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Abstract

Although beach nourishment policy in the Netherlands is generally successful in maintaining the 1990 shoreline, the

efficiency of nourishments at several locations along the North Sea coast is unacceptably low. These locations are identified as

berosion hotspotsQ. Egmond aan Zee is such a hotspot. The bathymetric longshore irregularities make this coastal stretch highly

susceptible to rip currents and horizontal circulations, which transport large volumes of (nourished) sand to the sea.

In 1999, an alternative nourishment design was implemented. This consisted of a shoreface nourishment at the outer bar (at

7.5-m depth) combined with a nourishment of the beach behind it. High-resolution bathymetric surveys, carried out with the

WESP, revealed that the shoreface nourishment resulted in a significant shoreward migration of the outer bar during 1999–2001.

After 2 years, the system started to return to its natural dynamic equilibrium and lost the positive influence of the shoreface

nourishment area: shoreward movement of bars and increase of bar height, which forms the first defense line of the mainland

against the sea, and positive contribution to the sand budget, which increased as a result of the nourishment. After 3 years (May

1999 to April 2002), the sediment volume still had an increase of 477,500 m3 (45% of the applied sand) relative to May 1999. The

shoreface nourishment area did not have a direct effect on the beach. The shoreface nourishment area probably will have to be

maintained to retain the sediment on the beach in the long run. In Egmond, the shoreface nourishment started to disappear before

the sediment could reach the beach. The time scale of sediment feed to the beach zone probably is of the order of 5–10 years.

The shoreface nourishment seems to function as a reef, creating a lee-side effect that influences both cross-shore and

longshore sediment transport, resulting in two main hypotheses. Firstly, the longshore effect, in which large waves break at the

shoreface nourishment, cause a calmer wave climate shoreward of the shoreface nourishment area and a reduction of the

longshore current. The shoreface nourishment partially blocks the wave-driven longshore current. Secondly, the cross-shore

effect, in which shoaling waves generate onshore transport. These hypotheses are supported by generated model results with

both a process-based profile model, UNIBEST-TC, and a process-based coastal area model, DELFT3D-MOR.

The UNIBEST-TC model was able to predict the detachment of the outer bar from the shoreface nourishment and, to some

extent, the shoreward bar movements. In the lee of the shoreface nourishment area, the model found an increase in sediment,

confirming the shielding effect of the shoreface nourishment area.
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The DELFT3D model found, as a result of the shoreface nourishment area, a decrease of the flow velocity and the wave

height just shoreward of the shoreface nourishment area. The model was able to predict the similar trend in sedimentation/

erosion pattern, although the intensities were smaller. In the lee of the shoreface nourishment area, a clear sedimentation was

found. Erosion was found south and seaward of the shoreface nourishment area. The modeled profiles did not follow the

measured profile changes. The separation of the shoreface nourishment from the outer bar and the shoreward migration of the

bars could not be accurately modeled. Because the cross-shore transport caused by wave asymmetry is not taken into account in

the standard version of DELFT3D, these results were in line with the expectations.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In 1990, a coastal policy was adopted to maintain

the Dutch coastline position by applying beach

nourishments. At erosive stretches, these nourish-

ments have to be applied regularly. Egmond aan Zee,

a small seaside village along the North Holland coast,

is such an erosion bhotspotQ. In the summer of 1999, a

substantial shoreface nourishment volume was

applied, backed by a beach nourishment volume.

The main design objective of the shoreface nourish-

ment is to improve coastline stability (i.e., prevent the

coastline from retreating landward). The shoreface

nourishment is expected to diffuse in the cross-shore

and longshore directions (Hamm et al., 2002) and

dissolve in the system.

Viewed on a larger scale, the Egmond aan Zee area

has a relatively alongshore-uniform coast, dominated

by waves. The coastal profile is a three-bar system:

two breaker bars (inner and outer bars) in the surf

zone and a swash bar. There are no protective

structures in the vicinity. At Egmond aan Zee, the

shoreface nourishment was placed at the seaward

flank of the outer breaker bar (see Fig. 3). The beach

nourishment was placed at the beach behind the

shoreface nourishment.

A shoreface nourishment (underwater nourish-

ment) can be seen as a submerged structure such as

a soft reef berm or a submerged, hard-rock break-

water. Reef berms can be subdivided into (van Rijn,

2004):

! stable reef berms (deep water): the reef or berm

only has a hydrodynamic effect by functioning as a

wave filter dissipating the energy of the larger

breaking waves and creating a sheltered area in the
lee of the reef. Most of the original volume of a

stable reef is retained and the reef may remain at

the placement site in deeper water (water depth

N10–15 m) for years;

! active feeder berms (shallow water): the berm is

placed at a nearshore site in relatively shallow

water (water depth b8 m), where it will show

significant dispersal of sediment during the initial

period. It is supposed to act as a feeder berm for

the adjacent beaches resulting in widening of

beaches. The effectiveness increases with decreas-

ing distance to shoreline. Regular maintenance of

the feeder berm is required to ensure a continuous

flow of sediment to the beaches and for the berm

to be fully effective.

Submerged hard-rock structures have been built at

many sites around the world. A basic effect is the

reduction of wave height in the nearshore zone in the

lee of the structure (Dean et al., 1997; Browder et al.,

2000), leading to a more stable shoreline (Sawaragi,

1992). If the crest level of a breakwater is relatively

low, it does not provide a significant reduction of

wave height and has a rather limited impact on the

morphological system (Liberatore, 1992; Lamberti

and Mancinelli, 1996). A relatively high crest level

may result in substantial deposition of sand in the lee

zone (Tomasicchio, 1996). Heavy erosion in the gaps

between two breakwaters and scouring effects at the

shore-side distal ends of the barriers have been

observed near rubble-mound breakwaters. The

replacement of emerged breakwaters by submerged

breakwaters has resulted in the disappearance of

tombolos and shoreline recession. Often, additional

maintenance nourishments of the beaches are

required. At present, beach nourishment protected
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by submerged structures is considered the most

effective solution for the Italian coasts (Lamberti

and Mancinelli, 1996).

One of the most important hydrodynamic effects

of a submerged breakwater is the generation of set-

up currents due to the increased water level in the lee

of a submerged breakwater as a result of water

transport over the breakwater generated by wave

breaking. This surplus water trapped inshore of the

submerged breakwater drives currents that flow

along paths of least resistance toward the distal ends

of the breakwater. The main portion of the water is

directed alongshore, producing a longshore current

(Fig. 1B). This current in combination with waves

between 0.5 and 1 m in the lee of the structure

causes erosion of the bed behind the structure (Dean

et al., 1997; Loveless and MacLeod, 1999; Browder

et al., 2000).

Morphological study of a stable reef berm in

relatively deep water along the east coast of Florida

shows that the berm does not migrate and is

smoothened only slightly (Work and Dean, 1995;

Otay, 1995; Work and Otay, 1996). The wave break-

ing was infrequent for a water depth larger than about

5 m above the crest and the energy reaching the

shoreline was hardly reduced. The shoreline erosion at

this beach in Florida (USA) in the lee of the berm was

significantly smaller than the erosion occurring out-

side the lee zone of the berm. This favorable effect

was caused by the sheltering effect of the berm. To

cause the larger waves to break over the barrier, the
Fig. 1. Effects expected to occur as a consequence
crest immersion had to be about half the original water

depth (Zwamborn et al., 1970). Although nonbreaking

waves also caused a reduction in wave height in the

lee of the berm, the wave height reduction for

conditions with breaking waves showed much larger

reductions. The berm was most effective if the crest

width was about eight times the water depth above the

crest. The response of the berm to storm events

showed minor erosion at the crest. The beaches

protected by the berm benefited greatly (sand volume

increased by about 20%).

Observations of active feeder berms showed that

these berms mostly move onshore. Some berms

remained stable, but no berms moved seaward

(Ahrens and Hands, 1998). The morphological behav-

ior of a feeder berm along the central section of the

North Sea barrier island of Terschelling, The Nether-

lands, was studied by Hoekstra et al. (1996), Spanhoff

et al. (1997), and Grunnet (2002). The shoreface

nourishment migrated in the dominant alongshore

drift direction as well as in the shoreward direction.

The nourishment area showed overall erosion, while

the landward zone in the lee of the nourishment area

showed accretion. The accretion was much larger than

the onshore migration, thus sediment must have

entered the study area by longshore transport pro-

cesses due to shielding effects caused by the nourish-

ment area (Hoekstra et al., 1996; Spanhoff et al.,

1997; Grunnet, 2002).

The hydrodynamic and morphodynamic effects of

nearshore submerged structures can be summarized as:
of the placement of a shoreface nourishment.
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! the dissipation of wave energy by breaking

processes;

! reduction of wave-driven longshore currents in the

lee of the reef;

! generation of set-up currents at end sections;

! generation of low-frequency waves in lee of the

reef;

! trapping of sand in the lee of the reef and updrift

of the reef due to partial blocking of the wave-

driven longshore current; downdrift erosion may

occur.

Based on the results of the literature study, the

following effects are expected to occur as a conse-

quence of the placement of the Egmond shoreface

nourishment (herein referred to as hypotheses) (see

also Fig. 1):

(1) longshore effect: large waves break at the

shoreface nourishment causing a calmer wave

climate behind the shoreface nourishment area

(wave filter) and a reduction of the longshore

current and, hence, the transport capacity. The

shoreface nourishment acts as a blockade,

resulting in:

! a decrease of the longshore transport;

! updrift sedimentation;

! downdrift erosion.

(2) cross-shore effect: large waves break at the

seaward side of the shoreface nourishment;

remaining shoaling waves generate onshore

transport due to wave asymmetry over the

nourishment area; the smaller waves in the lee-

side generate less stirring of the sediment and the

wave-induced return flow (cross-shore currents)

reduces. This results in:

! an increase of the onshore sediment transport;

! a reduction of the offshore sediment transport.

Both effects result in an enhanced onshore transport

behind the shoreface nourishment area.

The objective of this paper is to analyze and

evaluate the morphological behavior of the shoreface

nourishment by analyzing measured data and compar-

ing these with model results. First, information is

presented on the morphological changes based on

regular soundings of the bathymetry. These cover the

spatial scale of the surf zone (0.9-km cross-shore by
5.0-km longshore) and a time scale of several seasons

(September 1999 to April 2002). Second, the model

results generated with both a process-based profile

model and a process-based coastal area model are

analyzed with the aim of testing the above-mentioned

hypotheses. The cross-shore profile model UNIBEST-

TC was used to focus on cross-shore transport and

morphology, while the coastal area model DELFT3D

was applied to focus on both long- and cross-shore

transport and morphology.
2. Site and data description

Egmond aan Zee is located in the central part of

the Dutch North Sea coast (see Fig. 2). The coast at

Egmond aan Zee is an area of continuous concern

because of the unacceptable short lifetimes of beach

nourishment. Although the coastline on a larger

(longshore) scale may be characterized as uniform,

on a smaller (longshore) scale the bathymetry shows

significant longshore irregularities caused by rhyth-

mic and quasi-rhythmic features. With a longshore

interval of approximately 2 km, the bars and coastline

show a movement in onshore and offshore direction.

To improve the coastal stability, to protect the

coastline, and to extend the lifetime of beach

nourishments at Egmond aan Zee, a shoreface

nourishment was applied as an alternative to beach

nourishment.

2.1. Bathymetric data

As part of the nourishment project, a comprehen-

sive monitoring program of the bathymetry was set-

up (Table 1). The bathymetry data were obtained by

both ship-based echo sounding and by the WESP

(Water En Strand Profiler), using DGPS-based sound-

ing. The WESP is a motorized three-legged vehicle.

The nourishments applied during the investigated

period are also shown in Table 1. The shoreface

nourishment, applied at Egmond aan Zee in the

summer of 1999 (July and August), is approximately

2-km long and 200-m wide. The center of the

nourishment area is in front of the lighthouse, Jan

van Speijk.

The bathymetric data cover an alongshore length of

5 km and a cross-shore length of 900 m. In Fig. 2, a



 

 

Fig. 2. Plan view of survey area and shoreface nourishment area (x=0 represents beach pole line; measures in m).
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plan view of the survey area (local grid system) is

shown. The origin of the local coordinate system (0,0)

is situated at beach pole 38 and crosses the center of

the shoreface nourishment area.

2.2. Morphological character field site

On a larger (longshore) scale, the coastline may be

characterized as uniform, but on a small (longshore)

scale, clear longshore irregularities may be observed.

In summary, the Egmond site shows the following key

features (see also Fig. 3):

! the coastal profile at Egmond is a three-bar

system: two breaker bars in the surf zone and a

swash bar;

! the outer bar is most pronounced, with its crest

located at depths below NAP�3 m. The NAP

(Normaal Amsterdams Peil) is the reference level

to which level measurements in the Netherlands

are related. A level of NAP 0 m is approximately

equal to a mean sea level;

! the trough between the outer and inner bar is about

100-m wide and reaches depths of NAP �5 m;

! the inner bar crest is located 300 m landward from

the outer bar crest;

! between the inner bar and the swash bar is a

trough, which is less pronounced than the off-

shore trough and reaches depths of NAP �2 m;
! the bars and coastline show a rhythmical along-

shore variation. With a longshore interval of

approximately 2 km, the bars and coastline show

a movement in onshore and offshore direction.

According to Wijnberg (2002), the bars in the

Egmond region show a periodic behavior. The bars

move offshore and the outer bar vanishes offshore

while a new bar is being generated near the

shoreline.
3. Data analysis

3.1. Measured bathymetry development

Three-dimensional plots of the bathymetric data

for the period of September 1999 to April 2001 are

presented in Fig. 4a and b, showing a shoreward

migration of the outer bar and the formation of a

trough between the outer bar and shoreface nourish-

ment. The shoreface nourishment seemed to act as

the new outer bar and hardly changed in height and

location. Therefore, it has not increased the beach

sand volume directly, i.e., by redistribution of the

nourished sand. In the same period, the inner bar

also migrated shoreward. Both the outer and inner

bars transformed into a boomerang shape (planform),

which is also observed to some extent for the



Table 1

Dates of the available bathymetry data and data on the beach and

shoreface nourishments

Bathymetry Date Nourishments

1 (Reference) May/June

1999

First beach nourishment:

Southern boundary:

RSP 38.750 ( y=�750 m)

Northern boundary:

RSP 37.250 ( y=+750 m)

Characteristic volume of

nourishment: 200 m3/m

Total sand volume: 300,000 m3

2 September

1999

Shoreface nourishment:

Southern boundary:

RSP 39.124 ( y=�1125 m)

Northern boundary:

RSP 36.875 ( y=+1124 m)

Characteristic volume of

nourishment: 400 m3/m

Total sand volume: 900,000 m3

3 May 2000 –

4 September Second beach nourishment:

2000 Southern boundary:

RSP 38.800 ( y=�800 m)

Northern boundary:

RSP 38.000 ( y=0 m)

Characteristic volume of

nourishment: 258 m3/m

Total sand volume: 207,000 m3

5 April

2001

–

6 June 2001 –

7 October 2001 –

8 April 2002 –
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shoreface nourishment. The latest surveys, however

(June 2001 to April 2002, Fig. 4c), showed no

further shoreward migration of the inner and outer

bars. The outer bar had completely straightened and

formed a continuous bar again. The shoreface

nourishment decreased in height and lost its reef

effect. It seems that the system was returning to its

natural situation of a three-bar system: outer bar,

inner bar, and swash bar.

The shoreface nourishment was expected to diffuse

in the cross-shore and longshore directions, but the

surveyed data showed that the shoreface nourishment

did not diffuse much in the first 2 years. The scale

(amplitude and length) of the shoreface nourishment

was probably too large, as a result of which it did not

diffuse and morphodynamic interaction occurred with

the autonomous system (Hamm et al., 2002). After a
period of 2 years, the shoreface nourishment started to

diffuse and the bar amplitude at the shoreface

nourishment area had become relatively small.

3.2. Definition of subareas

To understand the observed morphological

changes and derive a sediment balance, the area

was divided into 20 subsections. The main criterion

for the choice of the shore-parallel boundaries was to

keep the (moving) bars in one subsection. Shore-

perpendicular boundaries were located at stable cross-

sections. Therefore, the shore-parallel boundaries

were chosen at the troughs between the bars at

x=600 m and x=300 m. The shoreface nourishment

remains seaward of the x=600 m shore-parallel

boundary. The nourishment area is split up into three

subsections, containing a center part, a northern part,

and a southern part. The location of the subsections is

given in Fig. 5.

3.3. Longshore averaging of cross-shore profiles

In the study area, bars have an oblique orientation

to the coast, and local depressions are present in bar

crests and beaches. To identify the specific cross-

shore behavior of the bar morphology, the bed profiles

have been averaged over a sufficiently long along-

shore distance (longshore scale). By this longshore

averaging of cross-shore profiles, the variations due to

alongshore phenomena such as sand wave patterns

and rip channel patterns are eliminated. These

phenomena will be expressed in a variation band

(standard error) around the alongshore-averaged

profile. The main idea behind this approach is to

characterize each different longshore subarea (e.g.,

subsections A3 to D3) by one cross-shore profile. This

is only possible if the variation of the cross-shore

profiles within an area is not too large, which is

represented by the variation band.

Profile averaging has been performed for each

survey by using transects (profiles) with a spacing of

100 m. These transects are averaged in shore-parallel

direction. The study area is divided into five shore-

perpendicular subsections as mentioned above, which

results in five longshore-averaged cross-shore pro-

files. These five longshore-averaged cross-shore

profiles give an overall idea of the changes over time



Fig. 3. Typical cross-shore profile at Egmond aan Zee including the shoreface nourishment.
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in cross-shore direction per shore-parallel subsection.

The applied time intervals correspond roughly to

either summer (spring and summer) or winter (autumn

and winter). Therefore, seasonal effects can be

detected easily.

The longshore-averaged profiles 1 (A1 to D1), 3

(A1 to D3), and 5 (A5 to D5), and the accompany-

ing standard error, are shown in Fig. 6. The plots

show the longshore averaged profiles of May 1999,

September 1999, April 2001, and April 2002. The

longshore-averaged volume changes are presented in

Table 2.

The plots of the longshore-averaged cross-shore

profiles show a clear effect of the seasons. During the

summer period, when relative little storms and storm

surge levels occur, the morphological changes are

small, whereas in winter large morphological changes

occur.

In Fig. 6b (center part of the shoreface nourish-

ment area), the shoreface nourishment can be seen

on the seaward side of the outer bar at x=650 m.

Large morphological changes occur in the three

subsections containing the shoreface nourishment.

The beach volume decreases (shore-parallel subsec-

tion A3), resulting in a lowering of the beach. The

inner bar has moved slightly shoreward and the outer

bar has moved about 150 m shoreward and is

slightly flattened. In addition, the shoreface nourish-
ment formed a flatter bar. After a period of 3 years,

the system seemed to return to a more or less three-

bar system again. A more or less flattening of the

profile can be seen. The shoreface nourishment and

outer bar have decreased in height and the trough

between the outer bar and shoreface nourishment has

disappeared. The inner and outer troughs have

deepened. Over the total period of 3 years, the

shoreface nourishment subsections all show a vol-

ume increase, 110–390 m3/m (May 1999–April

2002).

The area north of the shoreface nourishment

(shore-perpendicular subsections 1) shows smaller

morphological changes (see Fig. 6a). Over the total

period, both the outer and inner bars moved seaward

slightly. The inner bar is more pronounced, while the

outer trough has widened. The beach zone stayed

more or less the same over the total 3-year period.

Overall, there is a small volume decrease of about

150 m3/m.

For the area south of the shoreface nourishment

(shore-perpendicular subsections 5), a clear flattening

of the profile can be seen (see Fig. 6c). The averaged

profiles shows a strong lowering of the outer bar

(about 1.5 m), which has almost disappeared. The

inner bar height is smaller and has moved approx-

imately 50 m seaward. The beach shows an overall

loss of volume of 120 m3/m.



Fig. 4. Measured Egmond bathymetries (color-scale in meters w.r.t. NAP): (a) September 1999; (b) April 2001; (c) April 2002.

M.J.P. van Duin et al. / Coastal Engineering 51 (2004) 813–837820



Fig. 5. Location of the subsections (measures in m) and their corresponding surface (measures in m2).
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3.4. Volume change

The sand volume change for each subsection in

time is shown in Fig. 7a–e. Each plot shows the sand

volume change relative to May 1999 per shore-

perpendicular subsection, and the total sand volume

change of all these shore-perpendicular subsections.

In Fig. 7f, the sand volume change of the total area

is shown. The sand volume change is expressed in m

and is calculated by dividing the sand volume

change by the surface of each area (m3/m2). In

Table 2, the volume change per shore-perpendicular

area is shown.

The subsections including the shoreface nourish-

ment (subsections D2, D3, and D4) show a large

volume increase caused by the construction of the

shoreface nourishment in the period of May 1999 to

September 1999. Over the total studied period, these

three shoreface subsections show a volume increase of

550,000 m3, including the placement of the shoreface

nourishment, which means that 60% of the applied

sand is still present. The second beach nourishment of

July 2000 can be seen by the volume increase in the

period of May 2000 to September 2000 in the beach

subsections A3 and A4.

The shoreface nourishment shore-perpendicular

subsections (subsections 2 to 4) all show a net

increase of sediment for the period of May 1999 to

April 2002. The total net gain of these three shore-

perpendicular subsections, including the placement of
the shoreface nourishment and beach nourishment, is

747,500 m3. The total sand volume of the shoreface

nourishment is 900,000 m3 and of the beach nourish-

ment 207,000 m3, which means that 65% of the

applied sand is still present.

The sand volume change of the total area (Fig. 7f)

shows an increase for the first period, May 1999 to

September 1999, which is due to the placement of the

shoreface nourishment. This caused an average bed

level rise of approximately 0.16 m, a sand volume

increase of 710,000 m3. The total volume of the

shoreface nourishment is 900,000 m3. A volume of

190,000 m3 is not recovered. Possible explanations

can be measurement errors, truncation errors, trans-

port of sediment out of the area, etc. The volume

increase continued until September 2000 and caused

an extra average bed level rise of about 0.05 m, a sand

volume increase of 240,000 m3. For the period of

September 2000 to April 2002, the average bed level

shows a decrease. The total decrease is about 0.10 m

and corresponds to a volume decrease of 470,000 m3.

In total, the area has lost a net sand volume of 230,000

m3 after placement of the shoreface nourishment

(September 1999 to April 2002), but a net gain of

477,500 m3 for the overall period (May 1999 to April

2002) including placement of the shoreface nourish-

ment. The total sand volume of the shoreface nourish-

ment is 900,000 m3 and of the beach nourishment

207,000 m3, which means that 45% of the applied

sand is still present after 3 years.



Fig. 6. Longshore averaged cross-shore profiles for subsections 1, 3, and 5: May 1999, April 2001, and April 2002.
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Table 2

Volume changes per shore-perpendicular subsection

Shore perpendicular

subsections (see Fig. 5)

Area [m2] Alongshore

length [m]

Volume

change [m3/m]

May99–Sep99

(nourishment period)

Volume change

[m3/m]

May99–Apr02

(overall period)

Total volume

change [m3]

May99–Jun01

Total volume

change [m3]

May99–Apr02

(overall period)

North of shoreface

nourishment

(subsections 1)

900,000 1000 +20 �150 �76,000 �150,000

Northern part of

shoreface nourishment

(subsections 2)

900,000 1000 +300a +390a +441,500a +390,000a

Center part of

shoreface nourishment

(subsections 3)

675,000 750 +440a +110a,b +286,000a,b +82,500a,b

Southern part of

shoreface nourishment

(subsections 4)

1,125,000 1250 +190a +220a,b +268,500a,b +275,000a,b

South of shoreface

nourishment

(subsections 5)

900,000 1000 �180 �120 �186,500 �120,000

a Including shoreface nourishment volume.
b Including beach nourishment volume in July 2000 (about 55 m3/m in beach subsections A3 and A4, see Fig. 5).
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The northern and southern sections (profiles 1 and

5) both show a relatively large volume decrease

(erosion of 120,000–150,000 m3) over 3 years,

which is much larger than the natural autonomous

erosion.
4. Modeling with a cross-shore profile model:

UNIBEST-TC

To reach a better understanding of dominant

processes, two modeling efforts were undertaken.

Here, the attention is focused on cross-shore transport

and morphology, using a cross-shore profile model.

The applied model is UNIBEST-TC, as originally

presented by Roelvink and Stive (1989), which

belongs to the class of profile models as described

in Brbker Hedegaard et al. (1992). The applied

version of the UNIBEST-TC model is based on

Bosboom et al. (1997).

4.1. Model set-up UNIBEST-TC Egmond model

4.1.1. Bathymetry

The model was calibrated using the profile

changes between September 1999 and June 2001 of
profile 5, south of the shoreface nourishment (see Fig.

5). Profile 5 is assumed to be relatively undisturbed as

the dominant longshore transport direction is from

south to north. Using the same settings, the model

was applied to profile 3, containing the shoreface

nourishment.

4.1.2. Boundary conditions

The Egmond model is driven by prescribed time

series of tidal elevation, wave height, wave period,

and peak wave period at the model boundaries. The

input parameters for wave height, wave period, peak

wave period, and tidal elevation were retrieved from a

database supplied by Rijkswaterstaat (responsible

authority of the Ministry of Transport, Public Works

and Water Management) for the location dIJgeul
munitiestortplaatsT. Gaps in these data sets were filled

with data from measuring station dEuropoortT.

4.1.3. Parameter settings

The parameters used to calibrate the model in the

undisturbed situation, thus without the shoreface

nourishment area, are given in Table 3. The selection

of these parameters is based on results of previous

studies on the optimization of the UNIBEST-TC model

(Boers, 1999; Kleinhout, 2000; Walstra et al., 2001).



Fig. 7. Sand volume change of shore perpendicular subsections relative to May 1999 (see Fig. 5 for subsections).
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Table 3

Parameter settings based on calibration

Run parameter Explanation Dimension Default

value

DT time step days 0.125

F_LAM number wavelengths – 1

FCVISC viscosity coefficient – 0.1

GAMMA breaking parameter – Battjes

and

Stive

VARGAMM varying gamma switch

(on/off: 1/0)

– 0

FWEE friction factor – 0.01

RKVAL friction factor – 0.03

BETA roller parameter – 0.15

BVAR varying beta switch

(on/off: 1/0)

– 0

D50 D50 grain diameter m 0.000240

D90 D90 grain diameter m 0.000480

DSS suspended grain

diameter

m 0.000240

DVAR varying grain size

switch (on/off: 1/0)

– 0

RC friction factor current – 0.03

RW friction factor waves – 0.01

TEMP temperature 8C 10

SALIN salinity % 28

C_R correlation wave

groups

– 0.25

FACQB factor of fraction of

breaking waves that

does not contribute to

wave velocity moment

– 0.35

M.J.P. van Duin et al. / Coastal Engineering 51 (2004) 813–837 825
4.2. Model results UNIBEST-TC

Detailed results have been presented by Wiersma

(2002). Here, only the most significant results of the

model application will be discussed.

The prediction of the UNIBEST-TC model for

profile 3 gives the bottom profile shown in Fig. 8

based on gamma (wave breaking coefficient) accord-

ing to Battjes and Stive (1985, calibrated settings).

The prediction appears to give a fairly reasonable

result. Although the prediction is not exactly equal to

the real profile in June 2001, it shows the same

landward movement of the outer breaker bar. In

addition, a good prediction of the shoreface nourish-

ment is given, which reshapes into a smooth bar and

remains at its location. The model predicts a bed level

that is somewhat too high in subsections A3 and B3.

Therefore, in this study, the focus will be on the model
performance in subsection C3, in particular the

behavior of the outer breaker bar, and subsection

D3, because this is the section in which the shoreface

nourishment is located.

The Root Mean Square error (RMS error) is 0.72 m

for the total profile, 0.19 m for subsection D3, 0.81 m

for subsection C3, and 0.93 m for subsections A3 and

B3. These values also show that the prediction for

subsections A3 and B3 is overestimated. In subsection

C3, a large error is found as well, although the profiles

show a reasonably good prediction. The generation of

the trough between the shoreface nourishment and the

outer breaker bar, and the shoreward movement of the

outer breaker bar, is predicted correctly by the

UNIBEST-TC model. However, both processes are

underestimated. The results above the 2-m line are not

reliable and are not shown here.

Another breaking parameter was used (gamma=

0.7), resulting in a better model performance (see Fig.

8). Gamma=0.7 showed a marginal more shoreward

movement of the outer bar compared to the calibrated

run with the Battjes–Stive gamma-parameter.

The results of the study show that the model is able

to compute profile changes for a cross section

including a shoreface nourishment. The detachment

of the outer breaker bar from the shoreface nourish-

ment as well as the generation of a trough between the

shoreface nourishment and outer breaker bar is

correctly simulated by the UNIBEST-TC model. Both

processes are underestimated though. For subsections

A3 and B3, the predicted bed level is too high.

To discover where, according to the UNIBEST-TC

model, sedimentation or erosion occurs in the cross-

shore profile and how the sediment is redistributed in

the cross-shore profile during the investigated period,

the Momentary CoastLine volume (MCL volume) is

determined. The MCL volume is an indicator used by

Rijkswaterstaat for the determination of beach sed-

imentation or erosion and nourishment quantities. The

MCL volume is the sand volume of the beach zone

with a bed level between NAP �5 m and NAP +3 m.

The UNIBEST-TC predictions of the MCL volumes

for profile 3 are compared to the MCL volumes

derived from the data (Van Duin and Wiersma, 2002)

for the period of September 1999 to June 2001.

The results, presented in Fig. 9, show the computed

MCL volume, the measured MCL volume based on

data analysis (Van Duin and Wiersma, 2002), and the



Fig. 8. Prediction for subsections 3 over a 2-year period with variations in gamma.
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computed MCL volume minus the sediment import

volume over the seaward area boundary (depth=NAP

�8 m).

Fig. 9 shows that the UNIBEST-TC model is not

able to compute realistic values of the MCL volume.

The computed volumes are too large. Subtraction of the
 

Fig. 9. MCL volume calculations for profile
sediment import volume over the seaward boundary

reduces the values, but the computedMCL value is still

too high. This leads to the conclusion that the model

derrorT of importing sediment over the seaward

boundary is not the main reason for the overestimation

of the MCL volumes. Not only the amount of sediment
 

 

 

3 (in center of shoreface nourishment).
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in the MCL zone is overestimated, but also the

development of the MCL volume in time is not

predicted correctly by the UNIBEST-TC model.

Because the sediment transport over the landward

boundary is zero, a possible explanation for these

results can be that the model computes too much

onshore sediment transport, especially in deep water. In

the next section, this assumption will be investigated.

Another possible explanation is the loss of sand due to

aeolian transport and longshore transport, which are

not taken into account by the UNIBEST-TC model.

To investigate why the calculated UNIBEST-TC

volumes are not correct, the sediment transport in the

area is calculated. Therefore, the cross-shore profile 3

is divided into the corresponding subsections A3 to

D3. In Fig. 10, the sediment exchange between the

different parts of the subsections is presented. Both

the results of the UNIBEST-TC model as well as the

results of the data analysis are shown. Areas that have

net sediment export are dark gray, areas that have net

sediment import are light gray.

The transport diagram of the UNIBEST-TC results

shows large sediment import values from deep water

and large sediment export values from the beach area
Fig. 10. Sediment exchange between subsections of profile 3.
to B3 and C3. Future research should be focused on

improving these transport processes.
5. Modeling with a coastal area model: DELFT3D-

MOR

The effect of the shoreface nourishment on both the

longshore and cross-shore transport is studied using a

coastal area model called DELFT3D-MOR. The model

belongs to the class of coastal area models described by

De Vriend et al. (1993). The DELFT3D modeling

system is designed to simulate wave propagation,

currents, sediment transport, morphological develop-

ments, and water quality aspects along coasts, rivers,

and estuaries (Roelvink and van Banning, 1994). A

strong point of the DELFT3D model in this context is

the inclusion of the longshore sediment transport,

because tide- and wave-induced currents and the

wave-sediment stirring effects are all relevant. In

relation to the cross-shore sediment transport, the

model is expected to show less accurate results,

because cross-shore transport caused by wave asym-

metry is not taken into account in the standard version.

5.1. Model set-up DELFT3D Egmond model

5.1.1. Computational grid

The curvilinear computational grid is chosen

alongshore with a rotation of 98 (clockwise) in

relation to the true north. In the area of interest, the

shoreface nourishment area, the grid resolution is

relatively high and has a distance of 20-m cross-shore

and 40-m longshore. The grid distance increases

toward the boundaries. The boundaries are situated

away from the area of interest to exclude boundary

effects in the area. The total grid size is kept as small

as possible to minimize the calculation time. The total

longshore grid length is approximately 10.4 km. The

total cross-shore grid length is 2.3 km. The total

number of grid cells is 10,374.

5.1.2. Bathymetry

The bathymetry at Egmond aan Zee is based on

WESP and ship soundings. The initial bathymetry is

the first available data set after the placement of the

shoreface nourishment (September 1, 1999). At the

seaward boundary, a uniform depth value of 22 m is



M.J.P. van Duin et al. / Coastal Engineering 51 (2004) 813–837828
applied; at the landward boundary, a uniform depth

value of �3 m is used.

5.1.3. Boundary conditions

Prescribed water levels and currents drive the

Egmond model at its boundaries. The northern and

western boundaries have prescribed water levels,

whereas the southern boundary has currents pre-

scribed. The tidal boundary conditions have been

obtained by the nesting of the Egmond model in the

North Sea model, resulting in time series of water

levels and currents at the boundaries of the Egmond

model. The North Sea model is driven by the

schematized morphological tide from another study

(Maasvlakte-2 study; Roelvink et al., 1998).

5.1.4. Parameter settings

The parameter settings are shown in Table 4.

5.1.5. Wave heights

To minimize the computation time of the simu-

lation, a wave schematization is made. This schema-

tization should result in a reliable description of the

net longshore transports. The schematized wave

climate is referred to as a morphological wave

climate. The longshore sediment transport calculated

by the UNIBEST model (Wiersma, 2002) has been

used to derive the morphological wave climate. The

wave climate used in this study is from dIJmuidenT for
the period of September 1999 to May 2000. The

schematization results in 12 wave conditions (six

directions times two wave heights), which result in an

overall net sand transport equal to the sand transport

based on all available wave conditions.
Table 4

Parameter settings applied in the computations

Parameter Value

Flow

Water temperature 8 8C
Water density 1023 kg/m3

Gravity 9.81 m/s2

Latitude 558
Computational time step 30 s

Bottom roughness (Manning) 0.026 m1/3/s

Horizontal eddy viscosity 1 m2/s

Wave

Width energy distribution 4
5.1.6. Wind

Because wind data are unavailable, the wind effect

has been neglected in the modeling approach. Only

for some sensitivity runs of 1 day, to study the

influence of the shoreface nourishment, the wind

effect has been taken into account. For those

sensitivity runs, the wind is set at 20 m/s and the

direction is chosen equal to that of the wave direction.

5.2. Model results DELFT3D-MOR

Detailed results have been presented by van Duin

(2002). Here, only the most relevant results will be

discussed. The simulations can be divided into two

different types of runs: short-term runs of 1 day, called

the (hydrodynamic) sensitivity runs, and long-term

runs covering a period of 8 months (September 1999

until May 2000), called the hindcast (morphody-

namic) simulations.

The short sensitivity runs are used to study the

influence of the shoreface nourishment area, under

storm and normal conditions, on the hydrodynamics

(water motion and waves). The hindcast simulations

are used for comparison of model results and

measured data and for analysis of the sensitivity.

The emphasis is placed on the morphodynamics

(sediment transport).

5.2.1. Flow velocities

As regards the most important sensitivity runs, the

flow velocity, with and without shoreface nourishment,

was calculated. To see what the influence is of the

shoreface nourishment on the flow velocity, the differ-

ence in flow velocity in the situation with and without
Parameter Value

Transport

density of sediment 2650 kg/m3

D50 grain size 0.2 mm

D90 grain size 0.3 mm

transport time step 30 min

particle fall velocity 0.023 m/s

Bottom

Courant number limitation 0.8
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the shoreface nourishment area is studied. This is done

by subtracting the flow velocity field without the

shoreface nourishment area from the flow velocity field

with the shoreface nourishment area, which results in a

bdifferenceQ-flow velocity field (flow velocity north-

ward is positive, flow velocity southward is negative).

Difference-flow velocity field=flow velocity field

with shoreface nourishment�flow velocity field with-

out shoreface nourishment.

The difference-flow velocity field for the north-

west-high waves condition is shown in Fig. 11. The

arrows directed northward indicate a higher flow

velocity for the situation without a shoreface nourish-

ment area, the arrows directed southward indicate a

higher flow velocity for the situation with a shoreface

nourishment area. The two large arrows illustrate the

directions of the plotted smaller arrows.

The difference-flow plot shows a higher flow

velocity at the location of the shoreface nourishment

area and a lower flow velocity just shoreward of the
Fig. 11. Difference-flow velocities (in m/s) for condition nort
location of the shoreface nourishment area, all

compared to the flow velocity without the shoreface

nourishment area. This substantiates the hypothesis of

a decrease of the flow velocity shoreward of the

shoreface nourishment as a result of the shoreface

nourishment area (lee effect). A decrease of the flow

velocity will lead to more sedimentation, whereas an

increase of the flow velocity will lead to more

erosion.

Along several longshore sections, the flow veloc-

ities of the DELFT3D model are calculated and

plotted. In the upper plot of Fig. 12, the location of

the longshore section near the shore (approximately

shore-parallel subsections C, see Fig. 5) is shown. The

lower plot shows the longshore flow velocities

including tidal velocities for northwest-high and

northwest-low wave conditions and for situations

with and without shoreface nourishment area.

NWH�/NWL� stands for the northwest high/low

condition without shoreface nourishment area,
hwest-high at maximum ebb; depth color-scale (in m).



Fig. 12. Flow velocities alongshore for waves coming from the northwest.
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whereas NWH+/NWL+ stands for the northwest high/

low condition with shoreface nourishment area. The

negative sign in the longshore distance is to the south,

positive is to the north. The shoreface nourishment

area is located more or less between longshore

distance�1000 and +1250 m.

As can be seen from Fig. 12, the flow velocities in

the case of a northwest-high condition with shoreface

nourishment (NWH+) are lower in the area from

longshore distance +1250 m to longshore distance

�1000 m, than for the northwest-high condition

without a shoreface nourishment (NWH�). The

shoreface nourishment is located in this area. There-

fore, it can be said that the shoreface nourishment

causes a reduction of the flow velocity. The reduction

is approximately 30%. It can also be seen that the

longshore velocity decreases continuously in the lee

of the shoreface nourishment; outside the shoreface

nourishment, the longshore velocities are larger than
those in the lee area. The flow velocities discussed

above are an indication of the flow velocities in the

subsections C.

5.2.2. Wave dissipation

To see the effect of the shoreface nourishment area

on the waves in the model, the wave energy

dissipation is studied. In Fig. 13, the wave dissipation

for the northwest-high condition with and without

shoreface nourishment area is shown in N/m/s. Most

of the wave energy dissipation is caused by breaking

of waves. The largest difference in wave energy

dissipation in the situation with and without the

shoreface nourishment area can be seen on the outer

bar. In the case of no shoreface nourishment area

(right plot in Fig. 13), the wave energy dissipation on

the outer bar is very high, indicated by the oval curve.

The figure with shoreface nourishment area (left plot

in Fig. 13) shows a reduction of the wave energy



Fig. 13. Wave dissipation (in N/m/s) for condition northwest-high with and without the shoreface nourishment area.
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dissipation shoreward of the shoreface nourishment

area, indicated by the oval curve. Overall, it can be

seen that the shoreface nourishment causes a reduc-

tion of the energy dissipation on the outer bar. In the

trough area shoreward of the shoreface nourishment

area (between the outer and inner bar), a slightly

higher wave energy dissipation can be seen for the

situation without the shoreface nourishment area (less

white, indicating a wave dissipation of b2 N/m/s). For

the beach zone, no significant changes in wave

dissipation can be noticed.

5.2.3. Wave heights

Fig. 14 shows the computed wave height in an

alongshore section (shoreward of the nourishment

area; approximately subsections C, see Fig. 5) for

situations with and without the shoreface nourishment

area, northwestern wave condition, and for high and

low wave conditions. Differences in wave height

occur for the high wave conditions (NWH� and

NWH+). Between longshore distance +750 and �500

m in the lee of the shoreface nourishment area, the
wave heights are approximately 15% lower due to the

presence of the shoreface nourishment.

The shoreface nourishment area causes a slightly

calmer wave climate shoreward of the shoreface

nourishment area (see lower plot in Fig. 14). Sediment

supplied by the longshore transport can settle in the

lee of the shoreface nourishment area.

5.2.4. Cross-shore profiles

The profile changes for several DELFT3D hindcast

simulations as well as the measured data are shown in

Fig. 15. The plot shows the measured profile of

September 1999, which is also the reference date for

the DELFT3D simulation runs. The measured profile

after 8 months (May 2000) clearly shows the move-

ment of the outer bar to the shore and the separation of

the outer bar from the shoreface nourishment. The

result of the DELFT3D hindcast run shows weak

onshore movement of the profile, much smaller than

that based on the measured profile at May 2000.

Furthermore, the separation of the shoreface nourish-

ment from the outer bar is not realized in the



Fig. 14. Wave heights alongshore for waves coming from the northwest.

Fig. 15. Modeled profile changes of DELFT3D compared to the measured data profiles.
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DELFT3D model. The outer bar stays attached to the

shoreface nourishment. A possible explanation is the

mechanism of wave asymmetry, which causes sedi-

ment transport in the wave propagation direction. The

mechanism of wave asymmetry and the resulting

transport is not taken into account by the DELFT3D

model.

To try to simulate this cross-shore movement of the

outer bar, the sediment transport in the wave direction

due to wave asymmetry was included for the

sensitivity runs following the Bailard approach (see

Bailard, 1981; Stive, 1986). The cross-shore profile

resulting from the simulation run including Bailard is

also shown in Fig. 15. As a result of the inclusion of

the Bailard approach, a small improvement in the

movement of the outer bar can be seen, but the

separation of the outer bar from the shoreface

nourishment is still not modeled properly and a larger

flattening of the profile occurs.

The sensitivity of the Egmond model to the effect

of bottom roughness on the flow is studied by

changing the Manning coefficient. This coefficient is

related to the Chézy-coefficient (C2D) as follows:

C2D ¼
ffiffiffi

h
6
p

h
ð1Þ

where h is the total water depth and n is the Manning

coefficient. For the hindcast settings, a Manning

coefficient was used with n=0.026 m1/3/s, which is

C2D=56 m1/3/s. The effect of almost doubling the

Manning coefficient to n=0.040 m1/3/s is shown in the

profile change of Fig. 15. The increase of the

Manning coefficient is equal to a decrease of the

Chézy coefficient, and an increase of the flow

resistance, and hence lower velocities. The cross-

shore profile resulting from the increase of the

Manning coefficient shows a more shoreward move-

ment of the outer bar compared to the hindcast run.

Still, the separation of the outer bar from the shoreface

nourishment is not modeled correctly.

5.2.5. Volume changes total area

The bed level changes (sedimentation/erosion

values) of the computed DELFT3D simulations have

been compared to the bed level changes of the

measured data. All the DELFT3D simulation runs

show a sedimentation/erosion pattern corresponding
qualitatively to the measured data, but the quantitative

values are different. The high erosion at cross-shore

distance 550 m, the area between shoreface nourish-

ment and the outer bar, and the high sedimentation at

cross-shore distance 400 m are not modeled correctly.

As a result of the inclusion of the Bailard approach, an

increase of the sedimentation and erosion values can

be seen, compared to the hindcast run. High erosion

occurs at 550 m cross-shore distance, and high

sedimentation at 400 m cross-shore distance. In

addition, the amount of erosion of the shoreface

nourishment is very similar to the measured amount of

erosion. In the beach zone, the Bailard run shows

relatively high sedimentation, whereas the measured

data showed erosion in the beach zone. The run with

the increased Manning coefficient also shows a small

increase in sedimentation and erosion values com-

pared with those of the hindcast run.

The total sand volume change relative to May 1999

for the total area shows an increase of 0.05 m for the

measured sand volume. The hindcast model data

shows a sand volume increase of 0.03 m.

5.2.6. Sediment volumes

For each of the 20 subsections (see Fig. 5), the

measured and computed (Hindcast run) sediment

volume change have been calculated for the period

of September 1999 to May 2000. The sediment

volumes (modeled and measured) for 8 months and

per subsection are shown in Table 5. Fig. 16 shows the

sedimentation/erosion per subsection for the measured

and computed results.

As can be seen from Fig. 16, the computed

sedimentation volumes of subsections A1, B2, B4,

C4, D1, and D2 do not correspond in sign with the

measured sediment volumes. A possible explanation

for these differences is the incorrect modeling of

sediment transport in the cross-shore direction by the

DELFT3D model. If, for example, rip currents are

present or a strong undertow, the model will not

produce accurate results, which can lead to a lower

amount of computed sediment transport. For the

Egmond area, it is known that strong rip currents do

occur. In the data analysis (Van Duin and Wiersma,

2002), rip channels were found in subsection C4

(secondary subsections C7 and C8) in the outer bar

and in subsection B4 (secondary subsections B7 and

B8) in the inner bar. These are exactly the subsections



Table 5

Measured and computed sediment volume change per subsection for the period of September 1999 to May 2000 [m3]

Section Measured [m3] Computed [m3] Section [m3] Measured [m3] Computed [m3]

A1 1656 �1265 C1 27,305 18,887

A2 �31,360 �1886 C2 84,011 3918

A3 �45,442 �259 C3 53,667 22,069

A4 �54,818 �1023 C4 51,469 �24,861

A5 7335 488 C5 21,604 10,695

B1 43,752 13,897 D1 �10,636 11,916

B2 �21,407 8419 D2 �11,725 20,340

B3 92,868 10,592 D3 �27,722 �7002

B4 �29,612 19,677 D4 7117 36,780

B5 33,740 �9250 D5 31,425 6272
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where the computed data show the opposite sign of

the measured data. The dominant processes in the

swash zone are very complicated, especially in the

beach zone. The subsections A are in this zone and,

therefore, errors in the modeled results can be

expected. The errors for subsection D1 and D2 are,

however, more difficult to explain. Probably, the

incorrect modeling of the cross-shore sediment trans-

port as a result of wave asymmetry is also the cause of

these errors. The sedimentation volume (per subsec-

tion) corresponds reasonably for subsections C1, C3,

and C5 (70%, 40%, and 50%, respectively). The

model shows a strong overall underestimation of the

sediment volumes.

Summation of the sediment volumes in the long-

shore direction results in relatively good correspond-

ence for the shore-parallel subsections A, B, and C.

The beach area shows erosion for the 8-month period,

whereas the inner bar area (shore-parallel subsections
Fig. 16. Overview of sedimentation and erosion of s
B) and the outer bar area (shore-parallel subsections

C) show accretion. A possible explanation can be the

reef effect of the shoreface nourishment area (see Fig.

1). Large waves break at the shoreface nourishment

causing a calmer wave climate behind the shoreface

nourishment area. The shoreface nourishment area

creates a lee area, where sand, supplied by longshore

transport, can settle. The amount of sediment change

according to the DELFT3D results for the shore-

parallel subsections A, B, and C is, however,

considerably smaller than those of the measured

results. Shore-parallel subsections D show erosion

whereas the DELFT3D model shows accretion.

Summation of the sediment volumes in the cross-

shore direction shows relatively good qualitative

correspondence for profiles 1, 3, and 5. Only

opposite signs in sediment volume change are found

for profiles 2 and 4 (subsections A2+B2 and

A4+B4). The erosion values observed in these latter
ubsections for measured and computed results.
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subsections may have been caused by offshore-

directed rip currents, which have been observed in

profile 4 (Van Duin and Wiersma, 2002). A possible

explanation for the accretion of profiles 1, 3, and 5 is

the blocking and lee effects of the shoreface

nourishment area.
6. Conclusions

6.1. Data analysis

The bathymetry data of Egmond aan Zee, covering

a period of May 1999 to April 2002, have been

analyzed to study the influence of the shoreface

nourishment area on the morphodynamics. During the

first 2 years of the study period the shoreface

nourishment hardly changed in height or location

and, therefore, did not contribute to the beach sand

volume directly, i.e., by redistribution of the nourished

sand.

The inner and outer bars, on the other hand,

showed a large shoreward migration and a trough was

generated between the outer bar and the shoreface

nourishment area. The shoreface nourishment area

seemed to act as the new outer bar, taking over the

function of the original outer bar. The latest surveys,

however (June 2001 to April 2002), showed an end to

this trend. The system seemed to return to its natural

three-bar system.

The shoreface nourishment was expected to dif-

fuse, but surveyed data showed that the shoreface

nourishment did not diffuse in the first 2 years. The

scale (amplitude and length) of the shoreface nourish-

ment was probably too large as a result of which it did

not diffuse and morphodynamic interaction occurred

with the autonomous system (Hamm et al., 2002).

After a period of 2 years, the shoreface nourishment

started to diffuse resulting in a lower amplitude and

shoreward movement of the outer bar.

Accretion occurred shoreward of the shoreface

nourishment, indicating that the shoreface nourish-

ment functions as a reef with a lee-side effect

shoreward of the nourishment area. The total area

shows a net gain of 477,500 m3 for the overall period

(May 1999 to April 2002), including placement of the

shoreface nourishment and beach nourishment. After

3 years, about 45% of the nourishment is still present.
6.2. UNIBEST-TC Egmond model

Comparison of the UNIBEST-TC model results

and the measured results demonstrated that the

UNIBEST-TC model is able to calculate profiles that

include a shoreface nourishment. The model predicts

the detachment of the outer bar from the shoreface

nourishment and, to some extent, the shoreward bar

movements. The nearshore area (beach and inner bar),

however, is not modeled accurately. The UNIBEST-

TC model overpredicts sediment volumes in the surf

zone, resulting in bed levels that are too large. The

model imports a considerable quantity of sediment

from deep water. The volume changes due to long-

shore transport gradients are not taken into account in

the UNIBEST-TC model.

The UNIBEST-TC model confirms the assumption

that the shoreface nourishment creates a lee area in

which sediment can easily settle. In the lee-side

subsections B3 and C3, shoreward of the shoreface

nourishment, a sediment increase was found.

6.3. DELFT3D Egmond model

The influence of the shoreface nourishment on the

morphodynamics and hydrodynamics has also been

evaluated by a DELFT3D model study. The flow

velocities, wave heights, and wave energy dissipation

for storm conditions (significant wave height of 3.5

m) coming from northwesterly directions have been

computed for a situation with and without a shoreface

nourishment area. The shoreface nourishment resulted

in an increase of the flow velocity in the shoreface

nourishment area and a decrease of the flow velocity

just shoreward of the shoreface nourishment area,

both compared to the flow velocity without shoreface

nourishment. The wave energy dissipation showed a

relatively large dissipation on the outer bar in the case

of no shoreface nourishment. In the case with shore-

face nourishment, a reduction of the wave energy

dissipation behind the shoreface nourishment was

obtained. Thus, the shoreface nourishment caused a

reduction of the wave energy dissipation on the outer

bar. The computed wave heights showed a decrease

shoreward of the shoreface nourishment as a result of

the placement of the shoreface nourishment.

Comparison of the model and measured results

shows that the DELFT3D model computes a similar
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trend in sedimentation/erosion patterns, but the

magnitude of the sedimentation/erosion values is

smaller. The sand volume changes show a clear

sedimentation in the area just shoreward of the

shoreface nourishment, and erosion in the area south

and seaward of the shoreface nourishment. Although

the same trend is found for the sedimentation/erosion

plots, the cross-shore profiles do not follow the

measured profile changes. The separation of the

shoreface nourishment from the outer bar and the

shoreward migration of the bars could not be modeled

accurately, as the cross-shore transport caused by

wave asymmetry is not taken into account in the

standard version of the DELFT3D model. As the

present study, based on the DELFT3D model, only

covers a period of 8 months, further studies will be

focused on long-term periods (3–5 years). On these

larger time scales, profiles 1 and 5 show erosion

(Table 2) whereas accretion can be seen on the short-

term time scale of 8 months (Table 5).

These results support the hypotheses presented in

this paper. Large waves break at the shoreface

nourishment instead of the outer bar, causing a

calmer wave climate behind the shoreface nourish-

ment (wave filter) and a reduction of the longshore

current. This reduction in flow velocity causes a

reduction of the transport capacity and, hence,

trapping of the sand shoreward of the shoreface

nourishment area. The breaking of large waves at the

seaward side of the shoreface nourishment also

results in remaining shoaling waves that generate an

onshore transport due to the wave asymmetry over

the nourishment area. The smaller waves generate

less stirring of the sediment, and a decrease of the

wave-induced return flow (cross-shore currents)

results in a decrease of the offshore sediment trans-

port; both effects correspond to sediment increase in

the area shoreward (lee-side) of the shoreface

nourishment area. The shoreface nourishment acts

as a blockade leading to updrift sedimentation and

downdrift erosion. However, in the long-term, the

erosion dominates in both sections north and south of

the nourishment area.

6.4. Functioning of shoreface nourishment

The shoreface nourishment has contributed pos-

itively to the development of bars. As a result of the
shoreface nourishment, the bars have increased in

height and moved shoreward. Because bars are the

first line of defense for the mainland against the sea,

this bar growth is a positive effect of the placement of

the shoreface nourishment. Another positive effect of

the placement of the shoreface nourishment is its

contribution to the sand budget in the surf zone. After

a 2-year period (May 1999 to June 2001), the

sediment volume in the area of interest has increased

by about 730,000 m3 and after 3 years (May 1999 to

April 2002) the sediment volume still shows an

increase of 475,000 m3 relative to May 1999.

The shoreface nourishment had a minimal direct

effect on the beach (from beach pole to 100 m

seaward) on the short-term time scale of 2–3 years.

Most likely, the shoreface nourishment will have to be

maintained to get the sediment on the beach in the

long run. The time scale of sediment feed to the beach

zone is probably in the order of 5–10 years.
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