, a mere shift of the grid does not influence the exposure times since the 195 

distance between the underlying grids is negligible compared to tidal wavelengths.  196 

 197 

After shifting the grid, the large differences between both bathymetries at locations with strong 198 

gradients in the bathymetry cease to exist, and in 38% of the grid points, of which the 199 

bathymetry was unknown or marked as land, the difference was exactly zero. Large differences 200 

occur only in the Amelander Zeegat (tidal inlet between Terschelling and Ameland), and in the 201 

Friesche Zeegat (tidal inlet between Ameland and Schiermonnikoog). At both locations, the 202 

bathymetry changes significantly from year to year [16] especially at the outer delta. Therefore 203 

the differences were likely related to the bathymetry being from different years. The same holds 204 

for the Ems estuary, which also has a very dynamic bathymetry. In the rest of the Wadden Sea, 205 

the difference between the bathymetries was small and the overall mean absolute difference was 206 

0.11 m. The accuracy of the soundings was estimated to be between 0.11 and 0.40 m [13, 17, 207 

18], suggesting that the mean difference between the bathymetries falls within the error margin. 208 

Moreover, the focus of this study was not on the exposure time at the inlets, nor in the Ems-209 

Dollard, which was not even included in the simulation with GETM, but on the intertidal flats 210 

inside the Wadden Sea, where differences are negligible.  211 

3.2. Comparison of the exposure times between the individual methods 212 

In the TRIA method, the SLH at all locations inside each triangle was determined by the 213 

triangulation of the sea level height at the corners of that particular triangle. This means that the 214 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

 

SLH can also be lower than the local height of the bathymetry; in the TRIA method these 215 

locations are marked “dry”. The simulated Sea Level Height (SLH) in GETM can never be lower 216 

than the local bathymetry due to the thin layer flooding and drying algorithm. In post-processing, 217 

the local water depth D (m) based on the SLH and the height of the bathymetry, was determined 218 

for each grid point every half hour. At locations where the local water depth D was below the 219 

critical depth Dcrit = 0.26 m, the SLH was found by interpolation as explained in Section 3.2. 220 

Again, wherever the interpolated SLH was below the local height of the bathymetry, the point 221 

was marked dry.  222 

 223 

The (relative) exposure time is defined as the percentage of the time that the SLH at a particular 224 

location is below the local height of the bathymetry divided by the total time. Thus, a location 225 

with a relative exposure time of 0% is never exposed and of 100% is always exposed.  226 

 227 

Because it was computationally too expensive to perform the calculation for the entire three year 228 

period, the exposure time was calculated with both the TRIA and GETM method for one 229 

arbitrarily chosen month (April 2009). The results in Figure 3 show large differences between 230 

both methods. The TRIA method predicts longer exposure times than GETM of about 2-3% over 231 

the watersheds in the eastern part of the Dutch Wadden Sea (yellow and orange), and over 10% 232 

shorter exposure times at the edge of the salt marsh just north of the Dutch mainland and over the 233 

watersheds in the western part of the Dutch Wadden Sea (deep blue). 234 

 235 

Part of the discrepancies between the TRIA and GETM methods was related to small differences 236 

at the tidal gauge stations between the observed SLH and the SLH simulated using GETM. The 237 
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Root-Mean-Square Error (RMSE) of the simulated as compared with the observed SLH varies 238 

between 0.08 and 0.23 m (Figure 4). The RMS Error is defined as: 239 

         
                

  
   

  
        (1) 240 

with        the SLH observed at the tidal gauge station and       the SLH from the simulation 241 

with GETM or derived with the TRIA method at the i
th 

grid point for all discrete times t, from 1 242 

to Nt. The RMSEs were small at all locations in the North Sea (nrs. 15, 12, 1, 2 and 8) or close to 243 

a wide tidal channel (nrs. 3, 4, 7, 5 and 6). The tidal characteristics were also compared in [15]. 244 

This comparison showed good agreement for the semi-diurnal lunar M2 tidal component: the 245 

error in the amplitude was 12% at maximum and the phase error less than 20 minutes. Duran-246 

Matute et al. (2014) also found that the largest errors occur in the Eastern part of the Dutch 247 

Wadden Sea (nrs. 11, 13 and 14; bottom panels in Figure 4). There, tidal gauge stations are 248 

mainly located in or near small channels, which may not be properly resolved in the simulation 249 

with GETM at a resolution of 200 m. Such errors in the simulated SLH are likely to occur in 250 

(shallow) areas in the vicinity of the latter tidal gauge stations and may lead to a significant bias 251 

in the estimated exposure time based on these values. 252 

3.3. Comparison of the two methods using simulated SLHs with GETM in TRIA 253 

Even though the GETM model simulates the SLH very well as demonstrated in [15], still small 254 

errors in the simulated SLH (as shown in Figure 4) may lead to significant differences in the 255 

exposure time. In the comparison between the two methods, TRIA and GETM, we wish to avoid 256 

any contribution from differences between observed and simulated SLH at the locations of the 257 

tidal gauge stations. Therefore, we now apply the TRIA method using simulated SLH at the tide 258 

gauges instead of the observed SLH. Differences elsewhere in the basin can then no longer be 259 

associated with small errors in the GETM simulated SLH at the tidal gauge stations. 260 
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 261 

This approach may seem rather straightforward, but some of the tidal gauge stations were located 262 

in grid-points in the GETM model that were marked as land, such as stations 5 and 9 (see Figure 263 

4), or fall dry (100% exposure) following the post-processing. The latter may occur as the local 264 

bathymetry in the GETM model at 200 m resolution was significantly altered due to area-265 

averaging and smoothing. At such locations, the actual local bathymetry is deeper than the 266 

averaged and smoothed bathymetry used in the model. The TRIA method cannot be applied to 267 

land or “dry” locations, because there the SLH is simply not (always) known. Hence, the grid 268 

point nearest to each of the tidal gauge stations, which was submerged throughout the entire 269 

simulation period after post-processing, was used instead. The stations Eemshaven, Delfszijl and 270 

Nieuwstatenzijl (nrs. 16, 17 and 18 in Figure 1) were outside of the model domain used in [15]. 271 

The distance to the nearest continuously submerged gridpoint of the station at Eemshaven was 20 272 

km to the northwest; for the purpose of this exercise, this location was assumed to be a ‘tidal 273 

gauge station’ (red dot nr 16 in the far right in Figure 5).  274 

 275 

The RMS Deviation (RMSD) between the simulated (GETM) and the interpolated SLH (TRIA) 276 

was calculated for the month of April 2009 from 277 

         
                

  
   

  
        (2) 278 

The similarity with equation (1) is obvious. However, here,        was the SLH determined by 279 

TRIA and       was the SLH from the GETM at the i
th 

grid point for all discrete times t, from 1 280 

to Nt. Note that in both methods, the SLH was set to the local depth of the bathymetry when 281 

exposed (‘dry’). This ensures that the difference between the methods becomes zero when they 282 

both predict that a location falls dry.  283 
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 284 

 285 

Figure 5 shows that RMSDs are small in deeper areas, which are predominantly in the western 286 

part of the Dutch Wadden Sea, e.g. in triangles (4,5,10), (6,7,10) as well as in the tidal channels 287 

connecting the inner parts of the Wadden Sea to the inlets. RMSDs are much larger in some 288 

areas of the North Sea, resulting from extrapolation of the tidal gauges stations; these areas, 289 

however, are never exposed and therefor irrelevant for this study. In these deep parts, the tidal 290 

wave approximately behaves linearly and thus a linear interpolation, such as TRIA, works well. 291 

The largest RMS deviations occur in the Balgzand area (south of the line connecting station 3 292 

and 5), on the tidal watersheds south of Vlieland (south of station 6) and in the eastern part of the 293 

Dutch Wadden Sea, where the local bathymetry becomes increasingly shallow. On these 294 

watersheds and the tidal flat, the TRIA method leads to a lower SLH than the ones simulated 295 

with GETM (see Figure 5). Two possible causes can be envisioned. First of all, watersheds are 296 

located where the tidal waves entering from two neighboring inlets meet, leading to a setup 297 

locally over the watershed. Secondly, if a phase difference was present between the three points 298 

that form the triangle in the TRIA method, this leads to an artificial reduction of the amplitude of 299 

the SLH. This occurs if points within a triangle were placed on either side of a tidal watershed, 300 

such as triangles numbered (4,6,10), (7,10,11), (10,11,13) and especially (13,14,16) & 301 

(14,15,16). To accommodate these phase differences in the triangulation of Intertides [11], 302 

Rappoldt first synchronized the signals according to the average of the lunitidal interval for high 303 

and low water or the phase of M2 tide before interpolation. In TRIA, however, we did not apply 304 

this ad-hoc synchronization. 305 

Besides the maximum SLH, other differences can be observed between the SLH estimated with 306 

the GETM and the TRIA method (Figure 6). During spring tides (Figure 6a), the GETM method 307 
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suggests that the tidal watershed is never exposed, whereas the TRIA method indicates exposure 308 

of about one third of the time. During neap tide (Figure 6b), the GETM method also shows some 309 

periods of exposure, but less than the TRIA method. Moreover, a time-lag exists between the 310 

time-series, with GETM lagging TRIA with about an hour. This time-lag does not affect the 311 

relative exposure; only the exact timing of the exposure is different by about an hour. Finally, the 312 

SLH derived from the GETM simulation shows a much stronger asymmetry between the rising 313 

and the falling tides that the SLH derived with the TRIA method. The stronger asymmetry in the 314 

GETM simulation is not just related to the way drying is modelled, because the asymmetric part 315 

is not limited to periods when the local water depth is less than the critical depth of 0.26 m 316 

(dashed line). Hence, the largest differences between the GETM simulation and the TRIA 317 

method occur during the falling phase of the tide and especially when the water height is very 318 

small and approaching zero. 319 

4. OPTIMIZATION BY ADDING ARTIFICIAL TIDAL GAUGES 320 

From the analysis above, it can clearly be deduced that the TRIA method shows strong 321 

deviations (up to more than 60 cm in the eastern Wadden Sea) from the GETM model simulation 322 

at the watersheds. Nonetheless, the method is appealing in principle because it uses in-situ 323 

observations at the tidal gauge stations, which have a high accuracy and high temporal 324 

resolution. Hence, we take it one step further and investigate what the effect would be of placing 325 

additional tidal gauge stations in the Wadden Sea to improve the results with the TRIA method 326 

with respect to the GETM simulation. Two questions were addressed: (i) where should the tidal 327 

gauge station(s) be placed to get an optimal reduction of the RMS deviation between the TRIA 328 

and GETM method and (ii) how many stations need to be placed to reduce the area averaged 329 

RMS deviation below a certain value. These questions can be viewed as an optimization problem 330 

with the constraint that virtual tidal gauge stations can only be placed at locations that were 331 
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submerged throughout the simulation time (being April 2009). This constraint optimization 332 

problem was solved using a genetic algorithm from MATLAB (www.mathworks.com), which is 333 

based on a natural selection process that mimics biological evolution. In successive steps, the 334 

algorithm modifies a population of individual solutions by randomly selecting individuals from 335 

the current population and uses them as parents to produce children for the next generation. The 336 

population then evolves towards the optimal solution after several generations. The starting 337 

population consists of all locations that are submerged throughout the month of April 2009 338 

(except for the corners of the triangle), being 3815 individuals.  339 

 340 

Figure 7 shows the distribution of the RMS deviation for the triangle formed by the stations 341 

Harlingen (number 10 in the South), West-Terschelling (number 7 in the North-West) and Nes 342 

(number 11 in the North-East). Hence, it is a zoom of the ‘central’ triangle in Figure 5. The 343 

largest RMS deviations were again found at the tidal watersheds.  344 

The mean RMS Deviation (RMSD) was 0.14 m and was defined as: 345 

              
       

   

 
    ,         (3) 346 

where M is total number of grid points in the domain and P the total number of tidal gauge 347 

stations, e.g. 3 (Harlingen, West-Terschelling and Nes) plus the virtual gauge stations, since P is 348 

small compared to M, it was neglected. For this particular triangle, we seek the optimal location 349 

for the virtual tidal gauge stations. As a first approach, the additional tidal gauge station was 350 

placed at the location where the error was maximum, which was (x, y) = (167, 593) km; this led 351 

to a reduction of the mean RMS deviation from 0.14 m to 0.12 m (-19%). The optimal location 352 

for placing a tidal gauge, however, was further to the Southwest of this location at (x, y) = 353 

(161,584) km and led to a mean RMS deviation of 0.11 m (i.e. 20% less than the difference 354 

within a situation without this additional station).  355 
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Adding two tidal gauge stations at their optimal location simultaneously would result in a mean 356 

RMS deviation of 0.10 m (-29%). It must be noted that neither of the locations at (x, y) = (156, 357 

598) and (x, y) = (167, 593) km of these two virtual tidal gauges was anywhere near the optimal 358 

location in the case if only one extra tidal gauge station was added. An almost linear decline 359 

exists between the mean RMS and the number of stations added simultaneously (Figure 8). 360 

Halving the RMS deviation between TRIA and GETM requires 6 additional stations in the 361 

triangle formed by Harlingen (10), West-Terschelling (7) and Nes (11) in a configuration as 362 

shown in Figure 7e. Optimal locations for additional stations to reduce mean RMS deviation 363 

depend on the number of stations and cannot be directly deduced from spatial patterns in RMS 364 

deviations. However, it should be noted that the optimal location of the virtual stations is such 365 

that the edges of the triangles are aligned with the channels (Figure 7f). This makes sense, as the 366 

SLH would behave almost linearly in these deep channels and therefore best captured by the 367 

TRIA method in this configuration. It can be concluded that a linear interpolation between sea 368 

level heights at tidal gauges as applied by the TRIA method in principle can provide similar 369 

results as the GETM method by adding tidal gauge stations in the Wadden Sea. 370 

5. THE HYBRID METHOD 371 

Variations in Sea Level Height (SLH) in the Wadden Sea are the result of astronomical and 372 

shallow-water tides as well as wind-driven set-ups or set-downs. Apart from long-period 373 

variations (such as the 18.6 nodal cycle), the tidal characteristics, i.e. amplitude and phase of 374 

each constituent, are fairly constant from year-to-year. In contrast, the wind effects are not 375 

predictable on those time scales. Hence, one can expect that a model from 2009-2011, say, also 376 

applies to other years as far as the tides are concerned, but of course not for the wind-related 377 

variations. Here, we propose an approach to estimate exposure times in which the two methods 378 
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discussed so far were combined to make use of their advantages without suffering from their 379 

shortcomings, the so-called HYBRID model.  380 

 381 

Using the simulation with the GETM model, a great number of tidal gauges was added at which 382 

the tide can be predicted. The wind set-ups and set-downs (including storm surges, generated 383 

further away on the North Sea) were extracted from the in-situ observations of the SLH at the 384 

tidal gauges. It seems plausible that the interpolation of the wind set-ups and set-downs between 385 

the tidal gauges must produce a fairly reliable result since these are large-scale phenomena, with 386 

spatial and temporal patterns of the size of the Dutch Wadden Sea [25]. Finally, adding the 387 

interpolated set-up/set-down to the tidal predicted signal leads to an estimate of the SLH at each 388 

point in the domain. One caveat is that the wind-driven and the astronomical components of SLH 389 

are not completely independent from each other since the propagation speed of the tide depends 390 

on the water depth and thus on the set-up. Although, in principle, these two SLH components 391 

cannot be simply added up, we have ignored this in this first exploration. 392 

 393 

5.1. Application of the HYBRID method to the Balgzand tidal flat area   394 

We applied a Least Squares Harmonic Analysis (LSHA) using the T_tide [19] to the three-year 395 

simulation of the post-processed SLH in the Balgzand area. From the results of the LSHA, a tidal 396 

prediction can be determined of the SLH at any moment in time as well as its long-term mean 397 

value, according to: 398 

                          
   
                           (4) 399 

Where SLH(t) was the original time-series of the post-processed Sea Level Height, SLH0 the 400 

long-term mean sea level height and ε(t) the sea level variations unrelated to the tides (e.g. setup 401 

or setdown); the summation represents the tidal prediction TP(t), in which Ai, ωi and θi are 402 
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amplitude, frequency and phase of the i
th

 tidal component. In 87% of the locations on the 403 

Balgzand, the tidal prediction (with 146 constituents) explains more than 80% of the variability 404 

and at the remaining locations it explains at least 73%. Note that, the harmonic analysis was 405 

applied to the post-processed SLH data, including the interpolated SLHs that turned out to be 406 

below the local bathymetry. This ensures that no gaps are present in the time-series data, even 407 

during times when a certain location is sometimes exposed within the 3-year time-series. This 408 

choice was made, because gaps during low tide would lead to a biased SLH0, e.g. too high, if 409 

SLHs during low water are absent from the time-series as a result of being exposed.  410 

 411 

The long-term mean sea level height, SLH0, in Figure 9 shows relatively high values of nearly 412 

0.25 m above NAP in the shallower part of the area, e.g. the water seems to be pushed onto the 413 

tidal flat. In the deeper parts, e.g. in the Marsdiep tidal inlet, the Texelstroom tidal channel and 414 

parts of the Malzwin tidal channel, the long-term mean SLH0 was close to zero. There, the non-415 

linear effects that may cause a long-term mean SLH0 were negligible.  416 

 417 

Now, the wind setup was calculated from SLH observations at the tidal gauge stations of Den 418 

Helder (3), Den Oever (5) and Oudeschild (4) (Figure 1), after extracting the tidal signal by 419 

harmonic analysis. The setup from the observations at the tidal gauge stations was subsequently 420 

interpolated to all locations on the Balgzand area using the TRIA method (SLHTRIA; m). The 421 

RMS difference between the two setups, e.g. the one derived from the harmonic analysis, ε(t), 422 

and the one derived using TRIA, SLHTRIA, is shown in Figure 10. In the region that was 423 

submerged continuously (in the Northern and Eastern part of the figure), the RMS deviation was 424 

very small, e.g. < 0.06 m. Furthermore, the maximum RMS deviation on the shallow tidal flat, 425 

being 0.15 m, was smaller than the one between the SLH themselves, which was > 0.4 m for the 426 
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same area (see Figure 5). The largest errors were observed on the Balgzand tidal flat, where the 427 

pattern of the long-term mean SLH0 seems to be reflected (compare Figure 9 and Figure 10). 428 

Especially there, an impact of an error in the estimated SLH on the exposure time can be 429 

expected.  430 

 431 

During the month of June 2012, pressure sensors were placed at several locations on the 432 

Balgzand tidal flat (Figure 11), of which the data (SLHOBS; m) will be used for further validation 433 

of the methods. Pressure sensor P10 was located in the triangle formed by the tidal gauge 434 

stations, Den Helder (DH, 3), Den Oever (DO, 5) and Oudeschild (OS, 4), whereas P03, P05 and 435 

P08 were slightly south of the line between Den Oever and Oudeschild (see also Table 1). They 436 

were placed as part of a study to the foraging behaviour of Oystercatchers [20] and used to 437 

obtain more accurate water level estimation in the Balgzand area with the triangulation method 438 

[11] by locally increasing the number of independent SLH observations in the network.  439 

 440 

The comparison between the observed SLHs at the pressure sensors and the interpolated values 441 

using the TRIA method are shown in Figure 12. Note that the grey points represent data for 442 

which the pressure gauges indicate that the SLH was above the seabed (i.e. submerged), whereas 443 

the TRIA method suggests a SLH below the bed (i.e. emerged). Two linear correlations were 444 

calculated, i.e. one in which the emerged points were taken into account (black) and one in 445 

which they were excluded (red) (Figure 12).  The comparison shows a good correlation for P10 446 

(R
2
=0.99, when emerged points were excluded), which is not surprising as it was located inside 447 

the triangle at a reasonably deep location, D = -0.65 m, and close to the Malzwin tidal channel 448 

(distance ~ 180 m, Table 1), where non-linear effects were expected to be relatively small. The 449 

method also works fine for the location of P03, although with a larger spread around the fit, 450 
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leading to a somewhat smaller R
2
 (0.93). At locations P05 and especially at P08, which are both 451 

located above Amsterdam Ordnance Datum, the SLH was significantly underestimated by 0.10 452 

and 0.20 m (black), respectively. Note that this primarily is related to taking the grey points into 453 

account in the linear fit (black); these cause a bias towards underestimating the SLH in the TRIA 454 

method. At stations P05 and P08, the observed SLHs are higher than obtained through the TRIA 455 

method. This may be related to the phase difference between Den Helder and Den Oever. 456 

However, observed high water levels at P08 were (with some exceptions) higher than either level 457 

at the Den Helder and the Den Oever tidal gauge station within the same tidal phase (Figure 13). 458 

Therefore, even if a phase adaption were implemented as proposed in [11], the (maximum) SLHs 459 

at P08 would not be reproduced satisfactorily. At location P08, the shallowest of the four (D = -460 

0.21 m), the tidal signal contains a local time-independent setup as was already indicated in 461 

Figure 9, leading to an offset between the maximum SLHs at the Den Helder and Den Oever 462 

tidal gauge stations, on the one hand, and the maximum SLH at location P08, on the other. 463 

 464 

Figure 14 shows the comparison between the observations and the combined HYBRID method. 465 

For P03, the fit was not as good as with the TRIA method and the spread at P10 was marginally 466 

larger, which could be related to the difference in observed and modelled depth, locally (Table 467 

1). At P08, some improvement can be observed, but the most significant improvement was found 468 

for location P05, where both the spread was reduced and the fit moved closer to the one-to-one 469 

line. Pressure sensors P05 and P08 were located relatively high on the intertidal flat (Table 1) 470 

and fall dry a significant amount of the time, reducing the amount of observations for making a 471 

fit.  Besides that, they were located next to a small tidal gully, south of the edge of the triangle 472 

between Den Oever and Den Helder. Both the significant distance from this line and the 473 

shallowness, which influences the progressing tidal wave significantly (frictional effects) due to 474 
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the non-linear interaction between the different tidal components, apparently cause the linear 475 

triangulation method (TRIA) to be less successful at these locations.  476 

 477 

In summary, the HYBRID method shows improvement at some locations in estimating the local 478 

SLH, but not at all locations on the Balgzand tidal flats. However, it is not clear whether the 479 

estimate of the exposure time also improves. At all locations, except P03, the estimate of the 480 

exposure time with the combined method (HYBRID) was closer to that of the observations than 481 

that using the triangulation method (TRIA, Table 1). The reason why the combined method 482 

works so poorly at station P03 may be related to the coarse resolution bathymetry used in 483 

GETM, leading to a modelled bathymetry level of D = 0.88 m at the nearest grid point (Table 1). 484 

Besides that, errors in the determination of the position and height (using GPS) of the pressure 485 

sensor may cause significant differences in the exposure time, if the “true” location was 486 

significantly different. 487 

 488 

Note that the pressure sensors were placed in and near one of the smallest triangles which 489 

covered the Wadden Sea in the triangulation method and that no watershed was crossed by this 490 

triangle. Hence, the triangulation method (TRIA) can be expected to have the most successful 491 

results there compared with other locations, such as in the central part of the Dutch Wadden Sea, 492 

where triangles cross one or more watersheds. Thus, showing an improvement with the 493 

combined method (HYBRID) for three out of four of these locations, suggest that this method 494 

might even be more promising in other parts of the Wadden Sea, which will be explored in the 495 

next section.  496 
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5.2. Application of the HYBRID method to the Dutch Wadden Sea 497 

Similar in-situ observations as those on the Balgzand area are lacking elsewhere in the Wadden 498 

Sea, except of course for the measurements at the tidal gauge stations. Therefore, in the 499 

following experiment, data at one of these tidal gauge stations was discarded in the triangulation 500 

method and reserved as ‘a record for verification’. In this experiment, we also include three 501 

stations in the North Sea (Petten, 1; Texel Noordzee, 2 and Terschelling Noordzee, 8). The tidal 502 

gauge stations marked yellow in Figure 15 (top) have one-by-one been left out from the 503 

triangulation method and were used for verification (as an example station 14 has been left out in 504 

the bottom panel of Figure 15). Only these stations were chosen, because they were located 505 

within the outer boundary formed by the triangles. Moreover, instead of the triangles defined in 506 

[11] (as in Figure 1), a Delaunay triangulation was applied. In mathematics and computational 507 

geometry, a Delaunay triangulation for a set of points in a plane was such that no point was 508 

inside the circumcircle of any triangle.  Delaunay triangulations maximize the minimum angle of 509 

all the angles of the triangles in the triangulation; they tend to avoid skinny triangles [21]. 510 

  511 

The result for each of the tidal stations that was left out is given in Table 2. The RMS deviation 512 

with the simulations (GETM) was sometimes larger than the ones derived with the triangulation 513 

method (TRIA), particularly at Schiermonnikoog. Here the local bathymetry strongly deviates 514 

from the smoothed version used in the GETM simulation and the location was also quite close to 515 

the open boundary. Overall, both methods have a similar error, as is evident from the equal mean 516 

value for the nine stations. However, the HYBRID method clearly performs much better than the 517 

previous methods, which was reflected in RMS deviation that was reduced by a factor three. 518 

Moreover, the maximum error was only 0.07 m at maximum and was found at the location called 519 

Nes (11). By using this station for verification and thus leaving it out from the triangulation, 520 
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introduced a significant ‘gap’ in the web created by the triangles covering more than one tidal 521 

watershed. 522 

6.  SUMMARY AND DISCUSSION 523 

 524 
In this study we have compared three methods to determine the exposure times of the intertidal 525 

flats in the Dutch Wadden Sea: (i) a triangulation method (TRIA) that interpolates observed Sea 526 

Level Height records from tidal gauges, (ii) a calculation based on a simulation with a 527 

hydrodynamic model (GETM), and (iii) a HYBRID method combining the previous two. The 528 

triangulation method has the advantage of being based on truly observed records from the tidal 529 

gauges, but the disadvantage of interpolating between stations that lie across watersheds in two 530 

different tidal basins, impairing the representation of tidal phase propagation. The GETM model 531 

simulation has the advantage of dynamically including differences in the phase of the tide, but 532 

still has problems inherent to the model. This includes the lack of resolution of the finer 533 

bathymetric features and the “flooding and drying”-algorithm, in which water level never really 534 

reaches zero in the model simulation, but in which the advective terms were effectively switched 535 

off below a certain threshold value.  The treatment of flooding and drying in GETM may lead to 536 

artificially high sea levels near tidal watersheds even though wetting fronts appear to be well-537 

represented in models that use this type of method [12, 22]. Compared to the outcomes of the 538 

GETM method, the TRIA method can underestimate exposure times by more than 10%, in 539 

particular near watersheds in the western part of the Dutch Wadden Sea.  540 

 541 

The virtual experiment in a subsection of the Wadden Sea demonstrates that a large number of 542 

additional tidal gauges is needed to reduce the deviation between the TRIA and GETM methods. 543 

This finding is supported by the comparison between the measurements on the Balgzand using 544 
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pressure gauges and the TRIA method, even though, one of the pressure gauges displayed higher 545 

maximum sea level heights than observations at the tidal gauge stations that were used in the 546 

TRIA method during the same tidal phase.  547 

 548 

As an alternative, we have proposed a third method (referred to as HYBRID) by combining the 549 

two first methods to capture the best of both worlds. First, we extract from the model the signal 550 

of the tide by means of a tidal harmonic analysis, at every gridpoint of the model similar as was 551 

done in the Balgzand area. Thus, we take into account the subtleties of tidal phase propagation 552 

through the channels in the different basins. Secondly, we calculate the wind-driven contribution 553 

to sea level from tide gauge records by applying a tidal harmonic analysis and extracting the 554 

residual. These meteorologically induced variations were then interpolated for every grid cell by 555 

means of triangulation. The combination of the tidal and wind induced signals, at every 556 

gridpoint, then gives the estimate of the SLH.  557 

 558 

Subsequently, we compared the performance of these three methods against records of Sea Level 559 

Height from pressure sensors on the Balgzand area. There, the HYBRID method performed 560 

better than the TRIA method at three out of four locations. The station at which the HYBRID 561 

method does not perform well shows a large difference between the observed (-0.2 m) and 562 

modelled bathymetry (-0.9 m). This difference can either be caused by errors in the GPS location 563 

of the sensor, or the smoothed bathymetry in the GETM model. Expected RMS errors in the 564 

modelled SLH are in the order of 0.1 to 0.2 m as is the case with the tidal gauge stations (see 565 

Figure 4).  566 

At the Balgzand area, however, the triangle in which the SLH is interpolated is relatively small 567 

and no watersheds were crossed. This testing area is therefore not encompassing the full 568 
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complexity as found at other locations in the Wadden Sea. As an alternative check, we predicted 569 

SLH at individual tidal gauge station (one at each time) based on the information from all the 570 

others, The result (Table 2) shows very clearly that the combined method HYBRID outperforms 571 

the other two methods. In summary: the non-linear tidal behaviour is well-represented in the tidal 572 

prediction based on the GETM simulation; the unpredictable part can be accurately determined 573 

using the TRIA method based on the in-situ observations at the tidal gauge stations and the 574 

HYBRID method is computationally efficient. In a future study, a comparison between satellite 575 

derived exposure times [23] and the ones derived with the GETM simulations, the TRIA method 576 

and the HYBRID method should be performed. 577 

 578 

As a final note, we emphasize that benthic biological processes are critically dependent on 579 

whether a location is fully emerged or if a pool of water remains during low tide (Figure 16). 580 

This implies that a highly accurate and extremely detailed bathymetry is required, e.g. by 581 

modelling subgrid-scale bathymetric features [24], to correctly estimate the exposure time at 582 

these scales. However, the HYBRID will aid to answer the major (ecological) questions as 583 

referred to in the introduction. Once regularly applied (as intended by NIOZ), we will not only 584 

be able to hindcast the emersion time but, when taking SLH predictions into account as made 585 

available by RWS, even forecast for several days ahead. Such forecasts would enable nature 586 

conservation measures, e.g. additional protection of remaining emerged tidal flats as foraging 587 

grounds for waders during predicted storm surges. In addition, the HYBRID method could even 588 

be applied in other coastal intertidal areas worldwide where accurate information on bathymetry 589 

and on SLH from gauges is available and where accurate meteorological data and boundary 590 

conditions are available to perform simulations with the GETM model. 591 

 592 
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LIST OF FIGURES 667 

 668 

Figure 1: Locations of the tidal gauge stations in the Dutch part of the Wadden Sea and the 669 

adjacent coastal zone of the North Sea. Numbers correspond to the following stations from 670 

west to east: 1) Petten Zuid; 2) Texel Noordzee; 3) Den Helder; 4) Oudeschild; 5) Den 671 

Oever; 6) Vlieland haven; 7) West-Terschelling; 8) Terschelling Noordzee 9) 672 

Kornwerderzand; 10) Harlingen; 11) Nes; 12) Wierumergronden; 13) Lauwersoog; 14) 673 

Schiermonnikoog; 15) Huibertgat; 16) Eemshaven; 17) Delfszijl; 18) Nieuwstatenzijl. 674 

Definition of the triangles as used in the triangulation method (TRIA) following [11]. The 675 

colors in the background indicate the bathymetry derived from cycle 5 [13]. 676 

 677 

Figure 2: Top: Difference between the vaklodingen taken for the years closest in time 678 

(either in the past or the future) to the years 2009-2011 of the simulation (as in [15]) and 679 

the cycle 5 data; Bottom: same as top, but for cycle5 data with shifted grid (i.e. bathymetry 680 

was shifted 10 m to the west and 10 m to the south). 681 

 682 
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Figure 3: Difference between relative exposure times (%exposureTRIA-%exposureGETM) 683 

as predicted by triangular (TRIA) and the General Estuarine Tidal Model (GETM) method as 684 

estimated for April 2009. 685 

 686 

Figure 4: Smoothed bathymetry used in the GETM simulation (colors) and cycle 5 687 

bathymetry (contours; every 2.5 m in general and 5 m for stations 3 & 4). The title of each 688 

panel indicates the station number (right) as given in Figure 1 and the RMS error (left, in 689 

m) between the observed SLH and simulated SLH with GETM for the period 2009-2011.  690 

 691 

Figure 5: Distribution of the RMS deviation in Sea Level Height (SLH; m) between the 692 

simulation with GETM and the TRIA method (i.e. The root of the sum of (SLHTRIA-SLHGETM)2 693 

per grid point divided by the number of discrete times) applied to the continuously 694 

submerged grid points nearest to the tidal gauge stations (indicated with red dots) in April 695 

2009. 696 

 697 

Figure 6: SLH estimated with the TRIA (red) and the GETM (blue) method at location 698 

(x,y)=(165,595) km, e.g. on the watershed of Terschelling. The dashed line indicates the 699 

critical water depth of 0.26 m. Panel a) shows the SLH curves at spring tide and panel b) at 700 

neap tide. 701 

 702 

Figure 7: a) RMS deviation in the triangle formed by Harlingen (10), West-Terschelling (7) 703 

and Nes (11) for April 2009. b) Same as in a) but with an additional tidal gauge located at 704 

(x, y) = (162,586) km, where the RMS deviation was maximal in panel a). c) Same as in a) 705 

but with an additional tidal gauge located in the most optimal location at (x, y) = (160,584) 706 
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km, e.g. giving the smallest mean RMS deviation. d) Same as in a) but with two tidal gauge 707 

stations added simultaneously leading to the smallest RMS deviation, being at (x, y) = (165, 708 

591) and (x, y) = (156, 599) km. Panel e) shows the optimal locations of the additional tidal 709 

gauges stations, if 6 ones are allowed and panel f) shows the same configuration of tidal 710 

gauges stations superposed on the local bathymetry, 711 

 712 

Figure 8: Mean RMS deviation determined for different amounts of additional stations 713 

placed simultaneously in the triangle formed by Harlingen (10), West-Terschelling (7) and 714 

Nes (11). The mean RMS deviation without any additional station was 0.14 m and reduces 715 

by one half after adding 6 tidal gauge stations. 716 

 717 

Figure 9: The long-term mean Sea Level Height (SLH0; m) as derived from the Least 718 

Squares Harmonic Analysis applied to the simulated SLHs with GETM in the Balgzand area 719 

for three years (2009-2011). 720 

 721 

Figure 10: Spatial distribution of the RMS deviation of the wind-driven setup (m) as 722 

derived from a Least Squares Harmonic Analysis on the simulated SLHs with the GETM 723 

method (SLHLSHA; m) and based on the SLHs observations at the tidal gauge stations with 724 

the triangular method (SLHTRIA; m) for three years (2009-2011).   725 

 726 

Figure 11: Locations of the pressure sensors, P03, P05, P08, P10 and the locations of the 727 

nearest tidal gauge stations Den Helder (DH), Den Oever (DO) and Oudeschild (OS) 728 

projected on a map of the “cycle 5” bathymetry.   729 

 730 
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Figure 12: Interpolated SLH using the TRIA method versus the observations of SLH at the 731 

pressure sensors. Dashed line is the one to one line and the drawn line was the best fit. 732 

Grey dots indicate that the estimated SLH using TRIA was below the local height of the 733 

bathymetry (hence, dry), but observations of SLH were present, e.g. the location in fact was 734 

wet. These emerged points were not taken into account in the linear fit marked red. 735 

 736 

Figure 13: Mean of the maximum Sea Level Height observed at the tidal gauge station in 737 

Den Helder and Den Oever (max SLHDO,DH; m) against the maximum SLH observed at the 738 

pressure gauges (max SLHOBS; m) for each tide in June 2012. The errorbar gives the range 739 

between the value observed at the Den Helder and Den Oever tidal gauge station. Dashed is 740 

the one-to-one line and drawn was the best linear fit. 741 

 742 

Figure 14: Same as Figure 12, but with the SLH derived from the HYBRID method on the 743 

vertical axis, e.g. a combination of the wind-driven setup using the triangulation method 744 

added to the tidal prediction derived from a LSHA on the simulation with GETM for the 745 

location of the pressure sensors (SLHHYBRID; m). 746 

  747 

Figure 15: Top: Delaunay triangulation at locations of tidal gauge stations in and near to the 748 

Wadden Sea. Stations marked with yellow dots were removed one at the time from the 749 

triangulation and subsequently used for verification of predictions based on all other 750 

stations. Bottom: Example of Delaunay triangulation where the sea level heights at one 751 

station, e.g. “Schiermonnikoog” (14; yellow dot), was used for verification and therefore left 752 

out from the triangulation. 753 

 754 
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Figure 16: Intertidal flat in the Wadden Sea south of the island of Ameland, illustrating the 755 

relationship between the presence of mussel beds and the occurrence of pools of water 756 

during low tide (Photo by J.J. Nauw).   757 

LIST OF TABLES 758 

Table 1: Exposure time at the different measurement locations indicated in Figure 11. 759 

Table 2: Mean RMS deviations (m) between observed Sea Level Height at tidal gauge 760 

stations (e.g. SLHDH; m) and SLH as predicted by the General Estuarine Tidal Model 761 

(SLHGETM; m), method, the triangulation (TRIA) method (SLHTRIA; m), and the HYBRID 762 

method (SLHHYBRID; m) combining a triangulated setup plus the tidal prediction for stations 763 

within the outer boundary formed by the triangles. 764 



 

 P03 P05 P08 P10 

Longitude 4˚ 51.38’ 4˚ 48.35’ 4˚ 38.71’ 4˚ 50.73’ 

Latitude 52˚ 56.60’ 52˚ 56.73’ 52˚ 55.33’ 52˚ 58.11’ 

RTK-dGPS Observed 

bathymetry (m NAP) 

-0.21 0.28 0.46 -0.65 

Cycle 5 bathymetry (m NAP) -0.50 0.12 0.22 -1.11 

Modelled bathymetry GETM 

(m NAP) 

-0.88 -0.04 +0.14 -2.33 

Distance to gully (m) 535±261 398±6 670±90 182±24 

Mean Height bathymetry 

cycle5 (m NAP) 

-0.95±1.08 -0.63±1.85 -0.28±1.34 -2.55±2.22 

Observations 0.37 0.57 0.66 0.16 

TRIA 0.37 0.61 0.79 0.14 

HYBRID 0.21 0.56 0.75 0.15 

 

Table(s)



Name Nr. (Fig. 1) SLHGETM SLHTRIA SLHHYBRID 

Den Helder 3 0.09 0.05 0.03 

Harlingen 10 0.15 0.21 0.06 

Kornwerderzand 9 0.13 0.11 0.05 

Nes 11 0.18 0.24 0.07 

Oudeschild 4 0.09 0.12 0.04 

Schiermonnikoog 14 0.23 0.14 0.04 

Vlieland Haven 6 0.13 0.08 0.02 

West Terschelling 7 0.11 0.18 0.04 

Wierumergronden 12 0.08 0.06 0.03 

Mean RMS deviation  0.13 0.13 0.04 
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