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ABSTRACT: There are many plans to utilize the North Sea enwmrent,suct as large-scale sand mining fc
large infrastructural projects and the placementftdhore wind farms. We investigated the effedtshese
activities on the North Sea seabed. To do thissetaip a GIS (Geographical Information System) aioing
data on the North Sea and embedded an idealizeghaaynamic model to calculated the large-scale mor-
phodynamics due to sand mining and offshore winch$ain the GIS. The results show that sand minimdy a
wind farms have a large impact on the morphodynamiche seabed. Furthermore, the inclusion ofribe
phodynamic models in the GIS allows a rapid catouaof the morphological effects of these actastiat a
certain location in the North Sea, thus providinggid assessment tool regarding the large-scatphotogi-

cal effects of sand mining and offshore wind farms.

1 INTRODUCTION timated at up to 3000 TWh, this is in theory suffi-
cient to supply Europe’s total current electricity

On the Netherlands continental shelf an average alemand (Danish_Energy_ Authority, 2005). Addi-

30 Mn? of sand and gravel is extracted per year. Irionally, as placing space onshore is scarce, many

the future, the demand is likely to rise due t@éar European countries are planning and realizing off-

projects, like the land reclamation projectshore wind farms.

Maasvlakte I, and may go up to 200-2000 f/ower

a period of 5 to 10 years depending on the plans s -
(Hoogewoning and Boers, 2001). c =R 7 =

Roos et al. (2007) studied the morphological ef- NN\ WAL G
fects of large-scale sand pits for varying physical G R TR L

characteristics and pit design parameters. To allow W Al Lt Y

for comparison between the different design parame- £ o A

ters they introduce three pit indicators, nameb: d /

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 morpholdgica

features. !
The second human activity that we investigate is om0 _wo o

offshore wind energy. The need for renewable en- '

ergy is rising. The members of the European Uniofigure 1: Overview of the southern part of the KdBea. The

have commited themselves to a 21% share of renewray areas denote sand wave occurrence and the lias

able energy by the year 2010. Moreover, in 2004 thehow the,locations~of sand banks. Courtesy of k.dex Meer

European Parliament has adopted a resolution th3gd B- Pérez Lapefia.

stresses the need of setting a mandatory targat of

share of 20% renewable energy by the year 2028cyeral sand bank systems are present in the eaharea,

(European Parliament, 2004). At the moment windind large parts of the seabed are covered with\sanes (see

energy is one of the few forms of renewable energy Figure 1). Sand banks have a wavelength between

that can be harvested efficiently. The total wied r 1 and 10 km and can have a height of several tens o

sources in the offshore area of Europe have been aseters (Dyer and Huntley, 1999). Sand banks can ei-
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ther be formed by the tide or can be remains adtrel ~ The morphodynamic models to predict the effects
features which can be reworked by the tidal custent of sand pits and wind farms on the seabed are coded
Banks that are formed by the tide can be either ach a Matlab environment. To be able to work with it
tively maintained or moribund. Actively maintained in ARCGIS, a Dynamic Link Library (DLL) tech-
sand banks are formed by the modern (late Holomique is used to convert the Matlab code to a COM
cene) tidal regime. Moribund banks are formed durebject. This is an object that can be used by many
ing periods of lower sea levels, they occur in @eep coding languages. This object is imported in the
water where the present tidal current is too weak tVisual Basic script that is imbedded in the Gl&lto
form sand banks (no sediment transport occurs undéw for the inclusion of a sand pit or wind farmhig
the present tidal current) (Collins et al., 199B)e code enables the user to draw a pit or farm with
evolution of sand banks and sand waves can k&pecified dimensions at any chosen location in the
modeled using idealized morphological models. ThéNorth Sea. The model then calculates the morpho-
model investigates if wavy bed patterns are develodogical effects of the presence of the sand pwiod
ing as free instabilities of the system. The modefarm at this specific location.
studies the behaviour of a small bottom perturipatio
evolving on a basic state consisting of a tidawflo
(2DH) over a flat sandy seabed. Friction and Cawiol 3 DATA
forces, cause a net sediment transport towards the
crest of the bed pattern, resulting in growth of th Different data layers have to be imported into the
bed feature. Huthnance (1982a,b) was the first t&IS, to be able to give the morphodynamic model
treat the tidal current and the erodible sand Ised a the site-specific input parameters they requiree Th
coupled system, and predicts a preferred initiauality of the results of the models depends on the
growth of bed form perturbations with their crestsaccuracy of the data included in the GIS. When more
turned slightly anti-clockwise with respect to theaccurate data becomes available, this can readily b
current direction. De Vriend (1990) extended tleis r imported in the GIS, thereby improving the accuracy
search by including suspended sediment transpoaof the model results.
and the influence of wave effects. Hulscher et The data on the velocity of the M2 tidal compo-
al.(1993) adapted the model by allowing for ellipti nent (U (max. flow velocity M2 component),(an-
cal tidal currents (Huthnance used a unidirectionagle of max. flow with respect to the North)) isent
tide). polated from a grid of points provided by the RIKZ
We focused on the two activities sand mining andRijksinstituut voor Kust en Zee) and is deriveonir
offshore wind farms because in the coming yeargnodel runs of the ZUNOWAQ model (Van Dijk and
large-scale sand mining is planned in the NortlPlieger, 1988). The water depth (H) data was taken
Sea(e.g. due to the expansion of the Rotterdam harom Hulscher and Van den Brink (2001) and origi-
bour, extracting 365 Mmsand from the seabed) and nated from Boon and Gerritsen (1997) and Ten
numerous plans exist to build large wind farms inBrummelhuis (1997). The median grain sizeg(d
the North Sea. distribution of the Southern North Sea was taken
To investigate the effects of these two activitiesfrom different geographical maps (Rijks Geolo-
on the North Sea seabed, we set up a GIS (Gegische Dienst, 1984; Hydrographer of the Navy,
graphical Information System) containing data onl992). Additional data onsgl for the Dutch part of
the North Sea and embedded an idealized morphthe North Sea was provided by TNO-NITG.
dynamic model to calculate the large-scale morpho-
dynamics due to sand mining and offshore wind
farms in the GIS. 4 SAND PITS

Under current legislation, sand extraction is aadly

2 GEOGRAPHICAL INFORMATION SYSTEM lowed outside the established -20 m NAP contour
(GIS) and the maximum pit depth is 2 m. For pits larger

than 10 M or if the extraction area is larger than 5
The main motivation to use a GIS (Geographical InMm?, an Environment Impact Assessment (EIA) is
formation System) is that the data can be kept in eequired. In this case a pit depth larger than B m
data base structure, which allows easy access apdssible if the EIA shows that this is acceptable
modification. Also, the dataset has a geographicgHommes et al., 2007). Changes that are likelycto o
nature, and the GIS is especially designed to leandtur in large-scale sand extraction in the future ar
geo-referenced data and can easily transform dathat several pits will be grouped together in oreaa
that has a different spatial reference system.@l$e the pit volume exceeds 100 Mmnd the pit depth
can manage the preprocessing of the data beforentay be larger than 2 m, so the surface area gfithe
enters the model (e.g. perform averaging operationsan stay smaller (Hoogewoning and Boers, 2001).
etc.).

30¢



Marine and River Dune Dynamics - 1-3 April 2008 - Leeds, United Kingdom

0yr 50 yr 100 yr
10 0.5 10 05 10 05
0 0 0
3 05 B 05 5 S 05
a -
1 e 1 1
£ o @ E o & g o
15 v 15 / / 15
5 £ 5 = 5 =
25 25 25
10 3 -10 3 10 3
10 0 10 -10 0 10 10 0 10
km km km
150 yr 200 yr 250 yr
10 05 10 0.5 10 05
0 0 0
5 5 — 5 =
= 0.5 = -0.5 N  — -0.5
//)/ N § // /)/ ) 1 J // ) )
g o 4 e o A Y =
. 4 -1.5 o> © 15 — — — 15
~_ / 2 -/ 2 N J 2
5 5 = 5 =7
25 25 25
-10 -3 -10 -3 -10 3
-10 0 10 10 0 10 -10 0 10
km km km

Figure 2: Time series of a sand pit of 2 x 3 knptde2m, water depth 25m, flow velocity 0.7 m/s amdangle with respect to the
flow of 45 degrees. The time is denoted at theofaipe plots (in years). The dotted line denotesatea of influence. In these plots,
the flow direction is along the x-axis.

Figure 2 shows the typical development of aharbour extension, the water depth in this aregesar
sandpit in time. At the initial situation, the sound-  from 20 to 25 m. Since the volume of extracted sand
ing seabed is flat. As time goes by, a pattern ofs very large, the developers aim to create pith @i
banks and troughs emerges around the pit, and tha&rger depth than is allowed under current legisla-
pit itself deepens and deforms. The flow mechanisrtion, namely, pits with a depth up to 20 m with re-
is as follows; when the flow reaches the pit, thespect to the surrounding seabed. The developers
cross pit flow decreases due to continuity, the@lo state that since there is very little equipment tzen
pit flow increases due to a decrease in fricti@use  extract sand from this depth, the extraction depth
ing a deflection in the flow. The flow is influerdte practice will be between a maximum of 10 to 15 m
by the Coriolis force, which tends to enhance clockbelow the seabed (Havenbedrijf Rotterdam, 2007).
wise rotations in the North Sea. This leads to the To investigate the effects of this large-scale sand
forming of circulation zones in the area of the pit extraction in the North Sea, several scenarios are
causing a pattern of banks and troughs to appearlculated. The first three scenarios (a,b andee) d
(Roos and Hulscher, 2003). note an elongated pit with different orientationghw
respect to the flow, the pit depth is limited te tur-
rent restrictions of 2m. The fourth scenario (e
square pit limited to the current restrictions o2
depth, this means that the pit is almost 14 by 4 k
Maasvlakte 2 is the extension of the Rotterdam hawide. The fifth scenario (e) denotes a square it w
bour into the North Sea. The new area will be 2@ deeper extraction namely, a depth of 4m. Roos et
Mm?large and positioned next to relatively deep waal.(2004) showed that the linear approximation
ter (>20m), to facilitate easy access from sea. Tworks well for amplitudes (pit depth + changes in
claim the land from the sea a combination of softhe seabed) up to 20% of the water depth. This
(beach and dunes) and hard (dikes) sea defendes wileans that the maximum pit depth that we can cal-
be constructed and also sand is needed to raise tbalate in this area is about 4 m. For pits that are
land above sea level. The sand that is needethdor tdeeper, non-linear processes can play a role and th
beach and dunes and the heightening of the site wilesults of the linear model may be inaccurate. The
mainly come from the North Sea seabed, in total resixth scenario (f) represents the situation whete f
quiring 365 Mni of sediment. The sand will be ex- pits are located near each other (the centerseof th
tracted from an area in front of the location of th pits are 15 km apart).

4.1 Case study: sand extraction to facilitate the
enlargement of the Rotterdam harbour
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Figure 3: Overview of bed development after 100rydar different design options for a sand ext@ettolume of 365 Mm3, the
numbers correspond to the pit numbers of

value of the area of influence lies between 0 ahd 4
km?, this means that the morphological impact of a

Table 1: Overview of results for different desigptions for a pit in this area is rather limited.

sand extraction volume of 365 Mm
Pit Length Width Depth Orientatior# Area of infl

M m m ° km? 4.2 North Sea coverage; sand pits
a 20000 9125 2 0 1 2243
b 20000 9125 2 225 1 284.38
¢ 20000 9125 2 90 1 2155 Legend
d 13509 13509 2 22,5 1 240.3 D”:f’y:fm‘m*"“‘“
e 9552 9552 4 225 1 3686 p oron olinidence
f 6755 6755 2 0 4 451.0 “ [Jo-20
[ 2040
‘ [ 4060
Table 1 shows an overview of the scenario’s. Figur ; %zgfzo
3 shows the results of the different scenariosr afte —
100 years. As can be seen, a deeper pit (e) hgs a s . I 120140
nificantly larger effect on the surrounding seabec I +40-160
than a shallow pit (d). And if more than one pit is I 1c0-120
; ; ; B 150200
present (f), the area of influence is larger thiaa i ) /
single pit is used. The scenario that causes tladl-sm o —_ B 200

est effect on the surrounding seabed is the eledgat Figure 4: Overview of the area of influence of anstard pit (3

; ; ; ; x 2km wide, depth 2m, angle with respect to thevf#s°) with
ﬁgv\?léc):ed with the long side (L) perpendiculattie site-specific input parameters (water depth aralv flelocity).

: . The black line denotes the 20 meter depth contour.
Figure 4 denotes the area of influence of a stahdar P

pit if site-specific parameters are used. The &gur

shows that a sand pit in front of the East Anglianin Figure 4, the black line denotes the 20 m depth
coast (UK) has the largest morphological impact. Atontour. Since we use a linear model, the depth of
some places in this area, the area of influengeng the pit has to be small compared to the water depth
high (>200 kn), this is due to the high flow veloci- Under the current legislation with a maximum pit
ties in this area, which have a large impact on thdepth of 2 meter this condition is generally met ou
area of influence, as was also shown in the sensiti side the 20 m depth contour. Also, it is curremiby

ity analysis. In a large part of the North Sea, the
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allowed to extract sediment from within this con-at the location of the wind farm, which is included
tour. the shallow water equations (see Figure 5).
The flow resistance term due to a wind farm is
determined by considering the spatial average @f th
5 WIND FARMS drag force of a single wind turbine, which is given
by:
There area many plans to build offshore wind 1
farms in the North Sea environment. Advantages of,, == pAC, M‘U‘U (Van Velzen et al., 2002), (1)
offshore wind energy are the strong and predictable 2 -
wind speeds, the energy generating capacity oishOfyhere A (dwtH) is the area of the wind turbine nor-
being approximately 40% higher than onshore. Dispy4) to the flow direction, CD_wt the drag coeffitie

advantages are the higher costs for realizing angk 5 cylinder,p the density of seawater (1025 kgjm
maintaining an offshore wind farm, difficulties of 5nq U the site-specific flow velocity.

transporting the energy onshore and the unknown ethe drag coefficient (€., depends on the Reynolds Number,
fects of wind farms on their environment (EWEA, defined by: B

undated). An offshore wind farm can influence the
environment in several ways. There is the possiblge = ud, ,
effect on birds as the presence of a wind farm can v
cause casualties because birds collide with the tuf, \which v is the kinematic viscosity of seawater

bines. Also, the presence of a wind farm may alte _ 2 : : :
the course of the flight path of migration and fegd hﬁful?hén s/i?é,-sct)we:;ri]fiec ﬂfvr\? \%elgc(i)t];/a wind turbine
routes of birds. The noise and vibrations of a winda '

farm can affect the communication of sea mammals.
By legislation, wind farm areas are closed forifigh
activities, thus possibly creating a save haveecgff
also the substrate that is placed as an antisager |
around the piles may form a sort of artificial resf
tracting other species of macrobenthos and fish. Of
shore wind farms that are located near the shoge mi =
be visible from the coast, thereby changing thenope =N els
character of the environment (Stichting de Noorgdzee L'—' ~d
2002). Finally, the offshore wind farm may have in- ‘ ] '

fluence on the large scale morphology. Figure 5: Representation of the wind farm in thephological

As it has only recently become technically possi™°%€"

ble to build wind farms in the offshore area, dittke-
search has been done at the effects of offshord wi
farms on their environment.

(2)

%o calculate the drag force per area of a complete
wind farm, the drag force of a single turbine islmu
tiplied by the number of wind turbines per square

5.1 Representation of awind farmin the meter (N):
mor phodynamic model 1

3)

The wind farm can be seen as a set of piles protrud\I - G?2
ing from the seabed and reaching high above the wa- . . ,
ter level. In literature, two different types af-r Where G is the average spacing between the turbines

search calculate the effects of the resistanceleg p 10 incorporate this frictional term in the 2DH shal
on the flow. In the first type, rods are used tjusd |0W water equations, we depth-average the term
to friction in scale experiments, as the roughriess Fw (Quation (1)) and divide it by, leading to:

not scaled proportionally in models that are ndit fu g
scale (Van den Berg and de Vries, 1979). The sec—*
ond type of modeling originates from the researc

into the effects of vegetation on the flow (Copelan gyphressed in terms of depth-averaged flow velocity
2000; Van Velzen et al., 2002; Huthoff and Au-(

gustijn, 2006). In this chapter we will use the_ ap Bottom friction is represented by a widely used
proach of Van Velzen et al. (2002) and adapt it fOfinearized expression (Zimmerman, 1982). As the
the piles of offshore wind turbines. flow resistance term is a new addition to the det o

It is complicated to fully represent all details of o4 ations, and in the original use (Van Velzen.et a
the wind farm in the morphological model. There-zooz) is used in a non-linear way, we do not lin-

fore, we aim at inclusion of the large-scale eBemlt iz this term to keep close to the original tiota
wind farms though a local change in flow resistance

dwt CD_vvt (4)

GZ

~=ddju inwhich e=

311



As the value of the flow resistance due to the windnfluence.
farm (e) is small, it is not expected that this adsg
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Figure 6: Timeseries of a wind farm of 3 by 4 kipasing turbines: 500m, diameter turbines: 4.5 owfelocity: 0.7 m/s, water
depth: 30 m, median grain size: 206 and an angle with respect to the flow of 45°. Wiliéte line denotes the shape of the wind
farm and the black dashed line shows the aredlagimce. The time that has elapsed is noted abthef the plots.

morphological development is much faster for the
52 Seabed evolution due to wind farms Humber wind farm than for the Q7 wind farm.

Figure 6 shows the development of the seabed due Table 2: Overview of local parameters of the wiadfs Hum-
a wind farm in time. At O years, just after the conAb\gmGeateway a”: ?n7b-er — 5
struction, the surrounding seabed is flat. As tim . d way :

goes by, a pattern of bgnks and troughs emerg cation Mouth of the Humber (UK)  IJmuiden (NL)

around the farm. This pattern is caused by the fagt (kr,?n')n oS 77.5(—,)(G 70 m) 42,0(6 S00m)
that the flow is diverted due to the increased flows (km) 45 3
friction at the wind farm. As a result of this flod  u (m/s) 0.86 0.58
version, the seabed starts to rise at the centtreof dS0 @m) 750 375
wind farm. The deflected flow is influenced by the ?h(e”t‘; ) 2255 21150
Coriolis force, thereby causing a net imbalancer OVey, (m) 45 45

a tidal cycle and thus a net flow, causing the emer c_ 0.64 053

ing bed features to grow. (Zimmerman, 1981; Roos

and Hulscher, 2003) Several of these circulation

cells may form and the number of cells that evadve

dependent on the characteristics of the wind farm. min-04 max0.7 min-0.1 max0.2 m

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 ofradw =
farm using site-specific input parameters. »

We selected two cases to calculate the effect of ™ = p°o &
wind farm on the seabed. These cases are listed Hiyure 7: Seabed change in meter due to the Huwiberfarm
Table 2. (left) and the Q7 wind farm (right) after 100 yed@he values

In Figure 7, the morphological effects of the above the plot denote the lowest point of the se:gben) and
Humber wind farm and the Q7 wind farm after 100the highest bed elevation (max). The gray lineoties the
year are shown. We observe that the effects of thg;nd farm and the black dashed line shows the afdaflu-
wind farm located off the coast of IJmuiden (Q7) (A
farm: 13.5 kn"r) are much smaller than the effects of

the Humber wind farm (Aam: 191,1 knf). The

ce.
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5.4 North Sea overview; wind farms non-linearity between the flow velocity and the
ediment transport, the spring-neap cycle and other
rth(‘g‘ng term cycles may have a relative large infl@enc
on the morphological development. The morpho-
logical tide represents the complex tide with many
gomponents 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 rebEm

Figure 8 shows the area of influence of a wind far
when site-specific parameters are used. As can
seen, in front of the East Anglian coast (UK) thesa

of influence of a wind farm is much larger than in
the rest of the Southern North Sea, which showis th
the morphological impact due to a wind farm is
much larger in this area.

the actual sediment transport rates. As we imple-
Legend men'ged a symmet_rica_l bIo_ck flow, no residual cur-
[ o cynamics expected rent is present, which |mp]|es that the model presdi
S area of influence no migration of the emerging bed patterns.
A km2 The boundaries of the model are set infinitely far
wo [Jo- away, thus applying to offshore conditions. There-
[J2040 fore, the model cannot predict the possible effetts
%Zzzz human influences on the coast.
— . Since we used a linear morphodynamic model to
: B 100-120 predict the effects of human activities on the Nort
<y Il 120140 Sea seabed. This means that only the initial intera
I <0-160 tion between the bed and the flow is taken into ac-
I veo-100 count. Therefore, we can only study the effect of
I 130200 I, .
— .- human activities for small bed amplitudes (up to
r 20% of the water depth (Roos and Hulscher, 2007)).

Figure\8: Ove;rview of the area of influence of advfarm (4.5 ; _li
x 3 km, spacing 500 m diameter of the turbinesm,zan angle It the bed perturbations grow larger, non-linearcer

with respect to the flow of 45 °) after 100 yearitWocally de- ESSEs .Can.nOt be neglegtgd anymore. Because the
fined input parameters (water depth, flow velogiyd grain Model is linear, no predictions can be made about
size). The black line denotes the -20 m NAP contour 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 ar
6 DISCUSSION initially present on the seabed (sand banks, sand
waves and shore-face connected ridges) are not ex-
Since we implemented an idealized morphodynamiglicitly taken into account. The grid of the daagdr
model in the GIS environment, only a limited num-of depth in the southern part of the North Sea is
ber of hydrodynamic and sediment transport procguite coarse so these features also do not shaw up
esses are included in the model (e.g. wave infelendhe data. It is important to note however, that the
is not included). morphological behaviour of a sand pit or wind farm
In the models only bed load sediment transport isnay change due to interaction with the surrounding
considered. Suspended sediment transport may alteed features as is shown by De Swart and Calvete
the patterns that emerge around a disturbanceodue (2003) and Roos and Hulscher (2007).
the relaxation time of the sediment. Since we focus If the seabed at a certain location is not seresitiv
on offshore conditions, we assume that the bed lod® sand bank instabilities (Hulscher et al., 1983}
transport will be the dominant mode of sedimentot likely that the 2DH model underlying the sand
transport. pit and wind farm development will be active. Ireth
In the model the M2 tidal flow is represented bygray areas, the model that predicts the occurrefice
an alternating symmetrical uniform flow (block sand banks in the North Sea (Figure 4 and Figure 8)
flow). Huthnance (1982a) showed that the blockdoes not predict the occurrence of sand bankseSinc
flow gives qualitatively similar results to an ssmi+  the models that predict the effects of human influ-
dal M2-tidal forcing. Since the flow is modeled ences are based on the model that describes the evo
flowing in one direction at the maximum speed oflution of sand banks, this implies that when nodsan
the observed M2 flow velocity one half of the tidal banks are predicted, the (2DH) flow conditions that
cycle and in the reverse direction the other hélf odetermine sand bank evolution and thus the morpho-
the cycle, the flow velocity may be over estimateddynamics due to human activities are not present in
And since the sediment transport is linked in a-nonthat part of the North Sea. This means that atethos
linear (increasing) way to the flow velocity, ald® locations no morphological development is expected
sediment transport may be overestimated. Thiand therefore the area of influence is zero.
means that in reality the morphological development As measurements of large-scale offshore sand ex-
may be slower than predicted. However, Latteuxtraction and offshore wind farms are not availadile
(1995) introduced the morphological tide. Due te th
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the moment, it is difficult to validate the modétst
predict the effects of human activities.

7 CONCLUSIONS

sand waves. Continental Shelf Researct01(C9): 1183-
1204.

Hulscher, S. J. M. H. and G. M. Van den Brink (200om-
parison between predicted and observed sand waves and
sand banks in the North Sea. Journal of Geophysical Re-
searchl06(C5): 9327-9338.

Huthnance, J. (1982a)YOn one mechanism forming linear

The results show that sand mining and wind farms sandbanks. Estuarine, Coastal and Shelf Sciefide79-99.

extent. Estuarine, Coastal and Shelf Sciethbe277-299.

seabed. Furthermore, the inclusion of the morphody- .~ <" 1’ n7c M Augustiin (2006), Hydrauliesis-

namic models in the GIS allows a rapid calculation

of the morphological effects of these activitiesaat

tance of vegetation, predictions of average flouocities
based on a rigid cylinders analogy. CE&M reseamgtort

certain location in the North Sea, thus providing a 2006R-001/WEM-003, Civil Engineering & Management
rapid assessment tool regarding the large-scale mor Reserach Report. University of Twente.

phological effects of sand mining and offshore win

farms. Also, the GIS and the connected models forrnat

dHydrographer_of_the_Navy (1998purn, East Anglia: Asso-

ciated British Ports; Thames estuary, Taunton, Engl., U.K.
teux, B. (1995).Techniques for long-term morphological

a flexible system that can be updated with neW_data simulation under tidal action. Marine Geology126: 129-
sources and other models if these become available. 141. SSDI 0025-3227(95)00069-0.
These properties make the system both generic &jks_Geologische_Dienst (1984), Geological chaststhe

flexible as it allows the use of the system whew ne

data or models become available.

ACKNOWLEDGEMENTS

North Sea: Indefatigable, Flemish Bight, Ostendartan,
The Netherlands.

Roos, P. C. and S. J. M. H. Hulscher (20Q&).ge-scale sea-
bed dynamics in offshore morphology: modelling human in-
tervention. Reviews of Geophysics41(2): 10100,
doi:10.1029/2002RG000120.

Roos, P. C. and S. J. M. H. Hulscher (2008nlinear model-

This research is part of the project PhD@Sea, which 1ng of tidal sandbanks: wavelength evolution and sand ex-

is substantially funded under the BSIK-programme
of the Dutch Government and supported by the con-

traction.J. McKee Smith (ed.), Proc. of the 30th Interna-
tional conference on Coastal Engineering (ICCE 2086én
Diego, US, 2761-2771.

sortium WE@Sea. We thank Pieter Roos for hiRoos, P. C., S. J. M. H. Hulscher and H. J. De ndi€2007).

help with the modelling.

REFERENCES

Boon, J. G. and H. Gerritsen (1997), Modelling o$mended
particulate matter (SPM) in the North Sea: A deidideaor-
thogonal boundary-fitted modelling approach (PROE)S
Res.Rep. 22025, Delft Hydraulics, Delft, The Nelieds.

Collins, M. B., S. J. Shimwell, S. Gao, H. Powéll, Hewitson
and J. A. Taylor (1995Water and sediment movement in
the vicinity of linear sandbanks: the Norfolk Banks, south-
ern North Sea. Marine Geologyl23: 125-142.

Copeland, R. R. (2000), US Army Corps of EngineBrster-
mination of flow resistance coefficients due toudis and
woody vegetation.

De Swart, H. E. and D. Calvete (200Bpn-linear response of
shoreface-connected sand ridges to interventions. Ocean
Dynamicsb3: 270-277, doi 10.1007/s10236-003-0044-9.

De Vriend, H. J. (1990). Morphological processestiallow
tidal seas. Residual Currents and Long Term Trahspo
T. Cheng. New York, Springer-Verlagg: 276-301.

Dyer, K. R. and D. A. Huntley (1999The origin, classifica-
tion and modeling of sand banks and ridges. Continental
Shelf Research9: 1285-1330.

Havenbedrijf_Rotterdam (2007), Environmental Impa#c-
sessment for construction of Maasvlakte 2. Havenjbed
Rotterdam.

Hommes, S., S. J. M. H. Hulscher and A. Stolk (90B@rallel
modelling approach to assess morphological impacts of
offshore sand extraction. Journal of Coastal Research
23(6): 1565-1579. doi: 10.2112/06-0698.

Hoogewoning, S. E. and M. Boers (2001), FysiscHectfn
van zeezandwinning (in Dutch). Rijksinstituut vd€ust en
Zee (RIKZ), Directoraat-Generaal
Ministerie van Verkeer en Waterstaat.

Hulscher, S. J. M. H., H. E. De Swart and H. J. \Dieend
(1993). The generation of offshore tidal sand banks and

Rijkswaterstaat,

Modelling the morphodynamic impact of offshore sandpit
geometries. Coastal Engineeringubmitted.

Roos, P. C., S. J. M. H. Hulscher, M. A. F. Knaapad R. M.
J. Van Damme (2004)he cross-scectional shape of tidal
sand banks. Modelling and observations. J. Geophys. Res.
109(F2): F02003. doi:10.1029/2003JF000070.

Stichting_de_Noordzee (2002), Frisse zeewind. Vigia de
natuur- en milieuorganisaties op de ontwikkelingn va
windturbineparken offshore.

Ten Brummelhuis, P. G. J., H. Gerritsen and T. ¥anKaay
(1997), Sensitivity analysis and calibration of tiwthogo-
nal boundary-fitted coordinate model PROMISE fafati
flow: The use of adjoint modelling techniques. RBgp.
Z2025, Delft Hydraulics, Delft, The Netherlands.

Van den Berg, J. and M. de Vries (197Bjinciples of River
Engineering. the non tidal alluvial river, Pitman Publishing
Limited.

Van Dijk, R. and R. Plieger (1988), Definitieve sier
ZUNOWAK model (in Dutch). GWAO-88.381,
Rijkswaterstaat, Dienst Getijdewateren, The Haglieg
Netherlands.

Van Velzen, E. H., P. Jesse, P. Cornelissen andCdhps
(2002), RIZA. Stromingsweerstand vegetatie
uiterwaarden. Deel 2 achtergronddocument versiel.0.

Zimmerman, J. T. F. (1981Rynamics, diffusion and geomor-
phological significance of tidal residual eddies. Nature250:
549-555.

Zimmerman, J. T. F. (1982Dn the Lorentz linearization of a
quadratically damped force oscillator. Physics LettersA
89: 123-124.

in

314



