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1 INTRODUCTION 

On the Netherlands continental shelf an average of 
30 Mm3 of sand and gravel is extracted per year. In 
the future, the demand is likely to rise due to large 
projects, like the land reclamation project 
Maasvlakte II, and may go up to 200-2000 Mm3 over 
a period of 5 to 10 years depending on the plans 
(Hoogewoning and Boers, 2001).  

Roos et al. (2007) studied the morphological ef-
fects of large-scale sand pits for varying physical 
characteristics and pit design parameters. To allow 
for comparison between the different design parame-
ters they introduce three pit indicators, namely: de-
gree of flow contraction, pit migration and area of 
morphodynamic influence. They found that a distur-
bance of the seabed with a certain preferred length 
scale can also trigger natural dynamic morphological 
features. 

The second human activity that we investigate is 
offshore wind energy. The need for renewable en-
ergy is rising. The members of the European Union 
have commited themselves to a 21% share of renew-
able energy by the year 2010. Moreover, in 2004 the 
European Parliament has adopted a resolution that 
stresses the need of setting a mandatory target of a 
share of 20% renewable energy by the year 2020 
(European Parliament, 2004). At the moment wind 
energy is one of the few forms of renewable energy 
that can be harvested efficiently. The total wind re-
sources in the offshore area of Europe have been es-

timated at up to 3000 TWh, this is in theory suffi-
cient to supply Europe’s total current electricity 
demand (Danish_Energy_Authority, 2005). Addi-
tionally, as placing space onshore is scarce, many 
European countries are planning and realizing off-
shore wind farms. 

 

 
 
Figure 1: Overview of the southern part of the North Sea. The 
gray areas denote sand wave occurrence and the black lines 
show the locations of sand banks. Courtesy of F. van der Meer 
and B. Pérez Lapeña. 
 
 
Several sand bank systems are present in the North Sea area, 
and large parts of the seabed are covered with sand waves (see  

Figure 1). Sand banks have a wavelength between 
1 and 10 km and can have a height of several tens of 
meters (Dyer and Huntley, 1999). Sand banks can ei-
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ABSTRACT: There are many plans to utilize the North Sea environment, such as large-scale sand mining for 
large infrastructural projects and the placement of offshore wind farms. We investigated the effects of these 
activities on the North Sea seabed. To do this, we set up a GIS (Geographical Information System) containing 
data on the North Sea and embedded an idealized morphodynamic model to calculated the large-scale mor-
phodynamics due to sand mining and offshore wind farms in the GIS. The results show that sand mining and 
wind farms have a large impact on the morphodynamics of the seabed. Furthermore, the inclusion of the mor-
phodynamic models in the GIS allows a rapid calculation of the morphological effects of these activities at a 
certain location in the North Sea, thus providing a rapid assessment tool regarding the large-scale morphologi-
cal effects of sand mining and offshore wind farms.  
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ther be formed by the tide or can be remains of relict 
features which can be reworked by the tidal currents. 
Banks that are formed by the tide can be either ac-
tively maintained or moribund. Actively maintained 
sand banks are formed by the modern (late Holo-
cene) tidal regime. Moribund banks are formed dur-
ing periods of lower sea levels, they occur in deeper 
water where the present tidal current is too weak to 
form sand banks (no sediment transport occurs under 
the present tidal current) (Collins et al., 1995). The 
evolution of sand banks and sand waves can be 
modeled using idealized morphological models. The 
model investigates if wavy bed patterns are develop-
ing as free instabilities of the system. The model 
studies the behaviour of a small bottom perturbation 
evolving on a basic state consisting of a tidal flow 
(2DH) over a flat sandy seabed. Friction and Coriolis 
forces, cause a net sediment transport towards the 
crest of the bed pattern, resulting in growth of the 
bed feature. Huthnance (1982a,b) was the first to 
treat the tidal current and the erodible sand bed as a 
coupled system, and predicts a preferred initial 
growth of bed form perturbations with their crests 
turned slightly anti-clockwise with respect to the 
current direction. De Vriend (1990) extended this re-
search by including suspended sediment transport 
and the influence of wave effects. Hulscher et 
al.(1993) adapted the model by allowing for ellipti-
cal tidal currents (Huthnance used a unidirectional 
tide).  

We focused on the two activities sand mining and 
offshore wind farms because in the coming years, 
large-scale sand mining is planned in the North 
Sea(e.g. due to the expansion of the Rotterdam har-
bour, extracting 365 Mm3 sand from the seabed) and 
numerous plans exist to build large wind farms in 
the North Sea. 

To investigate the effects of these two activities 
on the North Sea seabed, we set up a GIS (Geo-
graphical Information System) containing data on 
the North Sea and embedded an idealized morpho-
dynamic model to calculate the large-scale morpho-
dynamics due to sand mining and offshore wind 
farms in the GIS. 

2 GEOGRAPHICAL INFORMATION SYSTEM 
(GIS) 

The main motivation to use a GIS (Geographical In-
formation System) is that the data can be kept in a 
data base structure, which allows easy access and 
modification. Also, the dataset has a geographical 
nature, and the GIS is especially designed to handle 
geo-referenced data and can easily transform data 
that has a different spatial reference system. The GIS 
can manage the preprocessing of the data before it 
enters the model (e.g. perform averaging operations 
etc.). 

The morphodynamic models to predict the effects 
of sand pits and wind farms on the seabed are coded 
in a Matlab environment. To be able to work with it 
in ARCGIS, a Dynamic Link Library (DLL) tech-
nique is used to convert the Matlab code to a COM 
object. This is an object that can be used by many 
coding languages. This object is imported in the 
Visual Basic script that is imbedded in the GIS to al-
low for the inclusion of a sand pit or wind farm. This 
code enables the user to draw a pit or farm with 
specified dimensions at any chosen location in the 
North Sea. The model then calculates the morpho-
logical effects of the presence of the sand pit or wind 
farm at this specific location. 

3 DATA 

Different data layers have to be imported into the 
GIS, to be able to give the morphodynamic model 
the site-specific input parameters they require. The 
quality of the results of the models depends on the 
accuracy of the data included in the GIS. When more 
accurate data becomes available, this can readily be 
imported in the GIS, thereby improving the accuracy 
of the model results. 

The data on the velocity of the M2 tidal compo-
nent (U (max. flow velocity M2 component), φ (an-
gle of max. flow with respect to the North)) is inter-
polated from a grid of points provided by the RIKZ 
(Rijksinstituut voor Kust en Zee) and is derived from 
model runs of the ZUNOWAQ model (Van Dijk and 
Plieger, 1988). The water depth (H) data was taken 
from Hulscher and Van den Brink (2001) and origi-
nated from Boon and Gerritsen (1997) and Ten 
Brummelhuis (1997). The median grain size (d50) 
distribution of the Southern North Sea was taken 
from different geographical maps (Rijks Geolo-
gische Dienst, 1984; Hydrographer of the Navy, 
1992). Additional data on d50 for the Dutch part of 
the North Sea was provided by TNO-NITG.  

4 SAND PITS 

Under current legislation, sand extraction is only al-
lowed outside the established -20 m NAP contour 
and the maximum pit depth is 2 m. For pits larger 
than 10 Mm3 or if the extraction area is larger than 5 
Mm2, an Environment Impact Assessment (EIA) is 
required. In this case a pit depth larger than 2 m is 
possible if the EIA shows that this is acceptable 
(Hommes et al., 2007). Changes that are likely to oc-
cur in large-scale sand extraction in the future are 
that several pits will be grouped together in one area, 
the pit volume exceeds 100 Mm3 and the pit depth 
may be larger than 2 m, so the surface area of the pit 
can stay smaller (Hoogewoning and Boers, 2001).  
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Figure 2: Time series of a sand pit of 2 x 3 km, depth 2m, water depth 25m, flow velocity 0.7 m/s and an angle with respect to the 
flow of 45 degrees. The time is denoted at the top of the plots (in years). The dotted line denotes the area of influence. In these plots, 
the flow direction is along the x-axis. 
 

Figure 2 shows the typical development of a 
sandpit in time. At the initial situation, the surround-
ing seabed is flat. As time goes by, a pattern of 
banks and troughs emerges around the pit, and the 
pit itself deepens and deforms.  The flow mechanism 
is as follows; when the flow reaches the pit, the 
cross pit flow decreases due to continuity, the along 
pit flow increases due to a decrease in friction, caus-
ing a deflection in the flow. The flow is influenced 
by the Coriolis force, which tends to enhance clock-
wise rotations in the North Sea. This leads to the 
forming of circulation zones in the area of the pit, 
causing a pattern of banks and troughs to appear 
(Roos and Hulscher, 2003). 

4.1 Case study: sand extraction to facilitate the 
enlargement of the Rotterdam harbour 

Maasvlakte 2 is the extension of the Rotterdam har-
bour into the North Sea. The new area will be 20 
Mm2 large and positioned next to relatively deep wa-
ter (>20m), to facilitate easy access from sea. To 
claim the land from the sea a combination of soft 
(beach and dunes) and hard (dikes) sea defenses will 
be constructed and also sand is needed to raise the 
land above sea level. The sand that is needed for the 
beach and dunes and the heightening of the site will 
mainly come from the North Sea seabed, in total re-
quiring 365 Mm3 of sediment. The sand will be ex-
tracted from an area in front of the location of the 

harbour extension, the water depth in this area varies 
from 20 to 25 m. Since the volume of extracted sand 
is very large, the developers aim to create pits with a 
larger depth than is allowed under current legisla-
tion, namely, pits with a depth up to 20 m with re-
spect to the surrounding seabed. The developers 
state that since there is very little equipment that can 
extract sand from this depth, the extraction depth in 
practice will be between a maximum of 10 to 15 m 
below the seabed (Havenbedrijf Rotterdam, 2007). 

To investigate the effects of this large-scale sand 
extraction in the North Sea, several scenarios are 
calculated. The first three scenarios (a,b and c) de-
note an elongated pit with different orientations with 
respect to the flow, the pit depth is limited to the cur-
rent restrictions of 2m. The fourth scenario (d) is one 
square pit limited to the current restrictions of 2 m 
depth, this means that the pit is almost 14 by 14 km 
wide. The fifth scenario (e) denotes a square pit with 
a deeper extraction namely, a depth of 4m. Roos et 
al.(2004) showed that the linear approximation 
works well for amplitudes (pit depth + changes in 
the seabed) up to 20% of the water depth. This 
means that the maximum pit depth that we can cal-
culate in this area is about 4 m. For pits that are 
deeper, non-linear processes can play a role and the 
results of the linear model may be inaccurate. The 
sixth scenario (f) represents the situation where four 
pits are located near each other (the centers of the 
pits are 15 km apart). 
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Figure 3: Overview of bed development after 100 years for different design options for a sand extraction volume of 365 Mm3, the 
numbers correspond to the pit numbers of  
 
 

 
 
Table 1: Overview of results for different design options for a 
sand extraction volume of 365 Mm3. 
Pit Length Width Depth Orientation # Area of infl 
 M m m º  km2 

a 20000 9125 2 0 1 224.3 
b 20000 9125 2 22.5 1 284.8 
c 20000 9125 2 90 1 215.5 
d 13509 13509 2 22.5 1 240.3 
e 9552 9552 4 22.5 1 368.6 
f 6755 6755 2 0 4 451.0 

 
 
Table 1 shows an overview of the scenario’s. Figure 
3 shows the results of the different scenarios after 
100 years. As can be seen, a deeper pit (e) has a sig-
nificantly larger effect on the surrounding seabed 
than a shallow pit (d). And if more than one pit is 
present (f), the area of influence is larger than if a 
single pit is used. The scenario that causes the small-
est effect on the surrounding seabed is the elongated 
pit placed with the long side (L) perpendicular to the 
flow (c).  
Figure 4 denotes the area of influence of a standard 
pit if site-specific parameters are used. The figure 
shows that a sand pit in front of the East Anglian 
coast (UK) has the largest morphological impact. At 
some places in this area, the area of influence is very 
high (>200 km2), this is due to the high flow veloci-
ties in this area, which have a large impact on the 
area of influence, as was also shown in the sensitiv-
ity analysis. In a large part of the North Sea, the 

value of the area of influence lies between 0 and 40 
km2, this means that the morphological impact of a 
pit in this area is rather limited. 

4.2 North Sea coverage; sand pits 

 
Figure 4: Overview of the area of influence of a standard pit (3 
x 2km wide, depth 2m, angle with respect to the flow 45°) with 
site-specific input parameters (water depth and  flow velocity). 
The black line denotes the 20 meter depth contour. 
 
 
In Figure 4, the black line denotes the 20 m depth 
contour. Since we use a linear model, the depth of 
the pit has to be small compared to the water depth. 
Under the current legislation with a maximum pit 
depth of 2 meter this condition is generally met out-
side the 20 m depth contour. Also, it is currently not 
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allowed to extract sediment from within this con-
tour.  

5 WIND FARMS 

There area many plans to build offshore wind 
farms in the North Sea environment. Advantages of 
offshore wind energy are the strong and predictable 
wind speeds, the energy generating capacity offshore 
being approximately 40% higher than onshore. Dis-
advantages are the higher costs for realizing and 
maintaining an offshore wind farm, difficulties of 
transporting the energy onshore and the unknown ef-
fects of wind farms on their environment (EWEA, 
undated). An offshore wind farm can influence the 
environment in several ways. There is the possible 
effect on birds as the presence of a wind farm can 
cause casualties because birds collide with the tur-
bines. Also, the presence of a wind farm may alter 
the course of the flight path of migration and feeding 
routes of birds. The noise and vibrations of a wind 
farm can affect the communication of sea mammals. 
By legislation, wind farm areas are closed for fishing 
activities, thus possibly creating a save haven effect, 
also the substrate that is placed as an antiscour layer 
around the piles may form a sort of artificial reef, at-
tracting other species of macrobenthos and fish. Off-
shore wind farms that are located near the shore may 
be visible from the coast, thereby changing the open 
character of the environment (Stichting de Noordzee, 
2002). Finally, the offshore wind farm may have in-
fluence on the large scale morphology.  

As it has only recently become technically possi-
ble to build wind farms in the offshore area, little re-
search has been done at the effects of offshore wind 
farms on their environment. 

5.1 Representation of a wind farm in the 
morphodynamic model 

The wind farm can be seen as a set of piles protrud-
ing from the seabed and reaching high above the wa-
ter level.  In literature, two different types of re-
search calculate the effects of the resistance of piles 
on the flow. In the first type, rods are used to adjust 
to friction in scale experiments, as the roughness is 
not scaled proportionally in models that are not full 
scale (Van den Berg and de Vries, 1979). The sec-
ond type of modeling originates from the research 
into the effects of vegetation on the flow (Copeland, 
2000; Van Velzen et al., 2002; Huthoff and Au-
gustijn, 2006).  In this chapter we will use the ap-
proach of Van Velzen et al. (2002) and adapt it for 
the piles of offshore wind turbines. 

It is complicated to fully represent all details of 
the wind farm in the morphological model. There-
fore, we aim at inclusion of the large-scale effects of 
wind farms though a local change in flow resistance 

at the location of the wind farm, which is included in 
the shallow water equations (see Figure 5).  

The flow resistance term due to a wind farm is 
determined by considering the spatial average of the 
drag force of a single wind turbine, which is given 
by: 

UUACF wtDwt

vvv

_2
1 ρ=  (Van Velzen et al., 2002), (1) 

where A (dwtH) is the area of the wind turbine nor-
mal to the flow direction, CD_wt the drag coefficient 
of a cylinder, ρ the density of seawater (1025 kg/m3) 
and U  the site-specific flow velocity. 
The drag coefficient (CD_wt) depends on the Reynolds Number, 
defined by:  

Re 
ν

wtdU
= , (2) 

in which ν is the kinematic viscosity of seawater 
(1.17·106 m2/s), dwt the diameter of a wind turbine 
and U  the site-specific flow velocity. 
 

 

 
Figure 5: Representation of the wind farm in the morphological 
model. 

 
 
To calculate the drag force per area of a complete 
wind farm, the drag force of a single turbine is mul-
tiplied by the number of wind turbines per square 
meter (N): 

2

1

G
N =  (3) 

where G is the average spacing between the turbines. 
To incorporate this frictional term in the 2DH shal-
low water equations, we depth-average the term 

wtF
v

(equation (1)) and divide it by ρ,  leading to: 

uue
G

Fwt vv

v

=
2ρ

  in which  
2

_

2G

Cd
e wtDwt=  (4) 

Expressed in terms of depth-averaged flow velocity 
(u). 

Bottom friction is represented by a widely used 
linearized expression (Zimmerman, 1982). As the 
flow resistance term is a new addition to the set of 
equations, and in the original use (Van Velzen et al., 
2002) is used in a non-linear way, we do not lin-
earize this term to keep close to the original notation. 
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As the value of the flow resistance due to the wind 
farm (e) is small, it is not expected that this has a big 

influence. 

 
Figure 6: Timeseries of a wind farm of 3 by 4 km, spacing turbines: 500m, diameter turbines: 4.5 m, flow velocity: 0.7 m/s, water 
depth: 30 m, median grain size: 200 µm and an angle with respect to the flow of 45°. The white line denotes the shape of the wind 
farm and the black dashed line shows the area of influence. The time that has elapsed is noted at the top of the plots. 
 

5.2 Seabed evolution due to wind farms 

Figure 6 shows the development of the seabed due to 
a wind farm in time. At 0 years, just after the con-
struction, the surrounding seabed is flat. As time 
goes by, a pattern of banks and troughs emerges 
around the farm. This pattern is caused by the fact 
that the flow is diverted due to the increased flow 
friction at the wind farm. As a result of this flow di-
version, the seabed starts to rise at the center of the 
wind farm.  The deflected flow is influenced by the 
Coriolis force, thereby causing a net imbalance over 
a tidal cycle and thus a net flow, causing the emerg-
ing bed features to grow. (Zimmerman, 1981; Roos 
and Hulscher, 2003) Several of these circulation 
cells may form and the number of cells that evolve is 
dependent on the characteristics of the wind farm. 

5.3 Two cases; Humber Gateway and Q7 wind farm 

By implementing the model in a GIS environment, 
the model allows us to calculate the effects of a wind 
farm using site-specific input parameters.  

We selected two cases to calculate the effect of a 
wind farm on the seabed. These cases are listed in 
Table 2.  

In Figure 7, the morphological effects of the 
Humber wind farm and the Q7 wind farm after 100 
year are shown. We observe that the effects of the 
wind farm located off the coast of IJmuiden (Q7) (Ai 

farm: 13.5 km2) are much smaller than the effects of 
the Humber wind farm (Ai farm: 191,1 km2). The 

morphological development is much faster for the 
Humber wind farm than for the Q7 wind farm. 
 
Table 2: Overview of local parameters of the wind farms Hum-
ber Gateway and Q7. 
Name Humber Gateway Q7 
location Mouth of the Humber (UK) IJmuiden (NL) 
#turbines 70(G=700 m) 60(G=500 m) 
L (km) 7.5 4.5 
B (km) 4.5 3 
u (m/s) 0.86 0.58 
d50 (µm) 750 375 
H (m) 25 21 
Theta (°) 25 150 
dwt (m) 4.5 4.5 
CD_wt 0.64 0.53 

 
 

 

 
Figure 7: Seabed change in meter due to the Humber wind farm 
(left) and the Q7 wind farm (right) after 100 year. The values 
above the plot denote the lowest point of the seabed (min) and 
the highest bed elevation (max). The  gray line denotes the 
wind farm and the black dashed line shows the area of influ-
ence. 
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5.4 North Sea overview; wind farms 

Figure 8 shows the area of influence of a wind farm 
when site-specific parameters are used. As can be 
seen, in front of the East Anglian coast (UK) the area 
of influence of a wind farm is much larger than in 
the rest of the Southern North Sea, which shows that 
the morphological impact due to a wind farm is 
much larger in this area. 
 

 
Figure 8: Overview of the area of influence of a wind farm (4.5 
x 3 km, spacing 500 m diameter of the turbines 4.5 m, an angle 
with respect to the flow of 45 °) after 100 year. With locally de-
fined input parameters (water depth, flow velocity and grain 
size). The black line denotes the -20 m NAP contour. 

6 DISCUSSION 

Since we implemented an idealized morphodynamic 
model in the GIS environment, only a limited num-
ber of hydrodynamic and sediment transport proc-
esses are included in the model (e.g. wave influence 
is not included). 

In the models only bed load sediment transport is 
considered. Suspended sediment transport may alter 
the patterns that emerge around a disturbance due to 
the relaxation time of the sediment. Since we focus 
on offshore conditions, we assume that the bed load 
transport will be the dominant mode of sediment 
transport. 

In the model the M2 tidal flow is represented by 
an alternating symmetrical uniform flow (block 
flow). Huthnance (1982a) showed that the block 
flow gives qualitatively similar results to an sinusoi-
dal M2-tidal forcing. Since the flow is modeled 
flowing in one direction at the maximum speed of 
the observed M2 flow velocity one half of the tidal 
cycle and in the reverse direction the other half of 
the cycle, the flow velocity may be over estimated. 
And since the sediment transport is linked in a non-
linear (increasing) way to the flow velocity, also the 
sediment transport may be overestimated. This 
means that in reality the morphological development 
may be slower than predicted.  However, Latteux 
(1995) introduced the morphological tide. Due to the 

non-linearity between the flow velocity and the 
sediment transport, the spring-neap cycle and other 
long term cycles may have a relative large influence 
on the morphological development. The morpho-
logical tide represents the complex tide with many 
components by a single representative tide which 
may be 6 to 20% higher than the mean tidal range. 
This would mean that the sediment transport due to 
the alternating block flow gives results that resemble 
the actual sediment transport rates. As we imple-
mented a symmetrical block flow, no residual cur-
rent is present, which implies that the model predicts 
no migration of the emerging bed patterns. 

The boundaries of the model are set infinitely far 
away, thus applying to offshore conditions. There-
fore, the model cannot predict the possible effects of 
human influences on the coast. 

Since we used a linear morphodynamic model to 
predict the effects of human activities on the North 
Sea seabed. This means that only the initial interac-
tion between the bed and the flow is taken into ac-
count. Therefore, we can only study the effect of 
human activities for small bed amplitudes (up to 
20% of the water depth (Roos and Hulscher, 2007)). 
If the bed perturbations grow larger, non-linear proc-
esses cannot be neglected anymore. Because the 
model is linear, no predictions can be made about 
the equilibrium state of the seabed. 

The models assume a flat bed in the initial situa-
tion, this means that large-scale bed forms that are 
initially present on the seabed (sand banks, sand 
waves and shore-face connected ridges) are not ex-
plicitly taken into account. The grid of the data layer 
of depth in the southern part of the North Sea is 
quite coarse so these features also do not show up in 
the data. It is important to note however, that the 
morphological behaviour of a sand pit or wind farm 
may change due to interaction with the surrounding 
bed features as is shown by De Swart and Calvete 
(2003) and Roos and Hulscher (2007). 

If the seabed at a certain location is not sensitive 
to sand bank instabilities (Hulscher et al., 1993), it is 
not likely that the 2DH model underlying the sand 
pit and wind farm development will be active. In the 
gray areas, the model that predicts the occurrence of 
sand banks in the North Sea (Figure 4 and Figure 8), 
does not predict the occurrence of sand banks. Since 
the models that predict the effects of human influ-
ences are based on the model that describes the evo-
lution of sand banks, this implies that when no sand 
banks are predicted, the (2DH) flow conditions that 
determine sand bank evolution and thus the morpho-
dynamics due to human activities are not present in 
that part of the North Sea. This means that at those 
locations no morphological development is expected 
and therefore the area of influence is zero.  

As measurements of large-scale offshore sand ex-
traction and offshore wind farms are not available at 
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the moment, it is difficult to validate the models that 
predict the effects of human activities. 

7 CONCLUSIONS 

The results show that sand mining and wind farms 
have a large impact on the morphodynamics of the 
seabed. Furthermore, the inclusion of the morphody-
namic models in the GIS allows a rapid calculation 
of the morphological effects of these activities at a 
certain location in the North Sea, thus providing a 
rapid assessment tool regarding the large-scale mor-
phological effects of sand mining and offshore wind 
farms. Also, the GIS and the connected models form 
a flexible system that can be updated with new data 
sources and other models if these become available. 
These properties make the system both generic as 
flexible as it allows the use of the system when new 
data or models become available. 
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